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NORGES TEKNISK-NATURVITENSKAPELIGE UNIVERSITET 
FAKULTET FOR MEDISIN OG HELSEVITENSKAP 

Populærvitenskapelig sammendrag  

«Nye metoder for å studere nevrale nettverk i tidlige faser av Alzheimers sykdom» 

   
Alzheimer sykdom er en nevrodegenerativ sykdom som forårsaker gradvis svekkelse av hukommelse 

og til slutt fører til kognitiv svikt. Mange år før pasienter opplever symptomer som å glemme veien hjem 

eller hvem de var sammen med forrige uke, starter proteinopphopninger av beta-amyloid og tau å 

akkumulere i hjernen. Disse proteinopphopningene er en tidlig indikator på sykdomsutviklingen. 

Spesielt i de tidligste stadiene av sykdommen har forskning vist at spesifikke nevroner i lag II av en liten 

hjerneregion kalt den entorhinale cortex (EC) blir syke og dør. Disse nevronene har en tett forbindelse 

til et annet hjerneområde kalt hippocampus, et område som videre er påvirket av proteinopphopninger 

og celledød ettersom sykdommen gradvis utvikler seg. For å finne en effektiv kur og bremse 

sykdomsutviklingen er det avgjørende for forskningsfeltet å bedre forstå de underliggende 

sykdomsmekanismene. Grunnforskning har i mange år jobbet mot dette målet, og det er fortsatt behov 

for utvikling av nye metoder for å forske på spesifikke sykdomsmekanismer. 

 
I mitt doktorgradsarbeid har jeg gjennom tre artikler jobbet med utvikling av nye metoder for 

modellering av Alzheimer sykdom ved bruk av cellekulturer. I den første artikkelen presenterer jeg en 

metode for å dissekere ut EC lag II nevroner fra forskningsdyr som bærer et transgen for Alzheimers, 

og gro disse videre i cellekulturer. Resultatene viser at nevronene vokser sammen til et nettverk og 

uttrykker elektrofysiologisk aktivitet opp til to måneder. I den andre artikkelen etablerer vi cellekulturer 

i små mikrofluidikk-kamre som består av fire separate brønner, videre koblet sammen via små 

mikrotunneler hvor aksonene (armene til nevronene) kan gro gjennom. Her viser vi hvordan 

nettverkene kobler seg sammen og utvikler kompleks nettverksaktivitet over tid. For å vise hvordan 

denne metoden kan brukes til å modellere Alzheimers sykdom, inkluderte vi i tillegg til EC lag II 

nevroner, spesifikke nevroner fra tre ulike deler av hippocampus fra voksne rotter og mus (transgen for 

Alzheimers). I den tredje artikkelen undersøker vi hvordan indusert tau patologi i nevrale nettverk 

påvirker strukturelle og funksjonelle aspekter ved nettverksdynamikken over tid. Strukturelt, viser 

resultatene at tau patologi fører til tilbaketrekning av aksoner, og dermed induserer en restrukturering 

av nettverket. Funksjonelt ser vi redusert nettverksaktivitet, hvor den gjenværende aktiviteten er mer 

synkron sammenlignet med friske kontroller.  
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Sammenlagt viser resulter fra mitt doktorgradsarbeid hvordan vi kan bruke ny mikrofluidikkteknologi til 

å skape mer anatomiske relevante nettverk for å studere Alzheimers sykdom i tidlige sykdomsstadier. 

Jeg håper at mitt arbeid fra denne avhandlingen skal kunne bidra til forskningsfeltet hvor vi ved bruk av 

utbedrede metoder lettere kan studere nettverksforandringer over tid, raskere teste nye medisiner og 

komme frem til en løsning på hvordan vi kan stoppe sykdomsprosessen.  

 

Navn kandidat: Katrine Sjaastad Hanssen 
Institutt: Kavli instituttet for nevrovitenskap og Institutt for Nevromedisin og Bevegelsesvitenskap 

Veiledere: Dr. Asgeir Kobro-Flatmoen, Prof. Ioanna Sandvig og Prof. Menno P. Witter  
Finansieringskilder: NTNU Bioteknologi, Olav Thon Stiftelsen, Civitan Forskerfond for Alzheimer 

sykdom og Samarbeidsorganet Helse Midt-Norge 
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Summary: Dissecting the complexities of Alzheimer’s disease    

Alzheimer’s disease (AD) is a progressive, neurodegenerative disease where accumulation of 

neuropathology can start up to two decades before symptom onset. With no cure for the disease, 

relevant models of AD are needed to better understand initial disease cascades. Transgenic AD animal 

models and cell culture models have been crucial in the study of AD, and have contributed to a better 

understanding of neuropathology, disease progression and altered network activity. Applying basic 

research strategies is crucial before testing new therapeutics to translate the efficacy of potential 

treatments to the clinic. In vitro modelling of AD introduces a reductionist approach for investigating 

the disease at the cellular and molecular level. Such models can be particularly useful for studying the 

early stages of AD, as they allow for the analysis of neural network dynamics. The harvest and in vitro 

culturing of adult primary neurons from AD animal models is an elegant way to model early phases of 

AD as the neurons retain their epigenetic profile and age-effects as in the living animal.   

 

In this thesis, the overarching aim has been to develop new methods for modelling of AD by the use of 

cell cultures. In the first paper we present a method to dissect and longitudinally culture adult layer 

specific lateral entorhinal cortex layer II (LECLII) neurons from AD transgenic APP/PS1 model mice. 

Furthermore, in addition to LEC LII, we dissected hippocampal subregional DG, CA3 and CA1 neurons 

from adult AD transgenic mice and rats and cultured these on four-nodal microfluidic devices (Paper 

II). We show that adult neurons dissected from rodent AD models re-form structural connections and 

display sustained electrophysiological activity. By use of commercially available cortical-hippocampal 

neurons we show the utility of microfluidic devices ensuring feedforward connectivity with emergence 

of complex structure-function dynamics in our networks (Paper II). In the third paper we used two-

nodal microfluidic devices to study changes in structure-function neural network dynamics on networks 

perturbed with viral vector delivery of mutated tau protein (Paper III).  

 

Altogether, work in this thesis presents an in vitro modelling system relevant for preclinical disease 

modelling. We provide novel results through the establishment of layer and subregion specific 

entorhinal and hippocampal neuron cultures dissected from adult transgenic AD model animals. As 

technology advances, these models will become increasingly sophisticated and realistic, allowing for 

more accurate and comprehensive investigations into the complex pathology of AD.  
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“Progression of Alzheimer’s disease through crocheting”  

Photo credit: Sara Wuillermin. Published with approval. 
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Introduction  

A brief introduction to Alzheimer’s disease  
 
In 1907, the neuropathologist Alois Alzheimer described ‘peculiar changes’ in the brain of his patient 

Auguste Deter (Alzheimer et al., 1995), now known as the two major pathological hallmarks of 

Alzheimer’s disease (AD), namely amyloid-β (Aβ) and neurofibrillary tangles (NFTs). AD is a fatal 

neurodegenerative disease, associated with increased amounts of Aβ and pathological 

hyperphosphorylation of the protein tau, both which accumulate over time in the brain. Through 

complex processes, these pathological events lead to disturbances of synaptic contacts, destabilizes 

neurons, and eventually lead to neurodegeneration, memory loss and cognitive failure (Braak et al., 

1991; Gomez-Isla et al., 1996; Thal et al., 2002). In clinical terms, the disease continuum can be divided 

into five stages, starting with a symptom free preclinical stage followed by mild cognitive impairment 

(MCI), mild-, moderate-, and severe AD (Fig. 1; ("2023 Alzheimer's disease facts and figures," 

2023)).  Today, AD is the most prevalent form of dementia accounting for 60-80% (WHO, A Blueprint 

for Dementia, 2022) of all cases and is one of the foremost reasons for disability worldwide, affecting 

more than 51 million people ("2023 Alzheimer's disease facts and figures," 2023). In fact, every three 

seconds, someone is diagnosed with dementia (Fig. 1; Alzheimer’s Disease International: Dementia 

statistics). The disease burden is expected to triple within 2050 amounting to 60 billion, including 

caregiving, production loss and disease burden (Menon Report, 63/2020).  Since Alzheimers’ discovery 

of the disease over a century ago, intense research has been conducted and we now know more about 

the pathological impacts and disease progression. However, despite immense technological 

developments in basic research, diagnostic tools and >2700 AD clinical trials, only seven drugs have 

been approved by the US Food and Drug Administration, although none of them stops the underlying 

disease progression (C. K. Kim et al., 2022). Due to the fact that AD is a highly complex disease, a major 

issue still present in the research field are that procedures that work in transgenic AD model animals 

have failed to translate to human patients (C. K. Kim et al., 2022).  
 

Thus, refined methods to study anatomically relevant neural networks affected in the early disease 

stages of AD are strongly needed. By introducing more advanced cellular models through 

neuroengineering and network-specific models, we gain a reductionist approach to study ongoing 

alterations of structural and functional network dynamics at both the subcellular and network level  

(Slanzi et al., 2020). In the three papers presented in this thesis, my work has overall aimed to establish 

such in vitro methods for modelling of AD-relevant neural networks. This included methods for the 
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extraction and long-term culturing of layer specific entorhinal and hippocampal neurons, that are 

known to be vulnerable in the early stages of AD, from adult AD transgenic mice and rats. Furthermore, 

the work included implementation of engineered neural networks on multinodal microfluidic devices 

relevant for the study of structure-function network dynamics in healthy and diseased networks. Before 

introducing in vitro neural networks and how these can be used for modelling AD, I will introduce 

central aspects of AD pathology, neurodegeneration, risk factors and the anatomical relevance of the 

entorhinal cortex and the hippocampal region.  

   

 

Figure 1. Global impact of Alzheimer’s disease (AD) and disease continuum. MCI; Mild cognitive impairment. AD 
disease continuum timeline modified from ("2023 Alzheimer's disease facts and figures," 2023). Figure created in 
BioRender.com. 

 

Alzheimer’s pathology  

One of the major pathological hallmarks of AD is formation of neurofibrillary tangles (NFTs), caused by 

hyperphosphorylation of the microtubule associated protein (MAP) tau (Braak et al., 1991), which is 

then referred to as p-tau. Under physiological conditions, tau proteins are generally assumed to 

stabilize microtubules and hence the neuronal cytoskeleton by interacting with tubulin, enabling cargo 
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transportation along neurites (González-Billault et al., 2002). But more recent work has challenged this 

notion, suggesting that tau actually enables labile domains on the axons in response to activity demands 

(Baas et al., 2019; Qiang et al., 2018). This has called into question the notion that pathological 

hyperphosphorylation of tau destabilize the stabile domains of microtubules (Medeiros et al., 2011). 

Clearly, more work is needed to establish the interactions between tau and microtubules, and how AD 

affects this. Tau contains phosphate groups and is phosphorylated at different serine (Ser) and 

threonine (Thr) sites (Medeiros et al., 2011), and the dynamic regulation of tau kinases is important for 

normal phosphorylation of tau (Buée et al., 2000). Abnormal hyperphosphorylation of tau at different 

sites, like Ser262, Ser235 and Thr231 (as reviewed in (Gong et al., 2008)) have been found to be 3-4 

times higher in AD brains compared to controls (Kenessey et al., 1993).   

 

Spread of tau pathology in AD (i.e. p-tau and NFTs) can be divided into Braak-stages I-VI, with entorhinal 

cortex layer II (EC LII) neurons being affected first (Braak et al., 1991). Subsequently, it spreads to 

hippocampal regions at stage III-IV and neocortical areas at stage V-VI. In the latter stages, p-tau and 

NFTs also start appearing in subcortical structures. Notably, the locus coeruleus has been shown to 

develop early p-tau (Braak et al., 2011), however, this appears to be of a form that is less pathological 

than that seen in for example the entorhinal cortex (Kaufman et al., 2018). By using functional magnetic 

resonance imaging (fMRI) to measure functional connectivity (FC) of brain regions in relation to 

deposition of tau and Aβ, Adams et al., showed that regions with strong entorhinal connectivity have 

more tau, and this FC-tau relationships correlated with levels of Aβ (Adams et al., 2019). Furthermore, 

by positron emission tomography (PET) imaging on patients with MCI and AD, tau pathology has been 

found to correlate well with brain atrophy (Bejanin et al., 2017), and cognitive impairment (Malpetti et 

al., 2020) expressed by impaired clinical rating scale (CDR) scores (Bierer et al., 1995; Hyman, 1997). 

Recent advances using blood biomarkers have enabled researchers to detect elevated levels of p-tau 

markers up to 20 years prior to symptom onset (Palmqvist et al., 2020). Taken together, these findings 

point to a central role for the entorhinal cortex in the onset of typical AD. 

 
Another major pathological hallmark of AD is the accumulation of Aβ-plaques. In physiological 

conditions, Aβ is involved in controlling synaptic activity (Palop et al., 2010) and has been proposed to 

have a protective role before it fails and becomes neurotoxic (Rischel et al., 2022). Aβ-plaques are 

caused by the accumulation of insoluble Aβ fragments that are the result of cleavage of the amyloid 

precursor protein (APP) (Palop et al., 2010). APP is a transmembrane protein required for neuronal 

development and activity in the adult brain, and can be cleaved either through an amyloidogenic or a 

non-amyloidogenic pathway (Fig. 2; (Zheng et al., 2006)). 
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Figure 2. Processing of the APP protein. In the amyloidogenic pathway, APP is first cleaved by β-secretase, which 
leaves a soluble APPβ fragment (sAPPβ) and an intracellular C-terminal fragment (99 amino acid chain) (C99). The 
remaining C99 is further cleaved by γ-secretase into the APP intracellular domain (AICD) and the Aβ-peptide. 
Insoluble oligomeric Aβ will over time form Aβ fibrils and subsequently accumulate into Aβ plaques. In the non-
amyloidogenic pathway, APP is first cleaved by α-secretase, within the Aβ sequence, releasing a sAPPα and a 
remaining C-terminal fragment (C83). Subsequently, cleavage by γ-secretase releases a small peptide called p3 
along with an AICD. 
  
In the non-amyloidogenic pathway, APP is first cleaved by α-secretase to release a secreted fragment 

(sAPPα) and a remaining C-terminal fragment (C83). Because α-secretase cleaves within the Aβ 

sequence, formation of Aβ is prevented. Subsequently, cleavage of γ-secretase releases a small peptide 

called p3 along with an APP intracellular domain (AICD). Cleavage by the non-amyloidogenic pathway 

leads to soluble fragments, which are further degraded (Fig. 2). In the amyloidogenic pathway, the 

extracellular APP-N-terminal is first cleaved by β-secretase (BACE-1), releasing a secreted APP 

ectodomain (sAPPβ). The remaining C-terminal fragment (99 amino acid chain) is further cleaved by γ-

secretase into an AICD and the Aβ-peptide. Aβ peptides can vary in length from 38-43 amino residues, 

where Aβ42 constitutes the most toxic form being more prone to aggregation (Yan et al., 2006). Over 

time, these Aβ peptides clump into oligomers, subsequently forming fibrils and sticky Aβ-plaques (El-

Agnaf et al., 2000). Unlike Aβ plaques, oligomeric Aβ is found to be highly correlated with cognitive 

decline (Lublin et al., 2010; Viola et al., 2015).   
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The spatiotemporal progression of Aβ-plaques throughout the brain can be divided into five phases. 

Phase 1 includes formation of Aβ-plaques in parts of the neocortex. In phase 2, Aβ-plaques start to 

appear in the allocortex, including the entorhinal cortex and hippocampal subregions. By phase 3, 

diencephalic nuclei, the striatum, and cholinergic nuclei of the basal forebrain are also affected. Phases 

4-5 represent a further increase in all these regions, while brainstem nuclei and the cerebellum also 

start to form Aβ-plaques (Thal et al., 2002). While NFTs increase throughout the disease continuum, 

Aβ-plaques seem to peak at symptom onset of the disease (Serrano-Pozo et al., 2011).   

 

Prior to the onset of Aβ plaques, accumulation of intracellular Aβ (iAβ) is anticipated to lead to synaptic 

and neuronal dysfunction (Bayer et al., 2010) (Fig. 3). Increased levels of iAβ was suggested to be 

present early in entorhinal and hippocampal areas, regions known to be vulnerable at early AD stages 

(Gouras et al., 2000). Since then, accumulation of iAβ has been demonstrated in both post-mortem 

brain tissue (D'Andrea et al., 2001; Gouras et al., 2000; Kobro-Flatmoen et al., 2016) and AD transgenic 

animal models (Heggland et al., 2015; Takahashi et al., 2002). Thus, there is convincing evidence in favor 

of the notion that increased levels of iAβ represent an early pathological hallmark in AD. By injection of 

iAβ in the hippocampus of a mouse model, Roos et al., showed that iAβ seem to play an important role 

in the prion-like spread of Aβ throughout the brain, with neuronal damage and dystrophic neurites in 

anatomically connected brain regions (Roos et al., 2021). Furthermore, by the time Aβ plaques 

accumulate, levels of iAβ have been shown to decrease in the brain, both in post-mortem brain tissue 

(Gouras et al., 2000; Mori et al., 2002) and neuronal cultures from AD transgenic mice (Oddo et al., 

2006). This indicates iAβ involvement as an early hallmark in the disease progression, which likely 

contributes to increased Aβ plaque load.  
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Figure 3. Pathogenesis in the AD brain. Left side: Schematic of a human cranium containing a normal healthy brain 
(left hemisphere) vs an AD brain (right hemisphere). In the AD brain, brain atrophy is evidenced by narrowed gyri 
(1), wider sulci (2), and enlarged ventricles (3) (Apostolova et al., 2012). Right side (boxed): Schematic illustrating 
an AD neuron suffering spine loss (Dorostkar et al., 2015), surrounded by Aβ plaques (Alzheimer et al., 1995; Thal 
et al., 2002). Zoom-in of the axon illustrates how hyperphosphorylation of tau in the neuron cytoskeleton clumps 
into paired helical filaments, ultimately forming NFTs (neurofibrillary tangles) (Braak et al., 1991). 

  

Forms of AD and risk factors    
 
Age is by far the main risk factor for AD. It is estimated that by the age of 80 years, 1 of 6 people will 

have dementia (Fig. 1; (Prince et al., 2013)). Overall, AD can be subdivided into a sporadic form and a 

familial form.  

 

Sporadic AD (sAD) account for >95% of all cases and the disease onset is typically after 65 years of age 

(Chakrabarti et al., 2015), with more women than men being affected (Scheyer et al., 2018). Most sAD 

cases (60%) are carriers of the ε4 allele of the Apolipoprotein E (ApoE)-gene on chromosome 19 (Bekris 

et al., 2010). ApoE is expressed via three major alleles, ε2, ε3 or ε4, with ApoE- ε3 being the most 

common form. Relative to APoe3, a combination of ε3 + ε4 leads to a 2-3-fold risk of developing AD, 

whereas a combination of ε4 + ε4 leads to a 10-12-fold increase for AD (Roses, 1996). However, being 

a carrier of an ε4 allele does not guarantee that one will develop the disease. On the other hand, the 

ε2 allele is protective (Z. Li et al., 2020) and is associated with a reduced amount of Aβ depositions 

compared to the most common form ApoE-ε3 (Nagy et al., 1995). This protective role of ApoE-ε2 seems 

to be specific for AD (Goldberg et al., 2020), and in a two year follow up study from the AD 

Neuroimaging Initiative (ADNI), carriers of ApoE-ε2 exhibited a slower rate of hippocampal atrophy 

compared to ApoE-ε3 carriers, providing strong evidence for the protective role of ApoE-ε2 (H. Kim et 

al., 2022). Further, environmental factors like smoking, early-life hearing loss, sleeping disorders, poor 



7 
 

diet, traumatic brain injuries, diabetes and a low level of physical activity are known to increase the risk 

of developing AD (as reviewed in (Scarmeas et al., 2009)). 

 
Familial AD (fAD)  is a far rarer form accounting for <5% of all cases, and is caused by having one of 

several possible mutations on either of three genes, namely the amyloid precursor protein gene (APP-

gene), the presenilin 1 gene (PSEN1-gene) or the presenilin 2 gene (PSEN2-gene) (Takada et al., 2022) 

(Reitz et al., 2014). AD-related mutations in these genes lead to increased cleavage and accumulation 

of Aβ 40-42, or a greater Aβ42/40 ratio, through altered synthesis or processing of APP (Bekris et al., 

2010; Wu et al., 2012). Specifically, mutations on the APP-gene tend to cause increased cleavage by β-

secretase (BACE1), resulting in an overall increase in Aβ production (N. M. Li et al., 2019), whereas 

mutations of the PSEN1-gene or PSEN2-gene lead to increased cleavage by γ-secretase (Iwatsubo et al., 

1994), causing an increased Aβ42/40 ratio (De Strooper, 2007). Mutations of the APP-gene, PSEN1-

gene, and PSEN2-gene accounts for 10-15%, 18-50% and <2% of all fAD cases, respectively (Bekris et 

al., 2010; L. Dong et al., 2022).   

 

The anatomy of memory    
 
The role of the hippocampus and the entorhinal cortex in memory  
 
The entorhinal cortex (EC) and the hippocampus are located in the medial temporal lobe (Fig. 4), also 

called the memory center of the brain, and are important for processing, storage, and retrieval of 

memories. Important historical experimental evidence comes from the case of H.M., who had parts of 

his medial temporal lobe resected, including most of the hippocampus, to contain his severe epileptic 

seizures (Scoville et al., 1957). Following this procedure, H.M was no longer able to process and store 

new memories, and this finding proved essential for advancing the understanding of the role of the 

hippocampus in declarative memory, spawning a wealth of studies in the decades that followed  

(Knierim, 2015; Squire, 1992). The discovery of place cells in the hippocampus (O’Keefe & Dostrovsky., 

1971), head direction cells in the presubiculum, as well as grid cells, border cells and time cells in the 

entorhinal cortex (Fyhn et al., 2008; Tsao et al., 2018), have established the entorhinal-hippocampal 

circuit as important for spatial navigation and perception of time. The fact that these structures are 

highly vulnerable in the earliest stages of AD is in line with the first symptoms of the disease, which 

frequently includes problems with navigating in space and keeping track of events related to when they 

occurred (Allison et al., 2016). 
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Figure 4. Entorhinal cortex and hippocampus in the rodent brain. (A) Cartoon of a rodent brain with the 
hippocampus highlighted (blue). Below (boxed) is a transverse section of the hippocampus showing the basic 
organization of the entorhinal connections with the hippocampus, along with the intra-hippocampal connectivity. 
D = dorsal, C = caudal, V = ventral, R = rostral (adapted from (Bjorkli, 2022)). (B) Nissl-stained horizontal section 
from a mouse brain. Hippocampal and parahippocampal regions delineated. Figure modified from (van Strien et 
al., 2009). DG = dentate gyrus, CA3/CA1 =  Cornu ammonis region 3 and 1, Sub = Subiculum, LEC = lateral 
entorhinal cortex, MEC = medial entorhinal cortex, or = oriens, pyr = pyramidale, luc = lucidum, rad = radialis, slm 
= stratum lacunosum moleculare.   

   
Neuroanatomy of the hippocampus     
 
The hippocampus consists of the dentate gyrus (DG) and Cornu Ammonis regions 1, 2 and 3 (CA1, CA2 

and CA3) (Figure 4). When including the subiculum, the term hippocampal formation is typically used 

(Scoville et al., 1957) (van Strien et al., 2009). Neuronal projections arising from layer II and III of the EC 

is the major input source to the hippocampal formation (Hyman et al., 1986; Witter et al., 1989)  and 

give rise to the major projection sites to all subfields of the hippocampus, making up the perforant 

pathway and the temporo-ammonic pathway (Fig. 4A).  EC LII sends the majority of its projections to 

the DG and CA3, whereas EC LIII projects to the CA1 and subiculum (Sub). Within the hippocampus, DG 

sends projections to CA3 via mossy fibers. CA3 in turn projects to CA1 through the Schaffer collaterals, 

with distal and proximal CA3 projecting to proximal and distal CA1, respectively (Fig. 4A; (Witter et al., 

1989)). Similarly, projections from the proximal and distal CA1 projects to the distal and proximal 

subiculum, respectively (Amaral et al., 1991; Naber et al., 2001). Several back-projections are also 

present in the hippocampus, which have been extensively reviewed (van Strien et al., 2009). 

 

The DG contains a densely packed granular layer consisting of principal granular neurons, enclosed by 

a superficial molecular layer and a deeper polymorphic layer, also called the hilus (Fig. 4B). The CA-
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regions (CA1-3) contain a prominent pyramidal cell layer, followed by a deeper cell-free layer, also 

called stratum oriens (van Strien et al., 2009). The pyramidal layer widens out prominently in the 

subiculum making it cytoarchitectonically distinguishable from CA1 (Fig. 4B). Superficial to the 

pyramidal layer we find the molecular layer, which in CA3 is divided into a deeper layer called stratum 

lucidum, a middle part called the stratum radiatum, and the outermost layer stratum lacunosum 

moleculare. We find the same organization in the CA1-CA2 with exception of the stratum lucidum, 

which does not extend to these fields. In the subiculum the molecular layer is homogenous (Cappaert 

et al., 2015).  

 

Neuroanatomy of the entorhinal cortex   
 
EC is part of the periallocortex, although six cell layers can be recognized, as first described by Ramon 

y Cajal over 100 years ago (Fig. 4B, (Cajal, 1902)). EC is an anatomical hub, receiving strong convergent 

projections from the perirhinal and postrhinal cortex, sending projections into the hippocampus, and 

receive information from the hippocampus to the deeper layers V/VI and further sending projections 

back out to cortical areas (Doan et al., 2019; Insausti et al., 1997; Witter et al., 1989). Additionally, EC 

receive projections from several olfactory nuclei, multimodal sensory cortical domains, and higher 

order- and subcortical structures (Insausti et al., 1997). In rodents, the EC can be subdivided into two 

defined areas, namely the lateral entorhinal cortex (LEC) and the medial entorhinal cortex (MEC) 

(Burwell et al., 1998; Kerr et al., 2007). This subdivision of LEC and MEC is based on morphological, 

functional, and molecular differences (Canto et al., 2012a, 2012b).  For an extensive review of all cell 

types present in the EC, see (Kobro-Flatmoen et al., 2019). Superficially, both MEC and LEC consist of a 

relatively cell free layer (layer I). Layer II (LII) consists of reelin- (Re+) and calbindin positive (Cb+) 

principal neurons. These LII neurons in EC are strikingly bigger compared to LII neurons in surrounding 

cortical areas making them cytoarchitectonically distinguishable (Fig. 5; (Kobro-Flatmoen et al., 2019)). 

In mice, Cb+ neurons in MEC LII tend to occupy the superficial part of the layer, while Re+ neurons tend 

to occupy the deep part of the layer. This is in contrast to what is found regarding MEC in other small 

mammals, as for example rats, where the Re+ neurons occupy the superficial part of layer II and Cb+ 

neurons occupy the deep part. In LEC LII, the distribution of Cb+ and Re+ neurons is similar for mice 

and rats. Thus, in LEC LII the outermost part is populated almost exclusively by Re+ neurons, whereas 

the inner part of LII is populated mainly by Cb+ neurons. Since this part of LEC LII is separated by a cell 

free zone, two sublayers are sometimes denoted, then referred to as LIIa and LIIb, respectively. Layer 

III (LIII) contains a mix of large and medium sized pyramidal neurons in both MEC and LEC. Layer IV 

(lamina dissecans) is a cell-free layer that is more prominent in MEC compared to LEC. Layer V can be 

subdivided into layer Va vs. Vb, containing larger pyramidal neurons vs. smaller and more densely 
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packed pyramidal neurons, respectively (Insausti et al., 1997). Notably, in MEC, layer V takes on a 

prominent radial organization, such that columns of LV pyramidal can be seen to radiate out 

superficially from the border with LVI. This feature is not present in LV of LEC (Fig. 5), which is one of 

the defining criteria I used to separate MEC from LEC during dissections in Paper I and II. Layer VI is 

similar in both regions and is homogenous in cell size and shape, exhibiting a columnar distribution at 

caudal levels and a decreasing cell density towards the white matter (Insausti et al., 1997). In humans, 

the EC can also be subdivided into two distinct regions, referred to as the anterolateral EC (homologue 

to LEC in rodents) and posterior-medial EC (homologue to MEC in rodents) (Maass et al., 2015; Navarro 

Schröder et al., 2015; Olsen et al., 2017; Syversen et al., 2021).   

 

 

Figure 5. Cytoarchitectonic landmarks to identify lateral entorhinal cortex layer II. (A) A Nissl-stained mouse 
horizontal brain section. (B) Layer II neurons are much larger and seem to extend into layer I in LEC (marked by 
arrow heads) compared to the anteriorly bordering perirhinal cortex (PRh). (C) Layer V neurons form radial 
patterns in MEC (marked by arrows), a feature not present in LEC (C). (D-F). The same features as seen when using 
the neuronal marker NeuN (D, E, F corresponds to A, B, C, respectively). DG = dentate gyrus, CA1-CA3 = Cornu 
ammonis 1-3, LEC = lateral entorhinal cortex, MEC = medial entorhinal cortex, PRh = perirhinal cortex. 
 

Neurodegeneration of entorhinal and hippocampal regions in AD   

Neurodegeneration by synapse loss and neuronal loss is a key feature of AD. EC LII neurons are not only 

affected initially by accumulation of iAβ and tau pathology, but also suffer major neuronal loss at early 

stages of the disease (Gomez-Isla et al., 1996), likely even before symptoms onset (Kordower et al., 

2001). A recent study found that in subjects without cognitive impairment as assessed using standard 

tests, atrophy of anterolateral EC correlated with decreased performance on a cognitive assessment 

task (Olsen et al., 2017). This is in line with prior work using fMRI and finding that by the stage of mild 

AD, 50% of the LEC LII volume and 29% of the CA1 volume is already lost (Price et al., 2001). DG and 

CA3, two of the major projection sites of LEC LII neurons, has been shown to display a synaptic loss in 
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DG in humans (Scheff et al., 2006) and a reduction of presynaptic terminals in CA3 of AD transgenic 

mice (Hsia et al., 1999). DG and CA3 further send projections to CA1, where a structural decrease of 

presynaptic terminals and functional impairment of synaptic transmission between CA3 to CA1 is 

prominent in transgenic mice expressing human APP, but not in healthy controls (Hsia et al., 1999). 

Furthermore, CA1 are affected early in AD by a prominent synaptic and neuronal loss (Scheff et al., 

2006; West et al., 2004). By the late stage of AD, severe neuronal loss of ECLII is evident, reaching a loss 

of up to 90% of the neurons (Gomez-Isla et al., 1996). This neuronal loss appears to greatly exceed the 

amount of NFTs, suggesting factors aside from p-tau and NFTs are also involved in causing neuronal 

loss (Gómez-Isla et al., 1997).   

 

The reelin protein and its involvement in AD  

During the past decade several researchers investigated the involvement of the glycoprotein reelin, its 

molecular mechanisms, and its downstream signaling pathways in relation to AD pathophysiology 

(Botella-López et al., 2010; Chin et al., 2007; Kobro-Flatmoen et al., 2016; Krstic et al., 2013; Sáez-Valero 

et al., 2003; Seripa et al., 2008; Yu et al., 2016). Reelin signaling requires the presence of at least one of 

two receptors, ApoE receptor 2 (ApoER2) or the very low-density lipoprotein receptor (VLDLR) (Tissir 

et al., 2002). Signal transduction of reelin involves binding to either of the two receptors, leading to the 

activation of Dab1 (Fig. 6; (D'Arcangelo et al., 1999)). This in turn activates cytosolic kinase pathways 

involving Scr-family kinases (SFKs) leading to the phosphorylation of NMDAr subunit NR2 on the 

postsynaptic membrane and the concomitant potentiation of NMDAr-mediated Ca2+ influx (Fig. 6). 

Additionally, activation of Dab1 leads to the recruitment and activation of additional non-receptor 

tyrosine kinases allowing the activation of cytosolic kinase cascades, involving PI3K and Akt/PKB. 

Activation of these non-receptor tyrosine kinases results in the inhibition of glycogen synthase kinase 

3 β (GSK3β), as well as CDK5, two of the main kinases that phosphorylates tau protein (as reviewed in 

(Tissir et al., 2003). A downregulated activity of GSK3β has been shown to lead to alterations in 

downstream kinase activity causing abnormal phosphorylation of tau, subsequently altering axonal 

transport, and leading to formation of NFTs (as reviewed in (Deutsch et al., 2006) and (Yu et al., 2016)). 
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Figure 6. Proposed involvement of the reelin signaling cascade in AD. Physiological condition: reelin binds to either 
of the two receptors, ApoER2 or VLDLR, leading to activation of Dab1. This in turn activates cytosolic kinase 
pathways involving SFKs leading to the phosphorylation of NMDAR subunit NR2 on the postsynaptic membrane 
and the concomitant potentiation of NMDAr-mediated Ca2+ influx (Chen et al., 2005). Dab1 also activates cytosolic 
kinase pathways involving PIK3 and PKB/Akt. This leads to inhibition of GS3β and CDK5, two of the main kinases 
that phosphorylates tau protein (Beffert et al., 2002)  Reelin signaling is known to be important for synaptic 
plasticity, neurite outgrowth and dendritic spine development (Tissir et al., 2002). AD: In pathological conditions, 
ApoE4 suppress reelin binding, leading to a downregulation of GSK3β, ultimately modifying reelin’s ability to 
inhibit tau phosphorylation (Deutsch et al., 2006). These alterations of downstream kinase activity can lead to 
changes in NMDAR induced Ca2+ signaling  abnormal phosphorylation of tau, destabilized microtubule and axonal 
transport and widespread formation of NFTs (Yu et al., 2016). NMDARs, N-metyl-D-aspartate receptor; SFKs, Scr-
family kinases; Dab1, Disabled-1; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; 
ApoER2, Apolipoprotein 2 receptor; PI3K, Phosphoinositide 3-kinase; PKB, Protein kinase B; CDK5, cyclin 
dependent kinase 5; GSK3β, glycogen synthase kinase 3 beta; NFTs, neurofibrillary tangles. Figure modified from 
(Doehner et al., 2010) and (Kobro-Flatmoen et al., 2021). Figure made in BioRender.com. 
 

Reelin has been found to interact with Aβ in human brain tissue (Botella-López et al., 2010; Cuchillo-

Ibañez et al., 2016), with accumulated extracellular deposits in aged individuals (Doehner et al., 2010). 

In AD transgenic (human APP) mice and post-mortem human brains, Chin et al., observed a significant 

reduction of reelin immunoreactive principal neurons in layer II of the entorhinal cortex (EC LII), but not 

in interneurons (Chin et al., 2007), suggesting a vulnerability of reelin expressing (Re+) principal 
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neurons. In the same transgenic mice, hippocampal regions DG and CA1 had decreased levels of full-

length and 180 kDa reelin fragments, suggesting that hAPP/Aβ-induced reductions of reelin expression 

in EC LII neurons may reduce the amount of reelin released onto subregions of the hippocampus (Chin 

et al., 2007). A study from our group has shown that reelin expressing EC LII neurons align along a 

gradient where those located successively closer to the rhinal fissure express increasingly higher 

amounts of reelin, in both humans and AD transgenic rats (Kobro-Flatmoen et al., 2016). Intriguingly, 

these neurons selectively accumulate iAβ and this accumulation aligns along the same gradient (Kobro-

Flatmoen et al., 2016). Furthermore, a recent follow-up study showed that lowering reelin expression 

in EC LII neurons led to a concomitant decreased accumulation of iAβ (Kobro-Flatmoen et al., 2023). 

Interestingly, initial spread of tau pathology align on the same gradient as reelin neurons are expressed 

along the olfactory and limbic pathways in the developing brain (extensively reviewed in (Krstic et al., 

2013)).  

Genetic variants of reelin have been shown to play a considerable role in AD pathogenesis, in particular 

for females, with a specific genotype (8/8) significantly overrepresented in AD cases vs. controls (Seripa 

et al., 2008) (Kramer et al., 2011). Moreover, in a recent paper the authors reported on a remarkable 

case with fAD due to having the PSEN1-E280A mutation, in which the subject exhibited extreme 

resilience to dementia. Aside from the fAD-related mutation, this subject was shown to be 

heterozygous for a rare mutation in the reelin gene (H3447R) and appears to have a largely intact EC 

LII despite having inherited the normally fully penetrant fAD mutation (Lopera et al., 2023).   

Overall, alterations of reeling signaling seems to play a key role in initial AD stages, and Re+ EC LII pose 

to be selectively vulnerable by impaired reelin signaling, affected by early iAβ accumulation (Kobro-

Flatmoen et al., 2023); (Kobro-Flatmoen et al., 2016), and downstream signaling alterations, impaired 

inhibition of GSK3β (Beffert et al., 2002), ultimately leading to hyperphosphorylation of tau and build-

up of NFTs (Deutsch et al., 2006; Yu et al., 2016). 

Network activity affected by pathogenesis and degeneration in AD  

So how will these alterations of the structural networks by accumulation of pathology, synapse loss, 

and neurodegeneration affect the functional network dynamics? Accompanied by accumulating 

pathology, neuronal circuits in AD transgenic mice are known to be vulnerable for hyperactivity in the 

very early stages of AD (Busche et al., 2015; Minkeviciene et al., 2009; Palop et al., 2009; Vossel et al., 

2013). Using two-photon Ca2+ imaging in an AD mouse model (APP23xPS45) a decrease in neuronal 

activity was seen in 29% of layer 2/3 cortical neurons, however, 21% of neurons displayed an increase 

in the frequency of spontaneous Ca2+ transients (Busche et al., 2008). Not only did hyperactive neurons 
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fire more frequently, but they also did this in a correlated manner, thus increasing the risk for seizure-

like activity. A subset of neurons in the DG of hAPP transgenic mice are also shown to be affected by 

hyperactivity displayed by non-conclusive seizure activity (Palop et al., 2007). Interestingly, by Ca2+ 

imaging in APP/PS1 model mice, Busche et al., showed that neurons in CA1 express severely altered 

neuronal activity with a mix of hyperactive and silent neurons (Busche et al., 2012). 

A factor that can lead to hyperactivity in neural networks is dysfunction of interneurons, where 

decreased levels of the interneuron specific and parvalbumin cell-predominant voltage-gated channel 

subunit Nav1.1 has been implicated (Verret et al., 2012). Another finding suggests that Aβ-dependent 

hyperactivity could be caused by suppression of glutamate uptake in CA1 pyramidal neurons (Zott et 

al., 2019). Impaired calcium homeostasis with calcium overload in neurites of transgenic APP model 

mice has also been described as a contributor the hyperactive state related to Aβ pathology, leading to 

distortion of neuritic morphology and disruption in neural network activity (Kuchibhotla et al., 2008). 

In early disease stages it has been shown that soluble oligomeric Aβ alters the function of neuronal 

circuits and large-scale networks by disrupting the balance of synaptic excitation-inhibition (as reviewed 

in (Busche et al., 2016)).   

Altered structural organization may also have implications on network activity. For example, in a mouse 

model of AD, dendritic structural degeneration was functionally linked to cellular hyperexcitability 

(Šišková et al., 2014). Studies have also found that increased levels of Aβ42 oligomers or APP can result 

in an increase in surface expression of sodium channels in AD models, both in vitro (Wang et al., 2016) 

and in vivo (Liu et al., 2015). In one transgenic AD mouse model (Tg2576), an early alteration in firing 

properties of LEC LII, but not MEC LII neurons was observed (Marcantoni et al., 2014). In the same 

mouse model, recordings by acute and anesthetized single-unit electrophysiology found that LEC LII 

neurons exhibit early hyperactivity and linked this to iAβ precursor protein C-terminal fragments from 

projecting cortical regions and soluble Aβ (Xu et al., 2015). However, no difference was observed in 

odor discrimination and memory in transgenic vs. control animals.   

Epileptiform activity and seizures are also observed in human patients, where genetic forms of AD 

marked by abnormal processing and deposition of Aβ is suggested to be particularly likely to be 

associated with seizures (as reviewed in (Friedman et al., 2012)). The risk of epileptic seizures is 

particularly high in AD patients during early disease stages, reaching an 87-fold increase in seizure 

incidence compared with an age-matched reference population (Amatniek et al., 2006). Treatment with 

the anti-epileptic drug, Levetiracetam, showed a reversal of hyperactive seizure activity in neuronal 

networks and reversing synaptic and cognitive deficits (Sanchez et al., 2012).   
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AD animal models  
 
Transgenic animals are the most widely used model in AD research, and have provided important 

insights into disease pathogenesis, spread, and attempts at drug development (as reviewed in 

(Benedikz et al., 2009; Esquerda-Canals et al., 2017). Since the first transgenic AD mouse line was 

developed in 1995 (Games et al., 1995), a large number of models have been generated, and today 197 

different AD model mice and 17 AD model rats exist as according to Alzforum.com. Animal models will 

not develop the full pathological disease cascade as it occurs in humans, but specific pathological 

features are recapitulated. By carrying a human APP transgene, the animal models typically overexpress 

increased levels of Aβ (Leon et al., 2010; Radde et al., 2006) (Leon et al., 2010). Additionally, knock in 

of human MAPT can lead to pathological tau load (Jawhar et al., 2012; Oddo et al., 2003). The high 

failure rate in clinical trials can be related to genetic, anatomical, and physiological variations between 

rodents and humans (Drummond et al., 2017).  

 
For the work in this thesis, two transgenic AD models were used, the APP/PS1 mouse model (Paper I 

and II) and the McGill-R-Thy1-APP rat model (Paper II). The APP/PS1 mouse model is based on a 

C57BL/6J genetic background and carries one human transgene for APP that contains the APP 

K670_M671delinsNL (Swedish mutation) (Mullan et al., 1992) and the PSEN1 L166P mutation 

(Moehlmann et al., 2002), under the control of the Thy1 promoter (Radde et al., 2006). The expression 

of the human APP transgene is approximately 3-fold higher than endogenous murine APP. This leads 

to deposition of amyloid plaques starting already at 6 weeks in the neocortex, before appearing in the 

hippocampus at 3-4 months (Radde et al., 2006). Significant memory deficits have been reported by 5 

months (Zhu et al., 2017). The McGill-R-Thy1-APP rat model is based on a Wistar (HsdBrl:WH) genetic 

background and carries a human APP751 transgene cassette, containing the APP K670_M671delinsNL 

(Swedish mutation) and the APP V717F (Indiana mutation), under control of the Thy1 promoter (Leon 

et al., 2010).  

 

Cellular models of AD      

Primary cortical and hippocampal neuronal cultures    

 
Since the establishment of a primary cell culture of frog nerve fibers by R.G. Harrison in 1907 (Ambrose, 

2019), primary hippocampal and cortical neurons have been the object of intense research. Such 

neurons are usually derived from early postnatal or embryonic animals, as the networks are still not 

fully developed and fully innervated, and harbors extensive neurite outgrowth (Sciarretta et al., 2010). 
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Compared to adult neurons, embryonic or postnatal neurons tend to survive better in culture and are 

easier to maintain over longer time periods. Moreover, embryonic, or postnatal neurons are widely 

accessible as they can be frozen in stock and are commercially available. Neuron cultures are thus well 

in line with thee 3R (Reduction, Refinement, Replacement) in the use of laboratory animals and also 

reducing the need for animal facilities and tissue preparation (Koganezawa et al., 2023). However, as 

AD affects the adult brain, primary neurons derived from adult animal models confer significant 

advantages in terms of preclinical modelling of AD. Several studies have demonstrated that cultured 

adult cortical and hippocampal neurons from both mice and rats retain both electrophysiological (Evans 

et al., 1998; Varghese et al., 2009) and morphological characteristics (Eide et al., 2005; Varghese et al., 

2009) as seen in the brain.   

 

In AD research, it has been argued that cell cultures established from transgenic AD model animals offer 

several advantages compared to in vivo experiments and tissue slices for the study of efficacy and 

compounds in drug applications (Trinchese et al., 2004). This includes the possibility of maintaining cells 

long-term under a controlled environment, accessibility for selective perturbations (Fiskum et al., 2021; 

Valderhaug et al., 2021; Weir et al., 2023), direct monitoring of molecular- or chemogenetic responses 

(Y. Dong, Sameni, et al., 2019; Westhaus et al., 2020), and the ability to monitor neuronal and synaptic 

responses (Bauer et al., 2022). Compared to cultured adult hippocampal neurons from non-transgenic 

animals, hippocampal neurons from the 3xTg AD model mice have been reported to exhibit global 

metabolic alterations with increased inflammatory responses and decreased glutamate and GABA 

metabolites (Y. Dong, Digman, et al., 2019).  Furthermore, cultures from embryonic AD transgenic 

animals display elevated levels of human Aβ40 and Aβ42, p-tau and alterations of calcium homeostasis 

already by 11-12 days in vitro (DIV) (Trinchese et al., 2004). Thus, moving such neurons into the culture 

enables the study of pathological network activity responses in a reductionist approach within a short 

time frame, ‘providing an exceptional tool to investigate pharmacological approaches’ (Vale et al., 

2010).  

 
In vitro electrophysiology using microelectrode arrays   

Microelectrode arrays (MEAs) was first described in 1972 (Thomas et al., 1972) and has since been the 

most used implementation for measurement of in vitro electrophysiological activity (Fig. 7). MEAs are 

interfaces where neurons are plated on a coating substrate above a set of electrodes, such that the 

electrodes are able to capture neural network activity in the form of spontaneous or evoked neural 

spiking activity (Frega et al., 2012) or local field potentials (Gold et al., 2006) (Gonzalez-Sulser et al., 

2012). Extracellular electrodes measure fluctuations in the electrical field potential surrounding the 
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electrode. These fluctuations are caused by local movements of ions in response to ion channels 

opening and closing as action potential propagate down the axons of neurons. MEAs can capture 

ongoing network activity summed from thousands of neurons and have been implemented in cultures 

derived from several species, like mice (Zhang et al., 2021), rats (Napoli et al., 2016), monkeys (Zhang 

et al., 2021) and humans (Zhang et al., 2021) (Napoli et al., 2016). Measuring such network activity can 

enable one to capture subtle dynamics over time, and differences between healthy and diseased or 

perturbed conditions (Djemil et al., 2020) (Frega et al., 2012).  

 

 
 
Figure 7. Microelectrode arrays. Schematic of a microelectrode array with an inset of a cell culture showing 
neurons widespread around the electrodes (black circles). The electrodes will capture spontaneously evoked 
extracellular network activity from the neurons which can be captured as network bursts (top) and single spikes 
(bottom). Figure created in BioRender.com.   

Engineered neural network approaches to model Alzheimer’s disease    
 
In recent years, microfluidic technologies have provided a means for creating more physiologically 

relevant neural networks by providing multinodal compartments connected by microchannels that are 

only permissible for axons (Taylor et al., 2005; Taylor et al., 2003). As compared to single-node culturing 

platforms, microfluidic devices have as such opened an avenue to establish more complex network 

configurations, including the ability to capture network dynamics across several nodes. When coupled 

to MEAs, complex network dynamics within different nodes can be monitored as intranodal 

connectivity, i.e., within one node, or internodal connectivity, i.e., across nodes (Pan et al., 2015) 

(Vakilna et al., 2021; Winter-Hjelm N, 2023). The continuous advancement in engineered microfluidic 

devices presents the possibility to capture complex network dynamics at both the network and 

subcellular level (DeMarse et al., 2016; Poli et al., 2018; Vakilna et al., 2021). The most common design 

used in the field has been two-nodal microfluidic devices interfaced with microelectrode arrays, also 

referred to as ‘microelectromechanical systems (MEMS)’ (DeMarse et al., 2016; Pan et al., 2015). It has 

been shown that culturing cortical neurons in one node followed by the culturing of a second set of 
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neurons in a second note, done with a delay of a few days, allows for growth of axonal projections 

through the microchannels, promoting unidirectional connectivity between nodes (DeMarse et al., 

2016; Dworak et al., 2009). This has been evidenced by both spontaneously evoked network activity 

and stimulation of networks initiating a response in a feedforward manner (DeMarse et al., 2016; Pan 

et al., 2015). However, a major drawback with plating neurons at various time points is that one 

introduces neurons with different maturation stages, which may affect the physiological behaviour of 

the networks relative to neurons plated at the same time. A recent study by the Sandvig lab has shown 

that such feedforward activity can also be promoted by implementing a Tesla valve design of the 

microtunnels, which includes spine structures on the postsynaptic side to misguide the axons from 

entering the presynaptic side (Winter-Hjelm N, 2023).  This design builds upon previous studies which 

have proven that such geometrical constraints do control the directionality of axonal outgrowths in 

multinodal devices (Forró et al., 2018; Mahoney et al., 2005; Peyrin et al., 2011). Complimentary to the 

use of different culturing time points and geometrical constraints initiating feedforward connectivity of 

networks, is the possibility to add chemical cues (Kundu et al., 2013) and growth factors (Habibey et al., 

2022) to initiate feedforward connectivity of the networks.    

 

The utility of microfluidic technologies has further enabled the study of more anatomically relevant 

neural networks in vitro, with the possibility to include various subregional cell types in each node, 

which are interconnected by microtunnels. A few studies have provided reconstruction of primary 

hippocampal (Brewer et al., 2013) and entorhinal-hippocampal (Poli et al., 2018; Vakilna et al., 2021) 

neural networks on microfluidic devices derived from rats at P4. By quantitative polymerase chain 

reaction (qPCR), they showed that their putative hippocampal DG, CA3 and CA1 networks were in fact 

enriched in certain neuronal types (Brewer et al., 2013). Because AD progresses over time, with 

accumulation of pathology and network activity dysfunction, it is of high interest to enable studies 

allowing one to follow the pathogenesis and alteration of network dynamics in real time. Our work in 

this thesis, i.e., modelling EC-hippocampal networks, builds upon and expands on previous work by 

others (Brewer et al., 2013; Poli et al., 2018; Vakilna et al., 2021).  
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Thesis aims and objectives 

The overarching aim of this thesis was to establish methods for extraction and long-term culturing of 

layer-specific neurons from adult AD-model mice and rats on MEAs and microfluidic devices. 

Furthermore, by using engineered multinodal microfluidic devices, we aimed to establish anatomically 

relevant neural networks to study long-term neural network dynamics associated with the healthy vs 

diseased state, and to capture alterations in structural organization and functional connectivity.  

From this overarching aim, I have worked to reach three specific objectives:   

i) Establish a method for dissection and culturing of adult lateralmost lateral entorhinal 

cortex layer II (lLEC-LII) neurons from AD-model APP/PS1 mice (Paper I), in addition to DG 

granular layer (gl), CA3- and CA1- pyramidal neurons (pyr) neurons from adult AD model 

rats and mice (Paper II), to enable the study of specifically vulnerable neurons in the early 

stages of AD.  

 

ii) Recapitulate AD-relevant neural networks on a four-nodal microfluidic device with 

unidirectional microtunnels to enable the study of structure-function network dynamics 

(Paper II).  

 
iii) Investigate how perturbation of mature healthy neural networks with human mutated tau 

affects structure-functional network dynamics over time (Paper III).  
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Synopsis of methods  

Paper I – Dissection and culturing of adult lateral entorhinal cortex layer II neurons 
from the APP/PS1 Alzheimer’s mouse model  
 

For the first paper, 48 APP/PS1 AD model mice and littermate controls were used for development of 

the protocol. Of these, nine mice were included for the results in the paper. Brains were extracted fresh 

and sectioned horizontally (at 300 µm) on a vibratome (frequency of 5.3 Hz with a speed of 8 mm/ s.) 

(Fig. 8). I then viewed each section under a stereoscope using cross polarized lights and dissected out 

lLEC. Subsequently, the tissue was dissociated into a single cell solution by enzymatic dissociation 

(papain) and manual trituration (pipetting) and then plated onto culture vessels (MEAs or 24-well 

plates) pre-coated with Poly-L-Ornithine and laminin with a monolayer of astrocytes. 

Electrophysiological recordings were done using Multichannel a MEA2100 recording system 

(Multichannel systems, MCS, Reutlingen, Germany). Evoked spontaneous activity was recorded for 10 

minutes, collected at a rate of 10 kHz/channel, starting at 15 DIV and every three days onwards until 

69 DIV. All data was converted to .h5 hierarchical data format files before further analysis was done in 

MatLAB2020a. Immunocytochemistry was conducted at 61 DIV by staining for neuronal marker (NeuN), 

reelin and intracellular amyloid beta (A11). Furthermore, to quantify neurons co-expressing Re+, NeuN 

and A11, we took images of each relevant channel from five different regions in a culture and applied 

a threshold to identify neuronal somata using Fiji (version 1.53i).  

 

Figure 8. Overview of experimental setup: Paper I. Before plating of the lateralmost lateral entorhinal cortex layer 
II (lLEC-LII-neurons), we coated the culture wells with Poly-L-Ornithine (PLO) and laminin. 48 hours prior to plating 
of neurons we added a monolayer of rat cortical astrocytes. On day 0, we extracted and horizontally sectioned 
APP/PS1 mouse brains, and then dissected strips of lLEC-LII-neurons under a stereoscope. The strips were 
dissociated enzymatically and then manually triturated with a 100 µL pipette, and then spun down in a centrifuge 
at 200g x 2min. The cell pellet was re-suspended in 100 µL cell media before plating. At 1 DIV half the media was 
changed; this was subsequently repeated every 3 days. From 15 DIV we started recording spontaneous activity. 
DIV; days in vitro. Created with BioRender.com.  
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Paper II – Reverse engineering of feedforward cortical-hippocampal neural 
networks relevant for preclinical disease modelling 
 

For the second paper, 42 adult McGill-Thy1-APP AD-model rats and 2 adult APP/PS1 AD-model mice, in 

addition to commercially available cortical and hippocampal primary neurons were plated on 

customized four-nodal microfluidic devices at a concentration of 750 cells/mm2 i.e., 15 000 or 1000 

cells/mm2, i.e., 2000 per node, for adult and commercial neurons, respectively. Before plating of the 

neurons, all devices were coated with Poly-L-Ornithine (PLO) and Laminin before commercially available 

Rat Primary Cortical Astrocytes were plated at a concentration of 100 cells/mm2, i.e., 2000 per 

microchamber (Fig. 9). Microfluidic devises on microelectrode arrays (mMEAs) were used for 

electrophysiological recordings and microfluidic devised on glass slides was used for 

immunocytochemistry. A MEA2100 workstation (Multichannel Systems) was utilized for all recordings 

with a sampling rate of 25 000 Hz and all cultures were allowed to equilibrate for 5 min before recording 

of spontaneous and electrically evoked electrophysiological activity. mMEAs with adult and embryonic 

neurons were recorded for 10 and 15 minutes, respectively. All data pre-processing and analyses were 

conducted in Matlab R2020b. Before spike detection, a 4th order Butterworth bandpass filter was used 

to remove noise <300 Hz and >3000 Hz in addition to a notch filter to remove noise at 50 Hz from the 

power supply mains. Immunocytochemistry included staining for neuronal marker NeuN and 

neurofilament marker NFH for adult neurons, in addition to reelin for LEC LII neurons. The commercial 

primary cortical and hippocampal neurons were stained for MAP2, β3-tubulin, GFAP, NeuN, NFH and 

GAP43.  

 

Figure 9. Overview of experimental setup: Paper II. Before plating of the primary neurons, we coated the culture 
wells with Poly-L-Ornithine (PLO) and laminin and plated rat cortical astrocytes. On day 0, we extracted and 
horizontally sectioned APP/PS1 mouse brains, and then dissected strips of lLEC-LII-neurons under a stereoscope. 
The strips were dissociated enzymatically and then manually triturated with a 100 µL pipette, and then spun down 
in a centrifuge at 200g x 2min. The cell pellet was re-suspended in 100 µL cell media before plating. At 1 DIV half 
the media was changed; this was subsequently repeated every 3 days. From 15 DIV we started recording 
spontaneous activity. DIV = days in vitro. Created with BioRender.com. 
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Paper III – Altered structural organization and functional connectivity in feedforward 
neural networks after perturbation   
 

For the third paper, commercially available rat primary cortical neurons were plated on in-house 

developed two-nodal microfluidic devices (n=7) (Winter-Hjelm N, 2023) (Fig. 10)  or on 8-well 

chambered Ibidi chips (n=2).  All culture wells were pre-coated with PLO and laminin solution and a 

monolayer of rat cortical astrocytes (plated 48 h prior to neurons). Networks were maintained in an 

incubator (37°C, 20% H2O and 5% CO2) consistently except during media changes, imaging, and 

recording. Networks were supplemented by 50% fresh media every two days and electrophysiological 

recordings commenced using a MEA2100 recording systems (Multichannel Systems). Evoked 

spontaneous network activity was recorded for 15 minutes from 16 DIV and every four days onwards. 

Additional electrical stimulations were conducted from 26 DIV, consisting of a spike train of 60 spikes 

at ± 800 mV of 200 µs duration with an interspike interval of 5s. Immunocytochemistry was performed 

on parallel cultures on Ibidi chips at 21 DIV to assess network maturity (CamKII, MAP2, GAD65), 

intranodal connectivity (MAP2) and phosphorylated tau (AT8 and Phospho-tau (Thr217)). At 28 DIV, 

four neural networks were transduced using a viral construct (AAV8-GFP-2A-P301L) carrying a human 

tau mutation (P301L) diluted in cell media. The viral load was introduced to the presynaptic node of the 

networks, while control networks (n=3) received fresh media only. A titration of 3x102 viral units per 

neuron were used after extensive testing of various loads. Viral expression was confirmed after 48 

hours based on GFP expression in the transduced networks. All data analysis was done using 

Matlab2020a.  

 

 
Figure 10. Overview of experimental setup. Schematic of in vitro methods for establishing networks, transduction, 
and electrophysiological recordings. Created with BioRender.com.   
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Synopsis of results  

Paper I – Dissection and culturing of adult lateral entorhinal cortex layer II neurons 
from the APP/PS1 Alzheimer’s mouse model  
 

In the first paper we show a method for the dissection and long-term culturing of lateralmost lateral 

entorhinal cortex layer II (lLEC-LII) neurons from APP/PS1 Alzheimer’s model mice. lLEC-LII neurons 

extruded neurites already 2 hours after cellular attachment to the culture vessels (Fig. 11A) and we 

observed a pronounced neurite outgrowth over time, and by 51 DIV highly branched neurites were still 

present (Fig. 11B). Characterization by immunocytochemistry (ICC) at 61 DIV, where we stained for 

neuronal marker NeuN in combination with reelin, showed that we had acquired and cultured the 

neurons of interest, i.e., reelin-expressing lLEC-LII neurons. By further staining against oligomeric 

amyloid-β (Aβ) using A11 we showed that the lLEC LII-neurons retain the ability to express Aβ in vitro 

(Fig. 11C). By quantification of ICC from five different regions in one culture we found that 84/88 

neurons co-expressed NeuN, reelin and A11. This is in line with the known strong intracellular 

expression of iAβ in such neurons seen in vivo in the APP/PS1 mice, and also known to be strongly 

present in ECLII in human brains during preclinical stages of AD. Functional activity was measured by 

electrophysiological recordings using 60-electrode MEAs (Multichannel Systems, Reutlingen, 

Germany). lLEC-LII-networks were spontaneously active, showing spikes by 15 DIV and remaining active 

beyond two months, albeit with a low firing rate (Fig. 11D). Overall, our method to dissect and culture 

lLEC LII neurons from adult AD model animals offers a neuron and network-specific in vitro system and 

may represent a valuable tool to study early pathogenesis in AD-relevant neural networks over time.  

 

 

Figure 11. Overview of results: Paper I. Adult lLEC LII neuron cultures reform structural connections and display 
network activity. (A) Dissected and cultured adult lLEC-LII neurons start to reorganize structural connections after 
2 hours in vitro. (B) Structural connections in the same cultures as in (A) remain at 51 DIV. (C) The neurons co-
express neuronal marker NeuN, reelin and oligomeric Aβ (A11) at 61 DIV (D) The networks display functional 
neural activity in form of spiking activity. DIV = days in vitro.   

  



26 
 

Paper II – Reverse engineering of feedforward cortical-hippocampal neural 
networks relevant for preclinical disease modelling  
 

In the second paper, we show the utility of reverse-engineered multinodal cortical-hippocampal 

networks with controllable feedforward network organization using custom-designed microfluidic 

devices with microelectrode arrays. Both spontaneously evoked (Fig. 12A) and stimulation induced 

network activity show that the multinodal microfluidic device promote establishment of feedforward 

network activity, displayed by network bursts propagating across the four nodes. At 28 DIV, as much as 

24.2% of the network bursts propagated through all four nodes, compared to less than 2% at 12 DIV. 

Increased complexity of the network dynamics was evidenced by increased correlation of intranodal 

(within nodes) and internodal (between nodes) activities over time. By 20 DIV integration of all 

neighbouring nodes was established, with an increased correlation by non-neighbouring nodes at 28 

DIV, indicating a higher network-wide synchronization. To advocate the broader applicability of this 

model system, we provide proof of concept for the long-term culturing of adult layer- and subregion 

specific LEC LII and hippocampal DG-gl, CA3-pyr and CA1-pyr neurons derived from transgenic AD 

model mice and rats. Such adult networks reform structural connections in the culture (Fig. 12B) and 

exhibit electrophysiological activity from 15 DIV until 47 DIV, at which point the cultures were 

terminated. Together, our results highlight the suitability and potential of our approach for reverse 

engineering of biologically and anatomically relevant neural networks, supporting the study of dynamic 

structure-function relationship in both healthy and pathological conditions.  

 

 

Figure 12. Overview of results: Paper II. Structural connection and functional connectivity. (A) Cortical and 
hippocampal (commercially available) neural networks on the four-nodal microfluidic devise display bursting 
behaviour with network bursts initiated in the first node (cortical) and gradually spreading through the 
microtunnels in a feedforward manner. DIV, days in vitro; C, cortical node; H1-3, Hippocampal node 1-3.  (B) Adult 
hippocampal DG neurons derived from McGill-R-Thy1-APP rats reform structural connections in culture and 
express neuronal marker NeuN and neurite marker neurofilament heavy (NFH). 
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Paper III – Altered structural organization and functional connectivity in feedforward 
neural networks after induced perturbation 
 

In the third paper, we investigated ongoing structural and functional network dynamics in engineered 

feedforward neural networks following perturbation by viral transduction of human mutated tau. The 

networks were perturbed in the presynaptic node at 28 DIV, and we observed a stronger fluorescent 

signal of antibodies AT8 and Phospho-tau (Thr217) in the perturbed networks compared to controls. 

Already four days after addition of the mutated tau (at 32 DIV) we could observe ongoing axonal 

retraction in the presynaptic node (Fig. 13A). By 52 DIV, this retraction had progressed and was evident 

also in the postsynaptic node. This was not observed in the control networks at any stage throughout 

the culturing period (Fig. 13A). We showed that such prominent structural changes happened in concert 

with aberrant functional changes over time (13. B). Compared to the control networks, this manifested 

as disrupted electrical activity by a decrease in firing rate and mean burst rate of the perturbed 

networks, with a concomitant increase in network synchrony. To assess the internodal connectivity 

between the two nodes from time of perturbation and onwards, we induced electrical stimulations of 

one electrode in the presynaptic node. While we observed a small spiking response in the postsynaptic 

node following stimulations at 45 and 47 DIV in the control networks, this was not evident in the 

perturbed networks. Together, our results show the utility for elucidating ongoing structural and 

functional neural network changes in the initiation, development and progression of network 

disruptions induced by human mutated tau.  
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Figure 13. Overview of results: Paper III. Altered structural organization and functional connectivity in perturbed 
networks. (A) Structural reorganization by axonal retraction was observed in the presynaptic node already at 32 
DIV, four days after transduction by mutated tau (perturbation). This axonal retraction had progressed drastically 
by 52 DIV in the presynaptic node and was also evident in the postsynaptic node. In comparison, the control 
networks did not show the same axonal retraction, in either the pre- or postsynaptic node. (B) After transduction 
at 28 DIV, the presynaptic node in the perturbed networks displayed a decrease in firing rate (p <0.001), mean 
burst rate (p <0.001) with a concomitant increase in network synchrony (p <0.001) measured by coherence index. 
GLMM, generalized linear mixed models. DIV = days in vitro. GLMM = general linear mixed models. 
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Methodological considerations  

Dissection and processing of adult entorhinal and hippocampal neurons  

All brain sections were sectioned horizontally along a ventral to dorsal axis using a vibratome 

(Supplementary fig. 1), before I dissected out lateralmost LEC LII (lLEC LII). Recognition of 

cytoarchitectonic features and dissection of specific cell layers from fresh tissue is feasible when viewed 

under a stereoscope and illuminated by cross polarized light (Fig. 14). Thus, for Paper I, regarding the 

dissection of LEC LII, I used the following criteria: In the ventral-to-dorsal axis, layer V neurons in MEC, 

contain a columnar shaped, which can be distinguished from the more densely spread organization of 

layer V in LEC (Fig. 14D-E). Anteriorly, LEC may be separated from piriform and perirhinal cortex contain 

by the fact that LEC has larger LII-neurons, some of which are ectopic, meaning that they appear to 

situate in deep parts of layer I (Fig. 5).  

For Paper II, I dissected the DG granular layer (DG-gl), the CA3- and CA1 pyramidal layers (CA3-pyr and 

CA1-pyr), and LEC LII, from both adult AD transgenic APP/PS1 mice and McGill-R-Thy1-APP rats. We 

used two APP/PS1 mice and a total of 47 McGill-R-Thy1-APP rats (Supplementary table 1). LEC LII was 

dissected in the same way as for Paper I. For dissection of the hippocampal subregions, I relied on the 

following anatomical traits. The DG-gl can is a densely packed layer of granular neurons that follow a v-

U-V shape when going from the ventralmost-to-dorsalmost sections in both the mouse and rat brain 

and is easily separated from the superficial molecular layer and deeper hilus (Fig. 5; Supplementary 

fig.1). The CA3-pyr contain a prominent compact layer of pyramidal neurons starting at the proximal 

end, bordering the hilus of DG (Fig. 5). Moving in the distal direction, approaching CA2, the pyramidal 

layer widens as the neurons here are more loosely organized. This feature, which also characterizes 

CA2 itself, abruptly changes as one moves into CA1, where the pyramidal layer is densely packed. 

Continuing further in the distal direction, the CA1 pyramidal layer becomes noticeably wider when 

approaching the border with the subiculum. Dissected tissue was immediately transferred to 15 mL 

falcon tubes held on ice consisting of Hibernate-A media (Gibco™, A1247501) supplemented with 2% 

B27 Plus Supplement (Gibco™, A3582801)), 1% Penicillin-Streptomycin (Gibco™, Cat# 15070063) and 

2.5 mL/L Glutamax supplement (Gibco™, 35050061).  

After dissection, all tissue was dissociated into a single cell solution by enzymatical dissociation (Papain) 

and manual trituration (Pipetting). Enzymatic dissociation using Papain was used as it has been shown 

to result in higher neuronal viability compared to other components, like Trypsin (Brewer, 1997). 



30 
 

Notably, our method for dissociation of the dissected tissue is simpler than the gradient purification 

method described by Brewer et al., (Brewer et al., 2007).  

 

Figure 14. Cytoarchitectonic features of LEC vs. MEC. (A) A horizontal brain section viewed under a stereoscope 
with cross-polarized light using two fiber optic lamps. Entorhinal and hippocampal subregions were delineated 
based on salient neuroanatomical features. (B) Same section as in (A) with layers in LEC delineated (dashed lines) 
with superficial LIIa and LIIb cut and spread out. (C) Same section as in (A-B) stained with Cresyl Violet; note that 
LIIb has been pushed against LIII under the coverslip, such that only LIIa points out leftward.  (D) Example of a 
freshly cut section seen under the stereoscope, with the border between LEC and MEC indicated by the black line. 
Arrows indicate the columnar shape of LV neurons in MEC, which can be seen even on a conventional 
photography. (E) Section of EC from the same level as that in (D), stained with Cresyl Violet. Arrows indicating 
columnar shape of LV in MEC. 

Primary neural networks in vitro – establishment and maintenance   

Established primary neural networks can be maintained for weeks if handled and maintained correctly. 

Before plating of neurons, coating of the culture vessel is important for attachment of cell bodies and 

neurite outgrowth, and various coating approaches is used for various cell types (Davis et al., 2019). For 

all three papers in this thesis, a combination of Poly-L-Ornithine (PLO) and 0.02 µg/mL laminin was used 

as coating agents, both having been shown important for neuronal attachment and neurite outgrowth 

(Haile et al., 2008; Liang et al., 1992; Manthorpe et al., 1983). Following coating procedures, an isogenic 

layer of astrocytes was plated, adding structural support and physiological relevance (Boehler et al., 

2007; Fellin, 2009). To establish a monolayer of astrocytes 24-48 hours prior to plating of the neurons 
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was found to be crucial for neuronal attachment and viability of our adult neuronal cultures. For the 

work in this thesis, we used freshly dissected entorhinal and hippocampal neurons from adult AD 

transgenic mice and rats (Paper I and II) and commercially available primary cortical and hippocampal 

neurons (Paper II and III). To provide neuronal attachment and long-term viability of such adult neurons, 

extensive testing and refinement of protocols was conducted. Neurons were plated at a density of 700-

850 cells/mm2 i.e., a total of 140 000-170 000 cells (Paper I). For Paper II and III, adult neurons were 

plated at a total density of 750 cells/mm2, i.e., a total of 15 000 cells, while embryonic neurons were 

plated at a total density of 1000 cells/mm2, i.e., a total of 20 000 cells. The plating density of neurons 

in culture vessels have been shown to affect morphological and electrophysiological parameters of 

neural networks, with sparse plating (<500 cells/mm2) yielding a higher synapse-to-neuron ration 

compared to medium or high plating-density (500-4500 cells/mm2) after 21 DIV (Cullen et al., 2010). By 

visual inspection, using a brightfield microscope, we observed higher levels of debris in the adult 

neuronal cultures plated at higher densities in the microfluidic devices. Such debris consists of dead 

cells and will thus tend to increase apoptotic factors and increase the likelihood of excitotoxicity. 

Therefore, adult neurons were plated at a slightly lower plating density compared to embryonic 

neurons on the microfluidic devices (Paper II).  

Table 1. Media supplements for all three papers  

Supplement Concentrat

ion 

Purpose Supplier, catalogue nr Cell type it was 

included for  

Y-27632 

(Dihydrochloride) 

RHO/ROCK pathway 

inhibitor (RI)  

0.1 µL/mL Prevent apoptotic factors  STEMCELL™ Technologies, 

#72302 

APP/PS1 

McGill-R-Thy1-APP 

Commercially 

available neurons 

Brain Derived 

Neurotrophic Factor  

0.1 µL/mL Support neuronal 

proliferation and survival  

Neurotrophins, #450-02 APP/PS1 

 

Fetal Bovine Serum  100 µL/mL Maintain cell viability, 

facilitate metabolism and 

growth  

Sigma-Aldrich, #12106C APP/PS1 

McGill-R-Thy1-APP 

FGF2 (Human FGF-

2/bFGF) Recombinant 

Protein) 

10 ng/mL Promote neuronal 

survival 

GibcoTM, #13256-029 McGill-R-Thy1-APP 

Penicillin-Streptomycin  1 µL/mL Prevent bacterial 

contamination  

GibcoTM, #15070063 APP/PS1 

McGill-R-Thy1-APP 

Commercially 

available neurons 
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Successful maintenance of cultured networks involves correct storage in incubators (at 37°C, 5% CO2 

and 20% O2), regular supply of nutrients through cell media changes, efficient handling of cultures 

outside of the incubators and prevention of bacterial contaminations (Stacey, 2011). For all three 

papers, the Neurobasal Plus Medium culture system (Gibco™, A3582901) supplemented with B27 Plus 

Supplement (Gibco™, A3582801) and 2.5 mL/L GlutaMAXTM Supplement (Gibco™, 35050061) was used. 

This neuronal media composition has been shown to increase viability of primary neuron cultures by 

up to 60 % compared to traditional Dulbecco’s Modified Eagle’s Medium (DMEM) (Brewer et al., 1993). 

Additionally, various supplements were added to the cell media composition, with some small variances 

for the adult and embryonic cultures; all supplements included are listed in Table 1, including 

information regarding the purpose for inclusion and the suppliers. In paper II, we tested a total of six 

different media composition protocols for culturing of adult entorhinal and hippocampal neurons 

derived from rats. This was done as previous literature has shown a difference in addition of growth 

factors BDNF and FGF2 for adult neurons derived from mouse and rats, respectively (Brewer et al., 

2007).  

To provide a favorable microenvironment to the neurons, regular media changes were conducted. For 

paper I, extensive testing for recurrence of media changes of the adult neural cultures was carried out, 

where we found 50:50 (of 1 mL total) media changes every three days to yield the highest viability of 

the cultures in the long-term. As the total volume was much lower (100 µL for each well) in the 

microfluidic devices, media changes were conducted every two days (Paper II and III). 

Immunocytochemistry  

All primary and secondary antibodies used for Paper I-III can be found in (Supplementary Table. 2). In 

paper I, we used neuronal marker NeuN to establish the presence of mature neurons (Mullen et al., 

1992) derived from adult APP/PS1 model mice. Further characterization in the form of reelin co-

expression with NeuN validated the presence of Re+ lLEC LII neurons in our cultures. This was also 

evident for adult LEC LII neurons derived from the AD transgenic rats (Paper II). For all hippocampal 

neurons we stained for NeuN and neurofilament marker NFH. To characterize the presence of various 

cell types in the culture, future work should aim to include markers for various types of glial cells and 

interneurons. However, for the purpose of the studies included for this thesis, the fact that our cultures 

were rich in hippocampal neurons and Re+ LEC LII as measured >1 month in culture was considered 

sufficient.  

In paper III, we found staining for AT8 and Phospho-tau (Thr217) to be present in both perturbed and 

control conditions. However, by quantification of fluorescent intensity we observed a difference in 
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antibody expression in perturbed networks displaying increased levels of AT8 and pTau in cytosolic 

compartments, compared to control unperturbed networks.   

Imaging by phase contrast- and fluorescent microscopy 

For visual inspection of neuronal attachment, neurite outgrowth, and re-organization of structural 

connections in culture, phase contrast imaging using a Zeiss Axio Vert V.1 microscope was obtained 

throughout the culturing period. For Paper II, further quantification of neurite length in relation to 

neuronal media composition was done at 4-5 DIV using Neurolucida (Hanssen & Winter-Hjelm et al., 

2023; Supplementary Fig. 3C). For all three papers, imaging of cultures used for ICC was done using an 

EVOS M5000 microscope (Thermo Fischer Scientific, AMF5000) connected to a light source and using 

an Olympus 20x/0.75 NA objective (N1480500), with the following filter sets/channels: DAPI 

(AMEP4650), CY5 (AMEP4656), GFP (AMEP4651) and TxRed (AMEP4655).  

Quantification for co-localization of oligomeric Aβ with Re+ neurons (Paper I) 

Quantification of five representative micrographs of a neuronal culture stained by ICC was done to 

count Re+ lLEC-LII neurons co-labelling oligomeric iAβ using ImageJ/Fiji ((Hanssen et al., 2023)). Owing 

to the astrocytic monolayer below the neuronal layer, the neurons will reside at slightly different 

depths. Thus, it is not possible to image all neurons on a given sample simultaneously.   

Quantification for neurite length of adult neurons in relation to cell media composition (Paper II)  

Quantification of neurite length in relation to testing of different cell media compositions (Table 1) was 

done in Neurolucida 360 where I counted a total of 285 neurites at 4-5 DIV (Fig. S2. in Paper II).  

Quantification of fluorescent signal of AT8 and Phospho-Tau (Thr217) in perturbed and unperturbed 

cultures (Paper III)  

Quantification of fluorescent intensity profile was done from a total of six cell body clusters and five 

axonal bundles from perturbed and unperturbed networks stained at 22 DIV using 

Fiji/ImageJ2.Assessment was done for total fluorescent signal (mean intensity/pixel) measured by mean 

grayscale.  

Microelectrode arrays (MEAs) and microfluidic devices   

For all three papers, we used MEAs to capture electrophysiological network activity. For Paper I, we 

used commercially available 60ecoMEAs containing 60 gold electrodes, in which one was serving as 

internal reference electrode (Multichannel Systems, Reutlingen, Germany). The electrodes were 100 

µm diameter with an electrode spacing of 700 µm. For Paper II and III we used in-house developed 
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MEAs (Nanolab, NTNU), containing 60 nanoporous platinum black electrodes (50 µm diameter with an 

electrode spacing of 100 µm), of which one served as an internal reference electrode.  Recordings of 

network activity were conducted using a Multichannel MEA2100 recording setup (Multichannel 

Systems) at a sampling rate of 25 000 Hz. A temperature controller was used to maintain temperature 

at 37°C throughout the recording session.  

Initial design and production of the microfluidic devises was done by PhD student Nicolai Winter-Hjelm 

(at Nanolab, NTNU) and a detailed description of all fabrication steps can be found in a published 

preprint (Winter-Hjelm N, 2023). The microfluidic devices consist of several nodes interconnected by 

microtunnels. For Paper II and Paper III, we used four-nodal and two-nodal microfluidic devices, 

respectively (Fig. 15). The microchannels were inspired by the Tesla valve design, containing spine 

structures on the postsynaptic side to return the axons to their chamber of origin. This was done to 

initiate a controllable feedforward network connectivity from the presynaptic node to the postsynaptic 

node.  

 

Figure 15. Two-nodal and four-nodal microfluidic devices. Schematic of the two- and four-nodal microfluidic 
devices. Schematics made by Nicolai Winter-Hjelm. 

 

Electrical stimulations and perturbation of neural networks  

Electrical stimulations  

To estimate functional connectivity between different nodes of the microfluidic devices, electrical 

stimulations were performed for experiments in Paper II and III. For both papers, stimulations and 

activity responses were obtained directly after the recordings of spontaneous electrophysiological 

activity. During the recording session, we noted the most active electrode measured in spikes per 

second, and this electrode was chosen for electrical stimulations. This was done to assure that the 

chosen electrode had sufficient coupling within the network(s) to induce activity  (Brewer et al., 2009; 

Pasquale et al., 2010; Winter-Hjelm N, 2023). Electrical stimulations were done using a train of 60 spikes 

at ± 800 mV (positive phase first) of 200 µs duration with an inter-spike interval of 5 s, based on previous 
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studies (Pan et al., 2015). As stated previously, for the experiments of papers II and III, the stimulations 

were initiated from 28 DIV onwards.  

Viral transduction of MAPTP301L in vitro  

The viral tool (AAV-CBA-GFP-2A-P301L, from herein referred to as AAV-tau) used for Paper III in this 

thesis was kindly gifted by Dr. Christiana Bjørkli (previously used for transduction in vivo in transgenic 

AD model mice) and was originally developed in the Hyman lab (Wegmann et al., 2019). The neural 

networks were transduced at 28 DIV (n=4), by first removing 80% of the cell media before adding a 

dilution of 3x102 viral units per neuron in cell media and leaving them to incubate at 37°C, 5% CO2 and 

20% O2 for 4 hours. Subsequently, cultures were topped up with fresh media and left to incubate for 

24 hours followed by a 50:50 media change. The titre of the viral particles per neuron was chosen after 

extensive testing of various concentrations, and viability was observed by visual inspection 24-48 hours 

after transduction. We subjected the control networks (n=3) to the same protocol, excepting the viral 

vector.  

Initially, we included a GFP (AAV-CMV-GFP) viral vector as a vector control for our control networks 

(n=3), produced by Dr. Rajeevkumar (Kavli Institute for Systems Neuroscience). However, control 

cultures transfected with the same vector control titre as in perturbed conditions (3x102 viral units per 

neuron) died within 7 DIV. One explanation for the reduced viability after AAV-GFP transfection is the 

lack of promoter specificity (i.e., the cytomegalovirus (CMV) promoter in AAV-GFP), since the Chicken 

β-actin (CBA) promoter of the AAV-tau transfers mainly excitatory neurons and did not affect cell 

viability (Wegmann et al., 2019). The CMV promoter may also have adverse effects and be cytotoxic on 

developing neuronal networks (van den Pol et al., 2007), however, due to time constraints further 

testing was not feasible and the results from these control cultures were excluded.  

Data analysis  

All raw data files were converted to .h5-files using the Multichannel data manager software and further 

analysed in Matlab R2021b. Further, the data was filtered through a 4th order Butterworth bandpass 

filter (Butterworth, 1930) to remove frequencies <300 Hz and >3000 Hz. Additionally, a notch filter was 

applied to remove noise at 50 Hz from the power supply mains. Such noise be caused by unshielded 

electronics either in or around the recording setup that is picking up magnetic fields from the main 

electrical power. This can be caused by the power supply or heater of the recording system or other 

electronic devices in the vicinity of the recording setup. Other filtering methods can be used, as 

extensively reviewed in a recent publication (de Cheveigné et al., 2019). For spike detection we used 

the cited Precise Time Spike Detection (PTSD) algorithm (Maccione et al., 2009), which iterates through 
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the data and looks for the relative maximum/minimum of spikes where the peak-to-peak amplitude is 

above the defined threshold. All recordings were filtered at a standard deviation of 7.5 for adult 

neurons, and a standard deviation of 8.5 for embryonic neurons. For papers II and III, scripts for 

neuronal burst detection and network burst detection developed by (Pasquale et al., 2010) were used. 

Additional data analysis and scripts included for data analysis can be found in the methods section of 

each paper.  
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Discussion  

Summary of key findings   

In this thesis, I demonstrate how to extract and carry out long-term culturing of lLEC-LII neurons from 

adult AD-model mice and rats. I show that specifically the Re+ lLEC-LII neurons can be targeted for this 

purpose, which is of high relevance given the fact that this specific subpopulation of EC neurons 

constitutes the population that is typically first to degenerate in the course of AD. I furthermore show 

the utility of engineered multinodal microfluidic devices for the purpose of establishing anatomically 

AD-relevant entorhinal and hippocampal networks, and that such networks can be studied in long-term 

experiments to help discern neural network dynamics associated with the healthy vs diseased state. By 

way of cortical-hippocampal neural networks I also show that the networks develop complex dynamics 

suggestive of a capacity for both segregated and integrated activity. Lastly, following perturbations by 

viral transduction of human mutated tau (P301-L) in the presynaptic node of two-nodal feedforward 

cortical networks, we show longitudinal structural and functional alterations of the perturbed networks 

compared to unperturbed controls. These alterations further resulted in impaired spontaneous and 

evoked internodal signal propagation in the perturbed networks.  

 

In vitro models as complimentary to in vivo models  

By establishing a novel method for culturing adult LEC LII neurons on MEAs over an extended period, 

the work in Paper I introduces a valuable modelling tool to investigate neurons that are particularly 

vulnerable in preclinical AD. Due to the highly intricate cascades of structural and functional network 

alterations in AD, the ability to move such neurons to culture offers a useful reductionist approach to 

study ongoing network dynamics in an isolated environment. A key advantage of neuronal cultures is 

the precise control they offer over the extracellular environment. By manipulating the culture 

conditions one can explore the impact of specific processes without external confounding factors that 

are always at play in living animals, such as the impact of illness, stress, food, and water intake. 

Additionally, the continuous visual access provided by microscopy allows for real-time monitoring of 

the neuronal networks, enabling the observation of dynamic changes over extended periods. In living 

animals, such monitoring of ongoing structural parameters is limited due to the restricted access to the 

brain before termination of the animals.  

Importantly, the use of cultured neurons also contributes to the refinement and reduction of animal 

experimentation, aligning with the 3Rs: replacement, refinement and reduction of research animals 

(Lewis, 2019). By utilizing refined methods for moving neurons into culture, researchers can reduce the 
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number of animals needed for experiments. This reduction not only addresses ethical considerations 

but also enhances the efficiency and cost-effectiveness of many research endeavors.  

When moving neurons from the brain into culture, an important question arises: Can we capture 

pathological features in culture that resemble those observed in the brain? In the case of our lLEC LII 

neuron cultures, we show that these cultures are rich in Re+ neurons that co-express iAβ, aligning with 

the strong intracellular expression of Aβ in AD transgenic rats and post-mortem brains (Kobro-Flatmoen 

et al., 2016). It was previously shown that already by 11 DIV, neuronal cultures derived from the 3xTg 

AD mouse model exhibit differences in the expression of human APP/Aβ and tau pathology compared 

to control cultures (Vale et al., 2010). Similarly, another study reported increased levels of Aβ40 and 

Aβ42 in hippocampal neuron cultures derived from APP/PS1 model mice already after 12 DIV (Trinchese 

et al., 2004). These findings suggest that not only do neurons from AD transgenic animals capture 

pathological features in culture but may offer a more efficient approach for testing of pharmacological 

agents, since pathology seems to arise much earlier than what is the case for these neurons in their in 

vivo setting.  

In vitro modelling also allows for extraction, culturing, and monitoring of neurons and networks from 

different brain regions simultaneously, which is difficult to do at high resolution in the brain. Work by 

others has shown the ability to model early postnatal EC-hippocampal cultures on both two-nodal 

(Brewer et al., 2013) (Poli et al., 2018) and four nodal microfluidic devices (Vakilna et al., 2021). In our 

work from Paper II, we show the utility of establishing hippocampal DG-gl, CA3-pyr and CA1-pyr 

neurons, in addition to LEC LII neurons on a multinodal microfluidic device. Our work thus provides 

novelty by long-term culturing of layer and subregional specific EC and hippocampal neurons dissected 

from adult AD transgenic animals. Furthermore, such reverse engineering of neural networks on 

microfluidic devices offers a unique opportunity to create mixed networks consisting of both healthy 

and diseased neurons in separate nodes. For example, in our four-nodal mMEA, LEC neurons from AD 

transgenic mice could be plated in the first node with hippocampal neurons from healthy littermate 

controls in the following nodes (Fig. 16). As such, this presents a method for monitoring proposed 

spread of accumulated Aβ and tau pathology from a diseased network to healthy networks and 

investigating how such pathology would affect the structural and functional connectivity over time.  

The prion-like propagation hypothesis (Walker, 2018) has suggested aggregations of misfolded proteins 

spreading by cell-to-cell transmission. Such prion-like spread of intracellular Aβ has been suggested to 

occur through synaptic spread from the soma to neuronal processes (Roos et al., 2021). These state-

of-the-art approaches thus open up an avenue for studying progression of pathogenesis and network 

dynamics both within and across an isolated subset of nodes over time. By characterizing such changes, 
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it becomes possible to gain a deeper understanding of the mechanisms underlying the progression of 

AD pathology and its impact on both the local and global network properties.  

 
Figure 16. Schematic of disease spread in a neural network on a microfluidic device. Schematics created by Nicolai 
Winter-Hjelm. 

  
Assessment of structural and functional network dynamics to capture critical time points  

Assessing the pathological load at the structural level and understanding its relationship with alterations 

in network activity at the functional level is crucial for gaining insights into the mechanisms of AD. By 

understanding the time points when such structural and functional alterations occur in relation to each 

other, identify potential targets for intervention aimed at delaying or preventing the onset of functional 

impairments. Work from others on transgenic AD model animals has investigated network dysfunctions 

in AD and shown that hyperactivity occurs in neurons surrounded by Aβ plaques (Busche et al., 2008; 

Busche et al., 2015), soluble Aβ (Busche et al., 2012). On the other hand, accumulation of tau has been 

shown to suppress network activity leading to a hypoactive state (Busche, 2019), even before the 

formation of NFTs occurs. Furthermore, epileptiform activity and seizures have been shown in animals 

and are also observed in human patients, suggesting deposition of Aβ to be particularly likely to be 

associated with seizures (as reviewed in (Friedman et al., 2012)). The risk of epileptic seizures is 

particularly high in AD patients during early disease stages (Amatniek et al., 2006).  

 

In Paper III, we sought to investigate ongoing structural and functional network responses after 

perturbation by transducing cells with viral vectors containing a human tau mutation (P301-L) in a two-

nodal microfluidic device. The viral vector was added in the presynaptic node at 28 DIV, a time point 

when primary neural networks are considered mature (Chiappalone et al., 2006; Winter-Hjelm N, 

2023). Four days after perturbation, we observed axonal retraction starting in the presynaptic node 
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(site of transduction) (Fig. 13A), which progressed drastically up to 52 DIV. At 52 DIV, axonal retraction 

was also evident in the postsynaptic node. Axonal retraction was not observed in the control networks 

(Fig. 13A). This structural reorganization observed in the perturbed networks can be associated with 

the transduction with human mutated tau likely causing destabilization of labile microtubule domains 

(Qiang et al., 2018), loss of structural integrity of axonal projections (Strain et al., 2018), further leading 

to a reduction in axonal elongation (Biswas et al., 2018). The fact that we did not have a culture 

containing control GFP-virus should be taken into consideration for assessment of the viral load 

potentially affecting structural and functional network dynamics. However, we observed an increased 

fluorescent intensity of AT8 and Phospho-Tau in the cytosol of the cells in perturbed conditions 

compared to unperturbed controls, indicating increased phosphorylation of pathological tau  (Rajbanshi 

et al., 2023; Vale et al., 2010). Furthermore, after several rounds of testing the titration of the viral load 

we did not observe any neuronal death over time in culture. As such, the structural alterations of our 

perturbed networks, by axonal retraction is suggestive to be caused by an increased load of pathological 

tau.    

 

Functionally, our perturbed networks displayed a decrease in both the mean firing rate and mean burst 

rate in the presynaptic node (p < 0.001) (Fig. 13B). This observed increase in synchrony of the network 

activity can indicate the network reaching a hyperactive state. A number of studies have reported 

synchronized network activity early in AD disease stages. In an AD-mouse model (APP23xPS45), a 

decrease in neuronal activity was seen in 29% of layer 2/3 cortical neurons, however, 21% of neurons 

displayed an unexpected increase in the frequency of spontaneous Ca2+ transients (Busche et al., 

2008). Not only did hyperactive neurons fire more frequently, but they also did this in a correlated 

manner, thus increasing the risk for seizure-like activity. To enhance our understanding of pathogenesis 

in relation to altered network activity and vice versa, it is crucial to implement long-term monitoring of 

networks. 

 

Interacting mechanisms involved in structural and functional network connectivity  

As several neurodegenerative diseases may affect the mature brain, it is important to take into 

consideration the differences in development of both structural and functional network behavior of 

both embryonic and adult neurons when moved to culture. These differences in network dynamics of 

embryonic and adult neurons, as well as the variations in epigenetic profile, should be carefully 

considered when studying neurodegenerative diseases. During maturation of a network, there are 

several interacting mechanisms that help determine the structural organization, functional 

connectivity, and network dynamics (Chiappalone et al., 2007). Based on electrophysiological and 
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molecular characteristics, neural networks established from embryonic neurons are thought to mature 

between 21-28 DIV (Chiappalone et al., 2006; Weir et al., 2023; Winter-Hjelm N, 2023). The determining 

mechanisms operate at both the subcellular and network level in an ongoing manner, influencing 

development of the network over time. Despite the fact that the exact same methods and handling 

techniques may be employed, each cultured network ultimately acquires unique characteristics. The 

formation of the networks will be influenced by a combination of factors, including neuronal type, the 

in vitro microenvironment, and the precise timing of different developmental events. For example, 

there will always be a slight variance in the formation of the astrocytic monolayer, the plating density 

of neurons and how the neurons self-organize into networks. As a result, the unique re-formation of 

structural connections will further influence the development of functional connectivity, which involves 

changes in the strength and number of connections between neurons. Such mechanisms and factors 

work together to shape the development of a network, ultimately giving rise to unique structural and 

functional characteristics that are specific to each individual network.  

 

In my work, neurons derived from both adult AD transgenic mice- (Paper I and II) and rats (Paper II) 

attached to the culture surface within two hours and re-formed structural connections within a week 

in culture, in line with previous studies culturing adult primary neuronal networks (Eide et al., 2005) 

(Brewer, 1997). Furthermore, the adult networks exhibited electrophysiological activity in the form of 

spikes from 15 DIV until cultures were terminated at 69 DIV (Paper I) and 47 DIV (Paper II). Typical for 

both adult entorhinal and hippocampal cultures were an overall low firing rate and an absence of 

bursting behavior. This activity pattern may be a generic feature of adult neurons when moved to 

culture. In patch-clamp experiments of adult cultured neurons, other groups have reported the neurons 

to exhibit activity as single-spike events (Evans et al., 1998) (Varghese et al., 2009) rather than 

synchronized activity. In a recent study, it was also shown that adult hippocampal and cortical neurons 

elicited few bursts (<1 per minute) throughout a 10-minute recordings session (van Niekerk et al., 

2022). In comparison, the electrophysiological behaviour of cultured embryonic cortical and 

hippocampal neurons typically develops as patterns of rhythmic activity, with increased bursting 

behaviour throughout the first 21 DIV (Chiappalone et al., 2006; Weir et al., 2023; Winter-Hjelm N, 

2023).  

 

The developmental disparities between adult and embryonic neurons can influence the formation and 

organization of neural networks, which in turn affect the manifestation and progression of AD 

pathology. By considering the distinct characteristics of these cell types, researchers can accurately 

model disease progression, explore the impact on different stages of neural development, and gain 



42 
 

insights into the molecular and genetic factors involved. Studying adult neurons derived from AD 

transgenic models provides relevant context and helps understand how the disease manifests in the 

mature brain. Additionally, comparing the network dynamics and epigenetic profiles of adult and 

embryonic neurons reveals vulnerabilities and resilience to Alzheimer's-related processes. 

Acknowledging these developmental disparities enables the interpretation of experimental results and 

the development of targeted therapeutic approaches. Ultimately, a comprehensive understanding of 

both cell types will contribute to improved diagnostics and tailored treatments for different stages of 

Alzheimer's disease. However, it is important to emphasize that more work is needed since the body of 

literature on adult neuronal cultures is sparse, which should, at present, temper conclusions regarding 

their normal or typical behaviour.  

 

Future perspectives  
 
The work conducted in this thesis illustrates the robustness and potential of advanced in vitro model 

systems as a tool to recapitulate complex network dynamics in AD. As AD constitutes a highly complex 

disease with several progressing intertwined mechanisms, dissecting the complexities by engineered 

neural networks represent an excellent tool to capture ongoing structural and functional alterations in 

an isolated environment. Thus, contributing to our understanding of fundamental disease mechanisms, 

when they occur, and importantly how we can stop these disease mechanisms. As we showed in Paper 

III, by transduction of human mutant tau in engineered feedforward neural networks, we can capture 

ongoing structural and functional network alterations. These model systems serve to complement in 

vivo models by adding insights and perspectives that are hard, or not even feasible to obtain in living 

animals. The use of cell cultures has proven to be an efficient model system for drug screening (Kumar 

et al., 2022; Trinchese et al., 2004), and engineered neural networks as we present through the work 

in this thesis further add novelty by enabling drug application in separate nodes with the ability to 

monitor effects in feedforward interconnected subpopulations of neurons. In the recent years, the 

implementation of human cell lines and induced pluripotent stem cells (IPSCs) has showed promising 

results as preclinical model systems to mimic the disease cascades in human specific neurons (T. Li et 

al., 2016; Sahlgren Bendtsen et al., 2023; Yagi et al., 2011). By combining such human specific cells with 

the tools presented in my work, like neuroengineering, microfluidic technology, electrophysiology, and 

computational analytic tools, this introduces a state-of-the-art model system for preclinical disease 

modelling in AD. Reverse engineering of vulnerable neural networks as a model system is not only 

relevant for AD research, but applicable to other neurodegenerative diseases as well.  
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Concluding remarks  

The main objectives of the work for this thesis were to: (i) dissect and culture layer and subregion 

specific neurons from the entorhinal cortex and hippocampus of adult AD model mice and rats, (ii) 

implement anatomically relevant neural networks on engineered microfluidic devices with a 

feedforward connectivity, and iii) study structural and functional changes in network dynamics after 

perturbation of mature neural networks by transduction by human mutated tau. In accordance with 

these objectives, the method for extraction and culturing of lLEC-LII neurons (Paper I), and the 

dissections and culturing of LEC LII in addition to hippocampal DG-gl, CA3-pyr and CA1-pyr from AD 

model mice and rats (Paper II), show the ability to culture adult neurons from AD model animals long-

term. Additionally, the findings from Paper II and III show that anatomically relevant neural networks 

self-organize and enable the study of subcellular and network level network dynamics.  

Based on the results from the included papers, we can conclude that:  

i) Adult layer specific entorhinal and subregion specific hippocampal neurons from AD model 

mice and rats can be cultured long-term, enabling the study of pathogenesis and disease 

modelling in AD.  

ii) Engineered neural networks on microfluidic devices enables the study of ongoing 

structure-function network dynamics. Interconnection of the multinodal networks 

contributed to emergence of complex structure-function dynamics both within and across 

nodes containing subregion specific neuronal populations.  

iii) Perturbation of mature healthy neural networks by transduction with human mutant tau 

result in altered structural organization by axonal retraction. Furthermore, the functional 

connectivity was affected by decreased firing rate and networks bursts with a concomitant 

increase in synchrony of the remaining activity. 

Combined, these results present a valuable reductionist approach for modelling anatomically relevant 

neural networks in AD research, further enabling the study of function and dysfunction of subcellular 

and network level dynamics. I believe that the work presented in this thesis makes a valuable 

contribution to the research field with the potential for studying pathogenesis and aid in drug 

development in anatomically relevant neural networks for AD. By continuing to innovate and improve 

our models, we may eventually be able to elucidate fundamental disease mechanisms, develop more 

effective treatments, and ultimately find a cure for this devastating disease. 
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Supplementary material  

 

Supplementary figure 1. Delineation of LEC and hippocampal DG-gl and CA3/CA1-pyr layers from the 
ventral to dorsal plane.  
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Supplementary table 1. Animals included in Paper I and II.  

Paper I 
Animal model Sex Age Genotype 

APP/PS1 M P48 (n =2)  +/- 
APP/PS1 M P48 - P54 (n =3) -/- 
APP/PS1 F P60 (n = 4)  +/- 

Paper II 
Animal model Sex Age and number Genotype 

APP/PS1 F P79 - P80 (n= 2) +/- 
McGill-R-Thy1-APP M P46 - P53 (n= 4) -/- 
McGill-R-Thy1-APP M P38 - P89 (n =5) +/- 
McGill-R-Thy1-APP M P43 - P78 (n =4) +/+ 
McGill-R-Thy1-APP F P53 (n =1) -/- 
McGill-R-Thy1-APP F P39 - P81 (n= 14) +/- 
McGill-R-Thy1-APP F P37 - P72 (n =7) +/+ 

 

Supplementary Table 2. Primary and secondary antibodies included in Paper I-III.  

Primary and secondary antibodies Concentration Producer 
Paper I 

Ms Anti Reelin Antibody 1:1000 Abcam, ab78540 
Rb Anti NeuN Antibody 1:1000 Sigma-Aldrich, ABN90P 
Gp Oligomeric A11 Antibody 1:1000 Invitrogen, AHB0052 
Alexa FluorTM 488 Goat-anti-Ms IgG 1:1000 Invitrogen, Cat A-11001 
Alexa FluorTM 546 Goat-anti-Gp IgG 1:1000 Invitrogen, A-11074 
Alexa FluorTM 647 Goat-anti-Rb IgG 1:1000 Invitrogen, A32733 

Paper II 
Chk Anti β3-Tubulin Antibody 1:1000 Abcam, ab78078 
Rb Anti GAP-43 Antibody 1:500 Sigma-Aldrich, 9264 
Ms Anti GFAP Antibody 1:1000 Abcam, ab7260 
Chk Anti MAP2 Antibody 1:5000 Abcam, ab5392 
Ms Anti Reelin Antibody 1:1000 Abcam, ab78540 
Chk Anti Neurofilament Heavy Antibody 1:1000 Abcam, ab4680 
Rb Anti NeuN Antibody 1:1000 Abcam, ab 279295 
Alexa FluorTM 647 Goat-anti-Ms IgG 1:1000 Invitrogen, A21236 
Alexa FluorTM 488 Goat-anti-Rb IgG 1:1000 Invitrogen, A21244 
Alexa FluorTM 546 Goat-anti-Chk IgG 1:1000 Abcam, ab175477 

Paper III 
Chk Anti Map2 Antibody 1:1000 Abcam, ab5392 
Rb Anti GAD65/67 Antibody 1:1000 Abcam, ab183999 
Ms Anti Calmodulin (CaMKIIa) Antibody 1:200 Invitrogen, MA3-918 
Chk Anti Neurofilament Heavy Antibody 1:1000 Abcam, ab4680 
Ms Anti AT8 (Ser202) Antibody 1:1000 Invitrogen, MN1020 
Alexa FluorTM 647 Goat-anti-Ms IgG 1:1000 Invitrogen, A21236 
Alexa FluorTM 488 Goat-anti-Rb IgG 1:1000 Invitrogen, A21244 
Alexa FluorTM 546 Goat-anti-Chk IgG 1:1000 Abcam, ab175477 

Ms; mouse, Rb; rabbit, Gp; guinea pig, Chk; chicken. 
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A B S T R A C T   

Background: Primary neuronal cultures enable cell-biological studies of Alzheimer’s disease (AD), albeit typically 
non-neuron-specific. The first cortical neurons affected in AD reside in layer II of the lateralmost part of the 
entorhinal cortex, and they undergo early accumulation of intracellular amyloid-β, form subsequent tau pa-
thology, and start degenerating pre-symptomatically. These vulnerable entorhinal neurons uniquely express the 
glycoprotein reelin and provide selective inputs to the hippocampal memory system. Gaining a more direct 
access to study these neurons is therefore highly relevant. New method: We demonstrate a methodological 
approach for dissection and long-term culturing of adult lateral entorhinal layer II-neurons from AD-model mice. 
Results: We maintain adult dissected lateralmost entorhinal layer II-neurons beyond two months in culture. We 
show that they express neuronal markers, and that they are electrophysiologically active by 15 days in vitro and 
continuing beyond 2 months. Comparison with existing methods: Primary neurons are typically harvested from 
embryonic or early postnatal brains because such neurons are easier to culture compared to adult neurons. 
Methods to culture adult primary neurons have been reported, however, to our knowledge, culturing of adult 
entorhinal neuron-type specific primary neurons from AD-model animals have not been reported. Conclusions: 
Our methodological approach offers a window to study initial pathological changes in the AD disease-cascade. 
This includes the study of proteinopathy, single-neuron changes, and network-level dysfunction.   

1. Introduction 

For more than two decades, cultured cells have been widely used to 
model aspects of the neurodegenerative cascade inherent to Alzheimer’s 
disease (AD) (Trinchese et al., 2004), and constitute an indispensable 
tool to complement in vivo models (Belle et al., 2018). Cellular culture 
models typically make use of established cell lines of rodent or human 
origin, or they rely on harvesting primary neurons. The latter are typi-
cally obtained from embryonic or early postnatal cortical tissue from 
rats or mice (Calvo-Rodríguez et al., 2017; Kaech et al., 2006; Konings 
et al., 2021; Roos et al., 2021; Sahu et al., 2019). However, AD affects 
subsets of mature neurons, and we may therefore gain insights also by 

studying cultures of fully developed neurons, for example by harvesting 
these from adult AD-model animals. This approach not only avoids 
possible confounds from developmental factors operating in embryonic 
and early postnatal neurons but may also offer a better representation of 
how neurons respond to AD-relevant pathologies in the actual disease. 
Methods to extract and culture adult primary neurons from mice 
(Brewer et al., 2007; Eide et al., 2005; Varghese et al., 2009) and rats 
(Brewer, 1997; Brewer et al., 2007), including subregional entorhinal 
cortex (EC) and hippocampal neurons from AD-model animals (Brewer 
et al., 2020; Dong and Brewer, 2019; Dong, Digman et al., 2019; Dong, 
Sameni et al., 2019) have previously been reported, however, work on 
cultures of neuron-type specific EC neurons from adult AD-model 
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animals is lacking. 
Immunohistochemical studies (Braak et al., 1991; Gomez-Isla et al., 

1996; Kordower et al., 2001) as well as sophisticated live human im-
aging methods (Holbrook et al., 2020; Kulason et al., 2019; Olsen et al., 
2017; Tran et al., 2022; Tward et al., 2017) show that cortical 
AD-related pathological changes predominantly start in layer II (LII) 
neurons located in the lateralmost part of the entorhinal cortex (EC), i.e., 
close to the collateral sulcus. In rodents, equivalent neurons are situated 
in the cytoarchitectonically defined lateral entorhinal cortex (LEC), and, 
even though exact borders for a corresponding cytoarchitectonic sub-
division of human EC have not yet been decisively established, the same 
LII neuron-types are present in the lateralmost EC of rodents as those in 
the lateralmost EC of humans (reviewed in (Kobro-Flatmoen et al., 
2019)). Such ECLII-neurons exhibit early AD-related alterations in firing 
properties (Marcantoni et al., 2014), tend to form tangle pathology prior 
to other cortical areas (Berron et al., 2021; Braak et al., 1991), and start 
to die already at preclinical stages of AD (Gomez-Isla et al., 1996; Kor-
dower et al., 2001). 

In humans as well as rodents, AD vulnerable ECLII-neurons are 
unique in expressing reelin (Re+) (Kobro-Flatmoen et al., 2019), which 
is a large glycoprotein that promotes synaptic plasticity and, of partic-
ular relevance to AD, inhibits glycogen synthase kinase 3β-mediated 
phosphorylation of tau. Work on rodents has established that levels of 
reelin in such Re+ ECLII-neurons align along a gradient where the lat-
eralmost neurons express high levels of reelin, while those located 
increasingly further medially express successively lower levels of reelin 
(Kobro-Flatmoen et al., 2016). Intriguingly, such Re+ ECLII-neurons are 
highly prone to accumulating intracellular amyloid-β42 (Aβ42), and this 
accumulation of Aβ42 takes the form of a pattern which aligns along the 
same gradient as that for reelin (Kobro-Flatmoen et al., 2016). Recent 
experimental work established that in Re+ ECLII-neurons, Aβ42 directly 
interacts with reelin. Furthermore, levels of Aβ42 are dependent on 
levels of reelin, and selectively lowering levels of reelin in these neurons 
results in a concomitant lowering of Aβ42-levels (Kobro-Flatmoen et al., 
2022). 

Using adult APP/PS1 mice (Radde et al., 2006), we here present a 
methodological approach to dissect and culture neurons from the lat-
eralmost part of LEC layer II (lLEC-LII). As we dissect out our population 
of choice directly, this approach is simpler than the cited gradient pu-
rification method for isolation of adult neurons (Brewer et al., 2007).  
Fig. 1 shows an overview of our experimental setup. Our work is based 
on mice at ages ranging from postnatal day (P) 48 to P60, thus repre-
senting the brain with a fully developed EC (Donato et al., 2017; Semple 
et al., 2013). We find that cultured adult lLEC-LII-neurons form con-
nections within the two first weeks and remain viable beyond two 

months. We confirm the lLEC-LII-specific nature of our cultured neurons 
by showing that they co-express NeuN and reelin. We also find that 
reelin expression colocalizes with that of Aβ, indicating that the ten-
dency of such neurons to express Aβ (Kobro-Flatmoen et al., 2022, 2016) 
is retained when they are cultured. The lLEC-LII-networks show spon-
taneous neuronal activity by two weeks post-seeding and remain active 
beyond two months. Our approach may thus represent a valuable tool 
for studying very early proteinopathy, and offers neuron- and network 
specific modelling of AD pathology in vitro. 

2. Materials and methods 

2.1. Animals 

To develop the cell culture method, we used a total of 48 adult mice, 
including APP/PS1 model mice and littermate controls, ranging in age 
from postnatal day 28 (P28) to P115, including 25 males and 23 females. 
Of these, we collected data from 9 animals (7 males, 2 females; Sup-
plementary Table A.1). All our work complies with the ARRIVE guide-
lines (Percie du Sert et al., 2020) and the protocol was approved by The 
Norwegian Food Safety Authority (FOTS ID 8433 and ID 22321), ac-
cording to the EU Directive 2010/63/EU for animal experiments. Ani-
mals were bred at the Comparative Medicine Core Facility (CoMed) at 
the Norwegian University of Science and Technology (NTNU) and were 
held in standard lab cages (up to 5 animals per cage), in temperatures of 
22 ± 2 ◦C, and kept at a light/dark cycle of 12:12 h, with access to food 
and water ad libitum. Minimum one week before experiments, animals 
were transferred to the animal facility at the Kavli Institute for Systems 
Neuroscience, Centre for Neural Computation, NTNU, where brain ex-
tractions and dissections were performed. Subsequent processing and 
experiments were carried out at the Department of Neuromedicine and 
Movement Science, NTNU. Embryonic primary rat cortical astrocytes 
were purchased (Gibco™, Cat# N7745–100), stored at − 80 degrees and 
thawed and plated as recommended by the manufacturer (Invitrogen, 
Cat #MAN0001679). Astrocytes at passage 2 or 3 was used in our 
experiments. 

2.1.1. APP/PS1 mouse model and genotyping 
The APP/PS1 mouse model is a transgenic familial AD-model, with a 

C57BL/6 J genetic background, co-expressing mutated human amyloid 
precursor protein (KM670/671NL) and mutated human presenilin 1 
(L166). In the model, both mutated proteins are driven by expression 
cassettes under the Thy1 promoter, which causes accumulation of Aβ 
with extracellular cortical deposits appearing from around 6 weeks of 
age (Radde et al., 2006) and cognitive deficits with suppressed spatial 

Fig. 1. Overview of experimental setup. Before plating of the lateralmost lateral entorhinal cortex layer II (lLEC-LII-neurons), we coated the culture wells with Poly- 
L-Ornithine (PLO) and laminin. The following day we added a monolayer of rat cortical astrocytes. On day 0, we extracted and horizontally sectioned APP/PS1 mouse 
brains, and then dissected strips of lLEC-LII-neurons under a stereoscope. The strips were dissociated enzymatically and then manually triturated with a 100 μL 
pipette, and then spun down in a centrifuge at 200 g x 2 min. The cell pellet was resuspended in 100 μL cell media before plating. At 1 DIV half the media was 
changed; this was subsequently repeated every 3 days. From 15 DIV we started recording spontaneous activity. DIV; days in vitro. Created with BioRender.com. 
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learning and memory are observed by 7 months (Serneels et al., 2009). 
The animals used in our experiments were genotyped for expression of 
the transgene by quantitative PCR (qPCR) using the KAPA Mouse gen-
otyping kit (Merck, Cat# MGKITKB-KK7301), with primer sequence 
(5’−3’) APP-F (GATTCCGACATGACTCAGG) and APP-R 
(CTTCTGCTGCATCTTGGACA). 

2.2. Preparation of culture plates, coating, and seeding of astrocytic 
monolayer 

Table 1 lists all compositions of solutions and Table 2 lists all media 
components used for the dissection and culture. For electrophysiological 
recordings we used microelectrode arrays (MEAs; 60EcoMEA-Glass-gr, 
Multichannel Systems, MCS, Reutlingen, Germany), while for immu-
nocytochemistry (ICC) we used 13 mm round coverslips (WVR, Cat 
#630–2118) in a 24-well plate (VWR, Cat #10062–896). Additionally, 
ICC was done on one MEA. Cleaning, sterilization, and impedance 
measurement of the MEAs was done as recommended by the manufac-
turer (Microelectrode Array (MEA) Manual). The culture surfaces (MEAs 
and glass coverslips) were first coated with 400 μL Poly-L-Ornithine 
(PLO; Sigma-Aldrich, Cat# P3655–50 mg) in an incubator at 37 ◦C with 
5% CO2 for 2 h. Subsequently, all PLO was discarded, and the surface 
was rinsed gently three times with sterile Milli-Q-water before we added 
400 μL laminin solution (See Table 1). We then incubated the culture 
vessels at 37 ◦C with 5% CO2 for 2 h. The laminin solution was then 
discarded, and 200 μL fresh pre-warmed astrocyte media (see Table 1) 
was incubated in the culture plates at 37 ◦C with 5% CO2 for ~10 min, 
before plating ~1.500 embryonic Rat Primary Cortical Astrocytes 
(Gibco™, Cat# N7745–100) per culture well. The astrocytes were plated 
24–48 h prior to plating lLEC-LII neurons. Through extensive pilot 
experimentation, we concluded that a monolayer of astrocytes is crucial 
for the attachment and viability of adult lLEC-LII-neurons, and a com-
plete lack of neuronal attachment resulted when astrocytes were plated 
either simultaneously or following that of the neurons. 

2.3. Dissection of brain tissue 

Table 2 lists all media components used for the dissection and cul-
ture. All tools were sterilized by autoclaving before use. Mice were 
deeply anesthetized using isoflurane gas (Abbott Lab, Cat# 05260–05) 
and then decapitated using surgical scissors (FST, Cat# 14007–14). 
Subsequently, the head was quickly immersed in 70% ethanol followed 
by sterile phosphate buffered saline (Thermo Fischer Scientific, Cat# 
14040–117), before being submersed in ice cold Hanks Balanced Salt 
Solution (HBSS; Thermo Fischer Scientific, Cat# 88284) in a sterilized 
glass dish resting on ice. While fully submerged, we cut and peeled away 
the scalp, and then used fine scissors (FST, Cat# 14568–09) to open the 

skull along the midline, before prying each resulting half of the skull 
aside using the same scissors along with a pair of S&T forceps (FST, Cat# 
00108–11), thus exposing the brain. A spatula (RSG Solingen, Cat# 
231–2262) served to sever the cranial nerves, allowing us to gently lift 
out the brain and transfer it to a sterile cup containing ice cold HBSS. 

Table 1 
Composition of solutions.  

Dissection medium 
(HABG)a 

Cell medium (growth 
medium) 

Laminin solution 

Hibernate™-A 
Medium2% B27™ Plus 
Supplement 0.5 mM 
GlutaMAX™ 
Supplement (2 mL/L) 
1% Penicillin- 
Streptomycin 

Neurobasal Plus 
Medium 2% B27™ Plus 
Supplement 0.5 mM 
GlutaMAX™ 
Supplement (2 mL/L) 
10% Fetal Bovine Serum 
1% Penicillin- 
Streptomycin 1:1000 
RHO/ROCK pathway 
inhibitor 1:1000 BDNF 
Human Recombinant 

L15 medium 2.5% Sodium 
Bicarbonate1,66% Mouse 
laminin 
Astrocyte medium* * 
85% DMEM (high glucose) 
15% Fetal Bovine Serum 
1% Penicillin-Streptomycin  

a Same media used for dissection and centrifugation of neurons. * *Media 
recommended by the manufacturer of rat primary cortical astrocytes (Gibco™, 
#N7745–100). Source and catalogue number of all supplements can be found in 
Table 2. 

Table 2 
Reagents, equipment, materials, and antibodies.  

Reagents  

Accutase Cell Dissociation Medium (Thermo Fischer Scientific, Cat# 
A1110501) 

AGAR (VWR; Cat# 20767.298) 
Anti-Fade Fluorescence Mounting Medium – 

Aqueous, 
(Abcam, Cat# ab104135) 

B-27™ Plus Supplement (Gibco™, Cat# A3582801) 
Brain derived neurotrophic factor [BDNF 

Human Recombinant] 
(Neurotrophins, Cat# 450-02) 

Dulbecco’s Phosphate Buffered Saline (Thermo Fischer Scientific, Cat# 
14040-117) 

DMEM (high glucose) (Gibco™, Cat# 11995065) 
Fetal Bovine Serum (FBS) (Sigma Aldrich, Cat# 12106C- 

100ML) 
GlutaMAX™ Supplement (Gibco™, Cat# 35050061) 
Goat Serum (Sigma-Aldrich, Cat# G9023) 
Hanks Balanced Salt Solution (HBSS) (Thermo Fischer Scientific, Cat# 

88284) 
Hibernate™-A Medium (Thermo Fischer Scientific, Cat# 

A1247501) 
Hoechst 33342 Trihydrochloride (Sigma-Aldrich, Cat# 14533) 
Isoflurane (Abbott Lab, Cat# 05260-05) 
Laminin Mouse Protein, Natural (Thermo Fischer Scientific, Cat# 

23017015) 
L15 Medium (Sigma-Aldrich, Cat# L5520) 
Neurobasal Plus Medium (Gibco™, Cat# A3582901) 
Neuronal isolation enzyme Papain (Thermo Fischer Scientific, Cat# 

88285) 
Paraformaldehyde (Sigma-Aldrich, Cat# P6148) 
Penicillin Streptomycin (PS) (Gibco™, Cat# 15070063) 
Poly-L-Ornithine (PLO) (Sigma-Aldrich, Cat# P3655- 

50mg) 
Rat Primary Cortical Astrocytes (Gibco™, Cat# N7745-100) 
Sodium Bicarbonate (Sigma Aldrich, Cat# S5761) 
StemPro™ Accutase™ Cell Dissociation 

Enzyme 
(Gibco™, Cat #A1110501) 

Trypan Blue Stain (Sigma-Aldrich, Cat# T10282) 
Y-27632 (Dihydrochloride) RHO/ROCK 

pathway inhibitor (RI) 
(STEMCELL™ Technologies, Cat# 
72302) 

Equipment and materials  

BrandTech Accu-jet pro Pipette Controller (BrandTech Scientific, Cat# 
26330) 

Corning 24 well plates (VWR, Cat #10062-896) 
Countess II Automated cell counter (Thermo Fischer, Cat 

#AMQAX1000) 
Round Glass Coverslips (VWR, Cat #630-2118) 
EVOS M5000 Imaging System (Thermo Fischer Scientific, Cat 

#AMF5000) 
Falcon tube (15 mL) (Merck, Cat #CLS430791) 
Surgical Scissors (FST, Cat# 14007-14) 
Fine Scissors (FST, Cat# 14568-09) 
RSG Solingen Spatulae (VWR, Cat# 231-2262) 
S&T Forceps (FST, Cat# 00108-11) 
Stereoscope (SteREO Discovery V8; Zeiss) 
Vannas Spring Scissors (FST, Cat# 15018-10) 
Vibrating blade microtome (Leica Biosystems, Cat# 

14047235613) 

Primary and secondary antibodies  

Anti-Reelin Antibody (1:1000) (Abcam, Cat #ab78540) 
Anti-NeuN Antibody (1:1000) (Sigma-Aldrich, Cat# ABN90P) 
Oligomer A11 Polyclonal Antibody (1:1000) (Invitrogen, Cat# AHB0052) 
Alexa Fluor™ 488 Goat-anti-Mouse IgG (Thermo Fischer Scientific, Cat 

#A-11001) 
Alexa Fluor™ 546 Goat-anti-Guinea Pig IgG (Thermo Fischer Scientific, Cat 

#A-11074) 
Alexa Fluor™ 647 Goat-anti-Rabbit IgG (Thermo Fischer Scientific, Cat 

#A32733)  
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Immediately before mounting the brain, we took it out of the HBSS in 
order to slice off the cerebellum plus ~300 µm of the brains’ dorsal 
surface, which gave us a flat surface for better attachment. Subse-
quently, that (dorsal) surface of the brain was glued to the specimen disc 
using Loctite 401 superglue (Henkel-Adhesives). Abutting the caudal 
end of the brain we glued on a supportive barrier of freshly made AGAR 
0.02 g/mL (VWR; Cat# 20767.298) for structural support vis a vis the 
direction traversed by the blade. The specimen disc containing the brain 
and the supportive AGAR was then submerged into the vibratome 
container (Leica Biosystems, Cat# 14047235613) containing ice cold 
HBSS. We sectioned in the rostral-to-caudal direction at a thickness of 
300 µm, setting the blade at a frequency of 5.3 Hz with a speed of 8 mm/ 
s. By using sterilized plastic pipettes cut to shape, each section was 
transferred to separate wells in a sterile 24-well plate resting on ice, 
containing a solution of Hibernate-A medium, 2% B27 Plus Supplement, 
and 2.5 mM/mL GlutaMAX Supplement (HABG; (Brewer et al., 2007)), 
in addition to 1% penicillin streptomycin (Gibco™, Cat# 15070063). A 
sterile glass petri dish, placed up-side-down on top of a pool of ice at the 
stage of a stereoscope (SteREO Discovery V8; Zeiss), served as our 
dissection platform. One-by-one we then transferred each section from 
the 24-well plate onto the surface of the petri dish, which, viewed under 
the stereoscope using cross polarized optic fibre lights, allows for suf-
ficient contrast to recognize anatomical landmarks. We then dissected 
lLEC-LII as detailed in the subsequent section. 

2.3.1. Dissecting entorhinal cortex layer II-neurons from the lateral domain 
EC is a six-layered periallocortex. Rodent EC contains two major 

cytoarchitectonic subdivisions that are anchored to specific connectivity 
patterns, known as the medial entorhinal cortex (MEC) and the lateral 
entorhinal cortex (LEC) (Insausti et al., 1997). For reasons explained in 
the introduction, we specifically targeted the lateralmost part of LEC layer 
II (lLEC-LII), i.e., the part close to the rhinal fissure, by taking advantage 
of a set of characteristics that are recognizable on fresh sections when 
viewed under a stereoscope and illuminated by cross polarized light. 
Thus, we separated LEC from MEC by identifying and tracing the char-
acteristic layer V neurons of MEC, which align to give the appearance of 
radial columns, a feature that abruptly disappears to mark the medial 
border of LEC. We then deliberately placed our initial cut a distance 
away from this border to ensure targeting of lLEC-LII. On the other side, 
literally, as one moves into the most lateral domain of LEC, big fan and 
pyramidal neurons locate superficially in LII (sometimes referred to as 
layer IIa; these neurons stain positive for reelin). These LII-neurons are 
separated from a more deeply situated layer of pyramidal neurons (IIb, 
calbindin-positive) by a cell-free zone that is only present towards the 
lateral extreme. This feature, together with the notably smaller super-
ficial neurons residing in the perirhinal- and postrhinal cortices, which 

form the anterior and dorsal borders of LEC, is sufficient to reliably 
delineate and dissect lLEC-LII-neurons (Kobro-Flatmoen et al., 2019). 
We cut strips of lLEC-LII-tissue using Vannas Spring scissors (FST, Cat 
#15018–10), immediately transferred the strips to 15 mL polypropylene 
Falcon tubes (Merck, Cat #CLS430791) containing HABG (Table 1), and 
immersed these tubes in crushed ice. To safeguard our ability to target 
the region of interest, we used sections from one mouse and mounted 
and stained these sections using cresyl violet (Fig. 2). This, along with 
immunocytochemistry (ICC; see Section 2.5), confirmed our ability to 
consistently target and extract lLEC-LII-neurons. 

2.4. Processing and culturing of lLEC-LII-neurons 

To remove potential debris from the dissection, we discarded HABG 
from the 15 mL Falcon tubes and rinsed the tissue strips by adding and 
removing 3 mL cold Hibernate-A medium three times, letting the tube 
rest in ice for 20 s in between each rinse. We then transferred the tissue 
into a sterile 1.5 mL Eppendorf tube containing 250 μL Neuronal Isola-
tion Enzyme Papain (Thermo Fischer Scientific, Cat# 88285; recon-
stituted as described by manufacturer (Thermo Fischer Scientific, 
#MAN0011896)) and incubated the tissue in a standard humified 
incubator (37 ◦C, 5% CO2, 20% O2) for 15 min. Subsequently, we dis-
carded the isolation enzyme papain and added 100 μL pre-warmed 
HABG and manually triturated the tissue by running it through a 
100 μL pipette ten times for a total duration of about 45 s. The resulting 
cell suspension was transferred to a 15 mL Falcon tube containing 
2.9 mL pre-warmed (37 ◦C) HABG, to give a total of 3 mL, and then 
centrifuged at 200x g for 2 min at 21 ◦C (room temperature). Subse-
quently, we discarded all HABG, added 100 μL cell media (see Table 1), 
and completed the dissociation by again triturating the tissue by running 
it through a 100 μL pipette ten times, while taking care to ensure no air 
bubbles reached the pipette. A cell count was performed using a 
Countess™ Automated cell counter (Thermo Fischer, Cat 
#AMQAX1000). For each separate culture (MEAs or 24-well plates) we 
used neurons from two animals, which gave between 140,000 and 
170,000 cells/1.9 cm2. The neurons (cell suspension) were plated in 
100 μL cell media and incubated for 2 h, then 800 μL of fresh pre- 
warmed (37 ◦C) cell media was added to give a total of 1 mL cell 
media. The cultures were incubated for 24 h at 37 ◦C (5% CO2, 20% O2). 
Then, 50% of the cell media was replaced with fresh pre-warmed (37 ◦C) 
cell media. In cases of excess debris in the cultures 24 h after plating, we 
carried out extra rinses by aspirating 90% of the media, and then tilted 
the cultures slightly while slowly adding 500 μL cell media such that the 
culture was gently flushed, before we added new media. 

We supplemented the cultures every third day by aspirating half the 
cell media and replenishing it with fresh, pre-warmed media (37 ◦C); 

Fig. 2. Dissecting lLEC-LII-neurons. (A) Horizontal brain section cut at 300 µm. Salient neuroanatomical features are recognizable when viewed in a stereoscope 
under cross-polarized light, using optic lamps. (B) Same brain section as in (A) with tissue delineated (dashed lines) and LEC layers IIa and IIb cut and slightly spread 
apart. (C) Same brain section as in (A-B) stained with Cresyl Violet. Note that layer IIb has now been pushed against LIII, such that only LIIa points out towards the 
left side. Furthermore, due to drying and coverslipping, the section is shrunk and flattened, and the delineations are adjusted accordingly. Abbreviations: LEC, lateral 
entorhinal cortex; MEC, medial entorhinal cortex; DG, dentate gyrus; CA3, cornu ammonis 3; CA1, cornu ammonis 1. 
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this frequency of media changes was determined to be optimal by 
extensive experimentation (Supplementary fig. A.1). Degenerating and 
dying neurons were readily identifiable by observing their retracting 
neurites and detaching cell bodies. On the days of electrophysiological 
recordings, media changes were made after the recording was 
completed. Imaging and media changes were done within a time win-
dow of < 3 min, as longer time periods outside the incubator will affect 
the cultures’ pH levels and induce cytotoxicity. 

2.5. Immunocytochemistry (ICC) and imaging 

ICC was carried out as follows. We aspirated all media from the 
cultures before adding 500 μL Dulbecco’s Phosphate Buffered Saline 
(DPBS; Thermo Fischer Scientific, Cat# 14040–117) to clear away 
debris. Then we fixed the cultures for 15 min by applying a solution of 
purified and deionized water containing 0.4 Molar phosphate buffer and 
4% freshly depolymerized paraformaldehyde (PFA; Sigma-Aldrich, 
Cat# P6148) followed by 10 × 3 min rinses in DPBS. To block unspe-
cific antigens, we incubated the cultures in a solution of DPBS con-
taining 3% goat serum and 0.1% Triton-X, for 1 h at room temperature. 
The cultures were then incubated overnight with primary antibodies 
(see Table 2) in a solution of DPBS containing 1% goat serum, on a 
shaker at 4 ◦C. Then the cultures were rinsed three times in DPBS, 
immediately before incubation in DPBS containing secondary antibodies 
at room temperature for 2 h (see Table 2). Hoechst dye (1:10.000; 
Sigma-Aldrich, Cat# 14533) was added for the last 10 min of the sec-
ondary antibody incubation time. To identify Re+ lLEC-LII-neurons in 
vitro, we chose antibodies against neuronal somata marker and reelin. 
As the APP/PS1 animals express Aβ accumulation by 6 weeks (Radde 
et al., 2006) we also stained for Aβ prefibrils (Kayed et al., 2003) to 
determine whether the Re+ lLEC-LII-neurons express Aβ prefibrils in 

vitro, as is known to be the case in vivo (Kobro-Flatmoen et al., 2022). 
Primary antibody exclusion was done for all three antibodies (Re+, 
NeuN and A11), resulting in a complete absence of signal. Images were 
acquired with an EVOS M5000 microscope connected to a LED light 
source and using an Olympus 20x/0.75 NA objective (N1480500), with 
the following filter sets/channels: DAPI (AMEP4650), CY5 (AMEP4656), 
GFP (AMEP4651) and TxRed (AMEP4655). For image processing we 
used Zen 2.6 (blue edition), along with contrast adjustments in Adobe 
Photoshop 2020. To quantify overlap between A11, NeuN and reelin, we 
took images of each immunolabel/each channel, from five different 
regions in one culture. We then applied a threshold to identify neuronal 
somata using Fiji (version 1.53i), and then overlaid the channels in order 
to count the degree of overlap. 

2.6. Electrophysiological recordings 

We recorded electrophysiological activity from two cultures on 
MEAs using a Multichannel MEA2100 recording system (Multichannel 
Systems, MCS, Reutlingen, Germany). The stage temperature was set to 
37 ◦C, which minimizes thermal stress, and we used EcoMEAs covered 
with a MEA-MEM-Ring (Multichannel Systems, MCS, Reutlingen, Ger-
many) to avoid contaminants and media evaporation. After removal 
from the incubator, the cultures were left to rest for ~3 min on the stage 
before spontaneous electrophysiological activity was recorded for 10- 
minute epochs. This recording time was chosen as our system does not 
maintain stable CO2-levels, such that time out of the incubator will 
affect pH levels and thus cell-viability (Lloyd & Williams, 2015). Data 
sampling was collected at a rate of 10 kHz/channel. We converted raw 
data to an .h5 Hierarchical Data Format file using the Multichannel 
DataManager (V.1.14.4.22018) system and imported it to MatLAB2020a 
for analyses. Spontaneous neuronal network activity was thus recorded 

Fig. 3. Adult dissected lLEC-LII-neurons self-organize in culture and express selective markers. (A-D) Phase-contrast images of lLEC-LII-neurons from the same 
culture at 2 h (A), 14 days (B), 22 days (C), 51 days (D) in vitro. Arrowheads indicate neuronal somata, based on their round morphological shape and their situation 
on top of an astrocytic monolayer. Smaller arrows indicate neurites. Scalebar in A applies for A-D. (E-N) Immunocytochemical labeling of the same culture at 61 days 
in vitro. Immunolabels include DNA-marker Hoechst (E, J; cyan), neuronal marker NeuN (F, K; magenta), reelin (G, L; orange) and oligomeric Aβ A11 (H, M; grey). 
Overlay of (E-H and J-M) is shown in (I and N), respectively; arrowheads indicate reelin-expressing neurons that co-expresses oligomeric Aβ. Arrow in J-N indicating 
a neuron expressing NeuN, but negative for reelin and A11. Scale bar in E applies for E-N. 

K.S. Hanssen et al.                                                                                                                                                                                                                             



Journal of Neuroscience Methods 390 (2023) 109840

6

at the following timepoints (DIV): 15, 18, 24, 27, 30, 33, 39, 48, 54, 57, 
60, 62 and 69 (n = 2; MEA 1 and MEA 2). 

2.7. Data analysis 

For spike detection we used the Precise Timing Spike Detection 
(PTSD) algorithm developed by (Maccione et al., 2009). To reduce ar-
tifacts from the raw data we used a fourth order Butterworth-filter with a 
high pass cutoff frequency at 300 Hz and a low pass cutoff frequency at 
3000 Hz. We additionally used a Notch filter to exclude electrical noise 
at 50 Hz from the mains hum. A signal was defined and recorded as a 
spike when reaching beyond a differential threshold of 7.5 times the 
standard deviation of the background activity. Firing rate and burst 
propensity (a measure of fraction of spikes in networks bursts) were 

analysed using an in-house made MATLAB script, reported previously 
(Fiskum et al., 2021). A network burst was identified when a binned 
spike distribution of 50 ms bins exceeded a threshold of firing rate of 7.5 
standard deviations and more than 20% of all active electrodes in the 
recording fired. 

3. Results 

3.1. Dissection and culturing of lLEC-LII-neurons 

Our procedure to dissect and culture adult lLEC-LII-neurons is out-
lined in Fig. 1. Each culture consisted of cells from two animals, and, at 
the time of plating, contained from 140,000 to 170,000 cells as esti-
mated by a Countess II Automated cell counter (Thermo Fischer, Cat 

Fig. 4. Cultured adult lLEC-LII-neurons develop sustained electrophysiological activity. (A) lLEC-LII-neuronal network at 24 DIV on an MEA. (B) Spike train (top) 
from one electrode with detected spikes indicated as grey dots. Inset (bottom) shows the waveform of an example spike. From recording at 33 DIV. (C) Firing rate 
(Hz) and burst propensity of the network from 15 DIV to 69 DIV. A single burst was detected for each culture as indicated (for MEA1 at 57 DIV; for MEA2 at 69 DIV). 
Abbreviations: lLEC-LII, lateralmost lateral entorhinal cortex layer II; DIV, days in vitro. 

K.S. Hanssen et al.                                                                                                                                                                                                                             



Journal of Neuroscience Methods 390 (2023) 109840

7

#AMQAX1000). Putative neurons attached and began extending neu-
rites already by 2 h in vitro (Fig. 3A; Supplementary Fig. A.3A). By 14 
DIV, we observed a pronounced growth of neurites, and many of these 
had already formed structural networks (Fig. 3 B-D). Highly branched 
neurites were still present by 51 DIV (Supplementary Fig. A.3B). Such 
networks remained viable beyond two months, at which point we 
terminated the cultures to establish cell-identities by way of ICC 
(Fig. 3E-N). We found our cultures to be rich in cells that stained double- 
positive for NeuN and reelin, providing strong support that we in fact 
successfully acquired Re+ lLEC-LII-neurons (Fig. 3; Supplementary Fig. 
A.2). We furthermore found that the Re+ neurons co-expressed oligo-
meric Aβ (Fig. 3E-N), in line with the known strong intracellular 
expression of Aβ in such neurons (Kobro-Flatmoen et al., 2016). By 
quantifying the immunolabeling in five different regions of one culture, 
we found that out of 88 neurons (NeuN-positive), 84 were positive for 
reelin and A11, while two were negative for reelin and A11, and two 
were negative for reelin but positive for A11. 

3.2. Cultured lLEC-LII-neurons demonstrate spontaneous, sustained 
electrophysiological activity 

An example of an MEA and its recording electrodes is shown in  
Fig. 4A. Both lLEC-LII-neuron networks (MEA1 and MEA2) displayed 
spontaneous neuronal activity by 15 DIV, lasting until we terminated the 
cultures at 69 DIV (Fig. 4B). Their firing rate remained low throughout 
the whole recording period, and burst propensity was absent until about 
two months, when both networks showed a single burst (Fig. 4C). 

4. Discussion 

To enable culturing of neurons and networks more relevant for the 
initiating stages of AD, we used adult APP/PS1 mice and dissected tissue 
from the lateralmost domain of LEC, aiming for the Re+ lLEC-LII-neu-
rons. Once dissociated and plated, neurons self-organized into networks 
within two weeks and remained viable beyond two months (Fig. 3; 
Supplementary Fig. A.2). We confirmed our ability to obtain the su-
perficially situated Re+ lLEC-LII-neurons by double-immunolabeling 
against NeuN and reelin, from which we observed several double- 
positive neurons (Fig. 3; Supplementary Fig. A.2). A further observa-
tion was that reelin expression co-localizes with that of Aβ, indicating 
that the tendency of such neurons to express Aβ (Kobro-Flatmoen et al., 
2022, 2016) is retained when they are cultured (Fig. 3). In line with 
previous findings, an astrocytic feeder layer was crucial for survival and 
optimal growth of our cultured Re+ lLEC-LII-neurons. More specifically, 
the presence of glial cells supports long term survival of adult primary 
neuronal cultures (Ray et al., 2009), promote synaptogenesis (Hama 
et al., 2004), and modulate neuronal excitability (reviewed in (Araque 
et al., 2004). 

By two weeks in culture, our neurons self-organized into networks 
and began exhibiting spontaneous spiking activity (Fig. 4). The network 
complexity continued to increase over time, and the spontaneous 
spiking activity persisted for the entire culture period, consisting 
exclusively of very low burst propensity. This activity type may be a 
generic feature of adult cultured neurons, as previous studies reported 
that, in contrast to embryonic neuron cultures, adult neuron cultures 
tend to have non-repetitive firing patterns, rather exhibiting single-spike 
events (Evans et al., 1998; Varghese et al., 2009). Another possibility is 
that the low burst propensity we observe in our cultured 
lLEC-LII-neurons is, at least in part, a result of the inherent biology of 
these neurons. Whole-cell current clamp experiments of 
lLEC-LII-neurons revealed that they tend to fire late and with few spikes 
upon small depolarizing current-steps, and that a large depolarizing 
current-step is required to elicit a burst (Nilssen et al., 2018). The timing 
of media change relative to the time of recording is also likely to affect 
network activity. For example, human motor neurons were found to 
have a higher firing frequency 24 h after media change compared to 

48 h after media change (Fiskum et al., 2021). The fact that we recorded 
activity 72 h after media change may thus contribute to the very low 
burst propensity exhibited in our networks. An additional consideration 
is the fact that our lLEC-LII-neurons express increased amounts of 
amyloid-β. Whether and how this affects lLEC-LII-neurons was beyond 
the scope of this study and should be addressed in future work. 

Aside from the relevance of Re+ lLEC-LII-neurons in the onset of AD, 
it is likely that culturing of adult neurons offers a more relevant model 
for the disease, because it removes potential confounds owing to 
developmental factors operating in embryonic or early postnatal neu-
rons. The ability to extract and move Re+ lLEC-LII-neurons into an in 
vitro setting furthermore enables direct monitoring of their network 
properties and offers ease of access with respect to chemogenetic (Bauer 
et al., 2022; Westhaus et al., 2020), molecular, (Valderhaug et al., 2021) 
and pharmacological tools (Han et al., 2017). Our approach may thus 
represent a valuable tool for studying very early proteinopathy and of-
fers neuron- and network specific modelling of initiating AD pathology 
in vitro. 
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Engineered biological neural networks are indispensable tools
for investigating neural function in both healthy and diseased
states from the subcellular to the network level. Neurons in
vitro self-organize over time into networks of increasing struc-
tural and functional complexity, thus maintaining emergent dy-
namics of neurons in the brain. While in vitro neural network
model systems have advanced significantly over the past decade,
there is still a need for models able to recapitulate topological
and functional organization of brain networks. Especially rel-
evant in this context are interfaces which can support the es-
tablishment of multinodal interconnected networks of different
neural populations, which at the same time enable control of
the direction of connectivity between the nodes. An added re-
quired feature of such interfaces is compatibility with electro-
physiological techniques and optical imaging tools to facilitate
studies of neural network structure-function dynamics. In this
study, we applied a custom-designed microfluidic device with
Tesla-valve inspired microchannels for structuring multinodal
neural networks with controllable feedforward connectivity be-
tween rat primary cortical and hippocampal neurons. By inter-
facing these devices with nanoporous microelectrode arrays, we
demonstrate how both spontaneously evoked and stimulation
induced activity propagates, as intended, in a feedforward pat-
tern between the different interconnected neural nodes. More-
over, we show that these multinodal networks exhibit functional
dynamics suggestive of capacity for both segregated and inte-
grated activity. To advocate the broader applicability of this
model system, we also provide proof of concept of long-term cul-
turing of subregion- and layer specific neurons extracted from
the entorhinal cortex and hippocampus of adult Alzheimer´s-
model mice and rats. We show that these neurons re-form struc-
tural connections and develop spontaneous spiking activity af-
ter 15 days in vitro. Our results thus highlight the suitability
and potential of our approach for reverse engineering of bio-
logically and anatomically relevant multinodal neural networks
supporting the study of dynamic structure-function relation-
ships in both healthy and pathological conditions.

Advanced modelling | Self-organization | In vitro | Microfluidic Device | Elec-
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works | Alzheimer’s model animals |
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Introduction
Engineered biological neural networks facilitate the study
of dynamic properties of network structure and function at
the micro- and mesoscale in highly controllable experimen-
tal conditions. There is compelling evidence that neurons in

vitro maintain their inherent self-organizing properties and
over time form neural networks with complex structure and
function, thus recapitulating fundamental behaviour of brain
networks (1–3). As such, engineered neural networks offer
an complementary approach to in vivo studies for investiga-
tions of neural structure and function from the subcellular to
the network level. In recent years, several methodological
and technological developments have enabled advanced neu-
ral network modelling in vitro using microfluidic devices to
engineer multinodal neural networks (4, 5). However, most
studies to date are typically limited to using two-nodal mi-
crofluidic devices (6, 7). Thus, the potential of such neuro-
engineering approaches to recapitulate anatomically relevant
network configurations Reis still underutilised. Additionally,
the models tend to be limited in terms of their reproducibility,
scalability, and adaptability especially in terms of being able
to support multi-nodal, directional topological configurations
resembling in vivo neural assemblies.
A key determinant for establishing anatomically relevant
neural network configurations in vitro is facilitation and con-
trol of multi-nodality. Neural assemblies in the brain are
structured into highly specialized functional regions con-
nected through precise afferent-efferent axonal pathways,
aiding feedforward and/or feedback signal propagation be-
tween pre- and postsynaptic nodes (8). During neural devel-
opment in the brain, such directional projection sequences are
established by finely tuned spatiotemporally regulated molec-
ular and chemical guidance cues regulating axon growth and
guidance (9–11). Such gradients are absent in an in vitro
microenvironment, and alternative approaches are required
to facilitate establishment of directional projections between
the neural nodes. Several recent studies, including studies
from our group, have demonstrated that directional axonal
outgrowth between interconnected nodes can be achieved and
controlled by embedding geometrical constraints within the
microchannel architecture in microfluidic interfaces (12–20).
Such models support control of connectivity between mul-
tiple neural subpopulations with high precision, rendering
them especially interesting in the context of recapitulating
anatomically relevant neural networks (21–24). By inter-
facing such microfluidic devices with microelectrode arrays
(MEAs), emerging structure-function dynamics can also be
studied electrophysiologically (25). Previous studies suggest
that containment of neural networks into modular configura-
tions can promote the development of a broader repertoire of
activity dynamics compared to unstructured networks, akin
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to complex information processing seen in vivo (22). For in-
stance, we and others have shown that structurally coupled
neural networks exhibit functional asymmetry, with indepen-
dently regulated information processing within the intercon-
nected nodes, as well as controlled information flow between
them (20, 21, 26, 27).
A relevant neural network configuration to study using
such interfaces is the highly interconnected entorhinal-
hippocampal network, a brain area important for processing
and storage of memories (28). This entorhinal-hippocampal
network consists of multiple subregion specific cell types
connected through axonal projections. Multinodal microflu-
idic devices offer an opportunity to reconstruct this network,
and to study ongoing structural and functional dynamics
in a highly controlled microenvironment. Furthermore, the
entorhinal-hippocampal network is particularly vulnerable to
Alzheimer’s disease (AD), evidenced by early accumulation
of tau pathology (29), amyloid-beta plaque load (30), altered
neuronal activity in form of seizure-like hyperactivity (31),
and major neuronal (32, 33) and synaptic loss (34, 35). Thus,
this network is of high interest to study at preclinical stages
of AD. We and others have demonstrated that adult entorhi-
nal and hippocampal subregion specific cells from AD model
mice are able to reconnect in culture (36–38). We also re-
cently reported a method for long-term (>2 months) cultur-
ing and recording of lateral entorhinal cortex layer II (LEC
LII) neurons from AD model animals in vitro (39). To our
knowledge, culturing layer and subregion specific entorhinal-
hippocampal neurons from AD model animals in multinodal
microfluidics has however not been demonstrated.
In this study, we demonstrate reverse engineering of anatom-
ically relevant biological neural networks, including layer
specific neurons derived from adult AD model animals, using
custom-designed microfluidic MEA interfaces. By incorpo-
rating Tesla-valve inspired microchannels, we can structure
multi-nodal neural networks with controllable feedforward
connectivity, and record spontaneously evoked and stimula-
tion induced signal propagation in a feedforward pattern be-
tween the nodes. This engineering approach supports longi-
tudinal study of dynamic structure-function relationships in
both healthy and diseased neural networks with high tempo-
ral and spatial precision. Moreover, we demonstrate long-
term culturing of region and layer specific neurons extracted
from adult AD-model mice and rats on the platforms, in
an anatomically relevant configuration. We show that these
adult neurons re-form structural connections, and develop
spontaneous electrophysiological spiking activity after 15
days in vitro. As such, we provide proof of concept for future
applications of this model system for advanced preclinical
disease modelling.

Materials and Methods
Experimental Design. An experimental timeline including
a schematic of the microfluidic MEA design can be seen
in Figure 1. Our neural cultures comprised either com-
mercially available rat embryonic cortical and hippocampal
neurons (hereafter referred to as cortical-hippocampal net-

works), or lateral entorhinal cortex layer II neurons (LEC-
LII), Dentate Gyrus granular neurons (DG-gl), CA3 pyrami-
dal neurons (CA3-pyr) and CA1 pyramidal neurons (CA1-
pyr) freshly dissected from adult McGill-R-Thy1-APP AD-
model rats or APP/PS1 AD-model mice (hereafter referred to
as adult entorhinal-hippocampal AD networks). The method
for the dissection and culturing of adult hippocampal neu-
rons was refined from our previously reported protocol for
adult lateralmost LEC LII (lLEC-LII) neurons from APP/PS1
model mice (39). For all cultures, coating and establishment
of an astrocytic feeder layer was conducted using the same
protocol.

Design & Fabrication of Microdevices. The four-nodal
microdevices were designed using Clewin 4 (WieWeb Soft-
ware, Enschede). Each node was 5 mm in diameter and
60 µm high. Furthermore, the nodes were connected by 20
microchannels. To induce unidirectional axonal outgrowth
between the nodes, a geometrical design inspired by the
Tesla-valve was implemented within the microchannel archi-
tecture (20). All channels were 350 µm long, 10 µm wide
and 5 µm high. The design also had spine structures on the
postsynaptic side to misguide axons trying to enter the mi-
crochannels. 49 nanoporous platinum electrodes of 50 µm di-
ameter were positioned evenly spread across the four nodes.
Additionally, 9 electrodes were positioned within the mi-
crofluidic channels to confirm active connections between the
nodes. A reference electrode was split between all four cham-
bers for enhanced signal-to-noise ratio. The design, as well
as an image of a fabricated microdevice can be seen in Figure
S1. Fabrication of all microdevices was conducted according
to our recently reported protocol (20).

Animals Models and Genotyping. All animal experiments
comply with the ARRIVE guidelines (40), were approved
by the Norwegian Food Safety Authority and carried out
in accordance with the EU (European Union) Directive
2010/63/EU for animal experiments. The animals were held
in standard lab cages (up to 5 animals per cage), with tem-
peratures of 22 ± 2 ◦C, and kept at a light/dark cycle of 12:12
hours, with access to food and water ad libitum. We used
a total of 43 adult McGill-R-Thy1-APP rats, including fe-
male (n=22) and male (n=21), and a total of 2 female, adult
APP/PS1 mice. See Supplementary Table S2 for a total
overview of sex, age and genotype of all animals.
The APP/PS1 mouse model is a transgenic familial
AD-model, with a C57BL/6J genetic background, co-
expressing mutated human amyloid precursor protein (hAPP)
(KM670/671NL) and mutated human presenilin 1 (L166).
Both mutated proteins are driven by expression cassettes
under the Thy1 promoter. This causes increased levels of
Aβ leading to formation of extracellular cortical Aβ-deposits
starting already from around 6 weeks of age (41). The
APP/PS1 mice were genotyped using a KAPA-kit as de-
scribed in Hanssen et al. (39). The McGill-R-Thy1-APP rat
model is a transgenic familial AD model with a Wistar (Hsd-
Brl:WH) genetic background, co-expressing mutated hAPP
(APP K670M671delinsNL) and (APP V717F) (42). The
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Figure 1 | Experimental timeline. (A.) Microfluidic chips were coated with Poly-L-Ornithine and laminin prior to plating of rat cortical astrocytes. On day 0, brains of
adult mice and rats were extracted and horizontally sectioned before dissection of the lateral entorhinal cortex layer II, and hippocampal subregional layers (dentate gyrus
granular layer, and CA3- and CA1 pyramidal layers). Dissected entorhinal and hippocampal tissue were furthermore dissociated into single cells enzymatically and manually
by trituration. Commercial embryonic rat cortical and hippocampal primary neurons were collected from a nitrogen tank and immediately thawed in a water bath at 37 ◦C.
The cortical-hippocampal and adult entorhinal-hippocampal neurons were plated at a density of 750 and 1000 cells/mm2 in each well of a four-nodal microfluidic chip,
respectively. For the adult cultures, LEC LII, DG-gl, CA3-pyr and CA1-pyr were plated in nodes 1-4, respectively. For the embryonic cultures, cortical neurons were plated in
node 1, and hippocampal neurons in nodes 2-4. These devices were interfaced with glass coverslips or microelectrode arrays. (B.) A horizontally cut brain section viewed
under a stereoscope using fiber optic lamps for contrast with delineation of entorhinal and hippocampal subregions (left). Lateral entorhinal cortex layer II (LEC LII) and
hippocampal dentate gyrus granular layer (DG-gl), CA3 pyramidal layer (CA3-pyr) and CA1 pyramidal layer (CA1-pyr) highlighted in blue. Figure created in BioRender.com.
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McGill-R-Thy1-APP rats were genotyped using quantitative
PCR (qPCR) and genomic DNA isolated from ear tissue as
described in previous studies (43, 44).

Cell Experiments and Models.

Coating of Culturing Platforms. Prior to coating, all microde-
vices were sterilized in UV light over night in a biosafety
cabinet. Consecutively, the distilled (DI) water in the devices
was replaced by Poly-L-Ornithine solution (PLO) (Sigma-
Aldrich, A-004-C) at a concentration of 0.1 mg/mL and in-
cubated at 37 ◦C, 5 % CO2 for 2 h or overnight at 4 ◦C. Sub-
sequently, all PLO was discarded and the microdevices rinsed
three times for 10 min with milli-Q (MQ) water. After the
last rinse, laminin solution consisting of 16 µg/mL natural
mouse laminin (Gibco™, 23017015) in phosphate-buffered
saline (PBS, Sigma-Aldrich, D8537) was added and the mi-
crodevices incubated at 37 ◦C, 5 % CO2 for 2 h. A hydro-
static pressure gradient was established during all coating to
ensure flow of the coating solution through the microchan-
nels. This was achieved by filling the chambers with an un-
equal amount of coating solution.

Seeding of Astrocyte Feeder Layer. For the astrocytic feeder
layer, a solution consisting of DMEM, low glucose (Gibco™,
11885084) supplemented with 15 % Fetal Bovine Serum
(Sigma-Aldrich, F9665) and 2 % Penicillin-Streptomycin
(Sigma-Aldrich, P4333) was prepared. Next, the coating so-
lution was replaced by the astrocyte media, and rat cortical
astrocytes (Gibco™, N7745100) were seeded at a density of
100 cells/mm2, i.e., 2000 cells per microchamber. The as-
trocytes were allowed to expand for 48 h, before seeding of
either embryonic cortical and hippocampal neurons or adult
entorhinal and hippocampal neurons.

Embryonic Neurons: Plating and Maintenance. Neural
media consisting of Neurobasal Plus Medium (Gibco™,
A3582801) supplemented with 2 % B27+ (Gibco™,
A358201), 1 % GlutaMax (Gibco™, 35050038) and 2 %
Penicillin-Streptomycin (Sigma-Aldrich, P4333) was pre-
pared. Rock Inhibitor (Y-27632 dihydrochloride, Y0503,
Sigma-Aldrich) was additionally added to the media during
the first two days of neural growth at a concentration of
0.1 % to increase neural survival. Rat cortical neurons from
Sprague Dawley rats (Gibco, A36511) were plated at a
density of 1000 cells/mm2, equalling 20 000 cells in the
first node. The cortical neurons were thereafter allowed to
settle in an incubator for 3 h before plating the hippocampal
neurons. Next, rat hippocampal neurons from Sprague
Dawley rats (Gibco, A36513) were plated at a density of
1000 cells/mm2 in the three remaining nodes. Half the
neural media was replaced with fresh neural media 4 hours
after plating, and again after 24 h. From here on, half the
neural media was replaced every second day throughout the
experimental period.

Adult Neurons: Dissection. All tools were sterilized by auto-
claving before use. Both mice and rats were deeply anes-
thetized using 5 % isoflurane gas (Abbott Lab, 05260–05)

and checked for absence of reflexes before the head was de-
capitated with a guillotine for rats or surgical scissors (FST,
14007–14) for mice. Subsequently, dissection and section-
ing of the brain were conducted as described previously for
both mice and rats (39) where a full detailed description of
the procedure can be found. Brains were extracted in a petri
dish filled with Hanks Balanced Salt Solution (Thermo Fis-
cher Scientific, 88284) kept on ice. Extracted brains were
sectioned horizontally on a vibratome (thickness of 300 µm,
frequency of 5.3 Hz and speed of 8 mm/s) with 0.2 % AGAR
(VWR, 20767.298) supporting the caudal end of the brain.
Sectioned brain slices were immediately transferred to wells
of a sterile 24-well plate held on ice. Sections were fur-
ther transferred to a petri dish held on ice and viewed un-
der a stereoscope with fiber optic lamps, allowing for suffi-
cient contrast of the cytoarchitechtonic landmarks. Dissec-
tion of the lateral entorhinal cortex layer II (LEC-LII) was
conducted as described in our recent study for both mice
and rats (39). Additionally, the dentate gurys granular layer
(DG-gl), CA3 pyramidal (pyr) and CA1-pyr layers were dis-
sected (see Figure 1B). The DG-gl can be separated from
the molecular layer and hilus with its densely packed layer of
granular neurons (45). Similarly, the pyramidal layer in CA3
and CA1 consists of densely packed pyramidal neurons (46)
that can be distinguished from deeper layers lucidum, radia-
tum and stratum locus molecular and superficial layer oriens
(28). All dissected strips of tissue were placed by region in
four separate sterile 15 mL tubes filled with dissection media
(HABG-P) consisting of Hibernate-A (Thermo Fischer Sci-
entific, A1247501) supplemented with 2 % B27+ (Gibco™,
A3582801), 2.5 % GlutaMAX (Gibco™, 35050061) and 1 %
Penicillin-streptomycin (Sigma-Aldrich, P4333), placed on
ice.

Adult Neurons: Plating and Maintenance. All dissected tis-
sue was rinsed for debris three times by adding and removing
3 mL of HABG-P. Following this, all media was discarded
and the tissue was dissociated for 15 min at 37 ◦C, 5 % CO2,
20 % O2 in Neural Isolation Enzyme Papain (Thermo Fischer
Scientific, 88285) reconstituted in Hank’s Balanced Salt so-
lution (Thermo Fischer Scientific, 88284) as described by the
manufacturer (Thermo Fischer Scientific, MAN0011896).
Subsequently, all dissociation enzyme was discarded, 100 µL
HABG-P was added and the tissue was manually triturated
10 times by using a 100 µL pipette tip. Further, all HABG-
P was topped up to a total of 3 mL and the vials of tis-
sue were centrifuged at x200 g for 2 min in room temper-
ature. After centrifugation, all HABG-P was discarded and
100 µL neural media was added before manual trituration
10 times using a 100 µL pipette tip. Neural media consist-
ing of Neurobasal Plus Medium (Gibco™, A3582801) sup-
plemented with 2 % B27+ (Gibco™, A358201), 1 % Glu-
taMax (Gibco™, 35050038), 2 % Penicillin-Streptomycin
(Sigma-Aldrich, P4333), 0.1 % Rock Inhibitor (Y-27632
dihydrochloride, Y0503, Sigma-Aldrich) and 10 % Fetal
Bovine Serum (Sigma Aldrich, 12106C). For adult neurons
derived from mice, 0.1 % BDNF (Neurotrophins, 450-02)
was added to the neural media. For adult neurons derived
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from rats, 0.1 % FGF2 (Thermo Fisher Scientific, 13256-
029) was added to the neural media. We plated the neurons
at a total density of 750 cells/mm2, equalling 15 000 cells
in each node of the microfluidic chip. Half the neural media
was replaced every second day throughout the experimental
period.

Immunocytochemistry. For immunocytochemistry, both
cortical-hippocampal and adult entorhinal-hippocampal
neurons were plated in microfluidic platforms bonded to
glass coverslips (VWR International, 24x24 mm No. 1
Menzel-Gläser). Fixation of cortical-hippocampal cultures
was conducted using glyoxal solution based on the pro-
tocol by Richter et al. (47). This fixative consisted of
71 % MQ water, 20 % ethanol absolute (Kemetyl, 100 %),
8.0 % Glyoxal solution (Sigma-Aldrich, 128465) and 1 %
acetic acid (Sigma-Aldrich, 1.00063). Fixation of adult
entorhinal-hippocampal cultures was conducted using PBS
(Sigma-Aldrich, D8537) containing 0.4 M phosphate buffer
and 4 % freshly depolymerized paraformaldehyde (PFA;
Sigma-Aldrich, P6148). The cultures were washed with
PBS to remove debris, before the fixative was applied for
15 min at RT. Subsequently, all chambers were washed
with PBS 3 times for 15 min each. Next, 0.5 % Triton-X
(Sigma-Aldrich, 1086431000) diluted in PBS was applied
to permeabilize the cells. All chambers were again washed
twice with PBS before a blocking solution consisting of 5 %
goat serum (Abcam, ab7481) diluted in PBS was added to
the cultures, and the cultures incubated at room temperature
on a shaking table at 30 rpm for 1 h. Primary antibody
solutions were prepared in PBS with 5 % goat serum, and
antibody concentrations according to the ones listed in Table
1. Cultures were placed on a shaker table at 30 rpm at 4 ◦C
overnight. Following, the primary antibody solution was
removed, and the cell cultures were rinsed three times with
PBS for 15 min each. Next, a secondary antibody solution
consisting of 0.2 % secondaries and 5 % goat serum diluted
in PBS was added to the cultures. The cultures were left
to rest on a shaker table at 30 rpm for 3 h at RT. Prior to
applying the secondary antibody solution, the prepared
solutions were centrifuged at 6000 rpm for at least 15 min to
remove precipitates. Subsequently, the secondary antibody
solution was replaced by Hoechst (Abcam, ab228550) at a
concentration of 0.1 % diluted in PBS, and the cultures left
on a shaker table for another 30 min. Eventually, all cultures
were washed three more times in PBS, then twice in MQ
water prior to imaging.

Table 1 | Antibodies and concentrations used for Immunocytochemistry.

Marker Catalogue Number Concentration
β3-Tubulin Ab78078 1/1000
GAP-43 9264 (Sigma-Aldrich) 1/500
GFAP Ab7260 1/1000
MAP2 Ab5392 1/5000
NeuN Ab279295 1/500
Neurofilament Heavy Ab4680 1/5000
Reelin Ab78540 1/10000
All antibodies were purchased from Abcam unless otherwise stated.

All images were acquired using an EVOS M5000 micro-
scope (Invitrogen). The microscope was equipped with DAPI
(AMEP4650), CY5 (AMEP4656), GFP (AMEP4651) and
TxRed (AMEP4655) LED light cubes and Olympus UP-
LSAP0 4X/0.16 NA and 20x/0.75 NA objectives. Post-
processing of images was conducted in ImageJ/Fiji or Adobe
Photoshop 2020.

Imaging and Quantification of Neurite Length. For quantifi-
cation of neurite length, phase contrast images acquired using
a Zeiss Axio Vert V.1 brightfield 20x/53 WD/0.4 NA objec-
tive with an Axiocam 202 mono were used. For analysis,
Neurolucida was used to quantify neurite length of the adult
neurons.

Electrophysiology and Data Analysis.

Electrophysiological Recordings. A MEA2100 workstation
(Multichannel Systems) was utilized for all recordings with
a sampling rate of 25000 Hz. An external temperature con-
troller (TC01, Multichannel Systems) was used to maintain
the temperature at 37 ◦C. All cultures were allowed to equi-
librate at the workstation for 5 min prior to recordings, and
recordings lasted for 15 min for cortical-hippocampal cul-
tures and 10 min for adult entorhinal-hippocampal neural
networks. A 3D-printed plastic cover with a gas-permeable
membrane was used to keep cultures in a sterile environment
during the recordings.

Electrical Stimulations. Stimulations were performed for the
cortical-hippocampal neurons following the recordings at 28
and 32 DIV using a train of 60 spikes at ± 800 mV (positive
phase first) of 200 µs duration with an inter-spike interval of
5 s. The most active electrode measured in spikes per second
in the cortical cell population was chosen for stimulations.
This was done to assure that the electrode chosen for stimu-
lation had sufficient coupling with a neuron to induce activity.

Data Analysis. All data preprocessing and analysis was con-
ducted in Matlab R2021b, and graphs were plotted using the
matlab function linspecer (48), based on the color palette col-
orBrewer (49). A 4th order Butterworth bandpass filter was
used to remove noise below 300 Hz and above 3000 Hz, and
a notch filter to remove noise at 50 Hz from the power sup-
ply mains. All filters were run using zero-phase digital filter-
ing. For spike detection, the Precise Timing Spike Detection
(PTSD) algorithm developed by Maccione et al. (50) was uti-
lized. A threshold of 9 times the standard deviation was cho-
sen for the cortical-hippocampal cultures, with a maximum
peak duration of 1 ms and a refractory periode of 1.6 ms. For
the adult entorhinal-hippocampal cultures, a standard devia-
tion of 7.5 was chosen due to the lower signal-to-noise ratio
of the activity in these cultures overall. The SpikeRasterPlot
function developed by Kraus (51) was adapted and used for
creating raster plots.
Burst detection was conducted using the logISI algorithm de-
veloped by Pasquale et al. (1). A minimum of four consec-
utive spikes was set as a hard threshold for a burst to be de-
tected, and the maximum inter-spike interval to 100 ms. Net-
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work bursts were detected using the logIBEI approach (52),
with a minimum of 10 % of all active electrodes required to
exhibit bursting activity for a network burst to be classified.
After binning the data into 50 ms time bins, functional con-
nectivity was analysed using Pearson correlation. Intranodal
correlation was evaluated by taking the average correlation
of all active connections within each node. Internodal cor-
relation was evaluated by taking the correlation between the
summed activity of all four nodes in the four-nodal network.
To visualize key network features, graphs were plotted using
the functional connectivity as edges between the individual
nodes (herein representing the individual electrodes). Firing
rate (Hz) was furthermore used to represent the node color,
betweenness centrality the node size and node edge color the
community belonging. Graph theoretical measures were cal-
culated using the Brain Connectivity Toolbox developed by
Rubinov & Sporns (53), from which the Louvain algorithm
was used to perform community detection (54).
To remove stimulation artifacts, stimulation data was run
through the SALPA filter developed by Wagenaar et al. (55).
Additionally, 15 ms of the filtered data was blanked fol-
lowing each stimulation time point. Subsequently, the data
was binned into 20 ms time bins, and peristimulus time his-
tograms of the average response of the stimulations in each
node plotted.

Results
Establishment of Feedforward Cortical-Hippocampal
Networks. In this study, we reverse engineered multi-nodal
rodent cortical-hippocampal neural networks with control-
lable afferent-efferent connectivity using custom-designed
microfluidic devices interfaced with microelectrode arrays.
We found that neurites from presynaptic nodes started en-
tering the microchannels within the first week after plating,
while axonal bundles could be observed crossing the mi-
crochannels between all nodes as early as 14 DIV (Figure
2A). At this timepoint, electrophysiological recordings in-
dicated that spontaneous neural activity had already started
transitioning from immature tonic firing to synchronous
bursting within the nodes, consistent with previous findings
(1, 2, 20, 56, 57). Representative graphs of both bursting ac-
tivity and individual spikes within the cortical and hippocam-
pal nodes can be seen in Figure 2B.
Both spontaneously evoked and stimulation induced network
bursts were used to assess the capacity of the networks for
feedforward activity propagation between the four unidirec-
tionally connected nodes. All four nodes exhibited burst-
ing activity already at 12 DIV, and the burst rate increased
steadily with time (Figure 2C). Until 20 DIV, bursts were
mainly contained within the individual nodes, or spread be-
tween only a subset of the nodes. As the networks continued
to mature, more bursts initiated in the cortical node could
be seen spreading sequentially through all three hippocam-
pal nodes. A 200 s representative raster plot of a multinodal
cortical-hippocampal network at 28 DIV can be seen in Fig-
ure 2D, with the different nodes marked with different shades
of blue. Observation of a typical network burst clearly shows

how activity originating from the cortical node is spreading in
a feedforward manner between all four interconnected nodes.
Furthermore, electrical stimulation delivered to the cortical
node initiated activity propagating sequentially between the
four nodes, as seen in the peristimulus time histogram in Fig-
ure 2E. Figure 2F shows the percentage of all network bursts
that were initiated within the cortical node and where either
contained in the specific node, or spread to the next two or
three nodes. The total number of network bursts detected
during a typical recording is seen along the secondary y-axis.
At 28 DIV, as much as 24.2 % of the network bursts propa-
gated through all four nodes, compared to less than 2 % at 12
DIV. For comparison (at 28 DIV) 4.5 %, 13.4 % and 4.4 %
of the network bursts that were initiated in the cortical node
propagated and stopped after the first, second and third node,
respectively. This indicated establishment of more mature
directional projection sequences between the nodes. The re-
maining percentages of network bursts were initiated within
the second, third or fourth node. Similar trends were found
for the other five networks (see Figure S2).

Functional Integration Increases, While Functional
Segregation is Maintained Over Time in Reverse Engi-
neered Multinodal Neural Networks. The functional con-
nectivity of the networks was evaluated using Pearson corre-
lation. Both intranodal and internodal correlation increased
over time. Correlation matrices showing the temporal de-
velopment in functional connectivity for one representative
network can be seen in Figure 3A. While some internodal
correlation could be observed between nodes already at 12
DIV, integration of all neighboring nodes was not estab-
lished until 20 DIV. At 28 DIV, a higher correlation was also
seen between non-neighboring nodes, indicative of a higher
network-wide synchronization at this point (20, 26, 27). The
graph representation of the network seen in Figure 3B fur-
thermore highlights this network-wide functional integration.
It additionally shows how the internodal correlation is clearly
strongest between neighboring nodes, while the intranodal
correlation on average is higher than the internodal correla-
tion.
Furthermore, the entire reverse-engineeered cortical-
hippocampal network could be mathematically delineated
into four distinct modules using the Louvain algorithm,
represented as the node edge color in Figure 3B. The
median modularity value stayed close to 0.6 for all networks
throughout the experimental period, indicating that the
networks retained functional segregation of the four nodes
(Figure 3C).

Structural Maturation of Cortical-Hippocampal Net-
works. As we saw a high level of functional integration
between the nodes beyond 20 DIV, we also evaluated the
networks’ structural maturation using immunocytochemistry.
To do so, we stained cells in each of the four nodes for both
developmental and mature cytoskeletal and nucleic mark-
ers at 27 DIV. High levels of Growth-Associated Protein 43
(GAP43) were expressed for both the cortical and hippocam-
pal nodes at 27 DIV (Figure 4A). This marker was used
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Figure 2 | Feedforward activity propagation in the four-nodal cortical-hippocampal networks. (A.) Representative micrograph of axons within the microchannels
connecting two hippocampal nodes at 14 DIV. Examples of axonal bundles passing through microchannels (both with and without embedded microelectrodes) are highlighted
with white arrows. (B.) Voltage traces showing a burst detected within one of the hippocampal nodes at 28 DIV, as well as representative examples of spikes detected within
the cortical and hippocampal nodes. Pink specks represent spikes detected by the PTSD algorithm. (C.) Plots of the median burst rate for the four individual nodes. All nodes
displayed an increasing burst rate until 20 DIV, at which point the rate started to flatten out. (D.) Representative raster plot showing the complex network dynamics emerging
in the four-nodal cultures. A fraction of the network bursts were also clearly spreading from the cortical node throughout all four nodes, as represented in the zoomed-in graph.
(E.) Peristimulus time histogram displaying the average response of each of the four nodes following repeated (n=60) stimulations of the cortical node for one network at 28
DIV. The stimulations clearly induced feedforward activity propagating throughout all four nodes. (F.) Histogram showing the percentage of spontaneously evoked network
bursts initiated within the cortical population, and the number of nodes they spanned. The total number of network bursts initiated at each DIV is shown along the secondary
y-axis.
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Figure 3 | Functional connectivity of the cortical-hippocampal networks. (A.) Correlation matrices showing the temporal increase in functional connectivity of one
representative network over time from 12 DIV to 28 DIV. (B.) Representative graph of a single network at 28 DIV displaying individual electrodes as nodes and their
correlation as edges. Node color represents firing rate, node size betweenness centrality and node edge color community belonging. As illustrated, the network can be clearly
delineated into distinct communities, with higher intranodal than internodal functional connectivity. (C.) Modularity for the four-nodal networks, indicating a retained functional
segregation over time.

in combination with the cytoskeletal proteins Microtubule-
Associated Protein 2 (MAP2) and β3-Tubulin, which are ex-
pressed from early axiogenesis and onwards (58–62). As
GAP43 is critical for neurodevelopment and growth cone
migration, these expression levels indicate that structural
changes were still evolving beyond three weeks in vitro (63).
Furthermore, both Neural Nuclear Protein (NeuN) and Neu-
rofilament Heavy (NFH) have been found to be specific for
mature neurons, and were used here to assess the maturity of
the engineered networks (Figure 4B) (64, 65). These mark-
ers were used in combination with the glial marker GFAP
(66). We found all these proteins to be prominently expressed
at 27 DIV, indicating that the networks were reaching struc-
tural maturity. This is also consistent with the findings from
the electrophysiology, showing highly integrated dynamics
between the nodes (Figure 3).

Adult Entorhinal and Hippocampal AD Neurons Re-
form Structural Networks and Exhibit Electrophysio-
logical Activity. To further demonstrate the wider applica-
bility of our model system for reverse engineering anatomi-
cally relevant networks for preclinical disease modelling, we
used this system to culture neurons extracted from brain re-
gions of interest from adult AD model animals. Our proce-
dure to dissect and culture adult LEC LII neurons along with
hippocampal DG-gr, CA3-pyr and CA1-pyr neurons from
AD-model mice and rats is outlined in Figure 1. This method

for the dissection and culturing of layer specific entorhi-
nal and hippocampal neurons from AD model rats and mice
builds upon our recently published method for extraction and
culturing of LEC LII neurons from adult AD model APP/PS1
mice (39). We found that adult neurons from both AD model
rats- (Figure 5) and mice (Figure S4) were able to re-form
structural connections in vitro. Furthermore, we found that
an astrocytic feeder layer was crucial for attachment of adult
entorhinal and hippocampal AD neurons (Figure S3A), in
line with our previous findings (39). Various combinations
of neural media supplements were tested (Table S1), and
neurites of adult rat neurons were found to significantly en-
hance their outgrowth when adding the growth factor FGF2
(10ng/mL) after 5 DIV (Figure S3B & S3C, all p-values
for P3 < 0.01). Immunocytochemistry of our cultured adult
neurons showed co-expression of neural marker NeuN and
reelin in the LEC LII neurons, thus confirming regional iden-
tity, and co-expression of NeuN and Neurofilament Heavy for
hippocampal DG-gr, CA3-pyr and CA1-pyr. This confirmed
that the engineered network consisted of the neurons of inter-
est (Figure 6). From 15 DIV, the networks started exhibiting
spontaneous spiking activity (Figure 7B for rats, Figure S5A
for mice). A raster plot showing that the neurons expressed
sparse, desynchronized spiking activity with no bursts is seen
in Figure 7C. Calculations of the median firing rate over time
showed that the networks remained active up to at least 47
days in vitro (Figure 7D).
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Figure 4 | Immunocytochemistry of cortical-hippocampal networks. (A.) Both cortical and hippocampal cultures self-organized into complex networks, as indicated by
the cytoskeletal marker proteins β3-Tubulin and MAP2. The networks still underwent some level of self-organization and maturation at 27 DIV, as indicated by GAP43, a
protein critical for neurodevelopment and growth cone migration. (B.) The networks had reached a high level of structural maturity at 27 DIV, indicated by the mature markers
Neurofilament Heavy (NFH) and NeuN.

Discussion

In this study we have demonstrated reverse engineering of
complex multi-nodal cortical-hippocampal neural networks
with controllable afferent-efferent connectivity. We have fur-
thermore illustrated the potential of this approach for ad-
vanced modelling of neural network function and dysfunc-
tion, by providing proof of concept of long-term culture of
layer specific entorhinal-hippocampal networks from adult
AD transgenic rats and mice.
Our engineered embryonic cortical-hippocampal networks
recapitulated fundamental neural design principles by ex-
hibiting spontaneous, complex structure-function dynam-
ics over time. Specifically, these networks exhibited both
segregated and integrated bursting activity across the four
nodes (Figure 2F). Furthermore, electrical stimulations of
the presynaptic, cortical node within these networks read-
ily induced bursting activity that propagated sequentially,
in a feedforward pattern, through the rest of the intercon-
nected nodes (Figure 2E). The differences in number of
nodes that network bursts spanned can be indicative of the
networks’ capacity for gating information, i.e. selectively
transmitting only a subset of the information to other nodes
(20, 21, 26, 27). Our results furthermore showed that the
network modularity remained close to 0.6 for all networks
throughout the experimental period. In comparison, in our
previous study, we found the median modularity value to be
0.39 and 0.03 for two-nodal and one-nodal networks (20).

As such, the four-nodal configuration of the present model
system promoted efficient network organization, exhibited
both integrated and segregated functional dynamics resem-
bling those seen in neural networks in vivo (67–69).

The adult neural networks derived from AD model mice and
rats exhibited electrophysiological spiking activity from 15
DIV (Figure 7). Spontaneously evoked neural activity was
recorded, and a desynchronized firing pattern with no ap-
parent bursting was observed (Figure 7C), in line with our
recently reported findings from adult mouse LEC-LII neu-
ron cultures (39). Additionally, previous studies performing
patch-clamp recordings on cultured adult mouse hippocam-
pal neurons have reported the neurons to exhibit activity
as single spike events, rather than repetitive firing patterns
(70, 71). A recent study also showed that both cortical and
hippocampal neurons derived from adult wild-type mice ex-
pressed sparse bursting (<1 bursts per minute) (72). Further-
more, ex vivo whole-cell patch-clamp recordings from LEC
LII neurons have shown that large depolarizing current-steps
are necessary to elicit a burst in these neurons (73).

Advanced engineered interfaces as the ones demonstrated in
this study can be particularly useful for modelling disease de-
velopment and progression. The increasing body of literature
on healthy development and maturation of neural networks
in vitro aids in establishing baseline conditions for such stud-
ies. As previously described, healthy networks show a grad-
ual transitioning from tonic, desynchronized intranodal fir-
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Figure 5 | Adult entorhinal and hippocampal AD neurons re-form structural connections in vitro. Phase-contrast images of adult neurons from LEC LII, DG, CA3 and
CA1 at 11 DIV. Enlarged insets from all regions showing neural bodies with extruding neurites. Scalebars as indicated. LEC LII; lateral entorhinal cortex layer II. DG; denate
gyrus. CA3/CA1; Cornu ammonis 3 and 1. DIV; days in vitro.

ing to network wide internodal integration of function dur-
ing development (1, 2, 20, 57). Furthermore, they estab-
lish mature synaptic connections and an excitation-inhibition
balance (20, 56). By comparing healthy networks to net-
works exhibiting pathological traits, such as the neurons from
AD model animals used in this study, intra- and internodal
changes in response to developing pathology can be modelled
and studied. Such changes could for instance be hyperactivity
in neurons surrounded by amyloid-β plaques (74) or changes
in firing characteristics in form of decreased firing frequency
(75). A critical risk factor for several neurodegenerative dis-
eases and disorders, including AD, is also age. To accurately
model disease development and progression, using cells from
adult animals can as such have an impact on structural and
functional dynamics due to the variations in epigenetic pro-
file between embryonic and adult cells. The division of the
distinct neural subpopulations into separate nodes can addi-

tionally support studies of propagation of pathological pro-
cesses from pre- to postsynaptic nodes, further expanding on
previous findings from our group (76). The ability to model
such processes is highly relevant for elucidation of disease
mechanisms, as well as identification of potential time win-
dows and modes of therapeutic intervention.
Neural microcircuits in the brain, such as the entorhinal-
hippocampal network, are profoundly complex systems with
an intricate microarchitecture involving distinct subpopula-
tions of neurons and other cells. Capturing the full complex-
ity of such microarchitectures in vitro is per definition beyond
the scope of reverse engineering approaches. Nonetheless,
the present study clearly illustrates the robustness and poten-
tial of advanced neuroengineering in recapitulating complex
network dynamics in vitro, and as such, it builds upon and
expands on previous work (20, 21, 57, 76–79).
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Figure 6 | Immunocytochemistry of entorhinal-hippocampal AD networks. Co-expression of the neural marker NeuN and reelin in the LEC LII neurons, and co-expression
of NeuN and Neurofilament Heavy for hippocampal DG-gr, CA3-pyr and CA1-pyr confirmed the presence of the neurons of interest.
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Figure 7 | Adult entorhinal and hippocampal neural networks from AD-model rats develop sustained electrophysiological activity. (A.) Illustration of a four-nodal
microfluidic chip on a microelectrode array with an inset of a phase contrast image of a lateral entorhinal cortex layer II (LEC LII) neural network derived from a McGill-APP
rat +/- (heterozygote genotype). (B.) Spike traces showing one representative spike from each subregion, LEC LII (bottom left), DG (top left), CA3 (top right) and CA1 (bottom
right) at 31 DIV. (C.) Representative raster plots showing spontaneous network activity from all four nodes. One black dot indicates one detected spike. (D.) Median firing rate
(Hz) over time from 15 DIV up to 47 DIV. LEC LII; Lateral entorhinal cortex layer II. DG; Dentate gyrus. CA3; Cornu ammonis 3. CA1; Cornu ammonis 3. DIV; Days in vitro.
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Conclusion
In this study, we reverse engineered multinodal cortical-
hippocampal neural networks with controllable afferent-
efferent connectivity. We validated that both spontaneously
evoked and stimulation induced activity propagated in a feed-
forward manner between the interconnected nodes in these
networks. Interconnection of the multinodal networks con-
tributed to the emergence of complex structure-function dy-
namics both within and across nodes. This indicates the net-
work´s capacity for both integrated as well as segregated in-
formation processing. Furthermore, long-term culturing of
adult entorhinal-hippocampal network from AD model ani-
mals demonstrate the wide potential of this advanced mod-
elling approach. These neurons self-organize, re-form struc-
tural connections and demonstrate spontaneous electrophysi-
ologically activity. Thus, this reverse engineering approach
presents a significant step towards modelling anatomically
relevant neural networks in different configurations for pre-
clinical disease modelling.
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Supplementary Materials

Table S1 | Overview of media supplement compositions in different protocols used throughout the study.

Protocol 1 Protocol 2 Protocol 3 Protocol 4 Protocol 5 Protocol 6
NPM NPM NPM NPM NPM NPM
0.2 % B27+ 0.2 % B27+ 0.2 % B27+ 0.2 % B27+ 0.2 % B27+ 0.2 % B27+
0.025 GlutaMAX 0.025 GlutaMAX 0.025 GlutaMAX 0.025 GlutaMAX 0.025 GlutaMAX 0.025 GlutaMAX
0.001 % BDNF 5 ng/mL FGF2 10 ng/mL FGF2 10 ng/mL FGF2 0.001 % BDNF 10 ng/mL FGF2
0.01 % Penstrep 0.01 % Penstrep 0.01 % Penstrep 10 ug/mL Gentamycin 0.01 % Penstrep 0.01 % Penstrep
0.001 % RI 0.001 % RI 0.001 % RI 0.00 % RI 0.001 % RI 0.001 % RI
0.1 % FBS 0.1 % FBS 0.1 % FBS 0.0 % FBS 0.1 % FBS 0.1 % FBS
NPM; Neurobasal Plus Medium (Thermo Fischer Scientific. B27+; B27 Plus Supplement (Thermo Fischer Scientidic). BDNF; Brain Derived Neurotrophic
Factor (Thermo, Catnr). FGF2; F Growth Factor 2 (Thermo, Catnr). PS; Penicillin-Streptomycin (Catnr, Prod). GlutaMAX Supplement (Prod, Catnr). RI;
Rock Inhibitor (Prod, catnr). FBS; Fetal Bovine Serum (Prod, catnr).

Table S2 | Overview of animals in the study.

Animal model Number Sex Age Genotype
McGill-R-Thy1-APP rat 5 M P38-P89 Heterozygote +/-
McGill-R-Thy1-APP rat 4 M P46-P53 Homozygote -/-
McGill-R-Thy1-APP rat 12 M P43-P78 Homozygote +/+
McGill-R-Thy1-APP rat 14 F P39-P81 Heterozygote +/-
McGill-R-Thy1-APP rat 1 F P53 Homozygote -/-
McGill-R-Thy1-APP rat 7 F P37-P72 Homozygote +/+
APP/PS1 mouse 2 F P79-P80 APP/PS1 +/-
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Figure S1 | CAD design of the Microfluidic MEAs. (A.) The microfluidic design with 350 µm Tesla-valve channels. Layer 1 represents
the design for the metallization (i.e. forming the microelectrodes and corresponding contact pads), layer 2 the etch mask for etching
through the passivation layer, layer 3 the mold for the microfluidic channels and layer 4 the mold for the cell compartments. (B.) A
four-nodal microfluidic chip interfaced with a MEA.
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Figure S2 | Network bursts spread through an increasing number of nodes with time. (A.-B.) Histograms showing the percentage
of spontaneously evoked network bursts initiated within the cortical population, and the number of nodes they span. Each subfigure
represents the activity from a single MEA. The total number of network bursts initiated at each DIV is shown along the secondary y-axis.
(F.) Box plot showing the fraction of bursts propagating in the forward versus backward direction between the four nodes.
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Figure S3 | Importance of an astrocytic monolayer and media supplement combination. (A.) Phase contrast images of astrocytes
and LEC LII neurons plated simultaneously (top left), astrocytes plated 15 min post plating of LEC LII neurons (top right), astrocytes
plated 1.5 hour post plating of LEC LII neurons (bottom left) and LEC LII neurons plated 24 hours post plating of astrocytes (bottom
right). (B.) Phase contrast images of cultured neurons on six different media supplement protocols and a bar graph showing the mean
neurite length for each culture at 5 or 4 DIV. A total of 285 neurites were measured.
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Figure S4 | Adult mouse neurons reform structural connections in vitro. Phase-contrast images of adult neurons from the
APP/PS1 mouse model at 9 DIV. LEC LII; lateral entorhinal cortex layer II. DG; dentage gyrus. CA3/CA1; cornu ammonis 3/1. DIV;
days in vitro.
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Figure S5 | Adult mouse neurons obtain electrophysiological activity in vitro. (A.) Simplified figure of the 4-nodal mMEA with
spike traces showing one detected spike from each region (LEC LII, DG, CA3 and CA1. (B.) Graph of median firing rate (Hz) from 15
to 42 DIV (left) and 15 to 56 DIV (right). mMEA; microfluidic microelectrode array. LEC LII; lateral entorhinal cortex layer II. DG-gr;
dentate gyrus granular. CA3-pyr/CA1-pyr; Cornu ammonis 1/3 pyramidal).
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Abstract  

Reciprocal structure–function relationships underly both healthy and pathological behaviors in 

complex neural networks. Neuropathology can have widespread implications on the structural 

properties of neural networks, and drive changes in the functional interactions among network 

components at the micro- and mesoscale level. Thus, understanding network dysfunction requires a 

thorough investigation of the complex interactions between structural and functional network 

reconfigurations in response to perturbation. However, such network reconfigurations at the micro- 

and mesoscale level are often difficult to study in vivo. For example, subtle, evolving changes in 

synaptic connectivity, transmission, and electrophysiological shift from healthy to pathological states 

are difficult to study in the brain. Engineered in vitro neural networks are powerful models that enable 

selective targeting, manipulation, and monitoring of dynamic neural network behavior at the micro- 

and mesoscale in physiological and pathological conditions. In this study, we first established 

feedforward cortical neural networks using in-house developed two-nodal microfluidic chips with 

controllable connectivity interfaced with microelectrode arrays (mMEAs). We subsequently induced 

perturbations to these networks by adeno-associated virus (AAV) mediated expression of human 

mutated tau in the presysnaptic node and monitored network structure and activity over three weeks. 

We found that induced perturbation in the presynaptic node resulted in altered structural 

organization and extensive axonal retraction starting in the perturbed node. Perturbed networks also 

exhibited functional changes in intranodal activity, which manifested as an overall decline in both 

firing rate and bursting activity, with a progressive increase in synchrony over time. We also observed 

impaired spontaneous and evoked internodal signal propagation between pre-and postsynaptic nodes 

in the perturbed networks. These results provide novel insights into dynamic structural and functional 

reconfigurations in engineered feedforward neural networks as a result of evolving pathology.   
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1. Introduction   

An understanding of dynamic structure-function relationships in neural networks in health and disease 

remains a subject of intense investigation. Such dynamics involve micro- and mesoscale level 

interactions over different temporal scales. Mechanisms that drive the reciprocal relationship 

between network structure and function involve Hebbian and homeostatic plasticity working in 

tandem. These plasticity mechanisms influence pre- and postsynaptic connectivity Henderson and 

Gong (Henderson et al., 2018), excitatory – inhibitory synaptic transmission (Moore et al., 2018), and 

hierarchical processing between different areas of the network (Rubinov et al., 2009; Yamamoto et 

al., 2018). These mechanisms are also inextricably linked both physiologically and 

pathophysiologically. This means that perturbation within one part of the network can progressively 

spread and impact other parts through axonal and/or synaptic connections. Furthermore, network 

impairment may evolve over a long period of time without overt manifestation of dysfunction (Fornito 

et al., 2015). For example, in neurological diseases which significantly impact the structural and 

functional integrity of the network, such as Alzheimer’s disease (AD), relevant network 

reconfigurations due to evolving pathology (Katsuno et al., 2018) tend to occur over a long period of 

time before the emergence of clinical symptoms, by which point, the network has undergone 

considerable, irreversible damage (reviewed in (Tarawneh et al., 2012).  

One of the main structural pathological hallmarks of AD is the accumulation of neurofibrillary tangles 

in the brain as a result of the hyperphosphorylation of the microtubule associated protein tau (Braak 

et al., 1991). Tau proteins are mainly found in the axons of neurons and, under physiological 

conditions, (Götz et al., 2019) they enrich microtubules to promote their assembly in axons (Baas et 

al., 2019; Qiang et al., 2018). However, under pathological conditions, tau becomes 

hyperphosphorylated, causing widespread morphological disruption in axons (Jackson et al., 2017; 

Kopeikina et al., 2013), ultimately affecting synaptic transmission and network function. The high 

interconnectivity of the brain also implies that neuronal axons and synapses may act as conduits for 

the spread of such pathology from affected areas, causing progressive, widespread disruption to the 

structural and functional integrity of the network (Kuhl, 2019). It has also been shown that 

hyperphosphorylated tau triggers hypoactivity in neurons (Ittner et al., 2011; Menkes-Caspi et al., 

2015; Polanco et al., 2018; Wang et al., 2017), thus disturbing excitatory-inhibitory balance, and 

disrupting synaptic transmission and global integration across the network. 

To elucidate how relevant pathological mechanisms gradually affect the structure and function of 

neural networks, it is imperative to study the underlying processes at the micro- and mesoscale. Such 

investigations are highly challenging, or de facto not feasible in vivo due to the size and complexity of 
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the brain. This challenge can be overcome with the application of advanced cellular models based on 

engineered neural networks. Such networks develop with progressively increasing structural and 

functional complexity over time, essentially recapitulating fundamental aspects of neural network 

behavior as seen in the brain (Collingridge et al., 2010; Valderhaug et al., 2021; van de Wijdeven et al., 

2019; Winter-Hjelm N, 2023). Engineered in vitro models thus enable longitudinal studies of dynamic 

network behavior and allow for selective perturbation and monitoring of network responses at the 

micro- and mesoscale level (Bauer et al., 2022; Bruno et al., 2020; Fiskum et al., 2021; Gribaudo et al., 

2019; Nonaka et al., 2011; Valderhaug et al., 2021; Weir et al., 2023).  

In the present study, we longitudinally investigated structural and functional changes in engineered 

two-nodal feedforward cortical neural networks, following induced expression of human mutated tau 

in the presynaptic nodes. Our primary aim was to longitudinally monitor and identify dynamic changes 

in neurite organization and electrophysiological activity of networks with evolving perturbation and 

compare this with control unperturbed networks. The two-nodal feedforward configuration of the 

engineered network enabled us to observe structural and functional reconfigurations in response to 

the perturbation in the affected node, while simultaneously monitoring dynamic changes in the 

postsynaptic node. Our results demonstrate that prior to perturbation, all neural networks developed 

increasingly robust firing and bursting activity within the nodes. They had also developed prominent 

structural connections, and functional internodal connections with spontaneous and evoked 

feedforward burst propagation from the presynaptic to postsynaptic nodes. However, within four days 

of inducing perturbation by expression of human mutated tau in the presynaptic node, internodal 

connectivity was disrupted, manifested as progressive retraction of neurites from the entry zone near 

microtunnels in the presynaptic node, followed by retraction of neurites from the exit zones near the 

microtunnels towards the postsynaptic nodes. Neurite retraction persisted over a span of 3 weeks, 

during which period we observed a concomitant significant reduction in the overall intranodal mean 

firing rate, mean burst rate, and total number of bursts. Such structural or functional changes were 

not observed in control unperturbed networks. Furthermore, the neurite retraction and overall 

decrease in activity in the perturbed networks occurred simultaneously with a significant increase in 

network synchrony. Increased synchrony over time was not observed in control unperturbed 

networks. These results provide new insights into dynamic micro- and mesoscale network 

reconfigurations in response to induced perturbations and illustrate the utility of engineered 

feedforward neural networks as models of network function and dysfunction.   
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2. Methods  

 
2.1.  In vitro neural networks  

An experimental timeline can be found in Figure 1. For this study, we used in-house developed 

microfluidic chips interfaced with microelectrode arrays (mMEAs; n=7) and 8-well chambered slides 

(Ibidi, 80841; n=2). Design and fabrication of the mMEAs was conducted as reported previously by our 

group (Winter-Hjelm N, 2023). Briefly, two compartments (from here on referred to as nodes) (5 mm 

wide/60 µm high) were connected by 20 microtunnels (700 µm long/10 µm wide/5 µm high) designed 

to promote unidirectional axonal outgrowth from the presynaptic to the postsynaptic node. Tesla 

valve microtopographies were included in the microchannels to redirect axons from the postsynaptic 

node back to their chamber of origin. Furthermore, axon traps were included on the postsynaptic side 

to misguide outgrowing axons and prevent them from entering the microtunnels. To prevent neuronal 

somata from entering the microtunnels, 4 µm pillars with 4 µm interspacing were positioned within 

the presynaptic node. This design promotes formation of feedforward networks by aiding axon 

outgrowth from the presynaptic node, but not vice versa. Impedance measurements and sterilization 

of the mMEAs were conducted as reported previously (Winter-Hjelm N, 2023). Prior to seeding, nodes 

were coated with 0.1 mg/mL Poly-l-Ornithine (PLO; Sigma-Aldrich, #P4957) for 30 min, subsequently 

replenished with fresh PLO for another 2h at 37°C/5% CO2. Following this, all PLO was discarded, and 

the surfaces rinsed three times with distilled Milli-Q-water. Subsequently, the platforms were coated 

with laminin solution consisting of 16 µg/mL Mouse Natural Laminin (Gibco, #23017015) diluted in 

PBS (Sigma-Aldrich, D8537) for first 30 min, before being replenished with fresh laminin solution for 

another 2 h at 37°C/5% CO2. To ensure proper flow of coating solution through the microtunnels, a 

hydrostatic pressure gradient was applied during all coating steps. Laminin solution was discarded and 

replaced by astrocyte media consisting of DMEM (Gibco™, 11885084) supplemented with 15% Fetal 

Bovine Serum (Sigma-Aldrich, F9665) and 2% Penicillin-Streptomycin (Sigma-Aldrich, #P4333) for 10 

min at 37°C/5% CO2 before rat primary cortical astrocytes (Gibco, #N7745100) were plated at a density 

of 100 cells/mm2 48 hours prior to plating of neurons Subsequently, rat primary cortical neurons 

(Gibco, #A1084001) were plated at a density of 1,000 cells/mm2 in neuronal media consisting of 

Neurobasal Plus Medium (Gibco™, A3582801) supplemented with 2% B27 Plus Medium (Gibco™, 

A358201), 2.5 mL/L Gluta-Max (Gibco™, 35050038) and 1% Penicillin-Streptomycin (Sigma-Aldrich, 

P4333). 4 and 24 hours after plating the neurons, 90% of the media was replenished. Thereafter, 50% 

of the media was replenished every 2 days.  
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Figure 1. Schematic of the in vitro experimental timeline for establishing networks, transduction, and 
electrophysiological recordings. Created with BioRender.com.  

2.1.1.  AAV8 – GFP – 2A P301L Tau production and in vitro transduction  

The viral vector was kindly gifted by Dr. Christiana Bjørkli (Department of Neuromedicine and 

Movement Science, NTNU). Adeno associated virus (AAV) vector production and purification was 

performed in-house at the Viral Vector Core Facility (Kavli Institute for Systems Neuroscience, NTNU). 

Tittering of the viral stock was determined as approximately 1011 vg/mL. Viral particles encoding 

experimental AAV8 P301L mutated tau were introduced to healthy networks at 28 DIV to induce 

perturbation. At 28 DIV, neurons were transduced by removing 70% of the cell media from the 

presynaptic nodes and directly adding 3 x 102 viral units per neuron diluted in cell media. After addition 

of the virus, the cultures were gently agitated for 30 s to ensure proper distribution of the viral 

particles and then incubated for 4 h. The titer of viral particles per neuron was decided after extensive 

tests of different concentrations. Afterwards, each well was topped up with fresh media without 

antibiotics and incubated for an additional 20 h at 37°C/5% CO2. After the incubation period, 50% 

changes of the media were carried out as scheduled. To ensure comparable conditions with the 

control networks, an 80% media change was also conducted in the control unperturbed networks at 

the same time as the addition of AAV P301L to the perturbed networks. The viral vector encoded a 

GFP fluorescent tag for easy visualization of transduction efficiency.  

2.2.  Immunocytochemistry 

To confirm network maturity including expression of phosphorylated tau (pTau) within the perturbed 

neural networks, immunocytochemistry (ICC) was performed at 22 DIV, as follows. Prior to 

immunostaining, cell media were aspirated and discarded from the culture plates, and the cultures 

were rinsed once with Dulbecco's Phosphate Buffered Saline (DPBS; Thermo Fischer Scientific, Cat 
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#14040-117). Following this, networks were fixed with 4% Paraformaldehyde (Sigma-Aldrich, #P6148) 

for 10 min at room temperature followed by 3x10 min washes with DPBS. Further, all DPBS were 

discarded and replaced by blocking solution consisting of 5% Goat serum (Sigma-Aldrich, Cat# G9023) 

and 0.3% Triton-X (Thermo Fischer Scientific, Cat# 85111) in DPBS. Next, primary antibodies at the 

indicated concentration (Table 1) were added in a buffer of 0.01% Triton-X and 1% Goat Serum in 

DPBS overnight at 4°C. The following day, primary antibody solution was discarded, and cultures were 

rinsed 3x5 min with DBPS before secondary antibodies at the indicated concentration (Table 1) were 

added in a buffer of 0.01% Triton-X and 1% Goat Serum in DPBS for 2 h at room temperature. For 

staining cellular nuclei, Hoechst dye (bisbenzimide H 33342 trihydrochloride; Sigma-Aldrich, Cat# 

14533) was added at 1:10.000 dilution for the last 10 min of the secondary antibody incubation. 

Samples from the 8-well Ibidi chips were washed with PBS, mounted on glass cover slides with anti-

fade fluorescence mounting medium (Abcam, Cat#Ab104135) whereas microfluidic chips were filled 

with distilled Milli-Q-water before imaging.  

Table 1. List of primary and secondary antibodies with concentrations 

Primary antibodies Concentration  Supplier  
Ck Map2  1:1000 Abcam, #Ab5392 
Rb Phospho-Tau (Thr217) (pTau)  1:1000 Invitrogen, #44-744  
Ms AT8 (Ser202/205) 1:1000 Invitrogen, #MN1020   
Rb GAD65/67  1:100 Abcam, #Ab183999 
Ms Calmodulin (CaMKIIa)  1:200  Invitrogen, #MA3-918 
Rb GFAP  1:500 Abcam, #Ab278054  
Secondary antibodies  Concentration  Supplier  
Goat-Anti-Mouse Alexa Fluor 674 1:1000 Invitrogen, #A21236 

Goat-Anti-Rabbit Alexa Fluor 488 1:1000 Invitrogen, #A21244 
Goat-Anti-Chicken Alexa Fluor 568 1:1000  Abcam, #Ab175477 

Ms: Mouse, Rb: rabbit, Ck: chicken.  

 

2.2.1  Imaging  

All samples from ICC were imaged using an EVOS M5000 microscope (Thermo Fischer Scientific, 

#AMF5000) connected to a LED light source and using an Olympus 20x/0.75 NA objective (N1480500), 

with the following filter sets/channels: DAPI (AMEP4650), CY5 (AMEP4656), GFP (AMEP4651) and 

TxRed (AMEP4655). Phase contrast images were taken using a Zeiss Axio Vert V.1 brightfield 20x/53 

WD/0.4 NA objective with an Axiocam 202 mono. Images were processed using Adobe Photoshop 

2020. To quantify for fluorescent intensity profile of AT8 and pTau in cell body clusters and axonal 

bundles in both perturbed and control unperturbed networks, fluorescent signal was measured in 

Fiji/ImageJ2. A total of six clusters of cell bodies and five axonal bundles were selected as regions of 

interest. Assessment was done for total fluorescent signal (mean intensity/pixel) measured by mean 

grayscale.   
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2.3. Electrophysiological recordings  

Electrophysiological activity of neural networks on mMEAs (n=7) was recorded using a MEA2100 

recording system (Multichannel Systems, MCS, Reutlingen, Germany) at a sampling rate of 25,000 Hz. 

A 3D-printed in-house made plastic cap covered by a gas-permeable membrane was used to keep the 

cultures sterile during recordings. The stage temperature was set to 37°C (TC01, Multichannel 

Systems) and the cultures were allowed to equalize on the stage for 5 min before spontaneous 

electrophysiological activity was recorded for 15 min. All networks were recorded 24 h after media 

changes on the following days in vitro (DIV): 16, 20, 24, 26, 28, 31, 33, 35, 37, 39, 41, 43, 45 and 47. 

From 28 DIV onwards, networks were electrically stimulated and simultaneously recorded for 1 

minute (directly following the 15 min recordings of spontaneous electrophysiological activity). 

Electrical stimulations were applied to one presynaptic electrode with the highest detected mean 

firing rate [21] during the 15 min recording. Stimulation consisted of a train of 60 spikes at ± 800 mV 

(positive phase first) of 200 μs duration with an interspike interval of 5s. This was according to previous 

studies demonstrating that persistent electrical stimulation in in vitro networks can increase network 

activity over time, resulting in enhanced evoked action potentials and an increased frequency of spikes 

in bursts (Brewer et al., 2009; Ide et al., 2010). Raw data was converted to an .h5 Hierarchical Data 

Format using Multichannel DataManager (V.1.14.4.22018) system and imported to Matlab R2021b for 

further analyses using adapted and custom-made scripts.  

 

2.4.  Data analysis  

Electrophysiology data analysis was done as previously described (Winter-Hjelm N, 2023). Briefly, raw 

data was filtered using a 4th order Butterworth bandpass filter removing low frequency fluctuations 

below 300 Hz and high frequency noise above 3000 Hz. A notch filter was used to remove 50 Hz noise 

caused by the power supply mains. Stimulation data was filtered using the SALPA filter (Wagenaar et 

al., 2002), and each stimulation time point was followed by 15 ms blanking. Spike detection was 

conducted using the Precise Timing Spike Detection (PTSD) algorithm (Maccione et al., 2009) with a 

threshold of 11 times the standard deviation, a maximum peak duration set to 1 ms and a refractory 

period of 1.6 ms. Burst detection was conducted using the logISI approach (Pasquale et al., 2010), with 

a minimum of four consecutive spikes set as a minimum for a burst to be detected, and a hard 

threshold of 100 ms. Network bursts were detected using the logIBEI approach (Pasquale et al., 2010), 

with at least 20% of active electrodes required to participate during the span of a network burst. 

Network synchrony was measured using the coherence index (Timme et al., 2018). 
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2.5  Statistical analysis 

SPSS version 29.0.0.0 was utilized for all statistical analyses. For comparison of the repeated measures, 

we used Generalized Linear Mixed-Effect Models (GLMMs) with network type (i.e., controls versus 

perturbed networks) as a fixed effect, and the network characteristics as targets. The network age 

(DIV) was used as a random effect. Only data from 31 DIV onwards were included in the analysis to 

specifically compare changes in network characteristics following perturbation to the control 

unperturbed networks. A gamma probability distribution with a log link function was chosen as the 

linear model. This selection was based on the Akaike information criterion and initial assessment of 

distribution fit to the predicted values. For multiple comparisons, we used sequential Bonferroni 

adjustment.    
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3. Results  

3.1.  Engineered feedforward cortical networks show intra- and internodal connectivity  

Prior to perturbation, we wanted to validate that neurons were structurally connected with each other 

within the nodes and expressed markers for excitatory and inhibitory synaptic transmission. Our 

results showed that the engineered neural networks organized into densely interconnected intranodal 

architectures, with outgrowing neurites in the microtunnels (Figure 2A and B). Additionally, 

immunocytochemistry performed at 22 DIV revealed expression of the microtubule-associated 

protein 2 marker, MAP2 (Figure 2C and D), the inhibitory neuronal marker glutamic acid decarboxylase 

65/67, (GAD65/67) (Fukuda et al., 1997) (Figure 2C), and the excitatory neuronal marker calcium-

calmodulin (CaM) – dependent protein kinase II, (CaMKII) (Takao et al., 2005) (Figure 2D). The 

presence of these markers indicated that the networks consisted of mature neurons with the capacity 

for excitatory and inhibitory synaptic transmission, a crucial aspect for achieving structural and 

functional network maturity.  

To investigate whether the engineered networks were functionally connected, we monitored and 

recorded electrophysiological activity commencing at 16 DIV. By 26 DIV, the neural networks displayed 

a mature electrophysiological profile in line with previous studies [19] (Chiappalone et al., 2006; 

Winter-Hjelm N, 2023). Specifically, raster plots of spontaneous activity within the network revealed 

both isolated spikes and synchronized bursts (Figure 3A), while correlation matrices of network 

connectivity showed strong connectivity within pre- and postsynaptic nodes, as well as functional 

connectivity between the nodes (Figure 3B). To further validate internodal connectivity, we applied 

electrical stimulations to the electrode with the highest firing rate within the presynaptic node at 26 

DIV. We recorded and assessed the evoked activity in the postsynaptic node, which revealed that 

electrical stimulations caused a spiking response in the presynaptic node, followed by an on average 

40 ms time delay before a subsequent spiking response was observed in the postsynaptic node (Figure 

3C). This effectively demonstrated that functional connectivity was established between the- pre and 

postsynaptic nodes.  
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Figure 2. Developing structural organization and functional maturity of feedforward engineered neural 
networks (A-B) Phase contrast images of a neural network in the presynaptic node (A) with neurite projections 
going through the microtunnels (B) on a mMEA at 21 DIV. (C-D) Networks positively immunolabeled for the 
neuronal marker MAP2 in addition to the inhibitory marker GAD65/67 (C) and the excitatory neuron marker 
CaMKII (D). Glial fibrillary acidic protein (GFAP) antibody labelling of astrocytes in the network. DIV; days in vitro. 
Scale bar 1250 μm; (magnified area 312 μm).  
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Figure 3. Neural networks displayed intra- and internodal functional connectivity at 26 DIV (A) Raster plots 
(300 seconds) of the recorded activity (top panel) and binned network activity (bottom panel) of corresponding 
total firing rate of one representative network. (B) Mutual information connectivity matrix showing the 
correlation in the network activity in nodes and tunnels. (C) Peristimulus time histogram of the pre- and 
postsynaptic response to an electrical stimulation in the presynaptic node. The graphs here show an initial 
response in the presynaptic node, followed by a delayed response in the postsynaptic node.  

 

3.2.  Perturbed networks express human mutated tau 

At 28 DIV, we induced expression of human mutated tau protein in the presynaptic nodes of the 

engineered networks. The AAV construct encodes GFP, which allowed for easy visualization of 

transduction efficacy. Positive GFP expression was seen in the perturbed networks (Figure 4B and 

Figure 5B) which indicated effective AAV transduction. For additional verification of phosphorylated 

tau expression, we also labeled the networks for AT8 (Serine 202 and Threonine 205/ tau202/205) and 

Phospho-Tau (Threonine 217/tau217) proteins, hereon referred to as tau202/205 and tau217, respectively.  

Both tau202/205 (Figure 4B) and tau217 (Figure 5B) were overexpressed in neuronal cytosols and axons 

along with GFP in perturbed networks. Healthy networks had higher fluorescent signal for tau202/205 

(Vale et al., 2010) in axonal bundles than perturbed networks, but lower fluorescent signal for tau217 

in axonal bundles (Figure 6). However, perturbed networks had significantly higher expression of both 

tau202/205 and tau217 (Rajbanshi et al., 2023) in the cytosolic compartments compared to controls, while 

high expression of tau202/205 was found in axon bundles. Additionally, we conducted primary exclusion 

immunolabeling for both tau202/205 and tau217 to assess the specificity of the binding antigen, and no 
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expression was found (Figure 4C and 5C respectively). We also performed secondary antibody 

exclusion to assess the labeling specificity of the primary antibody and found no immunoexpression 

for either tau202/205 or tau217 in the networks. 

 

 

Figure 4. GFP expression exclusively in perturbed networks confirmed efficacy of viral transduction, further 
validated by AT8 expression. (A) Control unperturbed networks were not transduced with the AAV8-GFP-2A-
P301L construct and thus did not express GFP. AT8 labeling was found primarily in axons. (B) Perturbed networks 
were positive for the GFP marker after transduction, with strong axonal and somato-dendritic AT8 expression. 
(C) Exclusion of the primary antibody AT8 to assess the specificity of antigen binding. Scale bar 1250 μm;  
(magnified area 312 μm).  
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Figure 5. GFP expression exclusively in perturbed networks confirmed efficacy of viral transduction, further 
validated by pTau expression (A) Control unperturbed networks were not transduced with the AAV8-GFP-2A-
P301L construct and thus did not express GFP. pTau labeling found in axons and cytosols. (B) Perturbed networks 
were positive for the GFP marker after transduction, with strong axonal and somato-dendritic pTau expression. 
(C) Primary exclusion of pTau to assess the specificity of antigen binding. Scale bar 1250 μm; (magnified area 
312 μm).  
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Figure 6. Quantification of fluorescent intensity of AT8 (tau202/205) and pTau (tau217) in perturbed and control 
networks. Representative images from networks with AT8 and pTau labelling showing cell body clusters and 
axonal bundles. Bar graphs showing the mean gray value of cell body clusters.  

3.3.  Progressive internodal axonal retraction observed after perturbation 

Prior to induced perturbation, phase contrast imaging of neural networks at 21 DIV confirmed 

structural connections between the pre- and postsynaptic neural nodes (Figure 7A). Interestingly, by 

four days post perturbation, i.e., at 32 DIV, the neurites within the presynaptic node of the perturbed 

networks had started retracting from the entry zone near the unidirectional microtunnels, and by 52 

DIV all structural connections between the presynaptic and postsynaptic nodes had been lost entirely 

(Figure 7A). Extensive neurite retraction was also observed in the postsynaptic node of the perturbed 

network by 52 DIV. In contrast, control unperturbed networks maintained robust neurite connections 

both at the entry zone of the presynaptic node microtunnels and the exit zone in the postsynaptic 

node (Figure 7B). 
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Figure 7. Progressive neurite retraction and active reorganization observed within networks following induced 
perturbation. (A) The leftmost column shows neurite extensions in the presynaptic node at the entry zone of 
the unidirectional microtunnels (top) and dense neurites in the postsynaptic node at the exit zone of the 
unidirectional microtunnels (bottom) at 21 DIV. The middle column is a snapshot of the same region in the 
network at 32 DIV showing retraction in the presynaptic node (top), but not in the postsynaptic node (bottom). 
The rightmost column shows extensive retraction in the presynaptic node (top) as well as in the postsynaptic  
node at 52 DIV (bottom). (B) Presynaptic (top) and postsynaptic (bottom) nodes of control unperturbed network 
depicting dense neurite connections at 52 DIV. Scale bar 100 μm.   
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3.4.  Perturbed networks exhibit a decrease in overall network activity and an increase in 
network synchrony  

Spontaneous network activity was recorded between 16 DIV and 47 DIV for both control unperturbed 

and perturbed networks. We captured network development from low activity to more mature 

profiles exhibited as increased mean firing rate (Figure 8A) and increased mean burst rate (Figure 8B). 

Activity recorded from both pre- and postsynaptic nodes revealed the differences between healthy 

and perturbed networks and their functional evolution. Specifically, the presynaptic nodes of control 

unperturbed networks exhibited a steady increase in electrical activity between 16 DIV and 31 DIV, 

consistent with previous studies by us and others capturing developing functional activity in cortical 

networks (Wagenaar et al., 2006; Weir et al., 2023). Both firing rate and burst rate increased between 

33 DIV and 45 DIV in the presynaptic node but not in the postsynaptic node (Figure 8A and B, 

respectively). 

 
Figure 8. Electrophysiological recordings revealed progressive decrease in firing and burst rate in perturbed 
networks. (A) Mean firing rate (spikes/second) and (B) Mean burst rate (bursts/minute) in the presynaptic and 
post synaptic nodes for control unperturbed and perturbed networks. The solid lines denote the mean activity 
for the networks with the solid circles indicating individual data points. The shaded area denotes the standard 
error of the mean. The stippled line indicates the day of viral transduction in the perturbed networks (28 DIV). 
Plots showing the GLMM estimated group averages with 95% confidence intervals are depicted in the top right 
corner of the graphs. 
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Similarly, prior to induced expression of human mutated tau, the perturbed networks also exhibited 

a steady increase in both firing rate and burst rate in the presynaptic node between 16 DIV and 28 

DIV. However, between 31 DIV and 47 DIV, they exhibited significantly lower firing (p< 0.001) and 

burst (p< 0.001) rates compared to healthy controls (Figure 8A). The firing rate in the postsynaptic 

node of perturbed networks remained significantly lower (p< 0.001) than controls for the duration of 

the study (Figure 8A). There were no significant differences in mean burst rate in the postsynaptic 

node between healthy controls and perturbed networks (Figure 8B).  

The postsynaptic node of healthy controls had significantly longer bursts (p= 0.001) compared to 

perturbed networks (Figure 9B), however, there were no significant differences in the mean burst 

duration in the presynaptic nodes between perturbed and healthy controls between 31 DIV and 47 

DIV (Figure 9A). Furthermore, the total network activity (pre- and postsynaptic node activity 

combined) revealed that between 28 DIV and 47 DIV, healthy controls had significantly higher mean 

network burst duration (p< 0.001) compared to perturbed networks (Figure 9C). Specifically, between 

28 DIV and 33 DIV, control unperturbed networks exhibited a transient increase in mean network 

burst duration from 0.23 seconds to 0.26 seconds, however, there was a subsequent decrease 

between 33 DIV and 47 DIV (Figure 9C). For the perturbed networks, the total network activity for pre-

and postsynaptic nodes combined showed that between 33 DIV and 39 DIV there was a transient 

increase in network burst duration from 0.17 seconds to 0.22 seconds, with a subsequent decrease 

between 39 DIV and 47 DIV, similar to the healthy controls.   

We also found that all networks had a general decrease in mean network burst size (analyzed as the 

percentage of active electrodes participating in network bursts), between 16 DIV and 28 DIV (Figure 

9D). The total bursting activity for pre-and postsynaptic nodes combined showed that control 

unperturbed networks decreased in burst size from 85% to 45% network participation (Figure 9D) 

between 16 DIV and 28 DIV. Similarly, networks before perturbation had a decrease in burst size from 

82% to 43% network participation (Figure 9D). Both groups had relatively stable burst size between 

28 DIV and 47 DIV, however, perturbed networks had significantly larger network bursts (p< 0.001) by 

47 DIV (61% of network participation) compared to control unperturbed networks (45% network 

participation) (Figure 9D). Furthermore, when we examined network synchrony, measured by the 

coherence index, we observed a general decrease in both pre-and postsynaptic nodes of healthy 

controls between 16 DIV and 47 DIV (Figure 9F). Both nodes of perturbed networks had progressively 

increased synchrony that was significantly higher (p< 0.001) than in control unperturbed networks 

between 31 DIV and 47 DIV (Figure 9F).  
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Figure 9. Electrophysiological recordings revealed a progressive increase in network burst size and synchrony 
in perturbed networks. (A) Mean burst duration (seconds) in the pre-and (B) postsynaptic nodes of control and 
perturbed networks. (C) Mean network burst duration in the pre-and postsynaptic nodes combined for control 
and perturbed networks. (D) Mean network burst size (percentage) in the pre-and postsynaptic nodes combined 
for control and perturbed networks. (E) Coherence Index (measure of network synchrony) in the pre- and (F) 
postsynaptic nodes of control and perturbed networks. The solid line denotes the mean activity for the networks 
with solid circles indicating individual data points. The shaded area denotes the standard error of the mean. The 
stippled line indicates the day of transduction for the perturbed networks (28 DIV). Plots showing the GLMM 
estimated group averages with 95% confidence intervals are depicted in the top right corner of the graphs.  
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3.5.  Induced perturbation results in reduced propagation of spontaneous and evoked activity 
between nodes  

Further analyses were conducted to determine the proportion of bursts propagating between the pre- 

and postsynaptic nodes in both control unperturbed and perturbed networks. We first evaluated the 

total number of network bursts exhibited by each network at each recording and identified the 

percentage of propagating bursts between the pre- and postsynaptic nodes in either direction (Figure 

10). Our results showed that between 16 DIV and 28 DIV, both control unperturbed and perturbed 

networks had a steady increase in the total number of network bursts, with most or all bursts 

propagating in a feedforward manner from the presynaptic to the postsynaptic node (Figure 10). 

Additionally, we found that for all subsequent recordings from 28 DIV onwards, burst propagation 

diminished in the control unperturbed networks to <2% by 47 DIV even though the total number of 

bursts within the network exceeded 2000 bursts/recording (Figure 10). This implied that bursts were 

contained primarily within nodes of healthy controls. In contrast, perturbed networks exhibited a 

steady decline in the total number of network bursts between 33 DIV and 47 DIV (to less than10 

bursts/recording by 43 DIV) (Figure 10).  

 

Figure 10. Feedforward burst propagation between pre- and postsynaptic nodes for perturbed (left) and 
control unperturbed (right) networks. The left y-axis on the graph denotes the percentage of network bursts 
propagating between the nodes, represented as the bars. The right y-axis denotes the total number of network 
bursts detected each day represented as the solid line. The x-axis denotes the day in vitro. The stippled line at 
28 DIV indicates the day of transduction for the perturbed networks.  

We also applied periodical electrical stimulations to the electrode with the highest firing rate in the 

presynaptic node to assess whether a presynaptic stimulus could evoke a postsynaptic response. The 

same electrode was stimulated for 1 minute at each recording session between 28 DIV and 47 DIV. 

We found that electrical stimulation within the presynaptic node of control unperturbed networks 

produced a spike response followed by a postsynaptic spike response with an average delay time of 

20 ms (31 DIV) and 40 ms (35 DIV) (Figure 11A). Control unperturbed networks also produced spike 
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responses in the presynaptic node at 45 DIV and 47 DIV, although the tuning curves were of lower 

amplitudes than after previous stimulations. In addition, the spike responses in the postsynaptic node 

of control unperturbed networks at 45 DIV and 47 DIV were too low to allow for an evaluation of the 

delay time between the nodes. In contrast, stimulation in the presynaptic node of perturbed networks 

at 31 and 35 DIV resulted in a presynaptic spike response, with no spike response in the postsynaptic 

node (Figure 11B). There was no response in presynaptic nor postsynaptic nodes at 45 DIV and 47 DIV 

in the perturbed networks.  

 

 

Figure 11. Induced perturbation resulted in progressive decline in presynaptic response to electrical 
stimulation between the pre-and postsynaptic nodes over time. (A) Mutual information connectivity matrices 
showing the network activity in chambers and tunnels (left column) and peristimulus time histograms of pre- 
and postsynaptic responses to electrical stimulations (right column) for control networks at 31, 35, 45 and 47 
DIV. (B) Connectivity matrices showing the network activity in chambers and tunnels (left column) and 
peristimulus time histograms of pre- and postsynaptic responses to electrical stimulations (right column) for 
perturbed networks at 31, 35, 45 and 47 DIV. The curves show an initial response in the presynaptic network, 
followed by a delayed response in the postsynaptic network (for control networks) and no postsynaptic response 
(for perturbed networks). The shaded area denotes the standard error of the mean.  
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4. Discussion  

Engineered neural networks in vitro self-organize into complex topologies and produce a complex 

profile of activity patterns ranging from individual spikes produced by single neurons to high frequency 

network bursts generated by neural assemblies (Chiappalone et al., 2006; van de Wijdeven et al., 

2018; Weir et al., 2023). The development of complex network activity can be attributed to the 

structural properties of the network, as function tends to co-evolve with structure (Kapucu et al., 

2017). Activity typically evolves with the maturity of neurons, and of excitatory and inhibitory 

synapses. As shown in Figure 2, our engineered neural networks expressed both the excitatory 

neuronal marker CaMKIIa, and the inhibitory neuronal marker GAD65/67 in conjunction with the 

neuronal marker MAP2 by 21 DIV, strongly indicating the capacity for excitatory – inhibitory synaptic 

transmission within the maturing networks. This was further verified through recordings of 

electrophysiological activity, which showed that in healthy conditions, networks developed highly 

dynamic and complex age-dependent firing activity and network bursts over time, in line with previous 

studies by us and others (Chiappalone et al., 2006; Chiappalone et al., 2007; Fiskum et al., 2021; van 

de Wijdeven et al., 2018; Weir et al., 2023).  

The structural organization of neural networks is a crucial determining factor for the emergence of 

complex network dynamics and information processing. In our engineered feedforward networks, we 

showed that neurites extended from the presynaptic nodes into the microtunnels towards the 

postsynaptic nodes, thus establishing structural connections. Furthermore, electrical stimulation at 26 

DIV confirmed that these networks were functionally interconnected, as evoked activity in the 

presynaptic node could propagate and elicit a response in the postsynaptic node (illustrated in Figure 

3), in line with previous findings (Fair et al., 2009; Ma et al., 2018; Winter-Hjelm N, 2023). These results 

confirm recapitulation of a feedforward network in vitro, where information flows in a unidirectional 

manner, propagating sequentially from input nodes to output nodes (Barzegaran et al., 2022; Markov 

et al., 2014). Such feedforward hierarchical organizations are found in many parts of the brain (Markov 

et al., 2014; Siegle et al., 2021), and facilitate fast, efficient information processing between pre- and 

postsynaptic neuronal assemblies. We also observed spontaneous feedforward burst propagation in 

control unperturbed networks occurring from 16 DIV to 43 DIV, and perturbed networks from 16 DIV 

to 41 DIV (Figure 10). The ability of the network to spontaneously transmit information between the 

nodes is an essential factor in determining its functional capacity since this enables the integration of 

signals that support coordinated, complex information processing (Fauth et al., 2019; Fukushima et 

al., 2018; Senden et al., 2018). As such, our results confirmed the intended structural and functional 

organization of engineered feedforward cortical networks, with the presynaptic node providing input 

to the postsynaptic node (Figure 3 and Figure 10). 
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These engineered feedforward networks also enabled us to selectively induce a perturbation, via AVV 

mediated expression of human mutated tau in the presynaptic node, and to monitor resulting effects 

within and between nodes.  By utilizing this approach, we can effectively recapitulate and monitor a 

pathological process at the micro- and mesoscale. Such a process not only induces structural and 

functional changes in the immediately affected node, but also disrupts both structure and function in 

the postsynaptic node (Kuhl, 2019; Valderhaug et al., 2021). These findings are highly relevant for 

advanced modelling of evolving pathological processes in neurodegenerative diseases, such as AD, 

where an association between the progression of tau pathology and altered transsynaptic activity has 

been demonstrated [36]. Such transsynaptic spread of tau pathology is attributed to the robust 

connection loops that exist between the putative origin points of tau pathology in the lateral 

entorhinal cortex layer II (Braak et al., 1991) and feedforward anatomical sites to hippocampal 

subregions (Liu et al., 2012; Stepan et al., 2015; Witter, 2007; Witter et al., 2017). This feedforward 

transsynaptic spread of hyperphosphorylated tau may contribute to structural impairments that 

disrupt the normal functioning of neural networks. In our study, by quantification of fluorescent 

signaling of tau202/205 and tau217 expression, we find prominent differences, i.e., increased tau217 in the 

cytosol of neurons in the perturbed networks compared to the control unperturbed ones, signifying 

detrimental effects of tau phosphorylation. Normal phosphorylation at tau202/205 sites is found in 

maturing brain and is associated with neural development [40], while tau217 phosphorylation is found 

to be associated with the normal development of postsynaptic sites (Rajbanshi et al., 2023). This 

means that some phosphorylation of tau at these sites is to be expected in control unperturbed 

networks as shown in Figure 6. Furthermore, studies have shown that the phosphorylation of tau at a 

single site does not preferentially induce neurotoxic effects (Steinhilb et al., 2007). It appears then 

that the neurotoxic effects of tau depend on a combined high phosphorylation pattern at multiple 

sites in axons and/or cytosol, which we have demonstrated in our perturbed networks (Figure 6). In 

addition, recent findings also reported a correlation between high tau217 expression and AD pathology 

progression (Rajbanshi et al., 2023) associated with synaptic decline. Therefore, our finding of 

increased expression of both tau202/205 and tau217 in the cytosol of neurons within the perturbed 

networks suggests that the introduction of human mutated tau, capable of inducing detrimental 

synaptic effects, has impacted both the structural and functional dynamics of these networks.  

This result is further supported by the differences found in the electrophysiological activity of 

perturbed networks compared to unperturbed controls. Initially, both unperturbed control and 

perturbed networks had diminished burst propagation between pre- and postsynaptic nodes over 

time, with very little propagation from 41 DIV in healthy controls, and no propagation after 43 DIV in 

the perturbed networks, as illustrated in Figure 10. The decreased level of spontaneous activity 
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propagation in healthy networks with age, i.e., DIV, is suggestive of local information processing within 

nodes, rather than internodal processing. This is further supported by the drastic increase in the total 

number of bursts detected within nodes of healthy controls (>1800 bursts/recording by 47 DIV), at 

the same time as the perturbed networks experienced a drastic decline in the total number of bursts 

within nodes (<10 bursts/recording by 47 DIV) as shown in Figure 10. The perturbed networks 

exhibited differences that can be attributed to increased tau hyperphosphorylation, which, when 

combined with feedforward propagation between the immediately affected node and the healthy 

node, precipitated the spread of perturbation effects, leading to disruption in normal synaptic activity 

across the entire network.   

Other studies have found that severity of neuronal loss and atrophy of cortical structures as a result 

of tau pathology tend to positively correlate with the severity of functional network decline (Adamec 

et al., 2002; Rascovsky et al., 2005), thus highlighting the complex interrelationship between network 

structure and function in pathology. The present study revealed such dynamic structural and 

functional changes in perturbed networks, attributable to the induced expression of human mutated 

tau at 28 DIV. Between 32 DIV and 52 DIV, we observed progressive neurite retraction from the entry 

zone near the microtunnels in the presynaptic nodes in the perturbed networks. We also noticed that 

retraction from the exit zone near the postsynaptic nodes also occurred within weeks of presynaptic 

retraction as shown in Figure 7A. This was not observed in the unperturbed control networks, which 

maintained a dense neurite network in the zones near the microtunnels in both nodes as seen in 

Figure 7B. The significance of these changes in perturbed networks lies in their potential to adversely 

affect the network’s ability to transmit and integrate information. Prolonged expression of mutant 

P301L tau exacerbates axonal destabilization (Biswas et al., 2018; Qiang et al., 2018) and impairment 

of presynaptic terminals (Hunsberger et al., 2021). Furthermore, both maintenance of presynaptic 

integrity and synaptic plasticity depend on active anterograde and retrograde axonal transport 

systems (Cai et al., 2011), thus impairment of tau in axons can affect such processes (Lacovich et al., 

2017) and severely disrupt synaptic functions between pre- and postsynaptic nodes in perturbed 

networks. Furthermore, the observed subsequent neurite retraction in the postsynaptic node of the 

perturbed networks (shown in Figure 7A), suggested that the loss of presynaptic input triggered 

reorganization within postsynaptic nodes. These observations thus indicated a dynamic process of 

structural and functional reconfiguration across the entire feedforward network in response to 

presynaptic node perturbation. 

The prominent structural changes observed following induced perturbation occurred concomitantly 

with changes in the electrophysiological profile of the perturbed networks between 28 DIV and 47 

DIV. Prior to perturbation and between 16 DIV and 28 DIV, all networks in our study exhibited similar 
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trends in activity patterns such as firing and burst rate (Figure 8), burst duration and synchrony (Figure 

9) and burst propagation (Figure 10). In healthy conditions, gradually increasing firing and burst 

patterns are crucial for the establishment and maintenance of functional synapses, and the 

elaboration of the network topology into hierarchical processing. Bursts also contribute to the 

formation and refinement of neural circuits especially during early network formation (between 9 and 

21 DIV) [49], where they facilitate the integration of immature neurons into the maturing network. It 

is therefore expected that all healthy networks would inherently follow this developmental trend of 

increasing firing and burst rates prior to perturbation. Following the induced expression of human 

mutated tau, perturbed networks exhibited a steady decline in both firing rate and burst rate in 

comparison to control unperturbed networks, which continued to display a steady increase over time 

(Figure 8). Furthermore, these differences in firing rate following perturbation were found to be 

significant between control unperturbed and perturbed networks in both pre- and postsynaptic 

nodes. This suggested that perturbed networks became less electrophysiologically active as they 

underwent structural reorganization, including neurite retraction. The observed decrease in firing and 

bursting activity also aligned with in vivo findings showing that neurons in a mouse model with the 

Tau-P301 mutation gradually became more hypoactive (Busche et al., 2019). However, Busche et al., 

(Busche, 2019) also suggested that the disruption in network activity occurred before any prominent 

structural tau abnormalities were observed in vivo. We have shown however, that the decline in 

general network activity correlated strongly with the progressive loss of synaptic connectivity and pre-

and postsynaptic neurite reorganization. These changes are highly challenging to detect and correlate 

in vivo.   

Another interesting result in our study was the significant increase in network burst size and 

synchrony, as measured by the coherence index, observed in the perturbed networks between 28 DIV 

and 47 DIV (Figure 9 E and F). Network bursts, which are coordinated patterns of neuronal activity 

exhibited by multiple interconnected neurons within the network, are ubiquitous for normal network 

function (Weir et al., 2023). Coordinated neuronal activity also leads to network synchrony (Salinas et 

al., 2001), and is thus important for information processing, coding, and synaptic integration of 

distributed signals (Gansel, 2022). Synchrony may also promote activity-dependent establishment of 

synaptic connections via spike-timing dependent plasticity (STDP) (Anisimova et al., 2022) to support 

network function. In a recent study by our group, we found that networks that were perturbed by 

selective silencing of excitatory synaptic transmission also demonstrated increased synchrony during 

network recovery (Weir et al., 2023). Such behavior may thus be crucial for the network’s ability to 

restore its functional and structural organization within specific time windows after a perturbation.  
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On the other hand, increased synchrony may also have adverse effects, such as facilitating the spread 

of perturbations through axons and synapses to affect the entire interconnected network (Uhlhaas et 

al., 2006), as has been found in AD pathology (Liu et al., 2012; Wang et al., 2017). Furthermore, 

excessive network bursts and synchrony have been implicated in various neurological disorders, 

including epilepsy, where they signify a disruption in normal network physiology i.e., impaired 

excitatory-inhibitory dynamics (Kudela et al., 2003; Wu et al., 2015). Therefore, while a degree of 

network synchrony is necessary for normal functioning, too much can be problematic. This raises a 

crucial question regarding whether the observed synchrony in the perturbed networks in our study 

may represent an adaptive or maladaptive network response to induced perturbation.  

Interestingly, synchrony increased concurrently with neurite retraction at 32 DIV, and while firing and 

burst rate declined. We found that, following perturbation, networks began exhibiting fewer, yet 

larger synchronized bursts, which can be interpreted as a homeostatic compensatory response to 

maintain network activity as the overall firing and burst rates declined. In response to low network 

activity levels, homeostatic scaling, which occurs gradually and over several hours to days, can 

increase overall input to counteract hypoactivity (Chowdhury et al., 2018; Turrigiano, 2008). This may 

explain the observation of increasing synchrony between 31 DIV and 47 DIV (Figure 9 E and F). 

However, increased synchrony could also signify pathophysiological changes in the underlying 

network since it occurred concomitant with the evolution of induced pathology. In vivo, induced 

perturbation caused by hyperphosphorylated tau can disrupt the structural and functional integrity of 

the affected network, and subsequently result in increased inflammation leading to apoptotic or 

necrotic cell death (Dong et al., 2022; Thal et al., 2022). Furthermore, it has been suggested that the 

presence of diverse connections and pathways within a neural network can provide alternative routes 

for information flow to reduce the reliance on a single synchronized pathway (Kirst et al., 2016), thus 

acting as a gatekeeping mechanism to prevent excessive synchrony and enhancing overall network 

robustness. In our study, as induced perturbation led to progressive structural and functional 

disruption in the network, it is likely that information flow within the network might have been 

hindered, as there were insufficient alternative routes to effectively distribute activity, ultimately 

leading to excessive synchrony. This is further supported by observations in control unperturbed 

during the same time frame between 31 DIV and 47 DIV. During this time, control networks exhibited 

significantly higher mean firing and burst rates (Figure 8) and comparatively more bursts within nodes 

(Figure 10), without showing excessive synchrony. These networks also maintained the dense neurite 

architectures between the nodes. This effectively suggests that the unperturbed control networks 

possessed the ability to maintain their activity within a dynamic range to prevent excessive network 

wide activation, an ability which the perturbed networks appeared to gradually lose. Based on these 
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findings, increased network synchrony after induced perturbation might be associated with the 

deterioration of overall network function in response to the perturbation, rather than serving as an 

adaptive purpose.   

Lastly, to further investigate whether perturbation affected structural and functional connectivity 

between the nodes, we applied periodic electrical stimulation to one electrode within the presynaptic 

node and assessed the postsynaptic response. We found that although control unperturbed exhibited 

a consistent presynaptic spike response to electrical stimulation, there was a gradual decline in the 

postsynaptic response over time as illustrated in Figure 11A. This could be due to activity dependent 

long-term synaptic changes in the vicinity of the stimulating electrode, such as a reduction in synapse 

number or downscaling of synaptic receptors on neurons, as previously reported (Collingridge et al., 

2010). Such activity dependent structural changes would likely reduce the amplitude of the 

presynaptic response, thus reducing the strength of the propagating signal (as shown in Figure 11A). 

For perturbed networks, we found that there was no response to presynaptic stimulation in the 

postsynaptic node by 31 DIV (Figure 11B). This outcome was anticipated as we had already observed 

extensive neurite retraction in the presynaptic node by the specific time point, indicating the 

severance of connectivity between nodes. No response to stimulation was observed in the presynaptic 

node at 45 DIV and 47 DIV, which may be due to possible progressive neuron loss in the network, or 

structural reorganization of any remaining neurons to areas outside the vicinity of the stimulating 

electrode. Nevertheless, the differences in response to electrical stimulation between perturbed and 

control unperturbed networks may reflect the functional capacity of each network, although 

determination of whether these differences were indeed related to the networks´ functional capacity 

was beyond the scope of this study.  

5. Conclusions and future directions  

Using engineered two-nodal feedforward neural networks with controllable afferent-efferent 

connections, we longitudinally monitored and assessed dynamic structural and functional behaviors 

in healthy conditions and in response to induced perturbation via expression of human mutated tau. 

We found that prior to perturbation, both control unperturbed and perturbed networks followed a 

similar developmental trajectory consistent with relevant literature. The effects of the induced 

perturbation were evident within one week, with perturbed networks exhibiting significant decreases 

in firing rate, burst rate and total number of bursts in comparison to the relevant increases observed 

in control unperturbed networks. These changes align with reported adverse effects of tau 

hyperphosphorylation. Furthermore, over time, while healthy controls showed a steady decline in 

burst size and synchrony, perturbed networks showed significant increases in both, suggesting that all 

the activity was contained within a few, large, synchronized network bursts. Increasing synchrony, 
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coupled to neurite retraction and the overall decline in firing and burst rates also suggested that the 

observed synchrony may be a maladaptive, rather than an adaptive, response. Importantly, the 

relevant changes seen in the perturbed networks were not observed in healthy controls, suggesting 

that the changes were attributable to the induced perturbation, rather than physiological endogenous 

tau expression. Taken together, these findings provide significant new insights into dynamic structural 

and functional reconfigurations at the micro- and mesoscale in engineered feedforward neural 

networks as a result of evolving tau-associated pathology.   
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