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Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease known today, has no cure 

available, and accounts for 60-80% of all dementia cases with numbers increasing worldwide. 

Impaired memory retrieval is attributed to the main symptoms of early AD: amyloid-beta (Aβ) 

plaques and hyperphosphorylated neurofibrillary tau tangles (NFTs), which may be the result or the 

cause of neuroinflammation in the brain. In our study we investigated the effect of stimulating the 

neuroprotective properties of receptor 2 (TNFR2) from the proinflammatory cytokine tumour 

necrosis alpha (TNF-α) secreted by activated microglia, by injecting the TNFR2 agonist STAR2 in a 

TNFR2-specific AD J20 mouse model. As rescuing impaired memory retrieval is also an important aim 

in treating AD, we examined the effect of EPAC2 activation (a protein associated with memory 

retrieval) through injections of our cAMP analogue, S220, into chronic and acute AD mouse models. 

Behavioural and immunohistochemical analyses were performed on the different AD mouse models 

to score effect of treatment on cognitive performance and AD pathology. Results showed reduced 

escape latency in Morris water maze tests for both STAR2- and S220-treated (not significant) mice 

compared to their control group, indicating improved memory and learning upon treatment with 

either compound in behavioural tests. Immunohistochemical stainings showed significantly reduced 

Aβ plaque levels in hippocampus and cortex regions with STAR2 treatment. Our findings show that 

TNFR2 activation alleviated AD neuropathology, while activation of TNFR2 and EPAC2 improve 

memory and learning in AD mouse models. Future research is necessary in order to provide more 

significant results for EPAC2 activation, whereas current results of TNFR2 stimulation are 

significantly promising. 

Introduction 

Issue 
Alzheimer’s disease (AD) is the most well-

known, well-studied and prevalent type of 

neurodegenerative disease (NDD) today (list of 

abbreviations in Appendix 1: List of 

abbreviations). This age-related disease is 

primarily known for its main symptom: 

dementia, of which AD accounts for 60-80% of 

all cases1–3. The process of memory formation 

located in the hippocampus, where the 

memory is first acquired, then consolidated 

and finally retrieved, is no longer working 

(optimally) in patients with dementia4. 

Memory retrieval is the action when a 

conditioned stimulus leads to the accession 

and expression of a memory trace5. With an 

increasing number of patients running into the 

millions worldwide, the disease has yet to be 

cured1. Current AD treatments can alleviate 

symptoms, but fail to provide a cure as its 

neuropathology is still not fully understood6–8. 

However, most of ADs pathological hallmarks 

are known and occur prior or simultaneous to 

the onset of memory deficits (Figure 1)9. The 

hallmarks, mainly being elevated glial cell 

levels, intracellular deposition of 
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hyperphosphorylated (neurofibrillary) tau 

tangles (NFT), and extracellular deposition of 

amyloid beta (Aβ) plaques in neurons, result in 

neuronal death in the hippocampus and are 

linked to memory deficits1,10,11. However, the 

correct order of occurrence of these hallmarks 

is still being debated12. NFTs are aggregates of 

tau, which is a microtubule-associated protein 

that maintains the structure of microtubules 

inside neurons, of which primarily axons. 

Microtubules are important in many vital 

cellular processes such as cell division, neurite 

differentiation and growth, as well as general 

neuronal activity. However, destabilized 

microtubules caused by tau aggregates, e.g. 

due to tau hyperphosphorylation, are linked to 

neurodegenerative diseases named 

tauopathies, among them is AD13–15. Aβ 

plaques are aggregates of said protein’s 

oligomers16–18. Aβ is important for cognition, 

and necessary for synaptic plasticity and 

memory19,20. It is presumed to also play a role 

in tissue repair in the blood-brain barrier (BBB) 

and has functions in the immune system20,21. 

The Aβ protein is a product of cleavage of the 

amyloid precursor protein (APP) which can be 

cut in two different ways: via the non-

amyloidogenic and the amyloidogenic pathway 

(Figure 2). In the non- amyloidogenic pathway, 

APP is cut by both γ-secretase and α-secretase, 

which leads to a variety of products, not 

associated to AD. The amyloidogenic pathway, 

however, is distinct for APP being cut by γ-

secretase and β-secretase, resulting in the Aβ 

protein i.a.22. Both secretases can cleave Aβ on 

two different sites leading to a variety of 

possible Aβ types. However, the Aβ40 and Aβ42 

variant of Aβ are most abundant in its plaques. 

Aβ42 is considered the more insoluble form of 

Aβ, aggregates more easily, and in so doing 

aggravates the disease more strongly23.  

Regardless of the true chronology of AD onset, 

its pathology leads to increasing cognitive 

impairment, starting from mild forgetfulness in 

the early AD stage, to the moderate, middle 

stage where patients suffer from more typical 

AD symptoms such as the inability to learn new 

things, personality changes and restlessness, to 

the late, severe stage where the disease 

eventually leads to patients losing many 

physical abilities, and require full-time 

care1,6,24. Though many theories on the 

aetiology of AD are present25, the amyloid 

cascade hypothesis26 and, to a lesser extent, 

Figure 1 Onset and development of Alzheimer’s disease’s hallmarks, throughout the disease’s progression. “Synaptic/neuronal 
function and density” resembles the ‘quality of cognition’; “Microglia and Astrocyte Activation” indicates for glial cell 
activation; NFT = neurofibrillary tangle; CDR = clinical dementia rating (0: normal cognition, 0.5, 1, 2, and 3:  questionable, 
mild, moderate, and severe dementia, respectively9. Source figure:  9.  
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the microglial dysfunction theory27 are among 

the main approaches of many studies. The 

proposed chronology of AD hallmarks in these 

opposing theories are presented in Figure 3. In 

short, the microglial dysfunction theory states 

that the onset of AD is initially caused by aging 

which over time impairs microglial functions, 

leading to the degeneration of unsupported 

neurons, and hence the symptoms witnessed 

in AD27. The amyloid cascade hypothesis 

introduces the concept of incorrect cut Aβ 

protein, resulting in Aβ monomers aggregating 

into oligomers, which eventually leads to Aβ 

plaques that induce neuroinflammation. These 

plaques, as well as tau tangles, eventually 

cause neuron loss and lead in that way up to 

AD27,28.  

Although it remains unclear which theory is 

correct, the individual hallmarks (Figure 3) are 

in themselves good focus points for research 

and potential treatment for AD, as many 

studies have linked them to its pathogenesis. 

For example, neuroinflammation is a common 

hallmark witnessed in multiple other 

neurodegenerative diseases apart from AD, 

such as Parkinson’s disease (PD) and 

amyotrophic lateral sclerosis (ALS)29. To better 

Figure 2 The amyloid precursor protein (APP) can undergo the non-amyloidogenic or the amyloidogenic pathway when cleaved 
by secretases. Α- or β-secretase cuts first in the non-amyloidogenic pathway or amyloidogenic pathway, respectively. Γ-
secretase cuts APP second in both pathways. Both β- and γ-secretase can cleave APP on two different sites, with the two most 
abundant types of Aβ in plaques being Aβ40 and Aβ42

23. sAPP = soluble amino terminal ectodomain of APP; p3 = a short 
(protein) fragment; AICD = amyloid, or APP, intracellular domain; Aβ = amyloid beta, or beta-amyloid. Source figure: own 
figure. 

Figure 3 Amyloid cascade hypothesis and Microglial disfunction theory in relation to the onset of dementia, a symptoms 
witnessed in Alzheimer’s disease. Aβ = amyloid beta. Source figure: 27.  
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understand the potential of intervening in the 

neuroinflammatory system, we need to look at 

its pathways. One cytokine involved in both 

inflammatory and neuroprotective responses 

is tumour necrosis factor alpha (TNF-α)11,30. 

Therefore, this master cytokine is the focus of 

part of this study.  

Neuroinflammation and tumour 

necrosis factor-alpha  
Together with chemokines and interleukins (IL-

1β, IL-16, IL-18), TNF-α is excreted by activated 

microglia to activate other cells in order to deal 

with an immunological threat29. Various stimuli 

can trigger such an immunological response, 

such as pathogen- and damage-associated 

molecular patterns (PAMPs and DAMPs, 

respectively). Aβ is considered a (secondary) 

DAMP and is in so doing linked to TNF-α31, by 

being able to trigger the release of this 

cytokine32. However, TNF-α induces Aβ 

production to begin with, turning these steps 

into a vicious circle that is hard to break32. As 

TNF-α activates microglia, overproduction of 

TNF-α can chronically activate the microglia 

due to this vicious circle. When AD progresses, 

proinflammatory cytokines, among them TNF-

α, downregulate genes involved in the 

clearance of Aβ aggregates (e.g. the Aβ-

degrading enzymes insulysin, and neprilysin, 

and Aβ scavenger receptor A) by microglia, 

making these cells dysfunctional and seemingly 

unable to clear the Aβ deposits in the presence 

of these inflammatory cytokines33–35. 

Therefore, we take a closer look at TNF-α for its 

potential in reducing Aβ production and Aβ 

related symptoms.  

TNF-α is a type 2 transmembrane protein of 26 

kDa that forms a stable homo-trimeric protein 

(tmTNF) that binds to both TNF receptor (TNFR) 

1 and TNFR2. TmTNF can be cleaved by the 

TNF-α converting enzyme (TACE/ADAM17) to 

form the 17 kDa form of TNF which, in its 

homo-trimeric form of 51 kDa is known as the 

soluble form of TNF-α (solTNF) and binds 

mostly TNFR1 (Figure 4)36. TNF-α plays an 

important role in a variety of pathways, and has 

a pleiotropic function through TNFR1 and 

TNFR2, where it signals for neurodegeneration 

and inflammation, and neuroprotection, 

respectively11.  

TNF receptor 1 
Binding of either solTNF (favoured) or tmTNF to 

TNFR1 leads to the activation of TNFR1’s death 

domain (DD) which in turn interacts with TNF 

receptor 1 associated death domain (TRADD) 

protein (Figure 4). TRADD activates the 

assembly of proteins forming the TNFR1 

signalling complex 1, which in turn can activate 

a variety of pathways. Among them the nuclear 

factor kappa-light-chain-enhancer of activated 

Figure 4 Tumour necrosis factor-alpha 
(TNF-α) is a pleiotropic, 
proinflammatory cytokine with two 
receptors (TNFR) where it activates 
pathways stimulating either 
neurodegeneration and inflammation 
(TNFR1) or neuroprotection (TNFR2). 
Transmembrane TNF-α (tm- TNF-α) 
binds mostly to TNFR2, and can be 
cleaved by TNF-α converting enzyme 
(TACE) into soluble TNF-α which binds 
mostly TNFR1. DD = death domain; 
TRADD = TNF receptor 1 associated 
death domain; FADD = Fas-associated 
protein with death domain; NF-κB = 
nuclear factor kappa-light-chain-
enhancer of activated B cells; TRAF = 
TNF receptor-associated factor; PI3K 
= phosphatidyl inositol 3-kinase; NIK = 
NF-κB inducing kinase; Akt = protein 
kinase B; IKK = IκBα kinase. Source 
figure: 96 
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B cells (NFκB) pathway, which can induce 

transcription of proinflammatory genes (e.g. 

for TNF-α, IL-6, and IL-8). This could in turn lead 

to a vicious circle of TNF-α activation, resulting 

in enhanced (neuro)inflammation. Apart from 

neuroinflammation, TNFR1 also causes 

apoptosis through formation of the pro-

apoptotic signalling complex 2, which in turn 

induces apoptosis by the formation of the 

death-inducing signalling complex (DISC)11,36,37.  

TNF receptor 2 
Though still not much is known about TNFR2, it 

is known that where activation of TNFR1 leads 

to cell death and inflammation, binding of 

(mostly) tmTNF to TNFR2 stimulates pathways 

that mediate mostly neuroprotection (Figure 

4). Despite TNFR2 not having a DD and can 

therefore not directly induce cell death, it can 

activate the NFκB pathway indirectly through 

TNF receptor-associated factor (TRAF) 2 and 

induce neurodegeneration via that route, 

however this is an uncommon 

phenomenon11,36.  

TNFR2 agonist STAR2 
As TNFR1 is expressed on virtually every 

different cell type in the body, TNFR2 is mostly 

confined to immune cells and endothelial 

cells11. Therefore, stimulating TNFR2 signalling 

in inflamed areas, such as the CNS in AD, might 

lead to cell survival and thus the rescue of 

neurons. Previous research showed the use of 

selective mouse TNF-based agonist of TNF 

receptor 2 (STAR2; Figure 5) in a study of graft-

versus-host disease (GvHD), where regulatory 

T cells were expanded to protect patients from 

acute GvHD onset38. However, the use of 

STAR2 in AD pathology has yet to be examined 

elaborately, and brings about the potential of 

specific TNFR2 activation as a target for AD 

therapy39. The GvHD study showed STAR2 to be 

Figure 5 Assembly of selective TNF-based agonist of TNF receptor 2 (STAR2). Three linker-connected mTNF(221N/223R) 
promoters were adhered to the trimerization chicken tenascin-C (TNC)-domain, making three covalently linked TNF trimers 
that form the STAR2 molecule. F = Flag tag; L = linker; TACE = TNF-α converting enzyme; TM = transmembrane domain. 
Source figure: 38 
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specific for TNFR238, rendering follow-up 

studies on its specificity as futile, and freeing 

the way to further research on its functionality 

in neurodegenerative diseases.  

Ortí-Casañ et al. examined the effect of STAR2 

on TNFR2 stimulation in an AD mouse model, 

where data showed reduced Aβ plaques and 

improvements in cognition (unpublished data). 

Our current study was partially a follow-up on 

this research and focused on the effect of 

STAR2 on neuroinflammation in the 

hippocampus compared to control group with 

phosphate-buffered saline (PBS) 

administration, as well as STAR2’s effect on 

differences in memory through assessment of 

behavioural tests’ results. Experiments testing 

STAR2’s effectiveness have been performed on 

the same mouse species used in Ortí-Casañ et 

al.’s previous work, namely, J20 mice crossbred 

with human TNFR2 knock-in mice (kihuTNFR2). 

This kihuTNFR2 x J20 mouse model allows the 

pathology of AD to be displayed through the 

J20 part of the crossbreed by Aβ plaque 

formation (mainly in the hippocampus, but also 

in the neocortex)40, synaptic loss, and cognitive 

impairment41, and introduces the human 

TNFR2 receptor in this model through the 

kihuTNFR2 mice. In this study, only male mice 

have been used, in order to reduce the amount 

Figure 6 The cAMP/PKA pathway. Upon activation of a GPCR, downstream activation occurs via AC, which in turn activates 
cAMP. cAMP can activate both PKA and EPAC. GPCR: G-protein coupled receptor; AC: adenylyl cyclase; cAMP: cyclic adenosine 
monophosphate; PKA: protein kinase A; CREB: cAMP-response element-binding protein; NFκB: nuclear factor kappa B; EPAC: 
exchange protein directly activated by cAMP. For additional abbreviations, see source of the figure: 44.  
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of animals required and to eliminate influences 

of gender on study outcome. Memory was 

tested through behavioural experiments on a 

group of mice treated with the STAR2 

compound and the control group, through the 

Morris water maze (MWM), elevated plus 

maze (EPM) and Y-maze experiments 

specifically to test spatial memory and 

learning, anxiety levels, and working memory, 

respectively. After behavioural experiments, 

mice were sacrificed and brain sections were 

used for investigating different aspects of AD 

neuropathology.  

Memory (loss) and exchange protein 

activated by cyclic AMP (EPAC) 
As mentioned earlier, TNF-α plays an important 

role in a variety of cascades. However, 

upstream of TNF-α is adenosine 3',5'-cyclic 

monophosphate, cyclic AMP, or simply cAMP, 

which is a secondary messenger molecule that 

plays a vital role in many pathways. cAMP is 

downstream of G-protein coupled receptors 

(GPCRs) and adenylyl cyclase (AC)42, and can 

activate three main effectors, being cyclic-

nucleotide-gated ion channels, protein kinase 

A (PKA) and exchange protein activated by 

cAMP (EPAC)43,44 (Figure 6). PKA 

phosphorylates numerous metabolic enzymes, 

such as cAMP-response element-binding 

protein (CREB)45, and is also involved in the 

NFκB pathway, which links back to TNF-α and 

its receptors46. EPAC is a less-studied protein 

that has two major isoforms, EPAC1 and 

EPAC2, encoded by the genes Rapgef3 and 

Rapgef4, respectively47. EPAC proteins are 

guanine nucleotide exchange factors (GEFs) for 

Ras-like small GTPases, and are directly 

activated by cAMP (Figure 6), hence, synonyms 

for EPAC1 and EPAC2 are cAMP-GEF-1 and 

cAMP-GEF-2, respectively48. EPAC2 is a GEF for 

Rap1 and Rap2, which are Ras-like proteins. 

Rap1 and Rap2 are strictly regulated by GEFs 

and GTPase-activating proteins (GAPs), which 

they also should, as Rap functions are vital and 

therefore also more easily prone to 

detrimental consequences when not tightly 

regulated. Rap functions constitute of actin 

cytoskeleton-related regulation such as cell 

adhesion via integrin receptors, and specific 

cell junction formation44,47, but also 

proliferation, apoptosis, exocytosis, migration, 

and carcinogenesis49. Rap1 can also trigger the 

extracellular-signal-regulated kinase (ERK) 

pathway50.  

Regarding the expression of the proteins, 

EPAC1 is mainly expressed ubiquitously in the 

body with low levels in the brain. Even though 

in a study with rats from Kawasaki et al. in 1998 

EPAC1 was not expressed highly in adult brains, 

it was more prominent in neonatal brain areas, 

especially the septum and thalamus51,52. In 

contrast to EPAC1, EPAC2 is expressed 

primarily in the brain of both mature and 

neonatal rats, and in (neuro)endocrine tissues. 

In the brain EPAC2 plays a role in memory, 

learning, neurotransmitter release, neurite 

growth, neuronal differentiation, and in a few 

NDDs, among them AD47,53. Elevated 

messenger ribonucleic acid (mRNA) levels of 

EPAC2 found in the brain areas in this study 

were measured in the hippocampus (mostly in 

CA3 and the dentate gyrus), the cerebral 

cortex, the habenula, and the cerebellum51. 

Some studies have found the functions of both 

EPAC1 and EPAC2 to be opposing in other parts 

of the body than the brain, but also reported 

up-, and down-regulation of EPAC1 and EPAC2 

mRNA levels in AD human brains, 

respectively43. Ostroveanu et al. investigated 

the effect of the EPAC activator 8-pCPT in mice, 

and found 8-pCPT to improve memory 

retrieval, but not memory acquisition nor 

memory consolidation54. Through this 

important function memory retrieval, 

henceforth, the focus of this second part of our 

study will be on EPAC2 and its relation to 

memory in AD pathology.  

Memory retrieval and the AMPA receptor 
As mentioned earlier, memory formation 

consists of three stages, them being 

acquisition, consolidation, and retrieval, the 

latter being impaired in AD4. When taking a 

look at the biological processes involved in 

memory, the α-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionic acid receptor (AMPAR)55,56, 

an ionotropic glutamate receptor57, is found to 

play an important role55,56. AMPAR blockage 

through the CNQX antagonist impaired 

memory retrieval in a study with rats56, 

showing its necessity in memory retrieval 

function. AMPARs are often heteromeric 

tetramer receptors consisting of different 

subunit combinations, with the subunits being 

GluA1 to GluA455, though homomers have also 

been found58. The most common heteromer 

combinations for synaptic AMPARs are 

GluA1/2 and GluA2/3, accounting for 80% and 

20% respectively in the CA1 region of the 

hippocampus59. AMPARs containing a GluA2 

subunit show calcium impermeability (calcium 

impermeable AMPARs; CI-AMPARs), whereas 

AMPARs lacking this subunit show the opposite 

effect (calcium permeable AMPARS; CP-

AMPARs) and play a unique role in synaptic 

activity60. Though, (CI-)AMPARs do aid 

indirectly in Ca2+ influx. Namely, when 

stimulated through binding of the 

neurotransmitter glutamate, AMPARs rapidly 

open up their channels which allows the influx 

of Na+ 60. The sodium influx in turn causes 

depolarization in the neuron60, which 

temporarily forces the Mg2+-ion from its 

blocking position inside the channel of N-

methyl-D-aspartate receptors (NMDARs), until 

the cell is repolarized again61. NDMARs are 

receptors important in neurotransmission62 

through providing Ca2+ current exchange and 

can only be efficient when its Mg2+-ion is 

removed61. Hence, AMPARs and NMDARs work 

together to allow Ca2+ current to flow through 

the cell membrane to inside the cell in the 

postsynaptic terminal. This short influx is 

important in signal transduction as it 

stimulates downstream cascades, showing the 

NDMAR to be involved in synaptic 

transmission, plasticity, memory, and 

cognition62,63.  

Calcium influx through NMDARs also activates 

CREB and calmodulin-dependent kinase 

(CaMK) through phosphorylation, stimulates 

downstream gene transcription necessary for 

long-term potentiation (LTP), and regulates 

long-term depression (LTD)62 (Figure 7). LTP is 

the strengthening process of synaptic 

transmission through activity-dependent 

plasticity57. It is also input-specific, lasts long57, 

and is considered to be the molecular basis of 

neural plasticity and memory formation62. LTP 

expression is enhanced when an increase in 

AMPARs occurs. A decrease in the trafficking of 

AMPARs to the postsynaptic membrane is 

related to increased LTD expression57. Hence, 

through a loss of AMPARs at postsynaptic sites, 

LTD shows opposing effects of LTP. A study by 

Wong et al. showed LTD to impair memory 

retrieval due to acute stress64, confirming LTP 

opposing effect. LTD of synaptic transmission 

has been found to be involved in AD memory 

impairment65. Prieto et al. found supporting 

evidence that AD-diseased synapses are 

intrinsically defective in LTP66, implying for a 

likely need in arresting this defect and 

stimulating LTP in affected synapses in AD 

pathology.  

LTP induction by NMDAR leads to recruitment 

of additional GluA1-containing AMPARs and 

possibly GluA2-containing AMPARs as well67. 

Trafficking of AMPARs is associated with LTP 

and LTD (Figure 7)57. After memory acquisition 

and consolidation, the abundance of GluA1/2 

AMPARs are internalized, and replaced by 

GluA2/3 AMPARs, to enable and enhance 

memory retrieval68. Hence, in AD pathology Aβ 

inhibits NMDARs and presumably induces 

AMPAR downregulation, internalization and 

ubiquitination, which in turn restricts the 

receptors to execute their signal transduction 

function via limiting Ca2+ influx, and in so doing 

restrains memory and learning functions61,69. 

This makes stimulation of the GluA2/3 AMPAR, 

which has been linked to induce memory 

retrieval, a proper target to counter the loss of 

function in memory retrieval in AD70. EPAC2 

also functions in long-term potentiation (LTP)71 

through interaction with glutamate receptor 

(GluA) 350, making our investigated cAMP 

analogue and EPAC2 activator Sp-8-BnT-cAMPS 

(S220) a promising compound for treatment. 
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S220’s structure name is 8- 

benzylthioadenosine- 3', 5'- cyclic 

monophosphorothioate. It has a half maximal 

effective concentration (EC50) score of 0.1μM, 

which is 18-fold higher than that for cAMP 

(1.8µM) for EPAC272. S220 is hypothesized to 

improve memory retrieval, but not memory 

acquisition nor consolidation, through EPAC2 

activating GluA2/3 AMPARs, which in turn will 

activate NMDARs and induce Ca2+-dependent 

memory and learning signalling cascades to 

occur.  

Aim 
In summary, this study consists of two aims 

regarding first, TNFR2 and its STAR2 agonist, 

and second, EPAC2 with its activator S220. The 

first part of the study focuses on answering the 

research question: “What is the effect of TNFR2 

agonist STAR2 on AD pathology in a humanized 

J20 mouse model?”, where we hypothesize 

STAR2 to reduce AD pathology and improve 

memory and learning behaviour by stimulating 

neuroprotective properties through activating 

Figure 7 Long-term potentiation (LTP) and long-term depression (LTD) are activated through NMDAR activation (A).A concise 
summary from the figure source is given: B) Influx of calcium cations causes activation of downstream targets. C) LTP and LTD 
are expressed though phosphorylation and dephosphorylation of AMPARs, respectively. D) AMPAR trafficking influences LTP 
and LTD expression through increasing or decreasing its amount of receptors, respectively. E) NO and ECs can act as retrograde 
messengers signalling to the presynaptic cell that coincidence has occurred. F) Another form of LTD is dependent on group 1 
mGluRs. G) BDNF contributes in different ways to both short- and long-term plasticity. H) Synthesis of new proteins is needed 
when LTP or LTD lasts for more than a few hours. Novel gene expression through the nucleus involves the cAMP-dependent 
pathway, of which PKA directly acts on the AMPA receptor in LTP expression. PKA  activates a signalling cascade that leads to 
the expression of new transcripts which after translation contribute to the long-term expression of synaptic plasticity. I) The 
MAPK pathway is strongly implicated in mGluR-dependent LTD. Using this pathway, proteins are synthesized locally. J) The 
kinase PKMζ maintains AMPARs inserted via LTP and aids in memory retention. PKMζ inhibition can erase LTP and gained 
memory days after induction. K) In synaptic plasticity, BDNF can alter the synapse structure to enforce long-term changes in 
synaptic strength. NO: nitric oxide; ECs: endocannabinoids; mGluR: metabotropic glutamate receptors; BDNF: brain-derived 
neurotrophic factor; MAPK: Mitogen-activated protein kinase; PKMζ: protein kinase M zeta. For more detailed description, 
see source of the figure: 57.  
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TNFR2, without interfering with TNFR1 

signalling.  

The second part of our study aims to answer 

the question: “What is the effect of S220, a 

cAMP analogue, on improving impaired 

memory retrieval by EPAC2 activation in acute 

and chronic AD mouse models?”. Here we 

hypothesize the S220 compound to show 

improved memory retrieval in both a chronic 

and acute mouse model, on basis of the 

behavioural experiments Morris water maze 

(MWM) and contextual fear conditioning (CFC), 

compared to a PBS control group. Our chronic 

AD mouse model means to evaluate the long-

term effect of the S220 compound on AD 

pathology, and the acute AD mouse model is 

used to study the different memory stages 

(acquisition, consolidation, and retrieval) to 

map the memory mechanism.  

Materials and methods 

Animal models, caretaking, and 

behavioural test preparation 
For the STAR2/TNFR2 study, C57BL/6J wild-

type mice had the extracellular part of human 

TNFR2 knocked-in (kihuTNFR2), where it was 

fused to the transmembrane and intracellular 

part of mouse TNFR39. This homozygous 

kihuTNFR2 strain was crossbred with 

transgenic hemizygous J20 B type mice to 

create a homozygous kihuTNFR2 x hemizygous 

J20 mouse model, of which only male mice 

were used. Transgenic J20 B, or simply J20 mice 

have two mutations (Indiana and Swedish) 

causing APP production in the mouse brain, 

providing the AD pathogenesis in these mice41. 

J20 mice were used for the chronic model in 

the S220/EPAC2 study, and C57BL/6J mice for 

the acute mouse model. Apart from C57BL/6J 

mice, in heterozygous offspring were used and 

confirmed by genotyping (not discussed). Also, 

only male mice were used and housed alone or 

with up to 5 mice in one cage, depending on 

the amount of offspring in the same litter 

meeting our requirements. Food (standard 

chow) and water was given ad libitum 

throughout the experiments and water was 

refreshed every week. Cages were cleaned 

once every one to two weeks. Cages were 

provided with floor-covering and nesting 

material. Enrichment consisted of 1-2 

cardboard rolls. Day/night cycle was 12h/12h 

with change at 07:00h and 19:00h. Room 

checks were performed daily by checking food 

and water levels, as well as mice behaviour and 

welfare. Upon the start of the STAR2/TNFR2 

study’s behavioural experiments mice were 

housed individually and body weight was 

measured every week. For the S220/EPAC2 

study, mice were not individually housed, but 

body weight was measured every day upon 

injection administration.  

Humane endpoints consisted of losing >15% of 

original body weight (starting weight measured 

at beginning of injection and behavioural 

testing), alteration of behaviour such as 

hunched back, posture, fur, or alopecia, signs 

of illness and tumours, incorrect cannula 

placement, excessive bleeding through 

surgery, and finally health problems witnessed 

in post-operative recovery.  

Mice were habituated in the room of testing, 

where they were handled by the researcher for 

2min on the last 5 consecutive days prior to 

behaviour tests started. C57BL/6J mice 

underwent stereotactic surgery (not discussed) 

to install the double guide cannula for IH 

injection. After surgery, mice were housed 

individually in a clean cage with food and water 

ad libitum, and given 7 days (or more if needed) 

to recover. After surgery, body weight was 

measured daily and when a decrease of ≥0.5gr 

of body weight was witnessed over a 24h 

period, 5mg carprofen per 1kg body weight 

was administered subcutaneously (SC) as 

analgesia. On the first day after surgery, 

carprofen was administered regardless of 

(amount of decreased) body weight.   

Animal care and experiment procedures were 

in concordance with the regulations of the 

University of Groningen ethical committee for 

the use of experimental animals.  
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Compound administration 
75μg of STAR2 compound (dissolved in 200μl 

PBS) was administered to 6 months old 

kihuTNFR2 x J20 mice through intraperitoneal 

(IP) injections twice per week for 6 consecutive 

weeks.  

After stereotactic surgery, 5-6 months old 

C57BL/6J mice received either 0.6μl PBS 

(0.3μl/hemisphere; not discussed) or 30pmol 

Aβ (0.6μl total, 0.3μl/hemisphere) IH injections 

to induce acute AD neuropathology 1h prior to 

the first of two days of CFC testing. The second 

IH injection (either 0.3μl PBS per hemisphere, 

or 300ng S220 dissolved in 0.3μl PBS per 

hemisphere) was given either 20min before 

CFC day 1, immediately after CFC day 1, or 

20min before CFC day 2 to test memory 

acquisition, consolidation, or retrieval, 

respectively.  

J20 mice between the age of 6-8 months 

received daily either 200μl PBS or 0.3mg S220 

dissolved in 200μl in PBS via IP injections for 14 

consecutive days.  

Study time line  
After 6 consecutive weeks of STAR2 (n=15) or 

PBS (n=15) administration, 7.5months old 

kihuTNFR2 x J20 mice were submitted to EPM, 

Y-maze, and MWM tests. After behavioural 

tests were completed, mice were sacrificed for 

brain, blood, and CSF collection for further 

6e10, BACE1/6e10, and CD68/6e10 (data not 

presented) stainings.  

After recovering from stereotactic surgery, 

C57BL/6J mice performed the two day CFC test. 

Subsequently, the mice received 0.3μl of 

methylene blue dye per hemisphere to 

determine correct positioning of the injection 

location of IH injections, after which the mice 

were immediately sacrificed through 

perfusion.  

During the 14 consecutive days of IP injection 

with either S220 or PBS was administered to 

the J20 mice, on day 3-7, mice were 

habituated, and subsequently from day 8-17 

mice performed the MWM experiment. 

Subsequently, perfusion occurred immediately 

after, with in half the brains paraformaldehyde 

(PFA) and the other half using saline for 

immunohistochemical staining or western blot 

analyses, respectively, for future research (not 

discussed).  

Elevated plus maze 
Anxiety behaviour was measured through the 

EPM behavioural test to ensure the tested 

compound itself does not influence mouse 

behaviour, making assumptions based on other 

data (more) accurate. Experiments were 

performed on a plus maze 50cm above the 

floor with opposing open and closed arms 

(Figure 8A). Mice were placed in the centre 

between all four arms and allowed to freely 

explore all arms for up to 8 minutes maximum. 

Percentages of cumulative time moved in all 

three zones (open arms, closed arms, centre) 

were provided by Ethovision software (Noldus, 

The Netherlands). An increased percentage of 

cumulative time spent in the closed arms 

indicates anxious behaviour.  

Y-maze spontaneous alternation 
The Y-maze spontaneous alternation 

experiment tested working memory by 

determining the amount of alternations in 10 

minutes. The Y-maze consisted of three equal 

arms with walls in a 120 degree angle from one 

another, joined together at the centre triangle 

where the mice were placed at the start of the 

experiment (Figure 8B). Each arm was given a 

letter (A-C) and the mice were left to explore 

the entire maze freely. Alternation percentage 

was calculated by the formula: 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑖𝑎𝑑𝑠

𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑟𝑚 𝑒𝑛𝑡𝑟𝑖𝑒𝑠−2
 × 100. One triad 

is considered the consecutive order of three 

entries, withing the larger amount of entries, of 

which all three arm letters are different.  The 

experiment was recorded by Ethovision 

software (Noldus, The Netherlands), and 

entries and alternation percentage were 

scored manually from the recordings by the 

researcher. Mice were scored to have entered 

an arm when all four limbs have crossed the 
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imaginary line between the centre triangle and 

the arm.  

Morris water maze 
The Morris water maze (MWM) tests spatial 

memory and learning by putting mice in a tub 

with white opaque water of 22-25°C facing the 

edge of the tub, which had an inner diameter 

of 155cm, for four times 2min a day for 8 out of 

10 consecutive days (Figure 8C). During these 

first 8 days of training, mice needed to find a 

circular platform (P) hidden on 0.8-1.1cm 

below water level in the southwest (SW) 

quadrant, invisible to the mice, in order to 

escape the maze. Mice started from a different 

starting point (A-D) for each of the four trials, 

randomized every day. Interval time between 

trial sessions was ≥15min. If mice were unable 

to locate the platform within 120sec, they were 

guided towards the platform and escape 

latency was set at 120sec. Mice always 

remained on the platform for 20 sec to allow 

visual recognition of the area, before being 

placed back in their cage under a heat lamp. If 

necessary, the water was cleaned before the 

next trial commenced. Mice were considered 

outliers and removed for data analysis when 

they were unable to locate the platform for 

≥6/8 training days (average escape latency of 

four trials/day = 120sec). This was the case for 

three of the 15 mice in both treatment groups 

in the STAR2/TNFR2 study. For the S220/EPAC2 

study, two mice in the S220-treated group had 

to be excluded.  

The last two days of the test were the probe 

trials, where the platform was removed and 

mice swam 100sec, starting from the position 

between A and B, after which they were taken 

out of the maze. Time spent in each quadrant 

(northeast (NE), southeast (SE), northwest 

(NW), and southwest (SW)), and times 

platform space crossed were analysed (Figure 

8C).  

Data was collected by a camera above the tub, 

connected to the Ethovision program which 

provided the data for analysis.  

Contextual fear conditioning 
Contextual memory and learning was 

measured through the contextual fear 

conditioning (CFC) behavioural test, where 

Figure 8 Behavioural experiments performed on kihuTNFR2 x J20 mice (A-C), J20 mice (C), or C57BL/6J mice (D). A) Elevated 
plus maze (EPM), consists of two closed and two open arms with a centre square connecting the arms. B) Y-maze spontaneous 
alternation; arms are given a letter for scoring (A, B, and C). C) Morris water maze (MWM); NE, SE, NW, and SW correspond 
to the quadrants northeast, southeast, northwest, and southwest respectively. A-D are entry points for mice to be placed into 
the water, and P = platform. D) Contextual fear conditioning (CFC); US = unconditioned stimulus. Source of A-C: own figures; 
source of D: 95.  
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mice were placed in a soundproof cage with an 

electricity-conducting floor panel and constant 

illumination (100-500lux) for 180 seconds on 

day 1 (Figure 8D). After 180sec mice received a 

footshock (0.7mA, constant current; 

unconditioned) for 2sec, and were taken out 

after 30sec to prevent aversive association 

with handing by researcher54. On day 2, mice 

were placed back in the cage without 

administered footshock, at which the freezing 

percentage was measured by Ethovision 

software (Noldus, The Netherlands) and used 

for analysis.  

Mice perfusion and brain section 

collection 
Mice were sedated and brains were collected 

through perfusion. Mice were perfused with 

4% paraformaldehyde (PFA) in 0.1M phosphate 

buffer (PB), after which the brain was taken out 

and post-fixated in 4% PFA for 24 hours at room 

temperature (RT). PFA was washed out in 

0.01M PB for 3 days. Subsequently, brains were 

put on 30% sucrose until sunken to prevent 

crystallization, and stored at -20°C.  

Frozen brains were sliced into 20μm coronal 

sections using the Leica cryostat. Sections were 

stored in 0.01M PB + 0.01% sodium azide at 

4°C. One brain of each treatment group in the 

STAR2/TNFR2 study was damaged during 

collection, reducing the group size to n=14 for 

both treatment groups.  

Amyloid-beta plaques (6e10) staining 
Plaque staining was performed on three free 

floating dorsal (and ventral) hippocampal 

sections of 20μm thick per mouse, by targeting 

Aβ with the monoclonal antibody 6e10 that 

binds to amino acids 1-16 of the Aβ protein73. 

All steps were performed on an orbital shaker, 

at approximately 100 rpm unless stated 

otherwise. Staining was performed by first 

washing the sections (always 3x 5min in 0.01M 

tris-buffered saline (TBS) (pH 7.4) at RT unless 

stated otherwise). Next, endogenous 

peroxidase activity was blocked by incubation 

in 0.01M TBS + 0.3% H2O2 at RT for 30min. 

Subsequently, another washing step and pre-

incubation of 1h in 0.01M TBS + 0.1% Triton X-

100 (TX100) (for permeabilizing) + 3% goat 

serum (for blocking) at RT followed. Then, 

primary antibody incubation was performed in 

0.01M TBS + 0.1% Triton X-100 + 3% goat 

serum + 6e10 (1:2000 dilution) (BioLegend, Cat 

#803003, Lot #B225308) at 4°C for 3 nights. 

After another washing step (3x 10min), 

secondary antibody incubation was performed 

with 0.01M TBS + 1% goat serum + goat anti-

mouse antibody (dilution 1:400) for 2h at RT. 

Sections were washed (6x 5min) and the 

secondary antibody was visualized using its 

biotinylated properties by binding of Avidin-

Biotin Complex (ABC) (VECTASTAIN ABC kit, 

Vector Laboratories, #PK6100). A and B of ABC 

were both used in a 1:500 dilution in 0.01M TBS 

for 1.5h at RT. After washing, diaminobenzidine 

(DAB) (Sigma Fast, Cat: D4418) was dissolved in 

demi water and added to the sections. 0.1% 

H2O2 in demi water was used to activate DAB. 

DAB exposure time was recorded and used for 

all sections. DAB activity was stopped by 

washing and sections were stored overnight at 

4°C. The next day, sections were mounted onto 

glass slides in gelatine solution and dried 

overnight. Subsequently, section dehydration 

was performed using 5min incubation time of 

each of the following solutions: 100% ethanol 

(2x), 70% ethanol + 30% xylol (xylene), 30% 

ethanol + 70% xylol, 100% xylol (3x). 

Coverslipping was performed using dibutyl 

phthalate polystyrene xylene (DPX) as 

mounting media and dried overnight. Finally, 

slide edges were covered with transparent nail 

polish to preserve tissue staining and prevent 

oxidation. Slides were stored at 4°C.  

Beta-secretase (BACE1/6e10) staining 
Staining of β-secretase was performed by a β-

site APP-cleaving enzyme (BACE1)/6e10 

staining on three free floating dorsal (and 

ventral) hippocampus sections of 20μm thick 

per mouse. All steps were performed on an 

orbital shaker, at approximately 100 rpm. 

Staining started with washing the sections 

(always 3x 5min in 0.01M TBS (pH 7.4) at RT 

unless stated otherwise). Sections were added 
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to blocking solution (0.01M TBS + 0.1% TX100 + 

3% bovine serum albumin (BSA)) for 1h at RT. 

Then, the primary antibodies rabbit anti-BACE1 

(Cell Signalling Technology, Cat #5606S, Lot #5) 

(in dilution 1:200) and mouse anti-6e10  

(BioLegend, Cat #803003, Lot #B225308) (in 

dilution 1:2000) incubated overnight at 4°C in 

fresh blocking solution. The next day, after 

washing, all steps were performed in the dark. 

The sections were incubated for 2h at RT in 

fresh blocking solution containing the 

fluorescent secondary antibodies anti-rabbit 

Alexa Fluor 488 (1:500) and anti-mouse Alexa 

Fluor 594 (1:500). Subsequently, sections were 

washed and mounted onto glass slides in 

0.01M TBS. After 30-60min of drying, sections 

were coverslipped using mowiol antifade. 

When mowiol was dried, slide edges were 

covered with transparent nail polish to prevent 

loss of staining and stored at 4°C in the dark.  

Phagocytic microglia (CD68/6e10) 

staining 
Three free floating dorsal (and ventral) 

hippocampus sections of 20μm thick per 

mouse were used to stain phagocytic microglia 

by a CD68/6e10 staining. Staining protocol was 

similar to as described in the β-secretase 

staining, with the only alterations being: all 

washing steps are 6x 5min; 0.3% TX100 instead 

of 0.1%; used primary antibodies are rat anti-

mouse CD68 (1:1000) (Bio-Rad, Ref 

#MCA1957GA, Lot #152755) and mouse anti-

6e10 (1:2000) (BioLegend, Cat #803003, Lot 

#B225308); secondary antibodies used are 

donkey anti-rat Alexa Fluor 488 (1:500) and 

donkey anti-mouse Alexa Fluor 555 (1:500).  

Data of this staining is not presented due to 

time issues.  

Microscopy 
After sections were stained, pictures were 

taken using the LASX software and a Leica 

microscope using a 10x (6e10, BACE/6e10) and 

20x (CD68/6e10) magnification for taking 

pictures with the navigator tool. Image analysis 

was completed by using ImageJ/Fiji software 

where percentages of stained tissue were 

determined.  

Statistics 
Data analysis was performed using Excel, SPSS 

version 28.0.0.0 (190), and GraphPad Prism 

version 8.0.1. Shapiro-Wilk tests were used to 

determine normality scores, and indicated the 

use of either parametric (p>0.050) or non-

parametric tests (p<0.050), such as unpaired t-

tests, and Mann Whitney tests respectively. 

Significance of data containing two or more 

factors was determined using a two-way 

AVONA repeated measures. Significance level 

was set at p=0.050.  

Results 

Anxiety levels are not altered in STAR2-

treated group 
After six consecutive weeks of daily 

intraperitoneal injections with either STAR2 or 

PBS, kihuTNFR2 x J20 crossbreed mice first 

performed the elevated plus maze test to 

determine if STAR2 influenced anxiety levels, 

and therefore mouse behaviour (Figure 9). The 

maze was divided into three different zones, 

the open arms, closed arms, and centre square. 

No significant difference was witnessed in time 

Figure 9 Elevated plus maze measured anxiety levels in 
treated group (STAR2; n=15) versus control group (PBS; 
n=15). Time spent in the maze was divided over three 
zones: open, closed, and centre. Data was acquired by 
Ethovision software. Data is considered not significant 
(p=0.2103) by two-tailed unpaired t-test. Error bars are 
standard error of the mean (SEM). Analysis was 
performed using GraphPad Prism. 
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spent in open (unpaired two- tailed t-test: 

p=0.1438; two-tailed Mann Whitney test: 

p=0.2012), closed (unpaired two- tailed t-test: 

p=0.2781), or centre (unpaired two-tailed t-

test: p=0.0852) zones between treatment 

groups, indicating STAR2 treatment does not 

influence anxiety behaviour.   

STAR2 treatment has no (significant) 

impact on working memory 
Second, the kihuTNFR2 x J20 crossbreed mice 

were subjected to the Y-maze spontaneous 

alternation test to determine potential 

influence of STAR2 treatment on working 

memory. Working memory functions are based 

in the prefrontal cortex and the 

hippocampus74, with our mouse model only 

developing AD symptoms in the latter region 

relating to this experiment. In our experiment, 

no (significant) difference is witnessed 

between the STAR2-treated group and PBS 

control group (Figure 11). This potentially limits 

STAR2’s effectiveness to the hippocampal 

regions, without affecting the prefrontal cortex 

region and its functions. However, the impact 

of these observations is limited as the mouse 

model does not display AD pathology in the 

prefrontal cortex to the same extent as is 

witnessed in the hippocampus.  

Intraperitoneal STAR2 injections in 

kihuTNFR2 x J20 crossbreed mice 

significantly improve spatial memory 

and learning 
After the EPM and Y-maze, the kihuTNFR2 x J20 

crossbreed mice started with the Morris water 

maze experiment on the third day after the last 

IP injection was given. In the MWM 

experiment, which tests learning and spatial 

memory, latency to the platform was 

measured during the eight days of training 

(Figure 10). Outlying mice were removed from 

the MWM data pool for this graph and further 

data as well (Figure 13 and Figure 12). 

Displayed data shows a clear significant trend 

(p=0.0123) for STAR2-treated mice to have a 

lower latency to find the platform. This implies 

STAR2 treatment to have a positive impact on 

spatial memory and learning.  

After the eight days of training, mice were 

subjected to the probe trials on day 9 and 10 of 

the experiment, where the platform was 

removed from the maze and mice swam a total 

of 100sec once. Data shows a significant 

increase in time spent in the target quadrant 

(SW) for the STAR2-treated mice compared to 

the PBS control group on both day 9 (p=0.0156) 

and 10 (p=0.0154), indicating towards 

improved memory in the STAR2-treatment 

group (Figure 13).  

Figure 11 Y-maze spontaneous alternation assessed 
working memory in mice both treatment groups: PBS 
(control group; n=15) and STAR2 (treated group; n=15). 
Data from an unpaired t-test is considered not significant 
(p=0.2103). Error bars are standard error of the mean 
(SEM). Analysis was performed using GraphPad Prism. 

Figure 10 Morris water maze (MWM) training days (day 
1-8) shows the STAR2-treated group (n=12) to find the 
platform quicker than the control group (PBS; n=12). A 
two-way analysis of variance (ANOVA) repeated 
measures showed significance comparing both graphs 
(p=0.0123). Error bars are standard error of the mean 
(SEM). Analysis was performed using GraphPad Prism.  
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Data from the probe trials regarding the 

frequency of platform showed the STAR2-

treated group to have a higher frequency in 

platform crossings than the PBS control group 

on both day 9 (p=0.1187) and day 10 

(p=0.1748), though not significant (Figure 12). 

This unsignificant data implies STAR2 to have a 

positive effect on spatial memory and learning 

behaviour tested in the MWM experiment.  

Figure 12 Morris water maze probe trials (day 9 and 10), 
times the platform area was crossed over. “Frequency 
platform crossed” determined spatial memory and 
learning level, with unsignificant higher scores from the 
STAR2-treated group (n=12) compared to the PBS control 
group (n=12) on both day 9 (p=0.1187) and 10 (p=0.1748). 
Data was analysed using two-tailed Mann Whitney tests 
in GraphPad Prism. Displayed error bars are standard 
error of the mean (SEM). 

Figure 13 Morris water maze probe trials (day 9 and 10), 
time spent in the target quadrant (southwest). For MWM 
test set-up, see Figure 8C. Freezing percentage (“Time 
spent in platform quadrant (%)”) determined spatial 
memory and learning level, with significantly higher 
percentages for the STAR2-treated group (n=12) 
compared to the PBS control group (n=12) on both day 9 
(p=0.0156) and 10 (p=0.0154). Data was analysed using 
unpaired two-tailed t-tests in GraphPad Prism. Displayed 
error bars are standard error of the mean (SEM). 
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STAR2 significantly decreases Aβ plaque 

accumulation in hippocampus and 

cortex 
Staining was performed on dorsal hippocampal 

(and ventral) sections from the kihuTNFR2 x J20 

crossbreed mice’s brains (Figure 16, top row). 

Aβ plaque accumulation in the hippocampus 

and cortex showed a significant decrease in 

STAR2 treated mice compared to the PBS 

control group (Figure 14A and C), indicating its 

function in reducing one of AD’s important 

pathological hallmarks. Reduction of Aβ plaque 

accumulation in the corpus callosum was 

witnessed in the STAR2-treated group, though 

not significant (Figure 14B).  

STAR2 unsignificantly reduces beta-

secretase levels in hippocampus, but not 

in corpus callosum 
The second staining on the kihuTNFR2 x J20 

crossbreed mice’s brains was that of the 

fluorescent beta-secretase (BACE1/6e10) 

staining (Figure 16, bottom row). Data shows 

an unsignificant decrease in β-secretase levels 

in STAR2-treated mice in both the 

hippocampus and corpus callosum (p=0.8707) 

Figure 15 BACE1 staining stained beta(β)-secretase in free 
floating dorsal (and ventral) brain sections of both control 
(n=14) and STAR2-treated mice (n=14 in hippocampus; 
n=12 in corpus callosum). Hippocampus (A) data shows 
unsignificant (p=0.0548) decrease in β-secretase levels in 
the STAR2-treated group compared to control group. 
Differences in the corpus callosum (B) were not present 
and data was not significant (p=0.8707). Data was 
acquired through unpaired t-test (A, B). Error bars are 
standard error of the mean (SEM). Analysis was 
performed using GraphPad Prism. 

Figure 14 Amyloid beta (Aβ) plaque (6e10) staining was 
performed on free floating dorsal (and ventral) brain 
sections of both control (n=14) and STAR2-treated mice 
(n=14). Hippocampus (A), corpus callosum (B), and cortex 
(C) were analysed and show decreased plaque coverage in 
treatment group. P-values for A, B, and C, are p<0.0001, 
p=0.0895, and p=0.0127, respectively. Data was acquired 
through unpaired t-test (A, B), and Mann Whitney test (C). 
Error bars are standard error of the mean (SEM). Analysis 
was performed using GraphPad Prism.  
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(Figure 15A and B). Though, data was nearly 

significant in hippocampus (p=0.0548), 

implying an effect of STAR2 on β-secretase 

levels to exist.  

S220 unsignificantly stimulates memory 

retrieval in chronic J20 mouse model 
For the second part of our study, we evaluated 

the effect of EPAC2 activation through the S220 

compound. For the chronic mouse model we 

were able to perform pilot studies to evaluate 

the long-term effect of S220 on a AD mouse 

model. The performed MWM experiment, 

used to test spatial memory and learning, 

showed a lower time needed to find the 

platform (“Latency to last (sec)”) for S220-

treated mice, though unsignificant (p=0.7357; 

Figure 17).  

Data regarding the probe trials are not 

discussed, as no trend and no significant data 

was obtained.  

EPAC2 activation by intrahippocampal 

S220 injections in acute J20 mouse 

model significantly stimulates 

contextual memory and learning 
Contextual fear conditioning experiments were 

performed to test contextual memory and 

learning in the acute AD mouse model. This 

was performed to map memory retrieval in 

treated (S220; n=5) and control (PBS; n=4) mice 

(Figure 18). Data shows S220-treated mice (“Aβ 

+ S220”) to have a higher freezing percentage 

(“Time frozen (%)”) compared to the control 

group (“Aβ + PBS”). An unpaired two-tailed t-

test confirms the data to be significant 

(p=0.0381), implying S220 treatment to rescue 

Aβ-dependent impaired memory retrieval.  

Figure 17 Morris water maze (MWM) training days (day 
1-8) shows the S220-treated group (n=3) to find the 
platform the last time (“Latency to last(sec)”) generally 
quicker than the control group (PBS; n=5), though 
unsignificant. A two-way analysis of variance (ANOVA) 
repeated measures was performed on the data 
(p=0.7357). Error bars are standard error of the mean 
(SEM). Analysis was performed using GraphPad Prism.  

Figure 16 Staining of Aβ plaques (6e10) and β-secretase (BACE1) on dorsal (and ventral) kihuTNFR2 x J20 crossbreed mice’s 
brain sections. Mice received different treatments, being PBS for the control group, and STAR2 as actual treatment compound. 
Aβ plaques are visible as black stains made up of tinier black specks joined together (arrows)). β-secretase proteins are stained 
as light green donut-shaped circles (arrows). The brain’s pyramidal cells and hilus stain darker and lighter as ‘false’ positive 
signal in the 6e10 and BACE1 staining, respectively. Displayed brain sections show only the hippocampus and corpus callosum 
area, where staining data also consisted of cortex values, but of which no figure is displayed here.  
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Discussion 
This study aimed to evaluate the effect of 

TNFR2 agonist STAR2, and EPAC2 activator 

S220, on Alzheimer’s disease mouse models 

using immunohistochemical and behavioural 

analyses.  

Concerning the behavioural experiments of the 

STAR2/TNFR2 study, the EPM was performed 

to test anxiety in mouse behaviour in order to 

determine potential influence of the STAR2 

compound on other behaviour experiments’ 

data. EPM data showed STAR2 to have no 

statistically significant impact on mouse 

anxiety behaviour, as no significant difference 

was found between control (PBS) and treated 

(STAR2) group. This indicates that the varieties 

in collected data from the Y-maze and MWM 

can be attributed to the difference in 

treatment. Though, e.g. observer bias is always 

a potential threat that needs to be pointed out 

in analysis of experiments which require animal 

handling and where manual scoring by the 

researcher is needed (Y-maze) instead of 

software being used (EPM and MWM)75. The Y-

maze experiment was performed blinded to 

the researcher, but manual analysis of the 

recordings was not blinded and in so doing 

vulnerable to observer bias when data was 

scored. Though the impact of this bias is most 

likely negligible as the Y-maze data was not 

significant, nor showing a clear trend; it is a 

note for future experiments vulnerable to this 

bias type. Single or double (preferable) blinding 

the researcher before the analysis of 

experiments vulnerable to observer bias has 

shown to increase credibility of study 

conclusions76.  

The Y-maze was performed to determine 

possible influence of our STAR2 compound on 

working memory, located in the prefrontal 

cortex and hippocampus. The former area was 

not possible to examine in our study as this 

area is not affected by Aβ plaques deposition 

ad much as is in the latter region. Also, mice, 

and other rodents, do not have a similar 

prefrontal cortex as primates. Though other 

regions can be attributed to similar 

functions77,78, how these should be translated 

back to human AD neuropathology leaves weak 

conclusions to be drawn based on our non-

significant Y-maze data. STAR2-treated mice 

seem to show a lower alternation percentage, 

compared to the control group, which could 

indicate a decrease in working memory 

through STAR2 treatment. However, this 

conclusion does not hold very well as the 

witnessed difference (apart from being 

unsignificant) is very small, and TNFR2 is mainly 

expressed in immune and endothelial cells11. 

Taking this into account, it is also unlikely that, 

as the prefrontal cortex is altered in AD brains 

in late stages of disease development (with 

severe dementia symptoms)79, that STAR2 

treatment would have negatively affected 

similar prefrontal-functioning brain regions in 

mice and diminished working memory 

functions when mice were used only between 

6 and 8 months of age. A study by Ameen-Ali et 

al. showed onset of Aβ plaque formation and 

co-localization of microglia and astrocytes to 

start from 6 months onward in J20 mice, 

whereas the glial cell’s reactivity increases 

more severely after 9 months80. This implicates 

the unlikeliness of STAR2 to have been able to 

affect prefrontal cortex’s working memory 

function in our study, as disease progression 

may not have advanced thus far yet in our mice 

Figure 18 Contextual fear conditioning (CFC) experiments 
show a significantly higher freezing percentage (“Time 
frozen (%)”) in the S220-treated group (n=5) compared to 
the PBS control group (n=4) using an unpaired t-test 
(p=0.0381). Error bars are standard error of the mean 
(SEM). Analysis was performed using GraphPad Prism.  
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‘s brains. Though, a similar study by Chavant et 

al. using imipramine, a TNF-α production-

inhibitor in microglia, showed significant 

rescue of impaired working memory in male 

Swiss mice injected with Aβ25-35 peptides81. 

The results of this comparable study stimulates 

a repetition of our Y-maze experiments, to 

investigate whether potential significant 

memory-rescuing results with STAR2 

treatment can be retrieved after all, or to 

confirm its non-existing relation.  

The MWM experiment showed improved 

spatial memory and learning in the STAR2-

treated group, empowering its potential to 

decrease AD neuropathology. A clear 

correlation is seen in STAR2 treatment and 

reduced escape latency (Figure 10). This trend 

continued throughout the probe trials where 

STAR2-treated mice spent significantly more 

time looking for the platform in the 

corresponding quadrant (Figure 13), as well as 

crossing the platform space with higher 

frequency, though the latter was not significant 

(Figure 12). Palop et al. reported that J20 mice 

between the age of 6 and 9 months in general 

perform badly in MWM and probe trials of 

other special location retention tests, in line 

with our findings of the control group82. Chen 

et al. went as far as to show 3 months old 

PDAPP mice displaying impaired spatial 

memory in MWM83. These studies validate the 

positive outcome witnessed in our treatment 

group compared to existing untreated 

comparable mouse models. As AD research in 

relation to STAR2 treatment is as good as non-

existent, our results could not be validated by 

papers matching our set-up related to the 

compound. However, the earlier mentioned 

study by Chavant et al. received promising 

similar results in using imipramine to rescue Aβ 

plaque accumulation-induced cognitive 

impairments in MWM tests as well81, allowing 

our research’s credibility to be validated to 

matching standards.  

Subsequent to the behavioural experiments, 

the immunohistochemical analyses were 

executed on STAR2 and control group mice 

brains sections. The 6e10, BACE1/6e10, and 

CD68/6e10 immunohistochemical stainings 

were performed to determine Aβ plaque, β-

secretase, and phagocytic microglial levels, 

respectively, with brain regions of interest 

being the hippocampus (subregions: CA1, CA3, 

and DG), CC, and cortex. The 6e10 staining 

showed significantly and not-significantly 

decreased levels of Aβ plaque accumulation in 

the STAR2-treated group compared to the PBS 

control group in the hippocampus (p<0.0001), 

CC (p>0.050; not significant), and cortex 

(p<0.050). This indicates STAR2 to rescue 

memory, learning, and possibly other higher 

brain functions attributed to the hippocampus 

and cortex by removing or preventing Aβ 

plaque accumulation to occur, a hallmark of 

AD. These impairments in higher brain 

functions correspond with AD symptoms 

witnessed in our untreated mice. Decreased 

memory (retrieval) and learning functions 

being common symptoms describing 

dementia, relates STAR2 functions back to 

potential in human AD pathology1,4. Regarding 

the 6e10/Aβ plaque staining, a study by Fabbro 

et al. observed similar results relating to the 

clearance of Aβ plaque accumulation in their 

neuroserpin-deficient J20-transgenic mice, 

compared to ‘normal’ J20-transgenic mice84. 

Plasminogen activators, thought to promote 

proteolytic cleavage and clearance of Aβ 

plaques from brain tissue, reducing AD 

pathology, are inhibited by neuroserpin84. A 

different study, by McAlpine et al., where 

TNFR1 was less stimulated due to solTNF 

inhibition through chronic infusions of 

dominant negative TNF inhibitors, indicated a 

decrease in 6e10-immunoreactive protein 

stains in the hippocampus, cortex and 

amygdala, not mentioning the corpus 

callosum85. These results, similar to our own 

regarding Aβ plaque decrease in hippocampus 

and cortex, strengthen our findings that TNF-α-

related treatments indeed impact AD 

pathology towards a positive outcome in 

handling AD. Though our 6e10 staining data 

shows significance (apart from CC data), its 

validity could be questioned as staining data 
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was not scored by specifically designed 

software, but by a researcher using ImageJ to 

produce observer-scored values with this 

program. As mentioned earlier, when not 

blinded to the different groups, the researcher 

can consciously and subconsciously influence 

scored data, making it biased. This can also be 

the case for all staining data as no software was 

used here, and thus remains vulnerable to this 

bias. Though it is possible, this scenario is 

unlikely, as much data was produced and 

analysed which would mean a large number of 

staining images needed to be (seriously) biased 

in order to produce a large enough factor to 

impact the data, observer bias is still a factor 

that is important enough to take into account 

when validating data credibility. Apart from 

this bias, data could also have been influenced 

by the fact that most of the control group 

stainings were performed by one researcher, 

where the most of the treated group were 

performed by another researcher on a 

different time and day. However, both 

procedures were the same and supervised by 

the same supervisor, making this data being 

false positive unlikely. Therefore, it can be 

assumed that TNFR2 stimulation rescues 

neurons from degeneration, and protects 

against Aβ plaque deposition.  

Results witnessed in the BACE1/6e10 staining, 

where β-secretase was stained fluorescently 

together with Aβ plaques, revealed no 

significant reduction in β-secretase levels in the 

STAR2 treated group compared to control. 

Images where the stainings are overlapping 

show Aβ plaques to be surrounded by β-

secretase (data not displayed). Data was 

obtained from the hippocampus and CC, but 

not from the cortex as stained sections were 

too damaged to provide accurate values for 

this region. Though not significant, a 

decreasing trend of the treated group is 

witnessed in the hippocampus, which 

according to a study from Yamamoto et al. can 

be linked back to TNF-α levels. TNF-α can 

activate astrocytes which in turn stimulate β-

secretase86. Another study, by Jiang et al., 

showed the promotor region of BACE1 

contains NF-κB binding sites, possibly 

explaining this link as TNF-α can induce the 

NFκB pathway87. Therefore, it is assumable that 

a decrease in TNF-α levels may also decrease β-

secretase levels, and in so doing reduce Aβ 

plaque accumulation, as pro-inflammatory 

signalling through TNFR1 would be reduced 

when TNF-α levels decrease. This correlation is 

also supported by Jiang et al. having found as 

well that overexpression of TNFR2 inhibited 

BACE1 transcription by limiting NF-κB nuclear 

translocation87.  

When looking into affected phagocytic 

microglia (CD68/6e10 staining, results missing) 

levels through TNF-α meddling, both a 

decrease or increase in phagocytic microglia 

levels can be expected. Time issues lead to this 

data not having been analysed yet and has 

therefore also not been added to this report. 

Though, literature studies may give some 

insight regarding plausible expectations. 

Yamamoto et al. observed that co-stimulation 

of IFN-γ and TNF-α in Swedish mutant APP 

transgenic mice lead to suppression of Aβ 

clearance by (phagocytic) microglia86. 

However, depending on one’s assumption on 

whether  the amyloid cascade theory or the 

microglial dysfunction hypothesis is most 

probable, an increase in phagocytic microglia 

levels can also be expected, with our Aβ plaque 

levels being lower in the STAR2-treated group 

than in the control group. For example, the 

study of Jordão et al. witnessed reduced Aβ 

plaque levels after their transcranial focused 

ultrasound treatment increased localized 

permeability for antibodies to pass the BBB, 

but also witnessed increased microglia levels 

with higher Aβ concentrations inside the 

cytosol88. This result implies that decreased Aβ 

plaque levels can accompany elevated 

phagocytic microglia levels, by microglia 

performing their phagocytic function in AD 

pathology.  

In our S220/EPAC2 study, the chronic J20 

mouse model had the function to evaluate the 

long-term effect of EPAC2 activator and cAMP 
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analogue S220 on AD pathology. The acute 

model aimed to study the different memory 

stages (acquisition, consolidation, and 

retrieval) to map the memory mechanism, and 

potential impact of our compound. Data of the 

chronic model’s pilot study showed no 

significance, though a trend in favour of the 

S220-treated group showing a lower escape 

latency (“Latency to last (sec)”) compared to 

the control group was witnessed. This implies a 

lesser, or unaffected memory retrieval function 

by Aβ plaques due to S220 rescue, which has 

yet to be further investigated. Regarding the 

MWM test, two out of the five mice in the 

S220-treated group in this pilot study were 

considered outliers and excluded from the 

data. Mice were considered outliers when six 

or more from the eight days of training showed 

an averaged escape latency of 120sec, meaning 

the mice did not find the platform once out of 

the four attempts that day. This behaviour can 

be attributed to thigmotaxis, a well-known 

phenomenon in rodents performing water-

maze tests. Using special software (unavailable 

to us), thigmotaxis could be detected early on 

in the training days with calculating high 

certainty of thigmotaxis continuation as the 

MWM experiment progresses to the probe 

trials89. External factors such as (too) bright 

light can also have an influence on inducing 

thigmotaxis behaviour, and enhancing escape 

latency according to a study by Huang et al.90, 

providing possible factors that may need to be 

reinvestigated or adjusted before continuation 

of the subsequent pilot studies and main study 

(not further discussed) using MWM. In a 

previous pilot study the MWM experiment was 

performed similar to execution of the MWM in 

the STAR2/TNFR2 study regarding the timing of 

IP injection and MWM (Appendix 2: 

Supplementary data of pilot study of chronic 

AD mouse model testing S220 effectiveness on 

memory retrieval using Morris water maze, 

Figure 19). This data showed it was potentially 

possible that the effect of S220 was diminished 

after the third day of MWM, as treatment 

injections stopped 1 day before MWM began. 

Therefore, the timeline was moved up to have 

mice receive IP injections containing either PBS 

or S220 on day 1-14, habituation from day 3-7, 

and the MWM experiment from day 8-17, 

having 7/10 MWM days overlapping with 

compound (or PBS) administration (Figure 17). 

Though still in favour of S220 treatment, 

differences in the trends are witnessed when 

comparing Figure 17 and Figure 19. This could 

be due to the time line being moved up which 

prevents potential loss of compound 

effectiveness, but the change in researcher 

performing the test can also be the cause, as 

well as the impact of a low animal number for 

the treatment group due to outliers (n=3 for 

S220 group; n=5 for PBS group). The latter 

situation leaving individual behaviour to have a 

high impact on group average, making results 

seem potentially skewed. Future power 

analyses will determine proper group mouse 

numbers to reduce individual mice impacting 

the data.  

The acute model of the S220/EPAC2 study was 

to evaluate the effect of S220 on the three 

different memory stages (acquisition, 

consolidation, and retrieval). In this model 

C57BL/6J mice received IH injections 

containing either Aβ to induce AD pathology 

(or PBS as control) 1h prior to CFC testing on 

the first day, and a second injection containing 

either S220 (or PBS as control) to rescue 

impaired memory function on different time 

points corresponding to the tested memory 

stage. Data showed a significant effect 

(p=0.0381) of S220 treatment on freezing 

percentage (“Time frozen (%)”; Figure 18). This 

is in line with our hypothesis where we 

generally expected S220 to improve memory 

retrieval by activating EPAC2.  

Finally, future studies can focus on evaluating 

the effect of STAR2 on different AD mouse 

models, such as mouse models expressing tau 

pathology. The Htauc mouse, possibly derived 

from C57Bl/6, the similar mouse model used to 

create the kihuTNFR2 x J20 mouse model used 

for our study can be examined. In the Htauc 

mouse model human tau is the promotor of the 

disease, which has its onset at 15 months and 
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shows pre-tangles at 9 months. This looks most 

similar to the kihuTNFR2 x J20 mouse model, 

where the knocked-in TNFR2 gene is also 

human91. Another candidate is the JNPL3 

mouse, also possible to derive from C57Bl/6, 

though the promotor used is the mouse prion 

protein (PrP), and does not use human knock-

ins. A positive use of this mouse model is the 

onset of the NFT at 9 months92. The earlier the 

onset of the disease, the lesser is needed to 

sustain the animal before it can be of use in 

animal experiments, also giving less pressure 

on the environment, and making this choice 

the more sustainable one based on animal 

care. After or instead of individual NFT mouse 

model experiments, one can also choose for a 

mouse model that has both Aβ and NFT 

expressed, to analyse a more complete picture 

of AD pathology in mouse models. For different 

options, this review by Chin gives a good 

overview of AD mouse model options93. Female 

mice can also be considered for future 

experiments, as in many AD mouse models 

they seem to be more susceptible to tangles 

and plaques onset, though it should be noted 

that not all phenotypes are aggravated more 

(quickly) in female mice. Every mouse model 

can show a gender-biased and different results, 

which should be thought of before choosing a 

new mouse model to experiment with94. Using 

female animal models should be well-thought 

through as changing hormone levels may 

influence study outcome. Future research can 

also entail executing the Y-maze test for the 

STAR2/TNFR2 study again as data may lead to 

significance with a larger group size, though the 

gain from such an experiment against animal 

welfare would have to be determined by an 

appropriate board specialized in such an ethical 

issue.  

After having (optimized and) completed the 

necessary pilot studies for the chronic mouse 

model and after completing main study in both 

the acute and chronic mouse model in the 

S220/EPAC2 study, using a different mouse 

model can also be beneficial to research. Some 

mouse models solely expressing tau pathology 

displayed in Chin’s review also show cognitive 

deficits, providing a solid future for continuing 

this research93, where AD pathology might be 

diminished even better, though time will have 

to tell. In future studies further on the horizon, 

both STAR2 and S220 may be tested for 

treatment on human AD patients as is the 

ultimate goal of AD research. Though before 

such endeavours are taken, side effects should 

be mapped out well, as both TNFR2 and EPAC2 

are expressed in other areas in the body apart 

from the brain, to prevent unnecessary 

detrimental effects on patients.  

Conclusion 
In conclusion, STAR2, a TNFR2 agonist, 

improves memory and learning in the 

humanized transgenic kihuTNFR2 x J20 

crossbreed mouse model upon long-term IP 

injection (prior to behavioural testing). STAR2 

significantly decreases AD pathology 

concerning Aβ plaque accumulation in 

hippocampus and cortex, though no such 

significant decrease was witnessed in β-

secretase levels. This proves our hypothesis of 

STAR2 reducing AD pathology and improving 

memory and learning behaviour by stimulating 

neuroprotective properties through activating 

TNFR2, without interfering with TNFR1 

signalling, to be in line with our recent findings. 

However, continued research is required in 

order to validate enhanced treatment 

possibilities for the STAR2 compound before 

human treatment can be considered.  

Treatment with S220, a cAMP analogue and 

EPAC2 activator, shows a promising trend in 

rescuing impaired memory in the chronic AD 

mouse model (transgenic J20 mice), using 

MWM to test spatial memory and learning, 

though continuation of the study is needed to 

verify results significantly. In the acute AD 

mouse model, using C57BL/6J + Aβ IH 

injections, S220 administration significantly 

increased contextual memory and learning, 

indicating the potential of S220 in rescuing 

impaired memory retrieval function by AD 

pathology. However, continuation of the study 
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will provide a better insight into the effect of 

S220 on AD pathology and memory retrieval.  
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Appendix 1: List of abbreviations 
In Table 1 the abbreviations used throughout this thesis are defined.  

Table 1 List of abbreviations used in this report 

Abbreviation Definition 

6e10 Antibody against amyloid-beta/amyloid precursor protein (gene) 

ABC Avidin-biotin complex 

AC Adenylyl cyclase 

AD Alzheimer’s disease 

Akt Protein kinase B; synonym for PKB 

ALS Amyotrophic lateral sclerosis 

AMPAR(s) α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor(s) 

ANOVA Analysis of variance 

APP Amyloid precursor protein 

Aβ Amyloid beta; beta-amyloid 

BACE(1) β-site APP-cleaving enzyme (also known as beta-secretase) 

BBB Blood-brain barrier 

BDNF Brain-derived neurotrophic factor 

BSA Bovine serum albumin 

CA Cornu ammonis 

CaMK Calmodulin-dependent kinase 

cAMP Adenosine 3',5'-cyclic monophosphate; or cyclic AMP 

cAMP-GEF Guanine nucleotide exchange factors for Ras-like small GTPases, directly 
activated by cAMP; synonym for EPAC 

CC Corpus callosum 

CD68 Cluster of differentiation 68 (gene) 

CDR Clinical dementia rating 

CFC Contextual fear conditioning 

CI-AMPAR(s) Calcium impermeable α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
receptor(s) 

CNS Central nervous system 

CP-AMPAR(s) Calcium permeable α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
receptor(s) 

CREB cAMP-response element-binding protein 

DAB Diaminobenzidine 

DAMP(s) Damage-associated molecular pattern(s) 

DD Death domain 

DG Dentate gyrus 

DISC Death-inducing signalling complex 
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DPX Dibutyl phthalate polystyrene xylene 

EC50 Half maximal effective concentration 

ECs Endocannabinoids  

EPAC Exchange protein directly activated by cAMP; synonym for cAMP-GEF 

EPM Elevated plus maze 

ERK Extracellular-signal-regulated kinase 

FADD Fas-associated protein with death domain 

GAP GTPase-activating proteins 

GDP Guanosine diphosphate 

GEF Guanine (nucleotide) exchange factor 

GPCR(s) G-protein coupled receptor(s)  

GTP Guanosine triphosphate 

GvHD Graft-versus-host disease 

IH Intrahippocampal 

IKK IκBα kinase (complex) 

IL Interleukin 

IP Intraperitoneal  

kDa Kilo Dalton 

kihuTNFR2 Human TNFR2 knock-in (mouse model) 

LTD Long-term depression 

LTP Long-term potentiation 

MAP(K) Mitogen-activated protein (kinase) 

mGluR Metabotropic glutamate receptors 

mRNA Messenger ribonucleic acid 

MWM Morris water maze 

NDD(s) Neurodegenerative disease(s) 

NE Northeast 

NFT(s) Neurofibrillary tau tangle(s) 

NFκB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NMDAR(s) N-methyl-D-aspartate receptor(s) 

NO Nitric oxide 

NW Northwest 

PAMP(s) Pathogen-associated molecular pattern(s) 

PB Phosphate buffer 

PBS Phosphate-buffered saline 

PD Parkinson’s disease 

PFA Paraformaldehyde 

PI Phosphatidyl inositol 

PKA Protein kinase A 

PKMζ Protein kinase M zeta 

PrP Prion protein 

PSEN Presenilin  

rpm Rotations per minute 

RT Room temperature 

S220 Sp-8-BnT-cAMPS 

SC Subcutaneous 

SE Southeast 

solTNF Soluble form of tumour necrosis factor(-alpha) 

SPSS Statistical Package for the Social Sciences 

STAR2 Selective mouse TNF-based agonist of TNF receptor 2 
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SW Southwest 

TACE TNF-α converting enzyme; synonym for ADAM17: A disintegrin and 
metalloprotease 17 

TBS Tris-buffered saline 

tmTNF Transmembrane form of tumour necrosis factor(-alpha) 

TNC Tenascin-C 

TNF(-α) Tumour necrosis factor(-alpha) 

TNFR Tumour necrosis factor receptor 

TRADD TNF receptor 1 associated death domain 

TRAF TNF receptor-associated factor 

TX100 Triton X 100 
 

 

Appendix 2: Supplementary data of pilot study of chronic AD mouse model testing S220 

effectiveness on memory retrieval using Morris water maze  
In Figure 19 the pilot study MWM experiment prior to data displayed in Figure 17 is given. Data was 

obtained using the following time line: IP injection with S220 compound or PBS on day 1-14, 

habituation on day 10-14, and MWM from day 15-24.  

 

Figure 19 Morris water maze (MWM) training days (day 1-8) shows the 
S220-treated group (n=4) to find the platform the last time (“Latency to 
last(sec)”, also known as escape latency) generally quicker than the 
control group (PBS; n=5), though unsignificant. A two-way analysis of 
variance (ANOVA) repeated measures was performed on the data 
(p=0.2885). Error bars are standard error of the mean (SEM). Analysis was 
performed using GraphPad Prism. 


