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Abstract

The membrane-embedded γ-secretase complex is involved in the intramembrane cleavage of ~ 

150 substrates. Cleavage of amyloid precursor protein (APP)-derived substrate C99 generates 38–

43-residue secreted amyloid β-peptides (Aβ), with the aggregation-prone 42-residue form (Aβ42) 

particularly implicated in the pathogenesis of Alzheimer’s Disease (AD). However, whether Aβ42 

is the primary driver of neurodegeneration in AD remains unclear. Dominant mutations in APP 

or presenilin—the catalytic component of γ-secretase—cause early-onset familial AD (FAD) 

and reduce one or more steps in the multi-step processive proteolysis of C99 to Aβ peptides, 

apparently through stabilization of γ-secretase enzyme-substrate (E-S) complexes. To investigate 

mechanisms of neurodegeneration in FAD, we developed new C. elegans models co-expressing 

wild-type or FAD-mutant C99 substrate and presenilin-1 (PSEN1) variants in neurons, allowing 

intramembrane processing of C99 to Aβ in vivo. We demonstrate that while FAD-mutation of 

either C99 or PSEN1 leads to age-dependent synaptic loss, proteolytically inactive PSEN1 did 

not. Designed mutations that allow stable E-S complex formation without Aβ42 or Aβ production 

likewise result in synaptic degeneration. Moreover, replacement of C99 with variants of a Notch1-

based substrate revealed that disrupted processing of another γ-secretase substrate can similarly 

lead to synaptic degeneration. These results support a model in which synaptic loss can be 

triggered by toxic, stalled γ-secretase E-S complexes in the absence of Aβ production and not by 

simple loss of proteolytic function. This new C. elegans system provides a powerful platform to 

study the role of dysfunctional γ-secretase substrate processing in FAD pathogenesis.
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INTRODUCTION

Alzheimer’s disease is a progressive neurodegenerative disorder causing cognitive decline 

and dementia in over 50 million people worldwide (Breijyeh and Karaman 2020). 

AD is pathologically characterized by cerebral deposition of two proteins: amyloid β-

peptide (Aβ), forming extra-neuronal plaques, and the microtubule-associated protein tau, 

forming intraneuronal fibrillary tangles (Cai and Tammineni 2017). Synaptic damage and 

degeneration occur in early stages, eventually leading to neuronal loss (Pelucchi, Gardoni 

et al. 2022). Alterations in axonal transport of synaptic vesicles, mitochondrial damage, 

neuroinflammation, and oxidative stress leading to axonal dystrophy have been implicated in 

synaptic loss in AD (Krstic and Knuesel 2013, Subramanian, Savage et al. 2020).

Aβ aggregation has long been considered the initiator of synaptic damage and 

neurodegeneration, per the amyloid hypothesis of AD pathogenesis. Aβ is produced from 

APP by sequential proteolysis by β-secretase, which sheds the large lumenal/extracellular 

ectodomain, and γ-secretase, which cleaves the remnant 99-residue fragment (C99) within 

its single transmembrane domain (Zhang, Ma et al. 2012). Rare dominant missense 

mutations in APP and presenilin, the catalytic component of γ-secretase, cause early-onset 

familial AD (FAD)(Goate, Chartier-Harlin et al. 1991, Sherrington, Rogaev et al. 1995), 

with the same pathology, presentation and progression as the more common sporadic late-

onset AD (Bateman, Aisen et al. 2011, Morris, Weiner et al. 2022), strongly suggesting 

common pathogenic mechanisms. These mutations alter Aβ production and properties, 

generally increasing the proportion of the aggregation-prone 42-residue peptide (Aβ42) 

over the more soluble 40-residue variant (Aβ40) (Tanzi 2012). Nevertheless, after over 30 

years of the amyloid hypothesis, mechanisms by which Aβ aggregates trigger synaptic and 

neuronal degeneration remain unresolved (Makin 2018). Moreover, therapeutic candidates 

targeting Aβ repeatedly failed in clinical trials until the recent approval of monoclonal 

antibodies. These new antibodies, however, are controversial, due to concerns about efficacy 

and safety (Hunter 2024).

The lack of mechanistic understanding and limited effectiveness of therapeutics suggests 

that Aβ may not be the primary disease driver in AD. FAD mutations, however, are only 

found in genes encoding the substrate (APP) or enzyme (γ-secretase) that produce Aβ, 

pointing to alteration of proteolytic processing by γ-secretase in pathogenesis. Proteolysis 

of C99 by γ-secretase is complex: initial endoproteolysis produces long Aβ peptide 

intermediates Aβ48 or Aβ49 that are then processively trimmed, generally in tripeptide 

increments, to shorter secreted forms (Takami, Nagashima et al. 2009). We found that FAD 

mutations in APP and PSEN1 are consistently deficient in early processing steps, rather than 

later steps that produce Aβ40 and Aβ42 (Devkota, Williams et al. 2021, Devkota, Zhou et 

al. 2024, Arafi, Devkota et al. 2025, Devkota, Maesako et al. 2025). Moreover, we found 

that FAD mutations stabilize the enzyme-substrate complex, suggesting a mechanism for the 

reduced proteolytic function (Levitan, Doyle et al. 1996, Devkota, Zhou et al. 2024, Arafi, 

Devkota et al. 2025, Devkota, Maesako et al. 2025).

To test mechanisms by which FAD mutations trigger neurodegeneration, we developed a C. 
elegans transgenic model system that expresses C99 and/or PSEN1 in neurons (Devkota, 
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Zhou et al. 2024). C99 includes a signal sequence for membrane insertion, and PSEN1 

replaces C. elegans orthologs sel-12 and hop-1 to provide functional γ-secretase with 

the human catalytic component (Levitan, Doyle et al. 1996). Thus, in this system Aβ is 

produced from substrate and enzyme via intramembrane proteolysis, as it is normally, in 

contrast to previous C. elegans models that expressed Aβ directly and in the cytosol. Using 

this system, we found that FAD mutations lead to age-dependent synaptic degeneration and 

reduced lifespan. Moreover, this phenotype did not require Aβ production and implicated 

the stalled enzyme-substrate complex as the pathogenic trigger. Here we reproduce these 

findings in independent transgenic lines and extend these studies by showing that the 

neurodegenerative phenotype is not due to simple loss of proteolytic function of stalled 

complexes. We also test the ability of another γ-secretase substrate, Notch1, to induce the 

neurodegenerative phenotype and find that a cleavage-deficient mutant Notch1 substrate 

likewise results in age-dependent synaptic loss. Taken together, these results suggest that 

stalled γ-secretase enzyme-substrate complexes per se trigger a novel gain of synaptotoxic 

function.

RESULTS

Previous attempts to develop a C. elegans model for Alzheimer’s disease involved 

expression of the amyloid β-peptide (Aβ), particularly Aβ42, which pathologically deposits 

in the Alzheimer brain (Link 1995, Bieschke, Cohen et al. 2009, McColl, Roberts et al. 

2009, Treusch, Hamamichi et al. 2011, McColl, Roberts et al. 2012). However, Aβ is 

normally produced in cellular membranes through sequential proteolysis of the amyloid 

precursor protein (APP), first by β-secretase to produce the membrane-bound C-terminal 

APP stub C99, followed by intramembrane cleavage by γ-secretase. Dominant FAD-causing 

missense mutations in the substrate or enzyme alter the proteolytic processing of APP 

by γ-secretase. An in vivo model that recapitulates the proteolytic processing of APP 

substrate, as it occurs naturally, is critical to understanding how FAD mutations contribute to 

pathogenesis. Such C. elegans models, in which Aβ production occurs through γ-secretase 

in membranes had not been previously described. For these reasons, we engineered novel 

C. elegans models that co-express membrane-associated human C99 and human PSEN1 in 

neurons to allow for intramembrane proteolysis to produce Aβ.

We designed transgenes that express human wt C99APP or human wt PSEN1 with the 

rgef-1 promoter, which drives stable transgene expression with age pan-neuronally in C. 
elegans (Chen, Fu et al. 2011) (Adamla and Ignatova 2015) (Munoz-Jimenez, Ayuso et 

al. 2017). The APP N-terminal signal peptide sequence precedes the C99APP sequence to 

allow membrane insertion. unc-54 3’ UTR was used to promote transgenic expression in 

somatic cells (Merritt, Rasoloson et al. 2008). Additionally, C99APP and PSEN1 variant 

transgenes were created using the same expression vector (Figure 1a). Transgenic worms 

were obtained by microinjection of human C99APP and human PSEN1 constructs in the 

juIs1 line (Hallam and Jin 1998), which expresses GFP-fused synaptobrevin protein in 

presynaptic terminals of GABAergic motor neurons, visualized as synaptic puncta along 

the dorsal and ventral nerve cords. Schematic representation of γ-secretase tripeptide 

cleavage driven by three active site pockets (S1’, S2’ and S3’) of presenilin (PSEN) is 

shown along with the corresponding three amino acids (P1’, P2’ and P3’) of substrate in 
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Figure 1b. We previously showed that co-expression of mutant C99APP and PSEN1 led to 

neurodegeneration phenotypes (Devkota, Zhou et al. 2024).

C. elegans lines co-expressing wt C99APP and wt PSEN1 showed lifespans that were 

comparable to those of the parental line juIs1 (Figure S1a). The log rank test of the survival 

curves showed that there is no statistically significant difference (P = 0.851). Numbers of 

synaptic puncta in transgenic lines were similar to those of the parental line for each day 

examined (Days 1–7 & 9) (Figure S1b).

wt PS-1 exacerbates I45F C99-induced synaptic loss in C. elegans.

The Iberian mutation in APP, I45F (Aβ/C99 numbering; I716F in the 770-residue isoform 

of APP), is an FAD mutation that places Phe in the P2’ position relative to Aβ46→Aβ43 

tripeptide trimming. We have previously demonstrated that Phe in the P2’ position with 

respect to any cleavage event in the processive proteolysis of C99 substrate by γ-secretase 

blocks that cleavage step. Thus, for I45F the production of Aβ43 is prevented while allowing 

Aβ45→Aβ42 cleavage, thereby increasing the Aβ42/Aβ40 ratio (Bolduc, Montagna et al. 

2016) (Figure 2a). The median lifespan of both I45F C99APP-expressing lines (with and 

without coexpression of wt PSEN1) were shorter than wt C99APP + wt PSEN1 animals, 

although wt PSEN1 coexpression resulted in substantial reduction in lifespan and early 

loss of synapses (Figure 2b; Table S1). C. elegans lines that express I45F C99APP and 

wt PSEN1 showed loss of synaptic puncta beginning on day 3 in dorsal and ventral nerve 

cords, with substantial synaptic degeneration occurring by day 9 in the dorsal cord. In 

contrast, the monogenic line expressing I45F C99APP alone showed only slight loss of 

synaptic puncta in the dorsal cord on day 9. (Figure 2c–d). We observed similar results 

in additional independent lines with the same transgenes, as reported in our previous 

study (Devkota, Zhou et al. 2024). These results indicate that I45F C99APP induces a 

weak neurodegenerative phenotype—likely due to interaction with endogenous presenilin 

SEL-12 and/or HOP-1—that is strongly exacerbated by coexpression of wt human PS-1, 

demonstrating a genetic interaction between the two transgenes.

Synaptic loss is triggered independently of Aβ42.

Addition of a designed V44F mutation to the Iberian FAD-mutant C99APP (V44F/I45F 

C99APP) eliminates the production of Aβ42 by blocking processive proteolysis by γ-

secretase at the Aβ45→Aβ42 step, as Phe is located in the P2’ position relative to this 

cleavage site, along with blocking Aβ46→Aβ43 due to I45F (Figure 3a) (Pope, Wilkins 

et al. 2021, Devkota, Zhou et al. 2024). Thus, this double mutant can address whether 

Aβ42 is required for the synaptic degeneration observed with I45F mutation alone. The 

median lifespan of V44F/I45F C99 APP + wt PSEN1 was substantially shorter than wt 

C99APP + wt PSEN1, while expression of V44F/I45F alone attenuated this effect (Figure 

3b). The survival curves of wt C99APP + wt PS-1 and V44F/I45F C99 APP + wt PSEN1 

were significantly different based on Holm-Sidak pairwise comparison (Table S2) (Cardillo 

2006). Similarly, significant loss of synaptic puncta was seen in dorsal and ventral nerve 

cords on day 2 in lines neuronally co-expressing V44F/I45F C99APP and wt PSEN1. A 

less severe phenotype with a delayed onset and absence of further synaptic loss was seen in 

the monogenic V44FI45F C99APP line (i.e., age-dependent loss of synaptic puncta was not 
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observed in this control) (Figure 3c–d), recapitulating observations of an independent line 

with same mutations (Devkota, Zhou et al. 2024). These observations collectively suggest 

that Aβ42 is not essential for the neurodegenerative phenotype of these lines.

Synaptic loss is triggered independently of Aβ.

V50F/M51F mutation in C99APP blocks the initial endoproteolytic (ε) cleavage that 

releases APP intracellular domain and generates intermediates Aβ48 and Aβ49, due to the 

presence of Phe in the P2’ pocket relative to either cleavage site. This prevents C99APP 

substrate from being processed to Aβ, thereby providing a substrate suitable for testing 

if synaptic degeneration is dependent on any form of Aβ (Figure 4a). While V50F/M51F 

C99APP is not proteolyzed by γ-secretase, binding of this substrate to the protease is 

not affected (Bolduc, Montagna et al. 2016). Lifespan of animals expressing V50F/M51F 

C99APP + wt PSEN1 was reduced similarly to that of those coexpressing wt PSEN1 pIus 

either I45F C99APP or V44F/I45F C99APP, as measured by median survival times (Figure 

4b). Pairwise comparison of the survival curves showed that there is a significant difference 

between wt C99APP + wt PSEN1 and V50F/M51F C99APP + wt PSEN1 (Table S3) . A 

reduced number of synaptic puncta was seen in the dorsal cord of these lines from as early 

as day 1 of adulthood compared to wt + wt transgenic lines (Figure 4c–d). In contrast, 

co-expression of wt PSEN1 with V50F/M51F C99APP led to fewer synaptic puncta in 

the ventral compared to wt control animals on day 3. However, an increase in synaptic 

puncta was observed in V50F/M51F C99APP mutants from day 7 in both nerve cords, a 

phenomenon not seen in lines co-expressing I45F or V44F/I45F C99APP with wt PS-1. 

The increase in synaptic puncta following decline cannot be explained by survivor bias, as 

the upper limit on earlier days is below the upper limit on later days (i.e., worms fated 

for longer survival should be among the earlier cohorts). This aligns with our observation 

of independent lines described in our previous study and confirms that prevention of 

Aβ formation does not rescue loss of synaptic puncta, while supporting mechanisms of 

regeneration in this model (Devkota, Zhou et al. 2024).

L166P PSEN1-induced synaptic loss is dependent on C99APP coexpression.

The median lifespan in our new C. elegans lines expressing PSEN1 L166P FAD mutation, 

irrespective of the presence of C99APP substrate, was reduced compared to that of wt 

C99APP + wt PSEN1 animals (Figure 5a; Table S4). wt C99APP + L166P lines also 

displayed age-dependent decline in the numbers of synaptic puncta in both cords (Figure 

5b,c), results consistent with independent lines studied earlier (Devkota, Zhou et al. 2024). 

In our previous study, however, imaging of synaptic puncta in monogenic PSEN1 L166P 

lines was not possible due to toxic sensitivity to the anesthetic. This problem was solved 

here by immobilizing animals with polystyrene beads, which revealed that monogenic 

PSEN1 L166P C. elegans did not show significant age-dependent synaptic degeneration, 

with results indistinguishable from wt C99APP + wt PSEN1 lines for both the dorsal 

and ventral cords (Figure 6a,b). There was some slight change in the average number of 

synapses within the PSEN1 L166P strain itself over time, but only in the dorsal cord, and 

not in comparison to controls. These observations indicate that co-expression of exogenous 

substrate is necessary for synaptic degeneration in this experimental system, while the 

shortened lifespan is independent of substrate co-expression. This is the sole instance where 
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shortened lifespan and age-dependent synaptic loss did not correlate, suggesting that, at 

least in the monogenic L166P PSEN1 lines, the two phenotypes are caused by distinct 

mechanisms.

Synaptotoxic effects are not specific to dysfunctional proteolysis of C99APP substrate

To determine if stalled E-S complex formed between mutant PSEN1 with a substrate other 

than C99 can affect proteolysis by γ-secretase, we created human Notch1-based transgenic 

DNA encoding a C-terminal fragment analogous to C99APP (C99Notch1) as well as its 

V50F/L51F double mutation, designed to block ε cleavage when either Phe is positioned 

at P2’ during proteolytic processing by the enzyme. We have recently reported using mass-

spectrometry and ELISA that V50F/L51F double mutation results in ~50% reduction in 

proteolysis of Notch-1 substrate by γ-secretase (Malvankar and Wolfe 2025), similar to but 

not as substantial as the near complete block of proteolysis of the analogous V50F/M51F 

in C99APP (Bolduc, Montagna et al. 2016). To test the effects of this double mutation on 

synaptic degeneration in C. elegans, expression vectors were designed to comprise of codons 

for signal peptide (as used in C99APP constructs) followed by 99 amino acids of the Notch1 

extracellular truncation (NEXT) C-terminal fragment, generated from ligand-dependent 

juxtamembrane cleavage by ADAM-10 and a direct substrate for γ-secretase (Brou, Logeat 

et al. 2000, Mumm, Schroeter et al. 2000). wt C99Notch1 and mutant C99Notch1 transgenes 

were designed with rgef-1 pan-neuronal promoter and unc-54 3’ UTR as used in C99APP 

expression vectors (see Supporting Information for full DNA sequences). Note that this 

truncated form of Notch1 does not contain regions responsible for nuclear localization and 

transcriptional regulation.

Co-expression of V50F/L51F C99Notch-1 with wt PSEN1 resulted in shorter median 

lifespan in both independent lines compared to juIs1 and wt Notch-1 + wt PSEN1, based 

on a cut-off standard for statistical signifance of p > 0.05 (Figure 7a & Figure S2a). The 

survival curves of V50F/M51F C99Notch-1 + wt PS-1 mutants versus wt C99Notch-1 + 

wt PS-1 were statistically different based on pairwise comparisons using the Holm-Sidak 

method (Table S5). Synaptic loss occurred as early as day 1 in V50F/M51F C99Notch-1 

animals co-expressing wt PSEN1 in both nerve cords (Figure 7b–7c & Figure S2b–S2c). 

These results suggest that stalled γ-secretase complexes can be formed from dysfunctional 

proteolysis of a substrate other than C99APP and trigger synaptotoxicity in C. elegans. 

However, because cleavage of V50F/M51F double mutation in C99Notch-1 is only partially 

reduced, the possibility remains that inefficiently trimmed Nβ proteolytic products (Notch 

counterparts to Aβ) contribute to the observed phenotype.

Catalytic inactive PSEN1 does not lead to reduced lifespan or synaptic degeneration.

To test whether synaptic degeneration and reduction in lifespan is due to a simple loss of 

proteolytic function of γ-secretase, we utilized a PSEN1 transgene containing a mutation 

in one of the catalytic aspartates (D257A). Three independently derived lines containing 

the human D257A PS1 construct were obtained after microinjection and assessed for both 

synapse degeneration and lifespan. When assessed for median survival, none of the PSEN1 

D257A mutant lines showed significantly reduced lifespan compared to parental strain juIs1 
(Figure 8a; Table S7). wt PS-1 + wt C99APP animals from strain lhEx661 had longer 
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median lifespans compared to parental line juIs1 and two lines transgenic for D257A PS1 

but were not statistically significant. The third D257A PS1 line had a significantly longer 

lifespan compared to juIs1, but not to the other two transgenic lines containing D257A PS1. 

This is likely due to variability in transgene expression between the three independently 

derived lines.

Interestingly, animals expressing D257A PSEN1 transgene had a slight visible egg-laying 

deficient phenotype, with abnormal protruding vulva. Egg-laying deficiency is present in 

animals with loss-of-function mutations in sel-12, a homolog of human Presenilin in C. 
elegans, and is linked to deficiencies in cleavage of lin-12 family of receptors (NOTCH 

receptors in C. elegans) (Levitan and Greenwald 1995). These visible protruding vulva 

defects prompted us to determine whether other aspects of nematode health known to be 

affected by sel-12 deficiency, specifically brood size and embryonic viability, were affected. 

Animals expressing D257A PSEN1 showed significant differences in brood size, and one 

line showed significant defects in embryonic viability (Figure 8b; see also Figure S3 for 

brood size and embryonic viability for all other transgenic lines in this study). While the 

other two D257A PSEN1 lines did not show significant changes in embryonic viability, 

they were slightly decreased compared to both juIs1 and WT PSEN1 + WT APP C99 

animals. In all lines, there were no overall significant differences between synapse numbers 

compared with parental line juIs1 or wt C99APP + wt PSEN1 in either cord on any given 

day, indicating no age-dependent synapse degeneration (Figure 8c). Together, these results 

indicate that a simple loss of function of enzymatic activity is not sufficient to lead to 

synaptic degeneration and a reduced lifespan. The sel-12-like loss-of-function phenotypes 

(effects on brood size and embryonic viability) indicate that distinct pathways are involved.

DISCUSSION

The amyloid cascade hypothesis of AD pathogenesis, first formulated over 30 years ago, 

implicates aggregated Aβ, particularly Aβ42, in triggering downstream neurotoxicity and 

synaptic dysfunction, ultimately leading to cognitive dysfunction. This hypothesis emerged 

with the discovery of FAD-associated dominant missense mutations in the APP gene, in and 

around the small Aβ region of the much larger precursor protein. The subsequent discovery 

of presenilin genes as sites of FAD mutations, that these mutations elevate the Aβ42/Aβ40 

ratio, and that presenilins are proteases, the catalytic component of γ-secretase, seemingly 

cemented the amyloid hypothesis. All FAD mutations are found in the substrate and enzyme 

that produce Aβ, and these mutations alter the production or properties of Aβ peptides.

Decades later, fundamental gaps remain regarding the nature of pathogenic Aβ assemblies, 

the identity of cognate receptors, and pathways that relay synaptotoxic signals. In addition, 

monoclonal antibodies against Aβ aimed at halting the amyloid cascade and preventing 

neurodegeneration have shown only modest slowing of cognitive decline, despite effective 

clearance of amyloid plaques (Kurkinen, Fulek et al. 2023). For these reasons, we 

reinvestigated the identity of the pathogenic initiator in FAD. Through biochemical, 

structural, computational and cellular studies, we recently found that FAD mutations are 

deficient in multiple proteolytic steps in the processing of APP C99 substrate by γ-secretase 

due to stalling/stabilization of the enzyme-substrate (E-S) complex (Devkota, Zhou et al. 
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2024). Establishment of a C. elegans model system for FAD then provided a means of 

testing mechanisms of synaptotoxicity, leading to the conclusion that stalled γ-secretase E-S 

complexes, even in the absence of Aβ or in the presence of a substrate other than C99APP, 

can trigger synaptic loss.

In the present study, we provide important confirmation and extension of the “stalled 

complex” hypothesis of FAD pathogenesis (Wolfe 2025). Through the generation of 

independent transgenic C. elegans lines, we demonstrate that the FAD APP Iberian mutation 

I45F (Aβ numbering; I716F APP770 numbering) elicits age-dependent synaptic loss and 

reduced lifespan that is largely dependent on co-expression of human wt PS1. This mutation 

leads to substantial elevation of the Aβ42/Aβ40 ratio, primarily by blocking γ-secretase 

trimming of Aβ46 to Aβ43, thereby reducing Aβ40 production (Bolduc, Montagna et al. 

2016). However, addition of the designed V44F mutation, which further blocks trimming 

of Aβ45 to Aβ42, does not rescue the neurodegenerative phenotype. Moreover, installation 

of the designed V50F/M51F double mutation near the initial γ-secretase cleavage site in 

APP C99—blocking all Aβ production even though this mutant substrate can nevertheless 

bind the protease complex—likewise leads to the neurodegenerative phenotype. These 

findings show that the age-dependent synaptic loss is not dependent on Aβ42 or overall 

Aβ production and are consistent with stalled E-S complexes as the pathogenic trigger.

We further observed that neuronal expression of FAD-mutant PSEN1 L166P leads to 

reduced lifespan in C. elegans, even in the absence of APP C99 coexpression, consistent 

with our previous report (Devkota, Zhou et al. 2024). In the present study, however, we 

observed the first disconnect in our new transgenic C. elegans FAD model system between 

reduced lifespan and age-dependent synaptic loss: Animals transgenic for PSEN1 L166P 

without wt C99APP showed reduced lifespan without significant synaptic degeneration. This 

new observation suggests that in this model system there may be multiple pathways and 

mechanisms by which PSEN1 FAD mutations might affect lifespan, many of which may not 

be coupled to synaptic degeneration. This finding further suggests that synaptic degeneration 

due to L166P PSEN1 in this model system requires co-expression of exogenous substrate 

to increase levels of stalled E-S complexes. Note that in a mouse model with PSEN1 and 

PSEN2 conditionally knockout in excitatory neurons of postnatal forebrain and with only 

a single allele with knock-in of L435F PSEN1 FAD mutation, cortical neurodegeneration 

was observed in the presence or absence of endogenous APP expression (Yan, Zhang et al. 

2024). However, the L435F mutation is severely deficient in proteolytic function, making 

this genetic mouse model nearly as functionally deficient as a complete PSEN1/PSEN2 

conditional knockout, a situation that does not occur in any cases of FAD (see below).

We hypothesized that, with FAD-mutant PSEN1, formation of stalled γ-secretase E-S 

complexes with other substrates could trigger synaptic degeneration. Consistent with this 

idea, we observed in two independent transgenic lines that neuronal co-expression of WT 

PSEN1 and V50F/L51F Notch1-based substrate, which is cleaved 50% less efficiently by 

γ-secretase than its wt counterpart (Malvankar and Wolfe 2025), led to synaptic loss and a 

shorter median lifespan in our in vivo model. This shows that synaptic loss in C. elegans 
can be triggered by stalled E-S complexes with a substrate other than APP C99. This 

finding is consistent with the recent study, mentioned above, demonstrating that a PSEN1 
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FAD mutation can cause neurodegeneration in the absence of APP in mice (Yan, Zhang et 

al. 2024). γ-Secretase has broad substrate specificity, with ~150 known membrane protein 

substrates (Güner and Lichtenthaler 2020). We suggest that FAD-mutant PSEN1/γ-secretase 

can form stalled E-S complexes with all or most of these other substrates to elevate total 

levels of synaptotoxic stalled E-S complexes.

We further show in this study that a simple loss of γ-secretase catalytic activity is 

not sufficient to cause the observed synaptic loss and reduced lifespan seen with FAD 

mutants. Three transgenic C. elegans lines were generated that neuronally express PSEN1 

D257A, which contains a mutation of one of the essential conserved aspartate residues in 

the active site, thereby rendering this mutant PSEN1 catalytically inactive. This finding 

is consistent with two observations about human FAD. First, although over 300 FAD-

associated mutations in PSEN1 have been identified, including many in and around the 

active site, neither of the two catalytic aspartates are mutated in any case of FAD. Indeed, 

no FAD mutation has been found that leads to complete loss of proteolytic activity. Second, 

dominant loss-of-function mutations in PSEN1 and other components of the γ-secretase 

complex, resulting in nonsense-mediated decay of the mRNA and haploinsufficiency, are 

associated with hereditary acne inversa, not neurodegeneration (Wang, Yang et al. 2010). 

Thus, although FAD mutations result in reduced proteolytic function, this partial loss of 

function alone apparently cannot elicit FAD. Presenilin proteolytic function does appear 

to be disrupted in the animals expressing PSEN1 D257A, as indicated by the observed 

sel-12-like egg-laying defect. Thus, loss of proteolytic function alone does not lead to 

age-dependent synaptic degeneration or reduce lifespan in this C. elegans model system. 

Whether co-expression of wt C99APP with PSEN1 D257A causes synaptic degeneration 

and reduces lifespan in these animals remains to be determined, and synergistic effects 

between reduction of proteolytic function and gain of new synaptotoxic function, both due to 

stalled γ-secretase E-S complexes, are still possible.

Our findings clearly point to stalled E-S complexes per se as an initiator of synaptic loss 

in this transgenic model organism. In humans with AD, synaptic density correlates with 

cognitive function (DeKosky and Scheff 1990). The transgenic C. elegans system described 

here may provide a valuable model to understand mechanisms of synaptic dysfunction 

observed in all AD, not only FAD. In sporadic late-onset AD, with no mutation in APP 

or presenilin, other factors may lead to stalled γ-secretase E-S complexes; for instance 

changes in membrane composition or intracellular or intraorganelle pH. γ-Secretase is a 

membrane-embedded aspartyl protease that cleaves within the transmembrane domain of 

its many substrates. Altered cholesterol levels can affect γ-secretase activity in cells and 

proteoliposomes (Wahrle, Das et al. 2002, Osenkowski, Ye et al. 2008, Kim, Kim et al. 

2016), and γ-secretase activity has long been known to be pH-dependent (Li, Lai et al. 

2000, Fraering, Ye et al. 2004, Quintero-Monzon, Martin et al. 2011, Maesako, Houser et al. 

2022). The effects of these factors on all γ-secretase proteolytic processing steps and E-S 

complex stability are currently under investigation. We are also searching for compounds 

that rescue stalled complexes, as a potential therapeutic strategy for the prevention or 

treatment of AD.
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Given the advantages of C. elegans as a model for neurodegenerative studies, future research 

may leverage these FAD models for genetic screening to identify mediators of synaptic 

dysfunction (Torres, Mira et al. 2025). Studies in C. elegans continue to highlight conserved 

molecular pathways that contribute to synapse abnormalities and the relevance of this model 

organism for investigating pathological mechanisms of AD (Van Pelt and Truttmann 2020, 

Alvarez, Alvarez-Illera et al. 2022, Xu, Kang et al. 2025) and FAD (Sarasija, Laboy et 

al. 2018, Ashkavand, Ryan et al. 2025). Revealing molecular mechanisms of pathogenesis 

in C. elegans neurodegenerative models would then justify much more difficult, lengthy 

and expensive studies in mammalian models and may ultimately lead to development of 

therapeutic agents for the prevention and treatment of Alzheimer’s Disease. In this regard, 

the new C. elegans system described here may also provide a rapid and facile in vivo 
platform for AD drug discovery.

LIMITATIONS OF THE APPROACH

While the C. elegans model system described here has many advantages, we should point 

out important limitations to our approach. For instance, as the transgenes are expressed 

only in neurons, contributions due to FAD-mutant protein expression in other cell types, 

such as glial cells, cannot be observed. Also, because synaptic degeneration from neuronal 

expression of L166P PSEN1 in this model organism requires coexpression of exogenous 

substrate, the molecular mechanism may differ from that leading to synaptic degeneration in 

FAD. Furthermore, while we have clearly demonstrated the effects of the designed APP C99 

mutations on processing of this substrate by human γ-secretase, testing whether these effects 

are recapitulated in C. elegans was not feasible. Because human PSEN1 is coexpressed, 

we believe it highly likely that processing occurs like it does in human cells. The critical 

interactions of substrate with γ-secretase essential for proteolytic processing are between 

substrate transmembrane domain and presenilin, the catalytic component (Yang, Zhou et al. 

2019) (Zhou, Yang et al. 2019). Nevertheless, we cannot exclude that the mutant substrates 

are processed differently in C. elegans, even with human PSEN1, which must assemble with 

C. elegans orthologs of the other γ-secretase components. Finally, elevated APP C-terminal 

fragments such as C99 through inhibition of of γ-secretase activity can be neurotoxic 

(Kwart, Gregg et al. 2019) (Hung and Livesey 2018) (Bretou, Sannerud et al. 2024) (Im, 

Jiang et al. 2023) (Lauritzen, Pardossi-Piquard et al. 2016) (Lauritzen, Pardossi-Piquard 

et al. 2023) (Checler, Afram et al. 2021) (Vrancx and Annaert 2025). Expression of C99 

is likely elevated in neurons in all of our models, but coexpression of WT C99 and WT 

PSEN1 does not lead to synaptic degeneration. Moreover, because of the slow turnover 

rate of γ-secretase and the low level of active enzyme (limited by endogenous subunits of 

the protease complex) make it unlikely that the introduced mutations further elevate C99 

(Kamp, Winkler et al. 2015). Nevertheless, we cannot rule out that elevated C99 does not 

contribute at least partially to the observed synaptic degeneration.
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METHODS

General workflow

Construction of C. elegans transgenes → Microinjection of transgenes in C. elegans 
hermaphrodite gonads → Selection of transformants → Phenotypic assays (lifespan 

analysis, brood size analysis, embryonic viability analysis, scoring of synaptic puncta using 

confocal microscopy).

C. elegans maintenance

All C. elegans strains used in the study were maintained at 15-22° C on nematode growth 

medium (NGM) plates seeded with E. coli (Brenner 1974). juIs1 [Punc-25::SNB-1::GFP] 

was used as the parental strain to develop transgenic lines by injecting human C99 APP 

and/or PSEN1 or human C99 Notch and/or PSEN1 constructs along with co-injection 

marker rol-6 (Kramer, French et al. 1990).

Cloning & molecular biology

Human C99APP and PS-1 cDNA were synthesized as described in a previous 

study (Devkota, Zhou et al. 2024). Similarly, human C99 Notch1 transgenes (wt 

and FF) were designed to include the following: 1) DNA encoding signal peptide 

(MLPGLALLLLAAWTARA) for membrane insertion, 2) coding sequence for 99 amino 

acids of Notch1 (wt and FF). These constructs were designed to include worm 

introns. All human constructs were cloned in worm expression vector pEVL415 

(Prgef-1:htau40::gfp::unc-54 3′UTR) (Devkota, Zhou et al. 2024). Restriction digestion 

was performed using BamH1 and NgoM4 to linearize the vector. Plasmids harboring C99 

wt Notch1 and C99 FF Notch1 sequences analogous to C99 APP constructs used in the 

previous study were synthesized using ‘GeneArt Gene Synthesis’ by ThermoFisher. These 

plasmids contain KanR genes for growth on bacterial plates and DNA extraction. The genes 

of interest were PCR amplified from the Thermofisher plasmids using primers that were 

designed to have ~ 15 bp 5’ extensions complementary to the 3’ sticky ends of the linearized 

vector. The fragments were PCR-purified and cloning was performed by In-Fusion cloning 

(TakaraBio) following manufacturer’s protocol. Ampicillin resistance allowed for specific 

isolation of bacterial clones containing Notch constructs. Clones were confirmed by PCR 

amplification and restriction digestion. In addition, plasmid DNA containing the gene inserts 

were validated by sequencing.

C. elegans transgenesis

The parental strain juIs1 [unc-25p::snb-1::GFP + lin-15(+)] IV expresses GFP fused to 

synaptobrevin in presynaptic terminals of GABAergic DD and VD motor neurons and 

RME neurons (Hallam and Jin 1998). Human constructs with co-injection marker were 

microinjected into gonads of young adults of juIs1 [Punc-25::SNB-1::GFP] to obtain 

transgenic lines. Injection mixes contain human APP (or Notch1) variant (8-10 ng/μl) and/ 

or human PS-1 variant (8–10 ng/μl) and pRF4 (60.8 ng/μl) . Injection mixes for D257A PS1 

contained 10ng/μl of DNA and pRF4 (60 ng/μl).
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Plasmids used in the study are below. Full sequences of new transgenes are provided as a 

supplementary files Text S1, Text S2 and Text S3).

1. pEVL545 [Prgef-1:signal peptide : human wt C99APP :: unc-54 3’UTR]

2. pEVL546 [Prgef-1::signal peptide : human C99APP (I45F) :: unc-54 3’UTR

3. pEVL547 [Prgef-1::signal peptide : human wt PS-1 :: unc-54 3’UTR]

4. pEVL548 [Prgef-1:: human L166P PS-1 :: unc-54 3’UTR]

5. pEVL549 [Prgef-1::signal peptide : human V44F I45F C99APP :: unc-54 
3’UTR]

6. pEVL554 [Prgef-1::signal peptide : human V50F M51F C99APP :: unc-54 
3’UTR]

7. pEVL555 [Prgef-1::signal peptide : human wt C99Notch :: unc-54 3’UTR] (Text 

S1)

8. pEVL556 [Prgef-1::signal peptide : human FF C99 Notch :: unc-54 3’UTR] 

(Text S2)

9. pEVL553 [Prgef-1:: human D257A PS-1 :: unc-54 3’UTR] (Text S3)

Strains generated in this study

wt C99APP + wt PS-1 Line 2 lhEx662

I45F C99APP + wt PS-1 Line 2 lhEx656

I45F C99APP Line 2 lhEx649

V44F I45F C99APP + wt PS-1 Line 2 lhEx651

V44F I45F C99APP Line 2 lhEx653

V50F M51F C99APP + wt PS-1 Line 2 lhEx664

wt C99APP + L166P PS-1 Line 2 lhEx658

L166P PS-1 Line 2 lhEx660

wt C99Notch1 + wt PS-1 Line 1 lhEx669

wt C99Notch1 + wt PS-1 Line 2 lhEx671

FF C99Notch1 + wt PS-1 Line 1 lhEx672

FF C99Notch1 + wt PS-1 Line 2 lhEx673

D257A PS-1 Line 1 lhEx665

D257A PS-1 Line 2 lhEx666

D257A PS-1 Line 3 lhEx667

Lifespan

L4 animals were isolated for lifespan experiments and maintained at 20 °C . To avoid 

contamination with progeny animals, adults were transferred to fresh plates whenever 

necessary. Plates were checked for live worms at least once in two days. Animals that 

did not move when prodded were considered dead. For D257A PSEN1 animals, L4 animals 

were also isolated and maintained at 20°C. Animals were plated in four technical replicates, 
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with each replicate containing 25 animals for an n-number of 100 animals. Animals were 

transferred to new plates everyday and scored for life. Animals that did not move when 

prodded were considered dead.

Microscopy and image analysis

L4 animals were transferred to fresh plates and were maintained at 20 oC. Day 1 to day 7 

adults and day 9 adults were scored for the number of SNB-1::GFP puncta in the ventral 

and dorsal nerve cords. 0.5% 2-phenoxypropanol in M9 was used to anesthetize adult worms 

and those were mounted on 2% agarose pads for imaging. Imaging was done using Olympus 

FV1000 laser scanning confocal microscope at 60X magnification NA 1.42. All images 

were obtained processed and analyzed as described previously using GraphPad Prism 9 and 

10 (Devkota, Zhou et al. 2024).

C. elegans were also imaged in the Microscopy and Analytical Imaging Resource Core 

Laboratory (RRID:SCR_021801) at The University of Kansas using a TCS SPE Laser 

Scanning Confocal Upright Microscope (Leica Microsystems, DM6-Q model), with the 488 

nm laser line, a Leica 63X/1.3NA ACS APO oil objective, 12-bit spectral PMT detector 

and a Leica LAS X Imaging software (version 3.5.7.23225). Synaptic puncta signal was 

detected using 488 nm excitation, 500-520 nm emission range. Images were captured at 

1024 x 1024-pixel resolution, no bidirectional scanning, and a zoom factor at 1.0.

Agarose Immobilization

For imaging of animals containing the D257A PS1 and L166P PS1 transgene, 

immobilization with agarose and polystyrene beads was used. L4 animals were transferred 

to fresh plates and maintained at 20°C. 10% agarose in M9 buffer was used to make the 

agarose pads. 1.5 uL of 0.1 um polystyrene beads (Sigma-Aldrich catalog 90517, Batch 

BCCL4220) were added to immobilize worms. Day 1, day 4, and day 7 adults were scored 

for the number of SNB-1::GFP puncta in the ventral and dorsal nerve cords in this manner. 

All control animals were also scored using this method and compared against D257A and 

L166P mutants. Image instrumentation and analysis was the same as all other lines imaged 

under anesthetization using the Olympus FV1000.

Brood size & Embryonic Viability Assays

To analyze the brood size, on day 1, one L4 hermaphrodite was transferred to each plate. 

The worms were allowed to develop into adults and lay eggs for 24 hours at 20 °C, after 

which the adult worm was transferred to a new plate on day 2. It was ensured that no eggs or 

other worms were transferred inadvertently. On day 3, the day 1 plate was scored separately 

for L1 larvae and unhatched eggs. This process was repeated until day 5 when the adult 

worm was removed and day 7 when the last scoring was recorded for day 5 plates (Hornsten, 

Lieberthal et al. 2007, Gallrein, Iburg et al. 2021).

Data analysis

Lifespan: Plotting of survival curves, calculation of median lifespan and statistical analysis 

were performed in ‘Sigmaplot’ using Kaplan Meier (log-rank test) method. Pairwise 
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comparisons were made using Holm-Sidak method with a significance cutoff of p<0.05. 

All pairwise comparisons are shown in Tables S1–7).

Microscopic image analysis: All confocal image processing and analysis were performed 

using Fiji (ImageJ) software, as described in our previous report (Devkota, Zhou et al. 2024). 

In brief, L4 animals were selected and maintained at 20°C, then imaged on different days 

of adulthood ranging from day 1 through day 9 for synaptobrevin GFP-expressing puncta on 

both dorsal and ventral nerve cords. Images were then analyzed using Fiji (ImageJ) software. 

Fluorescent confocal images were stacked in the Z plane and converted to a binary image 

so that a threshold to identify each puncta could be determined. Puncta were referenced 

to the original binary image to make sure all puncta were acquired. Particles within the 

desired size range were measured and the location of the puncta by (x,y) coordinates 

was the output in the software. The average number of synaptic puncta in 100 μm was 

calculated from the distances between two puncta on the x-axis. Collection of the output 

was placed in Microsoft Excel, and graph generation and statistical analysis was conducted 

in GraphPad Prism 9 software. ANOVA was conducted for all days collected between 

and within strains and Tukey’s post-hoc analysis was used to determine significance for 

all pair-wise comparisons. For all multiple comparisons statistical tests, a threshold of 

significance was set at p<0.05. Specifics of statistical testing are in figure legends and 

in Supplemental Information Tables S8 and S9. Significance depicted on graphs was 

determined by what comparisons showed significance (i.e., if between strains on different 

days showed significance versus within strain on different days showed significance). Non-

significant comparisons were not always shown on graphs, but are indicated in figure 

legends.

Brood size & embryonic viability: Brood size for each replicate of a given strain is the 

sum of total progeny including unhatched embryos (along with live larvae) from each parent 

hermaphrodite, obtained by summing the daily counts from day 1 to day 5.

Brood size = Live progeny + unhatched embryo.

Embryonic viability percentage was calculated for each biological replicate of a given strain 

The numbers of live progeny and unhatched embryos are obtained by totaling the daily 

count across the experimental period (Kwah and Jaramillo-Lambert 2023).

Embryonic viability = [Total live progeny/ (Total live progeny + Total unhatched embryo)] × 

100

In both cases, statistical analysis was performed in GraphPad Prism using one way ANOVA 

test (Dunnett’s multiple comparisons test). Comparisons were made with juIs1 with p>0.05 

ns, p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p< 0.0001 ****.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Stalled γ-secretase enzyme-substrate complexes per se can trigger synaptic 

loss.

2. Notch substrate can replace APP substrate to induce synaptic loss.

3. Proteolytically inactive presenilin alone does not trigger synaptic loss.
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Figure 1. Design and creation of transgenic C. elegans.
a. Schematic of transgenic C. elegans vectors. Transgenic C. elegans lines were obtained 

by microinjection of either or combination of human PSEN-1 (also called PS-1) and human 

C99 substrate (APP or Notch-1) driven by pan-neuronal rgef-1 promoter into the parental 

line juIs1. rol-6 (dominant roller marker) expressed in pRF-4 plasmid was used as the 

co-injection marker to select for transformants. This results in transformant C. elegans that 

are roller worms having synaptic puncta marked by GFP- tagged synaptobrevin along the 

nerve cord.

b. Visual representation of substrate processing by PSEN-1. PSEN-1 proteolyzes 

substrates by initial endoproteolysis followed by processive tripeptide trimming. P1’, P2’ 

and P3’ are amino acids of the substrate accommodated in three corresponding active-site 

pockets in PSEN-1.
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Figure 2. wt PS-1 exacerbates FAD-mutant I45F C99-induced synaptic loss in C. elegans.
a. Visual representation of I45F C99APP processing by PSEN-1. C99APP has a Phe 

substitution in the P2’ position of the cleavage site preventing the formation of Aβ43.

b. Shorter lifespan of I45F C99APP + wt PS-1 animals. Kaplan-Meier curves of ‘n’ 

animals show the fraction of animals alive on different days. Ages of control animals - wt 

C99APP + wt PS-1 and I45F C99APP at median survival were 14 & 13 days respectively, 

while that of I45F C99APP + wt PS-1 was significantly shorter (10 days).

c. Age-dependent loss of synaptic puncta in I45F C99APP + wt PS-1 animals. The 

average number of synaptic puncta per 100 μm in ‘n’ transgenic worms for each day is 

shown in the scatter plots for dorsal and ventral cords. The scatter plot displays all individual 

data points. Superimposed on the data are the mean values represented by the horizontal 

lines, with vertical bars indicating the standard deviation (SD). The ‘n’ for each day for 

a given mutant can be found in panel d. The number of synaptic puncta in I45F C99APP 

+ wt PS-1 reduced on day 3 compared to day 1 significantly in dorsal nerve cord, while 

loss of synaptic puncta in I45F C99APP animals was first seen later, on day 9. (p>0.05 ns, 

p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p< 0.0001 ****). Similarly, in ventral nerve cord, 

synaptic density in I45F C99APP + wt PS-1 reduced significantly on day 3 compared to 

day 1 but no significant reduction in the same was seen in either control. Note that in order 

to simplify visualization, data is plotted and statistics noted to indicate the earliest days on 

which significant differences occurred.

d. Age-dependent loss of synaptic puncta in I45F C99APP + wt PS-1 animals. 100 μm 

sections of representative confocal images for wildtype (1st row) and transgenic animals are 

shown for days 1, 3 and 9 for dorsal (left) and ventral (right). ‘s’ denotes the average of 

(number of synaptic puncta per 100 μm) from ‘n’ animals. In I45 C99APP + wt PS-1 dorsal 

nerve cord, on day 3, s value dropped to17, compared to s=21 on day 1. Similarly, the value 
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of s dropped to 18 on day 3 compared to 24 on day 1 in ventral nerve. Note the gaps in 

synaptic puncta in these images, increasing the distance between two consecutive puncta.
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Figure 3. Synaptic loss is triggered independently of Aβ42.
a. Visual representation of V44F/I45F C99APP processing by PSEN-1. C99APP has two 

Phe substitutions in the P2’ positions each along Aβ40 and Aβ42 pathways preventing the 

formation of Aβ43 and Aβ42.

b. Shorter lifespan of V44F/I45F C99APP + wt PS-1 animals. Kaplan-Meier curves of ‘n’ 

animals show the fraction of animals alive on different days. The ages of control animals 

(wt C99APP + wt PS-1 and V44F I45F C99APP) at median survival were 14 and 13 days 

respectively, while that of V44F I45F C99APP + wt PS-1 was significantly shorter (10 

days).

c. Age-dependent loss of synaptic puncta in V44F/I45F C99APP + wt PS-1 animals. 
The average number of synaptic puncta per 100 μm in ‘n’ transgenic worms for each day is 

shown in the scatter plots for dorsal and ventral cords. The scatter plot displays all individual 

data points. Superimposed on the data are the mean values represented by the horizontal 

lines, with vertical bars indicating the standard deviation (SD). The ‘n’ for each day for 

a given mutant can be found in panel d. In the dorsal nerve cord, the number of synaptic 

puncta in V44F/I45F C99APP + wt PS-1 reduced significantly on day 2 compared to day 

1 and then again on day 7, while significant loss of synaptic puncta in control V44F/I45F 

C99APP first occurred later on day 4. In the ventral nerve cord, loss of synaptic puncta 

in V44F/I45F C99APP + wt PS-1 first occurred on day 2 compared to day 1, while such 

loss was first seen later, on day 3, in V44F I45F C99APP animals. In control wt C99APP 

+ wt PS-1 and in FAD mutant I45F C99APP + wt PS-1, loss of synaptic puncta occurred 

later in dorsal and ventral nerves than that in V44F/I45F C99APP + PS-1 mutant. (p>0.05 

ns, p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p< 0.0001 ****). Note that in order to simplify 
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visualization, data is plotted and statistics noted to indicate the earliest days on which 

significant differences occurred.

d. Age-dependent loss of synaptic puncta in V44F/I45F C99APP + wt PS-1 animals. 100 

μm sections of representative confocal images for wildtype (1st row) and transgenic animals 

are shown for days 1, 2, 4 and 7 for dorsal (left) and days 1, 2, 3 and 9 for ventral (right). 

‘s’ denotes the average of (number of synaptic puncta per 100 μm) from ‘n’ animals. In 

V44F/I45 C99APP + wt PS-1 dorsal nerve cord, on day 2, s value dropped significantly to 

16, compared to s=20 on day 1. Similarly, the value of s dropped significantly to 17 on day 2 

compared to 22 on day 1 in ventral nerve. Note the gaps in synaptic puncta in these images, 

increasing the distance between two consecutive puncta.
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Figure 4. Synaptic loss is triggered independently of Aβ.
a. Visual representation of V50F/M51F C99APP processing by PSEN-1. C99APP has 

two Phe substitutions in the P2’ positions relative to initial endoproteolysis (ε) sites for both 

the Aβ40 and Aβ42 pathways, preventing the formation of Aβ production.

b. Shortened lifespan of V50F/M51F C99APP + wt PS-1 animals. Kaplan-Meier curves 

of ‘n’ animals show the fraction of animals alive at different days. Age of control animals wt 

C99APP + wt PS-1 at median survival was 14 days, while that of V50F M51F C99APP + wt 

PS-1 was significantly shorter (10 days).

c. Loss of synaptic puncta in V50F/M51F C99APP + wt PS-1 animals. The average 

number of synaptic puncta per 100 μm in ‘n’ transgenic worms for each day is shown in 

the scatter plots for dorsal and ventral cords. The scatter plot displays all individual data 

points. Superimposed on the data are the mean values represented by the horizontal lines, 

with vertical bars indicating the standard deviation (SD). The ‘n’ for each day for a given 

mutant can be found in panel d. The number of synaptic puncta in dorsal nerve cord of 

V50F/M51F C99APP + wt PS-1 was significantly lower on day 1 (s= 18) compared to wt 

C99APP +wt PS-1 (s=21). Similar observations were seen until day 7 when there was no 

significant difference in s values between control and V50F M51F C99APP + wt PS-1. In 

the ventral nerve cord, on day 2 s=19 in V50F/M51F C99APP + wt PS-1 was significantly 

lower compared to s=21 in wt C99APP + wt PS-1. In the dorsal nerve cord, I45F C99APP 

+ wt PS-1 and V44F/I45F C99APP + wt PS-1 animals had significantly lower s values 

compared to wt C99APP + wt PS-1 animals later, on day 3 and day 2 respectively. On 

day 7, there was no significant difference in s values between wt C99APP + wt PS-1 and 

V50F/M51F C99APP + wt PS-1 mutant in either nerve cord. (p>0.05 ns, p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p< 0.0001 ****). Note that in order to simplify visualization, data 

is plotted and statistics noted to indicate the earliest days on which significant differences 

occurred.
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d. Loss of synaptic puncta in V50F/M51F C99APP + wt PS-1 animals. 100 μm sections 

of representative confocal images for wildtype (1st row) and transgenic animals are shown 

for days 1, 2, 3 and 7 for dorsal (left) and ventral (right). ‘s’ denotes the average of (number 

of synaptic puncta per 100 μm) from ‘n’ animals. Note the gaps in synaptic puncta in these 

images, increasing the distance between two consecutive puncta.
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Figure 5. L166P PS-1 reduces lifespan independent of C99APP coexpression.
a. Shorter lifespan of wt C99APP + L166P PS-1 animals. Kaplan-Meier curves of ‘n’ 

animals show the fraction of animals alive on different days. Age of control animals (wt 

C99APP + wt PS-1) at median survival was 14 days, while that of wt C99APP + L166P 

PS-1 was significantly shorter (10 days). The median survival age of L166P PS-1 animals 

was 11 days.

b. Age-dependent loss of synaptic puncta in wt C99APP + L166P PS-1 FAD animals. 
The average number of synaptic puncta per 100 μm in ‘n’ transgenic worms for each day is 

shown in the scatter plots for dorsal and ventral cords. The scatter plot displays all individual 

data points. Superimposed on the data are the mean values represented by the horizontal 

lines, with vertical bars indicating the standard deviation (SD). The ‘n’ for each day for a 

given mutant can be found in panel c. In comparison to day 1, the number of synaptic puncta 

in wt C99APP + L166P PS-1 FAD animals reduced on day 2 significantly in the dorsal 

nerve cord and on day 3 in the ventral nerve cord. Age-dependent loss of synaptic puncta 

was seen in wt C99APP + L166P PS-1 FAD animals as the number dropped significantly 

on day 9 compared to day 2/3 in dorsal and ventral nerve cords. (p>0.05 ns, p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p< 0.0001 ****). Note that in order to simplify visualization, data 

is plotted and statistics noted to indicate the earliest days on which significant differences 

occurred.

c. Age-dependent loss of synaptic puncta in wt C99APP + L166P PS-1 FAD animals. 
100 μm sections of representative confocal images for wildtype (1st row) and transgenic 

animals are shown for days 1, 2 and 9 for dorsal (left) and 1, 3 and 9 for ventral (right) nerve 

cords. ‘s’ denotes the average of (number of synaptic puncta per 100 μm) from ‘n’ animals. 

In wt C99APP + L166P PS-1 dorsal nerve cord, on day 2, s value dropped significantly to 

17, compared to s=20 on day 1. Similarly, the value of s dropped significantly to 16 on day 
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3 compared to 21 on day 1 in ventral nerve cord. Note the gaps in synaptic puncta in these 

images, increasing the distance between two consecutive puncta.
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Figure 6. L166P without co-expression of WT C99 APP does not result in synaptic degeneration.
a. Synaptic puncta quantification in L166P PS-1 monogenic animals. The average 

number of synaptic puncta per 100 μm in ‘n’ transgenic worms for each day is shown 

in the scatter plots for dorsal and ventral nerve cords. The scatter plot displays all individual 

data points. Superimposed on the data are the mean values represented by the horizontal 

lines, with vertical bars indicating the standard deviation (SD). The ‘n’ for each day for a 

given mutant can be found in panel b. In comparison to wt C99APP + wt PS-1 control, the 

number of synaptic puncta in L166P monogenic animals is not significantly different on the 

days quantified (days 1, 4 & 7) in dorsal and ventral nerve cords. (p>0.05 ns, p≤ 0.05 *). 

There was some significant difference within the L166P strain itself: on day 7 of adulthood, 

the average number of synapses was significantly decreased as compared to day 1 within the 

strain (p=0.0144) for dorsal nerve cord. There were no significant differences for the ventral 

nerve cord.

b. Synaptic puncta quantification of L166P PS-1 monogenic animals. 100 μm sections 

of representative confocal images for controls (juIs1 - 1st row & wildtype – 2nd row) and 

transgenic animals are shown for days 1, 4 and 7 for dorsal (left) and ventral (right). ‘s’ 

denotes the average of (number of synaptic puncta per 100 μm) from ‘n’ animals.
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Figure 7. Expressing V50F/L51F (FF) C99Notch with wt PS-1 triggers synaptic loss and shorter 
lifespan.
a. Lifespan of FF C99Notch + wt PS-1 animals. Kaplan-Meier curves of ‘n’ animals 

show the fraction of animals alive on different days. Age of control animals – juIs1 and wt 

C99Notch + wt PS-1 at median survival was 15 days while that of FF C99Notch + wt PS-1 

was 13 days. The survival curve was statistically different between wt C99Notch + wt PS-1 

and FF C99Notch + wt PS-1 animals (comparison table in supplementary).

b. Loss of synaptic puncta in FF C99Notch + wt PS-1 animals. The average number 

of synaptic puncta per 100 μm in ‘n’ transgenic worms for each day is shown in the 

scatter plots for dorsal and ventral cords. The scatter plot displays all individual data points. 

Superimposed on the data are the mean values represented by the horizontal lines, with 

vertical bars indicating the standard deviation (SD). The ‘n’ for each day for a given mutant 

can be found in panel c. In comparison to juIs1, the number of synaptic puncta in FF 

C99Notch + wt PS-1 animals is significantly lower from day 1 until day 9 in dorsal nerve 

cord and day 7 in ventral nerve cord. (p>0.05 ns, p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p< 

0.0001 ****).

c. Loss of synaptic puncta in FF C99Notch + wt PS-1 FAD animals. 100 μm sections 

of representative confocal images for wildtype (1st row) and transgenic animals are shown 

for days 1and 7 for dorsal (left) and ventral (right). ‘s’ denotes the average of (number of 

synaptic puncta per 100 μm) from ‘n’ animals. In FF C99Notch + wt PS-1 dorsal nerve cord, 

on day 1, s value is significantly lower (s=16.7), compared to s=20.8 in juIs1. Similarly, 

the value of s is significantly lower in mutant C99Notch (s=11.8) on day 7 compared to 

juIs1(s=19.8) in dorsal nerve. Similar representative images can be seen for ventral nerve 

cord. Note the gaps in synaptic puncta in these images, increasing the distance between two 

consecutive puncta.
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Figure 8. Catalytic aspartate mutation that eliminates proteolytic activity does not lead to a 
neurodegenerative phenotype.
a. Lifespan of D257A PS-1 animals. Kaplan-Meier curves of ‘n’ animals show the fraction 

of animals alive on different days. Age of control animals – juIs1 and wt C99APP + wt PS-1 

(Line 3) at median survival was 16 and 18 days, respectively. The survival curve of D257A 

PS-1 Line 3 is not statistically different when compared to wt C99APP + wt PS-1 control but 

is statistically different when compared to survival curve of juIs1 animals ( Table S7).

b. Brood size and embryonic viability of D257A PS-1 mutant animals. Final “n” values 

for animals: juIs1 (10), WT PS1 + WT APP C99 (10), D257A 1 (9), D257A 2 (6), D257A 3 

(10). Animals that died before the 5 days of scoring were excluded from final analysis.

c. Synaptic puncta quantification in D257A PS-1 animals. The average number of 

synaptic puncta per 100 μm in ‘n’ transgenic worms for each day is shown in the scatter 

plots for dorsal and ventral cords. The scatter plot displays all individual data points. 

Superimposed on the data are the mean values represented by the horizontal lines, with 

vertical bars indicating the standard deviation (SD). The ‘n’ for each day for a given mutant 

can be found in panel d. In comparison to wt C99APP + wt PS-1 control, the number of 

synaptic puncta in D257A PS-1 animals is not significantly different on the days quantified 

(days 1, 4 & 7) in dorsal and ventral nerve cords. (p>0.05 ns, p≤ 0.05 *).

d. Synaptic puncta quantification in D257A PS-1 animals. 100 μm sections of 

representative confocal images for controls (juIs1 - 1st row & wildtype – 2nd row) and 

transgenic animals are shown for days 1, 4 and 7 for dorsal (left) and ventral (right). ‘s’ 

denotes the average of (number of synaptic puncta per 100 μm) from ‘n’ animals.

Nagarajan et al. Page 32

Neurobiol Dis. Author manuscript; available in PMC 2026 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	RESULTS
	wt PS-1 exacerbates I45F C99-induced synaptic loss in C. elegans.
	Synaptic loss is triggered independently of Aβ42.
	Synaptic loss is triggered independently of Aβ.
	L166P PSEN1-induced synaptic loss is dependent on C99APP coexpression.
	Synaptotoxic effects are not specific to dysfunctional proteolysis of C99APP substrate
	Catalytic inactive PSEN1 does not lead to reduced lifespan or synaptic degeneration.

	DISCUSSION
	LIMITATIONS OF THE APPROACH
	METHODS
	General workflow
	C. elegans maintenance
	Cloning & molecular biology
	C. elegans transgenesis

	Table T1
	Lifespan
	Microscopy and image analysis
	Agarose Immobilization
	Brood size & Embryonic Viability Assays
	Data analysis
	Lifespan
	Microscopic image analysis
	Brood size & embryonic viability



	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

