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SUMMARY

We recently reported that homozygous Presenilin-1 (Psen1) knockin (KI) mice carrying the 

familial Alzheimer’s disease (FAD) mutation L435F or C410Y recapitulate the phenotypes of 

Psen1−/− mice. Production and steady-state levels of Aβ40 and Aβ42 are undetectable in KI/KI 

brains and reduced in KI/+ brains, though the Aβ42/Aβ40 ratio is slightly increased in KI/+ brains. 

Moreover, the FAD mutation impairs synaptic function, learning and memory, and age-dependent 

neuronal survival in the adult brain. Here we extend our analysis of the effects of the L435F and 

C410Y mutations to the generation of Aβ43. Similar to Aβ40 and Aβ42, production of Aβ43 is 

undetectable in KI/KI brains and reduced in KI/+ brains. These results support our previous 

conclusions that the L435F and C410Y mutations cause loss of Presenilin function and γ-secretase 

activity, including impaired Aβ production in the brain. This Matters Arising Response paper 

addresses the Veugelen et al. Matters Arising paper.

INTRODUCTION

We recently reported the generation and multidisciplinary analysis of two Presenilin-1 
(Psen1) knockin (KI) mice, in which the familial Alzheimer’s disease (FAD) mutation 

L435F or C410Y was introduced into the endogenous mouse Psen1 locus. We found that 

homozygous L435F and C410Y KI/KI mice recapitulated the phenotypes of Psen1−/− mice, 

including perinatal lethality, shortened body axis and kinked tail, and impaired neurogenesis 

and Notch signaling (Handler et al., 2000; Shen et al., 1997; Song et al., 1999; Xia et al., 
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2015). While Psen1 mRNA expression was normal in the embryonic brain of L435F and 

C410Y KI/KI mice, only very low levels of Presenilin-1 (PS1) N-terminal fragment (NTF) 

and C-terminal fragment (CTF) were detected, and PS1 accumulated predominantly as 

holoprotein.

Using a well-established in vitro γ-secretase assay (Saito et al., 2011; Takahashi et al., 2003; 

Watanabe et al., 2012), we found that γ-secretase activity was abolished in L435F and 

C410Y KI/KI brains, as measured by elimination of the production of the Notch intracellular 

domain (NICD), Aβ40 and Aβ42 (Xia et al., 2015). In addition, the CTFs of the amyloid 

precursor protein (APP) and N-cadherin accumulated to levels comparable to those observed 

in Psen1−/− brains (Xia et al., 2015). De novo production of Aβ40 and Aβ42 was reduced 

(~50%) in the embryonic brain or the adult cerebral cortex of L435F and C410Y KI/+ mice, 

and the Aβ42/Aβ40 ratio was slightly increased (~15%) due to the greater reduction of the 

steady-state levels of Aβ40 relative to Aβ42, which exacerbated Aβ deposition when L435F 

KI/+ mice were crossed with APP transgenic mice overexpressing human mutant APP (Xia 

et al., 2015). Furthermore, relative to the wild-type Psen1 allele, the L435F mutation 

impaired hippocampal synaptic plasticity and memory and caused age-dependent 

neurodegeneration in the cerebral cortex (Xia et al., 2015). We therefore concluded that the 

FAD L435F and C410Y mutations impair γ-secretase activity in vivo, and suggested that 

PSEN mutations cause FAD-related phenotypes through a loss-of-function mechanism (Xia 

et al., 2015).

Here, in response to the challenges raised by Veugelen et al., we extend our work to examine 

the effects of the L435F and C410Y mutations on Aβ43 production. We found that Aβ43 

production is reduced in the cerebral cortex of L435F KI/+ mice, and is undetectable in 

C410Y KI/KI embryonic brains. These results reinforce our previous conclusion that the 

L435F and C410Y mutations cause reduced production of Aβ peptides in heterozygosity and 

undetectable Aβ production in homozygosity.

RESULTS

Veugelen et al. described in their Matters Arising paper that retroviral overexpression of PS1 

bearing the R278I, L435F or C410Y mutation in immortalized Psen-deficient mouse 

embryonic fibroblasts (MEFs) resulted in 9- to 75-fold increases of secreted Aβ43, 

compared to their control cells. We previously reported that de novo production and steady-

state levels of Aβ40 and Aβ42 were undetectable in the brain of L435F and C410Y KI/KI 

embryos at day 18.5 (Figure 3B–C, S2B–C in Xia et al., 2015). To determine whether L435F 

and C410Y mutations exert similar or distinct effects on Aβ43 production, we measured 

Aβ43 production using the same antibody as Veugelen et al., which is currently the only 

available antibody for Aβ43 detection. We selectively evaluated Aβ43 production in the 

embryonic brain of C410Y KI mice and the adult cerebral cortex of L435F KI mice. Using 

the same in vitro γ-secretase assay as in our recent study (Xia et al., 2015), we found that de 
novo Aβ43 production is reduced in the cerebral cortex of L435F KI/+ mice at 3 months of 

age, and is undetectable in the C410Y KI/KI embryonic brain at day 18.5 (Figure 1). These 

results are in agreement with our earlier findings showing reduced production of Aβ40 and 
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Aβ42 in the L435F and C410Y KI/+ brains, and undetectable production of Aβ40 and Aβ42 

in the L435F and C410Y KI/KI brains (Xia et al., 2015).

DISCUSSION

In the Veugelen et al. Matters Arising paper, the authors used retroviral overexpression to 

examine the effects of the PSEN1 mutations R278I, C410Y and L435F on Aβ production in 

immortalized MEFs. They found that secreted Aβ43 levels were dramatically increased in 

Psen-deficient MEFs overexpressing R278I, C410Y or L435F mutant PS1, relative to wild-

type PS1 (Figure 1B, 1C in Veugelen et al.). Therefore, they challenged our earlier findings 

showing that de novo production and steady-state levels of Aβ40 and Aβ42 were 

undetectable in L435F and C410Y KI/KI brains (Xia et al., 2015). Here we evaluated Aβ43 

production in L435F and C410Y KI mice, and found similar loss of Aβ43 production in the 

brain of these KI mice (Figure 1).

How do we explain the discrepancy in our findings?

This apparent discrepancy could be explained by key differences in the experimental 

systems and approaches used in our two studies. First, Veugelen et al. used retrovirus to 

overexpress wild-type or mutant PS1 at very high levels, whereas wild-type or mutant PS1 is 

expressed normally under the control of its endogenous regulatory elements in our KI mice. 

Second, Veugelen et al. used immortalized MEF cell clones stably transduced with retroviral 

vectors expressing wild-type or mutant PS1. With this approach, the expression of wild-type 

and mutant PS1 can vary widely among different MEF clones, making it difficult to compare 

quantitatively the relative effects of the mutations. Unfortunately, Veugelen et al. did not 

quantify or compare the expression level of wild-type or mutant PS1 in their stable cell lines, 

nor did they include loading control in their Western analysis. Surprisingly, they also 

detected PS1 CTFs in Psen-deficient (dKO) MEFs reconstituted with D257A PS1, which is 

known to abolish γ-secretase activity (Wolfe et al., 1999). In contrast to the varied 

expression levels of wild-type and mutant PS1 in their stable cell lines, wild-type and mutant 

PS1 are expressed physiologically at identical levels and with identical spatiotemporal 

patterns in our KI mice; thus, the effects of wild-type or mutant PS1 on γ-secretase activity 

and Aβ production can be directly compared. Third, Veugelen et al. used adenovirus to 

overexpress human Swedish mutant APP, which results in overexpression of APP and 

excessive production of APP β-CTF and Aβ (Citron et al., 1994; Felsenstein et al., 1994). In 

our KI mice, APP is expressed under its normal physiological conditions, a situation that is 

identical to PSEN1 FAD patients.

Lastly, there are likely cell type-specific differences in the regulation of Aβ production 

between brains and MEFs. Veugelen et al. measured Aβ production and secretion from their 

MEFs, whereas we measured production and steady-state levels of Aβ in the brain. These 

discrepancies highlight the importance of investigating FAD pathophysiology in its proper 

physiological context; we would argue that analysis of the effects of PSEN mutations in the 

mammalian brain is more relevant to FAD pathophysiology than analysis in virally-

transduced MEF cell clones.
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In addition to the differences in our experimental systems, a number of observations 

reported by Veugelen et al. do not make sense. For example, they detected exceptionally 

high levels of de novo Aβ43 production relative to Aβ40 and Aβ42 in MEFs overexpressing 

wild-type (WT) PS1 (Figure 1D in Veugelen et al.). Interestingly, they also noticed this 

unexpected result and commented that “Under these conditions we measured high Aβ43 

production in wild type cell extracts, something which is not observed when analyzing intact 
cells.” However, they didn’t address why they obtained such strikingly different results when 

measuring secretion (Figure 1C in Veugelen et al.) and production (Figure 1D in Veugelen et 

al.) of Aβ40, Aβ42 and Aβ43 from the same WT clone. Furthermore, they detected similar 

levels of Aβ40 and Aβ42 production in their WT MEFs (Figure 1D in Veugelen et al.), even 

though it is well established that wild-type PS1 produces Aβ40 at much higher levels than 

Aβ42 (Kretner et al., 2011; Watanabe et al., 2012; Xia et al., 2015).

Since the same MEF clones overexpressing either wild-type or mutant PS1 were used to 

measure levels of secreted and de novo production of Aβ, one would expect the results from 

these complementary approaches to correlate with each other. However, there was little 

correlation between secreted and de novo production of Aβ40, Aβ42 and Aβ43 in MEFs 

overexpressing either wild-type or mutant PS1 (Figure 1C, 1D in Veugelen et al.). For 

example, modest levels of secreted Aβ42 were detected in MEFs expressing R278I or 

C410Y PS1, whereas there was no detectable de novo Aβ42 production in the same MEF 

clones.

Curiously, Veugelen et al. took their lack of detection of de novo production of Aβ40, Aβ42 

and Aβ43 in their mutant cells as evidence to “conclude that the experimental conditions 
(detergent solubilization) used by Shen and Kelleher compromised the carboxypeptidase 
processivity of the wild type and mutant enzymes resulting in high Aβ43 production from the 
wild type enzyme (at the expense of Aβ40) and low Aβ43 generation from mutants.” This 

statement is conceptually convoluted. It is difficult to fathom that the absence of de novo 
production of Aβ43 in the KI/KI but not wild-type brain is due to detergent solubilization 

rather than genotype. Consistent with the expected distribution of Aβ species, we detected 

the highest level of de novo production of Aβ40, followed by Aβ42 and then Aβ43, in the 

adult cerebral cortex of wild-type mice (Figure 3D in Xia et al., Figure 1 of this paper).

In an effort to overcome the issues associated with overexpression systems, Veugelen et al. 

used immortalized R278I KI MEFs, in which R278I PS1 is expressed under its endogenous 

regulatory elements, but human APP was introduced into these cells by adenovirus. Thus, 

APP as substrate of γ-secretase was presumably overexpressed at varying levels in WT, 

WT/KI and KI/KI MEF clones, which could affect Aβ production independent of the Psen1 
genotype, but no data comparing APP expression levels in these MEF clones were provided. 

Surprisingly, they reported very high levels of secreted Aβ43 (~46 pM) but little secreted 

Aβ42 (~1 pM) in KI/KI cells (Figure 1E in Veugelen et al.). Such divergence in the levels of 

secreted Aβ42 and Aβ43 in R278I KI/KI MEFs is in direct contrast with their findings of 

similar levels of secreted Aβ42 and Aβ43 in Psen−/− MEFs reconstituted with R278I PS1 

(Figure 1C in Veugelen et al.). No explanation or data were provided as to why such 

divergent results were obtained from these two MEF cell lines expressing only R278I mutant 

PS1.
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In contrast to the statement “our data is in complete agreement with our previous study 
showing high Aβ43 levels in PsenR278I knock-in mice (Saito et al., 2011)”, the high level of 

secreted Aβ43 detected in WT/KI MEFs by Veugelen et al. is inconsistent with the 

undetectable level of secreted Aβ43 previously reported in MEFs of the same KI genotype 

(Saito et al., 2011). Moreover, Saito et al. reported a strong R278I KI allele dosage-

dependent reduction in de novo Aβ43 production, as shown by ~50% reduction in +/KI 

MEFs and ~90% reduction in KI/KI MEFs (Figure S10c in Saito et al., 2011).

Veugelen et al. also raised objections unrelated to Aβ43 production, including the classical 

genetic approach we employed to amplify the phenotypic effects of loss of function 

mutations, namely by reducing the overall gene dosage to minimize compensatory effects. 

Specifically, we crossed Psen1 L435F KI mice to the Psen2−/− background to enable more 

direct and accurate analysis of the phenotypic effects of the L435F mutation on PS1 function 

(Xia et al., 2015). Indeed, we previously found that loss of PS1 expression leads to up-

regulation of PS2 expression (Watanabe et al., 2014), which would mask the effects of PS1 

loss-of-function mutations. Curiously, Veugelen et al. don’t object to the converse approach 

of overexpressing PSEN1 and APP. They employed retroviral and adenoviral transduction to 

overexpress various PS1 mutants and Swedish mutant APP at high levels in their MEFs, 

despite the well-established potential of non-physiological overexpression systems to yield 

artifactual results. It should also be noted that overexpression of mutant human APP and 

massive accumulation of human Aβ42 (e.g. >6,400-fold) in transgenic mice has not been 

sufficient to cause neurodegeneration (Irizarry et al., 1997a; Irizarry et al., 1997b; Mucke et 

al., 2000; Saura et al., 2005). By contrast, our reported KI mouse model demonstrated that a 

clinical PSEN1 mutation triggers age-dependent cerebral cortical neurodegeneration (Xia et 

al., 2015).

Veugelen et al. also questioned whether mice are suitable models for investigation of AD, 

because the “mouse brain is not very sensitive to Aβ toxicity for reasons that remain 
unclear.” By contrast, our results show that the mouse brain is sensitive to loss of Presenilin 

or γ-secretase function (Saura et al., 2004; Tabuchi et al., 2009; Wines-Samuelson et al., 

2010). While mice don’t mimic all end-stage neuropathological features of the human 

disease, animal models have proven to be useful tools for the investigation of the pathogenic 

mechanisms. For example, APP transgenic mice provide excellent models of amyloidosis 

and offer insight into the consequences of Aβ accumulation and deposition (Ashe and Zahs, 

2010), whereas Presenilin and Nicastrin mouse models highlight the importance of γ-

secretase in learning and memory, synaptic function and neuronal survival (Lee et al., 2014; 

Saura et al., 2004; Tabuchi et al., 2009; Wines-Samuelson et al., 2010; Yu et al., 2001; 

Zhang et al., 2009; Zhang et al., 2010), and offer insight into the pathogenic mechanisms of 

PSEN1 mutations (Xia et al., 2015). The lack of significant neurodegeneration in mouse 

brains with massive Aβ accumulation may be interpreted as reflecting the lower potency of 

Aβ accumulation, relative to loss of Presenilin activity, in causing neurodegeneration. 

Notably, a recent study of >1,300 autosomal dominant AD patients revealed that PSEN1 
mutations cause FAD with an earlier mean age of onset than APP mutations, suggesting that 

PS1 dysfunction is more proximate to disease pathogenesis (Ryman et al., 2014).
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Given the prevalence of AD and the lack of effective therapies, open-minded debates about 

the mechanisms of AD pathogenesis are needed and should lead to more productive 

therapeutic development. Unfortunately, the arguments presented by Veugelen et al. are 

undermined by numerous technical and conceptual limitations and inconsistencies, which 

raise significant uncertainties regarding the validity and relevance of their results. It is also 

regrettable that they present a distorted view of the conclusions advanced in our recent study. 

In particular, Veugelen et al. claim that we proposed that “Aβ is an epiphenomenon in FAD 
(Xia et al., 2015)”, even though the paper contains no such statement or conclusion. On the 

contrary, we performed extensive analysis focused on Aβ production and accumulation, and 

reported that heterozygosity for the FAD PSEN1 mutation increased the Aβ42/40 ratio and 

exacerbated Aβ deposition via a loss-of-function mechanism mediated by a greater reduction 

in steady-state levels of Aβ40 than Aβ42 (Xia et al., 2015). Consistent with this 

interpretation, the PSEN1 L435F mutation promotes Aβ deposition in the FAD brain in the 

form of cotton wool plaques, which display strong Aβ42 immunoreactivity but scant Aβ40 

immunoreactivity (Heilig et al., 2010). Based on evidence that Aβ40 is protective against Aβ 

deposition (Kim et al., 2007; Wang et al., 2006), we suggest that preferential loss of Aβ40 

can explain Aβ deposition in the brains of mouse models and human FAD patients without 

any need to invoke excessive production of longer Aβ species. While Aβ43 deposition may 

occur in the FAD brain via a similar loss-of-function mechanism, the assertion that Aβ43 is 

“highly amyloidogenic” and “likely pathogenic” warrants critical examination. Aβ43 differs 

from Aβ42 by an additional C-terminal threonine, a polar residue which should in principle 

reduce its hydrophobicity relative to Aβ42; indeed, recent biophysical analysis has shown 

that Aβ43 is less aggregation-prone and seeds amyloid formation less efficiently than Aβ42 

(Chemuru et al., 2016).

The fundamental difference between our views and those of Veugelen et al. is how PSEN 
mutations cause neurodegeneration and dementia in FAD. Veugelen et al. believe that “The 
hypothesis that β amyloid is triggering the neurodegeneration in FAD patients remains the 
most parsimonious and consistent explanation for all experimental data.” While we 

acknowledge a significant role of Aβ in FAD, our genetic findings point to a more important 

causal role for loss of essential functions of Presenilin in the pathogenesis of 

neurodegeneration and dementia in FAD. First, Presenilin is essential for learning and 

memory, synaptic function and age-dependent neuronal survival (Saura et al., 2004; Wines-

Samuelson et al., 2010; Yu et al., 2001; Zhang et al., 2009; Zhang et al., 2010). Second, 

partial loss of Presenilin function is also sufficient to cause age-dependent 

neurodegeneration, though at a later age of onset and with lesser severity than observed with 

complete loss of Presenilin function (Watanabe et al., 2014). Third, FAD mutations in 

PSEN1 cause loss of γ-secretase activity, though the severity of impairment varies among 

mutations (Heilig et al., 2013; Heilig et al., 2010; Saito et al., 2011; Xia et al., 2015). Lastly, 

our recent study showed that clinical PSEN1 mutations promote the development of key 

FAD-related phenotypes, including synaptic and cognitive impairment, amyloid deposition, 

and cerebral cortical neurodegeneration with accompanying inflammatory changes, through 

a loss-of-function mechanism (Xia et al., 2015). Thus, the loss-of-function mechanism that 

we have demonstrated for FAD-linked PSEN1 mutations provides the most coherent 

explanation for all existing, reproducible human and mouse data. Based on these insights, 
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we have proposed that restoration of normal Presenilin function may offer the most direct 

approach to devise effective therapies that can combat dementia and neurodegeneration in 

FAD patients (Shen and Kelleher, 2007; Xia et al., 2015).

EXPERIMENTAL PROCEDURES

Mice

Generation and characterization of Psen1 L435F and C410Y KI mice have been described 

previously (Xia et al., 2015). Mice were maintained on the C57BL6/J-129 hybrid genetic 

background and littermate controls were used for all analysis. Timed mating between 

heterozygous Psen1 KI/+ mice were set up to obtain KI/KI embryos. The tails from adult 

mice or embryos were removed for genotyping. The experimental analyses were performed 

in a genotype-blind manner, though homozygous KI/KI mice were grossly abnormal and 

were easily distinguishable from KI/+ and +/+ mice. All procedures relating to animal care 

and treatment conformed to institutional and NIH guidelines.

Preparation of CHAPSO-solubilized microsomal fractions

Mice were anesthetized by intraperitoneal injection of sodium pentobarbital and then 

transcardially perfused with 20 ml cold PBS (pH 7.4). The adult cortices or embryonic 

brains were dissected for purification of microsomal fractions or immediately frozen in 

liquid nitrogen. Embryonic brains or adult cortices were homogenized in homogenization 

buffer [20 mM PIPES, pH 7.0, 140 mM KCl, 0.25 M sucrose, 5 mM EGTA, EDTA-free 

complete protease inhibitor cocktail (Roche)] using a glass/Teflon tissue grinder. The 

homogenates were centrifuged at 800 g for 10 min to remove nuclei and cell debris. The 

postnuclear supernatants were recentrifuged at 100,000 g for 1 h, and the resulting pellets 

were washed with 0.1 M sodium carbonate, pH 11.3, and then centrifuged again. The 

membrane pellets were solubilized with freshly prepared 1% 3-[(3-cholamidopropyl) 

dimethylammonio]-2-hydroxy-1- propanesulfonate (CHAPSO) buffer (50 mM PIPES, pH 

7.0, 0.25 M sucrose, 1 mM EGTA) for 1 h on ice and then centrifuged at 100,000g for 1 h, 

and the final supernatants were saved as crude γ-secretase fractions and stored at −80°C.

In vitro γ-secretase assay

γ-secretase-mediated de novo Aβ43 generation was measured using a method described 

previously (Takahashi et al., 2003; Watanabe et al., 2012; Xia et al., 2015). Briefly, 1% 

CHAPSO-solubilized microsomal fractions (7.5 μg per reaction) from E18.5 brains or adult 

cortices at 3 months of age were mixed with the assay buffer [final concentration: 150 μg/ml 

γ-secretase fraction, 0.3% CHAPSO, 10 mM HEPES (pH 7.3), 150 mM NaCl, 5 mM EDTA, 

complete protease inhibitor cocktail (Roche), 5 mM 1,10-phenanthroline, 10 μg/ml 

phosphoramidon, and 0.1% (w/v) phosphatidylcholine], and incubated with 2 μM 

recombinant C100-FmH (substrate for de novo Aβ generation) at 37°C for 14 hours. 

Recombinant C100-FmH (APP C100 recombinant protein tagged with Flag-Myc-Histidine) 

was produced in DH5α, which was transformed with the pTrcHis2A-C100-FmH plasmid, 

and induced with 0.1 mM IPTG for 3 hours at 37°C, and C100-FmH was purified with Ni2+-

chelated HiTrap Chelating HP column (GE Healthcare).
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Enzyme-linked Immunosorbent Assay (ELISA)

Aβ43 generated in the in vitro assay was quantified using the human amyloid (1-43) (FL) 

assay kit purchased from IBL-America (Cat#27710). In this kit, the capture antibody [anti-

Human Aβ (38-43) Rabbit IgG] is precoated on the plate and the detection antibody [anti-

Human Aβ (N) (82E1) mouse IgG] is labeled with HRP. To increase the sensitivity of Aβ43 

detection, the protocol from the manufacturer was modified according to Saito et al. (Saito et 

al., 2011). Briefly, The HRP signal was quantified by incubation with 50 μM Amplex 

UltraRed reagent (Invitrogen, Cat#A36006) for 30 minutes, followed by detection of the 

Amplex UltraRed fluorescent signal, using a 530 nm excitation filter and 590 nm emission 

filter in Synergy HT Multi-Mode Microplate Reader. Each sample was measured in 

duplicate. The detection range of the assay for Aβ43 is from 0.51 pM to 32.5 pM.

Statistical Analysis

Statistical analysis was performed using two-tailed unpaired Student’s t-test for all 

comparisons of the ELISA results. A value of p < 0.05 is considered significant. All data are 

represented as mean ± SEM.
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HIGHLIGHTS

• Reduced Aβ43 production in heterozygous Psen1 knockin brains

• Undetectable Aβ43 production in homozygous Psen1 knockin brains
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Figure 1. Aβ43 production is reduced in L435F KI/+ brains and undetectable in C410Y KI/KI 
brains
(A) ELISA measurements of Aβ43 following in vitro γ-secretase assay in L435F KI mice at 

3 months of age. De novo production of Aβ43 in cortical homogenates is reduced in L435F 

KI/+ mice relative to littermate Psen1+/+ controls (**p<0.005). (B) ELISA measurements of 

Aβ43 following in vitro γ-secretase assay in C410Y KI mice at embryonic day 18.5 (E18.5). 

Relative to littermate Psen1+/+ controls, de novo production of Aβ43 in brain homogenates is 

reduced in C410Y KI/+ mice and undetectable in C410Y KI/KI mice (***p<0.001). All data 

are presented as mean ± SEM.
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