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Mutations in the PSEN genes are the major cause of familial Alzheimer’s disease,
and presenilin (PS) is the catalytic subunit of y-secretase, which cleaves type I trans-
membrane proteins, including the amyloid precursor protein (APP) to release Af
peptides. While PS plays an essential role in the protection of neuronal survival, PSEN
mutations also increase the ratio of AP42/Ap40. Thus, it remains unresolved whether
PSEN mutations cause AD via a loss of its essential function or increases of AB42/
AB40. Here, we test whether the knockin (KI) allele of Psen1 1435F, the most severe
FAD mutation located closest to the active site of y-secretase, causes age-dependent
cortical neurodegeneration independent of AP by crossing various Psez mutant mice
to the App-null background. We report that removing Ap completely through APP
deficiency has no impact on the age-dependent neurodegeneration in Pser mutant
mice, as shown by the absence of effects on the reduced cortical volume and decreases
of cortical neurons at the ages of 12 and 18 mo. The L435F KI allele increases AB42/
AP40 in the cerebral cortex while decreasing de novo production and steady-state
levels of AB42 and AP40 in the presence of APP. Furthermore, APP deficiency does
not alleviate elevated apoptotic cell death in the cerebral cortex of Psen mutant mice
at the ages of 2, 12, and 18 mo, nor does it affect the progressive microgliosis in these
mice. Our findings demonstrate that Psen] mutations cause age-dependent neuro-
degeneration independent of A, providing further support for a loss-of-function
pathogenic mechanism underlying PSEN mutations.
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Mutations in the Presenilin (PSENI and PSEN2) genes are the major cause of familial
Alzheimer’s disease (FAD) (1, 2). Presenilin (PS) constitutes the catalytic subunit of
y-secretase, a multisubunit intramembrane aspartate protease that cleaves type I trans-
membrane proteins including the amyloid precursor protein (APP) and Notch (3-5).
Mutations in the APP gene are also linked to FAD, and B-amyloid (Ap) peptides released
by y-secretase are a major component of extracellular amyloid plaques observed in AD
brains (6). The initial report of the increased ratio of AP42/AP40 in transgenic mice
overexpressing PSENI mutations (7), along with similar increases of AP42/Ap40 in FAD
patients (8), suggested that PSEN mutations might cause FAD via a toxic gain-of-function
mechanism, providing key evidence for the amyloid hypothesis (9). Hence, removal of
AP by inhibition of y-secretase or anti-Ap antibodies became the major therapeutic efforts
by pharmaceutical companies to treat AD.

The large number (>450) of mostly missense mutations found in the PSENI and PSEN2
genes scattering throughout the coding sequences, however, is also consistent with a partial
loss-of-function pathogenic mechanism. Distinguishing between these two possibilities
thereby is critically important for AD therapeutics. The development of Psen conditional
double knockout (cDKO) mice demonstrated that selective PS inactivation in excitatory
or inhibitory neurons results in memory and synaptic impairments followed by striking
age-dependent neurodegeneration in the cerebral cortex (10-22), raising the possibility
that PSEN mutations may cause FAD via a loss-of-function mechanism (23). Moreover,
cell culture studies showed that PSEN mutations cause loss of y-secretase activity (24, 25),
and the most severe FAD PSENI mutations, such as L435F and C410Y, genocopy
PsenI-null mice and result in undetectable y-secretase activity in homozygous knockin
(KI) mice (26, 27). The L435F KI allele also causes memory and synaptic impairment as
well as age-dependent neurodegeneration (26, 28). Subsequent biochemical studies of
138 distinct PSENI mutations showed that ~90% of mutations lead to impaired y-secretase
activity, whereas 30% of mutations abolish its activity (29, 30), and human neurons
derived from isogenic iPS cells carrying either PSEN1 exon 9 deletion or wild-type allele
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also showed decreased y-secretase activity by the PSENT AE9 allele
(31). These findings demonstrate not only essential functions of
PS in the key processes relevant to AD pathogenesis but also
impairment of y-secretase and physiological roles of PS by FAD
PSEN mutations.

However, it remains unresolved whether PSEN mutations cause
AD via the loss of its essential function or increases of AP42/Ap40.
While y-secretase activity and generation of AP are undetectable
in homozygous L435F and C410F KI brains, AP42/Ap40 is ele-
vated in heterozygous L435F KI brains. Thus, it is possible that
the increase in AB42/AB40 may drive age-dependent cortical neu-
rodegeneration observed in these Psen mutant mice (26, 27). It
was also reported that L435F and C410Y mutations generated
very high levels of AP43 in immortalized cell lines overexpressing
mutant APP, which might provide amyloidogenic Af seeds that
trigger neurodegeneration (32). Here, we test whether the KI allele
of Psenl 1435F, the most severe FAD mutation located closest to
the active site of y-secretase, causes age-dependent cortical neu-
rodegeneration independent of AP by crossing various Psez mutant
mice to the App-null background, which removes all AP species
completely. Surprisingly, despite the increase of AP42/AB40 by
the L435F KI allele in the presence of APP and the elimination
of AP in the absence of APP, APP deficiency has no impact on the
age-dependent reduction of cortical volume and decreases of cor-
tical neurons caused by the L435F KI allele at the ages of 12 and
18 mo. Furthermore, APP deficiency does not rescue elevated
apoptotic cell death in the cerebral cortex of Psen mutant mice at
the ages of 2, 12, and 18 mo, nor does it affect the progressive
microgliosis in Psen mutant mice. Taken together, these findings
demonstrate that Psen mutations cause age-dependent neurode-
generation independent of AP, providing further experimental
support for the presenilin hypothesis.

Results

APP Deficiency Has No Effect on Neurodegeneration Caused by
Psen1 Mutations. We previously reported that the Psenl L435F
KI allele results in age-dependent neurodegeneration, as shown
by the progressive reduction of cortical volume and neuron
number at 12 and 18 mo of age (26). While the production of
AP40, AP42, and AP43 is decreased in KI brains in a KI allele—
dependent manner, AB42/AB40 is increased in the cerebral cortex
of heterozygous KI mice, which raises the possibility that elevated
APB42/AB40 may contribute to the cortical neurodegeneration
caused by the Psenl L435F KI allele (26, 27). Furthermore,
another study using immortalized cell lines overexpressing mutant
App and Psenl L435F reported extremely high levels of Ap43,
which suggested that seeded amyloid aggregation might have
contributed to the observed neurodegeneration in L435F KI
mice (27, 32). To determine whether the relative increase of the
more amyloidogenic AB42 and AP43 contributes to the observed
age-dependent neurodegeneration in Psen mutant mice, we use
App-null alleles to remove all AP species genetically. We compare
the effects of the Psen 1L435F Kl allele, relative to the PsenI wild-
type allele and Psenl conditional null allele, on cortical neuronal
survival in the presence of APP (four Psen genotypic groups) or
in the absence of APP (four corresponding genotypic groups in
the App-null background), and all eight genotypic groups were
essentially "littermates” obtained from a large set of breeding pairs
to ensure their similar genetic background, as each genotype was
obtained in the ratio of 1/16. The floxed PsenI alleles in Psen1™'™
mice, in which the two loxP sites were introduced into Psenl
introns 1 and 3, were confirmed previously for the absence of
the effects on transcription, splicing, and translation of the Psen!
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gene, representing the wild-type Psenl gene (16). Relative to
the wild-type Psenl allele, the Psenl 1.435F KI allele causes age-
dependent neurodegeneration at the ages of 12 and 18 mo in
Psen™E; Psen2™™; Cre mice, compared with Psenl! K%, peen2’™,
Cre mice, indicating that one copy of the Psenl gene is sufficient
to support cortical neuron survival in mice (26).

To determine whether APP deficiency affects neurodegeneration
caused by the L435F KI allele, we performed quantitative histo-
logical analysis of all eight genotypic groups at the ages of 2, 12,
and 18 mo. For simplicity and clarity, we present the data obtained
from four genotypic groups carrying the L435F Kl allele in Fig. 1,
whereas the results from all eight genotypic groups are included in
SI Appendix, Fig. S1. Nissl and NeuN staining revealed no gross
abnormality in the cerebral cortex of any of the eight genotypic
groups at 2 mo of age (Fig. 1 A and C and S/ Appendix, Fig. S1 A
and C). Using stereological methods, we quantified the volume of
the neocortex and the number of NeuN+ neurons in the neocortex
and found similar cortical volume and neuron number in all eight
genotypic groups (Fig. 18 and S Apfendix, Fig. S1B).

At 12 mo of age, Psenl KI/F; Psen2”; Cre mice show a signiﬁcant
reduction (~23%) in cortical volume (24.47 + 0.30 mm°), relative
to Psen ™" Psen2™ (31.60 + 0.47 mm?®, P<0.0001) and PrenI™";
Psen2”’” mice (31.57 £ 0.67 mm’, P < 0.0001, two-way ANOVA
with Tukey’s post hoc comparisons; Fig. 1B and S/ Appendix,
Fig. S1B). However, the cortical volume in Penl KI/F; Psen2”’™; Cre
mice (24.47 + 0.30 mm?) is similar to those in PsenI™"F; Pen2™;
Cre; Ap]f/f mice (23.67 + 0.48 mm’, P> 0.99; Fig. 1B), indicating
that removal of APP or AP does not affect the reduction of cortical
volume in these mutant mice. APP deficiency also does not affect
the decrease of cortical volume observed in Pserz cDKO mice (20.00
+0.33 mm°), compared with Psen cDKO; App'/_ mice (19.72 +
0.38 mm’, P > 0.99; SI Appendix, Fig. S1B). Furthermore, the
neuron number in the neocortex is also significant reduced (-16%)
in PsenI™"%; Psen2”™; Cre mice (3.87 = 0.05 x 10°), relative to
PeenI™""; Pen2”™ mice (4.61 + 0.03 x 10% P < 0.0001) and
PsenI™™; Psen2™”™ (4.65 + 0.05 x 10% P < 0.0001). The neuron
number in the neocortex of Psen1<'; PsenZ_/'; Cre (3.87 + 0.05 x
10° is nearly identical to those in PsenI™""; Psen2”™; Cre; App™
mice (3.85 + 0.09 x 10% P > 0.99), indicating further that APP
deficiency does not rescue the loss of cortical neurons in these Psen
mutant mice (Fig. 1D). Similarly, the cortical neuron number (2
>0.99) is similar between Pserr cDKO and Psen cDKO; App_/_ mice
(81 Appendix, Fig. S1D).

By 18 mo of age, PsenI™"™; Psen2"; Cre mice show a further
reduction (~32%) of cortical volume (20.99 + 0.31 mm?®), relative
to Psen ™" Pen2"™ (30.66 + 0.42 mm?®; P< 0.0001) and Pren ™"
Psen2”” (30.92 + 0.38 mm?; P< 0.0001; Fig. 1B and SI Appendix,
Fig. S1B). However, the volume of the neocortex in Psenl KIUF,
Pst_/_; Cre mice (20.99 + 0.31 mm3) is similar to that in Psen/ KI/F;
Psen2"™; Cre; Ap]f/f mice (20.59 + 0.52 mm’; P > 0.99).
Furthermore, the number of cortical neurons in Psern1 KI/F; Pseanlf;
Cre mice (3.43 + 0.05 x 10° is also reduced (~25%), relative to
Psen ™" Peen2”™ (4.55 + 0.04 x 10% P < 0.0001) and Peni™;
Psen2”” mice (4.50 + 0.05 x 10% P < 0.0001), but is similar to
those in P:en]KI/F; PsenZ_/_; Cre; App_/_ mice (3.38 + 0.08 x 106; P
> 0.99; Fig. 1D and SI Appendix, Fig. S1D). The reduction of cor-
tical volume (-49%) and neuron number (-38%) in Psen cDKO
mice is greater compared to Psen] KVE Peen2”™; Cre mice, suggesting
that the Psen L435F Kl allele retains some protection to neuronal
survival relative to the Pen! conditional null allele (S7 Appendix,
Fig. S1). Nevertheless, cortical neuron number is essentially the
same (P> 0.99) between Psen cDKO (2.77 + 0.08 x 10°) and Pren
cDKO; App”™ mice (2.82 + 0.01 x 10% SI Appendix, Fig. S1D).
Furthermore, our analysis of Appf/f mice at the ages of 2, 12, and
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Fig. 1. APP deficiency does not affect neurodegeneration caused by Psen7 mutations. () Niss| staining of comparable sagittal sections of Psen1¥%; Psen2™""; Cre,
Psen1"%: Psen27"; Cre; App™", and littermate controls at the ages of 2, 12, and 18 mo. (Scale bar, 100 um.) (B) Stereological quantification shows genotype-specific,
age-dependent reductions of cortical volume (F;, ¢; = 61.91, P < 0.0001, two-way ANOVA). At 2 mo of age, all four genotypic groups have similar cortical volume
(P> 0.99; two-way ANOVA with Tukey's post hoc comparisons). At 12 mo of age, the volume of the neocortex in Psen1*'"; Psen2™"; Cre mice (24.47 + 0.30 mm?) is
significantly reduced (-23%), relative to Psen1*"%; Psen2™" mice (31.60 + 0.47 mm?; P < 0.0001). However, the cortical volume is similar between Psen1"'%; psen2™";
Cre mice (24.47 + 0.30 mm?) and Psen1"""; Psen2™""; Cre; App™"~ mice (23.67 + 0.48 mm?; P > 0.99). At 18 mo of age, the cortical volume in Psen1""; Psen2""; Cre
mice (20.99 £ 0.31 mm?) is lower (-32%) than that in Psen1*; Psen2~ mice (30.66 + 0.42 mm?; P < 0.0001). However, the cortical volume is essentially identical
between Psen1""%; Psen2™"; Cre mice (20.99 + 0.31 mm?) and Psen1""%; Psen2™"; Cre; App™™ mice (20.59 + 0.52 mm>; P > 0.99). (C) NeuN staining of comparable
sagittal sections of all four genotypic groups at the ages of 2, 12, and 18 mo. (Scale bar, 100 um.) (D) Stereological quantification shows genotype-specific, age-
dependent reductions of cortical neuron number (F,, s; = 57.03, P < 0.0001, two-way ANOVA). At 2 mo of age, all genotypic groups have similar number of
neurons in the neocortex (P > 0.99). At 12 mo of age, the number of neurons in the neocortex of Psen1"F; Psen2™"; Cre (3.87 + 0.05 x 10° mice is significantly
reduced (-16%), relative to Psen1""; Psen2™~ mice (4.61 + 0.03 x 10% P < 0.0001). However, the number of neurons in the neocortex is essentially identical between
Psen1"'F; Psen27'"; Cre mice (3.87 + 0.05 x 10°%) and Psen1*%; Psen2™"; Cre; App™~ mice (3.85 + 0.09 x 10% P> 0.99). By 18 mo of age, the number of neurons in the
neocortex is further reduced (-25%) in Psen1X'%; Psen2™": Cre mice (3.43 + 0.05 x 10°), relative to Psen1"'"; Psen2”™ mice (4.55 + 0.04 x 10°% P < 0.0001), but the
cortical neuron number is nearly identical between Psen1'"; Psen27"; Cre (3.43 + 0.05 x 10° and Psen1"%; Psen2™"; Cre; App™~ mice (3.38 + 0.08 x 10% P > 0.99).
All data represent mean + SEM. ****P < 0.0001. NS, not significant. The value in the column indicates the number of mice used in each experiment. Yellow-filled
and open circles represent data obtained from individual male and female mice, respectively.

18 mo showed that App”~ mice do not develop age-dependent
loss of cortical volume or decreases of cortical neurons (S Appendix,

Fig. §2).

Increased AB42/AB40 but Reduced Af} Levels by Heterozygous
L435F Ki Alleles. We previously reported that steady-state levels of
endog{enous AP40 and AP42 are reduced in the cortex of L435F
PsenI™* mice, though the ratio of AB42/AB40 is elevated, which
is sufficient to accelerate amyloid deposition of human Af derived
from an overexpressed human mutant APP transgene (26). We
therefore similarly used ELISA to measure steady-state levels of

PNAS 2024 Vol.121 No.34 2409343121

endogenous AP40 and AB42 in the cortex of all genotypic groups
at the ages of 2 and 12 mo (Fig. 2). Consistent with the prior report
(26), we found significantly decreased levels AB40 in the soluble
(0.31 £0.02; Fy ,, = 322.20, P < 0.0001, one-way ANOVA with
Tukey’s post hoc comparisons) and insoluble (0.44 + 0.02; P <
0.0001) fractions derived from the cortex of Psen]KI/F; Psen2”"
mice at 2 mo of age, relative to Psenl FE. Psen2™" mice (soluble:
0.38 + 0.01; P < 0.0001, insoluble: 0.61 + 0.02; P < 0.0001),
and levels of AP40 are more dramatically reduced in Psen1"";
Psen2”™; Cre mice (soluble: 0.10 + 0.003, P < 0.0001; insoluble:
0.19 + 0.01; P < 0.0001), compared to Psen]KI/F; Psen2”™ mice.

https://doi.org/10.1073/pnas.2409343121
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Fig. 2. Reduced Ap levels and elevated Ap42/40 ratio in the cortex of L435F KI mice. (A) At 2 mo of age, in the soluble fraction, levels of Ap40 in the cerebral
cortex of Psen1*"%; Psen2™; Cre (0.10 + 0.00) are decreased, compared to Psen1'%; Psen27~ (0.31 £ 0.02; Fs ,, = 322.20, P < 0.0001, one-way ANOVA with Tukey’s
post hoc comparisons) and Psen1™"; Psen2”~ mice (0.38 + 0.01; P < 0.0001), and levels of Ap42 are also reduced in Psen1"'; Psen27~; Cre (0.05 + 0.00), relative to
Psen1®’F; Psen27~(0.12 + 0.01; P < 0.0001) and Psen1F; Psen2”~ (0.13 + 0.01; P < 0.0001). However, the Ap42/40 ratio is elevated in Psen1"'%; Psen2™~; Cre (0.49
+0.01), compared to Psen1F; Psen2”~ (0.39 + 0.02; P = 0.0016) and Psen1™%; Psen2"~ (0.34 + 0.01; P < 0.0001). In the insoluble fraction, AB40 shows a greater
reduction in Psen1X"%: Psen2™"; Cre cortices (0.19 + 0.01), relative to Psen1*"": Psen2™~ (0.44 + 0.02; P < 0.0001) and Psen1™"; Psen2™~(0.61 + 0.02; P < 0.0001). More
Ap42 were detected in the insoluble fraction, but levels of AB42 are still significantly lower in Psen1F; Psen2™""; Cre cortices (0.38 + 0.01), compared to that in
Psen1*"F; Psen2™~ (0.69 + 0.01; P < 0.0001) and Psen1™; Psen2~ (0.84 + 0.03; P < 0.0001). Similarly, the Ap42/40 ratio is elevated in Psen1*%; Psen2™" cortices (1.55
+0.03; P = 0.003) and is further enhanced in Psen?"""; Psen2™"; Cre (1.99 + 0.04; P < 0.0001), compared to Psen1™"; Psen2”~ (1.36 + 0.02). There is no detectable
AB40 and Ap42 in the soluble and insoluble fractions derived from cortices of Psen1™%; Psen2""; App™" (Lane 2), Psen1"""; Psen2""; App™"(Lane 4), and Psen1""%;
Psen2™"; Cre; App™ (Lane 6). (B) At 12 mo of age, in the soluble fraction, levels of AB40 are reduced in the cerebral cortex of Psen1""; Psen2™"~ mice (0.36 + 0.01;
P < 0.0001) and are further decreased in Psen1""; Psen2™"; Cre (0.12 + 0.01), compared to Psen1™%; Psen2™" mice (0.57 + 0.04; P < 0.0001). Levels of Ap42 are
decreased in Psen1¥"%: psen2™"; Cre (0.14 + 0.01), relative to Psen1%; Psen2™ (0.20 + 0.01; P = 0.0031) and Psen1™"; Psen2™~ (0.22 + 0.02; P = 0.0002). However,
the Ap42/40 ratio is elevated in Psen1""F; Psen2~ (0.56 + 0.03; P = 0.0156) and is further increased in Psen1'"; Psen2™'"; Cre (1.11 + 0.05; P < 0.0001), compared to
Psen1™": Psen27” (0.38 + 0.01). In the insoluble fraction, levels of AB40 are reduced in Psen7*'"; Psen2™~ (4.48 + 0.39; P < 0.0001) and further reduced in Psen7""%;
Psen2™"; Cre (2.47 + 0.07; P < 0.0001), relative to Psen1™F; Psen2" (6.47 + 0.25). Levels of Ap42 are lower in Psen1"’F; Psen2™"; Cre (1.53 + 0.07; P < 0.0001) than in
Psen1F: psen27" (2.23 + 0.12) and Psen1™%; Psen2”"" mice (2.24 + 0.07). However, the Ap42/40 ratio is significantly enhanced in Psen1"%; Psen2™~ (0.50 + 0.02; P
=0.0022) and Psen1"'"; Psen2™"; Cre (0.62 + 0.03; P = 0.0119), compared to Psen1”"; Psen2”" cortices (0.35 + 0.01). There is no detectable Ap40 and Ap42 in the
soluble and insoluble fractions derived from cortices of Psen1™F; Psen2"; App™~ (Lane 2), Psen1"F; Psen2™""; App™ (Lane 4), and Psen 1%, Psen2™'"; Cre; App™~ (Lane
6). All data represent means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. N =5 to 6 mice used in each experiment. Yellow-filled and open circles
represent data obtained from individual male and female mice, respectively.
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Levels of AB42 are much higher in the insoluble fraction of all
three genotypic groups, compared to the soluble fractions, and
are significantly reduced in Psen1"; Psen2”” mice (0.69 + 0.01;
P<0.0001) and further decreased in PsenI®""; Psen2™'"; Cre mice
(0.38 £ 0.01; P < 0.0001), compared to controls (0.84 + 0.03;
Fig. 24). The greater reduction of AP40, relative to AP42, leads
to increased AP42/AB40 ratio in PrenI™""; Peen2”’™ (1.55 £ 0.03,
P =0.003) and PseanI/F; PsenZﬁlf; Cre mice (1.99 + 0.03, P <
0.0001), compared to Psenl™™; Psen2”™ (1.36 + 0.02; Fig. 24).
No AP40 or AP42 was detected in the cortex of Psenl™'"; Psen2™;
App™™, Psen™ 5 Peen2”; App™", and PrenI™"™; Pen2”™; Cre;
App_/_ mice (Fig. 24).

An in vitro y-secretase assay using CHAPSO solubilized mem-
brane fractions from dissected cortices, which retain y-secretase
activity, and recombinant Notch substrates showed that the de
novo production of NICD is s'lgniﬁcantly reduced in Psen ™"
Psen2”™ (=45%) and PsenI™Y; Pen2™; Cre mice (-78%),

https://doi.org/10.1073/pnas.2409343121

compared to littermate Psenl FE. Peen2™ controls (P < 0.0001;
one-way ANOVA with Tukey’s post hoc comparisons; SI Appendix,
Fig. S3A). Using a recombinant APP substrate C99 followed by
ELISA measurements of AB40 and AP42, we further found
decreased de novo generation of AB40 (-64%) and AP42 (-35%)
in PoenI™*; Psen2”" cerebral cortices (AP40: 258.00 + 9.62; P <
0.0001; AB42: 139.20 + 3.83; P=0.0002), compared to Psenl"'";
Peen2”™ (AB40: 709.20 + 92.83; AB42: 213.90 + 21.48), and
further reduced in PsenI™""; Psen2™"; Cre brains (Ap40: -87%,
89.98 £ 8.79; P =0.0004; Ap42: -74%, 54.97 + 1.76; P < 0.0001;
ST Ap%mdix, Fig. S3B). The AP42/AP40 ratio is increased in
PsenI™F; Psen2”™ mice (0.54 + 0.01; P = 0.0026) and Psen™'F;
Psen2”™; Cre mice (0.64 £ 0.04; P = 0.0001), compared to the
control (0.31 + 0.05). Western analysis confirmed that levels of
PS1 CTF are significantly reduced in the cortex of Prenl™';
Psen2”™ mice (P = 0.0292) and further decreased in Pseni™F;
Psen2”"™; Cre mice (P < 0.0001), whereas APP CTFs accumulate
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in Psenl KI/F; PsenZ_/_; Cre mice, consistent with decreased
y-secretase activity in these mice (S/ Appendix, Fig. S3 Cand D).

At 12 mo of age, AP levels accumulate greatly in the insoluble
fraction, compared to those in the soluble fraction (Fig. 2B). Ap40
levels are reduced in the soluble (0.36 + 0.01; P < 0.0001) and
insoluble (4.48 + 0.39; P < 0.0001) fractions derived from the
cortex of Psenl KI/F; Psen2”" mice, relative to Psenl F/F; Psen2”” mice
(soluble: 0.57+ 0.04; insoluble: 6.47 + 0.25), and further reduced
in Psen1™V; Psen27"; Cre mice (P < 0.0001), whereas AP42 levels
are reduced in Psen™Y; Peen2”"; Cre mice (P < 0.0001), relative
to PsenI™'; Psen2”™ mice (Fig. 2B). The greater reduction in Ap40,
relative to AB42, results in increases of AB42/AB40 in the soluble
and insoluble fractions from Psenl KI/F; Psen2”’™ and Psenl KI/F;
Psen2”™; Cre cortices, compared to Psenl % Peen2”™ controls
(Fig. 2B).

APP Deficiency Does Not Rescue Increased Apoptosis in the
Cortex of Psen Mutant Mice. We also examined the effects of
APP deficiency on increases of apoptosis in Psen mutant mice
by performing immunostaining using antibodies against active
Caspase-3 to label apoptotic cells in brain sections of all eight
genotypic groups at the ages of 2, 12, and 18 mo (Fig. 34 and
SI Appendix, Fig. S4A). Stereological quantification of active
Caspase-3+ apoptotic cells in the neocortex of these eight
genotypic groups showed genotype-specific increases at all three
age groups (F 4 ¢ = 8.05, P < 0.0001; two-way ANOVA). At 2
mo of age, the number of active Caspase-3+ apoptotic cells is
significantly higher in the neocortex of PsenIXUF; Psen2”™; Cre
mice (647 + 28; < 0.0001, two-way ANOVA with Tukey’s post
hoc comparisons), relative to Psenl ¥, Pen2”' (287 + 26) and
PsenI™™; Psen2” mice (257 + 31), but the number is similar to
that in Psen ™ Pen2™'"; Cre; Appilf mice (632 + 34; P> 0.99),

KIF - |-+
A Psen1*; Psen2* Psen1<'; Psen2'; App™ Psent®F, Psen2";
(536 0 Al dipr bl e o e i s e'e

Psen1F; Psen2*;
Cre; App” N
T

indicating that the lack of APP or AP does not rescue the increase
in apoptotic cell death in the cerebral cortex of PenI™""; Pen2™;
Cre mice (Fig. 3B and SI Appendix, Fig. S4B). The number of
apoptotic cells is further increased in the neocortex of Psen cDKO
mice (1,047 + 48), compared to Psenl KUE, peen27"; Cre mice (647
+ 28; P < 0.0001), but the number is not different from that
in Psen cDKO; App_/_ mice (1,060 + 71; P > 0.99). Similarly,
quantification of TUNEL+ cells also showed increases of apoptotic
cells in the cortex of PsenI®"; Psen2™™; Cre mice (1,393 + 70)
and Psen cDKO mice (2,375 + 110) at 2 mo of age, compared to
control groups (P < 0.0001), but APP deficiency has no impact
on the number of apoptotic cells (P> 0.99; ST Appendix, Fig. S5).
Even though the increase in TUNEL+ apoptotic cells is already
dramatic in the neocortex of PsenI'Y; Psen2™'"; Cre mice (three-
fold) and Psen cDKO mice (five-fold) at 2 mo of age, compared
to control mice, apoptotic cells represent a very small percentage
(<0.1%) of NeuN+ cortical neurons (SI Appendix, Fig. S5B).
Thus, the number of cortical neurons is not significantly reduced
in Psenl KI/F; Pst_/_; Cre and Psen cDKO mice at this age
(SI Appendix, Fig. S1).

At 12 mo of age, the number of apoptotic cells in the neocortex
of PsenI™E; Psen2™™; Cre mice (960 + 52) is more dramatically
increased than those at 2 mo of age (647 + 28; P = 0.0015) but
the number of apoptotic cells is similar in the neocortex between
Psenl KI/F; PsenZ_/_; Cre and Psenl KI/P; PsenZ_/_; Cre; App_/_ mice
(993 + 62; P> 0.99), indicating that lack of APP has no impact
on the increased apoptosis (Fig. 3B). The increase of apoptotic
cells is most dramatic in the neocortex of Pser cDKO mice at the
age of 12 mo (1,380 + 59), but the number of apoptotic cells is
still similar between Psen cDKO and Psen cDKO; App_/_ mice
(1,427 + 74; P > 0.99; SI Appendix, Fig. S4B). ]?I% 18 mo of age,

enhanced apoptosis in the neocortex of PsenI™"; Psen2”™; Cre
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Fig. 3. APP deficiency does not rescue increases of apoptosis in the cortex of L435F KI mice. (A) Active Caspase-3 immunostaining of comparable sagittal sections
of four indicated genotypic groups at the ages of 2, 12, and 18 mo shows increases of apoptotic cells in the cerebral cortex of Psen1%; Psen2™"; Cre and Psen1"';
Psen2™""; Cre; App™"~ mice at all ages examined. The inserts show higher-power views of the boxed areas. (Scale bar, 100 um.) (B) Stereological quantification
shows genotype-specific, age-dependent increases of apoptotic cells in the neocortex (F4 ¢ = 8.05, P < 0.0001, two-way ANOVA). At 2 mo of age, the number of
active Caspase-3+ cells in the neocortex of Psen1"'"; Psen2™"; Cre (647 + 28) is significantly increased (2.2-fold), relative to Psen1"; Psen2™" mice (287 + 26; P <
0.0001, two-way ANOVA with Tukey's post hoc comparisons). However, the number of active Caspase-3+ cells is similar between Psen1¥"F; Psen2™""; Cre (647 + 28)
and Psen1"%; Psen2™""; Cre; App™™ mice (632 + 34; P> 0.99). At 12 mo of age, the number of apoptotic cells in Psen1"%; Psen2™""; Cre mice (960 + 52) is markedly
increased (3.4-fold), relative to Psen1*"f; Psen2™~ mice (280 + 25; P < 0.0001). The increase of apoptosis in Psen1"F; Psen2™"; Cre mic at 12 mo (3.4-fold) is more
dramatic than those at 2 mo of age (2.2-fold). However, the number of active Caspase-3+ cells is similar between Psen1X"%: Psen2™"; Cre mice (960 + 52) and
Psen1"'F: Psen27'"; Cre; App™ mice (993 + 62; P > 0.99). At 18 mo of age, more active Caspase-3+ cells are present in the neocortex of Psen1"%; Psen2™"; Cre mice
(687 + 51), relative to Psen1""F; Psen2™~ mice (286 + 30; P < 0.0001). Again, the number of active Caspase-3+ cells is similar between Psen1'F; Psen2™'"; Cre (687
+51) and Psen1"’%; Psen2™"; Cre; App™~ mice (726 + 34; P > 0.99). All data represent means + SEM. ****P < 0,0001; NS, not significant. The value in the column
indicates the number of mice used in each experiment. Yellow-filled and open circles represent data obtained from individual male and female mice, respectively.
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(687 £ 51) and Psen cDKO (847 + 80) mice is less dramatic than
those at 12 mo of age (Fig. 3B and S/ Appendix, Fi% S4B). Still
the number of apoptotic cells is similar between Psen] VE, Peen2™;
Cre (687 + 51) and PsenI™; Psen2™™; Cre; App’/’ mice (726 +
34; P > 0.99), and between Psen cDKO (847 + 80) and Psen
cDKO; App_/_ mice (887 + 43; P> 0.99; SI Appendix, Fig. S4B),
further supporting that APP deficiency does not affect increased
apoptosis observed in Psen mutant mice.

APP Deficiency Has No Impact on Microgliosis in Psen Mutant
Mice. We further evaluated the effects of APP deficiency on the
progressive microgliosis in the cerebral cortex of Psen mutant
mice by performing immunostaining using antibodies against
Ibal to label microglia in brain sections of all eight genotypes at
the ages of 2, 12, and 18 mo (Fig. 44 and ST Appendix, Fig. S6A).
Stereological quantification of Ibal+ cells in the neocortex of these
eight genotypic groups showed age-dependent, genotypic-specific
differences (F 4 4, = 161.30, P < 0.0001; two-way ANOVA with
Tukey’s post hoc comparisons). At 2 mo of age, the density of Ibal+
cells in the neocortex of Psen™'F; Psen2"™; Cre mice (13.02 + 0.26
x 107 cells/ mma) is similar to that in Psen®"F; Pren2™' (12.05 +
0.30 x 10° cells/mm?®; P > 0.99), but the densitz of microglia in
Psen cDKO mice (15.69 = 0.49 x 10° cells/mm°) is significantly
higher than that in PsenI™™; Psen2”™ mice (11.68 + 0.36 x 10°
cells/mm?; P = 0.0018), suggesting elevated microgliosis at this
age in Psen cDKO mice (SI Appendix, Fig. S6B).

At 12 mo of age, the density of Ibal+ microglia in the neocortex
of PeenI™; Pen2”™; Cre mice (24.82 + 0.55 x 10° cells/mm?°) is
significantly increased, relative to PenI™""; Pen2”™ (12.12 + 0.39 x
10° cells/mm’; P<0.0001) and Pern1™'"; Peen2”™ (12.10 £ 0.53 x 10°
cells/mm?; P < 0.0001), but the microglial density is not significantly
different between PsenIV'Y; Pen2”; Cre (24.82 + 0.55 x 107 cells/
mm®) and PrenI™""; Pen2’™; Cre; Appilf mice (25.26 + 0.49 x 10°
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Fig. 4. APP deficiency has no effect on elevated microgliosis caused by the Psen1 L435F Kl allele. (A) IbaT immunostaining of comparable brain sections of Psen

Psen1<F; Psen2"; App” Psen1¥F, Psen2*; Cre Psen1XF, Psen2"; Cre; App™ B [] Psen1®F; Psen2*

cells/mm?; P> 0.99; Fig. 4B and SI Appendix, Fig. S6B). Moreover,
microgliosis is further exacerbated in Pserr cDKO mice (37.52 + 0.65
x 10° cells/mm?), but there is no difference between Psen cDKO and
Psen cDKO; App”™ mice (39.02 + 0.53 x 10° cells/mm’; P> 0.99;
SI Appendix, Fig. S6B). At 18 mo of age, the density of microglia is
further enhanced in the neocortex of PsenI®'Y; Pen2”™; Cre mice
(30.18 + 0.72 x 10° cells/mm?®), relative to PsenI™'F; Peen2”™ mice
(12.79 £ 0.58 x 107 cellsymm?®; P < 0.0001) and Psen1™™; Pen2””
(12.41 £ 0.50 x 10° cells/mm?; < 0.0001), but there is no difference
between PsenI™F; Pen2'™; Cre (30.18 + 0.72 x 10° cells/mm?) and
PeenI™""; Peen2”™; Cre; App™™ mice (29.51 + 0.80 x 10° cells/mm?’;
P> 0.99) or between Psen cDKO (48.80 + 0.88 x 10 cells/mm?) and
Psen cDKO; App_/_ mice (50.12 + 0.16 x 10° cells/mm?; P > 0.99;
SI Appendix, Fig. S6B), indicating that removal of APP or AP does

not affect microgliosis in Psen mutant mice.

Discussion

More than 450 mutations, mostly missense mutations scattering
throughout the coding sequences of PSENI and PSEN2, have
been reported (alzforum.org/mutations), highlighting the impor-
tance of PS in AD pathogenesis. The initial discovery of increased
AP42/AP40 in transgenic mice and FAD patients carrying PSENI
mutations suggested that these mutations might cause FAD viz a
toxic gain-of-function pathogenic mechanism (7, 8), providing
key additional evidence for the amyloid hypothesis (9). However,
the broad distribution of the large number of distinct mutations
is also consistent with a loss-of-function pathogenic mechanism.
Genetic findings from conditional knockout studies revealed an
essential role of PS in learning and memory, synaptic plasticity,
and age-dependent neuronal survival (10-12, 16), leading to the
proposal of the presenilin hypothesis, which posits that PSEN
mutations may cause loss of its essential function, resulting in
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Psen2™""; Cre and Psen1"F; Psen2™"; Cre; App™~ mice and controls at the ages of 2, 12, and 18 mo shows age-dependent increases of microgliosis in the cerebral
cortex of Psen1X'F; psen2""; Cre and Psen1"'F; Psen2""; Cre; App™~ mice. (Scale bar, 100 um.) (B) Stereological quantification of Iba1+ cells in the four genotypic
groups at the ages of 2, 12, and 18 mo shows significant age-dependent, genotype-dependent increases of microglia (F;4 ¢; = 161.30, P < 0.0001; two-way ANOVA
with Tukey's post hoc comparisons). At 2 mo of age, the density of Iba1+ cells is similar among four genotypic groups (P > 0.99). At 12 mo of age, the density of
Iba1+ microglia is significantly higher in the neocortex of Psen1"'"; Psen2™"; Cre (24.82 + 0.55 x 10° cells/mm?), relative to Psen1"F; Psen2-/- mice (12.12 + 0.39 x
103 cells/mm?; P < 0.0001), but the density of Iba1+ microglia is similar between Psen1"; Psen2™""; Cre and Psen1""; Psen2™""; Cre; App™" mice (25.26 + 0.49 x 10°
cells/mm?; P> 0.99). At 18 mo of age, the density of Iba1+ microglia is further increased in the neocortex of Psen1"¥; Psen2™""; Cre mice (30.18 + 0.72 x 10> cells/
mm?), relative to Psen1""F; Psen2™~ mice (12.79 + 0.58 x 10° cells/mm?, P < 0.0001), but the density of Iba1+ microglia is similar between Psen1'%; Psen2™"; Cre and
Psen1 "% Psen2™"; Cre; App™” (29.51 + 0.80 x 10° cells/mm?; P> 0.99). All data represent means + SEM. ****p <0.0001; NS, not significant. The value in the column
indicates the number of mice used in each experiment. Yellow-filled and open circles represent data obtained from individual male and female mice, respectively.
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neurodegeneration and dementia in FAD (23). The presenilin
hypothesis was substantiated by subsequent studies that demon-
strated that PSEN mutations result in loss of y-secretase activity in
cultured cells, KI mice, and in vitro biochemical systems (24-30)
and that reduced PS expression in conditional mutant mice and
Psn knockdown flies also causes increases of apoptosis and age-
dependent neurodegeneration in a PS dose-dependent manner
(13-15, 33-35).

The increase of AB42/AP40 by PSEN mutations in transgenic
and KI mice as well as FAD patients, however, raised the possibility
that elevated AP42/AP40 may trigger or contribute to neurode-
generation in Psen mutant mice, even though AP production is
decreased (24-30). Given the importance of the debate and the
consequential opposing therapeutic intervention, our current
study aims to address this question conclusively. We employ a
genetic approach to remove Af completely and then compare the
consequences of Psenl 1435F KI and conditional null alleles in
the presence or the absence of APP. Complementary neuropatho-
logical analysis of eight genotypic groups at three different ages
(2, 12, 18 mo) showed that removal of A} by APP deficiency has
no impact on the age-dependent reduction of cortical volume as
well as progressive losses of cortical neurons caused by Psenl
L435F KI and null alleles, despite the increase in the ratio of
AP42/AP40 in the presence of APP (Figs. 1 and 2 and SI Appendix,
Figs. S1 and S3). Furthermore, APP deficiency does not rescue
elevated apoprotic cell death in the cerebral cortex of various Psen
mutant mice at the ages of 2, 12, and 18 mo, nor does it alleviate
microgliosis in Psen mutant mice (Figs. 3 and 4 and SI Appendix,
Figs. $4-S6). These findings demonstrate that Pen mutations
cause neurodegeneration independent of AP, providing further
experimental evidence in support of the presenilin hypothesis.

The isolation of A peptides and the identification of its protein
sequences in 1984 sparked interest in the role of AP in AD patho-
genesis (36, 37). The subsequent linkage of APP mutations to
FAD provided further genetic evidence (6), and the discovery that
PSEN mutations increased the ratio of AB42/Ap40 in FAD
patients and transgenic mice (7, 8) cemented the predominance
of the amyloid hypothesis and the corresponding intense focus on
anti-amyloid therapies (9). However, the amyloid hypothesis is
inconsistent with several lines of experimental evidence (23). For
example, the distribution and load of amyloid plaques correlate
poorly with the severity of dementia, whereas synaptic loss corre-
lates well with the clinical features of dementia (38). Moreover,
APP transgenic mice overexpressing various human mutant APP
do not develop prominent neurodegeneration, despite accumula-
tion of very high levels of Af including AB42 and amyloid plaques
in the cerebral cortex (39). Interestingly, in contrast to striking
age-dependent neurodegeneration in the cerebral cortex of Psen
mutant mice (Figs. 1, 3, and 4 and S/ Appendix, Figs. S1 and
§4-56), excitatory neuron-specific App/Aplp1/Aplp2 conditional
triple knockout mice using the same Cre line develop no neuro-
degeneration even at ~2 y of age (40), suggesting that APP muta-
tions cause AD via a distinct mechanism from PSEN mutations.

Genetic studies using cell type-specific conditional knockout
mice demonstrated an essential role of PS in learning and memory,
synaptic plasticity, and age-dependent neuronal survival (10-13,
15-22). Moreover, partial loss of PS function in excitatory neurons
of the postnatal forebrain also results in age-dependent cortical
neuronal loss and increases of apoptosis though to a lesser extent
and at a later age of onset (33), relative to complete inactivation
of PS (10). Furthermore, the essential role of PS in support of
neuronal survival in the aging brain is conserved from Drosophila
to mammals, as conditional knockdown of the Drosophila homo-
logue, Psn, also results in age-dependent neurodegeneration,
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increases of apoptosis, behavioral deficits, and earlier mortality
(34, 35). Together, these studies using loss-of-function mutants
demonstrated an evolutionarily conserved, essential function of
PS in processes highly relevant to AD, providing an initial premise
for the presenilin hypothesis.

Using a sensitive, quantitative cell culture system, we initially
found that all Psen] mutations tested result in partial to near
complete loss of y-secretase activity with the L435F mutation
causing the most dramatic loss of y-secretase activity, and that
mutant PS1 exerts a dominant negative effect and inhibits
y-secretase activity of wild-type PS1 in trans (24, 25). Subsequent
genetic analysis demonstrated striking resemblances of Psen!
L435F and C410Y homozygous KI mice to Psenl-null mice,
including perinatal lethality, neurogenesis impairment, reduced
Notch signaling, and undetectable y-secretase activity and AP
production (26, 27). Furthermore, the L435F KI allele results in
synaptic and memory impairments and age-dependent neurode-
generation, similar to but less severe than those caused by complete
inactivation of PS in Psen cDKO mice, suggesting that the L435F
KI allele retains residual PS function despite undetectable levels
of y-secretase activity (10, 26, 28). Indeed, high-resolution struc-
tural analysis of the y-secretase complex placed the side chain of
the L435 residue between D257 and D385, the two aspartate
residues that constitute the active site of y-secretase (41), providing
an independent structural explanation for the severe loss of func-
tion phenotypes exhibited by L435F. Finally, a large-scale bio-
chemical study of 138 PSENI mutations showed that ~90% of
mutations cause loss of y-secretase activity with ~30% of muta-
tions abolishing its activity (29, 30). Thus, these studies in cell
culture, KI mice, and in vitro biochemical systems all demon-
strated that PSEN mutations impair y-secretase activity, providing
additional experimental evidence for the presenilin hypothesis.

The current study further shows unequivocally that the neuro-
degeneration phenotypes caused by Psen mutations are independ-
ent of AP. While the Psen1 L435F mutation exhibits no detectable
y-secretase activity in homozygous KI brains, residual levels
(~10%) of PS1 NTF and CTF are detected, suggesting that
despite its proximity to the active site of y-secretase, L435F retains
residual PS function (10, 26, 28-30). Consistent with this notion,
the L435F KI allele causes less severe hippocampal synaptic and
memory deficits as well as age-dependent neurodegeneration in
the cerebral cortex (10, 26, 28), compared to the Psen! conditional
null allele (Fig. 1 and S7 Appendix, Fig. S1).

Despite the cell intrinsic, essential role of PS in the survival of
excitatory and inhibitory neurons in the cerebral cortex (10, 11,
13, 15, 28), the molecular mechanism by which PS supports neu-
ronal survival is less clear. With only <0.1% of cortical neurons
undergoing apoptosis at any given time (Fig. 3 and S/ Appendix,
Fig. S5), it is challenging to identify relevant molecular changes in
the cortex of Psen mutant mice. Employing a genetic approach in
Drosophila by developing inducible neuron-specific Pz knockdown
flies, we identified several genes encoding lipid transporters and
receptors that interact with Psn-dependent neuronal survival, high-
lighting the importance of lipid metabolism in aging and neurode-
generation (35). While single-cell RNA sequencing of cortical
samples dissected from these unique excitatory or inhibitory
neuron-specific en mutant mice at multiple ages may reveal cell
intrinsic transcriptomic changes, the relevance of the identified
molecular changes would require genetic validation to confirm their
roles in support of PS-dependent neuronal survival during aging,
which could be further explored for therapeutic development.

Targeting AP has been the predominant therapeutic effort by
major pharmaceutical companies over the last 25 y (42), cumulating
to the full approval of lecanemab, an anti-Af antibody, by the FDA
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for AD treatment. However, despite the dramatic improvement of
amyloid burden by lecanemab, patients continued their clinical
decline, albeit in a slightly less steep progression, raising additional
questions (43). The poor clinical efficacy and the significant risk of
developing cerebral bleeding may explain the very limited use of
lecanemab since its approval. Ultimately, clinical effectiveness of any
new therapies would determine their utility based on their ability
to improve AD patients' quality of life.

Materials and Methods

Mice. All animal procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) at the Brigham and Women's Hospital in accordance
with the USDA Animal Welfare Act and PHS Policy on Humane Care and Use of
Laboratory Animals. Mice were maintained on a 12-h light/dark cycle and were
provided with standard rodent chow and water. Mice of both sexes at the ages of 2,
12,and 18 mo were used for phenotypic analysis. Generation and multidisciplinary
characterization of Psen? L435F KI, floxed PsenT,App'/', and Psen ¢DKO mice
were previously described (9, 15, 25, 38). The eight genotypic groups used in the

current study were obtained from breeding pairs of Psen17F; Psen2-/=; App™’~ and

Psen1%; Psen2™"; App” = Cre or Psen17F; Psen2™"~; App” ~; Creand Psen1";
Psen2™"~; App™’™ mice. The Camk2a-Cre (Cre) transgene is expressed selectively
in excitatory neurons of the postnatal forebrain and drives Cre-mediated deletions
of the floxed Psen7 alleles into null alleles in excitatory neurons of the cerebral
cortex beginning at postnatal day 18(9, 15, 16). All mutant mice were maintained
in the C57BL6/129 hybrid background by breeding to wild-type C57BL6/129 F1
mice periodically (three to four generations), and all eight experimental genotypic
groups were obtained from the same breeding pairs.

Neuropathological Analysis, ELISA, and Western Blotting. Quantitative
immunohistochemical analysis was performed using one brain hemisphere as
described previously (15,26, 40, 44),and the detailed information can be found
in Sl Appendix, Materials and Methods. Dissected cortices from the other hem-
isphere were analyzed using the ELISA or western blotting as described before
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(15,26,28,40),and detailed methods can be found in S/ Appendix, Materials and
Methods. All antibodies used in the current study are described in S/ Appendix,
Materials and Methods and Table S1.

Data Quantification and Statistical Analysis. Data acquisition and quan-
tification were performed in a genotype-blind manner with the exception of
molecular analysis (Western, ELISA). All statistical analysis was performed using
Prism (Version 10; GraphPad), Excel (Microsoft), or Clampfit (Version 10.3;
Molecular device). All data are presented as the mean = SEM. The exact sample
size (e.g., the number of mice) of each experiment is indicated in the figure.
Statistical analysis was conducted using two-way ANOVA followed by Tukey's
post hoc multiple comparisons (Figs. 1, 3, and 4 and S/ Appendix, Figs. S1,
S4, and S6), two-way ANOVA followed by Bonferroni's post hoc comparisons
(SI Appendix, Fig. S2), one-way ANOVA followed by Tukey's post hoc multiple
comparisons (Fig. 2 and S/ Appendix, Figs. S3 and S5). All statistical compar-
isons were performed on the data from biologically independent samples.
Significance is shown as *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, or NS, not significant.

Data, Materials, and Software Availability. All data are included in the man-
uscript and/or S/ Appendix.
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