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Therapeutic potential of Nlrp1 inflammasome, Caspase-1, or
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The sequential activation of Nucleotide-binding oligomerization domain, Leucine rich Repeat and Pyrin domain containing protein
1 (NIrp1) inflammasome, Caspase-1 (Casp1), and Caspase-6 (Casp6) is implicated in primary human neuron cultures and Alzheimer
Disease (AD) neurodegeneration. To validate the Nlrp1-Casp1-Casp6 pathway in vivo, the AppSwedishindiana ;54 Ap transgenic
mouse model was generated on either a Nlrp1, Casp1 or Casp6 null genetic background and mice were studied at 4-5 months of
age. Episodic memory deficits assessed with novel object recognition were normalized by genetic ablation of Nirp1, Casp1, or Casp6
in J20 mice. Spatial learning deficits, assessed with the Barnes Maze, were normalized in genetically ablated J20, whereas memory
recall was normalized in J20/Casp1~/~ and J20/Casp6~~, and improved in J20/NIrp1~/~ mice. Hippocampal CA1 dendritic spine
density of the mushroom subtype was reduced in J20, and normalized in genetically ablated J20 mice. Reduced J20 hippocampal
dentate gyrus and CA3 synaptophysin levels were normalized in genetically ablated J20. Increased Iba1™-microglia in the
hippocampus and cortex of J20 brains were normalized by Casp1 and Casp6 ablation and reduced by Nirp1 ablation. Increased pro-
inflammatory cytokines, TNF-a and CXCL1, in the J20 hippocampus were normalized by Nirp1 or Casp1 genetic ablation. CXCL1 was
also normalized by Casp6 genetic ablation. IFN-y was increased and total amyloid 3 peptide was decreased in genetically ablated
Nirp1, Casp1 or Casp6 J20 hippocampi. We conclude that Nirp1, Casp1, or Casp6 are implicated in AD-related cognitive impairment,
inflammation, and amyloidogenesis. These results indicate that Nirp1, Casp1, and Casp6 represent rational therapeutic targets

against cognitive impairment and inflammation in AD.
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INTRODUCTION

Alternative approaches are required for effective prevention and
treatment of Alzheimer disease (AD). Current treatments, while
helpful, have limited effects. Therefore, therapeutics against well-
recognized AD pathologies are in development [1]. Our premise is
that the underlying molecular mechanism of neuronal dysfunction
in early AD-related cognitive decline and impairment would be an
ideal therapeutic target that would obviate multifactorial causes,
which initiate cognitive loss and subsequent dementia in aging
individuals [2].

A degenerative pathway linking intraneuronal Nucleotide-binding
oligomerization domain, Leucine rich Repeat and Pyrin domain
containing protein 1 (Nlrp1) inflammasome and Caspase-1 (Casp1)-
mediated neuroinflammation to Caspase-6 (Casp6)-mediated axonal
degeneration has been identified in AD brains and human CNS
primary neuron cultures [3, 4]. Active Casp6 is abundant in sporadic
and familial AD brain neuritic plaques, neurofibrillary tangles, and
neuropil threads [5, 6]. Its appearance in the entorhinal cortex and
hippocampal Cornu Ammonis 1 (CA1) is associated with decreased
episodic and semantic memory performance in non-cognitively
impaired aged individuals [7, 8]. Conditional expression of human
self-activated Casp6 in mouse hippocampal CA1 pyramidal neurons
induces reversible age-dependent cognitive impairment associated

with inflammation and neurodegeneration in the absence of
plaques and tangles [9, 10]. In human CNS primary neuron cultures
and cell lines, active Casp6 cleaves amyloid precursor protein (APP),
Tau, and several AD-related synaptic and cytoskeletal neuronal
proteins [6, 11-15], and caspases indirectly increase A levels [16-18].
By itself, active Casp6 does not induce cell death [19, 20], but causes
axonal degeneration in primary human cortical [21, 22] and NGF-
deprived mouse sensory [23, 24] neurons. Active Casp6 microinjection
induces synaptic transmission loss and degeneration of CA1 neurons
[25], and active Casp6-expressing CA1 neurons cannot initiate long-
term potentiation [10]. Together, this suggests that Casp6 activity is
associated with neuronal dysfunction and mild cognitive impairment
(MClI) preceding AD.

Caspéb is activated by Casp1 in human CNS primary neuron cultures
[3]. Casp1 is implicated in cognitive decline and AD. Active Caspl
triggers the maturation of pro-inflammatory interleukin-1-B (IL-1P)
[26]. Active Caspl [27] and IL-1 [28] are increased in AD. IL-1 is
associated with gliosis, memory impairment, pro-inflammatory
cytokine production, and leukocyte infiltration [29]. CASP1 genetic
variants are associated with lower IL-1B levels, better executive
function performance, and a trend towards better memory function
[30], and predict accelerated progression from MCl to AD [31]. The
Casp1 inhibitor, VX-765, delays [32] or reverses [33] cognitive
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impairment, when administered pre-symptomatically or at symptom
onset, respectively, in J20 APP*W"d "AD mice. Furthermore, Caspl
ablation prevents memory impairment in J20 and APP/PST mice
[27, 33].
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Casp1 is activated by a functional Nirp1 inflammasome in
human neurons [4]. NIrp1 immunopositive neurons are increased
25-30-fold in AD brains and Nlirp1 co-localizes with active Casp6.
Non-synonymous NLRPT SNPs are associated with AD [34]. Genetic
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Fig. 1 Nirp1, Casp1, or Casp6 genetic ablation prevents cognitive deficits in J20 mice. A Distance traveled in open field task [F=8.921, p <
0.0001, n = 18 WT, 15 J20, 10 J20/Nirp1~/~, 13 J20/Casp1~~, 10 J20/Casp6 =, 13 WT/Nlrp1~/~, 12 WT/Casp1~/~, 12 WT/Casp6 ", 14 J20/NIrp1*’
=, 12 J20/Casp1™~, 11 J20/Casp6™~, 12 WT/NIrp1™~, 13 WT/Casp1™~, 11 WT/Casp6™~1. B NOR DI [F = 8.081, p < 0,0001, n = 16 WT, 15 J20, 10
J20/Nirp1~/=, 13 J20/Casp1~/~, 11 J20/Casp6~’~, 13 WT/NIrp1~/~, 12 WT/Casp1~/~, 12 WT/Casp6 /=, 14 J20/Nirp1*/~, 11 J20/Casp1™~, 11 J20/
Casp6+/’, 12 WT/NIrp1™/=, 13 WT/CaspI”’, 11 WT/Casp6+/’]. C Barnes maze learning acquisition showing primary errors (top) and primary
latency (bottom) to reach target of +/— (right) and —/— (left) mice [Primary errors performance: Firaining day = 142.5, p < 0.0001, F?enotype =
4455, p <0.0001, 2-way ANOVA, n =16 WT, 13 J20, 10 J20/Nlrp1~/~, 13 J20/Casp1~/~, 9 J20/Casp6 /~, 13 WT/Nirp1~/~, 12 WT/Casp1 ", 12 WT/
Casp6~/~, 12 J20/NIrp1*/~, 11 J20/Casp1*/~, 10 J20/Casp6*’~, 11 WT/NIrp1™~, 12 WT/Casp1™~, 10 WT/Casp6™~]. D Barnes maze probe
showing primary errors (top) and primary latency (bottom) to blocked target [F = 1.915, p = 0.0324, n as in C]. E-H Golgi-Cox quantification (n
=15 WT, 10 J20, 6 J20/Nlrp1’/’, 7 J20/Casp7’/’, 5 J20/Casp6’/’) E Dendritic spine density, and the % of F mushroom, G thin, and H stubby
dendritic spines, in hippocampal CA1 SR. Synaptophysin quantification (n =9 WT, 9 J20, 5 J20/Nlrp1~/~, 6 J20/Casp1~/~, 4 J20/Casp6~"") in
hippocampal I DG [F=12.10, p < 0.0001], J CA3 stratum lucidum (SLu) [F=9.731, p < 0.0001], and K CA1 SR. Bars represent mean + SEM of all
mice per group; symbols denote performances of individual mice. For A, B, D-K, one-way ANOVA, Bonferroni’s post-hoc compared to WT (*) or

J20 (*). ¥ or *p < 0.05, # or **p < 0.01, #* or ***p < 0.001, ##* or ****p < 0.0001.
<4

ablation of Nirp1 and Casp1 in mice prevents LPS-induced Casp6
activation [4].

Together, these studies suggest an association between the
NIrp1/Casp1/Casp6 neurodegenerative pathway and cognitive
decline in aging and AD. However, the in vivo implication of
these three genes has not been investigated in genetically
identical AD mice at an early age to avoid indirect amyloid- or age-
related secondary effects that would complicate data interpreta-
tion and conclusions. Here, we investigated the early role of Nirp1,
Casp1, and Casp6 in J20 cognitive deficits, inflammation, and AP
production and deposition, by placing the J20 on a homozygous
or heterozygous null background for each of the three genes.

RESULTS

To assess the role of NIrp1, Casp1, and Casp6 in AD, Nirp1~/~,
Casp1~'~, and Casp6~'~ mice were bred to 9enerate J20/ or WT/
Nirp1=/= °" +/=, )20/ or WT/Casp1™~ ° */~, and J20/ or WT/
Casp6~~ °" '~ mice. PCR confirmed the deletion of one or two
copies of Nirpl, Caspl, or Casp6 from J20 and WT mice
(Supplementary Fig. S1).

J20/ or WT/NIrp1~/~ °" */~, J20/ or WT/Casp1~'~ °" ™/~, and J20/
or WT/Casp6 '~ ° ™~ mice are competent to undergo
memory assessments

Open field analyses assessed the competence of each cohort to
undergo memory testing. Four- to five-month-old J20 mice did not
show significant differences in distance traveled, quadrant entries,
% time moving, or thigmotaxis compared to WT mice (Fig. 1A and
Supplementary Fig. S2A-C). J20/Nlrp1~"~ " */~ and J20/Casp1™/~
mice showed slightly higher distance traveled and quadrant
entries than WT mice, although their % time moving and in the
periphery was normal. J20/Casp6™~ ° ¥/~ and WT/Nirp1™/~ °" /=,
/Casp1~~ °" */~, and /Casp6~~ ° '~ mice performed normally in
all four measures. These results indicate that all fourteen mouse
groups are competent to undergo memory testing.

Nirp1, Casp1, or Casp6 genetic ablation prevents episodic and
spatial memory deficits in J20 mice
NOR discrimination indices (DI) were lower in J20 compared to WT
mice confirming impaired episodic memory in 4- to 5-month-old
J20 mice (Fig. 1B, Supplementary Table S1), as observed previously
[33, 35]. J20/Nlrp1~/= ° =, J20/Casp1~'~ ° ™=, and J20/Casp6~"~
°r +/~ mice DI were normalized to WT levels. Episodic memory was
unaltered in genetically ablated WT mice. These results confirm
the importance of Nirp1, Casp1, and Casp6 in APPS"/'"™-mediated
episodic memory deficits and indicate that reducing gene
expression by half is sufficient to eliminate impairment.

Spatial learning and memory retention were assessed in 4- to 5-
month-old J20 mice with the Barnes maze. During the four-day
training period to assess learning, J20, but not J20/Nlrp1~~ ° */~,
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J20/Casp1™/~ " /=, and J20/Casp6 "~ * */~, committed more errors
to reach the target than WT mice by the end of the training period
(Fig. 1C, Supplementary Table S1). Latencies to reach the target did
not differ between any of the genotypes (Fig. 1C). During the probe
test measuring spatial memory retention, J20 mice trended towards
committing more errors (p =0.065), but due to large variability in
responses, this was not statistically significant (Fig. 1D). This lack of
significant spatial memory deficits in J20 is likely due to their young
age since J20 of 5-7 months clearly show spatial memory deficits
[33, 35]. Nevertheless, J20/Casp1™~ and J20/Casp6™~~ mice com-
mitted less errors than J20 mice. None of the genotypes altered probe
latency. J20 showed a less pronounced preference to the target area
than WT mice; their percentage of pokes to each hole was scattered
among adjacent areas, creating a smaller peak at the target
(Supplementary Fig. S3). This was normalized in J20/Nlrp1~/~ o +/~,
J20/Casp1~/~ ° +~, and J20/Casp6 "~ °" '~ mice. All WT mice groups
behaved normally. These results indicate that Caspl or Casp6
ablations normalize spatial memory in J20 mice. J20/Nirp1~~ " -,
J20/Casp1*/~, and J20/Casp6"’~ mice also improve learming and
memory retention, although they do not quite reach normal levels.

Genetic ablation of Nirp1, Casp1 or Casp6 normalizes J20
hippocampal CA1 dendritic spines, and CA3 and DG
synaptophysin levels

Dendritic spine density and morphology were assessed with
Golgi-Cox staining in the stratum radiatum (SR) of the hippo-
campal CA1 region (Supplementary Fig. S4A). Dendritic spine
density (Fig. 1E) and the % of mushroom (Fig. 1F), but not thin or
stubby (Fig. 1G, H), spine subtypes were significantly reduced in
J20 compared to WT. Spine density and morphology were
normalized in J20/Nirp1~'~, J20/Casp1 ™", and J20/Casp6 '~ mice
compared to WT. Cell density in the CA1 pyramidal cell layer (PCL)
was the same for all genotypes (Supplementary Fig. S4B),
indicating that dendritic spine alterations in J20 mice were not
related to neuronal loss.

Pre-synaptic synaptophysin immunostaining density was also
measured in the hippocampus (Supplementary Fig. S4C). Synap-
tophysin levels decreased in J20 relative to WT in dentate gyrus
(DG) (Fig. 11) and CA3 (Fig. 1J), but not in CA1 (Fig. 1K). The genetic
ablation of Nirp1, Casp1, and Casp6 in the DG and CA3, restored
J20 synaptophysin levels to WT levels. These results indicate that
Nirp1, Caspl, and Casp6 are involved in J20-mediated synaptic
disruptions in dendritic spines and synaptophysin levels.

Nirp1, Casp1, or Casp6 genetic ablation curtails ionized
calcium binding adaptor molecule 1 (Iba1)*-microglial density
in J20 mice

The number of Iba1*-microglia, a marker for inflammation, was
quantitatively measured in the hippocampus (Fig. 2A) and cortex
(Supplementary Fig. S5). Iba1*-microglia were twice as abundant
in J20 than WT hippocampus and cortex (Fig. 2B, C and
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Fig.2 Nirp1, Casp1, or Casp6 genetic ablation reduces activated microglia, but not astrocytes, in J20 mice. A Representative micrographs
of Iba1™ microglia in the hippocampal CA1. Scale bar = 50 pm. B Iba1"microglia quantitation from the PCL to the SLM in the hippocampal
CA1 [F=15.10, p < 0.0001, one-way ANOVA, n =8 WT, 6 J20, 5 J20/NIrp1~~, 6 J20/Casp1~/~, 4 J20/Casp6~~, 6 WT/NIrp1~/~, 6 WT/Casp1 ", 6
WT/Casp6~/~, 8 J20/Nlrp1*/~, 6 J20/Casp1*/~, 6 J20/Casp6"~, 8 WT/Nirp1*/~, 6 WT/Casp1™/~, 6 WT/Casp6 ™" ~]. € Iba1 "microglial quantitation in
the cortical retrosplenial and S1 area [F=15.35, p <0.0001, one-way ANOVA, n as in B]. Bars represent mean = SEM of all mice per group;
symbols denote individual results. For B and C, Bonferroni’s post-hoc compared to WT (*) or J20 (*). *p < 0.05, ** p < 0.01, *** or *** p <0.001,

# or *#** p <0.0001.

Supplementary Table S2). J20/Casp1™~ ° /= and J20/Casp6~"~
hippocampal and cortical microglia decreased compared to J20
and normalized to WT levels, whereas J20/Casp6™~ Ibal™-
microglia numbers were lower than J20 but still higher than the
WT levels. J20/NIrp1~/~ " */~ hippocampal microglia were lower
than J20 but higher than WT mice, while cortical Iba1™-microglia
numbers remained similar to those of J20 mice. All genetically
ablated WT groups had similar hippocampal and cortical Iba1"-
microglia numbers, except for increased cortical microglia in WT/
Casp6™~. These results indicate a clear involvement of Nirp1,
Casp1 and Casp6 on APP"/"_mediated increased hippocampal
Ibal™-microglia, although J20/NIrp7™"~ °" ™~ and J20/Casp6™~
Iba1*-microglia levels were not normalized. In contrast, while
Casp1 and Caspé6 are involved in increased cortical microglia, Nirp1
is not. These results suggest that another inflammasome may be
more involved in the cortex.

Genetic ablations do not alter glial fibrillary acidic protein
immunopositive (GFAP™") astrocytes in J20 mice

GFAP* staining density (Supplementary Fig. S6A) was approxi-
mately 6-fold higher in J20 hippocampus than cortex but did not
differ significantly between WT and J20 mice (Supplementary
Fig. S6B, C and Supplementary Table S2). Complete or partial
Nirp1, Casp1, or Casp6 ablation did not alter GFAP™ staining in J20

SPRINGER NATURE

or WT mice. These results indicate that Nlrp1, Casp1, and Casp6
are not involved in J20-mediated astrogliosis.

Nirp1, Casp1, or Casp6 genetic ablation normalizes C-X-C motif
chemokine ligand 1 (CXCL1) and increases interferon gamma
(IFN- y) levels whereas Nirp1 or Casp1 genetic ablation
normalizes tumor necrosis factor alpha (TNF-a) in J20
hippocampi

Cytokine production was quantitated in WT, J20, J20/Nlrp1~/~,
J20/Casp1~~, and J20/Casp6 " In the hippocampus (Fig. 3A-J),
total IL-1B did not differ between any group (Fig. 3A). TNF-a
(Fig. 3B) and CXCL1 (Fig. 3C) increased in J20 compared to WT
mice. Complete ablation of Nlrp7 and Caspl, but not Caspé,
normalized TNF-a (Fig. 3B), whereas Nirpl, Caspl, and Casp6
ablation normalized CXCL1 levels (Fig. 3C). IFN-y increased in all
genetically ablated J20 hippocampi, but did not differ between
WT and J20 mice (Fig. 3D). No changes were detected in
hippocampal IL-2, IL-4, IL-5, IL6, IL-10, or IL12p70 (Fig. 3E-J). In
the cortex (Fig. 3K-T), no differences in any of the cytokines were
found between any of the groups except for increased IL-2
(Fig. 30) and IL-6 (Fig. 3R) in J20/Nlrp1’/’ compared to WT and
J20. These results indicate that TNF-a and CXCL1 pro-inflammatory
cytokines may be implicated in APP**'"-mediated cognitive
impairment and microglial activation. In addition, increased IFN-y

Cell Death & Differentiation (2022) 29:657 — 669
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Fig. 4 Nirp1, Casp1, or Casp6 genetic ablation does not alter APP levels in J20 cortex. A Human APP (hAPP) mRNA cortical levels measured
with qRT-PCR [F = 11.45, p = <0.0001, n = 5 WT, 5 J20, 5 J20/Nlrp1 /", 5 J20/Casp1~/~, 5 J20/Casp6 ", 5 WT/NIrp1~"~, 4 WT/Casp1~~, 5 WT/Casp6
=, 5 J20/NIrp1%/~, 5 J20/Casp1t/~, 5 J20/Casp6™~, 5 WT/Nirp1*/~, 5 WT/Casp1™”~, 5 WT/Casp6'/~1. B Representative western blot images of hAPP,
mouse and hAPP, aCTF, and BCTF in the cortex. Western blot quantification of C hAPP (n = 8 J20, 6 J20/NIrp1~~, 6 J20/Casp1~/~, 5 J20/Casp6~~, 6
J20/NIrp1t/~, 6 J20/Casp1™”~, 4 J20/Casp6'”~), D mouse APP and hAPP [F = 2.732, p =0.02, n as in C plus 8 WT], E aCTF [F=3.194,p =0.014,n=8
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SEM of all mice per group; symbols denote individual results. One-way ANOVA, Dunnett’s post-hoc compared to J20 for A, C-F. ***p < 0.001.

may contribute to the beneficial effect of the genetic ablation of
Nirp1, Casp1, and Casp6 in APP**"“-mediated cognitive decline
and microglial activation.

Nirp1, Casp1, or Casp6 genetic ablation does not alter APP
levels in J20 mice

Human APP mRNA (Fig. 4A) and protein (Fig. 4B-D) levels
increased in J20 relative to WT, but remained unaltered in J20/
Nirp1, /Caspl, or /Casp6 —/— or +/— brains. APP a C-terminal
fragments (CTF) (Fig. 4B, E) and BCTF (Fig. 4B, F) did not differ
between any of the J20 genotypes, except for increased aCTF in
J20/NIrp17/~ (Fig. 4E). Together, these results exclude the
possibility that altered APP expression or processing by a- or (3-
secretase account for the beneficial effects of Nirp1, Caspl, or
Casp6 genetic ablation on J20 cognitive impairment and
microglial activation.

Nirp1, Casp1, or Casp6 genetic ablation reduces hippocampal
AB levels by 50% in J20 mice

AB deposits in 4-5-month-old J20, and partially or completely
Nirp1-, Casp1-, and Casp6-ablated J20 brains, were diffuse and
mainly concentrated in the hippocampal stratum lacunosum
moleculare (SLM) and DG (Fig. 5A, Supplementary Fig. S7A). Rare
AB deposits were present in the cortical retrosplenial and primary
and secondary motor areas (Supplementary Fig. S7B). AB deposits
were approximately twice as abundant in J20 hippocampus than
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in cortex, and 50% lower in the hippocampus, but equivalent in
the cortex, of partially or completely Nirp1-, Casp1-, or Casp6-
ablated J20 compared to J20 mice (Fig. 5B and Supplementary
Table S3). Consistently, formic acid-soluble total AB, ABss, APao
and A, levels decreased by more than 50% in the hippocampus
after Nlrpl, Caspl, or Casp6 ablation in J20 mice (Fig. 5C,
Supplementary Fig. S7C and Supplementary Table S3). Significant
changes in the ratios of formic acid-soluble ABsg, AB4o, and AP,
subspecies relative to total AR were also observed in J20/NIrp1~/~
and J20/Casp1™~ mice: AB4o/total AB increased at the expense of
reduced APsg and AP, ratios (Fig. 5C). Hippocampal RIPA-soluble
total AB, ABss, APso, and AR4, levels decreased ~50% in J20/
Nirp1”" mice (Fig. 5D, Supplementary Fig. S7D) but were unaltered
in all other genetically ablated J20 mice.

Formic acid-soluble total AP levels were much lower in cortex
than hippocampus (Fig. 5E). The complete or partial ablation of
Nirp1, Caspl, and Casp6 did not alter formic acid (Fig. 5E,
Supplementary Fig. S7E) or RIPA-soluble (Fig. 5F, Supplementary
Fig. S7F) ABss, ABao, and AP, levels or their ratios to total AB in
J20 cortex. These results indicate that Nlrp1, Casp1, and Casp6
contribute to the aggregated AP deposits in J20 hippocampi.

Iba1"-microglia predict episodic memory whereas IFNy and
CXCL1 predict spatial memory in J20

Multivariable linear regressions were performed to determine
which hippocampal variable best predicted episodic and spatial

Cell Death & Differentiation (2022) 29:657 — 669
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memory deficits in J20 mice (Table 1). Analyses were performed NOR discrimination index scores (Table 1). None of the

on either data acquired from paraformaldehyde fixed or frozen
brains. Measures of synaptophysin, lbal™-microglia, and Ap
immunostaining from paraformaldehyde fixed hippocampus
showed that only Ibal*-microglial cell density associated with

Cell Death & Differentiation (2022) 29:657 - 669

hippocampal biochemical markers in frozen brains, which
included spine density, pro-inflammatory TNFa, IFNy, and CXCL1
cytokines, and total formic acid-soluble AP protein levels, associated
with NOR scores. Neither synaptophysin, Iba1"-microglia density, or
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Fig. 5 Nirp1, Casp1, or Casp6 genetic ablation prevents amyloid deposition in J20 mice. A Representative Af-stained micrographs of the
hippocampus. Scale bar =100 pm. B AB™ immunostaining density from the PCL to the SLM in the hippocampal CA1 (left) and cortical
retrosplenial and S1 area (right) [Ap staining density in the hippocampus: F = 6.005, p = 0.0003, n =6 J20, 5 J20/Nirp1~/~, 6 J20/Casp1~"~, 4
J20/Casp6~~, 6 J20/Nirp1*/~, 6 J20/Casp1*/~, 6 120/Casp6™~]. C-F AP protein ratios in the hippocampus and cortex (n = 6 J20, 6 J20/Nlrp1~"~,
6 J20/Casp1~/~, 5 J20/Casp6 ', 6 J20/NIrp1*/~, 6 J20/Casp1*/~, 6 J20/Casp6'/~) € Hippocampal formic acid-soluble total Ap [F = 6.730, p =
0.0001], ABsg/total AP [F=3.254, p = 0.013], ABso/total A [F=7.189, p = 0.000058], and A,y/total AP [F=5.026, p = 0.00093]. D Hippocampal
RIPA-soluble total Ap [F=2.521, p = 0.04], ABsg/total AP, ABo/total AP, and AP,,/total AP. E Cortical formic acid-soluble total Ap, ABsg/total Ap,
Apao/total AP, and Apg4/total AP. F Cortical RIPA-soluble total Ap, APsg/total AP, ABso/total AR, and APso/total AP. Bars represent mean + SEM of
all mice per group; symbols denote individual results. One-way ANOVA, Dunnett’s post-hoc compared to J20 for B-F. *p < 0.05, **p < 0.01, ***p

<0.001, ***p < 0.0001.
<

AB levels obtained from paraformaldehyde-fixed tissues associated
with Barnes maze probe primary errors (Table 1). From frozen brain
data, only IFNy and CXCL1 levels associated with Barnes maze spatial
memory. Together, these results indicate that Ibal*-microglia
predict episodic, whereas IFNy and CXCL1 predict spatial, memory
performance in J20.

Casp1, but not Nirp1 or Casp6, genetic ablation protects J20
mice from premature mortality

Only 40-50% of J20 mice survived at 5 months of age, despite
being kept in a pathogen-free facility (Fig. 6A). J20 survival rate
was unaltered by genetic ablation of Nirp1 or Casp6 but improved
to near 100% with genetic ablation of Casp? (Fig. 6B, C). Survival
was not affected in WT mice by any genetic ablations (Fig. 6D, E).
These results indicate that Caspl, but not Nirpl and Caspé, is
involved in J20 increased mortality rate.

DISCUSSION

This study provides unrivaled evidence to validate the importance
of NIrp1, Casp1, and Casp6 in episodic and spatial memory in AD.
The use of the J20 mouse model generated with only one mutant
gene, the study of heterozygous or homozygous Nirp1, Casp1, or
Casp6 null mice on genetically identical J20 or WT backgrounds at
an age where there isn't significant accumulation of amyloid
deposits, and the submission of all mouse groups to identical
experimental conditions crystallize the role of Nlrp1, Casp1, and
Casp6 in AD-related cognitive deficits. In support of our findings,
five-month-old APP/PS1 AD mice submitted to Nirpl or Caspl
siRNA knock down [36], 8-month-old J20/Casp1~~ °" +/~ [33], 16-
month-old APP/PS1/Casp1 ™~ [27], and 7-month-old 5xFAD/
Casp6~’~ mice [37] have all shown improved spatial memory.
However, differences in their (1) transgenes (APPK¢7/M671L/pg1AE9
in APP/PS—|,APPK670/M671L/V717F in JZO, and APPK670/M671L /I716VN717I/
psM1aet, L288Y 5 5xFAD), (2) promoters directing expression in
different cell types (mouse prion protein in APP/PS1, PDGFB in J20,
and Thyl in 5xFAD), (3) age tested (5 months for siRNA and
16 months for KO in APP/PS1, 7 months in 5xFAD and 8 months in
J20) relative to the age of appearance of AB (8-10 months,
2 months, and 5-7 months, respectively), and (4) the use of only
the Morris water maze to test memory, restrict the direct
comparison of Nirpl, Caspl, and Casp6 in AD-related
pathophysiology.

These studies in J20 AD mice strongly support the suspected
role of NIrp1, Casp1, and Casp6 in human age-dependent and AD
cognitive deficits. Four NLRP1 variants have been associated with
AD [34]. While no association has been observed between CASP1
and AD [38], a rare CASP6 variant, encoding Casp6N73T with
reduced Casp6 activity and less neurofunctional and neurode-
generation abilities than WT Casp6, has been associated with
preserved hippocampal volume in a stable mild cognitively
impaired individual [39]. NLRP1, CASP1, and CASP6 mRNAs are
increased in AD brains [4, 27, 39-41]. NIrp1, active Casp1, and
active Casp6 proteins are increased in early and late stages of AD
[4-8, 271. Active Casp6b levels in the entorhinal cortex and CA1, two
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areas affected early in AD, correlate negatively with episodic and
semantic memory performance in aged individuals [5, 8, 9]. The
data is also consistent with the induction of Casp6-mediated
neurodegeneration in human primary neurons over-expressing
APPYT APPS™, and APP-"®°" three conditions associated with
familial AD [22].

These data indicate that NIrp1, Casp1, and Casp6 involvement
in cognition occur through the same pathway. Sequential
activation of NIrp1, Casp1, and Casp6 were previously identified
in serum-deprived human neurons [3, 4, 17], and in LPS-injected
WT/NIrp1™~ and WT/Casp1™~ mouse brains [4]. In this study,
genetic ablation of all three genes almost identically corrected
J20-mediated episodic and spatial memory deficits, CA1 dendritic
spine density loss, and CA3 and DG synaptophysin immunor-
eactivity reduction. Because APP*/" is expressed under a
neuron-specific promoter [42, 43], and Casp6 is absent or very
low in microglia [4], our results indicate that the Nirpi1-Caspi-
Casp6 neurodegenerative pathway leads to J20 mouse brain
neuron degeneration (Fig. 7). Consequently, genetic ablation of all
three genes relieves J20 mouse cognitive impairment. The 50%
reduction of insoluble A3 by partial and complete Nirp1, Casp1, or
Casp6 ablation is consistent with increased AP production by
stressed neurons [4, 17, 22, 44]. AB induces the NIrp3 inflamma-
some in 16 month-old APP/PS1 mouse microglia [27]. Here, AB is
unlikely activating microglia because genetic ablation of all three
genes decrease AP levels to the same extent but only Casp? and
Casp6, not Nirp1, genetic ablations completely normalize Iba1*-
microglia levels. Furthermore, 4-5-month-old J20 mice have not
yet accumulated significant levels of Ap. Instead of microglial
activation by AP, we propose that 4-5-month-old J20 Iba1*-
microglia are the result of neuronal degeneration caused by the
Nirp1-Casp1-Casp6 pathway because neurodegeneration is always
associated with glial activation and both Casp? and Casp6 genetic
ablations completely normalize Iba1™-microglia. The partial effect
of Nirp1 ablation on Ibal"-microglia levels suggest that neuronal
APPSW/INd aypression can activate another inflammasome that
leads to Casp1 and Casp6-mediated neurodegeneration. At this
time, it's unclear if increased TNF-a and CXCL1 levels are of
neuronal or microglial origin [45, 46]. CXCL1 levels are normalized
by Nirp1, Casp1, or Casp6 genetic ablation suggesting a neuronal
origin for CXCL1.

Multivariable linear regression analyses were performed in an
attempt to determine which measures were associated with
cognitive function in J20 mice. Hippocampal lba1™-microglia was
the only measure significantly associated with episodic memory
performance, whereas IFNy and CXCL1 were associated with
spatial memory performance. These results indicate specific
pathways for each memory type. Whether these associations are
causative or ancillary to cognition remains to be confirmed but
their role in cognition is supported by other studies. Iba1™-
microglia correlated negatively with episodic memory in J20 mice
[32] and decreased with cognitive function recovery in VX-765-
treated J20 [33]. Microglia depletion or anti-inflammatory drug
treatment decreased Ibal*-microglia and restored normal NOR
performance and spine density in a Down Syndrome mouse

Cell Death & Differentiation (2022) 29:657 — 669



J. Flores et al.

Table 1.

Iba1*-microglia predict episodic memory whereas IFNy and CXCL1 predict spatial memory in J20.

Predicting NOR episodic memory deficits

Marker (independent variable)

Histology markers Intercept

Hippocampus
Iba1™ microglia
AB* staining

Biochemistry markers Intercept

Hippocampus Spine Density

TNFa

IFNy

CXCL1

Total Ap

Synaptophysin® staining

Predicting Barnes maze spatial memory deficits

Marker (independent variable)

Histology markers Intercept

Hippocampus
Ibal™ microglia
AB" staining

Biochemistry markers Intercept

Hippocampus Spine Density

TNFa

IFNy

CXCL1

Total AB

Synaptophysin™ staining

Coefficient Standard error t value p value
0.71 0.30 2.35 0.037
0.13 0.27 0.47 0.65

—0.50 0.21 —2.38 0.035

—0.059 0.036 —1.62 0.13
0.68 0.39 1.73 0.10
—0.049 0.031 —1.60 0.13
—0.85 0.99 —0.86 0.40
13.56 8.27 1.64 0.12
0.0082 0.0093 0.89 0.39
—0.12 0.075 —1.62 0.13

Coefficient Standard error t value p value

1.75 1.53 1.15 0.27
—1.02 1.33 —0.77 0.45
0.53 0.54 0.97 0.35
—0.15 0.18 —0.84 0.42
4.019 1.16 3.45 0.0039
—0.012 0.092 —0.13 0.90
2.038 3.00 0.68 0.51
—95.17 25.64 —3.71 0.0023
—0.091 0.028 —3.23 0.0060
0.18 0.23 0.79 0.44

Linear regression model results determining which hippocampal variable associates with NOR episodic memory (top) and Barnes maze spatial memory
(bottom) deficits. Analyses were performed on WT, J20, J20/Nirp1 -, J20/Casp1 /=, and J20/Casp6 ’~ mice with complete data only. Markers separated into
two separate models based on paraformaldehyde fixed or frozen brain tissue processing. Model one combines immunohistochemical markers synaptophysin
staining, Ibal* microglia, and Ap staining in the hippocampus (n = 16). Model two combines Golgi-cox-stained spine density, pro-inflammatory TNFa, IFNy,
and CXCL1 (cytokines that previously showed significant changes in J20 mice), and total formic acid-soluble Ap protein levels (n = 21). The large values for
Iba1, Ap staining, and total Ap were re-scaled to bring coefficients into an acceptable range but does not affect t or p values.

model [47]. Similarly, here, depletion of NIrp1, Casp1, and Casp6
restored cognition, spine density, synaptophysin levels and lba1™-
microglia levels. Hippocampal IFN-y was elevated with Nirp1,
Casp1, and Casp6 genetic ablations in J20 indicating a possible
contribution to alleviated cognitive deficits. Consistently, IFN-y
improves cognition in 5xFAD and APP/PS1 mice [48, 49]. Increased
hippocampal CXCL1 in J20 was normalized in all genetically
ablated J20. CXCL1 is a potent chemoattractant for neutrophils
[50]. Interestingly, neutrophils stall blood flow in the small
capillaries of APP/PS1, 5xFAD, and CRND8 AD mouse models,
resulting in impaired memory [51]. Memory deficits are rapidly
reversed by anti-Ly6G treatment which clears neutrophils from
blood vessels.

Both partial and complete ablation of Casp1, but not NirpT or
Casp6, completely protected J20 mice against premature mortal-
ity. Here, approximately 40% of J20 mice died by 5 months of age
despite being raised in a pathogen-free facility. The cause of death
was not confirmed since mice always died at night on a normal
light cycle when in their active phase. This suggests that
previously reported non-convulsive epilepsy, which manifests
itself in active mice, may be responsible for J20 premature
mortality [52]. Elucidating the exact role of Casp1 in J20 premature
mortality will require in depth studies but the results
indicate another important function of Casp1 in AD pathophysiol-
ogy. Lastly, these results indicate that the cause of premature
mortality is not responsible for J20 mice cognitive deficits since

Cell Death & Differentiation (2022) 29:657 - 669

J20/Nlrp1~/~ °" ™~ and J20/Casp6 '~ ° '~ do not prevent early
mortality but restore cognition.

Nirp1, Casp1, or Casp6 inhibitors represent feasible treatments
against cognitive impairment in MCI and AD. Inhibition of Casp1
and Casp6 appear compatible with normal human life. Rare
naturally occurring CASP1 or CASP6 variants with very low Casp1
activity [53] or with reduced or no Casp6 catalytic activity [54],
respectively, are not associated with human pathologies. Casp6
expression is hardly detectable in normal adult human brains [55].

In conclusion, these results highlight the importance of Nirp1,
Casp1, and Casp6 in AD cognitive deficits. Since each of these
proteins are altered in AD brains, NIrp1, Caspl, and Casp6
represent three rational therapeutic targets to prevent or treat
cognitive impairment in AD.

MATERIALS AND METHODS

Experimental design and breeding

All animal procedures followed the Canadian Council on Animal Care
guidelines and approved by the Comité de Déontologie de I'Expérimenta-
tion sur les Animaux (CDEA, Université de Montréal) and McGill University
Animal Care committee. The J20 APPS/™ transgenic mouse model [56],
which express the Swedish (670/671u_n.) and Indiana (717y_¢) human
APP mutations, was chosen for this study because J20 mice display
episodic memory deficits by 3-4 months, spatial memory and learning
deficits by 6-7 months [35], increased total hippocampal AR, levels by
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Fig. 6 Casp1, but not Nirp1 or Casp6, genetic ablation improves survival in J20 mice. Kaplan-Meier survival curves and pairwise
comparisons between A WT and J20 mice (p < 0.0001), B J20 and J20/NIrp1~/~ (p = 0.1807), J20/Casp1~~ (p = 0.0030), and J20/Casp6 *~ (p =
0.2280) mice, C J20 and J20/Nlrp1+/’ (p =0.3548), J20/Casp1+/’ (p <0.0001), and J20/Casp6+/7 (p = 0.6374) mice, D WT and WT/NIrpI’/’, WT/
Casp1~'~, and WT/Casp6~'~ mice (no significant differences), and E WT and WT/Nirp1*/~, WT/Casp1*/~, and WT/Casp6"’~ mice (no significant

differences).

2 months of age, AP plague formation by 7 months [56], and
synaptophysin loss by 2-6 months [56], thus allowing rapid assessment
of the effect of Nirp1, Caspl1, and Casp6 on these features. Microglial
inflammation and neuronal loss precede plaque deposition [57]. Thus, the
J20 mouse represents an excellent mouse model to assess the implication
of various genes in several aspects of AD pathophysiology. J20 mice (B6.
Cg-Zbtb20"8PPCF-APPSWINd/20ms) 5 \miax, stock No 006293, Jackson Labora-
tories, ME, USA) [56], were obtained on a C57BL/6J background. The
following mice were crossed with J20 or WT mice to generate J20 and WT
heterozygous breeders for each gene: Nirplb- (B6.12956-Nirp1b™'Bhk/),
stock No. 021301, Jackson Laboratories) [58], Caspl1- (B6N/129S2-
Casp1™'™V/J, stock No. 016621, Jackson Laboratories) [59], and Casp6-
(Bé.129S6—Casp6‘m1F"’/J, stock No. 006236, Jackson Laboratories) [60].
Sperm of J20 heterozygous males for each gene was cryopreserved and
used for IVF with WT/NIrp1*/=, /Casp1™’~, and /Casp6™’~ heterozygous
females to generate WT/ and J20/Nilrp1~"~ ° /=, /Casp1™~ © ™~ and
/Casp6~~ ° /=, in addition to J20 and WT control littermates. Mice were
aged to 4 months at the Institut de Recherche en Immunologie et en
Cancérologie (IRIC) at the Université de Montréal. Both males and females
were used for these studies. Mice were group-housed (2-4 mice per cage)
in standard macrolon cages under a 12-h light/dark cycle and controlled
environmental conditions. Food and water were available ad libitum

NIrp1, Casp1, and Casp6 cohorts were developed separately approxi-
mately one month apart. Casp1 and Casp6 cohorts were each developed in
a single breeding experiment; Nlrp1 mice required two breeding
experiments to obtain an adequate sample size. Mice were transferred
from the IRIC to the home animal facility (where the study was conducted)
two weeks prior to the start of the experiment. At the home facility, mice
were housed under a 12-h reversed light-dark cycle with controlled
environmental conditions and ad libitum food and water. Each cohort was
separated into two groups: group one was behaviorally assessed at
4 months and subsequently processed at 4.5 months of age, while group
two was behaviorally assessed immediately after at 4.5 months and
processed at 5 months of age. WT and J20 experimental control mice were
taken from each of the three different cohorts and merged as a single
group for analysis.

PCR genotyping

Genotypes were determined by biopsy and PCR at 3-4 weeks of age. DNA
was extracted from mice tail or ear punch tissue samples. All animals were
genotyped for the presence of the transgene expressing mutant human
APP, APPS'" and reaction functionality was demonstrated by simulta-
neous amplification of an internal control using the following primers: 5'-
GGTGAGTTTGTAAGTGATGCC-3', 5-TCTTCTTCTTCCACCTCAGC-3' yield the
360 bp hAPP and 5-CAAATGTTGCTTGTCTGGTG-3', 5-GTCAGTCGAGTGCA-
CAGTTT-3' give the 200 bp internal control. To determine the Nirp1, Casp1,
Casp6 genotypes of animals generated for the J20/Nirp1, J20/Casp1 and
J20/Casp6 cohorts respectively, the following primers were used: 5-
TGCCTGCTCTTTACTGAAGG-3, 5-GCCCACAGCTCCC ATAAAT-3' and 5-
TCCACAATTCTGTCCATTTCC-3' to generate the 490 bp mutant and 792
bp WT Nirp1 amplicons, 5-TGCTAAAGCGCATGCTCCAGACTG-3', 5-GAGA-
CATATAAGGGAGAA GGG-3' and 5-ATGGCACACCACAGATATCGG-3' to
obtain the 300 bp mutant and 500 bp WT Casp? amplicons and 5'-GCC
TTCTTGACGAGTTCTTCTGAGG-3', 5-CTCCACGGCCTAATGCAGTTCC TGG-3'
and 5-CTGAGGGGCGGAGCACCTTTGCTG-3' to produce the 340 bp mutant
and 620 bp WT Casp6 amplicons. All primer sequences were obtained from
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Jackson Laboratories. Tag DNA polymerase (New England Biolabs, Whitby,
ON, Canada) was used to amplify all DNA targets and products were
visualized on 2% agarose gels stained with RedSafe (Froggabio, North York,
ON, Canada).

Behavioral analysis

Each mouse underwent Open field testing followed by NOR 24 h later. The
Barnes maze was assessed 24-48 h after completion of the NOR test. All
behavioral testing were measured using an HVS2100 automated tracking
system (HVS Image, Hampton, UK). Behavioral scoring was blinded to
mouse genotype and treatment. Detailed behavioral methods have been
previously described [33].

Open field. Mice were placed in an open field chamber, composed of a
40 cm x 40 cm plexiglass box with no ceiling and white floor, and allowed
to explore for 5 min.

NOR. Twenty-four h after exposure to the open field chamber, mice were
again put into the chamber and pre-exposed to two identical objects for 5
min. Two h after pre-exposure, mice were placed back into the chamber
and exposed to one familiar object and one novel object for an additional
5 min. The discrimination index (DI) [(number of touches novel object -
number of touches familiar object)/total touches] was assessed for
each mouse.

Barnes maze. The Barnes maze platform was composed of a 91-cm
diameter round platform, elevated 90 cm from the floor, and consisted of
20 holes (each 5cm in diameter). All holes were blocked with the
exception of one target hole that led to an escape box located under the
platform. Visual cues, bright light, and white noise were used to motivate
the mice to quickly find the escape box. Testing was done in 3 stages:
Adaption phase (day 0) — mice were allowed to explore the platform for 60
s. Any mouse that did not find the escape box was guided and allowed to
remain there for 90 s. Learning acquisition (days 1-4) — mice were trained to
locate the target and enter the escape box within 180 s. Four trials per day,
~15 min apart, were performed for four consecutive days. Probe (day 5) - a
single, 90 s trial was performed to measure primary latency and number of
errors to reach the blocked target.

Immunohistochemistry and quantifications

Mice were anesthetized with isoflurane and perfused with ice-cold 4%
paraformaldehyde in 0.1 M PBS (Sigma-Aldrich, Oakville, ON, Canada).
Brains were collected for immunohistochemistry, post-fixed overnight
in 10% neutral-buffered formalin (ThermoFisher Scientific, ON, Canada)
and transferred to 70% ethanol, paraffin embedded, and sectioned
at 4 pym.

Brain tissue slides underwent heat-induced antigen retrieval with Tris-
EDTA buffer (pH 9.0) and immunostaining was performed using the Dako
Autostainer Plus slide processor (Dako, ON, Canada) and EnVision Flex
system (Agilent, Technologies, Mississauga, ON, Canada). Tissue slides were
blocked with Dual Endogenous Enzyme Block and Serum-Free Protein
Block, and immunostained with the following antibodies: 1:8000 mouse
anti-synaptophysin (Sigma-Aldrich), 1:2000 rabbit anti-lbal (Wako, VA,
USA), 1:8000 rabbit anti-GFAP (Dako), and 1:2000 rabbit anti-AB;_40 (F25276
[44]). Slides were incubated with an HRP-conjugated anti-mouse or anti-
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Fig. 7 Schematic diagram summarizing the results of Nirp1, Casp1, and Casp6 genetic ablation on J20-mediated neurodegeneration and
cognitive impairment. Not all partial knock out animals were tested in all experiments. The absence of data for heterozygous null mice means
these were not included in the experiment, not that the results were negative.

rabbit secondary antibody, and immunoreactivity was revealed with
diaminobenzidine and counterstained with hematoxylin (Dako). Sections
were digitally scanned with MIRAX SCAN (Zeiss, ON, Canada) and used for
analyses. Representative images in this manuscript have only been
cropped and did no undergo any post-processing.

Iba1™ microglia was quantitated using a modified version of an area-
specific counting frame [61]. The number of Iba1™cells per mm? from the
PCL to the SLM in the anterior CA1 hippocampus, and in the retrosplenial
and S1 area of the cortex, was estimated across a minimum of four
sections, spaced 60 um apart. A4 and GFAP immunostaining density
were measured in the SR and SLM of the CA1, and in the retrosplenial and
S1 area of the cortex. Synaptophysin density was measured in the SR of the
CAT1, the stratum lucidum of the CA3, and in the molecular layer of the DG.
Cell density quantification in the CA1 PCL was performed by counting the
number of hematoxylin positive cell soma in brain sections stained for
synaptophysin. Measurements were made across three to five sections
using ImageJ software (NIH, MD, USA). Quantification was blinded to the
genotype.

Golgi-Cox staining and quantification

Dendritic spines were stained with the FD Rapid GolgiStain™ kit from FD
NeuroTechnologies (Columbia, MD, USA), according to the manufacturer’s
instructions. Mice were isoflurane anaesthetized and sacrificed by cervical
dislocation, the brains dissected out and rapidly rinsed with dH,0 before
incubation in impregnation solution for 2 weeks in the dark at room
temperature. Tissues were then immerged in solution C for 3 days. Brains
were sectioned at 100 pm, mounted on gelatin-coated slides (#0101, FD
NeuroTechnologies), air-dried for 2 days, stained according to the
manufacturer’s protocol, and coverslipped with Permount (Thermo Fisher
Scientific).

Brightfield microscopy images of dorsal CA1 pyramidal dendrites
located in the SR were acquired at 400x magnification using MIRAX SCAN
with an 40x objective. A minimum of 15 neurons, 3 dendrites per neuron
with a length ranging 10-45pum, was analyzed per mouse, totaling a
minimum 1000 um of dendrite length analyzed per mouse. Dendritic
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segments analyzed were located at least 25 pm from the soma and did not
overlap with other cells. Dendritic spines were categorized into 3 groups
based on their morphology: mushroom spines with a large head and a
narrow neck, thin spines with a smaller head and a narrow neck, and
stubby spines devoid of neck [62]. Results were expressed as total number
of spines per 10 um of an uninterrupted section and percentage of each
morphological dendritic spine subtype. Tissue processing and quantifica-
tions were blinded to mouse genotype.

Protein extraction

Mice were isoflurane anesthetized and sacrificed by cervical dislocation.
The hippocampus and cortex sample were dissected out and immediately
frozen on dry ice. Brain proteins were extracted by homogenization in 5x
volume/weight radioimmunoprecipitation assay (RIPA) buffer (50 mM Trist-
HCl, pH 7.4, 1% NP-40, 150 mM NaCl, 0.25% Na-deoxycholate, 1 mM EDTA)
with protease inhibitors (300 uM AEBSF, 2 uM Leupeptin, 2.4 uM Pepstatin
A, 0.8 uM TLCK, 1 mM PMSF, 1 mM NaF, T mM NasVO,) on ice with a tissue
homogenizer (OMNI International, Kennesaw, GA, USA). Samples were
centrifuged (20,000 x g, 4 °C) for 20 min, the supernatant recovered and
protein concentration was quantified using the BCA method (Thermo-
Fisher Scientific). Protein samples for western blot were prepared in LDS4x
buffer (Invitrogen), with 50 mM DTT and protease inhibitors, at a protein
concentration of 2 ug/pl and boiled for 5 min. RIPA-insoluble pellets for
ELISA were further extracted in 70% formic acid in dH,0. The formic acid
was evaporated in a speed vacuum and resulting pellet was solubilized in
200 mM Tris-HCl, pH 7.5.

Western blot and quantification

Polyacrylamide gel electrophoresis (PAGE) was used to separate 20 ug
protein samples on 4-12% NuPAGE Bis-Tris gels (Invitrogen, Carlsbad, CA,
USA) prior to protein transfer onto PVDF membranes (Bio-Rad, Mississauga,
ON, Canada). Membranes were blocked in 5% non-fat dry milk in Tris-
buffered saline with 0.1% Tween-20 and probed with the following primary
antibodies in PBS blocking buffer (ThermoFisher): 1:500 mouse anti-human

SPRINGER NATURE

667



J. Flores et al.

668

AB1.16 (6E10) (Biolegend, San Diego, CA, USA), 1:2000 rabbit anti-APP C-
terminus (Sigma-Aldrich), and 1:5000 mouse anti-B-actin (Sigma-Aldrich).
Immunoreactivity was detected with 1:5000 HRP-linked anti-mouse
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA) or anti-
rabbit (Agilent Technologies) secondary antibodies followed by enhanced
chemiluminescence (ECL) (GE Healthcare Life Sciences, Mississauga, ON,
Canada). Immunoreactive bands were visualized using the ImageQuant
LAS 4000 imaging system (Fujifilm USA, Valhalla, NY, USA). Densitometric
analyses were performed with Image J (NIH) and protein levels were
normalized to B-actin.

ELISA

ELISA were performed on RIPA and formic acid samples described
above using Meso Scale Discovery multiplex kits (Rockville, MD, USA).
Mouse cytokines were measured using the mouse pro-inflammatory
multiplex panel |, which measured IL-1f, TNF-a, CXCLI, IFN-y, IL-2, IL-4,
IL-5, IL6, IL-10, and IL12p70. AP was measured using the multiplex AR
6E10 panel, which analyzed Afss, APBso and AP, Samples and
standards were run in duplicate and prepared according to the
manufacturer’s protocols.

Statistical and regression analyses

Statistical analyses were performed using regular ANOVA with Bonferroni'’s
post-hoc showing significant differences compared to WT and J20 or
Dunnett’s post-hoc compared to J20. To determine associations between
behavioral performance and immunohistological markers, separate multi-
variable linear regressions were performed to determine the effect of
hippocampal synaptophysin (sum of CA1, CA3 and DG staining), lbal™
microglia, and ABR™ staining density on NOR discrimination index scores
and Barnes maze probe errors. Similarly, separate multivariable linear
regressions were performed to determine the effect of the following
biochemical markers on NOR discrimination index scores and Barnes maze
probe errors: Golgi-Cox-stained spine density, pro-inflammatory cytokines
TNFa, IFNy, and CXCL1, and formic acid-soluble total AB levels. Interaction
effects between the independent variables were also assessed for each
regression model. Multicollinearity between independent variables was
assessed by checking the variance inflation factor for each independent
variable in the model. Furthermore, models assumptions on the errors
(randomness, homogeneity of variance and normality of the distribution)
as well as the presence of outliers were evaluated with a graphical analysis
of residuals. All statistical tests were two-sided and performed at the p <
0.05 level of significance.

Survival probabilities were plotted on Kaplan-Meier curves and different
genotypes were compared using the Mantel-Cox log-rank test. A
Bonferroni corrected significance threshold of p <0.05 + k, where k is
the number of group comparisons, was used to account for multiple
comparisons.

Statistical calculations were performed using GraphPad Prism 8.0 soft-
ware (GraphPad Software, CA, USA). Regression analyses were performed
using SAS version 9.4 (SAS Institute Inc,, Cary, NC, USA). All mice are
indicated as individual points and expressed as mean + SEM in all
behavioral, immunohistological, and biochemical figures. Sample sizes
were based on previous behavioral pilot studies that showed the minimum
number of mice needed to produce a significant deficit in the J20
experimental line. Sample sizes and detailed statistical values are described
in the figure legends.
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