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Abstract

In Alzheimer's disease (AD) brain, inflammatory activation regulates protein lev-
els of amyloid-f-peptide (Ap) and phosphorylated tau (p-tau), as well as neurode-
generation; however, the regulatory mechanisms remain unclear. We constructed
APP- and tau-transgenic AD mice with deletion of IKKf specifically in neurons,
and observed that IKKf deficiency reduced cerebral Ap and p-tau, and modi-
fied inflammatory activation in both AD mice. However, neuronal deficiency of
IKKp decreased apoptosis and maintained synaptic proteins (e.g., PSD-95 and
Muncl18-1) in the brain and improved cognitive function only in APP-transgenic
mice, but not in tau-transgenic mice. Additionally, IKKf deficiency decreased
BACEI] protein and activity in APP-transgenic mouse brain and cultured SH-SY5Y
cells. IKK deficiency increased expression of PP2A catalytic subunit isoform A,
an enzyme dephosphorylating cerebral p-tau, in the brain of tau-transgenic mice.
Interestingly, deficiency of IKKf in neurons enhanced autophagy as indicated by
the increased ratio of LC3B-II/I in brains of both APP- and tau-transgenic mice.
Thus, IKKp deficiency in neurons ameliorates AD-associated pathology in APP-
and tau-transgenic mice, perhaps by decreasing Ap production, increasing p-tau
dephosphorylation, and promoting autophagy-mediated degradation of BACE1
and p-tau aggregates in the brain. However, IKKp deficiency differently protects
neurons in APP- and tau-transgenic mice. Further studies are needed, particu-
larly in the context of interaction between AP and p-tau, before IKKf/NF-kB can
be targeted for AD therapies.
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1 | INTRODUCTION

Alzheimer's disease (AD) is a progressive neurode-
generative disease pathologically characterized by
extracellular deposits of amyloid p peptide (Af), intra-
cellular neurofibrillary tangles (NFT; primarily con-
sisting of hyper-phosphorylated tau protein [p-tau]),
and microglia-dominated inflammatory activation.'
Extracellular AP and intracellular p-tau injure neurons
directly, and indirectly through triggering neurotoxic in-
flammatory activation.>”* Conversely, chronic inflamma-
tory activation in the brain upregulates Ap production
and induces tau phosphorylation and spreading, creating
a positive feedback cycle in AD pathogenesis.”™® To date,
the signaling pathways that mediate neuronal responses
to inflammatory stimuli and regulate AD pathogenesis
remain unclear.

Nuclear factor kB (NF-kB), mediating inflammatory
responses in various cells, is strongly activated in neurons
in the vicinity of Ap plaques in AD brain.”'° NF-kB is se-
questered in the cytoplasm in the resting state by bind-
ing to its inhibitor, especially, inhibitor of NF-kB (IkB)-o.
Once activated, for example, by tumor necrosis factor
(TNF)-a and interleukin (IL)-1p, IkBa is phosphorylated
by IxB kinase (IKK)-p, ubiquitinated and degraded in
the proteasome. Thereafter, NF-xB can enter the nucleus
to “turn on” the expression of specific genes.'’ Multiple
NF-kB binding sites have been identified in promoters of
amyloid precursor protein (APP), f-secretase (BACE1), and
a-secretase (ADAMI0) genes,"> ™ suggesting that IKKp/
NF-«B activation may increase Ap generation in neurons.
However, there are no in vivo studies directly addressing
NF-xB in amyloid pathology in AD brains. The role of
neuronal IKKB/NF-kB in the development of tauopathy
in AD is unknown. It is also unclear whether neuronal
IKKB/NK-kB affects neurodegeneration in AD, although
overexpression of a constitutively active IKKf in mouse
forebrain neurons activates NF-kB and causes neuron
loss.'® In an ischemia stroke mouse model, inhibition of
IKKB/NF-kB signaling prevents neuronal apoptosis and
reduces infarct size.'”

It should be noted that NF-kB is constitutively active in
glutamatergic neurons of cortex and hippocampus.'® The
activation of IKKP/NF-xB has the potential to promote
neuronal survival, neurite outgrowth, synaptogenesis,
and neuronal plasticity."" Inhibition of NF-kB in forebrain
excitatory neurons by overexpressing dominant-negative
IKKp promotes neuronal apoptosis in closed-head in-
jury mice." Knocking out IKKp and inhibiting NF-kB in
neurons increases the striatal neurodegeneration in the
R6/1 mouse model of Huntington's disease.” In cultured
neurons, pretreatment with Ap or TNF-a at low con-
centrations activates NF-kB and protects neurons from

the damage caused by Af treatments at high concentra-
tions.”*"?? Thus, IKKB/NF-kB activation may serve both
toxic and protective effects on neurons, depending on dis-
tinct pathophysiological conditions.

Our previous study has shown that IKKf deficiency
in myeloid cells attenuates inflammatory activation and
AP load in the brain, and improves cognitive function of
APP-transgenic mice.” In this study, we continued to ad-
dress the question of whether deletion of IKKf in neurons
also prevents AD pathogenesis in both APP- and tau-
transgenic mice.

2 | MATERIALS AND METHODS

2.1 | Animal models and cross-breeding
TgCRNDS8 APP-transgenic mice (APP'®) expressing a
transgene incorporating both the Indiana mutation
(V717F) and the Swedish mutations (K670N/M671L)
in the human APP gene under the control of hamster
prion protein (PrP) promoter were kindly provided by
D. Westaway (University of Toronto). In this mouse
strain, the AP load does not differ between male and
female mice.?* IKKp™™ mice carrying loxP site-flanked
Ikbkb alleles were kindly provided by M. Pasparakis
(University of Cologne®). Nex-Cre mice expressing
Cre recombinase from the endogenous locus of the
Nex gene that encodes a neuronal basic helix-loop-
helix (bHLH) protein were kindly provided by K.
Nave, Max-Planck Institute for Medicine, Gottingen.
APP, IKKBﬂ/ﬂ, and Nex-Cre mice, all on a C57BL6
genetic background, had been cross-bred to build AD
animal models with (APPthKKBﬂ/ ficre*’7) and with-
out (APPthKK[Bﬂ/ﬂCre_/_) deletion of IKKp in neurons.
In order to investigate physiological function of IKKf
in neurons, we also examined non-APP-transgenic
(APP™) mice with (APPY'IKKp""Cre*/") and without
(APPMKKp"TCre™") deletion of neuronal IKKp. To
evaluate the effect of neuronal IKKf on p-tau-induced
phenotype, we cross-bred IKK[iﬂ/ﬂ and Nex-Cre mice,
with P301S tau-transgenic (tau'®) mice (imported from
the Jackson Laboratory, Bar Harbor, MA, USA; Stock
number: 008169), which over-express the human tau
mutant (P301S) under the direction of mouse prion pro-
tein promoter.® For this study, APP-transgenic mice and
tau-transgenic mice were analyzed by 6 and 9 months
of age, respectively, as both AD mice clearly displayed
cognitive dysfunction and AD-associated pathologies
in the brain at these ages. All animal experiments were
performed in accordance with relevant national rules
and authorized by the local research ethical committee
(permission numbers: 13/2018).
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2.2 | Morris water maze

The Morris water maze test was used to assess the cogni-
tive function of APP'® or tau®® mice and their APP™" lit-
termates, as previously described.”® Mice were trained to
find the hidden escape platform. There were four trials per
training day; with a trial interval of 15 min. Latency time,
path length, and velocity were recorded with Ethovision
video tracking equipment and software (Noldus
Ethovision, Wageningen, The Netherlands). After 6 train-
ing days, there were 1day of rest, and a probe trial on the
8th day. During the probe trial, the platform was removed,
and the swimming path was recorded during 5min. The
frequency of entries in the location of original platform
were measured.

2.3 | Tissue collection for histological
and biochemical analysis

Animals were euthanized by over-dose inhalation of iso-
flurane. The whole brain was collected and divided along
the interhemispheric fissure. The left hemisphere was im-
mediately fixed in 4% paraformaldehyde (Sigma-Aldrich
GmbH, Taufkirchen, Germany) and embedded in paraf-
fin. The right hemisphere was dissected to remove the
cerebellum, brainstem, thalamus, hypothalamus, and ol-
factory bulb. A 0.5-mm-thick piece of sagittal tissue was
cut from the medial side and homogenized in TRIzol
(Thermo Fisher Scientific, Darmstadt, Germany) for RNA
isolation. The rest of the right hemisphere was snap fro-
zen in liquid nitrogen and stored at —80°C until biochemi-
cal analysis was performed.

2.4 | Immunohistological analysis

Serial 50-pum-thick sagittal sections were cut from the
paraffin-embedded hemisphere. Human Af in APP'®
mouse brains was stained with rabbit anti-human A an-
tibody (1:1000; clone D12B2; Cell Signaling Technology,
Frankfurt am Main, Germany), microglia and astrocytes
were stained with rabbit anti-ionized calcium-binding
adapter molecule (Iba)-1 antibody (1:500; Cat.-No:
019-19741; Wako Chemicals, Neuss, Germany), and
rabbit anti-glial fibrillary acidic protein (GFAP) anti-
body (1:500; Code-No: Z0334; Agilent Technologies
Deutschland GmbH, Waldbronn, Germany) respec-
tively. The VectaStain Elite ABC kit (Vector Laboratories,
Burlingame, CA, USA) and diaminobenzidine tetrahydro-
chloride hydrate (Sigma-Aldrich GmbH) were used for
visualization of immunoreactive cells. For each animal,
we labeled four serial sections with an interval of 10 layers
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between each two adjacent sections. In the whole hip-
pocampus and cortex, volumes of AP were estimated with
the Cavalieri method, and Iba-1 or GFAP-positive cells
were counted with Optical Fractionator as described pre-
viously* on a Zeiss Axiolmager.Z2 microscope equipped
with a Stereo Investigator system (MBF Bioscience,
Williston, VT, USA). Immunohistochemistry with rabbit
anti-CD8a antibody (1:100; Cat.-No: HS-361003; Synaptic
Systems GmbH, Gottingen, Germany) was performed on
four serial brain sections from each tau'® mouse as de-
scribed above. Because the immunoreactive cells were
enriched in the dentate gyrus, we counted all cells only in
this brain region and calculated the cell density by divid-
ing with the area of interest.

To evaluate tau pathology in tau" mice, four serial
50-pm-thick sections were chosen as for Ap analysis.
Brain tissues were stained according to our established
protocols®® with a mouse monoclonal antibody against
human phospho-tau (Ser202, Thr205) (5 pg/ml; clone:
ATS; Thermo Fisher Scientific). Because of low numbers
of p-tau-positive cells in the cortex and hippocampus, we
did not use stereological analysis, but counted labeled
cells in the whole brain region. Data were recorded as the
number of labeled cells divided by the full area (in square
millimeters) of interest.

To demonstrate the colocalization of Cre and neurons/
astrocytes, we used 30-um-thick sagittal sections that were
cut from the dehydrated and cryoembedded left brain
hemisphere of 6-month-old APPthKK[Bﬂ/ fcret’~ and
APPthKKBﬂ/ﬂCre_/ ~ mice. The guinea pig anti-Cre anti-
body (1:500; Cat.-No: 257004; Synaptic Systems GmbH)
and Alexa Fluor 488-conjugated second antibodies were
first incubated with brain sections. After thorough wash-
ing, additional antibodies against various cellular markers
(mouse anti-NeuN, clone A60, Sigma-Aldrich; or rab-
bit anti-GFAP, Agilent Technologies Deutschland) were
added and were visualized with relevant Alexa Fluor
546-conjugated second antibodies (all second antibodies
were from Thermo Fisher Scientific).

2.5 | Western blot analysis

Frozen brain tissues were homogenized in 5x volumes
of ice-cold radioimmunoprecipitation assay buffer (RIPA
buffer; 50mM Tris [pH 8.0], 150mM NaCl, 0.1% SDS,
0.5% sodiumdeoxy-cholate, 1% NP-40, and 5mM EDTA)
supplemented with protease inhibitor cocktail (Roche
Applied Science, Mannheim, Germany) and phosphatase
inhibitors (50nM okadaic acid, 5mM sodium pyroph-
osphate, and 50mM NaF; Sigma-Aldrich), followed by
centrifugation at 16000g for 30 min at 4°C. After de-
termination of protein concentrations with Bio-Rad
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Protein Assay (Bio-Rad Laboratories GmbH, Miinchen,
Germany), the protein samples were separated through
10% or 12% SDS-PAGE gels. Proteins were then transferred
onto polyvinylidene difluoride (PVDF) or nitrocellulose
membranes and incubated overnight at 4°C with the fol-
lowing antibodies: mouse monoclonal antibody against
AP (clone WO0-2; Sigma-Aldrich); rabbit monoclonal anti-
bodies against beclin1 (clone D40C5), phosphor-glycogen
synthase kinase (GSK)-3f (clone D3A4), GSK-3p (clone
27C10), phospho-CREB (Ser133) (clone 87G3), CREB
(clone 48H2), cleaved Caspase-3 (clone 5A1E), PSD-95
(clone D27E11), synaptophysin (clone D8F6H), SNAP25
(clone D110), and Muncl8-1 (clone D406V), and rabbit
polyclonal antibodies against LC3B (Cat.-No: NB100-2220;
Novus Biologicals, Centennial, USA), SQSTM1/p62
(Cat.-No: 5114), phospho-p38-MAPK (Thr180/Tyr182)
(Cat.-No: 9211), p38-MAPK (Cat.-No: 9212), and protein
phosphatase type 2A (PP2A) catalytic subunit (Cat.-No:
2038) (all antibodies except anti-LC3B were bought from
Cell Signaling Technology, Danvers, USA). To evaluate
the efficiency of Nex-Cre-mediated deletion of IKKf, and
the activity of NF-xB, the brain lysate was detected with
rabbit monoclonal antibody against IKKf (clone D30C6)
and mouse monoclonal antibody against IxBa (clone
135A5; both from Cell Signaling Technology). After thor-
oughly washing, HRP-conjugated relevant second anti-
bodies were used. The detected proteins were visualized
via Plus-ECL method (PerkinElmer, Waltham, USA). To
quantify proteins of interest, rabbit monoclonal antibody
against p-actin (clone 13E5), vinculin (clone E1E9V), or
GAPDH (clone 14C10) from Cell Signaling Technology,
or a-tubulin (clone DM1A) from Abcam (Cambridge,
United Kingdom) was used as a protein loading control.
Densitometric analysis of band densities was performed
with Image-Pro PLUS software version 6.0.0.260 (Media
Cybernetics, Inc., Rockville, USA).

To quantify p-tau and total tau (t-tau) proteins, the
brain tissue was sequentially homogenized in ice-cold
high-salt reassembly buffer (RAB; 0.1 M MES, 1mM
EGTA, 0.5mM MgS04, 0.75M NaCl, 20mM NaF, and
1 mM PMSF), RIPA buffer and 70% formic acid (FA) as we

did in previous studies.’®?’ For the Western blot detection,
mouse monoclonal antibodies against p-tau (clone ATS)
and t-tau (clone HT7) from Thermo Fisher Scientific were
used.

2.6 | Quantitative PCR for analysis of
gene transcripts

Total RNA was isolated from mouse brains and reverse
transcribed. Gene transcripts of pro-and anti-inflammatory
markers were quantified with our established protocol*
using Tagman gene expression assays of mouse Tnf-
a, IlI-18, Chemokine (C-C motif) ligand 2 (Ccl-2), II-10,
Mannose receptor C type 1 (Mrcl), Chitinase-like 3 (Chi3l3),
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh), and
185 RNA (Thermo Fisher Scientific). Gapdh and 18 s RNA
were detected as internal controls. Their threshold cycle
(Ct) values in real-time PCRs were significantly corre-
lated (see Figure S1). For the detection of Ikbkb transcript,
Tagman gene expression assay (MmO01222249_m1) was
used with the amplified PCR product overlapping 6-7
exon boundary of Tkbkb as we did in a previous study.*
The transcription of following target genes: APP, TAU,
Cd200, and Chemokine (C-X3-C motif) ligand 1(Cx3cl1), as
well as Ppp2ca and Ppp2cb encoding PP2A catalytic sub-
unit isoform a and p, and Ppp3ca and Ppp3cb encoding
PP2B catalytic subunit isoform « and f§, was determined
using SYBR green binding technique with primers shown
in Table 1.

2.7 | Construction of knockdown vectors
Two pcDNA6.2-GW/EmGFP-miR vectors (Thermo Fisher
Scientific) (kd456 and kd1425) were engineered to contain
different select hairpins targeting human IKKf-encoding
gene, IKBKB (Sequence ID: NM_001190720.3) using the
protocol we established in the previous study.?® Sequences
of the DNA oligomers are listed in Table 2. pcDNAG6.2-
GW/EmGFP-miR-neg control plasmid (Thermo Fisher

TABLE 1 Listof primer sequences

Gene Sense (5’-3') Antisense (5'-3’)

Cd200 CGGCGAATAGTAGTGTCCCT TACCAGACTGCCCATCCTTG
Cx3cl1 TGCTGACCCGAAGGAGAAAT CGGATTCAGGCTTTGTCAGG
Ppp2ca TCTTCCTCTCACTGCCTTGG ATCGAGTGCTCGGATGTGAT
Ppp2cb TGTGCGAGAAGGCTAAGGAA GGAATTGGCCATGCACATCT
Ppp3ca AAAGTCGTGGTGGGTTTGTG TGGGAGGTGTCCCATACAAC
Ppp3cb TAGTGGAGTGTTGGCTGGAG CATCTTGCTGCACAGCATCT
APP TGCATGACTACGGCATGTTG GTGGGCAACACACAAACTCT
TAU (1N4R) GCGCCAGGAATTTGAAGTGA GGTATAGCCGCCCTGATCTT

used for SYBR green-based quantitative
RT-PCR
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TABLE 2 Sequences of DNA

Oligonucleotides
oligomers inserted into pcDNA6.2-GW/ 8
EmGFP-miR to construct knockdown Kd456 Top
vectors
Bottom
Kd1425 Top
Bottom

Scientific) (kd-ct) containing scrambled sequence was
used as a control knockdown vector. Thereafter, the se-
quence between Sac I and Xho I of each plasmid was
subcloned into pCEP4 mammalian expression vector
(Thermo Fisher Scientific) between Kpn I and Xho I. The
terminals from cleavages of Sac I and Kpn I were both
blunted with Klenow fragment (New England Biolabs
GmbH, Frankfurt am Main, Germany). After transfec-
tion, the vector transcribed artificial miRNA, which have
100% homology to the gene sequence of interest, resulting
in target RNA cleavage.

2.8 | Cell culture and establishment of
cell lines

SH-SY5Y neuroblastoma cells were obtained from LGC
Standards GmbH (Wesel, Germany) and maintained in
DMEM supplemented with 10% fetal calf serum (FCS;
PAN Biotech, Aidenbach, Germany). IKKp-knockdown
cell lines were established by transfecting cells with kd-ct,
kd456, and kd1425 vectors, and selected with hygromy-
cin until the stable transfection. All genetic modifica-
tions were confirmed by Western blot detection of IKKf
proteins using rabbit polyclonal antibody against IKKp as
described above.

2.9 | Preparation of membrane
components from brain tissues and
cultured cells

To measure f- and y-secretase activity, membrane com-
ponents were purified according to the published proto-
col.” Briefly, brain tissues or SH-SY5Y cell pellets were
transferred into sucrose buffer (10 mM Tris/HCI, pH 7.4,
including 1 mm EDTA and 200 mM sucrose) and homog-
enized on ice. The homogenate was centrifuged at 1000g
for 10min at 4°C to delete nuclei. The resulting post-
nuclear supernatant was transferred to a new tube and
centrifuged again at 10000g at 4°C for 10 min. Finally, the
resulting supernatant was centrifuged at 187000g in an
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Sequences (from 5’ to 3)

TGCTGTCATGAAGGTATCTAAGCGCAGTTTTGGCCACTGAC
TGACTGCGCTTATACCTTCATGA

CCTGTCATGAAGGTATAAGCGCAGTCAGTCAGTGGCCA
AAACTGCGCTTAGATACCTTCATGAC

TGCTGTTTCGGAGGAGATTCATCATGGTTTTGGCCACTGAC
TGACCATGATGACTCCTCCGAAA

CCTGTTTCGGAGGAGTCATCATGGTCAGTCAGTGGCCA
AAACCATGATGAATCTCCTCCGAAAC

Optima MAX Ultracentrifuge (Beckman Coulter GmbH,
Krefeld, Germany) for 75 min at 4°C. The resulting su-
pernatant was discarded, and pellets were re-suspended
using cannulas of decreasing diameter in sucrose buffer.

2.10 | pB-and y-secretase activity assays

B- and y-secretase activities were measured by incu-
bating the crude membrane fraction with secretase-
specific FRET substrates according to our established
methods.”” For measurement of p-secretase activity,
the crude membrane fraction was resuspended in 500 pl
B-secretase assay buffer (0.1 M sodium acetate, pH 4.5).
The final concentrations for the -secretase assay were:
0.1 mg/ml membrane protein (12.5 pg protein per well
in 96-well plates), 10% dimethyl sulfoxide, and 8 pM
B-secretase substrate IV (Calbiochem, Darmstadt,
Germany). For measurement of y-secretase activ-
ity, the crude membrane fraction was resuspended in
500 pl y-secretase assay buffer (50 mM Tris/HCI, pH 6.8,
2mM EDTA). Final concentrations for the y-secretase
assay were: 1 mg/ml membrane protein (125pg pro-
tein per well in 96-well plates) and 8 uM y-secretase
substrate (Calbiochem). For both secretase assays, ki-
netics was performed at 37°C and fluorescence inten-
sity in each well was measured for 8 h with intervals of
5min with Synergy Mx Monochromator-Based Multi-
Mode Microplate Reader (BioTek, Winooski, USA).
Fluorescence intensity of the first cycle was considered
as background and subtracted for each well.

To further analyze the B-secretase, SH-SY5Y neuroblas-
toma cells were lysed in RIPA buffer and detected with
Western blot using rabbit monoclonal antibody against
BACE1 (clone D10ES; Cell Signaling Technology) as de-
scribed above.

2.11 | Statistics

Data were presented as mean + SEM. For multiple com-
parisons, one-way or two-way ANOVA followed by
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Bonferroni, Tukey, or Dunnett T3 post-hoc test (dependent
on the result of Levene's test to determine the equality of
variances) was used. Two independent-samples Students
t test was used to compare means for two groups of cases.
All statistical analyses were performed with SPSS version
19.0 for Windows (IBM, New York, NY, USA). Statistical
significance was set at p <.05.

3 | RESULTS

3.1 | Establishment of APP-transgenic
mice with deletion of IKKf in neurons

To delete IKKf specifically in neurons, we cross-bred
TgCRNDS APP-transgenic mice (APP®) to Ikbkb-floxed
mice (IKKB"™) and Nex-Cre knock-in mice (Nex-Cre*/7)
as we did in previous studies.”**® The cellular specific-
ity of Nex-Cre-mediated gene recombination had been
described in detail by our and other groups.’**° In
this study, we co-stained Cre recombinase with vari-
ous cell markers in brains of APPthKKﬁﬂ/ ficret’~ mice.
As shown in Figure 1A,B, Cre recombinase was ex-
pressed only in NeuN-positive cells (neurons) but not
in GFAP-immunoreactive cells (astrocytes), confirming
previous observations. As a control, there were no Cre-
immunoreactive cells in the brains of APPthKKBﬂ/ ficre=/=
mice (Figure 1C). Using real-time RT-PCR, we observed
that transcription of IKKp-encoding gene, Ikbkb, was
down-regulated in the brains of APPthKK[Bﬂ/ ficre*’~ mice
compared to APPthKK[Bﬂ/ ficre™" littermates (Figure 1D;
t test, p = .002). Quantitative Western blot further
showed that the protein level of IKKf in homogenates of
cortex and hippocampus from APPEIKKpYCret/~ mice
was significantly lower than that in APP®¥IKKp"ICre=/~
mice (Figure 1E,F; IKKp/Vinculin: 0.218 +£0.058 vs
1.056+0.259; ¢ test, p = .004). To investigate whether
IKKp deficiency regulated NF-kB activation, we detected
IxB in brain homogenates and observed that the protein
level of IxB was significantly increased in the brains of
6-month-old APPEIKKP"Cre™~ mice compared with
APPthKKﬁﬂ/ﬂCre_/ ~ controls (Figure 1G,H; IxB/p-actin:
0.717 £0.098 vs 1.271 +0.136; ¢ test, p = .004), suggesting
that IKKp deficiency in neurons inhibits NF-xB activa-
tion in the brain.

3.2 | Neuronal deficiency of
IKKp reduces cerebral Ap load in
APP-transgenic mice

Apisakeymolecule leading to neurodegenerationin AD.*!
We used the stereological Cavalieri method to measure Af
volume, adjusted relative to the volume of analyzed tis-
sues, in 6-month-old APP-transgenic mice. The volume of
immunoreactive Ap deposits in APPthKKﬁﬂ/ fcre™ = mice
(1.094% +0.121% in the hippocampus and 1.136% + 0.124%
in the cortex) was significantly lower than that in
APPEIKKBICre™~ mice (1.623%+0.109% in the hip-
pocampus and 1.582% +0.148% in the cortex; Figure 2A-C;
t test, p = .006 and .039 respectively).

Western blot analysis using human Ap-specific anti-
body was performed to determine levels of Ap monomers
and dimers in the homogenate of cortex and hippo-
campus derived from 6-month-old APPthKKBﬂ/ fcret’=
and APPthKKBﬂ/ ficre™~ littermate mice. As shown in
Figure 2D-F, deletion of IKKf in neurons reduced dimeric
AP by 35% (t test, p = .019). Thus, our study suggested that
deletion of IKKp in neurons reduces Af load in the brain
of APP-transgenic mice.

In the following experiments, we examined how neu-
ronal IKKp regulates Af level in the brain. Six-month-old
APPUIKK Y Cre*’~ and APPEIKKBYCre™~ mice did not
differ in either gene transcription or protein expression of
APP (Figure 3A-C; t test, p>.05). Interestingly, we observed
thattheactivity of p-secretasebutnoty-secretase, wassignifi-
cantly decreased in 6-month-old APPthKKBﬂ/ fcret/’~ mice
compared with APPthKKBﬂ/ ficre™ mice (Figure 3D,E;
two-way ANOVA, p = .046).

To further ask whether IKKp regulates p- and
y-secretase activity, we constructed two SH-SY5Y cell
lines (kd456 and kd1425) with knock-down of IKBKB
gene (Figure 3F,G; one-way ANOVA followed by post-
hoc test, p <.05). Compared with the control cells (kd-ct),
IKKp deficiency significantly reduced both the protein
expression of BACE1 (Figure 3H,I; one-way ANOVA fol-
lowed by post-hoc test, p<.05), and p-secretase activity
in kd456 and kd1425 cells (Figure 3J; two-way ANOVA
followed by post-hoc test, p <.05). Deficiency of IKKf
did not change y-secretase activity in kd456 and kd1425
cells compared with kd-ct cells (Figure 3K; two-way
ANOVA, p>.05).

FIGURE 1 IKK is efficiently deleted in neurons of APPEIKKBYCre*’~ mice. Brain sections from 6-month-old APP¥IKKp"Cret/~
(IKKp ko) and APPIKK 1 Cre™~ (IKKp wt) mice were co-stained for Cre-recombinase in green and NeuN or GFAP in red (A-C). Cre is
present in the nuclei of NeuN but not GFAP-positive cells in both the hippocampus (A) and cortex (B) of IKKp ko mice. As a control, Cre is
absent in the brain of IKKp wt mice (C). Transcripts of Ikbkb gene in the brain of 6-month-old IKKp ko and wt mice were determined with
quantitative RT-PCR (D; t test, n>4 per group). The protein levels of IKKf and IxB in brain homogenates from these two groups of AD mice
were further detected with quantitative Western blot. IKKf significantly decreases IKKp and increases IkB (E-H; ¢ test, n>8 per group).
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FIGURE 2 Deficiency of IKKp in neurons reduces cerebral A in APP-transgenic mice. Six-month-old APP¥IKKp" Cre*/~ (IKKp ko)
and APPYIKKB"Cre™/~ (IKKp wt) mice were analyzed for cerebral AP load after immunohistochemical staining of human Af (A). The
Ap volume was estimated with Cavalieri method and adjusted by the relevant brain volume. IKKp deficiency in neurons significantly

reduced the cerebral Af volume (B and C; ¢ test, n>7 per group). The cerebral Ap in APP* mice was also evaluated by detecting AB in the

brain homogenate with quantitative Western blot (D). Normalization of Ap against GAPDH shows reduced amount of dimeric Ap but not

monomeric Ap after deletion of IKKp in neurons (E and F; ¢ test, n>5 per group).

3.3 | Neuronal deficiency of IKKf
decreases neuroinflammation in
APP-transgenic mice

Neuroinflammation is another key mechanism in AD
pathogenesis.* We counted Ibal- and GFAP-positive cells
in the hippocampus of 6-month-old APPthKKﬁﬂ/ ficret/=
and APPIKK Y Cre ™~ littermates using our established
protocol.”* We observed that deletion of IKKf in neurons
significantly reduced the number of both Iba-1 and GFAP-
positive cells compared to neuronal IKK-wild-type APP'®
mice (Figure 4A-D; t test, p<.05).

In further experiments, we measured inflamma-
tory gene transcripts in the brains of 6-month-old APP-
transgenic and non-APP-transgenic mice. IKKf deficiency
significantly decreased the transcription of Ccl2 and II-10
genes (Figure 4E,H; t test, p <.05), but did not change the

transcription of other inflammatory genes tested (e.g., Tnf-
a, II-1f, Mrcl, and Chi3I3; Figure 4F,G,LJ; t test, p>.05).
IKKf deficiency did not alter the transcription of Cd200
and Cx3cll genes in the brains compared with neuronal
IKKp-wild-type APP*® mice (Figure 4K,L; t test, p>.05).
CD200 and CX3CL1 are released by neurons and regulate
microglial activation.*

3.4 | Neuronal deficiency of IKKf
attenuates cognitive deficits and synaptic
impairments in APP-transgenic mice

After we observed that neuronal deficiency of IKKp
reduced AP and microglia/astrocytes in the brain of APP-
transgenic mice, we asked whether IKKp deficiency pro-
tected neurons. We used the Morris water maze test to
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FIGURE 3 Deficiency of IKKp reduces -secretase activity in brains and cultured neuronal cells. Expression levels of APP in brains of
6-month-old APPEIKKp" Cre™~ (IKKp ko) and APPEIKK P Cre™'~ (IKKp wt) mice were evaluated by RT-PCR (A;  test, n>9 per group)
and quantitative Western blot (B and C; ¢ test, n = 6 per group). Membrane components were further prepared from IKKf wt and ko AD
mice and incubated with fluorogenic - and y-secretase substrates. IKKf deficiency in neurons reduces p- but not y-secretase activity in

the brains of APP-transgenic mice (D and E; two-way ANOVA, n =9 and 5 for wt and ko mice respectively). IKKf-deficient cell lines were
established by stably transfecting SH-SY5Y cells with kd456 and kd1425 knock-down vectors. Compared with control cells transfected with
kd-ct vector, protein levels of IKKf and BACEI] are significantly decreased (F-I; one-way ANOVA followed by Bonferroni post-hoc test, n>5
per group). The following - and y-secretase assays showed that kd456 and kd1425 cells significantly decreases p- but not y-secretase activity
compared with kd-ct cells (J and K; two-way ANOVA followed by Bonferroni post-hoc test, n>4 per group).
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FIGURE 4 Deficiency of IKKf in neurons inhibits inflammatory activation in the brains of APP-transgenic mice. Six-month-old
APPEIKKBYCre*/~ (IKKP ko) and APPUIKKB!Cre ™~ (IKKB wt) mice, and 6-month-old non-APP-transgenic mice (APP™ IKKpYCre™/~;
APP"™) as controls, were analyzed for the neuroinflammatory activation. Microglia and astrocytes were stained with immunohistochemistry
using antibodies against Ibal and GFAP (A and C; in brown color) and counted with the stereological probe, Optical Fractionator.
Deficiency of IKKp significantly reduces Ibal- and GFAP-positive cells in the hippocampus (B and D; ¢ test, n>4 per group). The transcripts
of both pro- and anti-inflammatory genes, as well as Cd200 and Cx3clI genes, in the brain of 6-month-old APP'8 and APP"' with different
expression of IKKp in neurons, were further detected with real-time PCR. Transcription of Ccl-2 and II-10 genes, but not Tnf-a, Il-15, Mrcl,
Chi3l3, Cd200, and Cx3cl1 genes was reduced by deficiency of IKKp in APP-transgenic mice (E-L; ¢ test, n>4 per group).

examine the cognitive function of 6-month-old APP"' and
APP'8 littermate mice with and without deletion of IKKp
in neurons. As shown in Figure 5A-C, the swimming
time and distance to reach the platform for all tested mice
significantly decreased when the training time increased
(two-way ANOVA, p<.05); the swimming velocity did
not differ between IKKp-deficient and wild-type APP-
transgenic mice or for the same mice on different training
dates (two-way ANOVA, p>.05).

Six-month-old APP'® mice with normal IKKp expres-
sion (APPthKKBﬂ/ ficre™ 7) traveled longer distances than
APP" mice to reach the escape platform during the ac-
quisition phase (Figure 5A; two-way ANOVA, p = .029).
Neuronal deficiency of IKKp (APPIKK ™ Cre ™) signifi-
cantly improved APP*® mice in searching for and finding
the platform compared to APPthKKBﬂ/ ficre™~ littermates
(Figure 5A,B; two-way ANOVA followed by post-hoc test
showing the difference in traveling distance and time be-
tween APPIKKBY'Cre™~ and APPEIKKB"Cre™’~ mice:
p<.001). However, in the 5-min probe trial, designed to
test the memory of the mice, we did not detect a difference
between any two groups of mice in the frequency that the
mice visited the region where the escape platform was lo-
cated (Figure 5D; one-way ANOVA, p>.05).

We further used Western blot analysis to quantify
cleaved caspase-3 and evaluate the apoptosis of brain
cells in 6-month-old APP-transgenic mice. As shown
in Figure S5E,F, the protein level of cleaved caspase-3
was significantly higher in APP-transgenic mice than
in APP-wild-type littermates (one-way ANOVA fol-
lowed by post-hoc test; p = .037). Neuronal deficiency of
IKKp significantly decreased the protein level of cleaved
caspase-3 in APPthKKBﬂ/ ficre™~ mice compared with
APPEIKK "I Cre ™~ controls (Figure SF; one-way ANOVA
followed by post-hoc test; p = .034).

In our previous study, we observed that protein levels
of synaptic proteins, PSD-95 and Munc18-1, in the brain
homogenate of 6-month-old TgCRNDS APP-transgenic
mice are significantly lower than that in APP-wild-type
controls.? In this study, we did observe that the protein
level of Munc18-1 tended to decrease in APP-transgenic
mice compared with APP-wild-type littermates (Figure 5I;
one-way ANOVA followed by post-hoc test; p =.066).
Deficiency of IKKp in neurons significantly increased the

protein levels of PSD-95 and Munc18-1, but not synapto-
physin and SNAP-25, in 6-month-old APPIKKp"Cre*/~
mice compared with APPthKKﬁﬂ/ ficre™ littermate
controls (Figure 5G-K; one-way ANOVA followed by
post-hoc test; p <.05). Deficiency of IKKp in neurons did
not change protein levels of all tested synaptic proteins in
APP-wild-type mice (Figure 5G-K; one-way ANOVA fol-
lowed by post-hoc test; p >.05).

3.5 | Neuronal deficiency of IKKf
reduces phosphorylated tau protein in
the brain of tau-transgenic mice

APP-transgenic mice cannot model all pathological
changes of AD, such as those associated with p-tau. It
was reported that p-tau mediates toxic effects of Ap in
AD pathogenesis.**** To investigate the effects of neu-
ronal IKKp on tau-associated pathologies, we cross-bred
IKKBﬂ/ﬂ, Nex-Cre*/~, and P301S tau-transgenic (Tau'®)
mice® to create neuronal IKKp-deficient and wild-type
Tau'® AD mice. We counted ATS-positive cells in cortex
and hippocampus of 9-month-old TauthKKBﬂ/ﬂCre_/_
and TauthKKﬁﬂ/ ficre™~ mice. The total number of ATS-
immunoreactive cells adjusted to the investigated area
in neuronal IKKp-deficient TauthKKﬁﬂ/ ficre™~ mice
(2.25+.39/mm? in cortex, and 3.94+0.65/mm? in hip-
pocampus) was significantly fewer than that in IKK-
wild-type Tau®IKKp""Cre™~ mice (3.73+0.55/mm? in
cortex and 8.13 +0.88/mm? in hippocampus; Figure 6A-C;
t tests, p = .044 and .001 respectively).

We also extracted tau proteins from 9-month-old
Tau'8IKKpYCre*’~ and Tau®IKKp"Cre™'~ mice with
RAB, RIPA, and FA buffers as we did in previous stud-
ies.”®*” Western blots revealed that ratios of p-tau/t-tau
were significantly lower in RAB and RIPA fractions
derived from Tau®IKKp"ACre*’~ mice, than from
Tau'8IKK " Cre ™~ mice (Figure 6D-F; ¢ test, p <.05).
In the FA fraction, deletion of neuronal IKKf tended
to decrease the ratios of p-tau/t-tau in Tau®® mice,
although the difference was not significant (Figure 6G;
t test, p = .051). Moreover, we observed that the protein
levels of p-tau adjusted by p-actin in RIPA and FA frac-
tions of Tau'*IKKp""Cre*’~ mice were also decreased
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by IKKp deficiency compared with TauthKKBﬂ/ fcre™/=
mice (Figure 6D,H,I; ¢ test, p<.05). As p-actin was not
detectable in RAB fraction, we could not determine the
protein levels of p-tau in RAB fractions. Additionally,
we found that the protein level of t-tau in RIPA frac-
tion of brain homogenate was significantly higher in

Tau'®IKKpYCre ™~ mice than in Tau®IKKp"ICre™’~
littermates (Figure 6K,L; ¢ test, p <.05); however, IKKf
deficiency did not change the transcription of TAU gene
(Figure 6J; t test, p>.05), which suggested that defi-
ciency of IKKP might also increase the degradation of
tau protein.
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FIGURE 5 Deficiency of IKKp in neurons improves cognitive function and attenuates synaptic impairments in APP-transgenic mice.
Six-month-old APP-transgenic (APP'®) and non-transgenic (APP"") mice with (ko) and without (wt) deletion of neuronal IKKp were
examined for cognitive function with Morris water maze test. During the training phase, APP®IKKB-wt mice reached the escape platform
with significantly longer traveling distance than APPY'IKKp-wt littermate mice (A; two-way ANOVA followed by Bonferroni post-hoc test,
n is shown in the figure). Deletion of IKKp in neurons (APP'8IKKp-ko) significantly reduced the traveling time and distance to the escape
platform compared with APP*¥IKKf-wt mice (A, B; two-way ANOVA followed by Bonferroni post-hoc test). IKKf deficiency affected the
swimming speed neither of APP'® mice, nor for each mouse at different training time points (C; two-way ANOVA, p>.05). However,
APP"IKKf-wt mice swam much faster than non-APP transgenic (APP"'IKKp-wt) mice with unknown reasons (C; two-way ANOVA
followed by Bonferroni post-hoc test). In the probe trial, APP'® and APP"' mice with and without IKKp deficiency did not differ in the
frequency, with which the mice visited the region where the platform was previously located (D; one-way ANOVA, p>.05, n>6 per group).
Western blotting was used to detect cleaved caspase-3, and the amount of synaptic structure proteins, Munc18-1, SNAP25, synaptophysin,
and PSD-95 in the brain homogenate of 6-month-old APP'8 and APP"' mice (E-K). Transgenic expression of APP increases cleaved
caspase-3, and neuronal deficiency of IKKf recovers it (F; one-way ANOVA, n>7 per group). Deficiency of IKK{ in neurons was associated
with a higher level of PSD-95 and Munc18-1 in APP-transgenic mice (H and I; one-way ANOVA followed by Bonferroni post-hoc test, n>5

per group).

3.6 | Neuronal deficiency of IKKf
potentially increases the dephosphorylation
of p-tau in tau-transgenic mice

As IKKp deficiency in neurons attenuated p-tau in the
brain of tau-transgenic mice, we hypothesized that IKKf
regulated the phosphorylation of tau protein in AD mice.
We quantified phosphorylation levels of GSK3p and p38-
MAPK, two important kinases phosphorylating tau pro-
teins in neurons.***> As shown in Figure 7A-D, neuronal
IKKp-deficient and wild-type 9-month-old tau-transgenic
mice did not differ in phosphorylation of any of the
enzymes (¢ test, p>.05), suggesting that the decrease in
p-tau in IKKf-deficient tau mice was probably not due
to the reduction in p-tau generation. Interestingly, we
observed that IKKp deficiency significantly up-regulated
the transcription of Ppp2ca, but not Ppp2cb, Ppp3ca, and
Ppp3cb in the brain of tau-transgenic mice (Figure 7E-H;
t test, p<.05), which was in line with a previous observa-
tion that NF-xB activation inhibits expression of catalytic
subunit of PP2A (PP2Ac).>® Western blot experiments
verified the finding by showing that the cerebral protein
level of PP2Ac was significantly higher in 9-month-old
Tau®*IKKp" Cre™’~ mice than in Tau'*IKKp""Cre™~
littermates (Figure 71,J; t test, p<.05). Thus, neuronal
deficiency of IKKp potentially increases the dephospho-
rylation of p-tau in tau-transgenic mice.

3.7 | Neuronal deficiency of IKKf
promotes autophagy in the brains of both
APP- and tau-transgenic mice

We have recently observed that activated autophagy is a
mechanism mediating the degradation of BACE1 in APP-
transgenic mice®’ and p-tau in tau-transgenic mice.”’

Interestingly, we observed that neuronal deficiency of
IKKp significantly increased the ratios of LC3B-II/I in
RIPA-soluble brain homogenates of both 6-month-old
APP-transgenic mice and 9-month-old tau-transgenic
mice, indicating that IKKf deficiency enhanced au-
tophagy in the brains of AD mice (Figure 8A-D; one-way
ANOVA followed by post-hoc test for APP mice and ¢ test
for tau mice; p <.05 for both mice), which was in accord-
ance with a previous finding that inhibition of NF-kB in
neurons promotes autophagy in the brains of TDP-43-
transgenic mice.”® Compared with non-APP-transgenic
mice, APP-transgenic mice inhibited autophagy in the
brain (Figure 8A,B; one-way ANOVA followed by post-hoc
test; p<.05). However, the protein levels of Beclinl and
SQSTM1/p62 did not differ between TauthKKBﬂ/ fcret’~
and Tau'®IKKp"'Cre ™~ mice (Figure 8E,F; t test, p>.05).

3.8 | Neuronal deficiency of IKKf
regulates neuroinflammation in
tau-transgenic mice

As we did for APP-transgenic mice, we counted Ibal
and GFAP-immunoreactive cells in the brains of
9-month-old Tau®® mice. Similarly, we observed that de-
ficiency of neuronal IKKf significantly decreased the
numbers of microglia and astrocytes in the hippocam-
pus and cortex of TauthKK[}ﬂ/ fcre™ mice compared
with TauthKKBﬂ/ ficre™ littermates (Figure 9A-E; ¢ test,
p<.05).

In following experiments, we quantified transcripts of
inflammatory genes in 9-month-old Tau'® and Tau™ lit-
termate mice. As shown in Figure 9F,J, the transcription
of pro-inflammatory Tnf-a gene was significantly down-
regulated, while the transcription of anti-inflammatory
Mrcl gene was up-regulated in TauthKKBﬂ/ fcre™~ mice
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FIGURE 6 Deficiency of IKKf in neurons reduces cerebral p-tau in tau-transgenic mice. Nine-month-old Tau®IKKpCret/~ (IKKp ko)
and TauthKKﬁﬂ/ fIcre™/~ (IKKp wt) mice were analyzed for cerebral p-tau load after immunofluorescent labeling with AT8 antibody (A). The
p-tau-positive cells were counted and adjusted by the relevant brain area. IKKf deficiency in neurons significantly reduces the cerebral

p-tau-positive cells (B and C; ¢ test, n>10 per group). Tau proteins were extracted from 9-month-old tau-transgenic mice with RAB, RIPA,
and FA buffers and detected with Western blots for both phosphorylated and total tau (p-tau and t-tau, respectively) (D-I). The ratios of
p—/t-tau are significantly lower in RAB and RIPA fractions of IKKf-ko mice than in IKKp-wt littermates (E and F; ¢ test, n>5 per group).
When adjusted to f-actin in the same sample, the protein levels of p-tau in RIPA and FA fractions were also significantly reduced by

deficiency of IKKp, compared with IKKp-wt tau-transgenic mice (H and I; ¢ test, n>5 per group). In additional experiments, expression

levels of tau were determined by quantitative RT-PCR assay of TAU gene transcripts and quantitative Western blot of total tau protein in
RIPA-soluble brain homogenate fractions. Neuronal deficiency of IKKf does not change TAU transcription (J; ¢ test, n>8 per group), but
significantly decreases protein level of t-tau (K and L; t test, n="7 per group).

compared with TauthKKBﬂ/ ficre™~ littermates (¢ test,
p <.05). However, neuronal deficiency of IKKf did not
change the transcription of Tnf-a and Mrcl gens in Tau™
mice (Figure 9F,J; t test, p >.05). The transcription of
other tested genes (e.g., IlI-15, Ccl-2, 1I-10, and Chi3I3)
was not changed by IKKf deficiency in neurons in both
Tau'® and Tau"" mice (Figure 9G-LK; ¢ test, p >.05). It is
known that active and healthy neurons inhibit microg-
lial activation through releasing CD200 and CX3CL1.%

Interestingly, we observed that the transcriptional level
of Cd200 but not Cx3cll was significantly higher in
Tau'®IKKp"'Cre*/~ mice than in Tau'®IKKp"Cre™~ lit-
termate mice (Figure 9L,M; ¢ test, p <.05).

CD8-positive lymphocytes have been shown to exacer-
bate AD pathology in tau-transgenic mice.* We contin-
ued to stain CD8-positive cells in brains of 9-month-old
TauIKKp"Cre™~ and Tau®IKKp""Cre™~ littermate
mice. CD8-positive cells were mainly located in the dentate
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FIGURE 7 Deficiency of IKKf in neurons increases PP2Ac expression in the brain of tau-transgenic mice. Brains from 9-month-old
Tau'®IKKp"Cre*/~ (IKKP ko) and Tau'*IKKpYCre ™'~ (IKKB wt) mice were homogenized in RIPA lysis buffer. Phosphorylated (p-) and
total (t-) GSK3p and p38-MAPK were detected with Western blot (A and C). The ratios of p—/t-GSK3p and p—/t-p38-MAPK are not different
between IKKp-wt and ko tau-transgenic mice (B and D; ¢ test, p> .05, n = 7 per group). Transcripts of Ppp2ca, Ppp2cb, Ppp3ca, and Ppp2cb
genes were also measured in the brain of tau-transgenic mice with quantitative PCR (E-H), showing that IKKf deficiency significantly up-
regulates the transcription of Ppp2ca gene, but not other genes tested (E-H; ¢ test, n = 4 per group). Quantitative Western blot of PP2Ac in
RIPA fraction of brain homogenate verified that IKK deficiency in neurons increases the cerebral protein level of PP2Ac in tau-transgenic
mice (I and J; ¢ test, n>9 per group).

gyrus, especially in the perivascular space (Figure S2B). lymphocytes in the dentate gyrus compare to IKKp-wild-
After counting cells, we found that neuronal deficiency  type tau-transgenic mice; however, the reduction was not
of IKKp tended to decrease the density of CD8-positive statistically significant (Figure S2A-C).
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FIGURE 8 Deficiency of IKKp in neurons increases autophagic activity in brains of both APP-and tau-transgenic mice. Brain

homogenates were prepared from 6-month-old APP-transgenic mice and 9-month-old tau-transgenic mice with (IKKp ko) and without

(IKKp wt) deletion of IKKp in neurons. Six-month-old non-APP-transgenic (APPwt) mice were used as controls. Quantitative Western blot
was used to detect LC3B, beclinl, and SQSTM1/p62 (A and C). IKKf deficiency significantly increases ratios of LC3B-II/I, but not protein
levels of p62 and Beclinl in both AD mouse models (B, D-F; one-way ANOVA followed by Bonferroni post-hoc test for APP mice, n>6 per

group; and ¢ test for tau mice, n = 8 per group).

3.9 |

Neuronal deficiency of IKKf

does not improve cognitive function and
neuroprotection in tau-transgenic mice

We have observed that the cognitive function of tau-
transgenic mice is impaired in the Morris water maze test,27 SO
we used water maze to evaluate whether neuronal deficiency
of IKKp improves the cognitive function of 9-month-old tau
mice. As shown in Figure 10A,B, the swimming time and
distance to reach the platform for all tested mice significantly

decreased when the training time increased (two-way
ANOVA testing the effect of training time, p <.05). However,
Tau®IKKpYICret’~ and Tau®IKKpYCre™~ littermate
mice differed in neither the traveling time nor distance to
reach the escaping platform in the training phase (two-way
ANOVA testing effect of genotypes, p>.05). Similarly, in the
probe trial, IKKp deficiency did not change the frequency
with which TauthKKﬁﬂ/ iCre™’~ mice visited the initial re-
gion for platform during the training phase compared to
Tau®IKKp" Cre ™/~ littermates (Figure 10C; ¢ test, p>.05).
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FIGURE 9 Deficiency of IKKf in neurons inhibits inflammatory activation in the brain of tau-transgenic mice. Brain sections from
9-month-old TauthKKBﬂ/ ficret/~ (IKKp ko) and Tau‘gIKKBﬂ/ ficre™'~ (IKKp wt) mice were stained with immunohistochemistry for Ibal

and GFAP (A and D, in brown color). Deficiency of IKKf significantly reduces the number of Ibal-positive cells in both the hippocampus
and cortex (B and C; ¢ test, n>8 per group) and GFAP-positive cells in the hippocampus (E; ¢ test, n = 4 per group). The transcripts of both
pro- and anti-inflammatory genes, as well as Cd200 and Cx3clI genes, in brains of tau-transgenic (tg) and non-transgenic (wt) mice with (ko)
and without (wt) deficiency of neuronal IKK were further detected with real-time PCR (F-M). Transcription of Tnf-a gene is significantly

down-regulated, while the transcription of MrcI gene is up-regulated in Tau‘gIKK[iﬂ/ ficre*’~ mice compared with TauthKKﬁﬂ/ ficre™ " mice
(F and J; one-way ANOVA followed by Bonferroni post-hoc test, n>6 per group). Moreover, transcription of Cd200 is also increased in tau'®
mice by neuronal deficiency of IKKf (L; t test, n>6 per group).
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FIGURE 10 Deficiency of IKKf in neurons does not affect cognitive function and even increases apoptosis in the brains of tau-transgenic
mice. In the water maze test, 9-month-old Tau'®IKKp"Cre*/~ (IKKP ko) and Tau'®IKKp"Cre ™'~ (IKKB wt) littermate mice did not
differ in traveling latency and distance to reach the escape platform during the training phase (A and B; two-way ANOVA, p>.05,n>6

per group), nor in the frequency with which the mice visited the region where the platform was previously located during the probe trial

(C; t test, p> .05, n>6 per group). Western blotting was used to detect cleaved caspase-3, phosphorylation level of CREB, and the amount

of synaptic structure proteins, Munc18-1, SNAP25, synaptophysin, and PSD-95 in the brain homogenate of tau-transgenic mice (D-M).

Deficiency of IKKp in neurons does not alter the protein levels of various synaptic proteins (E-H; ¢ test, p>.05, n>4 per group), nor the ratio
of phosphorylated (p-) to total (t-) CREB (J and K; ¢ test, p>.05, n>6 per group). Surprisingly, IKKp deficiency significantly increases the
protein level of cleaved caspase-3 in the brains of 9-month-old tau-transgenic mice (M; ¢ test, n>9 per group).

Moreover, we observed that neuronal deficiency of
IKK} altered neither the protein levels of Munc18-1, PSD-
95, SNAP25, and synaptophysin, nor the phosphorylation
level of cAMP response element-binding protein (CREB)
as detected with quantitative Western blot (Figure 10D-K;
ttest, p>.05). CREB activation promotes neuronal survival
and plasticity.*® Surprisingly, we observed that neuronal
deficiency of IKKp increased the protein level of cleaved
caspase-3 in the brain homogenate of 9-month-old tau-
transgenic mice (Figure 10L,M; ¢ test, p <.05), suggesting
that IKKf deficiency in neurons promotes apoptosis in the
brain of tau mice.

4 | DISCUSSION

Neuroinflammation is a hallmark of AD pathology.
Uncontrolled inflammatory activation exacerbates amy-
loid pathology and tauopathy, leading to neurodegenera-
tion in the AD brain. However, the molecular mechanisms
by which neurons respond to neuroinflammation are still
unclear. In this project, we knocked out IKKp-encoding
gene, Ikbkb, specifically in neurons of both APP- and tau-
transgenic mice and observed that neuronal deficiency
of IKKp attenuates Af and p-tau load, and modifies in-
flammatory activation in the brain. Deficiency of IKKf
improves cognitive function and prevents neurodegenera-
tion in APP-transgenic mice; however, it does not confer
an efficient neuroprotection in tau-transgenic mice.

The effect of neuroinflammation on A production has
been extensively studied. Activation of BACE1 coincides
with focal glial inflammatory activation in APP-transgenic
mice. In APP-transgenic mice or the systemically
lipopolysaccharide-administered mice, pharmacolog-
ical treatments with acetyl-11-keto-p-boswellic acid,*
bee venom,” and carbon monoxide** simultaneously
suppress BACE1 expression and NF-xB activation in the
brain, indicating the correlation between BACE1 and NF-
kB. We deleted IKKp specifically in neurons, which inhib-
ited NF-xB activation in the brain of APP-transgenic mice.
Using this approach, we directly demonstrated the role of
IKKpB/NF-xB in BACE1 activation and A production in
the brain. Our SH-SYS5Y cell culture experiments showed

that deficiency of IKKf decreases protein levels of BACE],
verifying our in vivo finding.

AP and inflammatory activation induce tau phosphor-
ylation,>® and trigger tau spreading along axonal projec-
tions in AD brains.* Our experiments showed that deletion
of IKKP in neurons attenuates both phosphorylated and
total tau in brains of tau-transgenic mice. Because neuro-
nal deficiency of IKKf did not alter transcription of TAU
gene, or activation of p38a-MAPK and GSK3p, two key
kinases that phosphorylate tau in AD brain,”*** we hypoth-
esized that the reduction in tau proteins might be due to
increased dephosphorylation of tau and/or degradation
of tau. PP2A and -2B are the enzymes dephosphorylating
p-tau.*’” NF-kB activation inhibits the expression of the cat-
alytic subunit of PP2A (PP2Ac) in pancreatic cancer cells.*®
We observed that IKKp deficiency in neurons upregulates
both the transcription of Ppp2ca gene, which encodes iso-
form A of PP2Ac, and the protein level of PP2Ac in the
brain of tau-transgenic mice. Thus, the reduction of p-tau
in IKKp-deficient AD mice may result from the increased
dephosphorylation of p-tau.

It was interesting to find that deficiency of IKKf in
neurons enhances autophagy in the brains of our APP-
and tau-transgenic mice. IKKB/NF-xB signaling medi-
ates the expression of autophagy-associated proteins,
for example, Beclinl, LC3B, and Atg5, and is thought to
promote autophagy’®*®*’; however, IKKB/NF-kB acti-
vation also induces the expression of Bcl-2 and BclxL,®
which bind to Beclinl and block autophagy.49 In TDP-43-
transgenic mice, neuron-specific expression of a super-
repressor form of IkB (IkB%*** %4 enhances autophagy,
decreases TDP-43 accumulation, and improves motor per-
formance.* Thus, enhancing autophagy in IKKp-deficient
neurons could promote degradation of BACE1 and tau in
neurons, as we observed in previous studies.*®*”’

Deficiency of IKKp in neurons reduces microglia and
astrocytes in APP- and tau-transgenic mice; however, how
it regulates inflammatory activation in AD is unclear.
Not surprisingly, deficiency of IKKp decreases Ap and
subsequently inhibits both pro- and anti-inflammatory
activation (e.g., down-regulation of Ccl-2 and II-10 tran-
scription) in APP-transgenic mice. As we previously ob-
served, AP is a ligand of CD14 and TLR2, which induces
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both types of inflammatory activation in microglia.
Tauopathy can primarily damage neurons and then trig-
gers microglial activation,” although tau proteins also
activate microglia.> In our tau-transgenic mice, IKKp de-
ficiency decreases pro-inflammatory Tnf-a transcription
while increasing anti-inflammatory Mrcl transcription,
in which IKKf-regulated neuronal status may be one of
the determinants. CD200 and CX3CL1 released by healthy
and active neurons control microglial activation.’* IKKf
deficiency increases transcription of Cd200 gene in the
brains of tau mice, but not APP-transgenic mice, perhaps
providing further evidence that neuronal activity regu-
lates neuroinflammation in tau mice.

We observed that IKKf deficiency protects neurons
in APP- but not in tau-transgenic mice, which may also
be due to the different pathogenic mechanisms of Ap
and p-tau in AD. In APP-transgenic mice, Ap oligomers
activate N-methyl-D-aspartate receptor (NMDARSs) di-
rectly,” and indirectly by blocking astrocytic re-uptake
of glutamate and accumulating glutamate in the peri-
synaptic space,’® both of which lead to calcium overload
of neurons. Elevated calcium activates NF-kB possibly by
interaction between CaMKII and IKKB.’”*® The rapid,
particularly sustained, accumulation of p65/NF-kB and
IxBa in the nucleus is associated with neuron death.®
IKKp deficiency may prevent calcium-induced NF-kB
activation and neurotoxicity in APP-transgenic mice.
In tau-transgenic mice, p-tau destabilizes the cytoskele-
ton and disrupts the axonal transport, leading to axonal
degeneration and neuronal death.®® Tau accumulation
damages mitochondria, induces endoplasmic reticulum
stress and dysregulates neuronal GABAergic and cholin-
ergic signaling.” IKKp deficiency may not prevent these
pathogenic processes; however, compromise NF-xB
activation-mediated neuroprotection in tau-transgenic
mice.

Our study has shown that neuronal deficiency of IKKf
serves diverse effects on neuroprotection in APP and tau-
transgenic AD mice. It is obviously a limitation of our
study that we studied pathogenic role of neuronal IKKf
in APP- or tau-transgenic mice, instead of in an AD model
with both Af pathology and tauopathy. It is known that
AP and p-tau synergistically contribute to AD pathogen-
esis. Tau appears to mediate the neurotoxic effects of Ap.
Deletion of endogenous tau abolishes Af-induced neuro-
toxicity.33’34’61 Thus, further studies are needed to clarify
the pathogenic role of neuronal IKK@, particularly in the
context of interaction between AP and p-tau.

In summary, deficiency of IKKf in neurons reduces
AP and p-tau pathologies in APP- and tau-transgenic
mice. Possible mechanisms are that IKKf deficiency: (1)
decreases BACE1 expression and Af generation, (2) in-
creases PP2Ac expression and p-tau dephosphorylation,

51,52

and (3) enhances neuronal autophagy, which promotes
BACE1 and p-tau degradation. However, IKKf has also
neuroprotective effects. Although our study deciphered
the pathophysiological role of neuronal IKKB/NF-kB in
AD, it remains unclear whether IKKf can serve as a thera-
peutic target for AD patients. A following study is needed
to address the pathogenic role of neuronal IKKf in an AD
model with both amyloid pathology and tauopathy.
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