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Gut inflammation triggers C/EBP/5-secretase-
dependent gut-to-brain propagation of A and Tau
fibrils in Alzheimer’s disease
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Abstract

Inflammation plays an important role in the pathogenesis of
Alzheimer’s disease (AD). Some evidence suggests that misfolded
protein aggregates found in AD brains may have originated from
the gut, but the mechanism underlying this phenomenon is not
fully understood. C/EBPp/5-secretase signaling in the colon was
investigated in a 3xTg AD mouse model in an age-dependent
manner. We applied chronic administration of 1% dextran sodium
sulfate (DSS) to trigger gut leakage or colonic injection of Ap or
Tau fibrils or AD patient brain lysates in 3xTg mice and combined
it with excision/cutting of the gut-brain connecting vagus nerve
(vagotomy), in order to explore the role of the gut-brain axis in the
development of AD-like pathologies and to monitor C/EBPB/3-
secretase signaling under those conditions. We found that C/EBPf/-
d-secretase signaling is temporally activated in the gut of AD
patients and 3xTg mice, initiating formation of Af and Tau fibrils
that spread to the brain. DSS treatment promotes gut leakage and
facilitates AD-like pathologies in both the gut and the brain of
3xTg mice in a C/EBPB/3-secretase-dependent manner. Vagotomy
selectively blunts this signaling, attenuates Ap and Tau patholo-
gies, and restores learning and memory. A or Tau fibrils or AD
patient brain lysates injected into the colon propagate from the
gut into the brain via the vagus nerve, triggering AD pathology and
cognitive dysfunction. The results indicate that inflammation acti-
vates C/EBPp/5-secretase and initiates AD-associated pathologies
in the gut, which are subsequently transmitted to the brain via the
vagus nerve.
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Introduction

Alzheimer’s disease is a neurodegenerative disorder associated with
the progressive decline in cognitive functions. AD is characterized
by several pathological hallmarks, including extracellular f-amyloid
(AB) plaques, intraneuronal neurofibrillary tangles (NFTs), chronic
neuroinflammation, and neuronal loss. A pathology arises from
the improper sequential cleavage of the transmembrane amyloid
precursor protein (APP) by BACE1 and y-secretase, resulting in AP
peptides that aggregate into oligomers and eventually into A fibrils
and plaques. NFTs are mainly composed of hyperphosphorylated
and truncated tau, a protein that stabilizes microtubules (Holtzman
et al, 2011). Although approximately 1% of AD cases arise from rare
causative mutations in APP or y-secretase, most AD is sporadic,
with ApoE4 as the most well-characterized genetic risk factor
(Mahley, 2016). While age is the most critical factor for AD,
epidemiological studies show that some diseases and lifestyle
factors also increase the risk of developing AD, including traumatic
brain injury, diabetes, hypertension, obesity, and other metabolic
syndromes, which are all associated with inflammation. Enhanced
inflammation can be detected in the cerebrospinal fluid (CSF) and
blood of AD patients (Kauwe et al, 2014; Monson et al, 2014). In
blood, cognitively impaired patients with brain amyloidosis show
higher levels of pro-inflammatory cytokines compared with patients
without brain amyloidosis and control subjects. A lower level of the
anti-inflammatory cytokine IL-10 is observed in brain amyloidosis
positive patients than in negative patients (Cattaneo et al, 2017).
During aging, both the gastrointestinal tract epithelium and the
blood-brain barrier become more permeable to small molecules,
increasing the contribution of various microbiota metabolites to
amyloid formation and dissemination (Marques et al, 2013;
Montagne et al, 2015; Shoemark & Allen, 2015). Western diets high
in saturated fats and sugars promote gut inflammation (Reichardt
et al, 2017) and exacerbate brain neuropathological and associated
behavioral deficits in animal models of AD and PD (Maesako et al,
2012; Rotermund et al, 2014; Busquets et al, 2017; Walker et al,
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2017). Diarrhea, which is associated with gut inflammation, often
affects older people and those with AD, and rapidly progressive
dementia is one of the features in inflammatory bowel disease (IBD;
Papathanasiou et al, 2014). Bacteria populating the gut microbiome
produce amyloids, lipopolysaccharides (LPS), and other immuno-
genic compounds (Syed & Boles, 2014; Zhao et al, 2015). Enhanced
inflammation, as a consequence of alterations in gut microbiota
composition, is implicated in the initiation of a-synuclein (o-Syn)
misfolding (Olanow et al, 2014), a hallmark of Parkinson’s disease
(PD). Notably, the young 5XxFAD mice which have not yet developed
AD neuropathology do not have inflammation in GALT (gut-
associated lymphoid tissues), and GALT of 5xFAD mice mirror the
disease progression and reflect inadequate immune surveillance in
the gut and lead to enhanced AD pathology (Saksida et al, 2018).

Recently, we have reported that asparagine endopeptidase (AEP,
gene name: LGMN) acts as a d-secretase that cleaves both APP and
Tau, promoting AB and Tau aggregation in AD brains. §-secretase
cuts APP at the N373 and N585 residues on the extracellular
domain, facilitating BACE1 to produce A more efficiently (Zhang
et al, 2015). It also cleaves Tau at the N255 and N368 sites, acceler-
ating Tau hyperphosphorylation and subsequent accumulation into
NFTs (Zhang et al, 2014). Interestingly, &-secretase cleavage also
produces a truncated o-Synuclein (a-Syn) at N103 and promotes
Lewy body formation in PD (Zhang et al, 2017). We have recently
shown that a-Syn N103/Tau N368 fibrils spread from the gut into
the brain via the vagus nerve, initiating PD pathogenesis (Ahn et al,
2019). d-secretase is upregulated in the control and AD patient
brains in an age-dependent manner. Notably, we identified that C/
EBP, an inflammation-activated transcription factor (Magalini et al,
1995; Poli, 1998), dictates LGMN mRNA transcription and escalates
d-secretase abundance during aging (Wang et al, 2018b). Impor-
tantly, we showed that the C/EBPB/3-secretase pathway spatiotem-
porally mediates AD-like neuropathologies in 3xTg mice (Wang
et al, 2018a). C/EBPP mediates the learning and memory (Tauben-
feld et al, 2001) and is implicated and upregulated in inflammation
in various neurodegenerative diseases including AD (Li et al, 2004;
Lukiw, 2004; Ejarque-Ortiz et al, 2007).

In AD, poorly myelinated projection neurons with long axons are
particularly prone to developing NFTs (Braak & Braak, 1996) and
neurons affected by Tau pathology appear to be anatomically
connected (Hyman et al, 1984). Intracellular Tau fibrils are directly
released into the medium and can be taken up by co-cultured cells,
and internalized Tau aggregates induce fibrillization of intracellular
Tau in the naive recipient cells (Kfoury et al, 2012). The spread of
Tau pathology between interconnected neurons is thought to occur
via exosomes (Wang et al, 2017). Inoculation of Tau aggregates
induces time-dependent spreading of Tau pathology from the inocu-
lation site to brain regions with synaptic connection in transgenic
mice overexpressing human tau or even in wild-type mice (de
Calignon et al, 2012; Liu et al, 2012; Iba et al, 2015). Likewise,
intracerebral injection of diluted, AB-containing brain extracts from
AD patients or APP transgenic mice induces cerebral f-amyloidosis
and associated pathology in APP transgenic mice in a time- and
concentration-dependent manner (Kane et al, 2000; Meyer-
Luehmann et al, 2006). Hence, both AP and Tau fibrils spread via
prion-like mechanisms in AD (Walker, 2018).

In the current study, we tested the hypothesis that inflammation
triggers C/EBPB/d-secretase signaling, which initiates the onset of
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AP and Tau pathologies in the gut. The aggregated fibrils subse-
quently spread along the vagus nerve into the brain, initiating AD
pathogenesis and cognitive defects.

Results

C/EBPp/5-secretase is age-dependently activated in the gut and
brain, mediating AD pathologies

The C/EBPp/6-secretase axis is activated in an age-dependent
manner in different brain regions of the 3xTg AD mouse model,
elevating o-secretase-truncated APP N585 and Tau N368 and
promoting senile plaques and NFT formation (Wang et al, 2018a).
Moreover, d-secretase also initiates a-Syn N103/Tau N368 aggre-
gates spreading from the gut into the brain, triggering PD pathogen-
esis (Ahn et al, 2019). To explore whether this pathway is also
activated in the gut and mediates AD-like pathology in the enteric
nervous system, we conducted immunoblotting and monitored C/
EBPf/d-secretase signaling and the downstream APP and Tau frag-
mentation. We found that p-C/EBPf, a marker for its activation, and
its total protein levels, as well as the total protein levels of &-
secretase and its cleaved form, which indicated its activation, were
increased in the gut of 3xTg mice in an age-dependent manner (Fig
1A, top-4" panels). Consequently, the abundance of 3-secretase-
truncated Tau and APP, two suggested downstream effectors of C/
EBPB (Kfoury & Kapatos, 2009), was also elevated (FiglA, 4.
bottom panels). Immunofluorescent (IF) co-staining with the gut
tissues also demonstrated that expression of C/EBPf} and d-secretase
increased with age, mirroring the temporal appearance of APP C586
and Tau N368, which were distributed in MAP2-positive enteric
neurons. In addition, hyperphosphorylated Tau and oligomeric Tau
were evident as assessed by AT8 and T22 immunoreactivity, respec-
tively. Notably, AP co-localized with Tau N368 and Thioflavin S
(ThS) (Fig1B). Enzymatic assay with gut lysates revealed that o-
secretase activity gradually increased over time (Fig1C). Similar
results were obtained using 3xTg brain lysates (Appendix Fig S1A
and B). Thus, C/EBPf/é-secretase signaling is gradually activated in
an age-dependent manner in both the gut and the brain of 3xTg
mice, promoting AD pathogenesis. To examine whether the similar
events take place clinically, we conducted IF co-staining in gut
biopsy samples from AD patients. C/EBPJ and 6-secretase were
detected in AD samples but not those from healthy control (HC)
(Fig 1D). Consequently, truncated APP C586 and Tau N368 frag-
ments were co-localized with d-secretase in AD gut tissues (Figl E
and F), indicating that the C/EBP/d-secretase pathway is activated
in AD patient gut tissues, stimulating APP and Tau proteolytic cleav-
age and AD pathology.

DSS induces gut inflammation and C/EBPpB/3-secretase pathway
activation in 3xTg mice

C/EBPB is potently activated by pro-inflammatory cytokines, reac-
tive oxygen species (ROS), or AB (Strohmeyer et al, 2014). To inves-
tigate whether the gut inflammation triggered by dextran sodium
sulfate (DSS), a broadly utilized chemical that induces gut leakage,
elicits C/EBPf/d-secretase signaling activation in the mouse gut
tissues, we added 1% DSS to the drinking water of wild-type and
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Figure 1. C/EBPp/5-secretase (AEP) is age-dependently activated in the gut, mediating AD pathologies.

A Immunoblot showing p-C/EBP, C/EBPB, AEP, APP, and Tau expression and proteolytic processing in mouse colon.
B Immunofluorescent staining of C/EBPP (red) and AEP (green), cleaved APP C586 (red) and AEP (green), cleaved Tau N368 (red) and AT8 (green), cleaved Tau N368 (red)
and AP (green), cleaved APP C856 (red) and cleaved Tau N368 (green), cleaved APP C586 (red) and MAP2 (green), T22 (red) and AT8 (green), AB (red) and Thioflavin S

(green) in colons of 3xTg mice. Scale bar: 20 um.

C AEP activity assay with colon lysates from age-dependent 3xTg mice. Data represent the mean & SEM; representative data of three samples; ***P = 0.0001,

****p < 0.0001 compared with control, one-way ANOVA.

D C/EBPB and AEP immunofluorescent staining of colons from age-matched healthy control and AD patients. White arrows indicate that C/EBPR and AEP were

co-localized in AD patient’s colon.

E AEP and cleaved APP C586 fragment immunofluorescent staining of colons from age-matched healthy control and AD patient. White arrows indicate that AEP and

cleaved APP C586 were co-localized in AD patient’s colon.

FAEP and cleaved Tau N368 fragment immunofluorescent staining of colons from age-matched healthy control and AD patient. Scale bar: 20 um. White arrows

indicate that APP C586 and AEP were co-localized in AD patient’s colon.

Source data are available online for this figure.

3xTg mice for 1 month. In wild-type mice, DSS robustly increased
MPO (myeloperoxidase) and its truncation in the colon, confirming
the gut inflammation. Total and p-C/EBPf, as well as §-secretase,
and its active truncated form were augmented upon DSS stimula-
tion. APP and Tau were also augmented, as were &-secretase-
cleaved APP and Tau fragments in the colon (Appendix Fig S2A).
Similar but slighted less robust effects of DSS treatment were
observed in wild-type mouse brains (Appendix Fig S2B). We
observed even more prominent effects of DSS in both the gut and
the brain of 3xTg mice, suggesting that DSS-induced gut leakage
and inflammation strongly agitates C/EBP/d-secretase signaling
activation, resulting in augmented APP and Tau proteolytic frag-
mentation by active d-secretase (Appendix Fig S2C and D).
d-secretase enzymatic assays with both gut and brain lysates corrob-
orated its strong activation by DSS (Appendix Fig S2E and F). In
alignment with the robust MPO activation, quantitative analysis
with ELISA revealed that IL-6, TNFa, and IL-1f in the colon, but not
the brain, were highly increased (Appendix Fig S2G). IF staining
demonstrated that DSS treatment stimulated 6-secretase in the guts
of both wild-type and 3xTg mice, but only elevated AB and p-Tau in
the colon of 3xTg mice, and AP was detected in the cortex of young
3xTg mice but not wild-type mice. It is worth noting that AR amount
in the hippocampus was substantially lower than the amount found
in the cortex of 3xTg mice (Appendix Fig S2H-K). Thus, DSS-
elicited gut inflammation strongly activates the C/EBPB/d-secretase
pathway in the gut and brain of 3xTg mice, provoking AD pathology
onset in the gut.

To explore whether the C/EBP/3-secretase pathway is responsi-
ble for the biological effects triggered by chronic DSS treatment (4
months), we employed 3xTg/C/EBPB'/~ and 3xTg/AEP™/™ mice, as
well as wild-type mice as control. Depletion of C/EBPB or o-
secretase from 3xTg mice strongly attenuated DSS-provoked C/
EBP/d-secretase activation and its downstream effects in both the
colon and the brain. Knockout of 8-secretase completely abolished
APP N585 and Tau N368 cleavage and mitigated AT8 hyperphos-
phorylation (Fig 2A and B). As a result, DSS-stimulated §-secretase
enzymatic activity was significantly reduced in 3xTg/C/EBPB"/~
and below the level of detection in 3ng/AEP’/ ~ mice compared to
3xTg mice and wild-type mice (Fig2C and D). Gut leakage assay
with FITC-Dextran showed that DSS-elicited gut permeability was
gradually reduced from 3xTg/C/EBPS™~ to 3xTg/AEP~/~ mice and
wild-type mice as compared to 3xTg mice (Fig2E). In addition,
human AP42 concentration in the brain of 3xTg animals was
decreased in a similar pattern (Fig 2F).
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IF co-staining revealed that DSS stimulated demonstrable C/
EBPp/6-secretase signaling in the brains of 1% DSS-treated 3xTg
mice at the age of 6 months, which were decreased in 3xTg/C/
EBPB*/~ and 3xTg/AEP~/~ mice and wild-type mice. Accordingly,
Tau N368/AT8, APP C586/AB, and T22/AT8 co-staining were
demonstrable in 3xTg mice, and these effects were significantly
abrogated in 3xTg/C/EBPB"~ and 3xTg/AEP~/~ mice and wild-type
mice (Fig3A-E). Thus, the C/EBPB/4-secretase pathway is indis-
pensable for chronic DSS-induced AD-like neuropathology in the
brain of young 3xTg mice. Electronic microscopic (EM) analysis
revealed that synapse loss triggered by DSS was significantly
rescued in 3xTg/C/EBPP™~ and 3xTg/AEP~/~ mice and wild-type
mice as compared to 3xTg mice (Fig3F and H). Golgi staining
displayed that dendritic spine reduction evoked by DSS in 3xTg
mice was also substantially restored in 3XTg/C/EBPB+/ -, 3xTg/
AEP~/~, and wild-type mice (Fig3G and I). Hence, inactivation of
C/EBP/d-secretase pathway alleviates DSS-induced AD pathologies
in young 3xTg mice.

Vagotomy attenuates DSS-elicited AD pathologies in the brain of
3xTg mice

DSS-elicited gut inflammation stimulates AD-like neuropathology in
the gut, and it has been proposed that the pathology might get trans-
mitted to the brain via the vagus nerve (Fulling et al, 2019). To test
this possibility, we resected the right side of vagus nerve in
2-month-old 3xTg mice, followed by chronic 1% DSS treatment for
4 months. Immunoblotting analysis showed DSS-induced upregula-
tion of C/EBP/d-secretase pathway and its downstream prote-
olytic effects on APP and Tau by DSS treatment (Fig4A and B).
DSS-triggered AEP activities in the colon and the brain were abro-
gated by vagotomy (Fig4C and D). Strikingly, the effects of DSS on
C/EBPp/d-secretase pathway, AP and tau fragmentation and aggre-
gation, gut leakage, neuroinflammation, and synapse/spine loss in
both the colon and the brain were robustly attenuated in vago-
tomized mice (Fig4E-K). These data strongly support a model in
which DSS-induced AD pathologies originate in the gut and then
are propagated into the brain via the vagus nerve. To further
explore this possibility, we compared AD pathologies in colons
from 3xTg mice with either reduced C/EPBPp or d-secretase, or
vagotomy. DSS-induced Tau hyperphosphorylation and aggrega-
tion in the colon was significantly and similarly mitigated by
vagotomy and in 3xTg/C/EBPB"~ and 3xTg/AEP™/~ mice
(Appendix Fig S3).
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Figure 2. DSS induces gut inflammation and C/EBPp/3-secretase pathway activation in 3xTg mice.

A Immunoblot showing p-C/EBP, C/EBPB, AEP, APP, and Tau expression and proteolytic processing in mouse colon.
B Immunoblot showing p-C/EBPB, C/EBPB, AEP, APP, and Tau expression and proteolytic processing in mouse brain.
C AEP activity assay with colon lysates from DSS-treated mice. Data represent the mean + SEM; representative data of three samples; ***P = 0.0002, ****P <0.0001

compared with control, one-way ANOVA.

D AEP activity assay with brain lysates from DSS-treated mice. Data represent the mean + SEM; representative data of three samples; *P = 0.0103, ****P < 0.0001

compared with control, one-way ANOVA.

E Gastrointestinal permeability barrier defect as determined by FITC-dextran translocation in DSS-treated mice. Data represent the mean + SEM; representative data of
three samples; **P = 0.0071, ***P = 0.0009 (3xTg vs. 3xTg AEP KO), ***P = 0.0004 (3xTg vs. WT) compared with control, one-way ANOVA.
F Human AB1-42 concentration in brain lysates from DSS-treated mice. Data represent the mean + SEM; representative data of three samples; **P = 0.0097, ***P =

0.0006 compared with control, one-way ANOVA.

Source data are available online for this figure.

Vagotomy or reduction of the C/EBPp/5-secretase pathway
rescues the cognitive dysfunctions in DSS-treated 3xTg mice

To assess whether vagotomy or reduction of the C/EBP/$-secretase
pathway ameliorates DSS-induced cognitive impairment in 3xTg
mice, we conducted a fear-conditioning test to assess learning and
memory. Cued fear-conditioning tests showed that all of the groups
displayed comparable baseline freezing time prior to conditioning.
After tone-shock pairing, DSS-treated 3xTg mice spent less freezing
time in both cued (Fig5A) and contextual (Fig5B) fear tests
compared to control 3xTg mice after CS (conditioned stimulus),
indicating impaired associative memory. However, DSS-treated
3xTg/C/EBPB"~ or DSS-treated vagotomized 3xTg mice showed
increases in freezing time in both cued (Fig 5A) and contextual (Fig
5B) fear tests as compared to DSS-treated 3xTg mice after CS stimu-
lation training, suggesting improved associative memory. Notably,
vagotomized 3xTg mice showed higher survival rate and maintained
their body weights better compared with 3xTg, 3xTg/C/EBPB"/~,
and 3xTg/AEP~/~ mice under 1% DSS chronic treatment (Fig5C
and D).

Vagotomy alleviates DSS-induced C/EBPp/5-secretase pathway
activation in the brain of wild-type mice

To further validate the hypothesis that vagus nerve is the path for
pathology transmission to the brain from colon, we resected the
right side of vagus nerve in 2-month-old wild-type mice, followed
by chronic 1% DSS treatment for 4 months, and then we assessed
whether vagotomy alleviates DSS-induced C/EBPf/d-secretase path-
way activation and cognitive impairment in wild-type mice.
Immunoblotting analysis showed that vagotomy substantially allevi-
ated the DSS-induced upregulation of C/EBPB/d-secretase pathway
and its downstream proteolytic effects on APP and Tau by DSS treat-
ment (Appendix Fig S4A). DSS-stimulated &-secretase enzymatic
activity was also significantly reduced by vagotomy (Appendix Fig
S4B). The fear-conditioning test, which assesses the learning and
memory functions, was also conducted on both groups of mice.
Cued fear-conditioning tests showed that both groups displayed
comparable baseline freezing time prior to conditioning
(Appendix Fig S4C). After tone-shock pairing, DSS-treated wild-type
mice spent less freezing time in both cued (Appendix Fig S4C) and
contextual (Appendix Fig S4D) fear tests compared to DSS-treated
vagotomized wild-type mice after CS (conditioned stimulus), indi-
cating vagotomy rescuing the impaired associative memory.
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Recombinant Af and Tau N368 fibrils spread from the gut into
the brain along the vagus nerve

The above data demonstrate that DSS strongly stimulates AD
pathologies in the gut and the brain of 3xTg mice, and vagotomy
markedly abolishes these events. These findings prompted us to test
whether accumulated AB and Tau pathologies originating in the gut
propagate into the brain along the vagus nerve. We generated AP
and Tau N368 fibrils in vitro by constant shaking recombinant Ap1-
42 peptide and Tau N368 proteins for 7 days and then we conju-
gated them with fluorescent dye ATTO 550, respectively. A and
Tau N368 fibrils were validated by Thioflavin T binding assay and
electron microscopy (EM) analysis, respectively (Appendix Fig S5B
and C). The fluorescent-labeled fibrils were colonoscopically
injected into the colon wall of wild-type mice, and the vagus nerve
was isolated 4 and 7 days post-injection (Appendix Fig S5D and E).
ATTO 550 injected alone was not detected on vagus nerve at either
time point, but ATTO 550-labeled A fibrils or Tau N368 aggregates
were readily detectable at both time points (Fig 6A), in alignment
with our previous report that Tau N368 fibrils spread along the
vagus nerve (Ahn et al, 2019). To investigate whether these exoge-
nously injected fibrils transport into the brain along the vagus
nerve, we examined the fluorescent signals in different brain regions
3 months after colonic injection. Again, IF co-staining revealed no
detectable ATTO 550 alone signals in the dorsal motor vagus nerve
(DMVN) or the locus coeruleus (LC) in the brainstem, or in the
hippocampus. By contrast, we observed prominent AB-ATTO 550
and Tau N368-ATTO 550 signals in these regions. It is worth noting
that AP fibrils were mainly enriched in the DMVN and the
hippocampus, whereas Tau N368 fibrils preferentially accumulated
in the LC and the hippocampus (Fig 6B).

Next, we extended our study to brain extracts from AD patients
and 5xFAD mice. The soluble fractions from the brains were exam-
ined using immunoblotting by anti-AB and various Tau antibodies
including human HT7, ATS, and §-secretase-truncated Tau N368.
Both AP and Tau were aggregated in human AD brain lysates,
whereas 5XFAD brain extracts only contained AP but not Tau aggre-
gates. Protein samples were also validated by Coomassie blue stain-
ing (Appendix Fig S5F and H). Human AP40 and Ap42
concentrations in these soluble fractions were quantitatively
analyzed, confirming that the human AD brain possesses much
more abundant AB40 in the soluble fractions (Appendix Fig S5G).
Colonic injection of the human AD brain soluble extracts and the
SxFAD brain soluble extracts in wild-type mice demonstrated that

© 2021 The Authors
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Figure 3. DSS triggers C/EBPpB/5-secretase activation in 3xTg mice, leading to synaptic degeneration.

A Immunofluorescent staining of C/EBPB (red) and AEP (green), Iba-1 (red) and AEP (green), cleaved Tau N368 (red) and AT8 (green), cleaved APP C856 (red) and AB
(green), T22 (red) and AT8 (green) in cerebral cortex of brains from DSS-treated mice. Scale bar: 20 um. White arrows indicate that C/EBPPB and AEP were co-localized

in mouse brain.

B Quantitative analysis of AEP-positive cells and C/EBPB-positive cells, respectively. The density of both AEP-positive cells and C/EBPB-positive cells was significantly
decreased through knocking down C/EBPB or knocking out AEP in mice. Representative data of five samples, data are shown as mean= SEM. *P = 0.0390,

***p=0,0002, ****P < 0.0001, one-way ANOVA.

C Quantitative analysis of AT8-positive cells (left) and TauN368-positive cells (right), respectively. The density of both AT8-positive cells and TauN368-positive cells was
significantly decreased through knocking down C/EBPP or knocking out AEP in mice. n=5 in each group, data are shown as mean+ SEM. *P = 0.0194, ***P = 0.0001,

***%p < (0.0001, one-way ANOVA.

D Quantitative analysis of AB-positive cells (left) and APPC586-positive cells (right), respectively. The fluorescence intensity of AB-positive cells and the
density APPC586-positive cells were significantly decreased through knocking down C/EBPB or knocking out AEP in mice. Representative data of five
samples, data are shown as mean+ SEM. *P=0.0107, **P =0.0048 (3xTg vs. 3xTg AEP KO), **P=0.0044 (3xTg vs. WT), ***P =0.0006, ****P<0.0001, one-way

ANOVA.

E Quantitative analysis of AT8-positive cells (upper) and T22-positive cells (lower), respectively. The fluorescence intensity of both AT8-positive cells and T22-positive
cells was significantly decreased through knocking down C/EBPB or knocking out AEP in mice. Representative data of five samples, data are shown as mean+ SEM.
**p=0,0014 (3xTg vs. 3xTg C/EBPB™), **P=0.0030 (3xTg vs. 3xTg AEP KQ), ***P = 0.001, ****P < 0.0001, one-way ANOVA.

F Representative electron microscopy of the synaptic structures in hippocampus of brains from DSS-treated mice. Red stars indicate the synapses (scale bar: 1 um).
The dendritic spines from the apical dendritic layer of the cerebral cortex region were analyzed by Golgi staining (scale bar: 5 um).

H Quantitative analysis of the synaptic densities in DSS-treated mice. Representative data of five samples, data are shown as mean + SEM. ****P<0.0001, one-way

ANOVA.

| Quantitative analysis of the spine density. Representative data of five samples, data are shown as mean & SEM. ****P <0.0001, one-way ANOVA.

Ap fibrils from both samples transport along the vagus nerve (Fig
6C). HT7 staining showed that fibrillized human Tau from AD
patient brain extracts also spread along the vagus nerve, whereas
the signal was barely detected with 5xFAD brain extracts (Fig6D),
supporting that the THC signals are specific and consistent with
results with recombinant Af and Tau N368 fibrils. Thus, our find-
ings indicate that AP and Tau N368 fibrils can spread along the
vagus nerve from the gut into the brain.

Colonic injection of recombinant A and Tau N368 fibrils
activates C/EBPp/d-secretase axis in the brain

To explore whether recombinant AB or Tau N368 fibrils translocated
from the colon to the brain induce the activation of C/EBPB/d-
secretase pathway, we conducted IF co-staining on brain sections 6
months after colonic injection. d-secretase was evidently augmented
in the hippocampus in wild-type mice by both AB and Tau N368 fib-
rils, and it was tightly co-localized with fluorescent ATTO 550
signals. Moreover, p-C/EBPf, an activated form of the protein, was
also robustly elevated by AP and Tau N368 fibrils, co-distributed in
the cells stained with ATTO 550. By contrast, no p-C/EBPf or &-
secretase activities were stimulated in the brain by fluorescent dye
alone after colonic injection (Fig7A). To assess the behavioral
impact of AB and Tau N368 fibril spread into the brain, we
performed cognitive behavioral tests. MWM assays showed that
wild-type mice inoculated with pre-formed fibrils (PFFs) of ATTO
550-conjugated AP or Tau N368 in the colon exhibited impaired
memory in the MWM probe trial (Fig7B). Other measures, includ-
ing the latency to mount the submerged platform across trials, swim
path distances, and swim speed during MWM training, were compa-
rable between groups (Fig 7C-G). The swim speed and swim path
distances by these mice remained approximately the same (Fig 7E—
G). Therefore, these studies indicate that recombinant Af or Tau
N368 fibrils propagate from the gut into the brain, where they acti-
vate C/EBPp/d-secretase signaling, leading to spatial memory recall
deficits in wild-type mice.

8 of 21 The EMBO Journal ~ 40: €106320 | 2021

Vagotomy blunts AD pathologies in 3xTg mice induced by Colonic
inoculated AD brain extracts

To examine whether A and Tau N368 fibrils derived from AD
patient brain extracts can stimulate C/EBPP/d-secretase signaling
and accelerate AD pathology onset, we injected soluble AD
patients’ brain extracts or PBS control in the colon of 2-month-
old 3xTg mice. Four months later, we observed that both C/EBPf
and d-secretase were prominently escalated in AD brain lysate,
and vagotomy significantly diminished these signals compared
with the control side (Fig8A and B). To assess whether active o-
secretase triggers APP cleavage and leads to Af accumulation, we
conducted IF co-staining with anti-APP C586 and anti-Af and
found that more truncated APP C586 co-localized with enhanced
AP in AD brain lysate-injected group versus PBS. Vagotomy
notably reduced these activities (Fig8C and D). Moreover, AD
brain lysates potently provoked Tau aggregation, as visualized by
conspicuous T22 staining, and d-secretase-cleaved Tau N368 and
AT8 immunoreactivity were reduced upon vagotomy (Fig8E and
F). Immunoblotting analysis showed that vagotomy diminished
total and p-C/EBPf, as well as o-secretase. Consequently, APP
N585, Tau N368, and p-Tau AT8 abundance were decreased
(Appendix Fig S6A). Enzymatic assays revealed that AD brain
extract-provoked d-secretase was repressed by vagotomy surgery
(Appendix Fig S6B). Quantitative ELISA revealed that Ap42
concentrations in soluble fraction, but not guanidine-HCl fraction,
significantly ~ diminished upon vagotomy treatment
(Appendix Fig S6C), consistent with the reduced d-secretase activ-
ity and APP NS85 cleavage by vagotomy in AD brain extract-
injected 3xTg mice. AD brain extract-injected mice displayed more
abundant hippocampal Tau N368 compared with those received
PBS, which was also attenuated upon vagotomy (Appendix Fig
S7A and B). Neuronal loss, as detected with cleaved caspase-3
antibody and NeuN staining, was amplified by AD brain lysate
administration, and again vagotomy rescued neuronal degenera-
tion (Appendix Fig S7C and D). Thus, vagotomy diminishes

were
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Figure 4. Vagotomy attenuates DSS-elicited AD pathologies in 3xTg mice.

Chun Chen et al

A Immunoblot showing p-C/EBPB, C/EBPB, AEP, APP, and Tau expression and processing in mouse colon of 3xTg mice with neither DSS treatment nor single side
vagotomy, with both DSS treatment and single side vagotomy, or with DSS treatment but no single side vagotomy.

B Immunoblot showing p-C/EBPPB, C/EBPP, AEP, APP, and Tau expression and proteolytic processing in mouse brain.

C AEP activity assay in colon lysates from pre-vagotomy DSS-treated, DSS-treated, and vehicle-treated 3xTg mice. DSS treatment escalated AEP activity in colon of 3xTg
mice, which was reversed by vagotomy. Data represent the mean + SEM; representative data of three samples; ***P = 0.0002, **P = 0.0013 compared with control,

one-way ANOVA.

D AEP activity assay with brain lysates from different brain hemispheres of single side pre-vagotomy DSS-treated 3xTg mice. Data represent the mean =+ SEM;
representative data of three samples; *P = 0.0162 compared with control, one-way ANOVA.

E Gastrointestinal permeability barrier defect as determined by FITC-dextran translocation in pre-vagotomy DSS-treated, DSS-treated, and vehicle-treated
3xTg mice. Data represent the mean + SEM; representative data of three samples; *P=0.0126, ***P = 0.0002 compared with control, one-way

ANOVA.

F  Pro-inflammatory cytokines IL-6, IL-1f, and TNFa concentrations in colon lysates of vehicle-treated 3xTg mice, DSS-treated single side vagotomy 3xTg and DSS-
treated 3xTg, respectively. Representative data of three samples; data are shown as mean + SEM. *P = 0.0372, **P = 0.0050, ***P = 0.0008, ****P < 0.0001 compared

with control, two-way ANOVA.

G Immunofluorescent staining of AEP (red) and C/EBP (green), cleaved Tau N368 (red) and AT8 (green), cleaved APP C856 (red) and A (green), T22 (red) and AT8 (green)
and Iba-1(red) of the cerebral cortex in different brain hemispheres of pre-vagotomy DSS-treated 3xTg mice. Scale bar: 20 um. White arrows indicate that C/EBPJ and
AEP, Tau N368 and AT8, and T22 and AT8 were co-localized in mouse brain, respectively.

H Representative electron microscopy of the synaptic structures in hippocampus. Red stars indicate the synapses (scale bar: 1 um).

| The dendritic spines from the apical dendritic layer of the cerebral cortex region were analyzed by Golgi staining (scale bar: 5um).

] Quantitative analysis of the synaptic densities in DSS-treated mice. Representative data of five samples, data are shown as mean & SEM. ****P < (0.0001, unpaired

t-tests.

K Quantitative analysis of the spine density. Representative data of five samples, data are shown as mean & SEM. ***P = 0.0001, unpaired t-tests.

Source data are available online for this figure.

multiple AD-like neuropathologies in the brain elicited by gut
inoculation with AD patient brain extracts in young 3xTg mice.

Discussion

In the current work, we provide compelling evidence that recombi-
nant A or Tau N368 fibrils can be transported from the injected gut
along the vagus nerve into the brainstem in wild-type C57/BL6
mice, where they spread to anatomically connected brain regions
including the DMVA, LC, and hippocampus. These exogenous
pathogens trigger C/EBPf/d-secretase pathway activation in the
hippocampus, leading to cognitive deficits. Noticeably, colonic infu-
sion of AD brain extracts, which encompass both A and Tau N368
fibrils, into the gut of young 3xTg mice also travels along the vagus
nerve and activates the C/EBPP/d-secretase pathway, accelerating
AD-like pathologies in the hippocampus. This process depends on
the vagus nerve, which when resected can ameliorate the spread of
pathology and cognitive impairment. In addition, we show that
chronic treatment of 3xTg mice with 1% DSS facilitates C/EBPB/5-
secretase signaling activation and AD pathologies in both the gut
and the brain, while deletion of either C/EBPJ or §-secretase from
3xTg mice abrogated the AD pathologies. Remarkably, vagotomy
completely suppressed DSS-elicited C/EBPp/d-secretase signaling
and AD pathologies in both organs of 3xTg mice on the surgically
ablated side without affecting the control side, indicating that the
vagus nerve mediates AD pathogenesis from the gut into the brain.
Although cleaved (N368) and aggregated (T22-positive) Tau co-
localized with p-Tau (AT8) in the brain (Figs 3A and 4G), it remains
unclear why T22 signals were not co-localized with AT8 in the gut
upon DSS stimulation (Appendix Fig S3C) or in 17-month-old 3xTg
mice (Fig 1B).

When PD patient brain lysates or recombinant o-Syn aggregates
were infused into the intestinal wall in rats, o-Syn pathology was
propagated via the vagus nerve to brainstem cholinergic neurons

10 of 21 The EMBO Journal ~ 40: €106320 | 2021

(Holmgqvist et al, 2014). Similarly, when a viral vector expressing
human a-Syn was injected directly into the vagus nerve in the neck,
a-Syn pathology developed in brainstem neurons and spread to the
midbrain and cerebral cortex (Ulusoy et al, 2013). In the current
work, we also injected AD patient brain extracts or SXFAD mouse
brain extracts or recombinant Af or Tau N368 fibrils into the guts
of 3xTg or wild-type mice and found that both A and Tau fibrils
propagated along the vagus nerve into the brain regardless of
patient-derived species or in vitro recombinant strains (Figo6).
These results are consistent with prion-like seeded aggregation of
misfolded abnormal proteinaceous assemblies in neurodegenera-
tive diseases (Jucker & Walker, 2018). One possibility is that vago-
tomy blunts the transport of proteinaceous aggregates from the GI
to the brain in 3xTg mice, thus offering protection from the spread
of proteopathic seeds and cognitive dysfunction. Therefore, these
findings demonstrate that, like Lew body fibrils in PD, AD-related
aggregates including AP and Tau N368 seeds can spread from the
gut into the brain, and suggest that chronic gut inflammation
contributes to AD pathogenesis.

Accumulating evidence links gut microbiota with neuropsychi-
atric and neurological diseases, and its relationship with neurode-
generative diseases is particularly intriguing. The intestinal
microbiota is a large and diverse collection of microorganisms that
play a crucial role in regulating host health. Recently, studies have
highlighted that changes in intestinal microbiota contribute to brain
dysfunction in various neurological diseases including AD (Seo &
Holtzman, 2019). Microbiota compositions are altered in AD
patients and animal models, and these changes may increase intesti-
nal permeability and induce inflammation (Garcez et al, 2019).
Dysbiosis causes gut inflammation, diarrhea, constipation, visceral
hypersensitivity, abdominal pain, dysfunctional metabolic state, and
peripheral immune and neuro-immune communication. Pathogenic
gut microbiota are known to upregulate gut and systemic inflamma-
tion (due to LPS from pathogenic bacteria and synthesis of pro-
inflammatory cytokines; Daulatzai, 2015). Bacterial endotoxins may

© 2021 The Authors
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Figure 5. DSS-induced cognitive dysfunction in 3xTg mice is rescued through knocking out C/EBPB/3-secretase or vagotomy.

A B Cued and contextual fear-conditioning tests. Data represent the mean =+ SEM of n = 6-8 mice per group; **P = 0.0067 (3xTg + DSS vs. 3xTg ctrl), **P = 0.0059 (3xTg +
DSS vs. 3xTg R-vagotomy + DSS), ***P = 0.0009, two-way ANOVA (A); **P = 0.0086 (3xTg + DSS vs. 3xTg ctrl), **P = 0.0085 (3xTg + DSS vs. 3xTg R-vagotomy + DSS),
***p =0.0005, one-way ANOVA (B).

C Body weight changes of the experimental mice during the experimental paradigm. Data represent the mean+ SEM of n = 8 mice per group; ****P < 0.0001, two-
way ANOVA.

D Survival rate curve of the experimental mice during the experimental paradigm.
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Figure 6. Colonic-injected Ap PFFs, Tau N368 PFFs, AD patient brain extracts, or 5xFAD brain extracts travel along the vagus nerve to brain stem in WT mice.

A Immunofluorescent staining showed ATTO 550-labeled AB PFFs (pre-formed fibrils) and Tau N368 PFFs traveling along the vagus nerve in WT mice at different time
points. White arrows shows that ATTO 550 signals and AB PFFs (pre-formed fibrils) signals, and ATTO 550 signals and Tau N368 PFFs were co-localized in the vagus
nerve, indicating the positive signals were from the injected exogenous pre-form fibrils.

B Immunofluorescent staining showed ATTO 550-labeled AB PFFs and Tau N368 PFFs spread into different brain regions in WT mice 3 months after colonic injection.

Scale bar: 20 um.

C Immunohistochemistry staining of human AP propagating along the vagus nerve from WT mice colonic-injected with PBS, AD brain extracts, or 5xFAD brain extracts,
using human-specific AB antibody (BANS0). Black arrows indicate the human A in mouse vagus nerve.

D Immunohistochemistry staining of human Tau propagating along the vagus nerve from WT mice colonic-injected with PBS or AD brain extracts, using human Tau-
specific antibody (HT7). Black arrows indicate the human Tau in mouse vagus nerve.

Source data are available online for this figure.

play a key role in the inflammatory and pathologic processes associ-
ated with amyloidosis and AD (Asti & Gioglio, 2014), as bacterial
components, such as endotoxins, have been found within the typi-
cal senile plaque lesions of the AD brain. Most recently, it has been
proposed that AD may begin in the gut, and is closely related to the
imbalance of gut microbiota (Sochocka et al, 2019). For instance,
AD pathology in APP/PS1 mice shifts the gut microbiota toward pro-
files that share features with inflammatory disorders (Bauerl et al,
2018). Furthermore, antibiotic-induced perturbations in microbial
diversity alter amyloid pathology in aged APP/PS1 mice (Minter
et al, 2017). Conceivably, due to the gut leakage during aging, the
metabolites from gut microbiota elicit chronic gut inflammation,
which stimulates C/EBPB, and AP or inflammatory cytokine-
activated transcription factor. Active C/EBPP strongly upregulates
inflammatory cytokines (Straccia et al, 2011) and &-secretase expres-
sion in the gut, in addition to APP and MAPT (Kfoury & Kapatos,
2009). Consequently, escalated APP and Tau proteins are cleaved
by active d-secretase, promoting AR and NFTs pathologies in the
enteric nervous system (Figs 1-4). We report findings in the colon
from AD patients (Fig1D) and 3xTg mice chronically treated with
DSS (Figs 2-4), which are consistent with the notion that the host
bacteria amyloids contribute to misfolding and amyloidogenic
diseases such as AD (Schwartz & Boles, 2013; Mezo et al, 2020).
The vagus nerve links the viscera with the brain and is an important
communication pathway for the gut microbiota to influence brain
and behavior. Within the small and large intestine, vagal afferents
terminate in the muscle layer as well as in the mucosa. In the
muscle layer, vagal afferents form intra-ganglionic laminar endings
and intramuscular arrays, while some vagal fibers synapse onto
neurons from the enteric nervous system (Fulling et al, 2019).
Unlike other risk factors and genetic causes of AD, neuroinflamma-
tion is not typically thought to be causal on its own, but rather a
result of one or more AD pathologies or risk factors associated with
AD, and serves to increase the severity of the disease by exacerbat-
ing B-amyloid and tau accumulation (Kinney et al, 2018). However,
our study shows that local DSS-triggered gut leakage and inflamma-
tion itself robustly activates C/EBP/4-secretase signaling, which

drives A aggregation and Tau fibrillization in the gut (Figs 2—4 and
Appendix Fig S3). These observations are in alignment with the
hypothesis that inflammation increases p-amyloid burden and
drives AD pathogenesis (Irwin & Vitiello, 2019). The gut microbiota
might be capable of influencing homeostasis by changing the prop-
erties of vagus nerve signaling and related neuronal networks
(Bonaz et al, 2016).

d-secretase-cleaved Tau N368 fragment is detectable in human
AD brains, and it is more prone to fibrillization than full-length (FL)
Tau (Zhang et al, 2014; Leuzy et al, 2019). Tau N368 fibrils have
greater neurotoxicity and trans-synaptic neuronal spreading capacity
than FL Tau. o-Syn N103/Tau N368 fibrils act as seeds to induce
phosphorylation and aggregation of endogenous Tau or o-Syn
within neurons, and leads to cell-to-cell transmission of pathologies
in anatomically interconnected regions after intra-striatal or colonic
inoculation. Tau N368 fibrils or a-Syn N103/Tau N368 fibrils propa-
gate in the vagus nerve of a-SNCA mice and wild-type mice (Ahn
et al, 2019). Previous studies demonstrate that both Tau and a-Syn
pathologies spread to distant and synaptically connected regions
(Luk et al, 2012; Sanders et al, 2014). Tau displays different confor-
mations in different tauopathies, and they possess various strains
with different propagation and prion-like properties. Moreover, the
distinct strains in various tauopathies reveal differential cellular and
brain region predispositions (Sanders et al, 2014). Furthermore,
some Tau strains can only be propagated in Tau P301S transgenic
mice but not wild-type mice. Hence, we chose to focus Tau N368
instead of FL Tau in the current study. Pathological o-Syn propa-
gates along major CNS pathways to regions far beyond injection
sites and reduces survival with a highly reproducible interval from
injection to death in inoculated animals, and inoculation with a-Syn
fibrils assembled from recombinant human «-Syn induces identical
consequences (Holmqvist et al, 2014). Remarkably, colon-
inoculated o-Syn N103/Tau N368 fibrils propagate much more
slowly in SNCA/AEP-null mice than in a-SNCA/AEP wild-type mice,
suggesting that d-secretase participates in mediating the fibril trans-
portation and spreading of o-Syn and Tau pathologies (Ahn et al,
2019). In the current study, we also show recombinant fluorescent-

Figure 7. Colonic inoculation of recombinant Af PFFs or Tau N368 PFFs activates C/EBPB/5-secretase pathway in WT mice brain.

A Immunofluorescent staining of AEP and p-C/EBP in cerebral cortex of brains of WT mice 6 months after colonic inoculation with either AR PFFs or Tau N368 PFFs.
Scale bar: 20 pm. White arrows indicate that AEP and p-C/EBP signals (green) were co-localized with ATTO 550 signals (red), respectively.

B-G Morris water maze test. Data represent the mean + SEM. Colonic-injected mice (n =7 per group) were trained in the water maze over five days. Shown are the
percentage of time spent in the target quadrant in the probe trail, *P = 0.0362, **P = 0.0072, unpaired t-tests (B), Latency to platform, *P = 0.0434, *P = 0.0166, two-
way ANOVA (C), the area under curve of Latency (AUC Latency) (D), Swim Speed (E), Swim Path Distance (F), the area under curve of Swim Path Distance (AUC

distance) (G).

Source data are available online for this figure.
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Figure 8. Colonic injection of AD brain extracts activates C/EBPf/3-secretase pathway in 3xTg mice brain.

A Immunofluorescent staining of AEP (red) and C/EBP (green) in CA1 region from hippocampus of brains from colonic-injected PBS, colonic-injected AD brain extracts,

and pre-vagotomy colonic-injected AD brain extracts 3xTg mice. Scale bar: 20 um.

B Quantitative analysis of AEP-positive cells and C/EBPB-positive cells, respectively. The density of both AEP- and C/EBPB-positive cells was significantly increased by
colonic injection of AD brain extracts and decreased through vagotomy before colonic injection. Representative data of three samples, data are shown as mean +

SEM. **P = 0.016, ****P <0.0001, one-way ANOVA.

C Immunofluorescent staining of cleaved APPC586 (red) and AP (green) in cerebral cortex of brains from colonic-injected PBS, colonic-injected AD brain extracts, and

pre-vagotomy colonic-injected AD brain extracts 3xTg mice.

D Quantitative analysis of cleaved APP C586-positive cells and AB-positive cells, respectively. The density of both cleaved APP C586-positive cells and AB-positive cells
was significantly increased by colonic injection of AD brain extracts and decreased through vagotomy before colonic injection. Representative data of three samples,

data are shown as mean £ SEM. ****P <0.0001, one-way ANOVA.

E Immunofluorescent staining of T22 (red) and HT7 (green) in cerebral cortex of brains from colonic-injected PBS, colonic-injected AD brain extracts, and pre-vagotomy

colonic-injected AD brain extracts 3xTg mice.

F Quantitative analysis of T22-positive cells. The density of T22-positive cells was significantly increased by colonic injection of AD brain extracts and decreased through
vagotomy before colonic injection. Representative data of three samples, data are shown as mean =+ SEM. ***P = 0.0007, ****P < 0.0001, one-way ANOVA.

tagged Tau N368 fibrils, A fibrils, and A fibrils from AD brain or
S5xFAD brain extracts transport along the vagus nerve in wild-type
mice (Fig6). Previous studies show that FL Tau fibrils spread from
neuron-to-neuron only in the context of human a-Syn or Tau over-
expression; they can propagate in a-SNCA or Tau P301S transgenic
mice but not wild-type mice (Sanders et al, 2014). In order to
explore the spread of AD brain extract-containing fibrils from the
gut to the brain and subsequent potential pathological effects by the
exogenous fibrils, we employed 3xTg mice and vagotomy surgery
(Fig 7; Appendix Fig S6 and S7).

Our findings demonstrate that chronic mild gut inflammation
induced by a low concentration (1%) of DSS in the drinking water
is sufficient to accelerate the onset of cognitive dysfunction in the
3xTg mouse model of AD. Compared to control 3xTg mice, those
subjected to experimental chronic low-grade gut inflammation
displayed robust activation of C/EBP/d-secretase signaling in both
the gut and the brain, associated with exacerbation of A and NFT
pathology, neuroinflammation, and synapse loss. As predicted,
deletion of C/EBPJ or d-secretase from 3xTg mice reduced AD-like
neuropathology in both the colon and the brain of 3xTg/C/
EBPB'/~ and 3xTg/AEP~/~ (Figs2 and 3). Moreover, vagotomy in
3xTg also strongly diminished C/EBP/d-secretase signaling and
AD pathologies (Fig4). These findings show that local gut
inflammation can trigger or exacerbate brain Ap and NFT patholo-
gies and neuronal degeneration by a mechanism involving vagus
nerve-mediated propagation of the AD processes from the gut to
the brain. In support of our observations, previous studies have
already shown that vagus nerve stimulation (VNS) has a cognitive-
enhancing effect in AD patients (Sjogren et al, 2002; Merrill et al,
2006). Information from the vagus nerve is relayed in the brain-
stem, where gut vagal afferents synapse onto neurons in the NTS.
GI vagal afferents in the NTS are topographically organized, with
afferents from the stomach projecting to the medial and gelatinous
nucleus, and afferents from the intestines synapsing onto neurons
in the medial and commissural nucleus (Fulling et al, 2019).
Together, our findings support a model in which AP and NFTs
pathogenic aggregates can propagate from the gut into the brain
via the vagus nerve, and this process is mediated by the C/EBPf/-
d-secretase pathway. Modulation of gut microbiota through person-
alized diet or beneficial microbiota intervention to diminish gut
inflammation may have utility for the treatment of brain disorders
including AD.
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Materials and Methods
Mice

3xTg mice were ordered from the Jackson Laboratory (34830). Since
some of the homozygous mutations are lethal on pure-strain back-
grounds, C/EBPB mice were maintained as heterozygotes on two
separate strain backgrounds (C57BL/6 and 129 Sv). These two strains
were crossed to generate viable F1 hybrid wild-type and C/EBPB ™/~
littermates, which were used for aging studies. AEP-knockout mice
on a mixed C57BL/6 and 129/0la background were generated as
reported. (Shirahama-Noda et al, 2003) The following animal groups
were analyzed: 3xTg, 3xTg/C/EBPB"~, and 3xTg/AEP™/~. Both
female and male mice were used. Animal care and handling were
performed according to NIH animal care guidelines and the Declara-
tion of Helsinki and Emory Medical School guidelines. The protocol
was reviewed and approved by the Emory Institutional Animal Care
and Use Committee. The animals were randomly allocated to experi-
mental groups. Investigators were blinded to group allocation during
the animal experiments. In chronic DSS treatment experiment, 3xTg,
3ng/C/EBP[3+/’ and 3xTg/AEP KO mice were provided 1%DSS in
drinking water beginning at 8-9 weeks of age through 24-25 weeks
of age; two batches of wild-type mice were provided 1% DSS in
drinking water beginning at 8 weeks of age, and the treatment lasted
for 4 weeks and 4 months, respectively. Vagotomy procedure were
performed on 3xTg mice and wild-type mice 4 days before DSS treat-
ment started. Mice were anesthetized with isoflurane, and meloxi-
cam (2mg/kg) was injected subcutaneously for analgesics. After
cervical midline incision, vagus nerve around common carotid artery
was isolated and cut on one side.

Antibodies and reagents

d-secretase antibody (clone 6E3 and 11B7) was a present from Dr.
Colin Watts, University of Dundee. TrkB antibody was from BioVi-
sion (Milpitas, CA). Phospho-TrkB Y816 antibody was raised against
[H]-CKLQNLAKASPV-pY-LDILG-[OH] (a.a.806-822) (EM437 and
EM438) as rabbit polyclonal antibody. 4-HNE antibody was from
Abcam (SF, CA). AP, AT8, AT100, Tau 5, tubulin, and beta-actin
antibody were from Sigma-Aldrich (St Louis, MO). CEBP/B (H-7)
antibody was bought from Santa Cruz Biotechnology (Dallas,
Texas). Legumain (D6S4H) and p-C/EBPf antibodies were bought
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from Cell Signaling Technology (Boston, MA). Iba-1 antibodies were
bought from FUJIFILM Wako Pure Chemicals Corporation (Rich-
mond, VA). Histostain-SP kit and AP 1-42 and Ap 1-40 ELISA kit
were from Invitrogen (Grand Island, NY). TNF-o, IL-1B and IL-6
ELISA kits were from eBioscience (San Diego, CA). All chemicals
not included above were purchased from Sigma-Aldrich.

Western blot analysis

The mice brain tissue was lysed in lysis buffer (50 mM Tris, pH 7.4,
40 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1.5 mM Na3;VO,, 50
mM NaF, 10mM sodium pyrophosphate, 10mM sodium f-
glycerophosphate, supplemented with protease inhibitors cocktail)
and centrifuged for 15 min at 16,000 g. The supernatant was boiled
in SDS loading buffer. After SDS-PAGE, the samples were trans-
ferred to a nitrocellulose membrane. Western blotting analysis was
performed with a variety of antibodies.

Immunostaining

Paraffin-embedded mouse brain and colon sections went through
dewaxing and rehydration process by incubating the slides in xylene
first and then immerse them into decreasing percentage of ethanol.
The sections were boiled in 10 mM citric acid for 20 min followed by
room temperature cooling down for antigen retrieval. Then, sections
were treated with 3% H,O, for 10 min followed by 3 times of wash in
PBS and 30 min blocking in 1% RIA-BSA and 0.3% Triton X-100 as
well as the overnight incubation with p-TrkB (Y816, homemade,
1:300), 4-HNE antibody (Abcam, 1:50), and AP antibody (Sigma-
Aldrich, 1:500) at 4°C. The signal was developed using Histostain-SP
kit (Invitrogen). To detect the localization of CEBP/f and p- CEBP/f,
the slides were incubated with CEBP/f3 antibody (H-7) (1:100) and p-
CEBP/B antibody (1:200) at 4°C. To detect the localization of AEP,
AEP-derived Tau fragment, and phosphorylated Tau in mouse brain
section, the slides were incubated with AEP antibody (11B7) (1:500,
from Dr. Colin Watts, University of Dundee), Tau N368 (homemade,
1:1,000), and AT8 (Thermo, MN1020, 1:500) at 4°C. After overnight
incubation, the slides were washed three times in PBS and incubated
with Texas Red-conjugated anti-rabbit IgG or FITC-conjugated anti-
mouse IgG for 1 h at room temperature. The slides were washed three
times in PBS and then covered with a glass cover using mounting
solution and examined under a fluorescence microscope (Olympus).

Golgi staining

Mice brains were fixed in 10% formalin for 24 h and then immersed
in 3% potassium bichromate for 3 days in the dark. The solution
was changed each day. Then, the brains were transferred into 2%
silver nitrate solution and incubated for 24 h in the dark. Vibratome
sections were cut at 60 um, air-dried for 10 min, dehydrated through
95% and 100% ethanol, cleared in xylene, and coverslipped. For
measurement of spine density, only spines that emerged perpendic-
ular to the dendritic shaft were counted.

AP plaque staining

Amyloid plaques were stained with Thioflavin S. The deparaffinized
and hydrated sections were incubated in 0.25% potassium
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permanganate solution for 20 min, rinsed in distilled water, and
incubated in bleaching solution containing 2% oxalic acid and 1%
potassium metabisulfite for 2 min. After rinsed in distilled water, the
sections were transferred to blocking solution containing 1%
sodium hydroxide and 0.9% hydrogen peroxide for 20 min. The
sections were incubated for 5s in 0.25% acidic acid and then
washed in distilled water and stained for 5 min with 0.0125% Thio-
flavin S in 50% ethanol. The sections were washed with 50%
ethanol and placed in distilled water. Then, the sections were
covered with glass cover using mounting solution.

AB ELISA

The mice brains were homogenized in 8X mass of 5M guanidine-
HCl/50 mM Tris—HCI (pH 8.0) and incubated at room temperature
for 3h. Then, the samples were diluted with cold reaction buffer
(phosphate-buffered saline with 5% BSA and 0.03% Tween 20,
supplemented with protease inhibitor cocktail) and centrifuged at
16,0008 for 20min at 4°C. The supernatant was analyzed by
human AB40 and AP42 ELISA kit according to the manufacturer’s
instructions (KHB3481 and KHB3441, respectively, Invitrogen).
The AP concentrations were determined by comparison with the
standard curve.

Th-T assay

Th-T stocking solution was prepared by adding 8 mg Th-T to 10 ml
PBS and filtering through a 0.2-um syringe filter (Sigma-Aldrich,
Cat# T3516). The stocking solution was diluted into the phosphate
buffer (1 ml Th-T stock to 50 ml buffer) to generate the working
solution. Th-T working solution with PFFs (7 uM) was excited at
440 nm and emitted at 482 nm to measure the fluorescence intensity
on the plate reader (BioTek, #251639, Vermont, USA). For the PFF
seeding test, different ratios of mixed PFFs/monomer (1:10, 1:35,
1:70 and 1:100) were incubated on the orbital shaker at 37°C for 1
h. The fluorescence values onto plate reader were recorded.

Transmission electron microscopy (TEM)

Electron microscopy images were taken from Tau N368 PFFs. The
samples (5 pul) were deposited on Formvar-coated 400 mesh copper
grids, fixed with 0.5% glutaraldehyde, negatively stained with 2%
uranyl acetate (Sigma-Aldrich, Germany), and screened by CM-10
TEM.

AEP activity assay

Tissue homogenates or cell lysates (10 pg) were incubated in 200 pl
reaction buffer (20 mM citric acid, 60 mM Na,HPO,, 1 mM EDTA,
0.1% CHAPS, and 1mM DTT, pH 5.5) containing 20 uM AEP
substrate Z-Ala-Ala-Asn-AMC (Bachem). AMC released by substrate
cleavage was quantified by measuring at 460 nm in a fluorescence
plate reader at 37°C in kinetic mode.

Generation of TauN368 PFFs

TauN368 fibrils were prepared in reactions (500ul per tube)
containing 3 mg/ml Tau N368 protein monomers in PFF reaction
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buffer (50 mM Tris—HCl, pH 7.4, 50 mM NaCl). The protein was
incubated for several days at 37 °C, with orbital shaking at 300 rpm
until samples appeared cloudy. Usually, the reactions were
subjected to 7-9 days shaking for the PFF generation. PFFs were
validated by TEM morphology.

Generation of Ap PFFs

Recombinant AB1-42 HFIP was purchased from rPeptide®. The fib-
ril was prepared through adding 900 pl of deionized water to one
vial following 2 s vortex and incubation on ice for 5 mins. Repeated
the procedure till 30 mins. Then add 100 pl of fibril-forming buffer
(0.2 M NaPi, 1.5M NaCl, 0.2% NaNj, pH 7.5) to the vial to make
final concentration at 1 mg/ml and vortex. Seal tube and place at
37°C for one week, vortexing daily (15s each time). Fibrils are
stored at —80°C. Fibril formation was validated by Th-T assay.

Human tissue extracts preparation

Postmortem human AD brain samples and gut biopsy tissues were
procured in accordance with institutional guideline and approved
by Emory School of Medicine and Capital Medical University Institu-
tional Review Board. Tissue for preparation of extract was derived
at autopsy from the temporal cortex of two people who had died of
confirmed Alzheimer’s disease provided by Emory ADRC (Goizueta
Alzheimer’s Disease Research Center). Neuropathological examina-
tion revealed profuse senile plagues and neurofibrillary tangles in
the temporal cortex of all two Alzheimer’s subjects and fulfilled the
Consortium for the Establishment of a Registry for Alzheimer’s
Disease (CERAD) criteria for AD. Tissue samples were fresh-frozen
on dry ice and stored at —80°C. They were homogenized at 10%
(W/V) in sterile HBSS, vortexed for 2 min, probe-sonicated for 3 s,
revortexed, and centrifuged at 3,000g for 5min to remove tissue
debris. The supernatant was recovered and further diluted 1:10 (v/v,
in HBSS) to a final concentration of 1% immediately before colono-
scopy injection.

Mouse colonoscopy injection

A high-resolution miniaturized colonoscope system (Coloview
Veterinary Endoscope, Karl Storz) was used for colonoscopy injec-
tion of PFF solutions (5 pug per mouse). This system consisted of a
miniature rigid endoscope (1.9 mm outer diameter), a xenon light
source, a triple-chip high-resolution charge-coupled device camera,
and an operating sheath with instrument channels (all from Karl
Storz). The endoscope with outer operating sheath was inserted into
the mid-descending colon and the injection was performed with the
aid of a custom-made device comprising a needle (OD: 0.2 mm)
connected to a small tube fitted with a syringe. Colonoscopy injec-
tion procedures were viewed with high-resolution (1,024 x 768
pixels) live video on a flat-panel color monitor.

Morris water maze (MWM)

Experimental mice were trained in a round, water-filled tub (52
inches in diameter) in an environment rich with extra maze cues. An
invisible escape platform was located in a fixed spatial location 1 cm
below the water surface independent of a subject start position on a
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particular trial. In this manner, subjects needed to utilize extra maze
cues to determine the platform’s location. At the beginning of each
trial, the mouse was placed in the water maze with their paws touch-
ing the wall from 1 of 4 different starting positions (N, S, E, W). Each
subject was given 4 trials/day for 5 consecutive days with a 15-min
intertrial interval. The maximum trial length was 60 s, and if subjects
did not reach the platform in the allotted time, they were manually
guided to it. Upon reaching the invisible escape platform, subjects
were left on it for an additional 5 s to allow for survey of the spatial
cues in the environment to guide future navigation to the platform.
After each trial, subjects were dried and kept in a dry plastic holding
cage filled with paper towels to allow the subjects to dry off. The
temperature of the water was monitored every hour so that mice
were tested in water that was between 22 and 25°C. Following the 5
days of task acquisition, a probe trial was presented during which
time the platform was removed and the percentage of time spent in
the quadrant which previously contained the escape platform during
task acquisition was measured over 60 s. All trials were analyzed for
latency, swim path length, and swim speed by means of MazeScan.

Fear conditioning

The ability to form and retain an association between an aversive
experience and environmental cues was tested with a standard fear-
conditioning paradigm that occurred over a period of 3 d. The
mouse was placed in the fear-conditioning apparatus (7 in wide x 7
in deep x 12 in high; Coulbourn) composed of Plexiglas with a metal
shock grid floor and was allowed to explore the enclosure for 3 min.
Following this habituation period, three conditioned stimulus (CS)-
unconditioned stimulus (US) pairings were presented with a 1-min
intertrial interval. The CS was composed of a 20-s, 85-dB tone, and
the US was composed of a 2-s 0.5-mA footshock, which was coter-
minate with each CS presentation. One minute following the last
CS-US presentation, the mouse was returned to its home cage. On
day 2, the mouse was presented with a context test during which
the subject was placed in the same chamber used during condition-
ing on day 1, and the amount of freezing was recorded via a camera
and software provided by Coulbourn. No shocks were given during
the context test. On day 3, a tone test was presented during which
the subject was exposed to the CS in a novel compartment. Initially,
the animal was allowed to explore the novel context for 2 min.
Then, the 85-db tone was presented for 6 min, and the amount of
freezing behavior was recorded.

Statistical analysis

All data are expressed as mean + SEM from three or more indepen-
dent experiments, and the level of significance between two groups
was assessed with Student’s t-test. For more than two groups, one-

way ANOVA followed by LSD post hoc test was applied. A value of
P < 0.05 was considered to be statistically significant.

Data availability
This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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