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The amyloid beta (Ab) peptide is associated with the neurodegenerative and inflammatory changes in
brains affected by Alzheimer’s disease (AD). We hypothesized that the enteric nervous system also
produces Ab in an intestinal component of disease. To test this idea, we compared C57BL/6 wild-type
(WT) male and female mice to two models of Alzheimer’s disease, amyloid precursor protein (APP)/
presenilin 1 (PS1) mice and amyloid precursor protein NL-G-F (AppNL-G-F) mice, at 3, 6, and 12 months of
age. Brain Ab plaque deposition in AppNL-G-F mice preceded that in the APP/PS1 mice, observable by
3 months. Three-month-old female AppNL-G-F mice had decreased intestinal motility compared with WT
and APP/PS1 mice. However, 3-month-old female APP/PS1 mice demonstrated increased intestinal
permeability compared with WT and AppNL-G-F mice. Both sexes of APP/PS1 and AppNL-G-F mice
demonstrated increased colon lipocalin 2 mRNA and insoluble Ab 1e42 levels at 3 months. These data
demonstrate an unrecognized enteric aspect of disease in 2 different mouse models correlating with the
earliest brain changes.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Brains affected by Alzheimer’s disease (AD) are characterized by
robust accumulation of fibrillar amyloid-b (Ab) peptide containing
plaques (Akiyama et al., 1999; Kang et al., 1987). Ab is proteolytically
derived from the amyloid precursor protein (APP). In addition, the
fibrillar plaque deposition of Ab peptide is associated with micro-
glial and astroglial activation (Akiyama and McGeer, 1990; Styren
et al., 1990; Wegiel et al., 2001). Therefore, a common disease
mechanism suggests a primary neuronal dysfunction with sec-
ondary proinflammatory changes (Combs et al., 1999; Perlmutter
et al., 1990; Wisniewski et al., 1992). Ideally, earlier diagnosis of
disease can allow for timely intervention. However, accurate, early
indices of disease rely on brain imaging (Trojanowski et al., 2010;
Weiner et al., 2010). An accurate source of peripheral biomarkers,
such as from the digestive tract, may provide an inexpensive,
additional means of monitoring disease progression.

AlthoughADproduces cleardegeneration in thebrain, the central
nervous system is only one of the intricate nervous systems in the
dical Sciences, University of
Grand Forks, ND 58202-9037,

).

ll rights reserved.
body. Elderly often experience gastrointestinal dysfunction
(Camilleri et al., 2008; Everhart and Ruhl, 2009a,b; Johanson et al.,
1992; Roach and Christie, 2008; Sonnenberg et al., 1994) and the
homology between the enteric and central nervous systems is well
known (Goyal and Hirano,1996; von Boyen et al., 2002). In addition,
our priorwork aswell as that of others has demonstrated expression
of APP and its metabolite, Ab, in enteric neurons and enterocytes
(Arai et al., 1991; Galloway et al., 2007; Semar et al., 2013; Shankle
et al., 1993; Van Ginneken et al., 2011). In some instances, Ab-pla-
queelike deposits have also been shown in mouse and human in-
testines (Arai et al., 1991; Joachim et al., 1989; Puig et al., 2015a,b).
These findings suggest a role for APP expression and metabolism
during progression of AD outside the central nervous system.

To better understand whether a gut-brain connection of disease
exists, we examined the distal colon as representative of large in-
testines compared with brains using 2 mouse models of AD, APP/
presenilin 1 (PS1) and amyloid precursor protein NL-G-F (AppNL-G-F)
mice. The APP/PS1 mice express the Swedish mutation in the APP
gene and the deltaE9mutation in the PS1 gene, relying on an ectopic
promoter thus leading to supraphysiologic levels of APP. Although
thesemice demonstratedeposition of plaques and cognitive deficits,
they are also known to demonstrate artifacts that are a direct result
of APP overexpression (Fukui et al., 2007; Jankowsky et al., 2001,
2004; Nilsson et al., 2014; Reiserer et al., 2007; Saito et al., 2014,
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2016; Sood et al., 2007). The insertion of transgenesmayalso disrupt
endogenous gene loci in transgenic mice such as APP/PS1, thus pre-
senting a variable phenotype (Saito et al., 2016). As a solution, we
elected to useAppNL-G-Fmice thatwere designed such thatmouseAPP
remains under control of its endogenous promoter, eliminating
overexpression of APP (Saito et al., 2014). The APP construct, which
contains a humanized Ab region, includes the Swedish “NL” muta-
tions that promote Ab production, the Iberian “F” mutation that
causesan increase in theAb42/Ab40ratio, and theArctic “G”mutation
that promotes Ab aggregation.

Although we and others have examined intestinal pathology in
APP/PS1 mice, it has not been explored in the arguably more
physiologically relevant AppNL-G-F mice (Saito et al., 2014). This
study was designed to define the nature of any temporal disease
presentation in the gastrointestinal system in contrast to the brain
to identify whether an enteric aspect of AD exists.

2. Materials and methods

2.1. Animals

AppNL-G-F mice (KI:RBRC06344) were obtained from Dr Takashi
Saito and Dr Takaomi C. Saido, RIKEN BioResource Center, Japan.
These mice have been generated to demonstrate elevated Ab levels
without overexpressing APP. Specifically, the APP construct, which
contains a humanized Ab region, includes the Swedish “NL” mu-
tations that promote Ab production, the Iberian “F” mutation that
cause an increase in the Ab42/Ab40 ratio, and the Arctic “G” mu-
tation that essentially promotes Ab aggregation through facilitating
oligomerization and reducing proteolytic degradation. The APP/PS1
transgenic mice [strain 005864 B6.Cg-Tg (APPswe, PSEN1dE9)
85Dbo/Mmjax] and wild-type (WT) mice (C57BL/6) were obtained
from the Jackson Laboratory. APP/PS1 expresses the Swedish mu-
tation in APP and dE9 mutation in the PS1 gene, resulting in
expression of human APP and secretion of human Ab. Males and
females (n ¼ 10e12) from all 3 strains of mice (C57BL/6 [WT], APP/
PS1, and AppNL-G-F) were randomly assigned and then tested for
behavior via the cross maze and intestinal activity assays at 3, 6, and
12 months of age before tissue being collected for histochemical,
biochemical, and mRNA analyses.

2.2. Animal use

All animal use was approved by the University of North Dakota
Institutional Animal Care and Use Committee Protocol 1407-2. Mice
were provided food and water ad libitum and housed in a 12-hour
light/dark cycle. The investigation conforms to the National
Research Council of the National Academies Guide for the Care and
Use of Laboratory Animals (eighth edition).

2.3. Antibodies and reagents

Primers for real-time PCR were obtained from Invitrogen (Ther-
moFisher Scientific, Carlsbad, CA). The anti-Ab (clone D54D2) anti-
body was obtained from Cell Signaling Technology (Danvers, MA),
whereas anti-Ab antibody (Clone6E10)wasobtained fromBioLegend
(San Diego, CA). Anti-APP (Y188) antibody was purchased from
Abcam (Cambridge, MA). The Ab 1e40 and Ab 1e42 enzyme-linked
immunosorbent assay (ELISA) kits were obtained from EMD Milli-
pore (Burlington, MA). QIAzol and RNeasy mini kit for RNA isolation
were purchased from Qiagen (Germantown, MA) and iTaq Universal
SYBR Green One-Step kit was from Bio-Rad (Hercules, CA). FITC-
dextran was purchased from Sigma Aldrich (St. Louis, MO). Anti-
oligomer (A11) and anti-fibril (OC) antibodies were a kind gift from
Prof. Rakez Kayed, University of TexasMedical Branch, Galveston, TX.
2.4. Cross maze

A cross maze apparatus was used to compare working memory
between all groups of mice. This protocol allowed mice to explore a
cross-shaped maze at their own discretionwithout any added stress
such as lights, sound, food deprivation, and so forth. Male and female
C57BL/6 (WT), APP/PS1, and AppNL-G-F mice at 3, 6, and 12 months of
age were placed in the same identical arm of the maze and allowed
exploring and choosing additional arms. Timer was set for 10 mi-
nutes, and the movement of mice recorded using a camera set atop
the maze. Once all 4 feet were within an arm, this was considered a
choice. Arm entries were recorded by personnel blinded to the study
paradigm. The number of alternations, defined as 4 consecutive en-
tries into 4 different arms, was counted by a separate person, again,
blinded to the study parameters, and % alternation for each mouse
was calculated as follows: # alternations/(total entries: 3). After
10 minutes of presence in themaze, the mouse was placed back into
the cage for 3 days before performing intestinal activity assays.

2.5. Gastric emptying and intestinal transit assay

Motility was assessed as described (Aube et al., 2006). Micewere
fasted for 5 hour, orally gavaged with 100 mL of 83 mg/mL 70 kDa
FITC-dextran (nonabsorbable) and sacrificed after 30 minutes. The
small intestine was divided into 8 segments of equal length. The
stomach was taken as segment number 1, and the 8 intestinal
segments numbered 2 to 9. Each segment was then flushed with
500 mL phosphate-buffered saline to quantify luminal FITC via a
fluorescent plate reader. Gastric emptying was determined by
subtracting the dextran remaining in the stomach from the total
dextran (in the stomach and small intestine) and dividing this value
by total dextran. Intestinal motility/transit was analyzed using the
intestinal geometric center (IGC) of the distribution of dextran
throughout the intestine and will be calculated following the
equation IGC ¼ P

[(fraction of amount of FITC in each segment) �
(segment number)].

2.6. Intestinal permeability

Gut leakiness was quantified by measuring blood levels of a
4 kDa FITC-dextran administered by gavage as described (Aube
et al., 2006). Mice were fasted for 2 hours then gavaged with
22 mg/mL FITC-dextran, and blood was collected via cardiac
puncture 5 hours later. Dextran levels in the serumwere quantified
by reading the fluorescence (excitation 480 nm, emission 520 nm)
via a fluorescent plate reader (BioTek).

2.7. Immunostaining mouse brains

The paraformaldehyde-fixed right brain hemispheres from 3-, 6-,
and 12-month-old male and female C57BL/6 (WT), APP/PS1, and
AppNL-G-F mice were cut using a freezing microtome. Briefly,
paraformaldehyde-fixed tissue was embedded in a 15% gelatin (in
phosphate-buffered saline) matrix and immersed in a 4% para-
formaldehyde solution for 2 days to harden the gelatin matrix. The
blocks were then cryoprotected through 3 cycles of 30% sucrose for
3e4 days each. The blocks were then flash-frozen using dry ice/
isomethylpentane, and 40 mm serial sections were cut using a
freezing microtome (Nagamoto-Combs et al., 2016). Serial sections
(separated by a 960 mm gap) were subjected to antigen retrieval
(80% formic acid for 20 minutes) and immunostained using anti-Ab
(D54D2) at a dilution of 1:1000 followed by incubation with bio-
tinylated secondary antibody (1:2000 dilution; Vector
Laboratories) and avidin/biotin solution (Vector ABC kit). Immuno-
reactivity was visualized using Vector VIP as the chromogen. The
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slides were dehydrated and coverslipped using Permount (National
Diagnostics) following a standard dehydrating procedure through a
series of ethanol concentrations and Histo-Clear (National Di-
agnostics). Images were taken using an upright Leica DM1000 mi-
croscope and Leica DF320 digital camera system.

2.8. Biochemical analyses of brain tissue

Flash-frozen parietal cortices from the left brain hemispheres
were lysed in radioimmunoprecipitation assay (RIPA) buffer and
quantitated using a bicinchoninic acid assay (Pierce, ThermoFisher
Scientific). For Ab ELISAs, RIPA lysates were considered soluble
fractions. For insoluble fractions, tissue pellets from RIPA lysates
were further lysed in guanidine hydrochloride and quantitated. Ab
1e40 and Ab 1e42 levels in both soluble and insoluble fractions
were determined using commercial ELISA kits according to the
manufacturer protocol. Ab concentrations were normalized against
total protein, averaged, and plotted �SEM. For dot blot analysis,
RIPA lysates were blotted onto polyvinylidene difluoride mem-
branes and incubated in anti-oligomer (A11), anti-fibril (OC), anti-
Ab (6E10), and anti-a-tubulin antibodies. Antibody binding was
detected using enhanced chemiluminescence for detection and
optical density values were normalized and averaged (�SEM).

2.9. Intestinal immunohistochemistry

Paraformaldehyde-fixed colon samples were serially cryosec-
tioned at 14 mm thickness. Sections were antigen-retrieved using
80% formic acid (20 minutes) for immunostaining with anti-Ab
antibody. Antibody binding was visualized using the Vector VIP
chromogen (Vector Laboratories).
Fig. 1. APP/PS1 and AppNL-G-F mice showed working memory differences compared with W
and 12 months of age were subjected to cross-maze testing. Total number of arm entries and
way ANOVA multiple comparisons indicate F4,72 ¼ 1.545 and p ¼ 0.198 (female, percent altern
(male, percent alternations) and F4,93 ¼ 0.363 and p ¼ 0.8344 (male, arm entries) between al
Holm-Sidak method, *p < 0.05. Abbreviation: APP, amyloid precursor protein.
2.10. Ab ELISA of intestinal tissue

Flash-frozen colons were lysed in RIPA buffer with 50 U/mL
DNAse1 (Amresco Inc, Solon, OH, USA). ELISA for Ab levels was
performed as described previously for brain tissue.

2.11. Real-time PCR

Flash-frozen temporal cortices and colons were lysed using
QIAzol RNA lysis buffer, and RNA was isolated using the Qiagen
RNeasy mini kit according to the manufacturer protocol. For
amplification of mRNA for tumor necrosis factor alpha (TNF-a), inter-
leukin-6 (IL-6), interleukin-1b (IL-1b), and lipocalin-2 (Lcn-2), 100 ng of
RNAwas used as a template for performing real-time PCRusing the iTaq
Universal SYBR Green One-Step kit (Bio-Rad).

2.12. Statistical analyses

Data are presented as mean � SEM. Values statistically different
were determined using two-way ANOVA by comparing mean
values from each condition regardless of age or strain and corrected
for multiple comparisons using the Holm-Sidak method.

3. Results

3.1. APP/PS1 and AppNL-G-F mice had behavior differences compared
with WT mice

To assess spontaneous behavior, mice were subjected to a
working memory test using a cross maze. The 3-month-old APP/
PS1 and AppNL-G-F females but not males had reduced percent
T mice. Females (A) and males (B) wild-type (WT), APP/PS1, and AppNL-G-F mice at 3, 6,
number of alternations were recorded, averaged, and plotted �SEM (n ¼ 10e12). Two-
ations); F4,84 ¼ 1.121 and p ¼ 0.3520 (female, arm entries); F4,86 ¼ 1.459 and p ¼ 0.2218
l interactions of age and strain. Multiple comparison correction was determined by the
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alternations, suggesting that they have deficits in working memory
at a young age (Fig. 1A). Male APP/PS1, but not male AppNL-G-F mice,
developed reduced percent alternations at 6months of age (Fig.1B).
These data indicate that there are subtle memory deficits in female
APP/PS1 and AppNL-G-F mice beginning at a young age (3 months),
whereas deficits in male APP/PS1 mice take up to 6 months to
present.

3.2. APP/PS1micehad increased intestinal permeability andAppNL-G-F

had decreased intestinal motility compared with WT mice

Functionality of the gastrointestinal tract was compared to the
behavior changes by performing intestinal motility and perme-
ability assays. Mice were gavaged with 70 kDa FITC-dextran, and
motility was quantitated as a measure of percentage gastric
emptying and IGC (Fig. 2A). There were no differences observed in
Fig. 2. APP/PS1 mice had increased intestinal permeability and AppNL-G-F had decreased inte
AppNL-G-F mice at 3, 6, and 12 months of age were subjected to intestinal motility (A) and
intestinal geometric center were plotted � SEM (A). For intestinal permeability assay, fluore
was used each for intestinal permeability and intestinal motility. Two-way ANOVA multiple c
and p ¼ 0.2307 (female, IGC); F4,39 ¼ 0.9128 and p ¼ 0.4661 (male, gastric emptying); F4,39 ¼
and F4,39 ¼ 0.7797 and p ¼ 0.545 (male, permeability) between all interactions of age and
*p < 0.05. Abbreviations: APP, amyloid precursor protein; IGC, intestinal geometric center.
the percent gastric emptying between male or female WT, APP/PS1,
and AppNL-G-F mice at any age. IGC is a measure of how far the large
molecular weight dextran has traveled from the stomach through
the small intestine in a given amount of time. A smaller IGC implies
slower motility, whereas higher IGC suggests faster intestinal
motility. Interestingly, AppNL-G-F females at 3 and 6 months of age
had a significantly reduced IGC suggesting slower motility
compared with WT and APP/PS1 mice. Motility of 12-month-old
AppNL-G-F females was not different comparedwithWTand APP/PS1
mice. In addition, male WT, APP/PS1, and AppNL-G-F had differences
in intestinal motility (Fig. 2A).

For assessing intestinal permeability, mice were gavaged using a
smaller molecular weight (4 kDa) FITC-dextran and serum levels
were measured 5 hours after gavage (Fig. 2B). In general, APP/PS1
males and females showed trends of increased leakiness compared
with WT and AppNL-G-F mice. FITC-dextran levels were significantly
stinal motility compared with WT mice. Male and female wild-type (WT), APP/PS1, and
intestinal permeability (B) assays. For motility assay, percentage gastric emptying and
scence was measured from serum, averaged and plotted �SEM (B). n ¼ 5e6 per group
omparisons indicate F4,36 ¼ 1.141 and p ¼ 0.352 (female, gastric emptying) F4,36 ¼ 1.473
1.622 and p ¼ 0.1881 (male, IGC); F4,31 ¼ 2.651 and p ¼ 0.051 (female, permeability);
strain. Multiple comparison correction was determined by the Holm-Sidak method,



Fig. 3. APP/PS1 and AppNL-G-F mice showed an age-dependent increase in Ab immunoreactivity and levels in the brain. (A) Right brain hemispheres from male and female wild-type
(WT), APP/PS1, and AppNL-G-F mice at 3, 6, and 12 months of age were paraformaldehyde-fixed, sectioned, and immunostained using an anti-Ab antibody. Representative images
from 5-6 animals per group are shown at 20 X magnification. The parietal cortex from the left brain hemispheres from all groups of mice were lysed in RIPA buffer to obtain soluble
fractions, protein-quantitated, and lysates subjected to Ab ELISAs. For insoluble Ab fractions, pellets from RIPA lysates were further lysed in guanidine hydrochloride, and Ab levels
were quantitated using ELISA. Soluble Ab 1-40 (B), insoluble Ab 1-40 (C), soluble Ab 1-42 (D), and insoluble Ab 1-42 (E) concentrations were normalized, averaged, and plotted �
SEM (n ¼ 5e6). Two-way ANOVA multiple comparisons indicate F4,39¼18.69 and p ¼ 0.000 (female, soluble Ab 1e40); F4,39 ¼ 5.058 and p ¼ 0.0022 (female, insoluble Ab 1e40);
F4,39 ¼ 5.838 and p ¼ 0.0009 (female, soluble Ab 1e42); F4,39 ¼ 3.765 and p ¼ 0.0110 (female, insoluble Ab 1e42); F4,38 ¼ 17.04 and p ¼ 0.000 (male, soluble Ab 1e40); F4,38 ¼ 6.751
and p ¼ 0.000 (male, insoluble Ab 1e40); F4,38 ¼ 5.608 and p¼ 0.0012 (male, soluble Ab 1e42); and F4,38 ¼ 3.765 and p ¼ 0.003 (male, insoluble Ab 1e42) between all interactions of
age and strain. Multiple comparisons correction was determined by the Holm-Sidak method, *p < 0.05. Abbreviations: APP, amyloid precursor protein; Ab, amyloid beta.
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elevated in the serum of 3- and 12-month-old APP/PS1 females and
6- and 12-month-old APP/PS1 males.

3.3. APP/PS1 and AppNL-G-F mice showed an age-dependent increase
in Ab immunoreactivity and levels in the brain

To assess the progression of Ab deposition in the brains with age,
sections from WT, APP/PS1, and AppNL-G-F mice were immuno-
stained using an anti-Ab antibody. As expected, both APP/PS1 and
AppNL-G-F showed an increase in Ab plaque load with age compared
with WT controls in both males and females (Fig. 3A). In addition,
deposition of Ab in the brains of AppNL-G-F preceded that of APP/PS1
mice. Ab immunoreactivity was visible in 3-month-old AppNL-G-F

mice, whereas it was first observed in APP/PS1 mice at 6 months of
age (Fig. 3A).

To validate the immunostaining results, levels of Ab 1e40 and Ab
1e42 were quantified in the brains via ELISAs using the parietal
cortex (Fig. 3BeE). Both male and female APP/PS1 mice showed an
age-dependent increase in soluble and insoluble Ab 1e40 starting
at 3 months of age compared with WT mice (Fig. 3B). In contrast,
AppNL-G-Fmice showed an increase in soluble and insoluble Ab 1e40
levels starting at 6 months of age (Fig. 3B and C). However, like APP/
Fig. 4. Colons demonstrated Ab in both APP/PS1 and AppNL-G-F mice. Colons from wild-ty
immunostained using an anti-Ab antibody. Representative images from 3 animals per group
mice were lysed in RIPA buffer (soluble Ab fraction) and guanidine hydrochloride (insoluble
concentrations were measured using ELISA, normalized, averaged, and plotted � SEM (n ¼
(female, soluble Ab 1e40); F4,36 ¼ 0.6024 and p ¼ 0.6634 (female, insoluble Ab 1e40); F4,36
insoluble Ab 1e42); F4,36 ¼ 4.021 and p ¼ 0.008 (male, soluble Ab 1e40) F4,36 ¼ 2.01 and p ¼
and F4,34 ¼ 5.088 and p ¼ 0.0025 (male, insoluble Ab 1e42) between all interactions of age a
*p < 0.05. Abbreviations: APP, amyloid precursor protein; Ab, amyloid beta.
PS1 mice, AppNL-G-F mice had significantly elevated insoluble Ab
1e42 observable by 3 months of age, whereas soluble Ab 1e42
levels were not increased until 12 months (Fig. 3D and E). This is in
agreement with the Beyreuther/Iberian mutation in the AppNL-G-F

mice that leads to an increased Ab42/40 ratio (Guardia-Laguarta
et al., 2010; Lichtenthaler et al., 1999). In general, the ELISA data
correlated with the Ab immunohistochemistry, demonstrating an
age-dependent increase of Ab levels in both APP/PS1 and AppNL-G-F

mice, which corresponded with permeability problems in APP/PS1
mice and intestinal motility issues in AppNL-G-F mice (Fig. 2). Parietal
cortices were subjected to dot blot analyses using anti-oligomer
(A11) and anti-fibril (OC) antibodies (Fig. S1A). APP/PS1 male and
female mice showed robustly increased levels of oligomeric and
fibrillar protein by 12 months of age (Fig. S1B-C). In comparison,
AppNL-G-F male and female mice had significantly elevated oligomer
and fibril levels at 6 months of age (Fig. S1B-C).

3.4. Colons demonstrated Ab immunoreactivity in both APP/PS1 and
AppNL-G-F mice

To begin comparing AD pathology in brains to intestines, we
examined Ab immunoreactivity in colons (Fig. 4). Compared with
pe (WT), APP/PS1, and AppNL-G-F mice were paraformaldehyde-fixed, sectioned, and
are shown at 20 X magnification. Flash-frozen colons from WT, APP/PS1, and AppNL-G-F

Ab fraction). Soluble Ab 1-40, insoluble Ab 1-40, soluble Ab 1-42, and insoluble Ab 1-42
5e6). Two-way ANOVA multiple comparisons indicate F4,36 ¼ 1.404 and p ¼ 0.2523

¼ 2.711 and p ¼ 0.045 (female, soluble Ab 1e42); F4,36 ¼ 1.263 and p ¼ 0.3024 (female,
0.1138 (male, insoluble Ab 1e40); F4,36 ¼ 2.901 and p ¼ 0.035 (male, soluble Ab 1e42);
nd strain. Multiple comparison correction was determined by the Holm-Sidak method,
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WT mice, 3-, 6-, and 12-month-old APP/PS1 and AppNL-G-F mice
demonstrated positive Ab immunostaining. Interestingly, the im-
munostaining was primarily observed in the epithelium, consistent
with our previous work and other reported studies (Galloway et al.,
2007, 2009; Puig and Combs, 2013; Puig et al., 2015a). Levels of Ab
1e40 and Ab 1e42 in colons from all groups of micewere quantified
by Ab ELISA to measure soluble and insoluble fractions (Fig. 4). Both
male and female colons from APP/PS1 and AppNL-G-F mice demon-
strated significantly elevated levels of insoluble Ab 1e42 compared
with WT mice at the earliest age, 3 months (Fig. 4). Surprisingly,
levels of Abwere not detectable after 3 months of age, suggesting a
possible age-associated decrease in production.

3.5. APP/PS1 and AppNL-G-F mice had elevated cytokine mRNA in
temporal cortices compared with WT controls

Because plaque deposition was observed in the brains of both
strains of mice, we next examined the inflammatory state of the
brain. Temporal cortices were used to determine mRNA levels of
proinflammatory cytokines, TNF-a, IL-6, and IL-1b. Both male and
female APP/PS1 and AppNL-G-F mice demonstrated increased mRNA
levels of the cytokines compared with WT mice with age, particu-
larly TNF-a and IL-1b (Fig. 5). Male and female APP/PS1 mice and
male AppNL-G-F mice already demonstrated elevated TNF-a mRNA
by 3months of age (Fig. 5) when a memory deficit and increased Ab
levels were also observed but Ab plaque deposition and gliosis
changes were still quite minimal.

3.6. APP/PS1 and AppNL-G-F mouse colons had elevated cytokine
mRNA in only male mice

Because colons showed increased Ab in APP/PS1 and AppNL-G-F

mice consistent with Ab changes in the brain, we tested whether
Fig. 5. APP/PS1 and AppNL-G-F had elevated cytokine mRNA levels in temporal cortices compar
male (B) micewere lysed in QIAzol and RNA isolated. Real-time PCR for TNF-a, IL-6, and IL-1b f
DDCt, averaged, and plotted�SEM (n¼ 5). Two-wayANOVAmultiple comparisons indicate F4,
2.113 and p ¼ 0.1029 (female, IL-1b); F4,34 ¼ 3.446 and p ¼ 0.0181 (male, TNF-a); F4,34 ¼ 1.50
interactions of age and strain. Multiple comparison correction was determined by the Holm-
parallel proinflammatory cytokine changes occurred in the intestines
as was observed in the brains. Surprisingly, there were no changes
observed in colon cytokine mRNA profiles of female APP/PS1 or
AppNL-G-F mice compared with WT mice (Fig. 6A). However, like
brains, male TNF-a mRNA levels were elevated in both APP/PS1 and
AppNL-G-F mice compared with WT mice with the APP/PS1 mice
already demonstrating an elevation at 3months of age (Fig. 6B). Male
APP/PS1 mice also had elevated IL-6 and IL-1b mRNA at 3 and
6monthsof age, demonstratinga complexcolonic immuneactivation
in, particularly, the APP/PS1 line. Consistent with the observations
from temporal cortex, TNF-a appeared to be a robust inflammation
marker at the earliest time point of change in both organs, particu-
larly for male mice. To define an additional marker of intestinal
inflammation, colons from all groups of mice were used to quantify
mRNA levels of Lcn-2 (Abella et al., 2015). Bothmale and female APP/
PS1 and AppNL-G-F mice had significantly increased Lcn-2 mRNA
comparedwithWTmice at 3months of age, demonstrating this as an
additional inflammatory marker for early-stage disease manifesta-
tion in the intestines in agreement with elevated insoluble Ab and
TNF-a levels in colons (Fig. 7) (Budzynska et al., 2017; Thorsvik et al.,
2018).MaleAPP/PS1 andAppNL-G-Fmicemaintained the elevated Lcn-
2mRNA levels comparedwithWTmice up to 6months of age (Fig. 7).
However, by 12 months of age, Lcn-2 mRNA levels were not signifi-
cantly different between APP/PS1, AppNL-G-F, andWT mice (Fig. 7).
4. Discussion

Our previous work demonstrated the presence of APP and Ab in
the intestines of APP/PS1 mice and human AD tissue (Puig et al.,
2015a,b). This study was designed to compare the temporal pro-
gression of AD-associated changes in the brains and intestines of 2
mouse models of AD, APP/PS1 and AppNL-G-F mice. To the best of our
knowledge, this is the first report exploring AD pathophysiology
ed withWTcontrols. Temporal cortices fromWT, APP/PS1, and AppNL-G-F female (A) and
rom samples were performed, and fold change inmRNA expressionwas calculated as 2 -̂
30¼ 2.484 and p¼ 0.064 (female, TNF-a); F4,31¼3.37 and p¼ 0.0211 (female, IL-6); F4,31¼
7 and p ¼ 0.222 (male, IL-6); and F4,34 ¼ 4.476 and p ¼ 0.005 (male, IL-1b) between all
Sidak method, *p < 0.05. Abbreviations: APP, amyloid precursor protein; WT, wild type.



Fig. 6. APP/PS1 and AppNL-G-F colons had elevated cytokine mRNA levels in the colons of male mice. Flash-frozen colons from WT, APP/PS1, and AppNL-G-F female (A) and male (B)
mice were lysed in QIAzol and RNA isolated. Real-time PCR for TNF-a, IL-6, and IL-1b from samples were performed, and fold change in mRNA expression was calculated as 2 -̂DDCt,
averaged, and plotted �SEM (n ¼ 5). Two-way ANOVA multiple comparisons indicate F4,36 ¼ 4.703 and p ¼ 0.0037 (female, TNF-a); F4,34 ¼ 2.573 and p ¼ 0.0553 (female, IL-6);
F4,36 ¼ 1.108 and p ¼ 0.3679 (female, IL-1b); F4,34 ¼ 2.018 and p ¼ 0.1139 (male, TNF-a); F4,35 ¼ 1.044 and p ¼ 0.3987 (male, IL-6); and F4,36 ¼ 2.058 and p ¼ 0.1068 (male, IL-1b)
between all interactions of age and strain. Multiple comparisons correction was determined by the Holm-Sidak method, *p < 0.05. Abbreviations: APP, amyloid precursor protein;
WT, wild type.
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regarding dysfunctional intestinal motility and permeability in
transgenic mice. Both brains and intestines correlated with age in
terms of Ab immunoreactivity and inflammatory cytokine changes.
All these parameters also correlated with increased intestinal
permeability of APP/PS1 mice and somewhat correlated with
decreased motility in the AppNL-G-F mice. The intestinal motility in
AppNL-G-Fmice resolvedby12months of age, and this correlatedwith
the elevated levels of Lcn-2 and IL-1b in these mice. As mentioned
earlier, we suggest a brain-gut communication during AD patho-
physiology and identify several changes in the colons of AD mouse
models that will be useful for monitoring disease progression or
understanding the complex multiorgan relationships of AD.

We observed reduced memory performance in male and female
mice from both AD lines, with males demonstrating deficiency only
at 6 months and females showing a deficit at only 3 months of age.
Fig. 7. Colons of male and female APP/PS1 and AppNL-G-F mice demonstrated elevated mR
female (A) and male (B) mice were lysed in QIAzol and RNA isolated. Real-time PCR for Lcn-2
2 -̂DDCt, averaged, and plotted �SEM (n ¼ 5). Two-way ANOVA multiple comparisons indica
Lcn-2) between all interactions of age and strain. Multiple comparisons correction was dete
protein; WT, wild type.
It is unclear why there existed a temporal difference between sexes
and why there was no clear age-associated trend. However, it is
important to note that the behavioral differences observed in 3-
month-old females preceded robust amyloidosis, suggesting that
the memory problem may not be directly related to plaque pa-
thology. These data regarding the AppNL-G-F mice correlate with
other published reports of subtle or lack of behavioral deficits (Latif-
Hernandez et al., 2017; Whyte et al., 2018). Although others have
demonstrated more severe behavior and memory deficits in the
AppNL-G-F mice (Masuda et al., 2016; Saito et al., 2014), this could be
attributed to variability of experimental conditions (Whyte et al.,
2018). Others have made similar observations regarding a lack of
correlation between Ab plaque deposition and cognitive perfor-
mance in AD transgenic lines. For example, long-term potentiation
was reported to be reduced in male APP/PS1 mice by 3 months of
NA levels of lipocalin-2 (Lcn-2). Flash-frozen colons from WT, APP/PS1, and AppNL-G-F

from samples were performed, and fold change in mRNA expression was calculated as
te F4,36 ¼ 1.587 and p ¼ 0.1989 (female, Lcn-2), and F4,33 ¼ 3.672 and p ¼ 0.014 (male,
rmined by the Holm-Sidak method, *p < 0.05. Abbreviations: APP, amyloid precursor
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age, correlating with impaired working memory but preceding
brain Ab deposition (Trinchese et al., 2004). A similar study
examining an APP/PS1 line demonstrated deficits in Y maze per-
formance at 3 months that was maintained at 6 and 9 months with
no decrement in Morris water maze performance at any age in spite
of robust plaque deposition at 6 months (Holcomb et al., 1999).
However, others have demonstrated using the Tg2576 mouse
model of AD and more sensitive Morris water maze testing in a
mixed cohort of male and female mice that memory deficits
appearing at 6 months of age do correlate with appearance of
insoluble Ab (Westerman et al., 2002). A similar study of mixed
male and female mice using an APP/PS1 line demonstrated a pos-
itive correlation between plaque load and cognitive dysfunction in
the radial arm water maze at 14e16 months of age (Gordon et al.,
2001). It appears that the relationship between brain Ab deposi-
tion and behavioral dysfunction in the various transgenic mouse
lines will require some standardization of testing approaches across
laboratories to arrive at clearer interpretation of any correlation.

Additional age and sex-associated differences were revealed
when intestinal activity was quantitated from the mice. Female
AppNL-G-F mice demonstrated reduced intestinal motility already
evident by 3 months of age that may indicate a deficit in smooth
muscle contractility preceding robust amyloidosis and gliosis
although it was attenuated by 12months. The lack of motility deficit
in AppNL-G-F males suggested a more modest intestinal dysfunction
compared with females. Surprisingly, the APP/PS1 females had no
motility problems although both male and female APP/PS1 mice
demonstrated dramatically increased intestinal permeability that
existed even at 12 months of age. One possibility for this difference
between the APP/PS1 and AppNL-G-F mice and the loss of sex differ-
ence for the permeabilitymay be due to the fact that overexpression
ofmutant PS1 in the APP/PS1mice disrupts the normal role of PS1 in
regulating intestinal epithelial cell homeostasis (Nilsberth et al.,
1999; Wu et al., 2007). It is clear that g-secretase activity has a role
in regulating intestinal epithelial cell differentiation likely through
inhibiting Notch proteolysis (Wong et al., 2004).

Ab-positive immunoreactivity observed in the colons of APP/PS1
and AppNL-G-F mice was observed in the epithelium. Although APP
has been observed in the epithelium of the intestines and neurons,
we did not observe any robust Ab plaque-like immunoreactivity
(Arai et al., 1991; Cabal et al., 1995; Galloway et al., 2007, 2008,
2009; Joachim et al., 1989; Puig et al., 2015a). Prior work using
the APP/PS1 line demonstrated increased intestinal nonplaque-like
Ab immunoreactivity compared with WT controls similar to our
observations (Zhou et al., 2017). Van Ginneken et al. also reported
no Ab plaqueelike deposition using a Thy-1-APP23 AD mouse
model (Van Ginneken et al., 2010). One possibility is that the level of
APP expression in enteric neurons is lower than in the central
nervous system. Based on the pattern of APP immunoreactivity in
the epithelial lining, it is possible that any Ab produced by these
cells is being secreted into the lumen. This behavior might explain
the lack of Ab deposition within the mucosa/submucosa in the AD
lines. Indeed, our prior work using the human epithelial cell line
derived from colorectal adenocarcinoma, Caco-2 cells, demon-
strated the ability of these cells to secrete Ab on lipopolysaccharide
stimulation (Puig et al., 2015b). Another possibility for no Ab
deposition in the intestines could be due to lack of processing of
APP to Ab. For instance, we previously demonstrated the inability of
pancreatic islet cells to secrete Ab in spite of mutant APP expression
correlatingwith limited expression of BACE1 (Kulas et al., 2017). It is
clear that intestinal APP is primarily of the larger isoforms also
offering the possibility of alternative processing from the brain
predominate APP695 (Yamada et al., 1989).

We appreciate that there are significant differences between the
amyloidosis models we have examined and human AD. However, in
humans, there are intestinal changes that occur with disease.
Constipation is a common symptom of elderly dementia patients
although it is unclear whether enteric neuron loss is a part of the
dementing disease process (Bassotti et al., 2007; Sandman et al.,
1983). A study of 4 million U.S. military veterans demonstrated a
significant association of AD with the volvulus, impaction of the
intestine, constipation, and megacolon (Sonnenberg et al., 1994). In
addition, impaired cortical control of swallowing in patients with
AD appears to precede late disease stageeassociated dysphagia
(Humbert et al., 2010). There are also histologic demonstrations of
intestinal aspects of disease. Similar to our findings (Puig et al.,
2015a), diffuse Ab immunostaining in AD intestines has been re-
ported (Joachim et al., 1989). Others have also shown robust tau
expression within particularly the human sigmoid colon (Dugger
et al., 2016). Although we previously noted clear phospho-tau
immunoreactivity in AD colons (Puig et al., 2015a), work by
others failed to demonstrate tau pathology in AD intestines using
the ALZ-50 antibody, suggesting that epitope-specific changes in
tau must be considered when assessing enteric changes (Shankle
et al., 1993). Finally, a study of 4 individuals with Down syndrome
supported a hypothesis of intestinal malabsorption as a component
of the condition (Abalan et al., 1990).

Our study aimed to identify peripheral biomarkers that, with
further human tissue analyses, might be translated into means of
early disease diagnosis using stool analyses or colonoscopy. We
identified changes in TNF-a, Ab, and Lcn-2 levels as colonic changes
in the AD mice suitable for identifying a diseased state. Although
we do not rule out the possibility of these changes in other intes-
tinal disorders (Abella et al., 2015; Braegger et al., 1992), it is
possible that a panel of specific changes might be feasible for
differentiating AD from other conditions.
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