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Abstract: Alzheimer’s disease (AD) is the most common age-related dementia. Recent
investigations report gut-dysbiosis in transgenic (Tg) AD animals compared to wild type (WT)
controls. Gut microbiota (GM)-produced propionate causes neuroinflammation, while butyrate
possesses anti-inflammatory actions. The aim of the study was to determine whether the
perturbations in GM were associated with short chain fatty acids (SCFAs) concentration in feces,
and with cognitive impairment in AD-Tg mice. Six months-old WT and Tg male mice were
evaluated for working- and spatial-memory performance by T- and water-maze, respectively.
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Number of astrocytes was quantified in hippocampus and entorhinal cortex. SCFAs (acetate,
propionate, and butyrate) fecal concentration was determined by chromatography, GM-related
changes by DNA sequencing and bioinformatics. Our results showed that Tg mice presented
working- and spatial-memory impairments, and astrogliosis in hippocampus compared to WT
mice. Tg mice presented an enrichment of Lactobacillus genera and lower levels of acetate and
butyrate compared to WT mice. Bioinformatics analysis suggested an increased propionate
metabolism correlated with a higher propionate concentration in Tg mice in fecal samples. Our data
suggests that GM dysbiosis leads to an enhanced propionate production in Tg mice, that might
correlate with the neuroinflammation and cognitive impairment observed in these mice.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative condition characterized by
memory impairment and cognitive decline [1]. The histopathological diagnosis is based on the
presence of amyloid plaques, and neurofibrillary tangles in the brain [2]. Today, no treatment is yet
available to halt or reverse AD [3]. Recent reports highlight neuroinflammation as a key factor that
contributes to the pathogenesis of AD, rather than plaques and/or tangles, themselves [4].
Disturbances in gut microbiota (GM), known as dysbiosis [5], has been also observed in AD patients
[6]. Moreover, the short chain fatty acids (SCFAs) propionate and butyrate, produced by GM [7], have
pro- [8] and anti-inflammatory [9] effects, respectively, not to mention that acetate is able to
consolidate weak learning and rescue amyloid-impaired memory [10]. So, the objective of this work
was to assess if GM dysbiosis could be associated with the concentration of fecal SCFAs,
neuroinflammation and cognitive decline in a transgenic (Tg) murine model of AD.

2. Materials and Methods

Hemizygous amyloid precursor protein/presenilin 1 (APP/PS1) male mice (Tg, n=8) and their
wildtype littermates (WT, n=9) of 6 months of age were used. One-week before sacrifice, behavioral
testing was performed. Spontaneous alternations were quantified by T-maze (TM) as a directly
proportional value of working memory, as specified by Deacon [11], while latency (time spend to
find a platform hidden by the water level) was determined by water maze (WM) as an inversely
proportional value of spatial learning through 12 consecutive trials, and spatial memory by a final
trial without hidden platform as specified by Nunez [12]. Fecal samples were collected in clean cages
and stored at -70°C until use. Brains were immediately dissected out after sacrifice and post-fixed in
4 % paraformaldehyde (PFA) for 72 h at 4°C. Brain tissue was cryoprotected by 30 % sucrose/water
for 3 days. Coronal brain slices (40 um thickness) from Bregma -1.94 mm to Bregma -2.18 mm were
obtained for immunofluorescence (IF) [13], and stored at -20°C until use. Brains sections were washed
in PBS overnight and pre-treated 1 % NaBH4 (Aldrich No. 19,807-2) at room temperature for 5 min,
washed with distilled water and permeabilized with 0.5 % PBS-tween (PBSt) for 6 min, exposed to
blocking solution [14] for 30 min at room temperature, incubated with the primary antibody (anti-
glial fibrillary acidic protein, GFAP; [14], 1:1000 Abcam Cat. No. Ab53554) diluted in antibody signal
enhancer solution [14] during 48 h at 4°C, washed with 0.5 % PBSt, incubated with the secondary
antibody (ALEXA647-conjugated anti-goat; [14] Jackson ImmunoRes Cat. No. 705-605-147) and 1.5 %
donkey serum in 0.1 % PBSt at room temperature for 2 h, washed with 0.5 % PBSt, and finally,
incubated with 4’, 6-Diamidino-2-Phenylindole Dihydrochloride (DAPL; Invitrogen Cat. No. D1306,
1:500) in 0.1 % PBSt for 30 min, washed again with 0.5 % PBSt and mounted on glass slides using
Vecta shield (Vector Laboratories). GFAP+ astrocytes were imaged by a confocal microscope (Leica
TCSSP8) with argon (488 nm), and helium/neon (543 nm) lasers. GFAP+ astrocytes were quantified
using the Fiji v. 1.46 plugin “analyze particles” in dentate gyrus, stratum (st.) radiatum and st. oriens
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of CAl hippocampal region, and layers I-VI from entorhinal Cx using a 40x objective performing
optical scanning each 0.5 um in Z axis.

To analyzed SCFAs concentration, at least 50 mg of CaCOs dried feces were suspended in 1 ml
of deionized water by vortex mixing for 10 min, and centrifuged at 13000 rpm for the same time. The
supernatant was processed through activated C-18 max 100 mg/mL GracePure™ Reversed-Phase
SPE Columns according to the manufacturer’s instructions. SCFAs were eluted with 1 mL of filtered
water and analyzed via high performance liquid chromatography (HPLC) using 20:80
C2HsN:NaH2POs (pH=2.2 using HsPOs) as mobile phase as specified by De Baere [15]. Standard
curves were prepared for acetate (Sigma-Aldrich No. 45754-100ML-F), propionate (Sigma-Aldrich
No. P1386-500ML), and butyrate (Sigma-Aldrich No. B103500-500ML). On the other hand, bacterial
DNA of fecal samples was extracted using the FavorPrep™ Stool DNA Isolation Mini Kit. Genomic
libraries of 165 rDNA 3rd hypervariable region (V3) amplicons were generated, and massive
sequencing was performed for each experimental subject as described by Corona-Cervantes [16].
Sequence alignments were done against the Greengenes 13.9 core set and microbiome analysis by
QIIME software v1.9.0. Linear discriminant analysis (LDA) effect size (LefSe) program v1.0 was used
to perform LDA (scores > 2) to estimate the effect size of each bacterial taxa between groups [17].
Phylogenetics Investigation of Communities by Reconstruction of Unobserved States (PICRUS)
v.1.1.1 was used to predict metabolic profiles from 16S rDNA gene data set by Kyoto Encyclopedia
of Genes and Genomes (KEGG) database at hierarchy level 3 pathways [18].

Data are expressed as the mean + standard deviation (SD). Differences in the values of
spontaneous alternations, WM latencies, SCFA concentration and proportion, number of GFAP+
astrocytes and GM relative abundances between experimental groups were evidenced by unpaired
t-test followed by two-tailed test. Behavior learning curves were analyzed by a two-way repeated
measure ANOVA followed by Tukey’s range test. Differences for taxa enrichment and predicted
metabolic pathways were evidenced by LefSe and unpaired equal-variance t-test respectively. All
results were considered statistically significant at p < 0.05.

3. Results

Working memory and spatial learning decreased in Tg compared to WT mice, with no
significant changes in spatial memory (Figure 1). The number of GFAP+ astrocytes increased in
hippocampus (dentate gyrus, st. radiatum, st. oriens) of Tg compared to WT mice, with no significant
differences in entorhinal cortex (Figure 2). Tg mice presented an enhanced concentration and
proportion of propionate, while acetate and butyrate proportions were decreased compared to WT
mice (Table 1). Tg mice presented an increase of Lactobacillus and a decrease of Lachnospiraceae
compared to WT mice. (Figure 3a). LEfSe analysis showed 10 and 9 enriched bacterial taxa for WT
and Tg subjects respectively (Figure 3b). Finally, PICRUSt analysis showed 6 predictive metabolic
pathways that differed significantly between experimental groups. Propanoate, pyruvate,
arachidonic acid metabolism and diabetes mellitus type I were increased in Tg mice, while insulin
signaling pathway, and Phe, Tyr and Trp biosynthesis were decreased compared to WT mice (Figure
4).

3.1. Figures, Tables and Schemes.
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Figure 1. Cognitive performance. From left to right: working memory as a directly proportional value
to spontaneous alternations in the TM, spatial learning average, spatial learning curves and spatial
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memory as an inversely proportional value to the latency in the WM. Statistical significances for WT
vs Tg mice are shown as *p < 0.05, *p < 0.01 and ***p < 0.001.

Table 1. Concentration and proportion of SCFAs in feces.

Unit Group  Acetate  Propionate Butyrate

WT 24776.47 3056.42 2639.47
M8 T 14939030 97653971 162390

g . . .

WT 80.34 9.30 10.36
Tg  55.80** 37567  6.64*{
Statistical significances for WT vs Tg mice are shown as *p < 0.05, **p < 0.01 and ***p < 0.001 per unit
after numerical values for Tg animals. {: Decreased and T: Increased compared to WT mice.
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Figure 2. Neuroinflammation. GFAP+ astrocytes/mm? for different brain areas. Statistical
significances for WT vs Tg mice are shown as *p < 0.05, **p <0.01 and ***p < 0.001.
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Figure 3. Relative abundance and enrichment of bacterial taxa. (a) Relative abundance of bacterial
taxa. (b) LEfSe comparison of differentially abundant bacterial taxa associated with WT and Tg mice.
LDA score cutoff of 2 was used to discriminate bacterial taxa. o: Orders, f: Families and g = Genera.
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Figure 4. Prediction of the functional metagenome of the fecal bacterial microbiota. Graphic
representations of significant predicted metabolic pathways determined by PICRUSt.

4. Discussion
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We used 6 months-old APP/PS1 mice, as at this Tg mice present cognitive impairment [19], GM
alterations [20], and GFAP-related neuroinflammation [21]. Therefore, this Tg mice model was ideal
to demonstrate the impact of gut dysbiosis in SCFAs production and brain dysfunction. Our data
confirm that 6 months-old Tg mice had working memory and spatial learning impairments compared
to their WT mice (Figure 1). This Tg mice, also presented increased neuroinflammation in the
hippocampal formation compared to controls. Enhanced astrocyte activation (Figure 2) related to
neuroinflammation has been already reported in APP/PS1 mice [22]. It has been suggested that
neuroinflammation contribute to cognitive impairment and neurodegenerative diseases [23]. We
found an enhanced propionate concentration (a pro-inflammatory substance for astrocytes [8]), and
a reduced butyrate concentration (anti-inflammatory [9]) in fecal samples of Tg mice (Table 1), that
well correlate with the strong astrogliosis in AD mice. GM analysis indicated an increased relative
abundance of Lactobacillus in Tg mice (Figure 3). This has been previously described in 2 months-old
APP/PS1 mice [24], and in other AD models [25], even in human patients of AD [26]. Lactobacillus is
a propionate producing bacteria, as already demonstrated for L. buchneri, L. diolivorans, L. acidophilus,
L. helviticus, L. rhamnosus and L. gasseri [27, 28 and 29] species. This could well explain the enhanced
propionate concentration in fecal samples of Tg mice (Table 1). Tg mice also presented a reduced
concentration of acetate and butyrate compared to WT mice (Table 1), associated with a decreased
abundance of butyrate producing bacteria, such as Lachnospiraceae, Ruminococcaceae, Oscillospira, as
well as the acetate producers Allobaculum, Blautia and Christiansenellaceaea [30, 31, 32, 33 and 34],
taxa that were enriched in fecal samples of the WT mice (Figure 3). Propanoate, pyruvate and
arachidonic acid metabolism predictive pathways were found to be enhanced in Tg mice (Figure 4),
in association with an enrichment of propionate producers [27, 28 and 29], and pyruvate [35] and
arachidonic acid [36] metabolizers for this group. We observed increased neuroinflammation in the
hippocampal formation of Tg mice, and arachidonic acid has been linked with an inflammatory
response [36] that well correlate with our results. Type I diabetes mellitus metabolic pathways were
increased in Tg mice, and a reduced insulin signaling pathway has been reported this mice model
(Figure 4). mTOR signaling (involved in the mechanism of the insulin) can be modulated through
Lactobacillus species [37 and 38]. Lower predicted values for Phe, Tyr and Trp biosynthesis in Tg mice
(Figure 4) could be associated with the lower proportion of Clostridiales taxa (positively correlated
with Phe, Tyr and Trp metabolism [39]). Moreover, low levels of Tyr and Phe have been associated
with impaired processing during working memory performance [40] and reduced Phe, Tyr and Trp
levels are found in AD patients compared to control individuals [41]. Therefore, our data suggest that
working memory and spatial learning impairment is associated with GM-enhanced propionate
production. Modulating SCFAs production by the GM [42] can be a strategy to ameliorate
neuroinflammation and the cognitive impairment in AD.

5. Conclusion

Our data indicate that the increase in propionate concentration, and the reduction of acetate
levels and butyrate proportion in Tg mice are associated with gut Lactobacillus enrichment. This can
be associated with the increased neuroinflammation and the cognitive impairment in Tg mice
compared to their WT controls.
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