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ABSTRACT

Cognitive function declines during the aging process, meanwhile, gut microbiota of the elderly changed
significantly. Although previous studies have reported the effect of gut microbiota on learning and
memory, all the reports were based on various artificial interventions to change the gut microbiota
without involvement of aging biological characteristics. Here, we investigated the effect of aged gut
microbiota on cognitive function by using fecal microbiota transplantation (FMT) from aged to young rats.
Results showed that FMT impaired cognitive behavior in young recipient rats; decreased the regional
homogeneity in medial prefrontal cortex and hippocampus; changed synaptic structures and decreased
dendritic spines; reduced expression of brain-derived neurotrophic factor (BDNF), N-methyl-D-aspartate
receptor NR1 subunit, and synaptophysin; increased expression of advanced glycation end products (AGEs)
and receptor for AGEs (RAGE). All these behavioral, brain structural and functional alterations induced by
FMT reflected cognitive decline. In addition, FMT increased levels of pro-inflammatory cytokines and
oxidative stress in young rats, indicating that inflammation and oxidative stress may underlie gut-related
cognitive decline in aging. This study provides direct evidence for the contribution of gut microbiota to the
cognitive decline during normal aging and suggests that restoring microbiota homeostasis in the elderly
may improve cognitive function.

INTRODUCTION The human gastrointestinal tract harbors a complex

and dynamic population of some 10%** microorganisms,

Aging is characterized by a progressive functional
decline that is inevitable in the life process [1]. During
aging, the brain undergoes a myriad of alterations,
including biological, psychological, neuroanatomical,
and neurophysiological changes, which are closely tied
to the decline in cognitive functions. However, the age-
related cognitive decline is extremely complex, and the
mechanisms remain largely unclear.

referred to as gut microbiota [2]. The gut microbiota is
very important for the development and homeostasis
of the body; it regulates intestinal motility and
gastrointestinal barrier [3], host energy metabolism
and mitochondrial function [4], as well as immune
responses and the central nervous system [2]. In
adulthood, the microbiota reaches a relative equilib-
rium, and does not significantly change under stable

WWW.aging-us.com

AGING


mailto:cezh2002@yahoo.com

environmental and health conditions. Generally, the
phyla Bacteroidetes and Firmicutes dominate the
intestine for adulthood. However, with an increasing
age, the gut microbiota undergoes a profound
remodeling. Claesson et al. have shown that the gut
microbiota of the elderly is substantially different from
the younger adults [5], and correlates with frailty
measured by functional independence measure (FIM)
[6]. However, given our current inability to delineate
the most significant effector mechanisms involved in
the host-microbiota interactions over a lifetime, it is
difficult to tease apart causality from correlation.

Although some animal studies indicated that the gut
microbiota affects learning and memory [7], these
reports were based on special animal models, such as
germ-free (GF) mice [8], or on various artificial
interventions that change the gut microbiota, such as
pathogenic bacterial infection, probiotics [8], and
antibiotics [9]. Since the aging process and aging
biological characteristics were not considered in these
studies, they were not able to uncover the association
between gut microbiota and cognitive function under
normal aging process.

Given these findings, we hypothesized that alterations
in the gut microbiota contribute to cognitive decline in
aging. In this study, we transplanted the gut micro-
biota from aged rats to young rats by using the fecal
microbiota transplantation (FMT) technique, to
observe whether the reshaped gut microbiota can
cause a shift in cognitive behavior, brain structure,
and functions in the young recipient rats. To our
knowledge, this is the first study that investigates the
effect of gut microbiota on cognitive decline in
normal aging process.

RESULTS
Cognition changes in aged rats

The cognitive functions of young and aged rats were
analyzed by operant-based delayed matching to
position (DMTP) task (Figure 1A). The correct rate of
lever-pressing at different delays is shown in Figure
1B. At the shortest delay, both young and aged rats
performed well. As delays increased, the accuracy
decreased in both young and aged rats, especially at 18
s and 24 s delay, the accuracy decreased significantly
(main effect of delay: P < 0.05). Notably, compared
with young rats, aged rats performed even worse at
longer delays of 18 s and 24 s, and the accuracy was
significantly lower than in the young rats (P < 0.05).
When the delay was 24 s, the accuracy in aged
rats was close to 50%, possibly a probability event
(Figure 1B).

Using resting-state functional magnetic resonance
(rs-fMRI) and regional homogeneity (ReHo) analytical
method, we identified the brain regions showing
differences in spontaneous blood oxygenation level
dependent (BOLD) signal, representing neuronal
activities in young and aged rats. Compared with young
rats, aged rats had lower ReHo values in almost the
entire brain; this is consistent with the structural and
functional alterations in normal aging brain (Figure 1C).

In addition, there were significant changes of synaptic
structures in medial prefrontal cortex (mPFC) and
hippocampus in aged rats, including widened synaptic
cleft, thinned post-synaptic density (PSD), and decreased
curvature of synaptic interface (Figure 1D-1E). Aged
rats had a decreased expression of synaptophysin
in mMPFC and hippocampus compared to young rats
(P < 0.05, Figure 1F). Furthermore, the density of
dendritic spines in mPFC and hippocampus decreased
significantly in aged rats (Figure 1G-1J).

Immunohistochemistry (IHC) and western blotting
analyses demonstrated that the expression of NR1, the
essential subunit of N-methyl-D-aspartate (NMDA)
receptor, decreased significantly in aged mPFC and
hippocampus compared with young rats (Figure 2A-
2C). In addition, the expression of brain derived
neurotrophic factor (BDNF) in mPFC and hippocampus
of aged rats decreased compared with young rats
(Figure 2D-2F), while the expression of advanced
glycation end products (AGEs) and receptor for AGEs
(RAGE) increased (Figure 2G-2L).

Analysis of inflammatory cytokines in serum and brain
tissues showed that the serum levels of IL-1p, TNF-a and
IL-6 were increased in aged rats compared with young
rats (Figure 3A-3C). Similarly, the expression of IL-1j,
TNF-a and IL-6 was higher in mPFC and hippocampus
of aged rats than in young rats (Figure 3D—3F).

We then examined activity of the antioxidant enzymes
superoxide dismutase (SOD) and glutathione peroxidase
(GSH-PX), as well as the expression of malondial-
dehyde (MDA). In serum, the SOD activity of aged rats
declined, while the MDA expression increased; the
activity of GSH-PX did not change compared to young
rats (Figure 3G-3l). Similarly, both in mPFC and
hippocampus of aged rats, the SOD activity declined,
while the MDA level increased compared with young
rats; the activity of GSH-PX did not change (Figure 3J—
3L).

Gut microbiota varies in young and aged rats

Analysis of the composition of gut microbiota in young
and aged rats showed that the diversity of microbiota
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was significantly lower in aged rats than in young rats fold with aging, from 0.97 + 0.07 to 7.22 £ 1.69 (P <

(P < 0.05, Figure 4A, 4B). Nonmetric Multidimensional 0.01, Figure 4F). In addition, the relative abundance of
Scaling (NMDS) analysis showed that the microbial Actinobacteria, Spirochaetes and TM7 increased in
communities of aged rats were significantly different aged rats compared to young rats (Figure 4E). There
from young rats (P < 0.05, Figure 4C); there was no was no statistical difference in Proteobacteria between
overlap between the microbiota of young and aged rats. the young and aged rats (Figure 4E).

We then analyzed the composition of microbiota

communities at various taxonomic levels. At the At the genus level, the microbiota composition in aged
phylum level, Bacteroidetes and Firmicute were the rats significantly differed from the young rats (Figure
main bacteria in the feces of rats (Figure 4D). The 4G). The relative abundance of Prevotella, Bacteroides,
relative abundance of Bacteroidetes was lower in aged Sutterella and Parabacteroides decreased in aged rats,
rats than in young rats, while the relative abundance of whereas ~ Bulleidia,  Collinsella,  Lactobacillus,
Firmicutes was higher (Figure 4E). The ratio of Treponema and Allobaculum increased in aged rats
Firmicutes / Bacteroidetes (F/B) increased about 7.4 (Figure 4H).
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Figure 1. Cognition changes in aged rats. (A) The DMTP procedure, consisting of sample phase, delay phase and choice phase. o
illumination of the stimulus light or panel light, ® extinguished stimulus light or panel light. (B) Cognitive performance of young and aged rats
analyzed by DMTP; n = 12. (C) Images of brain slices showing regions with lower ReHo in aged rats compared with young rats; n = 20. (voxel
level < 0.005, cluster level < 0.05 GRF corrected, and clusters > 50 voxels). Blue denotes lower ReHo; the color bars indicated the T values
between groups. (D) The synaptic structures of mPFC and hippocampus in young and aged rats by transmission electron microscopy
(x 60000). n = 3. (E) Histograms of synaptic structure parameters. n = 3. (F) Expression of synaptophysin in mPFC and hippocampus by
western blot. SYP: synaptophysin. n = 3. (G-J) Golgi staining performed on mPFC and hippocampus of young and aged rats (n = 3).
Representative Golgi staining images of the mPFC (G) and hippocampus (H) demonstrate impregnation of neurons. (1) Representative images
of dendritic spines. (J) Quantification of dendritic spine densities in mPFC and hippocampus. Error bars represent the SEM; * P < 0.05,
** P <0.01 compared to young rats.
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Gut microbiota of young recipient rats is reshaped
by fecal microbiota transplantation (FMT)

To analyze the effect of gut microbiota on cognitive
decline in aged rats, we treated young rats with aged
microbiota from aged rats by FMT. Within 2 months
after transplantation, some characteristics of the
microbiota in the young recipient rats (3 months)
changed to characteristics similar for aged (24 months)
rats, including diversity and dominant bacteria.
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The diversity of gut microbiota in the FMT group was
lower than in the non-fecal microbiota transplantation
(NFMT) group, although the difference was not
statistically significant (Figure 5A). NMDS analysis
showed that the gut microbiota of the FMT rats was
significantly different from the NFMT rats (P < 0.05,
Figure 5B). UPGMA cluster analysis also showed that
the microbiota in the control NFMT group was closer to
the microbiota before transplantation, while the
microbiota in the FMT group was significantly different
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Figure 2. Expression of molecular markers in young and aged rats. n = 3. (A-C) Expression of NR1 in mPFC and hippocampus by IHC
(A, B), and western blotting (C). (D—F) Expression of BDNF in mPFC and hippocampus by IHC (D, E), and western blotting (F). (G—I) Expression
of AGE in mPFC and hippocampus by IHC (G, H), and western blotting (1). (J-L) Expression of RAGE in mPFC and hippocampus by IHC (J-K),
and western blotting (L). Error bars represent the SEM. * P < 0.05, ** P < 0.01.
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from the NFMT group, and was closer to aged rats
(Figure 5C).

Microbial community analysis also showed that FMT
changed the gut microbiota of the young recipient rats.
At the phylum level, the relative abundance of

Bacteroidetes was lower in FMT rats than in NFMT
rats, and the difference was significant (P < 0.01). In
contrast, the abundance of Firmicutes was higher,
although the difference was not statistically significant
(Figure 5D-5E). Compared with NFMT group, the ratio
of F/B in FMT group increased (P < 0.05, Figure 5F).

A 120, * B 70 . C 7o, .
100+ = %01 601
£ g0- _g 504 E 504
2 2 404 > 40 —L
= 60 = =2
= IE 30+ T © 304
e Z 20 = 201
20+ 104 101
0 0 0
Young Aged Young Aged Young Aged
D E F N
IL-17 W 17 kDa TNF-q % #88 == == 30kDa IL-6 S I oS kDa
B-Actin e — - e 42 kDa B-Actin e w— — w40 kDa B-Actin ey — — 40 kDa
c 3 Young EH Aged c 3 Young W Aged c O Young EE Aged
kel * R=] * o *
w 1.5 * w 1.5 ‘5 2.5 .
7] [ [7:]
2 . g 220
T Q.
if %1.0 N 1.0 Z 215
= o - o o
-%0.5 % 0.5 % 1.0
© © ) 0.5
¥ 0.0 X 0.0 @ 0.0 -
mPFC  Hippocampus mPFC  Hippocampus mPFC  Hippocampus
G H |
_ 601 T 0.151 1004 ok
X 501 —_
> .
£ § 40 - £ 0104 LE 80
B c o) z _ <£
5830 S E = £ 60| L
O 2 204 o 350.059 ~
D Z +
= 104 8 404
0 0.00
Young Aged Young Aged Young Aged
J K L
60, T Young W Aged 404 T3 Young W Aged 5- 3 Young EE Aged
501 * 2 4 *
£ _40 : 2 _20 5
£ B 8§ D < £ 34
8 E 30- x E S
a 3 o 3 £ 2
O T 204 T 10 £
%) 7]
101 o L
0 0 4
mPFC  Hippocampus mPFC  Hippocampus mPFC  Hippocampus

Figure 3. Inflammatory cytokines and oxidative stress markers in serum and brain of young and aged rats. n = 6. Serum levels
of IL-1B (A), TNF-a (B), and IL-6 (C) in young and aged rats. Expression of IL-1f (D), TNF-a (E), and IL-6 (F) in mPFC and hippocampus in young
and aged rats. SOD activity (G), GSH-PX activity (H), and MDA content (l) in serum of young and aged rats. SOD activity (J), GSH-PX activity (K),
and MDA content (L) in mPFC and hippocampus of young and aged rats. Error bars represent the SEM. * P < 0.05, ** P < 0.01.
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The relative abundance of Actinobacteria increased in
FMT group, although the difference was not statistically
significant. The relative abundance of Spirochaetes did
not change in FMT group (Figure 5E). At the genus
level, FMT rats had lower levels of Prevotella,
Bacteroide, Parabacteroides, and higher levels of
Sutterella (Figure 5G-5H).

FMT of aged microbiota from aged rats impairs
cognitive behavior in young rats

The cognitive behavior of NFMT and FMT rats was
evaluated by DMTP task. The correct rate of lever-
pressing under different delays is shown in Figure 6A. At
the shortest delay, both NFMT and FMT rats performed
well. However, at longer intervals (18 s and 24 s), the
accuracy of lever-pressing in FMT rats was significantly
lower than in the NFMT group (P < 0.05, Figure 6A),
suggesting that the cognition of the young recipient rats
was impaired by the FMT of aged microbiota.

FMT of aged microbiota decreases brain activity in
young rats

Functional Magnetic Resonance Imaging (fMRI) is one
of the best tools for studying functions of the brain. As
with conventional fMRI, resting state fMRI (rs-fMRI)
typically measures BOLD signals reflecting the brain
hemodynamics. In contrast with conventional fMRI, rs-
fMRI is a task-free technique that monitors the intrinsic
and fundamental activities of the brain neural circuits
[10]. ReHo is a method to assess the rs-fMRI data,
which is used to measure the BOLD synchrony of a
given voxel to those of its nearest surrounding voxels,
thus measuring the consistency of neuronal activity in
local brain regions in time series [11]. A higher ReHo
value reflects a higher local BOLD synchrony,
representing an increase in neuron activity in the
particular brain area. In contrast, a lower ReHo
indicates a decrease in neuron activity in the particular
brain area. Our results showed that the FMT rats
possessed a lower ReHo in mPFC and hippocampus
compared with the NFMT rats, indicating that FMT
decreased the functional activities in these two brain
areas in the young recipient rats (Figure 6B).

FMT of aged microbiota changes synaptic structures
and dendritic spines in young rats

To evaluate the alterations of neuronal structures
induced by FMT, we analyzed the effect of FMT on
synaptic structures, synaptophysin expression, and
density of dendritic spines in mPFC and hippocampus.
Compared with NFMT rats, the synaptic structures of
FMT rats were significantly changed and similar to the
structural characteristics of aged rats, including widened

synaptic cleft (mPFC: 18.82 + 2.30 vs 9.92 £ 1.97, P <
0.01; hippocampus: 15.87 + 2.30 vs 8.99 + 2.00, P <
0.01), decrease in the thickness of post-synaptic density
(mPFC: 30.79 + 4.49 vs 4484 + 7.58, P < 0.01;
hippocampus: 26.41 + 5.21 vs 47.76 + 8.85, P < 0.01),
as well as a decrease in the curvature of synaptic
interface (mPFC: 1.08 £ 0.09 vs 1.17 + 0.06, P < 0.05;
hippocampus: 1.07 + 0.04 vs 1.23 + 0.09, P < 0.01,
Figure 6C, 6D). In addition, the expression of synapto-
physin in mPFC and hippocampus of FMT rats was
decreased compared with NFMT rats (P < 0.05, Figure
6E). In mPFC and hippocampus, the dendritic spines of
FMT rats decreased significantly compared with NFMT
rats (P < 0.05, Figure 6F-61).

FMT of aged microbiota changes expression of NR1,
BDNF, and AGE/RAGE

NR1, an essential subunit of the NMDA receptor, and
BDNF are important signaling proteins involved in
neuronal  proliferation,  differentiation,  synaptic
plasticity, and survival. Immunoblotting and IHC
analyses showed that the expression of NR1 and BDNF
in mPFC and hippocampus of FMT rats was
significantly decreased, and similar to that in aged rats,
compared with NFMT rats (P < 0.05, Figure 7A-7F).

Advanced glycation end products (AGEs) and receptor
for AGEs (RAGE) accumulate in neurons during
normal aging, and have been used as markers of normal
aging [12, 13]. Immunoblotting and IHC showed that
the expression of AGE and RAGE in mPFC and
hippocampus of FMT rats significantly increased
compared with NFMT rats, having the characteristics of
aged rats (P < 0.05, Figure 7G-7L).

FMT of aged microbiota increases inflammatory
cytokine levels in young rats

Having shown that the levels of the inflammatory
cytokines IL-1B, TNF-o and IL-6 increase in serum and
brain of aged rats (Figure 3A-3F), we asked whether
FMT of aged microbiota increases the inflammatory
cytokine levels in young rats. Both serum and brain
levels of IL-1B, TNF-a and IL-6 were significantly
increased in FMT rats compared with NFMT rats (P <
0.05, Figure 8A-8F). These results suggest that
inflammation might be one of the mechanisms by which
gut microbiota contributes to the cognitive decline in
normal aging.

FMT of aged microbiota increases oxidative stress in
young rats

Since our results showed that the SOD activity in serum
and brain declined, the MDA content increased, and the
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activity of GSH-PX did not change in aged rats (Figure
3G-3L), we tested whether the FMT of aged microbiota
will cause similar changes in young rats. In serum, the
SOD activity of FMT rats declined, and the MDA
content increased compared with NFMT rats (P < 0.05,
Figure 8G, 8l). The SOD activity also declined and the
MDA content increased in mPFC and hippocampus of
FMT rats compared with NFMT rats (P < 0.05, Figure
8J, 8L). The activity of GSH-PX did not change in
serum and brain (Figure 8H, 8K). These results suggest
that oxidative stress might represent another mechanism
contributing to the cognitive decline in normal aging.

DISCUSSION

With advancing age, cognitive dysfunction becomes
more common, especially fluid intelligence including
processing speed, working memory, and long-term
memory [14]. Among these, the working memory has
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been found to be particularly sensitive. To assess the
working memory deficits, delayed response tasks have
been particularly valuable experimental models. The
experimental model named “delayed matching to
position” (DMTP) was originally designed as an
analogue of the primate test “delayed matching to
sample” [15]. Different from the maze task used in most
cognitive experiments, DMTP allows a distinction
between mnemonic impairments and non-specific
impairments (such as impaired retention of the
matching rule, diminished attentiveness to the task and
general motivational, motor, or sensory impairments).
In the present study, we employed the DMTP task to
assess the working memory in aged rats. In this test,
aged rats performed well at the shortest delay intervals,
and showed no detectable deficit in learning the task
contingencies, indicating that non-mnemonic cognitive
functions, such as attention and motivation, were
unimpaired. However, as the delay lengthened, aged
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Figure 6. Effect of FMT on cognition in young recipient rats. (A) Effect of FMT on cognitive behavior by DMTP task; n = 12. (B) Images
of brain slices showing regions with lower ReHo in FMT group compared with NFMT group (n = 20, voxel level < 0.005, cluster level < 0.05
GRF corrected, and clusters > 50 voxels). Blue denotes decreased ReHo; the color bars indicated the T value between two groups. (C) Synaptic
structures of mPFC and hippocampus in NFMT and FMT rats. n = 3. (D) Histograms of synaptic structure parameters. n = 3. (E) Expression of
synaptophysin in mPFC and hippocampus. (F-1) Golgi staining in NFMT and FMT rats (n = 3). Representative Golgi staining images of mPFC (F)
and hippocampus (G) demonstrating impregnation of neurons. (H) Representative images of dendritic spines. (I) Histogram of dendritic

spines densities; * P < 0.05 and ** P < 0.01 versus the NFMT group.
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rats showed progressive impairments, suggesting an
explicit impairment in the retention of information in
the working memory.

Comparing the gut microbiota of aged and young rats
revealed that the gut microbiota of the aged rats was
significantly different from the young rats, especially in
the dominant bacteria Bacteroidetes and Firmicutes. It
has been widely accepted that the gut microbiota
composition changes through aging [16]. Previous
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studies have shown a decreased ratio of Firmicutes to
Bacteroides (F/B) [17], increase in the facultative
anaerobes Staphylococcus and Bacillus, increase in E.
coli [5], and a decrease in Bifidobacteria in the elderly
[18]. However, the age-related variations in gut
microbiota have not been consistent. For example,
different results have been found in the numbers of
Bacteroides between young and elderly subjects [18,
19]. Another pronounced change is the reduction in the
microbiota diversity with increasing age [6]; microbiota
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diversity is a desirable trait that confers resistance to
environmental stressors [20]. The age-related loss of
diversity decreases resistance to colonization with
pathogens, and may account for the higher rates of C.
difficile colitis and other infections in the elderly.
Furthermore, the age-related perturbations in the gut
microbiota initiate age-related pathological states, such
as chronic inflammation, cognitive decline, and frailty.
In most cases, the gut microbiota of older adults

Recent animal studies have indicated that the gut
microbiota affects learning and memory [7]. For
example, one study showed an absence of non-spatial
and working memory in GF (Germ Free) mice
compared with SPF (Specified Pathogen Free) mice
colonized with intact gut microbiota [8]. Another report
showed that a combination of antibiotics (ampicillin,
bacilli, meropenem, neomycin, and vancomycin)
resulted in an impaired recognition memory of novel

represents a pro-inflammatory phenotype [6]. objects in SPF mice [9]. In addition, mice exposed to
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water avoidance stress (an aversive stimulus) after
infection with C. rodentium, had an impaired memory,
but this memory dysfunction was prevented by daily
treatment with probiotics [8]. However, since until now,
the published reports were based on special animal
models, such as GF mice, or on artificial interventions
that change the gut microbiota, such as pathogenic
bacteria infection, probiotics, or antibiotics, and did not
consider the aging process or aging biological charac-
teristics, our understanding of the association between
the gut microbiota and cognitive function under normal
aging process has been limited.

In order to explore the effect of gut microbiota on
cognitive dysfunction in aging, we employed the FMT,
a direct method to change the recipients’ gut micro-
biota. We replaced the young recipient rats’ gut
microbiota with the microbiota obtained from aged rats.
The FMT reshaped the gut microbiota in young
recipient rats so that it resembled the microbiota of aged
rats; these changes included the decreased diversity as
well as the changed proportion of Bacteroidetes and
Firmicutes. In addition, the young rats that received the
aged microbiota by FMT had significant cognitive
behavioral impairments, suggesting that the change in
gut microbiota contributed to the cognitive decline in
aged rats.

Cognitive aging is reflected not only by behavior, but
also by the changes of brain structures and functions.
Rs-fMRI reflects the changes of spontaneous neural
activity in the resting-state. ReHo measures the regional
homogeneity, i.e., similarity. It assumes that within a
functional cluster, the hemodynamic characteristics of
every voxel are similar to its neighbors, and that such
similarity could be changed or modulated by different
conditions [11]. Several studies have investigated the
regional homogeneity in Alzheimer's disease (AD) and
mild cognitive impairment (MCI) patients, in which the
patients showed significant decreased ReHo values in
the medial prefrontal cortex (mPFC), the bilateral
posterior cingulate gyrus/precuneus (PCC/PCu), and the
left inferior parietal lobule (IPL). In addition, the altered
ReHo index correlated with the clinical variables in
MCI and AD patients, suggesting that the spontaneous
activity pattern in the resting state could be used as a
marker for clinical diagnoses of MCI/AD [21, 22].
Furthermore, a previous study indicated that normal
aging decreases the regional homogeneity in extensive
brain regions [23]. In agreement with these studies, our
data showed that aged rats had significantly decreased
ReHo values in almost the entire brain. Importantly,
young rats transplanted with the aged microbiota had
decreased ReHo values, especially in mPFC and
hippocampus, which are the two crucial areas for
cognitive functions. Comparing behavior and ReHo

values of aged and young recipient rats revealed that
both groups had similar behavioral responses with
obvious errors in longer delayed intervals in DMTP test;
however, significant differences in ReHo values were
observed between these two groups. In aged rats, the
ReHo values were decreased in almost entire brain,
while the young recipient rats showed local changes just
in mPFC and hippocampus, indicating that FMT of
aged microbiota may prefer to alter the cognition
relative structures and processes, rather than general
brain functions of the young recipient rats. Obviously,
the ReHo values showed here were logical, reasonable,
and acceptable results. In addition to the functional
alterations, FMT induced changes of synaptic structures
in mPFC and hippocampus, down-regulated expression
of NR1, synaptophysin, and BDNF, and up-regulated
expression of AGEs and RAGE. These structural and
molecular changes were consistent with the behavioral
changes and rs-fMRI results, demonstrating that the
alterations induced by FMT of aged microbiota in
young recipient rats are similar to aged rats.

Aging is characterized by a chronic, low-grade
inflammation, also referred to as inflammaging [24].
The pro-inflammatory cytokines IL-6, TNFa, and IL-1
contribute to inflammaging in healthy elderly
individuals, as well as in many age-related diseases [25,
26]. A great deal of evidence supports a link between
systemic low-grade inflammation and cognitive decline
in both normal and pathological aging [27-29]. Our
results showed that aged rats had increased serum and
brain levels of IL-1B, TNF-a, and IL-6 compared to
young rats. The underlying cause of the age-associated
inflammation is still debated. A recent study
demonstrated that age-related gut microbial dysbiosis
led to increased gut permeability and translocation of
bacterial components, further fueling inflammation in
the context of the aged host [30]. To decrease leaky gut
and inflammation can improve physical and cognitive
functions [31]. In our study, FMT of aged microbiota
increased the brain and serum levels of IL-1B, TNF-a
and IL-6 in the young rats. We speculated that FMT of
aged microbiota increased gut leakage and systemic
inflammation, resulted in cognitive decline. These
results suggested that inflammation might be one of the
mechanisms by which shifts in gut microbiota
contribute to the age-related cognitive decline.

Oxidative stress is a common mechanism in the
pathogenesis of various of diseases, including cognitive
decline [32]. With increasing age, free radicals tend to
increase, while antioxidant defense mechanisms
decrease. Malondialdehyde (MDA) is a product of lipid
peroxidation, which is an important index of oxidative
damage caused by oxidative stress [33]; its expression is
increased in the temporal cortex of the elderly [34]. At
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the same time, the body has very effective antioxidant
defense mechanisms, including the antioxidant enzymes
superoxide dismutase (SOD), catalase, glutathione
peroxidase (GSH-PX), and glutathione reductase.
Several studies have suggested that oxidative stress
might be an important mechanism for intestinal micro-
ecology to exert its biological effects. It was found that
beta-N-methylamino-L-alanine, a neurotoxic substance
produced by cyanobacteria in intestinal flora, can cause
multiple sclerosis, AD, and PD by activating AMPA
receptors or inducing oxidative stress to degrade
glutathione [35]. Moreover, the intestinal Lactobacillus
has an antioxidant capacity, which can remove reactive
oxygen species (ROS) in the intestinal tract, and keep
ROS in a relatively stable state [36]. Our results showed
that FMT of aged microbiota in young rats increased the
MDA content and decreased the SOD activity in serum
and brain, suggesting that oxidative stress might
represent another mechanism by which gut microbiota
contributes to the age-related cognitive decline.

Together, our results indicate that the age-related
changes in gut microbiota play an important role in
cognitive impairment of the aging brain, suggesting that
restoring the microbiota homeostasis in the elderly
people might improve their physical and mental health.
To our knowledge, this study provides the first direct
evidence of the contribution of gut microbiota to the
cognitive decline in normal aging process.

MATERIALS AND METHODS
Rats

Young (~ 3 months) and aged (20 ~ 24 months) male
SD rats were obtained from Chengdu Dashuo
Laboratory Animal Co., Ltd (Chengdu, China). The rats
were specific-pathogen-free (SPF) grade animals, and
were fed in a barrier SPF environment under 12 h light /
dark cycle. Two rats were housed in each cage. All rats
were fed autoclaved chow and sterilized water ad
libitum. All protocols were reviewed and approved by
the Ethics Committee of Shanxi Medical University.

Delayed matching to position (DMTP) task

The tasks were conducted in well-controlled rat two-
lever operant chambers (Med Associates, USA). The
task consisted of a sample phase and a choice phase,
separated by a variable delay. The rats were trained and
tested as described previously [37]. During the initial
sessions, there was 0-delay between the sample and
choice phases. Once a rat reached >80% correct over 3
days, sets of delays were introduced (Set 1: 0, 1, 2, 3, 4,
5,6s;Set2:0,1,2,4,8,12,16s; Set 3: 0, 2, 4, 8, 12,
18, 24 s). Upon establishing >80% correct over 3 days

in Set 1, rats were progressed to Set 2. Each rat was
tested for 5 consecutive sessions in Set 3.

Fecal sample collection and 16S rRNA gene
sequencing

The fecal samples were collected directly from the anus
of each rat. The total genomic DNA was extracted from
each sample by the QlAamp DNA stool mini kit
(Qiagen, Hilden, Germany). The extracted DNA was
subjected to PCR to amplify the variable V3-V4 region
of the 16S locus using the universal bacterial primers
338F/806R on the Illumina MiSeq platform, as
described [38].

For biocinformatics analysis, overlapping paired-end reads
form original DNA fragments were filtered to obtain
clean reads by using QIIME (version 1.17). Then, to get
tags, clean reads were paired using FLASH (version
1.2.11). The tags were clustered to Operational
Taxonomic Unit (OTUs) by utilizing the software
USEARCH (v7.0.1090). To describe the alpha diversity,
the numbers of OTUs and Shannon diversity index were
calculated using R package (v3.1.1). Nonmetric
Multidimensional Scaling (NMDS) analysis based on
weighted UniFrac distances was used to display the
difference of OTU composition among samples using R
package. UPGMA clustering analysis of weighed
UniFrac distance was carried out Using QIIME and R
package to evaluate the similarity among samples. Next,
the OTU representative sequences were classified
taxonomically using Ribosomal Database Project (RDP)
Classifier v.2.2, using 0.8 confidence values as cutoff.
Statistical analyses were conducted in R (v3.1.1).

Resting-state functional magnetic resonance imaging

All rats were scanned using 7.0T Bruker Scanner MRI
system (Pharmascan, Bruker, Switzerland). T2-weighted
anatomical images were acquired first, using a
T2_TurboRARE sequence with the following parameters:
repetition time (TR) = 5,300 ms, echo time (TE) = 33 ms,
number of averages = 2, field of view = 35 mm x 35 mm,
slice thickness = 0.55 mm, slices = 50, matrix = 256 X
256, flip angle = 90°. Functional scans were acquired
using a T2Star_FID_EPI sequence with the following
parameters: TR = 2000 ms, TE = 20 ms, number of
averages = 1, field of view = 35 mm x 35 mm, slice
thickness = 0.55 mm, slices = 50, matrix = 64 x 64, flip
angle = 90°, 600 Repetitions. All original Bruker images
were converted to DICOM format with the Paravision.

Preprocessing of all acquired resting-state data and the
ReHo analysis were carried out using Statistical
Parametric Mapping (SPMS8, http://www.fil.ion.ucl.ac.
uk/spm/software/spm8) and Data Processing Assistant
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for Resting-State fMRI (DPARSF, http://www.restfmri.
net/forum/DPARSF). The dataset was spatially
normalized to the standard rat brain atlas [39]. As
described previously [23], ReHo analysis was
performed using the REST software (http://restfmri.net/
forum/REST). Individual ReHo maps were generated by
calculating Kendall’s coefficient of concordance of the
time series of a given voxel with those of its nearest 26
neighboring voxels. Then, all ReHo maps were smoothed
with an isotropic Gaussian kernel of 2 mm (full-width
half-maximum). The two sample t-test was performed to
determine the difference between two groups. Clusters
that were significantly different were selected by setting
P < 0.005 with a Gaussian random fields (GRF)
correction and clusters more than 50 voxels.

Fecal microbiota transplantation (FMT)

Before transplantation, the FMT rats received an
antibiotic mixture consisting of ampicillin (180 mg/kg/d),
vancomycin (72 mg/kg/d), metronidazole (90 mg/kg/d)
and imipenem (90 mg/kg/d), twice daily (12 h interval)
for three consecutive days [40]. Transplantation was
conducted at day 4 (at least 24 h from the last antibiotic
treatment). To prepare suspension of fecal bacteria for the
transplantation, the fresh fecal contents of aged rats were
surgically extracted, pooled, and diluted with PBS, as
described [41]. The suspension was centrifuged at 800
rpm for 5 min. The supernatant was taken and given to
the recipient rats by gavage immediately. The rats
underwent FMT once a day for three days, then twice a
week for two months.

Golgi staining

According to the instruction of FD Rapid Golgi Stain Kit
(FD Neuro Technologies, Inc. USA), the tissues were cut
into 100 um-thick slices and mounted on gelatin-coated
slides. After staining, the sections were examined under a
light microscope. All images were analyzed by Image J
software. The dendritic Spine density was expressed as
spine number per 10 pm dendritic length.

Transmission electron microscopy

The synaptic ultrastructure features were observed
under transmission electron microscope (JEM -100CX,
JEOL, Japan), and gray type-l synapses were analyzed.
The width of synaptic gap, the thickness of PSD, and
the curvature of synaptic interface were quantitatively
analyzed with Image J, as described [42].

Western blotting

Equal amounts of protein were separated by SDS-PAGE
and transferred to a PVDF membrane. After blocking

with 5% BSA, immunoblots were incubated with the
following specific primary antibodies: NMDAR1
(1:1000, ab68144, Abcam), BDNF (1:1000, ab216443,
Abcam), Synaptophysin (1:20000, ab32127, Abcam),
AGEs (1:500, ab23722, Abcam), RAGE (1:500, ab3611,
Abcam), IL-1p (1:500, ab9722, Abcam), TNF-a (1:1000,
ab6671, Abcam), IL-6 (1:1000, ab9324, Abcam) and f-
actin (1:400, BM0627, Boster). After incubation with
HRP-labeled secondary antibodies, the bands were
visualized using the ECL detection kit. The protein bands
were quantitatively analyzed by using Image Lab
software 5.2.

Immunohistochemistry

Paraffin-embedded tissues were cut into 4 um-thick
sections, and incubated with a primary antibody,
followed by enzyme-labelled secondary antibody. The
primary antibodies used were: NMDAR1 (1:100,
ab68144, Abcam), BDNF (1:500, ab216443, Abcam),
AGE (1:100, ab23722, Abcam), and RAGE (1:20,
ab3611, Abcam). After incubation with a secondary
antibody, the sections were visualized by using 3,3'-
diaminobenzidine (DAB). Images were photographed
and analyzed with Digital Pathology Solutions
(Scanscope CS, Aperio, USA).

Enzyme-linked immunosorbent assay (ELISA)

Serum was collected by centrifugation at 1000 g for 10
min at 4°C. IL-1B, TNF-a, and IL-6 serum levels were
analyzed by commercially available ELISA Kkits
(SHANGHAI WESTANG BIO-TECH).

Analysis of oxidative stress level

Serum was collected as above, and the activities of SOD
(ab65354, Abcam) and GSH-PX (ab102530, Abcam),
and the level of MDA (ab118970, Abcam) were analyzed
according to the manufacturer’s instructions.

The medial prefrontal cortex and hippocampus were
homogenized, and the homogenates were centrifuged at
3000 rpm for 15 min. The supernatants were collected,
and analyzed for the activities of SOD (A001; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China),
GSH-PX (AOQ05; Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), and the content of MDA
(A003; Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

Statistical analysis
Data are presented as means + SEMs. Statistical analysis

was performed by using SPSS 13.0. Two-factor repeated-
measures ANOVA was used to analyze the performance
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of DMTP Task. To compare the data between two
groups, t-test was used; one-way ANOVA was
performed to analyze data from three or more groups.
Difference was considered significant if P < 0.05.
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