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Abstract. — OBJECTIVE: Due to the increase
in human life expectancy, a higher number of
individuals are experiencing age-related cog-
nitive impairments. Therefore, it is important
to investigate the methods to tackle the effects
of aging.

MATERIALS AND METHODS: The mice were
divided into the following groups: the aging
mice (male, 20 months) and young mice (male,
2 months) were pairing-housed together in the
same cage and lasted for at least one month (Ag-
ing-Young). The following tests were performed
for the mice in different groups: Open field
test, Morris water maze (MWM) test, Contextual
fear conditioning test, Novel Object Recognition
(NOR) test, Pain threshold test, Olfactory habit-
uation/dishabituation test, T-maze test, Electro-
physiological recordings.

RESULTS: In this study, we housed aging and
young mice together, and found that the paired
housing for one-month improved the learning
and memory of the aging mice. These mice ex-
hibited better performance on the Morris wa-
ter maze (MWM) test, a longer freezing duration
in the contextual fear conditioning test, a high-
er alternation rate in the T-maze test, and an in-
creased preference for novel objects in the novel
object recognition (NOR) test. The paired hous-
ing with young mice also improved the impaired
long-term potentiation (LTP) in aging mice.

CONCLUSIONS: Our results suggest that the
paired housing with young mice has beneficial
effects on learning and memory of aging mice.
The manipulation of the systemic environment
may, therefore, provide a new strategy for aging
rejuvenation.
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Introduction

Aging is a universal process that affects the
global population. It is often accompanied by
cognitive impairments and consequently can lead
to the development of degenerative disorders in
healthy individuals'. According to a report by the
United Nations, the number of individuals world-
wide aged 60 and above is predicted to more than
double in the next 35 years, reaching almost 2.1
billion by 2050%. Aging is often accompanied by
cognitive decline and dementia, which may then
develop into Alzheimer’s disease and other forms
of neurodegenerative diseases. These diseases af-
fect almost 50% of individuals aged 85 and older
in the United States’. Furthermore, with the av-
erage age of the population gradually rising, this
startling number will only continue to increase.
Therefore, it is important to identify the methods
to maintain cognitive integrity, which can protect
against, or even counteract, this aging process in
the aging population.

For a long time, the aging process has been
considered irreversible’. However, over the past
30 years, this hypothesis has been challenged,
and some investigators have provided powerful
evidence that the aging process can be affected by
several factors. These factors include the experi-
ences that an organism has with its environment>¢
and the genetic composition of the organism’,
indicating that the aging process is, in fact, not a
definitive process but instead is open to manipu-
lation. Furthermore, some studies®® have shown
that the exposure of an aged animal to young
blood can improve the stem cell function in mus-
cle, the liver®, the spinal cord", and the brain',
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and can also ameliorate the cardiac hypertrophy'?.
In addition, the young blood has been shown to
counteract and reverse the pre-existing effects of
brain aging at a molecular, structural, functional,
and cognitive level’®. From these findings, we can
conclude that the systemic manipulations may be
effective mediators in confronting aging. Howev-
er, the rejuvenation of the aging brain using other
methods remains a challenge in neuroscience
research.

Therefore, this study aimed to investigate
whether the paired housing of aging and young
mice can improve the learning and memory abil-
ity of aging mice, demonstrating the rejuvenation
of the aging brain.

Materials and Methods

Animals

This study was approved by the Animal Ethics
Committee of Guangxi Medical University Ani-
mal Center. C57BL/6J male mice were housed in
the standard laboratory cages at 24 = 1°C. The

mice were maintained on a 12-h light/dark cycle
with lights on at 8:00 am and were feed with the
standard food and water ad libitum. The behav-
ioral testing was performed between 10:00 am
and 5:00 pm. All procedures were conducted in
accordance with the Chinese Council on the Ani-
mal Care Guidelines, and some efforts were made
to minimize animal suffering and to reduce the
number of animals used. The mice were normally
housed (5 mice/group) before being divided into
groups. The aging mice (male, 20 months) and
young mice (male, 2 months) were housed togeth-
er in the same cage for 1 month (Aging-Young).
As controls, two male aging mice were housed
in one cage (Aging-Aging), and two young male
mice were housed in another cage (Young-Young)
for the same period (Figures 1A and 1B).

Open Feld Test

The open field test, conducted as described pre-
viously', was performed in a rectangular chamber
(40 x 40 x 30 cm) made of gray polyvinyl chlo-
ride. The mice were gently placed at the center of
the testing chamber for a 5-minute recording pe-
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Figure 1. Paired housing with young mice did not affect locomotor activity or body weight. A, Schematic of the duration
of the paired housing paradigm and experimental tests. B, Schematic of the paired housing conditions in every group. C, D,
The paired housing treatment had no effect on locomotor activity in the open field test. E, Body weight is similar between the
Aging-Aging and Aging-Young groups. n = 12/group. Data are presented as the mean + SE. C, and D, = One-way ANOVA; E,
= repeated measures two-way ANOVA.
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riod, where their movement was monitored by an
automated video tracking system. The digitized
image of the path was then analyzed automatical-
ly using EthoVision 11.0 software.

Morris Water Maze Test

The Morris water maze (MWM) test was con-
ducted as reported previously' with slight modifi-
cations. The training trials were conducted on day
1 to day 4, following group housing. For all trials
and sessions, the platform (10 cm diameter, 1 cm
below the water) was placed in the same position.
We randomized the starting quadrant, and it was
conducted in the same order for all animals. We
recorded the time taken for the mice to reach the
hidden platform and their swimming speed. Once
they found the hidden platform, the animals could
rest for 30 seconds on the platform between trials.
However, if they failed to reach the platform in
120 seconds, the investigator guided the mouse to
the platform. Each animal underwent this test on
4 consecutive days, comprising four trials (NE;
NW; SE; SW) per day. On day 5, for the probe
trial, we removed the platform, and the total dis-
tance travelled, time spent in the target quadrant,
and the number of platform crossings were all
monitored for 60 seconds. Two hours later, the
platform was replaced, and the ability of the ani-
mals to locate it within 60 seconds was assessed.

Contextual Fear Conditioning Test

The contextual fear conditioning test was con-
ducted as follows': first, the mice were allowed to
freely explore the apparatus for 3 minutes. During
the training test, we placed the mice in condition-
ing chamber A, and the mice were then exposed
to tone-footshock pairings (tone - 30 s, 80 dB;
foot shock - 1 s, 0.4 mA), with an interval of 80
seconds. Twenty-four hours later, the mice were
returned to chamber A to evaluate the contextual
fear learning. Two hours later, we performed the
cued fear conditioning in novel chamber B for 3
minutes. We monitored the freezing response of
the mice during training and testing using Med
Associates Video-Tracking and Scoring software.

Pain Threshold Test

The pain threshold test was performed as
previously reported'é. Each animal was put in-
to chamber A and given 11 repeated shocks of
various intensities (from 0.10 to 0.60 mA). These
shocks lasted 1 second, and the intershock inter-
vals lasted at least 2 minutes. When we observed
the mouse curling up its feet, this was defined
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as a flinching event. When the mouse made an
audible squeak, this was defined as vocalization,
and when it propelled itself off the floor, it was
defined as jumping.

Novel Object Recognition Test

The novel object recognition (NOR) test was
conducted as previously described”. The NOR
apparatus consisted of a rectangular chamber (33
x 33 x 20 cm) made of black polyvinyl chloride.
Each mouse was habituated to the empty arena
for 5 minutes the day before the familiarization
session. During the familiarization session, two
identical objects (towers of Lego bricks or Falcon
tissue culture flasks filled with sand) were placed
5 cm away from the walls. The mice were allowed
to explore each object freely until they reached
20 seconds of the total exploration time or when
a 10 minutes period was over. Twenty-four hours
later, one familiar object and one novel object
were placed in the arena. Again, the experiment
was stopped when there had been a 20-second
exploration of both objects, and when a 10-minute
period was over. The discrimination ratio was
subsequently calculated to measure the mouse’s
recognition memory. This was calculated using
the formula: time spent exploring novel object/
total exploring time.

Olfactory Habituation/Dishabituation
Test

The olfactory habituation/dishabituation test
was performed in a chamber consisting of an
open-top plastic box (12 x 12 x 26 cm) with a
recessed odor port to provide odorant delivery at
one side of this box. The mice were tested once a
day in a single session lasting around 45 minutes,
and 2-3 sessions were performed per animal. The
animals were presented with three odorants three
consecutive times for a duration of 120 seconds,
followed by a 1-2-minute intertrial interval (ITT).
To ensure the robust habituation to the test stimu-
lus, each odorant was presented three times. The
odorants used here were almond, banana, and the
excreta of a different animal (for example, the
C57Bl/6J or B6.129S6 mice) and were presented
in the form of a 0.5% saturated vapor. We re-
corded the time spent sniffing the tip during each
2-minute odorant exposure period'.

T-maze Test

The T-maze test was performed using a
T-shaped elevated maze with a start arm (3x10
cm) and two-goal arms (30x10 cm)®. During
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training, both goal arms were opened, and the
mice were placed in the start arm and allowed
to freely explore the maze for 20 minutes. Once
the mice entered the start arm, we closed the
choice door, restricting access to one of the goal
arms. After one minute, the mice were removed
from the maze. The retention test was then con-
ducted five minutes later. Both goal arms were
open during this test, and the mice were faced
away from the choice point at the end of the start
arm and allowed to freely explore for 5 minutes.
The new arm preference of the mice was then
calculated using the formula [(new arm)/(new
and old).]

Electrophysiological Recordings

This study’s protocol was based on the previ-
ous studies'. In brief, the mice were anesthetized
with pentobarbital and subsequently decapitated,
and their brains were quickly removed and placed
in ice-cold oxygenated modified artificial cere-
brospinal fluid (ACSF) containing 195 mM su-
crose, 2mM KCI, 0.2 mM CaCl,, 12 mM MgSO,,
1.3 mM NaH,PO,, 26 mM NaHCO,, and 10 mM
glucose. The medial prefrontal cortex (mPFC)
slices (300 pm thickness) were prepared using a
VT-1200S vibratome (Leica, Wetzlar, Germany)
and subsequently transferred to a storage cham-
ber containing normal ACSF (126 mM NacCl, 3.0
mM KCl, 1.25 mM NaH PO,, 2.0 mM CaCl,,
1.0 mM MgSO,, 26 mM NaHCO,, and 10 mM
glucose) for a 30 minute recovery period at 34°C
and subsequently stored at room temperature (25
+ 1°C) for an additional 2-8 hours. We measured
the initial slope of field excitatory postsynaptic
potentials (fEPSPs) as the strength of the synaptic
transmission. The long-term potentiation (LTP)
was induced by one train of electrical stimulation
delivered at 100 Hz. The level of LTP was then
determined at 30-60 minutes following this te-
tanic stimulation.

Statistical Analysis

In the experimental data, the #-test was used to
compare the means of two independent samples,
and a One-way analysis of variance (ANOVA) fol-
lowed by Post Hoc Test (Least Significant Differ-
ence) was used to compare the means of multiple
groups of samples using the Statistical Product
and Service Solutions (SPSS) 22.0 software (IBM
Corp., Armonk, NY, USA). The number of exper-
imental animals is indicated by “n.”. Unless stated,
the mean values shown in the text and figures are
expressed as the mean + standard error of the mean

(SEM). p < 0.05 was considered statistically signif-
icant. GraphPad Prism 6.0 software (La Jolla, CA,
USA) was used to draw the graph.

Results
Behavioral Test Results

Open Field Test

Firstly, we examined the locomotor activity of
each group and found that the paired housing with
young mice for one month had no effect on the
total path length (F, ;; = 2.154; p = 0.532; Figure
1C) or rearing time (F, ;, = 2.432; p = 0.713; Fig-
ure 1D). The body weight was also not different
in aging mice housed with young mice compared
to those housed with aging mice (t = 3.542, p =
0.465; Figure 1E).

Morris Water Maze Test

The MWM test was used to examine hippo-
campal learning and memory'. The control mice
(Control-Young and Young-Young) reached the
hidden platform in a faster time during training.
The aging mice (Control-Aging and Aging-Ag-
ing) took significantly longer to reach the plat-
form (F hss = 1.458; p = 0.006; Figure 2A), veri-
fying the fact that these elder mice (20 months of
age) exhibited deficits in learning and memory'.
Compared to the Aging-Aging mice, the Ag-
ing-Young mice took significantly less time to
find the hidden platform (7, ;; = 1.458; p = 0.006;
Figure 2A). In the probe test, compared to the
Young-Young mice, the Aging-Aging mice spent
significantly less time in the target quadrant (£, .
= 2.918; p = 0.005; Figure 2B), swam a reduced
distance in the target quadrant (¥, ;= 2.018; p =
0.006; Figure 2C), and demonstrated a signifi-
cantly reduced number of platform crossings (£, .,
= 1.148; p = 0.007; Figure 2D). Overall, the paired
housing with young mice was, therefore, seen to
rescue the memory deficits in elder mice (Figures
2B-2D). To validate our findings, we tested the
sensory responses during the MWM. We found
no significant difference in the average swim-
ming speed (£, , = 0.866; p = 0.462; Figure 2E) or
escape latency (F), ;= 0.675; p = 0.682; Figure 2F)
among the groups during the probe trial where
the platform was removed. These results clearly
show that the paired housing with young mice
improved learning and memory performance in
aging mice.
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Figure 2. Paired housing with young mice improved the learning and memory ability of aging mice in the MWM test.
The aging mice that shared housing with young mice spent a shorter time searching for the platform (A) *indicates the
differences between Control-Young and Control-Aging groups, A indicates the differences between Young-Young and Aging-
Aging groups, “indicates the differences between Aging-Aging and Aging-Young groups. We spent more time in the target
quadrant (B), swam a greater distance in the target quadrant (C), and crossed the target quadrant a greater number of times (D),
compared to aging mice that shared housing with other aging mice. However, paired housing did not affect swimming speed
(E) or escape latency (F) after the platform was removed in the MWM. n = 12/group. The data are presented as the mean + SE.
*p<0.05, **p<0.01; A, = repeated measures Two-way ANOVA; B, C, D, E, and F, = One-way ANOVA.

Contextual Fear Conditioning Test

In the contextual fear conditioning test, we ob-
served a reduction in freezing the duration in the
Control-Aging and Aging-Aging mice compared
to the Control-Young and Young-Young mice. The
paired housing with young mice for one mouth
was shown to significantly increase the freezing
duration in aging mice (F, ;; = 4.468; p= 0.004;
Figure 3A). Twenty-four hours after fear condi-
tioning, aging mice exhibited 45-50% reduced
freezing durations compared to young mice. In
the Aging-Young group, the paired housing was
shown to relieve this behavior deficit. Freezing
durations were 66.63 + 5.23, 3597 £ 5.79, 64.18 +
6.24, 33.01 + 6.68, 52.47 + 4.94, respectively (£,

= 2.908; p = 0.005; Figure 3B). To validate our
findings, we tested the sensory responses during
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this behavior. We found that there was no signifi-
cant difference in the pain threshold (as an index
of pain sensitivity; F, ., = 2.024; p = 0.367; Figure
3C) or pre-tone freezing behaviors (as an index of
baseline startle response; F hss = 3.567; p = 0.352;
Figure 3B). These results also indicate that the
paired housing with young mice had a beneficial

effect on learning and memory in aging mice.

T-Maze and NOR Test

T-maze and NOR are additional animal behav-
ioral tests used to assess learning and memory!'®2°,
In the T-maze test, we found that the Control-Ag-
ing and Aging-Aging mice had a lower alter-
nation rate than the Control-Young and Young-
Young mice. The results of the Aging-Young mice
demonstrated that the paired housing rescued
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Figure 3. Paired housing with young mice improved learning and memory ability in aging mice in the contextual fear
conditioning test. A, This paired housing treatment with young mice also had a beneficial effect on the learning process in the
training test in aging mice. B, The paired housing with young mice increased the freezing duration in aging mice 24 hours
after training. C, There was no significant difference in pain threshold observed. n = 12/group. The data are presented as the
mean + SE. *p<0.05, **p<0.01, ***p<0.001; A and C = repeated measures two-way ANOVA; B = One-way ANOVA.

these behavioral deficits. The alternation rates
were 76.83 £4.93, 48.94 £ 3.93, 78.76 + 4.31, 51.63
+ 5.34, 70.10 £ 7.13, respectively (F4’55 = 3.543;
p=0.012; Figure 4). To validate our findings, we
tested the sensory responses during this behavior
and found no significant difference in the olfac-
tory responses (F, , = 24.328; p = 0.753; Figure

5A). In the NOR test, while the Aging-Aging mice
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Figure 4. Paired housing with young mice improved the
memory ability in aging mice in the T-maze test. Aging
mice housed with young mice exhibited higher alternation
rates than aging mice housed with aging mice. n = 12/group.
The data are presented as the mean = SE. *p<0.05, **p<0.01,
One-way ANOVA.

exhibited a lack of preference, the Aging-Young
group exhibited a preference to the novel object
over the familiar object: 75.86 + 2.35, 49.02 +
2.13, 73.76 £ 4.30, 50.00 + 3.35, 66.10 + 4.13,
respectively (F, .. = 4.678; p = 0.026; Figure 5B).

4,55

Electrophysiological Results

LTP induction

Hippocampal LTP is thought to be the cellular
mechanism underlying learning and memory?'.
We compared LTP induction in mice groups and
found a significant difference between all groups
(Figures 6A, 6B). In the HFS-induced LTP, the
slope of fEPSPs was 155.50 &+ 3.70, 110.50 + 2.74,
153.59 + 1.71, 102.58 + 2.54, 134.20 + 3.10, re-
spectively (F, ,; = 5.258; p < 0.0001; Figure 6C).
Compared to the young mice, LTP was unable to
be induced in the slices obtained from the aging
mice. Therefore, these results show that the paired
housing with young mice can rescue LTP impair-
ment in aging mice.

Pre-Synaptic Mechanism

We, then, investigated paired-pulse facilitation
(PPF), which is accepted as an efficient model
to test the changes within the presynaptic termi-
nal**#. We found that, while the aging mice ex-
hibited a decrease in PPF compared to the young
mice, paired housing with young mice can rescue
this decreased PPF, suggesting that the paired
housing is able to induce the presynaptic effects
(F,,. = 4.964; p = 0.031; Figure 7A). We, then,

4,25
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Figure 5. Paired housing with young mice improved the memory ability in aging mice in the NOR test. A, There were no
significant differences in the olfactory responses. B, Aging mice housed with young mice had a greater preference to the novel
object than those housed with aging mice. n = 12/group. The data are presented as the mean + SE. **p<0.01, ***p<0.001; A =
repeated measures Two-way ANOVA; B = One-way ANOVA.

performed the complete input-output (I-O) curves
and observed no detectable changes in the basal
synaptic transmission (F,,; = 2.347; p = 0.451;
Figure 7B), showing that the paired housing with
young mice did not affect basal synaptic neuro-
transmission in aging mice.

Discussion

We discovered several major in our study. First-
ly, paired housing with young mice for one-month
improved learning and memory performance in
aging mice, as assessed by the escape latency in

the MWM test, freezing duration in the contex-
tual fear conditioning test, alternation rate in the
T-maze test, and preference in the NOR test. Sec-
ondly, the paired housing with young mice also
rescued impaired LTP induction in aging mice
and demonstrated an effect on presynaptic neuro-
transmission. Altogether, our results suggest that
the paired housing with young mice may have a
beneficial effect on learning and memory abilities
in aging mice.

It is universally understood that aging is an
inevitable process, and the cognitive decline that
accompanies this decline is emerging as one
of the greatest health threats of the twenty-first
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Figure 6. Paired housing with young mice facilitated LTP induction. A, Average traces obtained before (1) and 60 min after
(2) tetanic stimulation. Scale bars = 0.5 mV, 10 ms. B, Normalized fEPSP slope plotted for each group. The arrow indicates
1*HFS (100 Hz, 1s) tetanus stimulation. C, Histogram showing the average percentage of potentiation after tetanus vs. baseline
(100%) for each group (recorded 30-60 min after tetanus). n = 6/group. The data are presented as the mean + SE. ***p<0.001;
One-way ANOVA.
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century"**, Like other mammals, humans are
susceptible to age-related cognitive decline, for
example, Alzheimer’s disease and other forms of
neurodegenerative disease®. Therefore, exploring
the mechanisms underlying the aging process
is an important topic within neuroscience re-
search. Fortunately, we have obtained a greater
understanding of the molecular mechanisms of
aging®*?. It has been discovered that the rate
of aging is, in fact, not inevitable but rather is
open to modification?’. Similarly, the cognitive
decline associated with mammalian brain aging
also seems to be variable and potentially open to
modification".

Based on the above findings, one potential
approach to confront the disadvantageous effects
of aging is to manipulate the individual target
genes which have been implicated in the aging
process®®. However, it is a challenge to target the
genes in this manner. The manipulation of the
systemic environment may, therefore, provide
other means to rejuvenate aging®>°. Indeed, re-
ports into systemic manipulations, such as calor-
ic restriction®, exercise®, and changes to blood
composition by heterochronic parabiosis®, young
plasma administration, or exposure of aged mice
to young blood", have already demonstrated a po-
tential reversal of aging, both in peripheral tissues
and the CNS. Specifically, these aforementioned
studies have verified that the systemic manipu-
lations can relieve impairments in the cognitive

functions and synaptic plasticity in the aged CNS.

To date, the above evidence of rejuvenated
aging has been attributed to the changes in the
systemic environment. However, it should be
noted that currently, the effects of young blood
have not been fully comprehended**. Therefore,
it is important that future studies continue to
explore the rejuvenating effects of the systemic
environment. In our study, we found that the
paired housing with young mice for one month
improved the learning and memory ability of the
aging mice across several behavioral tests. To our
knowledge, these results directly indicate for the
first time that the group housing with young mice
has a beneficial effect on learning and memory
in aging mice. Previous studies™*¢ have also re-
ported that group housing can have other physi-
ological consequences, for example, the changes
in the group temperature, oxygen consumption,
and respiration rate. Group housing can also
affect competitive interactions, social behavior,
and influence growth through complex physiolog-
ical interactions®*. Some clinical studies have
also indicated that housing is a well-recognized
social determinant of health, which is closely
linked with social, economic, and geographic fac-
tors. Poor housing environments can affect health
through a myriad of direct and indirect pathways.
Therefore, our investigations could provide a new
strategy to prevent the observed decline in learn-
ing and memory in aging.
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LTP is thought to be the cellular and molecular
mechanism underlying learning and memory?'.
Bishop et al®* have indicated that in aging mice,
learning and memory ability and LTP are dis-
turbed when compared to adult mice. Indeed,
from our results, we found that aging mice ex-
hibited impaired LTP. Meanwhile, paired housing
with young mice was seen to rescue this LTP im-
pairment (Figure 6). Furthermore, the alterations
in presynaptic neurotransmission were found to
play some role in the observed paired housing
mediated LTP induction (Figure 7).

Conclusions

This study revealed the functional role of the
paired housing with young mice in the learning
and memory ability of aging mice. This may pro-
vide a new strategy for aging rejuvenation through
manipulation of the systemic environment.
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