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Social Interaction Rescues Memory Deficit in an Animal
Model of Alzheimer’s Disease by Increasing BDNF-
Dependent Hippocampal Neurogenesis
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It has been recognized that the risk of cognitive decline during aging can be reduced if one maintains strong social connections, yet the
neural events underlying this beneficial effect have not been rigorously studied. Here, we show that amyloid precursor protein (APP) and
presenilin 1 (PS1) double-transgenic (APP/PS1) mice demonstrate improvement in memory after they are cohoused with wild-type mice.
The improvement was associated with increased protein and mRNA levels of BDNF in the hippocampus. Concomitantly, the number of
BrdU �/NeuN � cells in the hippocampal dentate gyrus was significantly elevated after cohousing. Methylazoxymethanol acetate, a cell
proliferation blocker, markedly reduced BrdU � and BrdU/NeuN � cells and abolished the effect of social interaction. Selective ablation
of mitotic neurons using diphtheria toxin (DT) and a retrovirus vector encoding DT receptor abolished the beneficial effect of cohousing.
Knockdown of BDNF by shRNA transfection blocked, whereas overexpression of BDNF mimicked the memory-improving effect. A
tropomyosin-related kinase B agonist, 7,8-dihydroxyflavone, occluded the effect of social interaction. These results demonstrate that
increased BDNF expression and neurogenesis in the hippocampus after cohousing underlie the reversal of memory deficit in APP/PS1
mice.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disease
in which dementia symptoms gradually worsen over a number of
years. The disease is characterized by accumulation of �-amyloid
plaques and of tau tangles (Tiraboschi et al., 2004). At present, there
is no definitive evidence to support that any particular treatment is
effective in preventing or reversing the progression of the disease
(Luchsinger and Mayeux, 2004). Often, we have been told that
we can lower the risk of cognitive decline and the onset of AD if we
maintain strong social connections and keep mentally active as we
age (Stern, 2006; Szekely et al., 2007). Indeed, researchers have found
a relationship between frequent social activity and better cognitive
function (Stern, 2006; Szekely et al., 2007; Paradise et al., 2009).
However, the underlying mechanisms are largely unknown.

It is established that neurogenesis occurs throughout life pre-
dominantly in the subgranular zone (SGZ) of the hippocampus

and the subventricular zone of the lateral ventricle (Ming and
Song, 2005; Balu and Lucki, 2009). In the SGZ region, new cells
are differentiated into both neurons and glial cells and the new-
born neurons incorporate to the granule cell layer of the dentate
gyrus (DG; Lledo et al., 2006). A growing body of evidence sup-
ports the contribution of newborn neurons to hippocampus-
dependent memories (Shors et al., 2001; Saxe et al., 2006;
Imayoshi et al., 2008). It has been reported that neurogenesis in
the adult hippocampus is required for trace eyeblink condition-
ing (Shors et al., 2001). Moreover, ablated neurogenesis has been
shown to impair contextual fear conditioning, but it was not
shown to impair cued fear conditioning, which is independent of
the hippocampus (Saxe et al., 2006; Imayoshi et al., 2008). How-
ever, conflicting results have also been reported. For example,
ablation of hippocampal neurogenesis has no effect on tasks in-
cluding contextual fear memory and Morris water maze (Shors et
al., 2002; Snyder et al., 2005).

BDNF plays an important role in regulating the survival and
differentiation of selective populations of neurons (Hetman et
al., 1999), synaptic plasticity such as LTP (Korte et al., 1995; Pang
et al., 2004), and learning and memory (Mizuno et al., 2000;
Tokuyama et al., 2000). It has been shown that increases in the
level of Bdnf mRNA and activation of BDNF signaling are asso-
ciated with attenuation of stressor-induced reductions in neuro-
genesis within the DG (Furukawa-Hibi et al., 2011). Enhanced
neurogenesis has been correlated with increases in the BDNF
level in the DG (Telerman et al., 2011). We have previously
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shown that social isolation aggravates the impairment of contex-
tual fear memory and the rundown of LTP in amyloid precursor
protein (APP) and presenilin 1 (PS1) double-transgenic (APP/
PS1) mice (Hsiao et al., 2011). The purpose of this study was to
evaluate how interaction with conspecifics affected the progres-
sion of AD in APP/PS1 mice. Herein, we provide the first evi-
dence that social interaction with conspecifics increases
hippocampal levels of Bdnf mRNA and protein, resulting in in-
creased neurogenesis and thereby rescuing memory deficits in
APP/PS1 mice.

Materials and Methods
Animals
Male APP/PS1 mice (RRID:IMSR_MMRRC:034832) were obtained
from the Jackson Laboratory and expressed both a chimeric mouse/hu-
man amyloid precursor protein (Mo/HuAPP695swe) and a mutant hu-
man presenilin 1 (PS1dE9) (Jankowsky et al., 2004). The mice were
backcrossed to the C57BL/6J strain for six generations to create APP/PS1
transgenic mice. The APP/PS1 mice were housed in groups of 4 –5 per
cage (27 � 16 � 12 cm 3) in a temperature-controlled vivarium on a 12 h
reverse light/dark cycle. At 6 months old, an APP/PS1 mouse was ran-
domly chosen to cohouse with a wild-type (WT) mouse (nontransgenic
littermates of APP/PS1 mice) for 3 months. The APP/PS1 mouse that was
cohoused with a 6-month-old APP/PS1 helper served as a control. All
procedures on animals were approved by the Institutional Animal Care
and Use Committee of the College of Medicine, National Cheng Kung
University.

Fear conditioning
Fear conditioning was conducted in a specially designed chamber (Med
Associates; 30 � 24 � 21 cm) with a shock floor, house light, and speaker
mounted on the wall through which tone presentations were delivered.
Stainless-steel grids comprised the shock floor and were connected to a
shock generator for foot shock delivery. All programs were controlled by
FreezeScan software (Clever Systems). On the training day, APP/PS1
mice were transported to a behavioral room. After a 1 h habituation
period in the room, the mice were placed in the training chamber for
120 s. After the acclimation period, the mice were presented with a 20 s
pure tone (3 kHz) that coterminated with 3 s foot shock (0.75 mA). This
procedure was repeated 4 times with an intertrial interval of 40 s. After
the last trial, the mice remained in the context for 2 min before being
removed from the training chamber. The next day, the mice were re-
turned to the training chamber for 3 min without exposure to either the
tone or foot shock to measure contextual freezing. The mice were re-
turned to their home cages at the end of the contextual test. The chamber
was cleaned with 75% ethanol before each session. Behavior was re-
corded by video camera and freezing data were measured using Freez-
eScan software. Freezing was defined as the absence of any movement
except for respiration and freezing levels were presented as a percentage
time spent freezing.

Social interaction test
Social interaction behavior was evaluated in an open field apparatus
made of clear Plexiglas (40 � 40 � 30 cm). Before testing, the open field
apparatus was used to measure locomotor activity for 10 min. Then, a
small circular Plexiglas chamber (diameter: 9 cm, height: 15 cm) with
numerous mesh-like holes (diameter: 1.2 cm) was placed in the open
field apparatus. The procedure for the social interaction test included 2
phases: habituation and testing. In the habituation period, each WT
mouse (helper) was given 10 min to explore the environment freely. The
WT mice were habituated for two days. On the third day, a WT mouse
was also habituated for 10 min before testing. Immediately after habitu-
ation, a 6-month-old APP/PS1 mouse was enclosed in the small circular
Plexiglas chamber. The sociability between the APP/PS1 and WT mouse
was tested for 10 min. The behavior of the mice was recorded by video
camera. The total duration of contacts between the APP/PS1 and the WT
mouse was measured using EthoVision 3.0 software (Noldus). The Plexi-

glas barrier was only used to determine social interactions. In our study,
a 6-month-old APP/PS1 mouse was paired with a WT mouse.

We also used a social interaction procedure adopted from Sams-Dodd
(1995) and Snigdha and Neill (2008) to detect active social interactions
and social aggression/attacks. Briefly, pairs of unfamiliar mice consisting
of a 6-month-old APP/PS1 mouse and the helper were placed into the
cage (27 � 16 � 12 cm 3) for 10 min. The time spent in social interactions
(active contact such as sniffing, licking, close following, and grooming)
was recorded for each pair of mice. We rarely observed instances of
threatening behavior or biting (aggression) between the 6-month-old
APP/PS1 mouse and the helper placed in the arena; aggression was thus
excluded from the set of behavioral criteria used here.

We found memory improvement in the APP/PS1 mouse to be corre-
lated with the social interaction time. Therefore, in the gain-of-function
experiments, we chose a group of mice in which the interaction times
between the APP/PS1 and the WT mouse were �50 s to avoid a ceiling
effect. Conversely, in the loss-of-function experiments, we chose a group
of mice in which the interaction times were �100 s to avoid the floor
effect. Gain-of-function experiments included overexpression of BDNF
and tropomyosin-related kinase B (TrkB) agonist treatment with 7,8-
dihydroxyflavone (7,8-DHF), whereas loss-of-function experiments
included ablation of neurogenesis [methylazoxymethanol acetate
(MAM) and diphtheria toxin (DT) treatment] and knockdown of
BDNF (see Fig. 5A).

Morris water maze test
In the training period, 18 APP/PS1 mice were trained to find a hidden
submerged Plexiglas platform (8 cm in diameter) in a circular pool (110
cm in diameter, 50 cm deep) filled with water for 4 consecutive days with
4 trials per day. Each mouse was given 120 s to find the hidden platform
in each trial. If the mouse found the platform within 120 s, it was allowed
to remain on the platform for 20 s. If the mouse failed to find the platform
within 120 s, it was guided to the platform and allowed to rest on the
platform for 20 s. The latency was calculated as the average time to find
the platform of the 4 trials per day. The memory retention test was
conducted on the fifth day. The mouse was given 60 s to search a target
quadrant. The behavior of the mice was monitored with a video camera
connected to a computer. For data analysis, the pool was divided into
four quadrants (target quadrant, left, right, and opposite of the target
quadrant). The time spent in each quadrant was measured using Etho-
Vision XT 5.1 software (Noldus).

Spatial recognition memory test
The object location memory test was performed as described previously
(Stefanko et al., 2009). The procedure included 3 phases: habituation,
training, and testing. A total of 27 APP/PS1 mice were habituated the
experimental apparatus (40 � 40 � 40 cm) for 5 min/d for 4 consecutive
days before training. During the training trial, each mouse was placed in
the apparatus and allowed to explore two identical objects for 10 min.
Spatial cues around the experimental apparatus were held constant
throughout the experiment. After 24 h, one object was moved to a novel
location. During the testing trial, the mouse was placed into the appara-
tus to test retention memory for 5 min. All objects and the experimental
apparatus were cleaned with 75% ethanol to eliminate odor cues between
trials. The behavior of the mice was recorded with a video camera
mounted above the apparatus. For each set of video data, two investiga-
tors blind to the experimental conditions scored the time that the animal
spent exploring each object. Object exploration time was defined as the
duration during which the mouse directed its nose to the object, sniffed,
or pawed the object. If the mouse was leaning against, standing, or sitting
on the object, it was not recognized as exploration. To account for dif-
ferences in exploratory behavior among the APP/PS1 mice, behavior was
expressed as the discrimination index (DI). The DI was calculated ac-
cording to the difference between the time exploring each object over the
time exploring both objects (DI � (tnovel � tfamiliar)/(tnovel � tfamiliar) �
100) as reported previously (McQuown et al., 2011).

Western blotting assay
One hour after the contextual test, hippocampal tissue was dissected
from the brains of the APP/PS1 mice. The hippocampal tissue samples
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were homogenized using a cold lysis buffer (1% Triton X-100, 0.1% SDS,
50 mM Tris-HCl, pH 7.5, 0.3 M sucrose, 5 mM EDTA, 2 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, and 1 mM enylmethylsul-
fonyl fluoride supplemented with a complete protease inhibitor mix-
ture). After sonication, the lysates were centrifuged at 12 000 rpm for 30
min to obtain supernatants. The protein concentration of the superna-
tants was measured using a Bradford assay. Equal amounts of protein
were separated by SDS-PAGE electrophoresis, transferred to a nitrocel-
lulose membrane, and incubated in 5% nonfat dry milk for 1 h. Western
blot analysis used BDNF (N20, 1:1000; Santa Cruz Biotechnology catalog
#sc-546 RRID:AB_630940) and actin (1:100 000; Milliporecatalog
#MAB1501 RRID:AB_2223041) antibodies reacted overnight at 4°C,
which were then incubated with HRP-conjugated secondary antibodies
for 1 h at room temperature. The signal was detected by an ECL Plus
detection reagent (PerkinElmer). The films were exposed at different
times to obtain optimum density without saturation and were analyzed
by densitometry. The protein levels were first normalized to internal
control (actin) levels for each sample and then signal was calculated as a
percentage of controls.

Bdnf mRNA measurement
One hour after the contextual test, hippocampal tissue samples were
dissected from the brains of 12 APP/PS1 mice. A total RNA spin kit
(Bioman) was used to extract total RNA from the hippocampal tissue
samples and ImProm-II Reverse Transcription System (Promega) was
used to synthesize cDNA. The mRNA of the Bdnf was measured with a
TaqMan real-time quantitative reverse transcription PCR (RT-PCR) us-
ing a StepOnePlus System (Life Technologies). The BDNF probe
(Mm04230607_s1) and GAPDH probe (Mm99999915_g1) were ob-

tained from Life Technologies. The RT reactions were performed as fol-
lows: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles at 95°C for
15 s and 1 min at 60°C. Gapdh was used as an endogenous control to
standardize the amount of sample RNA. The levels of Bdnf mRNA were
first normalized to Gapdh mRNA for each sample and then were mea-
sured as fold changes compared with control (9 M APP/PS1).

Drugs
BrdU labeling. To label the newborn neurons, APP/PS1 mice received an
intraperitoneal injection of 5-bromo-2�-deoxyuridine (BrdU) (300 mg/
kg; Sigma-Aldrich) 2 h before cohousing with WT mice.

MAM treatment. To reduce the number of proliferating cells, 5 APP/
PS1 mice received an intraperitoneal injection of MAM (7 mg/kg; Mid-
west Research Institute) or 5 injected with vehicle (PBS) once per day for
7 consecutive days before cohousing with the WT mice.

DT treatment. Seven days before the completion of the cohousing
phase of the experiment, groups of 5 APP/PS1 mice received daily injec-
tions of DT (16 �g/kg, i.p.; Sigma-Aldrich) or vehicle (PBS) once per day
for 7 consecutive days.

7,8-DHF treatment. 7,8-DHF (Sigma-Aldrich) was first dissolved in
dimethyl sulfoxide (DMSO) to generate a stock and then was diluted
before application with the final 17% DMSO concentration in PBS.
Groups of 5 APP/PS1 mice received repeated intraperitoneal injections
of 7,8-DHF (5 mg/kg) or vehicle (17% DMSO in PBS) once per day for 10
consecutive days before cohousing with the WT mice.

Immunohistochemistry
One hour after the contextual test, APP/PS1 mice were anesthetized with
10% chloral hydrate (50 mg/kg, i.p.). Mice were then perfused with PBS

Figure 1. Reversal of contextual memory impairment in APP/PS1 mice after cohousing with WT mice. A. Age-dependent impairment of fear memory in APP/PS1 mice. APP/PS1 and WT mice at
the ages of 1, 3, 6, 9, and 12 months were given context footshock pairings, and memory retention was tested 24 h after training (WT groups: n � 6 in 1 M; n � 7 in 3 and 6 M; n � 8 in 9 and 12 M;
APP/PS1 groups: n � 6 in 1 M; n � 7 in 3 M; n � 11 in 6, 9, and 12 M). **p � 0.01, ***p � 0.001 vs WT mice of the same age. B, Six-month-old APP/PS1 mice cohoused with 1-, 3-, or 6- month-old
WT and APP/PS1 helpers for 3 months were given context footshock pairings for conditioning. All experimental groups were able to acquire equivalent amounts of conditioned freezing during
training. C, Contextual freezing responses of APP/PS1 mice after cohousing with 1-, 3-, or 6-month-old WT and APP/PS1 helpers for 3 months (cohousing with WT-helper groups: n � 117 in 1 M, n �
15 in 3 and 6 M; cohousing with APP/PS1-helper groups: n � 15 in 1 and 3 M, n � 30 in 6 M). APP/PS1 mice that were cohoused with 6-month-old APP/PS1 helpers served as the control group. *p �
0.05, ***p � 0.001 vs cohousing with a 6-month-old APP/PS1-helper. D, Population ratio of APP/PS1 mice with either unimpaired memory or impaired memory after cohousing with 1-, 3-, or
6-month-old WT and APP/PS1 helpers for 3 months.
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followed by 4% paraformaldehyde (PFA). Brain was removed and post-
fixed in PFA at 4°C overnight, after which it was sectioned on a freezing
microtome at 20 �m. For BrdU immunohistochemistry, sections were
first rinsed with PBS containing 0.3% Triton X-100, pretreated with a
saline-sodium citrate buffer at 85°C for 15 min, incubated in 2 N HCl at
37°C for 30 min, and finally rinsed in 0.1 M boric acid, pH 8.5, at room
temperature for 10 min. Sections were incubated for 1 h in 3% bovine
serum in PBS at room temperature, then overnight with primary anti-
bodies, followed by 2 h incubation at room temperature with Alexa
Fluor-conjugated secondary antibodies (1:200; Jackson ImmunoRe-
search). The primary antibodies used in this study were BrdU (1:100;
Abcam catalog #ab6326 RRID:AB_305426), NeuN (1:1000; Millipore
catalog #MAB377 RRID:AB_2298772, and GFP (1:1000; Pierce catalog
#PA1-18410 RRID:AB_1074875). For quantification, a systematic ran-
dom counting procedure was used as described previously (Williams and
Rakic, 1988). The rater was blind to the treatment of the mice. BrdU �/
NeuN � cells in the dentate granule cell layer (GCL) and the dentate SGZ
were counted in a one-in-six series of sections (120 �m apart) through-
out the dorsal hippocampus using a Leica DM 2500 microscope with a
40� objective. Twenty sections of DG per animal were analyzed. Data are
presented as the total number of BrdU �/NeuN � cells per treatment
group. The fluorescence images were obtained and analyzed using con-
focal microscopy (Olympus FV1000).

Surgery
Seventy-four APP/PS1 mice were anesthetized with 10% chloral hydrate
(50 mg/kg, i.p.). The mice were mounted on a stereotaxic apparatus and
the cannulas (26 gauge stainless steel tubing) were implanted into the DG

(anteroposterior, �2.0 mm; mediolateral, 	 1.6 mm; dorsoventral, �2.7
mm). After 7 d recovery, the virus was administered bilaterally into the
DG in a volume of 1 �l at rate of 0.1 �l/min.

Lentivirus production
To generate lentivirus, HEK293T cells were cotransfected with packaging
plasmid containing gag, pol, and rev genes ( pCMV-
R8.91), envelope
plasmid (VSV-G expressing plasmid, pMD.G), and shRNA (Bdnf
-shRNA or scrambled control shRNA) or cDNA (Bdnf cDNA) plasmid
using Lipofectamine LTX (Life Technologies) according to the manufac-
turer’s instructions. The lentivirus was harvested 48 h after transfection,
purified, and concentrated to yield 1 � 10 8 to 1 � 10 9 infectious particles
per milliliter. It was then administered to the DG of the APP/PS1 mice 7 d
before cohousing with the WT mice. Silencing or enhancing gene expres-
sion achieved a significant difference 7 d after injection, which was con-
firmed by Western blotting analysis. In our study, we further confirmed
the BDNF protein levels after cohousing.

For the BDNF knockdown, Bdnf short hairpin RNA (shRNA) clones
were obtained from the National RNAi Core Facility (Institute of Molecular
Biology, Academia Sinica, Taiwan). The target sequence for the Bdnf shRNA
and scrambled control shRNA are described as follows: Bdnf shRNA: 5�-
TGAGCGTGTGTGACAGTATTA-3�; Scrambled control shRNA: 5�-
TCCTAGAGAAAGTCCCGGTAT-3�).

For BDNF overexpression, the mouse Bdnf cDNA ORF clone
(NM_007540) was purchased from GenScript and subcloned into the
cDNA expression lentivector (pLAS2.1w.PeGFP-I2-Puro) that was ob-
tained from the National RNAi Core Facility (Institute of Molecular
Biology, Academia Sinica, Taiwan).

Figure 2. Social interaction contributes to the beneficial effect of cohousing. A, Walking velocity and travel distance were measured using an open field test. There were no differences found
among the three helper groups. The time spent by the helper interacting with the APP/PS1 mice was measured for 10 min using a social interaction test (n � 117 in 1-month-old WT-helper group,
n � 15 in 3- and 6-month-old WT helpers). ***p � 0.001 vs 3-month-old helper; ###p � 0.001 vs 6-month-old helper. B, Linear relationship between the interaction times of helpers and the
contextual freezing responses of 9-month-old APP/PS1 mice after cohousing (r 2 � 0.60; n � 117). C, Plotting interaction times between APP/PS1 and 1-month-WT helpers versus the contextual
freezing responses of 9-month-old APP/PS1 mice (after cohousing) revealed a linear relationship (r 2 � 0.72; n � 117).

16210 • J. Neurosci., December 3, 2014 • 34(49):16207–16219 Hsiao, Hung et al. • Social Interaction Rescues Memory Decline



DTR retrovirus production
To ablate newborn cells, DT receptor (DTR; human Hbegf, heparin-
binding epidermal growth factor-like growth factor) cDNA ORF clone
(NM_001945; GenScript) was inserted into retroviral vector pRetroX-
IRES-ZsGreen1 (Clontech Laboratories). Retroviruses were produced in
GP2-293 cells (Clontech Laboratories) that were cotransfected with ret-
roviral vector pRetroX-IRES-ZsGreen1 encoding DTR and pVSV-G (ve-
sicular stomatitis virus glycoprotein) using Lipofectamine LTX (Life
Technologies). The retroviruses were harvested 48 h after transfection,
passed through a 0.45 mm filter, concentrated by Retro-X concentrator
(Clontech Laboratories), and resuspended in PBS to yield 1 � 10 7 infec-
tious particles per milliliter. The retrovirus was administered to the DG
of the APP/PS1 mice at the age of 6 months before cohousing with the
WT mice.

Statistical analysis
All values are shown as mean 	 SEM. Two-way ANOVA and Bonferro-
ni’s post hoc comparisons were used to analyze the differences in the
freezing responses of the age-segregated APP/PS1 and WT mice. One-
way ANOVA and Bonferroni’s post hoc comparisons were used to analyze
the differences in freezing responses, protein level, and quantification of
BrdU �/NeuN � cells among the control, impaired, and unimpaired
memory groups. Comparisons between two groups were obtained using
unpaired Student’s t test. A linear correlation between the two variables
of interest was performed using the Pearson’s correlation coefficient. The
level of significance was p � 0.05.

Results
Age-dependent impairment of fear memory in the
APP/PS1 mice
Memory was assessed based on freezing behavior in the condi-
tioned context that was previously paired with footshocks. APP/
PS1 and WT mice at 1, 3, 6, 9, and 12 months of age were given
context footshock pairings and memory retention was tested 24 h
after training. A two-way ANOVA revealed a main effect of ge-
notype (WT vs APP/PS1 mice, F(1,72) � 47.81, p � 0.0001), age
(F(4,72) � 18.08, p � 0.0001), and a significant genotype-by-age
interaction (F(4,72) � 6.426, p � 0.0002) (Fig. 1A). Post hoc anal-
yses showed that the 6- to 12-month-old APP/PS1 mice exhibited
significantly lower freezing responses than the age-matched WT
mice. These results are in agreement with previous reports show-
ing that the memory of APP/PS1 mice is normal at the age of 3
months and is impaired after the age of 6 months (Trinchese et
al., 2004; Hsiao et al., 2011).

Reversal of contextual memory deficit in APP/PS1 mice after
cohousing with WT mice
We investigated whether social interaction retarded AD progres-
sion by cohousing 6-month-old APP/PS1 mice with WT and
APP/PS1 mice (helpers) for 3 months. The ages of the helpers
were 1, 3, or 6 months. APP/PS1 mice that were cohoused with
the same age APP/PS1 mice served as a control. To exclude the

Figure 3. Increase in activity of APP/PS1 mice may account at least in part for the beneficial effect of housing with young mice. A, Contextual freezing responses of control, impaired, and
unimpaired memory mice were performed (n � 30 in each group). APP/PS1 mice cohoused with 6-month-old APP/PS1 helpers served as the control group (9 M APP/PS1). ***p � 0.001 vs Control
group, ###p � 0.001 vs Impaired memory group. B, Probe test in Morris water maze. The quadrant search times for the control, impaired, and unimpaired memory mice were analyzed (n � 6 in
each group). Unimpaired memory mice spent longer in the target quadrant than the control and impaired memory mice. ***p � 0.001 vs Control and impaired memory mice. C, Spatial recognition
memory test for the control, impaired, and unimpaired memory mice (n � 9 in each group). Two identical objects were placed in the arena and the mice were allowed to explore for 10 min. One of
those objects was then moved to a different location and the mice were allowed to explore once more. The DI was calculated from the difference between the time for exploration of each object over
the time spent exploring both objects (DI � (tnovel � tfamiliar)/(tnovel � tfamiliar) � 100). *p � 0.05 vs Control APP/PS1 mice, ##p � 0.01 vs Impaired memory mice. D, Open field tests were
performed before and after cohousing (n � 9 in each group). Only unimpaired memory mice showed increases in activity. *p � 0.05 vs Precohousing.
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possible complications introduced by copulation and reproduc-
tion, the APP/PS1 mice and helpers were the same sex (male). In
the study, we chose WT mice rather than APP/PS1 mice as help-
ers to eliminate the potential influence of AD development in the
helper mice after 3 months of companionship. As shown in Fig-
ure 1B, acquisition of conditioned freezing was similar in all ex-
perimental groups. However, when tested 24 h later, a two-way
ANOVA revealed main effects related to helpers (WT vs APP/PS1
mice, F(1,201) � 4.921, p � 0.0277), ages (1-, 3-, 6-month-old,
F(2,201) � 12.00, p � 0.0001), and a significant degree of interac-
tion (F(2,201) � 3.146, p � 0.0451). Post hoc comparisons using
Bonferroni corrections showed significant differences between
groups that were cohoused with 6-month-old APP/PS1 mice
(control mice) and those that were cohoused with the 1-month-
old WT-helper group (p � 0.0001), the 3-month-old WT-helper
group (p � 0.0181), the 6-month-old WT-helper group (p �
0.0195), and the 1-month-old APP/PS1-helper group (p �
0.0001) (Fig. 1C). Control APP/PS1 mice (n � 30) had the high-
est contextual freezing response (45.4%). Therefore, we divided
the APP/PS1 mice after cohousing into two groups: unimpaired
memory mice with freezing responses �45.4% and impaired
memory mice with freezing responses �45.4%. After cohousing
with 1-, 3-, or 6-month-old WT mice or 1- or 3- month-old
APP/PS1 mice for 3 months, there were 73%, 53%, 40%, 67%,
and 50% of APP/PS1 mice with unimpaired memory, respec-
tively (Fig. 1D). These results indicate that cohousing with a
helper has a beneficial effect on the memory of APP/PS1 mice and
that this effect is more dramatic after cohousing with a 1-month-
old helper than it is with a 6-month-old helper.

Social interaction contributes to the beneficial effect
of cohousing
To investigate factors accounting for the beneficial effect of co-
housing, we measured walking velocity and travel distance using
an open field test. We found that there was no difference among
the 3 WT helper groups (Fig. 2A). We next performed a social
interaction test between the APP/PS1 mice and the helpers. The
WT mice were tested for 10 min in an empty cage consisting of a
central compartment containing an APP/PS1 mouse in a small
Plexiglas chamber. The one-way ANOVA for interaction time
showed a main group effect (F(2,144) � 14.40, p � 0.0001), with
1-month-old helpers spending a longer time interacting with the
APP/PS1 mice than the 3-month-old helpers (p � 0.0001) and
6-month old helpers (p � 0.0001) (Fig. 2A). In addition, there
was a linear relationship between the interaction times of helpers
and the contextual freezing responses of the 9-month-old APP/
PS1 mice after cohousing (r 2 � 0.60, p � 0.0001; Fig. 2B). These
results suggest that social interaction contributes to the beneficial
effect of cohousing.

We also tested the mice using a social interaction procedure
adopted from Sams-Dodd (1995) and Snigdha and Neill (2008).
Briefly, pairs of unfamiliar 6-month-old APP/PS1 mouse and a
helper were placed into a cage for 10 min. The time spent in social
interaction (active contact such as sniffing, licking, close follow-
ing, and grooming) was recorded for each pair of mice. As shown
in Figure 2C, there was a linear relationship between the interac-
tion times of helpers and the contextual freezing responses of the
9-month-old APP/PS1 mice after cohousing (r 2 � 0.72, p �
0.0001).

Figure 4. Social interaction with a helper increases BDNF protein, mRNA, and neurogenesis in APP/PS1 mice. Hippocampal BDNF protein (A) and mRNA (B) levels for unimpaired memory,
impaired memory, and control APP/PS1 mice were determined using Western blotting (n � 6 in each group) and RT-PCR analysis (n � 4 in each group). ***p � 0.001 vs Control APP/PS1 mice,
###p � 0.001 vs Impaired memory APP/PS1 mice. C, Mice were intraperitoneally injected with BrdU (300 mg/kg) 2 h before cohousing and the BrdU �/NeuN � cells after cohousing in the
unimpaired memory, impaired memory, and control APP/PS1 mice were analyzed. Sections were doubly labeled with BrdU (green) and NeuN (red) immunofluorescence. Arrowheads in the
unimpaired memory group show BrdU-labeled neurons. Inserts show a higher magnification of the boxed area. Scale bar, 20 �m. D, Quantification of BrdU �/NeuN � cells in hippocampal DG (n �
4 in each group). **p � 0.01 vs Control APP/PS1 mice, #p � 0.05 vs Impaired memory group.
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Based on the beneficial effect of cohousing, we chose
1-month-old WT mice as a companion model and divided the
APP/PS1 mice after cohousing into two groups: unimpaired
memory mice with freezing responses �45.4% and impaired
memory mice with freezing responses �45.4% (Fig. 3A). To fur-
ther elucidate the cohousing effect on memory, control, impaired
memory, and unimpaired memory, APP/PS1 mice were assessed
using an invisible platform task in the Morris water maze test.
The control and impaired memory APP/PS1 mice were unable to

learn the hidden-platform task efficiently. The escape latencies
were unchanged after 4 d of training. The unimpaired memory
APP/PS1 mice also exhibited unchanged escape latency on the
first 3 d of training, but significantly improved their learning
ability on the fourth day of training (F(2,15) � 4.421, p � 0.031).
Assessment of memory recall for the platform location on the
probe trial revealed that the unimpaired memory mice spent a
significantly longer time in the quadrant that formerly contained
the hidden platform (F(2,15) � 38.68, p � 0.0001; Fig. 3B). These

Figure 5. Social interaction with a helper increases neurogenesis in APP/PS1 mice as confirmed by MAM. A, Timeline of gain-of-function and loss-of-function experiments. B, APP/PS1 mice
received an intraperitoneal injection of MAM (7 mg/kg) or a vehicle once per day for 7 d. Twenty-four hours after the last injection, the mice were intraperitoneally injected with BrdU (300 mg/kg)
2 h before cohousing and the BrdU �/NeuN � cells were analyzed after cohousing. Sections were doubly labeled with BrdU (green) and NeuN (red) immunofluorescence. Arrowheads in the vehicle
group show BrdU-labeled neurons. Inserts show a higher magnification of the boxed area. Scale bar, 20 �m. C, Quantification of BrdU �/NeuN � cells in the DG (n � 5 in each group). **p � 0.01
vs Vehicle. D, Freezing responses were assessed in MAM- or vehicle-treated mice (n � 5 in each group). ***p � 0.001 vs Vehicle.
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results demonstrate rescue of spatial memory recall after cohous-
ing. Analysis of the effect of group on swim speed was measured
over the 4 training days and there was no difference found among
the 3 groups (F(2,15) � 0.2741, p � 0.764).

We also conducted a spatial recognition memory test that
more specifically involved the hippocampus (Barker and War-
burton, 2011). Two identical familiar objects were placed in the
arena and the mice were allowed to explore. One of those objects
was then moved to a different location and the mice were allowed
to explore once more. As shown in Figure 3C, both the impaired
memory and control mice explored both objects similarly, result-
ing in a near zero discrimination index. In contrast, the unim-
paired memory mice spent a significantly longer time exploring
the new location object (F(2,24) � 6.235, p � 0.0051). To deter-

mine whether the beneficial effect of housing young mice with
the APP/PS1 mice was the result of increased activity in the APP/
PS1 mice, we measured activity levels of the APP/PS1 mice after
cohousing. As shown in Figure 3D, only the unimpaired memory
group increased activity after cohousing.

Social interaction with a helper increases BDNF protein and
mRNA levels in the hippocampus of the APP/PS1 mice
Selective reduction of Bdnf mRNA and protein levels in the hip-
pocampus has been reported in AD patients (Phillips et al., 1991;
Narisawa-Saito et al., 1996; Ferrer et al., 1999; Zuccato and Cat-
taneo, 2009). To determine whether the cohousing-induced im-
provement in the memory of APP/PS1 mice is dependent on the
action of hippocampal BDNF, we quantified hippocampal BDNF

Figure 6. Ablation of newborn neurons blocks cohousing-induced memory improvement. A, A retrovirus vector that encoded DTR was injected bilaterally into mouse DG before cohousing. DT or
a vehicle was injected once per day for 7 d before completion of cohousing. B, Sections were doubly labeled with BrdU (red) and NeuN (blue) immunofluorescence. Arrowheads in the vehicle group
show the BrdU-labeled neurons. Inserts show a higher magnification of the boxed area. Scale bar, 20 �m. C, Contextual fear responses were assessed after administration of DT (n�5 in each group).
***p � 0.001 vs Vehicle. D, Effect of DT on freezing responses in the APP/PS1 mice with or without cohousing. DT did not affect freezing responses in the control APP/PS1 mice without cohousing.
Selective ablation of mitotic neurons using the DT-DTR system abolished the beneficial effect of companionship (n � 5 in each group). ***p � 0.001 vs Control APP/PS1 mice.

16214 • J. Neurosci., December 3, 2014 • 34(49):16207–16219 Hsiao, Hung et al. • Social Interaction Rescues Memory Decline



protein levels. A group of 6-month-old APP/PS1 mice was co-
housed with 1-month-old WT helpers for 3 months. These APP/
PS1 mice were divided into unimpaired memory and impaired
memory mice according to the criterion described above.
Western blotting analysis revealed that the mature BDNF level
in the unimpaired memory mice was significantly higher than
that of the control and impaired memory mice (F(2,15) �
17.44, p � 0.0001; Fig. 4A). In parallel experiments, we also
measured Bdnf mRNA levels in separate unimpaired and im-
paired memory mice and found that Bdnf mRNA level in un-
impaired memory mice was significantly higher than that of
the control and impaired memory mice (F(2,9) � 85.58, p �
0.0001; Fig. 4B).

Social interaction with a helper increases neurogenesis in
APP/PS1 mice
It is known that hippocampal BDNF modulates neurogenesis and
behavior in mice (Shors et al., 2001; Shors et al., 2002; Saarelainen
et al., 2003). We investigated whether neurogenesis in the hip-
pocampus is involved in cohousing-induced improvement of
memory in APP/PS1 mice. Mice were intraperitoneally injected
with BrdU (300 mg/kg) 2 h before cohousing and BrdU� cells
were analyzed after cohousing (Fig. 4C). To determine whether
cohousing has any effect on the differentiation of BrdU� cells, we
performed a double labeling with antibodies against BrdU and
the neuronal marker NeuN. One-way ANOVA showed a main
effect of group (F(2,9) � 9.578, p � 0.0059). Post hoc tests revealed
that the number of BrdU�/NeuN� cells in the unimpaired mem-
ory mice was significantly higher than that in the impaired mem-

ory mice (p � 0.0225) and control APP/PS1 mice (p � 0.0084)
(Fig. 4D).

Neurogenesis is required for memory improvement in APP/
PS1 mice after cohousing
We determined the relationship between neurogenesis and mem-
ory improvement using the cell proliferation blocker MAM
(Shors et al., 2001). We found that if the interaction times be-
tween the APP/PS1 and WT mouse were �100 s, the APP/PS1
mouse typically exhibited unimpaired memory after 3 months of
companionship. On the contrary, cohousing did not rescue the
memory of the APP/PS1 mouse when the interaction times were
�50 s (Fig. 2B,C). Therefore, we used a social interaction test as
a criterion in gain-of-function and loss-of-function experiments
(Fig. 5A). To consider the inhibitory effect of MAM, APP/PS1
mice of interaction times �100 s were given intraperitoneal in-
jections of MAM (7 mg/kg) or a vehicle once per day for 7 d.
Twenty-four hours after the last injection, the APP/PS1 mice
were intraperitoneally injected with BrdU (300 mg/kg) 2 h before
cohousing and the BrdU� cells were analyzed after cohousing.
Figure 5, B and C, shows that the BrdU�/NeuN� cells decreased
markedly in the MAM-treated APP/PS1 mice (t(8) � 4.824, p �
0.0013). Importantly, the contextual freezing response in the
MAM-treated APP/PS1 mice was significantly lower than that in
the vehicle-treated APP/PS1 mice (t(8) � 10.39, p � 0.0001; Fig.
5D). Furthermore, the freezing response of MAM-treated APP/
PS1 mice was not different from that of control APP/PS1 mice
(p � 0.1, data not shown). These results suggest that neurogen-

Figure 7. Effects of knockdown of BDNF on cohousing-induced reversal of memory impairment. A, Mice were injected with Bdnf shRNA or scrambled control shRNA into the DG 7 d before
cohousing. mBDNF protein levels were measured using a Western blotting analysis after cohousing (n � 5 in each group). ***p � 0.001 vs Scrambled control shRNA. B, Mice were intraperitoneally
injected with BrdU (300 mg/kg) 2 h before cohousing and the BrdU �/NeuN � cells were analyzed after cohousing. Sections were doubly labeled with BrdU (red) and NeuN (blue) immunofluores-
cence. Arrowheads in the scrambled control shRNA group show BrdU-labeled neurons. Inserts show a higher magnification of the boxed area. Scale bar, 20 �m. C, Quantification of BrdU �/NeuN �

cells in the DG (n � 4 in each group). **p � 0.01 vs Scrambled control shRNA. D, Contextual fear responses were assessed after cohousing (n � 9 in each group). ***p � 0.001 vs Scrambled control
shRNA. E, Effect of Bdnf shRNA treatment on freezing responses in APP/PS1 mice with or without cohousing. Bdnf shRNA treatment did not affect freezing responses in control APP/PS1 mice in the
absence of cohousing with WT mice (n � 9 in each group). ***p � 0.001 vs Control APP/PS1 mice.
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esis in the hippocampal DG is required for the rescue of memory
impairment in APP/PS1 mice.

Apoptosis is induced after DT binds to the DTR (Dorland et
al., 1979). To further investigate the role of newborn neurons in
cohousing-induced memory improvement, we injected a retro-
virus vector encoding DTR into the DG, which allowed us to tag
and target mitotic neurons for subsequent ablation (Han et al.,
2009; Arruda-Carvalho et al., 2011). Mitotic neurons with DTR
were primed to undergo apoptotic cell death once the DT was
bound to the receptor. Either DT or vehicle was injected once per
day for 7 d before completion of cohousing (Fig. 6A). As shown in
Figure 6B, administration of DT significantly reduced BrdU�/
NeuN� cells in the DG. Concomitantly, the freezing response in
DT-treated animals was significantly lower than that of vehicle-
treated mice (t(8) � 6.140, p � 0.0003; Fig. 6C). In contrast, DT
treatment did not affect freezing responses in the control APP/
PS1 mice without cohousing (Fig. 6D). These data show that the
improvement of memory after cohousing can be abolished by
decreasing neurogenesis.

Rescue of contextual memory by social interaction is
mediated by BDNF-dependent hippocampal neurogenesis
To further investigate the role of BDNF in regard to the cohous-
ing effect, we performed loss-of-function experiments using
Bdnf-specific shRNAs and chose APP/PS1 mice in which interac-
tion times with the WT mice were �100 s. We injected Bdnf
shRNA or scrambled control shRNA into the DG 7 d before
cohousing. After cohousing, Western blotting analysis showed
that mBDNF levels were markedly reduced in Bdnf shRNA-
treated mice compared with those treated with scrambled control

shRNA (t(5) � 11.41, p � 0.0001; Fig. 7A). In parallel, BrdU�/
NeuN� cells were markedly decreased in Bdnf shRNA-treated
mice (t(6) � 5.057, p � 0.0023; Fig. 7B,C). Importantly, the freez-
ing responses of Bdnf shRNA-treated mice were significantly
lower than those of the scrambled control shRNA-treated mice
(t(16) � 9.772, p � 0.0001; Fig. 7D). It was noted that the Bdnf
shRNA treatment did not affect freezing responses in the control
APP/PS1 mice (Fig. 7E).

To overexpress BDNF, we cloned the mouse Bdnf gene into a
lentivirus (LV) vector (LV-BDNF) and an empty vector (LV-
Vehicle) served as the control. The LV-BDNF or LV-Vehicle was
injected into the DG 7 d before cohousing. mBDNF protein was
measured after cohousing. In this experiment, we selected APP/
PS1 mice with interaction times with the WT mice that were �50
s. As shown in Figure 8A, mBDNF protein levels were signifi-
cantly increased in the LV-BDNF-treated mice (t(5) � 13.00, p �
0.0001). In parallel, the BrdU�/NeuN� cells were greater in LV-
BDNF-treated mice (t(6) � 9.625, p � 0.0001) (Fig. 8B,C). LV-
BDNF-treated mice also exhibited significantly higher freezing
responses than the LV-Vehicle mice did (t(16) � 7.150, p �
0.0001; Fig. 8D).

If BDNF upregulation is indeed a major cause of the cohous-
ing effect, one would expect memory improvement from admin-
istration of BDNF functional mimetics in the APP/PS1 mice. A
small-molecule TrkB agonist, 7,8-DHF (5 mg/kg, i.p.; Jang et al.,
2010; Devi and Ohno, 2012), was injected once per day for 10 d
before cohousing. In this experiment, we selected APP/PS1 mice
with interaction times with the WT mice that were �50 s. As shown
in Figure 9A, the level of phosphorylated TrkB, an activated form of
the TrkB receptor, in the hippocampus was significantly higher in

Figure 8. Effect of BDNF overexpression on cohousing-induced reversal of memory impairment. A, LV-BDNF or LV-Vehicle was injected into mouse DG 7 d before cohousing, and mBDNF level was
measured after cohousing (n � 5 in each group). ***p � 0.001 vs LV-Vehicle. B, Mice were intraperitoneally injected with BrdU (300 mg/kg) 2 h before cohousing and BrdU �/NeuN � cells were
analyzed after cohousing. Sections were doubly labeled with BrdU (red) and NeuN (blue) immunofluorescence. Arrowheads in the LV-BDNF group show BrdU-labeled neurons. Inserts show a higher
magnification of the boxed area. Scale bar, 20 �m. C, Quantification of BrdU �/NeuN � cells in the DG (n � 4 in each group). ***p � 0.001 vs LV-Vehicle. D, LV-BDNF-treated mice exhibited
significantly higher freezing responses compared with the LV-vehicle mice (n � 9 in each group). ***p � 0.001 vs LV-Vehicle.
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7,8-DHF-treated mice than it was in vehicle-treated mice (t(4) �
13.32, p � 0.0002) after cohousing. Similarly, the TrkB protein level
was also elevated in 7,8-DHF-treated mice (t(4) �7.230, p�0.0019).
In parallel, more BrdU�/NeuN� cells were detected in 7,8-DHF-
treated mice (Fig. 9B).

We compared freezing responses in 4 different mouse groups:
9 M APP/PS1 (control), cohousing, 9 M APP/PS1 plus 7,8-DHF-
treated, and cohousing plus 7,8-DHF-treated. In the 9 M APP/PS1
plus 7,8-DHF-treated group, APP/PS1 mice were injected with
7,8-DHF once per day for 10 d without cohousing with WT mice.
Figure 9C reveals that freezing responses in the 3 groups with
cohousing and/or 7,8-DHF treatment were significantly higher
than those of control APP/PS1 mice. Furthermore, there was no
difference among the three cohousing and/or 7,8-DHF treatment
groups, suggesting that 7,8-DHF occludes the cohousing effect.

Discussion
The present study sought to investigate the hypothesis that social
interaction with a helper may have a beneficial effect on memory
decline in AD. The results demonstrate that APP/PS1 mice per-
form better at cognitive tasks if their helpers interact with them
more often. Furthermore, we suggest that the beneficial effect of
companionship on the cognitive decline in this APP/PS1 model is
mediated by increased BDNF expression and subsequent neuro-
genesis in the DG of the hippocampus.

In our previous study, we reported that social isolation exac-
erbated memory deficit in APP/PS1 mice by promoting endocy-
tosis of AMPA receptors (Hsiao et al., 2011). Conversely, we show
in the present study that social interaction with a helper reversed

memory deficit in APP/PS1 mice. This conclusion is supported
by the observation that there is a linear relationship between the
interaction times of helpers and contextual freezing responses of
9-month-old APP/PS1 mice (after cohousing). In the social in-
teraction study, weight matching animals is important because
there is a possibility of having a dominant mouse in the cage. In
addition, we rarely detected attack behaviors when the 6-month-
old APP/PS1 mice were cohoused with younger helpers. There-
fore, the possibility of having a dominant mouse in the cage could
be excluded. It was also noted that the amygdala is typically im-
plicated in paired context learning tasks. Indeed, we found that
cued fear conditioning in 9-month-old APP/PS1 mice was also
improved after cohousing with the 1-month-old WT mice (data
not shown).

BDNF has pleiotropic effects on synaptic plasticity whereby it
enhances neuronal LTP, neurogenesis, and cognitive function.
Decreased BDNF expression and hippocampal neurogenesis
have been associated with cognitive decline in aging. Postmortem
studies have documented decreased BDNF, pro-BDNF, and Bdnf
mRNA levels in the brains of patients diagnosed with AD and
mild cognitive impairment (Phillips et al., 1991; Connor et al.,
1997; O’Bryant et al., 2009). Furthermore, in aged rats and pri-
mates, BDNF infusion was shown to improve age-related pertur-
bations in gene expression and ameliorate age-related cognitive
impairment (Nagahara et al., 2009). Four lines of evidence de-
rived from the current study support the hypothesis that increas-
ing BDNF levels in the DG plays a critical role in mediating the
beneficial effect of social interaction. First, APP/PS1 mice co-

Figure 9. Effect of 7,8-DHF on cohousing-induced reversal of memory impairment. A, 7,8-DHF (5 mg/kg, i.p.) or a vehicle was injected to the mice once per day for 10 d before cohousing. The
levels of phosphorylated TrkB and TrkB protein in the hippocampus were determined using Western blotting analysis (n � 5 in each group). ***p � 0.001 vs Vehicle. B, After the treatment with
7,8-DHF (5 mg/kg, i.p.), the mice received an intraperitoneal injection of BrdU (300 mg/kg) 2 h before cohousing and the BrdU �/NeuN � cells were analyzed after cohousing (n � 4 in each group).
Sections were doubly labeled with BrdU (red) and NeuN (blue) immunofluorescence. Arrowheads in the 7,8-DHF group show BrdU-labeled neurons. Inserts show a higher magnification of the boxed
area. Scale bar, 20 �m. C, Freezing responses of APP/PS1 mice with or without cohousing or 7,8-DHF treatment. In the 7,8-DHF-treated groups, APP/PS1 mice were injected with 7,8-DHF once per
day for 10 d before cohousing (n � 5 in each group). ***p � 0.001 vs 9 M APP/PS1 mice.
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housed with helpers showed increased BDNF protein and mRNA
levels. Second, knockdown of hippocampal BDNF level by trans-
fection with Bdnf shRNA selectively eradicated cohousing-
induced reversal of cognitive decline without affecting the
freezing responses of control APP/PS1 mice. Third, overexpres-
sion of BDNF in the hippocampus mimicked cohousing induced
reversal of cognitive decline in APP/PS1 mice. Finally, 7,8-DHF, a
small-molecule TrkB agonist, also mimicked the effect of cohous-
ing. More importantly, the effects of 7,8-DHF and cohousing
occluded each other, suggesting that the cohousing effect is me-
diated by the BDNF-TrkB signal pathway.

It was noted that Bdnf shRNA transfection did not affect freez-
ing responses in control APP/PS1 mice (Fig. 7E). This result was
consistent with a previous study showing that BDNF knockdown
in the DG caused a delay in spatial learning without affecting a
subsequent memory probe test in the Morris water maze (Taliaz
et al., 2010). It is likely that BDNF in the DG plays a critical role in
depression but not in spatial memory (Taliaz et al., 2010). Only in
the case of aging-induced and/or BDNF-deficiency-induced
memory impairment do manipulations that increase BDNF and
subsequent neurogenesis rescue memory decline.

The function of adult neurogenesis in the hippocampus re-
mains a matter of debate. It has been suggested that adult neuro-
genesis is an important mechanism of plasticity related to
learning and memory or even emotional or stress regulation (Ja-
cobs et al., 2000; Snyder et al., 2011). In the present study, we
found that social interaction with a helper increased BrdU�/
NeuN� cells in the DG of the hippocampus. Importantly, block-
ing of neurogenesis with MAM abolished companion-induced
reversal of cognitive decline in APP/PS1 mice. Furthermore, se-
lective ablation of mitotic neurons using a DT-DTR system abol-
ished the beneficial effect of companionship. These results
suggest that the beneficial effect of companionship on cognitive
decline is mediated by BDNF-dependent adult neurogenesis in
the DG. Therefore, it suggests that at least one function of adult
neurogenesis in the DG is to resupply the active pool of neurons
while the mature neurons degenerate and no longer function
(Lisman, 2011).

Epidemiological studies in humans suggest that environmen-
tal influences including social interactions may delay the onset of
dementia in AD. Conversely, the risk of developing AD has been
shown to be more than doubled in a lonely person (Wilson et al.,
2007). In concert with these human studies, we found that social
interaction with a helper effectively reversed memory deficits in
APP/PS1 mice. More importantly, we demonstrated that the
presence of a companion exerted its effect by increasing the level
of BDNF and neurogenesis in the DG. These findings may make
a valuable contribution to the development of strategies for man-
agement, prevention and treatment of AD.
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