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A B S T R A C T

Receptor-interacting protein 140 (RIP140) is a transcription co-regulator of several transcription factors and a
signal transduction regulator. RIP140 was recently implicated in the regulation of cognitive functions. The gene
that encodes RIP140 is located on chromosome 21. An increase in RIP140 expression was observed in the fetal
cerebral cortex and hippocampus in Down syndrome patients who exhibited strong cognitive disabilities. We
hypothesized that RIP140 overexpression affects cognitive function in adult neural development. The present
study used a Cre-dependent adeno-associated virus to selectively overexpress RIP140 in neural stem cells using
nestin-Cre mice. RIP140 overexpression efficiency was evaluated at the subgranular zone (SGZ) of the dorsal
dentate gyrus (dDG) and the subventricular zone (SVZ) of the lateral ventricles (LVs). Mice with RIP140 over-
expression in the SGZ exhibited deficits in cognitive function and spatial learning and memory, measured in the
Morris water maze, object-place recognition test, and novel object recognition test. However, overexpression of
RIP140 in SVZ only impaired performance in the Morris water maze and novel object recognition test but not in
the object-place recognition test. Altogether, these results indicated defects in cognitive functions that were
associated with RIP140 overexpression in neural stem cells and revealed a behavioral phenotype that may be
used as a framework for further investigating the neuropathogenesis of Down syndrome.

1. Introduction

RIP140, also referred to as nuclear receptor-interacting protein-1
(NRIP1), is recognized for its functional role as a wide-spectrum tran-
scriptional co-regulator [1]. RIP140 was shown to be significantly up-
regulated in the fetal cerebral cortex in Down syndrome (DS) patients
compared with non-DS controls in our previous study [2]. An increase
in RIP140 protein expression was reported in the hippocampus in DS
patients who exhibited strong cognitive disabilities [3]. The gene that
encodes RIP140 is located on chromosome 21 [4]. DS, also known as
trisomy 21, is the most commonly known disorder of intellectual dis-
ability that is associated with neurodevelopmental alterations and the
overexpression of selected genes on chromosome 21 [5–7]. Therefore,
the trisomy of chromosome 21 appears to be the root cause of DS, but
understanding chromosome 21 genes that are associated with brain
development and function in DS remains a challenge [8].

The role of RIP140 regulating brain development is not fully un-
derstood. Changes in RIP140 expression influence cognition. Our pre-
vious study found that RIP140 overexpression promoted the neuronal
differentiation of Neuro-2a cells [9]. RIP140 expression was highly
correlated with the differentiation of human embryonic stem cells [10].
Much evidences show that RIP140 is directly involved in cognitive
plasticity via modulating the nuclear receptor transcriptional activities.
For instance, hippocampal estrogen receptor and glucocorticoids,
which interacted with RIP140, have been involved in learning and
memory formation [11–14]. Thus, to extend previous research, we
hypothesized that RIP140 overexpression would affect behavioral
cognitive function during neural development.

To test this hypothesis, we overexpressed RIP140 selectively in
neural stem cells (NSCs) in adult mice to better study the effect of
RIP140 overexpression on neural development. In the mammalian
brain, adult neurogenesis under normal conditions is confined to two
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regions: SVZ, which lines the lateral wall of the LVs and SGZ in the
hippocampal dentate gyrus [15]. These two regions receive and in-
tegrate newborn neurons throughout adult life. NSCs in these regions
continuously generate new neurons that are functionally integrated into
neural circuits [16]. The dysfunction of adult neurogenesis is closely
related to brain disorders [17]. Knocking down neurogenesis has been
found to result in specific cognitive deficits. Spatial memory was af-
fected in many instances, in particular long-term memory retention in
the Morris water maze test [18]. Context-dependent memory was also
found to depend on neurogenesis [19,20]. Mice with increased neuro-
genesis, either through behavioral interventions (exercise, enriched
environment) or by genetically enhancing the survival of new neurons,
improved the ability to distinguish nearby locations on touchscreen task
[21] or similar fear conditioning contexts [22,23].

We adopted a Cre-dependent adeno-associated virus (AAV) that was
microinjected in the SVZ and SGZ to selectively overexpress RIP140 in
nestin-Cre mice using a Cre-lox recombination system [24,25]. These
mice were analyzed in the Morris water maze, object-place recognition
test, and novel object recognition test to assess cognitive function,
spatial learning and memory, and general activity. We uncovered a
major role for RIP140 in the central nervous system in processes that
are involved in cognitive function from a neurodevelopmental per-
spective.

2. Material and methods

2.1. Animals

Male C57BL/6 mice (6–8 weeks of age) were provided by the
Department of Laboratory Animal Sciences, Peking University Health
Science Center. CRE recombinase in B6.Cg-Tg (Nes-cre) 1Kln/J mice is
driven by the endogenous nestin promoter [24]. Transgenic mice were
bred on a C57BL/6 background. All animals received food and water ad
libitum. The mice were housed five per cage with controlled tempera-
ture (23 °C± 2 °C) and humidity (50 %±5%) under a 12 h/12 h light/
dark cycle. All experimental procedures were approved by the Ethical
Review Committee of Peking University People’s Hospital and the An-
imal Use Committee of Peking University Health Science Center.

Polymerase chain reaction (PCR) genotyping was performed using
genomic DNA that was extracted from the tip of the tail using a mouse
genotyping kit (catalog no. AD501−02, Transgen Biotech, Beijing,
China, Fig. 1B). The PCR primer sequences for CRE were the following:
Forward (5′-ATTTGCCTGCATTACCGGTC-3′) and reverse (5′-ATCAAC
GTTTTCTTTTCGG-3′) [24].

2.2. Adeno-associated virus

The Cre-dependent viral vector was packaged by inserting the
mouse RIP140 coding sequence into a nEF1a-promoted rAAV2/9-DIO-
Flag-WPREs vector (BrainVTA, Wuhan, China; Fig. 1A). Microinjection
of the AAV-RIP140 in the LVs and dDG in nestin-Cre mice results in
RIP140 overexpression in nestin-expressing neural progenitor cells. The
viral vector without RIP140 gene insertion was used as a control.

For stereotaxic injections, the nestin-Cre mice were anesthetized
with ketamine (100 mg/kg) and xylazine hydrochloride (10 mg/kg).
rAAV-nEF1a-DIO-RIP140-Flag-pA (titer: 2.21E + 12 vg/mL) was bi-
laterally microinjected in the LVs (anterior/posterior, −0.6 mm;
medial/lateral, ± 1.0 mm; dorsal/ventral, −2.0 mm; 1 μl/site, 0.1 μl/
min) and dDG (anterior/posterior, -1.7 mm; medial/lateral, ± 1.0 mm;
dorsal/ventral, −1.7 mm; 0.3 μl/site, 0.05 μl/min) of nestin-Cre mice.
The control virus of rAAV-nEF1a-DIO-Flag-pA (titer: 3.24E + 12 vg/
mL) was also bilaterally microinjected into the LVs and dDG of nestin-
Cre mice. To allow the solution to diffuse into brain tissue, the needle
was left in place for an additional 5 min after the injection. The ste-
reotaxic coordinates were based on the Franklin and Paxinos Mouse
Brain in Stereotaxic Coordinates, 3rd edition. After virus expression for 4

weeks, the mice were used in the subsequent experiments. The injection
sites were histologically verified in all mice. Mice with off-target ex-
pression were excluded from further analysis.

2.3. Behavioral testing

After the virus expression for 4 weeks, behavioral tests started. The
order of behavior test was object-place recognition test, novel object
recognition test and finally Morris water maze. The interval between
each behavior test was 24 h. Behavioral tests were performed during
the light phase (9:00 A.M. to 3:00 P.M.).

2.3.1. Object-place recognition test
The mice were handled for 5 min and habituated in a 40 cm × 40

cm × 40 cm box that was marked with visual cues without objects for
30 min per day for 2 days before the test. The test consisted of two
phases [26]. In the sample phase, the mice were placed in the box with
two identical objects (two cubes, arbitrarily named OA and OB) at two
different corners. The mice were allowed to explore freely for 2 min
before they were removed from the box. The box and objects were
cleaned with 75 % ethanol. Pseudorandomly, one of the two objects
(OA) remained unchanged and left in the same place, whereas the other
object (OB) was moved to a new corner. In the test phase, the mice were
placed in the box again and allowed to explore for 2 min. When the
mouse headed to and contacted the object with its nose, one exploration
was counted. The bias score was calculated as exploration time:

(OB－OA) / (OB＋OA).

2.3.2. Novel object recognition test
The protocol was similar to the object-place recognition test.

However, during the removal period, one of the two objects (OA) re-
mained unchanged and was left in the same place, whereas the other
object (OB) was changed to a cylinder (OC). The preference for the novel
object was measured. The bias score for sample phase was calculated as
exploration time: (OB－OA) / (OB＋OA). The bias score for test phase
was calculated as exploration time:

(OC－OA) / (OC＋OA).

2.3.3. Morris water maze
The maze consisted of a round pool (120 cm diameter) and round

transparent plastic platform (10 cm diameter, placed in the center of
the first quadrant, 1 cm below the water surface). The water was 50 cm
deep (23 °C± 2 °C). Patterns of different shapes and combinations were
used as visual cues for the mice to locate the hidden platform. Milk was
added to the water to facilitate tracking the swimming paths of the
mice. The Morris water maze test was performed as previously de-
scribed [27]. Briefly, we trained the mice in four trials per day with
different starting points for 5 consecutive days. The intertrial interval
was 10 min. The latency for each animal to find and remain on the
platform for at least 3 s was recorded, and the cut-off time was set at 60
s. If an animal failed to find the platform within the allotted time, then
it was placed on the platform for 15 s. On day 6, the platform was
removed, and the mice were allowed to search freely for 1 min starting
from the third quadrant. The number of entries into the platform area,
total time spent in the first quadrant, and latency to reach the platform
were recorded.

All behavioral parameters were measured using the ANY-maze
video tracking system (version 4.99 m, Stoelting).

2.4. Immunostaining

The immunostaining assay was conducted as previously described
[28]. The mice were anesthetized with 1% pentobarbital sodium and
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intracardially perfused with 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer, pH 7.4. The brains were postfixed with 4% PFA for 24
h and then consecutively transferred to 20 % and 30 % sucrose solu-
tions. Three coronal brain sections (30 μm thick, LVs including ante-
rior/posterior -0.5 mm, -0.6 mm, -0.7 mm; dDG including anterior/
posterior -1.6 mm, -1.7 mm, -1.8 mm) were sliced in each mouse using
a cryostat microtome (model 1950, Leica). Free-floating sections were
washed in phosphate-buffered saline (PBS), blocked with buffer that
contained 5% bovine serum albumin and 0.3 % Triton X-100 for 1 h,
and incubated with the following primary antibodies at 4 °C for 24 h:
mouse anti-Nestin (1:200, catalog no. ab6142, Abcam, Cambrige, UK)
and rabbit anti-FLAG (1:500, catalog no. 14793, Cell Signaling Tech-
nology, Danvers, MA, USA). The sections were then washed in PBS and
incubated with the following secondary antibodies at room temperature
for 90 min. Alexa Fluor 488-conjugated donkey anti-mouse IgG (1:500,
catalog no. A21202, Invitrogen, Carlsbad, CA, USA), Alexa Fluor 555-
conjugated donkey anti-rabbit IgG (1:500, catalog no. A31572, In-
vitrogen, Carlsbad, CA, USA), and Hoechst33258 (1:500, catalog no.
H3569, Invitrogen, Carlsbad, CA, USA). After rinsing extensively with
PBS, the sections were transferred to slides and coverslipped using anti-
fade solution (C1210, Applygen, Beijing, China). Images were taken
using a laser-scanning confocal microscope (model FV1000, Olympus,
Tokyo, Japan).

2.5. Western blot

After AAV expression for 4 weeks, the brains of the mice were re-
moved and frozen in liquid nitrogen. Samples were stored at −80 °C
until protein extraction. Bilateral LVs punches were obtained from 0.8
mm thick sections (anterior/posterior from -0.14 to -0.94 mm) taken on
a sliding cryostat microtome using 12 gauge needle. Bilateral dDG
punches were obtained from 1 mm thick sections (anterior/posterior

from -1.3 to -2.3 mm). Tissues from the bilateral LVs and dDG were
isolated with RIPA buffer (R0278, Sigma Aldrich, St. LOUIS, MO, USA).
Protein content was determined using the BCA assay (catalog no.
23225, Millipore, Billerica, MA, USA). Western blot was performed as
previously described [29]. Total protein (50 μg) was separated in so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels and transferred to polyvinylidene difluoride (PVDF) membranes
(ISEQ00010, Millipore, Billerica, MA, USA). The blots were blocked in
TBST (TBS with 0.1 % Tween-20) that contained 5% nonfat milk for 1 h
at room temperature and then incubated with the following primary
antibodies that were diluted in TBST with 5% nonfat milk overnight at
4 °C with gentle shaking: mouse anti-β-actin (1:3000, catalog no.
A2228, Sigma Aldrich, St. LOUIS, MO, USA) and rabbit anti-RIP140
(1:1000, catalog no. ab42126, Abcam, Cambridge, UK). The blots were
then washed with TBST and incubated with horseradish peroxidase-
conjugated goat anti-mouse IgG (1:2000, catalog no. ZB-2305, Zhong-
shan Biotechnology, Beijing, China) or goat anti-rabbit IgG (1:2000,
catalog no. ZB-2301, Zhongshan Biotechnology, Beijing, China) for 1 h
at room temperature. Protein blots were detected using a chemilumi-
nescence detection kit (WBKLS0500, Millipore, Billerica, MA, USA) and
quantitatively analyzed by densitometry using ImageJ software. Re-
lative expression was normalized to β-actin protein expression.

2.6. Statistical analysis

The statistical analysis was performed using GraphPad Prism 6.0
software. Comparisons between groups were performed using one-way
analysis of variance (ANOVA) followed by Bonferroni’s post hoc test, or
two-way ANOVA followed by Tukey’s post hoc test. Values of p<0.05
were considered statistically significant. The data are presented as
mean± SEM.

Fig. 1. Selective RIP140 overexpression in neural stem cells in the SVZ and SGZ by Cre-dependent viral vector. (A) Diagram that shows the strategy for conditional
RIP140 overexpression in neural stem cells in mice. AAV-Flag was used as the control virus. (B) Genotyping of nestin-Cre mice by PCR. +, nestin-Cre-positive mice; –,
nestin-Cre-negative mice. Representative images of Flag, Nestin, and Hoechst labeling in the SVZ in the LVs (C) and SGZ of the dDG (D) 28 days after the AAV-RIP140
injection. (C) Magnified views (scale bar, 10 μm) of areas in the white box are shown in the right of the image. (D) Magnified views of areas in the white box are
shown in the right of the image. Scale bar, 50 μm. Western blot that show RIP140 overexpression with AAV-RIP140 in the SVZ (E) and SGZ (F). **p＜0.01, compared
with AAV-Flag (one-way ANOVA followed by Bonferroni’s post hoc test). n = 8/group.
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3. Results

3.1. RIP140 was selectively overexpressed in neural stem cells in the SVZ
and SGZ with Cre-dependent viral vector

To directly test whether RIP140 overexpression contributes to
cognitive function in neural development, we adopted a Cre-dependent
AAV to selectively overexpress RIP140 in neural stem cells in nestin-Cre
mice using the Cre-Lox recombination system (Fig. 1A). In all of the
experiments, transgenic mice were genotyped by PCR, and positive
nestin-Cre mice were used (Fig. 1B). We microinjected the AAV (DIO)
into the LVs and dDG. Virus infection was verified by colabeled Flag
(AAV-RIP140 marker) and Nestin (neural progenitor cell marker)
within the SVZ of the LVs (Fig. 1C) and SGZ of the dDG (Fig. 1D) 4
weeks after the AAV-RIP140 injection. Significant elevations of RIP140
levels were detected 4 weeks after the virus injection in the SVZ (F3,28
= 6.968, p = 0.0012; Fig.1E) and SGZ (F3,28 = 8.676, p = 0.0003;
Fig. 1F). The results demonstrated the effectiveness of RIP140 over-
expression by AAV-RIP140 in neural stem cells in the SVZ and SGZ.

3.2. RIP140 overexpression in adult neural stem cells in the SVZ and SGZ
impaired spatial learning and memory

We next examined the way in which RIP140 overexpression
modulated spatial learning and memory. Four weeks after the AAV-
RIP140 injection in the SVZ, the mice underwent Morris water maze
training and testing (Fig. 2A). An increase in the escape latency (Time:
F4,36 = 95.60, p<0.0001; RIP140: F3,27 = 25.67, p<0.0001; Time ×
RIP140 interaction: F12,108 = 1.778, p = 0.0608; Fig. 2B), an increase
in the latency to first enter the platform zone (F3,38 = 2.934, p =
0.0456; Fig. 2D), a decrease in the number of entries into the platform
zone (F3,38 = 5.609, p = 0.0028; Fig. 2E), and a decrease in the time
spent in the target quadrant (F3,38 = 11.54, p<0.0001; Fig. 2F) were
observed in RIP140-overexpressing mice compared with the AAV-Flag
group. Representative swimming tracks for platform crossings during
the test day are shown in Fig. 2C. No significant differences in swim-
ming speed were observed (F3,38 = 0.6004, p = 0.6187; Fig. 2G), in-
dicating no effect on general activity. Thus, spatial learning and
memory were significantly impaired by RIP140 overexpression in adult
neural stem cells in the SVZ.

Similar to the SVZ, RIP140 overexpression in adult neural stem cells
in the SGZ resulted in an increase in escape latency (Time: F4,36 =
20.93, p<0.0001; RIP140: F2,18 = 8.523, p = 0.0025; Time × RIP140
interaction: F8,72 = 0.2397, p = 0.9819; Fig. 3B), an increase in the
latency to first enter the platform zone (F2,32 = 5.421, p = 0.0094;
Fig. 3D), a decrease in the number of entries into the platform zone
(F2,32 = 4.497, p= 0.0190; Fig. 3E), and a decrease in the time spent in
the target quadrant (F2,32 = 4.820, p = 0.0148; Fig. 3F), with no effect
on swimming speed (F2,32 = 0.5677, p = 0.5724; Fig. 3G) compared
with the AAV-Flag group. Representative swimming tracks for platform
crossings during the test day are shown in Fig. 3C. These results in-
dicated that RIP140 overexpression in adult neural stem cells in the SVZ
and SGZ impaired spatial learning and memory in mice, without af-
fecting their baseline exploratory behaviors.

3.3. RIP140 overexpression in adult neural stem cells in the SVZ and SGZ
impaired cognitive function

We also evaluated the effect of RIP140 overexpression on cognitive
function in the object-place recognition test (Fig. 4A) and novel object
recognition test (Fig. 4B). RIP140 overexpression in adult neural stem
cells in the SVZ had little effect on object-place recognition (F3,40 =
0.1451, p = 0.9322; Fig. 4C). However, we observed impairments in
novel object recognition in mice with RIP140 overexpression, reflected
by a decrease in bias scores toward novel objects in the test phase (F3,40
= 4.820, p= 0.0059; Fig. 4D). Representative exploratory tracks in the

test phase in the AAV-Flag and AAV-RIP140 groups are shown in
Fig. 4C and D. Thus, these results indicated that RIP140 overexpression
in adult neural stem cells in the SVZ impaired cognitive function in
part.

RIP140 overexpression in the SGZ clearly impaired cognitive func-
tion, reflected by no preference for the moved objects in the test phase
(F2,33 = 4.236, p = 0.0230; Fig. 4E) and no preference for the novel
objects in the test phase (F2,33 = 4.653, p = 0.0166; Fig. 4F). Re-
presentative exploratory tracks in the test phase in the AAV-Flag and
AAV-RIP140 groups are shown in Fig. 4E and F.

Altogether, these results paralleled the aforementioned findings on
spatial learning and memory and indicated that RIP140 overexpression
in adult neural stem cells in the SVZ and SGZ impaired cognitive
function.

4. Discussion

Research methods that investigate the role of cell-type specificity in
specific brain regions in behavioral cognitive function will be more
precise for the study of complex behaviors. The present study explored
the effects of RIP140 overexpression in neural stem cells on behavioral
phenotypes in mice and identified impairments in cognitive function
and spatial learning and memory that were associated with region-
specific, system-selective alterations of intercellular crosstalk that
modulates neural development. Our work demonstrated that RIP140
overexpression in neural stem cells in the SGZ and SVZ contributed to
cognitive impairments.

RIP140 is expressed in the mouse brain, particularly in neurons in
the cortex, hippocampus, and pituitary gland [30]. RIP140 levels also
appear to be highly expressed during stages of neurodevelopment and
reduced during aging [31,32]. Previous studies have shown that RIP140
is involved in Alzheimer’s disease and neurological cognitive decline
[33,34]. These findings were confirmed in the present study. One dif-
ferent finding was that RIP140 knockout (RIP140−/−) mice exhibited
marked memory impairments compared with wildtype controls [30],
which is inconsistent with our conclusion. However, RIP140 knockout
mice were reported to be approximately 15–20 % smaller than wildtype
mice and presented with strong physiological deregulations, such as
female infertility and alteration of metabolism in muscle [35,36].
Muscular weakness in RIP140 knockout mice performed lower general
activity impacting the behavioral tests. These knockout mice express
the whole-body inactivation of RIP140 gene expression, with no brain
zone or cell type specificity. In contrast, we manipulated the RIP140
gene selectively in neural stem cells in the SVZ and SGZ with no other
negative effects. In summary, it is obvious that different gene manip-
ulation methods will have different effects on the physical state and
behavior of mice, and thus produce different experimental results.
Therefore, our conclusion does not conflict with theirs.

Neurogenesis has been behaviorally and biochemically linked to
cognitive dysfunction [37]. Reduced neurogenesis is considered among
the major neurodevelopmental defects leading to cognitive disability in
DS [38]. Results obtained using brains of individuals with DS, DS-de-
rived induced pluripotent stem cells (iPSCs), and neural progenitor cells
(NPCs) from the hippocampus of DS mouse models as experimental
systems, showed a decline in proliferation potency which occurred
concurrently with alterations to neurogenesis in DS [39,40]. Neuro-
genesis is observed well into the postnatal period and throughout
adulthood, primarily in two discrete brain regions: the SGZ of the DG
and SVZ of the LVs [37]. Progenitors in the SGZ mature locally into
granule neurons in the DG, sending axonal projections to the CA3 area
and dendritic arbors in the molecular layer [41]. There is now sufficient
evidence suggesting that adult hippocampal neurogenesis plays a cru-
cial role in the spatial discrimination and pattern separation functions
of the DG [42]. For example, the acquisition of spatial memory in the
water maze is correlated with the proliferation and survival of newborn
DG neurons [43]. Therefore, RIP140 overexpression in the SGZ
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impaired spatial memory and cognitive function (Figs. 3 and 4 E and F)
in the Morris water maze, object-place recognition test, and novel ob-
ject recognition test, which indicates RIP140 overexpression possibly
disturbs neural neurogenesis in SGZ.

Animals in the SGZ in the novel object and object-place test had a
natural preference for object A. This conclusion can be obtained from
that bias score was negative value in the sample phase. When object B
was moved or changed to object C, the number of explorations for
object B or C increased in wild type group and AAV-Flag group.
Therefore, bias score in the test phase tended to zero in this two groups.
It indicated that mice in the wild type group and AAV-Flag group had
the ability to explore changes in positions and novel objects. However,
bias score is still negative value in the test phase for RIP140 over-
expression group, indicating that behavioral exploration function was
impaired and no preference for the moved objects and novel objects.
Animals had a natural preference for object A, which did not affect our
conclusion that RIP140 overexpression in the SGZ impaired cognitive
exploration function.

However, RIP140 overexpression in the SVZ partially affected cog-
nitive function with no effect on object-place recognition behavior test
(Fig. 4C). Adult neurogenesis in the SVZ is known to contribute to

perceptual and memory function, especially for olfactory memory, that
is modulated by the olfactory bulb, in which newborn neurons in the
SVZ migrate to the olfactory bulb or striatum and differentiate mostly
into interneurons [44–46]. Recently, adult neurogenesis in the SVZ is
increasingly recognized as a potential player in the development of
psychiatric and cognitive disorders [47,48]. Thus, that RIP140 over-
expression in the SVZ did not fully impair cognitive function, which is
associated with visual cue memory rather than olfactory cue memory, is
reasonable.

The present study assessed the behavioral effects of RIP140 over-
expression selectively in neural stem cells and demonstrated that
RIP140 overexpression in the SVZ and SGZ impaired cognitive pro-
cesses. Unfortunately, the underlying mechanisms remain poorly un-
derstood. RIP140 regulates the transcriptional activity of several nu-
clear receptors, such as retinoid receptors, which are linked to memory
processes [49,50]. RIP140 is responsible for decreased respiratory ef-
ficiency and altered morphology of mitochondria in DS [51,52]. RIP140
activity on mitochondrial pathways is mainly exerted through the re-
pressive control on the transcriptional coactivator PGC-1α [53]. After
RIP140 silencing, the expression levels of PGC-1α and consequently the
mitochondrial function are restored [51]. It is possibly that impairment

Fig. 2. RIP140 overexpression in adult neural
stem cells in the SVZ impaired spatial learning
and memory in mice. (A) Schematic diagram
that shows the Morris water maze procedure.
(B) Escape latency in mice in the training trials.
The AAV-RIP140 group exhibited a longer es-
cape latency during water maze training.
***p<0.001, compared with AAV-Flag (two-
way repeated-measures ANOVA followed by
Tukey’s post hoc test). (C) Representative
swimming tracks for platform crossings during
the test day. Blue dots indicate the starting
position. Red dots indicate the ending position.
Small circles indicate the platform position
during training. (D) Latencies to enter the
platform zone increased (p = 0.084, AAV-
RIP140 vs. AAV-Flag) in the AAV-RIP140
group. (E) Total entries into the platform zone
and (F) total time spent in the target quadrant
decreased in the AAV-RIP140 group. (G)
Swimming speed was unaffected on the test
day. *p＜0.05, **p<0.01, AAV-RIP140 vs.
AAV-Flag (one-way ANOVA followed by
Bonferroni’s post hoc test for (D)-(G)).
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in signaling pathways controlling mitochondrial functions induces a
reduction in mitochondrial ATP production and impairment in many
ATP-dependent neurological process including neurogenesis [38]. Fu-
ture studies should seek to confirm this possibility to provide compre-
hensive insights into the molecular mechanisms by which RIP140
contributes to cognitive function.

Overall, the present results confirmed a role for RIP140 over-
expression in neural stem cells in cognitive function, which may help
elucidate the pathogenesis of some neurological conditions, such as DS.
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