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Activation of PPAR� Ameliorates Spatial Cognitive Deficits
through Restoring Expression of AMPA Receptors in Seipin
Knock-Out Mice
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A characteristic phenotype of congenital generalized lipodystrophy 2 (CGL2) that is caused by loss-of-function of seipin gene is mental
retardation. Here, we show that seipin deficiency in hippocampal CA1 pyramidal cells caused the reduction of peroxisome proliferator-
activated receptor gamma (PPAR�). Twelve-week-old systemic seipin knock-out mice and neuronal seipin knock-out (seipin-nKO) mice,
but not adipose seipin knock-out mice, exhibited spatial cognitive deficits as assessed by the Morris water maze and Y-maze, which were
ameliorated by the treatment with the PPAR� agonist rosiglitazone (rosi). In addition, seipin-nKO mice showed the synaptic dysfunction
and the impairment of NMDA receptor-dependent LTP in hippocampal CA1 regions. The density of AMPA-induced current (IAMPA) in
CA1 pyramidal cells and GluR1/GluR2 expression were significantly reduced in seipin-nKO mice, whereas the NMDA-induced current
(INMDA) and NR1/NR2 expression were not altered. Rosi treatment in seipin-nKO mice could correct the decrease in expression and
activity of AMPA receptor (AMPAR) and was accompanied by recovered synaptic function and LTP induction. Furthermore, hippocam-
pal ERK2 and CREB phosphorylation in seipin-nKO mice were reduced and this could be rescued by rosi treatment. Rosi treatment in
seipin-nKO mice elevated BDNF concentration. The MEK inhibitor U0126 blocked rosi-restored AMPAR expression and LTP induction
in seipin-nKO mice, but the Trk family inhibitor K252a did not. These findings indicate that the neuronal seipin deficiency selectively
suppresses AMPAR expression through reducing ERK-CREB activities, leading to the impairment of LTP and spatial memory, which can
be rescued by PPAR� activation.
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Introduction
Congenital generalized lipodystrophy (CGL) is an autosomal-
recessive disorder characterized by a near total loss of adipose

tissue, insulin resistance, and hypertriglyceridemia (Szymanski et
al., 2007). Genome-wide linkage analysis has identified two loci
for CGL: CGL1 by mutation in the 1-acylglycerol-3-phosphate-
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Significance Statement

Congenital generalized lipodystrophy 2 (CGL2), caused by loss-of-function mutation of seipin gene, is characterized by mental
retardation. By the generation of systemic or neuronal seipin knock-out mice, the present study provides in vivo evidence that
neuronal seipin deficiency causes deficits in spatial memory and hippocampal LTP induction. Neuronal seipin deficiency selec-
tively suppresses AMPA receptor expression, ERK-CREB phosphorylation with the decline of PPAR�. The PPAR� agonist rosigli-
tazone can ameliorate spatial cognitive deficits and rescue the LTP induction in seipin knock-out mice by restoring AMPA receptor
expression and ERK-CREB activities.
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O-acyl transferase 2 gene and CGL2 by mutation in the Berar-
dinelli–Seip congenital lipodystrophy 2 (BSCL2) gene that
encodes seipin (Magre et al., 2001; Agarwal et al., 2002). The loss
of function of the seipin gene has been identified in CGL2 (Magre
et al., 2001; Van Maldergem et al., 2002). Systemic seipin knock-
out mice (Cui et al., 2011; Chen et al., 2012; Prieur et al., 2013)
and seipin knock-out rats (Ebihara et al., 2015) display a severe
lipodystrophy with a dramatic loss of fat mass, severe insulin
resistance, and hypertriglyceridemia.

An important clinical feature in CGL2 patients is mental re-
tardation with delayed cognitive development and intellectual
impairment (Van Maldergem et al., 2002). Rajab et al. (2003)
reported that the patients with CGL2 had sensorineural deafness
and delayed cognitive development. Schuster et al. (2014) have
reported that CGL2 patients have mild to moderate intellectual
impairment. In contrast, subjects carrying asparagine 88 to serine
(N88S) or serine 90 to leucine (S90L) develop a broad spectrum
of motor neuropathy (Agarwal and Garg, 2006; Guo et al., 2013)
without mental retardation (Ito et al., 2008). In addition, CGL4
patients have muscular dystrophy and delayed motor milestones
that are not associated with intellectual impairment (Murakami
et al., 2013). We observed anxiety- and depression-like pheno-
types in neuronal seipin knock-out mice (Zhou et al., 2014). Ebi-
hara et al. (2015) have recently reported that seipin knock-out rats
show the impairment of spatial working memory. However, the
underlying mechanisms remain to be elucidated.

Seipin is highly expressed in the cortex, cerebellum, hip-
pocampus, and hypothalamus (Magre et al., 2001; Wei et al.,
2013). The level of hippocampal peroxisomal proliferator-
activated receptor gamma (PPAR�) is remarkably reduced in
neuronal seipin knock-out mice (Zhou et al., 2014). PPAR�, a
class of nuclear receptors, acts as a transcription factor involved
in regulating whole-body insulin sensitivity, adipocyte differen-
tiation, lipid storage, and glucose uptake. Knock-down of seipin
in 3T3-L1 cells has been reported to reduce the expression of
PPAR� to impair adipocyte homeostasis strongly, leading to lip-
odystrophy (Chen et al., 2009). The defective differentiation of
adipocyte by the seipin knock-down is able to be rescued by the
PPAR� agonist pioglitazone. PPAR� is also expressed in the CNS
(Heneka et al., 2000; Moreno et al., 2004). A potential action of
PPAR� in the amelioration of memory deficits has been reported
in various models of cognitive deficits. For example, the cognitive
impairment in Tg2576 mice, an Alzheimer’s disease (AD) model,
is improved by treatment with the PPAR� agonist rosiglitazone
(rosi) that enhances ERK2 activity in the hippocampus (Denner
et al., 2012). Kariharan et al. (2015) have reported that the intra-
cranial delivery of rosi in type 2 diabetic mice significantly im-
proves spatial memory and LTP induction without improvement
of peripheral insulin sensitivity. Therefore, it is of great interest to
investigate the involvement of reduced hippocampal PPAR� in
the delayed cognitive development and intellectual impairment
of CGL2 patients.

In this study, systemic seipin knock-out (seipin-sKO) mice,
neuronal seipin knock-out (seipin-nKO) mice and adipose seipin
knock-out (seipin-aKO) mice were used to determine whether
the cognitive deficits arise from the neuronal seipin deficiency or
the lipodystrophy-produced peripheral metabolic disorder. In
addition, we examined the influence of neuronal seipin defi-
ciency on basal synaptic properties and frequency-dependent
LTP and the function and expression of AMPA receptor
(AMPAR) and NMDA receptor (NMDAR) in hippocampal CA1
regions. Furthermore, we investigated the involvement of PPAR�
in the spatial cognitive deficits and synaptic dysfunction induced

by the seipin deficiency and the underlying mechanisms. The
results of this study indicate that hippocampal seipin deficiency
causes downregulation of AMPA receptors, leading to LTP and
spatial cognitive deficits through reduced ERK-CREB activities,
which can be rescued by PPAR� activation.

Materials and Methods
Experimental animals
All animal handling procedures followed the guidelines for Laboratory
Animal Research of the Nanjing Medical University. The use of animals
was approved by the Institutional Animal Care and Use Committee of
Nanjing Medical University. The mice were maintained in a constant
environmental condition (temperature 23 � 2°C, humidity 55 � 5%,
and 12:12 h light/dark cycle). seipin-sKO, seipin-nKO, and seipin-aKO
mice were generated as described previously (Cui et al., 2011; Liu et al.,
2014; Zhou et al., 2014). Briefly, seipin loxP/loxP mice were generated as
described previously (Cui et al., 2011). Neuron- and adipose-specific
deletion of seipin exon 3 was induced by crossing mice with the loxP
seipin allele to transgenic mice expressing Cre recombinase driven by a
neuron-specific or an adipocyte-specific promoter (nestin-Cre or aP2-
Cre; Jackson Laboratories). Progenies were screened by PCR for loss of
the seipin exon 3 and presence of nestin-Cre or aP2-Cre. The genotype of
seipin-nKO and seipin-aKO mice was identified by PCR using genomic
DNA from their tails. When heterozygous seipin LoxP-nestin- or aP2-
Cre were obtained, they were further crossed with seipin loxP/loxP ho-
mozygous mice. The progenies were screened by genomic DNA PCR for
seipin loxP/loxP with nestin- or aP2-Cre, which would be used in subse-
quent experiments. The genotype identification of seipin-sKO, seipin-
nKO mice, seipin-aKO mice was performed according to the procedures
described in the above citations. All animals received a standard labora-
tory diet before and after all procedures.

In this study, 12-week-old male seipin-sKO mice (n � 24) and WT
littermates (n � 24), male seipin-nKO mice (n � 128) and control mice
(n � 128), male seipin-aKO mice (n � 24) and a-control mice (n � 24)
were used at the beginning of all experiments. All mice were randomly
assigned to different experimental groups: (1) behavioral tests (n � 12
mice for each group) ¡ Western blot analyses/RT-PCR (n � 8 mice for
each group, unilateral hippocampal tissue per mice was used for Western
blot analyses or RT-PCR) were sequentially performed in the same co-
horts; (2) electrophysiological analysis was performed in the separate
cohorts (n � 8 mice for each group); (3) pharmacological experiments
were examined in the separate cohorts (n � 8 mice for each group); and
(4) the concentration of BDNF was measured in the difference cohorts
(n � 8 mice for each group). Each experiment was performed by two
experimenters blinded to the experimental groups.

Drug administration
The PPAR� agonist rosiglitazone (rosi; Enzo) was dissolved in dimethyl
sulfoxide (DMSO) and then diluted in 0.9% saline to a final concentra-
tion of 0.5% DMSO. The oral administration of rosi was given daily at a
dose of 5 mg/kg (Salehi-Sadaghiani et al., 2012). In addition, hippocam-
pal slices were treated with acute perfusion of rosi (1 �M) for 30 min. The
MEK inhibitor U0126 and Trk family inhibitor K252a were purchased
from Sigma-Aldrich and dissolved in 0.5% DMSO. For repeated intrace-
rebroventricular injection of U0126 (0.3 nmol/3 �l/mouse; Yang et al.,
2012) or K252a (0.2 �M/3 �l/mouse; Camarena et al., 2010), a 26 G
stainless-steel guide cannula (Plastics One) was implanted into the right
lateral ventricle (0.3 mm posterior to bregma, 1.0 mm lateral, and 2.3
mm ventral) and anchored to the skull with 3 stainless steel screws and
dental cement.

Behavioral examination
Morris water maze task. The apparatus of the Morris water maze was a
pool (diameter � 120 cm) made of white-colored plastic. Milk powder
was used to render the water opaque. The apparatus was housed in a
light-controlled room and maintained at a temperature of 20 � 1°C. The
pool was divided arbitrarily into four equally sized quadrants. The walls
around the pool were pasted with high contrast visual cues (an X, a
triangle, a circle, and a square) to allow animals to build up their spatial
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memory (Tsai et al., 2011). Swimming paths were analyzed by a com-
puter system with a video camera (AXIS-90 Target/2; Beijing Sunny In-
struments). On days 1–2 of training, a cylindrical dark-colored platform
(7 cm in diameter) was placed 0.5 cm above the surface of the water. On
days 3–7 of training, the platform was moved to the opposite quadrant of
the visible platform and submerged 1 cm below the water surface. Three
starting positions were used pseudorandomly. The escape latency to
reach the visible platform or the hidden platform and swim distance were
measured. If the mouse could not reach the platform within 90 s, the
experimenter gently assisted it onto the platform and allowed it to remain
there for 10 s. The mouse was then dried and returned to the cage to rest
for 15 min before the next trial. After removing the platform, the probe
trial was performed on day 8 of training. The mouse was released from
the opposite quadrant of a hidden platform to allow swimming for 90 s to
determine its search patterns. The percentage of total time spent in each
quadrant was measured.

Y-maze task. Spatial working memory performance was assessed by
recording spontaneous alternation behavior in a Y-maze (Maurice et al.,
1996). Y-maze task was performed at 48 h after the probe trial task.
Y-maze was made of black painted wood. Each arm was 40 cm long, 13
cm high, 3 cm wide at the bottom, 10 cm wide at the top, and converged
at an equal angle. Each mouse was placed at the end of one arm and
allowed to move freely through the maze during an 8 min session. The
series of arm entries was recorded visually and arm entry was considered
to be completed when the hindpaws of the mouse were completely placed
in the arm. Alternation was defined as successive entries into the three
arms on overlapping triplet sets. The percentage alternation was calcu-
lated as the ratio of actual to possible alternations (defined as the total
number of arm entries minus two). The scorers were blinded to the
treatment groups.

Histological examination
The mice were anesthetized with chloral hydrate (400 mg/kg, i.p.) and
perfused transcardially with 4% paraformaldehyde. Brains were removed
and processed for paraffin embedding. Coronal sections (5 �m in thick-
ness) were placed in gelatin-coated slides, blocked with 3% normal goat
serum, and then incubated in rabbit monoclonal anti-seipin antibody
(1:1000) at 4°C overnight (Jiang et al., 2014). The seipin monoclonal
antibody was a kind gift from Professor Jiahao Sha (State Key Laboratory
of Reproductive Medicine, Nanjing Medical University, China). After
PBS rinses, the sections were incubated in biotin-labeled goat anti-rabbit
IgG antibody (1:500; Bioworld Technology) for 2 h. Immunoreactivities
were visualized by avidin-biotin horseradish peroxidase complex (ABC
Elite; Vector Laboratories) using 3,3�-diaminobenzidine as the chromo-
gen. The immunopositive cells/fibers were observed using a conventional
light microscope (40� objective, DP70; Olympus).

Electrophysiological analysis
The mice were deeply anesthetized with isofluorane and decapitated. The
brains were rapidly removed and coronal brain slices (400 �m) were cut
using a vibrating microtome (Microslicer DTK 1500; Dousaka) in ice-
cold cutting solution composed of the following (in mM): 94 sucrose, 30
NaCl, 4.5 KCl, 1.0 MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose,
pH 7.4. The hippocampal slices were continuously perfused with artifi-
cial CSF (ACSF) at 30 � 1°C for �60 min to recover from damage. ACSF
was composed of the following (in mM): 124 NaCl, 2 CaCl2, 4.5 KCl, 1
MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose, with the pH was
adjusted to 7.4. Both the cutting solution and ACSF were oxygenated
with a gas mixture of 95% O2/5% CO2.

Field potential recording. After a slice was submerged in a recording
chamber, one of two hydraulic micromanipulators (MMW204; Na-
rishige) mounted on the microscopic stage were used to place a bipolar
tungsten stimulating electrode in Schaffer collateral. EPSP was recorded
from the radium layer with a 5 M� resistance glass microelectrode that
was filled with 2 M NaCl and connected to a preamplifier with a high-pass
filter at 5 kHz. Signals were amplified by a differential AC amplifier (A-M
Systems, model 1700). The EPSPs were digitized and saved using a
pCLAMP system (Axon). Generally, the test stimulus was set at �50% of
maximum stimulus intensity that evoked a saturated EPSP in each slice.

First, input/output function was assessed by averaging the stimulus in-
tensity from 0.1 to 1.5 mA. Second, paired-pulse facilitation (PPF) was
measured by two stimuli with an interpulse interval (IPI) of 25–100 ms.
Paired-pulse ratio (PPR) was calculated with the following formula:
(EPSPS2/EPSPS1) � 100, where EPSPS1 and EPSPS2 represent EPSP
slopes to the first and second stimulation, respectively. Third, LTP was
induced by conditioning stimulations. After delivering conditioning
stimulations, the EPSP slopes were recorded for a further period of 60
min. LTP was determined 55– 60 min after delivering conditioning stim-
ulations if the EPSP slopes were larger than 20% of baseline.

Patch-clamp recording. Experiments were performed at 32–34°C, with
the temperature maintained by an in-line heating device (Warner Instru-
ments). AMPA-activated current (IAMPA) in hippocampal CA1 pyrami-
dal cells was induced by the application of AMPA (Li et al., 2013b) using
a rapid drug delivery system and recorded using an EPC-10 amplifier
(HEKA Elektronik). The holding potential was 	60 mV and the glass
pipette resistance was 4 –5 M� filled with an internal solution containing
the following (in mM): CsCl 140, MgCl2 2, CaCl2 1, Tris-ATP 2, HEPES
10, and EGTA 10, pH 7.2. The hippocampal pyramidal neuron was per-
fused with oxygenated ACFS containing 10 �M D-APV, 1 �M strychnine,
10 �M bicuculline, and 0.1 �M TTX. In the dose–response curve, IAMPA

induced by various doses (1–300 �M) of AMPA was normalized to IAMPA

induced by 300 �M AMPA in the same neuron. The data were fitted to a
logistic equation in which I � Imax/[1 
 (EC50/C)n], with n being the Hill
coefficient and EC50 being the concentration producing 50% maximal
response.

NMDA-activated current (INMDA) was induced as described previ-
ously (Li et al., 2013a). The slices were perfused continually with the
oxygenated calcium-free ACFS. Ten micromolar bicuculline, 10 �M

NBQX, and 0.1 �M TTX were applied extracellularly. In the dose–
response curve, INMDA induced by various doses (1–1000 �M) of NMDA
was normalized to INMDA induced by 1000 �M NMDA in the same
neuron.

Western blot analyses
Tissues obtained from the hippocampus were homogenized in 1% Non-
idet P-40 lysis buffer containing 50 mM Tris, 150 mM NaCl, 0.02% NaN3,
and complete protease inhibitors (Roche). The homogenates were cen-
trifuged for 15 min at 12,000 r.p.m. (Thermo Scientific) and the super-
natants were collected. Proteins (50 �g) were loaded in each lane for
separation in SDS-PAGE and transferred to nitrocellulose membranes.
Blotting membranes were incubated with blocking solution (5% nonfat
dried milk) for 1 h at room temperature, washed three times, and then
incubated with rabbit monoclonal antibodies of phosphorylation
ERK1/2 or CREB (1:1000; Cell Signaling Technology), rabbit monoclo-
nal antibodies of GluR1, GluR2, or PPAR� (1:1000; Cell Signaling Tech-
nology) at 4°C overnight. After being washed with TBST, the membranes
were incubated for 1 h with HRP-labeled secondary antibodies and de-
veloped using the ECL detection kit (GE Healthcare). After visualization,
the blots were stripped by incubation in a stripping buffer (Restore;
Pierce) for 5 min, reblocked with 5% nonfat dried milk at room temper-
ature for 60 min, and then incubated with rabbit monoclonal antibodies
of ERK1/2 or CREB (1:1000; Cell Signaling Technology). Internal control
was performed using a GAPDH antibody (1:5000; Bioworld Technology)
or �-actin antibody (1:2000; Cell Signaling Technology). Western blot
bands were scanned and analyzed with ImageJ.

RT-PCR
Real-time PCR was performed as described previously (Wang et al.,
2009). Total RNA was isolated from the hippocampus using TRIzol re-
agent (Invitrogen) and reverse-transcribed into cDNA using a Prime-
Script RT reagent kit (Takara) for quantitative PCR (ABI Step One Plus)
in the presence of a fluorescent dye (SYBR Green I; Takara). The
relative expression of genes was determined using the 2-��ct method
with normalization to GAPDH expression. Primer sets were used as
listed in Table 1.

Data analysis/statistics
The data were retrieved and processed with the software PulseFit (HEKA
Elektronik) and Microcal Origin 6.1. The group data are expressed as the
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means � SEM. The difference between the two groups was evaluated
using Student’s t test. In analyzing one-variable experiments with �2
groups, the significance of the difference was evaluated using ANOVA
followed by Bonferroni’s post hoc tests. Statistical analysis was performed
using Stata 7 software (STATA). Differences at p � 0.05 were considered
statistically significant.

Results
Neuronal seipin deficiency reduces hippocampal PPAR� level
Consistent with the previous reports (Magre et al., 2001; Ebihara
et al., 2015), the seipin was highly expressed in hippocampal CA1
pyramidal cells of mice (Fig. 1A). Compared with WT mice or
control mice, the levels of hippocampal PPAR� protein in seipin-
sKO mice (F(1,28) � 32.179, p � 0.001; Fig. 1B) and seipin-nKO
mice (F(1,28) � 20.094, p � 0.001) were significantly reduced and
were not affected by the treatment with the PPAR� agonist rosi (5
mg/kg, p.o.) for 3 d (seipin-sKO: F(1,28) � 0.227, p � 0.637; seipin-
nKO: F(1,28) � 0.400, p � 0.532). In contrast, the PPAR� protein
level in seipin-aKO mice had no significant difference from
a-control mice (F(1,28) � 0.165, p � 0.688). In addition, rosi
treatment in WT mice, control mice, or a-control mice failed to
alter the level of hippocampal PPAR� (p � 0.05, n � 8).

Rosi improves seipin-deficiency-induced spatial
cognitive deficits
Spatial memory was examined using place learning in the Morris
water maze task. The mean latency to find visible platform on
days 1–2 of training and the subsequent escape latency to reach
hidden platform on days 3–7 of training were recorded in seipin-
sKO mice and WT mice (Fig. 2A), seipin-nKO mice and control
mice (Fig. 2C), or in seipin-aKO mice and a-control mice (Fig.
2E), respectively. To test the influence of reduced PPAR� by the
seipin deficiency on spatial memory, rosi treatment (5 mg/kg,
p.o.) was given starting 3 d before the behavioral examinations
for 12 d. First, the latency of visible platform was not affected by
the genotypes (seipin-sKO: F(1,44) � 0.016, P�0.961; seipin-nKO:
F(1,44) � 0.225, p � 0.637; seipin-aKO: F(1,44) � 0.046, p � 0.831)
or rosi treatment (seipin-sKO: F(1,44) � 0.010, p � 0.922; seipin-
nKO: F(1,44) � 0.001, p � 0.978; seipin-aKO: F(1,44) � 0.058, p �
0.810). Repeated-measures ANOVA revealed that the escape
latency of the hidden platform progressively decreased with
training days in all groups (seipin-sKO: F(4,176) � 64.284, p �
0.001; seipin-nKO: F(4,176) � 84.587, p � 0.001; seipin-aKO:
F(4,176) � 90.982, p � 0.001). There was a main effect of genotype
for the escape latency in seipin-sKO mice (F(1,44) � 7.398, p �
0.009) and seipin-nKO mice (F(1,44) � 11.026, p � 0.002), but not
in seipin-aKO mice (F(1,44) � 0.084, p � 0.774). Another main
effect was rosi treatment (seipin-sKO: F(1,44) � 7.55, p � 0.009;
seipin-nKO: F(1,44) � 10.021, p � 0.003). Compared with con-
trols, seipin-sKO mice (p � 0.027) and seipin-nKO mice (p �
0.004) needed a longer time to reach the hidden platform on day

5–7 of training, which were improved by rosi treatment (seipin-
sKO: p � 0.036; seipin-nKO: p � 0.009). The swimming speed
during visible and hidden platform tests was not affected by the
genotypes (seipin-sKO: F(1,44) � 0.080, p � 0.928; seipin-nKO:
F(1,44) � 0.067, p � 0.798; seipin-aKO: F(1,44) � 0.042, p � 0.839)
or rosi treatment (seipin-sKO: F(1,44) � 0.104, p � 0.749; seipin-
nKO: F(1,44) � 0.029, p � 0.866; seipin-aKO: F(1,44) � 0.031, p �
0.861).

A probe test was conducted 24 h after the hidden platform
training. The swimming times spent in each quadrant (platform,
opposite, and adjacent two quadrants) are shown in Figure 2, B,
D, and F, respectively. There was a main effect of genotype for the
swimming times of platform quadrant in seipin-sKO mice (F(1,44)

� 11.926, p � 0.001) or seipin-nKO mice (F(1,44) � 8.799, p �
0.005), but not in seipin-aKO mice (F(1,44) � 1.310, p � 0.259). In
addition, there was a main effect of rosi treatment (seipin-sKO:
F(1,44) � 7.347, p � 0.01; seipin-nKO: F(1,44) � 9.794, p � 0.03).
The seipin-sKO mice (p � 0.001) and seipin-nKO mice (p �
0.001) spent less swimming time in the platform quadrant than
WT mice and control mice. rosi treatment in seipin-sKO mice
(p � 0.002) and seipin-nKO mice (p � 0.001) increased swim-
ming time in the platform quadrant.

Spatial working memory was evaluated by Y-maze test 48 h
after the probe trial task. The alternation ratio and number of arm
entries are shown in Figure 2, G and H. There was a main effect
of genotype for alternation ratio in seipin-sKO mice (F(1,44) �
11.926, p � 0.001) or seipin-nKO mice (F(1,44) � 8.799, p �
0.005), but not in seipin-aKO mice (F(1,44) � 0.335, p � 0.566). In
addition, rosi treatment was a main effect for the alternation ratio
(seipin-sKO: F(1,44) � 7.565, p � 0.009; seipin-nKO: F(1,44) �
5.933, p � 0.018). The alternation ratio in seipin-sKO mice (p �
0.001) or seipin-nKO mice (p � 0.001) was reduced compared
with WT mice or control mice, which was rescued by rosi treat-
ment (seipin-sKO: p � 0.001; seipin-nKO: p � 0.001). In contrast,
the number of arm entries was not altered by the genotypes (sei-
pin-sKO: F(1,44) � 0.071, p � 0.792; seipin-nKO: F(1,44) � 0.234,
p � 0.631; seipin-aKO: F(1,44) � 0.035, p � 0.853) or rosi treat-
ment (seipin-sKO: F(1,44) � 0.196, p � 0.660; seipin-nKO:
F(1,44) � 0.107, p � 0.745; seipin-aKO: F(1,44) � 0.096, p � 0.758).

Rosi rescues seipin-deficiency-impaired hippocampal
synaptic function and LTP
To explore the mechanisms underlying the neuronal seipin-
deficiency-impaired spatial memory, the basal property of Schaf-
fer collateral–CA1 synaptic transmission was analyzed by
plotting fractional changes in EPSP slopes against diverse stimu-
lating intensities (0.2–1.5 mA). The repeated-measures ANOVA
revealed a main effect of seipin-nKO (F(1,36) � 10.709, p � 0.002;
Fig. 3A). In addition, there was a main effect of rosi treatment
(F(1,36) � 4.406, p � 0.043). The input– output curve revealed
that the EPSP slopes elicited by the test stimulus at 0.6 –1.5 mA
were less in seipin-nKO mice than those in control mice (p �
0.002), which could be corrected by rosi treatment for 3 d (p �
0.043). The PPF with an IPI ranging from 25 to 150 ms was
measured to analyze the capability of presynaptic glutamate
release. PPRs in seipin-nKO mice were not significantly differ-
ent from those in control mice (F(1,36) � 0.113, p � 0.738; in
Fig. 3B) and were not affected by rosi treatment (F(1,36) �
1.007, p � 0.322).

The induction of Schaffer collateral–CA1 synaptic LTP was
further examined by delivering a conditioning stimulation. As
shown in Figure 3C, the high-frequency conditioning stimula-
tion (100 pulses at 100 Hz) could induce �40% increase of EPSP

Table 1. Primer sequences for RT-PCR

Gene Sense primer Antisense primer

GluR1 5�-TTGCCTTAATCGAGTTCTGCTAC-3� 5�-GTATGGCTTCATTGATGGATTG-3�
GluR2 5�-CCAGGGATGCAGACACCAAA-3� 5�-GGCTCATGAATGGCTTCGAGA-3�
NR1 5�-TCACCTCCACCCTGGCCTCC-3� 5�-GCTGGCCCTCCTCCCTCTCA-3�
NR2A 5�-ATCATGGCTGACAAGGATCCGACA-3� 5�-TGACCAAGGAGAAGACATGCCAGT-3�
NR2B 5�-CTGCATGCGGAATACAGTC-3� 5�-TTGATGTAGCCTGGTTCCT-3�
PSD 95 5�-GGTGACGACCCATCCATCTTTATC-3� 5�-CGGACATCCACTTCATTGACAAAC-3�
TARPs (�-8) 5�-GGGGGCAGTGGCTCCTCAGA-3� 5�- CAGGCCTGCTGCCACGAACA-3�
FAS 5�-GGGTCTATGCCACGATTC-3� 5�-GTGTCCCATGTTGGATTTG-3�
GAPDH 5�-TGGGTGTGAACCACGAG-3� 5�-ACCACAGTCCATGCCATCAC-3�

Zhou, Chen et al. • Seipin Knock-Out Reduces AMPA Receptors J. Neurosci., January 27, 2016 • 36(4):1242–1253 • 1245



slopes lasting over 60 min, indicative of
“LTP”, in the slices obtained from control
mice (n � 8), but not from seipin-nKO
mice (n � 8). The frequency-dependent
LTP induction in control mice was
blocked by the NMDAR antagonist
MK801 (n � 8; Fig. 3D). Interestingly, the
same protocol was able to induce a stable
LTP in seipin-nKO mice treated with rosi
for 3 d (n � 8; Fig. 3E). In contrast, acute
treatment with rosi (1 �M) for 30 min in
the slices obtained from seipin-nKO mice
failed to rescue the induction of LTP (n �
8; Fig. 3F).

Rosi recovers seipin deficiency-reduced
AMPAR expression and activity
The next experiment was designed to ex-
amine the function and expression of
AMPAR and NMDAR in hippocampal
CA1 pyramidal cells using whole-cell
patch-clamp recording, RT-PCR, and
Western blot analysis. Typical recordings
of IAMPA (100 –300 �M) and INMDA (1–
1000 �M) are shown in Figure 4, A and B.
The densities of IAMPA in seipin-nKO mice
were less than those in control mice
(F(1,18) � 28.999, p � 0.001). However,
there was no difference between the EC50

of the dose–response curve of IAMPA in
seipin-nKO mice (30 � 2.78 �M) and con-
trol mice (33 � 3.52 �M; p � 0.539). In
contrast, the densities of INMDA were not
altered in seipin-nKO mice compared
with control mice (F(1,18) � 0.807, p �
0.381). rosi treatment for 3 d could cor-
rect the reduction of IAMPA in seipin-nKO mice (vs control p �
0.370, n � 10; Fig. 4C), but failed to affect the INMDA (p � 0.727,
n � 10). In addition, acute treatment with rosi (1 �M) for 30 min
in the slices obtained from seipin-nKO mice had no effect on the
IAMPA (p � 0.002, n � 10; Fig. 4D) or INMDA (p � 0.711, n � 10).

Levels of hippocampal GluR1/2 mRNA and GluR1/2 protein
are shown in Figure 4, E and F. There was a main effect of seipin-
nKO for the GluR1 (F(1,35) � 8.014, p � 0.008) and GluR2 mR-
NAs (F(1,35) � 24.068, p � 0.001) and the GluR1 (F(1,35) � 4.474,
p � 0.042) and GluR2 proteins (F(1,35) � 4.549, p � 0.040).
Another main effect was rosi treatment for the GluR1 (F(1,35) �
10.886, p � 0.002) and GluR2 mRNAs (F(1,35) � 22.021, p �
0.001) or GluR1 (F(1,35) � 10.694, p � 0.002) and GluR2 proteins
(F(1,35) � 18.011, p � 0.001). Compared with controls, the levels
of GluR1/2 mRNA (p � 0.001) and GluR1/2 protein (p � 0.001)
in seipin-nKO mice were significantly reduced, which could be
corrected by rosi treatment for 3 d (GluR1/2 mRNA: p � 0.001;
GluR1/2 protein: p � 0.001). In contrast, acute treatment with
rosi (1 �M) for 30 min in the slices obtained from seipin-nKO
mice could not increase the levels of GluR1 (p � 0.489, n � 8)
and GluR2 proteins (p � 0.472, n � 8), although it partially
corrected the reduction of GluR1 (p � 0.049, n � 8) and GluR2
mRNAs (p � 0.032, n � 8). In addition, the levels of NR1 (F(1,28)

� 0.130, p � 0.721), NR2A (F(1,28) � 0.440, p � 0.512), and
NR2B mRNAs (F(1,28) � 0.269, p � 0.608) in seipin-nKO mice
did not differ significantly from control mice. The results indicate
that the seipin deficiency suppresses AMPAR expression, leading

to a reduction of IAMPA, which could be restored by activation of
PPAR�.

Rosi rescues seipin-deficiency-reduced ERK-CREB
phosphorylation
The levels of hippocampal phosphorylation of ERK2 (phosphor-
ERK2) and cAMP response element binding protein (phosphor-
CREB) are illustrated in Figure 5, A and B, respectively. There was
a main effect of seipin-nKO for the phosphor-ERK2 (F(1,42) �
30.129, p � 0.001) and phosphor-CREB (F(1,56) � 15.752, p �
0.001). Another main effect was rosi treatment for the phosphor-
ERK2 (F(1,42) � 22.367, p � 0.001) and phosphor-CREB (F(1,56)

� 18.865, p � 0.001). The decline of phosphor-ERK2 and
phosphor-CREB (p � 0.001) in seipin-nKO mice was corrected
by rosi treatment for 3 d (p � 0.001). The MEK inhibitor U0126
could block the rosi-corrected phosphor-CREB in seipin-nKO
mice (p � 0.001, n � 8) and attenuate the basal level of
phosphor-CREB in control mice (p � 0.001, n � 8). In contrast,
there was no significant main effect of seipin-nKO (F(1,28) �
0.180, p � 0.675; Fig. 5C) for the hippocampal mature BDNF.
However, there was a main effect of rosi treatment (F(1,28) �
10.749, p � 0.003). The concentration of mature BDNF was in-
creased by rosi treatment for 3 d in control mice (p � 0.025, n �
8) or seipin-nKO mice (p � 0.047, n � 8). However, inhibition of
TrkB receptor by K252a in seipin-nKO mice did not affect the
rosi-corrected phosphor-ERK2 (p � 0.578) and phosphor-
CREB (p � 0.666).

Figure 1. Neuronal seipin deficiency reduces hippocampal PPAR� level. A, Representative images of seipin immunostaining in
hippocampal CA1 region of control mice and seipin-nKO mice. str-R, Stratum radiatum; str-P, stratum pyramidale; str-O, stratum
oriens. Arrows indicate seipin-immunopositive cells. Scale bars, 50 �m. B, Bars show the levels of hippocampal PPAR� in seipin-
sKO mice and WT mice, seipin-nKO mice and control mice, or seipin-aKO mice and a-control mice treated with vehicle or rosi for 3 d.
The densitometric values for Western blots of protein are normalized to the amounts of GAPDH and normalized again by control
values. **p � 0.01 versus WT mice or control mice (two-way ANOVA).
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Seipin-deficiency-reduced ERK-CREB signaling impairs
AMPAR expression and LTP
To determine whether the rosi-recovered ERK-CREB activity or
increased BDNF is required for rosi-rescued AMPAR expression
and LTP induction, seipin-nKO mice were treated with intrace-
rebroventricular injection of U0126 or K252a at 30 min before
rosi administration (Fig. 6A). The results showed that the admin-
istration of U0126 in seipin-nKO mice could block the rosi-
increased GluR1 (p � 0.001, n � 8; Fig. 6B) and GluR2 mRNAs
(p � 0.001, n � 8) or the rosi-restored IAMPA (p � 0.019, n � 8;
Fig. 6C) and LTP (n � 8; Fig. 6D). In addition, the administration
of U0126 in control mice attenuated the levels of GluR1 (p �
0.001, n � 8) and GluR2 mRNAs (p � 0.001, n � 8) and the
IAMPA (p � 0.001, n � 8), which were insensitive to rosi treat-
ment. The administration of K252a in seipin-nKO mice failed to
affect the rosi-increased GluR1 (p � 0.476, n � 8) and GluR2
mRNAs (p � 0.330, n � 8) or the rosi-restored IAMPA (p � 0.932,
n � 8).

Discussion
The present study provides in vivo evidence that neuronal seipin
deficiency leads to spatial cognitive deficits thtat can be rescued
by the activation of PPAR�. This conclusion is deduced mainly
from the following observations. First, the seipin-sKO mice and
seipin-nKO mice exhibited spatial cognitive deficits, but the

seipin-aKO mice did not. Because seipin-sKO mice and seipin-
aKO mice show insulin resistance and hypertriglyceridemia (Cui
et al., 2011; Liu et al., 2014), the cognitive deterioration is unlikely
to be secondary to the peripheral metabolic abnormalities. Sec-
ond, the impairment of motor neuron by gain-of-function mu-
tation in the N-glycosylation site of seipin (Ito and Suzuki, 2009)
is not observed in CGL2 patients, seipin knock-out rats (Ebihara
et al., 2015), or seipin-nKO mice (Zhou et al., 2014). No changes
in the swim speed in Morris water maze or the number of arm
entries in Y-maze were detected in seipin-sKO mice or seipin-
nKO mice, indicating that seipin deficiency does not affect the
motor ability. Third, seipin-sKO mice and seipin-nKO mice have
been reported to display a depression-like phenotype (Zhou et
al., 2014). The impairment of spatial working memory as assessed
by Y-maze was observed in seipin-sKO and seipin-nKO mice and
seipin knock-out rats (Ebihara et al., 2015). Fourth, the hip-
pocampal NMDAR-dependent LTP, a cellular model for spatial
learning and memory (Takeuchi et al., 2014), was impaired in
seipin-nKO mice. Finally, Seipin was highly expressed in hip-
pocampal CA1 pyramidal cells. Consistent with the report by
Zhou et al. (2014), the levels of hippocampal PPAR� were re-
markably reduced in seipin-sKO mice and seipin-nKO mice, but
not in seipin-aKO mice. Importantly, rosi treatment could rescue
the spatial memory and the LTP induction in seipin-sKO mice

Figure 2. Treatment with rosi improves neuronal seipin-deficiency-induced spatial cognitive deficits. In the Morris water maze test, latency (in seconds) to reach visible and hidden platform (A,
C, E) and percentage of swimming time (B, D, F ) in 4 quadrants (%) of platform (PQ), opposite (OQ), and right/left adjacent (R-AQ, L-AQ) in seipin-sKO mice and WT mice (A, B), seipin-nKO mice and
control mice (C, D), or seipin-aKO mice and a-control mice (E, F ). Tracings of typical swimming patterns on day 7 of hidden platform trainings and probe test are shown at the top. Black circles indicate
the position of the platform. A, **p � 0.01 versus WT mice; #p � 0.05, ##p � 0.01 versus seipin-sKO mice (repeated-measure ANOVA). B, **p � 0.01 versus WT mice; ##p � 0.01 versus seipin-sKO
mice (two-way ANOVA). C, **p � 0.01 versus control mice; #p � 0.05, ##p � 0.01 versus seipin-nKO mice (repeated-measure ANOVA). D, **p � 0.01 versus control mice; ##p � 0.01 versus
seipin-nKO mice (two-way ANOVA). G, H, Alternation ratio (%) and total arm entries in Y-maze. **p � 0.01 versus WT mice or control mice; ##p � 0.01 versus seipin-sKO mice or seipin-nKO mice
(two-way ANOVA).
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Figure 3. Treatment with rosi rescues seipin-deficiency-impaired hippocampal synaptic function and LTP. A, Input– output curve at Schaffer collateral–CA1 synapses. EPSP slopes are
plotted against stimulus intensity (0.2–1.5 mA). **p � 0.01 versus control mice; #p � 0.05, ##p � 0.01 versus seipin-nKO mice (repeated-measures ANOVA). Representative traces
evoked by a testing stimulation (0.6 mA). B, PPR of EPSP slopes is plotted against various IPIs ranging from 25 to 150 ms in control mice and seipin-nKO mice treated with rosi or vehicle.
Representative traces evoked with IPI of 50 ms. C, Induction of LTP by HFS (100 Hz, 100 pulses). Each point represents the group mean of EPSP slopes expressed as a percentage of baseline.
Representative traces obtained at 1 min before HFS and 60 min after HFS. A solid arrow indicates when HFS was given. D, Induction of LTP in the presence of NMDAR antagonist MK801
in control mice and seipin-nKO mice. E, Induction of LTP in control mice and seipin-nKO mice treated with rosi for 3 d. F, Induction of LTP after the rosi application for 30 min in slices
obtained from seipin-nKO mice.
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and seipin-nKO mice. Therefore, it is con-
ceivable that the cognitive deterioration
by the seipin deficiency might be attrib-
uted to the reduction of PPAR�.

No changes in the hippocampal size
and thickness of pyramidal cell layer are
found in seipin-nKO mice (Zhou et al.,
2014). The seipin knock-out rats do not
show a decrease in density of hippocam-
pal neuronal cells (Ebihara et al., 2015).
Neuronal PPAR� deficiency in mice is not
sufficient to cause neuronal loss in hip-
pocampus (Zhao et al., 2009). Notably,
the efficiency of Schaffer collateral–CA1
synaptic transmission in seipin-nKO mice
was significantly reduced. The mutation
of seipin (N88S) has been found to reduce
the synaptic release (Wei et al., 2014). The
capability of presynaptic glutamate re-
lease in seipin-nKO mice was not affected,
whereas the postsynaptic IAMPA was obvi-
ously reduced. The functional AMPAR
expression is regulated by transcriptional
and RNA editing mechanisms. The AM-
PAR is synthesized dendritically and in-
serted into synaptic membrane (Ju et al.,
2004). The levels of hippocampal GluR1/
GluR2 mRNAs and GluR1/GluR2 pro-
teins were lower in seipin-nKO mice than
those in control mice. The activation
of NMDAR is known to inhibit the
transcription of GluR2, leading to a decre-
ase in dendritic and synaptic AMPAR
numbers (Grooms et al., 2006). Seipin
deficiency did not affect the postsynap-
tic INMDA. In addition, postsynaptic
density-95 (PSD95) and transmembrane
AMPAR regulatory proteins (TARPs) dif-
ferentially interact with C-terminal end of
GluR2 subunit to affect its expression
(Bassani et al., 2013). In hippocampus of
seipin-nKO mice, the levels of PSD95 and
TARP�-2 showed no significant differ-
ence from control mice (data not
shown). In addition, the functional

Figure 4. Treatment with rosi rescues seipin-deficiency-induced AMPAR downregulation. A, Dose–response curves of IAMPA in
control mice and seipin-nKO mice. Each point represents the normalized current from 10 hippocampal CA1 pyramidal cells. Inset,
Representative traces of IAMPA (100 �M AMPA). **p � 0.01 versus control mice (repeated-measures ANOVA). B, Dose–response

4

curves of INMDA in control mice and seipin-nKO mice. Inset,
Representative traces of INMDA (300 �M NMDA). C, D, Influence
of rosi treatment for 3 d or rosi application for 30 min on IAMPA

(100 �M AMPA) and INMDA (300 �M NMDA). Bars show the
mean values of IAMPA and INMDA normalized by controls. E, Bars
show the levels of GluR1, GluR2, NR1, NR2A, and NR2B mRNA in
control mice and seipin-nKO mice or slices treated with rosi for
3 d or 30 min. The levels of mRNA are normalized by control
values. **p � 0.01 versus control mice; #p � 0.05, ##p �
0.01 versus seipin-nKO mice (two-way ANOVA). F, Bars show
the levels of GluR1 and GluR2 protein in control mice and
seipin-nKO mice or slices treated with rosi for 3 d or 30 min.
Densitometric values for Western blots of protein are normal-
ized to the amounts of �-actin and then normalized again by
control values. **p � 0.01 versus control mice; ##p � 0.01
versus seipin-nKO mice (two-way ANOVA).
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AMPAR number is regulated by their trafficking between en-
doplasmic reticulum to postsynaptic membrane via Golgi
bodies. Wei et al. (2013) reported that seipin had no effects on
the AMPAR trafficking. Therefore, the knock-down of the
seipin gene in neuronal cells does not affect the inserting abil-
ity of AMPAR (Wei et al., 2014). Importantly, rosi treatment
for 3 d in seipin-nKO mice restored AMPAR expression and
recovered IAMPA and synaptic efficiency. In contrast, acute
treatment with rosi for 30 min failed to alter the reduction of
IAMPA andsynaptic efficiency in seipin-nKO mice but partially
increased the GluR1/GluR2 mRNAs. The findings indicate
that seipin deficiency suppresses the transcription of GluR1/
GluR2, leading to the downregulation of AMPAR, which can
be rescued by the activation of PPAR�.

The inhibition of PPAR� can significantly decrease ERK2 ac-
tivation (Denner et al., 2012). rosi treatment can increase nuclear
ERK2 activity, as noted by an increase in Thr202/Tyr204 phos-

phorylated ERK2. Hippocampal ERK2 and CREB phosphoryla-
tion in seipin-nKO mice was significantly reduced, which could
be corrected by rosi treatment. The transcription factor CREB is
known to regulate the expression of GluR1. ERK-CREB phos-
phorylation can upregulate AMPAR function (Qin et al., 2005).
The decline of CREB phosphorylation is associated with a specific
reduction in postsynaptic GluR1 (Borges and Dingledine, 2001).
The MEK inhibitor U0126 could abolish the rosi-corrected re-
duction of CREB phosphorylation, AMPAR expression, and
IAMPA in seipin-nKO mice. In addition, the inhibition of ERK by
U0126 could attenuate the AMPAR expression and function
in control mice. The results indicate that the seipin deficiency
reduces the transcription of GluR1/GluR2 though reducing
the ERK-CREB phosphorylation. Conversely, the activation of
PPAR� is able to elevate BDNF concentration through enhancing
the BDNF promoter (Wang et al., 2011; Kariharan et al., 2015).
rosi treatment in seipin-nKO mice could increase the concentra-

Figure 5. Treatment with rosi rescues seipin-deficiency-reduced ERK-CREB activities. A, B, Bars show the levels of hippocampal phosphor-ERK1/2 and phosphor-CREB in control mice and
seipin-nKO mice treated with rosi, U0126, or K252a. **p � 0.01 versus control mice; ##p � 0.01 versus seipin-nKO mice; 

p � 0.01 versus rosi-treated seipin-nKO mice (two-way ANOVA). C,
Bars show the level of hippocampal BDNF in control mice and seipin-nKO mice treated with rosi or vehicle. **p � 0.01 versus control mice (two-way ANOVA).
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tion of hippocampal mature BDNF, although seipin deficiency
did not affect the BDNF level. BDNF has been reported to en-
hance the transcription activity of GluR1/GluR2 (Schratt et al.,
2004; Caldeira et al., 2007), the transport of mRNAs along den-
drites, and their translation at the synapse (Santos et al., 2010).
However, the Trk family inhibitor K252a did not affect the rosi-
corrected reduction of AMPAR expression and IAMPA in seipin-
nKO mice. A recent study (Reimers et al., 2014) has reported the
bidirectional effects of BDNF on AMPAR surface expression, de-
pending on duration of exposure. The acute (30 min) treatment
with BDNF can increase the cellular surface GluR1/GluR2,
whereas the long-term (24 h) treatment produces an opposite
effect. Therefore, the contradictory results may arise from

the difference in the experimental timing. In addition, the
AMPAR is assembled in the endoplasmic reticulum (ER) (Ru-
bio and Wenthold, 1999). GluR2 colocalizes with the ER chap-
erone BiP (Greger et al., 2002). Ito et al. (2008) reported that
the mutations (N88S/S90L) of the seipin gene could cause the
formation of cytoplasmic inclusions and enhance ubiquitina-
tion, leading to ER stress. This idea is not supported because
the levels of the ER stress makers BiP and CHOP in the hip-
pocampus of seipin-nKO mice are not elevated (Zhou et al.,
2014).

The AMPAR-containing GluR2 subunit is selectively per-
meable to Na
 and K
, accumulating evidence suggests that
AMPAR plays important role during genesis of LTP in excitatory

Figure 6. Seipin-deficiency-reduced ERK-CREB signaling impairs AMPAR and LTP. A, Time chart of experimental procedure. B, Effects of U0126 or K252a on rosi-restored AMPAR expression. Bars
show the levels of GluR1 and GluR2 mRNA in control mice and seipin-nKO mice treated with rosi, U0126, or K252a. **p � 0.01 versus control mice; ##p � 0.01 versus seipin-nKO mice with rosi
(two-way ANOVA). C, Effects of U0126 or K252a on rosi-restored IAMPA in seipin-nKO mice. Bars show IAMPA (100�M AMPA) in hippocampal CA1 pyramidal cells in control mice and seipin-nKO mice treated with
rosi, U0126, or K252a. **p � 0.01 versus control mice; ##p � 0.01 versus seipin-nKO mice with rosi (two-way ANOVA). D, Effects of U0126 on rosi-restored LTP induction in seipin-nKO mice.
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neurons (Santos et al., 2009; Schwenk et al., 2014). The LTP
induction is impaired in GluR1 knock-out mice (Zamanillo et al.,
1999), but not in double knock-out mice of both GluR2 and
GluR3 (Meng et al., 2003). The reduction of AMPAR population
on the hippocampal postsynaptic membrane may lead to poor
development of LTP. Disruption of the interaction between
GluR1 and some proteins (e.g., actin-binding protein 4.1N or the
activator protein 2) can block the activity-dependent LTP (Shi et
al., 2001). Several lines of evidence suggest that the ERK-CREB
signaling pathway is critical for the NMDAR-dependent LTP in-
duction and many forms of learning and memory (Sweatt, 2004).
Chronic treatment with rosi can correct a downregulated ERK
signal transduction pathway in Tg2576 mice to overcome their
cognitive deficits (Denner et al., 2012). CREB, as a nuclear coacti-
vator of PPAR� (Bugge et al., 2009; Inoue et al., 2012), integrates
the convergence of the PPAR� and ERK pathways to rescue learn-
ing and memory deficits in AD mouse models (Caccamo et al.,
2010). Therefore, the impairment of NMDAR-dependent LTP in
seipin-nKO mice is due to the downregulation of AMPAR and
ERK-CREB signaling.

In conclusion, the present study provides evidence that the
activation of PPAR� by rosi treatment could rescue the hip-
pocampal LTP and spatial cognitive deficits in seipin-sKO mice
and seipin-nKO mice. rosi treatment has been reported to en-
hance cognition in AD mice (Denner et al., 2012). Moreover, rosi
treatment in type 2 diabetic mice significantly improves spatial
memory and LTP induction without improvement of peripheral
insulin sensitivity (Kariharan et al., 2015). The findings indicate
that this nuclear receptor is a potential therapeutic target for the
cognitive deficits. This idea is strengthened by the fact that
PPAR� is reduced in AD brain and certain polymorphisms in the
PPAR� gene are associated with increased risk for the cognitive
and intellectual impairment (Kitamura et al., 1999; Scacchi et al.,
2007). Similarly, the decline of hippocampal PPAR� level was
observed in seipin-sKO mice or seipin-nKO mice. rosi treatment
in seipin-sKO mice or seipin-nKO mice can alleviate their
anxiety- and depression-like phenotypes (Zhou et al., 2014). Fur-
thermore, rosi treatment can protect the impairment of adult
neurogenesis in hippocampal dentate gyrus of seipin-nKO mice
(Li et al., 2015). Although much more work needs to be con-
ducted, our results in this study indicate the therapeutic possibil-
ity of the PPAR� agonist on mental retardation in CGL2 patients.
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Sommer B, Andersen P, Seeburg PH, Sakmann B (1999) Importance of
AMPA receptors for hippocampal synaptic plasticity but not for spatial
learning. Science 284:1805–1811. CrossRef Medline

Zhao X, Strong R, Zhang J, Sun G, Tsien JZ, Cui Z, Grotta JC, Aronowski J
(2009) Neuronal PPARgamma deficiency increases susceptibility to
brain damage after cerebral ischemia. J Neurosci 29:6186 – 6195. CrossRef
Medline

Zhou L, Yin J, Wang C, Liao J, Liu G, Chen L (2014) Lack of seipin in
neurons results in anxiety- and depression-like behaviors via down
regulation of PPARgamma. Hum Mol Genet 23:4094 – 4102. CrossRef
Medline

Zhou, Chen et al. • Seipin Knock-Out Reduces AMPA Receptors J. Neurosci., January 27, 2016 • 36(4):1242–1253 • 1253

http://www.ncbi.nlm.nih.gov/pubmed/26398946
http://www.ncbi.nlm.nih.gov/pubmed/23459987
http://dx.doi.org/10.1111/cns.12143
http://www.ncbi.nlm.nih.gov/pubmed/23826708
http://dx.doi.org/10.2337/db13-0729
http://www.ncbi.nlm.nih.gov/pubmed/24622797
http://dx.doi.org/10.1038/ng585
http://www.ncbi.nlm.nih.gov/pubmed/11479539
http://dx.doi.org/10.1016/0006-8993(95)01032-7
http://www.ncbi.nlm.nih.gov/pubmed/8822355
http://dx.doi.org/10.1016/S0896-6273(03)00368-4
http://www.ncbi.nlm.nih.gov/pubmed/12848940
http://dx.doi.org/10.1016/j.neuroscience.2003.08.064
http://www.ncbi.nlm.nih.gov/pubmed/14667448
http://dx.doi.org/10.1016/j.nmd.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23489663
http://dx.doi.org/10.1007/s00125-013-2926-9
http://www.ncbi.nlm.nih.gov/pubmed/23680914
http://dx.doi.org/10.1101/gad.342205
http://www.ncbi.nlm.nih.gov/pubmed/16107614
http://dx.doi.org/10.1002/ajmg.a.20245
http://www.ncbi.nlm.nih.gov/pubmed/12923870
http://dx.doi.org/10.1111/ejn.12422
http://www.ncbi.nlm.nih.gov/pubmed/24712995
http://www.ncbi.nlm.nih.gov/pubmed/10461883
http://dx.doi.org/10.1007/s00213-012-2722-0
http://www.ncbi.nlm.nih.gov/pubmed/22547332
http://dx.doi.org/10.1016/j.pneurobio.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/20713125
http://dx.doi.org/10.1016/j.neuroscience.2008.02.037
http://www.ncbi.nlm.nih.gov/pubmed/18424006
http://dx.doi.org/10.1016/j.brainres.2006.12.078
http://www.ncbi.nlm.nih.gov/pubmed/17270153
http://dx.doi.org/10.1523/JNEUROSCI.1739-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15317862
http://www.ncbi.nlm.nih.gov/pubmed/24961962
http://dx.doi.org/10.1016/j.neuron.2014.08.044
http://www.ncbi.nlm.nih.gov/pubmed/25242221
http://dx.doi.org/10.1016/S0092-8674(01)00321-X
http://www.ncbi.nlm.nih.gov/pubmed/11348590
http://dx.doi.org/10.1016/j.conb.2004.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15194111
http://dx.doi.org/10.1073/pnas.0704154104
http://www.ncbi.nlm.nih.gov/pubmed/18093937
http://dx.doi.org/10.1098/rstb.2013.0288
http://www.ncbi.nlm.nih.gov/pubmed/24298167
http://dx.doi.org/10.1371/journal.pone.0024001
http://www.ncbi.nlm.nih.gov/pubmed/21887361
http://dx.doi.org/10.1136/jmg.39.10.722
http://www.ncbi.nlm.nih.gov/pubmed/12362029
http://dx.doi.org/10.1016/j.ejphar.2009.03.033
http://www.ncbi.nlm.nih.gov/pubmed/19303870
http://dx.doi.org/10.1016/j.toxlet.2011.07.026
http://www.ncbi.nlm.nih.gov/pubmed/21835234
http://dx.doi.org/10.1111/jnc.12099
http://www.ncbi.nlm.nih.gov/pubmed/23173741
http://dx.doi.org/10.1111/jnc.12638
http://www.ncbi.nlm.nih.gov/pubmed/24345054
http://dx.doi.org/10.1016/j.neuropharm.2012.07.035
http://www.ncbi.nlm.nih.gov/pubmed/22884465
http://dx.doi.org/10.1126/science.284.5421.1805
http://www.ncbi.nlm.nih.gov/pubmed/10364547
http://dx.doi.org/10.1523/JNEUROSCI.5857-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19439596
http://dx.doi.org/10.1093/hmg/ddu126
http://www.ncbi.nlm.nih.gov/pubmed/24651066

	Activation of PPAR Ameliorates Spatial Cognitive Deficits through Restoring Expression of AMPA Receptors in Seipin Knock-Out Mice
	Introduction
	Materials and Methods
	Results
	Neuronal seipin deficiency reduces hippocampal PPAR level
	Rosi improves seipin-deficiency-induced spatial cognitive deficits
	Rosi rescues seipin-deficiency-reduced ERK-CREB phosphorylation
	Discussion


