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Intrahippocampal injection of a lentiviral vector
expressing neurogranin enhances cognitive function in

5XFAD mice

Seong Gak Jeon!, Moonkyung Kang?, Yeon-Soo Kim?, Dong-Hyun Kim*, Dong Woo Nam?®, Eun Ji Song!,

Inhee Mook-Jung® and Minho Moon!

Progressive cognitive declines are the main clinical symptoms of Alzheimer’s disease (AD). Cognitive impairment in AD is directly
correlated with amyloid beta (Ap)-mediated synaptic deficits. It is known that upregulation of neurogranin (Ng), a postsynaptic
protein, contributes to the enhancement of synaptic plasticity and cognitive function. By contrast, downregulation of Ng
expression results in learning and memory impairments. Interestingly, Ng expression is significantly reduced in the parenchyma
of brains with AD. However, the pathological role that downregulated Ng plays in the cognitive dysfunctions observed in AD
remains unclear. Therefore, the present study examined whether enhancing Ng expression affected cognitive functions in 5XFAD
mice, an animal model of AD. We found that the Ng reductions and cognitive decline observed in 5XFAD mice were restored in
mice that were intrahippocampally injected with an Ng-expressing lentiviral vector. Furthermore, overexpression of Ng
upregulated expression of postsynaptic density protein-95 in the hippocampus of 5XFAD mice. These results suggest that the
cause of cognitive decline in AD may be at least partially associated with reduced Ng levels, and thus, supplementation of Ng
may be an appropriate therapeutic strategy for individuals with AD.
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INTRODUCTION

Alzheimer’s disease (AD) is one of the most common
neurodegenerative disorders, and its main clinical symptoms
are progressive cognition impairments. Histopathologically, AD
is characterized by the accumulation of neurofibrillary tangles
and amyloid plaques in the brain, resulting in the loss of
neurons and synapses.! In the early stages of AD, the synaptic
protein level is reduced by ~25%, indicating that synaptic loss
is an early event in AD.”> Moreover, synaptic failure has been
directly linked to cognitive decline and dementia severity in
AD,> suggesting that the memory loss of patients in the early
stages of AD may be caused by synaptic dysfunction, rather
than by neuronal death.

One factor that is known to cause synaptic dysfunction is
amyloid beta (AP), which self-aggregates to form the amyloid
plaques that are observed in AD.>° In addition, AP contributes to
suppression of basal synaptic transmission by facilitating endocy-
tosis of N-methyl-p-aspartate glutamate receptors (NMDARs) and
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors

(AMPARs) from synapses.” Further, oligomers of AB decrease
the number of dendritic spines and disrupt synaptic plasticity by
shifting the balance between long-term potentiation (LTP) and
long-term depression (LTD).!0

Neurogranin (Ng or NRGN), which is widely used as a
synaptic marker, is a neuron-specific postsynaptic protein that is
usually expressed at dendritic spines in the cortex, hippocampus
and amygdala.!">'? Additionally, Ng is a key molecule in synaptic
plasticity and memory consolidation.!>™!> For example, studies
have revealed that Ng augmentation enhances LTP and adult
hippocampal neurogenesis, leading to improvements in cognitive
function.'*™!® By contrast, reducing expression of Ng by using
small hairpin RNA, Ng-null mice or Ng antibody-related
inhibition results in LTP impairments and abnormal memory
functions.!>1620-24 However, synaptic dysfunctions induced by
knockdown of Ng via small interfering RNA are restored by Ng
overexpresion.'” Hence, it has been suggested that Ng-mediated
improvements in synaptic plasticity are involved in the activation
of NMDARs and insertion of AMPARs."
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Previous studies have shown that the Ng level is significantly
changed in the plasma and cerebrospinal fluid (CSF) of
patients with AD compared with that in age-matched controls,
suggesting that Ng may be a biomarker for diagnosing AD.?>~!
In particular, expression of Ng is significantly reduced in
the hippocampus and cortex of patients with AD as well
as transgenic mouse models of AD.*?~*¢ However, Ng cannot
be delivered to the dendrites of neurons in brains with
AD, indicating that the Ng level is locally reduced at the
synapse in AD.>? Furthermore, a recent study demonstrated
that increasing the Ng level rescued Af-induced deficits
in synaptic function, namely, deficits in LTP, and synaptic
delivery of AMPARs in amyloid precursor protein (APP)-
expressing neurons.”’ Nevertheless, to date, the pathological
role that Ng has in the learning and memory deficits that are
related to AD has not yet been described.

Therefore, the present study aimed to elucidate whether Ng
expression is functionally related to cognition in an animal
model of AD. Based on the existing literature, we hypothesized
that reducing the Ng expression level in the brain parenchyma
would impair cognitive function, while such impairments
would not be observed after elevating the Ng levels in a mouse
model of AD (5XFAD mice). Specifically, we investigated:
(1) whether overexpressing Ng through hippocampal injections
of a lentiviral vector elevated the levels of Ng in the brain and
eliminated the cognitive deficits observed in 5XFAD mice and
(2) whether the histological mechanisms for improving cogni-
tive functions were mediated by the enhanced Ng expression in
5XFAD mice.

MATERIALS AND METHODS

Lentivirus production and transduction

A lentiviral vector expressing Ng under the control of the mouse
cytomegalovirus immediate-early promoter (pLentiM1.2-hNRGN)
was constructed by inserting Ng cDNA into Sall and EcoRI restriction
enzyme sites in the pLentiM1.2 plasmid. Lentiviral vector particles
were produced as described previously.*® Human embryonic kidney
293T cells were cultured in Dulbecco’s modified Eagle’s medium
(Hyclone Laboratories Inc., South Logan, UT, US) with 10% fetal
bovine serum (Gibco-BRL, Waltham, MA, USA) and maintained in a
5% CO, incubator at 37 °C. Lentivirus particles were produced by
co-transfecting human embryonic kidney 293T cells with three
plasmids, VSV-G, gag-pol and pLentiM1.2-hNRGN, using Lipofecta-
mine Plus (Invitrogen, Carlsbad, CA, USA). At 48 h post transfection,
culture supernatants containing virus particles were collected
and clarified with a 0.45-pm membrane filter (Thermo Scientific,
Waltham, MA, USA) and stored in a —70°C deep freezer immedi-
ately. Titers were determined with p24 enzyme-linked immunosorbent
assays (Perkin-Elmer Life Science, Waltham, MA, USA) or western
blot analyses using a monoclonal anti-p24 antibody (obtained from
the AIDS Research and Reference Reagent Program, National Insti-
tutes of Health, Bethesda, MD, USA). In our routine preparation, the
titers were =107 transduction units (TU) ml without further
concentration. For stereotaxic injection, the lentivirus particles were
concentrated by ultracentrifugation on a 20% sucrose cushion (2 h at
50 000 g) at 4 °C. HeLa cells at 70% confluence in 6-well plates were
transduced for 8 h in the presence of 8 gml~! polybrene, after which
the medium was refreshed.
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Western blotting

Human embryonic kidney 293 cells were lysed using a Protein Assay
Kit (Thermo Scientific) according to the manufacturer’s instructions.
The lysates were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a nitrocellulose
membrane. The membranes were incubated with blocking solution
(5% skim milk in Tris-buffered saline with 0.05% Tween-20) for 1 h
and then incubated with a blocking solution containing a primary
antibody (Ng (Abcam, Cambridge, UK) 1:1000; f-actin (Sigma-
Aldrich, St. Louis, MO, USA) 1:5000) overnight at 4°C. The
membranes a horseradish peroxidase-
conjugated secondary antibody for 1 h. Immunoreactive bands were
detected using an enhanced chemiluminescence western blotting
substrate (Thermo Scientific).

were incubated with

Animals

Adult male C57BL/6 mice (7 weeks old) were obtained from Koatech
(Pyeongtaek, South Korea) and acclimatized for 1 week before
stereotaxic surgery. Experimental procedures were reviewed and
approved by the Institutional Animal Care and Use Committee at
Konyang University. Animals were housed in accordance with the
Guide for the Care and Use of Experimental Animals (National
Research Council, Eighth edition). Mice with five familial AD
mutations (5XFAD; B6SJL-Tg [APP-SwFlLon, PSI*MI146L*L286V]
6799Vas/]) were purchased from the Jackson Laboratory (Bar Harbor,
ME, USA) and maintained by mating them with B6/SJL F1 breeder
mice. 5XFAD transgenic mice were confirmed by polymerase chain
reaction, and non-transgenic littermate mice were used as wild-type
controls. The animal maintenance and treatment protocols were
performed in accordance with the Principles of Laboratory Animal
Care (National Institutes of Health Publication No. 85-23, 1985
edition) and the Animal Care and Use Guidelines of Seoul National
University (Seoul, Korea).

Stereotaxic injection

Male 5XFAD and wild-type littermate mice (6 months old) were
used for all investigations. Stereotaxic injection procedures were
performed on anesthetized mice by using a mixture of Zoletil 50
and Rompun (3:1 ratio, 1 mgkg™!, intraperitoneally). A solution
containing Ng-green fluorescent protein (GFP) lentivirus (1x 107 in
2pl) was injected into the hilus of the dentate gyrus of the
hippocampus (-2.0 mm anterior—posterior, 1.3 mm medial-lateral,
and — 1.9 mm dorsal-ventral relative to the bregma) using a Hamilton
syringe at a rate of 0.2 pl min~1. After the injection, we let the needle
rest in place for 8 min to prevent regurgitation of the virus during
removal. Control groups were injected with the same volume of
control lentivirus.

Y-maze test

The Y-maze apparatus was composed of three divided passages, with
each arm 8 cm wide, 30 cm long and 15 cm high. To determine the
rates of spontaneous alternation, each mouse was allowed to explore
the maze for 8 min. Spontaneous alternation was defined as successive
entries into three different passages without repetition (e.g., ABC or
BCA but not ABA). The spontaneous alternation percentage was
calculated using the following equation: number of alternations/(total
number of arm entries—2) X 100.
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Figure 1 Expression of green fluorescent protein (GFP) and GFP-neurogranin (GFP-Ng) in cells transduced by a lentiviral vector.
(@) Detection of GFP after transduction of LentiM1.2 (empty vector) (LV-control) or LentiM1.2-Ng (LV-Ng) in Hela cells. Scale
bar=100 pm. (b) Western blot analysis exhibited Ng expression in lysates from Hela cells transduced with LV-Ng. The anatomical spread
of LV-GFP-Ng in C57BL/6 mice is seen in (c—e). (c) Examination of GFP expression in hippocampal sections obtained at 0.35mm
intervals. Scale bar=200 pum. (d) GFP expression in the hilus and dentate gyrus of a C57BL/6 mouse injected with LV-GFP-Ng. Scale
bar=60pum. (e) Localization of Ng- and GFP-expressing cells in the dentate gyrus. The white circles and arrows indicate the
GFP-expressing somata and neurites, respectively. Scale bar=20 um. DG, dentate gyrus; GCL, granule cell layer; HF, hippocampal fissure;
mo, molecular layer; po, polymorph layer; sg, granule cell layer; slm, stratum lacunosum moleculare; so, stratum oriens; sp, pyramidal

layer; sr, stratum radiatum.

Novel object recognition test

The novel object recognition test was executed in an open field box
(50 x 50 x 50 cm?). Before the test, mice were habituated in the test box
for 5 min without objects. After habituation, each mouse was placed in
the test box and permitted to explore two identical objects (familiariza-
tion session) for 5min. Twenty-four hours after the familiarization
session, each mouse was permitted to explore both the familiar object
and a novel object (test session) for 5 min. In the test session, the objects

used were wooden blocks of the same scale but of different shape. The
time spent exploring each object was recorded and analyzed using a
video tracking system (Noldus, Wageningen, Netherlands).

Brain tissue preparation

Mice were anesthetized and transcardially perfused with 0.05Mm
phosphate-buffered saline and then fixed with ice-cold 4% parafor-
maldehyde in 0.1 m phosphate buffer. The brain was removed and
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Figure 2 Hippocampal injection of LentiM1.2-Ng (LV-Ng) compensated for the reduction in neurogranin (Ng) expression in the
hippocampus of 5XFAD mice. (@) Experimental scheme for the behavioral studies and stereotaxic surgery. Behavioral tests were performed
9 weeks after surgery, and animals were killed 10 weeks after stereotaxic injection. (b) Representative images of Ng expression in the
dentate gyrus of the hippocampus. LentiM1.2 (empty vector) (LV-control)-injected 5XFAD mice showed less immunoreactivity compared
with their wild-type littermates. The LV-Ng-injected groups exhibited elevated Ng immunoreactivity in the brains of 5XFAD and wild-type
mice. Scale bars=50pm. (c) Immunoreactivity of Ng was statistically analyzed by one-way analysis of variance (ANOVA) followed by
Fisher's least significant difference (LSD) test (F(3, 60)=9.272, P=0.0129). ***P<0.001.

postfixed in 0.1 M phosphate buffer containing 4% paraformaldehyde
for 20 h at 4 °C and then soaked in a solution containing 30% sucrose
in 0.05M phosphate-buffered saline for cryoprotection at 4 °C.
Serial coronal sections (30-pum-thick) were cut on a cryomicrotome
and stored in cryoprotectant (25% ethylene glycol and 25% glycerol
in 0.05M phosphate buffer) at 4°C until immunohistochemical
analysis.

Immunoperoxidase and immunofluorescence staining

For immunohistochemical analyses, brain sections were rinsed
briefly in phosphate-buffered saline and treated with 1% hydrogen
peroxide for 15 min. The sections were incubated with a goat anti-Ng
antibody (1:500; Abcam) or anti-postsynaptic density protein-95
(PSD-95) antibody (1:500; Abcam). The sections were next incubated
with a biotinylated horse anti-goat immunoglobulin G (1:200; Vector
Laboratories, Burlingame, CA, USA) and avidin-biotin—peroxidase
complex solution and then visualized with a SIGMA FAST™ 3.3'-
diaminobenzidine tablet (Sigma-Aldrich) as a chromogen. To quantify
the immunoreactivity of PSD-95, the images were analyzed using the
Image-Pro Plus 6.0 program (Media Cybernetics, Rockville, MD,
USA). For immunofluorescence staining, brain sections were rinsed
briefly in phosphate-buffered saline and incubated with a goat anti-Ng
antibody (1:500, 4 °C, 12 h) followed by donkey anti-goat Alexa Fluor®
594 immunoglobulin G (1:200, room temperature, 1 h; Abcam). All
sections were counter-stained with 4',6-diamidino-2-phenylindole
(Thermo Scientific) before mounting.

Statistical analysis

Data are presented as the mean + the standard error of the mean. For
the Y-maze test and immunohistochemical data, the significance of
differences between the four groups was defined by one-way analysis
of variance, followed by the Fisher’s least significant difference post hoc
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test using SigmaPlot for Windows Version 12.2 (Systat Software Inc.,
CA, USA). In the novel object recognition test, differences between
two groups were analyzed with Student’s unpaired #-tests in GraphPad
Prism 5 (GraphPad Software Inc., La Jolla, CA, USA). Statistical
significance was set at P<0.05.

RESULTS

Ability of the lentiviral vector to induce Ng and GFP
expression

Using immunoblot analyses, we investigated Ng expression in
HeLa cells after transduction with pLentiM1.2-hNRGN. As
shown in Figure 1, expression of human Ng was detected
2 days after infection. To evaluate the transduction efficiency of
the Ng-expressing lentiviral vector (pLentiM1.2-hNRGN),
cDNA of human Ng was inserted into a lentiviral vector
(pLentiM1.2) encoding the GFP gene, which is expressed
through internal ribosome entry site sequences. As expected,
we observed GFP expression in Hela cells transduced with
pLentiM1.2-hNRGN lentiviral vector particles (Figure la).
Identification of Ng protein by western blot in transduced
HelLa cells show Ng expression in both 5 and 10 g of cell lysates
(Figure 1b).

Ability of the lentiviral vector to deliver Ng to the mouse
brain

In addition to the above in vitro test, we investigated gene
expression mediated by the lentivirus-GFP-Ng in vivo. To do
so, we injected 2 pl of titrated virus (5% 10°) into the hilus of
the dentate gyrus of adult C57BL/6 mice (8 weeks old). At
14 days after infection, we confirmed GFP expression in the
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Figure 3 Mice with enhanced neurogranin (Ng) expression had fewer cognitive dysfunctions than 5XFAD mice. (a) One-way analysis of
variance (ANOVA) followed by Fisher's least significant difference (LSD) test indicated that 5XFAD mice exhibited significantly fewer
spontaneous alterations compared to their wild-type littermates (shown by **), and LentiM1.2-Ng (LV-Ng)-injected 5XFAD mice (n=7-8)
exhibited significantly more spontaneous alternations compared to LentiM1.2 (empty vector) (LV-control)-injected 5XFAD mice (shown
by *) in the Y-maze test (F(3, 25)=3.679, P=0.025). No significant difference in spontaneous alternations was noted between the
LV-control- and LV-Ng-injected wild-type littermate mice. (b) The number of total arm entries was not significantly different between the
groups. (c) A significant difference between the familiar object and novel object explorations times was found for LV-Ng-injected 5XFAD
mice. (d) The total exploration time indicated that LV-Ng injection did not significantly increase the exploration time in wild-type and
5XFAD mice compared with that in LV-control-injected mice. Error bars indicate the standard error of the mean. *P<0.05, *P<0.01 and

***P<0.001.

dentate gyrus of mice. Indeed, GFP was detected in the hilus
and granule cell layers of brains injected with lentivirus-GFP-
Ng. The virus-injected brain sections (0.35-mm intervals)
displayed widespread expression of GFP from the injection
site to the entire hippocampus (Figure 1c and Supplementary
Figure 1). Magnified images confirmed the robust and specific
expression of GFP in the dentate gyrus transduced with
lentivirus (Figure 1d). Additionally, images obtained under
high magnification showed that virus-infected brains exhibited
colocalization of Ng and GFP in the dentate gyrus (Figure le).
These results confirmed that Ng overexpression was success-
fully established through lentiviral gene delivery in vivo.

Hippocampal injection of lentivirus-Ng ameliorates the
reduction of Ng expression observed in 5XFAD mice

It is well known that Ng expression is reduced in the
hippocampus and cortex of brains with AD.>>¢ Therefore,
we investigated whether the intrahippocampal injection of
the Ng-containing lentiviral vector into 5XFAD mice would
elevate the otherwise reduced Ng level. The brains were
histologically analyzed at 10 weeks after lentivirus injection
(Figure 2a). Immunohistochemical examinations demonstrated

that lentivirus-Ng-injected 5XFAD mice had elevated Ng
expression compared to 5XFAD mice injected with the control
lentivirus (Figure 2b) and increased Ng immunoreactivity was
statistically significant (Figure 2c). These data suggest that
overexpressing Ng via gene transfer may compensate for the
downregulated Ng expression that is observed in brains
with AD.

Ng overexpression improves the cognitive dysfunctions
observed in 5XFAD mice

Several previous reports have shown that increasing the Ng
expression level significantly enhances LTP as well as memory
and learning abilities.!®™! In addition, increasing the Ng level
has been shown to restore the AB-induced synaptic depression
and LTP deficits in hippocampal slices.>” Here, we examined
whether the lentivirus-Ng injection influenced the cognitive
behaviors of 5XFAD mice, a transgenic animal with AP
overexpression. First, we analyzed the animals’ short-term
and working memory by using the Y-maze test. We found
that 5XFAD mice exhibited significantly fewer spontaneous
alterations compared to their wild-type littermates (Figure 3a).
However, 5XFAD mice that overexpressed Ng after the

Experimental & Molecular Medicine
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hippocampal injection of lentivirus-Ng displayed significantly
more spontaneous alternations compared to 5XFAD mice
injected with the control lentivirus (Figure 3a). To identify
whether the memory enhancements observed following Ng
overexpression were related to changes in locomotor activity,
we compared the total number of arm entries between the
groups. No significant difference was noted between the
experimental groups (Figure 3b). Second, we analyzed animals’
long-term recognition memory by using the novel object
recognition test. The time spent exploring the novel object
vs. familiar object was not significantly different in lentivirus-
control-injected 5XFAD mice (Figure 3c). After injecting
5XFAD mice with lentivirus-Ng, the novel object vs. familiar
object exploration times were significantly different (Figure 3c¢).
No significant difference in total exploration time was identi-
fied between lentivirus-control- and lentivirus-Ng-injected
5XFAD mice (Figure 3d). These findings suggest that elevating
Ng expression through a hippocampal lentivirus-Ng injection
can significantly reduce the amount of cognitive decline that
occurs in 5XFAD mice.

Enhancing Ng expression induces PSD-95 expression in the
hippocampus of 5XFAD mice

Recently, it was reported that Ng overexpression reverses
the AP-mediated deficits in synaptic transmission and LTP
through calmodulin (CaM)-calcium/calmodulin-dependent
protein kinase II (CaMKII)-mediated insertion of a new
GluAl-containing AMPAR into the postsynaptic domain.’’
Moreover, it has been shown that PSD-95 acts as a slot protein
for AMPAR by stabilizing it in the synapse and that over-
expression of PSD-95 selectively promotes synaptic accumula-
tion of AMPARs.>*#? Therefore, we investigated whether the
Ng-mediated improvements in cognition that we observed
were associated with PSD-95 expression. Immunohistochem-
ical analysis of PSD-95 expression revealed that the optical
density value of lentivirus-Ng-injected 5XFAD mice was
significantly higher than that of lentivirus-control-injected
5XFAD mice (Figure 4). Our results indicated that the
hippocampal injection of lentivirus-Ng significantly elevated
PSD-95 expression in the hippocampus of 5XFAD mice.

DISCUSSION

To date, the role that Ng has in AD-related memory impair-
ment has not been studied. Here, we locally injected a lentivirus
containing GFP-Ng into the hippocampus of wild-type and
5XFAD mice. Our data demonstrated that: (1) expression of
Ng was reduced in the dentate gyrus of 5XFAD mice and (2)
5XFAD mice injected with lentivirus-Ng had higher Ng
expression compared to that in mice injected with control
lentivirus. Furthermore, the augmented expression of Ng
contributed to the enhancement of cognitive functions and
PSD-95 expression in this animal model of AD. Collectively,
these results suggest that reduced Ng levels may lead to the
cognitive decline observed in AD, and thus supplementation
with Ng may be a potent therapeutic strategy for this disease.

Experimental & Molecular Medicine

Many reports have demonstrated that the Ng expression
levels are significantly changed in the CSF, serum and brain
parenchyma of individuals with AD. More specifically, Ng
expression is downregulated in the brain parenchyma of the
frontal cortex and hippocampus in animal models and patients
with AD.?*7%¢ By contrast, the Ng level in the CSF is elevated in
AD.?7:304344 Tt has been suggested that the observed increase in
CSF Ng in AD might be related to widespread synaptic
degeneration or Ap-dependent neurodegeneration.?”43~4>
In other words, abundant Ng in the dendritic spines may leak
into the CSF as the disease progresses. Interestingly, this
elevation in the dendritic protein Ng is specific to AD and
has not been observed in other neurodegenerative diseases,
including a range of dementias, synucleinopathies and
tauopathies.’! Apolipoprotein (APO) &4 carriers are commonly
recognized as a high-risk group for AD development owing to
their susceptibility to synaptic damage,*® and a high Ng level
demonstrates early synaptic damage in apolipoprotein €4
carriers.*’” Additionally, the CSF Ng/Pa-secretase 1 ratio is an
indicator of cognitive impairments in AD and Lewy body
dementia.®®*® Taken together, the existing evidence clearly
supports that the Ng levels are correlated with the AB-mediated
synaptic degeneration and cognitive decline that occur in AD
and suggests that Ng may be a predictive marker for disease
progression or synaptic degeneration in AD. However, to our
knowledge, no study has provided direct evidence regarding
whether Ng expression is associated with cognitive
behaviors in AD.

To monitor the pathology of AD, neuroimaging methods,
such as positron emission tomography and magnetic resonance
imaging, and CSF biochemical makers, such as Ap and tau, are
widely used.”® Unfortunately, no biomarkers that can directly
monitor synaptic dysfunction in AD are currently available.
Based on our findings, we believe that Ng has the potential to
be a prognostic marker for both histological and biochemical
analyses in patients with AD.

It is known that Af results in the blockade of LTP, synaptic
depression and spine shrinkage. According to the AP hypoth-
esis, mutations in APP and presenilin 1 may result in over-
production of AP. Here, we used 5XFAD mice as an
Ap-overexpressing animal model of AD (Supplementary
Figure 2) since these mice overexpress the human APP 695
mutation (Swedish (K670N, M671L), Florida (I1716V) and
London (V7171)), and human presenilin 1 mutation (M146L
and 1286V). Transgenes were controlled according to the
neuron-specific Thyl promoter. Importantly, 5XFAD mice
exhibit AD-related pathologies, such as Ap accumulation inside
the neuron, LTP/long-term depression deficits, Ap-mediated
synaptic loss and cognitive decline.”!=>3

Prior studies have revealed that AP accumulation via self-
aggregation is the main causative agent of AD pathogenesis.
Soluble AP oligomers are known to induce an imbalance
between LTP and long-term depression, reduce the number of
dendritic spines and suppress basal transmission.! When
postsynaptic glutamate receptor ion currents are disrupted,
NMDARs and AMPARs are removed from the synapse
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Figure 4 Enhancing neurogranin (Ng) expression in 5XFAD mice upregulated postsynaptic density protein-95 (PSD-95) expression.
(@) Immunohistochemical analyses were performed with the anti-PSD-95 antibody in the brains of 5XFAD and wild-type mice. (b) One-way
analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD) test showed that LentiM1.2-Ng (LV-Ng) injection
significantly increased the optical density of PSD-95 immunoreactivity in the hippocampus of 5XFAD mice compared to that of LV-control-
injected 5XFAD mice (shown by ***; F(3, 24)=17.098, P=0.0082). Error bars indicate the standard error of the mean. ***P<0.001.

Scale bar=100 pm.

through endocytosis.”>*>> AB has also been shown to lead to
AMPAR removal and spine loss.”>> Additionally, AB-mediated
synaptic failure is dependent on NMDAR inactivation. Inter-
estingly, Ng is known to enhance synaptic plasticity indepen-
dent of AMPAR activation and NMDAR insertion.!*3” While
blockade of CaMKII autophosphorylation is a major mechan-
ism that is involved in Af-induced synaptic dysfunction, Ng-
induced synaptic enhancement requires autophosphorylation
of CaMKIIL>%>7

Ng is a substrate of protein kinase C (PKC), which controls
CaM signaling, thus allowing it to influence synaptic and
cognitive functions. Reduced Ng expression results in LTP
impairment and abnormal cognitive functions.'>!%2%-24 More-
over, the loss of Ng reduces the AMPAR-positive synapse
numbers, inhibits AMPAR-silent synapse maturation, enhances
spine elimination and produces sensitization of long-term
depression.?* By contrast, increasing the Ng levels enhances
LTP and memory functions.'®"!° Since Ng augmentation can
enhance synaptic and cognitive functions in healthy brains,
here we examined whether Ng was also able to improve
cognitive behaviors in an animal model of AD. Previous studies
demonstrated that Ng regulates synaptic plasticity and reinfor-
cement by inserting the GluAl-containing AMPAR into the
synapse during Af-mediated synaptic degeneration through
conversion of CaM and CaMKIL¥ In addition, PSD-95 is
necessary for the insertion, stabilization and accumulation of
AMPARSs in the synapse,*®4>°8 which in turn strengthens LTP
and increases excitatory postsynaptic currents.’” Thus, we
speculate that the increase in Ng that we produced by injecting
lentivirus-Ng into the hippocampus upregulated PSD-95 and
induced AMPAR insertion. Moreover, PSD-95 may help
anchor AMPARs in the synapse, ultimately increasing the
postsynaptic density and inducing excitatory postsynaptic
currents and LTP (Figure 5).

In AD, the memory deficits caused by A are partially related
to synaptic dysfunctions, including synaptic depression and
LTP inhibition. Interestingly, a recent study reported that Ng, a
postsynaptic CaM-targeting protein, restored the deficits in
synaptic transmission and LTP in Ap-treated hippocampal
slices.®” It has also been shown that Ap-induced depression of
synaptic transmission is caused by the removal of AMPARs.
Surprisingly, Ng can prevent AP from removing AMPARs
and lead to the insertion of AMPARs, as was observed in
animals that expressed APPg,. and underwent Ap treatment.?”
However, evidence regarding whether Ng can restore the
cognitive behaviors in AB-overexpressing animal models of
AD is lacking. To the best of our knowledge, our study is the
first to demonstrate that Ng can improve AP-mediated
memory deficits in an animal model of AD.

To investigate whether Ng overexpression affects AB deposi-
tion, amyloid plaques in the hippocampus of 5XFAD mice
were detected using an anti-Af antibody (Supplementary
Figure 3). In LV-Ng-injected 5XFAD mice, the plaque load
was not changed compared with that of LV-control-injected
5XFAD mice. These data suggest that Ng overexpression
ameliorated the impairment of cognitive functions without
influencing AP pathology in 5XFAD mice. Moreover, our
findings suggest that Ap-mediated downregulation of Ng may
be the cause of the memory impairments in AD. In the novel
object recognition test, we found that the total exploration time
of 5XFAD mice was significantly longer than that of wild-type
mice. However, no significant differences were observed
between the lentivirus-Ng- and lentivirus-control-injected
groups in either wild-type or 5FXAD mice. In 5XFAD mice,
despite the significant elevation in the total exploration time,
the exploration time for novel objects was significantly shorter.
Altogether, our data from the novel object recognition test
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Figure 5 Potential memory enhancement mechanisms mediated by the overexpression of neurogranin (Ng) in amyloid beta (Ap)-
overexpressing mice. The overexpressed AP leads to synaptic failure in the brains of 5XFAD mice. The fewer cognitive deficits we observed
in LentiM1.2-Ng (LV-Ng)-injected 5XFAD mice may result either from the blockade of Ap-induced depression in synaptic transmission or
from the insertion of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs). Enhancing the expression of Ng may
stimulate the ionotropic glutamate receptor signaling pathways, such as the Ca2*-dependent activation of calcium/calmodulin-dependent
protein kinase Il (CaMKII), leading to the postsynaptic insertion of AMPARSs. It is likely that Ng may reverse the Ap-mediated deficits in

long-term potentiation.

show that animals with upregulated Ng expression exhibited
better cognitive performance than 5XFAD mice.

A number of studies has shown that Ng overexpression
enhances cognitive functions by regulating synaptic
plasticity!®!®1% and that enhancing synaptic plasticity increases
adult hippocampal neurogenesis.!”>® In addition, it has been
suggested that upregulation of Ng expression may contribute to
neuronal growth and differentiation.®! Therefore, further
studies are needed to investigate the neurogenic effects of
Ng on adult hippocampal neurogenesis, one of the major
mechanisms underlying the enhancement of cognitive func-
tions. Likewise, the molecular mechanisms of Ng-mediated
PSD-95 upregulation remain to be elucidated.

In summary, our results indicated that (1) expression of
Ng was reduced in the dentate gyrus of 5XFAD mice compared
with wild-type littermates, (2) 5XFAD mice with increased
levels of Ng showed less AP overexpression-related cognitive
dysfunction than 5XFAD mice and (3) overexpression of
Ng through lentiviral transfer of the Ng gene enhanced
expression of PSD-95 in the dentate gyrus of 5XFAD mice.

Experimental & Molecular Medicine

Collectively, our data suggest that the cognitive dysfunctions
caused by AP may be partially associated with reductions in
Ng expression. Such findings imply that Ng supplementation
may be a future therapeutic strategy for enhancing cognitive
functions in AD.
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