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Abstract Learning and memory depend on long-term
synaptic plasticity including long-term potentiation (LTP)
and depression (LTD). Activity-regulated cytoskeleton-
associated protein (Arc) plays versatile roles in synap-
tic plasticity mainly through inducing F-actin formation,
underlying consolidation of LTP, and promoting AMPA
receptor (AMPAR) endocytosis, underlying LTD. Insu-
lin can also induce LTD by facilitating the internaliza-
tion of AMPARSs. In neuroblastoma cells, insulin induced
a dramatic increase in Arc mRNA and Arc protein lev-
els, which may underlie the memory-enhancing action of
insulin. Thus, a hypothesis was made that, in response to
insulin, increased AMPAR endocytosis leads to enhanced
Arc expression, and vice versa. Primary cultures of neona-
tal Sprague—-Dawley rat cortical neurons were used. Using
Western-blot analysis and immunofluorescent staining, our
results reveal that inhibiting AMPAR-mediated responses
with AMPAR antagonists significantly enhanced whereas
blocking AMPAR endocytosis with various reagents sig-
nificantly prevented insulin (200 nM, 2 h)-induced Arc
expression. Furthermore, via surface biotinylation assay,
we demonstrate that acute blockade of new Arc synthesis
after insulin stimulation using Arc antisense oligodeoxynu-
cleotide prevented insulin-stimulated AMPAR endocytosis.
These findings suggest for the first time that an interaction
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exists between insulin-stimulated AMPAR endocytosis and
insulin-induced Arc expression.
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Introduction

Brain insulin has been reported to exert a memory-enhanc-
ing action in experimental animals and humans [1-3].
Learning and memory depend on long-term synaptic plas-
ticity, which requires new gene expression and protein syn-
thesis [4, 5]. In response to synaptic activity, similar mac-
romolecular syntheses have been reported to be essential
for long-term forms of synaptic plasticity such as long-term
potentiation (LTP) and depression (LTD) [6]. The induc-
tion of activity-regulated cytoskeleton-associated protein
(Arc) is of particular interest. Arc mRNA is rapidly tran-
scribed following synaptic activity and then transported to
activated dendritic regions where it undergoes local transla-
tion, suggesting a role of Arc in synaptic plasticity and in
learning and memory [7, 8]. In fact, accumulating evidence
reveals that Arc plays versatile roles in regulating multi-
ple forms of synaptic plasticity, which includes inducing
F-actin formation underlying consolidation of LTP [8—10]
and promoting AMPA receptor (AMPAR) endocytosis
underlying LTD [10-12]. Disruption of Arc protein expres-
sion impairs the maintenance of LTP and the consolidation
of long-term memory [13, 14]. Furthermore, in addition to
synaptic activity, Arc expression is also rapidly induced by
various biochemical stimuli related to synaptic plasticity,
such as brain-derived neurotrophic factor (BDNF) [15, 16],
group | metabotropic glutamate receptor (mGIluR) ago-
nist dihydroxyphenylglycine (DHPG) [17] or cholinergic
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agonist carbachol [18]. In SH-SY5Y human neuroblastoma
cells, application of insulin (100 nM, 1 h) also induced
a dramatic increase in Arc mRNA and Arc protein levels
[19], which may underlie the mechanism of insulin action
on learning and memory [20].

In addition to the induction of Arc expression, insulin
also plays a role in synaptic plasticity by acting on AMPA-
type glutamate receptor trafficking. AMPA receptors are
comprised of heterotetrameric complexes made up of at
least two of four subunits designated GluR1-4 (or GluA1l-
4) [21]. AMPARs are ligand-gated ion channels and medi-
ate most of the fast excitatory synaptic transmission in
mammalian brain [22]. The levels of AMPARSs at synapses
are very dynamic, which seems to be a major mechanism
contributing to synaptic plasticity [23, 24]. In fact, LTP
generally requires newly inserted AMPARSs at synapses,
and LTD results from the removal of synaptic AMPARs
[25, 26]. In the brain, insulin facilitates the internaliza-
tion of AMPARSs in clathrin-mediated and GluR2-depend-
ent manners and thus induces LTD of excitatory synaptic
transmission [25, 27, 28]. Although insulin-induced LTD
is mechanistically distinct from LTD induced by low-fre-
quency stimulation [28], it has been proposed that insulin-
induced LTD may play an important role in brain informa-
tion processing [29].

Previous studies have suggested that insulin-stimu-
lated AMPAR endocytosis leads to a rapid reduction in
the number of postsynaptic AMPARs and a long-lasting
depression of the receptor-mediated synaptic transmis-
sion [25, 30, 31]. Furthermore, inhibiting AMPARs by
antagonists has been shown to strongly potentiate BDNF-
induced Arc expression in primary rat cortical neurons,
indicating that AMPARs downregulate Arc expression
[32]. Therefore, we hypothesized that insulin can enhance
the expression of Arc through stimulating AMPAR endo-
cytosis. To test this hypothesis, instead of the aforemen-
tioned SH-SYSY cells, primary cultures of neonatal
rat cortical neurons that recapitulate many features of
Arc regulation in vivo [32] were used, and the effects of
blocking either AMPAR-mediated responses or AMPAR
endocytosis on insulin-induced Arc expression were eval-
uated by Western-blot analysis and immunofluorescent
staining. In addition, through acute blockade of new Arc
synthesis in response to insulin with Arc antisense oli-
godeoxynucleotide, whether insulin-induced Arc expres-
sion can regulate insulin-stimulated AMPAR endocytosis
was examined by surface biotinylation assay. The results
can reveal whether there is a reciprocal effect between
insulin-induced Arc expression and insulin-stimulated
AMPAR endocytosis. Consequently, the molecular mech-
anisms underlying insulin’s role in learning and memory
will be further clarified, which is helpful in developing a
strategy for preventing or treating memory loss.
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Materials and methods
Chemicals and reagents

Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s
medium (DMEM), B27 supplement, Alexa Fluor 488 don-
key anti-goat IgG, and Alexa Fluor 594 goat anti-rabbit
IgG were purchased from Invitrogen (Carlsbad, CA, USA).
Mouse anti-Arc antibody, rabbit anti-Arc antibody, goat
anti-GluR?2 antibody raised against an extracellular epitope
of the receptor, and donkey anti-goat horseradish perox-
idase-conjugated antibody were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Mouse anti-
actin antibody, goat-anti-mouse horseradish peroxidase-
conjugated secondary antibody, and normal goat serum
(NGS) were purchased from Millipore (Billerica, MA,
USA). Insulin, PP2, cytosine arabinoside, bovine serum
albumin (BSA), and other chemicals for buffers were pur-
chased from Sigma (St. Louis, MO, USA). NBQX and
GYKI52466 hydrochloride were purchased from Tocris
Bioscience (Bristol, UK). Tat-GluR2;y and its scrambled
control peptide (scr-Tat-GluR2;y) were purchased from
AnaSpec (Fremont, CA, USA).

Primary cultures of neonatal rat cortical neurons

All efforts were made to minimize the number of animals
used and their suffering. Animal maintenance and treat-
ment were approved by the Institutional Animal Care and
Use Committee of Kaohsiung Medical University. Adult
Sprague-Dawley rats for breeding were obtained from
BioLasco Taiwan Co., Ltd. Primary cortical neurons were
prepared from neonatal rats of either sex as previously
established [33]. Less than 5 x 10° cells/cm? were plated
on poly-p-lysine precoated plastic dishes (for Western-blot
analysis) or coverslips (for immunofluorescent staining).
Cultures were maintained at 37 °C in a 5 % CO, incuba-
tor. After 24 h, the medium was replaced with DMEM
containing B27 supplement. Cytosine arabinoside at 5 uM
was added to inhibit the proliferation of non-neuronal cells.
The culture medium was changed every 3 days. The cul-
tured neurons were used for experiments after 14-21 days
in vitro (DIV).

Western-blot analysis

Cell lysate was centrifuged and the supernatant was quan-
tified for total protein concentration by the BCA protein
assay kit (Thermo Scientific, Pierce, CA, USA). Pro-
tein samples (30 wg per sample) were resolved by 10 %
Bis—Tris gel (Invitrogen) using MOPS running buffer for
50 min and then were transferred to polyvinylidene dif-
luoride (PVDF) membrane using NuPage transfer buffer for
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60 min. Membranes were incubated at room temperature in
TBS-T (0.1 % Tween 20, 0.05 M Tris base in 0.9 % NaCl,
pH 7.4) containing 5 % nonfat milk for 30 min to block the
nonspecific binding. Following incubation with the primary
antibody that recognizes Arc (1:400) or actin (1:5,000) for
1 h at room temperature or at 4 °C overnight, the blots were
washed in TBS-T and then incubated with the horseradish
peroxidase-conjugated secondary antibody (1:4,000) for
1 h. After washing the blots with TBS-T, immunolabeling
was detected using enhanced chemiluminescence reagents
(Perkin Elmer, Waltham, MA, USA) and the protein levels
were quantified using densitometric analysis. Three or four
independent experiments were performed.

Surface biotinylation assay

AMPA receptor endocytosis was measured by surface
biotinylation assay as described in previous studies
[27, 34] with some modifications. Live cultured neu-
rons were washed with ice-cold PBS (with calcium and
magnesium, pH 7.4) and then were incubated in Sulfo-
NHS-SS-Biotin (0.3 mg/ml in ice-cold PBS; Thermo
Scientific) for 30 min to biotinylate surface proteins.
Surface biotinylation was subsequently quenched with
50 mM glycine for 20 min to remove all unreacted bio-
tin. After washes, neurons were incubated in medium
alone or in medium containing various reagents in the
presence or absence of insulin at 37 °C for durations
indicated in the results. Following this incubation, dur-
ing which the internalization occurred, medium was
removed from dishes and neurons were incubated with
50 mM glutathione (dissolved in 75 mM NaCl, 10 mM
EDTA, 1 % BSA, and 0.075 N NaOH) for 20 min at 4 °C
to remove remaining surface-bound biotin. Then, neu-
rons were washed with cold PBS and lysed with radio-
immunoprecipitation assay (RIPA) buffer. Cell lysates
were centrifuged and cleared supernatant containing
90 ng of protein was incubated with NeutrAvidin aga-
rose (Thermo Scientific) overnight, rotating at 4 °C to
capture internalized biotinylated proteins. After that,
biotinylated proteins were eluted from NeutrAvidin
agarose by boiling in sample buffer, separated by SDS-
PAGE, transferred to a PVDF membrane, and immunob-
lotted to identify internalized biotinylated GluR2 using a
goat anti-GluR2 antibody (1:500) followed by a donkey
anti-goat horseradish peroxidase-conjugated antibody
(1:2,000). In addition, total GluR2 level was determined
by immunoblotting 30 pwg of protein from each cleared
supernatant not incubated with NeutrAvidin agarose. All
immunoreactive band intensities for internalized bioti-
nylated GluR2 were normalized to the band intensity
for their respective total GluR2 within the same sample.
Three independent experiments were performed.

Immunofluorescent staining

All procedures were performed at room temperature unless
otherwise indicated. Primary cortical neurons on coverslips
were washed briefly with PBS and then fixed for 15 min
with 4 % paraformaldehyde in PBS under nonpermeabiliz-
ing conditions for detecting the expression of cell-surface
GluR2 subunits. To minimize surface receptor internaliza-
tion, 4 % sucrose was added to the fixation solution [35].
After fixation, neurons were washed followed by incuba-
tion in PBS containing 2 % BSA for 1 h to block nonspe-
cific binding. Then, neurons were incubated for 1 h at room
temperature followed by overnight at 4 °C with goat anti-
GluR?2 antibody that recognizes the extracellular domain of
GluR2 (1:50) in PBS containing 0.1 % BSA. After washes,
neurons were then incubated in PBS containing 0.1 % BSA
and Alexa Fluor 488-conjugated anti-goat IgG (1:1,000)
for 1 h. Subsequently, for detecting the expression of Arc
protein, neurons were washed and then permeabilized with
0.1 % Triton X-100 in PBS (PBST) for 5 min. Blocking
was performed in PBST containing 10 % NGS for 1 h.
After this, neurons were incubated overnight at 4 °C in
PBS containing 0.1 % NGS and rabbit anti-Arc antibody
(1:50). Neurons were then washed and incubated in PBS
containing 0.1 % NGS and Alexa Fluor 594-conjugated
anti-rabbit IgG (1:1,000) for 1 h. Finally, neurons were
washed extensively and mounted with Antifade Mounting
Media containing 4,6-diamino-2-phenylindole dihydro-
chloride (DAPI) (Vector Laboratories, Burlingame, CA,
USA) to reveal the nuclei. All images were taken under
an Axioscope fluorescent microscope (Zeiss, Oberkochen,
Germany) at the same exposure time for each fluorescent
dye respectively.

Oligodeoxynucleotide design and treatments

As described in previous studies [13, 36], an antisense
oligodeoxynucleotide (ODN) against Arc  mRNA was
designed to acutely block new synthesis of Arc and a
scrambled ODN was also designed to serve as a control.
The following sequences were used (“~” denotes a phos-
phorothioate linkage): 5'-G~T~C~CAGCTCCATCTGCT~
C~G~C-3’ (antisense) and 5'-C~G~T~GCACCTCTCGCA
GC~T~T~C-3’ (scrambled). Either the Arc antisense ODN
or the control scrambled ODN was introduced into cultured
neurons using jetPRIME transfection reagent (Polyplus
Transfection, Illkirch, France).

Statistical analysis
Data shown in the results and figures are expressed as

mean £ SEM. Statistical significance was analyzed by one-
way ANOVA followed by a post hoc test (LSD multiple
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Fig. 1 Insulin induced Arc expression in primary neurons. Cul-
tures were treated with insulin at indicated concentrations for 2 h.
Arc levels were normalized to actin and expressed in percent rela-
tive to the control group (normalized to 100 %). Data are shown as
mean £ SEM (n = 4). One-way ANOVA and a post hoc test were
used. *p < 0.05 compared with the control group

comparison test) except the analysis for Fig. 6b in which

Student’s ¢ test was used. The significance level was set at
p < 0.05.

Results

Insulin enhanced Arc protein expression in primary
cultured neonatal rat cortical neurons

Primary cultured neurons were incubated with insulin
(dissolved in 1 % glacial acetic acid) at 100, 200, and
400 nM for 1 or 2 h. Under both non- and vehicle (1 %
glacial acetic acid)-treated conditions, the levels of Arc
protein detected by the Western-blot analysis were very
low. Thus, to reduce the number of groups, vehicle-treated
neurons were used as the controls for comparisons in the
following experiments. As shown in Fig. 1, without insu-
lin treatment, the basal level of Arc protein was low (nor-
malized to 100 %). After treating cultures with insulin for
1 h, no significant change was found (data not shown).
Following 2-h insulin stimulation, a significant increase
in Arc expression was reached at 200 nM (200 £ 27 %).
Therefore, in the following experiments, cultures were
treated with insulin at 200 nM for 2 h to induce significant
Arc expression.

Blocking AMPAR-mediated responses enhanced
insulin-induced Arc expression

To evaluate the effect of blocking AMPAR-medi-

ated transmission on insulin-induced Arc expres-
sion, AMPAR-mediated responses were blocked by
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Fig.2 AMPAR antagonists enhanced insulin-induced Arc expres-
sion. a AMPAR antagonist alone induced Arc expression and further
enhanced insulin-induced Arc expression. Primary neurons were
divided into six groups: control (C), insulin alone (I), NBQX alone
(NBQX), GYKI52466 alone (GYKI), and pretreatments of NBQX
or GYKI52466 followed by insulin (NBQX/I or GYKI/I). Data are
shown as mean £ SEM (n = 4). One-way ANOVA and a post hoc
test were used. *p < 0.05 and ***p < 0.001 compared with the con-
trol group; *p < 0.05, #p < 0.01, and **p < 0.001 compared with
the group of I, NBQX, or GYKI. b Blocking AMPAR endocytosis
reduced the enhanced effect of AMPAR antagonist on Arc expres-
sion. Primary neurons were divided into three groups: control (C),
NBQX alone (NBQX), and pretreatment of Tat-GluR2,y followed by
NBQX (GluR2;,/NBQX). Data are shown as mean & SEM (n = 3).
One-way ANOVA and a post hoc test were used. **p < 0.01 and
##%p < 0,001 compared with the control group; #p < 0.001 com-
pared with the NBQX group

competitive (NBQX) or non-competitive (GYKI52466)
AMPAR antagonists. Cultures were grouped into control,
insulin alone, NBQX (10 wM, 2.5 h) alone, GYKI52466
(15 uM, 2.5 h) alone, and pretreatments of NBQX or
GYKI52466 (30 min) followed by insulin (2 h) in the
presence of NBQX or GYKI52466. The results shown in
Fig. 2a reveal that, when compared with the basal level
of Arc protein (normalized to 100 %), all treatments sig-
nificantly increased Arc expression. Interestingly, the
level of Arc expression induced by NBQX (333 + 57 %)
but not GYKI52466 (204 £ 53 %) was significantly
higher than that induced by insulin (216 £ 16 %),
and, most importantly, pretreatments of both NBQX
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(463 £ 61 %) and GYKI52466 (349 £ 77 %) signifi-
cantly enhanced insulin-induced Arc expression.

Clathrin-mediated endocytosis blocker reduced both basal
and insulin-induced Arc expression

Hypertonic sucrose (0.45 M), which perturbs the forma-
tion of clathrin-coated vesicles, is a blocker of clathrin-
mediated endocytosis [37]. Pretreatment of cells with
hypertonic sucrose for 10-30 min prevented both con-
stitutive and insulin-enhanced internalization of GluR2
receptors [25]. Therefore, in this study, cultures were
grouped into control, insulin alone, hypertonic sucrose
(2.5 h) alone, and pretreatment of hypertonic sucrose
(30 min) followed by insulin (2 h) in the presence of
hypertonic sucrose. The results shown in Fig. 3a reveal
that, when compared with the basal level of Arc protein
(normalized to 100 %), insulin significantly increased
(208 = 7 %) whereas hypertonic sucrose significantly
decreased (33 £ 4 %) the expression of Arc protein. Pre-
treatment of hypertonic sucrose significantly reduced

GluR2,, GluR2,,

insulin-enhanced Arc expression to a value (48 £ 7 %)
significantly lower than the basal level. These results
indicate that clathrin-mediated endocytosis may play a
role in both basal and insulin-induced Arc expression.
However, hypertonic sucrose is a very crude blocker of
endocytosis, whether AMPAR endocytosis plays a spe-
cific role needs further investigations.

Src family tyrosine kinase inhibitor reduced
insulin-induced Arc expression

Tyrosine phosphorylation of GIuR?2 intracellular carboxyl-
terminal region by Src family tyrosine kinases is required
for insulin-stimulated AMPAR endocytosis [38, 39]. A
specific inhibitor of Src family tyrosine kinases, PP2, has
been shown to prevent the insulin-stimulated AMPAR
endocytosis [38]. Therefore, in this study, cultures were
grouped into control, insulin alone, PP2 (10 pM, 2.5 h)
alone, and pretreatment of PP2 (30 min) followed by
insulin (2 h) in the presence of PP2. The results shown in
Fig. 3b reveal that, when compared with the basal level of
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Arc protein (normalized to 100 %), insulin significantly
increased the expression of Arc protein (141 = 7 %),
whereas PP2 alone had no significant effect (89 £+ 9 %).
Pretreatment of PP2 significantly reduced insulin-induced
Arc expression (94 £ 8 %). These results support the pos-
sibility that blocking insulin-stimulated AMPAR endocy-
tosis by inhibiting tyrosine phosphorylation of GIuR2 can
reduce insulin-induced but not basal Arc expression. Simi-
lar to hypertonic sucrose, PP2 has multiple effects, thus,
a synthetic peptide specifically block AMPAR endocytosis
was used in the following experiment to examine the role
of AMPAR endocytosis in Arc expression.

AMPAR endocytosis blocker reduced insulin-induced
Arc expression

Tat-GluR2,y, a synthetic membrane permeable GluR2-
derived interference peptide that can disrupt the interac-
tions between the GluR2 subunit and endocytic machin-
eries, has been demonstrated to specifically block the
GluR2-dependent, regulated (stimulated) AMPAR
endocytosis [40, 41]. In cultured hippocampal neurons,
intracellular application of GluR2;y prevented insulin-
stimulated AMPAR endocytosis [38]. Therefore, in this
study, cultures were grouped into control, insulin alone,
Tat-GluR2;y or its scrambled control peptide (scr-Tat-
GluR2;y) (1 M, 2 h) alone, and pretreatment of insulin
(5 min) followed by Tat-GluR2,y or scr-Tat-GluR2,;y (1 h
55 min) in the presence of insulin. The results shown in
Fig. 3c and d reveal that, when compared with the basal
level of Arc protein (normalized to 100 %), insulin signif-
icantly increased the expression of Arc protein (163 + 9
and 164 £ 12 %, respectively), whereas Tat-GluR2;y
(96 &+ 6 %) or its scrambled control peptide (scr-Tat-
GluR23y) (95 £ 9 %) alone had no significant effect.
Tat-GluR2;y (125 £ 12 %) but not scr-Tat-GluR2;y
(134 £ 12 %) significantly reduced insulin-induced Arc
expression. These findings indicate that insulin-stimu-
lated AMPAR endocytosis is involved in insulin-induced
but not basal Arc expression.

Hypertonic sucrose, PP2, and Tat-GluR2;y prevented
insulin-stimulated AMPAR endocytosis

To confirm whether hypertonic sucrose, PP2, and Tat-
GluR2;y prevented insulin-stimulated AMPAR endo-
cytosis in our primary neurons, surface biotinylation
assay was performed. Cultures were treated with various
reagents as mentioned previously. The results (Fig. 4)
show that, when compared with the basal level of inter-
nalized GluR2 (normalized to 100 %), insulin treatment
significantly increased (143 £ 9 %) whereas hypertonic
sucrose significantly decreased (73 + 13 %) the level of
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Fig. 4 Endocytosis blockers prevented insulin-stimulated GIluR2
internalization. Primary neurons were given various treatments as
described in Fig. 3. Data are shown as mean £ SEM (n = 3). One-
way ANOVA and a post hoc test were used. *p < 0.05 compared with
the control group; *p < 0.05, #p < 0.01, and **p < 0.001 compared
with the group of insulin alone

internalized GluR2. Treating cultures with PP2 or Tat-
GluR23y alone (95 & 7 and 85 & 6 %, respectively) did
not significantly change the basal level of internalized
GluR2. Combined treatments with hypertonic sucrose,
PP2, or Tat-GluR2;y, insulin failed to induce a signifi-
cant increase in the internalization of GIluR2 (106 &+ 8,
99 + 22, and 97 £ 21 %, respectively), indicating that
these reagents effectively prevented insulin-stimulated
AMPAR endocytosis in our cultured neurons.

Insulin-induced reduction in surface GluR2 expression
and enhancement in Arc expression were reversed
by combined treatment with Tat-GluR2,y

Double-immunofluorescent staining was carried out
to reveal the distribution of cell-surface GluR2 and the
expression of Arc protein in cultured neurons. In the
control group, neurons exhibited numerous GluR2 subu-
nit clusters shown as light green dots on the surface of
cell body and proximal dendrites, and Arc immunostain-
ing was also detected mainly in the nucleus (Fig. 5a).
After the treatment with insulin, the distribution of cell-
surface GluR2 was reduced obviously (Fig. 5b), indicat-
ing the occurrence of insulin-stimulated AMPAR endo-
cytosis. In contrast, the expression of Arc protein was
detected in the nucleus with a very strong fluorescence
and along the dendrites with a moderate fluorescence
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Fig. 5 AMPAR endocytosis blocker disturbed the effects of insulin
on the distribution of cell-surface GluR2 and the expression of Arc
protein. Primary neurons were treated with insulin and Tat-GluR2;y
as described in Fig. 3. Two representative images for each group,
respectively, are shown. a In the control neurons, numerous light
green dots representing GluR2 subunit clusters were shown on the
surface of cell body and proximal dendrites, and Arc immunostaining
(red) was detected mainly in the nucleus. b Insulin treatment reduced
the distribution of cell-surface GluR2 but enhanced the expression
of Arc in both the nucleus and the dendrites. ¢, d Results similar to
those of control neurons were observed after the treatment of Tat-
GluR2;y in the absence or presence of insulin

(Fig. 5b). This finding confirms that insulin induces a de
novo synthesis of Arc protein, and these newly formed
Arc proteins not only accumulate in the nucleus but
also in the dendrites where they play an important role
in synaptic plasticity. As for the neurons treated with
Tat-GluR25y (1 M, 2 h) in the absence or presence of
insulin, results similar to those shown in control neurons
were found (Fig. 5c, d), indicating that Tat-GluR25y has
no detectable effects on constitutive AMPAR endocyto-
sis and Arc expression but, most importantly, can effec-
tively reduce the effects of insulin treatment.

Blocking new synthesis of Arc in response to insulin
prevented insulin-stimulated AMPAR endocytosis

The specificity and efficacy of the Arc antisense ODNs
were evaluated by Western-blot analysis. Thirty minutes
after ODNs delivery, cultured neurons were treated with
insulin (2 h) in the presence of ODNs. As shown in Fig. 6a,
neither scrambled (SC) nor antisense (AS) ODNs (108 £ 8
and 80 £ 15 %, respectively) significantly changed the
basal Arc level (normalized to 100 %). In the presence of
scrambled ODNs, insulin treatment induced a significant
increase in Arc expression (187 & 43 %), whereas Arc anti-
sense ODNs effectively blocked insulin-induced increase in
Arc expression (89 + 8 %) (Fig. 6a). These results confirm
that Arc antisense ODNs blocked new synthesis of Arc in
response to insulin.

Subsequently, whether insulin-induced Arc synthesis
regulates insulin-stimulated AMPAR endocytosis was eval-
uated. In the presence of ODNs, basal or insulin-stimulated
AMPAR endocytosis was examined by surface biotinyla-
tion assay. As shown in Fig. 6b, when compared with the
basal level of internalized GluR2 (normalized to 100 %),
insulin treatment significantly increased the level of inter-
nalized GluR2 (140 & 8 %). In the presence of scrambled
ODNs, insulin also significantly increased the level of
internalized GluR2 (138 4+ 10 %), whereas in the pres-
ence of Arc antisense ODNSs, the enhanced effect of insulin
was prevented (110 & 1 %). Scrambled or antisense ODNs
alone did not significantly change the basal level of inter-
nalized GluR2. These results indicate that new synthesis of
Arc in response to insulin is required for the occurrence of
insulin-stimulated AMPAR endocytosis.

Discussion
In contrast to the previous finding that Arc accelerates

AMPAR endocytosis, we hypothesized that insulin-stimu-
lated AMPAR endocytosis can lead to an increase in Arc
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Fig. 6 Arc antisense oligodeoxynucleotides (ODNs) diminished
insulin-stimulated GIuR2 internalization. a Arc antisense ODNs
block new synthesis of Arc in response to insulin. Primary neurons
were divided into five groups: control (C), scrambled ODNs alone
(SC), antisense ODNSs alone (AS), and pretreatment of scrambled or
antisense ODNs followed by insulin treatment (SC/I, AS/T). Data are
shown as mean £+ SEM (n = 3). One-way ANOVA and a post hoc
test were used. *p < 0.05 compared with the group of SC/I. b Insulin-
stimulated GluR2 internalization was prevented by blocking the new
synthesis of Arc protein. Data are shown as mean &= SEM (n = 3).
Student’s ¢ test was used. *p < 0.05 compared with the group of C or
SC

expression. Previous evidence has shown that, in cultured
hippocampal neurons, basal AMPAR endocytosis reached
a plateau after 10—15 min. Insulin (10 wM) enhanced the
rate and degree of AMPAR endocytosis over 30 min with-
out reaching a plateau [27]. In transfected HEK293 cells,
brief insulin exposure (0.5 wM, 10-15 min) resulted in a
rapid, long-lasting decrease in cell-surface GluR2 receptors
without affecting the total number of GluR2 receptors, and,
in cultured hippocampal neurons, insulin treatment for both
15 and 60 min increased the loss of the surface AMPARs

@ Springer

when compared with respective control values [25]. These
findings indicate that insulin can induce significantly
enhanced AMPAR endocytosis within 15 min. In contrast,
although in SH-SYS5Y cells, both Arc mRNA and Arc pro-
tein are detectable as soon as 30 min treatments of insulin
(100 nM) and a maximal level of Arc mRNA or Arc protein
can be observed after 1-2 h treatments [19], in our cultured
cortical neurons, the expression of Arc protein did not sig-
nificantly increased after insulin treatment at 100, 200, and
400 nM for 1 h. These time courses of AMPAR endocytosis
and Arc expression in response to insulin provide support
for our hypothesis.

In Fig. 2a, treating cultures with competitive (NBQX)
or non-competitive (GYKI52466) AMPAR antagonist
alone significantly increased Arc protein levels. In par-
ticular, NBQX induced a significantly higher level than
GYKI52466. In cultured hippocampal neurons, another
competitive AMPAR antagonist CNQX (30 pwM) alone
induced AMPAR endocytosis, whereas GYKI52466
(30 M) did not, suggesting that a ligand-induced confor-
mational change in the receptor was enough to stimulate
AMPAR endocytosis, independent of receptor activation
[27]. According to this finding, it is possible that NBQX
alone induces higher Arc expression than GYKI52466
alone through blocking AMPAR-mediated responses and
stimulating AMPAR endocytosis. To examine whether
AMPAR endocytosis plays a role in NBQX-induced Arc
expression, cultures were grouped into control, NBQX
(10 pM, 2 h) alone, and pretreatment of Tat-GluR2,y
(1 .M, 5 min) followed by NBQX (1 h 55 min) in the pres-
ence of Tat-GluR2;y. The results shown in Fig. 2b reveal
that NBQX-enhanced Arc expression (269 + 23 %) was
significantly reduced by blocking AMPAR endocytosis
with Tat-GluR2,y (168 £ 16 %), confirming that AMPAR
endocytosis, at least partly, contributes to Arc expression
induced by NBQX.

It has been demonstrated that Arc accelerates AMPAR
endocytosis through interacting with components of the
endocytic machinery [11, 17, 42, 43], therefore, increased
Arc expression is expected under a condition of reduced
AMPAR endocytosis. However, in the present study, block-
ing insulin-stimulated AMPAR endocytosis decreased insu-
lin-induced Arc expression (Fig. 3c). In cultured neurons,
hypertonic sucrose [25], PP2 [38], and GluR2;y [38] have
been used to block insulin-stimulated AMPAR endocyto-
sis. In Fig. 3a—c, treatments with these reagents prevented
insulin-induced Arc expression. Only the effects of PP2
on activity-dependent Arc expression have been examined
previously. In primary neonatal rat cortical neurons (12
DIV), PP2 (1 uM) exerted no effect on BDNF-induced
Arc expression [32]. However, in SH-SYSY cells [19]
and in our primary neonatal rat cortical neurons (14-21
DIV) (Fig. 3b), PP2 (10 wM) abolished insulin-induced
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Arc expression effectively. This discrepancy may be due
to the differences in the concentration of PP2 and cultured
days of primary neurons. However, it cannot be excluded
that PP2 may disturb BDNF- and insulin-mediated signal-
ing pathways with different effects. In addition, hypertonic
sucrose but not PP2 or Tat-GluR2;y significantly reduced
the basal level of Arc protein (Fig. 3a—c). The results shown
in Fig. 4 may account for this finding, that is, although all
reagents prevented insulin-enhanced GIluR2 internaliza-
tion, only hypertonic sucrose significantly reduced the
basal level of internalized GluR2, which is suggested to
result in the decrease in the basal level of Arc protein. In
fact, previous studies have shown that hypertonic sucrose
effectively blocks both insulin-stimulated and constitutive
AMPAR endocytosis [25]. However, tyrosine phosphoryla-
tion of GluR2 by Src family tyrosine kinases is required for
insulin-stimulated but not constitutive AMPAR endocyto-
sis [38, 39], and GluR2;y specifically blocks the regulated
AMPAR endocytosis but has little effect on constitutive
AMPAR endocytosis [38].

The best-characterized form of LTD depends on the acti-
vation of either N-methyl-p-aspartate receptors (NMDARSs)
and/or mGluRs [44, 45]. The subsequent induction of
GluR2-dependent AMPAR endocytosis has been shown
to play important roles in these forms of LTD, which
occurs in a number of brain regions [46] and is involved
in memory [47]. In particular, mGluR-dependent LTD in
the hippocampus has been demonstrated to require rapid
de novo synthesis of Arc protein leading to AMPAR endo-
cytosis [11, 17, 42, 43, 48]. Similarly, insulin stimulation
can induce LTD (insulin-LTD) in the hippocampus and
cerebellum, which is also reported to be closely related
to insulin-stimulated GluR2-dependent AMPAR endocy-
tosis [25, 27, 28, 30, 31, 49]. In addition, insulin-LTD is
also dependent on a novel protein synthesis because protein
synthesis inhibitors effectively prevented the induction of
insulin-LTD in the dendritic sites [28]. However, the exact
role of insulin-induced Arc expression in insulin-LTD is
still uncertain.

Previous studies have found that Arc protein localizes to
activated dendritic regions [7, 8] and the nucleus [50]. In
Fig. 5a, Arc nuclear expression was observed in the con-
trol group. After insulin treatment, an enhanced expres-
sion of nuclear Arc combined with a moderate expression
of dendritic Arc was detected (Fig. 5b). In contrast to the
synaptic function of Arc, the role of nuclear Arc is uncer-
tain until a recent study shows that Arc nuclear localization
regulates homeostatic plasticity through decreasing GluAl
transcription [51]. They found that nuclear Arc decreases
surface GluAl (GIuR1) expression through suppressing
GluAl transcription leading to a decrease in total amounts
of GluAl, and thus suggested that Arc expression decreases
AMPAR surface expression not only through promoting

AMPAR endocytosis [11, 42] but also through translocat-
ing Arc to the nucleus. However, in Fig. 4, no significant
change was found in the amounts of total GluR?2 after insu-
lin treatment that enhanced nuclear Arc expression. Further
investigation is needed to examine the role of nuclear Arc
in GluR?2 internalization.

Consistent with the Western-blot results, immunofluo-
rescent staining shown in Fig. 5 reveals that insulin reduced
the distribution of cell-surface GluR2 but enhanced the
expression of Arc protein, and Tat-GluR2,y prevented
these insulin actions. In Fig. 6, blocking insulin-induced
Arc expression by Arc antisense ODNs significantly inhib-
ited insulin-stimulated AMPAR endocytosis. These find-
ings demonstrate a continuing interaction, in which, at
least partly, insulin can enhance Arc expression through
stimulating AMPAR endocytosis and, conversely, insulin
can facilitate AMPAR endocytosis through inducing Arc
expression. Under this condition, AMPAR endocytosis
gradually prevails over AMPAR insertion, and Arc mRNA
and protein are degraded rapidly by translation-dependent
mRNA decay and proteasomal degradation, respectively
[12, 32, 52, 53]. Finally, the stop of this interaction may
be due to a progressive decrease in the number of surface
AMPARSs and/or a reduction in Arc protein level.

Clarifying the mechanisms underlying the involvement
of AMPAR endocytosis in modulating Arc expression is
beyond the scope of this study. However, previous evidence
may provide possible links between AMPAR endocytosis
and the subsequent Arc expression. As mentioned previ-
ously, insulin-stimulated AMPAR endocytosis is GluR2-
dependent [25, 27, 28]. GluR2-containing AMPARSs are
calcium-impermeable whereas GluR2-lacking AMPARs
are calcium-permeable [54]. Although calcium signaling
is essential for the induction of Arc transcription and/or
translation following various stimuli [12, 53, 55], a previ-
ous study reported an important role of GluR2-containing
calcium-impermeable AMPAR in Arc expression. They
found that, in primary rat cortical neurons, AMPAR antag-
onists strongly potentiated BDNF-induced increases in
Arc mRNA and protein, however, a specific antagonist of
GluR2-lacking AMPAR did not potentiate BDNF-induced
Arc protein expression, indicating that GluR2-containing
AMPAR is the possible candidate responsible for regulat-
ing BDNF-induced Arc expression [32]. They concluded
that AMPARSs negatively regulate Arc transcription but not
translation through activating a pertussis toxin-sensitive
G protein. AMPAR endocytosis may prevent the action
of AMPAR on G protein leading to an enhanced Arc
expression. In addition, their results revealed that the rela-
tive extent of NMDAR and AMPAR activation may be a
critical determinant of Arc expression [32]. Interestingly,
insulin not only stimulates AMPAR endocytosis but also
promotes the delivery of NMDAR to the cell surface by
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Fig. 7 An interaction exists between insulin-stimulated AMPAR
endocytosis and insulin-induced Arc expression. Based on the results
shown here, a model is suggested as follows. In response to insulin,
both AMPAR endocytosis and Arc expression are enhanced. AMPAR
endocytosis blocker Tat-GluR2;y reduced insulin-induced Arc
expression, indicating that insulin-stimulated AMPAR endocytosis
can lead to enhanced Arc expression (a). In contrast, Arc antisense
ODN prevented insulin-stimulated AMPAR endocytosis, indicating
that insulin-induced Arc expression can facilitate AMPAR endocyto-
sis (b). Arrows in gray indicate an alternative possible way for insulin
to induce Arc expression through activating the PI3K and ERK path-
ways, which is not examined in this study

exocytosis [56], and Arc can be induced by synaptic activ-
ity in an NMDAR-dependent manner [7, 8, 57]. Therefore,
it is speculated that insulin may induce an increase in the
NMDAR/AMPAR ratio leading to an enhancement of Arc
expression.

In summary, as shown in Fig. 7, our findings demon-
strate for the first time that insulin-stimulated AMPAR
endocytosis can lead to enhanced Arc expression (a) and
insulin-induced Arc expression can facilitate AMPAR
endocytosis (b). Because the insulin receptor signal trans-
duction cascades mainly include the phosphatidylinositol-3
kinase (PI3K) and the extracellular signal-regulated kinase
(ERK) pathways [3], insulin may enhance Arc expression
through not only stimulating AMPAR endocytosis but also
activating these two pathways. In fact, we have demon-
strated that both PI3K and ERK pathways participate in
BDNF-induced Arc expression [33], and our unpublished
data has shown that blocking these pathways with inhibi-
tors significantly reduced insulin-induced Arc expres-
sion. Therefore, an interaction between insulin-stimulated
AMPAR endocytosis and insulin-induced Arc expression
is demonstrated in the present study, which further clarifies
the molecular mechanism underlying the memory-enhanc-
ing effect of brain insulin.
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