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Cholinergic innervation of the hippocampus is known to be correlated with learning and memory.
The cholinergic agonist carbachol (CCh) modulate synaptic plasticity and produced long-term synaptic
depression (LTD) in the hippocampus. However, the exact mechanisms by which the cholinergic sys-
tem modifies synaptic functions in the hippocampus have yet to be determined. This study introduces
an acetylcholine receptor-mediated LTD that requires internalization of alpha-amino-3-hydroxy-5-
methylisoxazole-4-propionate (AMPA) receptors on the postsynaptic surface and their intracellular
mechanism in the hippocampus. In the present study, we showed that the application of the chol-
inergic agonist CCh reduced the surface expression of GluA2 on synapses and that this reduction was
prevented by the M1 muscarinic acetylcholine receptor antagonist pirenzepine in primary hippo-
campal neurons. The interaction between GluA2 and the glutamate receptor-interacting protein 1
(GRIP1) was disrupted in a hippocampal slice from a rat upon CCh simulation. Under the same con-
ditions, the binding of GluA2 to adaptin-a, a protein involved in clathrin-mediated endocytosis, was
enhanced. The current data suggest that the activation of LTD, mediated by the acetylcholine receptor,
requires the internalization of the GluA2 subunits of AMPA receptors and that this may be controlled
by the disruption of GRIP1 in the PDZ ligand domain of GluA2. Therefore, we can hypothesize that
one mechanism underlying the LTD mediated by the M1 mAChR is the internalization of the GluA2
AMPAR subunits from the plasma membrane in the hippocampal cholinergic system.
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Introduction

Long-term synaptic depression (LTD) can be defined as
an activity-dependent decrease in the efficacy of synaptic de-
pression [3, 4]. The mechanism of LTD illustrates that the
activation of the N-methyl-D-aspartate (NMDA) receptor-
mediated loss of the amino-3-hydroxy-5-methylisoxazole-4-
propionate (AMPA) receptors in the synapse is the main mo-
lecular event of synaptic depression [1, 4]. However, it has
also been found that LTD can occur through alternative
mechanisms that do not require NMDAR activation [11].
Recent studies have shown that the activation of muscarinic
acetylcholine receptors (mAChRs) with the agonist CCh can
induce LTD in a rat hippocampus [10]. Nonetheless, the ex-

*Corresponding author

Tel : +82-43-830-8608, Fax :
E-mail : heonseok@jwu.ac.kr
This is an Open-Access article distributed under the terms of
the Creative Commons Attribution Non-Commercial License
(http:/ / creativecommons.org/licenses/by-nc/3.0) which permits
unrestricted non-commercial use, distribution, and reproduction
in any medium, provided the original work is properly cited.

+82-43-830-8579

act mechanisms of AMPA receptor regulation in CCh-LTD
have remained largely unknown.

The predominant mechanism of NMDAR-dependent LTD
is the removal of the AMPA receptors from the synaptic sur-
face [18]. The synaptic loss of AMPA receptors during
NMDAR-dependent LTD has been intensively studied. It
seems that the interaction of GluA2 with the PDZ domain
in GRIP1 requires the synaptic targeting of the AMPA
receptors. The GluA?2 serves as a scaffolding protein to link
AMPA receptors to other neuronal proteins, such as PSD-95
[7], synapse-associated protein-97(SAP) [22], ABP [27], star-
gazin [28] and the clathrin adaptor, AP-2 [12]. In particular,
phosphorylation at ser880 in the PDZ ligand domain of
GluA2 is an important site for the dissociation of AMPARs
from the GRIP/ABP complex that allows AMPA receptor
internalization during LTD induction [16, 29]. These mecha-
nisms are likely to be critically important to understanding
the AMPA receptor regulation in CCh-LTD. In the present
study, we used cultured hippocampal neurons and brain sli-
ces to show that CCh stimuli that induce LTD cause the in-
ternalization of post-synaptic GluA2 and the modulation of
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GluA2 clustering proteins for the internalization.

Materials and Methods

Primary neuronal culture

Four post-natal day P2 Wistar rats were used for each
cell culture. Each hippocampus was carefully excised and
washed twice with HBSS and incubated in HBSS plus tryp-
sin (750 pg/ml; Gibco, UK) for 7 min at 37°C in a heated
water bath. The cells were carefully dissociated with a
fire-polished long glass Pasteur pipette. The dissociated cells
were centrifuged (800x g, 10min, 4°C) and the supernatant
aspirated off. The pellet was re-suspended in a 3-ml plating
medium. Fifty thousand cells were plated onto coverslips
coated with poly-D-lysine (10 mg/ml) and laminin (1
mg/ml) in 0.5 M borate buffer. The cells were placed into
a 5% CO; incubator set at 37°C and maintained with a
Neurobasal-B27-based feeding medium. Every three days,

50% of the feeding medium was changed.

Fluorescence internalization assay

Live hippocampal neurons at 25-28 days in vitro were la-
beled for 10 min at 37°C with antibodies directed against
the extracellular region of GluA2 (Chemicon, USA). Neurons
were incubated at 37°C in a conditioned growth medium
containing CCh (50 uM for 10 min), pirenzepine (500 nM
for 10 min) with CCh, then fixed for 5 min in 4% paraf-
ormaldehyde/ 4% sucrose without permeabilization, and
stained with FITC-conjugated secondary antibodies (Jackson
Immuno Research Laboratories, USA), for 1 hr in order to
visualize the pre-labeled surface receptors. Neurons were
then permeabilized for 1 min in 100% methanol at -20°C
and stained with Texas red-conjugated secondary antibodies
(Jackson Immuno Research Laboratories, USA), for 1 hr in
order to visualize the pre-labeled internalized receptors.
Fluorescent images were acquired from two to five platings
of neurons using a monochrome CCD camera. For quantifi-
cation, fluorescent puncta in a representative field (50x25 pm)
around each neuron were traced and the puncta were identi-
fied based on their having a fluorescence intensity that ex-
ceeded a threshold set to maximize the discrimination of the
puncta from the background. The threshold values of the
puncta were obtained using an Image ] program (National
Institute of Mental Health, Bethesda, Maryland, USA). The
mean * s.e.m. was calculated from pooled data, and #-tests

were carried out to determine the significant differences be-

tween different groups.

Brain sample preparation

Hippocampi were excised from 6-8-week old male Wistar
rats and transferred into ice-cold artificial cerebrospinal fluid
(aCSF) containing the following: (mM) NaCl, 124; KCl, 3;
NaHCO3, 26; NaH2PO4, 1.25; CaCl2, 2; MgS04, 1; D glu-
cose, 10. Parasagittal hippocampal slices of 400 um thickness
were prepared using a Mclllwain tissue chopper (Mickle
Laboratory Engineering Co. Ltd., Gomshall, UK). The slices
were then submerged in aCSF saturated with 95% Oa/5%
CO; at room temperature for 1 hr before CCh stimulation.
This study was approved by the Animal Care and Use
Committee of UNIST (UNISTIACUC-14-005).

Western Blots

CCh-stimulated hippocampal slices were placed into a
1.5-ml tube and 50 pl of ice cold protein extraction buffers
(50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 10 pl protease
inhibitor cocktail per 1 ml) were added, then homogenized
using a motorized homogenizer (Sigma, USA) for 15
seconds. A protein extraction buffer (100 mg per 200 ul) was
immediately added to the brain homogenates. The samples
were then incubated at 4°C for 30 min while rotated at 50
r.p.m. for further lysis. A crude fraction of the hippocampal
homogenates were obtained by centrifugation (1,000x g, 10
min). For western blotting, a hippocampal lysate from each
treatment condition was separated with SDS-PAGE, trans-
ferred onto a PVDF membrane, and then probed with the
relevant antibodies. For sequential re-probing of the same
blots, the membranes were stripped off using a reblotting
solution (Chemicon, USA) and subjected to immunoblotting
with another type of target antibodies. Blots were developed
using enhanced chemiluminescent detection (Amersham,
USA). Band intensities were quantified using NIH Image]
software, and normalized to the quantity of relevant anti-

bodies in each sample lane.

Co-immunoprecipitation

The hippocampi were treated in three different ways: con-
trol (no stimulation), CCh only and pirenzepine with CCh.
Crude fractions of the extracts were prepared. The samples
were centrifuged (1,000xg, 10 min, 4°C) to remove non-solu-
ble components. The protein concentration was then ana-
lyzed by a Bradford assay and 500 pg from each sample
was transferred to a fresh tube and 1 ug of GluA2 or AP2



antibodies were added to immobilize the proteins. The tubes
were then placed on a rotator (40 r.p.m) and incubated for
4 hr at 4°C. Then, 30 1l of the 50% slurry of protein G-sephar-
ose beads in PBS was added to each tube, and rotated at
the same speed for an additional 4 hrs. After incubation,
the co-immunoprecipitated complexes were centrifuged
(800xg, 2 min, 4°C) and washed four times with a protein
extraction buffer. Then, the western blots were processed
with the appropriate antibodies.

Results

CCh-LTD-induced GluA2 internalization

A previous study demonstrates AMPAR internalization
using a “live”-labeling assay with antibodies recognizing the
extracellular epitopes of GluA2 in the NMDA-dependent
LTD [12, 14]. This study examined whether CCh stimulation
could occur for GluA2 internalization in the hippocampal
neurons. For this, a fluorescence-based internalization assay
was performed as described [14]. Live cells were labelled
with monoclonal antibodies that bind to the epitopes in the
extracellular N-terminal domain of GluA2. Cells were then
stimulated with CCh (50 uM for 10 min) or pirenzepine (500
nM for 10 min), then with CCh (50 puM for 10 min).
Extracellular GluA2 labelling was visualized using the
FITC-conjugated secondary antibodies, whereas intracellular
GluA?2 labelling was visualized (following fixation and per-
meabilization of the cells) with Texas Red-conjugated secon-
dary antibodies (Fig. 1A). The control cells showed abundant
surface expression of GluA2 (89.5+10.9%, left column, sur-
face in Fig. 1Aa) as well as a small amount of intracellular
GluA2 expression (10.5£1.5%, p<0.05, left column, internal
in Fig. 1Aa). The application of 50 uM of CCh resulted in
increases in internalized GluA2 immunoreactivity
(36.0£5.1%, p<0.05, internal in Fig. 1Ab). However, this in-
ternalization of GluA2 was inhibited by the blockade of the
muscarinic acetylcholine receptors (mAChR) M1 by pir-
enzepine (19.9£3.9%, p<0.05, internal in Fig. 1Ab). These ex-
periments showed that CCh stimulation on the hippocampal
neurons results in GluA2 internalization, and this internal-
ization is specifically required for the activation of mAChR
subunits of M1.

GIuA2 interactions with adaptin-a increased in
CCh-LTD for its internalization
We hypothesised that an interaction between adaptin-a
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Fig. 1. The GluA2 AMPAR subunit is internalized following
M1 mAChR stimulation in the hippocampal neurons.
(A) DIV 27 hippocampal cultured neurons were live-la-
belled with an antibody recognizing the extracellular
N-terminal domain of GluA2 before treatment with CCh
(50 uM for 10 min) and with Pirenzepine plus CCh (500
nM Pirenzepine + 50 tM CCh for 10 min). The cells
not stimulated with any drug served as a control. Bound
GluA2 antibodies were visualized with secondary anti-
bodies conjugated to FITC (extracellular) or Texas red
(intracellular). (B) Quantitative analysis of pooled data
from 5 independent experiments. The internalized GluA2
ratio was obtained by expressing internalized GluA2 as
a percentage of the total GluA2 signals (green and red).

and the C-terminal region of GluA2 could be required for
the formation of clathrin-coated vesicles (CCVs) containing
GluA2 receptors for its internalisation in CCh-LTD. Co-im-
munoprecipitation (Co-IP) was performed to investigate if
CCh stimulation regulated an interaction between adaptin-a
and GluA2 during CCh-LTD in M1 mAChR in a specific
manner. Rat (P25-P35) hippocampi were treated in three dif-
ferent ways: control (no stimulation), CCh only and pir-
enzepine with CCh. In order to block the activation of M1
mAChR, the M1 antagonist pirenzepine (500 nM) was ap-
plied for 10 min prior to CCh application. The interaction
property of adaptin-a to GluA2 in the hippocampus was

confirmed by co-immunoprecipitation (Fig. 2A). After stim-
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ulation with CCh, the interaction of adaptin-a to GluA2 was
significantly increased (149.1+11.5% of control, p<0.05, n=3,
Fig. 2B). However, when M1 mAChRs were blocked with
pirenzepine, CCh stimulation failed to promote the inter-
action between adaptin-a and GluA2 (90.7+8.9% of control,
p>0.05, n=3, Fig. 2B). These data confirm that the increased
association of GluA2 with adaptin-a could be required for
the initial formation of CCVs in the process of M1
mAChR-mediated AMPAR internalization.

Activation of mAChRs disrupts the interaction
between GIuA2 and GRIP1

A previous study showed that the C-terminal region of
GluA2 directly binds to the glutamate receptor interaction
protein 1 (GRIP1) via its PDZ domain [7], and is thus stabi-
lized at the synapse [21]. GRIP is closely related to multi-
PDZ domain-containing proteins that are thought to scaffold
receptors [6, 30]. Recently, it has been suggested that the
interaction of GluA2 with GRIP1 is critical in AMPAR regu-
lation [15]. Therefore, we investigated if the interaction be-
tween GRIP1 and GluA2 had been affected during CCh-in-
duced LTD.

To examine the changes in the association of GluA2 with
GRIP1 in CCh-LTD, we prepared hippocampal lysates and
incubated them under the three different conditions (control,
CCh only, pirenzepine + CCh). The GRIP1 protein complex
was immobilized using rabbit polyclonal GRIP1 antibodies
(2 ng per reaction). The presence of co-immunoprecipitated
GluA2 was determined by using western blots with rabbit
polyclonal GluA2 C-terminal antibodies (1:3,000 dilution,
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Fig. 3A). Hippocampal slices treated with CCh showed a
substantially reduced interaction between GluA2 and GRIP1
(46.7£16.5% of control, p<0.05, Fig. 3B). However, when the
M1 mAChR was inhibited by the application of pirenzepine,
CCh did not affect the interaction between GRIP1 and GluA2
(115.8+13.2% of control, p>0.05, Fig. 3B). These results sug-
gest that under basal conditions, GRIP1 interacts with the
C-terminal region of GluA2 and supports its synaptic surface
expression. However, the disruption of the GluA2-GRIP1 in-
teraction following CCh stimulation could be a potential
mechanism that promotes the internalization of GluA2 from
the surface of the post-synaptic region.

Discussion

Several functional roles have been proposed for the inter-
action between AMPARs and scaffolding/anchoring pro-
teins [9, 16, 25]. In particular, these scaffolding/anchoring
proteins are thought to be important for regulating AMPAR
trafficking [5, 21, 23, 31]. Following the finding that the acti-
vation of the M1 mAChR leads to the induction of LTD in
the hippocampus [10], we have found that this form of LTD
may involve the internalization of the GluA2 AMPAR
subunits. The basal rate of AMPA receptor cycling is surpris-
ingly fast in cultured hippocampal neurons [13]. Even in im-
mature neurons that have formed numerous synapses,
around 10-20% of surface AMPARs are internalized from the
surface within 10 min [8, 14]. In chemically-induced LTD
in primary cultured neurons, the application of NMDA [2]
and DHPG [24] induce the internalization of 79% and 40%
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Fig. 2. GluA2-adaptin-a interaction enhanced by M1 mAChR stimulation in hippocampus. (A) The association of adaptin-a and
GluA2 under the CCh stimuli was determined by Co-IP in a rat hippocampus. Six-week old rat hippocampal slices were
submerged in aCSF with CCh (50 M for 10 min), Pirenzepine plus CCh (500 nM 10 min + 50 pM CCh for 10 min), and
no stimulation as a control, then solubilized with a protein extraction buffer. GluA2 was immobilized with an anti-GluA2
antibody. GluA?2 associated adaptin-a was determined by a western blot using anti-adaptin-a antibodies. (B) Quantified data
obtained from three independent experiments. The interaction ratios of the intensity of the adaptin-a was calculated against
the intensity of GluA2, then normalized to the control slices.
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Fig. 3. GluA2-GRIP1 interactions disrupted by M1 mAChR stimulation in hippocampus. (A) Changes in the endogenous association
of GRIP1 and GluA2 under CCh stimuli were determined by Co-IP. Six-week old rat hippocampal slices were submerged
in aCSF with CCh (50 uM for 10 min), Pirenzepine plus CCh (500 nM 10 min + 50 tM CCh for 10 min) and no stimulation
as a control, then solubilized with protein extraction buffer. GRIP1 was immobilized with polyclonal anti-GRIP1 antibodies.
GRIP1-associated GluA2 was determined by western blots using anti-GluA2 antibodies (B) Quantified data obtained from
the three independent experiments. The interaction ratios of the intensity of the GluA2 were calculated against the intensity

of GRIP, then normalized to the control slices.

of GluA2 subunits, respectively. Here, we found that the
CCh application resulted in 36% of GluA2 subunits of
internalization. This was blocked by the M1 mAChR antago-
nist pirenzepine. Considering that 10% of AMPA receptors
are constitutively recycled [8, 14], the CCh application had
probably induced the internalization of approximately an ex-
tra 26%.

Since NMDAR activation is a crucial step in hippocampal
LFS-LTD, adaptin-a recruitment to AMPAR is likely to be
a key event linking NMDAR activation to AMPAR endocy-
tosis and synaptic depression. In earlier studies, the pep2m
peptide was used to block the NSF-GluA?2 interaction [17],
causing a run-down of basal AMPA EPSCs [19, 20, 26] and
leading to reduced surface expression of the AMPARs [20].
A more recent study showed that adaptin-a associates with
a region of GluA2 that closely overlaps with the NSF binding
site, thus suggesting that pep2m application also disrupts
adaptin-a binding to GluA2 [12]. We found that the activa-
tion of the M1 mAChR increases the association of the adap-
tin-a subunits of adaptin-a with GluA2 by 49%. This sug-
gests that during the endocytosis of AMPARs, adaptin-a
could be recruited to AMPAR via intermediary proteins that
bind elsewhere on GluA2. However, this study did not ad-
dress the intracellular signalling after the activation of M1
mAChR-mediated LTD. A recent study showed that tyrosine
de-phosphorylation of the AMPAR was necessary in group
I mGluR-mediated LTD, and that PKC-dependent regulation
of AMPAR phosphorylation regulates AMPAR internalization.
Therefore, it would be interesting to investigate the involve-

ment of PKC or protein tyrosine phosphatase as a direct sig-

nalling mechanism affecting AMPARs during LTD.
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