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Abstract

Background: AMPA receptors predominantly mediate fast excitatory synaptic trans-

mission in the mammalian brain. Post‐translational protein S‐palmitoylation of AMPA

receptor GluA subunits at their C‐termini reversibly controls the receptors traffick-

ing to and from excitatory glutamatergic synapses. Excitatory inputs to neurons

induce the expression of immediate early genes (IEGs), including Arc, with particular

spatial patterns. In the hippocampal dentate gyrus, Arc is mainly expressed in the

upper (dorsal) blade at the basal state. GluA1 C‐terminal palmitoylation‐deficient
(GluA1C811S) mice showed enhanced seizure susceptibility and disturbed synaptic

plasticity without impaired gross anatomy or basal synaptic transmission. These

mutant mice also exhibited an increased expression of IEG products, c‐Fos and Arc

proteins, in the hippocampus and cerebral cortex. In this report, we further analyzed

excitability and Arc expression pattern in the dentate gyrus of GluA1C811S mice.

Methods and Results: Electrophysiological analysis of granule neurons to measure the

evoked excitatory postsynaptic current/evoked inhibitory postsynaptic current ratio

revealed that excitatory/inhibitory (E/I) balance was normal in GluA1C811S mice. In con-

trast, immunohistochemical staining showed an abnormal distribution of Arc‐positive
cells between upper and lower (ventral) blades of the dentate gyrus in these mutant
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mice. These data suggest that deficiency of GluA1 palmitoylation causes perturbed neu-

ronal inputs from the entorhinal cortex to the dentate gyrus, which potentially underlies

the excessive excitability in response to seizure‐inducing stimulation.

Conclusion: Our findings conclude that an appropriate regulation of Arc expression

in the dentate gyrus, ensured by AMPA receptor palmitoylation, may be critical for

stabilizing hippocampal neural circuits and may suppress excess excitation.
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1 | INTRODUCTION

Activity‐induced expression of immediate early genes (IEGs) has

been explored to monitor neuronal activity in the brain.1-4 Excitatory

inputs to neurons induce the expression of various IEGs, including

Arc, with their particular temporal and spatial patterns in the brain.

In the mammalian central nervous system, glutamate is the major

excitatory neurotransmitter, and the excitatory synapses throughout

the brain contain α‐amino‐3‐hydroxy‐5‐methyl‐4‐isoxazole propionate

(AMPA)‐type glutamate receptors, which predominantly mediate fast

excitatory synaptic transmission. Therefore, a quantitative control of

synaptic AMPA receptor number is critical for basal synaptic transmission,

mammalian synaptic plasticity, and higher brain function.5-8 We have pre-

viously reported that a key modification mechanism of AMPA receptor

trafficking into and from excitatory synapses is the post‐translational pro-
tein S‐palmitoylation of the receptors at their C‐termini.9-15 Among the

four AMPA receptor subunits GluA1‐4 (also known as GluR1‐4, GluRA‐D,
or GluRα1‐4), GluA1 mainly acts in activity‐dependent AMPA receptor

trafficking into postsynapses.8,12,16 Recently, we reported that the GluA1

C‐terminal palmitoylation‐deficient (GluA1C811S) mice showed

enhanced seizure susceptibility and disturbed synaptic plasticity without

affecting gross brain structure or normal excitatory synaptic transmission

in vivo.17 Significant pathophysiological spine enlargements upon strong

stimulation were observed in the hippocampus of GluA1C811S mice.

These mutant mice also exhibited increased expressions of IEG products,

c‐Fos and Arc proteins, in the hippocampus and the cerebral cortex.

In this report, we further examined Arc expression in detail and

found altered expression patterns of Arc in the hippocampal dentate

gyrus of GluA1C811S mice at the basal state.

2 | METHODS

2.1 | Experimental animals

Mice were fed with standard laboratory chow and water in standard

animal cages under a 12‐h light/dark cycle.

2.2 | Antibodies

Anti‐Arc (OP1/2MBL‐2012B and OP2‐2012, H.O.) antibodies were

used for the experiments.

2.3 | Electrophysiology

Male mouse hippocampal slices and electrophysiological recordings

were prepared as previously described.17 Each slice was perfused

(approximately 3 mL/min) with artificial cerebrospinal fluid (in mM:

125 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 4 CaCl2, 4 MgSO4,

and 10 glucose) at 28‐32°C. All external solutions were equilibrated

with 95% O2 and 5% CO2 (pH 7.4). For voltage‐clamp recordings,

patch pipettes were filled with a Cs+‐based intracellular solution

[mM: 135 CsMeSO4, 5.0 TEA‐Cl, 1 MgCl2, 0.5 EGTA, 3.0 Mg‐ATP,
0.3 Na‐GTP, 10 Na‐phosphocreatine, 2 QX314, and 10 HEPES (pH

7.2)], and the resistances were 4 to 6 MΩ. A bipolar stimulating elec-

trode was placed in the molecular layer of the dentate gyrus to stim-

ulate the perforant pathway, and evoked excitatory postsynaptic

currents (EPSCs) of granule neurons were adjusted to approximately

−200 to −400 pA at −70 mV. Subsequently, the cells were held at

0 mV and evoked inhibitory postsynaptic currents (IPSCs) were

recorded. EPSC/IPSC ratios were calculated as the ratio of the peak

current at −70 mV (EPSC) to peak current at 0 mV (IPSC).

2.4 | Immunohistochemistry

Male mouse brains were perfused and fixed with 2% paraformalde-

hyde (PFA) in phosphate‐buffered saline (PBS) and transferred to an

increasing gradient of 10%, 20%, and 30% sucrose in PBS solution

over three days. After tissues were embedded in optimal cutting

temperature (OCT) compounds, cryosections were cut at 20 μm

thickness. Sagittal sections were processed for immunohistochem-

istry using anti‐Arc antibodies with DAPI. Confocal z‐stack images

(0.3‐ to 0.8‐μm intervals, 5‐10 image sections/stack) acquired with

the LSM710 using a 63× objective (N.A. 1.4, oil) were projected

onto single planes by summation.

3 | RESULTS

3.1 | No obvious E/I imbalance in the dentate gyrus
of GluA1C811S mutant mice at the basal level

Excitatory/inhibitory (E/I) imbalance occurs in very few excitatory

synapses and then spreads to hippocampal circuits. Because

GluA1C811S mice showed enhanced seizure susceptibility,17 we first
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assessed synaptic E/I balance in the dentate gyrus, the major entry

gate for cortical input to the hippocampus (see also Figure 2C). Stim-

ulation electrodes were positioned within the perforant pathway

from the entorhinal cortex, and the evoked EPSC and IPSC were

recorded at granule neurons in the upper (dorsal) or lower (ventral)

blades of the dentate gyrus, respectively. The results showed that

the EPSC/IPSC ratio recorded from GluA1C811S homozygous (CS/

CS) mice was almost the same as that from wild‐type (wt) mice in

both upper (Figure 1A, 0.48 ± 0.03, n = 21 cells from 3 wt mice;

0.46 ± 0.04, n = 21 cells from 3 CS/CS mice, P = 0.67; t test) and

lower (Figure 1B, 0.44 ± 0.03, n = 28 cells from 4 wt mice;

0.51 ± 0.03, n = 28 cells from 4 CS/CS mice, P = 0.16; t test) blades.

These data suggested no significant difference in E/I balance

between wt and CS/CS mice in either the upper or lower layer under

basal conditions.

3.2 | Perturbed expression pattern of Arc in the
dentate gyrus of GluA1C811S mutant mice

Previous studies have shown that Arc‐positive cells were mainly found

in the upper blade, rather than the lower blade, of the dentate gyrus at

the basal state as well as after spatial exploration.18-21 Expression

levels of Arc protein under the basal condition were comparably low in

the dentate gyrus of wt and CS/CS mice.17 Notably, our immunohisto-

chemical staining showed that Arc proteins exhibited abnormal

expression patterns in CS/CS mice, compared to wt mice. Namely, Arc‐
positive neurons were equally observed in both upper and lower

blades of the dentate gyrus, in most but not all CS/CS mice (Figure 2A).

The ratio of Arc‐positive cells to total cells in the lower blade was

increased in CS/CS mice, whereas no significant difference was

observed in the upper blade or in total cell numbers (Figure 2B).

F IGURE 1 Excitatory/inhibitory balance in the hippocampal dentate gyrus was not altered in GluA1C811S mice. (A) EPSC/IPSC ratio of
granule neurons in the upper blade of the dentate gyrus. Representative traces of EPSCs and IPSCs from wild‐type (wt, left) and GluA1C811S
homozygous (CS/CS, middle) mice are shown. EPSC/IPSC ratios were calculated and plotted (right). wt: n = 21 cells from 3 mice; CS/CS: n = 21
slices from 3 mice. (B) EPSC/IPSC ratio of granule neurons in the lower blade of the dentate gyrus. Representative traces of EPSCs and IPSCs
from wild‐type (wt, left) and GluA1C811S homozygous (CS/CS, middle) mice are shown. EPSC/IPSC ratios were calculated and plotted (right).
wt: n = 28 cells from 4 mice; CS/CS: n = 28 cells from 4 mice. See also Table S1
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4 | DISCUSSION

Epilepsy is characterized by recurring, unprovoked seizures, resulting

from the abnormally synchronous activity of excitatory neurons in a

focal area of the cerebrum, and in some cases, conveyed throughout

the entire brain.22-24 Disrupted E/I balance leads to perturbed neural

circuit function, and repetitive seizures induce serious epilepsy.25

Recently, we demonstrated that seizures induced by pentylenetetra-

zol (PTZ), a GABAA receptor antagonist, were accompanied by an

excessively increased expression of c‐Fos and Arc proteins in both

the upper and lower blades of the dentate gyrus in adult

GluA1C811S mice at 2 and 4 h after administration of PTZ.17 Our

data presented in this report further indicate that the basal expres-

sion pattern of Arc is disturbed in the dentate gyrus of GluA1C811S

mice, although imbalanced E/I was not obviously detected in granule

neurons in the dentate gyrus as a whole (Figure 2C). These results

suggest the significance of appropriate Arc expression, regulated by

the palmitoylation‐dependent control of GluA1‐containing AMPA

receptors in excitatory synapses. Although we have focused on anal-

ysis of excitatory synapses in GluA1C811S mice,17 there still remains

a possibility that mutation in GluA1 affected the expression of

cation‐chloride cotransporters, NKCC1 and KCC2, and chloride

homeostasis, resulting in the alteration of GABAergic inhibitory

synaptic response.26-28 In contrast to Arc, c‐fos, another IEG, is

expressed in both blades of the dentate gyrus at the basal state.17

Altered Arc expression patterns potentially underlie the excessive

excitability in response to seizure‐inducing stimulation. While the

upper blade of the dentate gyrus mainly receives spatial information,

the lower blade is supposed to receive nonspatial information from

the entorhinal cortex.20,29,30 The abnormal Arc expression may also

reflect perturbed information processing through the perforant path-

way to the hippocampal dentate gyrus in GluA1C811S mice. Further

analysis would precisely explain details of the causal relationship

between seizure susceptibility and abnormal Arc expression. Epileptic

seizures are associated with excessive cortical excitability resulting

from imbalances between excitation and inhibition in some focal

regions of the cerebrum. In the temporal lobe, Arc‐dependent synap-
tic expression of AMPA receptors under appropriate regulation in

the dentate gyrus may contribute to the stability of circuits in whole

hippocampus.
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F IGURE 2 Different Arc expression in the upper and lower
blades of the hippocampal dentate gyrus at basal level. (A) Arc
expression (green) and DAPI staining (blue) in wild‐type (wt) and
GluA1C811S homozygous (CS/CS) mice. Typical patterns are shown.
(B) Proportions of Arc‐positive cells in the upper and lower blades
(left) and total cell numbers (DAPI‐positive cells, right) in the dentate
gyrus (DG) of wt and CS/CS mice. Wt: n = 4, CS/CS: n = 4. Error
bars represent SEM **P < 0.01, t test. n.s.: not significant. (C)
Schematics of major excitatory circuits in the hippocampus. The
hippocampal circuits consist of a trisynaptic pathway. Granule
neurons in the dentate gyrus (DG) receive excitatory input from the
entorhinal cortex (EC) via the medial perforant pathway (MPP) and
lateral perforant pathway (LPP). Then, the granule neuron sends the
signal to CA3 pyramidal neurons via the mossy fibers (MF). CA3
pyramidal cells relay the signal to CA1 pyramidal cells via Schaffer
collaterals (SC). Finally, CA1 pyramidal neurons return the signal to
the EC. See also Table S2
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