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It is proposed that intracellular amyloid-3 (AB), before extracellular plaque formation, triggers cognitive deficits in Alzheimer disease
(AD). Here we report how intracellular A affects neuronal properties. This was done by injecting A3 protein into rat and mouse
neocortical pyramidal cells through whole-cell patch pipettes and by using 3xTg AD model mice, in which intracellular A 8 is accumulated
innately. In rats, intracellular application of a mixed A3, _,, preparation containing both oligomers and monomers, but not a monomeric
preparation of AB,_,,, broadened spike width and augmented Ca** influx via voltage-dependent Ca>" channels in neocortical neurons.
Both effects were mimicked and occluded by charybdotoxin, a blocker of large-conductance Ca®"-activated K * (BK) channels, and
blocked by isopimaric acid, a BK channel opener. Surprisingly, augmented Ca** influx was caused by elongated spike duration, but not
attributable to direct Ca>* channel modulation by AB, ,,. The AB, ,,-induced spike broadening was blocked by electroconvulsive shock
(ECS), which we previously showed to facilitate BK channel opening via expression of the scaffold protein Homerla. In young 3xTg and
wild mice, we confirmed spike broadening by A3, _,,, which was again mimicked and occluded by charybdotoxin and blocked by ECS. In
Homerla knock-out mice, ECS failed to block the A, _,, effect. Single-channel recording on BK channels supported these results. These
findings suggest that the suppression of BK channels by intracellular A3, ,, is a possible key mechanism for early dysfunction in the AD

brain, which may be counteracted by activity-dependent expression of Homerla.

Introduction

Amyloid-B (AB) is the main component of senile plaque, which
pathologically characterizes Alzheimer’s disease (AD). The accu-
mulation of Af precedes other pathological features of AD such
as tangle formation and cell death. Recently, however, soluble A3
rather than A plaque has been considered to be toxic, causing
synaptic dysfunction or loss before plaque appears (Hsia et al.,
1999; Hardy and Selkoe, 2002). Extracellularly applied AB sup-
presses synaptic transmission and induces synaptic loss by inter-
acting with surface receptors including nicotinic acetylcholine
and glutamate receptors (Wang et al., 2000; Kamenetz et al,,
2003; Snyder et al., 2005), receptors for advanced glycation end
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product (RAGE) (Deane et al., 2003; Origlia et al., 2008), and
cellular prion protein (Laurén et al., 2009).

Besides extracellular AB, intracellular accumulation of A is
reported in postmortem AD brain (Gouras et al., 2000; Takahashi
et al., 2002) and model mice (Oddo et al., 2003; Billings et al.,
2005). Its intracellular presence seems to be a prerequisite for its
secretion from neurons (Walsh et al., 2002; Abramov et al., 2009;
Wei et al., 2010). Intracellular AB is present both in late endo-
some (Takahashi et al., 2002) and cytoplasm (LaFerla et al., 2007)
and is regarded as one of the early pathological events in AD
(LaFerla et al., 2007). Indeed, mutation of SORLI, a risk gene for
sporadic AD, is shown to elevate the intracellular AS level (Ro-
gaeva et al,, 2007). As with extracellular AB, intracellular A
may interfere with channels and receptors regulating funda-
mental neuronal characteristics such as excitability and syn-
aptic plasticity.

In AD patients, motor cortex excitability is increased (Ferreri
etal., 2003). Extracellular A enhances release probability at hip-
pocampal synapses, increasing neuron network activity in vitro
(Abramov et al., 2009). Since neuronal activities promote the
production of AB (Kamenetz et al., 2003; Cirrito et al., 2005), a
positive-feedback exacerbation of A3 production and excitability
is likely to result. However, there is another scenario, along which
extracellular A produced by neural activity can depress synaptic
transmission (Kamenetz et al., 2003) and decreases synapse num-
ber (Wei et al.,, 2010), thereby reducing neuronal excitability.
Reduced activity would decrease A production, hence forming a
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negative-feedback regulation of excitability. In contrast to these
well documented effects of extracellular AB on neuronal excit-
ability, intracellular AB has not been investigated in this particu-
lar light to date, which the present report seeks.

Ca*"-activated K channels are well known to critically reg-
ulate spike firing in central neurons (Hu et al., 2001; Faber and
Sah, 2003; Yu et al., 2010). We have reported that these K * chan-
nels are involved in regulation of neocortex pyramidal cell excit-
ability by using intracellular injection of bioactive molecules
through patch pipettes (Yamamoto et al., 2000, 2002a,b, 2005;
Yamada et al., 2004; Sakagami et al., 2005). Here we apply the same
methodology for elucidating how intracellularly injected AB per-
turbs excitability regulation involving Ca** -activated K * channels.

Materials and Methods

Slice preparations. All experiments were performed in accordance with the
guiding principle of the Physiological Society of Japan and with the approval
of the Animal Care Committee of Kanazawa Medical University. Wistar rats
[postnatal day 16 (P16) to P18], C57BL/6 wild mice (P16-P19), Homerla
knock-out mice (H1aKO mice; P16—P19) (Inoue et al., 2009), 4-month-old
3xTgmice (Oddo etal.,2003), and 3xTg mice at P16 —P18 (3xTgj) were used.
Animals of either sex were decapitated under ether anesthesia. The brain was
dissected out and immersed in a bathing medium (pH 7.4; 2-5°C) contain-
ing (in mm) 124 NaCl, 3.3 KCl, 1.3 NaH,PO,, 26 NaHCO,, 2.5 CaCl,, 2.0
MgSO,, and 20 glucose. Slices of the visual cortex were prepared with a
microslicer DTK1000 at 200 wm (Dosaka). In addition, frontal cortex slices
were also made for comparison purposes.

Electroconvulsive shock. Electrical stimulations were performed as de-
scribed previously (Sakagami et al., 2005; Yamamoto et al., 2005). Two
volleys of alternating current (90 V, 1 s) were applied intracellularly at an
interval of 5 min. On passing the current, the whole body of the animal
became rigid. At 10-20 s after the first volley, tonic— clonic seizure started
and lasted for 20—40 s. After the second volley, a milder seizure lasting for
a shorter time was observed. Within 30 min, animals looked as normal as
before the volleys. Animals were killed at 30 min after the shock, and
slices were then cut in the same way as described for naive animals. We
started recordings within 5 h because the expression level of Homerla
protein gradually increases during this period (Brakeman et al., 1997).

Electrophysiological recordings. Slices were placed in a recording cham-
ber on the stage of an upright microscope (BHWI; Olympus) with a 40X
water-immersion objective (WPlanFl 40xUV). The chamber was contin-
uously perfused with the bathing medium (25°C) bubbled with a mixture
of 95% O, and 5% CO,. For recording, we used patch pipettes (resis-
tance, 4—10 M{) filled with a solution (pH 7.3) containing (in mm) 7
KCI, 144 K-gluconate, 10 KOH, and 10 HEPES. Whole-cell recordings
were made from layer II/III pyramidal cells that had sufficiently negative
resting membrane potentials (more negative than —55 mV) without
spontaneous action potentials. Membrane potentials were recorded in
the current-clamp mode (Axopatch 1D or 200A; Molecular Devices) and
digitized at 10 kHz (Digidata 1200 or 1440 and pCLAMP10; Molecular
Devices). The width of evoked spikes was measured to assess BK channel
activities. For eliciting spikes, brief depolarization currents (0.45 nA, 10
ms in rats; 0.7 nA, 5 ms in mice; with occasional minor fine adjustments)
were injected through the patch pipette adjusted to allow just a single
spike during each pulse (four spikes at 18 Hz in rats, five spikes at 100 Hz
in mice). Spike half-widths were measured at 50% of the peak.

For recording Ca®" currents under voltage clamp (see Fig. 4), tetro-
dotoxin (1 pM; Sigma) and tetraethylammonium chloride (TEA; 20 mwm;
Nacalai) were added to the bathing medium; patch pipettes were filled
with a Cs-based solution, to block K ™ channels (pH 7.3), containing (in
mM) 133 Cs-gluconate, 6 CsCl, 9 TEA, 9 HEPES, and 5 QX-314. Ca?*
currents induced by step depolarizations from —70 mV (holding poten-
tial) to —50, —30, —10, and +10 mV for 200 ms were recorded in the
voltage-clamp mode. Single BK currents were induced by ramp-voltage
command from +100 to —100 mV or by step command from 0 to +40
mV that were applied to cell-attached mode using a pipette solution
containing 140 KCI, 10 HEPES, 2 MgCl,, 20 glucose, and 10 CaCl,. Since
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we were aware that ECS-induced facilitation of BK channels depends
critically on intracellular signaling involving Homerla and other mole-
cules (Sakagami et al., 2005), cell-attached recording was adopted to
minimize damage to the molecular cascade involved. After cell-attached
patch, the bathing medium was replaced by the same solution as pipette
solution before starting single BK channel recording.

Ca’*  photometry. Fluorometry was performed as described
(Yamamoto et al., 2002a,b, 2005). Briefly, fura-2 (0.2 mm; Dojindo Ltd.)
was loaded for at least 5 min after whole-cell breakin. A photomultiplier
(OSP-10; Olympus) attached to the microscope (BHWI; Olympus) was
used to measure spike-induced Ca*" signals from the soma. A train of
four spikes was evoked by brief depolarizing currents at the initial phase
of the measurement, which lasted for 5 s in total for each trial. Fluores-
cence signals excited at 360 nm were measured without current injec-
tions. We defined —AF;4,/Fs4, as the index with which to estimate
absolute changes in the Ca?™ concentration (Isomura and Kato, 1999).
In this formula, AF,g is the difference between the 380 nm excited flu-
orescence intensity (Fg,) in the resting state and the fluorescence intensity
at a given time during the trial, and F; is the 360 nm excited fluorescence
intensity measured shortly before the test measurement with 380 nm excited
fluorescence. All the Ca®™ increases were expressed in units of —AFg/Fs-
Ca?" increases induced by the four-spike trial were averaged over three trials
to provide the data plots shown in the figures.

Drugs used. Depending on the purpose of the experiments, cyclopia-
zonic acid (CPA; 30 um), nimodipine (20 um), charybdotoxin (Chtx; 50
nM), 4-aminopyridine (4-AP; 5 mm), and isopimaric acid (Iso; 10 pm)
(all purchased from Sigma) were applied into the bathing medium. Re-
combinant AB, 4, (1 or 10 um; Sigma), A3, _4o (10 wm; Sigma), or rabbit
polyclonal anti-Homerla antibodies [0.4 pg/ml, as described previously
by Kato et al. (1997)] were contained in the patch pipette internal solution
and distributed into the cell by diffusion (infusion), for at least 5 min after
whole-cell breakin, before the recording session was started. In some exper-
iments, recombinant AB,_,, (1 um) was applied extracellularly.

Gel electrophoresis. The aggregation state of AB,_,, and AB,_,, in the
pipette solution was assessed by tricine—SDS-PAGE (Schigger, 2006).
Samples were taken from each A dissolved in the pipette solution and
added to SDS loading buffer (50 mm Tris/HCI, pH 6.8, 4% SDS, 1.0
mg/ml bromophenol blue, 20% glycerol, and 10% 2-mercaptoethanol).
The mixture was separated by tricine-SDS gel electrophoresis (16.5%
polyacrylamide) and stained with Coomassie Blue. Before loading, sam-
ples were heated at 40°C for 30 min or 95°C for 5 min [Heat(+)] for
control or left without heating [Heat(—)] for the test. For density profil-
ing, the Plot Lanes function in Image] software (1.42q) was used under
the default setting. The density on scanned gel images was calculated and
expressed in an arbitrary unit for each lane, so that densities of bands, if
any exist, can be expressed relative to the most dense monomer band.

Data analysis. Data are expressed as mean * SEM. Paired or unpaired
t tests were used for parametric statistics. Statistical tests for Ca** cur-
rents were made by using the peak values (evoked by the voltage step
from —70 to —10 mV).

Results

Intracellular injection of Af3,_,, broadens spike width and
augmented spike-induced Ca>* influx by suppressing BK
channels in neocortical neurons

Whole-cell recordings were made from pyramidal neurons lo-
cated in layer II/III of the rat visual cortex in slices. To elucidate
pathophysiological changes in neuronal activity induced by in-
tracellular AB, recombinant AB, ,, or AB, ,,and Ca*" indicator
fura-2 were infused intracellularly from the patch pipette. Mem-
brane potentials and spike-induced intracellular Ca>" increases
were simultaneously recorded in the current-clamp mode during
a train of four action potentials. To elicit the spikes, four pulses of
depolarizing currents were injected through the patch pipette at
18 Hz (Fig. 1C, inset). The choice of this frequency was based on
our previous experiments (Yamamoto et al., 2002, 2005). In
AP, _s>-injected neurons (10 uM, red), spike width was broadened
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compared with “control” neurons that
had no AR injected (black) (Fig. 1A). The
averaged spike half-width in AR ;-
injected neurons (first spike, 1.78 % 0.06
ms; fourth spike, 2.42 = 0.10 ms; n = 6)
(Fig. 1B) was significantly longer than
thatin control neurons (first spike: 1.25
0.07 ms, p < 0.0005; fourth spike: 1.36 *
0.10 ms, p < 0.0001; n = 6) (Fig. 1 B). The
enhancement was sufficiently significant
at the fourth spike with 1 um AB, 4,
(1.76 = 0.14 ms; p < 0.001; n = 6). In
contrast to Af3;_,,, intracellular injection
of 10 uM A B, _,, did not change spike half-
width (first spike, 1.17 £ 0.03 ms; fourth
spike, 1.34 * 0.09 ms; n = 6) (Fig. 1 A, B).
Moreover, resting membrane potential
was not significantly different among
these neurons (control, —59 * 2 mV; 10
UM AB; 4 —59 = 1 mV; 10 uM AB; 40,
—59 = 1 mV). It is thus shown that in-
tracellular AfB,.4,, but not A, 4
broadens spike width during spike
trains without changing membrane
potential.

Caution should be exercised, however,
in assigning this result to different toxicity
levels between AB,_4, and AB,_,, per se,
given that the vulnerability to oligomer-
ization differs between the two forms of
AP (Stine et al., 2003) and the oligomer-
ization state is a major determinant of A3
toxicity (for review, see LaFerla et al,
2007). Thus, we briefly checked what as-
sembly states AB, 4, and AB,_,, actually
take in our pipette solution. Gel electro-
phoresis (SDS-PAGE) showed that the
vast majority of A, _,, took the monomer
form and also contained far lower concen-
trations of trimer and tetramer (Fig. 2).
This AB;., composition is in broad
agreement with that of the unaggregated
sample described by Stine et al. (2003). On
the other hand, AB,_,, preparation con-
sisted of monomers (Fig. 2). These find-
ings indicate that intracellular injection of
a mixed A, _,, preparation consisting of
monomers and oligomers, but not a mo-
nomeric preparation of AB;_,, is effective
in broadening spikes in the present ex-
periments (Fig. 1). Our mixed AB, 4,
preparation showed a significant spike-
broadening effect at the concentration of
1 um. If AB,_,, oligomers, but not mono-
mers, are responsible for this effect, the
effective concentration range of AB, 4,

oligomers should be far less than 1 uM, given the relative concen-
tration profile of monomers and oligomers in this mixture (Fig.

B). Also, it has to be considered that the intracellular concen-
tration of the AB3,_,, mixture in the present experiments is lower
than that in the pipette solution, since the AB;_,, mixture was
injected by perfusion. Overall, in terms of the effective intracel- ~ Ca**
lular concentration of AB, ,, oligomers, the present finding
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Figure 1.  Intracellular infusion of AB,_,, broadens spike width and augmented Ca* influx in rat neocortical pyramidal
neurons. 4, Action potentials evoked in neurons injected with A3. The first and fourth action potentials in spike trains are shown.
Recordings taken from the control neuron (black), an AB,_,,-injected neuron (red), and an AB,_4,-injected neuron (blue) are
superimposed to clarify the spike broadening in A3,_,,-injected neurons. Calibration: 1ms, 20 mV. B, Average spike half-width in
four-spike trains, showing thatinjection of A3, _,, (10 jum; red square; n = 6), butnot that of A3, _, (10 um; blue square; n = 6),
broadened spike width compared with control neurons (black square; n = 6). €, Ca>* increases induced by four-spike trains
(inset) in control neurons and in neurons injected with 10 wmAB;_; 0r 10 umAB;_y,. Calibration: 500 ms, —0.1AF;g0/F¢,. Inset,
Specimen recording of a spike train at 18 Hz that was used for the shown Ca ™ measurements. The timing of each spike is shown
by a small black triangle below the trace. Note the difference in time scale. Calibration: 100 ms, 20 mV. D, Summary diagram
demonstrating average (a2 increases. Injection of AB;_,, enhanced spike-induced Ca®* increases. *p << 0.0001.
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Figure2. Detectionof AB,_,, oligomersin the pipette solution. 4, AB;_4, and A3, _,, were taken from the pipette solution and

prepared for SDS-PAGE. Two different amounts (1.8 and 0.9 wq) were used. Samples were heated [Heat(+)] before loading for
controls or left without heating [Heat(—)]. Based on the molecular-weight marker, the positions for monomer, trimer, and
tetramer were determined. For AS3;_,, only, in addition to the monomer, bands are also positive at the trimer and tetramer
positions, albeit to much lesser extents than the monomer band [ 1— 42 Heat(—), 1.8 ig]. B, Band density profiles. By applying the
Plot Lanes function (ImageJ software) to scanned gel images, density profiles were drawn for the lanes loaded with unheated
AB;.4; [1-42Heat(—), 1.8 gl and AB,_yo [1-40 Heat(—), 1.8 1uq]. Relative optical density was plotted in an arbitrary unit for
each lane. The top-to-bottom direction in the laneis reflected to the left-to-right direction in this diagram. Compared with the peak
density for the monomer band, those for trimer and tetramer were much lower for A3, _,, and undetectable for AB, 4.

seems to be consistent with the report that intracellular injection
of 10-100 nM A, _,, oligomer suppresses synaptic transmission
in squid giant axons (Moreno et al., 2009).

Spike broadening is supposed to increase Ca*" influx (Llinas
et al., 1982). We therefore measured changes in intracellular
concentration during the four-spike train with or without
AP,_y, injected. Indeed, spike-induced Ca*™ increases during the
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The effects of charybdotoxin and
AB,_,, were occluded also in spike-
induced Ca** increase, whereas the ef-
fects of 4-AP and AP, ,, were again
additive (Fig. 3C,D). Peak amplitude of
the Ca*" rise with charybdotoxin alone
was 0.28 £ 0.01 (n = 7), which was signif-
icantly larger than in control neurons
(p <0.0001) and almost the same as with
10 um AB,_y, injection. Combined appli-
cation of charybdotoxin and AB,_,, did
not significantly enhance Ca’* increase
any further (0.28 = 0.01; n = 5) than did
charybdotoxin alone and was significantly
larger than in control neurons (p <
0.0001). In contrast with charybdotoxin, the
application of 4-AP combined with the in-
fusion of AB,,, augmented Ca’* rise
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Figure3. Intracellular AB,_,, enlarges spike width by suppressing BK channels, thereby increasing spike-induced Ca® " entry.

A, First and fourth action potentials during spike trains after application of the BK channel blocker Chtx (50 nw) or the A-type K *
channel blocker 4-AP (5 mw) in a control cell (Chtx: thick black trace, n = 7; 4-AP: thin black trace, n = 5) and an A 3,_,-injected
cell (Chtx+-AB,_y,: thick red trace, n = 4; 4-AP+Ap, _,,: thin red trace, n = 4). The action potentials in the control cell (black
dashed trace) and AB,_4,-injected cell (red dashed trace) shown in Figure 1 are superimposed. Calibration: 1 ms, 20mV. B,
Averaged spike half-width during four-spike trains with no blocker (black square, Control; red square, A 3,_,,), with charybdotoxin
(black circle, Control; red circle, AB,_,,) and with 4-AP (black triangle, Control; red triangle, A3;_y,). €, Spike-induced Gt
increase under application of charybdotoxin or 4-AP in control or A3, _s,-injected neurons. Calibration: 500 ms,
increases in the control, charybdotoxin, and 4-AP groups, each with and
without AB3,_4,. In B and D, charybdotoxin, but not 4-AP, mimicked and occluded the effect of AB,_4,. *p << 0.0001; **p < 0.01.

D, Summary diagram demonstrating average Ca*"

spike train were enhanced by AB,_,,. Peak amplitude of the Ca*"
rise in 10 uM A, _»- injected neurons was 0.30 = 0.01 (n = 6) in
the unit of —AF;4,/F5, and significantly larger than in control
neurons (0.18 = 0.01; p < 0.0001; n = 6) (Fig. 1C,D). As with the
spike broadening, the enhancement of Ca*" increases was again
sufficiently significant with 1 um AB;_4, (0.25 = 0.01; p < 0.001;
n = 6). Intracellular injection of 10 uM AB,_,, did not change
spike-induced Ca** rise (0.19 = 0.01; n = 6) (Fig. 1C,D). Thus,
these results indicate that intracellular AB,_,, broadens spike
width during spike trains, thereby enhancing spike-induced
Ca’" increase.

To determine the mechanism of spike broadening, we focused on
large-conductance, Ca*"-activated K™ channels (BK channels) and
A-type K™ channels (Fig. 3), because blocking either of these chan-
nels is known to enhance spike width and intracellular Ca**
influx in central neurons (Shao et al., 1999; Faber and Sah., 2003).
The BK channel blocker Chtx (50 nm), applied alone, broadened
spike half-width to the same extent as the injection of 10 um
AP, _4», with the width significantly greater than no-Chtx control
(first spike: 1.64 = 0.10 ms, p < 0.01; fourth spike: 2.19 * 0.17
ms, p < 0.01; n = 7). Also, the application of A-type K™ channel
blocker 4-AP (5 mm) broadened spike half-width without A, 4,
infused (first spike, 2.74 = 0.39 ms; fourth spike, 3.68 £ 0.30 ms; 1 =
4). However, when combined with intracellular AB,_,,, effects of the
two blockers were different. The application of charybdotoxin com-
bined with infused AB,_,, did not augment spike half-width any
further, exhibiting occlusion of the two effects (first spike, 1.91 =
0.11 ms; fourth spike, 2.59 £ 0.12 ms; n = 5). In contrast, combined
application of 4-AP and A, _4, increased spike half-width to a sig-
nificantly greater extent than 4-AP alone (fourth spike: 5.56 * 0.27
ms, p < 0.01; n = 4) (Fig. 3A, B), indicating that the two effects were
additive.

(0.41 = 0.01; n = 4) significantly greater
than 4-AP alone (0.34 £ 0.01;p <0.01;n =
4) (Fig. 3G,D). The results with current-
clamp recording and Ca** fluorometry
combined together (Fig. 3) indicate that
charybdotoxin, but not 4-AP, mimics and
occludes spike broadening and spike-
induced Ca** increase by intracellular AS3,_
2. These findings suggest that BK channels
are responsible for the present A, ,,-
induced spike broadening, which prolongs
depolarization during spikes and thereby
enhances Ca’* influx through voltage-
dependent Ca** channels (VDCCs).

—0.1AF;50/F360-

AB,_, indirectly increases Ca’*
channel suppression
Our results so far indicate that AB,_,, suppresses BK channel
activity and thereby elongates depolarization time during indi-
vidual spikes, which eventually activates Ca>" channels longer to
cause the larger Ca®" influx. However, direct modulation of
a*" channels by intracellular AB,_,, is still possible. Given that
extracellular AB modulates VDCC (Ueda et al., 1997; MacManus
etal., 2000) and APP directly binds and modulates VDCC (Yang
et al., 2009), intracellular AB could directly upregulate VDCC
and enhance Ca** influx, independently of BK channels. To test
this possibility, voltage-activated Ca>* currents were measured.
In voltage-clamp experiments, voltage steps from the holding
voltage of —70 mV to various depolarized voltages were imposed
with or without AB,_,, infused (Fig. 4 A, B). The injection of A,
42, however, has no effect on Ca>* current; the peak Ca?" current
evoked by the voltage step from —70 to —10 mV was 1.69 *+ 0.05
nA (n = 7) in AB,_4-injected neurons, which was not signifi-
cantly different from 1.72 * 0.08 nA in control neurons (n = 10).
Another potential Ca®" origin is Ca**-releasing channels
on Ca’" store such as IP; receptor or ryanodine receptor, since
this Ca®" source may also contribute to augment spike-induced
Ca?" increase (Yamamoto et al., 2000, 2002a,b). To rule out this
possibility, we used the Ca** store depleter CPA (30 um). This
blocker allowed the injected AB, ,, to enhance Ca*" increase
(Fig. 4C, AB,_4,+CPA). In AB,_,,-injected neurons, the peak
Ca’* with CPA (0.27 * 0.02; n = 5) kept the same level as
without CPA (0.25 = 0.01; n = 6) and was significantly larger
than in control neurons with CPA (0.18 = 0.01; p < 0.01;n = 6)
(Fig. 4C,D). In contrast, the VDCC blocker nimodipine prevented

influx by means of BK
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APB,_,, to enhance Ca®" increase (20 um)
(Fig. 4C, AB;_4,+Nimodipine). The peak
Ca®" increase with nimodipine applied
alone was 0.14 = 0.01 (n = 5), which was
not significantly different from that with ni-
modipine combined with 1 um AfB,_4, in-
jection (0.14 = 0.01; n = 5) (Fig. 4C,D,
Nimodipine). It is thus unlikely that intra-
cellular AB,_4,-mediated enhancement of
Ca”" increase depends on the direct up-
regulation of VDCC or Ca*"-releasing
channels. These results together indicate
that intracellular AB,,, modulates BK
channels first, thereby broadens spike
width, and then opens VDCCs longer, fi-
nally leading to enhancement of spike-
induced Ca”* influx without directly
modulating VDCCs.

Suppression of BK channels by
intracellular A, _,, is counteracted via
Homerla in neocortical neurons
Fura-2isaCa*" chelator, which can affect
intracellular Ca®" dynamics and modify
the kinetics of BK channels, that is Ca**
dependent. To eliminate the effect of
fura-2 and determine the effect of AB, 4,
itself, we next performed the whole-cell
recording without fura-2 in the patch pi-
pette. In this case, intracellular AB3,_,, (10
uM) again significantly enhanced spike
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Figure4. Failure of intracellular AB,_, to directly modulate Ca®* channels. 4, Ca** currents with 1 um AB, ,, (n = 10) or
without AB,_y, (Control; n = 7) infused. Calibration: 100 ms, 1 nA. B, The peak amplitude of Ca 2* current (elicited by voltage
stepsto —50, —30, —10,and 10 mV) was compared. AB, ,, infusion has no effects on Ca® " currents. €, The voltage-dependent
Ca®™ channel blocker nimodipine (20 um; Control, n = 5; AB,_,,, n = 5), but nat the Ca* store depleter CPA (30 um; Control,
1= 6; AB, 4,1 = 5), abolishes the enhancement of spike-induced Ca* " increase by AB,_,. (a>* channel activation becomes
stronger with A3, ,,, rather indirectly, because of BK channel suppression by A3, 4, (Fig. 3). Calibration: 500 ms, —0.1AF;5,/
Fy60- D, Peak amplitude of spike-induced Ca®* increases in the presence of nimodipine or CPA, indicating that Ca* release
channels are not involved at all. *p << 0.001; **p << 0.01.

half-width (first spike, 1.83 = 0.12 ms; fourth spike, 2.40 = 0.26 designed that their neurons fail to express Homerla specifically

ms; n = 5) compared with intracellular AB, _,, (first spike: 1.23 =

but not Homer1b/c, the longer splice variant of Homer1 (Inoue

0.05 ms, p < 0.01; fourth spike: 1.42 + 0.14 ms, p < 0.0 n = 7) €t al.,, 2009). By varying stimulation parameters, we first at-
or no A infused (first spike, 1.24 = 0.06 ms, p < 0.01; fourth tempted in mice to reproduce the spike broadening shown in rats
spike, 1.52 = 0.08 ms, p < 0.03; n = 8) (Fig. 54, No drug). To ~ $° far. It was found that AB,_,,-induced spike broadening is elic-

further confirm the blocking effect of intracellular AB,_,, on BK
channels, the BK channel opener isopimaric acid was bath ap-

ited by spike trains at 100 Hz and that trains of five spikes, rather
than four, make spikes wider comparably to the data obtained

plied (Fig. 5B, Iso). Indeed, this drug blocked the effect of AB, ,,  from rats (Fig. 6, top). Spike half-width at the fifth spike in AB,.
on spike width in rat neocortical neurons. With 10 umisopimaric ~ 42-injected neurons (10 um; 2.18 * 0.14 ms; n = 6) was signifi-
acid, spike half-width in AB,_,,-injected neurons (first spike, cantly larger than in control neurons (1.51 * 0.09 ms; p < 0.01;
1.26 = 0.03 ms; fourth spike, 1.38 * 0.04 ms; n = 4) wasreduced " = 5) or AP, _so-injected neurons (1.53 = 0.17 ms; p < 0.02;n =
to the same level as in AB,_,o-injected neurons (firstspike, 1.27 = 5) (Fig. 6B, top). The application of charybdotoxin significantly
0.03 ms; fourth spike, 1.34  0.07 ms; n = 4) or control neurons  broadened spike half-width at the fifth spike even in control neu-
(first spike, 1.28 * 0.06 ms; fourth spike, 1.40 + 0.09 ms; n = 4).  rons (2.01 = 0.11 ms; p < 0.02 vs without Chtx; n = 4) and in

We have previously reported that electroconvulsive shock — AB;_s-injected neurons (2.28 = 0.21 ms; p < 0.04 vs without
(ECS) facilitates BK channel opening by expression of Homerla ~ Chtx; n = 4), and the injection of AB,_,, did not increase spike
and that the downstream signaling of Homerla involves metabo-  half-width any longer (2.18 + 0.22 ms; n = 5) (Fig. 6, middle).

tropic glutamate receptors (mGluRs) and inositol-1,4,5- trisphos- ~ Moreover, application of isopimaric acid blocked spike broaden-
phate (Ango et al., 2001; Sakagami et al., 2005). We therefore  ingin Af,_,-injected neurons (fifth spike, 1.29 = 0.09 ms; n = 5)
tested whether this ECS-induced activation of BK channels coun-  (Fig. 6, bottom). Thus, as we observed in rats, charybdotoxin

teracts the blocking effect of AB, ,, on these channels. This was ~ mimicked and occluded and isopimaric acid blocked the effect of
found true, because in slices from rats subjected to ECS (Fig.  AB,.4 in neurons from wild mice, suggesting that spike broad-
5A,B, ECS), spike half-width in AB,_,,-injected neurons (first ~ eningwas caused by the AB, ,,-induced suppression of BK chan-
spike, 1.10 * 0.03 ms; fourth spike, 1.26 * 0.05 ms; n = 5) was  nels in wild mice as well.
shortened to the same level as in control neurons (first spike, We then checked whether these AB,_,,-induced changes of
1.11 * 0.04 ms; fourth spike, 1.23 = 0.09 ms; n = 6) or AB,4,-  spike width were blocked by ECS in wild mice. Indeed, in mice
injected neurons (first spike, 1.12 = 0.05 ms; fourth spike, 1.27 = that underwent ECS, spike half-width during spike trains was not
0.07 ms; n = 5). It is therefore suggested that, although intracel-  affected by 10 um AB,_,, (Fig. 7, top). At the fifth spike, the spike
lular AB,_,, suppresses BK channels, this suppression may be  half-width was 1.44 = 0.14 msin A3;_,,-infused neurons (n = 5),
reversed by ECS-induced Homerla expression. almost the same as 1.42 =+ 0.12 ms in control neurons (n = 4) and
To test this hypothesis, we used H1aKO mice. We examined  1.29 * 0.10 ms in Af3,_,-infused neurons (# = 5). On the other
actions of A in wild-type mice and H1aKO mice, which are so  hand, in H1aKO mice, ECS failed to block A, _,,-mediated spike
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old 3xTg mice (2.36 * 0.18 ms; p < 0.02;

st i th i

A 1 e0Re R B 3 n = 6) (Fig. 8B) but was not significantly
528 [ //9—+ different from that in wild controls (1.51 =
=h 7 ; —=— Control 0.09 ms; n = 5). Itis thus demonstrated that
No drug N /\ EW[ 4+ = pp the spike broadening is attributable to intra-
21 - AB., cellular AB, which is accumulated in 3xTg
— — %4 but not 3xTgj neurons. Finally, in 3xTgj
: {3t ond 3 4 neurons, extracellular application of AB
4 failed to broaden spikes (1.56 = 0.08; 1 = 4)
25 (Fig. 8 B, 3xTg;+extracellular AB), preclud-
£ 2 —— Control Iso ing the possibility that extracellular A3 may be

Iso K K E S —— AR, IS0 responsible for this phenomenon.
/ 2 u S With the application of charybdotoxin
B b i T in neurons from 4-month-old 3xTg mice,
. m there was no further spike broadening
i (fifth spike, 2.14 * 0.24 ms; n = 4) (Fig. 8,
e Chtx). These effects on spike width was
‘.::_E 2 e ControlEcs  blocked both by the application of isopi-
ECS 2 s i o AP, ECS maric acid (fifth spike, 1.35 * 0.02 ms;
T 4 jenierters : G n = 4) (Fig. 8, Iso) and by ECS (fifth spike,
o o os 7T ABoBCS 39 + 0,06 ms; n = 6) (Fig. 8, ECS).
o m These data suggest that AB-mediated sup-

Figure 5.

ECS (bottom). Each point is based on an average over four to eight trials.

broadening (Fig. 7, middle and bottom). The spike half-width at
the fifth spike in AB,_4,-infused neurons was 2.22 = 0.07 ms (n = 5),
still at the same level as without ECS (2.39 * 0.11 ms; n = 4) (Fig. 7,
middle), and significantly longer than in control neurons (1.12 *
0.08 ms; p < 0.0001; 7 = 4) and AB,_4y-infused neurons (1.23 = 0.08
ms; p < 0.0001; n = 4) (Fig. 7, bottom). These results indicates that
the blocking effect of ECS on AfB,_,, was absent in H1aKO mice,
suggesting that Homerla is a key protein that mediates counterac-
tion by ECS against intracellular AB,_,,-induced suppression of BK
channels.

A, _4,-mediated suppression of BK channels is rescued by
ECS via Homerla in young 3xTg mice

Itis shown that, in 3xTg AD model mice, prominent intracellular A3
accumulation is apparent, precedes extracellular A formation at
3—4 months of age in the neocortex (Oddo et al., 2003), and causes
early disease-related cognitive deficits (Billings et al., 2005). These
findings raise the possibility that AB-mediated suppression of BK
channels we have observed in A, _,,-injected neurons represents an
early pathophysiological manifestation of young AD model mice. To
test this hypothesis, we examined whether, in neurons of 3xTg mice
at 4 months of age, AB-mediated suppression of BK channels was
actually observed. In 3xTg mice, even without drugs or AB,_,, ap-
plied, spike broadening was observed similarly to those in AB;_4,-
infused neurons from wild mice; spike half-width at the fifth spike
was significantly greater in 3xTg mouse neurons (2.36 = 0.18 ms;
p <0.01; n = 6) than in controls from wild mice (Fig. 8, no drug). In
contrast, spike broadening was not observed in neurons from juve-
nile 3xTg mice (1618 d of age; 3xTg;), in which intracellular A
accumulation has not yet occurred (Oddo et al., 2003). The spike
half-width at the fifth spike in 3xTgj cells (1.67 = 0.02 ms; n = 4)
(Fig. 8 B, 3xTg;) was significantly smaller than in cells from 4-month-

ECS blocked A3,_,,-mediated suppression of BK channels in rat neocortical neurons. A, First and fourth spike in spike
trains under the application of the BK channel opener isopimaric acid (Iso; 10 wum) or after ECS, in a control neuron (black) and an
AB,_sp-injected neuron (red). The same spike broadening as observed with fura-2 was confirmed without fura-2 in patch pipettes
(Fig. 1). Note differences to the same extent in spike width between cells with (red line) and without intracellular A3, _,, (black
line, No drug). Both isopimaric acid and ECS prevented A3_4, from broadening spike width. Calibration: 1 ms, 20mV. B, Averaged
spike half-width during four-spike trains (black, Control; red, AB;_s,; blue, A3;_yo) with No drug (top), with Iso (middle), and after

pression of BK channels actually occurs
and is recovered by ECS in 3xTg mouse
neurons, in which intracellular A is ac-
cumulated innately without any injection
from patch pipettes. We then tested
whether Homerla mediates this ECS-
induced rescue of AB-mediated suppres-
sion of BK channels in 3xTg mice. By
applying anti-Homerla antibody (0.4 ug/
ml) into neurons by patch pipette (Ueta et al., 2008), spike width
was examined. Consistently with our findings so far, anti-
Homerlaantibody canceled out the effect of ECS in 3xTg mice; at
the fifth spike, spike half-width was significantly larger (2.16 *
0.17 ms; p < 0.01; n = 7) (Fig. 8, ECS HlaAb) than those in
control neurons from wild mice. These recordings support the
notion that ECS reversed AB-mediated suppression of BK chan-
nels via Homerla expression in 3xTg mice.

Our experiments so far, which demonstrated a larger spike
width in 3xTg neurons, were done in visual cortex slices. This
finding was generalized by using frontal cortex slices from 3xTg
mice. The spike half-width at the fifth spike was significantly
greater in frontal cortex layer II/III pyramidal cells from 3xTg
mice (2.02 = 0.15 ms; p < 0.001; n = 9) than in controls from
wild mice (1.38 * 0.01 ms; n = 14), suggesting that the present
findings can be fairly extended to cortical areas that are regarded
to relate more intimately to AD symptoms than the visual cortex.

To confirm the suppression of BK channels in 3xTg, we fur-
ther conducted single BK current recording (Fig. 9). Also, rescue
of suppressed BK channels was attempted by ECS in 3xTg mice.
Single-channel currents were elicited in wild mouse neurons, ei-
ther by ramp-voltage command from +100 to —100 mV (Fig.
9A) or by step command from 0 to +40 mV (Fig. 9B). In neurons
from 3xTg mice subjected to ECS, a similar channel activity was
evoked by ramp command (Fig. 9, 3xTg ECS), whereas it was not in
cells from naive 3xTg mice. Importantly, the BK channel blocker
charybdotoxin abolished the channel activities in wild mouse neu-
rons (Fig. 9, WT Chtx) as well as those from 3xTg mice subjected to
ECS (Fig. 9, 3xTg ECS Chtx). This blockade indicates that the cur-
rents we recorded here are attributable to BK channel opening.

These findings were confirmed by recordings obtained by us-
ing rectangular voltage command, which exhibited positive all-
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or-none currents with large conductance
in cells from wild mice and 3xTg mice af-
ter ECS (Fig. 9B). Open probabilities were
significantly higher in neurons from 3xTg
mice with ECS (Fig. 9C) (3xTg ECS, p <
0.001) than without ECS (3xTg), which
was canceled out by charybdotoxin
(3xTg ECS Chtx). It is thus shown that
AB,_s,-induced suppression of BK
channels is counteracted by ECS-
triggered Homerla expression in neu-
rons from young 3xTg AD model mice
as well as in AfB;_,-injected neurons
from wild mice.

Discussion

The present study revealed that intracellu-
larly injected AB,_,, downregulates BK
channels and broadens spike width in neo-
cortical pyramidal neurons of rats and wild
mice, thereby increasing their excitability.
BK channel suppression was confirmed by
single-channel recording in young 3xTg
mice, in which intracellular AS is innately
expressed. By using H1aKO, we showed that
ECS-expressed Homerla counteracts AB-
induced BK channel suppression, demon-
strating a therapeutic potential of Homerla
against the early-phase AD.

Distinct effects of extracellular and
intracellular Af3
In contrast to reported actions of extracel-
lularly applied or secreted A3 on synaptic
and intrinsic neuronal properties (Wang
et al., 2000; Kamenetz et al., 2003; Snyder et
al., 2005; Origlia et al., 2008; Abramov et
al., 2009), no data to date have directly
highlighted roles of intracellular AS in
neuronal excitability. The present study
has shown that intracellular AB sup-
pressed BK channels and thereby broad-
ens spike width, which elongates the total
depolarization time during a given spike
train. L-type VDCCs are then activated
for a longer time and allow more Ca**
influx. By voltage-clamp recording, we
ruled out direct enhancement of Ca®"
current by AB. Given that extracellular AB
modulates L-type VDCCs (Ueda et al.,
1997; MacManus et al., 2000), intracellu-
lar and extracellular AB may have differ-
ent actions on these channels. The resting
intracellular Ca*™ level is shown elevated
in 3xTg mice (Lopez et al., 2008), al-
though our method is unlikely to detect a
maintained elevation in baseline Ca**
concentration.

The present AB-induced BK channel

suppression is demonstrated by artificial intracellular injection of A3
and in 3xTg mice that artificially overproduce AB. However, intra-
cellular AB,, and AB,, have been demonstrated in brains of AD
patients (Gouras et al., 2000). Moreover, Steinerman et al. (2008)
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A4, injectioninto neuronsin slices obtained from wild mice caused spike broadening. 4, Recordings of spike trains

induced by brief current injections at 100 Hz into neurons in slices obtained from wild mice. With AB,_,, injected intracellularly,
spike half-widths in later spikes were significantly larger than in no-Ag controls. Charybdotoxin mimics and occludes and Iso
blocks the actions of AB,_4,, indicating that spike broadening is caused by A3,_,,-mediated blockade of BK channels. Calibration:
20 ms, 20 mV. B, Averaged spike half-width during the five-spike train (black, Control; red, A3;_,,; blue, A3;_4,) with no drug
(top), with Chtx (middle), and with Iso (bottom). Each point is an average of four to six trials.
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Blocking effects of ECS on A, _,, was absent in H1aKO mice. 4, ECS counteracts A3, _,,-mediated spike broadening

in wild-type mice (WT ECS) but not in H1aKO mice (H1aKO0, H1aKO ECS). Calibration: 20 ms, 20 mV. B, Averaged spike half-width
during spike trains (black, Control; red, A3;_,,) with ECS in wild mice (top), without ECS in H1aK0 mice (middle), and with ECS in
H1aK0 mice (bottom). Each point is an average of four to six trials.

reported that intracellular and membrane-associated A, espe-
cially AB,, in the temporal neocortex, may be more closely re-
lated to AD symptoms than other A species that they examined.
Although these authors did not attempt to describe the effects of
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Figure8.  Spike broadeningin 3xTg neurons. A, Recordings of spike trains in the 3xTg mice at 4 months of age, exhibiting spike
broadening. The top recording shows spike broadening in the naive condition (no drug, n = 6). The addition of charybdotoxin
failed to broaden spikes further (n = 4), exhibiting occlusion of the blocker effect. Iso blocked the spike broadening (n = 4). The
bottom two recordings show spike trains in neurons from 3xTg mice after ECS. ECS on 3xTg mice blocked the spike broadening,
which was cancelled out by injection of anti-Homer1a antibody (0.4 r.g/ml; ECS, n = 6 vs ECS +-H1aAb, n = 7). Calibration: 20
ms, 20 mV. B, Averaged spike width in 3xTg cells. Top, Spike half-width is shown for naive 3xTg neurons (No drug; black square),
those with BK channel blockade (Chtx; red circle), and those with Iso (blue triangle). Middle, Averaged spike half-width after ECS
with H1aAb (ECS+H1aAb; red circle) or without (ECS; black square). Bottom, Spike half-width recorded in neurons from juvenile
3xTg (1618 d old; 3xTg;), in which intracellular A3 has not yet been accumulated. Spike width was smaller in 3xTg; neurons
(3xTg; blue triangle) than in 3xTg neurons (3xTg; black square) and remained at a range comparable with that in wild controls.
Extracellular application of A3,_y;, (1 pum) to 3xTg; cells failed to broaden spikes (3xTg; + extracellular A; red circle).
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Figure9. Recovery of single BK current by ECS in 3xTg mice. A, A ramp-voltage command from +100 to — 100 mV (top
left) induces single BK currents in wild mice (WT; n = 6) and 3xTg mice after ECS (3xTg ECS; n = 5), but not in 3xTg mice
without ECS (3xTg; n = 6). These single currents were blocked by Chtx (n = 5; 3xTg ECS Chtx, n = 4). The dotted lines
indicate the open or closed states. Calibration: 200 ms, 10 pA. B, Single BK currents were confirmed by a rectangle voltage
command from 0 to +40 mV in 3xTg mice after ECS. This voltage step was used, since the open probability hereby was
found close to ~50%. Calibration: 200 ms, 5 pA. €, Open probability (Po) based on recordings with step commands to +40
mV. Each point is an average of four to six trials.

monomers and oligomers differentially, the presence of intracel-
lular AB,, has been clearly demonstrated in diseased human
brains. This demonstration seems to argue against the possibili-
ties that the present finding obtained by intracellularly injecting a
mixed preparation of AB,, consisting of oligomers and mono-
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mers is merely artifactual, and that intra-
cellular AB may be characteristic just to
genetically modified mice.

Intraneuronal AB is present both in
late endosome (Takahashi et al., 2002)
and cytoplasm (LaFerla et al., 2007). The
present results obtained with AfB,, injec-
tion depends on cytoplasmic AB,,. Al-
though the same BK channel suppression
and ECS sensitivity was observed in AS,,-
injected wild neurons and in 3xTg neu-
rons, the possibility still remains that
some 3xTg data might be at least partly
caused by endosomal AB. Since extracel-
lular AR affects glutamate receptor traf-
ficking (Snyder et al., 2005; Hsieh et al,,
2006), which is largely an intracellular
event, AB-triggered signals should be me-
diated inside. An obvious possibility is
that extracellular AB interacts with sur-
face receptors like nicotinic acetylcholine
receptors and then transmembrane sig-
nals are generated (Wang et al., 2000; Sny-
der et al., 2005; Gu et al., 2009; Laurén et
al., 2009). Another possibility is a trans-
membrane transport of A, given that AR
can be internalized by RAGE and trans-
ported across the blood—brain barrier by
means of RAGE-mediated internalization
(Deane et al., 2003). Such transmembrane
transport might occur on endosomes as
well, then cytosolic and endoplasmic AB
could be more interchangeable than cur-
rently understood.

ABis known to exist in several multimer
states, and this multiplicity determines its
toxicity (for review, see LaFerla et al., 2007).
QOddo et al. (2006) showed that neurons
from 6-month-old 3xTg are positive in im-
munostaining for AB oligomer larger than
12—-24mer, whereas those from 4-month-
old 3xTg are not. Therefore, the present
demonstration of BK channel suppression
in 4-month-old 3xTg is most likely attribut-
able to AB monomer or oligomer smaller
than 12mer, suggesting that these species of
Ap,_4, may have also caused the BK channel
suppression with A3_,, injection. The pres-
ent gel electrophoresis showed that the in-
jected AB,_,, but not AB,,, contains
trimer and tetramer (Fig. 2). Therefore,
the present experiments with intracellu-
lar injection of AB,_,, suggest that low-
molecular-weight  oligomers or
monomers of A3,_,, affect BK channels,
whereas no conclusion can be drawn re-
garding higher-order oligomers as they
have not been tested.

Damages expected by BK channel suppression in AD brains

It is widely considered that BK channel suppression is deleterious
to neuron survival (Liu etal., 1999; Hu et al., 2001; Williams et al.,
2004; Yuetal., 2010). The present study showed that BK channels
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are suppressed by intracellular A3, which broadened spike width
and promoted spike-induced Ca*" entry from Ca** channels.
Normally, BK channels are activated by Ca®" entry, repolarize
spikes rapidly, and prevent further voltage-dependent Ca*"
entry, thus forming a negative feedback loop (Hu et al., 2001).
AB-induced BK channel suppression would halt this negative-
feedback mechanism, thus perturbing Ca?" homeostasis in dis-
favor of neuron survival. Hu et al. (2001) also proposed that,
unlike somatic BK channels, presynaptic BK channels participate
in such a feedback regulation in pathological conditions like hy-
peractivity, excitotoxicity, and cell death. Such “emergency
brake” mechanisms of BK channels (Hu et al., 2001) may be
negated in the AD brain. Crucial roles of BK channel-mediated
mechanisms are emphasized also in excitability regulation at the
axon initial segment and glutamate release from the synaptic
terminal in cortical pyramidal cells (Yu et al., 2010). BK channel
suppression would induce neuronal hyperexcitability and exces-
sive glutamate release, thus leading to excitotoxic neuronal dam-
age. Extracellular application of soluble A is reported to cause
Ca** entry in neurons, which may produce mitochondrial Ca**
overload and lead to neuron death (Sanz-Blasco et al., 2008). The
same damage may occur with an increase in Ca>" entry caused by
intracellular AB.

BK channels are crucially involved in oxygen sensing in the
carotid body chemoreceptors (Williams et al., 2004), in which the
oxygen sensor hemoxyenase-2 associates tightly with BK chan-
nels. Interestingly, this association occurs not just with native,
but also with recombinant, BK channels. The possibility, there-
fore, arises that BK channels expressed in central neurons may
also sense local oxygen. In fact, a previous report showed that BK
channel opening in mouse neocortical neurons is sensitive to
hypoxic condition in a manner dependent on cytosolic factors
(Liuetal., 1999). It is therefore possible that BK channel suppres-
sion by intracellular AB hinders local oxygen-sensing mecha-
nisms in neocortical neurons, rendering the AD brain more
vulnerable to hypoxic insults. All these works point to exacerbat-
ing effects of the AB-induced BK channel suppression on neuro-
nal degeneration in the AD brain.

Homerla counteracts BK channel suppression by
intracellular A3

Homerla is a member of the scaffold protein family Homer1 that
links membrane-embedded receptors like mGluRs and other
scaffold proteins like Shank (Brakeman etal., 1997; Kato etal., 1997).
Homer1 consists of the constitutively expressed Homer1b/c, which
can dimerize with each other, and activity-dependently induced
Homerla, which misses the dimerizing motif and therefore acts
as the negative regulator of Homer1b/c. Homerla is also known
to activate group I mGluRs from inside the neuron as if it were an
“intracellular ligand” (Ango et al., 2001). By intracellularly inject-
ing Homerla in neocortex pyramidal cells, we have previously
revealed that activation of mGluRs by Homer1a leads to facilita-
tion of BK channels, thereby reducing neuronal excitability (Sak-
agami etal., 2005). Homerla is expressed after strong stimulation
such as LTP-inducing tetanization or flashing light (Brakeman et
al., 1997; Kato et al., 1997). We confirmed that whole-brain acti-
vation by ECS, the animal model of electroconvulsive therapy
(ECT) used for depression, can induce Homerla expression and
facilitate BK channels, depending on Homerla expression (Sak-
agami et al., 2005; Kato, 2009). Various lines of evidence support
involvement of this and other Homer species in neuropsychiatric
disorders (Szumlinski et al., 2006).
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The present study successfully demonstrated that this Homerla-
induced facilitation of BK channels reactivates AB-suppressed
BK channels in neocortex pyramidal cells. We did two separate
sets of experiments in H1aKO and 3xTg mice. In H1aKO mice,
ECS could not induce Homerla and failed to counteract BK
channel suppression induced by intracellular AB. In 3xTg mice,
we confirmed that BK channels are suppressed by innately ex-
pressed intracellular AB. Then we revealed that ECS induces
Homerla expression and thereby reactivates AB-suppressed BK
channels, since this ECS effect was prevented by intracellularly
injected anti-Homer1la antibody.

The present findings suggest that Homerla expression would
be a therapeutic measure against at least one aspect of A toxicity
at the early stage of AD. Although ECT could be useful to induce
Homerla expression, especially promising may be transcranial
magnetic stimulation (TMS), a noninvasive milder version of
ECT that has been used safely for treatment of major depression
or for research on cognitive function (O’Reardon et al., 2007;
Rossi et al., 2009). In fact, TMS-induced improvement of action
naming, a cognitive task, in AD patients has been reported (Co-
telli et al., 2006). Molecular and cellular underpinnings of this
cognitive improvement are not known at all, although the present
study suggests that the anticipated Homerla expression by TMS
may be involved.
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