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Neurobiology of Disease

Expression of Human Amyloid Precursor Protein in Rat
Cortical Neurons Inhibits Calcium Oscillations

Susana Ferrao Santos,' Nathalie Pierrot,' Nicole Morel,’ Philippe Gailly,’ Christian Sindic,’ and Jean-Noél Octave'
"Experimental Pharmacology Unit and 2Neurology Department, Institute of Neuroscience, and *Laboratory of Cell Physiology, Université catholique de

Louvain, B-1200 Brussels, Belgium

Synchronous calcium oscillations are observed in primary cultures of rat cortical neurons when mature networks are formed. This
spontaneous neuronal activity needs an accurate control of calcium homeostasis. Alteration of intraneuronal calcium concentration is
described in many neurodegenerative disorders, including Alzheimer disease (AD). Although processing of amyloid precursor protein
(APP) that generates A peptide has critical implications for AD pathogenesis, the neuronal function of APP remains unclear. Here, we
report that expression of human APP (hAPP) in rat cortical neurons increases L-type calcium currents, which stimulate SK channels,
calcium-dependent K * channels responsible for medium afterhyperpolarization (mAHP). In a neuronal network, increased mAHP in
some neurons expressing hAPP leads to inhibition of calcium oscillations in all the cells of the network. This inhibition is independent of
production and secretion of AB and other APP metabolites. In a neuronal network, reduction of endogenous APP expression using
shRNA increases the frequency and reduces the amplitude of calcium oscillations. Altogether, these data support a key role for APP in the

control of neuronal excitability.

Introduction

Alzheimer disease (AD) is a neurodegenerative disorder charac-
terized by accumulation of neurofibrillary tangles and senile
plaques in the brain. Senile plaques contain an amyloid core of
AP peptide, derived from the amyloid precursor protein (APP).
APP, a type I transmembrane protein, is encoded by the APP
gene, a member of a family that also includes APLPI and APLP2
genes (Wasco etal., 1993; Slunt et al., 1994). APP knock-out mice
have a normal phenotype presumably reflecting complementa-
tion by APLP1 and 2 proteins (Heber et al., 2000). In the absence
of abnormal phenotype in APP knock-out mice, the function of
the protein remains elusive. To investigate the neuronal function
of APP, we studied the effect of human APP (hAPP) expression
on spontaneous neuronal activity of rat cortical neurons in cul-
ture, by focusing on synchronous calcium oscillations, an estab-
lished feature of mature networks of cortical neurons in vitro
(Murphy et al., 1992; Opitz et al., 2002; Dravid and Murray,
2004). Synchronous calcium oscillations are also observed in
neocortical slices (Silva et al., 1991; Flint et al., 1999) as well as in
cat neocortex in vivo (Steriade et al., 1993). In the nervous system,
the physiological role of calcium oscillations includes regulation
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of neuronal plasticity in developing neurons (Spitzer et al., 1995),
promotion of neurotransmitter receptor expression in Xenopus
embryonic neurons (Gu and Spitzer, 1995) and regulation of
migration in developing cerebellar granule neurons (Komuro
and Rakic, 1996).

Using adenovirus encoding hAPP, we showed that focal ex-
pression of hAPP in some neurons of a network increased the
activity of L-type voltage-dependent calcium channels. This in
turn activated calcium-activated K™ (SK) channels, responsible
for an increased medium afterhyperpolarization (mAHP) phase
after action potentials. This hAPP-mediated increase of mAHP
interrupted spontaneous synchronous calcium oscillations in the
entire network. In addition, silencing endogenous APP expres-
sion increased the frequency and decreased the amplitude of cal-
cium oscillations. Altogether, these results demonstrate a novel
function of APP in the control of neuronal activity.

Materials and Methods

Neuronal cultures and reagents

Primary cultures of cortical neurons were prepared from 17- to 18-d-old
Wistar rat embryos as described previously (Macq et al., 1998). All cell
culture reagents were purchased from Invitrogen. Cells were plated in
culture dishes pretreated with 10 wg/ml poly-L-lysine in PBS and cul-
tured for 7 d in vitro in NEUROBASAL medium supplemented with 2%
(v/v) B-27 medium and 0.5 mm L-glutamine before infection with recom-
binant adenoviruses. Under these conditions, neuronal cultures display
high differentiation and survival rates (Brewer, 1995).

Recombinant viruses and neuronal infection

The construction and purification of a recombinant adenovirus encod-
ing B-galactosidase (AdBgal) or human APP carrying the Swedish mu-
tation (AdAPPswe) was described previously (Lemarchand et al., 1992).
AdAPPGFP and AdGFP were constructed and purified using the AdEasy
XL Adenoviral Vector System (Stratagene). Briefly, either the pShuttle-
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internal ribosomal entry site (IRES)-hrGFP-2 vector (for AAGFP) or the
same vector containing the cDNA encoding human APP695 (for AdAP-
PGFP) was inserted in the pAdEasy-1 vector. Adenoviruses were purified
according to the manufacturer’s instructions.

After 7 d in vitro, neurons were infected at a multiplicity of infection of
10 (for calcium measurements and protein analyses) or 70 (for electro-
physiological, calcium imaging and immunocytochemical experiments)
for 4 h.

Five different plasmids encoding shRNA raised against APP mRNA
were obtained from Sigma-Aldrich and used for construction of recom-
binant lentiviruses, as previously described (Salmon and Trono, 2007).
The most efficient was used to downregulate APP expression in 7 days in
vitro (DIV) neurons incubated in the presence of the lentivirus for 6 d
before analysis. A recombinant lentivirus encoding the neomycin resis-
tance gene was used as a negative control.

Pharmacological treatment of cultured neurons

Tetrodotoxin (TTX) was purchased from Alomone Labs. CNQX and
diltiazem were from Tocris, and nimodipine, nifedipine, and apamin
were from Sigma-Aldrich. BayK6844 was a gift from Bayer. N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-( S)-phenylglycine t-butyl ester (DAPT)
was a gift from Luc Mercken (Aventis, Paris, France).

Acute treatment of neurons by TTX (1 um), CNQX (50 um), nimo-
dipine (5 um), apamin (200 nm), and diltiazem (50 um) was performed
using perfusion of the incubation chamber. Neurons were also incubated
in the presence of 1 umM BayK6844 for 60 min, washed, and reincubated
without BayK6844 for analysis.

DAPT (250 nm) was added to the culture medium 48 h after adenoviral
infection. Medium containing DAPT was replaced every day, for 3-4 d,
before calcium measurements were carried out.

Protein analysis by Western blotting

Cell culture media (10 ul) and cell lysates (10 ug of protein) were ana-
lyzed by Western blotting as described previously (Macq et al., 1998).
Membranes were incubated overnight at 4°C with the human APP-
specific WO-2 monoclonal antibody (1:1000) (The Genetics Company),
the polyclonal anti-APPCterminal antibody (1:1000) (Sigma-Aldrich) or
the rabbit polyclonal anti-actin antibody (1:2000) (Sigma-Aldrich).

Quantification of AB production

The quantification of extracellular AB,, was performed by ELISA as
described previously (Kienlen-Campard et al., 2002). Fluorescence emis-
sion was measured on a HTS 7000 Plus plate reader (PerkinElmer) at
excitation/emission wavelengths of 485 nm/535 nm, respectively. AB,,
concentrations were expressed as picograms per milliliter.

Immunocytochemical analysis

Neurons were prepared for immunocytochemical analysis as described
previously (Tilleux and Hermans, 2008). Fixed cells were incubated for
1 h at room temperature in the presence of the mouse WO-2 antibody
(0,5 ug/ml), the anti-APPCterminal antibody (1:500) or the rabbit
MAP-2 antibody (B9; kind gift from J.-P. Brion, Université Libre de
Bruxelles, Brussels, Belgium) After washing, cells were incubated for 1 h
with a secondary anti-mouse Cy3-conjugated IgG (Jackson ImmunoRe-
search Laboratory) (1:500) or a secondary anti-rabbit Cy3-conjugated
IgG (1:500). Nuclei were stained with DAPI (Invitrogen) (1:5000). Prep-
arations were mounted in Fluoprep medium (BioMerieux) and exam-
ined with an Olympus IX70 inverted microscope coupled to a charged-
coupled device sensor (CCD) camera. Digital images were acquired using
the TILLvisION software (T.I.L.L. Photonics).

Cytosolic free Ca®" measurement
Calcium measurements on neuronal populations. Neurons were plated ata
density of 2.10° cells/cm? on 22 mm glass coverslips. Four days after
adenoviral infection, neurons were incubated in the presence of the Ca 2+
indicator fura-2 acetoxymethylester (Fura-2 AM; Calbiochem) at a final
concentration of 2 uMm in Krebs-HEPES buffer (10 mm HEPES, 135 mm
NaCl, 6 mm KCI, 2 mm CaCl,, 1.2 mm MgCl,, 10 mm p-glucose, pH 7.4)
for 30 min at room temperature.

The glass coverslips were mounted in a perfusion chamber placed on
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the thermostated platform of a fluorimeter (CAF; Jasco) allowing mea-
surement of fluorescence signal at 550 nm upon excitation at 340 nm
(F340) and at 380 nm (F380). Cells were superfused with Krebs-HEPES
buffer at 37°C until stabilization of the baseline. BayK6844 response was
obtained by superfusing cells with Krebs-HEPES (10 mm HEPES, 126 mm
NaCl, 2 mm CaCl,, 1.2 mm MgCl,, 10 mm D-glucose, pH 7.4) containing
15 mm KClI for 2 min before 1 um BayK6844 application. Afterward,
neurons were depolarized by superfusion with Krebs-HEPES buffer (10
mM HEPES, 91 mm NaCl, 2 mm CaCl,, 1.2 mm MgCl,, 10 mm D-glucose,
pH 7.4) containing 50 mm KCL.

The cytosolic calcium concentration ([Ca”]cyt) was estimated using
the following calibration. The minimal F340/F380 ratio was determined
by cell permeabilization with 1 um ionomycin and incubation in a Krebs-
HEPES buffer without Ca?™", containing 10 mm EGTA. The maximal
F340/F380 ratio was determined by superfusion of Krebs-HEPES buffer
containing 20 mm Ca’?™. Autofluorescence, measured at the end of ex-
periment by the addition of 10 mm MnCl, was subtracted from all fluo-
rescence values. [Ca®"] oyr Was estimated as described previously (Grynk-
iewicz et al., 1985). Data were analyzed with the GraphPad Prism
software. Statistics are presented as means = SEM. Statistical significance
was assessed by unpaired Student’s ¢ test, at a p value of < 0.05.

Calcium measurements in single neurons using calcium imaging.
Changes in [Ca®"]; were measured in isolated cells using the [Ca*"];
indicator Fura-2 AM. Cells, cultured on coated 15 mm round glass cov-
erslips at a density of 7.5.10° cells/coverslip, were incubated in the dark
with 2 um Fura-2 AM for 30 min at room temperature in Krebs-HEPES
buffer. Coverslips were then washed and mounted in a heated (37°C) and
perfused (100 wul) microscope chamber (Warner Instrument Corpora-
tion). Cells were excited successively (1 or 2 Hz) at 340 and 380 nm for
200 ms and fluorescence was monitored at 510 nm using a CCD camera
coupled to an inverted Olympus IX70 microscope (TILL Photonics).
Fluorescence intensities from single cells excited at the two wavelengths
(F340 and F380) were recorded separately and combined (fluorescence
ratio: r = F340/F380) after background subtraction (fluorescence of a
cell-free area), using the software TILLvisION version 3.3. Baseline mean
ratio value (R,,.,,) was the mean ratio value after a 2 min recording, at
the beginning of the experiment.

Calcium oscillations expressed as R/R, .,
>10% from R, ,, occurring synchronously in several cells of the field.
All uninfected or AdBgal infected networks responded similarly to ex-
perimental procedures.

were defined as variations of

Electrophysiology

Calcium currents recording. Standard whole-cell patch-clamp recording
was used to measure whole-cell Ca?" current from visually identified
cortical neurons. The bath solution contained (in mm) 4.8 KCI, 10 BaCl,,
125 NaCl, 5 TEA, 5 HEPES, 15 glucose, 1.2 MgCl,, 0.001 TTX (all from
Sigma), at a pH adjusted to 7.4 with TEA-OH and osmolarity of 310
mOsm/L. Barium was used as charge carrier, instead of calcium, to pre-
vent inhibition of calcium currents by calcium itself. The internal pipette
solution contained (in mm) 125 CsCl, 10 EGTA, 1 MgCl,, 5 HEPES, 30
KOH, 3 Na,ATP, 0.2 Na;GTP (pH adjusted to 7.2 with HCI; osmolarity:
260-280 mOsm/L; all components from Sigma). This solution was al-
lowed to dialyze the cell for at least 5 min before recording. The inclusion
of TTX, to block Na™ channels, Cs " and TEA, to block K* channels,
insured that the voltage-gated calcium current was isolated for recording.
The current recorded under these conditions was completely blocked by
the application of 200 um Cd*", indicating that it was mediated by
voltage-dependent Ca** channels. Nimodipine (5 um) was applied after
recording of basal current. L-type current was obtained by subtracting
the remaining current (nimodipine-resistant) from the total current.
Currents were leak-subtracted after off-line analysis of leak-current.
Currents were normalized for cell capacitance (Cm, in pF), and ex-
pressed as current density (pA/pF).

Data were collected using standard voltage step protocols using a
Axopatch 200B amplifier. Whole-cell currents were elicited by series
of 500 ms depolarizing test pulses in the range of —60 to 50 mV from
aholding potential of =100 mV. They were recorded at a frequency of
5 kHz and filtered at 1 kHz through a low-pass Bessel filter. Conduc-
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Figure 1. Spontaneous synchronous calcium oscillations are abolished by hAPP expression. 4, B, F, G, Simultaneous traces of
[Ca?*];in three cells of a coverslip, measured with Fura-2 AM expressed as R/R,,..,,,, Were R is the ratio of F340/F380 and R, ., is
the mean ratio value after 2 min recording. A, At 7 DIV, rat cortical neurons do not present calcium oscillations. B, After 13 DIV,
neurons show spontaneous, synchronized calcium oscillations. €, In a neuronal network labeled by an anti-MAP-2 antibody (red),
infection by AdAPPGFP allows APP and GFP (green) expression in a subset of neurons. D, Primary cortical neuron infected by
AdAPPGFP, coexpressing GFP (green) and hAPP, labeled with hAPP specific monoclonal antibody, WO-2 (red). Scale bar, 20 pm.
E, Western blot analysis of cell lysates (top panel) or culture media (bottom panel), from rat cortical neurons infected or not (NI) by
AdBgal (Bgal), AdAPPGFP (APP), or AdAPPswe (APPswe). Protein loading was controlled using rabbit actin antiserum. F, Neu-
ronal network infected by Ad3gal show spontaneous calcium oscillations, whereas in a network infected by AdAPPGFP or
AdAPPswe, calcium oscillations are abolished (G, H).
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tance (G) was calculated from peak current
according to the equation G,y = I(V = V),
where I was the current, V the test pulse volt-
age, and V., was the measured reversal po-
tential. Conductance-voltage curves were fit-
ted to a Boltzmann function of the form: Gy,
= G /{1texp[(V — V,5)/k]}, where V5
was the half-activation voltage, k was the
slope factor and G was the maximum
conductance.

Resting membrane potential and mAHP.
Whole-cell current-clamp recordings of resting
membrane potential (RMP) and mAHP were
obtained using the amphotericin-perforated
patch-clamp technique. The bath solution con-
tained 148 mm NaCl, 2.5 mMm KCl, 2.4 mm
CaCl, 1.3 mm MgCl, 5mm HEPES and 11 mm
glucose (pH adjusted to 7.4 with NaOH). The
internal pipette solution contained 120 mwm
K-aspartate, 10 mm NaCl, 3 mm MgCl, 0.5 mm
EGTA, 0.25 mm CaCl, 2 mm Na,ATP and 5 mm
HEPES (pH adjusted to 7.25 with KOH, osmo-
larity: 300mOsm/L). Amphotericin (250 um)
was added to the internal solution before the
experiment.

Data were collected at a frequency of 10 kHz
and filtered at 5 kHz through a low-pass Bessel
filter. The RMP was recorded in current clamp
configuration without current injection imme-
diately after establishing the whole-cell config-
uration. Peak amplitude of afterhyperpolariza-
tion was measured as the difference between
baseline and the membrane potential 15 ms af-
ter an action potential (timing corresponding
to peak amplitude of mAHP) (Pineda et al,
1998) elicited by the injection of a short depo-
larizing current (500pA, 2 ms). Mean ampli-
tude was calculated from three consecutive
sweeps. The kinetics of mAHP decay was ana-
lyzed and fitted with pClamp software (Axon
Instruments). Traces were considered valid if
RMP, Cm, or leak-current was stable through-
out the whole experiment.

Electrodes were pulled from capillary glass
(Harvard Apparatus) on a DMZ puller (Zeitz
Instrumente Vertriebs) and had a resistance of
3—6M() when filled with the intracellular solu-
tion. All data were recorded at room tempera-
ture using the Axopatch 200B amplifier and
pClamp software (Axon Instruments) as previ-
ously described (Buryi et al., 1995).

Least-squares curve fitting and statistical
analysis were performed using Graph Pad
Prism software. Statistics are presented as
means = SEM. Statistical significance was estab-
lished by Student’s ¢ test, at a p value of <0.05.

max

[PH]PN200-110 binding experiments

[H]PN200-110 binding was measured in in-
tact neurons plated in 12-well plates at 3.75.10°
cells/cm? as previously described (Morel et al.,
1998). Brietly, cells were incubated for 90 min at
37°C in the presence of [ "H]PN200-110 (82 Ci
mmol ~!). Nonspecific binding was deter-
mined in the presence of Nifedipine 1 uMm, and
subtracted from the total binding to obtain the
specific binding. Binding data were analyzed by
nonlinear regression. Statistical significance
was estimated with an unpaired Student’s f test.
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hAPP in a subset of neurons (23 * 3%, n =
13) completely abolished calcium oscilla-
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Results

Spontaneous synchronous calcium oscillations are abolished
by human APP expression

Cortical neurons cultured from rat embryos are able to develop
mature networks within a few DIV. Neuronal processes extend
and form functional synapses with other neurons, and excitatory
synaptic inputs generate spontaneous synchronous calcium os-
cillations (Murphy et al., 1992; Opitz et al., 2002; Dravid and
Murray, 2004). In agreement with this, single-cell calcium imag-
ing showed calcium oscillations in our cortical neurons cultured
for >10 DIV but not in neurons cultured for 7 DIV (Fig. 1A, B).
At 13 DIV, 65 = 6% of cells (analysis of 252 cells in 8 different
experiments) showed spontaneous synchronous calcium oscilla-
tions at a frequency of 13 = 2 oscillations/min. Therefore, all
results were obtained on 13 DIV neurons. We observed that
inhibition of AMPA receptors by CNQX abolished calcium
oscillations  (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). Because glutamate
transmission generates action potentials leading to calcium in-
flux through voltage-dependent calcium channels, we tested the
effect of TTX and diltiazem on spontaneous calcium oscillations.
Results presented in Figure S1, available at www.jneurosci.org as
supplemental material, show that both inhibition of Na ™ chan-
nels and L-type calcium channels completely inhibited calcium
oscillations, confirming that L-type calcium channels play a key
role in the generation of synchronous calcium oscillations ob-
served in cultured cortical neurons (Wang and Gruenstein,
1997).

hAPP expression in rat cortical neurons was achieved using a
recombinant adenovirus encoding the hAPP sequence followed
by an IRES and the humanized recombinant green fluorescent
protein (hrGFP) gene (Fig. 1C). Adenoviral expression of hAPP
and hrGFP remained stable for several days, and hAPP was pro-
cessed in both the non-amyloidogenic and the amyloidogenic
pathways (see Figs. 1E, 5B). Expression of hrGFP allowed the
detection of infected cells (Fig. 1D), for analysis in patch-clamp
studies.

Neuronal cultures were infected by AdBgal (control), AdAP-
PGFP, or AdAPPswe recombinant adenoviruses. Calcium imag-
ing (Fig. 1F) showed that, as in uninfected neurons, networks
expressing [3-galactosidase displayed spontaneous synchronous
calcium oscillations. Indeed, 64 = 5% of cells (analysis of 332
cellsin 11 different experiments) showed calcium oscillations at a
frequency of 12 = 2 oscillations/min. In contrast, expression of

hAPP expression increases the peak amplitude of mAHP. A, Representative trace for mAHP in a cultured cortical
neuron. An action potential (AP) was elicited by a 2 ms depolarizing current injection, followed by an hyperpolarization phase
corresponding to mAHP. The mAHP peak amplitude was measured 15 ms after the AP (arrow) (7: time constant of decay). B,
Resting membrane potential was similar in hAPP- or GFP-expressing neurons, whereas mAHP peak amplitude was higher in
hAPP-expressing neurons when compared with GFP-expressing neurons (mean values == SEM of n cells; *p << 0.05 was consid-

works, no calcium oscillations were ob-
served in all the cells of the network (anal-
ysis of 90 cells in 5 different experiments)
(Fig. 1 H).

As expression of hAPP in a small pro-
portion of neurons was sufficient to in-
hibit calcium oscillations in the whole
network, we wondered whether hAPP-
expressing neurons could be hyper-
polarized and thereby refractory to
synaptic mediation of calcium oscillations.

Human APP expression increases the amplitude of

medium AHP

We first compared the RMP in hAPP-expressing neurons and in
GFP-expressing neurons. Results clearly demonstrate that hAPP
expression did not modify the neuronal RMP (Fig. 2 B).

To test whether excitability could be reduced due to an in-
creased AHP, we measured the AHP by patch-clamping neurons
in the current-clamp mode. Perforated patch (with amphoteri-
cin) was used to preserve intracellular calcium dynamics. After
injecting a suprathreshold depolarizing current, we consistently
recorded an action potential followed by an hyperpolarization.
The magnitude and kinetics of hyperpolarization decay indicated
that it corresponded to mAHP (Schwindt et al., 1988) (Fig. 2A).
Its peak amplitude was calculated by measuring the difference
between baseline and the voltage recorded 15 ms after the action
potential. There was a significant increase of mAHP peak ampli-
tude in hAPP-expressing versus GFP-expressing neurons (Fig.
2 B). The kinetics of decay were similar in both groups.

L-type calcium channels stimulation inhibits calcium
oscillations through activation of SK channels

Since mAHP is mediated by SK channels, members of the
calcium-activated K™ channels family (Villalobos et al., 2004),
we wondered whether these channels could be involved in the
APP-mediated inhibition of synchronous calcium oscillations.
To test that hypothesis, SK channels were inhibited by the specific
antagonist, apamin. Single-cell calcium imaging showed that
treatment of hAPP-expressing neurons by 200 nM apamin re-
stored spontaneous calcium oscillations in 74 £ 8% of cells (anal-
ysis of 214 cells in 6 different experiments) (Fig. 3A), at a fre-
quency of 6 £ 1 oscillations/min, suggesting strongly that SK
channels are stimulated in hAPP-expressing neurons. In
APPswe-expressing neurons, apamin also restored calcium oscil-
lations in 54 * 8% of cells (analysis of 79 cells in 3 different
experiments; data not shown).

L-type calcium channels colocalize with SK channels, and this
spatial proximity is thought to influence the regulation of SK
channels during action potentials (Marrion and Tavalin, 1998).
The effect of L-type calcium channels activation on calcium os-
cillations was assessed by single-cell calcium imaging, using the
L-type calcium channel agonist BayK6844. A 60 min treatment of
neurons by 1 uM BayK6844 completely abolished synchronous
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Figure 3. Long term L-type calcium channels stimulation inhibits calcium oscillations
through activation of SK channels. A, Simultaneous traces of [Ca*" ], in three cells of a hAPP-
expressing network show that cells recover synchronous calcium oscillations after bath appli-
cation of apamin (200 nm), an SK channel inhibitor. B—C, A 60 min pretreatment of a Bgal-
expressing neuronal network by BayK6844 inhibits spontaneous calcium oscillations (B), which
can be recovered by bath application of apamin (C).

calcium oscillations (analysis of 73 cells in 3 different experi-
ments) (Fig. 3B). Interestingly, apamin was able to restore cal-
cium oscillations in BayK6844 treated neurons since 60 * 7% of
cells oscillated with a frequency of 7 = 2 oscillations/min (Fig.
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3C). Altogether, these results indicate that a chronic activation of
L-type calcium channels leads to hyperactivation of SK channels,
resulting in abolition of calcium oscillations. Therefore, we inves-
tigated whether hAPP expression was able to increase L-type cal-
cium currents.

Increase of L-type calcium currents by hAPP

First, we measured cytosolic calcium concentration ([Ca®"];) in
response to BayK6844 application in a population of neurons. To
increase affinity of BayK6844 for L-type calcium channels, Bgal-
or hAPP-expressing neurons were perfused with a slightly depo-
larizing solution containing 15 mM KCI. This slight depolariza-
tion also inhibited calcium oscillations in control or PBgal-
expressing neurons (Fig. 4A). The effect of KCl-mediated
depolarization on calcium oscillations has been previously de-
scribed (Wang and Gruenstein, 1997), and is illustrated in figure
S1D. In basal conditions, in the presence of 15 mm KCl, or after
depolarization by 50 mm KCl, [Ca®*]; was similar in Bgal- or
hAPP-expressing neurons (Fig. 4B). Opening L-type calcium
channels with BayK6844 (1 um) induced an increase in [Ca®" ]
(Fig. 4A,B). Importantly, the BayK6844-mediated increase in
[Ca®*]; was greater in hAPP-expressing neurons than in Bgal-
expressing neurons (Fig. 4B). (A[Ca®"];: 65 = 5.7 nM in APP
neurons versus 45 = 2.6 nM in Bgal neurons; p < 0.05). These
results suggest that expression of hAPP in rat cortical neurons
modulates L-type calcium channels function.

To further investigate the possible influence of hAPP expres-
sion on L-type calcium channels activity, whole-cell calcium cur-
rents were analyzed in patch-clamp experiments. The maximal
amplitude of total calcium currents was similar in hAPP-
expressing and in GFP-expressing neurons (Maximal current,
I 17.3 = 1.9 pA/pF for APP neurons; 13.8 = 2.3 pA/pF for
GFP neurons; not significant) (Fig. 4C,D). L-type current was
measured after treatment with 5 uMm nimodipine, a selective
L-type channel antagonist. Nimodipine-resistant calcium cur-
rents corresponded to 58% of I, in GFP-expressing neurons,
versus only 31% in hAPP-expressing neurons (Fig. 4C,D). There-
fore, maximal L-type currents were significantly increased in
hAPP-expressing neurons (L-type I, 12.4 = 1.8 pA/pF for
hAPP-expressing neurons versus 4.9 * 0.68 pA/pF for GFP-
expressing neurons; p < 0.05). Further analysis showed that the
voltage dependence of both total and L-type calcium currents was
shifted to more positive potentials in hAPP-expressing neurons
(supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material). Half-activation voltage (V,, 5) of L-type calcium
current was higher for hAPP-expressing than for GFP-expressing
neurons [V, 5 L-type calcium current: =10 = 3 mV (n = 5) vs
—19*=4mV (n=5)].

Altogether, these results show that hAPP expression in rat
cortical neurons leads to an increase of L-type calcium currents in
response to maximal stimulation. This could be mediated by an
increase in the number of L-type calcium channels present at the
plasma membrane, or by an increased activity of existing chan-
nels. To differentiate between these possibilities, we measured the
binding of the L-type calcium channel antagonist [ *H]PN200—
110 to intact neurons. A saturation analysis showed that a con-
centration of [°’H]PN200-110 >1 nM was sufficient to saturate
all binding sites (Fig. 4 E). The specific binding of [*’H]PN200—
110 at a saturating concentration (1.4 nM) was similar in hAPP-
versus GFP-expressing neurons (respectively, 54.7 £ 3 fmol/mg
prot and 62.5 = 5 fmol/mg prot). These results strongly suggest
that hAPP increases L-type calcium currents through their acti-
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Figure 4. hAPP expression increases L-type calcium channel activity in neurons. 4, [Ca®"]; in a population of neurons.
Response to Bayk6844 is higher in hAPP-expressing neurons, when compared with Bgal-expressing neurons. B, Mean values ==
SEMof [Ca 2Jr]i in neurons expressing hAPP (n = 7) or Bgal (n = 7); (**p << 0.01). C, D, Top, Representative traces of whole-cell
calcium current elicited by a voltage step from —100 mV to + 10 mV, before and after nimodipine (5 wm) application. Bottom,
I-Vplot of whole-cell calcium currents (average of n cells; APP: n = 6; GFP: n = 5) before and after nimodipine (5 wum) application,
where //I..,. is the current normalized to the maximal current of each cell. £, Saturation curve for specific binding of [*H]PN200
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expressing neurons (n = 6; ns, not significant).
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vation rather than via increased number of
channels at the cell surface.

Inhibition of calcium oscillations by
human APP is independent of

AB production

To test whether hAPP-mediated inhibi-
tion of calcium oscillations could result
from production of AB, neurons were
treated by DAPT, a functional inhibitor of
y-secretase. hAPP- or Pgal-expressing
neurons were incubated in the presence of
250 nM DAPT, a concentration that com-
pletely inhibits the production of extracel-
lular AB,, (Fig. 5B). [Ca®"]; was then
measured after opening of L-type calcium
channels by BayK6844. In the presence of
DAPT, hAPP-expressing neurons main-
tained a larger increase in calcium entry in
response to BayK6844 than [gal-
expressing neurons, indicating that the ef-
fect of hAPP was independent of Af3 pro-
duction or -y-cleavage (Fig. 5A). In
addition, single-cell calcium imaging
showed that inhibition of AB production
by DAPT did not restore calcium oscilla-
tions in hAPP-expressing neurons (analy-
sis of 74 cells in 3 different experiments)
(Fig. 5C). Moreover, incubation of unin-
fected or Bgal-expressing neurons in the
presence of culture medium collected
from hAPP-expressing neurons did not
inhibit calcium oscillations since 77 = 5%
of cells (analysis of 194 cells in 6 different
experiments) (Fig. 5D) showed calcium
oscillations with a frequency of 12 * 2 os-
cillations/min. This indicates that secreted
metabolites of hAPP, including A and
saAPP, are not responsible for the aboli-
tion of calcium oscillations.

Silencing endogenous APP expression
affects calcium oscillations

Neuronal networks were infected by re-
combinant lentiviruses encoding APP-
shRNA (APPshRNA) or the neomycin re-
sistance gene (Neo). Endogenous APP
expression was drastically reduced by
APPshRNA (Fig. 6A,B). The Neo lentivi-
rus did not modify APP expression
whereas a 95 = 5% (n = 3) reduction was
measured in Western blotting, after APP-
shRNA lentiviral expression (Fig. 6A). In
neurons infected by Neo lentivirus, 89 *
9% of cells (analysis of 148 cells in 4 differ-
ent experiments) showed calcium oscilla-
tions at a frequency of 15 = 3 oscillations/
min, similar to uninfected neurons. In
neurons infected by APPshRNA lentivirus,
amplitudes of calcium oscillations were
<10% variation from R, However,
79 = 10% of cells (analysis of 113 cells in 3
different experiments) showed these oscil-
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lations with a frequency of 34 * 2 oscilla-
tions/min, which is twice as high as the
frequency of uninfected or Neomycin-
expressing networks (p < 0.001). Basal
[Ca®"]; or calcium entry after BayK6844

(AlCa *])

200 A k%
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A. BayK6844 stimulated calcium entry B. Human AB,, production in 24h (pg/ml)

APP Bgal

*k

stimulation were similar for uninfected,
Neo-, or APPshRNA-expressing neurons

- DAPT (250nM) 421+ 71 <15

(data not shown).

Discussion

hAPP expression in rat cortical neurons
increases L-type calcium currents

We provide evidence that adenovirus-
mediated expression of hAPP in rat cul-

100 | puumm

Normalized A[Ca2*]i (%)

tured cortical neurons increases L-type 0-

L + DAPT (250nM) <15 <15

calcium currents, and that this is indepen-
dent of AB production. An increase in
neuronal L-type calcium currents was pre-
viously reported to result from increased
ABproduction (Ueda et al., 1997; Ekinci et
al., 1999; Scragg et al., 2005; Webster et al.,
2006). In contrast, in our study, DAPT
completely inhibited AB production but
did not affect the increase in L-type cal-
cium currents, indicating that this increase

papT P9?
(250nM) -

DIV7: infection
DIVO:DAPT

APP

C. APP expressing network D.

l treatment l calcium analysis

Bgal APP

- + +

Bgal expressing network

DIV7: infection

DIV12-13; DIVi1:  DIV12:

APP culturel l calcium analysis

AB,, dosage medium

is independent of y-cleavage of APP gen-
erating A or the amyloid intracellular do-
main (AICD). In addition, the expression
of hAPP did not affect basal cytosolic cal-
cium concentration and total calcium cur-
rents, which were previously reported to
be increased by extracellular A (Mattson
et al., 1993; Ueda et al., 1997; Demuro et
al., 2005; Webster et al., 2006; Kuchibhotla
etal., 2008). Moreover, many studies look-
ing at the effects of exogenous A3 were
performed using very high concentrations
of peptide that are less physiological than
the concentrations found in the culture
medium of hAPP-expressing neurons.

AP wasreported to promote trafficking
and insertion of L-type calcium channels
at the plasma membrane (Scragg et al.,
2005). An increase in L-type calcium chan-
nels density was also observed in aged hip-
pocampal neurons (Thibault and Land-
field, 1996). In binding experiments, we
did not measure any increased density of L-type calcium channels
at the cell surface of hAPP-expressing neurons. Therefore, we
suggest that hAPP expression increases L-type calcium channel
activity, rather than the number of channels at the cell surface.

Activation of L-type calcium channels can result from in-
creased mean open time or from increased probability of
channel opening (Catterall, 2000). Activation of L-type cal-
cium channels can result from PKA mediated phosphoryla-
tion of the a-1 subunit, Cav1.2 (Gross et al., 1990; Fisher and
Johnston, 1990; Surmeier et al., 1995), and this phosphoryla-
tion is increased in aging brain (Davare and Hell, 2003). It will
be interesting to investigate whether hAPP expression can in-
crease Cavl.2 phosphorylation in our model. Interestingly, in
neuronal cells, PKA activation of L-type current leads to a shift
of the voltage activation curve toward more positive potentials
(Gross et al., 1990), a feature that we also observed in hAPP-

Figure 5.

abolish calcium oscillations.
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Inhibition of calcium oscillations by human APP is independent of y-cleavage and extracellular APP metabolites. A,
BayK6844 stimulated calcium entry was significantly higher in APP-expressing neurons, despite inhibition of y-cleavage by DAPT
treatment (as described in €). Error bars represent mean values = SEM of normalized A[Ca*]; where 100% is A[Ca®*]; in
Bagal-expressing neurons (Bgal:n = 7; APP:n = 7; Bgal+ DAPT: n = 3; APP+DAPT: n = 3;**p < 0.01). B, AB,, production
in24h (mean = SEM; n = 4). C, Simultaneous traces of [Ca 2+]i inthree cellsin a hAPP-expressing network show that cells do not
recover synchronous calcium oscillations after DAPT treatment for 3—4 d. D, Simultaneous traces of [Ca* ], in three cells in a
Baal-expressing network show that conditioning cells in medium collected from hAPP-expressing network (for 24 h) does not

expressing neurons (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material).

hAPP expression in rat cortical neurons increases mAHP

Although the resting membrane potential was not affected by
hAPP expression, a significant increase in mAHP was observed.
AHP is mediated by calcium-activated K * channels, responsible
for repolarization after an action potential in excitable cells. Ac-
cording to their pharmacological and biophysical characteristics,
different calcium-activated K+ channels mediate fast, medium
or slow AHP. BK channels are large-conductance K™ channels,
activated by large increases in cytosolic calcium and by voltage
changes. They mediate the fast AHP. SK channels have small or
intermediate K * conductance, are highly sensitive and fast Ca**
sensors but insensitive to voltage changes. They are specifically
inhibited by apamin and mediate a K™ current named I, that
contributes to the generation of medium AHP that activates



Ferrao Santos et al. ® Expression of APP Inhibits Calcium Oscillations

Cell lysates
APP

NI Neo shRNA

anti-Cter (D [ &)

endogenous
APP

anti-actin s S S actin

B

uninfected neurons

merge

APP shRNA neurons

merge

C. Neo-infected network, DIV 13
DIV 13

Figure 6.

decreases amplitude of calcium oscillations.

within milliseconds and decays with a time-constant of hundreds
of milliseconds (Schwindt et al., 1988). Whether SK channels also
mediate the slow AHP, which decays within seconds after a burst
of action potentials but is typically insensitive to apamin (Lan-
caster and Adams, 1986; Storm, 1989) is still a matter of debate.
The contribution of apamin-sensitive SK channels to mAHP dif-
fers according to neuronal subtypes. In cortical neurons, the
apamin-sensitive K" current accounts for most of the mAHP
(Villalobos et al., 2004), whereas the apamin-sensitive portion of

D. APP shRNA expressing network,
A
WMMWWMWW )
MJWM MWIW_W_N

Silencing endogenous APP affects spontaneous synchronous calcium oscillations. A, Western blot analysis of cell
lysates from rat cortical neurons infected or not (NI) by APPshRNA (APPshRNA) or Neomycin (Neo) lentiviruses. Protein loading
was controlled using rabbit actin antiserum. B, In a neuronal network labeled by an anti-MAP-2 antibody (red) and an anti-
APPCterminal antibody (APPCter, green), infection by APPshRNA lentivirus (bottom) allows an efficient reduction of endogenous
APP expression when compared with uninfected neurons. Scale bar, 20 wm. €, Simultaneous traces of [Ca z+]i inthree cellsina
Neo-expressing network show that calcium oscillations are not affected by lentiviral infection. D, Simultaneous traces of [Ca® ",
in three cells in a APPshRNA-expressing network show that reduction of endogenous APP expression increases frequency and

J. Neurosci., April 15,2009 - 29(15):4708 — 4718 = 4715

mAHP is less important in hippocampal
neurons (Storm, 1989; Stocker et al.,
1999).

The molecular mechanisms by which
SK channels are sensitive to calcium are
well established. Calcium binding to cal-
modulin (CaM), constitutively attached to
the CaM binding domain of SK channels,
leads to a conformational change and
channel opening (Schumacher et al,
2001). In addition, a functional coupling
of L-type calcium channels to SK channels,
which colocalize, was demonstrated in ex-
cised membrane patches of hippocampal
neurons (Marrion and Tavalin, 1998). In
this model, L-type calcium channels spe-
cifically regulate the SK-mediated AHP,
leaving fast AHP unaltered. These mecha-
nisms may explain why we observe an ef-
fect of L-type calcium currents on SK
channels activity without any change in
basal cytosolic calcium concentration.

hAPP expression inhibits spontaneous
synchronous calcium oscillations in

the network

hAPP expression by some neurons is suf-
ficient to inhibit spontaneous synchro-
nous calcium oscillations of the entire net-
work that are rescued in the presence of
apamin. The proposed molecular mecha-
nisms are that hAPP expression increases
the activity of L-type calcium channels,
thereby stimulating apamin-sensitive SK
channels responsible for mAHP. Increased
mAHP lowers excitability of hAPP-
expressing neurons (Sourdet et al., 2003;
Stocker, 2004), which results in inhibition
of synaptically propagated synchronous
calcium oscillations in the entire network.

High concentrations of extracellular
A, but not AB,,, abolish neuronal cal-
cium oscillations (Rui et al., 2006). In our
culture system, a low concentration of ex-
tracellular AB was measured, but inhibi-
tion of AB production by DAPT did not
restore calcium oscillations, indicating
that inhibition of oscillations was not re-
lated to AB production.

Previous studies showed that recom-
binant  saAPP  activates  high-
conductance, charybdotoxin-sensitive
K™ channels resulting in hyperpolariza-
tion and reduced excitability in hip-
pocampal neurons (Furukawa et al., 1996a; Furukawa et al.,
1996b; Furukawa and Mattson, 1998). Since the conditioned
medium of hAPP-expressing neurons does not affect calcium
oscillations of control neurons, we conclude that s¢APP is not
involved in our observations. In addition, we demonstrate
that the APP effect is mediated by apamin-sensitive K™ chan-
nels which are not affected by s APP, as shown in (Furukawa
et al.,, 1996a).

APP mutants responsible for inherited AD are known to in-

R/Rmean

-

25s
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crease the production of AB or the AB,,/ARB,, ratio. In our model,
neuronal expression of APPswe, which increases the production
of both AB,, and Af,, inhibited calcium oscillations, as did the
wild-type form of hAPP. Contrary to our observations, an in-
creased frequency of calcium oscillations was observed in hip-
pocampal neurons from transgenic rats expressing human APP
with the Swedish mutation (hAPPswe), compared with normal
neurons, and this was independent of AB production (Klos-
kowska et al., 2008). This discrepancy may be due to chronic
adaptations in transgenic animals, which cannot occur during
acute expression of hAPP. In addition, as mentioned above, the
pattern of SK channels expression is different in hippocampal
and cortical neurons.

Disruption of neuronal excitability and abnormal AHP might
contribute to neurodegeneration, in aging and AD brain (Ohno
etal., 2004; Disterhoft and Oh, 2007; Driver et al., 2007; Ye et al.,
2008). Transgenic mice overexpressing hAPPswe have an impair-
ment of hippocampal gamma-frequency oscillations (Driver et
al., 2007). Slow AHP is increased in these mice, and activation of
L-type calcium channels, leading to hyperactivation of calcium-
activated K™ channels, was proposed as a possible mechanism
(Driver et al., 2007). Interestingly, treatment with dihydropyri-
dines, L-type calcium channels antagonists, may improve mem-
ory in aging animals (Deyo et al., 1989; Straube et al., 1990; So-
lomon et al., 1995; Veng et al., 2003; Rose et al.,, 2007) and
cognitive function in AD patients. (Lopez-Arrieta and Birks,
2002).

hAPP expression and calcium signaling

Calcium oscillations play an important role in a variety of cells.
The frequency of oscillations controls gene expression by selec-
tively activating transcription factors such as NF-AT, NF«B or
Oct/OAP (Dolmetsch et al., 1998; Tomida et al., 2003). In neu-
rons, the frequency of oscillations determines induction of long
term potentiation or long term depression. Our results show that
acute expression of hAPP disturbs calcium homeostasis by in-
creasing L-type calcium currents, leaving cytosolic concentration
of calcium and intracellular calcium stores unaltered (Pierrot et
al., 2004). Moreover, we show that acute inhibition of endoge-
nous APP expression alters the pattern of calcium oscillations, by
reducing their amplitude and increasing their frequency. This
demonstrates a key role of APP in the control of neuronal calcium
signaling.

Neuronal injuries such as ischemia (Tomimoto et al., 1995;
Popa-Wagner et al., 1998; Shi et al., 2000; Hellweg et al., 2003),
trauma (Dewji et al., 1995; Van Den Heuvel et al., 2000) or neu-
roinflammation (Ringheim et al., 1998) induce APP overexpres-
sion, and acute APP overexpression leads to synaptic depression
via reduced levels of AMPA and NMDA receptors (Kamenetz et
al., 2003; Almeida et al., 2005; Ting et al., 2007). In addition, APP
gene duplication results in early onset AD with cerebral amyloid
angiopathy (Sleegers et al., 2006; Rovelet-Lecrux et al., 2006),
further indicating that increased APP expression is a risk factor
for AD. The present results suggest that the control of neuronal
excitability may be a major function of APP. Abnormal APP ex-
pression could have dramatic effects on neuronal function, and
APP-mediated depression of synaptic activity may contribute to
neurodegeneration, long before AB accumulates in senile
plaques.
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