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Neurobiology of Disease

Amyloid Precursor Protein Regulates Ca, 1.2 L-type Calcium
Channel Levels and Function to Influence GABAergic

Short-Term Plasticity

Li Yang,'* Zilai Wang,"->* Baiping Wang,' Nicholas J. Justice,! and Hui Zheng'->>

"Huffington Center on Aging, 2Department of Molecular and Human Genetics, and *Departments of Molecular and Cellular Biology and Neuroscience,

Baylor College of Medicine, Houston, Texas 77030

Amyloid precursor protein (APP) has been strongly implicated in the pathogenesis of Alzheimer’s disease (AD). Although impaired
synaptic function is believed to be an early and causative event in AD, how APP physiologically regulates synaptic properties remains
poorly understood. Here, we report a critical role for APP in the regulation of L-type calcium channels (LTCC) in GABAergic inhibitory
neurons in striatum and hippocampus. APP deletion in mice leads to an increase in the levels of Ca, 1.2, the pore-forming subunit of
LTCCs, and subsequentincreases in GABAergic calcium currents (I, >+) that can be reversed by reintroduction of APP. Upregulated levels
of Ca,1.2 result in reduced GABAergic paired-pulse inhibition and increased GABAergic post-tetanic potentiation in both striatal and
hippocampal neurons, indicating that APP modulates synaptic properties of GABAergic neurons by regulating Ca, 1.2. Furthermore, APP
physically interacts with Ca,1.2, suggesting a mechanism in which loss of APP leads to an inappropriate accumulation and aberrant
activity of Ca,1.2. These results provide a direct link between APP and calcium signaling and might help explain how altered APP

regulation leads to changes in synaptic function that occur with AD.

Introduction

APP is an integral type I membrane protein highly expressed in
the CNS. Genetic and biochemical studies have established piv-
otal roles of APP in Alzheimer’s disease (AD). APP mutation and
gene duplication are causal for a subset of early-onset familial
Alzheimer’s disease (FAD) cases (Hardy, 2006; Rovelet-Lecrux et
al., 2006). APP processing generates [3-amyloid (AB) peptides,
which are the principal components of amyloid plaques. Al-
though much focus has been given to AB in trying to understand
the neuropathology of AD, less is known about how the endoge-
nous function of APP relates to misfunction occurring in AD.
Neuronal APP is targeted to presynaptic terminals (Koo et al.,
1990; Sisodia et al., 1993) as well as dendrites (Yamazaki et al.,
1995; Hoe et al., 2009) where it has been shown to potentiate the
formation, maintenance and function of synapses (Seabrook et
al., 1999; Wang et al., 2005; Priller et al., 2006; Zheng and Koo,
2006). Given the importance of synaptic deficits in the onset and
progression of AD, an understanding of how APP functions at the
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synapse may reveal how misregulation of APP species leads to the
development of disease.

Much of the understanding of the endogenous synaptic func-
tion of APP has come from the study of APP-deficient (APP /)
mice (Zheng et al., 1995). APP ~/~ mice exhibit impairments in
synaptic formation and function as well as in spatial learning and
long-term potentiation (LTP) (Dawson et al., 1999; Phinney et
al., 1999; Seabrook et al., 1999). Interestingly, a clue to how LTP
is impaired in APP /" mice has been provided by the observa-
tion that GABAergic paired-pulse inhibition (PPI) is significantly
reduced in hippocampal slices from APP /" mice (Seabrook et
al., 1999), suggesting a role for APP in GABA-mediated inhibi-
tion. However, the mechanism by which APP regulates GABAergic
activities is still not well understood.

We have demonstrated that N- and L-type calcium chan-
nels (NTCC, LTCC), in addition to P/Q type calcium channels
(P/QTCC), mediate synaptic transmission in APP ~/~ neuro-
muscular junctions (NM]J) (Yang et al., 2007). Thus, one
potential mechanism explaining differences in GABAergic
transmission in the absence of APP is through the alteration of
voltage-gated calcium channel (VGCC) activity. Calcium en-
ters the cytoplasm across the plasma membrane via various
calcium channels, including VGCCs, which are classified into
distinct subtypes (L, N, P/Q, R and T) (for review, see Tsien et
al., 1995), and is released from internal stores (for review, see
Tsien and Tsien, 1990). Despite the tight coupling between
calcium channels that release intracellular calcium stores and
VGCCs in the cell membrane (Chavis et al., 1996; Ouardouz et
al., 2003), and the critical role of VGCCs in neuronal activity
(Jensen et al., 1999; Catterall, 2000; Jensen and Mody, 2001),



Yang et al. e Regulation of LTCC Function by APP

A B

APP
alC
alA

a1B
tubulin

+/+  -/-
— G . s
N — — —

Relative Protein Levels

WT

150+

-
N
b

©
o

@
i

104

@
b

m Control

©® L-blocker
A L+N-blocker
v L+N+P/Q-blocker

Ica2* (PAIPF)
Ica2* (pA/pF)

Control
L-blocker
L+N-blocker
L+N+P/Q-blocker

Blockade of peak Ic 52+ (pA)

-204

b

-20 4

<d>oo

Figure 1.  Upregulated LTCC expression in APP ~/~ striatal tissue and enhanced /, 2+ in APP ~/~ striatal cultures. 4, Repre-
sentative immunoblots of tissue extracts from striatum of 3-week-old APP ~/~ (—/—) and WT (+/+) littermates. The blots
were probed with anti-a1C, oTA and «¢1B subunit antibodies representing LTCC, P/QTCCand NTCG, respectively. ce-Tubulin was
used as loading control. B, Quantification of the immunoblots revealed a significant increase in LTCC expression, but not P/QTCCoor
NTCCin APP ~/~ mice. Fach value represents the mean == SEM of six samples/genotype. *p << 0.05. C, Plot of peak current density
vs voltage in WT (N = 24) and APP ~/~ (N = 39) striatal neurons and example traces of whole-cell Ca 2" currents elicited by a
series of depolarizing stepsin WT and APP ~/ striatal neurons. D, Plot of peak current density vs test pulse voltage under control
conditions (WT, N = 9; APP ~/~, N = 21), orin the presence of LTCC blocker (WT, N = 9; APP /= N'=21), LTCC blocker +
P/QTCCblocker (WT,N = 9;APP —/~,N = 18), orLTCCblocker + P/QTCChlocker -+ NTCCblocker (WT,N = 8; APP —/~ N = 14).
E, Bar graphs illustrate the blockade of peak current exerted by L-, N-, and P/Q-blockers, respectively, in WT and APP ~/~ striatal
cultures. L-blocker-sensitive components increased significantly in APP ~/ striatal cultures compared with WT controls. Error

bars indicate SEM. **p << 0.01. Calibration: 100 pA/100 ms.

the influence of APP on cell membrane calcium channels, par-
ticularly VGCCs, remains enigmatic.

Ca,1.2 and Ca,1.3 are the primary LTCCs expressed in the
nervous system, with Ca,1.2 accounting for ~80% of the Ca,1l
channels in the brain (Calin-Jageman and Lee, 2008). We report
here that the level of Ca,1.2 protein is significantly higher in pre-
dominantly GABAergic regions of the CNS in APP ~/~ mice, lead-
ing to abnormal GABAergic PPI and GABAergic post-tetanic
potentiation (PTP). APP and Ca,1.2 proteins bind each other, sug-
gesting a mechanism of regulation that involves their physical inter-
action. This study provides a new mechanism by which endogenous
APP can modulate synaptic strength through the regulation of
LTCC expression and activity.

Materials and Methods

Neuronal culture and whole-cell patch-clamp recordings. Cultured striatal
and hippocampal neurons were prepared as described (Ventimigilia and
Lindsay, 1998) with modification. Briefly, dissection solution consisted
of Hank’s balanced salt solution supplemented with 25 mm HEPES, pH 7.2.
Striatum was isolated from PO to P1 pups of wild-type (WT) and APP ~/~
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mice. The tissue pieces were trypsinized and
digested at room temperature for 15 min, and
were then gently triturated in culture medium
containing 10% heat-inactivated fetal bovine
serum using fire-polished pipettes and centri-
fuged at 2000 rpm for 10 min. Cell suspensions
were plated at 1-2 X 10* cells/ml onto 12 mm
Matrigel-coated coverslips. Neurons were cul-
tured in Neurobasal Medium supplemented
with B27 and L-glutamine (Invitrogen).
One day after plating, 4 uMm cytosine B-D-
arabinofuranoside (Ara-C) (Sigma) was added
to prevent astrocyte proliferation. I,2+, car-
ried by Ba?", was recorded from cultured stri-
atal and hippocampal neurons [10-14 days in
vitro (DIV)] at 28 = 3°C using a MultiClamp
700B amplifier (Molecular Devices). The re-
cording chamber was perfused with Tyrode’s
solution of the following composition (in mm):
100 NaCl, 20 tetraethylammonium-Cl, 5 4-AP,
4 KCl, 1 MgCl,, 10 BaCl,, 0.01 glycine, 25
HEPES, 30 glucose, 0.001 TTX. The glass mi-
cropipettes had a resistance of 3-5 M() when
filled with internal solution containing (in
mwMm): 135 CsCl, 4 MgCl,, 10 HEPES, 10 EGTA,
4 MgATP, 0.3 Na;GTP. A prepulse protocol
consisting of 300—700 ms to —30 mV followed
by 50 ms to —50 mV, before each test pulse was
used to inactivate T-type Ca*" channels and
Na™ channels. Inward Ca*" currents were
elicited by 200 ms test pulses of variable ampli-
tude (—40 to +60 mV ata step of 10 mV) from
a holding potential of —60 mV. The interval
between test pulses was 10 s. Calcium channel
blockers were used at the following concentra-
tions: 10 min, 10 uM nifedipine (L-blocker); 10
min, 1 uM w-CgTx-GVIA (N-blocker); 10 min,
100 nM w-Agatoxin-IVA (P/Q blocker).
GABAergic PTP was evaluated in striatal and
hippocampal cultures in the presence of 50 um
APV and 20 pum CNQX. Single and paired-
pulse responses were induced by local electrical
stimulation at a rate of 0.05 Hz using a con-
centric bipolar electrode (WPI, Inc). The am-
plitude of single IPSCs was evaluated by
measuring the amplitude of single pulse-
evoked IPSCs or amplitude of the first IPSC in
a pair. After single or paired-pulse recordings,
tetanization at a frequency of 20 Hz for 1 s was applied. Single or paired
pulse response was recorded again 20 s after the tetanic stimulation.
Membrane currents were filtered at 1 kHz, digitized at 10 kHz, recorded
with Clampex 9 and analyzed with Clampfit 9 software (Molecular De-
vices) and OriginPro 7.5 (OriginLab).

Western blotting. Striatum and hippocampus of P21-P30 mice were
dissected on ice and homogenized in lysis buffer containing 50 mm Tris,
pH 7.5, 150 mm NaCl, 1% Nonidet P40, 1 mm EDTA and protease inhib-
itors (Complete Mini; Roche). Cellular debris was removed by centrifu-
gation and supernatant was collected for analysis. Tissue lysates were
subjected to SDS-PAGE, transferred to nitrocellulose membranes, and
probed with specific antibodies against the a1 subunits of P/QTCC,
NTCC, or LTCC (all from Millipore). Control antigen of LTCC together
with a1C antibody was used in some experiments to check the specificity
of a1C antibody. Anti-tubulin antibody hybridization was used as load-
ing control. Bound antibodies were detected using horseradish
peroxidase-coupled secondary antibodies (Vector) and enhanced chemi-
luminescence. The relative optical density of immunoreactive bands was
quantified using Scion Image software. For the y-secretase inhibitor ex-
periment, 1 uM N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine
t-butyl ester (DAPT) (Calbiochem) was added to the culture medium on
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the day of plating. Medium was changed every week with new inhibitor
added. Neurons were collected after 11 DIV for Western blot analysis.

Lentiviral infection. For construction of lentiviral expression vectors,
the APP,; was PCR amplified with primers: 5'-ATGCTAGCGCCA-
CCATGCTGCCCGGTTTGGCA-3" and 5-GATTAATTAACTAGTT-
CTGCATCTGCTCAAAGAA-3' and cloned into the Nhe I-Pac I sites of
FUGW (cmv)-RBN vector (Wang et al., 2009). The production of re-
combinant lentivirus was done by cotransfection of the expression vector
FUGW (cmv)-APP and packaging vectors CMVAS8.9 and pVSVG into
HEK293T cells by Lipofectamine 2000 (Invitrogen). For each T75 flask,
10 pg of FUGW (cmv)-APP, 7.5 ug of CMVAS8.9 and 5 ug of pVSVG
plasmid were used for transfection. Sixty hours after transfection, the
supernatant was collected and filtered with a 0.45 um filter, aliquoted
and stored at —80°C. Striatal neurons were infected 5 d after plating
using unconcentrated viral supernatant (50—100 wl/ml media). Whole-
cell recordings were performed in APP4s-expressing neurons identified
by GFP fluorescence. Nearby noninfected or GFP vector-infected neu-
rons were recorded as controls for the rescue by APP,5. Western blot
analysis of rescue of LTCCs by APP,; infection was performed using
antibodies against «1C, 6E10 (Covance) and APPc (Wang et al., 2009).

Coimmunoprecipitation. Brain striatum tissue was dissected from
C57BL/6 mice and homogenized in cold lysis buffer (20 mm Tris-HCl
[pH 7.5], 150 mm NaCl, 1 mm EDTA, 5 mm DTT, 0.5% NP40, 50 mm
NaF, and complete protease inhibitor). To remove cell debris the lysates
were centrifuged for 15 min at 14,000 rpm at 4°C. Protein amount was
determined using the BCA method. For the immunoprecipitation, 400
g of protein in a volume of 400 ul was incubated with anti-a1C anti-
body (Millipore) at 4°C overnight. Then protein G plus protein
A-coupled agarose beads (Calbiochem) were added and samples contin-
ued to incubate at 4°C for 4 h. To control for nonspecific binding, protein
lysates incubated with rabbit IgG and beads were processed in parallel.
Subsequently, the beads were washed three times each with 500 ul of cold
lysis buffer [(in mm): 20 Tris-HCL, pH 7.5, 150 NaCl, 1 EDTA, 5 DTT,
0.5% NP40, 50 NaF, and complete protease inhibitor). Immunoprecipi-
tates were eluted from the beads by adding 30 ul of SDS-PAGE sample
buffer and heating for 10 min at 75°C. The eluates (10 ul) were analyzed
by Western blotting.

Immunohistochemistry. APP ~/~ and WT mice were perfused with 4%
paraformaldehyde (for standard staining) or 4% paraformaldehyde with
0.5% glutaraldehyde (for immunohistochemistry for GABA). Brains
were removed, postfixed for 3 h, and sucrose-protected in 30% sucrose
overnight. Brains were sectioned at 20 wm into cryoprotectant medium.
Free-floating sections were washed three times with PBS and incubated
with the appropriate primary antibodies diluted in PBS + 0.4% Triton
X-100 + 2% normal goat serum. For single labeling for CaV1.2, a rabbit
anti-a1C antibody (Millipore, 1:500) was used. For double labeling, rab-
bit anti-a1C antibodies along with mouse anti-GABA antibodies (Sigma,
1:1000) were used. After primary antibody incubation, sections were
washed in PBS 3 times for 10 min each and incubated in the appropriate
species-specific secondary antibodies (Invitrogen, 1:600) diluted in PBS
+ 0.4% Triton X-100. After 1 h in secondary antibodies, sections were
washed three times in PBS and mounted onto gelatin-coated slides, cov-
erslipped with mounting medium containing 4',6'-diamidino-2-
phenylindole dihydrochloride (DAPI) (Vectashield), and imaged on a
Leica TCS SP5 confocal microscope. For comparison in intensities be-
tween stained specimens, the identical confocal settings (gain, pinhole
diameter) were used to image each specimen. Similarly, in postprocess-
ing of images, identical contrast and brightness manipulations were
made to the images simultaneously.

Quantitative RT-PCR. Total RNA was isolated from striatum and hip-
pocampus of WT and APP ~/~ mice using the RNeasy Lipid Tissue Mini
Kit (Invitrogen) and subjected to DNase I digestion to remove contam-
inating genomic DNA. Reverse transcription was performed using a Su-
perscript Il reverse transcriptase (Invitrogen), and the reaction mix was
subjected to quantitative real-time PCR using ABI PRISM Sequence De-
tection System 7000 (Applied Biosystems). Primers were designed with
Primer Express Version 2.0 software (Applied Biosystems) using se-
quence data from NCBI. GAPDH primers were used as an internal con-
trol for each specific gene amplification. The relative levels of expression
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Figure 2. Lentiviral infection with AP rescued LTCC expression and /g, 2+ in APP '~
striatal cultures. A, Immunoblots of striatal cultures of 12 DIV from WT, littermate APP —/~ and
APP ~/~neuronsinfected with APPys. Lysates were blotted for LTCC (ac1C), human APP (6E10)
and mouse/human APP (APPc); ce-tubulin was used as loading control. B, ., 2+ was reduced in
APP ~/~ striatal cultures infected with AP, (N = 15) compared with APP —/ alone (N =
12). Calibrations: 100 pA/50 ms. Data shown as mean = SEM. C, Representative traces of
whole-cell I, 2+ recorded from APP ~/~ and APP ~/~ ++APP .o neurons, respectively.

were quantified and analyzed by using ABI PRISM Sequence Detection
System 7000 software. The real-time value for each sample was averaged
and compared using the comparative CT method. The relative amount of
target RNA was calculated relative to the expression of endogenous ref-
erence RNA and relative to a calibrator, which was the mean CT of
control samples.

Statistical analysis. Data were analyzed using Student’s t test and non-
parametric Kolmogorov—Smirnov test with p < 0.05 as statistically
significant.

Results

Upregulated Ca, 1.2 protein levels and increased calcium
currents in APP ~/ striatum

Previous studies have described an upregulation of LTCCs and
NTCCs, in addition to P/QTCC activation, mediating synaptic
transmission at the NMJ of APP ™/~ mice (Yang et al., 2007).
Therefore, we tested whether the same type of upregulation oc-
curs at central GABAergic synapses, perhaps explaining previ-
ously described changes in the GABAergic paired-pulse response
(Seabrook et al., 1999). Taking advantage of the striatum as a
source of GABAergic neurons in the CNS, we examined the stri-
atal levels of neuronal LTCC, NTCC and P/QTCC expression in
WT and APP '~ mice (Fig. 14). We found that the immunore-
activity of the 1C subunit of the LTCC (Ca,1.2) was signifi-
cantly higher in APP ™'~ mice compared with WT littermates
while there were no appreciable differences between genotypes in
expression of alA (P/QTCC) and a1B (NTCC) (Fig. 1 B), suggest-
ing that Ca, 1.2 expression is specifically increased in the striatum, a
GABAergic brain area, of APP ~/~ animals.

To understand whether changes in a1C levels observed in the
APP '~ animals alter membrane calcium influx, whole-cell patch
recordings were conducted in striatal cultures of APP '~ and WT
miceat 11-16 DIV. Consistent with changes in LTCC expression, we
found that the peak calcium current (I,>+) density was dramatically
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Aft. tetanus ysis revealed a significantly increased sen-
sitivity of APP '~ striatal neurons to the

1 J / dihydropyridine antagonist, nifedipine,

‘\ N/ which blocks Ca,1 LTCC channels (Fig.

\/ |/ 1E). In contrast, we found no significant
/] differences in I, 2+ carried by NTCCs and
P/QTCCs (Fig. 1E) between the two ge-
notypes when tested in the presence of
Al NTCC and P/QTCC blockers. These re-
\f ' sults indicate that the increase in the total
Y Ic,2+ in APP ™/ striatal neurons is medi-
ated by a selective increase in Ca** influx
through LTCCs.

To confirm that the upregulation of
Ca,l.2 LTCC expression and I-,>+ in
GABAergic neurons of APP ™/~ mice is
due to altered levels of APP, we re-
stored APP expression by lentiviral infec-
tion of APP '~ striatal cultures with
human APP,s, the APP subtype predom-
inantly expressed in neurons. Western
blot analysis showed that reintroduction
of APP into APP /" striatal neurons re-
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stored levels of the Ca,1.2 to levels ob-
served in WT cells (Fig. 2A). Consistent
| l with Western blot analysis, the peak I, >+
density was also rescued in lentiviral
APP,.-infected APP ~/~ neurons to wild-
type levels (compare Fig. 2B, APP ™/~ +
APPy; with Fig. 1 C, WT). These results
establish that the upregulation of Ca, 1.2
LTCCs in striatal neurons of APP '~
mice results from the loss of APP.

Aft. tetanus

Altered GABAergic short-term
plasticity and rescue of GABAergic PPI
and PTP by an LTCC blocker in APP ™/
— striatal and hippocampal cultures

Figure3. Altered STPin APP /™ striatal GABAergic synapses and normalization of STP by LTCC blocker nifedipine. 4, Repre-
sentative traces of WT and APP —/~ striatal neurons in response to paired-pulse stimulation (before tetanus), tetanus (20 Hz, 1)
and after tetanus paired-pulse stimulation. B, Similar IPSC1 amplitude in the presence of C(NQX and APV in AP~/ striatum (N =
20) compared with WT controls (N = 12). , The ratio of IPSC1 amplitude after tetanus (IPSC1,,) vs before the tetanus (IPSC1,,,,)
in AP~/ striatal (N = 18) and WT controls (N = 12). D, Paired-pulse ratio (P2/P1) before and after tetanic stimulation in WT
[WTBef,, 0.62 = 0.09 (N = 15); WTAft.,0.82 = 0.21 (N = 6)]and APP '~ [APP ~/~ Bef,,0.95 £ 0.11 (N = 17);APP ~/~ Aft,,
0.6 = 0.05 (N = 12)]. E, Representative traces showing paired-pulse response in the absence of nifedipine (Ctr.), in the presence
of nifedipine before train stimulation (Bef. tetanus), during the train (20 at 20 Hz) and after the train stimulation (Aft. tetanus). |, :
indicating 15 min application of 10 wm nifedipine. F, Paired-pulse ratio (P2/P1) in APP /™ striatal cultures in the absence [Ctr.,
0.74 = 0.04 (N = 6)] and presence of nifedipine (before and after tetanus) (Bef., 0.57 = 0.09; Aft.,0.49 == 0.03 (N = 6)]. G, IPSC1
amplitudein the absence (Ctr) and presence of nifedipinein APP ~/~ hippocampal cultures (before and aftertetanus). Data shown

as mean == SEM. Calibrations: 100 pA/50 ms. *p << 0.05.

increased in APP /™ striatal neurons compared with WT controls
(Fig. 1C), while the voltage-dependent properties of I -, >+ and input
resistance were unaltered (data not shown). Next, we attempted to
determine which particular classes of VGCCs are altered in APP '~
striatal neurons based on measurements of current density. Type-
specific Ca*" channel blockers were applied sequentially [10 wm
nifedipine (L-blocker), 1 uM w-conotoxin GVIA (N-blocker) and
100 nM w-agatoxin-IVA (P/Q blocker)] and the contribution of each
VGCC type was calculated (Fig. 1D, E). The pharmacological anal-

Next, we looked at how increases in
Ca,1.2 in APP ™/~ mice might change
GABAergic synaptic function. Because
GABAergic PPI has been previously
shown to be altered in hippocampal slices
of APP ™/~ mice (Seabrook et al., 1999),
we hypothesized that these changes might
be due to alterations in Ca,1.2 levels ob-
served in APP '~ mice. To test this hy-
pothesis, we examined two forms of
GABAergic short-term plasticity (STP),
PPI (a measure of presynaptic alteration)
and PTP (a measure of presynaptic LTCC
activity) of GABAergic IPSCs, in APP ~/~
and WT striatal cultures (Fig. 3). Utilizing
11-16 DIV striatal cultures in which
GABA-mediated IPSCs can be isolated by local stimulation
(Maximov et al., 2007) in the presence of glutamate receptor
antagonists APV and CNQX, IPSCs were measured by paired-
pulse (50 ms interpulse-intervals) stimulation at a rate of 0.05 Hz.
The amplitude of the first IPSC (IPSC1) from each paired re-
sponse was similar in WT and APP ~'~ mice (Fig. 3B), suggesting
normal GABA-mediated inhibition under baseline conditions.
However, the PPI, which provides a sensitive measure of changes
in the regulation of GABA release (Schoch et al., 2002), was sig-
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nificantly reduced in APP ™'~ mice com-
pared with WT controls. Specifically, the
IPSC2/IPSC1 (P2/P1) ratio was signifi-
cantly increased in APP ~/~ striatal neu-
rons compared with WT controls (Fig.
3D, APP™'" Bef. vs WT Bef.). These E
changes in PPI suggest that APP defi-
ciency results in altered presynaptic func-
tion in cultured striatal GABAergic
synapses.

Presynaptic LTCCs are known to be
involved in PTP at GABAergic synapses

24!

1
(Jensen et al., 1999; Jensen and Mody, iy
2001); therefore, we examined GABAer- o /
gic PTP, which provides a measure of pre- %

synaptic LTCC activity, in striatal cultures
from APP '~ mice. PTP is not normally
observed at GABAergic synapses using a
tetanus of <40 pulses (Jensen et al., 1999;
Jensen and Mody, 2001). However, when
a tetanization of only 20 pulses at 20 Hz
was applied to APP '~ and WT striatal
neurons between measurements of paired
IPSCs (Fig. 3A), we found that a 20-pulse
tetanus induced GABAergic PTP in striatal neurons of APP '~
but not WT mice (Fig. 34, C). Specifically, the first IPSC ampli-
tudein APP /" neurons after the tetanus (IPSC1_;, ) was 1.8-fold
compared with that before the tetanus (IPSCl,,.) (i.e., IPSC1,4 /
IPSCl,.; = 1.8). In contrast, the amplitude of IPSC1,4. and
IPSC1,,; was similar in WT striatal cultures as the IPSC,4/IP-
SCper is close to 1 (Fig. 3C). Furthermore, after the tetanus, the
P2/P1 ratio was significantly reduced compared with APP '~
striatal cultures before tetanic stimulation (Fig. 3D, APP ~/~ Aft.
vs APP /" Bef., p < 0.05). Again, in WT striatal neurons in which
no PTP was induced using the same protocol, P2/P1 ratios before
and after the tetanus did not differ significantly (Fig. 3D, WT Aft.
vs WT Bef.). Significant reduction of P2/P1 ratio in APP '~ cells
after induction of PTP compared with before-tetanus controls
suggests that APP deficiency increases GABAergic PTP, which is
most likely due to changes at the presynaptic site.

To test whether increased Ca,1.2 levels contribute to the ob-
served reduction in PPI and GABAergic PTP seen in APP '~
striatal cultures, the LTCC blocker, nifedipine, was applied to the
bath solution while measurements of presynaptic function were
made of PPI and PTP (Fig. 3E-G). We found that the P2/P1 ratio
was significantly reduced in nifedipine-treated APP ~/~ neurons be-
fore tetanus compared with untreated APP '~ controls (Fig. 3F,
APP '~ Bef. vs APP /= Ctr.). Additionally, PPI in APP '~
GABAergic synapses in the presence of nifedipine were returned
to similar levels observed in WT synapses (Fig. 3F, APP ~/~ Bef. vs
3D WT Bef.). When we performed measurements of GABAergic
PTP, we found that while we could elicit PTP after a tetanus of 20
pulses in the untreated APP ~/~ cultures (Fig. 3C), after applica-
tion of 10 uM nifedepine, we no longer observed PTP since the
IPSC1 amplitudes were identical in nifedepine-treated APP ~/~
neurons before and after the tetanus (Fig. 3G, APP /7 Bef. vs
APP /7 Aft.), similar to what is observed in WT cultures (Fig.
3D, WT Bef. vs WT Aft.). The P2/P1 ratio remained similar in
APP '~ cultures before and after the tetanus when GABAergic
PTP was blocked by 10 uM nifedipine (Fig. 3F, APP '~ Bef. vs
APP '~ Aft.). These experiments together provide evidence that
the alteration of GABAergic synaptic function observed in

Figure 4.

alC GABA
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Merge

Representative immunofluorescence staining of hippocampal sections of 2-month-old APP ~/~ and WT controls
with anti-c1C (green) and anti-GABA (red) antibodies, showing increased «1C labeling in GABAergic interneurons in APP /=
hippocampus compared with the controls (Merge). Blue, DAPI showing CA1 pyramidal cells. Representative c1C- and GABA-
double positive cells are labeled by arrows. Scale bars, 10 um.

APP '~ animals is due to increased levels of Ca,1.2 in the neu-
rons tested.

We have thus far shown that GABAergic synapses are dis-
rupted in striatal neurons of APP '~ animals due to increased
levels of LTCCs. An important question is whether this is also the
case in other brain regions, especially the hippocampus, where an
alteration of GABAergic PPI has been implicated (Seabrook et al.,
1999). Western blot analysis showed that levels of Ca,1.2 were
higher in striatum than hippocampus (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material), sug-
gesting higher LTCCs in GABAergic neurons compared with
excitatory neurons. However, we failed to detect significant dif-
ferences in LTCC expression in the hippocampus between WT
and APP /" mice (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). We reasoned that it
could be attributed to the low percentage of GABAergic neurons
in this region. We thus performed double immunostaining of
hippocampal slices using anti-a1C and anti-GABA antibodies to
identify Ca,1.2 and GABA double-positive neurons (Fig. 4), and
quantified the levels of Ca, 1.2 fluorescent intensity in GABAergic
interneurons of APP ~/~ mice and WT controls, which revealed
significant increases in APP ~/~ neurons (120.2 * 5.5) when nor-
malized to WT controls (100.0 = 6.2) (average = SEM, N =
18/genotype; *p < 0.05). Our data suggest that upregulation of
Ca,1.2 as a result of APP deletion may be a general property of
GABAergic neurons.

Having established an elevated LTCC expression in GABAergic
interneurons of the APP ~/~ hippocampus, we assessed GABAergic
synaptic function in cultured hippocampal neurons (Fig. 5). We
measured local stimulation-induced GABAergic PPI and PTP in
11-16 DIV hippocampal neuronal cultures as we did in striatal
cultures. In the presence of 50 um APV and 20 uM CNQX to
block excitatory responses, we found similar changes in APP ~/~
hippocampal GABAergic STP as seen in APP /™ striatal cultures,
including reduced PPI and induction of GABAergic PTP by sub-
threshold tetanic stimulation of APP '~ neurons (Fig. 5A-D).
Consistent with previous reports (Jensen et al., 1999; Jensen and
Mody, 2001), only high-frequency tetanus (1 s at 80 Hz) induced
GABAergic PTP in WT controls (supplemental Fig. S3, available
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cytoplasmic fragment, the APP intracellu-
lar domain (AICD), which has been
shown to translocate to the nucleus and
regulate gene transcription (Cao and Siid-
hof, 2001). We have shown that APP defi-
ciency causes a significant increase in the
levels and function of Ca,1.2 LTCCs.
Thus, one possibility is that APP regulates
Ca,l.2 expression via the AICD. We
looked for differences in the levels of
Ca,1.2 mRNA in APP /" and WT stria-
tum by quantitative RT-PCR. However,
we failed to see any significant differences
in Ca,1.2 mRNA expression in the
APP '~ samples compared with WT con-
trols (supplemental Fig. S4 A, available at
www.jneurosci.org as supplemental ma-
terial). Therefore, it is unlikely that APP
modulates Ca,1.2 levels via a transcrip-
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Aft. tetanus been shown to induce calcium influx in
neuronal cultures via LTCCs (Ekinci et al.,

Y 1999). To test this possibility, we blocked

/ AB production by adding the y-secretase
inhibitor DAPT (1 uM) to WT striatal cul-
{ tures. Ca, 1.2 expression was not upregu-
lated in DAPT-treated WT cultures

compared with untreated control cultures

(supplemental Fig. S4B,C). This results

suggests that APP +y-secretase cleavage

products, and associated physiological

functions of AB, are not responsible for

altered Ca,1.2 levels observed in APP '~

striatal neurons. This result is corrobo-

IPSC1 Amplitude (pA)

Figure5. Altered STPin APP ~/~ hippocampal GABAergic synapses and normalized STP by LTCC blocker nifedipine. A, Repre-
sentative traces of WT and APP ~/~ hippocampal neurons in response to paired-pulse (Bef. tetanus), tetanic (20 pulses at 20 Hz)
and after tetanus (Aft. tetanus) paired-pulse stimulation. B, Identical IPSC1 amplitude in the presence of CNQX and APV in
hippocampal cultures of APP ~/~ and WT mice (WT, N = 13; APP ~/~ N = 26). €, IPSC,./IPSC,. ratioin APP '~ hippocampal
neurons (V = 22) compared with WT controls (V = 12). D, P2/P1 ratio before and after tetanic stimulation in WT [WT Bef., 0.48 ==
0.06; WT Aft.0.48 = 0.12 (N = 7) and APP '~ neurons [APP /™ Bef,, 0.72 = 0.09; APP ~/ Aft., 0.48 = 0.04 (N = 13)L.E,
Representative traces showing paired-pulse response in the absence of nifedipine (Ctr.), in the presence of nifedipine before
tetanic stimulation (Bef. tetanus), during the train (20 at 20 Hz) and after the tetanic stimulation (Aft. tetanus) in APP =
cultures. | indicates 15 min application of 10 uu nifedipine. F, Paired-pulse ratio (P2/P1) in APP '~ hippocampal cultures in
theabsence [Ctr.,0.69 = 0.02 (V = 5)]and presence of nifedipine (before and after tetanus) (Bef., 0.56 = 0.048; Aft.,0.61 = 0.06
(N=15)].6,IPSCT amplitude in the absence (Ctr.) and presence of nifedipine (Bef. and Aft.) in APP = hippocampal cultures. Data

shown as mean == SEM. Calibrations: 100 pA/50 ms. *p << 0.05.

at www.jneurosci.org as supplemental material). These changes
in APP ™/~ hippocampal GABAergic STP were reversed by
nifedepine (Fig. 5E-G). The fact that altered GABAergic STP,
including PPI and PTP, which require intact presynaptic func-
tion, is normalized by an LTCC blocker suggests that changes in
GABAergic PPI and PTP in APP '~ hippocampal cultures in-
volves altered Ca,1.2 LTCC activity in GABAergic neurons.

APP modulates Ca,1.2 expression at the posttranscriptional
level, possibly through physical interaction

APP processing is known to liberate various cleavage products, in
particular the APP extracellular fragments, AB peptides and a

rated by the indistinguishable Ca, 1.2 pro-
tein levels in a strain of APP knock-in
mice in which the human A sequence
and the Swedish/London FAD mutation
have been introduced into the endoge-
nous mouse APP locus (Hartmann et
al., 2004; Kohler et al., 2005) (supple-
mental Fig. S5, available at www.
jneurosci.org as supplemental material).
To further address the mechanism of
how APP regulates levels of Ca, 1.2 LTCCs
expression and function, we investigated
whether APP can interact with Ca,1.2.
HEK293 cells were transfected with plas-
mids encoding Ca,1.2 and APP,, then
immunoprecipitated using an anti-Ca, 1.2
(anti-«1C) antibody. APP was detected in the anti-Ca, 1.2 immu-
noprecipitate but not that of the IgG control (Fig. 6 A). Reverse IP
using the anti-APP antibody 4G8 also detected Ca, 1.2 (Fig. 6 B).
Next, we tested whether endogenous Ca,1.2 and APP interact in
the brain. We performed immunoprecipitation of Ca, 1.2 («1C)
from striatal lysates and measured whether APP coimmunopre-
cipitated with Ca,1.2. Indeed, when an anti-a1C antibody was
used for the immunoprecipitation, we could detect the coimmu-
noprecipitation of APP (Fig. 6C). However, when we immuno-
precipitated with antibodies directed against other VGCCs,
including 1A of P/QTCC subunit and a1 B of NTCC subunit, we
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failed to detect APP indicating that the in-
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Discussion

We have discovered a new function for
APP in the regulation of appropriate
Ca,1.2 LTCC levels. Loss of APP leads to
an increase in Ca,l.2 levels in striatal
GABAergic neurons that can be rescued
by reintroduction of APP. Increased
Ca,1.2 levels in GABAergic neurons lead
to altered GABAergic STP, including PPI
and PTP, which can be reversed by the
LTCC blocker nifedipine. These results suggest that one function
of APP in neurons involves the regulation of appropriate Ca,1.2
levels and implicates it as a direct calcium-related molecular tar-
get of APP. The precise mechanism for the regulation of Ca, 1.2 by
APP is still unknown; however, we have detected a direct inter-
action between APP and Ca, 1.2, suggesting that a posttransla-
tional mechanism may explain how APP regulates plasma
membrane expression of Ca,l.2. This regulation of calcium
channel levels by APP represents a new understanding of how
APP might affect synaptic efficacy. This link between APP and
synaptic strength may account for certain aspects of synaptic
loss and cognitive decline that occur when APP becomes
misregulated.

Figure 6.

immunoprecipitate APP.

Presynaptic GABAergic Ca,1.2 LTCCs and synaptic plasticity

LTCCs have been observed mainly on the cell body and dendrites
(Westenbroek et al., 1990; Hell et al., 1993); consequently, they
are generally thought to function exclusively in the soma and
proximal dendrites of neurons. This subcellular functional local-
ization is well supported by findings that Ca,1.2 LTCCs are posi-
tioned near but not at the presynaptic active zone of axonal
terminals and that synaptic transmission is blocked by antago-
nists of P/QTCCs and NTCCs, but not LTCCs (Castillo et al.,
1994; Wheeler et al., 1994). However, several lines of evidence
strongly suggest the existence of LTCCs on presynaptic terminals:
the ultrastructural discovery of a presynaptic distribution of
LTCCs in all hippocampal subfields (Tippens et al., 2008),
electrophysiological and biochemical identification of the pre-
synaptic localization of LTCCs (Bonci et al., 1998; Tokunaga
et al., 2004; Fourcaudot et al., 2009), and the functional deter-
mination that neuronal LTCCs open quickly and are inhibited
slowly by dihydropyridine antagonists (Helton et al., 2005). As
such, the contributions of LTCCs to presynaptic function may
have been underestimated. We found that increased Ca,1.2 in
APP /" animals led to an alteration of GABAergic PPI and
PTP that could be rescued by a dihydropyridine antagonist,
nifedipine, suggesting that Ca,1.2 channels positioned at
GABAergic axon terminals may indirectly promote neuro-
transmitter release. Our data are consistent with LTCCs func-
tioning near the synapse, where they are known to serve a
presynaptic function during repetitive stimulation (Bonci et
al., 1998; Brosenitsch and Katz, 2001; Jensen and Mody, 2001).

-'<APP
-. = ==

Interaction of APP with Ca,1.2. A, a1Cinteracts with full-length APP. HEK293 cells were transfected with full-length
APP and a1C (DNA; cell lysates were immunoprecipitated with an anti-ac1C antibody (IP: «1C) and probed with APP antibody
22C11. Rabbit IgG (IP: 1gG) was used as a negative control. B, Conversely, cell lysates were immunoprecipitated with an anti-APP
antibody (IP: 4G8) and probed with o 1Cantibody. Mouse IgG (IP: 1gG) was used as a negative control. €, Brain striatal tissue lysates
were immunoprecipitated with anti-c1C and anti-APP (APPc) antibodies and probed with APP 22C11 antibody. Rabbit IgG was
used as a negative control (IP: 19G). D, Striatal lysates were immunoprecipitated with antibodies against pore-forming subunits of
three different VGCCs, 1A, 1B, and «1C, and probed with the anti-APP antibody, 22C11. Only «1C antibody was able to
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A role for APP in the modulation of Ca,1.2 LTCC activity and
synaptic plasticity

Earlier studies found impaired hippocampal LTP in APP /"~ an-
imals and suggested that it was a result of altered GABAergic
interneuron activity (Seabrook et al., 1999). However, these stud-
ies did not address a mechanism by which APP deletion causes
these functional changes at GABAergic synapses. Here, we show
that GABAergic STP, including PPI and PTP of IPSCs, is dis-
rupted in APP-deficient animals, and that we can normalize the
responses with a dihydropyridine antagonist, nifedipine. These
results suggest that increased Ca,l1.2 levels account for GABAergic
synaptic alterations observed in APP-deficient mice. The data
suggest that one endogenous function of APP is to regulate an
appropriate neuronal complement of Ca, 1.2 in GABAergic neu-
rons and thereby modulate STP. When APP function is compro-
mised, Ca, 1.2 levels become misregulated and lead to changes in
STP, which might ultimately lead to cognitive decline.

APP and its derivatives have been shown to play an important
role in excitatory, glutamatergic, synaptic function (Kamenetz et
al., 2003; Priller et al., 2006). A recent study reported that acute
expression of human APP in cortical neurons increases LTCC-
mediated I,>+ through enhanced LTCC activation in glutama-
tergic neurons (Santos et al., 2009). While we were unable to
detect significant changes in Ca, 1.2 levels in hippocampal lysates
of APP-deficient mice, whether the LTCC-mediated synaptic
property is altered in excitatory neurons resulting from APP loss
of function was not explored. Overall, evidence from glutamater-
gic (Santos et al., 2009) and GABAergic systems (this study) sup-
port the notion that APP may affect LTCC function in multiple
neurons and by multiple mechanisms.

Probing the mechanism of APP regulation of Ca,1.2

We have tested a number of hypotheses to address the mecha-
nism by which APP regulates levels of Ca,1.2 to alter synaptic
properties. The first hypothesis is that APP regulates expression
of Ca,1.2 in the nucleus. APP cleavage is known to release the
AICD, which can transit to the nucleus and function as a tran-
scription factor (Cao and Siidhof, 2001). However, we observed
no changes in Ca,1.2 mRNA expression in APP ~/~ mice com-
pared with WT controls, suggesting that APP most likely does not
regulate Ca, 1.2 at the transcriptional level. The second hypothe-
sis we tested was whether A3, generated by y-secretase cleavage of
APP, may serve to regulate Ca,1.2 levels. Again, we failed to see
any changes in Ca,1.2 levels after prolonged exposure to the
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v-secretase blocker DAPT, indicating that y-secretase cleavage of
APP, in particular A generation, is not required for its regula-
tion of Cay1.2. Finally, we tested whether APP might regulate
Ca,1.2 through a direct protein-protein interaction. Indeed, we
did detect an interaction between these two proteins, but not
between APP and other VGCC subunits. Ca, 1.2 has been shown
to be regulated in neurons by endocytosis and intracellular traf-
ficking in response to electrical activity (Green et al., 2007). Ad-
ditionally, APP has been shown to actively traffic to and away
from the membrane (Hill et al., 2003; Pietrzik et al., 2004). Given
that we can detect an interaction between APP and Ca,1.2, it is
possible that APP is involved in the intracellular trafficking of
Ca,1.2 by pulling Ca, 1.2 into an intracellular compartment away
from the plasma membrane, where it might be transported to
endosomal and lysosomal compartments and subsequently de-
graded. When APP is genetically removed, Ca, 1.2 might accumu-
late at the plasma membrane because this trafficking mechanism
has been eliminated, leading to higher levels of Ca,1.2 at the
plasma membrane, greater calcium currents, and defects in
GABAergic synaptic plasticity, as we have observed in APP-
deficient animals.

APP, Ca,1.2 LTCC and calcium homeostasis in AD

We reveal here a previously unrecognized role of APP in the
maintenance of LTCC levels and activity in selected neurons, and
we provide the first causal link between APP loss-of-function and
failed calcium homeostasis, which is a well recognized patholog-
ical feature of AD (Bezprozvanny and Mattson, 2008; Dreses-
Werringloer et al., 2008; Green and LaFerla, 2008; Kuchibhotla et
al., 2008;). Although the APP-LTCC regulation we studied here is
specific to GABAergic inhibitory neurons in APP-deficient mice and
the involvement of APP loss-of-function or misfunction in AD has
not been established, in light of the central role of APP in AD
pathogenesis, we believe our findings may provide novel patho-
genic insights. In particular, evidence have shown that LTCCs are
elevated during aging and in individuals with AD (Thibault and
Landfield, 1996; Thibault et al., 2001), and this is correlated with
reduced soluble APP extracellular protein levels in the same pop-
ulation (Palmert et al., 1990). Therefore, it is conceivable that
impaired APP processing and other regulatory pathways may
directly contribute to aberrant LTCC expression, leading to al-
tered calcium homeostasis, synaptic dysfunction and AD
pathogenesis.
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