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With a multitude of substrates, �-secretase is poised to control neuronal function through a variety of signaling pathways. Presenilin 1
(PS1) is an integral component of �-secretase and is also a protein closely linked to the etiology of Alzheimer’s disease (AD). To better
understand the roles of �-secretase and PS1 in normal and pathological synaptic transmission, we examined evoked and spontaneous
neurotransmitter release in cultured hippocampal neurons derived from PS1 knock-out (KO) mice. We found no changes in the size of
evoked synaptic currents, short-term plasticity, or apparent calcium dependence of evoked release. The rate of spontaneous release from
PS1 KO neurons was, however, approximately double that observed in wild-type (WT) neurons. This increase in spontaneous neuro-
transmission depended on calcium influx but did not require activation of voltage-gated calcium channels or presynaptic NMDA recep-
tors or release of calcium from internal stores. The rate of spontaneous release from PS1 KO neurons was significantly reduced by
lentivirus-mediated expression of WT PS1 or familial AD-linked M146V PS1, but not the D257A PS1 mutant that does not support
�-secretase activity. Treatment of WT neuronal cultures with �-secretase inhibitor mimicked the loss of PS1, leading to a selective
increase in spontaneous release without any change in the size of evoked synaptic currents. Together, these results identify a novel role for
�-secretase in the control of spontaneous neurotransmission through modulation of low-level tonic calcium influx into presynaptic axon
terminals.

Introduction
Identifying the role of presenilin 1 (PS1) in normal neuronal
function is of particular interest because mutations in the gene
encoding this protein are the most common identified cause of
inherited Alzheimer’s disease (AD) (Tanzi and Bertram, 2001).
PS1 is an integral component of �-secretase, a protease with nu-
merous cleavage targets—including amyloid precursor protein
and Notch (De Strooper, 2003)—and �-secretase activity in hip-
pocampal neurons lacking PS1 is only approximately a fifth of the
levels found in wild-type (WT) neurons (De Strooper et al.,
1998). PS1 has also been found to regulate calcium release from
internal stores (endoplasmic reticulum) through interactions
with InsP3 receptors (Cheung et al., 2008), ryanodine receptors
(Rybalchenko et al., 2008), and/or by forming PS1 leak channels
in the membrane of the endoplasmic reticulum (Tu et al., 2006).
PS1 may further modulate intracellular calcium levels by medi-

ating calcium influx through voltage-gated calcium channels
(VGCCs) (Cook et al., 2005). Exactly how �-secretase activity and
PS1-mediated regulation of calcium dynamics influence neuro-
nal function in general, and synaptic transmission in particular,
has yet to be determined.

Although conditional PS1 loss in adult cerebral cortex had no
effect on evoked field EPSPs recorded in hippocampal slices
(Feng et al., 2001; Yu et al., 2001; but see Dewachter et al., 2008),
loss of PS1 was reported to increase the frequency of spontaneous
neurotransmitter release in cultured cortical neurons derived
from PS1 knock-out (KO) mice (Parent et al., 2005). These
results suggest that PS1 might play a selective role in action
potential-independent release, but the mechanisms responsi-
ble for this remain to be identified.

To characterize the effects on synaptic transmission when PS1
is eliminated in more detail, we performed whole-cell voltage-
clamp experiments using autaptic hippocampal neurons cul-
tured from PS1 KO mice. Evoked neurotransmitter release was
normal in PS1 KO neurons, whereas the rate of spontaneous
neurotransmitter release was significantly elevated compared
with WT controls. These high levels of spontaneous release re-
quired influx of extracellular calcium, but did not depend on
voltage-gated calcium channels, presynaptic NMDA receptors,
or release from internal stores. Virally mediated expression of
WT or familial AD-linked mutant PS1 significantly reduced
spontaneous release rates, whereas expression of a catalytically
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inactive mutant PS1 failed to rescue a wild-type phenotype in PS1
KO neurons. Together, these results suggest that �-secretase ac-
tivity selectively regulates spontaneous neurotransmitter release
by modulating tonic calcium influx into presynaptic terminals.

Materials and Methods
Neuronal cultures. Neurons isolated from the hippocampi of embryonic
(day 16) PS1 �/� mice and their WT and heterozygous (HET) womb-
mates (Shen et al., 1997) were cultured on small microislands of permis-
sive substrate, as previously described (Stevens and Sullivan, 2003).
Experiments were performed according to the guidelines for the care and
use of animals approved by the Institutional Animal Care and Use Com-
mittee at the University of Washington.

Viral constructs. At 2–3 d in culture, hippocampal neurons were in-
fected with lentivirus encoding one of the following: (1) WT human PS1
and, as a separate protein, enhanced green fluorescent protein (EGFP) to
provide a real-time visual reporter of infection; (2) familial AD-linked
M146V PS1 and EGFP; (3) catalytically inactive D257A PS1 and EGFP; or
(4) EGFP alone as a control for viral infection and EGFP expression.
Point mutations in PS1 were introduced using the QuikChange PCR
strategy (Stratagene) and confirmed by sequencing. Lenti virions were
generated according to the Invitrogen ViraPower Lentiviral Expression
System manual using the lentivirus plasmid pRRL-cPPT-CMV-X-PRE-
SIN (Barry et al., 2001). Expression of WT and mutant PS1 was con-
firmed by Western blot (see below). All experiments were performed in
accordance with University of Washington Environmental Health and
Safety approved protocols.

Western blot. Protein lysates from cultured primary neurons derived
from WT or PS1 KO embryonic mice were prepared for Western blot
analyses in standard Laemmli sample buffer (Bio-Rad). Total protein
concentrations for each lysate were determined by the BCA method
(Pierce). Proteins were resolved by SDS-PAGE on a 4 –20% Tris-glycine
gradient gel. Resolved proteins were transferred to nitrocellulose and
Western blotted with polyclonal rabbit antisera (provided by G. Schel-
lenberg, University of Pennsylvania, Philadelphia, PA) that specifically
recognizes the N-terminal domain of PS1 (Yang and Cook, 2004). Pro-
tein bands were detected using horseradish peroxidase-conjugated sec-
ondary antibodies (Sigma) in conjunction with chemiluminescence
(Pierce).

Electrophysiology. Whole-cell voltage-clamp recordings of EPSCs were
obtained from isolated autaptic neurons after 13–16 d in microisland
culture using Axopatch 200B and Multiclamp 700A amplifiers (Molecu-
lar Devices). All experiments included measurements obtained from at
least two different culture preparations, and within each preparation
were always performed on age-matched neurons. The standard extracel-
lular solution contained the following: 119 mM NaCl, 5 mM KCl, 2.5 mM

CaCl2, 1.5 mM MgCl2, 30 mM glucose, 20 mM HEPES, and 1 �M glycine.
Recording pipettes of 2–5 M� were filled with 148.5 mM potassium
gluconate, 9 mM NaCl, 1 mM MgCl2, 10 mM HEPES, and 0.2 mM EGTA.
The chloride concentration in these solutions facilitates the distinction
between excitatory (glutamatergic) and inhibitory (GABAergic) autaptic
neurons. Peak amplitudes of evoked responses were measured using
custom-written software. The relative amplitudes of synaptic currents
carried by AMPA receptors (AMPARs) and NMDA receptors (NMDARs)
were measured by recording in external recording solution lacking mag-
nesium (to relieve NMDAR blockade at hyperpolarized membrane po-
tentials), first in the absence and then in the presence of the AMPAR
antagonist CNQX (10 �M); the peak current in the absence of CNQX is
almost entirely mediated by AMPARs (our unpublished observations),
whereas the peak current in the presence of CNQX is mediated by
NMDARs. For each neuron, the IAMPAR/INMDAR ratio was calculated as
the peak amplitude of the response in the absence of CNQX divided by
the peak amplitude in the presence of CNQX. CNQX and APV were
obtained from Tocris Bioscience; ryanodine, thapsigargin, 2-APB (2-
aminoethyl diphenyl borinate), and SKF 96365 (1-[2-[3-(4-methoxyphe-
nyl)propoxy]-2-(4-methoxyphenyl)ethyl]-1H-imidazole hydrochloride)
from Ascent Scientific; xestospongin C from Cayman Chemical; and
L-685,458 from Calbiochem. Series resistance was monitored, and only cells

with stable series resistance were included in the data analysis. During re-
cordings of evoked responses, series resistance was compensated �85% to
reduce errors in measuring large currents.

Spontaneous miniature EPSCs (mEPSCs) were recorded continuously
over 10 s periods for several minutes, starting 3– 6 min after making a
whole-cell configuration. Peak amplitudes of spontaneous mEPSCs were
measured offline semiautomatically with custom-written software by us-
ing an adjustable amplitude threshold. All deflections from baseline
greater than threshold were detected. Selected events were then visually
examined; any spurious events were manually rejected and any missed
events were flagged for inclusion in the mean amplitude and frequency
calculations. For each neuron, �200 mEPSCs were analyzed. mEPSC
frequencies were calculated by dividing the total number of mEPSC
events by the total time sampled.

For the repetitive stimulation protocol, a 20 Hz train of 40 stimuli (1
ms steps from �60 mV to �30 mV) was delivered every 60 s and each
EPSC in the train was normalized to the peak amplitude of the first EPSC.
To measure recovery from depression, an additional test stimulus was
delivered 1.5 s after the end of the train.

Data analysis. All data are presented as mean � SEM and n refers to the
number of cells. Data were analyzed with Graphpad Prism software using
one-way ANOVA followed by Tukey’s post hoc tests to permit direct
comparison between all groups, or with Student’s t test, as appropriate.

Results
Lack of PS1 does not alter evoked neurotransmission or
short-term plasticity
Synaptic strength was quantified in autaptic hippocampal neu-
rons by evoking an action current and recording the resultant
EPSC under whole-cell voltage clamp at �60 mV (Fig. 1A). Dif-
ferences between average EPSC amplitudes of WT, HET, and PS1
KO neurons recorded in standard extracellular solution contain-
ing 2.5 mM calcium were not statistically significant (WT �
6855 � 710 pA, n � 30; HET � 7191 � 1091 pA, n � 23; PS1
KO � 7210 � 1043, n � 29) (Fig. 1B), indicating that neurons
lacking PS1 display normal evoked synaptic strengths. To ensure
that the failure of PS1 deficiency to alter evoked transmission in
PS1 KO neurons was not due to a ceiling effect on neurotrans-
mitter release, EPSC amplitude was also measured in lower (1.5
mM) external calcium. For all neurons, decreasing the external
calcium concentration from 2.5 to 1.5 mM led to a comparable
decrease in evoked EPSC amplitude, and the average EPSC am-
plitudes of PS1 KO and HET neurons were not significantly dif-
ferent from WT in 1.5 mM external calcium (Fig. 1B). In addition
to showing that loss of PS1 has no effect on evoked neurotrans-
mission over a range of release probability conditions, these ex-
periments also indicate that the calcium sensitivity of the vesicle
release machinery is normal in PS1 KO neurons.

To quantify short-term plasticity of evoked transmission, 40
stimuli delivered at 20 Hz were used to evoke a train of EPSCs. There
were no significant differences in the paired-pulse ratio (PPR; the
ratio of the second EPSC amplitude to the first) between groups
(WT � 0.70 � 0.05, n � 23; HET � 0.80 � 0.06, n � 23; PS1 KO �
0.77 � 0.05, n � 26) (Fig. 1C). Reducing external calcium to 1.5 mM

led to comparable increases in the PPR of all groups, and there were
still no statistically significant differences between WT, HET, and
PS1 KO neurons (Fig. 1C). In addition, no statistically significant
differences were observed in the relative amplitudes of EPSCs that
occurred later in the train, nor in the extent to which the EPSC
recovered 1.5 s after the train (data not shown), suggesting no
changes in the overall dynamics of evoked neurotransmitter release,
in the size of readily releasable pool, or in the rate at which the readily
releasable pool refills after emptying.

It was previously reported that neurons lacking PS1 had spe-
cific reductions in NMDA receptor-mediated transmission, mea-
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sured using field potential recordings from hippocampal slices
(Dewachter et al., 2008; but see Zhang et al., 2009). To determine
whether loss of PS1 reduced NMDA receptor-mediated currents
in our cultured neurons, we measured the relative amplitudes of
synaptic currents carried by AMPARs and NMDARs by record-
ing in external recording solution lacking magnesium in the ab-
sence and presence of the AMPAR antagonist CNQX (10 �M).
There were no statistically significant differences between WT,
HET, and PS1 KO groups in their AMPAR/NMDAR ratio of
synaptic currents (WT � 2.9 � 0.2, n � 18; HET � 3.1 � 0.3, n �
18; PS1 KO � 3.5 � 0.4, n � 27) (Fig. 1D). It may be that the
decrease in NMDAR-mediated transmission seen in adult hip-
pocampal slices derived from PS1 KO mice (Dewachter et al.,

2008) reflects a compensatory mechanism that develops over sev-
eral months, and is not an immediate and direct effect of elimi-
nating PS1.

Together, these data suggest that basic aspects of evoked syn-
aptic transmission are not dependent on PS1.

Neurons lacking PS1 display an increased frequency of
spontaneous mEPSCs
In addition to action potential-dependent neurotransmitter
release, another component of synaptic transmission is the
ongoing, spontaneous, action potential-independent release of
individual presynaptic vesicles. To characterize this component
of synaptic transmission, we recorded spontaneous mEPSCs
from WT, HET, and PS1 KO neurons at a holding potential of
�70 mV. We found that the majority of PS1 KO neurons exhib-
ited a significantly higher frequency of mEPSCs compared with
HET and WT neurons (WT � 4.6 � 0.6 Hz, n � 27; HET � 3.8 �
0.6 Hz, n � 23; PS1 KO � 8.8 � 1.3 Hz, n � 32; ANOVA, p �
0.0001) (Fig. 2A,B). A similarly enhanced frequency of mEPSCs
was also seen in conventional (nonisland) cultures of PS1 neu-
rons (WT � 2.0 � 0.4 Hz, n � 10; PS1 KO � 7.6 � 1.4 Hz, n �
14; t test, p � 0.004), consistent with results from mass-cultured
cortical neurons (Parent et al., 2005), verifying that this pheno-
type is not unique to hippocampal autapses. Interestingly, a small
population of PS1 KO neurons displayed mEPSC frequencies
that were quite similar to WT frequencies (Fig. 2A, cumulative
probability plot; B, fourth trace). This could reflect the existence
of two distinct types of excitatory neurons in these hippocampal
cultures, only one of which displays enhanced vesicle release in
the absence of PS1. Another possibility is that, in any individual
neuron, the observed enhanced release of vesicles is not happen-
ing 100% of the time. Importantly, the lack of phenotype expres-
sion in a PS1 KO neuron did not appear to be linked to any other
facet of transmission that we studied (e.g., there was no relation-
ship between amplitude of evoked response and mEPSC fre-
quency in PS1 KO neurons). The average amplitude of mEPSCs
was not significantly different across groups (WT � 23.0 � 1.7
pA, n � 27; HET � 23.4 � 1.6 pA, n � 23; PS1 KO � 21.3 � 1.2
pA, n � 32) (Fig. 2C), indicating that PS1 is not necessary for
proper regulation of the number of AMPARs at individual
postsynaptic sites.

An increase in mEPSC frequency could be explained by an
increase in the number of synapses received by the postsynaptic
neuron and/or an increase in the probability of spontaneous ves-
icle release from a given number of synapses. It is unlikely that the
increase in mEPSC frequency was due to an increase in number of
synapses, because an increase in number of synapses would be
expected to result in larger evoked EPSC amplitudes (given that
mEPSC amplitudes are unchanged), which we did not observe
(Fig. 1B). The high mEPSC frequency phenotype, therefore, is
most likely due to an increase in the probability of spontaneous
vesicle release. Next, we focused on the mechanisms by which PS1
deficiency enhances spontaneous release of vesicles.

The increase in mEPSC frequency observed in PS1 KO
neurons is calcium-dependent
PS1 is known to play a role in regulating calcium release from the
endoplasmic reticulum (LaFerla, 2002; Stutzmann, 2005; Bez-
prozvanny and Mattson, 2008). This led us to ask whether the
increase in mEPSCs observed in PS1 KO neurons could be the
result of aberrant regulation of intracellular calcium levels. To
test this, mEPSCs were recorded from WT and PS1 KO neurons
with or without the calcium chelator EGTA added to the inter-

A
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D

Figure 1. Evoked excitatory neurotransmission, short-term plasticity, and AMPAR/NMDAR
ratio are not altered in PS1 KO neurons. A, Representative pairs of EPSCs recorded from WT and
PS1 KO autaptic mouse neurons. Delivery of a 1 ms step depolarization to 40 mV initiates an
unclamped presynaptic action current (blanked for clarity) followed by an EPSC. Scale bars, 2000
pA, 20 ms. B, Average EPSC size was not significantly different in WT, HET, or PS1 KO neurons in
2.5 or 1.5 mM external Ca 2� [Ca 2�]EXT. C, There were no significant differences in the PPR,
measured as the relative sizes of the first and second responses to a pair of stimuli delivered 50
ms apart, in WT, HET, or PS1 KO neurons in either 2.5 or 1.5 mM external Ca 2�. D, The AMPAR/
NMDAR ratio was the same for WT, HET, and PS1 KO neurons. The number of neurons in each
group is indicated and plotted values represent the mean � SEM.
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nal recording solution. We found that 10
mM EGTA effectively decreased PS1 KO
mEPSC frequency to levels observed in
WT neurons (WT � 5.9 � 1.3 Hz, n � 11;
KO � 12.9 � 2.0 Hz, n � 30; KO �
EGTA � 6.4 � 1.4 Hz, n � 28; ANOVA,
p � 0.008) (Fig. 3A). The frequency of
mEPSCs observed in WT neurons was
only modestly decreased by the presence
of 10 mM EGTA in the internal recording
solution (WT � EGTA � 4.3 � 2.0 Hz,
n � 9). Therefore, calcium appears to play
an enhanced role in controlling mEPSC
frequency in PS1 KO neurons compared
with WT neurons. This could be due to an
increase in entry of calcium from outside
the cell and/or efflux of calcium from in-
ternal stores.

To determine the influence of external
calcium on the high mEPSC frequency in
PS1 KO neurons, mEPSCs were recorded
from WT and PS1 KO neurons after wash-
ing in calcium-free external solution. We
found that, similar to buffering internal
calcium, excluding external calcium sig-
nificantly reduced PS1 KO mEPSC fre-
quency to WT levels but had a smaller
effect on the frequency of WT mEPSCs
(WT � 3.4 � 0.9 Hz, n � 8; PS1 KO �
4.7 � 0.9 Hz, n � 16). These experiments,
together with the EGTA results, not only
demonstrate the calcium dependence of
the high mEPSC frequency phenotype,
but also effectively rule out an increase in
functional synapse number as an underly-
ing mechanism.

Next, we set out to further define the
dependence of vesicle release on external
calcium in PS1 KO neurons. It has been
previously shown that cultured cortical
PS1 KO neurons exhibit enhanced calcium
influx through L- and P-type VGCCs
(Cook et al., 2005). To test whether cal-
cium entry through L-, P-, or any other
type of VGCC contributes to the high
mEPSC frequency in PS1 KO neurons, we
performed recordings in which mEPSCs
were first recorded in normal external so-
lution and then switched to an external
solution containing the general VGCC blocker cadmium (0.5
mM). If the calcium contributing to the high mEPSC frequency in
PS1 KOs was coming in through any type of VGCC, then block-
ing them with cadmium should inhibit mEPSC frequency as ef-
fectively as calcium-free external did. On the contrary, we found
that blocking VGCCs with cadmium did not reduce the fre-
quency of mEPSCs in KO neurons (PS1 KO control � 9.6 � 2.7
Hz; PS1 KO � Cd 2� � 13.3 � 3.6 Hz, n � 12). Because T-type
calcium channels are less sensitive to cadmium blockade than
other VGCCs (Fox et al., 1987), we also tested the effect of the
efficient T-type calcium channel blocker nickel (Fox et al.,
1987). Nickel (100 �M) had no significant effect on mEPSC
frequency in PS1 KOs (data not shown). These data suggest
that calcium entry through VGCCs is not responsible for the

calcium-dependent enhancement of vesicle release observed
in PS1 KO neurons.

Presynaptic NMDARs have been found to modulate spontane-
ous neurotransmitter release in several brain regions (Corlew et al.,
2008). To determine whether calcium entry through presynaptic
NMDA receptors could be triggering enhanced spontaneous release,
mEPSC frequency was measured in PS1 KO neurons before and
after washing in the NMDA antagonist APV (50 �M). We found that
PS1 KO mEPSC frequencies were not significantly reduced in the
presence of APV (PS1 KO control � 27.2 � 6.3 Hz; PS1 KO �
APV � 22.6 � 4.9 Hz, n � 8) (Parent et al., 2005), ruling out the
involvement of either presynaptic or postsynaptic NMDARs.

In summary, although the enhanced release of presynaptic
vesicles observed in PS1 KO neurons was dependent upon the

Figure 2. PS1 KO neurons exhibit a significantly higher frequency of spontaneous mEPSCs compared with WT or HET neurons.
A, Cumulative probability distribution plot of mEPSC frequency for PS1 KO (F), HET (*), and WT (E) neurons. Each point on the
graph represents the average frequency of an individual neuron. Notice that although a portion of neurons from all three groups
had equally low frequencies, a large fraction of PS1 KO neurons had a higher and broader range of frequencies that are distinct from
WT and HET. Inset, Bar graph of the same data showing mean � SEM. ANOVA, p � 0.0001; **Tukey’s multiple comparison test,
p � 0.01 between PS1 KO and WT, and between PS1 KO and HET. B, Representative traces of spontaneous mEPSCs depicting the
range of frequencies recorded from three WT (top) and three PS1 KO (bottom) neurons. Notice that the lowest frequency example
trace for KO (KO 1) is similar to the lowest frequency WT trace (WT 1), but that the highest frequency KO trace (KO 3) is distinct from
highest frequency WT trace (WT 3). C, Cumulative probability distribution plot of mEPSC amplitude for PS1 KO (F), HET (*), and WT
(E) neurons. Each point on the graph represents the average mEPSC amplitude of an individual neuron. Notice that the distribu-
tion of averaged mEPSC amplitudes is similar across groups. Inset, Bar graph of the same data showing mean�SEM. For insets, the
number of neurons in each group is indicated above each bar.
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presence of external calcium, this synaptic phenotype did not
appear to involve calcium entry through either VGCC or presyn-
aptic NMDARs. One interpretation of these findings is that nor-
mal levels of calcium entry from outside the neuron could be
triggering exaggerated, abnormal release of calcium from inter-
nal stores in PS1 KO neurons. In other words, the enhanced
mEPSC frequency in PS1 KO neurons could be the result of
enhanced calcium-induced calcium release, which has been
reported to modulate spontaneous neurotransmission in hip-
pocampal pyramidal cells (Emptage et al., 2001). This notion
seems especially appealing given that PS1 has been implicated in
release of calcium from internal stores via interactions with the
InsP3 receptor (Cheung et al., 2008), the ryanodine receptor (Ry-
balchenko et al., 2008), and/or by forming a calcium leak channel
in the endoplasmic reticulum (Tu et al., 2006).

To test the contribution from ryanodine receptor-mediated
calcium efflux from internal stores on spontaneous release, ryan-
odine receptors were blocked by inclusion of ryanodine (15 �M)
in the intracellular recording solution. We found that blocking
ryanodine receptors failed to significantly decrease the high
mEPSC frequency exhibited by PS1 KO neurons (PS1 KO con-
trol � 11.3 � 1.3 Hz, n � 52; PS1 KO � ryanodine � 9.4 � 2.3
Hz, n � 17) (Fig. 4).

Next, the role of InsP3 receptors was tested by blocking them
with xestospongin C. Whether applied inside or outside the cell,
the presence of xestospongin C (3–10 �M) had no significant
effect on the high mEPSC frequency phenotype in PS1 KO neu-
rons (PS1 KO control � 11.3 � 1.3 Hz, n � 52; PS1 KO �
xestospongin C � 13.7 � 2.5 Hz, n � 20) (Fig. 4).

To test the possibility that other receptors/channels in the
endoplasmic reticulum (ER) could be the locus of exaggerated
calcium efflux, we took the alternative approach of depleting
calcium from internal stores by pretreating neurons with the
SERCA pump inhibitor thapsigargin. Thapsigargin blocks the
uptake of calcium from the cytosol into the ER, thereby leading to
the depletion of calcium from the ER. If internal stores are the
source of calcium that is triggering the high rate of spontaneous
vesicle release, depleting internal stores of calcium should reduce
mEPSC frequency in PS1 KO neurons. We found that pretreat-
ment for 30 min with thapsigargin (1 �M) did not significantly
attenuate the high mEPSC frequency phenotype in PS1 KO neu-

rons recorded in the continued presence of thapsigargin (PS1 KO
control � 11.3 � 1.33 Hz, n � 52; PS1 KO � thapsigargin �
10.9 � 2.1 Hz, n � 14) (Fig. 4). Together, the ryanodine, xesto-
spongin C, and thapsigargin experiments suggest that the endo-
plasmic reticulum is not a source of calcium contributing to the
high mEPSC frequency in PS1 KO neurons.

A concern about the thapsigargin experiments is that deple-
tion of ER stores could be activating capacitative calcium entry
(CCE) through store-operated channels (SOCs). In fact, it has
been reported that neurons lacking PS1 exhibit exaggerated CCE
(Yoo et al., 2000; Ris et al., 2003). Unfortunately, attempts to
determine the role of enhanced CCE in the high spontaneous
mEPSC frequency in PS1 KO neurons were thwarted by clear
off-target effects in both WT and PS1 KO neurons on both
evoked and spontaneous neurotransmission elicited by the drugs
known to block SOCs (10 –100 �M 2-APB and 10 �M SKF 96365).
Although there is no evidence that SOCs are active when internal
stores are not depleted, it is possible, though unlikely, that en-
hanced calcium influx through these channels is mediating the
high mEPSCs frequency in PS1 KO neurons regardless of the
levels of calcium in the internal stores.

Expression of WT PS1 and familial AD-linked M146V PS1
reduces mEPSC frequency in PS1 KOs, but expression of
catalytically inactive D257A PS1 does not
The results described above demonstrate that loss of PS1 signifi-
cantly increases mEPSC frequency. To determine whether rein-
troduction of PS1 is sufficient to restore mEPSC frequency to
wild-type levels, we investigated the effects of expressing WT PS1
protein in PS1 KO neurons. To gain further insight into the
mechanisms by which PS1 function alters mEPSC frequency, we
also investigated the effects of expressing two functionally dis-
tinct PS1 variants: (1) M146V, a familial AD-linked PS1 mutation
that retains an aberrant �-secretase activity favoring production
of �-amyloid 42 and elicits exaggerated intracellular calcium sig-
naling in neurons (LaFerla, 2002; Stutzmann, 2005; Bezproz-
vanny and Mattson, 2008); and (2) D257A, a PS1 mutation that
blocks �-secretase activity (Wolfe et al., 1999). WT PS1, M146V
PS1, and D257A PS1 were expressed in PS1 KO neurons, along

Figure 3. The high frequency of spontaneous mEPSCs in PS1 KO neurons is reduced to WT
levels by buffering intracellular Ca 2�. Including 10 mM EGTA in the intracellular recording
solution significantly decreased mEPSC frequency in PS1 KOs to WT levels (ANOVA, p � 0.008;
*Tukey’s multiple comparison test, p � 0.05 between PS1 KO control and PS1 KO with intra-
cellular EGTA). The number of neurons in each group is indicated and values represent the
mean � SEM.

Figure 4. Blocking Ca 2� release from internal stores does not significantly reduce the high
frequency of mEPSCs in PS1 KO neurons. Blocking ryanodine receptors by including 15 �M

ryanodine (Ryan) in the intracellular recording solution, or blocking InsP3 receptors with 3–10
�M xestospongin C (Xest; applied either inside or outside the cell), or depleting internal Ca 2�

stores by pretreating cells for 30 min with 1 �M thapsigargin (Thaps; and recording in the
continued presence of thapsigargin) had no significant effect on mEPSC frequency in PS1 KO
neurons. The number of neurons in each group is indicated and plotted values represent the
mean � SEM.
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with EGFP (as a separate protein), using
lentiviral vectors. Lentivirus directing ex-
pression of EGFP alone served as a
control.

Expression of WT PS1 in PS1 KO neu-
rons significantly reduced high mEPSC
frequency (PS1 KO � 14.7 � 1.9, n � 31
Hz; PS1 KO � EGFP � 15.4 � 2.6 Hz, n �
25; PS1 KO � WT PS1 � 7.9 � 1.1 Hz,
n � 27; ANOVA, p � 0.0001) (Fig. 5A).
Expression of the familial AD-linked
M146V mutant also restored mEPSC fre-
quency to WT levels (PS1 KO � M146V
PS1 � 5.2 � 0.8 Hz, n � 11) (Fig. 5A). The
D257A mutant, however, was unable to
reverse the high PS1 KO mEPSC fre-
quency (PS1 KO � D257A PS1 � 16.0 �
2.3 Hz, n � 17) (Fig. 5A). In keeping with
these findings, Western blot analysis (Fig.
5B) confirmed that the lentiviral vectors
restored properly processed exogenously
expressed WT and M146V PS1 protein
levels in PS1 KO neurons that were ap-
proximately comparable to endogenously
expressed PS1 in WT neurons (Fig. 5B, far
left lane; compare lentivirus WT PS1 and
M146V PS1 with equivalent uninfected
WT cultured neurons). Consistent with
previous results (Thinakaran et al., 1996),
PS1 overexpression resulted in the accu-
mulation of unprocessed full-length PS1.
Also in keeping with previous findings
(Wolfe et al., 1999), the D257A PS1 mu-
tant did not mature into a cleaved N-/C-
terminal form, but was clearly expressed
in its full-length form, thus ruling out the
possibility that the failure of the D257A
PS1 lentivirus to rescue the wild-type
mEPSC phenotype was due to inadequate
protein expression.

These data suggest that loss of �-secre-
tase activity underlies the enhanced release
of vesicles in PS1 KO neurons. To test this
idea further, we pharmacologically inhib-
ited �-secretase activity in WT neurons by
treating them for 48–72 h with the �-secre-
tase inhibitor L685,458 (5 �M). Inhibiting
�-secretase activity in WT neurons mimicked the effects of knocking
out PS1 and led to a significant increase in mEPSC frequency (WT �
6.5 � 2.1 Hz, n � 13; WT � L685,458 � 14.5 � 3.3 Hz, n � 12; t test,
p � 0.05) (Fig. 5A, inset) without significantly affecting EPSC size
(WT � 6361 � 969 pA, n � 11; WT � L685,458 � 4194 � 1015
pA). Together, these results suggest that �-secretase activity selec-
tively modulates spontaneous vesicle release.

Discussion
Only a handful of studies to date have investigated the normal
role of WT PS1 in synaptic function by examining the effects of
selectively eliminating PS1 (Feng et al., 2001; Yu et al., 2001;
Parent et al., 2005; Dewachter et al., 2008; Zhang et al., 2009, their
supplemental information). To extend our knowledge about PS1
in normal neuronal function, we performed a detailed analysis of
the consequences of losing PS1 on a variety of features of synaptic

transmission. We found that PS1 loss selectively enhanced action
potential-independent neurotransmitter release while having no
effect on evoked synaptic transmission. EPSC amplitude, short-
term synaptic plasticity, AMPAR/NMDAR, ratio and the appar-
ent calcium-sensitivity of release were all unchanged in PS1 KO
neurons (Fig. 1). The frequency of spontaneous mEPSCs in PS1
KO neurons was, however, more than double the rate in WT
neurons, without any change in amplitude (Fig. 2). Buffering
intracellular calcium or removing extracellular calcium reduced
mEPSC frequency in PS1 KO neurons to WT levels, but blocking
calcium entry through VGCCs or NMDARs had no effect (Fig. 3).
Surprisingly, blocking release of calcium from internal stores also
failed to alter mEPSC frequency in PS1 KO neurons (Fig. 4).
Lentivirus-mediated expression of WT or M146V PS1 in PS1 KO
neurons restored mEPSCs frequency to WT levels, but expression
of the catalytically inactive (and improperly processed) D257A

Figure 5. �-Secretase activity is required for reversal of high mEPSC frequency in PS1 KO neurons infected with lentivirus
directing expression of WT or mutant PS1. A, Lentivirus-mediated expression of WT PS1 or familial Alzheimer’s disease-linked
M146V PS1— but not the catalytically inactive D257A PS1—significantly reduced the high mEPSC frequency in PS1 KO neurons.
The number of neurons in each group is indicated and plotted values represent the mean � SEM (ANOVA, p � 0.0001; *Tukey’s
multiple comparison test, p � 0.05 between PS1 KO neurons expressing WT PS1 or M146V PS1 and control PS1 KO neurons
expressing EGFP alone). Inset, Treating WT neurons for 48 –72 h with �-secretase inhibitor L685,458 (5 �M) mimicked the effect
of knocking out PS1, leading to a significant increase in the frequency of spontaneous mEPSCs (*unpaired Student’s t test, p �
0.05). The number of neurons in each group is indicated and plotted values represent the mean � SEM. B, Western blot shows
expression of endogenous and exogenous full-length PS1 holoprotein (PS1fl) and processed N-terminal PS1 fragments (PS1nt), as
well as actin levels, in lysates from uninfected and lentivirus-infected neuronal cultures, and from whole brain. Migration positions
of molecular mass markers are on the left. Uninf, Uninfected.
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PS1 had no effect (Fig. 5). Consistent with these data, treatment
of WT neurons with �-secretase inhibitor increased mEPSC fre-
quency to KO levels (Fig. 5). Together, these results indicate that
�-secretase normally suppresses presynaptic calcium influx that
selectively modulates spontaneous neurotransmission, indepen-
dent of any changes in spine density or neurite outgrowth.

The lack of effect on EPSC size is consistent with most previ-
ous studies that used extracellular field potential recordings from
acute hippocampal slices to investigate evoked synaptic transmis-
sion in PS1 KO neurons (Feng et al., 2001; Yu et al., 2001; Zhang
et al., 2009; but see Dewachter et al., 2008) and PS1 HET neurons
(Morton et al., 2002). Although both loss of PS1 and inhibition of
�-secretase were found to increase immunocytochemically iden-
tified axodendritic contacts in cortical cultures (Parent et al.,
2005), the ineffectiveness of either of these manipulations in al-
tering evoked EPSC amplitudes suggests that the additional
contacts may not form functional synapses. An alternative expla-
nation is that loss of PS1 or inhibition of �-secretase increases
synapse number but reduces the probability of neurotransmitter
release in response to an action potential; the absence of any
change in the PPR, which typically correlates with release proba-
bility (Zucker and Regehr, 2002), or in the apparent calcium-
sensitivity of release in PS1 KO neurons, argues against a decrease
in release probability counteracting the effect of an increase in
synapse number. The rapidity with which introduction of intra-
cellular EGTA or removal of extracellular calcium reduced
mEPSC frequency (�6 min after breakthrough and �3 min after
solution exchange, respectively) also supports the notion that loss
of PS1 does not lead to an increase in functional synapse number.

Like EPSC size, short-term plasticity in PS1 KO neurons was
not different from WT neurons, again consistent with the major-
ity of previous studies (Feng et al., 2001; Yu et al., 2001; Zhang et
al., 2009; but see Dewachter et al., 2008). Given the multiple roles
that PS1 has been implicated in playing to control calcium release
from internal stores, it was somewhat surprising that neither PPR
nor depression during trains were altered, because two studies
have reported that calcium release from internal stores contrib-
utes to short-term plasticity in hippocampal pyramidal neurons
(Emptage et al., 2001; Zhang et al., 2009), although this remains
controversial (Carter et al., 2002; Chakroborty et al., 2009). In
any case, the lack of effect on short-term plasticity in PS1 KO
neurons further supports the conclusion that PS1 does not influ-
ence evoked transmission.

The rate at which synaptic vesicles were spontaneously re-
leased was clearly changed in PS1 KO neurons. Although mEPSC
frequency varied between batches of neurons, the average rate in
PS1 KO neurons was consistently approximately twice the rate in
batch-matched WT neurons, and in individual neurons was of-
ten much higher—indeed, over 1 s long stretches, mEPSC fre-
quencies �40 Hz were not uncommon in PS1 KO neurons but
rarely observed in WT neurons. This enhancement appears to
depend on an elevated influx of calcium, because it was elimi-
nated by removal of extracellular calcium or by buffering of in-
tracellular calcium, manipulations that had much smaller effects
on mEPSC frequency in WT neurons. Although it might seem
surprising that increased calcium influx could selectively enhance
spontaneous release without affecting evoked release, we note
that elevating intracellular calcium concentration from its nor-
mal resting level of �25 nM up to �80 nM leads to a tripling of
mEPSC frequency at the calyx of Held (Lou et al., 2005), suggest-
ing that, in this range of very low intracellular calcium concen-
trations, an increase of �100 nM could be responsible for the
increase in mEPSC frequency we observed in PS1 KO neurons.

This amount of extra calcium would not be expected to have a
significant effect on action potential-evoked release, which is trig-
gered by intracellular calcium concentrations in the range of
�10 –25 �M (Bollmann et al., 2000; Schneggenburger and Neher,
2000).

The source of the calcium responsible for elevated spontane-
ous release in PS1 KO neurons remains an enigma. Although we
initially suspected that enhanced calcium-induced calcium re-
lease from internal stores would play a role in the high-frequency
phenotype in PS1 KO neurons, blocking or eliminating release
from internal stores left mEPSC frequency unaltered in these
cells. VGCCs, whose activity is enhanced in cortical neurons de-
rived from PS1 KO mice (Cook et al., 2005), do not appear to be
involved, nor do presynaptic calcium-permeable NMDARs. We
were unable to determine whether SOCs might be aberrantly
active when internal stores were not depleted, because of off-
target effects of SOC antagonists on evoked and spontaneous
neurotransmission in both PS1 KO and WT neurons. We note
that presynaptic Gq-coupled receptors (such as group 1 metabo-
tropic glutamate receptors) would be expected to act through
release from internal stores, so are unlikely to be involved. In
addition, in the absence of action potential-dependent loading of
presynaptic terminals with sodium, the sodium/calcium ex-
changer should strongly favor calcium efflux, making this a
highly improbable source for calcium entry in PS1 KO neurons.
Similarly, the plasma membrane calcium-dependent ATPase
controls intracellular calcium levels through calcium extrusion,
and would not be expected to reverse its direction. Calcium-
permeable transient receptor potential channels remain candi-
dates for future studies of the mechanism underlying high
mEPSC frequency in PS1 KO neurons, along with other as-yet-
unidentified pathways for calcium influx.

An unexpected role for �-secretase in the control of spon-
taneous neurotransmission was revealed by rescue experi-
ments that investigated the effects of lentivirus-mediated
expression of WT and mutant PS1 in PS1 KO neurons.
Whereas expression of either WT or M146V PS1 significantly
reduced mEPSC frequency, expression of D257A PS1 did not.
Western blot data showed that in infected neuronal cultures,
full-length D257A PS1 was abundant, but not properly pro-
cessed, confirming the requirement for this residue in PS1
endoproteolysis as well as �-secretase activity (Wolfe et al.,
1999). Treatment of WT neurons with �-secretase inhibitor
phenocopied the loss of PS1, leading to an increase in mEPSC
frequency (Kamenetz et al., 2003; Parent et al., 2005) without
any change in evoked synaptic responses. Together, these re-
sults implicate a novel role for �-secretase in the control of
low-level tonic calcium influx into presynaptic axon terminals
that selectively influences spontaneous release. Because
�-secretase is involved in the processing of so many different
types of proteins, to hypothesize here about a specific pathway
by which �-secretase regulates spontaneous release is beyond
the scope of this study. In recent years, important physiolog-
ical functions have been identified for spontaneous excitatory
neurotransmission (McKinney et al., 1999; Sharma and Vija-
yaraghavan, 2003; Sutton et al., 2006; Espinosa and Kavalali,
2009). The current study thus adds to the growing list of po-
tential deleterious consequences of using �-secretase inhibi-
tors to treat AD (Panza et al., 2010).
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