@ © 2009 Nature America, Inc. All rights reserved.

nature |
neuroscience

ARTICLES

Amyloid-f3 as a positive endogenous regulator of
release probability at hippocampal synapses

Efrat Abramov!3, Iftach Dolev!>?, Hilla Fogel!, Giuseppe D Ciccotosto?, Eyal Ruff! & Inna Slutsky!

Accumulation of cerebral amyloid-p peptide (AB) is essential for developing synaptic and cognitive deficits in Alzheimer’s
disease. However, the physiological functions of A, as well as the primary mechanisms that initiate early AB-mediated synaptic
dysfunctions, remain largely unknown. Here we examine the acute effects of endogenously released Ap peptides on synaptic
transfer at single presynaptic terminals and synaptic connections in rodent hippocampal cultures and slices. Increasing
extracellular AB by inhibiting its degradation enhanced release probability, boosting ongoing activity in the hippocampal network.
Presynaptic enhancement mediated by Ap was found to depend on the history of synaptic activation, with lower impact at

higher firing rates. Notably, both elevation and reduction in A levels attenuated short-term synaptic facilitation during

bursts in excitatory synaptic connections. These observations suggest that endogenous AP peptides have a crucial role in
activity-dependent regulation of synaptic vesicle release and might point to the primary pathological events that lead to

compensatory synapse loss in Alzheimer’s disease.

It is now more than a decade since AP was first shown to be a
normal, soluble product of neuronal metabolism!~3. However,
its physiological role in neuronal function remains elusive. AP is
produced by sequential limited proteolysis of the amyloid precur-
sor protein (APP) conducted by two aspartyl proteases, - and
v-secretase®>. The production and subsequent release of AP posi-
tively correlate with the level of neuronal and synaptic activity®’. It
has been suggested that synaptic vesicle recycling through coupled
endo-exocytosis is the primary mechanism that mediates activity-
dependent AP production and release”8. The concentration of Ap
in the synaptic cleft varies, and at any given time is determined
by the balance of AP production, release and degradation. Several
members of the M13 zinc-dependent metallopeptidase family, such
as neprilysin, insulin-degrading enzyme and endothelin-converting
enzymes 1 and 2, have been implicated in the degradation of endog-
enous AP in the rodent brain®!°. Of these enzymes, neprilysin might
be the best candidate for regulating AP in the synaptic cleft because
of its presynaptic localization!! and the extracellular position of its
catalytic site!?,

Synapse loss is the strongest structural correlate of cognitive
decline in patients with Alzheimer’s disease! >4, Studies on mouse
models of Alzheimer’s disease provide evidence that soluble AP
oligomers contribute to the downregulation of synapse density!>~18.
Although these data support a homeostatic role of AP in the control
of synapse strength and number on a long timescale®!?, early modi-
fications mediated by AP that initiate synaptic dysfunctions remain
controversial. Much effort has been directed toward elucidating
synaptotoxic AP species'®1°. The ectopic application of specific A
peptides has generated highly heterogeneous data, ranging from an

increase in spontaneous synaptic activity and intrinsic excitability
of neurons?®?! to a lack of effect on synaptic transmission!® or
even its depression®22, Such inconsistencies suggest that the con-
centration, molecular composition and oligomeric states of AP
peptides differentially affect synaptic function. However, it is still
not understood how endogenously released AP, comprising pep-
tides of different lengths and molecular conformations, regulates
synaptic transfer in normal, non-transgenic hippocampal circuits
on a fast timescale.

In an attempt to answer this question, we used optical and electro-
physiological tools to assess the acute effects of changes in endogenous
extracellular A concentration ([AB] ) on synaptic transmission dur-
ing different patterns of neuronal activity in rat hippocampal cultures
and in acute hippocampal slices. Our results show that endogenously
released AP peptides positively regulate the release probability of syn-
apses, but do not alter postsynaptic function or intrinsic neuronal
excitability. The relationships between endogenous [AB] , short-
term synaptic plasticity, the excitation-inhibition (E/I) balance, and
ongoing neuronal activity are examined here.

RESULTS

Inhibition of neprilysin increases release probability

As synaptic vesicle recycling positively regulates [AB]  on a rapid
timescale”-8, we investigated whether endogenously released AP
would in turn modulate vesicle recycling through a feedback mecha-
nism. To achieve an acute increase in endogenous Af in the synaptic
cleft we used thiorphan, a competitive inhibitor of the presynaptic
rate-limiting peptidase neprilysin! 224 and neprilysin-like metal-
loendopeptidases?’. Thiorphan (500 nM, 1 h) significantly increased
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Figure 1 Acute inhibition of neprilysin
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the concentrations of AB_,,and AB,_,, in the extracellular culture
medium ([AB,,]  and [AB,,] , measured by sandwich ELISA, n = 4,
P <0.01; Fig. 1a). We investigated whether thiorphan acutely affects
synaptic vesicle recycling at individual hippocampal synapses using
the activity-dependent dye FM1-43 as a marker of synaptic vesi-
cle turnover?®. We evaluated the functional properties of synapses
by estimating the release probability (Pr) and spatial distribution
of active presynaptic terminals?’’>?8, To this end, we quantified
the total amount of releasable fluorescence at each bouton (AF)
and the density of FM* puncta per image (D) following stimula-
tion by 30 action potentials at a rate of 0.2 Hz in the presence of
10 uM FM1-43 (Supplementary Fig. 1). Figure 1b illustrates a
typical high-magnification AF image (a sub-region of the total
imaged area, see Supplementary Fig. 2) before and after thiorphan
application. The total presynaptic strength within a given region
of the hippocampal network (S) can be estimated as the product of
AF and D (S = AF x D). Single vesicle resolution (Supplementary
Fig. 3 and Supplementary Discussion) enables us to convert AF to
Pr and ensures that we detect active terminals that release at least
one vesicle per applied 30 action potentials in our experimental
system (corresponding to the detection limit of Pr ~0.04). Acute
application of thiorphan (500 nM, 10 min) induced a substantial
increase in both AF and D across synaptic populations, resulting
in 2.8-fold increase in the total presynaptic strength S (Fig. 1c).
Analysis of the effect of thiorphan at the single synapse level in the
same experiment revealed considerable variability across synapses
(Fig. 1d,e). The degree of thiorphan-induced presynaptic facilita-
tion was inversely correlated to initial AF (Fig. le, Spearman r =
—0.66, P < 0.0001). No correlation was found between presynaptic
changes and initial AF in a control experiment with two identical
successive staining-destaining runs (Spearman r = —0.02, P > 0.5,
Supplementary Fig. 1), indicating that the inverse correlation
detected for the thiorphan effect was not a statistical artifact. The
collective results of these experiments show a profound increase
in AF, D and, subsequently, S (n = 12, P < 0.0001, Fig. 1f). The

EC;, of thiorphan for presynaptic enhancement was 47 = 7 nM
(Supplementary Fig. 2), of the same order of magnitude as the
EC,, to increase [AB,,]  in our experimental system (28 + 2 nM;
Supplementary Fig. 2). The presynaptic effect of thiorphan was
reversible and long-lasting (Supplementary Fig. 2).

Given that fluorescence quantification based on FM staining
depends on exocytosis-endocytosis coupling, we determined the
effect of thiorphan on vesicle exocytosis per se by measuring the rate
of FM destaining during low-frequency stimulation?®. The experi-
mental protocol described above was modified for staining of the
total pool of recycling vesicles by 600 action potentials at 10 Hz and
destaining by 1-Hz stimulation (Supplementary Fig. 4). Thiorphan
increased the destaining rate constant (k = I/Tdecay’, where Tdecay isan
exponential time course) by ~180% (n =4, P < 0.001, Supplementary
Fig. 4), suggesting acceleration of the exocytosis rate. Furthermore,
thiorphan was ineffective in increasing presynaptic strength during
low-frequency stimulation at a high [Ca?*] | (four-fold higher than
physiological), which caused saturation of synaptic vesicle release in
our preparation (Supplementary Fig. 4). Together, these results sug-
gest that the acute effect of thiorphan is attributable to an increase
in release probability.

To examine whether a selective blockage of neprilysin activity
affects synaptic vesicle release, we used the polyclonal AF1126 anti-
body, which was raised against rodent neprilysin and neutralizes the
enzyme’s activity. Application of AF1126 (5 g ml™!, 1 h) triggered an
increase in [AB] (128 & 14% and 190 % 20% for [AB,]  and [AB,,]
respectively, n = 4, P < 0.001; Fig. 1a) and an increase in presynaptic
strength by 209 = 6% due to an increase in both AF and D (n = 8,
P <0.0001; Fig. 1h). The magnitude of the effect of AF1126 was simi-
lar to that of thiorphan for an identical application time (1 h, P> 0.3,
Fig. 1g). Heat-denaturated AF1126 had no significant influence on
presynaptic activity (n = 4, P> 0.2; Fig. 1g), confirming the molecular
specificity of AF1126 in increasing release probability. These results
indicate that neprilysin activity negatively regulates basal synaptic
vesicle recycling in hippocampal synapses.
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ApB mediates thiorphan-induced presynaptic enhancement

To determine whether thiorphan-induced presynaptic potentiation
was attributable to the activity of endogenously released AP or other
neprilysin substrates, we examined its effects in cultures with reduced
AP content (Fig. 2). Several methods have been used to reduce [AB]:
hippocampal cultures lacking AP precursor protein (APP) produced
from APP knockout®® (App~~) mice; chelation of extracellular AB by
specific 4G8 or HJ5.1 (ref. 8) monoclonal antibodies that recognize
the intermediate Af domain; and reduction of AP production by
inhibition of B- or y-secretases. We first tested whether thiorphan
affects presynaptic function in App~~ hippocampal cultures.
Thiorphan was ineffective in increasing either AF or D in neurons
lacking APP (n = 8, P > 0.6; Fig. 2a,c,d). However, transient expres-
sion of human APP . fused to YFP fluorophore (App**?) restored the
thiorphan effect in App™~ hippocampal cultures (1 = 7, Fig. 2b—d).
We used FM4-64 to test the effect of thiorphan on presynaptic activ-
ity in APPYFP_expressing neurons (Fig. 2b) compared with neurons
expressing YFP only (Fig. 2a). Single synapse (Fig. 2c) and population
(Fig. 2d) analysis revealed that thiorphan induced a four-fold increase
in presynaptic strength at boutons expressing APPYP (P < 0.001),
but did not produce presynaptic enhancement at non-transfected
App™~boutons (P > 0.5) or in boutons expressing YFP-only (P > 0.3,
Fig. 2¢,d). Interestingly, thiorphan also triggered three-fold poten-
tiation in non-transfected App~™~ boutons in the vicinity (<50 pm)
of APPYFP—eXpressing dendrites (n = 7, P < 0.001, Fig. 2¢,d). These
data indicate that human AP might be released from either a pre- or
post-synaptic compartment and can enhance presynaptic strength in
a cell-autonomous fashion®.

To further examine whether A, a proteolytic derivative of APP,
mediates thiorphan-induced presynaptic enhancement, we tested the
ability of 4G8 antibody to prevent the effect of thiorphan. Incubation
of hippocampal cultures with 4G8 (5 ug ml~1, 1 h) reduced [AB,,],
and [AB,,], by more than 80% (n = 4, P < 0.001, Fig. 2¢) and pre-
vented thiorphan from inducing an increase in presynaptic strength

(Fig. 2f-i). Analysis of 224 FM* boutons revealed that thiorphan
could not increase presynaptic strength in 4G8-pretreated neurons
(Fig. 2g,h). On average (n = 15), neither AF nor D was changed
following thiorphan application in 4G8-treated neurons (P > 0.5,
Fig. 2i). Thiorphan-induced presynaptic potentiation was also pre-
cluded by the use of another Af monoclonal antibody, HJ5.1, to
reduce [AB] (n =6, P> 0.2, Fig. 2i). Heat-denatured 4G8 and HJ5.1
antibodies (5 g ml~L, 1 h) failed to prevent the effect of thior-
phan, confirming the molecular specificity of these antibodies in
rescuing release probability (n = 4, P < 0.001 compared to control;
Fig. 2i). To verify that Af mediates APP-dependent, thiorphan-
induced presynaptic enhancement, we inhibited A production using
specific blockers of B-secretase (BACE1 inhibitor IV, 500 nM) or
v-secretase (L-685,458, 200 nM) (n = 4, P < 0.0001; Fig. 2e).
Thiorphan had no effect on synaptic vesicle turnover in neurons
with inhibited AP production (n = 13-16, P > 0.2; Fig. 2i). These
results indicate that endogenous AP positively regulates the presyn-
aptic strength of hippocampal synapses.

Inhibition of AB degradation increases mEPSC frequency

To test whether a thiorphan-induced increase in [AB] , affects quantal
synaptic transmission, we measured miniature vesicle release in the
presence of tetrodotoxin (TTX) at the level of presynaptic terminals
using FM1-43 dye, and at the level of miniature AMPAR-mediated
miniature excitatory postsynaptic currents (mEPSCs) using whole-
cell voltage-clamp recordings. Analysis of the mEPSC recordings
before and 10 min after thiorphan application (Fig. 3a—c) revealed an
increase of 172 = 28% in mEPSC frequency (n = 11, P < 0.01),
but no change in mEPSC amplitude (n = 11, P > 0.1). No correla-
tion was detected between series resistance and mEPSC frequency
(% =0.0002, Pearson’s correlation test, Supplementary Fig. 6), con-
firming that the differences across conditions are not attributable
to variability in the quality of the recordings. Analysis of miniature
vesicle recycling detected by FM1-43 under non-spike conditions

NATURE NEUROSCIENCE VOLUME 12 | NUMBER 12 | DECEMBER 2009

1569



l@ © 2009 Nature America, Inc. All rights reserved.

ARTICLES

a Control

Wy S eiq W
Thiorphan
1.0

el Th 8
@ @
& Cnt &
€ S
s 05 k]
< c
kel o
S S
© ©
IC 0 IC )

0 2 4 6 8 0 50 100 150

Inter-event interval (s) Peak amplitude (pA)
c mEPSC d FM1-43 +TTX

250 - 250 - O Cntr
I = mH1 T
S 200 W HJ5.1 T 5 200
S 150 § 150
2100 - & 100
=
F 501 I [ F 50
0 T T 0
Amp Freq AF D S

€ HJ5.1

QMW[' . V—“ vty '. vV o

HJ5.1 + thiorphan

e s

» 1.0 » 10
[$) [$)
%) D
o o
] w
£ £
B 05 5 05
c f= <
o o a
k5] k5] 2 \—
8 < 20 ms
w w

0 0

0 2 4 6 8 0 50 100 150

Inter-event interval (s) Peak amplitude (pA)

revealed a significant increase in presynaptic strength by 208 + 13%
(n=11, P<0.0001; Fig. 3d) after acute thiorphan application.

To test whether the thiorphan-induced increase in mEPSC fre-
quency is mediated by AP peptides, we repeated the experiments
described above in cultures pretreated with anti-AP antibodies. In
HJ5.1-treated cultures, thiorphan affected neither the frequency nor
the amplitude of mEPSCs (n = 9, P > 0.5; Fig. 3c—f), and nor did it
affect miniature vesicle recycling (n = 5, P> 0.3; Fig. 3d). These results
suggest that on a rapid timescale, endogenously released AP peptides
enhance the probability of quantal transmitter release, without alter-
ing the number of postsynaptic AMPA receptors.

ApB-mediated presynaptic enhancement is history dependent

Having established a positive relationship between [AB]  and
basal synaptic vesicle release, we investigated how inhibition of AB
degradation affects vesicle release and synaptic transmission evoked
by high-frequency discharges. Given the inverse relationship between
release probability and paired-pulse facilitation®"32, AB should trigger
a reduction in short-term facilitation during periods of correlated
activity. To test this prediction, we measured the total number of
recycled synaptic vesicles stimulated by a constant number of spikes
(30 action potentials) at various frequencies and temporal patterns.
The following stimulation parameters were modified: frequency of
spikes; temporal pattern (continuous versus burst); and inter-burst
interval. To prevent the induction of long-term plasticity by bursts, we
applied a postsynaptic glutamate receptor blocker (kynurenic acid).

Figure 3 Inhibition of Ap degradation increases miniature synaptic
vesicle release and mEPSC frequency. Effect of thiorphan (500 nM,

10 min) in control (a,b) and HJ5.1-treated cultures (e,f). (a) Representative
mEPSCs before (control) and after thiorphan application. (b) Cumulative
distributions of the inter-event intervals (left) and mEPSC peak amplitude
(right) before (black) and after (gray) thiorphan application. Differences
between the conditions for the displayed mEPSC inter-event interval
cumulative distributions are statistically significant (P = 0.003, K-S test).
Differences between mEPSC amplitude distributions (P = 0.1, K-S test)
are not significant. (c) Average effects of thiorphan on the frequency
and peal amplitude of mEPSCs in control (n=11) and HJ5.1-treated
(n=9) cultures. Thiorphan increased mEPSC frequency only in control
cultures (P < 0.01). (d) Average effect of thiorphan on miniature vesicle
recycling measured by FM1-43 in the presence of TTX (loading for 90 s
without external stimulation). Thiorphan increased the total presynaptic
strength of miniature vesicle exocytosis by 208 + 13% (n=11,

P < 0.001) in control, but not in HJ5.1-treated (n=5, P> 0.3)
cultures. (e) Representative recordings of mEPSCs before and after
thiorphan application in HJ5.1-treated (5 pg mi~1, 2 h) cultures.

(f) Cumulative distributions of the inter-event intervals (left) and
mEPSC peak amplitudes (right) before (black) and after (gray) thiorphan
application in HJ5.1-treated cultures. No statistical difference has been
found between mEPSC amplitude (P = 0.6, K-S test) or inter-event
interval (P = 0.5, K-S test) distributions. Error bars represent + s.e.m.
Scale bars: 40 pA, 64 ms (a,e). * P<0.05, ** P<0.01, *** P<0.001.

First, we assessed the effect of thiorphan on vesicle recycling triggered
by spikes at gradually increasing rates (10-100 Hz). The magnitude
of thiorphan-induced presynaptic potentiation was inversely propor-
tional to stimulation frequency: it was ~35% lower at 10 Hz than at
1 Hz, and was completely abolished at higher frequencies of 250 Hz
(Fig.4a,b). Furthermore, the temporal spike pattern affected the thior-
phan-induced potentiation at intermediate stimulation frequencies of
10-20 Hz; the magnitude of potentiation was higher for continuous
stimulation than for short bursts (n = 7-9, P < 0.05). However, at
spike rates 250 Hz, thiorphan did not influence presynaptic activity
for either pattern. Moreover, decreasing the inter-burst interval
from 5 to 0.2 s did not enhance the susceptibility of vesicle recy-
cling to thiorphan during 100-Hz bursts (Fig. 4c, n = 9-11, P > 0.3).
These data cannot be explained by saturation of synaptic vesicle
release or optical signal, as a similar reduction in the inter-burst
interval under control conditions enhanced the average fluorescence
intensity of boutons (Supplementary Fig. 7).

Finally, we assessed the effect of thiorphan on ‘natural’ stimulation
patterns derived from CA1l hippocampal place-cell firing in freely
moving rats (the sequence was provided by A. Lee and M. Wilson,
unpublished data). Periods of high-frequency discharges from two
CAL1 cells with a mean inter-spike interval of 46 + 3 ms (3-237 ms)
corresponding to the cell’s place field were selected as stimulation pat-
terns (Fig. 4d). Thiorphan induced a small presynaptic enhancement
during ‘natural’ high-frequency discharges (126 £ 5% for S, n = 11,
P < 0.01, 4 epochs from 2 cells; Fig. 4e). Together, these data suggest
that there is an inverse relationship between spike frequency and the
magnitude of AB-mediated presynaptic effects with some contribu-
tion of the temporal spike pattern at intermediate firing rates.

The above analysis of synaptic vesicle recycling enables us to esti-
mate presynaptic activity at the single synapse and network levels,
but lacks high temporal (millisecond) resolution. To investigate the
effect of thiorphan on the input/output relationship for bursts, we
measured evoked AMPAR-mediated EPSCs between pairs of exci-
tatory neurons, using a double-perforated patch-clamp technique
to preserve the intracellular environment of neurons. Bursts were
evoked in presynaptic neurons held in the current-clamp mode,
whereas the EPSCs from postsynaptic neurons were recorded at
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a holding potential of =70 mV. As shown in the representative
recordings depicted in Figure 4f, acute thiorphan application
resulted in an increase in amplitude of the first EPSC within the
burst, but its effect on the amplitude of the last EPSC varied from
no change (pair 1; Fig. 4f) to a decrease (pair 2; Fig. 4f). On average
(n=6), thiorphan increased the first EPSC amplitude by 171 + 33%
(P < 0.01; Fig. 4g), without a significant change in the integrated
burst charge transfer (P > 0.1). Consequently, thiorphan decreased
short-term synaptic facilitation and/or increased short-term
depression in excitatory synaptic connections, as estimated by the
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reduction in the relative EPSC amplitude within the burst (P < 0.01;
Fig. 4h). These results suggest that inhibition of AR degradation
induces history-dependent enhancement of synaptic transmission,
converting excitatory synaptic connections into low-pass filters.

Ap positively regulates ongoing neuronal activity

To assess the effect of an AB-mediated increase in release probability on
ongoing neuronal activity, we recorded the spontaneous neuronal firing
rate using perforated whole-cell current-clamp (Fig. 5a), and imaged
spontaneous vesicle exocytosis in the absence of external stimulation

Figure 5 Inhibition of A degradation increases ongoing spontaneous
activity through a shift in E/I balance. (a) Representative recordings
of spontaneous firing of pyramidal hippocampal neurons before and
after thiorphan application. Neurons were kept in current-clamp mode.
Scale bars: 20 mV, 3 s. (b) Effect of thiorphan on spontaneous vesicle
recycling measured by FM1-43 (loading for 90 s without external
stimulation). Scale bar: 2 um. (c) Effects of thiorphan on sEPSC

and sIPSC at the level of single pyramidal neurons. Scale bars:

300 pA, 5 s. Neurons were held sequentially at =70 mV (reversal
potential for GABA,R-mediated currents) to isolate SEPSCs and

at +4 mV (reversal potential for AMPAR-mediated currents) to

isolate sIPSCs. (d) Average effect of thiorphan on mean firing rate
(Fpp: n=14, P<0.0001), sEPSC charge transfer (E: n= 6,

P < 0.05), sIPSC charge transfer (I: n=6, P> 0.4), and E/I balance
(E/1: n=6, P<0.01). (e) Average effect of thiorphan on spontaneous
vesicle recycling (n=12, P < 0.0001 for S). (f) Frequency-current
relationship before and after thiorphan application (n = 9). Right,
current clamp recordings for the injected DC current (100 ms,

120 pA) before (black line) and after (gray line) thiorphan application.
Scale bars: 20 mV, 40 ms. In all the experiments (a—f) the effect

of thiorphan (500 nM) was quantified 10 min after its application.
Error bars represent = s.e.m. * P< 0.05, ** P<0.01, *** P< 0.001.
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Figure 6 Neutralization of [AB], reduces a
presynaptic activity of hippocampal synapses.
(a) Representative high-magnification

AF images obtained before and 30 min after
application of HJ5.1 antibody (5 ug mi=1).
Stimulation during FM1-43 staining:

30 action potentials at 0.2 Hz. Scale bar:

2 um. (b) Effect of HJ5.1 at the level of
single synapses. Slope of linear fit is

Cnt

HJ5.1

30 action potentials at 0.2 Hz

Low HEE T W High

o

AFy5.1 (@U.)

-

T
200

0.4 + 0.01 (for 240 synapses). (c) HJ5.1- 30 action potentials AFgp (B.u.)
induced presynaptic inhibition does not d at 0.2 Hz e f 1 Hz
Ch . 100 — 125 _—
depend on the initial presynaptic strength 2 5 100
(the same data as in b, Spearman r = -0.06, g W Cnt S 100
P> 0.3). (d) Histograms of AF before (black = O HJ5.11 5 e 75
bars) and after (gray bars) HJ5.1 application in 5 50 S 75 5
a single experiment. The median AF decreased 3 § 50
from 102 to 94 arbitrary units (a.u.), and the § 9 25
number of FM* boutons decreased from 0 25 0 : : : ,
267 to 173. (e) Average effect of HJ5.1 on 0 200 400 0 200 400 600
AF(a.u.) Time (s)

presynaptic strength across population of
synapses (n =6, P< 0.01) was reversible

upon 30 min of washout (n = 4). (f) Effect of HJ5.1 on the destaining rate of 264 synapses during 1 Hz stimulation. Destaining rate constants were
0.0044 + 5 x 107° and 0.0031 + 9 x 106 571 in control and HJ5.1, respectively. Error bars represent + s.e.m. * P< 0.05, ** P< 0.01, *** P< 0.001.

using FM1-43 (Fig. 5). Thiorphan application significantly increased
the neuronal firing rate by 418 + 68% from 0.5 + 0.15to 2.1 £ 0.4 Hz
(n=14,P<0.001; Fig. 5) and spontaneous vesicle exocytosis by 308 +
28% (n =12, P <0.0001; Fig. 5e). The observed increase in spontaneous
firing rate could be achieved by shifting E/I balance or by increasing the
intrinsic excitability of neurons. To assess the effect of thiorphan on
E/Ibalance directly, we isolated the spontaneous excitatory and inhibi-
tory postsynaptic currents (SEPSC and sIPSC, respectively; Fig. 5¢)
at the same cell, based on the reversal potentials of AMPAR- and
GABA R-mediated currents, respectively. We found that thiorphan
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increased the sEPSC charge transfer (from 21 * 4 to 59 £ 15 nC,
n = 10, P < 0.05,) without significantly altering the sIPSC charge
transfer (51 £ 13 versus 53 = 15 nC, n = 10, P > 0.7), resulting in an
increase of 339 + 61% in E/I ratio (0.52 + 0.07 versus 1.6 £+ 0.3, n = 10,
P <0.01; Fig. 5d). In the HJ5.1-treated cultures, thiorphan did not affect
either sSEPSC or sIPSC charge transfer (n =9, P> 0.2, Supplementary
Fig. 8), and subsequently did not change the E/I ratio (n =9, P > 0.7,
Supplementary Fig. 8), suggesting that the thiorphan-induced increase
in excitatory drive is mediated by extracellular A peptides.

To assess the effect of thiorphan on the intrinsic excitability of
neurons, we measured the frequency of action potential firing in
response to different levels of depolarizing current injection (FI
curve) in the presence of synaptic transmission blockers. On aver-
age (n =9), there was no significant change in the FI curve after
acute thiorphan application (P > 0.1; Fig. 5f). Neither the threshold
current for action potential generation (69.8 + 7.9 versus 73.7 £
8.6 pA, P> 0.6), nor the maximal action potential rate (49.3 + 6.5
versus 46.3 = 4.5, P > 0.2) was affected by thiorphan. Input resist-
ance (237.8 £ 24.4 versus 242.6 £ 26.2 MQ, P > 0.6) and resting
membrane potential (=71.4 £ 1.0 versus =71.7 + 1.3 mV, P > 0.4)
were not significantly altered. These data suggest that inhibition

Figure 7 Optimal [AB]; enables maximal short-term presynaptic
facilitation by bursts. (a) Experimental protocol used to determine short-
term plasticity indexed through Sy, i/ Sqinge (Ssingle: 30 action potentials
at 0.2 Hz; Sy ;: 30 action potentials in 6 bursts, where each burst
contained 5 action potentials; inter-spike interval, 10 ms; inter-burst
interval, 5 s). (b) Representative high-magnification AF images for single
and burst stimulations under control conditions ([Ca2*] /IMg?+], = 1),

in the presence of thiorphan (500 nM), and in the presence of HJ5.1

(5 ug ml=1, 1 h). Scale bar: 2 um. (¢) AF, Dand S for single versus

burst inputs over synapse population in control (n =16, P< 0.0001),
thiorphan-treated (n = 13) and HJ5.1-treated (n = 10) cultures. (d) The
magnitude of short-term plasticity as a function of [AB4q, 401, Spurst/Ssingle
under control conditions (n = 16, black symbols); following reduction in
[AB4g.40), bY 65 + 4% (HJ5.1, 5 ug mi~1, 30 min; n=4, P< 0.001, light
blue symbol) and by 86 + 4% (HJ5.1, 5ug mi=1, 1 h; n=4, P<0.001,
dark blue symbol); after a thiorphan-induced increase in [AB,q,4,], bY
125 + 15% (50 nM thiorphan; n= 3, P< 0.001, orange symbol) and by
145 + 8% (500 nM thiorphan; n=4, P< 0.001, red symbol). Error bars
represent + s.e.m. * P< 0.05, ** P<0.01, *** P<0.001.
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recordings of fEPSPs before (black) and 15 min after (gray) application of
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thiorphan. Scale bars: b, 0.2 mV, 20 ms; ¢, 0.1 mV, 20 ms. (d,e) Representative recordings of fEPSPs evoked by a burst (each burst contains 5 action
potentials; inter-spike interval, 10 ms; inter-burst interval, 30 s) before (black) and 15 min after (gray) application of thiorphan in control (d, scale bars:
0.2 mV, 20 ms) and in HJ5.1-treated (e, scale bars: 0.1 mV, 20 ms) slices. (f,g) Average relative amplitudes of fEPSPs within the burst, normalized to the
first peak. Thiorphan reduced synaptic facilitation during the burst in control (f, n =6, P< 0.01), but had no effect in HJ5.1-treated slices (g, n= 6,

P> 0.8). Error bars represent £ s.e.m. * P< 0.05, ** P<0.01, *** P<0.001.

of AP degradation results in over-excitation of the hippocampal
network through an increase in the E/I ratio.

Endogenous AP maintains basal presynaptic activity

To assess the involvement of [AB] | in tonic regulation of release prob-
ability, we tested the effects of the HJ5.1 antibody on basal presynaptic
activity (Fig. 6a). Single synapse analysis revealed that a reduction in
[AB], (5ug ml~! HJ5.1, 1 h) induced a ~60% decrease in AF values
across the boutons (Fig. 6b). No correlation was detected between ini-
tial AF and the degree of presynaptic inhibition (Spearman r = —0.05,
P > 0.4; Fig. 6¢). Population synapse analysis of the effect of HJ5.1
revealed a decrease in presynaptic activity mainly through reduction
in the density of FM* puncta (Fig. 6d,e). On average, treatment with
HJ5.1 reduced presynaptic strength to 53 + 6% of control (n = 6,
P < 0.01; Fig. 6e). This presynaptic suppression was reversible upon
30 min washout of the antibody (n = 4; Fig. 6e). To confirm that a
reduction in [AB]_ below normal levels suppresses synaptic vesicle
exocytosis, we tested the effect of the HJ5.1 antibody on the rate of
FM1-43 destaining induced by 1-Hz stimulation. Chelation of Af by
H]J5.1 caused a 30% decrease in the destaining rate constant (264 syn-
apses, n =3, P <0.001; Fig. 6f). In addition, a decrease in presynaptic
strength was detected following a reduction in Af} production (0.5 uM
BACEL!-inhibitor IV, S = 48 £ 6% of control, n =20, P < 0.0001; 0.2 uM
1-685,458, S = 49 + 3% of control, n = 13, P < 0.001). These results
suggest that extracellular AR might be involved in the maintenance
of basal synaptic vesicle release in hippocampal synapses.

Optimal [AB], enables maximal presynaptic facilitation

Although our results indicate that an increase in [AB]  reduces short-
term presynaptic facilitation, it is still unclear whether facilitation
monotonically relates to [AB] . To address this issue, we determined
the magnitude of presynaptic facilitation during bursts over a wide
range of [AB]  (Fig. 7). The magnitude and the sign of short-term
presynaptic plasticity (S, /Ssmgle) was calculated by dividing the
total number of vesicles recycled in response to bursts by the number
of vesicles recycled by a similar number of single spikes in the same

population of synapses (Fig.7a). S; . IS ingle > 1 reflects short-term

facilitation, whereas Spurst ! SSingl <1 reflects short-term depression.
On average, hippocampal synapses exhibited 2.3 + 0.2 facilita-
tion over the synaptic population at a physiological [Ca] /[Mg]
ratio (1.2/1.2 mM; n = 16, P < 0.0001; Fig. 7b—d), display-
ing stronger facilitation at low-Pr synapses (n = 4, Spearman
r=-0.67, P <0.0001; Supplementary Fig. 9). Strikingly, facilitation
of vesicle release was attenuated at both increased and reduced [AB]
(Fig. 7b—d). Increasing [AB,, 4,1, by ~25% (thiorphan, 50 nM)
resulted in a decrease of synaptic facilitation to 1.4 + 0.1 (n = 5,
P < 0.01; Fig. 7d), whereas further boosting [A[340+42]0 by ~45%
(thiorphan, 500 nM) completely abolished synaptic facilitation
(0.9£0.07,n =13, P <0.0001; Fig. 7c,d) due to an increase in release
probability (Fig. 1). On the other hand, reducing [AB,,+,,], by ~60%
(5 ug ml™! HJ5.1, 0.5 h) triggered a slight decrease in presynaptic
facilitation compared to control (2.0 £ 0.1, n = 5; P < 0.05; Fig. 7d),
whereas further reduction in [AB,+,,] by ~86% (5 ug ml1HJ5.1,1h)
resulted in a marked decrease in Shurst /SSingle (1.2 £ 0.07, n = 10,
P < 0.001; Fig. 7c,d). An increase in [Ca”]0 rescued S, o /SSingle
in HJ5.1-treated cultures (Supplementary Fig. 9), suggesting that
Ca?*-dependent mechanisms underlie the decrease in presynaptic
facilitation produced by AP chelation. In addition, a substantial
reduction in short-term facilitation was detected when A production
was reduced by >90% (Supplementary Fig.9). Together, our data suggest
that there is a bell-shaped relationship between short-term facilitation
of presynaptic terminals and [A], indicating that physiological
AP levels keep hippocampal synapses in a high-pass filter mode.

Ap regulates synaptic transmission in hippocampal slices

Finally, we investigated whether acute inhibition of AP degradation
by thiorphan affects synaptic transmission in a more intact prepa-
ration; namely, in acute hippocampal slices (Fig. 8). Extracellularly
recorded field EPSPs (fEPSPs) evoked by low frequency spikes
(0.1 Hz) were used to assess the strength of basal synaptic trans-
mission between hippocampal CA3 and CA1l cells (Schaffer
collateral-commissural pathway). Acute application of thiorphan
induced a reversible increase in fEPSP amplitude (Fig. 8a). On
average, thiorphan increased the slope of the input (amplitude of
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fiber volley)/output (slope of fEPSP) curve (I/O curve) by ~35%
(from 0.8 £ 0.015 to 1.1 £ 0.026, n = 10, P < 0.01; Fig. 8b), pointing
to an increase in basal synaptic transmission. To test whether an
increase in the basal transmitter release could underlie the posi-
tive effect of thiorphan on fEPSPs, we measured its effect at a high
[Ca2*] /[Mg?*], ratio. Thiorphan failed to increase the fEPSP at
high [Ca?*] /[Mg?*], (3.6/1.2 mM, 101 + 2%, n = 7, P > 0.3)
compared to its effect at physiological concentration (1.2/1.2 mM;
145 + 9%, n =7, P <0.005). Analysis of the effect of thiorphan on
short-term synaptic plasticity during bursts revealed a significant
increase in the peak amplitude of the first fEPSP within the burst,
but no change in the last one (Fig. 8d,f). Thiorphan decreased
the ratio of the last peak amplitude to the first peak amplitude by
~25% (n = 6, P < 0.01; Fig. 8f), suggesting a reduction in short-
term facilitation due to an increase in basal transmitter release.

To determine whether the effect of thiorphan on CA3-CA1 synaptic
transmission in acute hippocampal slice was attributable to the action
of endogenously released AP, we tested the effect of thiorphan in slices
pre-incubated with HJ5.1 antibody (5 ug ml™!, 1 h). Chelation of
[AB], by HJ5.1 occluded the effect of thiorphan on the fiber volley/
fEPSP relationship (n = 7, P > 0.3; Fig. 8c). Notably, the I/O slope was
significantly reduced after pre-treatment with AP antibody (0.51 +
0.01 versus 0.08 £ 0.015 in control, P < 0.001), suggesting a reduction
in basal synaptic transmission after AP chelation. Moreover, pretreat-
ment with HJ5.1 occluded the effect of thiorphan on burst-evoked
synaptic transmission (n = 6, P > 0.8; Fig. 8e,g). These data confirm
that endogenously released AP positively regulates basal synaptic
transmission in a history-dependent manner, resulting in reduction
of short-term facilitation by bursts in the CA3-CA1 pathway in acute
hippocampal slices.

DISCUSSION

Extensive experimental efforts over the past decade have identified
the effects of chronic elevation in [AB] on the synaptic ‘failure’ that
precedes cognitive decline in transgenic mouse models of Alzheimer’s
disease?. However, the initial steps underlying the very early phases
of synaptic dysfunction, as well as the physiological functions of Af,
remain obscure. In this study we focused on identification of the
primary, fast-timescale effects mediated by endogenous A peptides
on synaptic activity at the level of individual presynaptic terminals,
neuronal connections and synaptic networks. Our results indicate
that endogenously released AP peptides have a critical role in the
regulation of synaptic transfer function under physiological and
pathological conditions.

ApB and synaptic transfer function

The dependency of synaptic transmission on spike pattern is a univer-
sal property of central and peripheral synapses*+33, Input/output rela-
tionships in synaptic connections show a high degree of heterogeneity
and depend primarily on the basal release probability of synapses>43°,
Interestingly, there is a rich repertoire of negative endogenous regu-
lators of neurotransmitter release. Presynaptic G-protein-coupled
receptors (GPCRs), such as the GABA, metabotropic glutamate,
muscarinic, adenosine and cannabinoid receptors, typically mediate
the feedback inhibition of basal neurotransmitter release. This diver-
sity of negative endogenous regulatory pathways might make possible
the marked synaptic plasticity in hippocampal networks.

Our results reveal that AP acts as a positive endogenous modulator of
release probability in hippocampal synapses. The acute effects induced by
endogenous AP peptides in our studies were exclusively presynaptic, with-
out any detectable change in postsynaptic function or intrinsic neuronal

excitability. The enhancement of release probability by AP was non-
uniform, and negatively correlated to basal presynaptic strength, sug-
gesting that ‘unreliable’ low-Pr terminals might be more susceptible
to [AB], fluctuations. The electrophysiological data indicate that exci-
tatory synapses are highly sensitive to changes in AP levels, whereas
inhibitory drive remained relatively immune to immediate effects of
AP. However, future studies are required to determine whether AR dif-
ferentially affects excitatory-excitatory, excitatory-inhibitory, inhibitory-
inhibitory, and inhibitory-excitatory synaptic connections.

AB-mediated presynaptic potentiation, like GPCR-mediated
presynaptic inhibition, depends on the history of synaptic activa-
tion, reducing its impact at higher firing rates. Several mechanisms
might underlie this frequency-dependent phenomenon. First, it might
stem from a decrease in A release during high-frequency stimulation.
However, [AB]  positively correlates to the level of neuronal activ-
ity in APP-transgenic®’ and wild-type® mice, making this unlikely.
Alternatively, the inability of thiorphan to increase presynaptic activ-
ity during bursts with long inter-burst intervals might be explained by
the short life-time of AP in the synaptic cleft. Nevertheless, thiorphan
effectively enhanced presynaptic activity for single spikes with inter-
spike intervals equal to the applied inter-burst intervals (Fig. 4b,c).
Therefore, a reduction in the responsiveness of presynaptic terminals
to AP during bursts seems to be the most plausible explanation for
the observed phenomenon. Further studies should be conducted to
identify the molecular mechanism involved in frequency-dependent
enhancement of synaptic vesicle release by endogenous AP.

An intriguing finding in this study was that short-term synaptic
facilitation, a mechanism that is thought to be involved in informa-
tion processing and memory function’’, was impaired not only at
increased but also at significantly (>60%) decreased [AB]  (Fig.7d).
Although a reduction in synaptic facilitation at increased [AB] A might
simply occur due to a greater probability of vesicle release, as sug-
gested by the residual calcium hypothesis®438, a decrease in facilita-
tion at lowered [AB]  could be attributed to the reduced size of the
readily releasable pool of vesicles?”*2 or reduced Ca?* cooperativity in
triggering vesicle fusion®®. Regardless of the precise molecular mecha-
nism, AP peptides might maintain release probability in the optimal
range, enabling the efficient transfer of temporospatially correlated
inputs in hippocampal networks.

Rodent AP, which differs from human AP at three amino acids, is
less susceptible to oligomerization. Therefore, it was essential to exam-
ine the effects of human endogenously released AR on presynaptic
strength. Thiorphan triggered a pronounced enhancement of vesicle
recycling in neurons expressing APPYF? in App~~ cultures, indicat-
ing that the presynaptic effects of A do not depend on the primary
peptide structure. Presynaptic potentiation was also observed for two
main human AP isoforms, AR, _,, and AB,_,, (Supplementary Fig. 5).
However, the effective concentrations of ectopically applied synthetic
peptides were several orders of magnitude higher than the steady-state
endogenous [AB]  elevated by neprilysin inhibition, thus seriously
impeding the interpretation of these results. Therefore, at this stage, we
were unable to identify the isoforms and conformations of the endog-
enously released AP peptides that induce presynaptic enhancement.

Although the impairment of synaptic and cognitive functions in
Alzheimer’s disease is widely believed to be triggered by the rise in
[AB], the relationship between reduced AP levels and synaptic state
is less clear. Impaired synaptic plasticity, spatial learning and memory
have been observed in App™~ (refs. 40,41), BACEI ™/~ (ref. 42) and
PS1/PS2 conditional knockout?? mice. Furthermore, the injection of
small amounts of AB,, can enhance long-term synaptic potentiation
and memory, in contrast to the synaptic impairments produced by
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injection of high AB,, concentrations*. The bell-shaped relationship
between [AB]  and synaptic plasticity might have several clinical
implications. For example, boosting of ongoing neuronal activity
induced by inhibition of AP degradation might have potential sig-
nificance for epileptic activity in the early stages of Alzheimer’s dis-
ease®, Furthermore, various pathological conditions associated with
the reduction in neuronal activity might lead to decrease in [AB]
and, consequently, impairment of synaptic transmission capability.
A recent study in human subjects with acute brain injury provided
the first evidence of a correlation between the amount of Af in brain
interstitial fluid and neurological status*®. Finally, the fact that a
reduction in [AB]  decreases synaptic facilitation should be taken into
account when developing potential therapies for Alzheimer’s disease
based on inhibition of AR production or neutralization of AP.

AB and synaptic homeostasis

Synaptic loss is the best-known correlate of cognitive decline in
Alzheimer’s disease patients'*. Therefore, identification of the
cellular mechanisms that trigger the reduction in synapse number is
of critical importance. Previous studies have shown that downregu-
lation in the density and strength of APP-overexpressing synapses
occurs slowly, over months in vivo?” and days in vitrol5. Such time
courses are typical of the expression of homeostatic and metaplastic
changes in a wide range of synapses. The question then arises: what are
the primary versus compensatory changes induced by an increase
in [AB]?

Having established a negative relationship between A degradation
and ongoing neuronal activity on a rapid timescale, we examined
whether long-term inhibition of A degradation triggers a reduc-
tion in the number of functional presynaptic terminals. Hippocampal
cultures were pre-incubated with thiorphan for 48 h, and the den-
sity of functional synaptic terminals capable of vesicle recycling was
determined by a maximal stimulation protocol (600 action poten-
tials at 20 Hz). The number of FM™* functional synapses obtained
by this protocol correlates highly with structural findings?$. Our
data demonstrated a reduction in the density of functional termi-
nals, accompanied by an increase in the area of the fluorescent
puncta after prolonged thiorphan application (Supplementary
Fig. 10). These results are important for several reasons. They show
that long-term inhibition of Af degradation leads to synaptic loss,
similar to APP overexpression15>16>47. Second, they demonstrate that
accumulation of rodent AP, displaying a different primary structure
and lower amyloidogenic potential than human A, triggers a loss of
presynaptic terminals, a prominent feature of the brains of patients
with Alzheimer’s disease!>!4, Third, the data suggest that the loss of
functional terminals triggers a compensatory increase in the area of
the remaining active terminals, similar to the compensatory increase
in postsynaptic density size in patients with Alzheimer’s disease?®.
Finally, they provide evidence that thiorphan-sensitive AB-degrading
peptidases, such as neprilysin, might be critical for regulating synaptic
density. The increase in neuronal activity triggered by the deficit in
AP degradation might represent the first step in a cascade that leads
to a compensatory reduction in the number of synapses to balance
the ongoing activity of the hippocampal network. Given that AB
overproduction has been implicated in less than 1% of the cases of
Alzheimer’s disease, a deficit in AP clearance might contribute to the
development of synaptic loss and memory decline in the most com-
mon cases (late-onset Alzheimer’s disease)®.

Together, the results of this study suggest that endogenously
released AP peptides are essential for maintaining synaptic vesicle
release in a functional range, optimizing the high-pass filter properties
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of excitatory hippocampal synapses. Given the remarkable correlation
between a high default brain activity in young adults and a spatial
pattern of amyloid depositions in elderly individuals with Alzheimer’s
disease®, it is worth examining whether an increase in ongoing neu-
ronal activity and a decrease in synapse capacity for burst transfer
might represent a basic feature of the crucial early pathological
phase that leads to synapse loss in the common form of late-onset
Alzheimer’s disease.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Hippocampal cell culture. Primary cultures of CA3-CA1 hippocampal neurons
were prepared from newborn Wistar rats, App~~ and App*/* mice on postnatal
days 02, as described?®. The generation of the App™~ mice has been described.
The experiments were performed in mature (15-28 days in vitro (DIV)), high-
density (synaptic density > 1.5 synapses per (m? of dendritic surface area) cul-
tures. The cultures were grown in a culture medium (Gibco, 51200-038) with
modified [Mg?*]_ (1.2 mM instead of 0.8 mM)?3. All animal experiments were
approved by the Tel Aviv University Committee on Animal Care.

Estimation of synaptic vesicle release based on FM dye staining. Synaptic vesicle
release at single synapses was determined by counting the number of presynaptic
vesicles turned over by a fixed number of action potentials, using the activity-
dependent FM dye as a marker?”-28. Briefly, action potentials in neurons were
initiated by field stimulation (30 action potentials at 0.2 Hz) during dye loading,
and the terminals, after undergoing vesicle exocytosis coupled to endocytosis,
were stained by FM1-43 (see details in Supplementary Fig. 1). 10 uM FM1-43
(or 15 uM FM4-64, Fig. 2a—d) was present 5 s before and 20 s after the electrical
stimulation. During FM loading and unloading, the extracellular solution con-
tained (in mM): NaCl, 145; KCl, 3; glucose, 15; HEPES, 10; MgCl,, 1.2; CaCl,,
1.2; pH adjusted to 7.4 with NaOH. Kynurenic acid (0.5 mM) was added to
prevent recurrent activity through blockage of excitatory postsynaptic responses
during loading and unloading. After dye loading, external dye was washed away
in Ca%*-free solution containing ADVASEP-7 (0.1 mM; Sigma). To confirm that
the fluorescent spots corresponded to release sites, we evoked activity at 2-5 Hz
for 4 min during the unloading step to obtain release of dyefilled vesicles. The
total amount of releasable fluorescence at each bouton (AF) was calculated
from the difference between fluorescence after loading and after unloading
(AF = FloadingiFunloading)' The release probability (Pr) of individual terminals
was calculated as Pr = AF/(N,p x FQ), where FQ is the estimated releasable
fluorescence of a single synaptic vesicle,and N, , is the number of action potentials
applied during loading (see Supplementary Fig. 3). Under these conditions,
application of 30 action potentials would make it possible to detect functional
terminals with Pr > 0.04. The density of active terminals (D; Figs. 1-7) was
calculated as N/A, where N is the number of FM* terminals per FM image, and
A is the imaged area (except chronic thiorphan incubation, Supplementary
Fig. 10, where A was dendrite area). The total presynaptic strength has been
calculated as S= AF X D.

To determine the total presynaptic strength during burst patterns (S ,.,)>
30 action potentials were delivered in bursts consisting of 5 action potentials at
regular frequency (10-100 Hz, at inter-burst intervals of 0.2-5 s) or in ‘natural’
burst patterns derived from extracellular recordings in the CA1 region of the
hippocampus of running rats (provided by A. Lee and M. Wilson, unpublished
data). To determine the sign and magnitude of short-term plasticity, we calculated
/S 1o OVer the same image area, whereas S . was measured for the loading

Sburst single
of 30 action potentials at 0.2 Hz.

single

Functional imaging and analysis. Images were obtained with an Olympus (FV300)
confocal laser inverted microscope. The 488-nm line of an argon laser was used for
excitation, and the emitted light was filtered using a 510-nm long-pass filter and
detected by a photomultiplier. A 60 X 1.2 NA water-immersion objective was used
for imaging. The confocal aperture was partially open and image resolution was
57-92 nm per pixel. The gain of the photomultiplier was adjusted to maximize
the signal-to-noise ratio without causing saturation by the strongest signals. The
image after FM dye unloading was subtracted from the initial image; thus, only
those terminals containing activity-dependent releasable FM dye (~90% of total
staining) were analyzed. FM™' puncta were selected for further analysis by means
of custom scripts written in ImagePro Plus (Media Cybernetics) and MATLAB
(Mathworks) programs based on the following criteria: the fluorescence intensity
(AF) was 2 5.d. above the mean background and the area of puncta was 0.1-2 um?.
The FM™* puncta were detected by applying a binary mask that was created from
the AF image using adaptive thresholding. To analyze total presynaptic strength
over synaptic population (S = AF x D), we created an individual binary mask for
each image. To perform single synapse analysis comparing two images before and
after treatment, we created a binary mask using the AF image that has the most
synapses and applied it to both images. Centers of mass of detected FM* puncta
were compared between two AF images to ensure analysis of the same synapses.

Transfections. Transient (18-24 h) cDNA transfections of APP695YF P (ref. 50)
fusion protein were performed using Lipofectamine-2000 reagents in 11-13

DIV cultures.

‘Whole-cell recordings in hippocampal culture. Experiments were performed at
room temperature in a recording chamber on the stage of a Zeiss Axiovert S100
microscope. Extracellular Tyrode solution contained (in mM): NaCl, 145; KCl,
3; glucose, 15; HEPES, 10; MgCl,, 1.2; CaCl,, 1.2; pH adjusted to 7.4 with NaOH.
For measurement of mEPSCs (Fig. 3) and I/F curve (Fig. 5f), whole-cell patches
with low-access resistance (<10 MQ) were performed by membrane rupture.
Whole-cell patches were recorded using the following intracellular solution
(in mM): KGluconate, 120; KCl, 3; HEPES, 10; NaCl, 8; CaCl,, 0.5; EGTA, 5;
Mg?*-ATP, 2; and GTP, 0.3; pH adjusted to 7.25 with KOH. Serial resistance was
not compensated. For mEPSC recordings, tetrodotoxin (TTX; 1 uM, Alamon
Labs), amino-phosphonopentanoate (AP-5; 50 UM, Sigma) and gabazine (30 UM,
Tocris) were added to the Tyrode solution. Frequency versus current intensity
curves were plotted by measuring the average rate of action potentials in current
clamp during 100-ms long depolarizing steps of increasing intensity in the pres-
ence of synaptic blockers (50 pM AP-5, 20 uM DNQX and 30 uM gabazine).

For the experiments shown in Figure 4f~h and 5a,c, we obtained perforated
patch-clamp recordings. Perforated patch pipettes (2-3 MQ resistance) were
front-filled with a solution containing (in mM): KGluconate, 130; KCl, 4; HEPES,
10; NaCl, 8, EGTA, 0.4; pH adjusted to 7.2 with KOH and then back-filled with
the same solution containing 150-200 ng ml~! amphotericin B (Sigma). Dual
perforated whole-cell data were recorded from two interconnected cultured hippo-
campal pyramidal neurons (Fig. 4f). 0.1 uM CNQX; blocking EPSC ,, (p4 by 10%,
was added to reduce spontaneous network activity in dual-patch recordings.
This low concentration did not affect short-term plasticity measurements. The
presynaptic cell was held in current-clamp mode, and a 10 ms current pulse
(80-120 pA) induced action potential firing. The postsynaptic cells were held in
voltage-clamp mode at —=70 mV. Only neurons with monosynaptic connections
were used. The access resistances of both pre- and post-synaptic neurons were
monitored online and were typically 7-20 MQ. Recordings with access resistances
that exceeded 20 MQ or that varied substantially were excluded from analysis.

To measure the excitation/inhibition (E/I) balance (Fig. 5¢c), sEPSCs and
sIPSCs were isolated in the same cell based on reversal potentials of GABA ,
R-mediated and AMPAR-mediated currents, respectively. For these experiments,
perforated patch pipettes were front-filled with a solution containing (in mM):
CsOH, 127; D-gluconic acid, 127; CsCl, 4; HEPES, 10; NaCl, 8; EGTA, 0.4; pH
adjusted to 7.25 with CsOH and then back—filled with the same solution contain-
ing 150-220 ng ml~! amphotericin B. Given the intracellular and extracellular
solutions used in the present study, the reversal potential for E (V) was close to
+4mV and V| was close to =70 mV. Membrane holding potentials were corrected
following data acquisition for the experimentally determined liquid junction
potential (13 +2 mV). Signals were recorded using a MultiClamp 700A amplifier,
digitized by DigiData1440A (Molecular Devices) at 10 kHz, and filtered at 2 kHz.
Electrophysiological data were analyzed using MiniAnalysis (Synaptosoft) for
miniature and spontaneous currents or potentials, and in pClamp10 (Molecular
Devices) for EPSCs evoked presynaptically.

Electrophysiology of hippocampal slices. Coronal hippocampal slices (400 pm)
were prepared from 1- to 2-month-old Wistar rats in a cold (4 °C) storage buffer
containing (in mM): sucrose, 206; KCl, 2; MgSO4, 2; NaH2PO4, 1.25; NaHCO3,
26; CaCl2, 1; MgCl2, 1; glucose, 10. The slicing procedure was preformed using a
Leica VT1200 vibratome. Slices were transferred to a submerged recovery chamber
atroom temperature containing oxygenated (95% O, and 5% CO,) artificial cere-
brospinal fluid (ACSF) for 1 h before recording. The ACSF contained, in mM: NaCl,
125; KCl, 2.5; CaCl,, 1.2; MgCl,, 1.2; NaHCO,, 25; NaH, PO, 1.25; glucose, 25.
Experiments were performed at room temperature in a recording chamber on
the stage of a Zeiss Axiovert S100 microscope. Extracellular fEPSPs were recorded
with a glass pipette containing ACSF (1-2 MQ) from the CA1 stratum radiatum,
using a MultiClamp700A amplifier (Molecular Devices). Stimulation was evoked
in the Schaffer collateral-commissural pathway and delivered through a glass suc-
tion electrode (10-20 pm tip) filled with ACSE. fEPSPs were induced by repetitive
stimulations at 0.033 Hz or by bursts (each burst contains 5 action potentials,
inter-spike interval 10 ms, inter-burst interval 30 s). The relationship between
input (peak amplitude of the fiber volley, 0.033 Hz) and output (fEPSP amplitude
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and slope) was calculated to estimate basal synaptic transmission. fEPSPs were
analyzed by pClamp10 software (Molecular Devices).

ELISA of AB. Concentrations of rat AR, and A, in fresh extracellular medium
were determined by sandwich ELISA using highly sensitive commercial kits (Wako)
according to the manufacturer’s instructions. BNT77 was used as a capture anti-
body, BA27 as antibody for AB,, and BCO5 for AB,,. Only fresh samples were used.
In each experiment, media from four coverslips were mixed and analyzed.

Chemical reagents. FM1-43 and Advasep-7 were purchased from Biotium, thior-
phan and AP-5 from Sigma, 4G8 from Signet, AF1126 from R & D Systems, BACE1
inhibitor IV and L-685,458 from Calbiochem, AB, ,, and AB, ,, from Bachem,
TTX from Alamon Labs, and gabazine and CNQX from Tocris. Thiorphan solu-
tion was stored at 1 mM in ACSF solution containing 1 mM ascorbic acid to
prevent thiorphan oxidation?®. Equal amounts of ascorbic acid were added to
control samples before thiorphan was applied.

Statistical analysis. Error bars shown in the figures represent s.e.m. (s.e.m.).
Student’s paired t-tests were used in all the experiments where the effect of
thiorphan (or other compounds) was tested in the same cell/synapse (*P < 0.05;
P <0.01;***P < 0.001). Unpaired t-tests were used to compare different popula-
tions of synapses. A one-way ANOWA Kruskal-Wallis non-parametric test was
used to compare several populations of synapses. The nonparametric Spearman
test was used for correlation analysis. For comparison of mEPSC amplitude or
frequency under different conditions, 200 mEPSCs were randomly selected for
each cell and pooled for each condition. A Kolmogorov-Smirnov (K-S) test was
used to compute differences in mEPSC amplitude and frequency across the
pooled datasets.

50. Kaether, C., Skehel, P. & Dotti, C.G. Axonal membrane proteins are transported in
distinct carriers: a two-color video microscopy study in cultured hippocampal
neurons. Mol. Biol. Cell 11, 1213-1224 (2000).
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