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Corrections

MEDICAL SCIENCES

Correction for “NF-xB inhibits osteogenic differentiation of
mesenchymal stem cells by promoting p-catenin degradation,” by
Jia Chang, Fei Liu, Min Lee, Benjamin Wu, Kang Ting, Janette N.
Zara, Chia Soo, Khalid Al Hezaimi, Weiping Zou, Xiaohong
Chen, David J. Mooney, and Cun-Yu Wang, which appeared in

issue 23, June 4, 2013, of Proc Natl Acad Sci USA (110:9469-
9474; first published May 20, 2013; 10.1073/pnas.1300532110).

The authors note that Fig. 1 appeared incorrectly. The cor-
rected figure and its legend appear below. This error does not
affect the conclusions of the article.

A Vv IKKVI B O Control
oodi
Min 0 5 30 60 0 5 30 60 0 Odi + TNF
p-pB5 | e — O 0di +1L17
2
PES  —— ——————— [
SL6[
s |
p-lkBa -— - — — zl2
TcBo | —— S08
ES
04
a-tubulin [
0
C «__ O Control
14 ~ | O odi
1 1 | o odi+IKKIV
— o Odi+TNF o
210 B Odi+IKKIV+TNF
= 20 —
f=4 8 '_|
S
36 15
s = "
S a S0 M -
[
c = M
82 % s
0

0

Fig. 1. The IKKB small molecule inhibitor, IKKVI, promotes osteogenic differentiation by inhibiting NF-xB. (A) IKKVI inhibited IKK activities induced by TNF in

mMSCs. Cells were pretreated with IKKVI or vehicle control for 30 min and

then treated with TNF for the indicated times. The phosphorylation and deg-

radation of IxBa and p65 phosphorylation were examined by Western blot. (B) IKKVI overcame TNF and IL-17 inhibition of ALP in mMSCs by inhibiting NF-kB.
The results are the average value from three independent experiments and presented as mean + SD. **P < 0.01. Odi, osteogenic differentiation-inducing
media. (C) IKKVI attenuated TNF inhibition of Runx2 and Osx by inhibiting NF-kB in mMSCs, as assessed by Real-time RT-PCR. P < 0.01. (D) IKKVI attenuated

TNF inhibition of BSP induction by inhibiting NF-xB in mMSCs.
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NEUROSCIENCE

Correction for “Ap induces astrocytic glutamate release, extra-
synaptic NMDA receptor activation, and synaptic loss,” by Maria
Talantova, Sara Sanz-Blasco, Xiaofei Zhang, Peng Xia, Mohd
Waseem Akhtar, Shu-ichi Okamoto, Gustavo Dziewczapolski,
Tomohiro Nakamura, Gang Cao, Alexander E. Pratt, Yeon-Joo
Kang, Shichun Tu, Elena Molokanova, Scott R. McKercher,
Samuel Andrew Hires, Hagit Sason, David G. Stouffer, Matthew
W. Buczynski, James P. Solomon, Sarah Michael, Evan T. Powers,
Jeffery W. Kelly, Amanda Roberts, Gary Tong, Traci Fang-
Newmeyer, James Parker, Emily A. Holland, Dongxian Zhang,
Nobuki Nakanishi, H.-S. Vincent Chen, Herman Wolosker,
Yugiang Wang, Loren H. Parsons, Rajesh Ambasudhan, Eliezer
Masliah, Stephen F. Heinemann, Juan C. Pina-Crespo, and
Stuart A. Lipton, which appeared in issue 27, July 2, 2013, of Proc
Natl Acad Sci USA (110:E2518-E2527; first published June 17,
2013; 10.1073/pnas.1306832110).

The authors note that their conflict of interest statement was
omitted during publication. The authors declare that “S.A.L. is
the inventor on world-wide patents for the use of memantine and
NitroMemantine for neurodegenerative disorders; Y.W. is also a
named inventor on the patents for NitroMemantine. Per Harvard
University guidelines, S.A.L. participates in a royalty-sharing
agreement with his former institution Boston Children’s Hospital/
Harvard Medical School, which licensed the drug memantine
(Namenda) to Forest Laboratories, Inc.”

www.pnas.org/cgi/doi/10.1073/pnas.1313546110

STATISTICS

Correction for “Using distance correlation and SS-ANOVA to
assess associations of familial relationships, lifestyle factors,
diseases, and mortality,” by Jing Kong, Barbara E. K. Klein,
Ronald Klein, Kristine E. Lee, and Grace Wahba, which ap-
peared in issue 50, December 11, 2012, of Proc Natl Acad Sci USA
(109:20352-20357; first published November 21, 2012; 10.1073/
pnas.1217269109).

The authors note that: “The phrase ‘non-Euclidean pedigree
dissimilarity’” on page 20355, right column, first paragraph, line
3, is not correct. As a result of the error, the text from page
20355, right column, line 1 to page 20365, right column, line 7,
and Figs 3 and 4 are superfluous and should be omitted.

“The pedigree dissimilarity in the article is in fact Euclidean,
a consequence of the fact that the matrix of kinship coefficients
{@;} is positive definite, a fact that has been long since known.
Thus, there is no reason to invoke the pedigree embedding by
regularized kernel estimation (RKE), and the striking similarity
between Upper and Lower of Fig. 3, and also between Figs. 2 and
4, is not surprising. In theory, they should be identical. The very
minor differences can be explained by the small amount of
regularization applied here in the RKE method. The rest of the
paper, including results and discussion, is not affected. We thank
Daniel Gianola and Gustavo de los Campos for pointing out
the mistake.”

www.pnas.org/cgi/doi/10.1073/pnas.1313265110
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Synaptic loss is the cardinal feature linking neuropathology to
cognitive decline in Alzheimer's disease (AD). However, the mech-
anism of synaptic damage remains incompletely understood. Here,
using FRET-based glutamate sensor imaging, we show that amy-
loid-p peptide (Ap) engages a7 nicotinic acetylcholine receptors
to induce release of astrocytic glutamate, which in turn activates
extrasynaptic NMDA receptors (eNMDARs) on neurons. In hippo-
campal autapses, this eNMDAR activity is followed by reduction
in evoked and miniature excitatory postsynaptic currents (mEPSCs).
Decreased mEPSC frequency may reflect early synaptic injury be-
cause of concurrent eNMDAR-mediated NO production, tau phos-
phorylation, and caspase-3 activation, each of which is implicated in
spine loss. In hippocampal slices, oligomeric Ap induces eNMDAR-
mediated synaptic depression. In AD-transgenic mice compared
with wild type, whole-cell recordings revealed excessive tonic eNM-
DAR activity accompanied by eNMDAR-sensitive loss of mEPSCs.
Importantly, the improved NMDAR antagonist NitroMemantine,
which selectively inhibits extrasynaptic over physiological synaptic
NMDAR activity, protects synapses from Ap-induced damage both
in vitro and in vivo.

«7-nicotinics | astrocytes | glutamate receptors

merging evidence suggests that the injurious effects of amyloid p

peptide (Ap) in Alzheimer’s disease (AD) may be mediated, at
least in part, by excessive activation of extrasynaptic or perisynaptic
NMDARs (eNMDARs) containing predominantly NR2B subunits
(1, 2). In contrast, in several neurodegenerative paradigms, physi-
ological synaptic NMDAR (sNMDAR) activity can be neuro-
protective (refs. 3-8, but see ref. 9). Soluble oligomers of AB;_4»
are thought to underlie dementia, mimic extracellular glutamate
stimulation of eNMDARs, and disrupt synaptic plasticity and
long-term potentiation, eventually leading to synaptic loss (1, 6,
10, 11). However, mechanistic insight into the action of A that
causes excessive eNMDAR stimulation and the potential link
between eNMDARs and synaptic damage remain to be eluci-
dated. Here, we examine the cascade involved in eNMDAR
activation by oligomeric A and its consequences on miniature
excitatory postsynaptic currents (mEPSCs). We found that
eNMDAR activation is triggered by extrasynaptic glutamate
released from astrocytes in response to AP peptide. In turn,
eNMDAR stimulation is followed rapidly by a decrease in
mEPSC frequency with accompanying generation of nitric oxide
(NO), hyperphosphorylation of tau, and activation of caspase-3.
Pharmacological blockade of eNMDARSs with relative sparing of
sNMDARs abrogated NO production, tau phosphorylation, cas-
pase activation, and subsequent synaptic loss. These results sug-
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gest a glutamate-mediated cascade triggered by Ap in which early
eNMDAR activation may contribute to subsequent synaptic dam-
age and consequent cognitive decline in AD.

Results

FRET-Based Imaging of Af-Induced Glutamate Release from Cultured
Astrocytes. Inflammatory cells, including microglia and astrocytes,
are thought to contribute to damage in AD, in part via glutamate
excitotoxicity (2, 12). For example, exposure to oligomeric Ap or
conditioned medium from microglial cultures incubated with Ap
has been reported to decrease glutamate reuptake from astro-
cytes in brain slices and cultures (13-16), but whether Af also
induces local release of toxic glutamate levels onto neurons
remains unknown. To study this question, we used a FRET-based

Significance

Communication between nerve cells occurs at specialized cel-
lular structures known as synapses. Loss of synaptic function is
associated with cognitive decline in Alzheimer’s disease (AD).
However, the mechanism of synaptic damage remains in-
completely understood. Here we describe a pathway for syn-
aptic damage whereby amyloid-p,_4, peptide (Af1_4,) releases,
via stimulation of a7 nicotinic receptors, excessive amounts of
glutamate from astrocytes, in turn activating extrasynaptic
NMDA-type glutamate receptors (eNMDARs) to mediate synap-
tic damage. The Food and Drug Administration-approved drug
memantine offers some beneficial effect, but the improved
eNMDAR antagonist NitroMemantine completely ameliorates
AB-induced synaptic loss, providing hope for disease-modifying
intervention in AD.
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glutamate sensor system (SuperGluSnFR) (17) to detect the local
concentration of glutamate contiguous to astrocytes after expo-
sure to AP peptides. To ensure the close apposition of the sensor
probe (consisting of GluSnFR-transfected HEK 293 cells) to the
astrocytes, the sensor cells were genetically engineered to coex-
press neuroligin (18) (Fig. 14). Unlike prior methods, the FRET
GluSnFR technique allows unprecedented spatial and temporal
resolution of local glutamate concentration on a subsecond time-
scale. This resolution was important for comparing extrasynaptic
glutamate levels with the rapid electrophysiological effects of Ap
observed in subsequent patch-clamp recordings.

In mixed neuronal/astrocytic or astrocyte cultures, the addition
of glutamate itself resulted in an increased normalized FRET
ratio, with a standard curve revealing sensitivity in the dynamic
range of 1 to ~100 pM, as reported previously (17), and similar to
the glutamate sensitivity of native NMDARs (19). Within seconds
of exposure to picomolar concentrations of naturally occurring
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Fig. 1. Detection of astrocytic glutamate release after exposure to oligomeric

AB. (A) Coculture of purified rat cortical astrocytes and HEK293T cells
cotransfected with SuperGIuSnFR and neuroligin to measure directly the time
course of glutamate release. FRET fluorescence overlaid on bright-field im-
aging. (Scale bar: 10 pm.) (B) Human naturally occurring Ap peptide (55 pM by
ELISA; Materials and Methods) was applied to a coculture of purified human
astrocytes and HEK cells expressing SuperGIuSnFR, and the normalized FRET
ratio was measured. The peak CFP/YFP ratio was divided by the baseline CFP/
YFP ratio and was plotted after baseline normalization to 1. As measured with
the FRET probe, Ap induced glutamate (Glu) release from human astrocytes
comparable to control applications of glutamate of ~30 pM. (C) Normalized
FRET ratio reflecting glutamate release from purified rat astrocytes exposed to
synthetic AB1_4> (containing 250-nM oligomers; Materials and Methods). (D)
Monomeric ABi4> (1 pM) did not induce glutamate release from purified
astrocytes. Glutamate addition was used as a control. (E) Oligomerized AB1_42
generated a robust FRET signal from astrocyte cultures in the presence but not
the absence of extracellular Ca*. n = 24 cells analyzed in four experiments. (F)
a-Bungarotoxin (100 nM), a selective antagonist of a7 nAChRs, abrogated
oligomerized ApBq4>-induced glutamate release from rat astrocytes. n = 14
cells analyzed in three experiments. (G) Oligomerized AB_4»-induced gluta-
mate release also was largely eliminated in astrocytes from a7nAChR-knock-
out (7KO) mice. n = 25 cells analyzed in four experiments. Values of the
normalized FRET ratio in each panel are mean + SEM. (H) By Fura-2 imaging,
oligomerized A4, evoked a larger increase in intracellular Ca?* in WT than
in a7KO mouse astrocytes. n = 83 cells analyzed in three experiments. (/) In vivo
microdialysis showed higher levels of extracellular glutamate in the hippo-
campus of 22- to 24-mo-old transgenic mice overexpressing human APP (hAPP
tg) than in age-matched a7KO mice or in mice produced by crossing hAPP tg
mice with «7KO mice (hAPP tg/a7KO). Data are shown as mean + SEM; n = 16;
*P < 0.05 by t test with Bonferroni correction.

Talantova et al.

Ap prepared from human postmortem AD brain by a method
modified from Selkoe and colleagues (1, 15, 20) or to nanomolar
concentrations of oligomerized (but not monomeric) synthetic
Ap1_42, we observed local increases in glutamate. Potentially, both
neurons and glia contribute to glutamate release in our mixed
cultures, so we also tested the response to AP in pure astrocyte
cultures. In this case, the change in glutamate concentration was
on the order of 30 pM and occurred in ~40% of the fields of
astrocytes examined (Fig. 1 B-D; n = 370 responding cells
quantified in 26 experiments). (For details of Ap preparations,
see Materials and Methods and Fig. S1.) Although naturally
occurring AP yielded robust responses, synthetic Af,_4; yielded
significant increases in local glutamate with as little as 325 pM of
an oligomerized preparation in both rat and human astrocyte
cultures (Fig. S1D). HPLC analysis validated these results, re-
vealing a small but significant rise in glutamate in the medium
bathing the astrocytes after Ap exposure (Fig. S1E). Depleting
microglia from the astrocyte cultures using L-leucine methyl
ester did not influence the level of glutamate (Fig. S1F), ar-
guing for a direct effect of Afy_4» on astrocytes under our
conditions. Additionally, low-micromolar Af,s_35 also engen-
dered local increases in glutamate release from astrocytes, as
detected by the FRET GluSnFR technique (Fig. S1G). Control
experiments showed that the transfected HEK cells did not
respond to Ap in the absence of astrocytes.

ABq-s2-Induced Glutamate Release from Astrocytes Requires ca*.
Because some forms of astroglial glutamate release are Ca®*
dependent (21), we asked whether oligomeric Af;_4>-induced
glutamate release from astrocytes was dependent on Ca** influx.
Indeed, when Ca®* was omitted from the extracellular medium,
AP failed to induce glutamate release, whereas the addition of
Ca?* immediately restored glutamate release (Fig. 1F). Absence
of Ca®* did not affect the sensitivity of glutamate sensor cells,
because responses to exogenously applied glutamate were pres-
ent in nominally Ca?*-free solutions.

o7 Nicotinic Acetylcholine Receptors Mediate Af-Induced Glutamate
Release from Astrocytes. Af; 4, binds with high affinity to the o7
nicotinic acetylcholine receptor (¢7nAChR) (22), a ligand-gated
ion channel with high Ca®* permeability that has been implicated
in the pathology of AD (23). Because activation of a7nAChRs
can increase intracellular Ca®* ([Ca®*];) in astrocytes (24), and
glutamate release was calcium dependent, we next asked if
a-bungarotoxin («-Bgtx), a highly selective o7-antagonist, could
inhibit Ap-induced glutamate release from astrocytes. When oli-
gomerized AP was applied to mouse astrocytes in the presence of
100 nM o-Bgtx, glutamate release was almost totally abrogated
(Fig. 1F). Moreover, astrocytes obtained from a7nAChR-knock-
out mice released very little glutamate in response to AP, as
monitored with the FRET GluSnFR probe (Fig. 1G). The de-
crease in Af-induced glutamate release was mirrored by a re-
duction in [Ca®*]; in «7nAChR-knockout astrocytes as compared
with WT (Fig. 1H). These findings support the notion that in
addition to the reported inhibition of glutamate reuptake, Af
induces release of glutamate from astrocytes, mediated at least in
part by a7nAChRs. AP has been shown to bind to group I
metabotropic glutamate receptors (25), but antagonists to these
receptors manifested little or no effect on oligomeric Ap-induced
glutamate release in our system (Fig. S1H).

A caveat to these findings lies in the fact that astrocytic recep-
tors and their pharmacological properties can change in culture.
Hence, to vet our results showing extracellular glutamate ac-
cumulation in response to AP and its pharmacological proper-
ties in more intact systems, we performed experiments in vivo in
animal models of AD during microdialysis. Using transgenic mice
expressing human amyloid precursor protein (hAPP tg), we found
basal glutamate levels were increased compared with non-
transgenic littermates and that this increase was largely abro-
gated and was not statistically different from WT after crossing
with «7nAChR-null mice (Fig. 17 and Fig. S1I). Our results
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show that extracellular glutamate accumulates not only in
culture but also in living brain in the presence of oligomerized
AP in an a7nAChR-dependent manner (23). As a corollary, un-
der our culture conditions as well as in vivo, the high density of
transporters adjacent to synaptic sites would be expected to clear
excessive glutamate released by Ap away from synaptic receptors,
although extrasynaptic receptors still might be activated (but see
ref. 26). Hence, this premise was queried next.

AB Increases Extrasynaptic Glutamatergic Currents but Decreases
Synaptic Currents in Rat Hippocampal Autaptic Cultures. Hippocam-
pal microcultures contain a few or even a single neuron that
synapses on itself to form an autapse; neurons are cultured in
isolation or on a tiny bed of astrocytes (Fig. S2 4 and B). This
preparation allows rapid access of exogenous AP and applied
drugs to neural tissue and also simultaneous recording of eNM-
DARs and sNMDARs with a single patch electrode. In hippo-
campal autaptic cultures, we found that picomolar naturally
occurring Ap-soluble oligomers, nanomolar oligomeric Ap;_4»
(but not monomeric), or low-micromolar Ap,s_35 (but not
AP35 »5) induced a tonic inward current within tens of seconds of
application in ~55% of neurons (Fig. 2 A-G; n = 90). In excit-
atory neurons in the nominal absence of extracellular Mg>™, the
inward current was inhibited by the NMDAR antagonists (D-)-2-
amino-5-phosphonovalerate (APV) or memantine (Fig. 2F) or by
the combination of an NMDAR antagonist and an AMPA re-
ceptor (AMPAR) antagonist (Fig. 2 A-C). Prior work had shown
that the tonic inward current in this preparation represents acti-
vation of extrasynaptic glutamate receptors (3, 5, 27, 28). To con-
firm this finding, we performed recordings after pharmacological
isolation of extrasynaptic currents using the published protocol of
first activating excitatory synaptic currents electrically followed by
the addition of dizocilpine (MK-801) to block these synaptic
responses (29) (Fig. S2 C and D). After isolating extrasynaptic
currents in this manner, we found that Ap,_4, (containing 250-
nM oligomers) resulted in increased eNMDAR activity similar to
that seen with the application of low-micromolar glutamate
(Fig. S2E).

When we studied autapses formed by inhibitory neurons, which
release GABA rather than glutamate (Fig. S2F), we also observed
a tonic inward current engendered by oligomerized Ap;_4, that was
antagonized at least partially by 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline (NBQX) plus memantine (Fig. 2D). This
finding is consistent with the notion that glutamate was being re-
leased predominantly by astrocytes rather than neurons, because
these inhibitory neurons do not release glutamate. If so, then the
addition of a-Bgtx to these neuronal/astrocyte cultures should in-
hibit oligomerized AB;_4,-induced currents by inhibiting glutamate
release from the astrocytes via blocking «7nAChRs. To test this
premise in a manner that was pathophysiologically relevant to
human AD, we used neurons and astrocytes derived from human
induced pluripotent stem cells (hiPSCs). Consistent with the no-
tion that astrocytic glutamate release is mediated by a7nAChRs,
we found in this preparation that NMDAR antagonists inhibited
oligomerized Af;_4>-induced currents, as did 100 nM a-Bgtx (Fig.
S2 G and H).

Another important consideration is that memantine, like other
NMDAR open-channel blockers, might block «7nAChR channels
(30) and hence prevent release of glutamate from the astrocytes.
We tested this possibility using our FRET probe and indeed found
memantine produced a small decrement in glutamate release from
astrocytes, but the effect did not reach statistical significance (Fig.
S1J). Hence, this action could not account for the memantine ef-
fect, because substantial glutamate release remained. Nonetheless,
this secondary effect of memantine on a7nAChRs potentially
might contribute to the drug’s ability to limit eNMDAR currents,
because, at least in theory, glutamate release from astrocytes
might be inhibited to a degree, in addition to memantine’s direct
blocking of eNMDAR-operated channels.

Importantly, in neurons in which synaptic currents in addition to
extrasynaptic responses were monitored quantitatively after the

E2520 | www.pnas.org/cgi/doi/10.1073/pnas.1306832110
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Fig. 2. Application of various Ap preparations (naturally occurring human
Ap, oligomeric synthetic AB1_42, or AB,s_35) to autaptic hippocampal neuronal
cultures induces extrasynaptic inward currents and decreases mEPSC fre-
quency in a glutamate receptor antagonist-sensitive manner. (A) Naturally
occurring human A (55 pM) induced extrasynaptic current in neurons that
was inhibited by glutamate receptor antagonists NBQX (10 pM) and b-APV
(100 uM). (B) ABi1_42 (containing 500-nM oligomers) induced extrasynaptic
current in glutamatergic autaptic neurons, which could be largely inhibited
by NBQX (10 uM) plus memantine (10 pM). (C) NBQX (10 pM) plus memantine
(10 pM) significantly reduced the amplitude of AB_4y-induced extrasynaptic
currents. Data are shown as mean + SEM; n = 8; *P < 0.05 by t test. (D) Oli-
gomerized ApBq_4> also induced extrasynaptic current in GABAergic autaptic
neurons. Large, transient inward current represents an inhibitory post-
synaptic current. (E-G) Application of AB,s 35 (10 pM), but not ABss_ps, also
induced inward extrasynaptic current sensitive to memantine with a mean
amplitude of 45.9 + 11.2 pA in 42% of recorded cells. (H) In well space-
clamped autapses, both mEPSC amplitude and mEPSC frequency were de-
creased significantly after exposure to oligomerized AB1_45. n = 9; *P < 0.05,
**P < 0.01 by t test. (/) Representative cumulative probability graphs of
mEPSC amplitudes. (J) Representative cumulative probability graphs of
mEPSC interevent intervals. (K) Amplitude of mEPSC was not altered but
frequency was decreased significantly after AB,s s exposure. n = 5; *P < 0.05
by t test. (L) Representative cumulative probability graphs of mEPSC ampli-
tudes. (M) Representative cumulative probability graphs of mEPSC interevent
intervals.

addition of TTX, we found a decrement in mEPSC frequency and
a smaller or no decline in mEPSC amplitude within minutes of Ap
exposure (Fig. 2 E and H-M). The significant decrease in mEPSC
frequency suggested a presynaptic deficit, but functional loss of
synapses in response to oligomeric Ap under these conditions was
possible also. We knew these autaptic cells were well clamped,
because the miniature synaptic currents reversed at or near 0 mV,
as expected for excitatory cation-mediated responses under our
conditions. Interestingly, in neurons that did not manifest any
extrasynaptic glutamatergic current in response to Ap, we did not
observe a subsequent decrease in mEPSC frequency. Furthermore,
depletion of astrocytes from the cultures largely abrogated these
effects of oligomeric Ap (Fig. S2I), even though excitatory neurons
have been shown to release synaptic glutamate in response to Ap
(31). The fact that the Ap-induced current was greatly abated in
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the absence of astrocytes also was consistent with the notion that  the published protocol of activating excitatory synaptic currents
the predominant effect on extrasynaptic current observed here did  (by antagonizing inhibitory currents with the GABA antagonist
not result from direct action of Ap on neuronal NMDARs. Al-  bicuculline) followed by the addition of MK-801 to block the
though these experiments do not rule out a direct effect of AB on  excitatory synaptic responses (Fig. S3 D and E) (3, 27, 28).
neurons, they do indicate that the major effects observed under
our conditions were dependent on the presence of astrocytes. Extrasynaptic NMDARs Mediate AB-Induced Synaptic Depression in
Additionally, in the absence of TTX we observed that cells  Hippocampal Slices. Previously, Selkoe and colleagues demon-
responding to AP with an inward extrasynaptic current man-  strated that soluble oligomeric Ap depressed long-term poten-
ifested subsequent evoked EPSCs with smaller AMPAR- and  tiation induced by high-frequency stimulation while enhancing
NMDAR-mediated components than in control (Fig. S2J). long-term depression induced by electrical (low-frequency)
This result might reflect the development of silent synapses, stimulation (1, 15, 20, 40). Considering that accumulation of
endocytosis of AMPARs, or sSNMDAR depletion resulting from  extracellular glutamate induced by high levels of oligomeric
EphB2 binding of exogenous AP, as previously reported (10, 32, A, as observed here, might underlie changes in synaptic function
33). However, coupled with the very significant decrease inmEPSC  and plasticity, we next investigated the effect of Af on synaptic
frequency that we observed in the hippocampal autaptic prepara-  depression. To do so, we studied synaptic transmission at the
tion, our results also are consistent with the notion of rapid com-  Schaffer collateral-CA1 pathway of the hippocampus using elec-
promise or functional loss of the synapse after AB exposure. trophysiological recording of synaptic field potentials in acute
Hence, we further investigated this possibility next. hippocampal slices. We observed that as little as 50 nM oligomeric
(but not 1 pM monomeric) Ap;_4, induced a gradual depression of
Ap Activation of eNMDARs Increases Neuronal Ca?* and NO. Using  field excitatory postsynaptic potentials (fEPSPs), outlasting the
Fura-2, we performed Ca®* imaging experiments in mixed application of Ap (Fig. 44; n = 12). Although the input—-output
neuronal/astrocytic cultures after exposure to Ap. We observed  relationship also was affected by oligomeric AB;_4,, paired-pulse
an increase in neuronal Ca** in response to nanomolar oli- facilitation remained largely unaffected (Fig. 4 B and C).
gomerized AB;_4> or micromolar Af,s_35 (but not to nonoli- In some ways, this effect of AB was reminiscent of chemical long-
gomerized AP;_4; 01 AP3s_p5) that was largely abrogated by 5-  term depression, whereby glutamate induces synaptic depression
10 pM memantine and its more potent adamantane nitrate  that is modulated, at least in part, by eNMDARs (41-43). There-
derivative, NitroMemantine (Fig. 3 4 and B and Fig. S3 A-C) fore, we asked whether AB-induced synaptic depression might be
(34). At this concentration in this preparation, we previously have  mediated through eNMDARS by applying memantine, which we
shown that memantine and NitroMemantine preferentially block  have shown at low-micromolar concentrations blocks eNMDARs
eNMDARs while relatively sparing SNMDARS (3, 28). As a con-  to a relatively greater degree than SNMDARs (3, 28). We found
trol, this effect of Ap also was largely blocked in cultures depleted of ~ that 10 pM memantine blocked induction of synaptic depression by
astrocytes. Taken together with the foregoing results, these findings 50 nM ABy_4; (Fig. 4D; n = 4). Moreover, 500 nM Af,s_35 (but not
are consistent with the notion that Af induced release of glutamate ~ Apss »s) induced synaptic depression that was inhibited by 10 pM
from astrocytes, which in turn activated neuronal eNMDARSs. memantine or 5 pM NitroMemantine (Fig. S4 4 and B). This latter
Excessive influx of Ca®* via NMDARs activates neuronal finding is consistent with the greater potency of NitroMemantine
nitric oxide synthase, which generates toxic levels of NO (35, at eNMDARs over memantine (Fig. 3 B and C and Fig. S3).
36). NO has been shown to contribute to synaptic spine loss Next, we hypothesized that if eNMDARSs indeed contributed
after AP exposure, at least in part via mitochondrial actions of  to Af-induced synaptic depression, then activation of extra-
S-nitrosylated dynamin-related protein 1 (Drpl) after trans-  synaptic receptors by exogenous NMDA (5-50 pM) should re-
nitrosylation from cyclin-dependent kinase 5 (CdkS) enzyme  capitulate the synaptic depression caused by Af and should be
(37, 38). Accordingly, in our cultures, in addition to a rise in  inhibited by low-micromolar memantine or NitroMemantine; in
neuronal Ca®" levels, A induced an increase in NO, as mon-  fact, we found this to be the case (Fig. S4C).
itored with diaminofluorescein (DAF) fluorescence imaging
(38, 39). Both memantine and NitroMemantine prevented this  Increased Tonic eNMDAR-Mediated Activity in AD Brain Slices. Given
Ap-induced increase in NO (Fig. 3C and Fig. S3B). Notably, the evidence for activation of eNMDARSs after acute application
NitroMemantine was significantly more effective than mem-  of AP, one might expect persistent eNMDAR-mediated activity
antine in abrogating the increase in Ca”* and toxic NO re-  from long-term accumulation of oligomerized Ap in the AD brain.
sponse, consistent with its more effective tonic blockade of = Hence, we asked if eNMDARSs were tonically overstimulated in
eNMDARSs, as previously suggested electrophysiologically (34).  transgenic AD models of AP overexpression (33). Indeed,
Confirming the involvement of eNMDAR:S in this process, we also  compared with WT littermate controls, we found a significant
found similar changes in Ca** and NO in response to oligomeric  increase in basal inward current in neurons from the CA1 re-
AR after pharmacological isolation of extrasynaptic currents using  gion of hippocampal slices prepared from hAPP-J20 tg mice in
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Fig. 3. Memantine and NitroMemantine inhibit Ap-induced [Ca%*]; increase and NO generation in cultured rat primary cortical neurons. (4) Images of cells
before (Baseline) and after exposure to AB;_s, (250-nM oligomers) with and without treatment with memantine. Colored bar indicates neuronal Ca®* levels
([Ca%*];) determined with Fura-2/AM. (B and C) Change in Fura-2 and DAF fluorescence intensity with the addition of monomeric (1 pM) or oligomeric ABy_4>
(250 nM) in the presence and absence of memantine or NitroMemantine (5 pM). Values for the change in fluorescence intensity were calculated as change in
intensity divided by baseline intensity (AF/Fo) and were plotted as a fraction of 1. Values are mean + SEM for all panels. *P < 0.05, **P < 0.01, ***P < 0.001;
n > 40 neurons for each condition. a.u., arbitrary units.
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Fig. 4. Soluble oligomeric ABy_4; induces synaptic depression in hippocampal
slices. (A) fEPSPs were gradually depressed after slices were perfused with
50 nM oligomeric AB1_4;. In contrast, monomeric AB_4> (1 pM) had no effect
on fEPSPs. n = 12. (B) Effect of oligomeric vs. monomeric ABq_4; on input-
output curves. n = 12. (C) Effect of oligomeric vs. monomeric AB;_s> on
paired-pulse ratio. n = 12. (D) Memantine inhibited oligomeric AB;_4>-induced
synaptic depression. n = 11.

nominal absence of extracellular Mg?* (Fig. 5; n = 15, P < 0.01).
Pharmacological inhibition by the AMPAR antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) plus the NMDAR antagonist
3-[(R)-2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid (CPP)
showed that this basal current was induced by glutamate (Fig. 5 A4,
B, and E and Fig. S4D). Moreover, application of 100 nM a-Bgtx
largely abrogated the basal current, consistent with the notion that
a7nAChRs were mediating release of glutamate in the slices, as
encountered earlier in our culture and in vivo AD models. Addi-
tionally, CNQX plus CPP blocked mEPSCs in these slices, indicating
the glutamatergic nature of these synaptic currents (Fig. 5 A-D).

Although the small basal glutamatergic currents in some control
WT slices (e.g., Fig. 54) could be ascribed to leakage or damage,
other control slices manifested virtually no basal current (Fig. 5F).
Moreover, memantine (10 pM), which is known to inhibit eNM-
DARs preferentially over sSNMDARs (3, 28), substantially blocked
the basal current in hAPP-J20 slices (Fig. 5 G and H) but had little
or no effect on mEPSC amplitude or frequency in WT slices even
with incubation periods of more than 1 h (Fig. 5I). In contrast,
after ~30 min of perfusion with memantine, mEPSCs frequency
increased but amplitude and kinetics remained relatively un-
affected in hAPP-J20 slices (Fig. 5J). These findings are consistent
with the notion that the loss of synaptic function observed with
chronic exposure to AB might be partially reversible on a relatively
short time scale if excessive eNMDAR activity were inhibited, in
this case by memantine.

To obtain evidence independent of memantine that the basal
current was indeed mediated by eNMDAR activation, we took
advantage of the recent report that glycine is the predominant
coagonist of eNMDARs. Thus, by degrading glycine in slice
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preparations, the enzyme glycine oxidase (GO) can inhibit
eNMDAR-mediated responses. In contrast, enzymes that de-
grade D-serine, such as p-amino acid oxidase (DAAO) or D-
serine deaminase (DsdA), can inhibit sNMDAR-mediated
responses (44, 45). We used this approach to provide further
proof that the basal inward current seen in the hAPP-J20 slices
(and associated with our measurement of extracellular gluta-
mate in these mice by HPLC) is caused by eNMDAR activity,
because GO but not DAAO largely blocked this current (Fig.
S5 A and B).

Next, we studied mEPSCs in hippocampal slices from hAPP-
J20 and WT littermates in more detail. We observed a significant
decrease in frequency (P < 0.01), a small but insignificant de-
crease in amplitude, and no change in kinetics of mEPSCs in
hAPP-J20 slices compared with WT (Fig. 5 K-O; n = 12).

Extrasynaptic NMDARs Mediate Ap-Induced Molecular Cascades
Leading to Synaptic Spine Loss. We sought a heuristic explana-
tion for the decrease in mEPSC frequency that occurred in re-
sponse to Ap-induced eNMDAR activity in hippocampal autapses
and in hAPP-J20 hippocampal slices, as well as for the partial
recovery of mEPSC frequency in hAPP-J20 tg slices treated with
memantine. One possibility is that the decrease in mEPSC fre-
quency reflects initial synaptic dysfunction that subsequently
leads to synapse loss. We reasoned that, if the initial decrease
in mEPSC frequency induced by eNMDAR activity truly repre-
sented the initial phase of synaptic damage, then the molecular
pathway(s) underlying this damage should be engaged early on
and that pharmacological blockade of eNMDARs should inhibit
these molecular pathways and give protection from subsequent
morphological loss of dendritic spines. Such spine loss has been
observed to occur ~16 h after exposure to oligomerized Ap (1),
although an initial decrease in spine volume has been reported as
early as 10 min (10). Here, we found that treatment of our mixed
neuronal/glial cultures with the standard pharmacological pro-
tocol to activate eNMDARS selectively after blocking SNMDARs
(using bicuculline exposure followed by MK-801, washout, and
then exposure to low concentrations of NMDA) (3, 27, 28) trig-
gered an increase in tau and hyperphosphorylated tau and in
caspase-3 activation (Fig. 6 4 and C). When the cultures were ex-
posed to oligomerized AP rather than low-dose NMDA, phospho-
tau increased more dramatically than tau (Fig. 6B). Importantly,
these same pathways involving phospho-tau and caspase-3 pre-
viously were shown to be involved in oligomeric Af-induced ab-
normal excitability and synaptic spine loss (10, 11, 14, 46-56). For
example, the relatively specific inhibitor of caspase-3 activity,
z-DEVD-fmk, blocks a pathway leading to dendritic spine shrinkage
via activation of calcineurin, which results in dephosphorylation
and internalization of synaptic AMPARSs (56). As would be
expected for a mechanism involving eNMDAR activation, this
effect of Ap was inhibited by memantine and to an even greater
degree by NitroMemantine (Fig. 6B). In contrast to eNMDARSs,
selective pharmacological activation of SNMDARS led to a decrease
in tau phosphorylation and caspase-3 activation (Fig. 6 4 and C).
To assess the contribution of eNMDAR activity to Ap-induced
synapse loss, we next exposed hippocampal slices to oligomerized
AP and then treated them with memantine or its improved de-
rivative NitroMemantine to block eNMDARs selectively while
relatively sparing SNMDARs (3, 28). In fact, at equimolar con-
centrations NitroMemantine (34) is more effective than mem-
antine not only in blocking eNMDAR activity but also in sparing
synaptic activity (Fig. 3 B and C, Fig. S3, and Fig. S4 4, B, and E).
We found that treatment with these eNMDAR-selective antag-
onists ameliorated the effect of AB on synaptic loss, with Nitro-
Memantine manifesting a larger and more significant protective
effect than memantine, as monitored morphologically in YFP-
labeled dendritic spines (Fig. 6 D and E). To confirm that this
protective effect was mediated by eNMDARs, we used a second
approach to inhibit eNMDARs vs. SNMDARs by bathing hip-
pocampal slices in glycine and D-serine—-degrading enzymes
(44, 45, 57). We found that only inhibition of eNMDARSs with
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Fig. 5. NMDAR antagonists inhibit relatively large basal glutamatergic currents (Iglu) observed in hippocampal slices from hAPP-J20 tg mice but not from WT
littermates during whole-cell recording. (A) In WT mice, 100 pM CPP/50 uM CNQX blocked a small background Iglu of 9.5 pA observed at a holding potential
(Vi) = =70 mV. (B) In an APP-J20 tg littermate, 100 uM CPP/50 uM CNQX blocked a larger basal Iglu of 53.6 pA at Vh = =70 mV. (C and D) In slices from both WT
and J20 transgenic littermates, 100 uM CPP/50 pM CNQX also blocked mEPSCs. (Left) Untreated control. (Right) Drug treated. (E) At Vh = =70 mV, 100 uM CPP/
50 pM CNQX inhibited a mean Iglu of 9.9 pA in WT littermates and 39.3 pA in transgenic littermates. n = 8; *P < 0.01. (F) In another WT littermate, there was
little if any basal Iglu, and perfusion with 10 pM memantine manifested no effect at Vh = =70 mV. (G) In a J20 transgenic littermate, perfusion with 10 M
memantine blocked a background Iglu of 46.5 pA at Vh = =70 mV. (H) Memantine blocked a mean basal Iglu of 4.7 pA in hippocampal slices from WT mice but
41.2 pA in J20 transgenic littermates. n = 7; *P < 0.01. (/) In WT slices, 10 pM memantine manifested little or no effect on the frequency or amplitude of
mEPSCs, even with very prolonged incubation times on the order of hours. (J) In slices from hAPP-J20 tg littermates, perfusion with 10 pM memantine for
periods >30 min resulted in increased frequency of mEPSCs, as reflected by a leftward shift in the interevent interval in the cumulative probability curve, but
had only minor or no effect on amplitude. n = 7 slices for / and J. (Insets) Histograms of frequency and amplitude. Data are shown as mean + SEM; *P < 0.01.
(K) mEPSCs recorded from CA1 neurons in WT mice in the presence of 1 uM TTX and 50 pM picrotoxin (Vh = =70 mV). (L) mEPSCs recorded in hAPP-J20 tg mice
under similar conditions. (M) Cumulative probability showing decreased mEPSC frequency in J20 transgenic vs. WT mice, as reflected by an increase in the
interevent interval. n = 12; P < 0.00001 for mEPSC frequency by Kolmogorov-Smirnov test. The noise level was greater in J20 than in WT mice because of the
presence of increased basal current from extrasynaptic glutamate. To avoid bias due to this noise level, the analysis of mEPSC frequency used the same event
threshold for both sets of data. (N and O) Cumulative probability of mEPSC amplitude and kinetics in hAPP-J20 tg vs. WT mice. n = 12.

glycine oxidase significantly protected from spine loss induced  Effect of Inhibiting eNMDARs in Vivo in an AD Transgenic Mouse
by oligomerized Ap (Fig. S5C). Taken together, these results Model. To test further the effect of inhibiting eNMDARs relative
suggest that early events associated with hyperactivation of to SNMDARs with memantine and NitroMemantine, we treated
eNMDARs by Ap indeed may be linked to the subsequent loss  the triple transgenic (3x tg) AD mouse model for 3 mo starting at
of synapses in AD. 6 mo of age. This mouse model of AD manifests early synaptic
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Fig. 6. eNMDAR activity triggers the molecular cascade and dendritic spine loss associated with synaptic damage induced by Ap peptide. (A) Western blots
showing that synaptic activity reduced and extrasynaptic NMDAR activity increased the levels of tau and phospho-tau (p-tau) in mixed neuronal/glial cultures.
Quantification is shown relative to the level of actin as the loading control. *P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA. (B) Blockade of extrasynaptic
relative to synaptic NMDAR activity using memantine or NitroMemantine (5 uM each) decreased p-tau and to a lesser degree total tau levels after exposure to
oligomerized ABi_45. n = 3. The effect of NitroMemantine was greater than that of memantine. Quantification is shown relative to actin. *P < 0.01, **P <
0.001, ***P < 0.05 by ANOVA. (C) Western blots showing that synaptic activity reduced and extrasynaptic NMDAR activity increased cleaved caspase-3.
Quantification is shown relative to actin. *P < 0.01, **P < 0.001 by ANOVA. (D and E) Blockade of eNMDAR activity by NitroMemantine abrogated dendritic
spine loss mediated by oligomerized AB in hippocampal slices to a greater degree than memantine. Hippocampal neurons from YFP-transgenic mice were
exposed for 7 d to control or synthetic AB;_4> (500-nM oligomers) in the presence or absence of memantine or NitroMemantine (each at 10 uM). n > 12 for

each condition; *P < 0.001, **P < 0.05. Histograms for all panels show mean + SEM.

dysfunction and cognitive deficits in the presence of soluble Ap
and abnormal tau protein before the formation of frank amy-
loid plaques and tau tangles (58). We used this mouse because
we wanted to analyze the effect of soluble oligomeric Ap, rather
than plaques and tangles, and, unlike other AD mouse models,
there were few if any plaques or tangles when the mice were
treated. Moreover, this mouse model displayed only very mild
loss of neurons in the neocortex and hippocampus, despite
a dramatic loss of synapses. Hence, neuronal loss could not
account for the decrease in synapses. By quantitative confocal
immunofluorescence microscopy in both the cortex and hippo-
campus, after treatment we observed a significant increase in
synaptic and dendritic density by synaptophysin and microtubule-
associated protein 2 (MAP2) staining, respectively (Fig. 7 A-E).
As in the hippocampal slice preparation, NitroMemantine dem-
onstrated an effect superior to that of memantine. Additionally,
in behavioral studies of hippocampal function, NitroMemantine-
treated (but not memantine-treated) 3x tg AD mice displayed
significantly improved function on the location-novelty recogni-
tion test (Fig. 7F).
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Discussion

Recent studies suggest that eNMDAR activity inhibits neu-
roprotective pathways and signals neuronal injury, whereas
sNMDAR activity stimulates neuroprotective transcriptional and
antioxidant pathways (6). Although this paradigm first was dem-
onstrated for ischemic brain disease, accumulating evidence sug-
gests that it also is true for neurodegenerative disorders involving
protein misfolding, such as Huntington disease (3, 4) and AD (7,
8, 59, 60). Additionally, linking this dichotomy of eNMDAR vs.
sNMDAR activation to synaptic integrity, we and others pre-
viously have shown that low levels of glutamate or endogenous
synaptic activity may enhance dendritic spine growth (61, 62).
Moreover, normal endogenous levels of AB may increase mEPSC
frequency, reflecting increased physiological synaptic glutamate
release (31). In contrast, excessive glutamate, leading to eNM-
DAR activation, can precipitate loss of dendrites and spines (6,
61). Here we demonstrate that soluble oligomeric AP engages
astrocytic ®7nAChRs to induce glutamate release from astrocytes,
with local levels in the extracellular space approaching tens of
micromolar. In turn, resulting neuronal eNMDAR activation leads
to both functional and molecular changes, heralding synaptic

Talantova et al.


www.pnas.org/cgi/doi/10.1073/pnas.1306832110

L T

/

1\

=y

Memantine NitroMemantine

A Vehicle

Synaptophysin (hippocampus) C
**
—

*

— 1

Synaptophysin (neocortex)
*
301 |_|

il

Veh Mem NitroMem

il

pi

w
=
2

n
<o
A
[
W
r

N
o
i

-
(L]
b
-
(3]

Veh Mem NitroMem
D MAP2 (hippocampus) E
*

30'|_‘
25 1 C3

IrE

Percent Area of Neuro
N
o

MAP2 (neocortex)
*

&

T

w
o
3

[3,]

N

(]
L

Percent Area of Neuropil Percent Area of Neurop!

E-

g

3

[

=

—

o

@

e

<20 20+

-

c

815 15

g Veh Mem NitroMem Veh Mem NitroMem
F H NitroMem

-3 ;gvehm z soluble oligomers Memantine

ol el id- i

c 5 Amyloid-B protein NitroMemantine

[~

o 4

-

3 3 pTau Aberrant

g 2 caspase-3 ‘_I_BNMDAR

€ 1 SNO-proteins activity

3 04 old New Synaptic Damage

Location Location

Fig. 7. Immunocytochemical and neurobehavioral analysis of AD transgenic
mice plus schematic of Ap effects on synapses. (A-E) Quantitative confocal
fluorescence imaging in hippocampus and frontal cortex of synaptic marker
synaptophysin (representative images from hippocampus are shown in A) and
dendritic marker MAP2 in 3x tg AD mice treated with vehicle, memantine, or
NitroMemantine. n = 9; *P < 0.05, **P < 0.01. (F) Improvement in neuro-
behavioral assessment of hippocampal function on the location novelty rec-
ognition test [or novel location (NL)] in 9-mo-old 3x tg AD mice after a 3-mo
treatment with NitroMemantine compared with the effect of memantine or
vehicle-treated control. In this task, the number of contacts with the object in
the final familiarization trial before the object was moved (Old Location) and
the number of contacts made after the same object was moved (New Loca-
tion) were monitored. There were no group differences in initial contacts
with the three objects, and all were explored between five and seven times
during the first familiarization trial. Only the NitroMemantine-treated group
manifested a significant increase in their ability to detect spatial change, as
monitored by the increased number of contacts with the object after it was
moved. *P < 0.03 by ANOVA; n = 24. (G) Schematic diagram showing in-
fluence of eNMDAR activity on Ap-induced synaptic damage in AD.

damage. Strikingly, these changes occur within minutes of Ap-
induced eNMDAR activation, before actual histological loss of the
synapse, which can take several hours to observe (1). Our finding
that «7nAChRs play a significant role in Ap-induced glutamate
release from astrocytes is in agreement with prior studies showing
that a7nAChRs represent a binding site for Ap (22). Moreover,
the present study links the cholinergic and glutamatergic systems in
AD and as such may lead to additional strategies for therapeutic
intervention. Importantly, our findings also indicate that Ap-
induced neuronal synaptic loss in AD may, in large part, be de-
pendent on non-cell-autonomous actions of oligomeric Ap on glial
cells (in our case astrocytes), although the involvement of micro-
glia also has been implicated in other studies.

Intriguingly, we found that Af induced a tonic glutamatergic
current in hippocampal neurons. This extrasynaptic inward cur-

Talantova et al.

rent, at least in part mediated by astrocytic glutamate release and
subsequent activation of eNMDARs, was followed by a decre-
ment in mEPSC frequency. We reasoned that the decrease in
mEPSC frequency that we observed with AP exposure in both
hippocampal autapses and slices might represent initial synaptic
dysfunction, which only later was followed by frank synapse loss.
Additionally, eNMDAR-mediated increases in NO generation,
tau protein, tau hyperphosphorylation, and caspase-3 activity
that we found in response to oligomerized AP argue that these
early molecular events presage the loss of synapses that we ob-
served hours later. Prior experiments had shown that after acute
exposure to AB (10, 32, 63), other synaptic events also may occur,
such as internalization via endocytosis of postsynaptic receptors
to account for a decrease in mEPSC amplitude. However, this
mechanism alone would not adequately account for the decrease
in mEPSC frequency (but not amplitude) that we observed after
chronic Ap exposure in the hAPP-J20 hippocampus and that was
reversed, at least partially, with prolonged memantine treatment.
Importantly, the concentration of memantine we used correlates
well with the dosage approved by the Food and Drug Adminis-
tration for treatment of moderate-to-severe AD in humans
(3, 28), and these results may account, at least in part, for the
drug’s beneficial albeit modest effect.

Although under our conditions memantine and NitroMemantine
inhibit SNMDARs relatively less than eNMDARSs (3, 28), it might
be argued that the drugs’ protective effect on synapses actually was
mediated via their more minor SNMDAR effects rather than by
their major action on eNMDARs. However, we believe that this
possibility is highly unlikely, given that AP exposure decreased
mEPSCs, reflecting in part less SNMDAR activity, whereas the
presence of memantine and NitroMemantine preserved and actu-
ally increased this activity. Hence, it would appear that, under the
conditions in which memantine and NitroMemantine protected
synapses from Af-induced damage, the relatively minor inhibition
of SNMDARs by these drugs could not have been responsible.
Therefore, we conclude that inhibition of excessive eNMDAR
activity likely was responsible for the beneficial effect on synaptic
protection. The corollary of this conclusion is that Ap-induced
eNMDAR activity was in large part responsible for synaptic dys-
function/loss, because we found that inhibition of this aberrant
activity protected the structure and function of the synapses.

Concerning the mechanism of Ap-induced eNMDAR activity
on synaptic damage, the pharmacological data presented
here and elsewhere (37, 38) indicate that tau phosphorylation,
caspase-3 activation, and NO-mediated events [formation of
S-nitrosylated (SNO)-Drpl and SNO-CdkS5] all appear to be
largely mediated by eNMDARs. Because these events occur
rapidly, within minutes of eNMDAR activation, the early
changes that we observed in synaptic function could serve as the
harbinger of subsequent synaptic damage and loss. Critically,
our empirical data indicate that these untoward effects on syn-
aptic form and function are reversible, at least in part, after
eNMDAR inhibition (e.g., by memantine and even more ef-
fectively by NitroMemantine) in both hippocampal slices and in
vivo rodent models of AD.

Previously, Af was thought to injure the synapse directly, and
changes in glutamate receptors and synapses were considered
readouts of this damage. Here, we present evidence that glu-
tamate itself, after Ap-induced release from astrocytes, is re-
sponsible, at least in part, for triggering synaptic loss. Additionally,
the effect of eNMDAR vs. SNMDAR activity on Af production
and oligomerization (7, 8, 59, 60) could produce a positive feed-
back loop whereby oligomerized Ap induces eNMDAR activity, as
shown here, and eNMDAR activity also triggers toxic Af gener-
ation (Fig. 7G). These findings have considerable influence on our
view of potential disease-modifying drugs for AD, implying that
synapse protection may be achieved by eNMDAR antagonists
that are sufficiently potent to protect but also are gentle enough
to allow normal synaptic transmission and neurobehavioral im-
provement, as we observed here with the newer NitroMemantine
drug both in vitro and in vivo.
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Materials and Methods

Cell Cultures. Mixed neuronal/glial rat cerebrocortical cultures and purified
rat, mouse, and human astrocytes were prepared following standard pro-
tocols with some modifications (37). For studying autapses, microisland rat
hippocampal cultures were prepared as previously described (S/ Materials
and Methods) (28).

Generation of hiPSC-Derived Neurons from Dermal Fibroblasts. To generate
hiPSCs from human dermal fibroblasts, we used an integration-free reprog-
ramming method that used electroporation of three episomal expression
vectors collectively encoding six reprogramming factors, namely OCT3/4, SRY-
box containing gene 2 (SOX2), Kruppel-like factor 4 (KLF4), .-MYC, LYN28,
and p53-shRNA) (64). hiPSC colonies were maintained on mouse embryonic
fibroblast feeders and were validated for pluripotency, trilineage differ-
entiation capability, and karyotypic stability as previously described (65) (S/
Materials and Methods).

Glutamate FRET Imaging. Using FRET microscopy of the SuperGluSnFR probe
(17), we monitored glutamate release from mixed neuronal/glial and pure
astrocyte cultures (SI Materials and Methods).

Glycine and p-Serine Degradative Enzymes. Recombinant glycine oxidase (GO)
and p-serine deaminase were purified as described (57). p-Amino acid oxi-
dase) was purchased from a commercial source (Calzyme). All enzymes were
kept frozen and were dissolved immediately before use.

Ap Preparations. Human synthetic Ap_4, (GenicBio or Anaspec) was dissolved
following established procedures. Naturally occurring soluble A dimers and
trimers were prepared by size-exclusion chromatography from postmortem
human AD cortex, with minor modifications of the procedure described
previously (1, 15, 20, 40). By ELISA, this preparation contained 220 pM of Ap
before 1:4 dilution for use in experiments at a final concentration of 55 pM.
For all Ap preparations, concentration and quality were assessed by ELISA
and Western blot analysis (S/ Materials and Methods).

Measuring Ap4_4, Oligomer Concentration by Dynamic Light Scattering. The AB;_4,
oligomeric concentration was analyzed as reported previously (S/ Materials and
Methods) (66).

Electrophysiology. For hippocampal autaptic cultures, whole-cell recordings
were performed on single neurons located on microislands of one or more
astrocytes. Recordings were performed on 14-26 d in vitro cultures at room
temperature using a patch-clamp amplifier (Axopatch 200B or MultiClamp
700A; Molecular Devices). Drugs were administered via a fast valve-controlled
perfusion system (Lee Company). All antagonists were purchased from Tocris
Bioscience unless otherwise noted. The NitroMemantine derivative used in
these studies is the lead drug candidate designated YQW-036/NMI-6979 (34).
For data acquisition and analysis, signals were filtered, digitized, and stored
in a computer (Dell) using PClamp v.10 software (Axon Instruments). Display
and analysis of data distributions were carried out using a statistical software
package (Origin 7, OriginLab Corp.) (S/ Materials and Methods).

[NOJ; and [Ca®*]; Measurements. Intracellular nitric oxide [NO]; and calcium
[Ca?*]; concentrations in cells in primary cultures were measured using DAF
FM diacetate (2.5 pM) and Fura-2/AM (4 uM), respectively (S/ Materials
and Methods).

Pharmacological Isolation of eNMDARs from sNMDARs. To assess the effect of
eNMDARs selectively, we initially activated SNMDARs by a brief (7-10 min)
application of bicuculline (50 uM) to block inhibitory transmission and then
blocked the SNMDARs with the long-lasting NMDAR inhibitor MK-801 (10 uM),
as previously described (3, 5, 28). After bicuculline and MK-801 were washed

1. Li S, et al. (2011) Soluble AB oligomers inhibit long-term potentiation through
a mechanism involving excessive activation of extrasynaptic NR2B-containing NMDA
receptors. J Neurosci 31(18):6627-6638.

. Palop JJ, Mucke L (2010) Amyloid-g-induced neuronal dysfunction in Alzheimer’s
disease: from synapses toward neural networks. Nat Neurosci 13(7):812-818.

. Okamoto S, et al. (2009) Balance between synaptic versus extrasynaptic NMDA
receptor activity influences inclusions and neurotoxicity of mutant huntingtin. Nat
Med 15(12):1407-1413.

4. Milnerwood AJ, et al. (2010) Early increase in extrasynaptic NMDA receptor signaling

and expression contributes to phenotype onset in Huntington’s disease mice. Neuron
65(2):178-190.
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out from the dish, NMDA or Ap (to release glutamate from astrocytes) was
added to elicit eNMDAR-dependent signaling.

Dendritic Spine Analysis. Thy1-YFPH transgenic mice (8-10 d old) were used to
prepare organotypic hippocampal slices using the interface method. Den-
dritic spine density was evaluated as described previously (37, 40) (S/ Mate-
rials and Methods).

Quantitative Confocal Immunohistochemistry. To determine the in situ in-
tegrity of the presynaptic and dendritic complex of the hippocampus and
neocortex, 40-um-thick vibratome sections were cut from paraformaldehyde-
fixed brain and were immunolabeled with mouse monoclonal antibodies
against synaptophysin (SY38; 1:500; Millipore) and MAP2 (1:100; Millipore) (S/
Materials and Methods).

Western Blot Analysis of Tau, Phospho-Tau, and Caspase-3. SNMDARs and
eNMDARs (by exposure to 100 uM NMDA) or oligomerized ABq_s> (by ex-
posure to 250 pM NMDA) were stimulated for 15 min to 1 h; then cell lysates
were prepared as described previously (3). Western blots were probed for
phospho-tau (AT8; Thermo), tau (TAU-5; Millipore), cleaved caspase-3 (Cell
Signaling), and actin (Millipore) (S/ Materials and Methods).

Neurobehavioral Analysis. The novel object exploration tests included the
location novelty recognition test and the object novelty recognition tests to
assess spatial learning as well as object learning (S/ Materials and Methods).

HPLC Analysis of Glutamate Concentration. After 30 min incubation in oli-
gomerized Apq_42, culture medium was boiled and cleared by centrifugation
(10,000 x g for 10 min) to remove insoluble materials. Subsequently, samples
were diluted in 20 mM borate buffer at pH 9.0 and were derivatized for
1 min with N-tert-butyloxycarbonyl-L-cysteine and o-phthaldialdehyde. Samples
then were separated in a 5-mm C18 reverse-phase column (220 x 4.6 mm) Sheri-5
(Brownlee), and glutamate was monitored by fluorescence (334 nm excitation
and 433 nm emission) using an L-7485 detector (Hitachi).

Memantine and NitroMemantine Treatment. Mice were treated with mem-
antine or NitroMemantine as previously described (S/ Materials and
Methods) (3).

In Vivo Microdialysis. All procedures were conducted in accordance with In-
stitutional Animal Care and Use Committee (IACUC) guidelines. Microdialysis
procedures were performed as previously described (67) on 12-mo-old and
20- to 24-mo-old male and female mice of the following genotypes: hAPP tg,
«7KO, and hAPP tg/a7KO (23). Dialysate samples were analyzed as previously
reported (68) (S/ Materials and Methods).

Statistical Analysis. A Student t test was used for two-way comparisons, and
an ANOVA with Tukey’s HSD test was used for multiple comparisons. For
cumulative probability curves, comparisons were made using the Kolmo-
gorov-Smirnov test. Results are expressed as mean + SEM.
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S| Materials and Methods

Cell Cultures. Mixed neuronal/glial rat cerebrocortical cultures were
prepared as previously described (1). To produce the glutamate-
sensor probe, HEK 293T cells were grown in DMEM supple-
mented with 10% (vol/vol) fetal bovine serum (FBS), 1% peni-
cillin and streptomycin, and were kept in a humidified 5% CO,/
95% air atmosphere incubator at 37 °C. Exponentially growing
cells were trypsinized, seeded at 1 x 10° cells per well, and co-
transfected with both SuperGluSnFR and neuroligin plasmids (1
pg each per well) using 1 pL Lipofectamine 2000 (Invitrogen).
Primary cultures of purified rat or mouse astrocytes were pre-
pared from 1- to 3-d-old animals and were cultured following
standard protocols (2, 3). Primary human astrocytes were pur-
chased from a commercial source and were cultured using re-
agents provided by the supplier (normal human astrocytes;
Lonza). For glutamate FRET assays, we used cells 24-48 h post-
transfection. Autaptic cultures were prepared following estab-
lished methods (4-6). Primary hippocampal neurons were
harvested from newborn rat pups at postnatal day 0 and were
plated as a single-cell suspension on dot-shaped microislands
made of primary rat astrocytes (7).

Generation of Human Induced Pluripotent Stem Cell-Derived Neurons
from Dermal Fibroblasts. Differentiation into NeuN*, Tbr1* cortical
neurons was performed using a modified protocol (8). Briefly,
feeder-free human induced pluripotent stem cells were treated with
small-molecule inhibitors of bone morphogenetic protein (Dorso-
morphin), Activin/Nodal (A83-01), and B-catenin (PNU-74654)
for ~1 wk. The PAX6™ cells then were cultured for ~3 wk as
floating neurospheres in the presence of basic FGF (20 ng/mL),
and subsequently adhered to form a monolayer on p-ornithine/
laminin-coated dishes. They then were purified by FACS for
CD24%/CD184%/CD44~/CD271~/CD15,,, cells and were seeded
onto glass coverslips for terminal differentiation into mature neu-
rons in the presence of medium supplemented with N2 and B27
(Invitrogen), BDNF (10 ng/mL), and glial cell line-derived neuro-
trophic factor (GDNF, 10 ng/mL). Neurons were cultured on a bed
of astrocytes for the experiments described here.

Glutamate FRET Imaging. We used FRET microscopy with the
SuperGluSnFR probe to monitor glutamate release from mixed
neuronal/glial and pure astrocyte cultures using a modification
of the astrocyte-HEK cell sensor assay (9). To detect release of
glutamate from astrocytes, purified primary astrocytes were
plated on top of HEK-293 cells expressing SuperGluSnFR plus
the cell-adhesion protein neuroligin (10), the latter to increase
cell—cell apposition. Under these conditions, we were able to detect
changes in glutamate concentration within a wide dynamic range
from 300 nM to 100 pM. Experiments were performed on an in-
verted microscope (Axiovert 100M; Zeiss) equipped for epifluor-
escence microscopy. Images were deconvolved using SlideBook
software (Intelligent Imaging Innovations). Coverslips containing
14- to 21-d-old primary cultured cells were placed on the stage, and
light was delivered to the sample through a 63x oil immersion
objective (1.4 NA). Cells were superfused continuously at room
temperature (22 °C) with standard medium containing (in mM)
Nadl, 146; KCI, 2.5; NaOH, 4; CaCl,, 1; p-glucose, 20; sucrose,
20; Hepes, 10; adjusted to pH 7.4. Drugs and reagents were
added using a local microperfusion system (Warner Instruments).
Cells were epi-illuminated alternately at 434 and 514 nm, and
emitted light was collected at 527 nm for YFP and 476 nm for
CFP. The peak CFP/YFP ratio was divided by the baseline

Talantova et al. www.pnas.org/cgi/content/short/1306832110

CFP/YFP ratio and plotted after baseline normalization to 1.
Images were obtained every second after a 400-ms stimulus. A 2 X
2 binning method was used to improve signal-to-noise ratio and
minimize photobleaching.

Amyloid-p Peptide Preparations. Briefly, amyloid-p peptide (Af)
was suspended to an initial concentration of 1 mM in hexa-
fluoroisopropanol and incubated for 2 h at room temperature,
and solvent was evaporated in a SpeedVac. Peptide was re-
suspended in dry DMSO to a final stock concentration of
5 mM and was kept frozen at —80 °C until use. For oligomeri-
zation, the stock solution was diluted 10-fold in MEM (GIBCO)
and was then incubated at 4 °C for >24 h. Oligomerized Ap
peptide preparations were sonicated immediately before use.
The total concentration of Af;_4, was monitored by ELISA
after centrifugation at 11,000 x g for 2 min. Western blot and
light-scattering analyses of the preparations were performed be-
fore and after centrifugation. For experiments, both monomeric
and oligomeric synthetic Af;_4, were diluted in physiological
buffer. Ap,s_35 and the control peptide Afss_os (Anaspec) were
dissolved at a concentration of 10 mM in dry DMSO, diluted to
a stock solution of 0.5 mM with purified water, and then further
diluted in physiological buffer for experiments. For Western blot
analysis, monomeric or oligomeric AB;_4, peptides were subjected
to electrophoresis using 10-20% (wt/vol) Novex Tricine gels (In-
vitrogen), and membranes were probed with monoclonal anti—
B-amyloid (1:250, clone 6E10, Covance).

Measuring Ap1_4 Oligomer Concentration by Dynamic Light Scattering.
In brief, 100 pL of either monomeric or oligomeric synthetic ABy_4
(nominally 0.5 mM) was added to 4.9 mL of Dulbecco’s PBS and
was filtered through a 0.22-pm syringe-driven filter. Samples were
placed in a Dawn EOS light-scattering photometer that led to
a WyattQELS dynamic light-scattering instrument (Wyatt Tech-
nology). Dynamic light-scattering data were measured at an angle
of 108° and were collected for each sample for at least 15 min. Data
were assessed using the regularization analysis program QELS-
Batch version 1.0.3 and are presented as fractional light-scattering
intensity vs. hydrodynamic radius.

Electrophysiology. Horizontal hippocampal slices were prepared
from 13- to 14-wk-old WT and hAPP-J20 transgenic mice. Brains
were removed under isoflurane anesthesia and were placed in ice-
cold buffer equilibrated with 95% O, and 5% CO, consisting of
(in mM) sucrose, 246; KCl, 2; NaH,PO,, 1.25; NaHCO3, 26; D-
glucose, 10; MgSOy, 2; CaCl,, 0.5; Na-L-ascorbate, 1; pH 7.4. We
then cut 350-pm-thick slices with a vibratome (VT1000S; Leica),
and slices recovered at room temperature for at least 1 h before
recording in equilibrated (95% O, and 5% CO,) artificial cere-
brospinal fluid (aCSF) recording solution consisting of (in mM)
Nad(l, 124, KCl, 3; NaH,PO,, 1.25; NaHCO3, 26; p-glucose, 10;
MgCl,, 0.5-1; CaCl,, 2; pH 7.4. Recordings were obtained at
room temperature from neurons lying superficial in the slice
within 1-6 h of preparation. To monitor miniature excitatory
postsynaptic currents (mEPSCs), slices were superfused at 2 mL/
min with nominally magnesium-free, equilibrated aCSF supple-
mented with 50 uM picrotoxin and 1 pM TTX for at least 20 min
before recording. CA1 neurons were visualized under differen-
tial interference contrast optics. Whole-cell patch-clamp re-
cordings were performed using 3- to 5-MQ pipettes filled with an
internal solution composed of (in mM) K-gluconate, 120; KCl,
15; MgCl,, 1; Hepes, 5; EGTA; 5; Mg-ATP, 2; pH 7.4, mOsm
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290. To record glutamatergic tonic basal currents in hippocampal
slices, CA1 neurons were held at =70 mV in nominally magne-
sium-free aCSF. After obtaining a stable recording, either 100 pM
3-[(R)-2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid (CPP)/
50 pM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 50 pM
(D-)-2-amino-5-phosphonovalerate (0-APV)/10 uM 2,3-dihydroxy-
6-nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX), or 10 pM mem-
antine was perfused into the slices by bath application. Because of
its better tissue penetration, the NMDA receptor (NMDAR)
antagonist CPP generally was used rather than APV. The mean
glutamatergic basal current amplitude was measured by the
addition of these specific antagonists.

To record field excitatory postsynaptic potentials (fEPSPs),
a tungsten bipolar electrode was used to stimulate the Schaffer
collateral-commissural pathway with constant current pulses of
0.05-ms duration to evoke fEPSPs. fEPSPs were recorded at room
temperature by placing a patch pipette in the stratum radiatum of
the CA1 region at least 60-80 pm away from the cell body layer.
Input/output (I/O) curves were generated by plotting the 10-90%
slope of fEPSP vs. stimulation intensity. To study paired pulse
facilitation (PPF), two stimuli were applied at an interval of 50
ms. The paired pulse ratio (PPR) was determined by the quotient
of the mean amplitude of the second fEPSP to the first. All
controls were run on the same day as experimental drugs.

Neurons were superfused constantly at a rate of 2 mL/min with
a Hepes-buffered external solution composed of (in mM): NaCl,
146; KCl, 2.5; CaCl,, 2; p-glucose, 20; Hepes, 10; adjusted to pH
7.4 with NaOH, 300-310 mOsm. Patch pipettes were pulled from
borosilicate glass capillaries (G150F-3; Warner Instruments) us-
ing a micropipette puller (P87; Sutter Instruments) and had
open tip resistances of 2-7 MQ with an internal solution com-
posed of (in mM) CsCl, 140; NaCl, 4; CaCl,, 0.5; EGTA, S5;
Hepes, 10; Na-GTP, 0.5; Mg-ATP, 2; adjusted to pH 7.33 with
CsOH; 315 mOsm. In some experiments, we used a Cs-gluconate—
based intracellular solution composed of (in mM) Cs-gluconate,
117; Na(Cl, 9; Hepes, 10; EGTA, 10; and MgCl,, 2; adjusted to pH
7.2 with NaOH. NMDAR-mediated currents were recorded in the
nominal absence of extracellular magnesium and in the presence
of 10-20 pM glycine.

To quantify mEPSCs in autaptic neurons, the preparation was
superfused with 1 pM TTX for at least 20 min to allow for equil-
ibration before recording.

Intracellular NO and Intracellular Ca?>* Measurements. Primary cul-
tured rat cortical cells (14-21 d in culture) were loaded for 2 h at
room temperature with Fura-2/AM (4 pM) or for 30 min with
diaminofluorescein (DAF) FM diacetate (2.5 pM; Molecular
Probes) in imaging buffer containing (in mM): NaCl, 146; KCl,
2.5; NaOH, 4; CaCl2, 1; p-glucose, 20; sucrose, 20; Hepes, 10;
adjusted to pH 7.4. After loading, the cells were washed twice with
imaging buffer. For Fura-2-based measurements of intracellular
calcium changes, we used a liquid light guide connected to an ultra
high-speed wavelength switcher fitted with a 175 Watt xenon arc
lamp (Lambda DG4; Sutter Instrument) and an optimized Fura-2
filter set for obtaining the 350/380 nm excitation ratio. For NO
measurements, DAF-loaded cells were excited using a standard
GFP filter set (470 nm peak/40 nm bandwidth), and emissions
were collected above 510 nm. For analysis, images were collected
using a CCD camera mounted on a Zeiss Axiovert 35 microscope
and analyzed with SlideBook software. Fluorescence values were
calculated as changes in fluorescence ratios relative to baseline
fluorescence intensity (AF/F,). For each experiment, values were
calculated by dividing the change in peak fluorescence (AF) over
resting baseline fluorescence (Fp); in other words, fluorescence
values represented fractional changes above baseline (AF/F).
These values were plotted as arbitrary units (a.u.).

Talantova et al. www.pnas.org/cgi/content/short/1306832110

Dendritic Spine Analysis. Brains were dissected out under isoflurane
anesthesia, and 350-pm-thick hippocampal slices were collected in
ice-cold dissection buffer containing (in mM): sucrose, 212; KCl,
3; MgCl,, 5; CaCl,, 0.5; NaH,PO,, 1; NaHCOs3, 26; p-glucose, 10.
Dissection buffer was bubbled with 95% O,/5% CO.. Slices were
transferred onto a Millicell cell-culture insert (Millipore) and were
placed in medium 1 containing Eagle’s Minimum Essential
Medium [50% (vol/vol)], horse serum [25% (vol/vol)], Earle’s
Balanced Salt Solution [18% (vol/vol)], p-glucose (32-35 mM),
Hepes (25 mM), glutamine (2 mM), Amphotericin B (2.5 pg/
mL), and streptomycin sulfate (100 pg/mL). After 24 h, the
culture medium was changed to medium 2 of similar composi-
tion but containing a lower concentration of horse serum [5%
(volivol)]. Thereafter, every 2-3 d, half of the culture medium
was replaced with fresh medium 2. Slices were exposed to oli-
gomerized Af;_4, peptide containing 500-nM oligomers, mem-
antine (10 pM), or NitroMemantine (10 pM) for 7 d, replenished
accordingly with each medium replacement. Similarly, glycine or
D-serine—degrading enzymes were replenished when used instead
of NMDAR antagonists. Dendritic spine density was evaluated
as follow: Slices were fixed in 4% paraformaldehyde, and images
of YFP-expressing cells were acquired by deconvolution mi-
croscopy using SlideBook software. For YFP-expressing neurons
(n >12 for each condition), two distinct fields of secondary or
tertiary dendrites at least 40 pm in length were selected ran-
domly and analyzed in a masked fashion using SlideBook anal-
ysis software.

Quantitative Confocal Immunohistochemistry. Primary antibodies
were detected with the horse anti-mouse FITC antibody (1:75;
Vector Laboratories) and mounted under glass coverslips using
anti-fading medium (Vector Laboratories). Quantitative confocal
immunofluorescence was used for analysis. All sections were
processed under the same standardized conditions. Immunolabeled
blind-coded sections were imaged serially using a laser-scanning
confocal microscope and were analyzed with National Institutes of
Health ImageJ 1.43 software. Three sections from each mouse
were analyzed, and for each section, four fields in the frontal
cortex and hippocampus were examined. For synaptophysin and
MAP?2, results are expressed as the percent area of the neuropil
occupied by immunoreactive terminals and dendrites.

Western Blot Analysis of Tau, Phospho-Tau, and Caspase-3. Primary
neurons were lysed in buffer [SO mM Tris (pH 7.5), 100 mM
NaCl, 1% Nonidet P-40, 10% (vol/vol) glycerol, 1 mM EDTA,
4 mM sodium orthovanadate, 20 mM B-glycerophosphate diso-
dium salt hydrate, 100 nM calyculin A, 2 mM Pefabloc SC,
Thermo Fisher Phosphatase inhibitor mixture, and Sigma Pro-
tease inhibitor mixture]. The lysates were spun down at 15,000 x g
for 20 min, and the supernatant was collected. Protein concen-
tration was determined by bicinchoninic acid protein assay
(Thermo). Equal amounts of protein for each sample were run on
NuPAGE Novex 4-12% (wt/vol) Bis-Tris Gel (Invitrogen) and
were transferred to nitrocellulose membranes (GE Healthcare).
All membranes were blocked in SuperBlock (Thermo). Blots
were probed for phospho-tau (ATS; Thermo), tau (TAU-5;
Millipore), cleaved caspase-3 (Cell Signaling), and actin (Milli-
pore). The protein signal from the membranes was measured
using SuperSignal West Dura (Thermo) and was quantified dig-
itally. In these experiments, synaptic NMDARs (sNMDARs)
were stimulated via inhibition of inhibitory transmission with
bicuculline (see above). After isolation of extrasynaptic
NMDARs (eNMDARs) (as described above), these receptors
were stimulated by exposure to NMDA (100 pM) or oligo-
merized AB;_42 (250 nM) for 15-60 min, and then cell lysates
were prepared.
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Neurobehavioral Analysis. We performed the location novelty rec-
ognition test (NL) (11, 12) to assess the ability of mice to recognize
a novel spatial arrangement of familiar objects; this test is sensitive
to hippocampal damage (13, 14). Mice were individually habitu-
ated to a 51 x 51 x 39 cm open field for 5 min. For the famil-
iarization trials, three plastic toy objects were placed in the open
field (one in each of three corners), and an individual animal was
allowed to explore for 5 min. After three familiarization trials
(separated by 1 min in a holding cage), the mouse was tested in
a location novelty recognition test in which one of the familiar
objects was moved to a novel location in the arena. The same
object was moved to the same new location for every mouse tested.
All objects and the arena were thoroughly cleaned with 70% (vol/
vol) ethanol between trials to remove odors. The three different
objects required for this study were chosen based on previously
published methods (11); there was no statistically significant pref-
erence for any object in pilot studies using C57BL/6J mice. The
number of contacts made with each object was defined as nose-
first approaches within 2—4 cm of the object. Habituation to the
objects across the three familiarization trials (decreased con-
tacts) is an initial measure of learning, and the renewed in-
terest (increased contacts) in the moved object is evidence of
spatial memory.

Memantine and NitroMemantine Treatment. Mice were injected i.p.
twice daily at 12-h intervals with PBS (vehicle control) or a so-
lution of either memantine or NitroMemantine in PBS, both
equimolar at 216 mmol/kg body weight (a dose equivalent to 1 mg/
kg twice a day of memantine, which was calculated to produce an
effective concentration at synapses of <10 pM) (15). Solutions
were prepared fresh daily, and a total volume of 10 pL/g body
weight was injected. Injections started at 6 mo of age and con-
tinued for 3 mo, followed by behavioral testing, electrophysio-
logical recording, and histological analysis.
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In Vivo Microdialysis. A microdialysis probe was stereotaxically
implanted into the right hippocampus, under isoflurane an-
esthesia, using the following coordinates (in millimeters from
bregma) (16): AP = —2.0, ML = —1.3, DV = -2.0. Dialysis probes
were perfused continuously using a syringe pump (PHD 22/2000;
Harvard Apparatus) with aCSF composed of (in mM): NaCl, 149;
KCl, 2.8; CaCl,, 1.2; MgCl,, 1.2; glucose, 5.4; ascorbic acid, 0.25;
pH 7.2-7.4. An 18-h postimplantation period of recovery was al-
lowed before dialysate collection; during this period, aCSF was
perfused at a constant rate of 0.15 pL/min. The next day the per-
fusion speed was increased to 0.6 pL/min, and a 2-h presampling
period was allowed before dialysate was sampled for analysis. Six
baseline dialysate samples were collected in polypropylene tubes at
10-min intervals over a 60-min period (17, 18). Dialysate samples
were placed in dry ice immediately and were stored at —80 °C until
glutamate content was analyzed using liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) as pre-
viously reported, with minor modifications. Briefly, dialysate
samples (2 pL) were supplanted with 5.5 pL of 100 mM borate
and then were reacted with 2% (vol/vol) benzoyl chloride (2.5
pL), quenched with 2% (vol/vol) formic acid (2.5 pL), and sup-
plemented with '*Cg-benzoyl chloride-labeled internal standard
(2.5 pL). Derivatized samples (12 pL) were separated by HPLC
(Agilent 1260) on a Zorbax rapid-resolution high-definition
(RRHD) column (2.1-mm internal diameter x 50 mm in length,
1.8-um particle size; 50 °C) using 10 mM ammonium formate
(0.15% formic acid) for mobile phase A and acetonitrile for
mobile phase B as follows: 0% B (0 min), 0% B (3 min), 65% B
(7 min), 65% B (8.50 min), 0% B (8.51 min), 0% B (13.25 min).
Eluents were analyzed for the constituents of interest using MS/
MS (Agilent 6460 with JetStream ion source). Quantification was
performed by isotope dilution using the following standard curve:
250, 500, 1,000, 2,000 nM.
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Fig. S1. Ap preparations and effect on astrocyte glutamate release. (A) Regularization analysis representing the size distribution of particles in synthetic Ap;_4;
preparations, as measured by dynamic light scattering. Peaks represent different-sized particles after Ap1_4, was oligomerized (Materials and Methods). The peaks
at 1.35+0.15 nm and 4.49 + 0.66 nm likely represent residual monomers, and these peaks together comprise 1.1% of the total light-scattering intensity. The peak
at 18.2 + 3.7 nm, likely representing small oligomers of AB1_4,, comprises ~5% of the total light-scattering intensity and ~15% of the soluble fraction (which was
the fraction used in the physiological experiments in the present study). The peak located at just under 100 nm likely represents soluble amyloid fibrils. The soluble
fraction obtained after centrifugation no longer contained peaks at >100 nm, which likely represent large amyloid fibrils. (B) Immunoblot characterization of
monomeric and oligomeric synthetic AB;_4, peptides under denaturing (SDS) conditions. Monomeric (Left; Mono) or oligomeric (Right; Olig) AB1_4> peptides (~88
ng each) were electrophoresed and immunoblotted using clone 6E10 monoclonal antibody against AB. The monomeric A preparation revealed only one pre-
dominant immunoreactive band corresponding to the size of AB monomer. The oligomeric Ap preparation displayed multiple immunoreactive bands corre-
sponding to the size of AB monomers (M), dimers (D), trimers (T), and dodecamers (56 kDa). Relative molecular masses (kDa) are shown at left. (C) Naturally
occurring oligomeric Ap detected in brain extracts by immunoblot analysis of postmortem human brains with late-onset Alzheimer’s disease. (Left) Control 1gG
antibody pull down. (Right) Ap 82E1 monoclonal antibody pull down. By this analysis, primarily dimers and trimers of AB1_4, were observed. (D) Glutamate release
induced by low concentrations of synthetic AB;_4, oligomers. Normalized ratio of FRET intensity, representing glutamate release from purified rat astrocytes,
induced by 325 pM oligomeric AB1_4, (in a solution containing 6 nM total ABq4,). Glutamate standard (Glu) represents the nearly saturated FRET response to >30
uM glutamate. Data are shown as mean + SEM; n = 32 cells analyzed in five experiments. (E) HPLC measurements of glutamate released from mouse astrocyte
cultures incubated with AB oligomers. Astrocytes were incubated with 250 nM oligomeric AB_4, for 30 min. Medium then was collected and filtered, and HPLC
measurements performed. n = 9 samples analyzed; *P < 0.05. (F) Ap-induced glutamate release from astrocytes is not dependent on microglia/macrophages.
Synthetic oligomeric Ap (250 nM) in the presence of L-leucine methyl ester (7.5 mM for 24 h) to deplete monocytoid cells still induced release of glutamate in
purified rat astrocyte cultures, as monitored by measurement of the normalized FRET ratio. Glutamate standard (Glu) represents the nearly saturated FRET re-
sponse to >30 pM glutamate. Values are mean + SEM; n = 24 cells analyzed in three experiments. (G) AB,s3s (10 pM) peptide induces glutamate release from

Legend continued on following page
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purified rat astrocytes by measurement of the normalized FRET ratio. Glutamate standard (Glu) represents the nearly saturated FRET response to >30 uM glu-
tamate. Data are shown as mean + SEM; n = 61 cells analyzed in six experiments. (H) Oligomeric AB1_4, (500 nM) induced glutamate release from purified astrocytes
in the presence of the metabotropic glutamate receptor antagonist (S)-a-methyl-4-carboxyphenylglycine (S-MCPG; 500 uM). Data are shown as mean + SEM; n = 15
cells analyzed in three experiments. (/) In vivo microdialysis showed that basal levels of extracellular glutamate were higher in the hippocampus of ~12-mo-old
transgenic mice overexpressing human APP (hAPP tg) than in age-matched WT mice (mean + SEM; n = 4; *P < 0.05). (J) Memantine (10 pM) manifests a minor effect
on glutamate release from astrocytes induced by 250 nM oligomeric AB;_4», as monitored by the FRET probe. The figure shows the area under the curve for FRET
ratios for mouse astrocytes exposed to oligomerized Aq_4, alone (n = 19 cells) or to ABq_4 in the presence of 10 pM memantine (n = 12 cells). Values represent
mean + SEM from three different experiments for each condition. FRET ratios were normalized to 1 and plotted as a function of time for the duration of the
response. Although there was a trend for memantine to decrease glutamate release in the face of AB;_4, exposure, it did not reach statistical significance. n.s., not
significant.
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Fig. S2. Effect of Ap on synaptic and extrasynaptic receptor activity in autaptic hippocampal cultures. (A) Representative hippocampal autaptic cultures. (Left)
Phase-contrast photomicrograph during recording with a patch electrode. (Right) Immunofluorescence with Tau antibody. (Scale bar: 20 um.) (B) Represen-
tative hippocampal autaptic cultures with and without astrocytes (immunofluorescence with Tau and GFAP antibodies, nuclei labeled with DAPI). (Scale bar:
100 pm.) Note that the neurites on the bed of astrocytes are difficult to visualize in the upper panel because they are out of the focal plane. (C) During
recording with a patch electrode, synaptic NMDA R-mediated responses in autaptic cultures were induced using a stimulation protocol consisting of 1-ms
depolarizations from —70 mV to +80 mV in the presence of 10 yM NBQX in the absence of extracellular Mg?*. (D) Synaptic NMDARs then were blocked by
10 pM dizocilpine (MK-801) applied during repeated synaptic stimulation, whereas extrasynaptic NMDARs were spared. (E) Subsequent applications of oligo-
merized ABq_4 or glutamate then were shown to induce extrasynaptic currents. (F) Characterization of inhibitory GABAergic autaptic hippocampal neurons. In
this case, unlike the excitatory autaptic neurons, bicuculline (20 uM) antagonized the evoked inhibitory postsynaptic current (IPSC), indicating the GABAergic

Legend continued on following page
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nature of this neuron (top traces). Spontaneous miniature IPSCs (middle trace) also were blocked by bicuculline (bottom trace). (G and H) Application of synthetic
AB1-42 (containing 250-nM oligomers) induced inward currents in neurons derived from human induced pluripotent stem cells (hiPSCs) voltage-clamped at =70 mV
and plated on a bed of astrocytes; these currents were blocked by 50 pM p-APV or by 100 nM a-bungarotoxin (a-BgTx). (/) Histogram comparison of autaptic neurons
responding to oligomerized AB when plated in the presence or absence of astrocytes. Approximately 56% of neurons on astrocytes produced a detectable ex-
trasynaptic current in response to oligomerized Af compared with 22% of neurons not on astrocytes. A Fisher's exact text for a 2 x 2 contingency table summarizing
the results indicated that neurons plated on astrocytes were significantly more likely to respond to oligomerized Af than neurons not on astrocytes. n = 109 neurons
tested; one-tailed P < 0.03. Note that the currents also were much larger for neurons plated on astrocytes than for neurons not on astrocytes (not shown). (J)
Synthetic ABy_4> (containing 500-nM oligomers) induced a decrease in the amplitude of evoked excitatory postsynaptic current (EPSC) in hippocampal autaptic
neurons within tens of seconds. Both the early AMPA receptor (AMPAR)-mediated and late NMDAR-mediated components of the EPSC were affected.

B

P

|

Normalized Fura-2/Ca’
fluorescence (a.u.)
e o o o
o o o o~ -
=3 o =1 o

3

%

(>

K }
Normalized DAF/NO
fluorescence (a.u.)
(=3 o o o =y
e N o N o
e & 8 a 8

& > & ¢ &
& . & ~ & &S &
& T 8 &N o
& P @ bt
+ W S
x o x &
x\» "é

Memantine: R= CH, (w/o -ONO, group)

R r NitroMemantine: R= CH,CH,(YQW-36)

D 1.00 i E 1.00 e
4 — _
.
§3 23
é% 0.75 E -'.'L 0.75
< o8
T 8 os0 T & 050
N2 28
5 ge
E..—? 025 S5 o025
F4 =+
0.00 0.00
) SO &S S
\o‘\ B \+5b \o° . O\'r&'*_?)“
& 6\@‘ ,ﬁ‘q_e\ B & u\“qg:\
& & R & S
. SR x ESAY
6‘0 3’0\5\ 6‘6 '}@@e

Fig. $3. AP activation of eNMDARs increases intracellular Ca®* and NO in primary neurons. (A and B) Change in Fura-2 and DAF fluorescence intensity with the
addition of A5 35 (10 pM) in the presence or absence of memantine or NitroMemantine (10 pM). Values are mean + SEM for all panels. *P < 0.05, **P < 0.01, n = 11—
40 neurons for each condition. a.u., arbitrary units. (C) Structures of memantine and NitroMemantine (YQW-036) used in the current study. Note that the bridgehead
amine group (-NH,) in both drugs is protonated under physiological conditions to form NH3* and is thought to interact at or near the Mg?" binding site in the
NMDAR-associated channel. The R (methyl) groups in memantine were lengthened to ethyl groups in NitroMemantine, because this change was found to com-
pensate for a loss in channel affinity engendered by the addition of the -ONO; nitro group. The -ONO, group provides increased efficacy for NitroMemantine via a
second site of action at the redox-modulatory sites of the NMDAR in addition to its primary site of action as an open-channel blocker via the memantine moiety (1-8).
(D and F) eNMDAR-mediated increases in Ca?* and NO in rat primary cerebrocortical neurons induced by synthetic AB_, oligomers. To isolate eNMDARs, SNMDARs
were activated via disinhibition with a brief application of bicuculline (50 uM) followed by blockade with the long-lasting NMDAR inhibitor MK-801 (10 pM). After
bicuculline and MK-801 were washed out, oligomeric ABq_4, (250 nM) was added while intracellular Ca®* and intracellular NO were monitored by Fura-2 and DAF
fluorescence, respectively. Values are mean + SEM. ***P < 0.001, ****P < 0.0001; n > 19 neurons for each condition. a.u., arbitrary units.
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Fig. S4. Memantine and NitroMemantine antagonize the effects of Ag on synaptic transmission. (A) Memantine (10 pM) antagonized Ap-induced synaptic
depression in hippocampal slices. Time course of fEPSP slope showing the effect of 500 nM AB,s_35 added 10 min after the beginning of the recording. Values
are mean + SEM. (B) NitroMemantine (5 uM) antagonized the effect of Af on synaptic depression in the hippocampus. Time course of the fEPSP slope after the
addition of 500 nM Ap,s_35 beginning 10 min into the recording. (C) Synaptic depression induced by application of exogenous NMDA to hippocampal slice. The
upper panel shows representative traces, and the lower panel shows the time course of the fEPSP slope before and after the addition of 5 uM NMDA. fEPSPs
were evoked every 30 s by stimulating the Schaffer collateral-commissural pathway with constant current pulses and were recorded in the stratum radiatum of
the CA1 region at least 60-80 pm away from the cell body layer. (D) Application of 50 pM p-APV blocks the basal current in hAPP-J20 tg mouse hippocampal
slices. Notice the decrease in the noise level (rms level: 4.9 pA before p-APV, and 2.4 pA after b-APV), reflecting blockade of NMDAR-associated channels.
Holding potential, +40 mV in the presence of 10 pM NBQX to isolate the NMDAR-mediated component of the current. (E) NitroMemantine (10 pM) blocks less
sNMDAR-mediated current than memantine (10 pM) in the hippocampal autapse preparation. The NMDAR-mediated component of evoked EPSCs was isolated
by recording in the presence of 10 pM NBQX to block AMPAR-mediated currents. The competitive NMDAR antagonist b-APV (50 pM) virtually completely
blocked SNMDARs, but memantine manifested substantially less effect. NitroMemantine blocked even less of the SNMDAR-mediated current than equimolar
memantine under these conditions.
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Fig. S5. Effect of the degradation of p-serine versus glycine on NMDAR-mediated basal current and dendritic spine loss in hAPP-J20 tg hippocampal slices. (A)
Incubation of slices with 1 unit/mL p-amino acid oxidase (DAAO) did not substantially affect the basal current, but the addition of 50 uM p-APV blocked the
basal current. (B) Incubation in 41 pg/mL glycine oxidase (GO) for ~1 h resulted in significant block of the basal current. Addition of 50 uM b-APV did not
significantly increase the degree of block. In both A and B, the protocol to isolate the NMDAR-mediated component of the current (voltage-clamp at +40 mV in
the presence of 1 mM Mg?*, 10 uM NBQX, 50 uM picrotoxin, and 1 pM TTX) and the amounts of enzyme used were similar to those previously reported (1). Line
breaks indicate the incubation time in the enzyme (>20 min) required to see an effect on hippocampal brain slices. (C) Enzymatic degradation of the eNMDAR
coagonist glycine significantly reduced the loss of dendritic spines produced by oligomerized AB in hippocampal slices, but degradation of the SNMDAR
coagonist p-serine did not. Hippocampal slices from YFP-tg mice were exposed for 7 d to control or synthetic AB;_4, (500-nM oligomers) in the presence or
absence of enzymes that hydrolyze p-serine (p-serine deaminase, DsdA, 30 ug/mL) or glycine (glycine oxidase, GO, 41 pg/mL); n = 55, *P < 0.05 by t test with
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