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Neurobiology of Disease

Pharmacological Rescue of Long-Term Potentiation in
Alzheimer Diseased Synapses

X G. Aleph Prieto,1 X Brian H. Trieu,2 X Cindy T. Dang,1 X Tina Bilousova,3 X Karen H. Gylys,3 Nicole C. Berchtold,1

Gary Lynch,2 and Carl W. Cotman1,4,5

1Institute for Memory Impairments and Neurological Disorders and 2Department of Psychiatry and Human Behavior, University of California-Irvine,
Irvine, California 92697, and 3School of Nursing, University of California-Los Angeles, Los Angeles, California 90095, 4Department of Neurology and
5Department of Neurobiology and Behavior, University of California-Irvine, Irvine, California 92697

Long-term potentiation (LTP) is an activity-dependent and persistent increase in synaptic transmission. Currently available techniques to
measure LTP are time-intensive and require highly specialized expertise and equipment, and thus are not well suited for screening of multiple
candidate treatments, even in animal models. To expand and facilitate the analysis of LTP, here we use a flow cytometry-based method to track
chemically induced LTP by detecting surface AMPA receptors in isolated synaptosomes: fluorescence analysis of single-synapse long-term
potentiation (FASS-LTP). First, we demonstrate that FASS-LTP is simple, sensitive, and models electrically induced LTP recorded in intact
circuitries. Second, we conducted FASS-LTP analysis in two well-characterized Alzheimer’s disease (AD) mouse models (3xTg and Tg2576) and,
importantly, in cryopreserved human AD brain samples. By profiling hundreds of synaptosomes, our data provide the first direct evidence to
support the idea that synapses from AD brain are intrinsically defective in LTP. Third, we used FASS-LTP for drug evaluation in human
synaptosomes. Testing a panel of modulators of cAMP and cGMP signaling pathways, FASS-LTP identified vardenafil and Bay-73– 6691
(phosphodiesterase-5 and -9 inhibitors, respectively) as potent enhancers of LTP in synaptosomes from AD cases. These results indicate that our
approach could provide the basis for protocols to study LTP in both healthy and diseased human brains, a previously unattainable goal.
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Introduction
Learning and memory problems are increasingly prevalent with
age, ranging from complaints in mild episodic memory to more

severe and widespread cognitive dysfunction with Alzheimer’s
disease (AD) and other neurodegenerative diseases (Yankner et
al., 2008; Negash et al., 2011). It is generally believed that memory
problems with age and AD arise from synaptic dysfunction and
declines in synaptic plasticity, particularly in the hippocampus
(Selkoe, 2002; Morrison and Baxter, 2012). One of the most
widely used models for studying molecular mechanisms of hip-
pocampal synaptic plasticity is long-term potentiation (LTP), a
rapid and remarkably persistent increase in synaptic transmis-
sion elicited by brief patterns of afferent activity (Bliss and Col-
lingridge, 1993). A growing body of experimental data supports
that LTP is causally linked to synaptic processes underlying mem-
ory (Morris et al., 1986; Roman et al., 1987; Whitlock et al., 2006;
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Significance Statement

Learning and memory depend on the ability of synapses to strengthen in response to activity. Long-term potentiation (LTP) is a
rapid and persistent increase in synaptic transmission that is thought to be affected in Alzheimer’s disease (AD). However, direct
evidence of LTP deficits in human AD brain has been elusive, primarily due to methodological limitations. Here, we analyze LTP
in isolated synapses from AD brain using a novel approach that allows testing LTP in cryopreserved brain. Our analysis of
hundreds of synapses supports the idea that AD-diseased synapses are intrinsically defective in LTP. Further, we identified
pharmacological agents that rescue LTP in AD, thus opening up a new avenue for drug screening and evaluation of strategies for
alleviating memory impairments.
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Nabavi et al., 2014), thus underscoring the potential value of
rapid and sensitive methods to monitor LTP.

LTP has been studied for decades both in vivo and in vitro,
primarily in the hippocampus (Huganir and Nicoll, 2013). A
number of induction protocols can be used to generate hip-
pocampal LTP; most commonly, a train of electrical stimulation
bursts separated by the period of the theta wave is used to initiate
NMDA-dependent LTP in intact neural circuitries. However,
current electrophysiological approaches are not appropriate for
analyzing synapses in isolation (e.g., in the absence of glia) and
thus cannot be used to study neuron-specific mechanisms or for
screening pharmaceuticals, as obtaining complete pharmacolog-
ical profiles or testing multiple preparations in intact neural cir-
cuitries is limited by drug diffusion and response sampling times.
An alternative to current model systems for studying LTP may be
to use synaptosomal preparations, which contain presynaptic ter-
minals attached to postsynaptic structures and have been widely
used to study synaptic mechanisms by biochemical, structural,
and functional analysis (Sandoval et al., 1978; Daniel et al., 2012;
Wilhelm et al., 2014). Indeed, to focus on neuron-specific mech-
anisms, we have recently presented a preliminary description of
an approach to study LTP in isolated synaptosomes, termed flu-
orescence analysis of single-synapse long-term potentiation
(FASS-LTP) (Prieto et al., 2015). Here we extensively character-
ize and scale up this novel method, which is based on protocols
using chemical stimulation to induce LTP.

FASS-LTP focuses on the insertion of AMPA glutamate recep-
tors (AMPAR) into the postsynaptic surface, the essential event
for the potentiation of synaptic transmission (Muller et al., 1988;
Manabe et al., 1992; Shi et al., 1999; Hayashi et al., 2000; Zhang et
al., 2015). To induce LTP in isolated synaptosomes, we use chem-
ical stimulation (cLTP), a procedure widely used to study LTP in
neuronal cultures (Lu et al., 2001; Park et al., 2004, 2006; Fortin et
al., 2010) and hippocampal slices (Musleh et al., 1997). Following
cLTP, the activity-dependent increase in surface GluA1-cont-
aining AMPARs is tracked by flow cytometry in isolated synap-
tosomes. Overall, the technique consists of cLTP stimulation di-
rectly in synaptosomal fractions, immunofluorescence labeling,
and flow cytometry analysis. This report provides a detailed char-
acterization of FASS-LTP, which was tested in brain samples
from rats, mice, and, importantly, humans. We demonstrate that
FASS-LTP has several unique strengths: synapses are examined
directly, multiple samples are tested in parallel, and a minimal
amount of tissue is needed for each assay. Further, we provide
evidence that FASS-LTP can serve as an efficient method for drug
screening and for studying synaptic plasticity in the AD-diseased
brain from both animal models and humans.

Materials and Methods
Animals. Male C57BL/6J mice (3– 8 months old) were used in most ex-
periments. In some experiments, we used male B6129SF2/J (nontrans-
genic) and 3xTg mice, and 8-week-old male Sprague Dawley rats (8
weeks old). Both mice and rats were housed with food and water ad
libitum. Lights were maintained on a 12:12 light/dark cycle. All proce-
dures used in the present study followed the Principles of Laboratory
Animal Care from the National Institutes of Health and were approved
by the University of California, Irvine, Institutional Animal Care and Use
Committee.

Human brain specimens. Parietal cortex (Brodmann area A7) samples
with a postmortem interval (PMI) � 8.4 h were obtained at autopsy from
the Alzheimer’s Disease Research Center at University of California-
Irvine. Each diagnosis was established clinically and histopathologically.
The mean postmortem delay (hours, mean � SEM) was 5.4 � 0.7 for
controls and 5.7 � 0.2 for AD ( p � 0.713). Age (years, mean � SEM) for

controls was 96.2 � 1.7, and for AD was 84.8 � 6.6 ( p � 0.158) (unpaired
Student’s t test with Welch’s correction). Unfixed fresh samples (0.3–5 g)
were minced in 0.32 M sucrose the day of autopsy, slowly frozen, and
stored at �80°C until homogenization. Samples were rapidly thawed in a
warm bath. The crude synaptosomal pellet (P2) was prepared by ho-
mogenization in 10 volumes of 0.32 M sucrose containing protease
and phosphatase inhibitors. The homogenate was first centrifuged at
1000 � g for 10 min; the resulting supernatant was centrifuged at
10,000 � g for 20 min to obtain the crude synaptosomal pellet (P2).
Samples were obtained and handled according to University of
California-Irvine Institutional Review Board and Environment,
Health and Safety regulations.

Antibodies and chemicals. Antibodies were from Cell Signaling Technol-
ogy: ERK1/2 (catalog #9102 RRID:AB_330744), GluA1 (13185); from Mil-
lipore: GluA1 (ABN241), GluA2-AlexaFluor-488 (catalog #MAB397A4,
RRID:AB_10917113), PSD95 (mouse, catalog #MAB1598 RRID:
AB_94278), TrkB (catalog #07–225 RRID:AB_310445), Synapsin-I (catalog
#AB1543 RRID:AB_2200400), Synaptophysin (catalog #MAB5258 RRID:
AB_2313839); from University of California-Davis/National Institutes of
Health NeuroMab Facility: Neurexin-1� (catalog #75–216, RRID:
AB_2155531), VGluT1 (catalog #75–066 RRID:AB_2187693); from Ab-
cam: histone-H3 (trimethyl K4, catalog #ab8580 RRID:AB_306649), PSD95
(rabbit, catalog #ab18258 RRID:AB_444362); from Invitrogen: Secondary
antibodies, AlexaFluor-488 (anti-rabbit, catalog #A-11034 RRID:
AB_2576217), AlexaFluor-488 (anti-mouse, catalog #A-11029 RRID:
AB_2534088), AlexaFluor-647 (anti-rabbit, catalog #A-21245 RRID:
AB_2535813), AlexaFluor-647 (anti-mouse, catalog #A-21236 RRID:
AB_2535805); from Sigma-Aldrich: �-actin (catalog #A2066 RRID:
AB_476693); from GeneTex: GAPDH (catalog #GTX100118 RRID:
AB_1080976), p84 (catalog #GTX70220 RRID:AB_372637); from Pierce:
Secondary HRP (anti-mouse, catalog #31438 RRID:AB_228217), secondary
HRP (anti-rabbit, catalog #31460 RRID:AB_228341); from Alomone Labs:
GluN2B (catalog #AGC-003 RRID:AB_2040028); and calcein acetoxym-
ethyl ester (calcein AM; ultrapure grade, Affymetrix, eBioscience, #65-0853-
39). Chemicals were from Sigma-Aldrich: 4-aminopyridine (4-AP), AP5,
glycine, DMSO, KN-62, and anisomycin; from R&D Systems: TrkB-Fc.

FASS-LTP. (1) Synaptosome isolation: Fresh crude synaptosome P2
fractions were obtained from whole mouse hippocampus using our long-
standing protocol (Sandoval et al., 1978). All the steps for synaptosome
P2 fraction isolation were performed at 4°C; sucrose buffer, grinder,
pestle, and Microfuge tubes were all precooled on ice. Hippocampi were
rapidly dissected form a single mouse and homogenized in 320 mM su-
crose (1.5 ml) containing HEPES [10 mM] and protease/phosphatase
inhibitors mixture (Pierce), pH 7.4. Homogenization consisted of 6 – 8
manual strokes in a Glass-Teflon grinder, clearance (between plunger
and glass): 0.15– 0.25 mm. Plunger was gently rotated during strokes
while the grinder was kept on ice. The homogenate was centrifuged at
1200 � g for 10 min. Supernatant (S1, containing mitochondria and
synaptosomes) was transferred into two clean Microfuge tubes and cen-
trifuged at 12,000 � g for 20 min. Supernatants (S2) were carefully re-
moved using a plastic tip and vacuum. Pellets (P2, corresponding to the
crude synaptosome fraction) were resuspended by gently pipetting up
and down (10 –20 times) in 1.5 ml of extracellular (tube 1) or cLTP (tube
2) solutions. Extracellular solution contains the following (in mM): 120
NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 15 glucose, 15 HEPES, pH 7.4; whereas
cLTP solution is Mg 2�-free and contains the following (in mM): 125
NaCl, 2 CaCl2, 5 KCl, 10 HEPES, 30 glucose, pH 7.4 (Park et al., 2006).
Synaptosome P2 fractions were filtered with a 40 �m pore cell strainer
(BD Biosciences) and incubated in a cell culture dish (30 mm) with
agitation at room temperature for 10 –15 min for recovery. Similarly,
cryopreserved (�80°C) P2 fraction from human brain was rapidly
thawed in a warm bath, filtered (40 �m pore) and incubated in a cell
culture dish (30 mm) with agitation at room temperature for 10 min. A
P2 fraction aliquot was used to determine protein concentration (BCA
assay using BSA as a standard). To prevent synaptosome damage, Finntip
pipette tips (Thermo) were used to handle human, mouse, and rat syn-
aptosome samples.

(2) Stimulation: After recovery, 180 �l synaptosomes (50–200 �g pro-
tein, BCA assay) maintained in cLTP solution were transferred to cytometry
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tubes. As control, an equal volume (180 �l) of synaptosome maintained in
external solution was also transferred to a cytometry tube. Synaptosomes in
external solution were used to determine basal levels of potentiated synap-
tosomes (see below). All cytometry tubes were prewarmed in a 37°C bath (5
min) before stimulation. External, glycine, and KCl solutions were also pre-
warmed at 37°C. Next, 20 �l of external solution was added to control syn-
aptosomes (in external solution), whereas 20 �l of glycine ([5 mM] in cLTP
solution freshly supplemented with 0.01 mM strychnine and 0.2 mM bicuc-
ulline methiodide) was added to synaptosomes in cLTP solution (final [gly-
cine] � 0.01 �M) (Chen et al., 2011). Glycine was incubated for 15 min to
prime synaptic NMDAR. After glycine treatment, synaptosomes were depo-
larized with 100 �l of a �high� KCl solution consisting of the following (in
mM): 50 NaCl, 2 CaCl2, 100 KCl, 10 HEPES, 30 glucose, 0.5 glycine 0.001
strychnine, 0.02 bicuculline methiodide, pH 7.4 (final [KCl] � 37 mM), and
incubated for 30 min; 100 �l of external solution was added to control
synaptosomes. KCl is used to depolarize and induce the release of endoge-
nous glutamate from presynaptic terminals (Bradford, 1970; Nicholls and
Sihra, 1986). Because the presynaptic active zone is adjacent to postsynaptic
density (PSD), this protocol activates synaptic NMDARs preferentially. After
KCl incubation, stimulation was stopped by sequential addition of 0.5 ml of
ice-cold 0.1 mM EDTA-PBS, pH 7.4, and 4 ml of ice-cold blocking buffer
(5% FBS in PBS). Tubes were chilled on ice and immediately centrifuged at
2500�g for 6 min at 4°C (9000 rpm, Sorvall RT6000B). After centrifugation,
the pellet was resuspended by gentle finger agitation (no vortex) and kept on
ice. To test NMDAR dependence (see Fig. 4C), P2 pellets were resuspended
in external or cLTP solutions containing AP5 (100 �M) or DMSO (control),
maintained at room temperature for 15 min, and prewarmed at 37°C (5
min) before stimulation with 20 �l of 5 mM glycine (0.01 mM strychnine, 0.2
mM bicuculline methiodide). Glycine solution also contained either 100 �M

AP5 or DMSO. To test different KCl concentrations (see Fig. 4B), after gly-
cine incubation (15 min), synaptosomes were treated with 50, 100, and 200
�l of �high� KCl solution. Final concentrations of each ion were obtained, and
the corresponding membrane potentials (Vm) were calculated based on
Goldman-Hodgkin-Katz equation (below), using the calculator at http://
www.physiologyweb.com/calculators/ghk_equation_calculator.html. Vm

values were �49, �41, and �31 mV using 50, 100, and 200 �l �high� KCl
solution, respectively, as follows:

Vm �
RT

F
ln �pK�K�	o � pNa[Na�]o � pCl�Cl�	i

pK�K�	i � pNa�Na�	i � pCl�Cl�	o
�

Constants: R � 8.314 J.K �1.mol �1, T � 310.15 K, F � 96485 C.mol �1,
pK � 1.0, pNa � 0.05, pCl � 0.45, [K�]i � 140 mM, [Na�]i � 7 mM,
[Cl �]i � 7 mM.

(3) Immunolabeling: Primary antibody solution (400 �l) was added
to the resuspended pellet and incubated for 30 min on ice with agita-
tion. Primary antibody solution contained rabbit anti-GluA1 (Mol-
nár et al., 1993; Richmond et al., 1996) (ABN241) and mouse anti-
Nrx1� (University of California-Davis/National Institutes of Health
NeuroMab Facility, 75–216) antibodies, both at 2.5 �g/ml in blocking
buffer (5% FBS in PBS). Similar results are obtained with rabbit
anti-GluA1 (Cell Signaling Technology, #13185; 1:400). After incu-
bation, synaptosomes were washed (2 times) with 4 ml of ice-cold
blocking buffer and centrifuged (2500 � g/5 min/4°C). Supernatant
was discarded and pellet gently resuspended as previously described.
Secondary antibody solution (400 �l) was added to each tube and
incubated for 30 min on ice with agitation and protected from light.
After incubation, synaptosomes were washed as previously described.
Secondary antibody solution contained anti-rabbit-Alexa-488 and
anti-mouse-Alexa 647 antibodies (Invitrogen), both at 2.5 �l/ml. En-
dogenous/nonspecific background fluorescence for each marker was
determined using secondary antibody staining only in a tube contain-
ing synaptosomes maintained in external solution (37°C, 45 min); no
differences in background fluorescence were found when comparing
synaptosomes in external solution (basal state) or following cLTP
stimulation. After the last wash, the pellet was resuspended as previ-
ously described and 400 �l of 2% PFA in PBS was added to each tube.
Samples were protected from light, maintained at 4°C, and run on a
flow cytometer within 48 h.

(4) Flow cytometry: Samples were acquired using BD FACSCalibur
flow cytometer (BD Biosciences) equipped with argon 488 nm and
helium-neon 635 nm lasers. Relative size and granularity were deter-
mined by forward scatter (FSC) and side scatter (SSC) properties. FSC,
SSC, and fluorescence (FL1 [530 � 15 nm] and FL4 [650 � 25 nm])
signals were collected using log amplification. FSC-SSC plots were used
to select particles matching the size of synaptosomes (0.75–3.0 �m) using
calibrated beads (Polysciences) (see Fig. 1 A, B), as previously described
(Fein et al., 2008). Identical FSC settings were used for acquiring data on
bead standards and samples. Small fragments and debris were excluded
by establishing an FSC-H threshold (gain � 325). Settings for fluores-
cence amplification on FL1 and FL4 photomultiplier tube detectors were
based on the emission detected on size-based gated particles. Alexa-488
and Alexa-647 fluorochromes were detected by the FL1 and FL4 detec-
tors, respectively. Synaptosome integrity was assessed with calcein AM
using the FL1 detector (to detect the fluorescent molecule calcein). A
total of 10,000 size-gated particles were collected and analyzed for each
sample; event rate: 
500/s. Analysis was performed using the CellQuest
Pro software (BD Biosciences). Gates are set based on standard immu-
nostaining protocols for flow cytometry (Baumgarth and Roederer,
2000; Hulspas et al., 2009; Menon et al., 2014). Briefly, we use staining
controls to discriminate background fluorescence due to both sample
itself and unspecific binding of fluorescence-labeled antibodies. These
controls are synaptosomes incubated only with secondary antibodies (no
primary antibodies). The presence of doublets and multiplets (clumps)
was assessed by FSC-H versus FSC-A plots (Doublet discrimination)
using a BD FACSAria Fusion cytometer and Flow Jo software (LLC).
Briefly, the amount of light scattered in the forward direction (FSC) is
processed as a voltage pulse, which is defined by its area (A), height (H),
and width (W). Disproportions between height, width, and area are used
to identify doublets and clumps. P2 fraction-derived events exhibited a
single-particle profile in both basal and cLTP conditions, as assessed in
FSC-H versus FSC-A bivariate plot (data not shown).

Intracellular immunolabeling. This was performed using 50 –100 �g P2
fractions ([protein] by BCA assay). Samples were fixed with 4% PFA for
20 min at room temperature, chilled on ice, and permeabilized by adding
ice-cold 100% methanol slowly, while gently vortexing, to a final concen-
tration of 90% methanol and incubating 15 min on ice. Samples were
washed with ice-cold PBS, blocked with 200 �l of Blocking/Perm buffer
(5% FBS, 0.2% Tween 20 in PBS) for 10 min and stained by adding 200 �l
of primary antibody (RT, 30 min on agitation). Samples were washed (2
times) with ice-cold Blocking/Perm buffer, and pellets were resuspended
in 400 �l 2% PFA. Most primary antibodies were at 2.5 �g/ml in 400 �l
blocking Blocking/Perm buffer; synapsin-I antibody was at 1 �g/ml. En-
dogenous/nonspecific background fluorescence was determined by us-
ing secondary-conjugated antibodies.

Electrophysiology. Acute hippocampal slices were prepared from
8-week-old male Sprague Dawley rats (Harlan Laboratories) for extra-
cellular field recordings. Rats were decapitated and the brain quickly
submerged in ice-cold, oxygenated, high magnesium ACSF containing
the following (in mM): 124 NaCl, 3 KCl, 1.25 KH2PO4, 5 MgSO4, 26
NaHC03, and 10 dextrose. A McIlwain tissue chopper was used to pre-
pare 400-�m-thick slices from the middle third of the hippocampal sep-
totemporal axis. Slices were then transferred to an interface recording
chamber maintained at 31 � 1°C (95% O2/5% CO2) and continuously
perfused with preheated oxygenated ACSF containing the following (in
mM): 124 NaCl, 3 KCl, 1.25 KH2PO4, 1.5 MgSO4, 26 NaHCO3, 2.5 CaCl2,
and 10 dextrose at a rate of 60 –70 ml/h. Recordings began �1.5 h after
transfer to the chamber. Field EPSPs (fEPSPs) were evoked in CA1a and
CA1c stratum radiatum using a bipolar stimulating electrode (twisted
nichrome wire, 65 �m) and recorded in CA1b stratum radiatum using a
glass electrode (2 M NaCl, 2–3 M�). Before theta burst stimulation (TBS,
10 bursts of 4 pulses at 100 Hz, 200 ms between bursts) test pulses at 0.05
Hz were delivered at a baseline stimulation intensity that yielded re-
sponse amplitudes 
50% of the maximum spike-free fEPSP. For induc-
tion of LTP, a high-intensity TBS protocol was used consisting of four
trains separated by 15 s as follows: one train was delivered at both polar-
ities of each stimulating electrode. Stimulation intensity was increased to
near-spike threshold only during TBS and then returned to baseline

Prieto et al. • cGMP Signaling Enhances LTP in AD J. Neurosci., February 1, 2017 • 37(5):1197–1212 • 1199
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Figure 1. Flow cytometry-based identification of synaptosomes by size. A, FSC-SSC density plot shows the size-complexity profile of particles in the synaptosomal P2 fraction isolated from fresh
mouse hippocampus; the gate (inside rectangle) selects putative synaptosomes according to their size (0.75 �m � gated particles � 3.0 �m), relative to calibrated beads (0.5, 0.75, 1.0, and 3.0
�m), shown in B. Size-gated events exhibited a single-particle profile, as determined by Doublet discrimination analysis (see Materials and Methods). C, Detection of synaptic, nuclear, and viability
markers in size-gated particles from the P2 fraction. Boxplots percentiles: box, 25th-75th; whiskers, 10th-90th. Synaptic markers: postsynaptic density protein 95 (PSD95, n � 17), synaptophysin
(SYP, n � 7), synapsin-I (n � 4), AMPA glutamate receptor subunit 2 (GluA2, n � 4), tropomyosin receptor kinase B (TrkB, n � 4), vesicular glutamate transporter 1 (VGluT1, n � 4), NMDA
glutamate receptor subunit 2B (GluN2B, n �4); nuclear marker: histone-H3 (n �5); viability marker: calcein (n �4); n �number of independent experiments (number of mice). D, Representative
histograms of data presented in C. Thresholds for endogenous/nonspecific fluorescence for each marker were set using a proper secondary antibody (dotted line) or unstained samples (control for
calcein staining). PSD95, SYP, synapsin-I, VGluT1, and histone-H3 were detected by intracellular staining, whereas GluA2, TrkB, and GluN2B were detected following a surface (extracellular) staining
protocol. E, In size-gated particles, representative two-parameter density plots for SYP-PSD95(intracellular) (using a rabbit anti-PSD95 antibody to prevent cross-reactivity), synapsin-I-
PSD95(intracellular), GluA1-PSD95(intracellular) (using a mouse anti-PSD95 antibody to prevent cross-reactivity), and GluA2-GluN2B(extracellular). Numbers indicate percentage of events at the top right
quadrant, which contains double-positive particles. Top, Representative plot shows how thresholds for endogenous/nonspecific fluorescence for each marker are set by staining with secondary
antibodies only (2° abs for fluorescence-1 and -4 channels, FL1 and FL4, respectively). F, The 20 �g of lysates from total homogenate, nuclear (Nuc, P1), and crude synaptosomal (Syn, P2) fractions
was resolved by SDS-PAGE and immunoblotted. Compared with the nuclear fraction, the synaptosomal fraction contained higher levels of VGluT1 (
52 kDa), (Figure legend continues.)

1200 • J. Neurosci., February 1, 2017 • 37(5):1197–1212 Prieto et al. • cGMP Signaling Enhances LTP in AD



intensity. In all instances, initial slopes and amplitudes were measured
from digitized fEPSPs (NACGather 2.0, Theta Burst). Slices were col-
lected 30 – 60 min after TBS for FASS-LTP preparation. CA1 area
(
0.4 mm 2) surrounding the recording electrode was punched out by
using a biopsy punch sampler (size: 2.0 mm; Harris Uni-Cores, Electron
Microscopy Sciences, #69036 –20) and a cutting mat (Electron Micros-
copy Sciences, #69037–23). P2 fraction isolation, GluA1 and Nrx1�
immunolabeling, and flow cytometry analysis were performed immedi-
ately, as described above (see FASS-LTP immunolabeling).

Biochemistry. Total homogenates, P1 and P2 fractions, were obtained
from whole mouse hippocampus and lysed in RIPA buffer (RIPA/Non-
idet P-40 buffer containing protease and phosphatase inhibitor mixtures
[Pierce, Thermo Fisher Scientific]) by vortex 10 s at high speed. Protein
concentration was determined by the BCA assay (Pierce, #23227). All
samples were supplemented with Laemmli buffer, boiled (7 min), run on
Criterion XT gels, and then transferred to PVDF membranes according
to the manufacturer’s instructions (Bio-Rad). Membranes were blocked
in 5% BSA for 1 h and then probed with primary antibody (4°C, over-
night). The membranes were washed (4 � 10 min in TBS with 0.1%
Tween 20, v/v) and probed with HRP-conjugated secondary antibody for
1 h. The membranes were washed and developed using Chemilumines-
cent Substrate (Pierce, #32106) or Luminata Crescendo Western HRP
substrate (Millipore). Some blots were washed, stripped, and reprobed
with antibodies to GAPDH or �-actin. Membranes were incubated
in stripping buffer (Pierce, #46430) according to the manufacturer’s
instructions.

Synaptosome sorting and immunoprecipitation. Sorting experiments
were performed on a BD FACSAria Fusion cytometer, using light scatter
discrimination (FSC-H, SSC-H, and doublet discrimination). First, syn-
aptosomes were identified by size using calibrated beads (0.75–3.0 �m;
see Fig. 1 A, B), and 200,000 size-gated synaptosomes were sorted for each
condition (basal vs cLTP). Sorted synaptosomes were collected in 250 �l
of RIPA buffer containing protease and phosphatase inhibitors. Imme-
diately after synaptosome collection, the volume was adjusted to 500 �l
and immunoprecipitation was performed with a commercially available
kit (Active Motif). Briefly, samples for each condition were incubated
overnight with rotation at 4°C with a rabbit anti-GluA1 antibody (Cell
Signaling Technology; #13185; 10 �g) or with a rabbit anti-PSD95 (Ab-
cam #ab18258, 10 �g) antibody. As a negative control, a sample (basal
condition) was incubated with a control rabbit IgG (Thermo, #02– 6102,
10 �g). After incubation, protein-G magnetic beads were added and
incubated for 1 h with rotation at RT. Protein complexes were magneti-
cally precipitated according to the manufacturer’s instructions, lysed
with Laemmli buffer (4�), boiled (10 min), run on Criterion XT gels,
and transferred to PVDF membranes. Antibodies used for blotting were
as follows: rabbit anti-GluA1 (Cell Signaling Technology; 1:1000) and
mouse anti-PSD95 (Millipore MAB1598; 1:1000). For stripping between
first and second blotting, membranes were incubated in stripping buffer
(Pierce, #46430) according to the manufacturer’s instructions.

Statistical analyses. Sample sizes were chosen on the basis of prelimi-
nary experiments using synaptosomes (Prieto et al., 2015) and previous
experience with in vitro LTP recordings in hippocampal slices (Rex et al.,
2007). ANOVA and two-tailed Student’s t test (parametric tests) were
used where assumptions of normality (Kolmogorov–Smirnov) and equal
variance (Bartlett’s test) were met, and were replaced by Kruskal–Wallis
and Mann–Whitney test (nonparametric tests) where appropriate. For
mean comparisons of three or more groups, one-way ANOVA was fol-
lowed by post hoc Tukey’s or Dunnett’s (to compare each of a number of
treatments with a single control test); whereas Kruskal–Wallis was fol-
lowed by Dunn’s post hoc test. Two-way ANOVAs were followed by

Bonferroni’s post hoc test. Welch’s correction was used in unpaired data
Student’s t test analysis when samples had unequal variances. Statistical
tests were performed using GraphPad Prism 5.0. Data are presented as
mean � SEM. A p value � 0.05 was considered significant.

Results
FASS-LTP identifies potentiated synaptosomes
Previous studies have shown that synaptosomes can be identified
by flow cytometry using size-calibrated beads (Wolf and Kapatos,
1989a, b; Gylys et al., 2004; Fein et al., 2008; Sokolow et al., 2012;
Postupna et al., 2014), a strategy based on the analysis of the
forward-scattered (FSC) light, which is proportional to the size of
particles. We first evaluated whether flow cytometry could selec-
tively and reliably identify synaptosomal particles from the crude
P2 fraction, which can be rapidly obtained (
30 min) and is
enriched in synaptosomes (Sandoval et al., 1978). Notably, in
addition to canonical synaptosomes (presynaptic terminals with
an adherent fragment of postsynaptic membrane), P2 fractions
from rodents (Cotman et al., 1974; Rao and Steward, 1991; Bagni
et al., 2000; Maurer et al., 2008; Corera et al., 2009; Nisticò et al.,
2015) and humans (Hahn et al., 2009; Postupna et al., 2014) also
contains “snowman-shaped” synaptosomes with a resealed post-
synaptic element, which contains sparse membranous organelles
identified by electron microscopy (Corera et al., 2009; Hahn et
al., 2009) and cryo-electron tomography (Maurer et al., 2008). In
crude P2 fractions from mouse hippocampus, we gated a popu-
lation of particles between 0.75 and 3.0 �m using size-calibrated
beads (Fig. 1A,B). Consistent with the average size of synapto-
somes (Jones and Bradford, 1971; Wilhelm et al., 2014), we found
that the subset of particles between 0.75 and 3.0 �m is enriched in
synaptosomes, as demonstrated by the high proportion of parti-
cles expressing extracellular and intracellular synaptic markers
(e.g., PSD95) with no histone-H3 (nuclear) (Fig. 1C,D); we refer
to these particles as size-gated synaptosomes. Double-labeling
indicated that most size-gated synaptosomes contain presynaptic
and postsynaptic markers (e.g., synapsin-I�PSD95� 
70%; Fig.
1E), and that most GluA1� events coexpress PSD95 (Fig. 1E),
indicating that AMPA receptors are detected in particles contain-
ing postsynaptic densities. By Western blot, we validated the syn-
aptic enrichment of our preparation (Fig. 1F) and the specificity
of antibodies used for immunostaining (Fig. 1G). We also dem-
onstrated the viability of our preparation using calcein AM, a dye
that evaluates cell membrane integrity and viability. Size-gated syn-
aptosomes stained positive for calcein (�90%; Fig. 1C,D). These
data confirm that flow cytometry selectively and reliably identifies
viable synaptosomal particles from the crude P2 fraction.

We envisioned that, in the size-gated synaptosome popula-
tion, potentiated synapses could be detected by extracellular
membrane surface labeling (without permeabilization) using an-
tibodies specific for extracellular epitopes on GluA1 (Richmond
et al., 1996) and neurexin-1� (Nrx1�), a presynaptic adhesion
molecule stabilized at the membrane surface by synaptic activity
(Fu and Huang, 2010). At excitatory synapses, Nrx1� promotes
presynaptic differentiation and captures postsynaptic surface
GluA1 via PSD95 (de Wit et al., 2009; Mondin et al., 2011). Thus,
GluA1 and Nrx1� double-labeling further allows us to focus on
“snowman-shaped” synaptosomes that contain both presynaptic
and postsynaptic elements. To induce cLTP, synaptosomes were
primed with 500 �M glycine (Chen et al., 2011) (15 min) followed
by depolarization using 37 mM KCl (30 min) (Nicholls and
Sihra, 1986), at 37°C. In parallel, to determine basal levels of
GluA1�Nrx1��, a synaptosome sample was maintained in exter-

4

(Figure legend continued.) GluA1 (
100 kDa), and synaptophysin (
38 kDa), but no detect-
able signal of the nuclear matrix protein p84 (
84 kDa). GAPDH and �-actin were used as
loading controls. G, Synaptosomal fractions were also tested for PSD95 (
95 kDa), synapsin-I
(syn-I, 
77 kDa), GluA2 (
100 kDa; secondary band at 
70 kDa), GluN2B (
166 kDa), TrkB
(
120 kDa; secondary band at 
90 kDA, which is likely a TrkB truncated form), and Nrx1�
(
50 kDa; secondary bands at 
41 and 
35 kDa, which are likely splice variants).
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nal solution (37°C, 45 min) and treated
with identical volumes of external solu-
tion instead of glycine or KCl.

After cLTP induction (45 min), we ob-
served an increased proportion of
GluA1�Nrx1�� events over basal levels
(246 � 21%, p �0.0002 vs basal, n � 8,
unpaired Student’s t test; Fig. 2A,B), dem-
onstrating that FASS-LTP detects activity-
dependent plasticity at the synaptosome
surface. We consistently found that up to

25% of the size-gated synaptosomes in-
crease surface GluA1 levels after cLTP stim-
ulation, thus indicating that a reliable
fraction of particles (
2500 of 10,000 ac-
quired events) contains functional postsyn-
aptic elements. Subpopulation analysis
performed in GluA1-Nrx1� density plots
revealed that GluA1�Nrx1�� particles (top
right quadrant) exhibit the highest
mean fluorescence intensity for GluA1
(p �0.0023; Fig. 2C) and concentrate most
Nrx1�� particles (p�0.0002; Fig. 2D), sup-
porting the idea that cLTP simultaneously
orchestrates an upregulation of postsynap-
tic GluA1 levels while facilitating the
expression of presynaptic Nrx1� at the syn-
aptosomal surface. Notably, in both basal
and cLTP conditions, GluA1�Nrx1�� par-
ticles were found to exhibit the highest
GluA1 surface levels (Fig. 2C), thus indicat-
ing that our approach can identify potenti-
ated synaptosomes even at low basal levels.

As FASS-LTP is based on surface synap-
tosome labeling, this method relies on syn-
aptosome membrane integrity. To evaluate
the effects of our cLTP protocol on mem-
brane integrity, we determined whether cal-
cein AM loaded before the incubation
period (37°C) remains inside the syna-
ptosomes at the end of the experiment
(45 min). Synaptosomes were loaded with
20 nM calcein AM and either stimulated
with our cLTP protocol or maintained and
treated with equivalent volumes of external
solution (basal state). After 45 min, we
found high levels of calcein� events on both
basal and cLTP conditions, relative to un-
loaded synaptosomes (% calcein�: basal �
93.4 � 4.3 vs cLTP � 92.3 � 4.1; p � 0.86,
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Figure 2. FASS-LTP identifies potentiated synapses by tracking GluA1 and Nrx1� surface expression in size-gated synapto-
somes. A, Representative two-color parameter density plots showing GluA1 and Nrx1� surface detection in size-gated synapto-
somes maintained in external solution (basal) and after 45 min cLTP (500 �M glycine, 37 mM KCl). Thresholds for endogenous/
nonspecific fluorescence for each marker were set by staining with secondary antibodies only (lower left quadrant). According to
these thresholds, fluorescence analysis defined four quadrants: UL (upper left), UR (upper right), LL (lower left), and LR (lower
right). Surface immunostaining reveals that percentage GluA1�Nrx1�� events (UR) increases after cLTP, relative to basal con-
ditions. B, Values normalized to basal state. Data are mean � SEM. ***p �0.0002 (unpaired Student’s t test), n � 8 independent
experiments (8 mice, 3– 4 months). C, The mean fluorescence intensity (MFI) for GluA1 is higher in GluA1�Nrx1�� than in
GluA1� single-positive synaptosomes, indicating that, on average, each potentiated synapse identified as GluA1�Nrx1�� con-
tains more surface GluA1 receptors. Graph represents GluA1 MFI in UR and LR quadrants, in basal and cLTP conditions. Data are
mean � SEM. **p � 0.0023, UR versus LR (paired Student’s t test). ***p � 0.0007, UR versus LR (paired Student’s t test). D,
Analysis on Nrx1� data revealed that cLTP stimulation increases the number of synaptosomes with detectable levels of surface
Nrx1�, which are mainly located in the GluA1�Nrx1�� population. Total percentage of synaptosomes expressing Nrx1� at
surface (Nrx1�� single-positive, UL; and GluA1�Nrx1�� double-positive, UR events). Data are mean � SEM. ***p � 0.0002
(unpaired Student’s t test). UL and UR average numbers are depicted inside the bar. E, Representative histogram of syn-
aptosomes tested for ERK1/2 under nonpermeabilized conditions (non-perm., left). Synaptosomes were either maintained

4

and treated with external solution (basal) or cLTP-stimulated
(45 min). The threshold for endogenous/nonspecific fluores-
cence was independently set in basal and cLTP conditions by
staining with the secondary antibody only (2° ab, dotted
lines). In parallel, as a positive control for ERK1/2 immuno-
staining, synaptosomes maintained in basal conditions for 45
min were permeabilized and tested for ERK/1/2 (perm., right).
F, Overall data from experiments described in E show percent-
age of synaptosomes with a positive signal for ERK1/2 (ERK1/
2�). n � 3 independent experiments (3 mice, 3– 4 months).
Data are mean � SEM.
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unpaired t test, n � 7, 3- to 4-month-old mice). To further assess
membrane integrity, we tested antibody penetration in synapto-
somes. After 45 min of cLTP or control treatment (external solu-
tion), synaptosomes were incubated (no permeabilization) with an
antibody against the cytosolic kinases ERK1/2 (extracellular signal-
regulated kinases-1 and -2), two MAP kinases that play a key role in
synaptic plasticity (Thomas and Huganir, 2004). No labeling was
found in either basal or cLTP conditions (Fig. 2E,F). In contrast, a
positive intracellular signal for ERK1/2 was observed when synapto-
somes were permeabilized (Fig. 2E,F). Overall, these data indicate
that synaptosomal membrane integrity is preserved in our experi-
mental conditions, thus preventing false-positive surface labeling
due to antibody internalization.

FASS-LTP models electrically induced LTP recorded in
intact circuitries
To demonstrate the physiological relevance and specificity of our
cLTP synaptic potentiation paradigm, we used flow cytometry to
evaluate whether parallel changes in GluA1�Nrx1�� surface expres-
sion are present in synaptosomes prepared from mature hippocam-
pal slices (8-week-old rat) that had undergone electrophysiological
induction of LTP. We induced LTP at CA1 by naturalistic theta burst
stimulation (TBS) at Schafer collaterals from CA3 hippocampus.
After confirming that stable LTP was established following TBS (Fig.
3A), the CA1 area was punched out (Fig. 3B) and immediately pro-
cessed for synaptosomal isolation and flow cytometry analysis. We
found that TBS of hippocampal slices increased the number of
GluA1�Nrx1�� synapses present in isolated synaptosomes (p �
0.019; Fig. 3C,D), paralleling our findings in cLTP-stimulated syn-
aptosomes from mice (Fig. 2A,B) and rats (143 � 15% over basal, p
�0.029, Mann–Whitney test, n � 4). These data demonstrate that
TBS-LTP and cLTP converge on a common molecular readout,
namely, increased surface coexpression of GluA1 and Nrx1�.

Further analysis of the extent to which FASS-LTP reproduces
the essential features of electrically induced LTP revealed impor-
tant parallels. Time course analysis demonstrated that the early
(15 min) increase in the proportion of GluA1�Nrx1�� events
after cLTP stimulation is sustained up to 75 min (Fig. 4A), resem-
bling the long-lasting increase in EPSPs that defines LTP. In ad-
dition, we found that our cLTP protocol depends on priming of
NMDAR by glycine and on synaptosome KCl depolarization

(Fig. 4A), which favors glutamate release
and voltage-dependent postsynaptic sig-
naling. In glycine-primed synaptosomes,
chemically induced depolarization at
�49, �41, and �31 mV using increasing
concentrations of KCl (24, 37, and 52 mM)
revealed that 37 mM (�41 mV; p � 0.01)
and 52 mM (�31 mV; p � 0.05) but not 24
mM KCl (�49 mV) induce cLTP in syn-
aptosomes (Fig. 4B). In contrast, we
found a weak cLTP response in glycine-
primed synaptosomes depolarized (30
min) by 2.5 mM 4-AP (equimolar substi-
tution of NaCl by 4-AP in the cLTP solu-
tion; percentage GluA1�Nrx1�� basal vs
4-AP � 100.0 � 14.6 vs 132.2 � 27.3;
p � 0.33, unpaired t test, n � 5, 3- to
4-month-old mice). Importantly, the
NMDAR antagonist AP5 blocks the
cLTP-driven increase in GluA1�Nrx1��

synaptosome levels (Fig. 4C), paralleling
the NMDAR dependence of hippocampal

LTP previously established by electrophysiological recordings in
vivo (Morris et al., 1986) and in vitro using brain slices (Col-
lingridge et al., 1983). In addition, we found that cLTP in synap-
tosomes is blocked by inhibiting Ca 2�/calmodulin-kinase II
(CaMKII), an enzyme that increases AMPAR conductance via
GluA1 phosphorylation (Derkach et al., 1999) (Fig. 4D). Simi-
larly, either K252a (protein tyrosine kinase inhibitor) or aniso-
mycin (protein synthesis inhibitor) prevented the increase in
GluA1�Nrx1�� levels following cLTP stimulation (Fig. 4D). In
further parallel, application of TrkB-Fc fusion protein, the BDNF
scavenger that prevents electrically induced LTP, also blocked
synaptosomal cLTP (Fig. 4D). Finally, because an important
pathway for enduring LTP depends on PKA activation (Nguyen
and Woo, 2003), we tested the effect of modulators of PKA activ-
ity on synaptosomal cLTP. Either H-89 (PKA inhibitor) or
SQ22536 (adenylyl cyclase [AC] inhibitor) blocked cLTP (Fig.
4D). Overall, these findings are consistent with the essential roles
of CaMKII (Malinow et al., 1989; Silva et al., 1992), tyrosine
kinases (O’Dell et al., 1991), protein synthesis (Fonseca et al.,
2006), PKA (Nguyen and Woo, 2003), and BDNF signaling (Rex
et al., 2007) in LTP, demonstrating that FASS-LTP reproduces
the defining characteristics of the long-lasting EPSP enhance-
ment in hippocampus seen after electrical stimulation (i.e., LTP).

GluA1-containing AMPAR are located and concentrated at
dendritic spines. However, because extracellular GluA1-labeling
detects GluA1 at both synaptic and extrasynaptic synaptosomal
surface, we evaluated whether cLTP increases GluA1 levels at the
PSD by assessing the physical interaction of GluA1 with PSD95.
After cLTP stimulation, GluA1 was immunoprecipitated from
200,000 synaptosomes sorted by size using calibrated beads
(0.75–3.0 �m) (Fig. 5A). Compared with nonstimulated synap-
tosomes, cLTP increased GluA1-PSD95 interaction levels, as
quantified by PSD95 immunoblotting (Fig. 5B,D). We further
tested GluA1-PSD95 coimmunoprecipitation by PSD95 immu-
noprecipitation (IP) and GluA1 immunoblotting. Following
PSD95 IP, we found increased GluA1 levels in cLTP-stimulated
synaptosomes compared with controls maintained in external
solution (Fig. 5C,E). As PSD95 is a major scaffolding protein of
the PSD, these experiments demonstrate that cLTP increases
GluA1 levels at the PSD in synaptosomes.
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Figure 3. TBS of hippocampal slices increased the number of GluA1�Nrx1�� synapses present in isolated synaptosomes. A,
fEPSP recorded in CA1 after stimulation of Schafer collaterals in hippocampal slices. B, After 30 – 60 min of stable LTP, CA1 area
(
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LTP is impaired in synapses from
mouse AD models
AD mouse models commonly exhibit LTP
deficits: e.g., 3xTg (Oddo et al., 2003),
Tg2576 (Jacobsen et al., 2006), 5xFAD
(Kimura and Ohno, 2009), P301S (Yo-
shiyama et al., 2007), and J20 (Saganich et
al., 2006); however, whether synaptic (e.g.,
dysregulation of the spine signaling) (Pen-
zes et al., 2011) or extrasynaptic mecha-
nisms (e.g., dysregulation of extrasynaptic
NMDAR) (Li et al., 2011) play a major role
in AD-related LTP deficits is not fully un-
derstood. Notably, FASS-LTP is an ideal
system to test the possible contribution of
synaptic mechanisms. We conducted FASS-
LTP analysis in young (3–4 months) and
middle-aged (12–15 months) nontrans-
genic (non-tg) and 3xTg mice, a well-
known model of AD (Oddo et al., 2003).
FASS-LTP revealed that, although compa-
rable GluA1�Nrx1�� levels after chemical
stimulation were observed in young non-tg
and 3xTg mice, cLTP was absent in aged
3xTg mice (p � 0.001, young vs aged 3xTg;
Fig. 6A,B). This profile is consistent with
electrophysiological recordings in 3xTg
showing intact LTP at 3–4 months but sig-
nificant deficits in 6- to 7-month-old mice
(Oddo et al., 2003). In addition, FASS-LTP
detected an age-related impairment of cLTP
in non-tg mice (p � 0.01, young vs aged
non-Tg; Fig. 6A,B), consistent with the de-
cline in hippocampal LTP observed in mice
at mid-life (
15 months) (Bach et al.,
1999). However, cLTP was significantly
lower in aged 3xTg compared with aged
non-tg mice (p � 0.05, 3xTg vs non-tg; Fig.
6A,B), supporting the idea that transgene-
driven expression of AD pathology further
reduces synaptic plasticity beyond the ef-
fects of aging alone (Oddo et al., 2003). We
also used FASS-LTP to assess synaptic plas-
ticity in the Tg2576 model, one of the best
characterized mouse models of AD (Hsiao
et al., 1996; Jacobsen et al., 2006). Consistent
with in vivo and in vitro electrophysiological
recordings showing hippocampal LTP im-
pairments in middle-aged (13–16 months)
Tg2576 mice (Chapman et al., 1999), FASS-
LTP detected a reduced cLTP response at
13–16 months in Tg2576 mice compared
with age-matched controls ( p � 0.05,
Tg2576 vs non-tg; Fig. 6C,D). Thus, through using two well-
characterized AD mouse models, we found strong support for the
idea that AD-driven mechanisms impair LTP directly at the synapse.

LTP is impaired in synapses from human AD brain
Although animal studies have consistently demonstrated LTP defi-
cits in mouse models of AD (Oddo et al., 2003; Jacobsen et al., 2006;
Saganich et al., 2006; Yoshiyama et al., 2007; Kimura and Ohno,
2009), direct evidence of LTP deficits in human AD brain has been
elusive, primarily due to methodological limitations. To address this

fundamental question, we used FASS-LTP on synaptosomal frac-
tions from cryopreserved human cortex. We found that, although
cLTP stimulation induced an increase in GluA1�Nrx1�� levels in
synaptosomes from human control tissue (p � 0.05), there was no
detectable change in GluA1�Nrx1�� levels in AD tissue (Fig. 6E,F)
(comparable age [p � 0.158] and postmortem delay [p � 0.713]
between groups). In contrast to this difference in cLTP response,
comparable levels of calcein staining (viability) were detected in syn-
aptosomes of control and AD cases either maintained in basal
conditions or cLTP stimulated (p�0.986; Fig. 6G,H). Overall, these
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synaptosomes were maintained in external solution (with Mg 2�) and treated with equivalent volumes of external solution
instead of glycine or KCl solutions; a control sample (basal) was included for each time point. Basal levels are denoted as time 0
.
Overall data are presented as mean�SEM. *p�0.05 versus basal (ANOVA, Tukey post hoc test). **p�0.01 versus basal (ANOVA,
Tukey post hoc test). n � 14 independent experiments (14 mice, 5– 8 months). Alternative stimulation protocols tested included
the following: gly only (200 �M glycine; n�6), KCl only (52 mM KCl; n�5), and gly�KCl cotreatment (cotreatment using 200 �M

glycine and 52 mM KCl; n � 3). n � number of independent experiments (no. of mice). gly15
�KCl versus gly only, p � 0.0027
(two-way ANOVA, effect of stimulation protocol, F(1,78) � 9.62); gly15
�KCl versus KCl only (25, 45, and 75 min), p � 0.0002
(two-way ANOVA, effect of stimulation protocol, F(1,41) � 17.44); gly15
�KCl vs gly�KCl cotreatment (25, 45, and 75 min), p �
0.0003 (two-way ANOVA, effect of stimulation protocol, F(1,36) � 15.94). B, GluA1�Nrx1�� levels following cLTP (45 min) using
24, 37, and 52 mM KCl. Membrane potentials (Vm) were obtained by the Goldman-Hodgkin-Katz equation. Representative upper-
right quadrants from GluA1-Nrx1� plots show percentage GluA1�Nrx1�� events (top). *p � 0.05 versus basal (ANOVA, Tukey
post hoc test). **p � 0.01 versus basal (ANOVA, Tukey post hoc test). n � 8 independent experiments (8 mice, 3– 6 months).
C, AP5 (100 �M, 20 min pretreatment) blocks synaptosome cLTP response (45 min, 37 mM KCl). Boxplots (percentiles: box,
25th-75th; whiskers, 10th-90th). **p � 0.01 versus basal (ANOVA, Kruskal–Wallis post hoc test). n � 7 independent experiments
(7 mice, 3– 6 months). D, Synaptosome cLTP response was inhibited by TrkB-Fc (2 �g/ml, n � 7), K252a (200 nM, n � 7), KN-62
(10 �M, n � 7), anisomycin (40 �M, n � 11), H-89 (5 �M, n � 9), and SQ22536 (200 �M, n � 5). Synaptosomes were
preincubated for 10 min with inhibitors or appropriate vehicle before cLTP (75 min, 37 mM KCl). Data are mean � SEM. **p � 0.01
versus basal (ANOVA, Tukey post hoc test).
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data provide the first direct evidence to support the idea that
synapses from the AD-diseased brain are intrinsically defec-
tive in LTP.

Based on the unique capacity of FASS-LTP to monitor synap-
tic plasticity in human brain tissue, a widely useful application of
this method would be drug screening, performed directly in hu-
man brain tissue, to identify candidates that restore LTP to de-
fective synapses in AD. Indeed, the need for better identification
of candidate drugs for treatment of AD is underscored by the high
failure rate of AD drug clinical trials (99.6% failures on �400
trials) (Cummings et al., 2014) despite the preclinical evidence of

drug effectiveness demonstrated in ani-
mal tissue. We next use FASS-LTP to
screen for drugs that restore LTP in AD,
testing multiple agents in parallel directly
in human AD tissue (40 synaptosomal
samples obtained from 100 –200 mg
tissue).

Enhancement of cGMP signaling
rescues LTP in the AD-diseased brain
Pharmacological enhancement of LTP
has been widely focused on approaches
that augment the PKA/CREB pathway, a
signaling cascade that depends on cAMP
production by AC (Nguyen and Woo,
2003). Because cAMP levels are reduced
by phosphodiesterases (PDEs) (a family
of enzymes that hydrolyze cyclic nucleo-
tides), PDE inhibitors (PDEi) (which pre-
vent the chemical breakdown of cAMP
and cGMP) represent a potential treat-
ment strategy for enhancing LTP and pre-
venting memory decline (García-Osta et
al., 2012). The effectiveness of PDEi to
enhance LTP and/or memory has been
demonstrated in animal models with in-
hibition of PDE2 (Boess et al., 2004),
PDE4 (Gong et al., 2004; Rutten et al.,
2008), PDE5 (Prickaerts et al., 2002;
Puzzo et al., 2009; Cuadrado-Tejedor et
al., 2011; Reneerkens et al., 2012; Akker-
man et al., 2015), and PDE9 (Kroker et al.,
2012; Kroker et al., 2014). Whether PDE
inhibition similarly enhances LTP in hu-
man tissue is unknown.

We used FASS-LTP in human synap-
tosomes from control and AD cases to in-
terrogate in parallel the effectiveness of 7
selective PDE inhibitors to enhance LTP,
specifically inhibiting PDE2 (Bay-60 –
7550, 0.5 �M), PDE4 (rolipram, 30 �M),
PDE5 (vardenafil, 0.1 �M; sildenafil, 0.5
�M; tadalafil, 0.2 �M), and PDE9 (Bay-
73– 6691, 10 �M). In parallel, we tested
forskolin (adenylyl cyclase activator,
ACactiv) and cinaciguat (guanylyl cyclase
activator, GCactiv), as well as functionally
relevant combinations of PDEi with
ACactiv or GCactiv. Thus, a total of 18
treatments were simultaneously tested
on basal conditions (external solution)
and after cLTP (i.e., 
40 human synap-

tosome samples) (Fig. 7A–C). We found that, in synaptosomes
from AD cases, GluA1�Nrx1�� levels were not increased after
cLTP stimulation, even in synaptosomes treated with PDEi
alone (in the absence of ACactiv or GCactiv) (Fig. 7 A, B). In
contrast, cLTP was rescued in synaptosomes from AD cases by
the combination of GCactiv with PDE5 inhibition (vardenafil)
or PDE9 inhibition (Bay-73– 6691) ( p � 0.05; Fig. 7 A, B),
suggesting that synaptic plasticity in the human AD brain may
be rescued by enhancing cGMP signaling. In synaptosomes
from control human cases, GluA1�Nrx1�� levels were in-
creased in basal conditions after cLTP stimulation (173 �
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16%, p � 0.023 vs basal, n � 6, unpaired
Student’s t test), demonstrating int-
act capacity for synaptic potentiation.
However, no further increase in the
number of potentiated synapses was ob-
served with any tested treatment ( p �
0.05; Fig. 8A). Interestingly, while basal
GluA1�Nrx1�� levels (in the absence of
cLTP stimulation) were not signifi-
cantly affected by any drug treatment
either in AD or in control cases, a trend
for increased basal potentiation state
was observed in the presence of PDE5
inhibition (vardenafil) with GCactiv in
synaptosomes from control human
cases (Fig. 8B).

These data demonstrate that FASS-
LTP is a sensitive and efficient approach
to screen for drugs acting directly on
mechanisms underlying human LTP, al-
lowing for simultaneous testing of multi-
ple samples and treatment conditions.
FASS-LTP identified PDE5 and PDE9,
two enzymes expressed in human neurons
(Kleiman et al., 2012; Teich et al., 2016), as
specific molecular targets for inhibition to
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Figure 6. FASS-LTP captures synaptic deficits in AD transgenic mice and in the Alzheimer-diseased brain. A, Time course of cLTP
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4

3xTg Y (n � 7), non-tg A (n � 7), 3xTg A (n � 5). Data are
mean � SEM. *p � 0.05, young versus middle-aged 3xTg
(Bonferroni’s post hoc, two-way ANOVA). B, Representa-
tive upper-right quadrants from GluA1-Nrx1� plots show
percentage GluA1�Nrx1�� events at the indicated time
points in synaptosomes from young and middle-aged
non-tg and 3xTg mice. C, cLTP in middle-aged (13–16
months) nontransgenic (non-tg, B6;SJL) and Tg2576 mice.
Percentage GluA1�Nrx1�� events were normalized to
synaptosomes maintained in external solution (�);
non-tg (n � 5; 1 female, 4 males), Tg2576 (n � 6; 3 fe-
males, 3 males). Data are mean � SEM. *p � 0.05
(ANOVA, Tukey post hoc test). D, Representative upper-
right quadrants from GluA1-Nrx1� plots show percentage
GluA1�Nrx1�� events in synaptosomes from non-tg and
Tg2576 mice. E, cLTP in cryopreserved synaptosomes from
human brain cortex (Brodmann area A7); controls (n � 6)
and AD (n � 6) cases matched by age and PMI. cLTP re-
sponse, only observed in control cases, was not signifi-
cantly affected by age (89 –101 years, p �0.88) or by PMI
(3.45– 8.33 h, p �0.16) (linear regression). F, Percentage
GluA1�Nrx1�� events normalized to synaptosomes
maintained in external solution (basal state). Data are
mean � SEM. Individual vales are shown. *p �0.036 (un-
paired Student’s t test). G, Representative histograms
show calcein staining in size-gated synaptosomes from
one control and one AD case, in both basal (37°C, 45 min)
and cLTP conditions (37°C, 45 min). Synaptosomal frac-
tions were loaded with 20 nM calcein AM before stimula-
tion. The threshold for endogenous/nonspecific
fluorescence was set with a sample maintained in external
solution (37°C, 45 min) but not loaded with calcein AM; the
upper bar in the plot shows the region of positive signal. H,
Overall results showing percentage of calcein-positive syn-
aptosomes in control (n � 5) and AD (n � 4) cases.
p � 0.986 (Kruskal–Wallis test). For case information, see
Table 1.
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rescue synaptic potentiation in human AD synapses. The data
also indicate that PDE inhibition would be minimally effective to
enhance potentiation in synapses that have intact cLTP, ob-
served in control human cases. The lack of further cLTP en-
hancement in control human tissue resembles the limit on the

maximum LTP capable of being induced by a series of bursts
(LTP “ceiling”), and is consistent with the idea that that the
LTP “ceiling” is relatively constant at the synapse level and
may not be affected by pharmacological manipulations (Arai
et al., 1994).

cinaciguat
forskolin

-
+
-

-
-
-

-
-
+

C
-
+

C
-
-

B
+
-

B
-
-

T
+
-

T
-
-

S
+
-

S
-
-

V
+
-

V
-
-

R
-
+

R
-
-

B’
-
+

B’
+
-

B’
-
-

PDE2i

PDE5i

PDE9i

PDE4i

0

50

100

150

200

%
 G

lu
A

1+
N

rx
1β

+

cLTP

basal

%
 G

lu
A

1+
N

rx
1β

+

basal     cLTP

vardenafil
(V)

caffeine
(C)

rolipram
(R)

Bay-60-7550
(B’)

tadalafil
(T)

sildenafil
(S)

−

Bay-73-6691
(B)

cinaciguat
(cng)

forskolin
(fsk)

A B
4.7 3.4

4.2 3.9

4.5 3.1

7.2 4.1

4.6 7.1

5.1 4.8

3.7 4.7

6.0 5.7

2.4 3.2

4.8 3.7

3.7

3.8

9.2 3.2

4.9 3.7

5.1 5.3

9.0 3.7

5.13.7

3.5 5.5

7.3

2.9

* *

cinaciguat
forskolin

-
+
-

-
-
-

-
-
+

C
-
+

C
-
-

B
+
-

B
-
-

T
+
-

T
-
-

S
+
-

S
-
-

V
+
-

V
-
-

R
-
+

R
-
-

B’
-
+

B’
+
-

B’
-
-

0

50

100

150

200

V + cng

T + cng

S + cng

B + cng

B’ + cng

B’ + fsk

R + fsk

C + fsk

C

min                max

PDEi

PDEi

Figure 7. Drug screening in AD human synapses by FASS-LTP. A, Synaptosomes from AD cases (n�8) were preincubated for 20 min with PDEi or vehicle before cLTP. Forskolin 50 �M or cinaciguat
300 nM was added 10 min before cLTP, as indicated. Representative upper-right quadrants from GluA1-Nrx1� density plots show percentage GluA1�Nrx1�� events following the above described
treatments in both basal and cLTP conditions. B, cLTP responses. Data are mean � SEM. *p � 0.05 versus cLTP (ANOVA, Dunnett post hoc test). C, In parallel, a set of synaptosomes were maintained
in external solution (basal) and similarly treated with PDEi (20 min), forskolin and cinaciguat (10 min). Data are mean�SEM. p �0.05 (ANOVA). GluA1�Nrx1�� levels in basal conditions and after
cLTP were normalized to vehicle-treated synaptosomes in basal state. PDE5i: vardenafil 0.1 �M (V); sildenafil 0.5 �M (S); tadalafil 0.2 �M (T); PDE9i: Bay-73– 669 10 �M (B); PDE2i: Bay-60 –7550
0.5 �M (B
); PDE4i: rolipram 30 �M (R); caffeine 100 �M (C) (nonselective and weak PDEi) (Boswell-Smith et al., 2006). Forskolin was combined with B
, R, and C, which inhibit cAMP breakdown;
whereas cinaciguat was combined with V, S, T, B, and B
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cases.
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Discussion
Using FASS-LTP, we demonstrate that the increase in surface
GluA1 and Nrx1� levels by cLTP in synaptosomes closely resem-
bles synapse potentiation, the unitary event underlying LTP in
intact circuitries. Indeed, we found that electrical stimulation in
hippocampal slices also increases synaptosomal surface levels of
GluA1 and Nrx1�. Consistent with this finding, our data dem-
onstrate that the cLTP response in synaptosomes mechanistically
parallels the facilitation of synaptic transmission following
electrically induced LTP in brain slices (e.g., dependence on
CaMKIIand BDNF signaling). Further, using our sensitive flow
cytometry approach to study plasticity directly at the synapse
(Fig. 9), we demonstrate that LTP is impaired in synapses from
animal models of neurodegeneration, but more importantly, in
human AD brain. The application of FASS-LTP directly to hu-
man brain tissue represents an innovative strategy to efficiently

identify plasticity-enhancing drugs that are effective in humans.
Further, use of FASS-LTP to screen drugs before preclinical phar-
macological target validation would speed translation from ani-
mal models to clinical trials, a major advance in the field.

Our study incorporates multiple features in one design to study
LTP in isolated synaptosomes. Several key features of our approach
extend prior studies, which have demonstrated that synaptosome
stimulation with glutamate, glycine, and/or KCl increases GluA1
and GluA2 levels in purified PSD fractions (Corera et al., 2009), as
well as the synthesis of proteins involved in synaptic plasticity
(�-CaMKII, Arc, Homer, and BDNF) (Bagni et al., 2000; Gharami
and Das, 2014). We have used a fluorescence-labeled antibody di-
rected to the N-terminal domain of GluA1 to detect surface localized
GluA1 extending previous methods using [3H]-AMPA to detect
AMPA receptors in isolated synaptosome membranes (Corera et al.,
2009). In addition, we also demonstrate that glycine-KCl stimula-
tion increases GluA1-PSD95 physical interaction in size-sorted
synaptosomes. GluA1 clustering at the PSD likely reflects GluA1-
containing endosome insertion at the postsynaptic plasma mem-
brane, as this is a main process regulating activity-dependent
synaptic trafficking of AMPAR (Ehlers, 2000; Park et al., 2004, 2006).
The introduction of flow cytometry for synaptosome analysis (flow
synaptometry) provides a means to efficiently detect changes in sur-
face localized GluA1 and Nrx1�, two key synaptic receptors for en-
during LTP. The use of double label with GluA1 and Nrx1 ensures
that we focus on synaptosomes with both presynaptic and postsyn-
aptic elements. Our data indicate that a significant number of “inte-
gral synapses” can be detected by analyzing thousands of particles
using flow synaptometry. Indeed, we have consistently found that up
to 
25% of the size-gated synaptosomes increase surface GluA1
levels after cLTP stimulation, thus suggesting that a reliable fraction
of particles (
2500 of 10,000 acquired events) contains postsynaptic
sealed spines with essential elements to support LTP (e.g., func-
tional trafficking and cytoskeletal machinery), at least in the 1
to 2 h time window after stimulation.

In developing our FASS-LTP approach, while cLTP responses in
neuronal cultures are evident with glycine stimulation alone (Lu et
al., 2001; Park et al., 2006), we reasoned that synaptosomal stimula-
tion would benefit from additional KCl-dependent depolarization
because synaptosomes lack firing-evoked neurotransmitter release.
Therefore, we combined glycine pretreatment with mild KCl (37
mM) depolarization to emulate in vitro high activity states in synap-
tosomes. Our sequential glycine-KCl protocol robustly increases
surface levels of GluA1 and Nrx1� over a time period of 15 min to at
least 90 min, inducing a long-lasting response that is stronger
than that observed with glycine-only or KCl-only stimulations
(Fig. 4A).

In contrast to current approaches to study activity-dependent
responses by electrophysiological or biochemical methods in brain
slices, neuronal cultures, and synaptosome preparations, FASS-LTP
allows multiple conditions to be tested in parallel in a relatively short
time, as the approach is based on simple procedures, requires only a
small amount of tissue (milligrams), and is highly economical as
drug testing is performed in small reaction volumes (200–400 �l).
In particular, we demonstrate that FASS-LTP can simultaneously
test 30–40 preparations from human brain tissue in 
5 h, using as
little as 0.05–20 �g of drugs in each experiment. Further, flow cy-
tometry multiparameter analysis (Kling, 2015) in a single synapto-
somal preparation may allow tracking cLTP responses in specific
subsets of synapses (e.g., using transgenic mice expressing fluores-
cent reporters on neuron subtypes) (Lobo et al., 2006).
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Figure 8. Drug screening in human synapses from control cases by FASS-LTP. A, Synapto-
somes from control cases (n � 6) were preincubated for 20 min with PDEi or vehicle before
cLTP. Forskolin 50 �M or cinaciguat 300 nM was added 10 min before cLTP, as indicated. Data are
mean � SEM. p � 0.05 (ANOVA). B, In parallel, a set of synaptosomes were maintained in
external solution (basal) and similarly treated with PDEi (20 min), forskolin and cinaciguat (10
min). Data are mean�SEM. p�0.05 (ANOVA). GluA1�Nrx1�� levels in basal conditions and
after cLTP were normalized to vehicle-treated synaptosomes in basal state. PDE5i: vardenafil
0.1 �M (V); sildenafil 0.5 �M (S); tadalafil 0.2 �M (T); PDE9i: Bay-73– 669 10 �M (B); PDE2i:
Bay-60 –7550 0.5 �M (B
); PDE4i: rolipram 30 �M (R); caffeine 100 �M (C) (nonselective and
weak PDEi) (Boswell-Smith et al., 2006). Forskolin was combined with B
, R, and C, which
inhibit cAMP breakdown; whereas cinaciguat was combined with V, S, T, B, and B
 to increase
cGMP production while preventing cGMP hydrolysis. B
 was combined with both forskolin and
cinaciguat as this compound inhibits PDE2, an enzyme that hydrolyzes both cAMP and cGMP.
Treatments are shown in identical order in both cLTP (A) and basal (B) conditions. Table 1
contains information of cases.
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Despite a worldwide effort to identify drugs that alleviate
memory deficits, such as occur in AD, no effective treatments
currently exist despite �400 clinical trials (Cummings et al.,
2014). It has been suggested that the failure to translate animal
model findings to humans may be overcome by target validation
using a preclinical screening platform that is based on testing in
adult human brain tissue (Dragunow, 2008). Our data indicate
that FASS-LTP is a highly translational approach, as it has re-
vealed pharmaceutical agents that enhance LTP in human brain
synaptosomes. Indeed, we have identified the cGMP pathway as a
target for rescuing cLTP in AD-dysfunctional synapses. Our data
show that PDE5 inhibition by vardenafil, an FDA-approved drug
that prevents cGMP breakdown, increased GluA1�Nrx1�� lev-
els in synaptosomes treated with cinaciguat, a GCactivator in
Phase IIb investigation (Clinical trial NCT01064037) that in-
creases cGMP levels. Although vardenafil is currently used for
treating vascular dysfunction and pulmonary hypertension, it
crosses the blood– brain barrier (Reneerkens et al., 2012), a key
characteristic for consideration in the treatment of cognitive de-
cline. Consistent with our data, vardenafil increases brain cGMP
levels and improves memory in adult rats (Prickaerts et al., 2002;
Reneerkens et al., 2012; Bollen et al., 2015); specifically in stan-
dard housed rats but not in rats housed in an enriched environ-
ment, suggesting a ceiling effect under optimal cognitive

stimulation (Akkerman et al., 2014).
Indeed, studies in humans suggest that
vardenafil may improve cognition in low-
cognitive performers, but not in high-
level educated subjects (Reneerkens et al.,
2013). Surprisingly, the other PDE5 in-
hibitors that we tested (sildenafil and
tadalafil) did not enhance the cLTP re-
sponse. However, it is known that vard-
enafil is more potent than sildenafil for
improving memory in rats (Prickaerts et
al., 2002), even though these two PDE5i
have similar structures, suggesting that
further drug optimization of PDE inhibi-
tors could be achieved with chemical
modifications. Further consistent with the

idea that synaptic plasticity in the AD brain may be rescued by
enhancing cGMP signaling, we also found that in the presence of
cinaciguat (guanylyl cyclase activator), the PDE9 inhibitor Bay-
73– 6691 increased the cLTP response in AD synapses. Support-
ing this finding, Bay-73– 6691 increases hippocampal cGMP
levels, improves memory in Tg2576 mice, and restores LTP im-
paired by amyloid � oligomers (Kroker et al., 2014). The partic-
ular effect of vardenafil and Bay-73– 6691 in AD synaptosomes is
further supported by mRNA analysis showing that in AD cortical
tissue the expression of PDE5 is significantly increased, and PDE9
expression shows a tendency to increase (Ugarte et al., 2015),
whereas the expression of PDE2 (Reyes-Irisarri et al., 2007) and
PDE4 (Ugarte et al., 2015) is not altered, relative to age-matched
controls. Although further research is needed to evaluate the ef-
ficacy of cGMP-related PDEi to improve cognitive in AD, our
data provide a proof of concept for FASS-LTP as an efficient
method for drug screening and preclinical target validation.

Although there are a number of challenges with using post-
mortem human brain tissue in research, with one of the most
significant being the PMI, several reports indicate that basic bio-
chemical reactions remain well preserved in the postmortem hu-
man brain. For instance, protein–protein interactions in human
PSD fractions are relatively insensitive to variation in PMI
(�15 h) or age (relatively constant from 70 to 90 years) (Hahn et
al., 2009). Moreover, glycine-dependent NMDAR activation
(Hahn et al., 2006) and insulin signaling (Talbot et al., 2012) are
relatively intact in low-PMI (�19 h) brain tissues, suggesting that
glycine-dependent GluR1 and Nrx1� surface expression in syn-
aptosomes is likely to be similarly resistant to some variables
associated with a postmortem approach. Indeed, our data show
that PMI does not have a significant effect on FASS-LTP when the
delays are �9 h.

In conclusion, FASS-LTP provides new data directly on syn-
apses and the status of LTP in human brain. Importantly, we
provide support for a pharmacological strategy based on cGMP
signaling enhancement to rescue LTP in the AD brain. Thus, our
approach offers an exciting opportunity to scale-up LTP analyses
to evaluate the potential of pharmaceutical and behavioral inter-
ventions to enhance plasticity in normal and diseased brains.
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