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Synaptic plasticity deficits are increasingly recognized as causing the memory impairments which define Alzheimer’s disease (AD). In AD
mouse models, evidence of abnormal synaptic function is present before the onset of cognitive deficits, and presents as increased synaptic
depression revealed only when synaptic homeostasis is challenged, such as with suppression of ryanodine receptor (RyR)-evoked cal-
cium signaling. Otherwise, at early disease stages, the synaptic physiology phenotype appears normal. This suggests compensatory
mechanisms are recruited to maintain a functionally normal net output of the hippocampal circuit. A candidate calcium-regulated
synaptic modulator is nitric oxide (NO), which acts presynaptically to boost vesicle release and glutamatergic transmission. Here we
tested whether there is a feedforward cycle between the increased RyR calcium release seen in presymptomatic AD mice and aberrant NO
signaling which augments synaptic plasticity. Using a combination of electrophysiological approaches, two-photon calcium imaging, and
protein biochemistry in hippocampal tissue from presymptomatic 3xTg-AD and NonTg mice, we show that blocking NO synthesis results
in markedly augmented synaptic depression mediated through presynaptic mechanisms in 3xTg-AD mice. Additionally, blocking NO
reduces the augmented synaptically evoked dendritic calcium release mediated by enhanced RyR calcium release. This is accompanied by
increased nNOS levels in the AD mice and is reversed upon normalization of RyR-evoked calcium release with chronic dantrolene
treatment. Thus, recruitment of NO is serving a compensatory role to boost synaptic transmission and plasticity during early AD stages.
However, NO’s dual role in neuroprotection and neurodegeneration may convert to maladaptive functions as the disease progresses.

Key words: calcium; homeostasis; nitric oxide; ryanodine receptor; synaptic depression; synaptic plasticity

Introduction
Synaptic plasticity deficits are increasingly recognized as causing
memory loss in AD (Selkoe, 2002; Knobloch and Mansuy, 2008;
Nistico et al., 2012). However, the early mechanisms driving syn-
aptic pathophysiology are poorly understood. Short and long-
term plasticity are calcium-dependent processes, and subject to
additional modifications through second messengers, such as ni-
tric oxide (NO). This gaseous neuromodulator is generated by
NO synthase (NOS) through NMDAR-mediated calcium entry
(Boehning and Snyder, 2003; Garthwaite, 2008). NO can either
facilitate or suppress plasticity through biphasic effects on
NMDAR and AMPAR insertion, presynaptic vesicle regulation,
S-nitrosylation of synaptic proteins, and cyclic GMP (cGMP)

generation (Reyes-Harde et al., 1999; Stanton et al., 2005; Rat-
nayaka et al., 2012; Selvakumar et al., 2013).

NO signaling is associated with neurodegenerative diseases
through formation of reactive nitrogen species and cGMP signal-
ing cascades (Nakamura et al., 2013; Zhao et al., 2015). Yet, NO
also has neuroprotective capacities, as shown in AD mouse mod-
els where it appears to be particularly important in reducing cell
loss and tau pathology (Colton et al., 2006, 2008; Wilcock et al.,
2008). In AD models, NO can be altered through several mecha-
nisms. For example, the NMDAR-mediated calcium entry which
activates NOS is augmented by abnormal ryanodine receptor
(RyR)-evoked calcium-induced calcium release (Goussakov et
al., 2010). NOS protein levels are also increased in AD mouse
models and human AD brains (Luth et al., 2002; Müller et al.,
2011; Shilling et al., 2014), as are RyR levels (Chakroborty et al.,
2009, 2012a; Bruno et al., 2012). In presymptomatic AD mice,
these conditions, which amplify NO, occur alongside exaggerated
hippocampal synaptic depression; these deficits are revealed
when homeostasis is challenged, such as suppressing RyR-
calcium release. Otherwise the hippocampal network, and cogni-
tive performance, appear normal but clearly are not (Oddo et al.,
2003; Chakroborty et al., 2009; Chakroborty and Stutzmann,
2011). The undetected deficits in synaptic plasticity suggest re-
cruitment of compensatory mechanisms. Here we examine
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whether increased NOS is sustaining syn-
aptic potentiation and demonstrate a NO-
mediated increase in synaptically evoked
calcium responses and neurotransmitter
release which counters maladaptive syn-
aptic depression in AD neurons.

Materials and Methods
Experimental animals. Six to 8-week-old
3xTg-AD and NonTg (nontransgenic) mice, of
both genders, were used. These experiments
were performed in accordance with protocols
approved by the Institutional Animal Care and
Use Committee at Rosalind Franklin Univer-
sity. The 3xTg-AD (APPswe, TauP301L, and
PS1M164VKI) mice used were described previ-
ously (Oddo et al., 2003). NonTg mice are on
the same background strain (129/C57BL6) as
the 3xTg-AD mice.

Hippocampal slice preparation. Mice were
deeply anesthetized, decapitated, and brains
removed into sucrose cutting solution (in mM:
200 sucrose, 1.5 KCl, 0.5 CaCl2, 4.0 MgCl2, 1.0
KH2PO4, 25 NaHCO3, 10 Na-ascorbate, and
20 dextrose, equilibrated with 95% O2/5%
CO2). Transverse hippocampal slices (300 �m
for patch recordings; 400 �m for field record-
ings) were prepared as described previously
(Chakroborty et al., 2012a) and maintained in
standard aCSF (in mM: 130 NaCl, 2.5 KCl, 2.0
CaCl2, 1.2 MgSO4, 1.25 KH2PO4, 25 NaHCO3

and 10 dextrose) at 30°C for 1 h before use.
For experiments with L-NAME (N�-Nitro-L-
arginine methyl ester hydrochloride; NOS in-
hibitor), slices were incubated in 200 �M

L-NAME for 2 h before use. For experiments
with SNAP (S-nitroso-N-Acetyl-D, L-penicilla-
mine; NO donor), slices were washed with 100
�M SNAP for 40 min after baseline responses
were recorded.

Extracellular field potential recording. Hip-
pocampal brain slices (400 �m) were placed in
an interface chamber (Harvard Apparatus) and
perfused at 1.5 ml/min with aCSF equilibrated
with 95% O2/5% CO2 at room temperature
(27°C). Data were acquired at 10 kHz using
pClamp 9.2 software with a DigiData 1322 A-D
converter and AxoClamp 2B amplifier. Synaptic
responses were evoked by stimulating the Schaf-
fer collateral/commissural pathway with a bipo-
lar stimulating electrode. Field EPSPs (fEPSPs)
were recorded in the stratum radiatum of the
CA1 subfield of the hippocampus using record-
ing microelectrodes (2–4 M�) filled with aCSF.
Input/output (I/O) curves were generated using
stimulus intensities from 0–225 �A in steps of 25
�A. Baseline stimulus intensity was determined
from I/O curves as the stimulus intensity evoking
a 30% or 70% of maximal response for LTP or
LTD experiments, respectively (data not shown).
Baseline fEPSPs were recorded at 0.05 Hz for 20
min before and for 60 min after induction of LTP
or LTD. LTP was induced at baseline intensity by
a high-frequency stimulus (HFS) consisting of two 100 Hz trains 10 s apart.
LTD was induced at baseline intensity by a low-frequency stimulus (LFS)
consisting of 900 pulses at 1 Hz.

Whole-cell patch-clamp recording. Hippocampal brain slices (300 �m)
were placed in a perfusion chamber mounted on a movable stage assem-

bly on an upright microscope (BX50WI; Olympus Optical) and super-
fused at 2 ml/min with aCSF equilibrated with 95% O2/5% CO2 at room
temperature (27°C). Patch pipettes (4 – 6 M�) pulled from borosilicate
glass tubing were filled with intracellular solution (in mM: 135
K-gluconate, 2 MgCl2, 4 Na-ATP, 0.4 Na-GTP, 10 Na-phosphocreatine

Figure 1. NOmaintains longtermpotentiationinyoung3xTg-ADmice. A, B,GraphshowsaveragedtimecourseofLTPfromNonTgand
3xTg-AD mice in aCSF (A) and L-NAME (B). Insets, Baseline traces before (1) and after (2) HFS from NonTg (black) and 3xTg-AD (gray) mice.
C, Bar graph shows percentage change in post-HFS response relative to baseline 0 –2 min after HFS (PTP), 15–20 min after HFS (E-LTP), and
50 – 60minafterHFS(L-LTP).ThearrowdenotesthetimeatwhichtheHFS(2�100Hz,10sapart)wasadministered;*p�0.05indicates
significantly different from NonTg; **p � 0.05 indicates significantly different from control aCSF-treated slices.
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and 10 HEPES, pH adjusted to 7.3 with KOH)
and 100 �M bis-fura-2. Hippocampal CA1 py-
ramidal neurons were identified visually via in-
frared differential interference contrast optics,
and electrophysiologically by their passive
membrane properties and spike frequency
accommodation. Membrane potentials and
evoked responses were obtained in current-
clamp mode using pClamp 10 software ac-
quired at 10 kHz with a Digidata 1322 A-D
converter and MultiClamp 700B amplifier.
Spontaneous postsynaptic potentials were re-
corded for 1 min. Synaptic responses were
evoked by stimulating the Schaffer collateral/
commissural pathway with a monopolar stimu-
lating electrode. I/O curves were generated using
stimulus intensities from 0–500 pA in steps of 50
pA. Baseline stimulus intensity was determined
from I/O curves as the stimulus intensity evoking
a 70% of maximal response (data not shown).
LTD was induced at baseline intensity by a low-
frequency stimulus (LFS) consisting of 900 pulses
at 1 Hz. Paired-pulse facilitation (PPF) was as-
sessed before and after LFS using interpulse inter-
vals of 25, 50, and 200 ms. Five successive
responses were recorded for each interpulse in-
terval at 0.05 Hz. Access resistance was continu-
ally monitored, and cells were used for recording
only if the access resistance was maintained �10
M�.

Calcium imaging. Imaging of fluorescent cal-
cium signals was performed in acute hip-
pocampal brain slices using a custom-made
video-rate multiphoton imaging system. Indi-
vidual CA1 pyramidal neurons were filled with
the calcium indicator bis-fura-2 via a patch pi-
pette and calcium responses were imaged from
dendrites and dendritic spines. Laser excitation
was provided by 80 MHz trains of ultra-short
(100 fs) pulses at 780 nm from a titanium/sap-
phire laser (Mai Tai Broadband, Spectra-
Physics). The laser beam was scanned by paired
galvanometers to provide a full-frame scan rate
of 30 Hz. The scanned beam was focused onto
the tissue through an Olympus 40� water-
immersion objective (NA 0.8). Emitted fluo-
rescence light was detected by a wide-field
photomultiplier (R5929, Hamamatsu) and
captured by frame-grabber software VideoSa-
vant 5.0 (IO Industries). Imaging was synced
with electrophysiological protocols through
Digidata 1322 A-D board controlled by
pClamp 10 software. Calcium responses were
generated by 30 Hz trains (1.5 s) before, 1 min
after and 20 min after LFS. 30 Hz trains were
administered at baseline stimulus intensity.
Images were analyzed offline with MetaMorph
software. Results are expressed as inverse ratios
so that increases in calcium concentration cor-
respond to increasing ratios. The percentage
change is calculated as [(F0/�F ) � 1] � 100,
where F0 is the average resting fluorescence at
baseline and �F is the decrease in fluorescence
reflecting calcium release.

Immunoblot analysis. Methodological de-
tails were described previously by Chakroborty
et al., 2012b. Hippocampal tissue was homog-
enized in tissue protein extraction reagents and
total protein was separated by SDS-PAGE on

Figure 2. NO maintains long term depression in young 3xTg-AD mice. A–C, Graph shows averaged time course of LTD from NonTg and
3xTg-AD mice in aCSF (A), L-NAME (B), and SNAP (C). Insets, Representative baseline traces before (1) and after (2) LFS from NonTg (black)
and 3xTg-AD (gray) mice. D, Bar graph shows percentage change in post-LFS responses relative to baseline 0 –2 min after LFS (STD), 15–20
minafterLFS(E-LTD),and50 – 60minafterLFS(L-LTD).ThearrowdenotesthetimeatwhichtheLFS(900pulsesat1Hz)wasadministered;
*p � 0.05 indicates significantly different from NonTg; **p � 0.05 indicates significantly different from control aCSF-treated slices.
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3– 8% Tris-acetate NuPAGE gradient gels. Protein was transferred onto
polyvinylidene difluoride membranes at 30 V for 2 h. Rabbit anti-NOS
and anti-�-actin primary antibodies (Abcam) were diluted 1:1000 in
2.5% nonfat milk and applied for 72 h at 4°C. HRP-conjugated secondary
antibodies were applied for 1 h at room temperature (27°C). Images were
acquired using VersaDoc Imaging System and quantified with ImageJ
software.

Data analysis and statistics. Evoked responses were analyzed offline
using Clampfit 10 and Origin Pro8 software. For PPF recordings, EPSP
amplitudes (mV) were expressed as the ratio of the second EPSP over the
first EPSP. For LTP and LTD recordings, fEPSP slopes recorded 0 –2,
15–20, and 50 – 60 min after HFS or LFS were averaged and expressed as
a percentage of the average slope from pre-HFS or pre-LFS baseline
recordings. Minianalysis (v6.0.9, Synaptosoft) was used to measure
spontaneous EPSP events with minimal amplitude of 0.2 mV and mini-
mal area of 3 mV�ms. Baseline was determined from a 1 ms average
immediately before each event using “complex peak detection” in Mini-
analysis. Data were expressed as �SEM and assessed for significance
using paired t tests, or two-way ANOVAs with Scheffe’s post hoc analysis,
where n denotes number of slices examined in extracellular field experi-
ments and number of neurons in whole-cell patch-clamp experiments.
For all experiments, n � 6 – 8 for each group. Five to six mice were used
for each set of experiments.

Results
Divergent roles of NO in modulating synaptic plasticity
Augmented calcium signals in 3xTg-AD mice may be aberrantly
increasing NO to sustain normal synaptic function in AD mice.
We tested this hypothesis by measuring hippocampal synaptic
plasticity in aCSF (control) and L-NAME (NOS inhibitor) per-

fused slices from NonTg and 3xTg-AD mice (Fig. 1). Hippocam-
pal synaptic plasticity occurs in multiple phases that involve
short-term and long-term changes at the synapse. For example,
short-term plasticity (PTP and STD) involve alterations in pre-
synaptic neurotransmitter release properties (Fioravante and Re-
gehr, 2011). LTP and LTD can be divided into a transient early
phase that is mediated by modification of pre-existing proteins
(E-LTP and E-LTD), and a more persistent late phase that re-
quires gene transcription and new protein synthesis (L-LTP and
L-LTD; Davies et al., 1989; Frey et al., 1993). We chose to compare
short-term plasticity, as well as early and late phases of long-term
plasticity to query which phases were particularly vulnerable to NO
modification, which in turn provides further insight regarding the
underlying mechanisms driving homeostasis and pathology in AD.
First, we measured post-tetanic potentiation (PTP), a calcium-
dependent form of short-term presynaptic plasticity (Zucker and
Regehr, 2002). PTP was similar between NonTg and 3xTg-AD mice
in control conditions, and blocking NOS abolished PTP in both
groups (F(3,27) � 72.6, p � 0.01).

Early-LTP (E-LTP, 15–20 min post-HFS) was slightly higher
in 3xTg-AD compared with NonTg mice under control condi-
tions. Application of L-NAME decreased E-LTP similarly in
NonTg and 3xTg-AD hippocampi (F(3,27) � 29.51, p � 0.01).
Late-LTP (L-LTP), measured 50 – 60 min post-HFS, was similar
in both mouse strains in control conditions (Fig. 1A–C). How-
ever, L-NAME increases L-LTP in NonTg mice, whereas it de-
creased L-LTP in 3xTg-AD mice (F(3,27) � 74.64, p � 0.01).

Figure 3. NOS inhibition normalizes neurotransmitter release in 3xTg-AD neurons. A–C, Representative traces of postsynaptic spontaneous potentials recorded from NonTg (black) and 3xTg-AD
(gray) CA1 neurons in aCSF (A), L-NAME (B), and SNAP (C). D, E, Bar graphs show averaged frequency (D) and amplitude (E) of spontaneous events from NonTg and 3xTg-AD neurons in aCSF, L-NAME
and SNAP before (baseline) and 20 min after LFS (E-LTD); *p � 0.05 indicates significantly different from NonTg; **p � 0.05 indicates significantly different from control aCSF-treated neurons.
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Presymptomatic AD mice can exhibit abnormal synaptic de-
pression when homeostasis is challenged (Chakroborty et al.,
2009; Palop and Mucke, 2010a,b; Chakroborty and Stutzmann,
2011; Chakroborty et al., 2012a). Thus, we investigated whether
NO-augmented plasticity could compensate for aberrant synap-
tic depression in AD mice (Fig. 2A–D). Short-term depression
(STD), a form of presynaptic short-term plasticity (Zucker and
Regehr, 2002; Fioravante and Regehr, 2011), was measured for 2
min post-LFS and was similar in NonTg and 3xTg-AD hippocampi
in control conditions. However, L-NAME blocked STD in NonTg
hippocampus, yet increased STD in 3xTg-AD (F(3,21) � 34.36, p �
0.01). In the presence of the NO donor SNAP, there was significant
potentiation in NonTg hippocampus, whereas STD was completely
abolished in 3xTg-AD (F(3,23) � 146.46, p � 0.01).Thus, NO exerts
vastly different regulatory effects on presynaptic STD mechanisms
between NonTg (NO is permissive for depression) and 3xTg-AD
(NO may augment vesicle release to constrain LTD; Fig. 3).

E-LTD (15–20 min post-LFS), was moderately higher in
3xTg-AD mice than NonTg mice in control conditions. How-
ever, L-NAME treatment revealed divergent effects between the
mouse strains: in NonTg mice, E-LTD amplitude is markedly
reduced, but L-NAME did not alter E-LTD in 3xTg-AD hip-
pocampus (F(3,21) � 257.75, p � 0.01). SNAP treatment resulted
in a reversal in the polarity of plasticity in both NonTg and
3xTg-AD hippocampus, though potentiation was significantly
larger in NonTg mice than in 3xTg-AD (F(3,23) � 751.77, p �
0.01). L-LTD, measured 50 – 60 min post-LFS, was similar in
both strains in control conditions, however, different responses
are revealed when NO synthesis is blocked. Here, L-LTD is nearly
abolished in NonTg mice but only partially reduced in 3xTg-AD
mice (F(3,21) � 79.54, p � 0.01). With SNAP, 50 – 60 min post-
LFS, the reversal in polarity of plasticity persisted in both strains,
with potentiation being considerably greater in NonTg than
3xTg-AD mice (F(3,23) � 130.92, p � 0.01). The increased poten-
tiation in NonTg hippocampus after SNAP treatment is likely
driven by activity-dependent neurotransmitter vesicle release;
whereas the blunted potentiation observed in 3xTg-AD mice may
reflect reduced vesicle store content due to the high baseline ac-
tivity (Fig. 3).

Inhibition of NO signaling normalizes neurotransmitter
release and presynaptic plasticity to NonTg levels
To explore differences in presynaptic effects mediated by NO, we
measured spontaneous neurotransmitter vesicle release and
paired-pulse facilitation before and 20 min after LFS. We first
measured spontaneous glutamatergic EPSPs (sEPSPs) to deter-
mine whether NO alters release properties in CA1 neurons (Fig.
3A–E). In control aCSF, pre-LFS, the sEPSP frequency was sig-
nificantly greater in 3xTg-AD than in NonTg neurons. L-NAME
had no significant effects on sEPSP properties in NonTg neurons;
yet, in 3xTg-AD neurons, L-NAME reduced the frequency of sEP-
SPs to NonTg levels (F(3,28) � 5.73, p � 0.05). SNAP significantly
increased the pre-LFS frequency of sEPSPs in both NonTg, as well
as 3xTg-AD, compared with control aCSF (F(3,20) � 8.82, p �
0.01), though frequency of sEPSPs in 3xTg-AD neurons were
significantly greater than in NonTg neurons (F(3,20) � 4.65, p �
0.05). This supports a facilitatory presynaptic role for NO in
spontaneous neurotransmitter release in 3xTg-AD neurons. LFS
does not change the frequency of sEPSPs in either NonTg or
3xTg-AD neurons. There were no differences in sEPSP amplitude
between NonTg and 3xTg-AD neurons regardless of condition.
Thus, NO retrogradely increases presynaptic vesicle release in
3xTg-AD mice.

An additional short-term presynaptic assay is PPF (Zucker
and Regehr, 2002). Paired-pulse ratios were measured across a
range of interpulse intervals (25–200 ms) under conditions as
described above (Fig. 4). In NonTg mice, L-NAME or LFS did not
affect PPF ratios. SNAP decreased pre-LFS PPF ratios at 25 ms
(t(1,6) � 4.18, p � 0.01) and 50 ms (t(1,6) � 4.98, p � 0.01)
intervals and at the 25 ms interval after LFS (t(1,6) � 3.83, p �
0.01) indicating a role of NO in presynaptic vesicle release. How-
ever, in 3xTg-AD neurons, PPF ratios decreased at 25 ms (t(1,8) �
2.95, p � 0.01) and 50 ms (t(1,8) � 2.94, p � 0.01) intervals after
LFS in 3xTg-AD neurons, indicative of increased calcium and
vesicle release probability. Notably, blocking NO synthesis in-
creased PPF ratios to pre-LFS levels in 3xTg-AD neurons and
were not different from NonTg. Similar to NonTg mice, SNAP
decreased pre-LFS PPF ratios in 3xTg-AD neurons at the 25 ms
(t(1,6) � 1.74, p � 0.05) and 50 ms (t(1,6) � 2.4, p � 0.05) intervals.

Figure 4. NO increases probability of neurotransmitter release. A, Representative PPF traces at 50 ms interpulse interval from NonTg (black) and 3xTg-AD (gray) neurons. B, PPF measured at
indicated interstimulus intervals. Bar graph shows paired-pulse ratio for NonTg and 3xTg-AD neurons in aCSF, L-NAME and SNAP before (baseline) and 20 min after LFS (E-LTD); *p � 0.05 indicates
significantly different from NonTg; **p � 0.05 indicates significantly different from control aCSF-treated neurons; ***p � 0.05 indicates significantly different from baseline.
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There were no changes in PPF with a 200 ms interval in either
group.

Presynaptic calcium is a fundamental variable increasing neu-
rotransmitter vesicle release probability; L-NAME occludes this
process in the 3xTg-AD mice only, whereas SNAP promotes this
process in 3xTg-AD mice, suggesting that NO exerts a unique
facilitatory role on glutamatergic vesicle release and thus in-
creases transmitter tone in the synaptic cleft. The calcium dy-
namics underlying the increased release probability may also
contribute to the increased E-LTD in the AD mice, and increased
synaptic depression upon sustained stimulation due to depleted
vesicles in the readily releasable or reserve pools within presyn-
aptic terminals.

Blocking NO synthesis decreases synaptically evoked calcium
responses in 3xTg-AD neurons
Synaptic plasticity polarity (potentiation or depression) is reflec-
tive of spatial and temporal calcium patterning (Cummings et al.,
1996; Fitzjohn and Collingridge, 2002; Raymond and Redman,
2006); this patterning can be shaped by NO-mediated nitrosyla-
tion of calcium channels (Kakizawa et al., 2012, 2013). To exam-
ine interactions among NO signaling, calcium responses, and
plasticity, we measured synaptically evoked (30 Hz for 1.5 s) cal-
cium responses in CA1 dendrites from NonTg and 3xTg-AD
mice before and after administering a LFS (Fig. 5). Evoked den-
dritic calcium responses were imaged at three time points: base-
line (1 min pre-LFS), STD (1 min post-LFS), and E-LTD (20 min

Figure 5. NOS inhibition decreases synaptically evoked calcium responses in 3xTg-AD CA1 neurons. A, Pseudocolored images of dendritic calcium response from a NonTg neuron in aCSF to 30 Hz
stimulus before LFS (baseline), 1 min after LFS (STD), and 20 min after LFS (E-LTD). B–D, Same as in A, but from L-NAME-treated NonTg neuron (B), a 3xTg-AD neuron in aCSF (C), and 3xTg-AD neuron
treated with L-NAME (D). E, Bar graphs comparing averaged maximal calcium changes between NonTg and 3xTg-AD neurons with and without L-NAME or SNAP after 30 Hz stimulus at baseline, STD
and E-LTD time-points. Inset, Calcium traces from NonTg/aCSF (black), NonTg/L-NAME (gray), NonTg/SNAP (light gray), 3xTg-AD/aCSF (red), 3xTg-AD/L-NAME (orange), and 3xTg-AD/SNAP (yellow)
neurons; *p � 0.05 indicates significantly different from NonTg neurons; **p � 0.05 indicates significantly different from control aCSF-treated neurons.
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post-LFS). LTD (50 – 60 min post-LFS) was not measured due to
washout of intracellular messengers through the patch pipette.
Under control conditions, calcium responses were 3- to 4-fold
greater in 3xTg-AD CA1 dendrites relative to NonTg dendrites at
each time point. LFS did not alter NonTg calcium responses;
however there was an increasing trend in 3xTg-AD neurons (p �
0.08). We next incubated hippocampal slices with L-NAME to
investigate the role of NO in synaptically evoked calcium signals.
In NonTg dendrites, blocking NO synthesis did not alter synap-
tically evoked calcium responses. However, L-NAME markedly
reduced calcium responses in 3xTg-AD CA1 dendrites (Fig. 5;
baseline: F(3,28) � 16.85, p � 0.01; STD: F(3,28) � 20.08, p � 001;
E-LTD: F(3,28) � 8.17, p � 0.01). Administration of LFS did not
alter calcium responses to 30 Hz trains within either group. We
next treated slices with NO donor SNAP to further investigate the
role of NO in synaptically evoked calcium responses. SNAP did
not affect synaptically evoked calcium responses in NonTg or
3xTg-AD dendrites compared with control aCSF, although re-
sponses were still 3- to 4-fold greater in 3xTg-AD neurons at each
time point. The similar magnitude of evoked calcium responses
in 3xTg-AD neurons in SNAP and in control aCSF may indicate
a “ceiling effect” for the S-nitrosylation of the RyRs whereby
increasing NO levels does not further increase evoked calcium
responses. This observation is supported by our data that dem-
onstrate a reduction in evoked calcium responses in 3xTg-AD
neurons treated with the NOS inhibitor L-NAME.

Stabilizing RyR-calcium restores nNOS
levels in 3xTg-AD hippocampus
ER-mediated calcium release can activate
transcription factors such as pCREB and
drive neuronal NOS (nNOS) expression
(Ziviani et al., 2011). Because the AD mice
have increased ER-calcium release, we
next measured hippocampal nNOS pro-
tein expression in young 3xTg-AD mice
and found increased levels similar to those
previously described (Muller et al., 2011;
Shilling et al., 2014; Fig. 6). We then asked
whether increased nNOS is associated
with increased RyR-calcium signaling in
AD mice by treating mice with dantrolene
(10 mg/kg, i.p.; 4 weeks), which normal-
izes RyR calcium signaling in AD mice
(Chakroborty et al., 2012b; Oules et al.,
2012; Peng et al., 2012). Notably, restor-
ing RyR-calcium levels prevented the in-
creased nNOS expression in 3xTg-AD
mice (F(3,23) � 5.95, p � 0.05). Impor-
tantly, this treatment did not affect
NonTg nNOS levels, which argues against
off-target effects and supports the hy-
pothesis that increased RyR-evoked cal-
cium signaling drives the increased nNOS
expression in 3xTg-AD mice.

Discussion
Memory loss is the most salient feature of
AD and is likely mediated by defects in
synaptic functionality. Notably, early dys-
functions in calcium-regulated synaptic
plasticity are observed before detectable
memory impairments, yet the net output
of the hippocampal network remains

functionally intact. This functional disconnect raises interesting
questions regarding the mechanisms by which plasticity homeosta-
sis is maintained at the hippocampal circuit level despite profound
Ca2	 signaling abnormalities at the cellular level. Here, we dem-
onstrate a mechanism for synaptic homeostasis in presymptom-
atic 3xTg-AD mice via a facilitatory interaction between NO and
RyR-evoked calcium release. This NO-mediated augmentation
of presynaptic functions may initially compensate for synaptic
depression associated with AD and maintain the plasticity re-
quired for memory encoding, yet over time the cumulative effects
of NO and S-nitrosylation may convert to pathogenic cascades
and accelerate AD pathology (Fig. 7).

NO maintains functional plasticity in 3xTg-AD mice
In our studies, the primary site of NO regulation in the 3xTg-AD
mice is in presynaptic terminals where it increases evoked and
spontaneous vesicle release, as indicated by PPF assays and spon-
taneous vesicle release properties. Here, NO can augment trans-
mitter release through cGMP signaling and S-nitrosylation of
synaptic proteins which enhances presynaptic syntaxin binding
with VAMP and SNAP25 (Meffert et al., 1994; Palmer et al.,
2008). Additionally, NO influences the magnitude of vesicular
release by converting reserve pool vesicles to readily releasable
pool vesicles (Ratnayaka et al., 2012). NO can also increase RyR
channel open probability through S-nitrosylation (Kakizawa et
al., 2012). These reciprocal interactions between increased RyR-

Figure 6. Increased nNOS protein expression in 3xTg-AD mice. A, Western blot showing hippocampal nNOS protein levels in
saline- or dantrolene-treated NonTg and 3xTg-AD mice. B, Bar graph shows nNOS protein levels relative to �-actin controls; *p �
0.05 indicates significantly different from NonTg; **p � 0.05 indicates significantly different from dantrolene-treated mice.
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calcium signaling and upregulated nNOS
expression in AD neurons can sustain
increased NO generation and increase pre-
synaptic gain. Postsynaptically, the neuro-
protective feature of NO curbs excessive
NMDAR-mediated calcium influx and ex-
citotoxicity through S-nitrosylation of the
NR2A subunit (Lipton et al., 1993; Kim et
al., 1999). Concurrently, S-nitrosylation of
caspase 3, 8, and 9 reduces apoptosis (Zhao
et al., 2015).

Thus, in healthy neurons, there is a
self-limiting cycle of synaptic activity, NO
production, and presynaptic and postsyn-
aptic excitability. However, in 3xTg-AD
brains, an entirely different baseline of
calcium signaling, presynaptic activity,
and NOS levels are present, and NO may
have very different functions under these
circumstances.

Sustained NO synthesis and
AD pathology
The increased nNOS levels and NO activ-
ity in AD brains may initially serve a neu-
roprotective role as suggested by the
selectively spared NOS-positive neurons
in AD (Hyman et al., 1992; Law et al.,
2001). However, sustained increases in
NO has deleterious effects, including oxi-
dative stress, protein misfolding, mito-
chondrial stress and fragmentation, loss
of synaptic function, and apoptosis (An-
dersen, 2004; Sayre et al., 2008; Steinert et
al., 2010).

In AD, sustained NO and S-nitro-
sylation upregulation can tap into several
neurodegenerative cascades, including in-
creased RyR channel activity and calcium
release, thus establishing a pathogenic
feedforward cycle accelerating synaptic
dysfunction, amyloid aggregation, and
tau phosphorylation (Stutzmann, 2007;
Bezprozvanny and Mattson, 2008). Other
aberrantly S-nitrosylated proteins in AD
brains include protein disulfide isomerase
which regulates protein folding and ER
stress (Uehara et al., 2006; Hatahet and
Ruddock, 2009; Roussel et al., 2013),
Drp1(dynamin-related protein) a GTPase

Figure 7. Proposed role of NO signaling in early synaptic homeostasis and later neurodegeneration at the CA3–CA1 synapse in
AD. Normal: NO generated by nNOS in the postsynaptic CA1 terminal diffuses to the presynaptic CA3 terminal and modulates
neurotransmitter release. Early AD: increased RyR expression significantly increases CICR (calcium-induced calcium release). At the
presynaptic terminal, RyR-evoked CICR can facilitate spontaneous neurotransmitter release. Increased RyR-evoked calcium also

4

drives increased nNOS production, which in turn, generates
increased levels of NO that, diffuses to the presynaptic termi-
nal. Increased CICR and NO signaling mediate increased re-
lease of neurotransmitter vesicles to maintain normal levels of
plasticity. Late AD: sustained increases in RyR-evoked calcium
signaling and NO signaling can deplete vesicles from the read-
ily releasable pool, as well as the reserve pool and cause met-
abolic, oxidative and nitrosative stress, mitochondrial and ER
dysfunction, and ultimately loss of synapses and neuronal
death. Further, NO can aberrantly S-nitrosylate several pro-
teins that eventually also contribute to neurodegeneration.
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regulating mitochondrial fission and synaptic function (Li et al.,
2004), and cdk5 (cyclin-dependent kinase) which is vital to cell
survival, neuronal differentiation, and synaptic plasticity, and
when nitrosylated contributes to A�-induced spine loss (Qu et
al., 2011; Cheung and Ip, 2012).

Therapeutic opportunities
The incidence of AD will increase dramatically over the next few
decades and more effective therapies need to be developed. Because
NO-mediated homeostatic signaling prevents excess synaptic de-
pression by facilitating neurotransmitter release, strengthening these
compensative mechanisms could provide novel therapies to main-
tain synaptic function in AD. These proposed mechanisms are in
addition to those already ascribed to NO neuroprotection in AD
mouse models (Colton et al., 2006, 2008; Wilcock et al., 2008). Fur-
ther elucidation of the bimodal role of NO signaling during AD
progression can facilitate potential therapeutic strategies for AD
drug discovery.
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