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SUMMARY
Beta-amyloid (Ab) depresses excitatory synapses by a poorly understood mechanism requiring NMDA re-
ceptor (NMDAR) function. Here, we show that increased PSD-95, a major synaptic scaffolding molecule,
blocks the effects of Ab on synapses. The protective effect persists in tissue lacking the AMPA receptor sub-
unit GluA1, which prevents the confounding synaptic potentiation by increased PSD-95. Ab modifies the
conformation of the NMDAR C-terminal domain (CTD) and its interaction with protein phosphatase 1
(PP1), producing synaptic weakening. Higher endogenous levels or overexpression of PSD-95 block Ab-in-
duced effects on the NMDAR CTD conformation, its interaction with PP1, and synaptic weakening. Our re-
sults indicate that increased PSD-95 protects synapses from Ab toxicity, suggesting that low levels of syn-
aptic PSD-95 may be a molecular sign indicating synapse vulnerability to Ab. Importantly, pharmacological
inhibition of its depalmitoylation increases PSD-95 at synapses and rescues deficits caused by Ab, possibly
opening a therapeutic avenue against Alzheimer’s disease.
INTRODUCTION

Elevated levels of the beta-amyloid (Ab) peptide have been

strongly implicated in the pathophysiology of Alzheimer’s disease

(AD) (Hardy and Selkoe, 2002). One of the earliest pathological

changes in the brains of patients with AD is the loss of synapses

(DeKosky and Scheff, 1990; Masliah et al., 2001). Elevated Ab

levels can lead to loss of synapses, requiring a number of intracel-

lular signaling steps (Chen et al., 2013; Ehrlich et al., 2007; Olsen

and Sheng, 2012; Wu et al., 2010). Notably, the effects of Ab on

synapses can be prevented by NMDA receptor (NMDAR)

blockade (Hsieh et al., 2006; Kamenetz et al., 2003; Kessels

et al., 2013; Shankar et al., 2007), although the mechanisms are

not well understood. Elucidating how Ab weakens synapses and

preventing such weakening are important objectives in the field.

PSD-95 is a critical synaptic protein that binds to the NMDAR

C-terminal domain (CTD) (Kornau et al., 1995; Niethammer et al.,

1996), requires palmitoylation to remain at synapses (El-Husseini

et al., 2002; Topinka and Bredt, 1998), and controls synaptic

transmission and plasticity (Béı̈que et al., 2006; Ehrlich and Ma-

linow, 2004; El-Husseini et al., 2000; Stein et al., 2003; Xu et al.,

2008). Overexpression of PSD-95 increases synaptic transmis-

sion (Ehrlich and Malinow, 2004; Xu et al., 2008) and blocks

ion-flux-independent long-term depression (LTD) (Dore and Ma-

linow, 2021). Importantly, PSD-95 is reduced in brain tissue from

ADmousemodels (Shao et al., 2011), in neural tissue exposed to

Ab (Almeida et al., 2005), and in brain tissue from individuals with

AD (Gylys et al., 2004; Shao et al., 2011). Given these findings

regarding PSD-95 and Ab, we reasoned that increased levels
This is an open access article under the CC BY-N
of PSD-95 might interfere with the synaptic depression pro-

duced by Ab.

We recently studied NMDAR function and signaling during ion-

flux-independent LTD by measuring fluorescence resonance en-

ergy transfer (FRET) between genetically encoded fluorescent

proteins positioned at the cytoplasmic terminus of theGluN1 sub-

units of the NMDAR (Dore et al., 2015).We found that ligand bind-

ing to theextracellular domainof theNMDARproducedconforma-

tional movement of its CTD in the absence of ion flow through the

channel. This was measured as a reduction in FRET between the

GluN1 cytoplasmic tails (Dore et al., 2015). Such conformational

changes triggered cytoplasmic signaling by molecules bound to

theNMDARCTD, suchasproteinphosphatase1 (PP1),whichpro-

duce synaptic depression (Aow et al., 2015).

Here, we find that overexpression of PSD-95 blocks an Ab-in-

duced NMDAR CTD conformational change and associated

signaling by PP1 as well as synaptic depression. Moreover, Ab

reduced endogenous PSD-95 levels and FRET in NMDAR

CTD, specifically in smaller dendritic spines. Accordingly, bigger

spines, which contain synapses with more endogenous PSD-95

(Aoki et al., 2001), are protected from the effects of Ab. Impor-

tantly, increasing synaptic PSD-95 with an exogenously applied

depalmitoylation inhibitor, Palmostatin B (Palm B) rescued

Ab-induced synaptic depression in tissue from wild-type (WT)

animals, but it had no effect in tissue from PSD-95 knockout

(KO) mice. Ab effects on the NMDAR conformation, as well as

Ab reduction of spine density, were also reversed by Palm B

treatment. These findings suggest a novel avenuewith therapeu-

tic potential in treatment of AD.
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Figure 1. PSD-95 protects synapses from

Ab independently of synaptic potentiation

(A) Left and middle: hippocampal organotypic sli-

ces used for dual-patch whole-cell recordings

from an infected and neighboring uninfected CA1

neuron. Right: representative traces (mean of 40

consecutive trials) of evoked AMPA-receptor-

mediated responses.

(B) Dot plot of excitatory post-synaptic current

(EPSC) dual-patch recordings from WT tissue; in-

fected neurons expressing indicated constructs;

group average indicated by larger black outlined

symbols. Error bars indicate SEM here and

throughout.

(C) Bar graph of dual-patch recordings for indi-

cated groups; responses normalized to uninfected

controls (gray). *p < 0.05; **p < 0.001, paired t test;

n R 16 for each group.

(D) Same as in (B), but in slices made from GluA1

knockout animals.

(E) Same as in (C), but in slices made from GluA1

knockout animals; *p < 0.05, paired t test. n = 11

for each group.
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RESULTS

PSD-95 protects synapses from Ab independently
of synaptic potentiation
Elevated Ab reduces synaptic transmission (Kamenetz et al.,

2003) and synaptic PSD-95 (Almeida et al., 2005) and destroys

synapses (Hsieh et al., 2006; Shankar et al., 2007). Initially, we

tested whether PSD-95 overexpression can protect synapses

from Ab. We sparsely infected organotypic hippocampal slices

with a Sindbis virus driving expression of CT100 (the beta-secre-

tase cleavage product of amyloid-precursor protein [APP] that

produces Ab [discussed later] along with GFP) and, 18–24 h

later, obtained whole-cell recordings simultaneously from two

neurons, one infected and one non-infected (Kamenetz et al.,

2003). As expected (Kamenetz et al., 2003), neurons expressing

CT100 displayed depressed synaptic transmission compared to

non-infected control neurons (control: 69 ± 9 pA; CT100: 48 ±

5 pA; p < 0.05; n = 17) (Figures 1A–1C). Notably, neurons infected

with a virus driving expression of both CT100 and PSD-95 dis-

played increased synaptic transmission compared to non-in-
2 Cell Reports 35, 109194, June 1, 2021
fected control (2.2-fold in neurons ex-

pressing CT100 + PSD-95), which was

as great as the potentiation produced by

overexpression of PSD-95 and CT84, an

inactive fragment of APP (1.7-fold in neu-

rons expressing CT84 + PSD-95; Figures

1B and 1C). This result indicates that

PSD-95 overexpression can potentiate

synapses (Ehrlich and Malinow, 2004;

Stein et al., 2003) even in the presence

of Ab.

We wanted to test whether PSD-95

was blocking the effects of Ab, or

whether overexpression of PSD-95

was simply potentiating transmission
(Ehrlich and Malinow, 2004; Stein et al., 2003), and thereby

compensating for the depressive effects of Ab (Kamenetz

et al., 2003). To distinguish between these two possibilities,

we repeated the dual-patch recordings in tissue prepared

from GluA1 knockout animals (Figures 1D and 1E). Interest-

ingly, in tissue from those animals, PSD-95 overexpression

produced no significant potentiation (control: 48 ± 5 pA;

CT84 + PSD-95: 51 ± 5 pA; p = 0.6, n = 11) (Figure 1D),

showing that PSD-95-induced synaptic potentiation requires

GluA1. CT100 still produced a similar level of synaptic depres-

sion (control: 66 ± 9 pA; CT100: 40 ± 3 pA; p < 0.05; n = 11)

(Figure 1D), indicating that Ab-induced depression does not

require GluA1, in accordance with a previous study (Reinders

et al., 2016). Importantly, neurons expressing CT100 and PSD-

95 displayed no significant depression (control: 45 ± 6 pA;

CT100+PSD-95: 51 ± 5 pA; p = 0.5; n = 11) (Figure 1D), indi-

cating that overexpression of PSD-95 blocks Ab-induced

depression. Therefore, PSD-95 overexpression prevents

Ab-induced depression independently of its ability to poten-

tiate synaptic transmission.



Figure 2. PSD-95 blocks Ab-driven conformational movement of the NMDA C-terminal domain
(A) Diagram of neurons transfected with NMDAR FRET probes and infected with a virus expressing APP fragments along with nuclear-targeted mCherry, which

were selected for imaging.

(B) Representative immunoblots of actin, mCherry, and Ab species (detected with antibody 6E10) from cortical neuronal lysates that were infected with CT84 or

CT100 viruses. Neurons were incubated with a gamma secretase inhibitor (0.5 mM L685-458; GSI) where indicated.

(C) Top: representative FLIM images of neurons expressing indicated FRET probes for indicated conditions. Pseudocolor scale indicates GFP lifetime at each

pixel for all figures. Scale bar, 5 mm. Bottom: bar graph of spine FRET efficiency (see STAR methods) of GluN1-GFP/GluN1-mCherry-expressing neurons for the

indicated conditions. n > 20 neurons, >400 spines (for each condition). ***p < 0.0001, unpaired t test.

(D) Top: diagramof neurons expressing the FRET probes infectedwith CT100 + PSD-95 virus. Representative FLIM images of neurons expressing indicated FRET

probes for indicated conditions. Scale bar, 5 mm.Bottom: Bar graph of spine FRET efficiency of GluN1-GFP/GluN1-mCherry-expressing neurons for the indicated

conditions; n > 20 neurons; >400 spines (for each condition). ***p < 0.0001, unpaired t test.
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Ab drives NMDAR CTD conformational change
We next examined the impact of Ab on NMDAR signaling. We in-

fected dissociated cultured neurons with a Sindbis virus ex-

pressing CT100 (Kessels et al., 2013) and mCherry containing

a nuclear localization sequence, nuc-mCherry, (see STAR

Methods), permitting identification of infected neurons (Fig-

ure 2A). We confirmed that neurons infected with CT100 were,

indeed, producing CT100 and elevated Ab using SDS-PAGE

and immunoblotting with antibody 6E10, which recognizes the

N termini of Ab and CT100 (Figure 2B). As expected, incubation

of infected neuronswith a gamma secretase inhibitor (GSI; L685-

458; see STAR Methods) blocked Ab production and increased

the amount of CT100 fragment detected. Neurons infected

with a control Sindbis virus, expressing CT84, which lacks the

N terminus of Ab, did not show any signal with antibody 6E10

(Figure 2B). Importantly, as in brain slices (Kamenetz et al.,

2003), elevated Ab (produced by CT100 expression) in dissoci-

ated cultured neurons reduced synaptic transmission that was

blocked by D-2-amino-5-phosphonopentanoic acid (APV)

(Figure S1).

To measure conformational movement of the NMDAR cyto-

plasmic domain, we used FRET-FLIM—FRET measured by fluo-
rescence lifetime imaging microscopy (FLIM)—and imaged

transfected hippocampal dissociated cultured neurons express-

ing GluN1 NMDAR subunits with C-terminus-tagged fluoro-

phores (Figure 2A) (Dore et al., 2015). Incubation with the

NMDAR glycine site blocker 7-chloro-kynurenic acid permitted

measurement of ion-flux-independent NMDAR signaling (Aow

et al., 2015). Neurons displaying green fluorescence in dendritic

spines (indicating transfection of GluN1-GFP) and nuclear red

fluorescence (indicating infection with the virus expressing

nuc-mCherry and CT100) were selected for imaging. In neurons

transfected with only GluN1-GFP, viral expression of CT84 or

CT100 had no effect on GluN1-GFP lifetime (Figure 2C, top).

As expected (Dore et al., 2015), neurons expressing GluN1-

GFP and GluN1-mCherry displayed significantly reduced GFP

lifetime in their spines, indicating FRET between GluN1-GFP

and GluN1-mCherry (Figure 2C, top). Neurons also expressing

CT84 displayed a similar FRET efficiency (uninfected: 5.8% ±

0.3%; CT84: 5.5% ± 0.3%; p = 0.55) (Figure 2C). However,

CT100 expression reduced the FRET efficiency between

GluN1-GFP and GluN1-mCherry by about 50% (CT100:

2.8% ± 0.3%; CT84: 5.5% ± 0.3%; p < 0.001). The effect on

FRET efficiency by expression of CT100 was blocked by
Cell Reports 35, 109194, June 1, 2021 3
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incubating cultures with the GSI L685-458 (CT100: 5.9% ±

0.3%; CT84: 5.4% ± 0.3%; p = 0.26), indicating that Ab, and

not CT100, affects the NMDAR conformation.

PSD-95 blocks Ab-induced depression by restraining
the NMDAR CTD conformational movement
How could PSD-95 block Ab-induced depression? Because of

its direct interaction with the NMDAR CTD (Kornau et al., 1995;

Niethammer et al., 1996), PSD-95 could block the signaling by

constraining NMDAR CTD conformational movements that can

drive synaptic depression (Aow et al., 2015). To test this hypoth-

esis, we measured the effect of PSD-95 overexpression on the

NMDAR CTD conformational movement with the FRET-FLIM

assay (Figure 2D). Elevated PSD-95 appeared not to change

the NMDAR CTD conformation, as the FRET efficiency was

similar between expression of CT84 and CT84 + PSD-95

(CT84: 5.5% ± 0.3%; CT84 + PSD-95: 5.3% ± 0.3%; p = 0.5; n

> 400 spines) (Figure 2D). However, PSD-95 overexpression

blocked the reduced FRET efficiency produced by expression

of CT100 (CT100 + PSD-95: 6.0% ± 0.3%; CT100: 2.8% ±

0.3%; p < 0.001; n > 400 spines). Thus, our results suggest

that interactions between PSD-95 and the NMDAR CTD blocked

Ab-induced conformational movement of the NMDAR CTD,

thereby likely blocking the CTD signaling associated with such

movement that produces synaptic depression. The GluN1 iso-

form used for these FRET experiments was GluN1-2a (formerly

called NR1-C), the most commonly expressed GluN1 isoform

in the brain (Laurie and Seeburg, 1994; Paoletti, 2011). This iso-

form does not contain a PDZ-binding motif that interacts with

PSD-95, indicating that GluN2 subunits, which do bind PSD-95

PDZ domains (Doré et al., 2014; Kornau et al., 1995; Niethammer

et al., 1996), are mediating NMDAR/PSD-95 interactions block-

ing Ab-induced conformational movement of the NMDAR CTD.

For PSD-95 to restrain directly synaptic NDMAR CTD

signaling, PSD-95 proximity to the post-synaptic membrane

would be required. Palmitoylation of the PSD-95 N terminus is

required for its association with the post-synaptic membrane

(Topinka and Bredt, 1998). Therefore, we expressed a mutant

form of PSD-95 (C3,5S-PSD-95), which is palmitoylation resis-

tant (Topinka and Bredt, 1998) and does not potentiate transmis-

sion (Ehrlich and Malinow, 2004). Expression of C3,5S-PSD-95

failed to block the effect on FRET efficiency by CT100 (CT100:

2.8% ± 0.2%; CT100 + C3,5S-PSD-95: 2.9% ± 0.2%; p =

0.83; n > 700 spines) (Figure 2D). We also tested this mutant

PSD-95 in the electrophysiology assay described earlier and

found that it did not prevent Ab-induced synaptic depression

(CT100: 32% ± 6% depression, n = 17; CT100 + C3,5S-PSD-

95: 45% ± 9% depression, n = 11; p = 0.3; Figure S2). These

findings suggest that PSD-95 must be associated with the

post-synaptic membrane to restrain the Ab-driven NMDAR

CTD conformational effects.

To rule out the possibility that overexpression of PSD-95

affected generation of Ab from CT100, we infected cultures, pre-

viously transfected with NMDAR FRET probes, with a virus pro-

ducing CT100 or a virus producing CT100 and PSD-95 and

compared the FRET efficiency in infected and non-infected

nearby cells closely surrounded by infected cells (Figure S3).

We reasoned that, if PSD-95 did not reduce Ab production
4 Cell Reports 35, 109194, June 1, 2021
from CT100, nearby non-infected cells (i.e., not expressing

CT100) would still be exposed to secreted Ab. FRET efficiency

between GluN1-GFP and GluN1-mCherry was equally reduced

in CT100-infected neurons compared to that in nearby non-in-

fected cells also expressing the FRET probes (CT100 infected:

3.4% ± 0.3%; non-infected nearby neurons: 3.5% ± 0.2%; p =

0.7; n > 550 spines; Figure S3), indicating that extracellular Ab

can drive NMDAR CTD conformational movement. Importantly,

in neurons expressing the FRET probes, CT100 and PSD-95,

the reduced FRET signaling was blocked, but nearby cells ex-

pressing only FRET probes showed reduced FRET signaling,

indicating that PSD-95 is not preventing production of Ab, as it

appears to be secreted and affect the NMDAR CTD of nearby

cells (Figure S3). We note that, in hippocampal slice experiments

(Figure 1), infection with CT100-expressing Sindbis virus was

sparse; cell bodies of infected and non-infected cells were

50–100 mm apart. In these conditions, an infected neuron has lit-

tle effect on a non-infected neuron (Kamenetz et al., 2003). In

contrast, in primary neuronal cultures, CT100 expression was

seen in about 80% of neurons. In these conditions, the dendrites

of non-infected neurons were surrounded by CT100-expressing

dendrites (usually within 5 mm; Figure S3C), which, our data indi-

cate, produce effects on FRET in non-infected synapses. These

results align with other studies demonstrating that the effects of

Ab are seen only within 20–50 mm of an Ab source (Busche et al.,

2008, 2012; Wei et al., 2010). Together, these experiments indi-

cate that exogenously expressed PSD-95 blocks Ab-driven

NMDAR CTD conformational movement.

Ab drives FRET changes between PP1 and the NMDAR
cytoplasmic domain
How is movement in the NMDAR CTD producing the synaptic

depression observed with elevated Ab? PP1, which participates

in synaptic depression (Morishita et al., 2001;Mulkey et al., 1993;

Thiels et al., 1998), interacts with the GluN1 subunit through the

scaffolding protein AKAP9 (Westphal et al., 1999) and could be

affected by movement in the NMDAR CTD. Indeed, during

chemically induced long-term depression (cLTD), NMDAR

conformational movement induced changes in its interaction

with PP1 (Aow et al., 2015). We reasoned that a similar effect

may occur during Ab-induced synaptic depression. To test this

view, we measured the impact of elevated Ab on FRET between

GluN1-GFP and PP1-mCherry (Figures 3A and 3B). FRET be-

tween these proteins was unaffected by infection with the

CT84-expressing control virus but was almost abolished in neu-

rons expressing CT100 (uninfected: 3.6% ± 0.3%; CT84: 3.4% ±

0.3%; CT100, 0.5% ± 0.2%; CT84 versus CT100; p < 0.0001; n >

330 spines) (Figure 3B). Interestingly, PSD-95 blocked the effect

of CT100 on the NMDAR-PP1 interaction as the FRET efficiency

in neurons infected with CT84+PSD95 or CT100+PSD95 was

restored to uninfected levels (Figure 3B). Ab is, thus, inducing

movement in the NMDAR CTD, which then decreases FRET be-

tween GluN1-GFP and PP1-mCherry. This Ab-driven decreased

interaction with NMDARCTD could potentially drive PP1 activity.

To investigate this possibility, PP1 activity was assessed by

measuring the relative amount of phosphorylation on PP1 at

Thr-320, which inhibits phosphatase activity and has been

used as a measure of PP1 activity (Hou et al., 2013). We found



Figure 3. Ab-decreased FRET between

NMDAR and PP1 and increased PP1 activity

are blocked by PSD-95

(A) Diagram of the NMDAR with its GluN1-GFP

subunit acting as a FRET donor for PP1-mCherry,

which interacts with the NMDAR complex through

interactions with AKAP9.

(B) Bar graph of FRET efficiency for indicated con-

ditions. n > 20 neurons, >400 spines (for each con-

dition). ***p < 0.0001, unpaired t test.

(C) Representative images of P-Thr320-PP1 and

total PP1 immunostaining in neurons over-

expressing CT100+NLS-mCherry, as indicated.

Scale bars: 10 mm (top image) and 5 mm (lower

images).

(D) Bar graph of average immunostaining intensity

for ratio of P-Thr320-PP1 to total PP1 (normalized to

CT84 values) in spines of neurons overexpressing

the indicated constructs. n = 7–18 neurons (>1,000

spines) per condition. ***p < 0.0001, unpaired t test.
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that CT100 expression significantly decreased the amount of P-

Thr320-PP1, which suggests that PP1 activity increases in the

presence of Ab (P-Thr320-PP1/PP1 ratio, CT100: 0.65 ± 0.04;

CT84: 1.00 ± 0.05; p < 0.0001; n = 7–18 neurons) (Figure 3D).

Interestingly, synaptic NMDAR stimulation producing cLTD had

a similar effect on this specific PP1 phosphorylation (Hou et al.,

2013). Notably, overexpression of PSD-95 blocked the Ab-in-

duced change in P-Thr320-PP1. These data support the view

that NMDAR CTD movement driven by elevated Ab triggers

PP1 activity and that this process is blocked by overexpressed

PSD-95 constraining NMDAR CTD movement (Figure 3D).

Large spines are protected from Ab
Since overexpression of PSD-95 protected spines from Ab (Fig-

ures 1, 2, and 3), we tested whether endogenously expressed

PSD-95 could also be protective. We used the previously estab-

lished strongly positive correlation between spine size, post-syn-

aptic density (PSD) area, and PSD-95 content (Harris and Ste-

vens, 1989) (Aoki et al., 2001). Thus, if endogenous PSD-95

were protective, larger spines, by having more PSD-95, should

be affected less by elevated Ab than smaller spines with less

PSD-95. We used neurons infected with CT84 or CT100 along

with GFP (to measure spine size) and measured PSD-95 levels

using immunohistochemistry. In agreement with previous re-

ports (Almeida et al., 2005; Gylys et al., 2004), Ab reduced

PSD-95 levels significantly (CT84: 100% ± 1%; CT100: 77% ±

1%; p < 0.0001; n > 3,000 spines) (Figure S4). However, small

spines were largely responsible for the decrease in PSD-95
levels, and bigger spines were resilient to

Ab (Figures 4A-4C). Thus, large spines,

which (among other differences) contain

more PSD-95, appear to be protected

from this effect of Ab. We note that

CT100 reduced spine size while not

affecting GluN1-GFP signal area or inten-

sity (see Figure S5 for details). Moreover,

we measured a similar reduction of PSD-
95 levels by CT100 in the presence or absence of 7CK, suggest-

ing that NMDAR metabotropic signaling is the main mechanism

by which Ab reduces PSD-95 (Figure S4). These results are

consistent with the view that endogenous PSD-95 protects syn-

apses from the damagingmetabotropic NMDAR signaling driven

by elevated Ab.

Next, we tested whether higher endogenous PSD-95 pre-

vented Ab-induced NMDAR conformational movement. We

found a strong positive correlation between spine size and

FRET efficiency in neurons expressing CT100; in neurons ex-

pressing CT84, FRET efficiency was independent of spine size

(Figure 4D). Although there are likely a number of molecular dif-

ferences between large and small spines, these data support the

following model: elevated Ab modifies NMDAR conformation in

small spines, which will trigger downstream signaling, leading

to lower amounts of PSD-95 and synaptic depression; in larger

spines, elevated amounts of endogenous PSD-95 restrains the

NMDAR conformation protecting them from Ab (Figure 4E).

Pharmacological blockade of PSD-95 depalmitoylation
reverses synaptic damage caused by Ab
Our results indicate that PSD-95 palmitoylation, which maintains

PSD-95 at the PSD, is essential for the protection of synapses

from Ab. We reasoned that a drug increasing PSD-95 palmitoy-

lation could enhance this protection and, potentially, be benefi-

cial against AD. Interestingly, specific enzymes responsible for

PSD-95 depalmitoylation, ABHD17A/B/C, were recently identi-

fied (Yokoi et al., 2016). Moreover, Palm B, an inhibitor of these
Cell Reports 35, 109194, June 1, 2021 5



Figure 4. Large spines are protected

from Ab

(A) Representative examples of PSD-95 immuno-

staining in neurons expressing GFP and CT100

(left) or CT84 (right). Larger spines have bright PSD-

95 puncta in both conditions (arrowheads), and

smaller spines have lower PSD-95 intensity in

CT100-expressing spines (arrows). Dendrites are

masked for clarity. See Figure S5 for unmasked

images. Scale bar, 5 mm.

(B) Graph of PSD-95 average intensity in spines

expressing GFP and CT100 or CT84 (normalized to

PSD-95 intensity values in all CT84-expressing

spines). Spine contours were manually traced with

the GFP channel, and spines were binned accord-

ing to their size. (See the Immunohistochemistry

and Quantification and statistical analysis’’ sec-

tions in STAR Methods for more information.) n >

3,000 spines per condition; 300–1,500 spines per

size bin. CT100-expressing spines had lower PSD-

95 intensity than spines expressing CT84 in most

size bins; *p < 0.05; ***p < 0.001, unpaired t test.

Both datasets are fitted with a second order poly-

nomial curve.

(C) Mean PSD-95 intensity (same dataset as in B)

divided into small (<0.6 mm2) and large (>0.6 mm2)

dendritic spines of neurons expressing CT100 or

CT84. CT100 only affects endogenous PSD-95

levels in small spines.

(D) Graph of NMDAR FRET efficiency in spines

expressing CT100 or CT84 (data from Figure 2C).

Spine size was assessed using the GluN1-GFP

signal, and spines were binned according to their

size (as in B). n > 2,500 spines per condition;

120–1,000 spines per size bin. CT100-expressing

spines had lower FRET efficiency than spines ex-

pressing CT84 in most size bins. *p < 0.05; **p <

0.01; ***p < 0.001, unpaired t test. CT84 dataset is

fitted with a linear regression, and CT100 dataset is

fitted with a second order polynomial curve.

(E) Model of NMDAR conformation in the presence

of Ab. In small spines, Ab is inducing a conforma-

tional change in the NMDAR CTD; in large spines,

increased amounts of PSD-95 can effectively

restrain NMDAR conformation and protect spines

from Ab.

See also Figure S4 and Figure S5.
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enzymes, was shown to increase the amount of palmitoylated

PSD-95 and the size of PSD-95 clusters in neurons (Jeyifous

et al., 2016). To determine whether Palm B could rescue Ab-in-

duced depression by increasing PSD-95 palmitoylation, we per-

formed dual-patch recordings (as in Figure 1) in hippocampal

brain slices from WT and PSD-95 KO mice (Béı̈que et al.,

2006). We sparsely infected these organotypic slices with a virus

expressing CT100 for 15–18 h and applied PalmB for the last 3 h.

We obtained dual-patch recordings from CT100-infected

and control neurons 50–100 mm away. Slices incubated in
6 Cell Reports 35, 109194, June 1, 2021
Palm B displayed no depression in neu-

rons expressing CT100 (CT100: 38% ±

10% depression, n = 20; CT100 + Palm

B: 6% ± 8% potentiation, n = 21; p <
0.05) (Figure 5A). This was somewhat surprising, given that

when Palm B was applied, CT100-expressing neurons would

have already displayed depression; thus, Palm B actually

reversed the depressed phenotype. We observed a similar

rescue of Ab-induced depression in hippocampal slices made

from WT rats (Figure S7). In contrast to WT mice, in PSD-95

KOmice, similar amounts of synaptic depression were observed

in slices treated with vehicle or Palm B (CT100: 34% ± 10%

depression, n = 20; CT100 + Palm B: 30% ± 8% depression,

n = 21; p > 0.05) (Figure 5B). Moreover, Palm B also reversed



Figure 5. Pharmacological blockade of PSD-

95 depalmitoylation reverses synaptic dam-

age caused by Ab

(A) Bar graph of dual-patch recordings obtained in

slices made from WT mice; responses normalized

to uninfected controls (light gray). Palm B-treated

slices were incubated with 1 mM Palm B for 3 h. Dot

plot with raw data for these recordings is shown in

Figure S6A. *p < 0.05, unpaired t test; **p < 0.01,

paired t test. n R 20 for each group.

(B) Bar graph of dual-patch recordings obtained in

slices made from PSD-95 KO mice; responses

normalized to uninfected controls (light gray). Dot

-plot for these recordings is shown in Figure S6B.

*p < 0.05; **p < 0.01, paired t test; n.s., nonsignifi-

cant. n = 19 for each group.

(C) Top: FLIM images of neurons expressing CT100

before and 1 h after application of 3 mM Palm B

(right) or vehicle (left). Scale bar, 2 mm. Dendrites

masked for clarity. Bottom: FRET efficiency change

in the same spines imaged before and after Palm B

or vehicle treatment. n > 550 spines per condition.

***p < 0.001, unpaired t test.

(D) Top: representative images of PSD-95 immu-

nostaining in neurons expressing GFP and treated

or not treated with Palm B. Bottom: bar graph of

PSD-95 intensity in spines of indicated size. Control

neurons showed reduced PSD-95 intensity in

spines smaller than 0.6 mm, Palm B treatment

specifically increased PSD-95 levels in those small

spines. n > 230 spines per condition. **p < 0.01,

unpaired t test. Scale bar, 5 mm.

(E) Top: representative fluorescence images of

GFP-expressing neurons along with CT100 or CT84

treated or not treated with 1 mM Palm B. Scale bar,

5 mm. Bottom: bar graph of spine density for indi-

cated conditions. ***p < 0.001, unpaired t test.

See also Figure S6.
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synaptic depression induced by expression of full-length APP

(Figure S7). This result suggests that any effect of Palm B on

Ab production (a potential confound, since BACE1 cleavage of

APP may be influenced by palmitoylation status [Andrew et al.,

2017; Bhattacharyya et al., 2016], and both BACE1 and the

a-secretase ADAM10 are located adjacent to PSD-95 [Lundgren

et al., 2020]) does not prevent Palm B from reversing Ab-induced

synaptic depression. These results indicate that (1) while Palm B

may block depalmitoylation of several molecules (Lin and Coni-

bear, 2015), the effect of Palm B on the phenotypesmeasured as

described earlier is through PSD-95; and (2) transient (3-h) Palm

B treatment can reverse Ab-induced depression.

We next tested whether Palm B could reverse the Ab-induced

NMDAR conformation. One-hour treatment of CT100-express-

ing neurons with Palm B increased FRET between the NMDAR

CTDs; the same spines were compared before and after

Palm B treatment (Palm B: 1.7% ± 0.3% increase; vehicle:

0.4% ± 0.3% decrease; n > 550 spines; p < 0.0001) (Figure 5C;

Figure S8). This suggests that Palm B increased PSD-95 levels in

spines and reverted the NMDAR CTD conformation to that

observed without Ab. Also, Palm B did not affect FRET efficiency
in control neurons in either small or big spines (Figure S8). This

suggests that, in control cells, NMDARs are in a conformation

not affected by increased synaptic PSD-95. Consistent with

published results (Jeyifous et al., 2016), Palm B treatment also

increased endogenous PSD-95 levels at spines. We found this

effect to occur specifically in small dendritic spines (Figure 5D).

Furthermore, we found that Palm B reversed the reduced spine

density produced by Ab (Figure 5E). These findings indicate

that it is possible to reverse synaptic damage caused by Ab

with a pharmacological approach.

DISCUSSION

Previous studies indicate that elevated Ab depresses synapses,

reduces dendritic spine density, and decreases spine PSD-95

content (Almeida et al., 2005; Hsieh et al., 2006; Shankar et al.,

2007). However, the molecular mechanisms underlying these ef-

fects are poorly understood. Interestingly, NMDA application

(Aow et al., 2015; Nabavi et al., 2013; Stein et al., 2015) and Ab

elevation (Birnbaum et al., 2015; Kessels et al., 2013; Tamburri

et al., 2013) can induce synaptic weakening that requires ligand
Cell Reports 35, 109194, June 1, 2021 7
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binding to the NMDAR glutamate binding site but does not

require ion flux through the NMDAR channel. This ion-flux-inde-

pendent function of NMDARs upon agonist binding was associ-

ated with a FRET-detected movement of the NMDAR CTD (Dore

et al., 2015) that drove signaling underlying LTD (Aow et al.,

2015). Using the same approach, we show here that elevated

Ab produces a similar change in the NMDAR CTD. This supports

the view that a common metabotropic action of the NMDAR un-

derlies Ab-induced synaptic depression and LTD.

We find that increased spine PSD-95 content, either endoge-

nously higher levels in larger spines or exogenously overex-

pressed, effectively protected synapses fromAb. This protection

did not require PSD-95-induced enhanced transmission, as

overexpressed PSD-95 failed to potentiate transmission in

GluA1 KO animals but still protected synapses from elevated

Ab. Increased PSD-95 also blocks Ab-driven NMDAR CTD

movement and interaction with PP1, suggesting that PSD-95

constrains NMDAR CTD, blocking its metabotropic actions.

Importantly, a drug that increases synaptic PSD-95 (by blocking

its depalmitoylation) rescues the deleterious effects of Ab on

synapses. This effect is lost in tissue lacking PSD-95, indicating

that the drug is acting through PSD-95. Notably, while many pro-

teins are palmitoylated, most display little turnover (Martin and

Cravatt, 2009; Yokoi et al., 2016), while PSD-95 has very fast

turnover (Yokoi et al., 2016). Selectively blocking PSD-95 depal-

mitoylation may serve as a viable therapeutic option in devel-

oping treatment for AD.

We note that our studies were conducted on immature tissue,

which may question the relevance of our finding to AD, a disease

found in older individuals. Interestingly, increasing PSD-95 by

epigenetic editing (genome modification allowing targeted over-

writing of the epigenetic signature at endogenous loci) in aged or

AD model mice enhanced cognitive function (Bustos et al.,

2017). Furthermore, reduced levels of PSD-95 are seen in AD

model mice (Hong et al., 2016; Shao et al., 2011) and brains of

patients with AD (Perez-Nievas et al., 2013). These results sug-

gest that metabotropic NMDAR mechanisms depressing trans-

mission may be operative in AD and reversed by increasing

PSD-95. Thus, our findings on tissue from young animals may

be relevant to AD pathophysiology.

We also find that Ab selectively targets smaller spines, produc-

ing larger NMDAR CTD movement and PSD-95 removal,

compared to its actions on larger spines. While large and small

spines likely have a number ofmolecular differences, the Ab-pro-

tected status of large spines could be due to the higher levels of

PSD-95 normally found in larger spines. It is tempting to extrap-

olate these findings to clinical observations regarding AD: (1) in-

dividuals with higher lifetime cognitive activity have reduced inci-

dence of AD (Stern et al., 1994, 2012; Valenzuela and Sachdev,

2006); and (2) older memories are maintained better in patients

with AD (Budson and Price, 2005; Gold and Budson, 2008; Or-

lovsky et al., 2017). In the first case, cognitive activity could drive

the synaptic plasticity that increases spine size (Kopec et al.,

2006; Matsuzaki et al., 2004); the higher PSD-95 content would

be protective against AD. In the second case, older memories

may be represented by larger spines, particularly if repeated

remembering increases spine size and PSD-95 content, which

would render them less sensitive to Ab.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-actin monoclonal Santa Cruz Biotechnologies sc-8432; RRID:AB_626630

Mouse anti-beta-amyloid 1-16, Clone 6E10 BioLegend 803001; RRID:AB_2564653

Rabbit anti-mCherry polyclonal Abcam ab167453; RRID:AB_2571870

Mouse anti-PSD-95 monoclonal Thermo 6G6-1C9; RRID:AB_325399

Mouse anti-PP1g monoclonal Santa Cruz Biotechnologies sc-515943

Rabbit anti-Phospho-PP1 (Thr320) Cell Signaling 2581; RRID:AB_330823

Bacterial and virus strains

pSinRep5-CT84-T2A-NLS-mCherry In house –

pSinRep5-CT100-T2A-NLS-mCherry In house –

pSinRep5-dp-PSD95-CT84-T2A-NLS-mCherry In house –

pSinRep5-dp-PSD95-CT100-T2A-NLS-mCherry In house –

pSinRep5-dp-C3,5S-PSD95-CT100-T2A-NLS-mCherry In house –

pSinRep5-GFP In house Wei et al., 2010

pSinRep5-APP695-IRES-GFP In house Hsieh et al., 2006

Chemicals, peptides, and recombinant proteins

7-Chlorokynurenic acid sodium salt Tocris 3697

Gamma-secretase inhibitor L685-456 Sigma L1790

Palmostatin B EMD Millipore 17-850

D-APV Tocris 0106

GS21 MTI-GlobalStem GSM-3100

Papain Sigma P4762

DNase 1 Invitrogen 18047-019

Experimental models: Organisms/strains

Rat: Sprague-Dawley Envigo –

Mouse: GluA1 knock-out From R. Huganir Kim et al., 2005

Mouse: PSD-95 knock-out From R. Huganir Béı̈que et al., 2006

Recombinant DNA

GluN1-GFP From P. De Koninck Dore et al., 2015

GluN1-mCherry From P. De Koninck Dore et al., 2015

GluN2B In house Dore et al., 2015

PP1g-mCherry Addgene 45220

Software and algorithms

MATLAB Mathworks R2011b

Fiji ImageJ –
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kim Dore

(kdore@health.ucsd.edu).

Materials availability
All unique reagents generated in this study are available from the Lead Contact without restriction.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rats
Sprague-Dawley rats were used to prepare primary neuronal cultures and organotypic slices (see below for details). Pregnant dams

were ordered from Envigo at E16-18 and housed in a UCSD School of Medicine facility and were maintained on a 12-hour light-dark

cycle. All rats were given ad libitum access to food and water. Postnatal day (P) P0-P2 pups of both sexes were used for primary

neuronal cultures. Similarly, P5-P7 pups were used for organotypic slice cultures. All procedures involving animals were approved

by UCSD’s IACUC.

Mice
Mice were used to prepare organotypic slices (see below for details). For Figures 1D and 1E, we used GluA1-deficient mice (c57bl6/

129 hybrid background, obtained from Dr. R. Huganir (Kim et al., 2005)). For experiments shown in Figure 5, PSD-95KO mice were

used (c57bl6 hybrid background, obtained from Dr. R. Huganir (Béı̈que et al., 2006)). Genotype of each mice used was confirmed by

PCR. All mice were housed at a UCSD School of Medicine facility, were maintained on a 12-hour light-dark cycle and given ad libitum

access to food and water. P5-P7 mice pups of both sexes were used to prepare organotypic slice cultures. All procedures involving

animals were approved by UCSD’s IACUC.

METHOD DETAILS

Primary neuronal cultures
Primary hippocampal or cortical (used only for biochemistry experiments shown in Figure 2B) neurons were made according to pre-

viously described protocols withminormodifications (Dore et al., 2015; Nabavi et al., 2013; Nault andDe Koninck, 2010). Hippocampi

from P0-P2 Sprague-Dawley rat pups were dissected in ice-cold dissection media (see Dore et al., 2015 for details) before being cut

into fine pieces using a scalpel. The hippocampal tissue was resuspended in dissociation media (dissection media supplemented

with 2mM L-cysteine hydrochloride, 10mg/mL papain, pH adjusted to �7.4) and incubated at 37�C for 10min. DNaseI (24U/mL)

was then added to digest precipitated DNA from dead cells and after mixing, cells were filtered through a 70 mm cell strainer to re-

move undissociated tissue and spun at 1000x g. Neurons were resuspended in plating media (Neurobasal-A, 10% FBS, 0.5% Pen/

Strep and 0.25% Glutamax) at a concentration of 1-23 106 cells/mL and plated onto 18mm PDL-coated glass coverslips (Neuvitro)

(z0.5 3 106 neurons/12-well plate well). For cortical neuronal cultures, cells were plated onto PDL (Sigma P1024) coated 6-well

plates (1-2 3 106 neurons/well). Additional media was added 2 hours later (Neurobasal-A, 5% FBS, 2% GS21, 0.5% Pen/Strep,

0.25% Glutamax). Thereafter, half the media was replaced every 2-4 days (Neurobasal-A, 2% GS21, 0.5% Pen/Strep, 0.25% Glu-

tamax). When specified, neuronswere incubatedwith 0.5mMof the gamma secretase inhibitor L685-458 for 1h prior to imaging or cell

lysis for biochemical experiments. D-2-Amino-5-phosphonopentanoic acid (APV) was used to block NMDARs at a concentration of

100 mM when specified.

Organotypic slice cultures
Organotypic hippocampal slices were prepared from P5-P7 rat or mice pups as described (Stoppini et al., 1991). Slice cultures were

maintained for 6–8 days, then infected using a Sindbis virus as indicated in the text. For experiments shown in Figures 1D and 1E,

organotypic hippocampal slices were similarly prepared from GluA1-deficient mice (c57bl6/129 hybrid background, obtained from

Dr. R. Huganir (Kim et al., 2005)). For experiments shown in Figures 5A and 5B, organotypic hippocampal slices were similarly pre-

pared from PSD-95-deficient mice or their WT littermates.

Biochemistry
Western blotting experiments shown in Figure 1B were performed using primary cortical neurons. At 12-15 DIV, neurons were in-

fected with Sindbis viruses expressing CT84/CT100 along with nuclear m-Cherry. 24h later, neurons were washed in HBSS solution

for 5min and then lysed in ice-cold lysis buffer (in mM: 50 Tris-HCl pH 7.6, 150 NaCl, 2 EDTA, 1 PMSF; 1% Triton X-100, protease +

phosphatase inhibitors (Sigma)). Cell lysates were very briefly vortexed and centrifuged at 2000x g for 10 minutes. The supernatant

was collected and protein concentrations were measured using the BCA assay (Pierce) and normalized. Samples were separated on

10%–20% Tris-Tricine gels (Bio-Rad, #456-3115) and transferred onto 0.2 mm nitrocellulose membranes (Biorad). Samples were

blotted in 1% milk for 48h at 4�C with gentle rocking against actin (1:1000 dilution), mCherry (1:1000 dilution) and Ab species

(6E10 antibody, 1:100 dilution). Appropriate secondary antibodies (HRP conjugates, Santa Cruz Biotechnologies) were used at a

1:5000-10000 dilution and blotted for one hour at room temperature with gentle rocking. ECL Prime (GE Healthcare Lifesciences)

was used for chemiluminescence.
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Transfection and infection
For experiments shown in Figures 1 and 5, CT100, CT100 + PSD-95 or CT84 + PSD-95 were expressed in CA1 neurons of organo-

typic hippocampal slices using Sindbis virus. Similarly, for Figure S7, human full-length APP was expressed using Sindbis. Virus was

injected into CA1 of 6-8 days in vitro (DIV) slice cultures, and recombinant proteins were allowed to express for �24h before

recording. Primary hippocampal neurons were transfected at DIV 7-10 using Lipofectamine 2000 as previously reported (Dore

et al., 2015). Briefly, �2 mg of total DNA (GluN1-GFP, GluN2B and GluN1-mCherry for Figures 2 and 4; for Figure 3, PP1g-mCherry

was used instead of GluN1-mCherry) and 4 mL of Lipofectamine 2000was used per well. GluN1-GFP andGluN1-mCherry were a kind

gift of Paul De Koninck and are both derived from the GluN1-GFP described in (Rao and Craig, 1997); the GluN1 isoform in these

constructs is GluN1-2a (formerly named NR1-C). 18-24h prior to imaging, neurons were infected with Sindbis viruses to express

the APP derived peptides CT84 and CT100 (along with PSD-95 when specified) by adding 1-2uL of virus to 2mL of neuronal culture

media. 7CK (100 mM final concentration) was added at the same time as infection. For experiments shown in Figure S5, 1 mM Pal-

mostatin B (final concentration) was added to neurons infectedwith CT84 or CT100, 3 hours prior to imaging. 1 mMPalmostatin Bwas

also added to the imaging solution.

Fluorescence lifetime imaging
Neurons expressing the desired constructs were imaged at 14-18DIV in a HBSS based solution containing: 0.87x HBSS, 5mM

HEPES, 1mMGlucose, 2.5mMMgCl2, 0.5mMCaCl2, 0.1mM 7CK. To obtain data presented in Figure 5C, neurons were first imaged

in the HBSS based solution, 3 mMPalmostatin B was added; then 1h later the same neurons were imaged a second time. For control

neurons, the same volume of DMSO (vehicle) was added to the imaging solution. Fluorescence lifetime imaging was performed on a

SliceScope two-photonmicroscope (Scientifica, UK) as previously described (Dore et al., 2015). Briefly, a Chameleon Ultra II IR laser

(Coherent) tuned at 930 nm was used for the excitation (power was adjusted to 3mW after the microscope objective (LUMPLFLN

60XW, NA = 1.0, Olympus)). Fluorescence emission was detected with a hybrid PMT detector (HPM-100-40, Becker and Hickl, Ger-

many) and synchronized by a TCSPC module (SPC-150, Becker and Hickl). The following parameters were kept constant for all ac-

quired images: pixel size (80 nm; all 5123 512 pixels), pixel dwell time (3.2 ms), FLIM acquisition time (�120 s/image), and number of

time bins (256) in the fluorescence decay curves.

Electrophysiological recordings
Hippocampal organotypic slices were used for electrophysiological recordings shown in Figures 1, 5, S2, S6, S7, and S8 (see

‘‘Organotypic slice cultures’’ section for more details). For experiments shown in Figures 5A and 5B, 1 mM Palmostatin B (final con-

centration) was added to slices infected with CT100, 3 hours prior to recordings, 1 mMPalmostatin B was also added to external so-

lution. Control slices, expressing CT100 but without Palmostatin B incubation, were interleaved. Simultaneous whole-cell recordings

were obtained from two neurons, one infected and one neighboring control CA1 pyramidal neurons under visual guidance using dif-

ferential interference contrast and fluorescence microscopy. Two stimulating electrodes (contact Pt/Ir cluster electrodes (Frederick

Haer)), were placed between 100 and 300 mm down the apical dendrite, 100 mm apart, and 200 mm laterally in opposite directions.

Whole-cell recordings were obtained with Axopatch-1D amplifiers (Molecular Devices) using 3 to 5 MU pipettes with an internal so-

lution containing (in mM) 115 cesium methanesulfonate, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2ATP, 0.4 Na3GTP, 10 sodium phos-

phocreatine (Sigma), and 0.6 EGTA (Amresco), at pH 7.25. External perfusion consisted of artificial cerebrospinal fluid containing

(in mM) 119 NaCl, 2.5 KCl, 4 CaCl2, 4 MgCl2, 26 NaHCO3, 1 NaH2PO4, 11 glucose, 0.004 2-chloroadenosine (Sigma), and 0.1 picro-

toxin (Sigma) (pH 7.4), and gassed with 5%CO2/95%O2 at 27
�C. The AMPAR-mediated excitatory postsynaptic current (EPSC) was

measured as peak inward current at �60 mV. For experiments shown in Figure S1, a similar approach (using the same equipment,

recording pipettes, and internal solution) was used to obtain whole-cell recordings of spontaneous miniature excitatory postsynaptic

currents (sEPSCs) in 8-12DIV primary hippocampal neurons held at �60mV. External perfusion consisted of HBSS based solution

containing: 0.87x HBSS, 5mM HEPES, 1mM Glucose, 1mM MgCl2, 1mM CaCl2, 0.4 mM 2-chloroadenosine, and 10 mM gabazine

(Tocris) (pH 7.4). sEPSCs were recorded for 1-10min and events were analyzed manually using the MiniAnalysis program (Synapto-

soft) blind to experimental conditions; event threshold was set at 6-8pA.

Immunohistochemistry
For experiments shown in Figures 3C, 3D, 4A, 4B, and 5D, live neurons were washed in HBSS based imaging solution (see Fluores-

cence lifetime imaging section above) for 5min, fixed in 4% paraformaldehyde (PFA) in HBSS for 10min. PFA reaction was then

quenched by 5min incubation in 0.1M Glycine in PBS. Neurons were placed in a blocking/permeabilization solution containing

2% goat serum and 0.1% Triton X-100 in PBS for 30min, followed by immunostaining with primary antibodies (1/100 in the block-

ing/permeabilization solution for PSD-95 or P-Thr320-PP1 and PP1g; overnight at 4�C). Samples were washed 3 times in PBS before

secondary antibodies were applied (1/1000 of GAM-AF647 and/or GAR-AF488 for 1h at room temperature, from Life Technologies).

After 3 finals washes in PBS, samples were mounted in Prolong Gold mounting media (Life Technologies). Neurons expressing the

indicated constructs (identified with nuclear-mCherry expression) were imaged on an Olympus FV-1000 confocal microscope with a

60X oil immersion objective. Software recommended filters were used for each dye to acquire z stacks with a 0.5 mm separation.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Fluorescence lifetime images were analyzed with SPCImage (Becker and Hickl) using a binning factor between 6 and 10 pixels, min-

imum threshold of 10 photons at the peak time bin, a single exponential model and used the same calculated instrumental

response function for each set of experiments (see (Dore et al., 2015) for more details). For further analysis, each FLIM image was

exported as a matrix of lifetimes, photon counts, and goodness of fit values (chi-square) and analyzed blind to condition with a

custom MATLAB script (see (Dore et al., 2015) for details). To calculate FRET efficiency the following formula was used: EFRET =

1-TDA/TD (TDA = lifetime of the donor in the presence of the acceptor (GluN1-GFP expressed with GluN1-mCherry (Figures 1, 2, 3,

and 5) or with PP1g-mCherry (Figure 4B)), TD = average lifetime of the donor alone; GluN1-GFP).

For immunohistochemistry experiment analysis, Fiji was used to generate maximum projections of the acquired z stacks. Then, all

visible dendritic spines were hand traced on either the total PP1 (AF647, Figures 3C and 3D) or the GFP (Figures 4A, 4B, and 5D)

channel. ROIs were pasted onto other channels and the mean intensity (after background subtraction) and area of each spine

was measured. Data are presented as mean ± standard error of the mean (SEM) and t test (paired or unpaired, as indicated) was

used to determine statistical significance. Please note that statistical details are found in the figure legends.
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