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SUMMARY

CaMKIIα is a central mediator of bidirectional synaptic plasticity, including long-term 

potentiation (LTP) and long-term depression (LTD). To study how CaMKIIα movement during 

plasticity is affected by soluble amyloid-β peptide oligomers (Aβ), we used FingR intrabodies to 

simultaneously image endogenous CaMKIIα and markers for excitatory versus inhibitory 

synapses in live neurons. Aβ blocks LTP-stimulus-induced CaMKIIα accumulation at excitatory 

synapses. This block requires CaMKII activity, is dose and time dependent, and also occurs at 

synapses without detectable Aβ; it is specific to LTP, as CaMKIIα accumulation at inhibitory 

synapses during LTD is not reduced. As CaMKII movement to excitatory synapses is required for 

normal LTP, its impairment can mechanistically explain Aβ-induced impairment of LTP. CaMKII 

movement during LTP requires binding to the NMDA receptor, and Aβ induces internalization of 

NMDA receptors. However, surprisingly, this internalization does not cause the block in CaMKIIα 
movement and is observed for extrasynaptic, but not synaptic, NMDA receptors.

Graphical Abstract

*Correspondence: ulli.bayer@ucdenver.edu.
AUTHOR CONTRIBUTIONS
S.G.C., D.J.G., and S.R. performed experiments. D.B.A. provided the original intrabodies and advice. S.G.C., D.J.G., and K.U.B. 
conceived this study. K.U.B. wrote the initial draft, and all authors contributed to the final manuscript.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.celrep.2019.03.041.

DECLARATION OF INTERESTS
The University of Colorado holds the patent rights for tatCN21, its derivatives, and its uses (PCT/US08/077934 “Compositions and 
methods for improved CaMKII inhibitors and uses thereof”). K.U.B. is founder of Neurexus Therapeutics, LLC.

HHS Public Access
Author manuscript
Cell Rep. Author manuscript; available in PMC 2019 April 25.

Published in final edited form as:
Cell Rep. 2019 April 16; 27(3): 658–665.e4. doi:10.1016/j.celrep.2019.03.041.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1016/j.celrep.2019.03.041


In Brief

Cook et al. used simultaneous live imaging of multiple endogenous proteins to probe LTP- versus 

LTD-induced CaMKII trafficking to excitatory versus inhibitory synapses. They show that Ab 

inhibits LTP by blocking LTP-induced CaMKII trafficking via signaling mechanisms that require 

CaMKII activity.

INTRODUCTION

Higher brain functions such as learning, memory, and cognition require forms of synaptic 

plasticity, including long-term potentiation (LTP) and long-term depression (LTD) (for 

review, see Lee and Silva, 2009; Malenka and Bear, 2004; Martin et al., 2000). These higher 

brain functions are impaired in Alzheimer’s disease, and one of the main pathological agents 

of the disease, soluble amyloid-b peptide oligomers (Aβ), acutely inhibits LTP and 

facilitates LTD in the hippocampus (Lambert et al., 1998; Li et al., 2009; O’Riordan et al., 

2018; Shankar et al., 2008; Walsh et al., 2002). Thus, we decided to investigate the effects of 

Aβ on synaptic trafficking of the Ca2+/calmodulin (CaM)-dependent protein kinase II 

(CaMKII) α isoform, a central mediator of LTP and LTD at both excitatory and inhibitory 

synapses (Coultrap and Bayer, 2012; Coultrap et al., 2014; Giese et al., 1998; Malinow et 

al., 1989; Marsden et al., 2010; Silva et al., 1992).

Live imaging of fluorescent-labeled proteins is a powerful tool, but the associated protein 

overexpression comes with various caveats (Giepmans et al., 2006; Rodriguez et al., 2017; 

Tsien, 1998). For instance, excitatory or inhibitory synapses can be effectively labeled by 

expressing GFP-PSD95 or GFP-gephyrin, respectively, but such overexpression also directly 

affects synaptic functions (El-Husseini et al., 2000; Gross et al., 2013; Yu et al., 2007). 

Excitatory synapse function of cultured neurons is also altered by overexpression of 

CaMKIIα (Barcomb et al., 2014; Thiagarajan et al., 2002). Several methods for live 

imaging of endogenous protein (i.e., without overexpression) have been developed 
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(Campagnola et al., 2002; Mikuni et al., 2016; Panza et al., 2015; Wakayama et al., 2017; 

Xue et al., 2015). Intrabodies that bind to specific proteins can be expressed in cells and 

imaged by fusion with a fluorescent protein. FingRs (fibronectin intrabodies generated by 

mRNA display) are recombinant, antibody-like proteins based on a fibronectin scaffold that 

bind to their target with high affinity and specificity (Gross et al., 2013) (Figure 1A). Here, 

we show successful simultaneous live imaging of endogenous CaMKIIα, PSD95, and 

gephyrin.

Our results show that excitatory LTP versus LTD stimuli cause differential trafficking of 

endogenous CaMKII to excitatory versus inhibitory synapses. While the LTP-induced 

trafficking is thought to occur specifically to the stimulated synapses (Zhang et al., 2008), 

the LTD-induced trafficking to inhibitory synapses represents transsynaptic communication 

from the stimulated synapse to an inhibitory synapse. Additionally, we show that Aβ 
engaged CaMKII signaling that prevented subsequent LTP-induced CaMKII movement. 

Importantly, because such CaMKII movement is required for normal LTP (Barria and 

Malinow, 2005; Halt et al., 2012), the blocking of its movement provides a mechanistic 

explanation for the well-established Aβ-induced inhibition of LTP (Lambert et al., 1998; 

Shankar et al., 2008; Walsh et al., 2002), which is thought to contribute to the cognitive 

impairments in Alzheimer’s disease.

RESULTS

Simultaneous Live Imaging of CaMKIIα, PSD95, and Gephyrin

Two of the intrabodies used here were directed against post-synaptic markers for excitatory 

versus inhibitory synapses (anti-PSD95-mCherry and anti-gephyrin-mTurquois, 

respectively) and are thus widely applicable in general neuronal cell biology. A third 

intrabody was directed against CaMKIIα and was labeled with YFP2. Individual expression 

of the corresponding originally GFP-labeled intrabodies does not alter synaptic functions or 

localization of the detected endogenous proteins (Barcomb et al., 2015; Gross et al., 2013; 

Mora et al., 2013). Individual expression of the modified intrabodies also resulted in faithful 

labeling of the subcellular localization of their respective endogenous protein (Figures S1A 

and S1B). Two days after transfecting hippocampal neurons with all three modified intra-

body constructs simultaneously, all three intrabodies localized as expected both from the 

distribution of their respective endogenous target proteins and from the distribution of the 

individually expressed intrabodies (Figures 1B and S1A–S1C). The anti-PSD95-mCherry 

intrabody localized almost exclusively to the dendritic spines that form the postsynaptic 

compartment of excitatory synapses; the anti-gephyrin-mTurquois intrabody instead 

localized almost exclusively to discrete punctae on the membrane of dendrite shafts, where 

inhibitory synapses form; and the anti-CaMKIIα-YFP2 intrabody was found throughout the 

neuron, but with some enrichment in dendritic spines even without stimulation of the 

neurons. Thus, all three intrabodies can be successfully expressed together in the same 

neuron and appear to faithfully label the localization of their respective target protein. 

Faithful labeling in neurons expressing all three intrabodies was further verified by fixation 

and immunostaining with the respective antibodies (Figures 1C, 1D, and S1D–S1F). The 

simultaneous expression of all three intrabodies did not interfere with the intrabody 
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specificity, as the correlation of co-localization with their respective antibody stain was 

almost identical to the one after individual expression (Figure 1C). As expected, co-

localization of each antibody stain was high with the matching intrabody and significantly 

lower with the other intrabodies (Figures S1D and S1E). Also as expected, co-localization of 

each synaptic marker was better with CaMKII than with the other synaptic marker (Figure 

S1E). More than 90% of excitatory or inhibitory synapses identified by intrabody labeling 

were verified also by antibody staining (Figure 1D). The percentage of synapses identified 

by antibody staining that was also positive for intrabody staining was slightly lower (Figure 

1D), consistent with the fact that the antibody also labels synapses on dendrites of nearby 

non-transfected neurons.

CaMKII Trafficking to Excitatory versus Inhibitory Synapses after cLTP Versus cLTD 
Stimuli

Next, we utilized the three intrabodies in order to monitor the CaMKII trafficking to 

excitatory versus inhibitory synapses in response to chemical LTP versus LTD stimuli 

(Figures 2 and S2). In response to chemical LTP (cLTP) stimuli (100 μM gluta-mate, 10 μM 

glycine), endogenous CaMKII preferentially moved to excitatory over inhibitory synapses 

(Figures 2A and S2). By contrast, after chemical LTD (cLTD) stimuli (30 μM NMDA, 10 

μM cyanquixaline [CNQX], and 10 μM glycine), endogenous CaMKII instead accumulated 

at inhibitory but not excitatory synapses (Figure 2B). Thus, while the LTP-induced CaMKII 

accumulation is restricted to the synapses that were stimulated (Zhang et al., 2008), the 

CaMKII accumulation at inhibitory synapses in response to excitatory LTD stimuli 

represents a form of transsynaptic communication (Figure 2C). While quantification of both 

CaMKII trafficking events was significant and conclusive, the movement to excitatory 

synapses was visually much more obvious compared to the movement to inhibitory synapses 

(see Figures 2A and 2B).

Aβ Blocks cLTP-Induced CaMKII Trafficking to Excitatory Synapses

It has been shown recently that application of Ab caused activation of CaMKII (Opazo et al., 

2018). As CaMKII activation can trigger its movement to excitatory or inhibitory synapses 

(see Figure 2), we decided to determine the effect of Aβ on synaptic CaMKII targeting 

(Figure 3). Incubation with Aβ (500 nM for 45 min) had no effect on basal localization of 

CaMKII (Figures 3A and 3B). However, such Aβ incubation dramatically reduced 

subsequent cLTP-induced movement to excitatory synapses (Figures 3A and 3C). A control 

peptide with scrambled Aβ sequence had no effect (Figure 3C), and Aβ did not inhibit the 

cLTD-induced movement of CaMKII to inhibitory synapses (Figure 3D). The cLTP-induced 

movement was also significantly impaired by 50 nM Aβ, but not by 5 nM Aβ (Figure 3E). 

Next, we tested the effect of different incubation times with 500 nM Aβ (Figure 3F). 

CaMKII movement was completely blocked after 45 min and significantly reduced after 20 

min but remained largely unaffected after 5 min. CaMKII translocation to excitatory 

synapses was also induced by treatment with the Ca2+ ionophore ionomycin, and this 

translocation was also blocked by Aβ (Figure 3G).
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Aβ Has Homo- and Hetero-synaptic Effects on cLTP-Induced CaMKII Trafficking

Using fluorescently labeled Aβ at different concentrations, Aβ labeling was detected at 

varying percentages within 1 μm proximity of excitatory synapses (Figure 4A), at ~20% (5 

nM Aβ), ~70% (50 nM Aβ), and > 70% (500 nM Aβ) of synapses, respectively. No 

significant labeling of inhibitory synapses was observed at either Aβ concentration. 

Interestingly, Aβ had both homo- and hetero-synaptic effects regarding suppression of LTP-

induced CaMKII translocation to excitatory synapses. While the suppression was strongest 

for synapses with bound Aβ, incubation with 500 nM Aβ also caused significant 

suppression of CaMKII translocation to synapses with no detectable bound Aβ (Figures 4B, 

and 4C). After incubation with 5 nM Aβ, LTP-induced CaMKII translocation appeared 

slightly reduced for the synapses with detectable Aβ; however, this apparent reduction was 

not statistically significant (Figure 4B). This suggests that the Aβ-mediated suppression of 

CaMKII translocation requires a threshold number of synapses with bound Aβ.

Aβ Effects on LTP and CaMKII Trafficking Are Mediated by CaMKII Activity

CaMKII movement to excitatory synapses is required for normal LTP (Barria and Malinow, 

2005; Halt et al., 2012); thus, the Aβ-induced block of this movement found here could 

explain the well-documented Aβ-induced inhibition of LTP (Lambert et al., 1998; Shankar 

et al., 2008; Walsh et al., 2002). We have recently shown that this Aβ -induced inhibition of 

LTP is prevented by CaMKII inhibition during Aβ application (Opazo et al., 2018). Thus, 

we decided to test if CaMKII inhibition also abolishes the Aβ-induced block of CaMKII 

movement after a cLTP stimulus. In presence of either of two mechanistically distinct 

CaMKII inhibitors, KN93 or tatCN21 (Deng et al., 2017; Sumi et al., 1991; Vest et al., 

2007), Aβ no longer blocked the cLTP-induced CaMKII movement (Figure 4D). Notably, 

either of the two inhibitors is also sufficient to prevent the Aβ-induced LTP impairment 

(Opazo et al., 2018). (In both cases, the inhibitor was present during Ab application but 

washed out prior to LTP induction.)

How does Aβ-induced CaMKII activity mediate the Aβ-induced inhibition of CaMKII 

movement and LTP? One potential mechanism is phosphorylation of the NMDA-receptor 

subunit GluN2B at S1303, which impairs the CaMKII binding to GluN2B (O’Leary et al., 

2011; Strack et al., 2000) that mediates the CaMKII movement to excitatory synapses during 

LTP (Bayer et al., 2001; Halt et al., 2012). We have previously shown that we can detect 

changes in GluN2B S1303 phosphorylation, both in vitro and in response to LTD stimuli 

(Coultrap et al., 2010; Goodell et al., 2017). However, Aβ did not alter GluN2B S1303 

phosphorylation (neither directly nor indirectly in response to subsequent LTP stimulation; 

Figure 4E), suggesting that a CaMKII-mediated mechanism other than S1303 

phosphorylation underlies the Aβ effect.

Aβ Causes Internalization of the Extrasynaptic, but Not Synaptic, NMDA Receptor

It is well described that Ab causes the internalization of NMDA receptors (Jo et al., 2011; 

Kurup et al., 2010; Shankar et al., 2008; Sinnen et al., 2016; Snyder et al., 2005), a 

mechanism that would be expected to inhibit the synaptic translocation of CaMKII that is 

mediated by binding to the receptor. Indeed, block of CaMKII translocation and induction of 

NMDA-receptor internalization have the same dependence on the Aβ dose, with both effects 
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seen only in response to concentrations higher than 5 nM (see Figure 3E and Sinnen et al., 

2016). Additionally, in experiments using surface receptor biotinylation, both effects are 

seen only after incubation times longer than 5 min (Figures 4F and S3A; compare to Figure 

3F). Notably, at the initial 5-min time point, we detected a significant increase in surface 

receptor in our hippocampal neurons (Figure 4F). While this was somewhat surprising, a 

similar initial surface receptor increase has been observed previously in cortical neurons 

(Um et al., 2012).

If NMDA-receptor internalization causes the Aβ-induced block of CaMKII translocation, 

then the receptor internalization should be alleviated by the CaMKII inhibitor treatment that 

restores the translocation (see Figure 4D). However, surprisingly, neither of the CaMKII 

inhibitors (KN93 and tatCN21) suppressed the Aβ-induced NMDA-receptor internalization 

(Figures 4G and S3B). Thus, CaMKII translocation can be restored by treatments that leave 

the NMDA-receptor internalization unaffected (even though the CaMKII translocation 

requires binding to the receptor). This apparent conundrum could be explained if Aβ induces 

internalization of the extrasynaptic, but not synaptic, NMDA receptor. In order to directly 

test this possibility, we isolated a post-synaptic density (PSD) fraction that contains synaptic 

receptors, synaptic scaffolding proteins, and associated signaling proteins (by biochemical 

fraction, as we have described previously (Coultrap et al., 2014). Indeed, while 45 min of 

500 nM Aβ treatment caused significant removal of NMDA receptors from the overall cell 

surface (Figure 4G), it did not affect the synaptic NMDA-receptor content in the PSD 

fraction (Figure 4H). Thus, Aβ induces the removal of extrasynaptic, but not synaptic, 

NMDA receptors.

DISCUSSION

Here, we demonstrate a molecular mechanism for the Aβ-induced impairment of 

hippocampal LTP: CaMKII-mediated inhibition of the LTP-induced CaMKII movement to 

excitatory synapses. Indeed, this CaMKII trafficking is required for normal LTP (Barria and 

Malinow, 2005; Halt et al., 2012). Importantly, the impairment of LTP by Aβ is thought to 

contribute to the cognitive impairments in Alzheimer’s disease (Lambert et al., 1998; 

Shankar et al., 2008; Walsh et al., 2002). Interestingly, Aβ had both homo- and hetero-

synaptic effects on CaMKII movement. While the LTP-induced CaMKII movement was 

most strongly inhibited to excitatory synapses that had Aβ associated with them (here 

defined by nearby binding, i.e., within 1 μm), movement to neighboring synapses without 

bound Aβ was also significantly inhibited. Additionally, at low Aβ concentrations that 

resulted in Aβ binding to only a minority of synapses, no signifi-cant inhibition of CaMKII 

movement was detected at all, i.e., not even to synapses that contained associated Aβ. This 

suggest that a cumulative hetero-synaptic effect of Aβ binding may cause the most 

significant functional detriment to the processes required for normal LTP. By contrast, the 

cLTD-induced hetero-synaptic CaMKII movement to inhibitory synapses was not inhibited.

The LTP-induced CaMKII movement to excitatory synapses is mediated by the regulated 

CaMKII binding to the NMDA-receptor subunit GluN2B (Bayer et al., 2001, 2006; Halt et 

al., 2012; O’Leary et al., 2011). Thus, Aβ-induced signaling must somehow prevent this 

CaMKII-GluN2B interaction, and our results indicate that the underlying mechanism 
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requires CaMKII activity. Indeed, recent results indicate that Aβ can activate CaMKII 

(although without inducing T286 autophosphorylation; Opazo et al., 2018). However, while 

CaMKII activity could prevent CaMKIIGluN2B binding by inducing phosphorylation of 

GluN2B at S1303 ((Barcomb et al., 2014; O’Leary et al., 2011; Strack et al., 2000), our 

results show that Aβ application did not increase this S1303 phosphorylation either basally 

or in response to LTP stimuli. CaMKII binding to GluN2B is induced by Ca2+/ CaM-

stimulation (Bayer et al., 2001; O’Leary et al., 2011), which is provided during LTP-stimuli 

by NMDA-receptor activation. Recent results indicate that Aβ can reduce the Ca2 currents 

through the NMDA receptor (Sinnen et al., 2016), which in turn could reduce the Ca2+-

induced CaMKII movement. However, our results show that Aβ also inhibits CaMKII 

movement that is triggered when the Ca2+-stimulus is instead directly induced by 

ionomycin.

Another obvious potential mechanism for the Aβ-induced block of CaMKII trafficking was 

through the well-described acute Aβ-induced internalization of surface NMDA receptors. 

Initially, this mechanism appeared to be supported by the similar dependence on Aβ dose 

and incubation time for both block of CaMKII trafficking and induction of NMDA-receptor 

internalization. However, CaMKII inhibitors rescued the block of CaMKII trafficking 

without affecting NMDA-receptor internalization. Thus, the Aβ-induced receptor 

internalization is not what causes the block of CaMKII trafficking. But why would NMDA-

receptor internalization not block the LTP-induced synaptic CaMKII trafficking that depends 

on CaMKII binding to this receptor? The answer was provided by our biochemical 

fractionation experiments: Aβ caused internalization only of the extrasynaptic NMDA 

receptor, while the synaptic receptor pool in the PSD fraction remained entirely unaffected. 

It will be interesting to elucidate the long-term functional consequences of the 

internalization of extrasynaptic receptors. However, acutely, the Aβ-induced internalization 

of only extrasynaptic NMDA receptors cannot explain the Aβ-mediated suppression of LTP, 

which instead depends on synaptic NMDA receptors. By contrast, as normal LTP requires 

CaMKII trafficking to excitatory synapses (Barria and Malinow, 2005; Halt et al., 2012), the 

Aβ-mediated inhibition of LTP is instead readily explained by the suppression of this 

CaMKII trafficking event. Indeed, the CaMKII inhibition shown here to rescue CaMKII 

trafficking was recently shown to also rescue LTP from the impairment by Aβ (Opazo et al., 

2018).

Our findings were made by live imaging of endogenous CaMKII (rather than by live 

imaging of overexpressed GFPCaMKII or post hoc immunostaining of CaMKII in fixed 

neurons). Importantly, we demonstrated that FingR intrabodies can be utilized to enable 

simultaneous live imaging of multiple endogenous proteins. Two of the three intrabodies 

used here simultaneously (against PSD95 and gephyrin) enable live labeling of excitatory 

versus inhibitory synapses (without affecting basal synaptic functions, in contrast to 

overexpression of labeled PSD95 or gephyrin; El-Husseini et al., 2000; Gross et al., 2013; 

Yu et al., 2007); this simultaneous live labeling of both synapse types should be of wide 

general utility in neuronal cell biology. Notably, although endogenous CaMKII and 

overexpressed GFP-CaMKII show similar trafficking, there are also some important 

differences. While endogenous CaMKII traffics to excitatory synapses only after LTP-type 

stimuli (Goodell et al., 2017; Mars-den et al., 2010), GFP-CaMKII can traffic to excitatory 
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synapses also after LTD-type stimuli (Bayer et al., 2006; Marsden et al., 2010). This 

difference may be explained by the fact that the lack of CaMKII trafficking to excitatory 

synapses after LTD stimuli requires an active suppression mechanism (Goodell et al., 2017) 

that may be overwhelmed by GFP-CaMKII overexpression. This highlights the significant 

drive on CaMKII to move to excitatory synapses even in response to weaker neuronal 

stimuli and further supports that the observed block by Aβ requires specific signaling as 

opposed to merely a general reduction in NMDA-receptor mediated Ca2+ signals.

STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PSD-95 Chemicon MAB1596; RRID: AB_2092365

GABAAR 2/3 Millipore 05–474; RRID: AB_309747

Gephyrin Abcam ab25784; RRID: AB_1209349

CaMKIIα Made in House CBα2

GluN2B PhosphoSolutions AB_2492176; RRID: AB_2492176

GluN2B pS1303 Millipore 07–398; RRID: AB_310582

GluN1 BD Biosciences 556308; RRID: AB_396353

Beta (III) Tubulin Millipore 05–559; RRID: AB_309804

Rabbit GE Healthcare NA934V; RRID: AB_772206

Mouse GE Healthcare NA931V; RRID: AB_772210

Alexa-647 Anti-Rabbit Molecular Probes A21245; RRID: AB_2535813

Alexa-647 Anti-Mouse Molecular Probes A21236; RRID: AB_141725

Chemicals, Peptides, and Recombinant Proteins

HiLyte Fluor 647-labeled Aβ1–42 peptide AnaSpec AS-64161

Unlabeled Aβ1–42 peptide AnaSpec AS-20276

Scrambled Aβ1–42 peptide AnaSpec AS-25382

Papain Worthington LS 03126

Lipofectamine 2000 Invitrogen 11668027

B-27 supplement GIBCO 17504044

KN-93 inhibitor Tocris 139298–40-1

tatCN21 inhibitor Millipore 5.32385.0001

cOmplete protease inhibitor cocktail (EDTA-
free) Roche 1187380001

Critical Commercial Assays

Pierce BCA protein assay Thermo-Fisher 23225

Recombinant DNA

CaMKIIα-FingR-GFP Dr. Donald Arnold (USC) Mora 
et al., 2013 N/A

PSD-95-FingR-GFP Addgene 46295

Gephyrin-FingR-GFP Addgene 46296

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

Slidebook 6.0 Intelligent Imaging Innovations 
(3i) N/A

Prism 7.0 Graphpad RRID: SCR_002798

AlphaEase FC 4.0 Alpha Innotech N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Requests for resources, reagents, or questions about methods should be directed to Lead 

Contact, K. Ulrich Bayer (ulli.bayer@ucdenver.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary rat hippocampal cultures—Primary hippocampal neurons were cultured as 

described previously (Vest et al., 2010) and imaged after 14–17 days in vitro (DIV14–17). 

Pregnant Sprague-Dawley rats were supplied by Charles River Labs for preparation of 

primary hippocampal cultures from P0–P1 neonatal rat pups of both sexes. All animal 

treatment was in accordance with the University of Colorado Denver Institutional Animal 

Care and Use Committee. Pups were decapitated and hippocampi were dissected and 

incubated in dissociation solution (7 mL HBSS buffered saline, 150 μL 100mM CaCl2, 10 

μL 1M NaOH, 10 μL 500mM EDTA, 200 units Papain [Worthington]) at 25°C for 1 h. 

Hippocampi were then washed 5x with plating media (DMEM, FBS, 50 units/ml Penn/strep, 

2 mM L-glutamine, filter sterilized) and manually dissociated and counted using a 

hemocytometer. Dissociated neurons were plated on poly-D-lysine (0.1mg/mL in 1M Borate 

Buffer: 3.1g boric Acid, 4.75 g borax, in 1 L deionized H20, filter sterilized) and laminin 

(0.01mg/mL in PBS)-coated 18 mm glass coverslips in 12 well plates at a density of 75,000–

100,000 neurons per well in plating media and maintained at 37°C with 5% CO2. After 1 

day in vitro (DIV 1), media was switched to 100% feeding media (Neurobasal-A, B27 

supplements, and 2 mM L-gluta-mine, filter sterilized). At DIV 4, neurons were treated with 

FDU (70 μM 5-fluoro-2ʹ-deoxyuridine/140 μM uridine) to suppress glial growth by halting 

mitosis. The following day (DIV 5), 50% of media was replaced with fresh neuron feeding 

media.

METHOD DETAILS

Material and DNA constructs—Material was obtained from Sigma, unless noted 

otherwise. The expression vectors for the GFP-labeled FingR intrabodies targeting 

CaMKIIα, PSD-95, and gephyrin were kindly provided by Dr. Donald Arnold (University of 

Southern California, Los Angeles, CA, USA) as described previously (Gross et al., 2013; 

Mora et al., 2013). The FingRs against PSD95 and gephyrin contained the CCR5TC 

repressor (Gross et al., 2013); the FingR against CaMKIIα did not contain a repressor (Mora 

et al., 2013). The fluorophore label was exchanged to contain the following tags in place of 

GFP: CaMKIIa-FingR-YFP2, PSD-95-FingR-mCh, and gephyrin-FingR-mTurquois. These 

modifications were performed using Gibson Assembly (Gibson et al., 2009).
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Transfection of primary hippocampal cultures—At 12–14 DIV, neurons were 

transfected with the intrabodies using a 1:1:1 ratio, at a concentration of 1 μg total DNA/

well, using Lipofectamine 2000 (2.5 μL/well, Invitrogen) according to the manufacturer’s 

recommendations.

Live imaging of primary hippocampal cultures—Two to three days following 

transfection (DIV 14–17), neurons were imaged using a Axio Observer microscope (Carl 

Zeiss) fitted with a 63x Plan-Apo/1.4 numerical aperture (NA) objective, using 405, 488, 

561, and 638 nm laser excitation and a CSU-XI spinning disk confocal scan head 

(Yokogawa) coupled to an Evolve 512 EM-CCD camera (Photometrics) and controlled using 

Slidebook 6.0 software (Intelligent Imaging Innovations [3i]), as described previously 

(Woolfrey et al., 2018). During image acquisition, neurons were maintained in a climate 

controlled chamber at 34°C in a HEPES buffered ACSF solution containing the following 

(in mM): 130 NaCl, 5 KCl, 10 HEPES pH 7.4, 20 glucose, 2 CaCl2, and 1 MgCl2 (adjusted 

to proper osmolarity with sucrose). cLTP was induced using 100 μM glutamate and 10 μM 

glycine and cLTD was induced with 30 μM NMDA, 10 μM glycine, and 10 μM CNQX. 

After 1 min of either cLTP or cLTD application, 5 volumes of fresh ACSF was perfused 

through the imaging chamber to wash out the stimulation. The cLTD stimuli used does not 

induce CaMKII accumulation at dendritic spines (shown here and in Marsden et al., 2010; 

Goodell et al., 2017), whereas the cLTP stimulation has been shown to induce robust 

CaMKII accumulation in spines (also shown here and in Barcomb et al., 2013; O’Leary et 

al., 2011). For Aβ experiments, control wells were incubated for 45 min in ACSF + 1X PBS/

0.004% DMSO, while experimental wells were incubated in ACSF + 5, 50, or 500 nM of 

Fluor-647 labeled Aβ for 45 min (and 500 nM for 5 and 20 min for time-response 

experiments) before being transferred to a Ludin chamber for imaging. CaMKIIα inhibitor 

experiments were perform by incubating neurons with 10 μM KN-93 or 5 μM tatCN21 for 

20 min during the end of a 45 min 500 nM Aβ application. Neurons were washed 2X with 

ACSF before being transferred to the imaging chamber and imaged in fresh ACSF. 

Hippocampal neurons were selected based on pyramidal shaped soma and presence of spiny 

apical dendrites, and tertiary dendritic branches were selected for analysis to maintain 

consistency. Images were analyzed at 1 min before stimulation and 1 min or 5 mins after 

wash out for cLTP and cLTD, respectively. 2D maximum intensity projection images were 

then generated and analyzed by an experimenter blinded to condition using Slidebook 6.0 

software (3i). The mean YFP intensity (CaMKIIα) at excitatory and inhibitory synapses was 

quantified using threshold masks of PSD-95 and gephyrin puncta. PSD-95 and gephyrin 

puncta masks were defined using the mean intensity of mCh or mTurquois + 2 standard 

deviations. Synaptic CaMKIIα was calculated using the mean YFP intensity of PSD-95 or 

gephyrin puncta masks divided by the mean intensity of a line drawn in the dendritic shaft. 

Changes in CaMKIIα synaptic accumulation were determined by dividing the net change in 

YFP at PSD-95 or gephyrin puncta-to-shaft ratio by the pre-stimulation YFP puncta-to-shaft 

ratio. Excitatory synapses in proximity to Aβ were characterized as dendritic spines 

containing PSD-95 (as labeled by intrabody) within 1 mm of 647-labeled Ab punctae.

Immunocytochemistry—Neurons were plated and transfected as described above and 

fixed in a solution containing 4% paraformaldehyde and 4% sucrose in PBS for 15 min then 
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permeabilized and blocked in 0.1% Triton/5% BSA/PBS at 25°C for 1 h. Fixed neurons 

were stained in 5% BSA/PBS with anti-CaMKIIα (1:1000; CBα2, made in house), anti-

PSD-95 (1:2000, Chemicon) or anti-GABAAR b2/3 (1:1000, Millipore) primary antibodies 

overnight at 4°C. Neurons were then washed 3X with PBS and incubated with Alexa-647 

labeled species-specific secondary antibodies (1:500, Thermo Fisher) for 1–2 h at 25°C. 

After washing 4X with ACSF, coverslips were embedded using ProLong gold anti-fade 

reagent (Thermo-Fisher) for imaging. Images were acquired on a Zeiss Axiovert 200M 

inverted microscope (Carl Zeiss) fitted with a 63X objective (1.4 NA; plan-Apo). Focal 

plane z stacks (0.3-μm steps; over 1.8–2.4 μm) were acquired and deconvolved to eliminate 

out-of-focus light. 2D maximum intensity projection images were generated and analyzed 

by an experimenter blinded to condition using Slidebook 6.0 software (3i). Pearson’s 

correlation of fluorescence overlap was used to quantify co-localization between the three 

intrabodies and their respective antibodies.

Western analysis—Hippocampal neurons were plated on poly-D-lysine (0.1mg/mL in 

1M Borate Buffer) coated 6 well plates at a density of 300,000 cells/ per well and 

maintained as described above. At DIV 14, neurons were incubated in various treatments 

and harvested via sonication in buffer containing 1% SDS, 1 mM EDTA, and 10 mM Tris 

pH 8 and boiled for 10 mins. Protein content was determined using the Pierce BCA protein 

assay (Thermo-Fisher). 4 to 10 μg of total protein was subjected to SDS-PAGE on 10% 

polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membrane for 1–2 h 

at 4°C using Idea Scientific transfer apparatus in western transfer buffer (1200 mL methanol, 

67.5g glycine, 14.54 g Tris Base, volume to 6 L in deionized H20, pH 8.3). Immuno-

detection was then preformed using anti-CaMKIIα 1:5000 (CBα2, available at Invitrogen, 

but made in house), anti-GluN2B 1:3000 (Phospho-Solutions), or anti-pS1303 GluN2B 

1:1000 (Millipore) followed by Amersham ECL anti-mouse IgG, horseradish peroxidase-

linked secondary 1:5000 (GE Healthcare) or goat anti-rabbit IgG horseradish peroxidase 

conjugate 1:4000 (Bio-Rad). The dilution buffer was TBS-T (20 mM Tris HCl pH 7.4, 150 

mM NaCl and 0.1% Tween-20). Blots using CBα2 or anti-pS1303 were blocked in 5% milk 

in TBS-T with antibody and secondary dilutions in 1% milk in TBS-T. Anti-GluN2B blots 

were blocked in 5% BSA in TBS-T and antibody and secondary dilutions were in 1% BSA 

in TBS-T. Blots were developed using chemi-luminescence (Super Signal West Femto, 

Thermo-Fisher) and imaged using the Chemi-Imager 4400 system (Alpha-Innotech). 

Densitometry was calculated in AlphaEaseFC (Alpha-Innotech). Three technical replicates 

per condition were loaded per gel, and the relative immuno-detection value (IDV) was 

normalized as a percent of the average of all control conditions for the same blot, which was 

set at a value of one to allow comparison between multiple experiments.

Soluble Aβ peptide preparation—HiLyte Fluor 647-labeled and unlabeled Aβ1–42 

(AnaSpec) were prepared in aliquots as a dried 1,1,1,3,3,3-hexafluoro-2-propanol film and 

stored at 80 C, as described previously (Klein, 2002), however, the peptides were diluted in 

PBS instead of F12 medium (Sinnen et al., 2016). The peptide film was dissolved in 4.4 μL 

of anhydrous DMSO and diluted to 50 μM with 1X PBS and allowed to oligomerize at 4°C 

overnight. The preparation was centrifuged at 14,000 × g for 10 min at 4°C to remove 

insoluble aggregates. The peptide was then diluted in 600 μL of PBS to 10 μM and kept on 
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ice until use. Scrambled Ab1–42 peptide (AnaSpec) was prepared in the same manner. 647-

labeled and scrambled Ab1–42 peptide were used for live-imaging experiments, while 

unlabeled Ab1–42 peptide was used in biochemical assays.

Surface biotinylation assay—Surface biotinylation assays were performed as described 

previously with slight modifications (Mammen et al., 1997; Sinnen et al., 2016). After Aβ 
treatment, neurons were washed 3X in fresh ACSF and then incubated in ACSF containing 1 

mg/ml EZ-link-sulfo-NHS-LC-biotin (Thermo Fisher) for 10 min at 25°C. Neurons were 

rinsed 3X in ACSF + 0.1% BSA and then scraped and lysed in 200 μl warm precipitation 

buffer (PB) containing the following (in mM): 10 NaPO4, pH 7.4, 5 EDTA, 5 EGTA, 100 

NaCl, 1 Na3VO4, 10 sodium pyrophosphate, and 50 NaF with cOmplete protease inhibitor 

cocktail (EDTA free, Roche), 1% SDS, and 1% Triton X-100. Lysates were sonicated and 

centrifuged for 20 min at 18,000 X g. Before pull-down of biotinylated proteins, 10% of the 

cell lysate was reserved for total input quantification. The remaining sample was combined 

with NeutrAvidin agarose beads (30 μl; Thermo Fisher) and incubated overnight at 4°C. The 

beads were washed 2X each with PB containing 0.1% Triton X-100, 0.1% Triton X-100 plus 

600 mM NaCl, and PB alone. To elute captured proteins, 1X SDS-PAGE buffer was added 

to the beads and the samples were boiled for 5 min before loading onto 10% SDS-PAGE 

gels. Immunoblotting was performed with GluN1 antibody (BD Biosciences) and β-tubulin 

loading control (Millipore). Blots were quantified by comparing the ratio of biotinylated 

GluN1 with the total GluN1 for a given sample. Values were normalized to control samples 

treated in an identical manner but not exposed to Ab. Variations in sample loading 

concentrations were accessed using β-tubulin (Millipore) as a loading control.

Subcellular fractionation assay—Experiments were performed as previously described 

(Coultrap et al., 2014; Deng et al., 2017), however, dissociated rat hippocampal neurons 

(plated in 10 cm dishes, 2,500,000–3,000,000 neurons/dish) were used instead of whole 

hippocampi. Neurons were maintained as described and were treated in the same conditions 

as used for imaging then washed 3X in fresh ACSF before fractionation. Briefly, 

hippocampal neurons were scraped and homogenized using a pestle homogenizer in 1 mL 

sucrose buffer (SB) containing (in mM): 10 tris (pH 7.4), 320 sucrose, 2.5 NaF, 1 EDTA, 1 

EGTA, cOmplete protease inhibitor cocktail (EDTA free, Roche), microcysin-LR, 2.5 β-

glycerophosphate, 2.5 NaPPi, brought to 5 mL deionized H20. A sample was taken for the 

homogenate fraction. The remaining homogenate was spun for 10 mins at 1000 g. 

Supernatant (S1) was decanted to a fresh tube and spun for 15 mins at 10,000 g. The pellet 

containing the synaptosomal plasma fraction was rinsed with SB then resuspended in 400 μL 

Triton buffer containing 0.5% Triton X-100 and (in mM): 10 tris (pH 7.4), 2.5 NaF, 1 EDTA, 

1 EGTA, cOmplete protease inhibitor cocktail (EDTA free, Roche), microcysin-LR, 2.5 β-

glycerophosphate, 2.5 NaPPi, brought to 5 mL deionized H20. The resuspension was spun at 

for 20 mins at 32,000 g. The pellet containing the post-synaptic density fraction was 

resuspended in 60 μL storage buffer and boiled for 5 mins. Protein content was determined 

using the Pierce BCA protein assay (Thermo-Fisher) and 2 μg protein per condition was 

subjected to SDS-PAGE and western analysis. Blots were probed for GluN1 (BD 

Biosciences) and GluN2B (PhosphoSolutions) and values were normalized to control 
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samples. Variations in sample loading concentrations were accessed and normalized using β-

tubulin (Millipore) as a loading control.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are shown as mean ± SEM. Statistical significance and sample size (n) are indicated 

in the figure legends. Data obtained from the imaging experiments were obtained using 

SlideBook 6.0 software (3i) and analyzed using Prism (GraphPad) software. All data met 

parametric conditions, as evaluated by a Shapiro-Wilk test for normal distribution and a 

Brown-Forsythe test (3 or more groups) or an F-test (2 groups) to determine equal variance. 

Comparisons between two groups were analyzed using unpaired, two-way Student’s t tests. 

Comparisons between pre- and post-treatment images at the same synapse type from the 

same neurons were analyzed using paired, two-way Student’s t tests. Comparisons between 

three or more groups were done by one-way ANOVA with Tukey’s post hoc analysis. 

Comparisons between three or more groups with two independent variables were accessed 

using a two-way ANOVA to determine whether there is an interaction and/or main effect 

between the variables.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• FingR intrabodies enabled simultaneous live imaging of three endogenous 

proteins

• Aβ inhibits CaMKII trafficking after LTP-, but not LTD-inducing, stimuli

• The Aβ-induced block of CaMKII trafficking requires CaMKII activity

• Aβ induced internalization of the extrasynaptic, but not synaptic, NMDA 

receptor
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Figure 1. Simultaneous Live Imaging of Three Endogenous Proteins Using FingR Intrabodies
(A) Schematic representation of FingR intrabodies. Unbound intrabody translocates to the 

nucleus, where it shuts down its own expression.

(B) Simultaneous imaging of three intrabodies in a live hippocampal neuron: anti-PSD95-

mCherry (red; excitatory synapse marker), anti-gephyrin-mTurquois (blue; inhibitory 

synapse marker), and anti-CaMKIIα-YFP2 (green). Scale bars indicate 5 μm.

(C) Individual versus triple expression of our intrabodies did not change their co-localization 

with the corresponding antibody stain (as shown by the ratio of their Pearson correlation of 

localization) (n = 9, 11, 9 neurons).

(D) Percentage of antibody (ab) and intrabody (ib) punctae that are positive for the 

respective other staining in cultures transfected with all three intrabodies. The percentage of 

ib-positive ab punctae is lower, as ab-positive punctae include nearby non-transfected 

neurons (n = 10, 10, 9, and 10 neurons).
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Figure 2. CaMKII Trafficking to Excitatory versus Inhibitory Synapses after Opposing Stimuli
(A) cLTP stimuli induced CaMKII trafficking to excitatory over inhibitory synapses in 

hippocampal neurons, as determined by our live imaging method of endogenous protein 

introduced in Figure 1 (n = 28 neurons; ***p < 0.001). Scale bars indicate 5 μm in all 

panels.

(B) By contrast, cLTD stimuli instead induce CaMKII trafficking to inhibitory but not 

excitatory synapses (n = 30 neurons; ***p < 0.001). The statistical analysis (by two-way 

ANOVA comparing data in A and B, followed by Bonferroni post hoc tests) additionally 

indicated that the translocation for each synapse type is significantly different in LTP 

compared to LTD (p < 0.001).
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(C) Schematic of the homo-synaptic CaMKII trafficking to excitatory synapses after LTP 

versus hetero-synaptic trafficking to inhibitory synapses after LTD.
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Figure 3. Ab Blocks LTP-Induced CaMKII Accumulation at Excitatory Synapses
(A) Representative images of CaMKIIα in hippocampal neuron before and after treatment 

with Aβ peptide (500 nM; labeled with Alexa Fluor 647) and cLTP stimulation. Scale bar 

indicates 5 μm.

(B) Aβ application (500 nM for 45 min, unless indicated otherwise) does not affect the basal 

localization of endogenous CaMKIIα in hippocampal neurons, as detected with an intrabody 

(n = 13 neurons; unpaired Student’s t test).

(C) Preincubation with Aβ blocks subsequent cLTP-induced CaMKII movement to 

excitatory synapses. A control peptide with scrambled Ab sequence did not affect the cLTP-

induced CaMKII movement (n = 19, 11, 11 neurons; one-way ANOVA, Tukey’s post hoc 

test, ***p < 0.001).

(D) Aβ does not affect the cLTD-induced CaMKII movement to inhibitory synapses (n = 15, 

12 neurons; unpaired Student’s t test).

(E and F) cLTP-induced CaMKII movement to excitatory synapses is inhibited by 500 nM 

and 50 nM Aβ, but not 5 nM Aβ (E; n = 14, 16, 16, 17 neurons; one-way ANOVA, Tukey’s 
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post hoc test, ***p < 0.001) and by 45-min and 20-min, but not 5-min, preincubation with 

Aβ (F; n = 9, 17, 21, 11 neurons; one-way ANOVA, Tukey’s post hoc test, ***p < 0.001).

(G) Ionomycin (5 μM) induces CaMKIIα movement to excitatory synapses, which is also 

blocked by Aβ (n = 10, 13 neurons; unpaired Student’s t test, *p < 0.05).
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Figure 4. Mechanisms of the Effects of Aβ on CaMKII Movement
(A) The fraction of excitatory synapses (identified by PSD95 intrabody staining; red) with 

juxtaposed Aβ (labeled with Alexa Fluor 647; purple) detected within 1 μm is 

concentration-dependent. Scale bar indicates 1 μm (n = 12, 10, 10 neurons; one-way 

ANOVA, Tukey’s post hoc test, ***p < 0.001).

(B) The Aβ -mediated blockade of cLTP-induced CaMKII movement has both homo- and 

hetero-synaptic components. At all Aβ concentrations, CaMKII movement was less for 

synapses that are in in proximity to Aβ (n = 13, 14, 9 neurons; paired t tests, # p < 0.05, ### 

p < 0.001). However, at higher Aβ concentrations, CaMKII movement is significantly 

reduced compared to control without Aβ (dotted line) for synapses with and without 

proximal Aβ (one-way ANOVA, Tukey’s post hoc test, *p < 0.05, **p < 0.01, ***p < 

0.001).
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(C) Schematic illustration of the homo- and hetero-synaptic inhibition of CaMKII movement 

by Aβ.

(D) CaMKII inhibition (with either 10 μM KN93 or 5 μM tatCN21) during Aβ application 

alleviates the blockade of cLTP-induced CaMKII movement. Note that inhibitors were 

washed out (using artificial cerebral spinal fluid [ACSF]) prior to cLTP stimulation (n = 11, 

7, 8, 9 neurons; one-way ANOVA, Tukey’s post hoc test, ***p < 0.001).

(E) Aβ application does not alter GluN2B phosphorylation at S1303 either directly (left; n = 

9) or indirectly in combination with subsequent additional LTP stimulation (right; n = 4), as 

shown by western analysis with specific antibodies (unpaired Student’s t test).

(F) Surface biotinylation followed by western analysis shows that 500 nM Aβ induces 

removal of surface NMDA receptor (GluN1) with the same time course as seen for block of 

CaMKII translocation. At the initial 5-min time point, the surface NMDA receptor was even 

increased (n = 9; one-way ANOVA, Tukey’s post hoc test, ***p < 0.001).

(G) Surface NMDA-receptor internalization after 45 min of 500 nM Aβ is unaffected by the 

CaMKII inhibition (with either KN93 or tatCN21) that restored CaMKII translocation, 

showing that receptor internalization is not responsible for the block of CaMKII 

translocation (n = 9; one-way ANOVA, Tukey’s post hoc test, ***p < 0.001).

(H) Fractionation experiments show that 45 min of 500 nM Aβ does not affect the synaptic 

NMDA-receptor pool that is found in the PSD fraction (n = 3 experiments; unpaired 

Student’s t test).
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