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SUMMARY

Neuronal hyperactivity is an early primary dysfunction in Alzheimer’s disease (AD) in humans 

and animal models, but effective neuronal hyperactivity-directed anti-AD therapeutic agents are 

lacking. Here we define a previously unknown mode of ryanodine receptor 2 (RyR2) control of 

neuronal hyperactivity and AD progression. We show that a single RyR2 point mutation, E4872Q, 

which reduces RyR2 open time, prevents hyperexcitability, hyperactivity, memory impairment, 

neuronal cell death, and dendritic spine loss in a severe early-onset AD mouse model (5xFAD). 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence: swchen@ucalgary.ca.
AUTHOR CONTRIBUTIONS
J.Y., B.S., A.I., X.Z., H.t.K., T.G.B., M.F., R.J.T., R.W.T., G.R.G., and S.R.W.C. designed the research. J.Y., B.S., A.I., X.Z., W.G., 
Z.S., Y.L., F.H., A.K.J.B., M.K., and R.W. performed the research. J.Y., B.S., X.Z., W.G., Z.S., M.N., R.W., and S.R.W.C. analyzed the 
data, J.Y., B.S., H.t.K., T.G.B., M.F., R.J.T., R.W.T., G.R.G., and S.R.W.C. wrote the paper.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.celrep.2020.108169.

DECLARATION OF INTERESTS
We are planning to submit a Provisional Application for Patent, entitled “METHODS OF TREATING ALZHEIMER’S DISEASE OR 
DELAYING PROGRESSION THEREOF BY LIMITING RYANODINE RECEPTOR OPEN TIME.”

HHS Public Access
Author manuscript
Cell Rep. Author manuscript; available in PMC 2020 October 03.

Published in final edited form as:
Cell Rep. 2020 September 22; 32(12): 108169. doi:10.1016/j.celrep.2020.108169.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://creativecommons.org/licenses/by-nc-nd/4.0/


The RyR2-E4872Q mutation upregulates hippocampal CA1-pyramidal cell A-type K+ current, a 

well-known neuronal excitability control that is downregulated in AD. Pharmacologically limiting 

RyR2 open time with the R-carvedilol enantiomer (but not racemic carvedilol) prevents and 

rescues neuronal hyperactivity, memory impairment, and neuron loss even in late stages of AD. 

These AD-related deficits are prevented even with continued β-amyloid accumulation. Thus, 

limiting RyR2 open time may be a hyperactivity-directed, non-β-amyloid-targeted anti-AD 

strategy.

Graphical Abstract

In Brief

Yao et al. show that genetically or pharmacologically limiting the open duration of ryanodine 

receptor 2 upregulates the A-type potassium current and prevents neuronal hyperexcitability and 

hyperactivity, memory impairment, neuronal cell death, and dendritic spine loss in a severe early-

onset Alzheimer’s disease mouse model, even with continued accumulation of β-amyloid.

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia and afflicts a rapidly 

growing population globally. Despite a substantial worldwide effort, there is currently no 

effective treatment for AD. Over the past several decades, AD research has largely targeted 

the amyloid cascade, which is thought to drive AD progression because of deposition of β-
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amyloid (Aβ) plaques in the brain (Berridge, 2010; Hardy and Selkoe, 2002; Karran et al., 

2011). Hence, the dominating therapeutic anti-AD strategy has been reducing Aβ 
depositions (Demattos et al., 2012; Kennedy et al., 2016; Sevigny et al., 2016). 

Unfortunately, all major Aβ-targeted clinical trials to date have been unsuccessful 

(Chakroborty and Stutzmann, 2014; Honig et al., 2018; Karran et al., 2011), highlighting the 

urgent need to develop new non-Aβ-targeted AD therapy strategies.

Compelling evidence points to neuronal hyperactivity as an early primary neuronal 

dysfunction in human AD patients as well as animal models of AD (Busche et al., 2008, 

2012; Busche and Konnerth, 2015; Dickerson et al., 2005; Keskin et al., 2017; Lerdkrai et 

al., 2018; Nuriel et al., 2017; O’Brien et al., 2010; Stargardt et al., 2015; Zott et al., 2019). 

Neuronal hyperactivity can be induced in vivo by acute treatment with exogenous soluble 

Aβ (Busche et al., 2012; Keskin et al., 2017; Zott et al., 2019). Importantly, neuronal 

hyperactivity itself can trigger release of endogenous soluble Aβ (Cirrito et al., 2005; 

Kamenetz et al., 2003; Yamamoto et al., 2015). Thus, soluble Aβ not only makes active 

neurons more active (hyperactive) but also triggers soluble Aβ release, which, in turn, 

further promotes hyperactivity. This vicious cycle is believed to drive Aβ accumulation, 

neuronal hyperactivity, circuit dysfunction, and AD progression (Busche and Konnerth, 

2015, 2016; Stargardt et al., 2015; Zott et al., 2019). Targeting Aβ has proven to be 

insufficient to stop this vicious cycle in humans. An alternative, logical approach is to target 

neuronal hyperactivity (another component of the vicious cycle).

Ryanodine receptor 2 (RyR2) is an intracellular Ca2+ release channel. RyR2 is 

predominantly expressed in the heart and brain, especially in the hippocampus and cortex 

(Bers, 2002; Furuichi et al., 1994; Giannini et al., 1995; Murayama and Ogawa, 1996). 

RyR2-mediated Ca2+ release plays an important role in regulating membrane excitability of 

various cells (Alkon et al., 1998; Bogdanov et al., 2001; Mandikian et al., 2014; Nelson et 

al., 1995). Enhanced RyR2 function can cause cardiac arrhythmias and sudden death and has 

also been implicated in AD pathogenesis (Bruno et al., 2012; Chakroborty et al., 2009; 

Kelliher et al., 1999; Lacampagne et al., 2017; Oulès et al., 2012; Priori and Chen, 2011; 

SanMartín et al., 2017; Smith et al., 2005). Thus, targeting RyR2 may be a means to control 

membrane excitability and AD-related neuronal hyperactivity. However, given the multiple 

essential physiological roles of RyR2, dramatically blocking RyR2 function or expression 

would be detrimental (Bround et al., 2012; Liu et al., 2014; Takeshima et al., 1998). The 

challenge is how to suppress overactive RyR2 without detrimental effects.

We have shown that the E4872 residue is important for RyR2 channel gating. Mutating this 

residue (E4872Q) substantially shortens RyR2 open time without altering the channel’s ion 

conduction (Chen et al., 2014). Importantly, limiting RyR2 open time completely protects 

against ventricular tachyarrhythmias without detrimental effects on the heart (Chen et al., 

2014). This raises the intriguing possibility that the same RyR2 suppression may also protect 

against AD, which is associated with enhanced RyR2 function. To test this possibility, we 

crossed heterozygous RyR2-E4872Q+/− mutant mice with the robust early-and rapid-onset 

AD mouse model 5xFAD (Oakley et al., 2006). We showed that genetically limiting RyR2 

open time prevented intrinsic membrane hyperexcitability, neuronal hyperactivity, long-term 

potentiation (LTP) deficits, learning and memory impairments, neuronal cell death, and 
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dendritic spine loss in 5xFAD mice. Further, we found that limiting RyR2 open time 

upregulates the A-type K+ current but not the commonly known RyR-regulated 

afterhyperpolarization current (IAHP) of hippocampal CA1 neurons. Moreover, we 

discovered that the RyR2 open time-limiting R-carvedilol enantiomer (Zhang et al., 2015; 

Zhou et al., 2011), but not a racemic carvedilol mixture, prevented and rescued neuronal 

hyperactivity, learning and memory impairments, and neuron loss in 5xFAD mice. 

Importantly, these AD-associated deficits were prevented even in late stages of AD with 

extensive Aβ accumulation. Therefore, limiting RyR2 open time may be a hyperactivity-

directed strategy for combating AD irrespective of Aβ accumulation.

RESULTS

Limiting RyR2 Open Time Prevents AD-Associated Intrinsic Hyperexcitability of 
Hippocampal CA1 Pyramidal Neurons

Intrinsic hyperexcitability of hippocampal CA1 pyramidal neurons has been implicated in 

AD pathogenesis in animal models (Brown et al., 2011; Kerrigan et al., 2014; Scala et al., 

2015; Šišková et al., 2014). Thus, it is of interest to determine whether limiting RyR2 open 

time affects AD-associated intrinsic hyperexcitability of CA1 cells. To this end, we 

crossbred heterozygous 5xFAD+/− mice (Oakley et al., 2006) with heterozygous RyR2 

E4872Q+/− mutant mice (Chen et al., 2014). This breeding generated four genotypes: 

5xFAD+/−, 5xFAD+/−/E4872Q+/− (5xFAD+/−/EQ+/−), E4872Q+/− (EQ+/−), and wild type 

(WT). Of note, RyR2 is predominantly expressed in the hippocampus and cortex as well as 

the soma and dendrites of CA1 pyramidal neurons, as revealed by fluorescence imaging of 

GFP-tagged RyR2 brain sections (Hiess et al., 2015; Figures 1A–1D).

We performed whole-cell patch-clamp recordings of 3- to 4-month-old CA1 pyramidal 

neurons in brain slices to assess intrinsic excitability. In 5xFAD+/− CA1 neurons, the 

threshold current for inducing action potential (AP) firing was markedly reduced and the 

frequency of current-induced AP firing was increased compared with WT cells (Figures 1E–

1G). Notably, the E4872Q+/− mutation substantially increased the threshold current for AP 

firing and prevented the increased frequency of AP firing in 5xFAD+/−/EQ+/− and EQ+/− 

CA1 pyramidal neurons (Figures 1E–1G). Thus, limiting RyR2 open time markedly 

constrains the intrinsic excitability of 5xFAD+/−/EQ+/− and EQ+/− CA1 pyramidal neurons.

Limiting RyR2 Open Time Upregulates the A-type K+ Current of CA1 Pyramidal Neurons

We next measured the IAHP because IAHP influences intrinsic excitability (Bodhinathan et 

al., 2010; van de Vrede et al., 2007). In 5xFAD+/− CA1 pyramidal neurons, the medium and 

slow components of IAHP were substantially reduced compared with the WT (Figures S1A–

S1C; Figures 1E–1G). There was no significant difference in IAHP between 5xFAD+/− and 

5xFAD+/−/EQ+/− and between WT and EQ+/− neurons (Figures S1A–S1C). Thus, the 

E4872Q+/− mutation did not significantly affect IAHP of 5xFAD+/− or WT CA1 pyramidal 

neurons even though it strongly inhibited intrinsic excitability. Thus, the action of E4872Q
+/− in intrinsic excitability is unlikely to be mediated by IAHP.
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Hippocampal A-type K+ current downregulation has been implicated in AD-related neuronal 

hyperactivity (Chen, 2005; Good et al., 1996; Hall et al., 2015; Scala et al., 2015). This led 

us to assess whether the E4872Q+/− mutation affects the A-type K+ current. We found that 

the A-type K+ current was decreased, the decay time (Tau) was shortened, and the midpoint 

for voltage-dependent activation (VA) was increased, but the midpoint for voltage-dependent 

inactivation (VH) was unchanged in 3- to 4-month-old 5xFAD+/− CA1 pyramidal neurons 

compared with the WT (Figures 1H–1M; Figures S1E and S1F), consistent with previous 

reports (Chen, 2005; Good et al., 1996; Hall et al., 2015; Scala et al., 2015). The E4872Q+/− 

mutation markedly upregulated the A-type K+ current of 5xFAD+/−/EQ+/− and EQ+/− 

hippocampal CA1 neurons compared with the WT. Specifically, the E4872Q+/− mutation 

increased the A-type K+ current and decay time without altering the VA or VH (Figures 1H–

1M; Figures S1E and S1F). The A-type K+ current agonist NS5806 (10 μM), dramatically 

increased the threshold current for inducing AP firing and decreased the frequency of AP 

firing in 5xFAD+/− CA1 pyramidal neurons (Figures 1N and 1O; Figure S1D). Thus, 

limiting RyR2 open time upregulates the A-type K+ current of CA1 pyramidal neurons.

Hippocampal CA1 neurons express the Kv4.2/KChIP4 channel complex, which is thought to 

contribute significantly to the A-type K+ current (Lin et al., 2010; Rhodes et al., 2004; 

Serôdio and Rudy, 1998; Xiong et al., 2004). KChIP4 is a Ca2+ binding protein known to 

modulate the activity of Kv4.2 (Morohashi et al., 2002). Thus, RyR2-mediated Ca2+ release 

may regulate the A-type K+ current by modulating Kv4.2 via KChIP4. To test this, we 

assessed the action of RyR2-E4872Q+/− on the A-type K+ current in Kv4.2/KChIP4-

transfected HEK293 cells. The E4872Q+/− mutation increased Kv4.2-mediated current and 

decay time without altering its voltage-dependent activation or inactivation (Figures 1P and 

1Q; Figures S1G and S1H). This action of E4872Q+/− on Kv4.2-mediated current depends 

on KChIP4 because E4872Q+/− had no effect on Kv4.2-mediated current in HEK293 cells 

transfected with Kv4.2 alone (i.e., without KChIP4) (Figures S1I–S1L). The trafficking and 

surface expression of Kv4.2 are regulated by neuronal activity and Ca2+ influx (Kim et al., 

2007a). RyR2-mediated Ca2+ release may also modulate Kv4.2 trafficking. Indeed, surface 

labeling experiments revealed that the E4872Q+/− mutation increased the surface expression 

of Kv4.2 in HEK293 cells (Figure 1R; Figure S1M). Caffeine (an agonist of RyR2) 

decreased Kv4.2-mediated current and decay time without altering its voltage-dependent 

activation or inactivation (Figures S1N–S1U). Thus, pharmacological manipulation of RyR2 

also affects the A-type K+ current.

Intracellular Ca2+ release through RyRs has been shown to modulate presynaptic activity 

(Chakroborty et al., 2019, 2012b; Le Magueresse and Cherubini, 2007). Thus, we 

determined whether limiting RyR2 open time affects the spontaneous excitatory 

postsynaptic current (sEPSC) of CA1 pyramidal neurons. There were no significant 

differences in the amplitude or the inter-event intervals among WT, 5xFAD+/−, 5xFAD
+/−/EQ+/−, and EQ+/− CA1 neurons (Figures S2A–S2C). This suggests that the action of 

limiting RyR2 open time in membrane excitability is unlikely to be mediated by changes to 

synaptic efficacy. Thus, genetically limiting RyR2 open time upregulates the A-type K+ 

current and constrains the intrinsic excitability of CA1 pyramidal neurons.
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Limiting RyR2 Open Time Prevents AD-Associated Neuronal Hyperactivity of CA1 
Pyramidal Neurons Ex Vivo and In Vivo

To determine whether limiting RyR2 open time can also prevent AD-associated neuronal 

hyperactivity of CA1 pyramidal neurons, we measured spontaneous neuronal activity 

(spontaneous AP firing) of CA1 pyramidal neurons in brain slices. Similar to previous 

reports (Leão et al., 2012; Šišková et al., 2014), the fraction of neurons displaying 

spontaneous AP firing and the frequency of spontaneous AP firing were markedly increased 

in 5xFAD+/− CA1 pyramidal neurons compared with the WT (Figures S2D–S2F). Notably, 

the E4872Q+/− mutation prevented the enhancement of spontaneous AP firing of 5xFAD
+/−/EQ+/− CA1 pyramidal neurons ex vivo in brain slices (Figures S2D–S2F).

To assess whether limiting RyR2 open time can suppress AD-associated neuronal 

hyperactivity in vivo, we crossed double-heterozygous 5xFAD+/−/E4872Q+/− mice with 

heterozygous Thy-1 GCaMP6f+/− transgenic mice to introduce the GCaMP6f+/− transgene 

into each of the four genotypes. GCaMP6f is a fast, ultrasensitive Ca2+-sensing protein 

capable of detecting individual APs in neurons with high reliability (Chen et al., 2013; Dana 

et al., 2014; Peron et al., 2015). We performed in vivo two-photon imaging of GCaMP6f-

expressing CA1 pyramidal neurons to monitor spontaneous Ca2+ transients, which are 

widely used to assess spontaneous neuronal activity of cell populations (Busche et al., 2008, 

2012; Chen et al., 2013; Dana et al., 2014; Kerr et al., 2005; Peron et al., 2015; Sato et al., 

2007; Zott et al., 2019). We found that anesthetized 5xFAD+/− mice 5–6 months old 

exhibited neuronal hyperactivity, as evidenced by a significant increase in the fraction of 

hyperactive neurons (as defined by Busche et al., 2012) and in the mean frequency of 

spontaneous Ca2+ transients and a significant decrease in the fraction of normal neurons 

compared with the WT (Figures 2A, 2B, 2E, 2F, 2I, 2J, 2N, 2P, and 2Q). There is no 

significant difference in the fraction of silent neurons between WT and 5xFAD+/− mice 

(Figure 2O). The frequency distributions of hyperactive neurons in WT and 5xFAD+/− mice 

are similar (Figures 2I and 2J). This is consistent with previous reports (Busche et al., 2012, 

2019; Lerdkrai et al., 2018). Cumulative probability analysis also revealed that 5xFAD+/− 

mice have markedly increased overall spontaneous neuronal activity compared with the WT 

(p < 0.0001) (Figure 2M). Notably, the RyR2 E4872Q+/− mutation markedly decreased the 

fraction of hyperactive neurons and the mean frequency of spontaneous Ca2+ transients, 

increased the fraction of normal neurons, and reduced the overall spontaneous neuronal 

activity (as revealed by the cumulative probability analysis) in 5xFAD+/−/EQ+/− and EQ+/− 

mice compared with 5xFAD+/− and WT mice, respectively (Figure 2). On the other hand, 

consistent with a previous study (Lerdkrai et al., 2018), there is no significant difference in 

the amplitude of spontaneous Ca2+ transients among different genotypes (Figure S2G). 

Neuronal hyperactivity already occurred in 3- to 4-month-old 5xFAD+/− mice, as evidenced 

by a significant increase in the fraction of hyperactive neurons, the mean frequency of 

spontaneous Ca2+ transients, and the overall neuronal activity compared with the WT at the 

same age (Figure S3). Similarly, the RyR2 E4872Q+/− mutation decreased the fraction of 

hyperactive neurons and the mean frequency of spontaneous Ca2+ transients and reduced the 

overall spontaneous neuronal activity in 3- to 4-month-old 5xFAD+/−/EQ+/− mice compared 

with 5xFAD+/− mice (Figure S3). Overall, this shows that limiting RyR2 open time in 
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5xFAD+/− mice prevents AD-associated neuronal hyperactivity of CA1 pyramidal neurons 

ex vivo and in vivo.

Limiting RyR2 Open Time Prevents AD-Associated Enhanced RyR2 Function of CA1 
Pyramidal Neurons

We carried out 2-photon Ca2+ imaging of CA1 pyramidal neurons in brain slices prepared 

from GCaMP6f-expressing WT, 5xFAD+/−, 5xFAD+/−/EQ+/−, and EQ+/− mice. Consistent 

with other AD mouse models (Bruno et al., 2012; Chakroborty et al., 2009, 2012a), caffeine-

induced Ca2+ release in 5xFAD+/− CA1 pyramidal neurons was markedly enhanced 

compared with WT cells (Figure S2H). On the other hand, caffeine-induced Ca2+ release in 

5xFAD+/−/EQ+/− or EQ+/− CA1 pyramidal neurons was unchanged or reduced (respectively) 

compared with WT cells (Figure S2H). These data indicate that RyR2 function is markedly 

enhanced in 5xFAD+/− CA1 pyramidal neurons and that this aberrant RyR2 activation is 

prevented by the RyR2-E4872Q+/− mutation.

We also assessed the effect of presenilin 1 (PS1) WT and the PS1 mutations M146L and 

L286V on RyR2 function by measuring the propensity for spontaneous Ca2+ release in 

RyR2-expressing HEK293 cells transfected with or without PS1 WT or mutants (Chen et al., 

2014; Jiang et al., 2004, 2005). Consistent with early studies (Chan et al., 2000; 

Rybalchenko et al., 2008; Wu et al., 2013), we found that PS1 WT and mutations markedly 

enhanced RyR2-mediated spontaneous Ca2+ release (Figure S2J). The E4872Q+/− mutation 

diminished this spontaneous Ca2+ release in all RyR2-expressing cells (Figure S2K). Thus, 

limiting RyR2 open time prevents AD-induced aberrant activation of RyR2-mediated Ca2+ 

release.

Limiting RyR2 Open Time Prevents AD-Associated Memory Loss and Hippocampal LTP 
Deficit

We performed Morris water maze (MWM) and novel object recognition (NOR) tests to 

assess whether the RyR2 E4872Q+/− mutation prevents the characteristic memory loss in 

5xFAD+/− mice. 5xFAD mice (5–6 months old) have significant impairment in learning and 

memory (Figures 3A–3C), as evidenced by a significantly increased latency to target, 

decreased time spent in the target zone in the MWM, and reduced discrimination index in 

the NOR test compared with the WT. Remarkably, the E4872Q+/− mutation prevented these 

deficits in 5xFAD+/−/EQ+/− mice. There were no significant differences in MWM or NOR 

tests between 5- to 6-month-old 5xFAD+/−/EQ+/− and WT mice or between EQ+/− and WT 

mice (Figures 3A–3C). Similar MWM and NOR test outcomes were also observed in 3- to 

4-month-old mice (Figures S4A–S4C). To determine whether the E4872Q+/− mutation could 

prevent learning and memory deficits in aged 5xFAD+/− mice, we performed Barnes maze 

(BM) and MWM tests on 10- to 15-month-old mice. As expected, the older 5xFAD+/− mice 

had severe learning and memory impairments (Figures 3D and 3E; Figures S4D–S4F). 

Importantly, the E4872Q+/− mutation prevented these learning and memory impairments in 

5xFAD+/−/EQ+/− mice even in this late stage of AD.

The effect of the E4872Q+/− mutation on learning and memory was also assessed at the 

cellular level by measuring hippocampal LTP in brain slices. Consistent with our behavioral 
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studies, 5xFAD+/− mice at 3–4, 5–6, and 10–15 months of age showed little or no 

hippocampal LTP (Figures 3F–3I; Figure S4G and S4H). The E4872Q+/− mutation 

prevented these hippocampal LTP impairments, as evidenced by the similar levels of 

hippocampal LTP in WT, 5xFAD+/−/EQ+/−, and EQ+/− mice (Figures 3F–3I; Figures S4G 

and S4H). 5xFAD+/− mice also displayed slightly reduced hippocampal basal synaptic 

transmission, as revealed by the reduced field excitatory postsynaptic potential (fEPSP) 

slope in relation to the current input (Figures S5A–S5F), similar to a previous report (Waring 

et al., 2012). Thus, limiting RyR2 open time prevents hippocampal LTP impairment and 

memory loss in 5xFAD+/− mice.

R-carvedilol Prevents and Rescues Neuronal Hyperactivity and Memory Loss in 5xFAD+/− 

Mice

We showed previously that R-carvedilol shortens RyR2 open time (Zhang et al., 2015; Zhou 

et al., 2011). Given the effect of the E4872Q+/− mutation on hippocampal neuronal activity, 

this agent may provide a pharmacological means to limit RyR2 open time, neuronal 

hyperactivity, and AD progression. To test this, we pretreated 2- to 3-month-old 5xFAD+/− 

mice (i.e., before the occurrence of AD pathology) or 3- to 4-month-old 5xFAD+/− mice 

(i.e., after the occurrence of AD pathology) (Oakley et al., 2006) with R-carvedilol (3.2 

mg/kg/day) or its vehicle control (DMSO) for 1 month. R-carvedilol pretreatment prevented 

and rescued neuronal hyperactivity of 5xFAD+/− hippocampal CA1 neurons in vivo, as 

evidenced by the observation that the fraction of hyperactive neurons, the mean frequency of 

spontaneous Ca2+ transients, and overall spontaneous neuronal activity were significantly 

lower in R-carvedilol-pretreated 5xFAD+/− mice than in vehicle-pretreated mice at both ages 

(Figure 4) but similar to those in the WT (Figure S3). Caffeine-induced Ca2+ release was 

also markedly reduced in R-carvedilol-pre-treated 5xFAD+/− CA1 pyramidal neurons 

compared with DMSO-treated (control) cells in brain slices (Figure S2I). Thus, R-

carvedilol, like the RyR2-E4872Q+/− mutation, can prevent AD-induced aberrant activation 

of RyR2-mediated Ca2+ release.

R-carvedilol pretreatment of 2- to 3-month-old 5xFAD+/− mice (before AD symptoms) also 

prevented memory loss and LTP impairments (Figures 5A–5E), and R-carvedilol 

pretreatment of 3- to 4-month-old 5xFAD+/− mice (after AD symptoms) rescued these 

defects (Figures 5F–5J). To further assess whether R-carvedilol pretreatment is still effective 

in late stages of AD, we tested the drug on 6- to 7- and 10- to 12-month-old 5xFAD+/− mice. 

R-carvedilol pretreatment rescued memory deficits even in 6- to 7- and 10- to 12-month-old 

5xFAD+/− mice (i.e., late stages of AD) (Figures S6A–S6H). The reduced basal synaptic 

transmission in 5xFAD+/− hippocampal brain slices was also restored by R-carvedilol 

pretreatment (Figures S5G–S5L). We also tested the clinically used carvedilol racemic 

mixture (3.2 mg/kg/day). This carvedilol mixture did not prevent learning and memory 

deficits or LTP impairment in 3- to 4-month-old 5xFAD+/− mice (Figures S5M, S5N, and 

S6I–S6M). Thus, R-carvedilol, but not the carvedilol racemic mixture, may be a promising 

hyperactivity-directed anti-AD agent.
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Limiting RyR2 Open Time Does Not Affect Aβ Accumulation but Protects against Neuronal 
Cell Death and Dendritic Spine Loss

We performed immunohistochemical staining and immunoblotting analyses to assess the 

effect of the RyR2-E4872Q+/− mutation on Aβ accumulation. There was no significant 

difference in the number or the area of Aβ plaques detected in the hippocampus of 10- to 15-

month-old 5xFAD+/− and 5xFAD+/−/EQ+/− mice (Figures 6A–6C). Immunoblot analyses 

also showed no significant difference in total Aβ or Aβ (1–42) levels in 10- to 15-month-old 

5xFAD+/− and 5xFAD+/−/EQ+/− mouse brain tissue homogenates (Figures 6D–6F). No Aβ 
plaques were detected in WT or EQ+/− brain slices, and no specific Aβ signals were detected 

in WT or EQ+/− brain tissue homogenates. Similar results were also observed in 5- to 6-

month-old mice (Figures S7A–S7F). Thus, limiting RyR2 open time does not significantly 

alter Aβ accumulation.

We also assessed whether the RyR2 E4872Q+/− mutation can influence neuronal cell death. 

Consistent with previous reports (Jawhar et al., 2012; Oakley et al., 2006), the number of 

pyramidal neurons in the subiculum (but not CA1) region was reduced significantly in 10- to 

15-month-old 5xFAD+/− mouse brain slices (Figures 6G–6J). The E4872Q+/− mutation 

prevented this subiculum neuronal cell loss, as evidenced by the similar number of 

subiculum pyramidal neurons in 5xFAD+/−/EQ+/− and WT brains (Figure 6H). Like the 

E4872Q+/− mutation, R-carvedilol pretreatment also protected against subiculum neuronal 

cell loss without affecting Aβ accumulation (Figure 7; Figure S7G–S7L).

We performed Golgi staining to determine whether the RyR2 E4872Q+/− mutation affects 

the spine density and morphology of 5xFAD+/− CA1 pyramidal neurons. Consistent with 

previous studies (de Pins et al., 2019; Kim et al., 2020; Yang et al., 2018), the density of 

overall protrusions and specifically the density of mushroom and branched spines were 

reduced significantly in 5xFAD+/− CA1 pyramidal neurons compared with WT cells (Figure 

S7M). The E4872Q+/− mutation (limiting RyR2 open time) prevented the loss of overall 

protrusions and branched spines, but not the loss of mushroom spines, of 5xFAD+/−/EQ+/− 

CA1 pyramidal cells (Figure S7M). The E4872Q+/− mutation also decreased the density of 

filopodial spines and increased the density of branched spines of the EQ+/− CA1 cells 

compared with WT cells. This indicates that limiting RyR2 open time prevents dendritic 

spine loss in 5xFAD+/− mice despite extensive Aβ accumulation.

DISCUSSION

An increasing body of evidence indicates that AD progression is driven by a vicious cycle of 

soluble Aβ-induced neuronal hyperactivity (Busche et al., 2012; Busche and Konnerth, 

2015; Stargardt et al., 2015; Zott et al., 2019). Intuitively, reducing the Aβ level would be 

expected to dampen Aβ-dependent neuronal hyperactivity and AD progression. However, 

achieving a sufficient Aβ reduction to prevent induction of neuronal hyperactivity and, 

consequently, AD progression may be an obstacle, which explains, in part, the failure of 

some recent Aβ-targeted clinical trials (Chakroborty and Stutzmann, 2014; Honig et al., 

2018; Karran et al., 2011). Suppressing neuronal hyperactivity may be an alternative means 

to break the Aβ-hyperactivity cycle, even in the face of Aβ deposition. Here we tested this 

concept and demonstrate that limiting RyR2 open time (genetically or pharmacologically) 
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prevents neuronal hyperactivity of CA1 pyramidal neurons ex vivo and in vivo in a severe 

early- and rapid-onset AD mouse model (5xFAD). We also show that limiting RyR2 open 

time prevents LTP deficit, learning and memory impairment, neuronal cell death, and 

dendritic spine loss in 5xFAD mice. Importantly, all of these AD-related deficits were 

prevented even with continued accumulation of Aβ. These findings identify RyR2 open time 

as a promising target for suppressing neuronal hyperactivity and AD progression irrespective 

of Aβ deposition.

The exact mechanism(s) underlying RyR2-mediated constraint of neuronal hyperactivity of 

hippocampal CA1 neurons has yet to be defined, but it is likely to be complex and 

multifactorial. Here we focused on the effect of limiting RyR2 open time on the intrinsic 

excitability of CA1 pyramidal neurons, a key determinant of neuronal activity, learning, and 

memory (Brager and Johnston, 2007; Kerrigan et al., 2014; Tamagnini et al., 2015; Xu et al., 

2005). Intracellular RyR-mediated Ca2+ release is known to regulate neuronal intrinsic 

excitability by modulating the Ca2+-activated K+ channel-mediated IAHP (Bodhinathan et 

al., 2010; van de Vrede et al., 2007). RyR-mediated Ca2+ release also affects neuronal 

activity by modulating presynaptic activity (Chakroborty et al., 2012b, 2019; Le Magueresse 

and Cherubini, 2007). Thus, one possibility is that limiting RyR2 open time may contribute 

to suppression of neuronal hyperactivity by decreasing membrane excitability through 

modulation of IAHP and/or presynaptic activity. To test this possibility, we employed a 

genetic approach to assess whether limiting RyR2 open time alters IAHP and/or presynaptic 

activity. Surprisingly, genetically limiting RyR2 open time did not have a major effect on 

IAHP or spontaneous synaptic input in hippocampal CA1 neurons.

The A-type K+ current plays a major role in controlling neuronal excitability of hippocampal 

CA1 neurons (Hall et al., 2015; Jung and Hoffman, 2009; Kim et al., 2005; Magee et al., 

1998; Varga et al., 2004). Interestingly, the A-type K+ current is downregulated by activity- 

and Ca2+ influx-dependent reduction in the surface expression of the A-type K+ channel 

subunit Kv4.2, which is modulated by a Ca2+ binding protein called KChIP4 (Kim et al., 

2007a; Morohashi et al., 2002). This Ca2+ dependence of Kv4.2 trafficking raises the 

possibility that RyR2-mediated intracellular Ca2+ release may also regulate Kv4.2 surface 

expression and, thus, the A-type K+ current, considering the close relationship between Ca2+ 

influx and RyR2-mediated Ca2+ release (Kim et al., 2007b; Sandler and Barbara, 1999). 

Because RyR2 is abundantly expressed in hippocampal CA1 pyramidal neurons, it is 

reasonable to propose that limiting RyR2 open time and, thus, RyR2-mediated Ca2+ release 

in these neurons may affect Kv4.2 trafficking and consequently the A-type K+ current. 

Indeed, we found that limiting RyR2 open time increased the surface expression of Kv4.2, 

upregulated the A-type K+ current in a KChIP4-dependent manner, and decreased 

membrane excitability. The A-type K+ current is downregulated in AD mouse models 

(Chen, 2005; Good et al., 1996; Hall et al., 2015; Scala et al., 2015). This is consistent with 

our finding that the A-type K+ current was significantly reduced in 5xFAD+/− CA1 neurons, 

and this was completely restored by limiting RyR2 open time. Thus, our work establishes a 

previously unknown mode of RyR2 control of the A-type K+ current. Interestingly, loss-of-

function variants in the Kv4.2-associated protein, dipeptidyl-peptidase 6 (DPP6), have 

recently been associated with early-onset AD (Cacace et al., 2019). DPP6 is known to 

enhance the surface expression of Kv4.2 and regulate its gating (Sun et al., 2011). Thus, loss 

Yao et al. Page 10

Cell Rep. Author manuscript; available in PMC 2020 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of DPP6 may contribute to neuronal hyperactivity and AD progression by downregulating 

Kv4.2. Indeed, the mRNA level of hippocampal A-type K+ channels in human AD patients 

is downregulated (Noh et al., 2019).

Enhanced RyR2 function and expression have been implicated in AD pathogenesis (Bruno 

et al., 2012; Chakroborty et al., 2009; Kelliher et al., 1999; Lacampagne et al., 2017; Oulès 

et al., 2012; SanMartín et al., 2017; Smith et al., 2005). An effective and safe means to 

suppress this enhanced RyR2 function, however, remains to be identified. We have shown 

previously that limiting RyR2 open time prevents ventricular arrhythmias in animal models 

without detrimental effects on the heart (Chen et al., 2014; Zhang et al., 2015). Here we 

show that limiting RyR2 open time prevents cognitive dysfunction in 5xFAD+/− mice 

without detrimental effects on normal brain function. This indicates that limiting RyR2 open 

time (as opposed to blocking channel conduction) is a promising and effective means to 

combat neuronal disorders associated with overactive RyR2.

We reported previously that carvedilol limits RyR2 open time (Zhou et al., 2011). This 

carvedilol’s action is analogous to that of the RyR2 E4872Q+/− mutation, suggesting that 

carvedilol, like E4872Q+/−, may suppress AD progression. Unfortunately, RyR2 inhibition 

requires a high carvedilol dose (Zhou et al., 2011), which produces excessive β-blockade 

and severe adverse effects (Ko et al., 2004; Packer et al., 1996). Carvedilol is a racemic 

mixture of 50% S-carvedilol (a β-blocker) and 50% R-carvedilol (a non-β-blocker) (Bartsch 

et al., 1990; Nichols et al., 1989; Stoschitzky et al., 2001; van Zwieten, 1993). Importantly, 

the non-β-blocking R-carvedilol enantiomer also limits RyR2 open time (Zhang et al., 

2015). Thus, application of just R-carvedilol may be a means to limit neuronal hyperactivity 

without severe β-blockade. Indeed, we showed that R-carvedilol pretreatment of 5xFAD+/− 

mice before or after appearance of AD symptoms prevented and rescued neuronal 

hyperactivity and memory loss. On the other hand, pretreatment with the carvedilol racemic 

mixture did not prevent learning and memory deficits in 5xFAD+/− mice, which may explain 

the negative outcome of a recent AD clinical trial of the carvedilol racemic mixture (https://

www.clinicaltrials.gov/ct2/show/study/NCT01354444). The exact reason why the carvedilol 

racemic mixture is ineffective in suppressing AD progression is unknown. One possible 

explanation is that the potent β-blocking action of the racemic carvedilol mixture (especially 

at high doses) may adversely influence neuronal and cognitive function. Notably, R-

carvedilol pretreatment rescued learning and memory impairments even in aged 5xFAD+/− 

mice (6–7 and 10–12 months old) with extensive Aβ accumulation. This shows that limiting 

RyR2 open time can restore AD-deficits even in late stages of AD. Thus, the R-carvedilol 

enantiomer is a non-Aβ-targeted, hyperactivity-directed, anti-AD therapeutic agent that 

warrants additional preclinical studies and even clinical trial.

STAR★METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, S. R. Wayne Chen 

(swchen@ucalgary.ca).
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Materials Availability—All materials will be made available upon reasonable request.

Data and Code Availability—All data generated in this study will be available upon 

reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models—All animal studies were approved by the Institutional Animal Care and 

Use Committees at the University of Calgary and were performed in accordance with US 

National Institutes of Health guidelines. Adult genetically engineered mice, 5xFAD+/− 

(Oakley et al., 2006), RyR2-E4872Q+/− (EQ+/−) (Chen et al., 2014), 5xFAD+/−/RyR2-

E4872Q+/− (5xFAD+/−/EQ+/−), and WT littermates of both sexes were used. All animal 

models were housed in the mouse facility of Cumming School of Medicine, University of 

Calgary. Mice were maintained in a 129E background and housed on a 12hr light/dark cycle 

with ad libitum access to food and water. R-carvedilol (R-CV) (3.2 mg/kg/day), carvedilol 

(racemic mixture) (3.2 mg/kg/day), and vehicle control (DMSO) were delivered to 5xFAD
+/− mice in drinking water for one month, starting at different ages before (2–3 months old) 

or after (3–4 months old) the occurrence of AD pathologies (Oakley et al., 2006). To assess 

the effects of genetically and pharmacologically limiting RyR2 open time on the prevention 

and rescue of AD deficits in different stages (early, moderate, and late) of AD progression, 

animals at different ages (from 2–15 months) were used. As reported (Oakley et al., 2006), 

there is an age-dependence of AD progression in the 5xFAD+/− mice. However, we did not 

observe sex-dependent differences in AD progression in these mice. As shown previously, 

only heterozygous RyR2-E4872Q+/− mutant mice were produced as homozygous E4872Q
+/+ mutation is embryonic lethal (Chen et al., 2014). Functional RyR2s are tetrameric 

channels formed by 4 RyR2 monomers. The heterozygous E4872Q+/− mutant mice 

(harboring one WT allele and one E4872Q mutant allele) will produce a mixture of homo- 

and hetero-tetrameric channels that contain the WT, E4872Q mutant, or both WT/E4872Q 

mutant monomers. Thus, the RyR2-E4872Q mutation can exert its negative impact not only 

on the function of the E4872Q homo-tetramers, but also on the function of the WT monomer 

in the WT/E4872Q hetero-tetrameric channels. For 2-photon Ca2+ imaging experiments, 

5xFAD, RyR2 WT, and RyR2 mutant mice were cross-bred with the heterozygous Thy1-

GCaMP6f transgenic mice (Chen et al., 2012, 2013) (GP5.17, JAX 025393) to express the 

GCaMP6f Ca2+ sensing probe (driven by the Thy1 promotor) in hippocampal neurons in 

each of the genotypes used.

Cell lines—The Flp-In T-REx HEK293 cell line was obtained from Invitrogen. HEK293 

cell lines expressing RyR2 WT or the RyR2 E4872Q mutation were generated using the Flp-

In T-Rex HEK293 cell line. HEK293 cell lines were cultured in Dulbecco’s Modified Eagle 

Medium (GIBCO) supplemented with 10% fetal bovine serum (GIBCO), 100 units/ml 

penicillin and 100 μg/ml streptomycin (GIBCO), 4 mM L-glutamin (GIBCO) and 0.1 mM 

MEM Non-Essential Amino Acids Solution (GIBCO). All cell lines were cultivated in a 

humidified incubator with 5% CO2 at 37°C and were tested negative for mycoplasma 

contamination.
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METHOD DETAILS

Acute brain slice preparation—Acute brain slices were prepared according to the 

published procedures with some modifications (Ting et al., 2014, 2018). Briefly, mice were 

anesthetized with isoflurane (5%) and perfused through the heart with 20 mL ice-cold, 

carbogenated (95% O2, 5% CO2), N-methyl-D-glucamine (NMDG)-cutting solution, 

containing NMDG, 93 mM; KCl, 2.5 mM; NaH2PO4, 1.2 mM; NaHCO3, 30 mM; HEPES, 

20 mM; glucose, 25 mM; thiourea, 2 mM; Na-ascorbate, 5 mM; Na-pyruvate, 3 mM; 

CaCl2·2H2O, 0.5 mM, and MgSO4·7H2O, 10 mM, pH to 7.3–7.4 with HCl. Brains were 

rapidly removed and placed in the ice-cold, carbogenated cutting solution for 30 s. 

Transverse hippocampal slices (260 or 300 μm thick) were prepared using a Vibratome 

(VT1200S, Leica) and then transferred to a homemade incubation chamber at 32°C with the 

carbogenated cutting solution. We then performed Na+ spike-in schedule according to the 

mouse age. The slices were then kept in HEPES containing aCSF (NaCl, 92 mM; KCl, 2.5 

mM; NaH2PO4, 1.25 mM; NaHCO3, 30 mM; HEPES, 20 mM; glucose, 25 mM; thiourea, 2 

mM; Na-ascorbate, 5 mM; Na-pyruvate, 3 mM; CaCl2·2H2O, 2 mM, and MgSO4·7H2O, 2 

mM, pH to 7.3–7.4 with NaOH) at room temperature for at least 60 min before use.

Whole-cell patch-clamp recordings—For whole-cell patch-clamp recordings, slices 

were transferred to a submerged recording chamber perfused with carbogenated external 

solutions at a flow rate of 4–6 mL/min at room temperature (23°C). Action potentials (APs) 

were measured in hippocampal CA1 pyramidal neurons in transverse hippocampal slices 

(260 μm) from all genotypes of 3–4 months old mice using whole-cell patch-clamp with an 

Axopatch 700B amplifier (Axon Instruments). We focused on hippocampal CA1 pyramidal 

neurons as they play a critical role in neuronal activity, learning and memory (Brager and 

Johnston, 2007; Kerrigan et al., 2014; Tamagnini et al., 2015; Xu et al., 2005). We did not 

measure membrane potentials in 5–6 months old or older neurons as aged neurons are 

difficult to patch. AP firing was recorded in an external solution (NaCl, 124 mM; KCl, 2.5 

mM; NaH2PO4, 1.25 mM; NaHCO3, 24 mM; HEPES, 5 mM; glucose, 12.5 mM; MgCl2, 2 

mM; and CaCl2, 2 mM; pH 7.4 adjusted with NaOH) and soft-glass recording pipettes 

(Sutter Instruments; Novato CA) filled with an internal solution (potassium gluconate, 135 

mM, KCl, 10 mM, HEPES, 10 mM, CaCl2, 1 mM, MgCl2, 1 mM, EGTA, 10 mM, ATP, 1 

mM, GTP, 0.1 mM, and pH 7.3 adjusted with KOH). The pipette resistance was 4–6 MΩ 
after filling with internal solution. For spontaneous AP recording, cells were hold at −70 mV 

and recorded for 3 min. For the measurement of current-injection triggered APs, 0.05 mM 2-

amino-5-phosphonovaleric acid (APV), 0.02 mM 6,7-dinitroquinoxaline-2,3-dione (DNQX) 

and 0.1 mM picrotoxin were added to the external solution to block synaptic activity. APs 

were initiated by injecting current from 0 to 300 pA for 1 s in 10 pA steps at 10 s intervals. 

For testing the Kv4 channel agonist NS5806, APs were measured before and 15 min after 

perfusion of 10 μM NS5806 in the external solution. For recording of spontaneous excitatory 

post-synaptic currents (sEPSCs), same external and internal solutions for AP recording were 

used. Picrotoxin (0.1 mM) was added to the external solution to block inhibitory current. 

CA1 neuron were held at 70 mV for 2 min.

Previous studies used whole-cell patch clamp recordings at the soma of CA1 pyramidal cells 

to measure the whole-cell A-type K+ current (Chen, 2005; Good et al., 1996; Hall et al., 
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2015; Scala et al., 2015). To make comparisons to earlier studies, we employed the same 

approach. Briefly, whole-cell A-type K+ current (IA) was elicited by depolarizing pulses to 

+40 mV from a holding potential of −100 mV in the presence of 20 mM 

tetraethylammonium (TEA) and 100 nM tetrodotoxin (TTX). In steady-state activation 

experiments, membrane potential was held at −100 mV, and IA was evoked by a 200-ms 

depolarizing pulse from a first pulse potential of −80 mV to +80 mV in 10-mV steps at 10 s 

intervals. Data were analyzed using the equation GK = IK/(Vm Vrev), where GK is the 

membrane K+ conductance, Vm is the membrane potential, and Vrev is the reversal potential 

for K+. To study steady-state inactivation of IA, currents were elicited using 1 s conditioning 

pre-pulses from −110 mV to 0 mV before a 200-ms test pulse of +50 mV. After normalizing 

each current amplitude to the maximal current, amplitude obtained from the −110 mV pre-

pulse was used as a function of the conditioning pre-pulse potential and fitted with the 

function IA / IA − max = 1/(1 + exp((Vm1/2 − Vm)/k)), from which, an inactivation curve of IA 

was obtained, and the VH value (the voltage at which the current amplitude was half-

inactivated) was calculated. Note that in other studies and ours, the A-type K+ current was 

measured by performing whole-cell current recordings at the soma of CA1 pyramidal 

neurons to assess the role of somatic whole-cell A-type K+ current in somatic excitability 

and spike output. Given the well-known somatodendritic gradient of A-type K+ current 

density distribution (Hoffman et al., 1997), the use of somatic whole-cell recordings would 

limit our ability to identify changes in the A-type K+ current density distribution over the 

soma-dendritic axis. Further studies will be needed to define the contribution of dendritic A-

type K+ current to AD-associated neuronal hyperactivity and RyR2-mediated control of 

neuronal excitability. Nevertheless, somatic whole-cell recordings still provide valuable 

information on the magnitude of somatic A-type K+ current, an important determinant of 

somatic excitability.

For HEK293 cell experiments, HEK293 cell lines were maintained as previously described 

(Jiang et al., 2004) and transiently transfected with cDNAs of Kv4.2 and KChIP4 together 

with cDNA encoding for GFP to identify cells successfully transfected. 12–16 h before 

recording, tetracycline was added to culture media to induce the expression of RyR2 WT or 

RyR2 E4872Q mutant. IA was recorded with the same protocols as described above. Prior to 

IA recording, the culture medium was replaced with a bath solution (NaCl, 125 mM; KCl, 

2.5 mM; HEPES, 10 mM; MgCl2, 1 mM; glucose, 10 mM; TEA, 20 mM; pH 7.4 adjusted 

with NaOH).

For recording the afterhyperpolarization current (IAHP), brain slices were perfused with the 

carbogenated aCSF and pipettes were filled with IAHP inner solution (KMeSO3, 130 mM; 

EGTA, 0.1 mM; HEPES, 10 mM; NaCl, 7 mM; MgCl2, 0.3 mM; di-tris-creatine, 5 mM; 

Tris-ATP, 2 mM and Na-GTP, 0.5 mM, pH 7.3 with KOH). IAHP was evoked by a 100 ms 

depolarizing voltage step to +60 mV from a holding potential of −85 mV. Medium (ImAHP) 

and slow (IsAHP) amplitudes were measured at the peak of the current and 1 s after the end 

of the depolarizing pulse, respectively. All cells had a resting membrane potential more 

hyperpolarized than −60 mV, leak current smaller than 100 pA, and an input resistance of 

150–350 MΩ. Input resistance was determined from a −5 mV (100 ms) hyperpolarizing 

pulse applied at the beginning of each sweep. Access resistance was 80% electronically 

compensated and stable at < 20 MΩ.
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In vivo 2-photon Ca2+ imaging of CA1 neurons—To assess the impact of genetically 

limiting RyR2 open time on AD progression, we crossbred heterozygous 5xFAD+/− mice 

that overexpress 5 human familial AD mutations (Oakley et al., 2006) with heterozygous 

RyR2 mutant mice harboring the RyR2 mutation E4872Q+/− that markedly shortens RyR2 

open time (Chen et al., 2014). This breeding generated four genotypes: 5xFAD+/−, 5xFAD
+/−/E4872Q+/− (5xFAD+/−/EQ+/−), E4872Q+/− (EQ+/−), and wild-type (WT). To determine 

whether limiting RyR2 open time can suppress AD-associated neuronal hyperactivity in vivo 
as reported previously (Busche et al., 2008, 2012; Delekate et al., 2014; Eichhoff and 

Garaschuk, 2011; Kim et al., 2016; Takano et al., 2007; Zott et al., 2019), we then crossed 

the double heterozygous 5xFAD+/−/E4872Q+/− mice with the heterozygous Thy-1 GCaMP6f
+/− transgenic mice (GP5.17, JAX 025393) to introduce the GCaMP6f+/− transgene into each 

of the four genotypes (driven by the Thy1 promotor). Note GCaMP6f is a fast, ultrasensitive 

Ca2+ sensing protein that is capable of detecting individual action potentials in neurons with 

high reliability (Chen et al., 2013; Dana et al., 2014; Peron et al., 2015). Also, in the 

hippocampal CA1 region of the Thy-1 GCaMP6f+/− transgenic mice, GCaMP6f is 

predominantly expressed in pyramidal neurons (not in GABAergic neurons or glial cells). 

We performed in vivo two-photon imaging of GCaMP6f-expressing CA1 pyramidal neurons 

in each of the four genotypes to monitor spontaneous Ca2+ transients. These spontaneous 

Ca2+ transients are widely used to assess the spontaneous neuronal activity of cell 

populations (Busche et al., 2008, 2012; Chen et al., 2013; Dana et al., 2014; Kerr et al., 

2005; Peron et al., 2015; Sato et al., 2007; Zott et al., 2019).

Neuronal hyperactivity has been reported in anesthetized AD model mice in vivo using two-

photon Ca2+ imaging (Busche et al., 2008, 2012, 2019; Lerdkrai et al., 2018). To be able to 

compare our data to this considerable body of existing literature, we employed the same 

approach described originally by Busche et al. and used by others in the field (Busche et al., 

2008, 2012; Delekate et al., 2014; Eichhoff and Garaschuk, 2011; Kim et al., 2016; Takano 

et al., 2007; Zott et al., 2019). Craniotomy was performed according to the protocol reported 

previously (Busche, 2018; Busche et al., 2008, 2012) with some modifications. Briefly, mice 

at different ages were anesthetized with 1%–2% isoflurane (vol/vol in pure oxygen), and 

placed onto a heating plate (Homeothermic Monitor, Harvard Apparatus). The body 

temperature was monitored and controlled at 36.5–37.5°C during the entire surgery and 

imaging procedure. After the removal of the skin, the skull was rinsed with artificial cerebral 

spinal fluid (aCSF: NaCl, 125 mM; KCl, 4.5 mM; NaH2PO4, 1.25 mM; NaHCO3, 26 mM; 

glucose, 20 mM; CaCl2·2H2O, 2 mM, and MgCl2, 1 mM, pH to 7.3–7.4 with NaOH) and 

dried with cotton tips. A custom-made plastic recording chamber was glued to the skull with 

dental cement. The chamber was filled and kept perfusing with warm (37°C) aCSF. The 

stereotactic coordinates of the hippocampus were located according to the mouse brain atlas. 

A 1–2 mm wide cranial window centered 2.5 mm posterior to bregma and 2.2 mm lateral to 

the midline was opened in the skull with a dental drill. The dura was removed with fine 

forceps and the cortical tissue above the hippocampus was carefully removed by aspiration. 

When the dorsal surface of the hippocampus was seen, the aspiration was stopped and the 

imaging area was thoroughly irrigated with warm aCSF for about 30 min to make sure no 

bleeding and the blood was removed as much as possible. The craniotomy was filled with 

agarose (2%–3%) and stabilized with a cover glass. Then, the animal was moved to the 
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recording platform, and the isoflurane was gradually reduced to 0.5%–0.8%. Besides the 

core body temperature, the respiratory and pulse rate were continuously monitored 

(MouseOx plus. STARR Life Science Corp.).

In vivo two-photon recordings were made using a custom-built two-photon microscope fed 

by a Ti:Sapph laser (Ultra II, ~4W average power, 670–1080 nm, Coherent), using a water 

dipping Nikon objective lens (16x, NA 0.8) and Hamamatsu GaAsP PMT detectors. Image 

data were acquired using MATLAB, running on an open source scanning microscope control 

software named ScanImage (version 3.8.1, Howard Hughes Medical Institute/Janelia Farms, 

RRID:SCR_014307) (Pologruto et al., 2003). Imaging was performed at an excitation 

wavelength of 920 nm for GCaMP6f and fluorescence was captured using a 560nm 

secondary dichroic and a 525–40nm bandpass emission filter (Chroma Technologies). Time-

series images were acquired at 15.63 Hz with a pixel density of 256 × 256 and a field of 

view size of ~110 μm. For each view, spontaneous Ca2+ transients of hippocampal CA1 

neurons were recorded for 5–10 min.

Image analyses were performed offline using ImageJ (https://imagej.nih.gov/ij) and an open-

source MATLAB program NeuroSeg (Guan et al., 2018). First, images were stabilized with 

ImageJ to reduce the x-y vibration, then regions of interest (ROI) were drawn around 

individual somata and the relative fluorescence change (ΔF/F) versus time traces for each 

ROI was generated using NeuroSeg. Ca2+ transients were identified as changes in ΔF/F that 

were three times larger than the standard deviation of the noise band. We classified all 

recorded neurons based on their activity rates as silent (0–0.2 transients/min), normal (0.2–

20 transients/min), and hyperactive (≥20 transients/min) neurons following the definitions 

by Busche and colleagues (Busche, 2018; Busche et al., 2008, 2012). Note that analyses of 

frequency distributions were performed using cells pooled from all animals, while analyses 

of mean frequency and fraction of silent, normal, and hyperactive cells were based on data 

from individual animals.

Ex vivo 2-photon Ca2+ imaging of CA1 neurons—Ex vivo two-photon Ca2+ imaging 

was carried out as described previously with some modifications (Chen-Engerer et al., 

2019). 5xFAD, RyR2 WT, and RyR2 mutant mice were cross-bred with the heterozygous 

Thy1-GCaMP6f transgenic mice (Chen et al., 2012, 2013) (GP5.17, JAX 025393) to express 

the GCaMP6f Ca2+ sensing probe (driven by the Thy1 promotor) in hippocampal neurons in 

each of the genotypes used. Transverse hippocampal slices (260 μm) were prepared as 

described above and kept in the carbogenated HEPES containing aCSF for at least 60 min 

before recording. Slices were then moved to a recording chamber containing carbogenated 

external solution (NaCl, 124 mM; KCl, 2.5 mM; NaH2PO4, 1.25 mM; NaHCO3, 24 mM; 

HEPES, 5 mM; glucose, 12.5 mM; MgCl2, 2 mM; and CaCl2, 2 mM; pH 7.4 adjusted with 

NaOH) and put under an up-right two-photon imaging system (SP8 DIVE, Leica, Germany) 

with CHAMELEON HEAD/PSU: ULTRA (II): 80MHz (RoHS) laser (Coherent, UK). A 

25x water-immersion objective with NA 0.95 (Leica, Germany) was used for imaging. Laser 

wavelength was set at 920 nm. Images were recorded with a resolution of 296 × 296 pixels 

at 16.77 fps. During recording, 0.5 μM tetrodoxin (TTX), 0.03 mM 2-amino-5-

phosphonovaleric acid (APV), 0.02 mM 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 0.1 

mM picrotoxin were added to the external solution. Local drug application was performed 
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by using a glass pipette with a resistance of ~8 MΩ, which was connected to a modified 

pressurized perfusion system (ALA Scientific Instruments, Inc., USA). The pipette was 

filled with caffeine ringer solution (caffeine, 40 mM; CaCl2, 2 mM; HEPES, 10 mM; KCl, 

2.5 mM; MgCl2, 1 mM; NaCl, 120 mM; NaH2PO4, 1.25 mM; pH 7.4 adjusted with NaOH). 

The pipette tip was placed at 15–20 μm from the soma of CA1 neuron. Caffeine (40 mM) 

was applied for 3 s to induce Ca2+ release. The fluorescence intensity in each somatic ROI 

was corrected by background subtraction. A ROI immediately outside of the neuron was 

taken as the background. Temporal fluorescence intensity changes in ROIs were expressed 

as relative changes in fluorescence intensity: ΔF/F = ((F − F0)/F0). F0 is defined as baseline 

fluorescence, which is the fluorescence intensity before a given stimulus, and F is the 

fluorescence recorded over time. ΔF/F values were calculated and plotted using NeuroSeg.

Long-term potentiation recording—Schaffer collateral fibers were stimulated at the 

CA3 subfield to record field excitatory postsynaptic potentials (fEPSPs) in the CA1 stratum 

radiatum of transverse hippocampal slices (300 μm) from all genotypes and drug-treated 

mice at different ages. After recovering at room temperature for 1 h (or 2 h for brain slices 

from drug-treated mice), hippocampal slices were allowed to recover in the recording 

chamber for additional 10 min. To evaluate basal synaptic transmission, we applied different 

stimulation strengths (0 μA to 200 μA in steps of 20 μA) and plotted fEPSP slopes versus the 

current input to compare the slope of input/output (I/O) curves of fEPSP. In the experiments 

that followed, stimulus current was adjusted so that fEPSP stabilized at 40%–50% of 

maximum. Baseline was recorded for at least 20 min until the differences among fEPSP 

slopes were within 10%. Long-term potentiation (LTP) was induced using a tetanic high-

frequency stimulation (HFS; 4 trains of 100 pulses at 100 Hz, with 20 s intervals). Synaptic 

responses were recorded for at least 60 min after tetanization and quantified as the slope of 

the evoked fEPSP as percentage of the baseline.

Learning and memory tests—The learning and memory of mice with all genotypes 

were evaluated using the Morris water maze (MWM) test, the Barnes maze (BM) test, 

and/or the novel object recognition (NOR) test. Experiments were carried out blindly. For 

the MWM test, mice at different ages were trained to localize a hidden escape platform (10 

× 10 cm) in a circular pool (116.84 cm in diameter, 50 cm in depth) (San Diego Instruments, 

CA) via distal visual cue. The platform was submerged 1–2 cm beneath the surface in water 

(22–24°C), which was rendered opaque by addition of milk powder. The localization of the 

pool in relation to visual cues was maintained constantly during the entire task. The cues 

were distinct in color and shape. Digital division of the tracking area (pool) into four 

quadrants was performed by the SMART video tracking system, Smart 3.0 (Panlab Harvard 

Apparatus; Barcelona Spain). The escape platform was placed in the center of the south-

west quadrant for the entirety of the learning phase (4 training days) and digitally defined as 

target. Spatial training consisted of 4 days with 5 trials per mouse per day. Mice were 

released with their heads facing the pool wall at one of four entry locations (north, east, 

south and west) in a non-repetitive random order. Swimming was automatically video-

tracked until the subject found the escape platform and remained on it (≥5sec), or until a 

maximum of 60 s. Mice that did not locate the hidden platform within the time limit of 60 s 

were guided to the escape platform until they spent ≥ 10 s on it. In between trials (inter-trial 
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interval ≥ 10min), mice were housed in heated cages to avoid performance deficits due to 

exhaustion or hypothermia. The latency and swimming speed to reach the escape platform 

were recorded for comparison. After the learning phase, memory retention was evaluated by 

one probe trial 24 hours after the last training session. The escape platform was removed 

before mice were released from the north entry point into the pool. Their swimming was 

video-tracked for 60 s. The area at the location of the removed hidden platform was defined 

as the target and the south-west quadrant the target quadrant. The percentage of time mice 

spent in the target quadrant (including the target) were measured for comparison.

For the BM test, the size and characteristics of the device are as follows: a 92 cm diameter 

platform; the platform contains 20 holes, each 5 cm in diameter, equally distributed around 

the platform and separated by 7.5 cm; the device stands 105 cm above the floor. In one hole 

there is an escape box communicated with the platform through transparent plastic tunnels 

arranged in such a way that they cannot be seen from the platform. Similar to the MWM test 

the simultaneous use of a video-monitoring system is used to obtain automated behavioral 

recordings. Each trial lasts 3 min per mouse, with an inter-trial interval of 15 min, with four 

trials per day during the acquisition phase. The first phase (habituation), consisted of placing 

the mouse on the center of the platform and then, turning on the bright light as an aversive 

stimulus. Then the mouse was gently taken to the escape hole; once in the escape chamber, 

the light was turned off, and the mouse was kept inside for two additional minutes. During 

acquisition, mice were placed on the center of the platform and the light was turned on for 3 

min, the latency to find the escape hole was recorded. If the mouse did not reach the escape 

hole within 3 min, the experimenter placed it at the entrance of the escape hole for 1 min, 

and then took it back to its home-cage. This protocol continued for 4 days. On day 5, 24 h 

after the last training day, the probe trial was conducted. The target hole was closed. The 

maze was rotated so that the target hole was closed and the maze was readjusted so that the 

holes were in the same position as during the training days. The mouse was then placed in 

the middle of the maze and allowed to explore the maze as before. The mouse was removed 

after a 90 s. The probe trial was done in order to determine if the animal remembered where 

the target hole was located. The numbers of nose pokes to each hole were measured.

For the NOR test, mice were habituated for 10 min per mouse in an equally illuminated, 

odor-free, white, plastic box (40 × 40 × 50 cm3) embedded with fresh aspen shavings and 

shreds. In between each mouse trial the box was wiped with ethanol to avoid odor-induced 

stress. 24 hours after habituation, two identical objects ware placed at equal distance to each 

other and the corners of the box. Each mouse was placed into the center, and allowed to 

move freely for 10 min. Mice were video recorded during this familiarizing phase. Side 

preferences was evaluated by dividing the time a mouse spent exploring one object by the 

time they spent at the other object. Twenty-four hours later, one of the objects was replaced 

by a novel object. The other object remained constant. The selection of a familiar object to 

be replaced was random. Each mouse was again placed into the center of the box and 

allowed to move freely for another 10 min while videotaped. General exploration was 

evaluated by determining the time spent exploring the objects. The discrimination ratio 

describes the time a mouse explored the novel object divided by the total time it spent 

exploring (novel and familiar objects). The above experiments were carried out blindly.
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Biotinylation assays—Biotinylation assays were performed according to the protocol 

described previously (Lin et al., 2010) with some modifications. Briefly, after 24–48 h of 

transfection with the Kv4.2 and KChIP4 cDNAs, transfected HEK293 cell lines expressing 

RyR2 WT or RyR2 E4872Q mutation were rinsed with ice-cold PBS for three times, surface 

proteins were biotinylated with 1.5 mg/ml sulfo-NHS-SS-biotin reagent (Pierce, Cat# 

PG82077) in PBS for 30 min on ice. Unbound biotin was quenched with ice-cold 50 mM 

glycine in PBS. Cells were lysed with ice-cold lysis buffer: 150 mM NaCl, 20 mM Tris–

HCl, 1% NP40 and protease inhibitor cocktail (Roche, Cat# 4693159001), sonicated and 

centrifuged at 12,000 g for 10 min. Cell lysates were incubated overnight at 4°C with 

immobilized-Streptavidin agarose beads (Pierce, Cat# 20349), unbound proteins were 

removed from the beads with 3 washes in lysis buffer. The bound proteins were eluted with 

2 × SDS sample buffer. Surface expressed proteins were separated by electrophoresis in 12% 

Tris-glycine SDS-PAGE and transferred to PVDF membranes. Western blots were probed 

with the following antibodies: rabbit anti-Kv4.2 (1:1000, abcam, Cat# ab 16719), rabbit anti-

Rab4 (1:1000, Cell Signaling Technology, Cat# 2167), goat anti-rabbit IgG secondary 

antibodies conjugated with horseradish peroxidase (1:10000, ThermoFisher, Cat#31460). 

The bound antibodies were detected using an enhanced chemiluminescence kit from Pierce.

Immunoblotting—Immunoblotting analysis was carried out using the method described 

previously (Rosen et al., 2010). Briefly, the frozen mouse brain was homogenized with ice-

cold buffer, containing 50 mM Tris-HCl (pH 7.5) plus 4 μM leupeptin, 1 mM benzamidine, 

0.1 mM phenyl-methylsulfonyl fluoride (PMSF), and 0.5 mM dithiothreitol (DTT). The 

homogenates were sonicated 3 times and spun at 3000xg for 5 min. The supernatants were 

mixed with sample buffer (sodium dodecyl sulfate (SDS), 12%; β-merceptoethanol, 6%; 

DTT, 200mM; Tris-HCl, 150mM; and glycerol, 30%; pH 7.0) and heated at 95°C for 15min. 

Samples were subjected to Tricine/SDS polyacrylamide gel electrophoresis (15%), and were 

transferred onto 0.2 μm polyvinylidene difluoride (PVDF) membranes (Bio-Rad) at 100 V 

for 1h at 4°C. The membrane was blocked with 5% non-fat milk powder for 30min. The 

blocked membrane was incubated with a primary antibody (anti-Aβ (total) antibody (Cell 

Signaling Technology, Cat# 8243), anti-Aβ (1–42) antibody (Biolegend, Cat# 803001), or 

anti-β-actin (Sigma, Cat# A5316)), and then the goat anti-rabbit IgG (ThermoFisher, 

Cat#31460) or the goat anti-mouse IgG (ThermoFisher, Cat# 31430) secondary antibody 

conjugated with horseradish peroxidase (1:20000 dilution). After washing 3 times, 10 min 

each, the bound antibodies were detected using an enhanced chemiluminescence kit from 

Pierce. The band intensities were determined from its intensity profile obtained by 

ImageQuant LAS 4000 (GE Healthcare Life Sciences), analyzed by using the Image-J 

software, and normalized to that of β-actin. Note that genetically or pharmacologically 

limiting RyR2 open time prevents AD-related deficits without altering Aβ accumulation. 

This differs from previous studies showing that dantrolene (a potent RyR1) significantly 

reduced Aβ load (Chakroborty et al., 2012a; Oulès et al., 2012; Peng et al., 2012; Wu et al., 

2015). The reason for this difference remains to be determined. Dantrolene treatment has 

been associated with hepatotoxicity in humans (Chan, 1990; Utili et al., 1977) and 

worsening AD pathologies in mice (Zhang et al., 2010). The brain expresses all three RyR 

isoforms. RyR1 and RyR3 are readily inhibited by dantrolene (Zhao et al., 2001), but 

dantrolene inhibition of RyR2 is subtle and varies with the RyR2 oxidative and modulated 
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states (Maxwell et al., 2012; Oda et al., 2015; Zhao et al., 2001). Hence, whether dantrolene 

can effectively suppress RyR2 in the brain is unclear. Dantrolene by interacting with 

multiple targets (Oo et al., 2015; Zhao et al., 2001, 2006) may affect Aβ metabolism 

differently from limiting RyR2 open time.

Immunohistochemical and Nissl staining—Mice of different ages and genotypes 

were anesthetized and transcardially perfused with 10% neutral buffered formalin (NBF). 

Whole brains were removed and post-fixed in NBF for at least 24 h. The fixed brains were 

then embedded in paraffin after dehydration and diaphanization. For the IHC staining, 

paraffin-embedded brain tissue sections (5 μm) were immersed in xylene (5 min, 3 times), 

rehydrated in absolute ethanol (5 min, 3 times) followed by immersion in 95%, 80% and 

70% solutions of ethanol (in water) (5 min each). Antigens were reactivated by treatment 

with 0.01 M citrate buffer (pH 6.0) for 2 min in microwave. Slides were washed in 

phosphate buffered saline (PBS: NaCl, 137 mM; KCl, 2.7 mM; Na2HPO4, 10 mM; 

KH2PO4, 2 mM, pH 7.4) and blocked with 10% normal horse serum in PBS for 10 min, then 

incubated with the primary antibody, the anti-β-amyloid peptide (total) antibody (Cell 

Signaling Technology, Cat# 8243), for 12–16 h at 2–8°C. After washing with PBS, slides 

were incubated with biotinylated secondary antibody (Vector Laboratories, Cat# BA-1000) 

for 10 min, washed twice with PBS, and incubated with 3% H2O2 for 25 min for inactivation 

of endogenous peroxidase. Slides were then incubated with streptavidin–biotin–peroxidase 

for 30 min. Slides were covered with 3, 3′-diaminobenzidine (DAB) solution (0.06% in PBS 

containing 0.018% H2O2) for 1 to 5 min or until a brown precipitate could be observed. 

Identical conditions and reaction times were used for slides from different samples to allow 

comparison between immunoreactivity densities. Reaction was stopped by immersion of 

slides in distilled water. Counterstaining was performed with Harris hematoxilin. Coverslips 

were mounted with resinous mounting medium.

For the Nissl staining, paraffin-embedded brain tissue sections (5 μm) were immersed in 

xylene (5 min, 2 times), rehydrated in absolute ethanol (5 min, 2 times) followed by 95%, 

75% and 50% solutions of ethanol in water (5 min each), then washed in distilled water for 2 

times, 5 min each. Slides were stained in FD cresyl violet solution (FD Neurotechnologies, 

Baltimore, MD, USA) for 10 min, then, briefly rinsed in 100% ethanol and differentiated in 

100% ethanol containing 0.1% glacia acetic acid for 1 min. Slides were then dehydrated in 

absolute ethanol (2 min, 4 times) followed by clearance in xylene (3 min, 2 times). Coverslip 

were mounted with resinous mounting medium.

Single-cell Ca2+ imaging of HEK293 cells—Intracellular cytosolic Ca2+ changes in 

stable, inducible HEK293 cells expressing RyR2 WT or RyR2 E4872Q mutant, transfected 

with presenilin 1 (PS1) WT, PS1-M146L, PS1-L286V or control plasmid (pcDNA3) were 

monitored using single-cell Ca2+ imaging and the fluorescent Ca2+ indicator dye Fura-2 

AM, as described previously (Chen et al., 2014; Jiang et al., 2004, 2005). Briefly, transfected 

cells grown on glass coverslips for 18–22 h after induction by 1 μg/ml tetracycline were 

loaded with 5 μM Fura-2 AM in KRH (Krebs-Ringer-HEPES) buffer (NaCl, 125 mM; KCl, 

5 mM; KH2PO4, 1.2 mM; glucose, 6 mM; MgCl2, 1.2 mM; HEPES, 25 mM; pH 7.4) plus 

0.02% Pluronic F-127 and 0.1 mg/ml BSA for 20 min at room temperature (23°C). 
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Coverslips were then mounted onto a perfusion chamber (Warner Instruments) on an 

inverted microscope (TE2000-S, Nikon, Japan). The cells were continuously perfused with 

KRH buffer containing increasing extracellular Ca2+ concentrations (0–2.0 mM). Increasing 

the extracellular Ca2+ concentration will lead to increased Ca2+ entry and subsequent Ca2+ 

loading of internal stores; when store Ca2+ content reaches a threshold level, the RyR2 

opens, resulting in a spontaneous Ca2+ release event. Caffeine (10 mM) was applied at the 

end of each experiment to confirm the expression of active RyR2 channels. Time-lapse 

images (0.5 fps) were captured and analyzed with Compix Simple PCI 6 software (Compix 

Inc.). Fluorescence intensities were measured from regions of interest centered on individual 

cells. Only cells that responded to caffeine were used in analyses.

Dendritic spine density analysis—A FD Rapid GolgiStain kit (FD Neurotechnologies, 

Baltimore, MD, USA) was used for dendritic spine histological analysis by following the 

manufacturer’s instructions as previously described (Zhao et al., 2015). Briefly, mouse 

brains were removed, placed in an appropriate impregnation solution and stored in the dark 

for 14 days at room temperature. The brains were then transferred into a solution containing 

sucrose and incubated at 4°C until the residual water was removed from the tissues (2–7 

days). Finally, a vibratome (VT-1200, Leica, Germany) was used to obtain 100μm thick, 

transverse hippocampal slices. Slices were then mounted onto gelatin-coated slides and 

allowed to air dry at room temperature for about two days. Once sufficiently dried, the slices 

were rinsed with distilled water and incubated for ten minutes in a solution containing silver 

nitrate. Slices were then rinsed with distilled water before being dehydrated in absolute 

alcohol, cleared with xylene and covered with non-acidic synthetic balsam and coverslips. 

Three independent slices per mouse were imaged. Z stacks of Golgi-stained CA1 neuron 

apical dendrites (up to 80 μm total on Z axis; optical section thickness = 0.5 μm) were taken 

at 100x magnification on a Zeiss AxioImager (Zeiss, Germany).

The secondary dendrites that were 100–250 μm away from the soma were used for analysis. 

Dendritic segments were identified and measured with ImageJ and RECONSTRUCT as 

described previously (Risher et al., 2014). Dendritic spines were identified as “Filopodia,” 

“Long Thin,” “Thin,” “Stubby,” “Mushroom” and “Branched.” The densities of total 

protrusion and each type of spines were analyzed. Spine density was calculated by 

quantifying the number of spines per dendritic segment and normalized to 10 μm of 

dendritic length.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed blindly to genotype, age and treatment. All data shown are 

medians and range (min and max), unless indicated otherwise. For small datasets (n number 

less than 15) or non-Gaussian distributed data, non-parametric methods were used. For large 

datasets and normally distributed data, parametric tests were performed. With respect to 

non-parametric analyses, for experiments with two groups, Mann-Whitney U test was used 

for unpaired samples. Wilcoxon matched-pairs signed rank test was used for paired samples. 

For experiments with 3 or more groups, Kruskal-Wallis test with Dunn-Bonferroni post hoc 

test and Friedman test with Dunn-Bonferroni post hoc test were used for independent 

samples or repeat measurements, respectively. With respect to parametric analyses, for 
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experiments with two groups, Student’s t test was used for unpaired samples. Paired t test 

was used for paired samples. For experiments with 3 or more groups, one-way ANOVA or 

two-way ANOVA test followed by Bonferroni post hoc test and repeated-measure ANOVA 

test with Bonferroni post hoc test were used for independent samples or repeat 

measurements, respectively. Sample sizes and p values can be found in figure legends. P 

values smaller than 0.05 were considered statistically significant.

Supplementary Material

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

• Limiting RyR2 open time prevents neuronal hyperactivity as well as major 

AD deficits

• Limiting RyR2 open time enhances A-type K+ current to constrain neuronal 

excitability

• R-carvedilol rescues AD-related neuronal hyperactivity, memory loss, and 

cell death

• AD deficits can be prevented in the face of continued β-amyloid accumulation
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Figure 1. The RyR2 E4872Q+/− Mutation Decreases Neuronal Excitability and Upregulates A-
type K+ Current of CA1 Neurons
(A–D) Images of GFP-tagged RyR2 (A and C) and RyR2-WT (GFP-negative; B and D) 

mouse brain sections.

(E) Traces of action potential (AP) firing.

(F) Current thresholds for AP firing in WT (10 mice, 30 neurons), 5xFAD+/− (10 mice, 30 

neurons), 5xFAD+/−/EQ+/− (10 mice, 30 neurons), and EQ+/− (10 mice, 30 neurons) CA1 

neurons.
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(G) Current injection-triggered AP firing frequency in WT (10 mice, 30 neurons), 5xFAD+/− 

(10 mice, 30 neurons), 5xFAD+/− /EQ+/− (10 mice, 30 neurons), and EQ+/− (10 mice, 30 

neurons) CA1 neurons.

(H) Traces of A-type K+ current (IA) from 3- to 4-month-old WT, 5xFAD+/−, 5xFAD+/−/EQ
+/−, and EQ+/− CA1 neurons.

(I) Normalized IA traces.

(J) Steady-state activation curves of IA.

(K) IA amplitude in 3- to 4-month-old WT (10 mice, 30 neurons), 5xFAD+/− (10 mice, 30 

neurons), 5xFAD/EQ+/− (10 mice, 30 neurons), and EQ+/− (10 mice, 30 neurons) CA1 

neurons.

(L) IA inactivation kinetics (Tau) from the same number of neurons as in (K).

(M) The midpoints of voltage-dependent activation of IA (VA) for WT (10 mice, 30 

neurons), 5xFAD+/− (10 mice, 30 neurons), 5xFAD+/−/EQ+/− (10 mice, 30 neurons), and EQ
+/− (10 mice, 30 neurons) CA1 neurons.

(N and O) Current threshold for AP firing (N) and current injection-triggered AP firing 

frequency (O) without or with the Kv4 channel agonist NS5806 (10 μM) in 5xFAD+/− CA1 

neurons (7 mice, 14 neurons).

(P and Q) Whole-cell IA (P) and inactivation time constant Tau (Q) in Kv4.2/KChIP4-

transfected HEK293 cells expressing RyR2 WT (n = 21) or the RyR2 E4872Q+/− mutation 

(n = 26).

(R) Biotin-labeled surface Kv4.2 in Kv4.2/KChIP4-transfected HEK293 cells expressing 

RyR2 WT or the RyR2 E4872Q+/− mutation.

Scale bars, 2 mm in (A) and (B) and 10 μm in (C) and (D). Data shown are the median and 

range (Kruskal-Wallis test with Dunn-Bonferroni post hoc test, Wilcoxon matched-pairs 

signed rank test, and Mann-Whitney U test; *p < 0.5, **p < 0.01 versus WT, ##p < 0.01; 

5xFAD+/−/EQ+/− versus 5xFAD+/−; NS, not significant). See also Figure S1.
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Figure 2. RyR2-E4872Q+/− Prevents Neuronal Hyperactivity of 5xFAD+/− Hippocampal CA1 
Neurons In Vivo
(A–D) Two-photon Ca2+ images of the hippocampal CA1 region of 5- to 6-month-old WT 

(A), 5xFAD+/− (B), 5xFAD+/−/EQ+/− (C), and EQ+/− (D) mice in vivo. Colored dots indicate 

the number of Ca2+ transients per minute.

(E–H) Ca2+ traces of the five neurons circled in (A)–(D), respectively.

(I–L) Histograms showing the frequency distribution of Ca2+ transients in (I) WT (8 mice, 

2,375 cells), (J) 5xFAD+/− (8 mice, 1,708 cells), (K) 5xFAD+/−/EQ+/− (8 mice, 2,283 cells), 

and (L) EQ+/− (8 mice, 2,392 cells). Pie charts show the relative proportions of silent, 

normal, and hyperactive neurons as defined previously (Busche, 2018; Busche et al., 2008, 

2012).
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(M) Cumulative probability functions showing frequency distributions of spontaneous Ca2+ 

transients in the CA1 region of WT (black), 5xFAD+/− (red), 5xFAD+/−/EQ+/− (green), and 

EQ+/− (blue) mice (Kruskal-Wallis test with Dunn’s multiple comparisons test).

(N) Mean Ca2+ transient frequency in the WT, 5xFAD+/−, 5xFAD+/−/EQ+/−, and EQ+/− CA1 

region.

(O–Q) Percentage of silent (O), normal (P), and hyperactive (Q) cells in the WT, 5xFAD+/−, 

5xFAD+/−/EQ+/−, and EQ+/− CA1 region.

Scale bars: 10 μm. Data shown are the median and range (Kruskal-Wallis test with Dunn-

Bonferroni post hoc test; *p < 0.5, **p < 0.01 versus WT, #p < 0.05, ##p < 0.01; 5xFAD
+/−/EQ+/− versus 5xFAD+/−). See also Figures S2 and S3.
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Figure 3. The E4872Q+/− Mutation Prevents Memory Loss and LTP Impairment of 5xFAD+/− 

Mice
(A) The latency to reach the target platform of 5- to 6-month-old WT (n = 10), 5xFAD+/− (n 

= 7), 5xFAD+/−/EQ+/− (n = 11), and EQ+/− (n = 15) mice in the Morris water maze (MWM) 

test.

(B) The time spent in the target quadrant.

(C) The percentage of time spent on the novel object in the novel object recognition (NOR) 

test in 5- to 6-month-old WT (n = 10), 5xFAD+/− (n = 7), 5xFAD+/−/EQ+/− (n = 11), and EQ
+/− (n = 15) mice.

(D) The latency to reach the target hole of 10- to 15-month-old WT (n = 12), 5xFAD+/− (n = 

14), 5xFAD+/−/EQ+/− (n = 8), and EQ+/− (n = 8) mice in the Barnes maze (BM) test.

(E) The number of nose pokes to each hole on the BM test platform (**5xFAD versus WT).
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(F) Effect of 100-Hz high-frequency stimulation (HFS) on the mean Schaffer collateral-

evoked fEPSP slope in hippocampal slices from 5- to 6-month-old WT (10 mice, 20 slices), 

5xFAD+/− (10 mice, 20 slices), 5xFAD+/−/EQ+/− (10 mice, 20 slices), and EQ+/− (10 mice, 

20 slices) mice.

(G) The averaged normalized fEPSP slope.

(H) Effect of HFS on the fEPSP slope of 10- to 15-month-old WT (10 mice, 20 slices), 

5xFAD+/− (10 mice, 20 slices), 5xFAD+/−/EQ+/− (10 mice, 20 slices), and EQ+/− (10 mice, 

20 slices) mice.

(I) The averaged normalized fEPSP slope.

Data shown are the median and range (Kruskal-Wallis test with Dunn-Bonferroni post hoc 

test; *p < 0.5, **p < 0.01 versus WT, #p < 0.05, ##p < 0.01; 5xFAD+/−/EQ+/− versus 5xFAD
+/−). See also Figures S4 and S5.
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Figure 4. R-carvedilol Prevents and Rescues Neuronal Hyperactivity of 5xFAD+/− Hippocampal 
CA1 Neurons In Vivo
(A, B, G, and H) Two-photon in vivo Ca2+ imaging of the hippocampal CA1 region of 3- to 

4-month-old (A and B) or 4- to 5-month-old (G and H) 5xFAD+/− mice treated with vehicle 

control (DMSO; A and G) or R-carvedilol (R-CV; 3.2 mg/kg/day; B and H). Colored dots 

indicate the number of Ca2+ transients per minute.

(C, D, I, and J) Ca2+ traces of the five neurons circled in (A), (B), (G), and (H), respectively.

(E, F, K, and L) Histograms showing the frequency distribution of Ca2+ transients in DMSO-

treated mice (E and K, 5 mice, 1,066 cells and 5 mice, 897 cells, respectively) and R-CV-

treated mice (F and L; 5 mice, 1,181 cells and 5 mice, 757 cells, respectively). Pie charts 

show the relative proportions of silent, normal, and hyperactive neurons.

(M) Cumulative probability functions showing frequency distributions of spontaneous Ca2+ 

transients in the CA1 region of 3- to 4-month-old 5xFAD+/− mice treated with DMSO (red) 
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or R-CV (blue) and 5- to 6-month-old 5xFAD+/− mice treated with DMSO (black) or R-CV 

(green) (Kruskal-Wallis test with Dunn’s multiple comparisons test).

(N) Mean Ca2+ transient frequency in the CA1 region of 3- to 4-month-old and 4- to 5-

month-old 5xFAD+/− mice treated with DMSO or R-CV.

(O–Q) Percentage of silent (O), normal (P), and hyperactive (Q) cells in the CA1 region of 

3- to 4- and 4- to 5-month-old 5xFAD+/− mice treated with DMSO or R-CV. Scale bars, 10 

μm. Data shown are the median and range (Kolmogorov-Smirnov test with Dunn-Bonferroni 

post hoc test and Mann-Whitney U test; **p < 0.01 versus control).
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Figure 5. R-CV Prevents and Rescues Memory Loss and LTP Impairment in 5xFAD+/− Mice
(A and F) The latency to reach the target platform of 3- to 4-month-old (A) and 4- to 5-

month-old (F) 5xFAD+/− mice treated with DMSO (3–4 months old, n = 11; 4–5 months old, 

n = 8) or R-CV (3–4 months old, n = 13; 4–5 months old, n = 10) in the MWM test.

(B and G) The time spent in the target quadrant.

(C and H) The percentage of time spent on the novel object for 5xFAD+/− mice treated with 

DMSO (3–4months old, n = 11; 4–5 months old, n = 8) or R-CV (3–4 months old, n = 13; 

4–5 months old, n = 10).

(D and I) Effect of HFS on mean CA3-CA1 fEPSP slope in hippocampal slices from 5xFAD
+/− mice treated with DMSO (3–4 months old, 10 mice, 20 slices; 4–5 months old, 10 mice, 

20 slices) or R-CV (3–4 months old, 10 mice, 20 slices; 4–5 months old, 10 mice, 20 slices).

(E and J) The averaged normalized fEPSP slope of 3- to 4-month-old (E) or 4- to 5-month-

old (J) 5xFAD+/− mice treated with DMSO or R-CV.

Data shown are the median and range (Mann-Whitney U test; *p < 0.5, **p < 0.01 compared 

with the DMSO group). See also Figures S5 and S6.
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Figure 6. E4872Q+/− Has No Significant Effects on Aβ Accumulation but Protects against 
Neuron Loss in 5xFAD+/− Mice
(A) Aβ deposition in the hippocampal region of 10- to 15-month-old WT, EQ+/−, 5xFAD+/−, 

and 5xFAD+/−/EQ+/− mice.

(B) Averaged Aβ plaque numbers in the hippocampal region of 10- to 15-month-old 5xFAD
+/− (12 mice, 36 slices) and 5xFAD+/−/EQ+/− (12 mice, 36 slices) mice.

(C) Percentage of the hippocampal area showing positive Aβ staining.

(D) Immunoblot analysis of brain homogenates from 10- to 15-month-old WT, EQ+/−, 

5xFAD+/−, and 5xFAD+/−/EQ+/− mice.

(E and F) Normalized total Aβ levels (E) and normalized Aβ (1–42) levels (F) in WT (n = 

15), EQ+/− (n = 11), 5xFAD+/− (n = 21), and 5xFAD+/−/EQ+/− (n = 20) brains.

(G) Images of Nissl staining of 10- to 15-month-old WT, EQ+/−, 5xFAD+/− and 5xFAD
+/−/EQ+/− mouse brain sections.

(H) Numbers of pyramidal neurons in the subiculum region (red oval) of WT (12 mice, 36 

slices), EQ+/− (12 mice, 36 slices), 5xFAD+/− (12 mice, 36 slices), and 5xFAD+/−/EQ+/− (12 

mice, 36 slices) mice.

Yao et al. Page 40

Cell Rep. Author manuscript; available in PMC 2020 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(I) Images of Nissl staining of 10- to 15-month-old WT, EQ+/−, 5xFAD+/−, and 5xFAD
+/−/EQ+/− mouse brain sections.

(J) Numbers of pyramidal neurons in the CA1 region of WT (12 mice, 36 slices), EQ+/− (12 

mice, 36 slices), 5xFAD+/− (12 mice, 36 slices), and 5xFAD+/−/EQ+/− (12 mice, 36 slices) 

mice.

Scale bars, 2 mm in (A) and 200 μm in (G) and (I). Data shown are the median and range 

(Mann-Whitney U test and Kruskal-Wallis test with Dunn-Bonferroni post hoc test; **p < 

0.01 versus WT, ##p < 0.01; 5xFAD+/−/EQ+/− versus 5xFAD+/−). See also Figure S7.
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Figure 7. R-CV Treatment Has No Significant Effects on Aβ Accumulation but Protects against 
Neuron loss in 6- to 7-Month-Old 5xFAD+/− Mice
(A) Aβ deposition in 6- to 7-month-old 5xFAD+/− mice treated with DMSO or R-CV.

(B) Averaged Aβ plaque numbers in the hippocampal region of 6- to 7-month-old 5xFAD+/− 

mice treated with DMSO (12 mice, 36 slices) or R-CV (12 mice, 36 slices).

(C) Percentage of the hippocampal area showing positive Aβ staining.

(D) Immunoblot analysis of brain tissue homogenates from 6- to 7-month-old 5xFAD+/− 

mice treated with DMSO or R-CV.

(E and F) Normalized total Aβ levels (E) and normalized Aβ (1–42) levels (F) in 5xFAD+/− 

mice treated with DMSO (n = 10) or R-CV (n = 11).

(G) Images of Nissl staining of 6- to 7-month-old 5xFAD+/− mice treated with DMSO or R-

CV.

(H) Numbers of pyramidal neurons in the subiculum region (red oval) of 6- to 7-month-old 

5xFAD+/− mice treated with DMSO (12 mice, 36 slices) or R-CV (12 mice, 36 slices).

(I) Images of Nissl staining of 6- to 7-month-old 5xFAD+/− mice treated with DMSO or R-

CV.
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(J) Numbers of pyramidal neurons in the CA1 region of 6- to 7-month-old 5xFAD+/− mice 

treated with DMSO (12 mice, 36 slices) or R-CV (12 mice, 36 slices).

Scale bars, 2 mm in (A) and 200 μm in (G) and (I).

Data shown are the median and range (Mann-Whitney U test; **p < 0.01 compared with the 

DMSO group). See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Kv4.2 Abcam Cat# ab16719; RRID: AB_443443

Rabbit polyclonal anti-Rab4 Cell Signaling Technology Cat# 2167; RRID: AB_2253579

Rabbit monoclonal anti-β-Amyloid Cell Signaling Technology Cat# 8243; RRID: AB_2797642

Mouse monoclonal anti-β-Amyloid Biolegend Cat# 803001; RRID: AB_2564653

Mouse monoclonal anti-β-Actin Sigma-Aldrich Cat# A5316; RRID: AB_476743

HRP Goat anti-Rabbit IgG (H+L) Thermo Fisher Scientific Cat# 31460; RRID: AB_228341

HRP Goat anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat# 31430; RRID: AB_228307

Biotinylated Goat anti-Rabbit IgG Vector Laboratories Cat# BA-1000; RRID: AB_2313606

Chemicals, Peptides, and Recombinant Proteins

(R)-(+)-carvedilol Zhang et al., 2015 N/A

D(−)-2-Amino-5-phosphonopentanoic acid Sigma-Aldrich Cat# A8054; CAS# 79055-68-8

6,7-dinitroquinoxaline-2,3-dione Sigma-Aldrich Cat# D0540; CAS# 2379-57-9

Picrotoxin TOCRIS Cat# 1128; CAS# 124-87-8

Tetrodotoxin citrate Abcam Cat# ab 120055; CAS# 18660-81-6

Tetraethylammonium chloride Sigma-Aldrich Cat# T2265; CAS# 56-34-8

NS5806 Sigma-Aldrich Cat# N2540; CAS# 426834-69-7

Critical Commercial Assays

Premium Grade Sulfo NHS-SS-Biotin Pierce Cat# PG82077

Streptavidin Agarose Pierce Cat# 20349

FD Cresyl Violet Solution FD NeuroTechnologies Cat# PS102–01

FD Rapid GolgiStain Kit FD NeuroTechnologies Cat# PK401

Experimental Models: Cell Lines

Flp-In T-Rex HEK293 cell Invitrogen Cat# R78007; RRID: CVCL_U427

RyR2 WT HEK293 cell line Jiang et al., 2004 N/A

RyR2 E4872Q HEK293 cell line Chen et al., 2014 N/A

Experimental Models: Organisms/Strains

Mouse: 5xFAD+/− The Jackson Laboratory MMRRC Stock No: 34848-JAX

Mouse: RyR2 E4872Q+/− Chen et al., 2014 N/A

Mouse: Thy1-GCaMP6f+/− The Jackson Laboratory Stock No: 025393

Recombinant DNA

Plasmid: Kv4.2 This paper N/A

Plasmid: EGFP This paper N/A

Plasmid: KChIP4 This paper N/A

Plasmid: PS1 This paper N/A

Plasmid: PS1 M146L This paper N/A

Plasmid: PS1 L286V This paper N/A

Software and Algorithms

pCLAMP 10.6 Molecular Devices https://www.moleculardevices.com/
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REAGENT or RESOURCE SOURCE IDENTIFIER

OriginPro 9.0 OriginLab https://www.originlab.com/

MATLAB MathWorks https://www.mathworks.com/products/matlab.html

ScanImage 3.8.1 Pologruto et al., 2003 RRID: SCR_014307

ImageJ https://imagej.nih.gov/ij

NeuroSeg Guan et al., 2018 N/A

RECONSTRUCT Risher et al., 2014 N/A

Graphpad Prism 7 Graphpad Software https://www.graphpad.com/
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