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Introduction

Accumulating evidence suggests dysregulated endoplasmic 
reticulum (ER) calcium (Ca2+) homeostasis plays important role 
in synaptic loss and impaired cognitive function in Alzheimer 
disease (AD).1-6 Initial data supporting the role of ER Ca2+ 
dysregulation in AD were obtained in experiments with 
fibroblasts isolated from pre-symptomatic patients harboring 
familial AD (FAD) mutations in presenilins (PSs).7 These 
observations have been confirmed and extended in experiments 
with cells expressing mutant FAD PSs.1-4 In addition, alterations 
in the expression of Ca2+ signaling proteins in mice and in 
postmortem brain samples from sporadic AD patients have been 
reported (see refs. 1–5 for recent reviews).

It has been demonstrated in mouse models of AD that 
upregulation of the ryanodine receptors (RyanRs), ER-resident 
Ca2+-release channels, could mediate changes to intraneuronal 
Ca2+ signaling.8 Post-mortem hippocampal brain specimens 
from early-stage AD patients display increased [H]3ryanodine 
binding, indicative of increased RyanR protein levels 
hippocampal regions (subiculum, CA2 and CA1) compared 

with non-demented controls.9 These results were recently 
supported in a study where post-mortem analysis of brain from 
individuals with mild cognitive impairment (MCI) at high risk 
for developing AD revealed the upregulation of RyanR type 
2 (RyanR2).10 Recent data suggest that RyanRs are increased 
in expression and function in FAD models, particularly in 
the hippocampus and cortex of PS1-M146V knock-in (KI) 
mice8,11,12 and in transgenic CRND8 (APP695(KM670/671NL 
+ V717F) mice.13 Given the involvement of RyanRs in Ca2+-
induced Ca2+ release (CICR), modulation of membrane 
excitability,14,15 neuronal function14,16 and hippocampal learning 
and memory,17,18 it is reasonable to consider that changes in 
RyanR expression can affect brain activity and function in 
AD. However, in spite of many studies focused on the role of 
RyanRs in AD, the data are contradictory and not conclusive. 
The upregulation of RyanRs may be a part of AD pathology, 
but it may also be a protective and/or compensatory response 
to neuronal Ca2+ dysregulation (reviewed in ref. 4). Resolving 
this issue is important for understanding AD pathogenesis and 
for validating RyanRs as potential therapeutic target for AD 
treatment.
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Dysregulated endoplasmic reticulum (er) calcium (Ca2+) signaling is reported to play an important role in alzheimer 
disease (aD) pathogenesis. The role of er Ca2+ release channels, the ryanodine receptors (ryanrs), has been extensively 
studied in aD models and ryanr expression and activity are upregulated in the brains of various familial aD (FaD) models. 
The objective of this study was to utilize a genetic approach to evaluate the importance of ryanr type 3 (ryanr3) in the 
context of aD pathology.

The expression of ryanr3 was also elevated in hippocampus of aPPPs1 mice (Thy1-aPPKM670/671NL, Thy1-Ps1L166P). 
In young (≤ 3 mo) aPPPs1 mice, the deletion of ryanr3 increased hippocampal neuronal network excitability and acceler-
ated aD pathology, leading to mushroom spine loss and increased amyloid accumulation. In contrast, deletion of ryanr3 
in older aPPPs1 mice (≥ 6 mo) rescued network excitability and mushroom spine loss, reduced amyloid plaque load and 
reduced spontaneous seizure occurrence.

Our data suggests a dual role for ryanr3 in aD pathology. In young aD neurons, ryanr3 protects aD neurons from 
synaptic and network dysfunction. In older aD neurons, increased ryanr3 activity contributes to pathology. These 
results imply that blockade of ryanr3 may be beneficial for those in the later stages of the disease, but ryanr activa-
tors may be beneficial when used prior to disease onset or in its initial stages. Caffeine is an activator of ryanrs and our 
results may help to explain a complex epidemiological connection between coffee consumption in mid-life and risk of 
aD development in old age.
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One approach used to dissect this issue is to obstruct the 
effects of RyanRs using pharmacological inhibitors or functional 
blockers. However, these approaches have yielded conflicting 
results.12,13,19-22 A significant contributor to the lack of consistency 
across studies is the fact that pharmacological inhibitors specific 
to RyanR do not exist. The drug dantrolene is used in most 
studies to block RyanRs but it has additional targets such as store-
operated Ca2+ channels.23 Moreover, the 2 main RyanR subtypes 
expressed in the brain are RyanR type 2 (RyanR2 and RyanR 
type 3 (RyanR3),24 and dantrolene has been shown to be specific 
to RyanR1.25 To circumvent these pharmacology issues, we opted 
for a genetic approach to eliminate the contribution of RyanR. 
We took advantage of an RyanR3 knockout mouse (RyanR3-/-

)26 to evaluate the importance of RyanR3 in the context of AD 
pathology. To achieve this goal, we selected the APPPS1 mouse 
(Thy1-APPKM670/671NL, Thy1-PS1L166P),27 the same mouse 
model of AD that was used in our previous in vivo experiments 
with dantrolene.12

We generated APPPS1xRyanR3-/- mutant mice and compared 
them to the phenotypes of wild type (WT), RyanR3-/- and 
APPPS1 mice in young (≤ 3 mo) and old (≥ 6 mo) animals, to 
take into account the role of RyanR3 in AD progression and 
pathology. Interestingly, we discovered that RyanR3 appears 
to play a protective role in young mice because deletion of 
RyanR3 resulted in enhanced neuronal hyperexcitability and 
an exacerbated AD phenotype. However, deletion of RyanR3 
in older mice exerted a protective effect in the context of AD 
pathology, resulting in normalized hyperexcitability and reduced 
amyloid deposition. The apparent dual role for RyanRs offers a 
possible explanation for the conflicting outcomes of studies that 
used RyanRs antagonists to treat AD mice and provide important 
insight as to the ideal stage in AD progression for intervention 
with RyanR3-targeted therapy.

Results

Expression levels of hippocampal RyanR2 and RyanR3 are 
increased in an AD mouse model

All 3 RyanR subtypes are expressed in the brain at the 
different levels of expression.24 In previous studies we reported 

that RyanR expression is elevated in 3xTg (PS1-M146V KI) 
hippocampal neurons,12 but the antibodies used in these studies 
did not discriminate between the different RyanR subtypes. Our 
goal was to determine if RyanRs were also elevated in expression 
in APPPS1 mice (Thy1-APPKM670/671NL, Thy1-PS1L166P), 
a model that takes into account a PS1 mutation and accumulates 
amyloid-β plaques in the hippocampus by 2 mo of age.27

To evaluate RyanR protein levels by western blot, we first 
had to identify subtype-specific RyanR antibodies. Our control 
experiments revealed that commercial antibodies used in previous 
studies were not specific to RyanR subtypes (data not shown). 
However, we were able to identify a commercially available 
RyanR3-specific mouse monoclonal antibody (Fig. S1A) and 
we generated RyanR2-specific rabbit polyclonal antibodies 
(Fig. S1B, see Methods for details).

To study changes in RyanR expression in APPPS1 mice over 
time, we performed western blots using hippocampal lysates 
from young (3 mo old) and older (6 mo old) WT and APPPS1 
mice. It has been reported that APPPS1 mice begin to show 
amyloid plaque deposits in the hippocampus as early as 2 mo 
old and show accelerated amyloid plaque accumulation in the 
hippocampus between 4 and 8 mo of age.27 We used polyclonal 
antibodies specific for RyanR2 (SS1636), monoclonal 
antibodies specific for RyanR3 (34C) (Fig. 1) and tubulin 
as the loading control in these experiments. We discovered 
significantly increased levels of RyanR2 and RyanR3 protein 
in the hippocampus of both young (3 mo old) and older (6 mo 
old) APPPS1 mice when compared with WT mice (Fig. 1A and 
B). From these results we concluded that RyanR2 and RyanR3  
are the predominant subtypes expressed in hippocampal 
neurons and that expression of both RyanR2 and RyanR3 is 
increased approximately 2- to 3-fold in APPPS1 hippocamal 
neurons.

Hippocampal RyanR2 plays an essential role in brain 
function

Ryanodine receptor type 2 is essential for life and RyanR2 
knockout is embryonic lethal in mice.28,29 Therefore, to address 
the role of RyanR2 in AD we generated and validated an adeno-
associated virus that expresses RNAi to knock-down RyanR2 
(AAV1-RyanR2–2842) in mice (see Methods for details). 

Figure 1. expression of ryanr2 and ryanr3 is enhanced in aPPPs1 hippocampal neurons. (A) Western blot analysis of ryanr2 and ryanr3 expression in 
WT and aPPPs1 hippocampus at 3 and 6 mo of age. Western blot for 3 mo old aPPPs1xryanr3-/- also shown. Tubulin was used as a loading control. (B) 
Quantification of ryanr expression in WT and aPPPs1 hippocampus. ryanr band intensity was normalized to WT and average data are shown as mean 
± se (n ≥ 3 independent experiments). On panel (B) the p values were calculated using a one-way aNOVa. * P < 0.05.
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Following procedures established in our laboratory,30,31 we 
validated the specificity of lenti-shRNA for RyanR2 (Fig. S1C) 
and performed stereotaxic injection of AAV1-RyanR2–2842 
RNAi viruses and control AAV1-NSF-GFP viruses to the 
hippocampal region of P0-P1 WT and APPPS1 mice. However, 
we discovered that within 2 mo of AAV1-RyanR2–2842 RNAi 

injection, WT and APPPS1 mice experienced a severe epileptic 
phenotype and premature death (Fig. S2). We terminated the 
study when the mice were 5 mo old due to the loss of many 
WT and APPPS1 mice that received the AAV1-RyanR2–2842 
RNAi injection (Fig. S2). The morphology of hippocampal 
neurons in the brains of the remaining mice were analyzed 

Figure 2. arc expression is increased in aPPPs1Xryanr3-/- hippocampus at 3 mo of age. (A) representative images of Ca1 regions of 3 mo old mice from 
different genotypes (WT, ryanr3-/-, aPPPs1, aPPPs1xryanr3-/-) stained with arc (red) and NeuN (green) antibodies. Overlay (yellow) is shown (OVL). The 
magnified region is indicated. (B) Quantification of the fluorescence intensity of arc signals, which were divided by NeuN signals and normalized to WT. 
The average data are shown as mean ± se (n ≥ 3 independent experiments). p values calculated using a 1-way aNOVa. *P < 0.05, **P < 0.01, ***P < 0.001.
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by Golgi staining. We discovered that the neuronal spine 
density was markedly decreased after RyanR2 knockdown for 
both WT and APPPS1 mice (Fig. S3). On average, the spine 
density number was 19.62 ± 0.90/10 µm in WT mice injected 
with AAV-GFP and 13.32 ± 0.43/10 µm in WT injected with 
AAV1-RyanR2–2842 RNAi virus (Fig. S3). For APPPS1 mice 
the average spine density was 15.86 ± 0.70/10 µm for the mice 
injected with AAV-GFP and 12.25 ± 0.70/10 µm for the mice 
injected with AAV1-RyR2–2842 RNAi virus (Fig. S3). From 
these results we concluded that hippocampal RyanR2 plays a 
major role in control of neuronal activity in the brain and is not 
an appropriate target for intervention due to the induction of 
severe epileptic phenotypes following RyanR2 knockdown in the 
hippocampus.

Enhanced Arc expression in hippocampus of young 
APPPS1xRyanR3-/- mice

Next, we explored the role of RyanR3 in APPPS1 mice. 
For these studies we took advantage of the RyanR3-/- mouse26 
that have a relatively mild neuronal phenotype,17,26,32 making 
them appropriate for further studies. We obtained RyanR3-/-  
mice and generated APPPS1x RyanR3-/- mice. We confirmed 
the lack of RyanR3 expression in hippocampal lysates from 
APPPS1xRyanR3-/- mice (Fig. 1A). The levels of RyanR2 
remained unchanged in hippocampus of RyanR3-/- mice or 
APPPS1x RyanR3-/- mice (Fig. S1B; Fig. 1D), suggesting lack of 
compensation by RyanR2.

What role does increased RyanR3 in the hippocampus have 
in AD mice? A hint lies in the physiological role of RyanR3 in  

Figure 3. Deletion of ryanr3 increased amyloid load and reduced mushroom spine density in 3 mo old aPPPs1 mice. (A) representative coronal sec-
tions from 3 mo old aPPPs1 and aPPPs1xryanr3-/- mice stained with 6e10 antibody (B) Total plaques number and the percentage of total plaques area 
are shown for cortical and hippocampal regions. The data are shown as mean ± se (aPPPs1, n = 6 mice; aPPPs1xryanr3-/-, n = 5 mice). (C) Western blot 
analysis of aPP levels in hippocampal lysates from 3 mo old aPPPs1 and aPPPs1xryanr3-/-. (D) representative 2-photon images of spine morphology 
from the Lucifer yellow injected hippocampal slices of 3 mo old WT, aPPPs1, ryanr3-/- and aPPPs1xryanr3-/- mice. arrow, triangle and diamond indicate 
mushroom, stubby and thin spine shape, respectively. (E) Total spine density and fraction of mushroom spines are shown for each genotype. The data 
are shown as mean ± se (WT, n = 27; ryanr3-/-, n = 25; aPPPs1, n = 33; aPPPs1xryanr3-/-, n = 28). For the data shown on panels (B and E) *P < 0.05 and 
**P < 0.01 according to 1-way aNOVa analysis.
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normal neurons. Because RyanR3 plays an important role 
in controlling neuronal firing rates,14 we hypothesized that 
neuronal network activity could be affected in RyanR3-/- mice. 
The expression level of Arc, an immediate early gene (IEG) 
associated with high neuronal activity, has been used to measure 

neuronal excitability. The upregulation of Arc expression has 
been reported previously in an APP transgenic model of AD that 
displays neuronal network hyperexcitability.33 We took a similar 
approach and evaluated Arc expression by immunostaining 
hippocampal slices from age-matched RyanR3-/-, APPPS1, 

Figure 4. arc expression is normalized in 6 mo old aPPPs1Xryanr3-/- hippocampus.(A) representative images of Ca1 regions of 6 mo old mice from 
different genotypes (WT, ryanr3-/-, aPPPs1, aPPPs1xryanr3-/-) stained with arc (red) and NeuN (green) antibodies. Overlay (yellow) is shown (OVL). The 
magnified region is indicated. (B) Quantification of fluorescence intensity of arc signals. arc signals were divided by NeuN signals and normalized to 
WT. The average data are shown as mean ± se (n ≥ 3 independent experiments). p values calculated using a one-way aNOVa. *P < 0.05, **P < 0.01, ***P 
< 0.001.
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APPPS1xRyanR3-/- and WT mice (Fig. 2A). The same slices were 
stained for NeuN in order to identify neuronal nuclei (Fig. 2A). 
To quantify Arc expression, the intensity of Arc staining was 
normalized to NeuN staining in the same slices (Fig. 2B). Arc 
levels were elevated in the hippocampus of young (3 mo old) 
RyanR3-/- mice and APPPS1 mice (Fig. 2A and B) compared to 
Arc levels in the hippocampus of WT mice, suggesting an increase 
in hippocampal neuronal activity in RyanR3-/- and APPPS1 mice. 
Interestingly, Arc levels were further increased in the hippocampus 
of young APPPS1xRyanR3-/- mice (Fig. 2A and B) compared with 
RyanR3-/- or APPPS1, suggesting a synergistic effect of RyanR3-/- 
and APPPS1 on increasing hippocampal neuronal activity. These 
results suggest that RyanR3 may play a role in neuronal activity 
and that in APPPS1 hippocampus of young (3 mo old) mice, 
RyanR3 is necessary to suppress neuronal activity.

Amyloid plaque accumulation is increased in young 
APPPS1xRyanR3-/- mice

The accumulation of amyloid plaques in the brain is one of 
the characteristic pathological markers of AD.34,35 To determine 
the effect of RyanR3 deletion on plaque accumulation, 
we performed immunohistochemical analysis of amyloid 
deposits in brain slices from young (3 mo old) APPPS1 and 
APPPS1xRyanR3-/- mice. In control experiments, we confirmed 
no staining of amyloid observed in slices from RyanR3-/- and 
WT mice (data not shown). Coronal slices of brains from 
APPPS1 and APPPS1xRyanR3-/- mice were stained with 6E10 
anti-amyloid beta (Aβ) monoclonal antibodies and imaged 
using a high resolution laser scanning system as we previously 
described.12 Consistent with what others have reported,27 
accumulation of amyloid was observed in the hippocampal 

Figure 5. Deletion of ryanr3 reduced amyloid load and rescued mushroom spine loss in 6 mo old aPPPs1 mice. (A) representative coronal sections 
from 6 mo old aPPPs1 and aPPPs1Xryanr3-/- mice stained with 6e10 antibody (B) Total plaque number and the percentage of total plaque area are 
shown for cortical and hippocampal regions. The data are shown as mean ± se (aPPPs1, n = 9 mice; aPPPs1xryanr3-/-, n = 9 mice). (C) Western blot 
analysis of aPP levels in hippocampal lysates from 6 mo old aPPPs1 and aPPPs1xryanr3-/-. (D) representative 2-photon images of spine morphology 
from the Lucifer yellow injected hippocampal slices of 6 mo old WT, aPPPs1, ryanr3-/- and aPPPs1xryanr3-/- mice. arrow, triangle and diamond indicate 
mushroom, stubby and thin spine shape, respectively. (E) Total spine density and percentage of mushroom spines are shown for each genotype. The 
data are shown as mean ± se (WT, n = 24; ryanr3-/-, n = 27; aPPPs1, n = 25; aPPPs1xryanr3-/-, n = 29). For the data shown in panels (B) and (E), *P < 0.05,**P 
< 0.01, ***P < 0.001, according to 1-way aNOVa analysis.
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and cortical regions of APPPS1 mice at 3 mo of age (Fig. 3A). 
Amyloid plaques were more abundant and had higher signal 
intensity in APPPS1xRyanR3-/- slices when compared with 
APPPS1 (Fig. 3A). To quantify the amyloid plaques in coronal 
slices in APPPS1 and APPPS1xRyanR3-/- mice, the number of 
amyloid plaques (counts) and total area covered by the plaques 
were measured by an automated scoring algorithm (Isocyte, 
Molecular Devices). We found that the number of amyloid 
plaques and total area of plaques were significantly increased 
in both cortical and hippocampal regions of brains from young 

(3 mo old) APPPS1xRyanR3-/- mice when compared with their 
APPPS1 counterparts (Fig. 3B). We observed a 2- to 3-fold 
increase in average plaque number and a 3- to 5-fold increase 
in plaque area in APPPS1xRyanR3-/- cortex and hippocampus 
in these experiments (Fig. 3B). To determine if the increased 
plaque accumulation could be explained by changes in the 
expression of APP, we detected APP levels by western blot of 
hippocampal lysates from APPPS1 and APPPS1xRyanR3-/- 
mice. We found that there was no significant difference in the 
APP expression levels in APPPS1 and APPPS1xRyanR3-/- mice 

Figure 6. ryanr3 knockout rescued seizure occurrence in 11 mo old aPPPs1 mice. (A) example of normal eeG cortical activity is shown for WT mice. 
No seizures were observed in WT group (pie chart). (B) example of eeG activity from ryanr3-/- mice. eeG shows generalized epileptic spike bursting 
which evolves into generalized seizure activity. Only 1 mice out of 8 (pie chart) displayed seizure activity. (C) example of eeG activity from aPPPs1 mice. 
Generalized seizure activity begins and ends abruptly. six out of 8 mice displayed seizure activity (pie chart). (D). Generalized seizure activity in aPPPs1 
x ryanr3-/- mice that begins with a large epileptic spike with abrupt ending. Two out of 8 mice displayed seizure activity in this group (pie chart). eeG 
electrode positions for recordings shown on panels (A–D): F3 – left frontal, F4 – right frontal, P3 – left parietal, P4 – right parietal.
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(Fig. 3C). These findings suggest that RyanR3 may moderate 
amyloid accumulation in the hippocampus and cortex of young 
(3 mo old) APPPS1 mice.

Loss of mushroom spines in hippocampal neurons of young 
APPPS1xRyanR3-/- mice

Postsynaptic spines are classified into 3 groups according to 
their morphological structure. Mushroom spines have a large 
head and a fine neck, thin spines have a smaller head and a narrow 
neck, and stubby spines have no obvious distinction between 
the head size and the attachment to the dendritic shaft.36,37 It 
has been proposed that mushroom spines are stable “memory 
spines” that store memories and that thin spines are “learning 
spines” that serve as physical substrates for the formation of 
new memories.36,38 Reflecting the critical role of spines in the 
formation and storage of memories, significant alterations in 
spine number and morphology have been observed in a number 
of neurological and psychiatric disorders39 and during normal 
aging 40. Because memory loss is a hallmark of AD, we and 
others previously proposed that mushroom spines are more likely 
to be eliminated during AD progression.5,6,41,42 Consistent with 
these predictions, it has been demonstrated that Aβ42 peptide 
can shift the balance from mushroom to stubby spines in the 
organotypic hippocampal slice culture preparation.43

Given the effect of RyanR3 deletion on hippocampal 
neuron excitability (Fig. 2) and amyloid production (Fig. 3), 
we hypothesized that hippocampal spine morphology could 
also be affected in APPPS1 neurons by deletion of RyanR3. 
In the next series of experiments we performed a quantitative 
evaluation of spine morphology in CA1 regions of pyramidal 
neurons from young (3 mo old) WT, RyanR3-/-, APPPS1 and 
APPPS1xRyanR3-/- mice. These measurements were performed 
using 2-photon imaging of hippocampal slices that contained 
neurons injected with Lucifer yellow44 (Fig. 3D). The shape of 
the spines was quantified by an automated analysis of 2-photon 
images using a recently published algorithm45 (see Methods 
for details). After pooling data from multiple neurons and 
animals, we found that the total spine density was similar in 
hippocampus of all 4 genotypes, at the levels of 15–16 spines per 
10 μm of dendrite (Fig. 3E). However, we found a subtle (but 
statistically significant) reduction in mushroom spine density 
in APPPS1xRyanR3-/- slices (23.95 ± 0.51%) compared with 
APPPS1 slices (30.18 ± 0.25%) (Fig. 3E). However, deletion of 
RyanR3 had no significant effect on mushroom spine density in 
the absence of APPPS1 mutation, nor did APPPS1 mice show 
increased mushroom spine density (Fig. 3E). These results 
suggest that RyanR3 may prevent subtle mushroom spine loss in 
young (3 mo old) APPPS1 mice. Taken together with enhanced 
Arc expression (Fig. 2) and increased amyloid accumulation 
(Fig. 3), the data suggests that RyanR3 decelerates AD pathology 
in young APPPS1 mice.

Reduced Arc expression in the hippocampus of older 
APPPS1xRyanR3-/- mice

The analysis of hippocampal neurons from young mice  
(< 3 mo) revealed that APPPS1xRyanR3-/- mice have enhanced 
expression of Arc (Fig. 2). Because AD is an age–related disorder, 
it is important to evaluate the role of RyanR3 in older or aging 

brains. Recently, it has been shown that aged APPPS1 mice (8 
to 9 mo old) exhibit striking reductions in the number of Arc-
activated cells in the dentate gyrus after a controlled spatial 
exploration paradigm.46 To address the role of RyanR3 in 
older brains, we next focused on the analysis of Arc, neuronal 
excitability, amyloid plaque accumulation, mushroom spines and 
behavior in older (≥ 6 mo) mice of all 4 genotypes

When we evaluated Arc expression in slices from 6 mo old 
mice, we discovered that Arc levels were significantly elevated 
in RyanR3-/- and APPPS1 hippocampal neurons when compared 
with WT (Fig. 4A and B). These results are consistent with the Arc 
expression data in young mice (Fig. 2A and B). Paradoxically, Arc 
expression was not significantly elevated in APPPS1xRyanR3-/- 
hippocampal neurons when compared with WT mice and Arc 
levels were significantly reduced when compared with APPPS1 
mice (Fig. 4A and B). These results suggest that deletion of 
RyanR3 may reduce hippocampal neuronal activity in older 
or aging APPPS1 hippocampal neurons, the opposite effect of 
RyanR3 observed in young APPPS1 hippocampal neurons 
(Fig. 2A and B).

Amyloid load is reduced in older APPPS1xRyanR3-/- mice
A reduction in Arc expression could indicate a decrease 

in hippocampal neuron activity in older (6 mo old) 
APPPS1xRyanR3-/- mice. We sought to determine the effect 
of RyanR3 deletion on the accumulation of amyloid plaques 
in older mice (6 mo old) and performed identical experiments 
as in young mice to quantify amyloid plaque load. Strikingly, 
amyloid load in the cortex and hippocampus were reduced in 
APPPS1xRyanR3-/- mice when compared with APPPS1 mice 
(Fig. 5A). Both plaque number and total surface area of the 
plaques were significantly lower in APPPS1xRyanR3-/- mice 
when compared with APPPS1 mice (Fig. 5A). These results were 
exactly opposite to what we observed in young (3 mo old) mice 
(Fig. 3A and B). There was a trend to reduced protein levels 
of hAPP in older (6 mo old) APPPS1xRyanR3-/- hippocampal 
lysates, but it was not statistically significant (Fig. 5C). These 
data suggest that RyanR3 may accelerate amyloid accumulation 
in older APPPS1 mice.

Deletion of RyanR3 rescues mushroom spine loss in older 
APPPS1 mice

As in brains from young (3 mo old) mice, we examined 
the effect of RyanR3 deletion in older (6 mo old) mice on the 
density of hippocampal neuron mushroom spines. We performed 
quantitative analysis of hippocampal spine morphology in 
6 mo old WT, RyanR3-/-, APPPS1, and APPPS1xRyanR3-/- 
mice using 2-photon imaging of Lucifer yellow-filled neurons 
(Fig. 5D). These experiments were performed and spine shape 
was quantified as described above for young brains. Our 
analysis revealed that the total spine density was similar for all 
4 genotypes (Fig. 5E). There was a trend to reduced total spine 
density in APPPS1 mice and APPPS1xRyanR3-/- but it did not 
reach the level of statistical significance (Fig. 5E). However, we 
observed a significant reduction in the fraction of mushroom 
spines in APPPS1 mice compared with age-matched WT and 
RyanR3-/- mice (Fig. 5E). The fraction of mushroom spines in 
APPPS1 mice was only 21.45 ± 1.12%, significantly (P < 0.001) 
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lower than 32.04 ± 1.67% in WT mice (Fig. 5E). Remarkably, 
deletion of RyanR3 rescued the mushroom spine loss in APPPS1 
mice, resulting in a mushroom spine density of 28.13 ± 1.00% 
in APPPS1xRyanR3-/- mice, which is significantly higher than 
in age-matched APPPS1 mice (P < 0.05) (Fig. 5E). This result is 
exactly opposite to what we found in young (3 mo) mice, where 
RyanR3 deletion exacerbated mushroom spine loss in APPPS1 
mice (Fig. 3E). These results suggest that RyanR3 contributes to 
mushroom spine loss in hippocampal neurons of older APPPS1 
mice. Taken together with reduced Arc expression (Fig. 4) and 
decreased amyloid accumulation (Fig. 5A and B), these data 
demonstrate that RyanR3 may exacerbate hippocampal neuron 
hyperactivity and AD pathology in older APPPS1 mice.

Seizure activity is reduced in older APPPS1xRyanR3-/- mice
We demonstrated that Arc staining intensity was decreased in 

hippocampal neurons of older (6 mo old) APPPS1xRyanR3-/- mice 
compared with APPPS1 (Fig. 4). A more direct way to measure 
neuronal network function is to perform electroencephalographic 
(EEG) recordings of electrical brain activity, a method used in 
previous studies to detect non-convulsive seizure activity in the 
hAPP-20 transgenic mouse model of AD.33 We adapted a similar 
approach in our studies and performed continuous video-EEG 
recordings of older (11 mo old) mice during 1 wk period. For 
these studies we used 8 mice in each experimental group (WT, 
RyanR3-/-, APPPS1, and APPPS1xRyanR3-/-). All WT mice had 
no spontaneous seizures or epileptiform spikes (Fig. 6A). One 
mouse out of 8 in the RyanR3-/- group displayed a single seizure 
(35 s in duration) during the observational period (Fig. 6B). 
In contrast, 6 out of 8 mice in the APPPS1 group displayed 
spontaneous seizure activity (Fig. 6C). The frequency of seizures 
varied from mouse to mouse within the group, in the range of 1–8 
seizures during 7 d of observation. The average seizure duration 
in the APPPS1 group was 32 ± 21 s (n = 27). Only 2 mice out of 
8 displayed spontaneous seizure activity in APPPS1xRyanR3-/- 
group, with a single seizure for each mouse (Fig. 6D). The 
seizure durations were 40 s and 47 s for these mice. The EEG 
recordings of seizure activity were consistent with a generalized 
onset and offset, with a typical postictal depression of the EEG 
following offset for each group (Fig. 6B, C, and D). In addition, 
frequent generalized cortical epileptiform spikes were present in 
all non-WT groups including in mice where seizures were not 
physically evident (data not shown). These results suggest that 
RyanR3 may act to enhance neuronal network dysfunction and 
seizure activity in older APPPS1 mice.

Discussion

Enhanced expression and activity of RyanRs in familial AD 
models was reported by several groups,8,10,12,13 but the significance 
of RyanR upregulation in AD is still unclear. In our previous 
studies, we suggested that augmented expression of RyanRs 
may be a mechanism to compensate for the loss of ER Ca2+ leak 
resulting from PS1 mutations in hippocampal neurons from PS 
double-knockout and PS1-M146V KI mice.12 It has been reported 
that Aβ exposure can cause the upregulation of the RyanR3, but 
not RyanR1 or RyanR2, in cortical neurons from TgCRND8 

mice, a mouse model of AD.13 Using western blotting with 
subtype-specific antibodies, we detected enhanced expression 
of RyanR2 and RyanR3 in the hippocampus of APPPS1 mice 
at 3 and 6 mo of age (Fig. 1A and B). Does elevated expression 
of RyanR2 and RyanR3 play a detrimental or protective role 
in the context of AD pathology? It has been demonstrated that 
upregulation of RyanR3 may have an important role in protecting 
against Aβ-mediated neuronal toxicity in vitro.19 In our previous 
studies, we observed that long-term feeding of the RyanR 
inhibitor dantrolene exacerbated amyloid plaque formation and 
resulted in the loss of hippocampal synaptic markers and neuronal 
deterioration in 8 mo old APPPS1 mice.12 In contrast, studies from 
other groups showed that short-term treatment with dantrolene 
was able to stabilize Ca2+ signals, ameliorate cognitive decline and 
reduce neuropathology, amyloid load and memory impairments 
in various AD mouse models,20-22 suggesting that blocking RyanR 
activity may actually be beneficial in the context of AD.

How can these seemingly divergent observations that center 
around the RyanRs be explained? One potential problem with 
interpreting these results is that specific RyanR inhibitors do not 
exist and the drug dantrolene, used in most studies, has additional 
targets such as store-operated Ca2+ channels.23 Moreover, 
dantrolene is specific for RyanR1,25 and does not block RyanR2 
and RyanR3 effectively. To resolve this controversy, in the present 
study we used a genetic approach to evaluate the importance of 
RyanRs in the context of AD pathology in APPPS1 mice. We 
achieved specific knockdown of RyanR2 in hippocampus of WT 
and APPPS1 mice with AAV1-RyanR2–2842 RNAi (Fig. S1). 
However, we discovered that RyanR2 knockdown resulted in a 
severe epileptic phenotype and premature death of the infected 
mice (Fig. S2). From these results we concluded that hippocampal 
RyanR2 plays a major role in control of neuronal activity in 
the brain and is not an appropriate target for intervention due 
to induction of severe epileptic phenotypes following RyanR2 
knockdown in hippocampus.

Next we focused on exploring the role of RyanR3 and 
generated APPPS1x RyanR3-/- mice by crossing APPPS1 with 
RyanR3-/- mouse.26 We compared the phenotype of APPPS1x 
RyanR3-/- to the phenotype of WT, RyanR3-/- and APPPS1 
mice. To assess the role of aging, an important aspect of AD 
pathology, we studied 2 cohorts of mice, young (≤ 3 mo old) 
and older or aging (≥ 6 mo old). These mice were within the 
realm of what are considered young and old APPPS1 mice with 
respect to AD pathology.27,46 What we found was that RyanR3 
appears to play a dual role in the context of AD pathology, rather 
than an invariable positive or negative effect. In the early stages of 
AD, it is necessary to maintain normal ER calcium homeostasis, 
neuronal activity/excitability, and synaptic network function. 
Consistent with this protective role, deletion of RyanR3 in young 
APPPS1 mice (≤ 3 mo old) resulted in elevated Arc expression 
(Fig. 2), increased amyloid accumulation (Fig. 3) and enhanced 
mushroom spine loss in hippocampal neurons (Fig. 3). The 
APP transgene expression in APPPS1 mice was not affected 
by RyanR3 deletion (Fig. 3C), and most likely the enhanced 
amyloid accumulation in APPPS1x RyanR3-/- mice was due to 
increased activity-dependent production of Aβ47,48 as a result of 
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enhanced neuronal activity. These results indicate that RyanR3 
plays an important protective role in early stages of AD by 
helping to reduce neuronal excitability and activity-dependent 
Aβ production. These data support the hypothesis that blockade 
of RyanRs in the early stages of AD progression would produce 
a more aggressive AD phenotype compared with the placebo 
group, as we previously suggested.4,12,19 These results also suggest 
that pharmacological activators of RyanRs may exert beneficial 
effects in the early stages of AD by helping to stabilize neuronal 
activity. Caffeine is an activator of RyanRs and epidemiological 
studies have suggested that significant caffeine intake (≥ 3 cups 
per day) during middle-age protects from cognitive impairment 
and AD in old age49-51 (but see52). Moreover, a recent study 
directly linked high blood caffeine levels to lack of progression to 
dementia in MCI patients.53 It has also been demonstrated that 
feeding caffeine to APP transgenic mice reduces amyloid load.54-58 
It has been suggested in these studies that caffeine acts by directly 
suppressing the activity of β- and γ-secretases,54-56 promoting 
amyloid clearance from the brain57 or acting on adenosine 
receptors.58 However, it is possible that some of the observed 
beneficial effects were due to the potentiating actions of caffeine 
on brain RyanRs, leading to reduced neuronal excitability and 
amyloid production.

Although RyanR3 appears to play a protective role in younger 
mice, our results suggest that in aging brain RyanR3 may 
contribute to AD pathogenesis by amplifying ER Ca2+ release 
through CICR and enhancing the dysregulation of intracellular 
Ca2+. Indeed, in older APPPS1 mice (≥ 6 mo old) deletion of 
RyanR3 resulted in normalized Arc expression (Fig. 4), reduced 
amyloid load, reduced mushroom spine loss (Fig. 5) and 
reduced seizure activity (Fig. 6). These results consistent with 
reports that dantrolene exerted beneficial effects in several AD 
mouse models.20-22 From this perspective it will be interesting to 
determine if coffee consumption by older subjects accelerates AD 
dementia progression.

In conclusion, we provide evidence that RyanR3 plays a dual 
role in the context of AD pathology. In young AD mice, RyanR3 
helps to stabilize neuronal network activity and Ca2+ homeostasis, 
and genetic deletion of RyanR3 exacerbated AD phenotypes, 
such as amyloid accumulation and mushroom spine loss in young 
APPPS1 mice. In contrast, deletion of RyanR3 was beneficial to 
older APPPS1 mice, resulting in reduced neuronal excitability, 
reduced amyloid accumulation and decreased mushroom spine 
loss. Our study identifies RyanR3 as a potential therapeutic target 
for treatment of AD and also indicates that blocking RyanR3 may 
be beneficial in the late stages but detrimental in the early stages 
of the disease. Our results may also help to understand a complex 
epidemiological connection between coffee consumption in mid-
life and the development of AD in old age.

Methods and Materials

Mice
The APPPS1 mice (Thy1-APPKM670/671NL, Thy1-

PS1L166P)27 were kindly provided by Mathias Jucker  
(University of Tubingen) and used in our previous studies.12 The 

RyanR3-/- mice were previously described.26 These mice were 
provided to us by Vincenzo Sorrentino (University of Siena, Italy) 
and Michael Mayne (University of Prince Edward Island). The 
colonies of all lines (on C57BL/6 background) were established at 
the University of Texas Southwestern Medical Center (UTSW) 
SPF barrier facility (vivarium). Wild-type (WT) C57BL/6 were 
used in experiments as control mice. All procedures involving 
mice were approved by the Institutional Animal Care and Use 
Committee of UTSW, in accordance with the National Institutes 
of Health Guidelines for the Care and Use of Experimental 
Animals.

Identification of RyanR subtype-specific antibodies
To analyze the protein levels of RyanR in hippocampal neurons 

we first had to identify RyanR subtype-specific antibodies. 
We used hippocampal tissue from WT and RyanR3-/- mice to 
test the specificity of commercially available RyanR antibodies 
by western blot. As a result, we identified a mouse monoclonal 
antibody specific for RyanR3 (clone C34, Thermo Scientific, 
MA3–925) (Fig. S1A). None of the commercial antibodies we 
tested were specific for RyanR2. Therefore, we generated and 
expressed a GST-fusion protein encoding a fragment of the mouse 
RyanR2 sequence 4346–4484 aa (GenBank accession number 
NM023868) and generated rabbit polyclonal antibodies (SS-
1636) against RyanR2 as it has been previously described.59 The 
specificity of generated antibody for endogenous RyanR isoforms 
was confirmed by western blot of brain, heart and muscle lysates 
(Fig. S1B).

Western blot analysis of hippocampal neurons and tissue
To analyze the expression of RyanR in the hippocampal 

regions from WT, APPPS1, RyanR3-/- and APPPS1XRyanR3-/- 
young (≤ 3 mo) and old (≥ 6 mo) mice, animals were anesthetized 
and transcardially perfused with ice-cold phosphate-buffered 
saline (PBS, Sigma, P4417). Brains were extracted, hippocampi 
dissected, and homogenized on ice. Proteins were solubilised 
at 4 °C for 1 h in 1% CHAPS lysis buffer on ice (1% CHAPS 
(Fisher Scientific (FS), BP57), 137 mM NaCl (FS, S641), 2.7 
mM KCl (FS, P335), 4.3 mM Na

2
HPO

4
 (FS, S374), 1.4 mM 

KH
2
PO

4
 (FS, P380), pH 7.2, 5 mM EDTA (FS, BP2482), 5 

mM EGTA (FS, O2783), and protease inhibitors (Roche, 
04693116001). Total protein was separated by SDS-PAGE and 
analyzed by western blotting with anti-Ryan3 (1:500), anti-
Ryan2 (1:1000), anti-APP (1:200, clone 2.F2.19B4, Millipore, 
MAB343), anti-tubulin (1:1000, DSHB, E7-c) and anti-
actin (1:1000, clone BA3R, Thermo Scientific, MA5–15739). 
Horseradish peroxidise-conjugated anti-rabbit and anti-mouse 
secondary antibodies (115–035–146 and 111–035–144) were 
from Jackson ImmunoResearch. The mean density of each band 
was normalized to the tubulin signal in the same sample and 
shown as an average of at least 3 separate experiments.

Generation and validation of AAV1-RyanR2–2842 RNAi
Lenti-Ryanodine 2(RyanR 2)-shRNAi(2842 RNAi) 

plasmid was purchased from Sigma (TRN0000102842). 
RyanR2–2842 RNAi was cut and cloned into adeno-associated 
virus (AAV)-CMV-hrGFP plasmid behind the U6 promoter. 
The AAV-RyanR2–2842 RNAi plasmids were sent to the 
University of Iowa Gene Transfer Vector Core where serotype 
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1 adenoassociated viruses (AAV1s) were made using the Sf9 
cell-based AAV production system. The titer of purified AAV1-
RyanR2–2842 RNAi viruses provided by the University of Iowa 
Gene Transfer Vector Core was ≥ 1013 infectious particles/ml. 
In addition, control AAV1-NLS-GFP virus of similar titer was 
also provided by the University of Iowa Gene Transfer Vector 
Core. The stereotaxic injection of AAV1-RyanR2–2842 RNAi 
and AAV1-NLS-GFP viruses was performed on 2 mo old mice, 
as we described previously.30,31 For injection of AAV1 into the 
hippocampus, the injection syringes were positioned on the left 
and right sides of the head and the optimal injection coordinates 
(from bregma) were anterior/posterior (AP) -2.0 mm, lateral +2.6 
mm, dorsal/ventral-1.9 mm. One (1) µl total volume of virus was 
injected into each side. Correct targeting of the hippocampus was 
confirmed by GFP imaging of brain slices from the subset of the 
injected mice.

Golgi staining
After transcaridally perfusing with PBS, whole fresh brain 

was incubated in Golgi stain solution (5% potassium dichromate 
and 5% mercuric chloride (sublimate) mixture slowly poured 
into 2% potassium chromate solution [1:1]) for 14 d in the dark. 
After incubation, brain sections (100 μm) were obtained using a 
vibratome (Leica VT1200S, Leica Biosystems) and immediately 
mounted on Superfrost Plus glass slides (FS, 12–500). The 
sections were dried at 55 °C for 20–30 min, rinsed with distilled 
water and then incubated in 20% ammomium hydroxide (Sigma, 
320145) for 20 min. Slides were rinsed twice with distilled water 
and fixed in Kodak fixer solution (1:7, Sigma, P6557) for 10 min. 
Slides were rinsed in water, dehydrated, and mounted. Pictures 
of Golgi stained neurons were taken using a Nikon Eclipse 80i 
microscope (Melville).

Immunohistochemistry
After transcardially perfusing mice with PBS followed by ice-

cold 4% paraformaldehyde (PFA, FS, AC41678), brains were 
extracted, frozen on dry ice, and sectioned at 30 µm thickness 
using a Leica SM2000R microtome (Leica Biosystems). Coronal 
sections from the mice were stained with anti-Arc (1:100, Synaptic 
Systems, 156003) and anti-NeuN (1:1000, Millipore, MAB377). 
Images were acquired using a Zeiss LSM 510 Meta confocal 
microscope (Carl Zeiss Microscopy, LLC). The signal intensity 
of Arc was normalized to NeuN (Arc/NeuN) and was quantified 
from 6 regions of interest (ROIs) per slice. The average normalized 
signal intensity of Arc was considered the expression level of Arc.

Amyloid load was quantified as previously described for 
APPPS1 mice.12 Briefly, APPPS1xRyanR3-/- and age-matched 
WT, APPPS1 and RyanR3-/- mice were fixed with 4% PFA. 
For Aβ staining, 30 μM brain slices were incubated with Beta 
Amyloid, 1–16 (6E10) Monoclonal Antibody (1:1000, Covance, 
Inc., SIG-39300–200) and Alexa488-conjugated IgG (1:500, 
Jackson Immunoresearch, 016–540–084) and scanned with 
the Isocyte Laser Scanning Imager (Molecular Devices) for 
quantification of amyloid load. Plaque counts and total area of 
plaques are used as the parameters for quantifying amyloid load.

Dendritic spine morphology in mouse hippocampus
Analysis of dendritic spine morphology was performed 

according to the published methods.44 Briefly, mice of different 

ages and genotypes (as indicated in the text) were transcardially 
perfused with 45 mL of ice cold 1.5% paraformaldehyde (PFA) 
solution in PBS (pH7.4) for 3 min. The brains were extracted 
and post-fixed in 1.5% PFA solutions overnight before cutting. 
Thick (250–300 μm) hippocampal sections from the fixed 
brains were obtained using a vibratome (Leica VT1200S) and 
floated in 0.5% NaN

3
 (FS, S2271) PBS solution at 4 °C. Sections 

were placed in a slice recording chamber and were viewed using 
an Olympus BX51 microscope (Olympus) with infrared camera 
portal. The glass electrodes for dye injection were prepared 
by the puller (Sutter Instruments, P97). The resistance of the 
electrodes ranged between 150–300 MΩ when filled with PBS. 
Hippocampal neurons in CA1 were selected visually under the 
microscope and patched with the electrodes filled with Lucifer 
yellow solution (Invitrogen, L-12926). A small constant negative 
current was used to monitor the dye injection (Multiclamp 
700B, Molecular Devices). Successful impalement was judged 
by rapid and intensive dye filling of the neuron. Dye injection 
was facilitated by application of a constant negative current in 
the range of 1–3 nA for 5–15 min. Dye filling procedure was 
completed when very bright spines were visible. Ten to 20 
neurons were injected in each section. Injected sections were 
analyzed by 2-photon imaging (Zeiss LSM780, Carl Zeiss 
Microscopy, LLC) with 40x lens and 5x zoom. The Z interval 
was 0.5 µm. The secondary apical dendrites of hippocampal 
CA1 pyramidal neurons were selected for taking images. Each 
image maximal resolution was 1024 × 1024 pixels and averaged 
2 times. Approximately 20–30 neurons from 3–4 mice were 
analyzed for each genotype and age sample. To classify the shape 
of neuronal spines in slices we also used NeuronStudio software 
package and an algorithm45 with the following cut-off values:  
AR_thin

(crit)
 = 2.5, HNR

(crit)
 = 1.3, HD (crit) = 0.15 µm.

Electroencephalographic (EEG) recording
Animal surgery and video-EEG data collection was 

performed by the UTSW Neuro-Models Facility. Thirty-two 
adult mice at 11 mo of age were used in the EEG experiments 
with 8 in each experimental group (WT, RyanR3-/-, APPPS1, 
and APPPS1xRyanR3-/-). Mice were anesthetized using a 
gas anesthesia machine with ~1–2% isoflurane in a 1 L/min 
mixture of 70% nitrous oxide and 30% oxygen. Four epidural 
recording electrodes made from #00–90 x 1/8 inch stainless 
steel screws were placed at the following stereotaxic coordinates 
from bregma: A-P +1.0 mm, lateral ± 1.5 mm and A-P - 3.0 
mm, lateral ± 1.5 mm along with a reference and ground screw 
over the olfactory bulb and cerebellum respectively. Electrodes 
were attached by a f lexible wire (KYNAR, 30 ga) to a custom 
6-pin micro-connector (Omnetics Connector Corporation) 
and secured with dental acrylic. Mice received the analgesic 
buprenorphine (0.05 mg/kg, Sigma, B9275) as necessary 
following surgery and were allowed to recover for at least 7 d 
prior to any experimentation. Following recovery from electrode 
implantation, each mouse was placed in a custom acrylic 
recording cage (Marsh Designs) and connected to a Tucker-
Davis Technologies RZ2/PZ3 neurophysiology workstation 
through a f lexible cable suspended from the top of the cage with 
an interposed commutator to allow mice free access to food 
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and water without twisting the cable. Continuous video/EEG  
(300 Hz sampling) was recorded for each mouse simultaneously 
for 7 d and read by a user blinded to the experimental grouping 
for the presence of seizures and epileptiform activity. Seizure 
activity was marked at the beginning and end of each event to 
account for seizure duration, and the numbers of seizures for 
each mouse was noted.

Statistical analysis
The results are presented as mean ± SE and comparisons 

of means were performed by 1-way ANOVA or Student t test. 
Means were considered to be significantly different when 
the p-value was < 0.05 and are indicated in text and figure  
legends.
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