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Abstract

Aging is the largest risk factor for Alzheimer’s disease (AD). Patients with Down syndrome (DS) 

develop symptoms consistent with early-onset AD, suggesting that overexpression of chromosome 

21 genes such as Regulator of Calcineurin 1 (RCAN1) plays a role in AD pathogenesis. RCAN1 

levels are increased in the brain of DS and AD patients but also in the human brain with normal 

aging. RCAN1 has been implicated in several neuronal functions, but whether its increased 

expression is correlative or causal in the aging-related progression of AD remains elusive. We 

show that brain-specific overexpression of the human RCAN1.1S isoform in mice promotes early 

age-dependent memory and synaptic plasticity deficits, tau pathology, and dysregulation of 

dynamin-related protein 1 (DRP1) activity associated with mitochondrial dysfunction and 

oxidative stress, reproducing key AD features. Based on these findings, we propose that chronic 

RCAN1 overexpression during aging alters DRP1-mediated mitochondrial fission and thus acts to 

promote AD-related progressive neurodegeneration.
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Introduction

The overwhelming cases of Alzheimer’s disease (AD) occur sporadically, with age as the 

most significant identified risk factor, afflicting 5 % of adults aged 65 and ~50 % aged 85 

years and older [17]. Down syndrome (DS) patients develop accelerated AD, exhibiting 

symptoms by age 50 [32], which suggests factors involved in DS may also play a role in AD 

onset. DS is caused by trisomy of chromosome 21, leading to overexpression of genes in this 

region. RCAN1 is one such gene, found chronically overexpressed in the brain of DS 

patients as well as sporadic AD patients [56, 61]. RCAN1 expression has been found also to 

increase normally with age in the human brain [7]. Because RCAN1 is critical for synaptic 

plasticity and memory [18, 39], the increased RCAN1 levels may contribute to the 

development of cognitive impairments in normal aging [4] that is exacerbated in AD-related 

dementia [42]. However, a causal role for RCAN1 overexpression in the age-dependent 

progression of AD is unknown.

Cumulative damage from elevated levels of cellular reactive oxygen species (ROS) causing 

oxidative stress has been proposed to underlie the progressive decline of neuronal function 

in aging [3] and AD [38]. Mitochondria are vital in producing energy for neurons but are 

also the major source of ROS [50]. Mitochondrial defects associated with increased ROS 

levels are hallmarks of the aging and AD brain [3, 10, 27, 35]. Normal mitochondrial 

function requires the tightly coordinated process of fission/fusion to control distribution of 

mitochondria, mitochondrial integrity, and ROS effects [59]. In AD, fragmented 

mitochondrial morphology and dysregulation of the mitochondrial fission mediator 

dynamin-related protein 1 (DRP1) have been observed, indicating disrupted fission/fusion 

dynamics [36, 37, 58, 59]. DRP1 is regulated by the calcium/calmodulin-dependent 

phosphatase calcineurin (CaN) [5, 8], which in turn is regulated by RCAN1 [52]. RCAN1 

overexpression may, therefore, alter DRP1-mediated mitochondrial fission, leading to the 

mitochondrial defects seen in aging and AD. Interestingly, RCAN1 overexpression has been 

linked to oxidative stress and mitochondrial dysfunction [6, 13, 61], but the ability of 

RCAN1 signaling to regulate mitochondrial activity in vivo in the mammalian brain and 

whether its dysregulation is a pathogenic mechanism in the age onset of AD have not been 

explored.

RCAN1 encodes seven exons that can be alternatively spliced and translated to produce at 

least three protein isoforms in humans: RCAN1.1L, RCAN1.1S, and RCAN1.4 [16, 61]. 

RCAN1.1L and RCAN1.1S are both translated from RCAN1.1 mRNA, which is transcribed 

from a glucocorticoid-responsive promoter preceding exon 1 [56]. The long (RCAN1.1L) 

and short (RCAN1.1S) protein isoforms are produced from upstream and downstream start 

codons in the mRNA transcript, respectively [61]. In contrast, RCAN1.4 protein is translated 

from RCAN1.4 mRNA that is transcribed from a CaN-regulated promoter preceding exon 4 

[63]. The RCAN1.1L isoform specifically has been found overexpressed in AD and DS 

brain tissue [16, 56, 61]. RCAN1.1S levels have not been characterized, but overexpression 

of this isoform in cell culture models has been reported to induce several AD-like 

pathological features [33, 48, 61]. These findings implicate RCAN1.1S overexpression as a 

causal factor in AD, but its contribution to AD-related neurodegeneration in an aging 

mammalian model remains to be demonstrated. Little effort has been focused on examining 
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RCAN1 overexpression in the context of the aging brain, but this is important because AD is 

age-dependent and clinically defined by dementia, which is a function of impaired brain 

circuits. Herein, we have addressed these important unresolved questions.

We hypothesized that RCAN1.1S overexpression promotes age-dependent mitochondrial 

dysfunction leading to synaptic and cognitive impairments related to the progressive 

neurodegeneration in AD. To test this, we generated a transgenic mouse model with brain-

specific overexpression of the human RCAN1.1S isoform. Using this model, we find that 

chronically increased RCAN1.1S levels cause age-dependent synaptic plasticity and 

memory impairments, consistent with the age-dependent onset of dementia in AD. 

Additionally, we find that RCAN1.1S promotes the development of early stage tau 

pathology, a histological indicator of AD-associated neurodegeneration. Finally, we find that 

aged RCAN1.1S-overexpressing mice display elevated ROS levels and mitochondrial 

abnormalities as observed in human AD brains. Collectively, these data support the idea that 

chronic RCAN1.1S overexpression plays a causal role in the progression of AD-related 

neurodegeneration.

Materials and methods

Animals

RCAN1 TG mice with brain-specific RCAN1.1S over-expression were generated with a 

“flox-ON” human RCAN1.1S transgene [20] driven by Camk2α-Cre [57]. Littermates 

carrying RCAN1.1S but lacking the Cre transgene were used as controls and referred to as 

WT. Two age groups were tested: “young” adult mice 3–5 months old and “aged” mice 12–

14 months old. All experiments were performed using male age-matched TG and WT 

littermates over 2–3 independent cohorts.

Behavioral assays

Mice were tested for hippocampus-dependent memory using the novel object recognition, 

Morris water maze (MWM), and associative fear conditioning assays adapted from 

procedures described previously [18, 19].

Field electrophysiology

E-LTP and L-LTP recordings in the CA3-CA1 circuit of acute 400-μm transverse 

hippocampal slices were performed as previously described [18, 19]. For MitoQ treatment, 

slices were incubated with 500 nM MitoQ10 methanesulfonate (gift from Dr. Michael 

Murphy) for 70 min total, beginning 30 min before L-LTP induction to 40 min after the first 

HFS, followed by drug washout until the end of the recording. For antimycin treatment, 

slices were incubated with 2.5 μM antimycin-A (Sigma) for 20 min, followed by E-LTP 

induction and drug washout for 60 min post-HFS. Vehicle-control slices for each drug 

condition were treated similarly with an equal volume of DMSO.

Western blotting

Hippocampal tissue from the mouse brain or postmortem cortical samples from AD patients 

and controls provided by the Brain and Body Donation Program (BBDP) at Banner Sun 
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Health Research Institute in Sun City, AZ (see Supplementary Table S1 for patient 

demographics) were prepared as whole lysates, mitochondria-enriched fractions, or 

immunoprecipitates for western blotting using procedures adapted from previous studies 

[18, 20]. Proteins were resolved using either 18 % Tris–Glycine (RCAN1) or 4–12 % Bis–

Tris gradient gels (all others), then blotted and detected using standard techniques [20]. To 

detect carbonylated proteins, blots were treated using the OxiSelect Protein Carbonyl 

Immunoblot Kit (Cell Biolabs). Immunoreactive signals were quantified as previously 

described [20].

Confocal microscopy

Immunohistochemistry of fixed hippocampal slices for fluorescence imaging was adapted 

from procedures described previously [28]. Oxidative stress in the hippocampus was 

assessed as previously described using in vivo DHE detection of cellular ROS [22] and 

MitoSOX detection of mitochondria-derived ROS [34], followed by fixation with 4 % 

paraformaldehyde. DHE and MitoSOX fluorescence in fixed hippocampal slices were 

imaged and quantified as pixel intensity per 8000-μm2 area through the CA1 stratum 

pyramidale or DG granule cell layer. Mitochondrial membrane potential was measured in 

acute hippocampal slices using the mitochondrial potential-sensitive fluorescent dye JC-1 

(Life Technologies), followed by fixation and quantification of the red-to-green JC-1 

fluorescence ratio in acquired images [64]. To assess DRP1 localization and mitochondria 

size, DRP1 and ANT1 staining in fixed hippocampal slices were quantified as pixel intensity 

or pixel size in predefined areas in CA1.

Real-time PCR

RNA from hippocampi of young and aged TG mice was extracted using TRIzol (Life 

Technologies) and reverse transcribed into cDNA using the Omniscript RT Kit (Qiagen). 

Real-time PCR of the cDNA to quantify mRNA levels of the RCAN1.1S transgene 

normalized to Gapdh mRNA levels was performed on the StepOnePlus real-time PCR 

system (Applied Biosystems) using TaqMan gene expression assays.

Data analysis

All data are presented as mean values ±SEM. Data were statistically evaluated using SPSS 

software. Student’s t test or ANOVA was applied as appropriate. Outliers were excluded 

using Grubb’s method. Significant effects were followed by Tukey’s post hoc testing. For 

the correlational analyses, Pearson’s correlation coefficient test was used. All statistical tests 

were two tailed with p < .05 as statistically significant.

Results

RCAN1.1S overexpression in the brain

To establish the relevance of RCAN1.1S overexpression in AD, we examined RCAN1 

levels in postmortem AD brain tissue with western blotting. Using protein expressed from 

plasmid vectors encoding each human RCAN1 isoform to identify observed bands [61], we 

confirmed previous findings of RCAN1.1L overexpression in AD brains [16, 61] but 

discovered that RCAN1.1S also was overexpressed compared with age-matched controls 
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(Fig. 1a). Because RCAN1 was reported to accumulate with age in the human brain [7] and 

aging is the major risk factor for AD [17], we further analyzed the relationship between 

RCAN1 isoform expression and age. We found that both RCAN1.1L and RCAN1.1S levels 

positively correlated with age in the control group but not in the AD group (Fig. 1b). While 

RCAN1.1S shows lower expression than the larger RCAN1.1L isoform, it still represents a 

significant fraction (~20 %) of total RCAN1.1 levels in the brain (Supplemental Fig. 1a) 

and, importantly, is elevated in AD and aging.

To investigate a causal link between chronic RCAN1.1S overexpression and AD 

progression, we selectively over-expressed human RCAN1.1S in the mouse brain using the 

Cre/lox system (Fig. 1c). Mice were generated with a floxed human RCAN1.1S transgene 

driven by Cre recombinase under a Camk2α promoter to overexpress RCAN1.1S late in 

development specifically in neurons [19, 20]. Western blotting showed RCAN1.1S 

overexpression in the hippocampus and throughout the forebrain of RCAN1 transgenic (TG) 

mice carrying both RCAN1.1S and Cre transgenes compared with “wild-type” (WT) 

littermate controls carrying RCAN1.1S but lacking Cre (Fig. 1d, e). We did not detect 

endogenous RCAN1.1S in the mouse brain, but the expression of a murine RCAN1.1S 

homolog cannot be definitively excluded with current reagents available. Because the 

transgenic human RCAN1.1S was tagged with a FLAG epitope, we were able to confirm 

expression of the RCAN1.1S transgene in TG mice [20]. Quantification of RCAN1.1S 

expression showed that transgenic RCAN1.1S represented ~30 % of RCAN1.1 levels in the 

mouse hippocampus (Supplemental Fig. 1b). We then examined if RCAN1 levels increased 

with age in TG mice like in the human brain (Fig. 1b). We found that transgenic RCAN1.1S 

levels increased markedly in the hippocampus of aged (12–14 months old) compared with 

young (3–5 months old) TG mice (Fig. 1f). This increase was not due to changes in 

RCAN1.1S mRNA levels during aging (Supplemental Fig. 1c). We also found higher levels 

of the endogenous murine RCAN1.1L isoform in aged TG mice (Fig. 1f). Therefore, the 

ratio of RCAN1.1 isoforms expressed in the hippocampus of TG mice did not change 

significantly with age (Supplemental Fig. 1b). Hippocampal RCAN1.1L levels also were 

higher in aged WT than in young WT mice (Fig. 1f), suggesting that RCAN1 proteins 

accumulate during aging. A similar pattern of increased RCAN1 levels was observed in 

other brain regions of aged compared with young animals (Supplemental Fig. 1d). 

Supporting these results, immunohistochemical staining for RCAN1 in the hippocampus 

showed signal throughout the somatic and dendritic compartments of CA1 neurons, which 

increased with transgenic RCAN1.1S expression and with age (Supplemental Fig. 1e). 

Combined, these data demonstrate that brain-specific RCAN1.1S overexpression in RCAN1 

TG mice models the upregulation observed in AD and aging human brains.

RCAN1.1S overexpression leads to age-dependent memory impairments

Early in AD progression around middle age, subtle cognition and memory difficulties 

manifest during a stage called mild cognitive impairment (MCI) [45]. To determine if 

RCAN1.1S overexpression promotes MCI, we tested RCAN1 TG mice for MCI-like 

memory deficits in several hippocampus-dependent behavioral tasks. Using two age groups, 

we first tested mice in the novel object recognition (NOR) task. Young TG mice performed 

as well as WT littermates distinguishing a novel from familiar object, but performance was 
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impaired in aged TG mice (Fig. 2a). This effect was not due to differences in total object 

exploration time (Fig. 2a) or movement (data not shown), indicating impaired object 

recognition memory in aged TG mice. Next, we tested mice in the MWM. No acquisition 

latency differences were detected between the genotypes in both age groups during training 

to locate a hidden escape platform, indicating normal spatial learning in RCAN1 TG mice 

(Fig. 2b). During the probe test when the platform was removed, young TG mice also 

showed no difference from WT littermates for spatial memory of the platform location, as 

measured by preferential time spent and number of platform crossings in the target quadrant 

(Fig. 2c, d). While aged WT mice also occupied the target quadrant and crossed the target 

platform location preferentially more than in all other quadrants, indicating intact spatial 

memory, aged TG mice failed to perform similarly (Fig. 2c, d). These results were not due 

to differences in vision (Fig. 2b) or distance traveled and swim speed (Fig. 2e), indicating 

impaired spatial memory in aged TG mice. Finally, we tested contextual and cued fear 

memory following associative fear conditioning. As with NOR and MWM, young TG mice 

displayed normal fear learning and long-term memory (LTM) compared to WT litter-mates 

(Fig. 2f). Although aged TG mice also acquired fear normally compared to WT littermates 

during training, contextual fear LTM was impaired (Fig. 2f). Interestingly, no difference in 

cued fear LTM was detected between aged TG and WT mice (Fig. 2f). Taken together, 

RCAN1.1S overexpression impaired hippocampus-dependent memory in mice at 12–14 

months of age, corresponding to middle age in mice [15], when the WT littermates still 

exhibited normal memory compared to the young group. These results suggest that 

RCAN1.1S overexpression accelerates the age onset of memory deficits reminiscent of what 

is observed in DS-related AD [25] and early-onset familial AD [49].

RCAN1.1S overexpression leads to age-dependent impairments in synaptic plasticity

We then investigated if synaptic abnormalities might underlie the memory deficits in aged 

TG mice. Because synaptic plasticity is widely considered a cellular substrate of memory, 

we assessed early-phase long-term potentiation (E-LTP), a transient form of synaptic 

plasticity evoked by high frequency stimulation (HFS) in the CA3-CA1 circuit of ex vivo 

hippocampal slices [18]. E-LTP was indistinguishable between TG and WT slices from both 

age groups (Fig. 3a). To determine if RCAN1.1S overexpression influences long-lasting 

forms of synaptic plasticity, which are more mechanistically similar to long-term memory, 

we next assessed late-phase LTP (L-LTP) evoked by four HFS tetani [19]. Congruent with 

our behavioral data, L-LTP was comparable between hippocampal slices from young TG 

and WT littermates (Fig. 3b) but impaired in aged TG vs. WT control slices (Fig. 3c). This 

effect was not due to genotype differences in basal synaptic transmission or presynaptic 

function (data not shown). To determine a molecular mechanism for this effect, we 

examined the regulation of several proteins important for synaptic plasticity that may be 

altered by excessive RCAN1.1S signaling, including glutamate receptor subunit GluA1, N-

methyl-d-aspartate receptor subunit 2B (NR2B), postsynaptic density protein 95 (PSD95), 

synaptophysin, calcium/calmodulin-dependent kinase II (CaMKII), and extracellular signal-

regulated kinase (ERK) [1, 11, 21, 44, 55]. Western blotting of hippocampal lysates from 

aged TG and WT littermates revealed no differences in these proteins (Fig. 3d). Although 

not exhaustive, these findings suggest that the L-LTP deficit in aged TG mice was not 

derived from dysregulation of several major signaling pathways for synaptic plasticity. 
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Taken together, these results show an age-dependent deterioration of long-lasting synaptic 

plasticity in RCAN1 TG mice, providing further support that RCAN1.1S overexpression 

may contribute to progressive neurodegeneration in AD.

RCAN1.1S overexpression promotes AD-related pathology in the brain

To complement our behavioral and electrophysiological data, we next examined AD-related 

neuropathological markers in RCAN1 TG mice. A classic marker of AD is neurofibrillary 

tangles containing hyperphosphorylated tau. Using western blotting, we analyzed expression 

of the early pathological tau phosphorylation markers AT8 and AT180 [41] in hippocampal 

lysates from young and aged TG mice (Fig. 4). Supporting the idea that RCAN1.1S 

overexpression promotes the onset of AD neuropathology, AT8 and AT180 levels were 

increased in young TG mice compared with WT littermates. In contrast with our behavioral 

and L-LTP results, we detected no difference in levels for either marker between aged TG 

and WT littermates. Compared with young WT mice, however, TG and WT mice in the 

aged group both showed increased AT8 and AT180 levels, similar to young TG mice. 

Consistent with these results, immunohistochemical staining for AT8 in area CA1 of the 

hippocampus showed a similar pattern of increased signal in young TG mice and the aged 

groups (Supplemental Fig. 2). These results were not due to changes in total tau protein 

levels (Fig. 4), indicating that RCAN1.1S overexpression in the brain induces early 

expression of tau pathology found in AD.

Another key biochemical feature of AD is elevated oxidative stress. To test if RCAN1.1S 

overexpression in the brain also induces oxidative stress, we used in vivo dihydroethidium 

(DHE) staining of superoxide [22], the predominant species of cellular ROS [50], in the 

hippocampus of TG and WT mice from both age groups. DHE staining revealed equally low 

ROS levels between young TG and WT littermates in area CA1 and dentate gyrus (DG) of 

the hippocampus (Fig. 5a). Aged WT mice also showed low hippocampal ROS levels, 

comparable to young WT mice (Fig. 5a). However, we found striking ROS increases in the 

hippocampus of aged TG mice (Fig. 5a). Because DHE provides a general readout of 

cellular ROS, we then tested if the excess ROS originated from mitochondria. To do this, we 

treated ex vivo hippocampal slices from aged TG and WT littermates with MitoSOX, a 

mitochondrial ROS dye selective for superoxide in mitochondria [34]. Consistent with our 

DHE results, MitoSOX fluorescence representing mitochondria-derived ROS was greater in 

the CA1 and DG of aged TG mice than in WT controls (Fig. 5b). To examine the 

consequence of this ROS increase, we evaluated protein carbonyl levels in mitochondria-

enriched hippocampal lysates from aged TG and WT littermates as a measure of protein 

oxidation. In agreement with our ROS data, significantly more protein carbonylation, 

indicating greater oxidative damage, was found in aged TG mice (Fig. 5c). To determine if 

this resulted from differences in overall mitochondrial protein expression, we quantified 

expression levels of the mitochondrial marker voltage-dependent anion channel 1 (VDAC1) 

in whole hippocampal lysates from aged TG and WT mice. VDAC1 levels were 

indistinguishable between the genotypes (Fig. 5d), suggesting that protein carbonyl levels 

were specifically increased in aged TG mice. Together with the increased early pathological 

tau expression, the increased oxidative stress in RCAN1 TG mice supports a causal role for 

RCAN1.1S overexpression in AD neuropathology.
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RCAN1.1S overexpression promotes age-dependent mitochondrial dysfunction

Given the increased mitochondrial ROS associated with oxidative damage in aged TG mice 

(Fig. 5), we reasoned that reducing ROS levels and therefore its damaging effects might 

restore L-LTP in these mice. To test this, we used the mitochondrial ROS scavenger MitoQ 

[54] in an attempt to rescue the L-LTP impairment in aged TG mice (Fig. 3c). We examined 

L-LTP in hippocampal slices following 70-min incubation with either MitoQ or the vehicle 

control. Confirming our earlier result, L-LTP was lower in vehicle-treated aged TG slices 

compared with similarly treated WT slices (Fig. 6a). Using a subthreshold concentration of 

MitoQ (500 nM) that does not affect LTP in WT slices but effectively reduces mitochondrial 

ROS levels [34], we found that the acute MitoQ treatment did not normalize L-LTP in aged 

TG slices (Fig. 6a). These data suggest that synaptic plasticity and memory deficits in aged 

TG mice are not mediated by acute elevation of mitochondrial ROS but result more likely 

from mitochondrial dysfunction leading to cumulative ROS damage.

To test the idea that RCAN1 TG mice display mitochondrial dysfunction, we first assessed 

LTP in hippocampal slices pretreated for 20 min with antimycin-A (2.5 μM) to disrupt 

mitochondrial function. We reasoned that if RCAN1.1S overexpression compromised 

mitochondrial integrity, then TG mice would be more susceptible to antimycin and display 

more pronounced synaptic impairment. As expected, antimycin impaired LTP in aged WT 

slices and to a greater extent in aged TG slices compared with vehicle treatment (Fig. 6b). 

Consistent with our data showing no behavioral, synaptic, or ROS differences in the young 

group, antimycin impaired LTP similarly in young TG and WT slices (Supplemental Fig. 3). 

Thus, RCAN1 TG mice exhibited age-dependent mitochondrial dysfunction in the 

hippocampus. To complement these results, we also measured mitochondrial membrane 

potential in ex vivo hippocampal slices using the mitochondrial potential-sensitive 

fluorescent dye JC-1 [64]. JC-1 shifts from green fluorescence in monomeric form to red in 

aggregate form as it accumulates inside polarized mitochondria. We found a significant 

increase in the red-to-green JC-1 fluorescence ratio in the hippocampus of aged TG mice 

compared with WT littermates (Fig. 6c), indicating that mitochondria were abnormally 

hyperpolarized under steady-state conditions in aged TG mice. Because mitochondrial 

activities such as generating energy and regulating cell death signals depend on proper 

mitochondrial membrane potential [14, 60], this result provides further support that 

mitochondrial function is compromised in aged TG mice. Combined, these data suggest that 

RCAN1.1S overexpression might augment aging-related mitochondrial dysfunction in the 

brain to promote neurodegeneration in AD.

RCAN1.1S overexpression shifts mitochondria toward fission in the brain

Crucial to mitochondrial function in neurons are the normal fission and fusion of 

mitochondria [29, 51]. Mitochondrial fission requires DRP1 activity, which is regulated by 

CaN [5, 8]. CaN dephosphorylation of DRP1 at serine 637 (S637) translocates cytoplasmic 

DRP1 to mitochondria where it stimulates fission. Because RCAN1 potently regulates CaN 

[30, 52], RCAN1.1S overexpression may alter DRP1 activity and mitochondrial fission in 

the brain, thereby impacting mitochondrial function and providing a mechanistic link to the 

ROS increase and synaptic deficits found in aged RCAN1 TG mice. Supporting this idea, 

western blotting showed greatly reduced levels of S637-phosphorylated DRP1 (p-DRP1) in 
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the hippocampus of aged TG mice (Fig. 7a; Supplemental Fig. 4a), which suggests 

upregulated DRP1 fission activity. Using immunohistochemistry, we also found more 

diffusely distributed DRP1 in the hippocampus of aged TG mice compared with WT 

littermates (Fig. 7b). To quantify this observation, we measured the frequency of DRP1 

pixel intensities in predefined areas and found significantly higher median pixel intensity in 

the CA1 stratum pyramidale and stratum radiatum of aged TG mice, denoting more diffuse 

DRP1 signal (Fig. 7b). Then, we examined mitochondria size to determine if this diffuse 

DRP1 organization in the aged TG hippocampus corresponded to more cytoplasmic 

localization or more association with a greater incidence of fragmented mitochondria. We 

stained fixed hippocampal slices for the inner mitochondrial membrane protein adenine 

nucleotide translocase 1 (ANT1) and quantified the pixel areas of perinuclear mitochondria 

marked by ANT1 staining (Fig. 8a). Consistent with reduced p-DRP1 levels (Fig. 7a), we 

found more numerous small mitochondria (0–200 μm2) in the CA1 of aged TG mice than in 

WT littermates (Fig. 8b). Total mitochondria area was unchanged between the genotypes 

(Fig. 8c), indicating that the greater frequency of small mitochondria likely reflects 

unbalanced fission in aged TG mice. As another control, western blotting confirmed no 

difference in total hippocampal levels of DRP1 (Fig. 7a) and ANT1 (Fig. 8d) between aged 

TG and WT mice that may drive these effects. Combined, these data show that RCAN1.1S 

signaling can regulate mitochondrial fission in the brain through DRP1 activity and suggest 

that RCAN1.1S overexpression may contribute to the mitochondrial dysfunction in aging 

and AD through this pathway. Young TG mice did not differ from WT littermates and aged 

WT mice in DRP1 regulation (Supplemental Fig. 4b, c) or mitochondrial morphology (Fig. 

8), further showing that RCAN1.1S overexpression promotes age-dependent mitochondrial 

dysfunction.

Discussion

Improved understanding of the mechanisms underlying AD progression is necessary to 

advance therapies for treating and potentially preventing this neurodegenerative disease. The 

majority of AD cases are sporadic, occurring with unknown etiology except that the 

incidence increases with age. Because DS patients almost universally develop early-onset 

AD, genes overexpressed by trisomy 21 provide a promising window into the pathogenesis 

of both DS-related AD and sporadic AD. An obvious mechanism may be overexpression of 

Amyloid Precursor Protein (APP) on chromosome 21, leading to increased Aβ production 

and plaque deposition, a classic neuropathological feature of AD. However, the Ts1Cje 

mouse model of DS does not include an extra copy of App yet develops AD-like pathology 

and cognitive deficits [53]. Furthermore, the failure of Aβ-directed clearance therapies to 

halt the progression of dementia [26] and the emergence of synaptic deficits before 

significant plaque deposition [43] suggest other mechanisms may promote 

neurodegeneration in AD.

An attractive candidate mechanism is overexpression of RCAN1 on chromosome 21. 

RCAN1 has been found overexpressed in fetal and postmortem DS brains [47, 56, 61], 

postmortem AD brains at various stages [7, 61], and lymphocytes from pre-symptomatic 

adults carrying the APOE ε4 genetic risk factor for AD [31]. Together with the report that 

RCAN1 levels increase in the human brain with normal aging [7], these findings suggest a 
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role for chronic RCAN1 overexpression in the age-related progression of AD. RCAN1.1L is 

the predominant isoform in the brain, and it is overexpression of this isoform in AD and DS 

brains that has been reported and shown recently to promote AD-like pathophysiology [12, 

13, 39, 46, 61]. Interestingly, however, RCAN1.1L overexpression was shown to protect 

cells initially but facilitated apoptosis after long-term overexpression, whereas both short- 

and long-term overexpression of the RCAN1.1S isoform facilitated apoptosis [61], 

suggesting RCAN1.1S may be particularly toxic. Such findings point to differential isoform 

effects. While it is possible that overexpression of any or all RCAN1 isoforms may promote 

AD, studying isoform-specific contributions may enable more specialized biomarker and 

therapeutic strategies for AD. In the present study, we provide strong converging behavioral, 

electrophysiological and biochemical evidence that overexpression of the RCAN1.1S 

isoform is a causal factor in early age-dependent neurodegeneration related to AD.

This study is the first examination of RCAN1.1S-specific overexpression in AD 

pathogenesis using an aging in vivo mammalian model. Although cell culture studies 

support a causal role for RCAN1.1S overexpression in several AD-related features [33, 48, 

61], age is the largest risk factor for AD [17] and difficult to reproduce in vitro. Dementia 

similarly, central to AD, is impossible to examine in cell culture but can be modeled by 

mouse behavior and circuit-level synaptic physiology in the mouse brain. Three prior studies 

reportedly examined RCAN1 isoform-specific overexpression mouse models in vivo, but 

two did not consider the importance of aging [9, 39], and the third overexpressed RCAN1.4, 

finding no age-dependent memory effects [2]. These studies also overexpressed RCAN1 

globally from early development, which models DS but does not distinguish neuronal 

abnormalities arising from developmental defects or aging-related insults. To understand 

how AD may progress, we generated RCAN1 TG mice overexpressing human RCAN1.1S 

selectively in the brain and tested them for AD-like neurodegeneration at two early time 

points: young (3–5 months old) and aged (12–14 months old). Importantly, we observed 

synaptic and memory phenotypes in aged TG mice, corresponding roughly to middle age in 

humans when mild cognitive impairments would occur as an early indicator of AD. These 

findings suggest an early role for RCAN1 overexpression in the neurodegenerative 

processes of AD, before the onset of extensive cell death, which is consistent with the notion 

that AD-related loss of function occurs prior to neuronal loss. Our data are the first to 

demonstrate that chronic RCAN1.1S overexpression promotes age-dependent memory and 

synaptic plasticity deficits associated with early tau pathology, oxidative stress, and 

mitochondrial dysfunction in the adult mouse hippocampus, mirroring key AD features. 

Because we activated RCAN1.1S overexpression late in development, our data also show 

that AD-associated neurodegeneration can occur with aging as in sporadic AD, independent 

of RCAN1 overexpression effects during fetal development in DS.

Our study also provides the first analysis of RCAN1.1S levels in the AD and normally aging 

brain, showing that RCAN1.1S protein, like RCAN1.1L, is overexpressed in AD and 

increases with normal aging in both humans and RCAN1 TG mice. Because we did not 

observe a change in RCAN1.1S mRNA levels during aging (Supplemental Fig. 1c), one 

possibility for the increased level of RCAN1.1 proteins is that their degradation may be 

impaired, consistent with the impaired protein degradation reported in AD and aging [23, 
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24] and the appearance of protein aggregates with RCAN1 overexpression in cell culture 

[33]. We did not observe RCAN1 aggregates in the hippocampus of young or aged TG mice, 

but they may emerge at a later pathological stage. Given the glucocorticoid-responsive 

promoter of RCAN1.1 [56], another possibility why RCAN1.1 protein levels are increased is 

their excessive induction by physiological stress over the course of aging. Chronic exposure 

to stressors may cause a buildup of RCAN1.1 protein that triggers mitochondrial 

dysfunction and oxidative stress in the brain, eventually leading to cognitive decline in 

normal aging. In AD, these events may be accelerated by interactions between normal age-

related changes and risk factors that upregulate or compound RCAN1.1 signaling, thereby 

leading to pathology and dementia. Several stressors, including psychological stress, Aβ, 

oxidative stress, and genetic sources such as trisomy 21 have been shown to increase 

RCAN1.1 levels [12, 56]. Signaling through RCAN1.1 may then represent a central node for 

these stressors to promote neurodegeneration in AD (Fig. 9). In future studies, it would be 

interesting to examine the effects of stress manipulations during aging on RCAN1.1 

degradation and translation and the progression of AD-like neurodegeneration in RCAN1 TG 

mice.

Consistent with this idea of cumulative long-term effects in aging and AD, acute MitoQ 

treatment was unable to restore hippocampal L-LTP in aged RCAN1 TG mice. Previous 

studies have associated RCAN1 with mitochondrial function and oxidative stress, but here 

we demonstrate that chronic RCAN1.1S overexpression promotes age-dependent 

mitochondrial defects associated with greater oxidative stress in the mouse brain, 

recapitulating what is seen in AD [35]. Additionally, we uncovered a signaling pathway 

between RCAN1.1S and DRP1 regulation of mitochondrial fission that may mediate the 

mitochondrial dysfunction in AD. Whether RCAN1.1L is involved in this pathway remains 

to be determined. These data strongly support a causal mechanistic link between RCAN1.1S 

overexpression and progressive neurodegeneration in AD through cumulative mitochondrial 

dysfunction and oxidative damage, leading to impaired synaptic plasticity and memory (Fig. 

9). Consequently, chronic MitoQ treatment to scavenge mitochondria-derived ROS during 

aging or other long-term therapies may be more effective at restoring L-LTP in aged TG 

mice. Future studies testing this mechanism will be important to determine if RCAN1 

signaling may be targeted to prevent AD onset or lessen the severity of AD.

RCAN1 has been reported to both inhibit and facilitate CaN activity [30, 52], which has 

made the regulatory relationship between RCAN1 and CaN challenging to understand. In 

this study, for example, we found increased early pathological tau phosphorylation (Fig. 4) 

but also decreased DRP1 phosphorylation (Fig. 7a) in the hippocampus of RCAN1 TG mice, 

suggesting RCAN1.1S overexpression inhibited as well as facilitated CaN activity. Previous 

studies have shown that RCAN1 affects CaN activity differently depending on the 

concentration and phosphorylation of RCAN1 [18, 30] and the localization and substrates of 

CaN [20, 40, 62]. As a result, future studies will be required to better understand how 

RCAN1 regulates CaN activity in the brain of RCAN1 TG mice. Identifying the cellular 

contexts in which RCAN1 inhibits or facilitates CaN activity will improve how 

RCAN1/CaN signaling can be exploited as a therapeutic avenue for AD.
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In summary, this study provides valuable new insights into the molecular basis of 

progressive neurodegeneration in AD. The results strongly support overexpression of the 

DS-associated gene RCAN1 and particularly the RCAN1.1S isoform during aging as a 

pathogenic mechanism in both DS-related AD and sporadic AD. Therefore, RCAN1 

represents an attractive therapeutic target for treating this devastating neurodegenerative 

disease.
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Fig. 1. 
RCAN1.1S overexpression in the brain. a Western blot analysis of RCAN1 isoform 

expression in the brain of Alzheimer’s disease (AD) patients and age-matched controls 

(CTRL). RCAN1.1 proteins were elevated in AD vs. CTRL brains (RCAN1.1L t(21) = 

9.954, p = .005; RCAN1.1S t(21) = 7.892, p = .011). N = 12 CTRL, 11 AD. b Correlational 

analyses showing human RCAN1.1L and RCAN1.1S levels increased with age in the CTRL 

group (RCAN1.1L r(10) = .736, p = .006; RCAN1.1S r(10) = .650, p = .022) but not in the 

AD group (RCAN1.1L r(9) = .309, p = .152; RCAN1.1S r(9) = −.235, p = .486). c 
Generation of RCAN1 transgenic (TG) mice with a floxed human RCAN1.1S transgene 

driven by Cre recombinase under the T-29 Camk2α promoter. d Representative western blot 

confirming RCAN1.1S overexpression in the hippocampus of Cre+/−; RCAN1Tg1a+/− (TG) 

mice compared with “wild-type” (WT) Cre−/−; RCAN1Tg1a+/− mice. e Representative 

western blot showing forebrain-specific RCAN1.1S overexpression in TG mice. OLF 

olfactory bulb, PFC prefrontal cortex, CTX cortex, HIP hippocampus, CER cerebellum, STR 

striatum. f Western blot analysis of age-related RCAN1 isoform expression in the mouse 

hippocampus. Exogenous human RCAN1.1S and endogenous murine RCAN1.1L protein 

levels increased from young (3–5 months old) to aged mice (12–14 months old). RCAN1.1S 
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t(14) = −3.571, p = .003; RCAN1.1L F(3,28) = 11.429, p < .001; post hoc comparisons: all p 

< .05 except young TG vs. young WT (p = .503) and aged TG vs. aged WT (p = .955). N = 

6–10 mice/group. Signal specificity confirmed using brain lysate from Rcan1 knockout 

(KO) mice. Normalized to β-actin. *p < .05
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Fig. 2. 
RCAN1.1S overexpression leads to age-dependent memory impairments. a Young TG mice 

displayed normal object recognition memory, measured as a preference index of 

significantly greater percent time spent exploring the novel object than familiar object 

(young WT t(32) = −4.063, p < .0001; young TG t(32) = −2.226, p = .033). Aged TG mice 

failed to show this preference while aged WT mice did (aged WT t(34) = −6.249, p < .0001; 

aged TG t(22) = .059, p = .954). These effects were not due to differences in total object 

exploration time (young t(32) = −.459, p = .649; aged t(29) = .074, p = .942), indicating 

impaired memory in aged TG mice. N = 13–18 mice/group. b Both young and aged TG 

mice displayed normal spatial learning and intact vision in the MWM (RM-ANOVA 

between-subjects, training day escape latency: main effect of genotype F(1,45) = .616, p = .

437; main effect of age F(1,45) = .578, p = .451; main effect of interaction F(1,45) = .034, p 

= .855; visible platform day escape latency: F(1,45) = .211, p = .648). Young TG mice also 

displayed normal spatial memory assessed with the probe test, whereas aged TG mice were 

impaired, failing to display significantly more, c time spent and d platform crossings in the 

target vs. all other (L, opp, R) quadrants. Quadrant occupancy time: young WT F(3,32) = 

5.509, p = .004; young TG F(3,44) = 12.085, p < .001; aged WT F(3,56) = 18.086, p < .001; 

aged TG F(3,48) = 9.886, p < .001; post hoc comparisons: all p < .05 except target vs. L in 
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aged TG group (p = .822). Platform crossing frequency: young WT F(3,32) = 5.368, p = .004; 

young TG F(3,44) = 7.226, p = .001; aged WT F(3,56) = 11.659, p < .001; aged TG F(3,48) = 

1.248, p = .309; post hoc comparisons only in young WT, young TG, and aged WT groups: 

all p < .05. N = 12–14 mice/group. e MWM probe test results were not due to differences in 

distance traveled (F(3,45) = 1.773, p = .166) or swim speed (F(3,45) = .961, p = .419). f Aged, 

but not young, TG mice displayed impaired contextual fear LTM, while fear acquisition and 

cued fear LTM were normal compared to WT littermates. Young TG vs. young WT: 

training F(1,20) = .323, p = .576; context LTM F(1,20) = .585, p = .453; cued LTM F(1,20) = .

032, p = .861. Aged TG vs. aged WT: training F(1,22) = .029, p = .866; context LTM F(1,22) 

= 5.433, p = .029; cued LTM F(1,22) = .491, p = .491. N = 11–14 mice/group. *p < .05; ns 

not significant.
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Fig. 3. 
RCAN1.1S overexpression leads to age-dependent impairments in synaptic plasticity. a One 

train of HFS (100 Hz) evoked similar levels of E-LTP in hippocampal area CA1 of young 

and aged TG mice compared to WT littermates (young F(1,16) = .233, p = .636; aged F(1,37) 

= .899, p = .349). n = 8–20 slices/group, 5–7 mice/group. b Four trains of HFS evoked 

similar L-LTP levels between young WT and TG mice (F(1,14) = .067, p = .799). n = 7–9 

slices/group, 5–7 mice/group. c L-LTP was significantly impaired in aged TG mice 

compared with WT littermates (F(1,30) = .612, p = .019). n = 14–18 slices/group, 5–7 mice/

group. Representative fEPSP recordings before (1 gray trace) and after LTP induction (2 

black trace) at the top in a–c. d Western blot analysis of candidate RCAN1-regulated 

proteins important for synaptic plasticity in the aged mouse hippocampus. Impaired L-LTP 

in aged TG mice was not due to altered levels of phosphorylated GluA1 (p-GluA1) at S845 

(t(19) = .037, p = .971) or S831 (t(19) = −.722, p = .479); total GluA1 (t(19) = .374, p = .713); 

NR2B phosphorylated at Y1472 (p-NR2B t(12) = .703, p = .495); total NR2B (t(12) = .832, p 

= .422); PSD95 (t(12) = 1.889, p = .083); synaptophysin (t(12) = .011, p = .991); CaMKII 

phosphorylated at T286 (p-CaMKII t(19) = .001, p = 1.00); or phosphorylated ERK at T202/

Y204 (p-ERK1 t(19) = .143, p = .888; p-ERK2 t(19) = −.322, p = .751) in the hippocampus of 

aged TG mice compared to WT littermates. Phosphorylation signals normalized to the 

respective total protein levels; GluA1, NR2B, PSD95, and synaptophysin normalized to 

GAPDH. N = 6–12 mice/group. *p < .05
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Fig. 4. 
RCAN1.1S overexpression promotes early tau pathology in the hippocampus. Western blot 

analysis of early pathological tau phosphorylation in the hippocampus. Tau pathology 

detected with AT8 and AT180 antibodies were significantly increased in young TG vs. WT 

mice. No differences for these markers were detected between aged TG and WT mice. 

However, compared with young WT mice, AT8 and AT180 expression were increased in 

both aged TG and WT mice to similarly high levels in young TG mice, indicating 

RCAN1.1S overexpression accelerated the onset of early tau pathology in the hippocampus. 

AT8 F(3,19) = 3.765, p = .028; AT180 F(3,19) = 3.352, p = .041; post hoc comparisons: 

young TG vs. young WT: AT8 p = .031, AT180 p = .025; aged TG vs. aged WT: AT8 p = 

1.000, AT180 p = .999; aged WT vs. young WT: AT8 p = .007, AT180 p = .009; aged TG 

vs. young WT: AT8 p = .032, AT180 p = .038. These results were not due to changes in 

total tau protein levels (summed ~50–53 kD signals; F(3,19) = 2.197, p = .122). AT8 and 

AT180 immunoreactivity normalized to total tau levels and total tau to GAPDH. N = 4–8 

mice/group. *p < .05
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Fig. 5. 
RCAN1.1S overexpression promotes mitochondria-derived oxidative stress in the brain. a 
Endogenous ROS detected with DHE in the CA1 and DG of hippocampal slices were 

equally low in young TG and WT littermates and aged WT mice. By contrast, aged TG mice 

showed robust cellular ROS levels in the hippocampus. CA1 F(3,32) = 14.738, p < .001; DG 

F(3,32) = 8.139, p < .001; post hoc comparisons: young WT vs. young TG: CA1 p = 1.000, 

DG p = .980; aged WT vs. young WT: CA1 p = .967, DG p = .975; aged TG vs. aged WT: 

CA1 p < .0001, DG p = .006. N = 3 mice/group, 3 slices/mouse. Scale bar 50 μm. b 
Mitochondria-derived ROS detected with MitoSOX were significantly elevated in the CA1 

and DG of hippocampal slices from aged TG mice (CA1 t(38) = 2.113, p = .041; DG t(38) = 

3.153, p = .003). Hoechst nuclear stain. N = 5 mice/group, 4 slices/mouse. Scale bar 50 μm. 

c Western blot analysis of protein carbonyl levels as a marker of protein oxidation in 

mitochondria-enriched hippocampal lysates from aged TG and WT mice. Aged TG mice 

exhibited significantly greater protein carbonylation, indicating greater oxidative stress, than 

aged WT mice (t(19) = −2.272, p = .035). Protein carbonyl levels were quantified as 

immunoreactivity of carbonylated proteins between 10 and 260 kD normalized to VDAC1 

levels per lane. N = 9–12 mice/group. d Western blot analysis showing no difference in total 

VDAC1 levels that could explain the increased protein carbonylation in aged TG mice (t(13) 

= −.066, p = .948). Normalized to GAPDH. N = 9–12 mice/group. *p < .05
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Fig. 6. 
RCAN1 TG mice exhibit aging-related mitochondrial dysfunction. a Acute MitoQ treatment 

of hippocampal slices did not restore L-LTP in aged TG mice to WT levels (F(3,52) = 3.183, 

p = .031; main effect of genotype F(1,56) = 8.973, p = .004; main effect of treatment F(1,56) 

= .001, p = .975; main effect of interaction F(3,52) = .048, p = .827). n = 11–18 slices/group, 

5 mice/genotype. b Disrupting mitochondrial function with antimycin (ant) treatment of 

hippocampal slices impaired E-LTP significantly more in aged TG than in WT littermates 

compared with vehicle (veh) treatment, revealing increased age-dependent mitochondrial 

dysfunction when RCAN1.1S is overexpressed (F(3,71) = 31.089, p < .001; main effect of 

genotype F(1,71) = 4.111, p = .046; main effect of treatment F(1,71) = 80.609, p < .0001; 

main effect of interaction F(3,71) = 4.685, p = .034; post hoc aged TG + ant vs. aged WT + 

ant: p = .026). n = 17–21 slices/group, 5–7 mice/genotype. Representative fEPSP recordings 

before (1 gray trace) and after LTP induction (2 black trace) at the top in a and b. Mean 

fEPSP slopes recorded during last 20 min post-LTP induction at the right in a and b. c 
Mitochondrial membrane potential measured with JC-1 was abnormally hyperpolarized in 

hippocampal area CA1 of aged TG mice compared with WT littermates, indicating 

mitochondrial dysfunction (t(34) = −2.919, p = .006). JC-1 fluorescence intensity was 

quantified and normalized as a ratio of red (em590) to green (em530) fluorescence. Scale 

bar 10 μm. *p < .05

Wong et al. Page 24

Acta Neuropathol. Author manuscript; available in PMC 2016 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
RCAN1.1S overexpression during aging alters dynamin-related protein 1 (DRP1) activity. a 
Western blot analysis showing reduced DRP1 phosphorylation at S637 (p-DRP1), 

normalized to DRP1 levels, in the hippocampus of aged TG vs. WT littermates (t(8) = 

−2.927, p = .019). N = 5 mice/group. This reduction was not due to a difference in total 

DRP1 levels, normalized to GAPDH, between the genotypes (t(13) = −.264, p = .796). N = 

6–9 mice/group. b Reduced p-DRP1 levels corresponded to more diffuse sub-cellular 

localization of DRP1 in both the CA1 stratum pyramidale and stratum radiatum of aged TG 

vs. WT littermates. The median DRP1 pixel intensity value was significantly higher for aged 

TG mice than WT controls, indicating more diffuse DRP1 signal in the aged TG 

hippocampus (CA1-SP t(34) = −2.147, p = .039; CA1-SR t(34) = −2.508, p = .017). N = 6 

mice/group, 3 slices/mouse. Scale bar 5 μm. *p < .05
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Fig. 8. 
RCAN1.1S overexpression during aging shifts mitochondria toward fission in the brain. a 
Representative images of mitochondria in the CA1 stratum pyramidale stained by the inner 

mitochondrial membrane marker ANT1. Insets highly fragmented perinuclear mitochondria 

in aged RCAN1 TG mice compared with WT littermates and the young group. Hoechst 

nuclear stain. Scale bar 5 μm. b Quantification of mitochondria sizes by measuring the pixel 

areas of ANT1 signal confirmed that aged WT mice and the young group were similar while 

aged TG mice had significantly more small (0–200 μm2) mitochondria in the hippocampus 

(F(3,24 = 5.287, p = .006; post hoc comparisons: aged TG vs. aged WT: p = .031; aged TG 

vs. young WT: p = .015; aged TG vs. young TG: p = .008 young WT vs. young TG: p = .

990; young WT vs. aged WT: p = .999; aged WT vs. young TG: p = .977). N = 3–4 mice/

group, 2 slices/mouse. c No significant differences in total mitochondria area measured as 

the sum pixel area of ANT1 signal were detected between any groups, indicating that the 

higher frequency of small mitochondria in aged TG mice likely resulted from increased 

fission (F(3,24 = .238, p = .869). d Western blot analysis showing that altered mitochondrial 

morphology in the hippocampus of aged TG mice was not due to a difference in total ANT1 

levels compared to WT littermates and the young group (F(3,19 = .785, p = .517). 

Normalized to GAPDH. N = 4–9 mice/group. *p < .05
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Fig. 9. 
Schematic model of RCAN1 signaling in AD-related progressive neurodegeneration. 

Exposure to chronic stressors during aging may cause RCAN1 protein to accumulate in the 

brain and promote mitochondrial dysfunction and excessive ROS levels. Oxidative damage 

from excess ROS over time may then trigger AD-related neurodegeneration.
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