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Life Extension Factor Klotho Prevents Mortality and
Enhances Cognition in hAPP Transgenic Mice
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Aging is the principal demographic risk factor for Alzheimer disease (AD), the most common neurodegenerative disorder. Klotho is a key
modulator of the aging process and, when overexpressed, extends mammalian lifespan, increases synaptic plasticity, and enhances
cognition. Whether klotho can counteract deficits related to neurodegenerative diseases, such as AD, is unknown. Here we show that
elevating klotho expression decreases premature mortality and network dysfunction in human amyloid precursor protein (hAPP)
transgenic mice, which simulate key aspects of AD. Increasing klotho levels prevented depletion of NMDA receptor (NMDAR) subunits in
the hippocampus and enhanced spatial learning and memory in hAPP mice. Klotho elevation in hAPP mice increased the abundance of
the GluN2B subunit of NMDAR in postsynaptic densities and NMDAR-dependent long-term potentiation, which is critical for learning
and memory. Thus, increasing wild-type klotho levels or activities improves synaptic and cognitive functions, and may be of therapeutic
benefit in AD and other cognitive disorders.
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Introduction
Alzheimer’s disease (AD) is reaching pandemic proportions
(Wimo and Prince, 2010; Huang and Mucke, 2012; Matthews et
al., 2013). Potential treatments for AD have targeted symptoms
and individual pathogenic factors suspected of contributing
causally to the disease, but so far no truly effective therapeutics
have emerged (Mangialasche et al., 2010; Selkoe, 2012; Giacobini
and Gold, 2013). In light of these failures and the urgent need for
better treatments, it is important to explore alternate or complementary strategies to counteract the disease. Such approaches
may be to delay aging, the primary demographic risk factor for
AD, or to enhance the cognitive processes that AD erodes.
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Klotho is a pleiotropic protein that delays aging and enhances
cognition (Kurosu et al., 2005; Dubal et al., 2014). It circulates
throughout the body and brain following cleavage by ADAM 10
and 17 from its transmembrane form (Chen et al., 2007). In
brain, klotho is produced primarily by the choroid plexus (German et al., 2012; Kuang et al., 2014) and its brain levels decrease
with aging (Duce et al., 2008). Klotho levels in the CSF of humans
also decrease with aging and in AD, correlating with Mini-Mental
State Exam scores (Semba et al., 2014).
Genetic reduction of klotho in mice reduces lifespan (Kuro-o
et al., 1997) and impairs myelination, synaptic integrity, and cognition (Nagai et al., 2003; Shiozaki et al., 2008; Chen et al., 2013),
whereas transgenic overexpression extends lifespan (Kurosu et
al., 2005) and enhances synaptic plasticity and cognitive functions in
mice (Dubal et al., 2014) and protects neuronal cultures against A␤
oligomers and excitotoxicity (Zeldich et al., 2014). In humans, a
single allele of a genetic variant of KLOTHO, KL-VS, that increases
circulating levels of klotho (Dubal et al., 2014) and modifies its functions in cell culture (Arking et al., 2002; Tucker Zhou et al., 2013),
promotes longevity (Arking et al., 2002, 2005; Invidia et al., 2010)
and is associated with larger prefrontal cortical regions (Yokoyama
et al., 2015) and better cognitive functions (Dubal et al., 2014;
Yokoyama et al., 2015) in normal aging populations.
However, it is unknown whether klotho elevation can counteract cognitive disorders, such as AD. To determine whether it
can protect against AD-related deficits, we crossed klotho (KL)
transgenic mice that overexpress wild-type mouse klotho
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Table 1. Mice analyzed in different experiments
Figure

Mice per group

Total no.

From cohort(s)

Age at analysis

2B

NTG, 111
hAPP, 67
KL, 110
hAPP/KL, 78

366 mice

A–H

3 weeks to 12.5 months

2D

NTG, 3
KL, 4
hAPP, 7
hAPP/KL, 7

21 mice

B

2–3.5 months

3A–C

NTG, 14
KL, 14
hAPP, 18
hAPP/KL, 17
NTG, 10
KL, 11
hAPP, 12
hAPP/KL, 12
NTG, 23
KL, 21
hAPP, 15
hAPP/KL, 13
NTG, 24
KL, 21
hAPP, 20
hAPP/KL, 16

63 mice

B, C

4 –7 months

45 mice

C

5– 8 months

72 mice

C

5– 8 months

81 mice

C

4 –7 months

NTG, 10
hAPP, 13
NTG, 14 –15
KL, 13
hAPP, 7– 8
hAPP/KL, 9
hAPP, 7– 8
hAPP/KL, 8 –9
hAPP, 4
hAPP/KL, 4
hAPP, 4
hAPP/KL, 4
hAPP, 12–13
hAPP/KL, 8 –9
NTG, 25
KL, 27
hAPP, 14
hAPP/KL, 9

23 mice

D

5–7 months

43– 45 mice

E

3 months

15–17 mice

E

3 months

8 mice

F

3– 4.5 months

8 mice

F

3– 4.5 months

21 mice

C

10 –12.5 months

75 mice

C

10 –12.5 months

23 slices, 16 mice

G

3.5– 4.5 months

39 slices, 16 mice

H

3.5– 4.5 months

Longevity

EEG

Behavior
Water maze

Novel object

3D

Passive avoidance

3E

Open field, elevated plus maze

3F, G

Biochemistry/histology
Western

1

Western

2A, 6B–F, 7B, C

Westerns, A␤ ELISA

4B, E, K, L

A␤ oligomer ECL assay

4F

Western

4D

Immunohistochemistry

4H, J

Immunohistochemistry

5B, C

Electrophysiology
EPSP (LTP)

fEPSP (I/O curves)

8A, B

8C

NTG 3 slices/3 mice
KL 6 slices/5 mice
hAPP 7 slices/5 mice
hAPP/KL 7 slices/3 mice
NTG 9 slices/3 mice
KL 10 slices/5 mice
hAPP 9 slices/5 mice
hAPP/KL 11 slices/3 mice

Cohorts are independent groups of mice, some or all of which were analyzed at one or more time points/ages in one or more paradigms.

throughout the body and brain (Kuro-o et al., 1997) with human
amyloid precursor protein (hAPP) transgenic mice from line J20,
which carry mutations that cause early onset AD in humans
(Mucke et al., 2000). Like humans with AD, singly transgenic
hAPP-J20 mice have elevated levels of amyloid-␤ (A␤) peptides
in the brain as well as premature mortality, deficits in cognition,
behavioral abnormalities, neural network dysfunction, synaptic
impairments, and neuritic amyloid plaques (Palop et al., 2003,

2007; Cheng et al., 2007; Cissé et al., 2011; Roberson et al., 2011;
Sanchez et al., 2012; Verret et al., 2012). This model also shares a
large number of molecular alterations with the human condition,
including decreased expression of calbindin in the dentate gyrus
and of reelin in the entorhinal cortex (Palop et al., 2003; Chin et
al., 2007), increased expression of collagen VI (Cheng et al., 2009)
and metenkephalin (Meilandt et al., 2008) in the hippocampus,
and depletion of select voltage-gated sodium channels in the pa-
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Materials and Methods
Animals. Hemizygous hAPP-J20 mice (Mucke et al., 2000), which express an alternatively spliced hAPP minigene encoding hAPP695,
hAPP751, and hAPP770 with the Swedish and Indiana familial AD mutations directed by the PDGF promoter (Rockenstein et al., 1995; Mucke
et al., 2000), were crossed with hemizygous klotho (KL) transgenic mice
(Kuro-o et al., 1997), which express mouse klotho ubiquitously from the
EF-1␣ promoter. Mice were on an incipient congenic C57BL/6 background (N6 –N7: B6;C3H). All studies were conducted on age-matched
and sex-balanced littermates that included all four genotypes tested in
parallel: nontransgenic (NTG), KL, hAPP, and hAPP/KL. Some data
obtained from NTG and KL mice in these studies were previously reported (Dubal et al., 2014) as indicated in figure legends. Mice were
analyzed in multiple cohorts, as detailed in Table 1. Mice were kept on a
12 h light/dark cycle with ad libitum access to food (Picolab Rodent Diet
20, Labdiet) and water. The studies were approved by the Institutional
Animal Care and Use Committee of the University of California, San
Francisco and conducted in compliance with NIH guidelines.
Behavioral testing. Arenas, objects, or chambers were cleaned with 70%
alcohol between testing sessions in all behavioral testing except water
maze.
Morris water maze. The water maze pool was 122 cm in diameter and
contained whitened, opaque water at a temperature of 21°⫾ 1°C. A
square, 14 cm 2 platform was submerged 2 cm below the water surface.
Mice undertook two pretraining trials by swimming through a channel
and mounting a hidden platform. During hidden platform training, the
platform location remained in the same location between trials while the
drop location varied. Mice underwent two hidden platform training sessions, comprising two trials each, every day for 5 d. Each trial allotted a
maximum time of 60 s. During the probe trial that followed the hidden
platform training, the platform was taken away and mice were permitted
to swim for 60 s. After the probe trial, mice underwent further testing to
determine their ability to find the platform marked with a clearly visible
cue (a 15 cm pole on the platform) in two consecutive training sessions.
Novel object recognition. Mice were acclimated to the testing room for
1 h before testing, which was performed in a square white chamber (40 ⫻
40 cm) under dim lighting. On the first day, mice were habituated to the
arena for 10 min. Twenty-four hours later, mice were presented with two
objects placed equidistant from each other and from the surrounding
chamber walls. During this 10 min training session, mice showed a similar preference for each of the objects (data not shown). For the test
session 24 h later, one of the objects was replaced with an unfamiliar
object of a different shape and texture, and mice were allowed to explore
for 10 min. Frequency of object interactions and time of object exploration were manually scored from videos and analyzed.
Passive avoidance. The apparatus consisted of a two-chamber light/
dark box separated by a guillotine door (Gemini, Avoidance System, San
Diego Instruments). For the acquisition trial, each mouse was placed in
the lit chamber. After 15 s, the door separating the light and dark chambers opened and the latency to enter the dark chamber was recorded.
After the mouse entered the dark chamber, the door was closed and an

NTG hAPP
Klotho
Actin
1.50

Relative Klotho Levels

rietal cortex (Verret et al., 2012). Furthermore, treatment with
the anti-epileptic drug levetiracetam, which ameliorated network
dysfunction in hAPP-J20 mice (Sanchez et al., 2012), also ameliorated network dysfunction in a trial of people with amnestic
mild cognitive impairment (n ⫽ 34 individuals: 17 Controls, 17
MCI; Bakker et al., 2012).
Here we show that elevating klotho levels in hAPP-J20 mice
effectively reduces their premature mortality, cognitive deficits,
behavioral abnormalities, synaptic impairments, and network
dysfunction, without altering the levels of hAPP, hAPP metabolites, or the microtubule-associated protein tau, on which many
A␤-induced deficits depend (Roberson et al., 2007, 2011; Ittner et
al., 2010; Vossel et al., 2010). We also provide evidence that these
beneficial effects may be mediated by modulation of NMDA receptor (NMDAR) function.

1.25
1.00
0.75

*

0.50
0.25
0.00

NTG hAPP

Figure 1. Klotho is decreased in the DG of hAPP mice. Klotho protein levels in dentate gyrus
homogenates from NTG and hAPP mice (n ⫽ 10 –13 mice per genotype, age 5–7 months) were
determined by Western blot analysis. Actin was used as a loading control. Representative Western blots (top) and relative levels of mouse klotho determined by densitometric quantitations of
Western blot signals (bottom). Mean levels in controls were arbitrarily defined as 1.0; *p ⬍ 0.05
(t test). Bar graphs represent mean ⫾ SEM.
electric foot shock (0.35 mA, 2 s) was delivered by the floor grids. Ten
seconds later, the mouse was removed from the dark chamber and returned to its cage. Five days later, the entrance latency into the dark
chamber was measured and recorded up to a maximum of 500 s.
Open field. The apparatus was a clear plastic chamber (41 ⫻ 30 cm)
with two rows of photobeams. Total activity in this open field was detected by beam breaks and measured with an automated Flex-Field/Open
Field Photobeam Activity System (San Diego Instruments). Before testing, mice were acclimated to the room for 30 min. They were then allowed to explore the open field for 10 min.
Elevated plus maze. The apparatus (Hamilton-Kinder) consisted of
open and closed arms for exploration. After habituation to dim lighting
in the room, mice were placed at the junction between open and closed
arms of the maze and permitted to explore for 5 min. The percentage
time spent in open arms was measured.
Protein extraction. Total protein lysates were obtained by microdissection of brain regions from mice or humans followed immediately by
homogenization in ice-cold lysis buffer [1⫻ PBS, pH 7.4, 1 mM DTT, 0.5
mM EDTA, 0.5% Triton, 0.1 M phenylmethyl sulfonyl fluoride (PMSF),
protease inhibitor mixture (Roche), and phosphatase inhibitors 2 and 3
(Sigma-Aldrich)]. Samples were centrifuged at 10,000 rpm for 10 min at
4°C. Supernatant from each sample was then collected for protein concentration measurements by Bradford assay and Western blot analyses.
A␤ ELISAs. Hippocampus was dissected, homogenized, and sonicated
in ice-cold lysis buffer [1⫻ PBS, pH 7.4, 1 mM DTT, 0.5 mM EDTA, 0.5%
Triton, 0.1 M PMSF, protease inhibitor mixture (Roche), and phosphatase inhibitors 2 and 3 (Sigma-Aldrich)]. Following the addition of guanidine (final concentration 5 M), samples were rehomogenized and
analyzed for levels of human A␤ 1-x and A␤ 1-42 by ELISA as described
previously (Johnson-Wood et al., 1997; Mucke et al., 2000).
A␤ oligomer measurements. Frozen hippocampal homogenates were
thawed on ice and analyzed in duplicate. Oligomer levels were quantified
with a electrochemiluminescent immunosorbent assay (ECL) on the Meso
Scale Discovery platform following the manufacturer’s instructions and
published protocols (Yang et al., 2013). Oligomers were captured with the
3D6 antibody (Elan) and detected with biotinylated 3D6. Streptavidin conjugated to SULFO-TAG (Meso Scale Discovery) was then added, and light
emitted by the SULFO-TAG following activation at the electrode surface was
quantified (Sector Imager 2400, Meso Scale Discovery). Oligomeric A␤ 1-42
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Enrichment of synaptic membranes. Synaptic
membrane fractions were separated as de5
100
scribed previously (Goebel-Goody et al., 2009;
Li et al., 2011; Dubal et al., 2014). The protocol
80
enriches for postsynaptic density (PSD)4
associated synaptic membranes and largely excludes intracellular sources of membranes
60
3
(Goebel-Goody et al., 2009).
Immunohistochemistry. Immunohistochem40
2
istry was performed as described previously
NTG
(Palop et al., 2003) on floating 30 m sections
hAPP
20
obtained with a sliding microtome. A␤ deposKL
1
hAPP/KL
its were stained with a biotinylated monoclonal
0
antibody (3D6, 1:500, Elan Pharmaceuticals)
0 2 4 6 8 10 12 14
0
using avidin-biotin/peroxidase (Vector LaboAge (months)
ratories). Sections were then incubated with an
avidin-biotin complex (Vector Laboratories)
before development with 3,3⬘-diaminobenC
D
zidine tetrahydrochloride (Sigma-Aldrich).
25
Images were captured with a digital microscope (Axiocam, Carl Zeiss) and percentage
20
NTG
area calculations were performed with the Bioquant software package (BIOQUANT Image
KL
Analysis) as described previously (Palop et al.,
15
2003). Briefly, the average percentage area
of the hippocampus occupied by A␤-immunohAPP
10
reactive (IR) deposits was determined in three
coronal sections 500 m apart (approximate
hAPP/KL
distances
from bregma: ⫺1.0, ⫺1.5, and ⫺2.0
5
200 μV
mm) per mouse.
3 min
For double-labeling of dystrophic neurites
0
associated with fibrillar amyloid plaques, floating sections were stained with monoclonal
anti-hAPP antibody 8E5 (1:2000, Elan Pharmaceuticals), mounted on glass slides, and
stained with 0.015% thioflavin-S. Images were
Figure 2. Elevating klotho reduces mortality and improves network dysfunction in hAPP mice. A, Hippocampal klotho collected with a fluorescence microscope (Keylevels in KL and hAPP/KL mice determined by Western blot analysis and expressed relative to mean levels in NTG controls ence BZ-9000) and quantified as described pre(n ⫽ 7–14 mice per genotype, age 3 months). KL effect p ⬍ 0.0001 by two-way ANOVA. B, Kaplan–Meier curves showing viously (Tsai et al., 2004).
differences in survival between weaning and 12.5 months of age among the four genotypes indicated (n ⫽ 366 mice: 111
Dendritic spines were immunolabeled and
NTG, 67 hAPP, 110 KL, and 78 hAPP/KL; p ⬍ 0.0001 by log rank test; hAPP vs all other groups p ⬍ 0.05). Proportional quantified as described previously (Masliah
hazard testing revealed the KL effect in hAPP mice to be independent of age ( p ⫽ 0.5). C, Representative EEG traces et al., 2011; Talantova et al., 2013) using a
recorded over the parietal cortex depicted with a compressed time scale. Gray arrowheads indicate abnormal spikes. D, rabbit polyclonal antibody against spinophiFrequency of spikes recorded during 24 h measured from uncompressed, raw EEG traces (n ⫽ 3–7 mice per genotype, age lin (1:10,000, Millipore, affinity purified
2–3.5 months). Two-way ANOVA: hAPP effect p ⬍ 0.01; *p ⬍ 0.05, ***p ⬍ 0.001 by Bonferroni-Holm test (A) or Welch’s polyclonal) and a mouse monoclonal antit test (D). Bar graphs represent mean ⫾ SEM.
body against the dendritic marker MAP2 (1:
200, Millipore) on 30 m microtome
sections. Spinophilin-IR spines were dewas generated by incubating monomeric A␤ 1-42 (synthesized in-house) at
tected with the Tyramide Signal Amplification-Direct (Red) system
100 M in 50 mM PBS for 4 h at room temperature. The standard curve was
(NEN Life Sciences) and MAP2 was detected with a horse anti-mouse
then generated by serially diluting the sample in 1% blocking buffer
IgG fluorescein isothiocyanate antibody (Vector Laboratories). Cola(Meso Scale Discovery). Because this approach to oligomer quantificabeled sections were imaged by laser scanning confocal microscopy
tion does not yield an absolute value of oligomers, levels were expressed
and analyzed with Image 1.43 (NIH) as described previously (Masliah
in relative units. In control experiments, the assay detected ⬃50% lower
et al., 2011; Vázquez-Roque et al., 2014). For each mouse, two secA␤ oligomer levels in hAPP mice from line J9 than in hAPP mice from
tions were analyzed and for each section, four fields in the molecular
line J20 (data not shown), which matches the differences in hAPP/A␤
layer of the dentate gyrus were examined. Sections were imaged with
expression between these lines (Mucke et al., 2000).
a Zeiss 63⫻ microscope (N.A. 1.4).
Western blotting. For electrophoresis, 15 g of protein was loaded into
EEG recordings. Mice were implanted for video-electroencephalography
each well of a 4 –12% gradient SDS-PAGE gel. Gels were transferred to
(EEG) monitoring following anesthesia with avertin (tribromoethanol,
nitrocellulose membranes and immunoblotted with antibodies against
250 mg/kg, by i.p. injection). Teflon-coated silver wire electrodes (0.125
hAPP (8E5, 1:1500, Elan Pharmaceuticals), tau (total, 1:5000, from Germm diameter) soldered to a multichannel electrical connector were imald Hart, Johns Hopkins University or PHF-1, 1:2000, from Peter Davies,
planted under the skull, over the left frontal cortex (coordinates relative
Albert Einstein College of Medicine), klotho (KM2076, 1:1000, Transto bregma were M/L, ⫺1 mm; A/P, ⫹1 mm) and the left and right
Genic), GluN1 (1:200, Santa Cruz Biotechnology), GluN2A (1:1000, Milparietal cortex (M/L, ⫾2 mm, A/P, ⫺2 mm). The left frontal cortex
lipore), GluN2B (1:1000, Millipore), GluA1 (1:1000, Millipore), GluA2
electrode was used as a reference. All EEG recordings were performed at
(1:4000, Millipore), GAPDH (1:5000, Abcam), or actin (1:3000, Sigmaleast 2 weeks after surgery on freely moving mice in a recording chamber.
Aldrich). For each experiment, loading controls (GAPDH or actin) were
Digital EEG activity with video was recorded with Harmonie software,
quantified independently to ensure that they did not differ among groups
v5.0b (Stellate Systems). Epileptiform spikes were automatically detected
(data not shown). Quantifications were performed as described previand scored by the Gotman spike and seizure detectors from Harmonie
ously (Palop et al., 2003).
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Figure 3. Klotho elevation improves cognitive and behavioral abnormalities in hAPP mice. A–C, NTG, KL, hAPP, and hAPP/KL mice (n ⫽ 14 –18 per genotype) were tested in the Morris water
maze at 4 –7 months. A, Spatial learning curves (platform hidden). Data points represent the daily average of total distance traveled to reach the platform in four trials. Mixed-model ANOVA: hAPP
effect p ⬍ 0.001, KL effect p ⬍ 0.0001, hAPP by KL interaction p ⬍ 0.05; hAPP versus all other groups p ⬍ 0.001, NTG versus KL p ⫽ 0.06 (Bonferroni-Holm test). B, C, Probe trial (platform removed)
results obtained 24 h after completion of hidden-platform training. B, Latency to reach the original platform location. Two-way ANOVA: hAPP effect p ⬍ 0.05, KL effect p ⬍ 0.001, hAPP by KL
interaction p ⫽ 0.05; *p ⬍ 0.05 versus NTG, **p ⬍ 0.01 versus hAPP (Bonferroni-Holm test). C, Percentage of time mice spent in the target quadrant (black) versus the average percentage of time
they spent in the other three quadrants (white); **p ⬍ 0.01, *p ⬍ 0.05 versus 25% (two-tailed, one-sample t tests). Dashed gray line indicates performance expected based on chance. Water maze
data from some of the NTG and KL mice were reported previously (Dubal et al., 2014). D, Object recognition memory as reflected by the percentage of time mice spent exploring a novel object (n ⫽
11–12 mice per genotype, age 5– 8 months); *p ⬍ 0.05, **p ⬍ 0.01 versus 50% (two-tailed, one-sample t tests). Dashed gray line is average time spent with object during training, which was
equivalent in all groups (data not shown). E, Passive avoidance memory, as reflected by latency to enter the dark chamber during the test session (n ⫽ 13–23 mice per genotype, age 5– 8 months).
Two-way ANOVA: KL effect p ⬍ 0.05, hAPP by KL interaction p ⬍ 0.05; *p ⬍ 0.05 versus all other groups (Bonferroni-Holm test). Dashed gray line is average latency to enter chamber during
training, which was similar in all groups (data not shown). F, Total number of movements during exploration of an open field (n ⫽ 16 –24 mice per genotype, age 4 –7 months). Two-way ANOVA:
hAPP effect p ⬍ 0.01; KL effect p ⬍ 0.05; *p ⬍ 0.05 versus NTG (Bonferroni-Holm test), op ⬍ 0.05 (Newman–Keuls test). G, Percentage of time mice spent exploring the open arms of an elevated
plus maze (n ⫽ 16 –24 mice per genotype, age 4 –7 months). Two-way ANOVA: hAPP effect p ⬍ 0.001, hAPP by KL interaction p ⫽ 0.06; ***p ⬍ 0.001 versus NTG (Bonferroni-Holm
test). Data represent mean ⫾ SEM.

(Gotman and Gloor, 1976). Spikes were defined as a brief (⬍100 ms)
high-voltage deflection on the EEG eightfold greater than the average
baseline amplitude measured during the 5 s preceding the deflection, and
the number of spikes per hour on subdural EEG recordings was used as
the main outcome measure. EEG traces and videos were systematically
inspected for detection of false spikes by an investigator blinded to the
genotype of the mice. Spike frequency was measured during 24 h EEG
recording in each mouse.
Acute brain slices and field recording. Transverse brain slices of 400 m
from 3- to 4-month-old mice were generated as described previously
(Dubal et al., 2014). Briefly, mice were anesthetized by isoflurane inhalation and killed by decapitation. The brains were immediately placed in
an ice-cold solution containing the following (in mM): 234 sucrose, 2.5
KCl, 1.25 NaH2PO4, 10 MgSO4, 26 NaCO3, 11 glucose, and 1.3 ascorbic
acid and sliced on a Leica VS100 vibroslicer (Leica). Slices were incubated
for at least 1 h in oxygenated artificial CSF (aCSF) at room temperature

before transfer to a submerged recording chamber. Slices were equilibrated for 10 –20 min before recording. Field EPSP (fEPSP) recordings of
the medial perforant pathway were performed as described previously
(Dubal et al., 2014). Briefly, aCSF-filled glass pipettes were used for both
stimulation and recording with the stimulating electrode positioned
halfway between the end of the granule cell layer and the vertex of the
two blades of the dentate gyrus and recording electrode at the same
distance from the granule cell layer, but 300 –350 m closer to CA3.
Medial perforant path stimulation was confirmed by paired-pulse
depression and a 15 min stable baseline of fEPSP was established
before long-term potentiation (LTP) induction. LTP was induced by
a modified theta-burst protocol (4 trains of 10 bursts at 5 Hz delivered
every 20 s, with each burst consisting of four pulses at 200 Hz), while
the stimulus pulse width was increased to 2⫻ of baseline EPSP recording. Bicuculline (2.5 M, Tocris Bioscience) was included in aCSF to
facilitate induction of LTP. Electrophysiological recordings were fil-
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Figure 4. Elevation of klotho in hAPP mice does not alter levels of hAPP, A␤, ␤-CTFs, A␤ oligomers, total tau, or phospho-tau and does not prevent neuritic dystrophy. A,
Representative Western blots showing hippocampal levels of hAPP, total mouse tau, phosphorylated (p) mouse tau (PHF-1 antibody, Ser 396/404), and ␤-actin. Images were captured
from the same gel. B, Relative hAPP levels determined by quantitation of Western blot signals (n ⫽ 8 –9 mice per genotype, age 3 months). GAPDH was used as a loading control. C,
Representative Western blots showing hippocampal levels of hAPP, ␤-CTFs and ␣-tubulin. D, Relative ␤-CTF levels determined by quantitation of Western blot signals (n ⫽ 4 mice per
genotype, age 3– 4.5 months). E, Hippocampal A␤1-x and A␤1-42 levels determined by ELISA (n ⫽ 7–9 mice per genotype, age 3 months). F, Hippocampal A␤ oligomer levels
determined by ECL assay (n ⫽ 4 mice per genotype, age 3– 4.5 months). G, Immunostaining of hippocampal A␤ deposits in coronal brain sections from an hAPP (top) and an hAPP/KL
mouse (bottom). Scale bar, 200 m. H, Relative levels of hippocampal A␤ deposition (n ⫽ 12–14 mice per genotype, age 10 –12.5 months). The percentage area covered by A␤ deposits
in hAPP mice was arbitrarily defined as 1.0. I, Representative double-labeling of hippocampus for dystrophic neurites (antibody 8E5, red) and amyloid plaques (thioflavin-S, green) in
hAPP and hAPP/KL mice (age 10 –12.5 months; n ⫽ 10 –12 per genotype). Scale bar, 50 m. J, Quantification of dystrophic neurites expressed as a percentage of thioflavin-S-labeled
plaques with surrounding neuritic dystrophy. K, L, Quantitation of total (K ) and phosphorylated (L) mouse tau levels relative to levels found in hAPP mice (n ⫽ 8 –9 mice per genotype,
age 3 months). Actin was used as a loading control. Bar graphs represent mean ⫾ SEM.
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Results
Hippocampal klotho levels are decreased in hAPP mice and
increased in KL mice
We determined klotho protein levels in the hippocampus of
hAPP-J20 transgenic and NTG mice by Western blot analysis.
Klotho levels in the dentate gyrus were on average 62% lower in
hAPP mice than in NTG controls (Fig. 1).
To test whether elevating klotho can counteract impairments
in hAPP mice, we crossed hemizygous hAPP-J20 mice with hemizygous KL mice. The resulting offspring included the following
genotypes: NTG, singly transgenic for hAPP or KL, and hAPP/KL
doubly transgenic. Compared with NTG controls, KL and
hAPP/KL mice had comparable 3.0- to 3.5-fold elevations in hippocampal klotho levels (Fig. 2A).
Elevating klotho reduces premature mortality and improves
network dysfunction in hAPP mice
Many lines of APP transgenic mice, including hAPP-J20 mice
(Roberson et al., 2007, 2011; Sanchez-Mejia et al., 2008), show
premature mortality. Klotho overexpression improved survival
in hAPP mice, and this effect was independent of age or time by
proportional hazard analysis (Fig. 2B). Premature mortality in
hAPP mice may be caused by epileptic activity (Palop and Mucke,

2006; Palop and Mucke, 2009; Vossel et al., 2013). Abnormal
epileptiform spike discharges or seizures have been observed in
multiple lines of hAPP mice (Palop et al., 2007; Minkeviciene et
al., 2009; Harris et al., 2010b; Palop and Mucke, 2010; Roberson
et al., 2011; Vogt et al., 2011; Sanchez et al., 2012; Verret et al.,
2012). We measured the frequency of epileptiform spikes over
both parietal cortices by intracranial EEG. As expected, hAPP-J20
mice showed an increased spike frequency (Fig. 2C,D). Klotho
elevation in hAPP mice decreased the occurrence of these abnormal events by ⬃60% (Fig. 2D). Mice without hAPP did not show
abnormal EEG activities (Fig. 2C,D). Thus, klotho elevation reduces premature mortality and network dysfunction in hAPP
mice.
Klotho elevation ameliorates cognitive deficits and behavioral
abnormalities in hAPP mice
To determine whether klotho elevation in hAPP mice can decrease deficits in learning and memory, we tested mice in the
Morris water maze. As expected based on previous findings (Palop et al., 2003; Roberson et al., 2007; Cissé et al., 2011; Dubal et
al., 2014), hAPP mice were impaired and KL mice showed better
learning and memory relative to NTG controls (Fig. 3 A, B).
hAPP/KL mice learned better than hAPP mice (Fig. 3A). In a
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We observed less robust differences in
task acquisition and probe trial performance between hAPP and hAPP/KL mice
when the cued-platform training preceded
the hidden-platform training (data not
shown), possibly because this protocol helps
hAPP mice overcome procedural learning
deficits before the spatial training.
In a novel object recognition test, which
measures perirhinal cortex-dependent nonspatial learning and memory, only hAPP
mice failed to spend more time exploring the novel object, indicating poor
memory for the familiar object, whereas
KL and hAPP/KL mice performed at
NTG control levels (Fig. 3D). In passive
avoidance testing, which measures hippocampus- and amygdala-dependent fear
memory, hAPP mice reentered the dark
chamber, where they had received a shock
during training, more quickly than all
other groups, whereas KL and hAPP/KL
mice performed at NTG control levels
(Fig. 3E).
We then tested whether elevation of
klotho also improves other behavioral abnormalities in hAPP mice. In the open
field test, which measures exploration and
locomotor activity, only hAPP mice were
hyperactive, whereas KL and hAPP/KL
mice performed at NTG control levels
(Fig. 3F ). In the elevated plus maze, which
measures exploration and anxiety-related
behavior, hAPP mice, but not hAPP/KL
mice, spent significantly more time in the
open arms than NTG and KL mice (Fig.
3G). Thus, elevating klotho in hAPP
mice prevented or reduced abnormalities in multiple cognitive and behavioral
domains.
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Elevation of klotho in hAPP mice does
not alter hAPP, ␤-CTFs, A␤, tau, or
phospho-tau levels or plaque-related
neuritic dystrophy
Figure 6. Klotho elevation prevents depletion of NMDAR subunits GluN1 and GluN2A, and increases hippocampal levels of Because multiple functional deficits in
GluN2B in hAPP mice. A, Representative Western blots showing hippocampal levels of NMDAR subunits GluN1, GluN2A, and hAPP mice depend on levels of hAPP/A␤
GluN2B, and AMPAR subunits GluA1 and GluA2. Actin served as a loading control. B–F, Quantitation of Western blot signals relative and endogenous murine tau (Chin et al.,
to mean levels found in NTG mice (n ⫽ 7–15 mice per genotype, age 3 months). B, GluN1 levels. Two-way ANOVA: hAPP effect p ⬍ 2005; Roberson et al., 2007, 2011; Ittner et
0.05. C, GluN2A levels. Two-way ANOVA: KL effect p ⬍ 0.05; hAPP by KL interaction p ⬍ 0.05. D, GluN2B levels. Two-way ANOVA: al., 2010), we investigated whether overKL effect p ⬍ 0.001. Dashed gray line is level of GluN2B in NTG mice. E, GluA1 levels. F, GluA2 levels; *p ⬍ 0.05, **p ⬍ 0.01 versus expression of klotho altered the levels of
NTG or as indicated by brackets (Bonferroni-Holm test). Levels of NMDAR and AMPAR subunits in the NTG and KL mice were these proteins or of ␤-C-terminal fragreported previously (Dubal et al., 2014). Bar graphs represent mean ⫾ SEM.
ments (␤-CTFs) that result from hAPP
processing by ␤-secretase. Klotho elevaprobe trial following the hidden-platform training task, hAPP/KL
tion in hAPP mice did not significantly change hippocampal levmice found the target faster than hAPP mice, and in contrast to
els of hAPP, ␤-CTFs, soluble A␤ 1-x and A␤ 1-42 (Fig. 4A–E), A␤
hAPP mice, spent significantly more time in the target quadrant
oligomers (Fig. 4F ), or the A␤ 1-42/A␤ 1-x ratio (data not
than the other quadrants (Fig. 3 B, C).
shown) at 3–5 months of age. Further, it did not change the extent
The four genotypes showed no significant differences in gross
of A␤ deposition or the percentage of hippocampal plaques with
motor function or swim speeds (data not shown). Furthermore,
dystrophic neurites at 10 –12.5 months of age (Fig. 4G–J ). hAPP
after hidden-platform training and probe testing, all groups of
and hAPP/KL mice also had comparable hippocampal levels of
mice were able to locate the target platform when it was identified
total and phosphorylated tau at 3 months of age (Fig. 4 A, K,L).
Thus, it is unlikely that klotho elevation protects hAPP mice
by a visible cue (data not shown).
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Elevation of klotho in hAPP mice
prevents spine loss
Dendritic spines provide the postsynaptic
elements of many synapses, fulfill important functions in synaptic plasticity (Segal,
2002), and are major targets of degeneration in AD (Spires and Hyman, 2004;
Akram et al., 2008; Wu et al., 2012) and
hAPP mice (Lanz et al., 2003; Spires et al.,
2005). To determine whether klotho elevation prevents dendritic spine loss in
hAPP mice, we measured spinophilin, a
marker of spines (Feng et al., 2000), by
immunohistochemistry. Compared with
NTG controls, hAPP mice had reduced
levels of spinophilin-immunoreactive
structures in the DG (Fig. 5A–C) and CA1
region (data not shown) of the hippocampus. Klotho elevation prevented this abnormality in hAPP/KL mice (Fig. 5A–C).
However, it did not increase spinophilin
levels in KL and hAPP/KL mice above
those found in NTG controls (Fig. 5A–C).
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Relative GluN2B Level

against functional deficits by altering the
levels of hAPP, ␤-CTFs, A␤, tau, or neuritic amyloid plaques.

Figure 7. Klotho elevation increases GluN2B levels in hippocampal PSD fractions of hAPP mice. Non-PSD (1) and PSD (2)
Klotho elevation alters NMDAR, but
synaptic membrane fractions were isolated from hippocampal homogenates from mice of the indicated genotypes (n ⫽ 6 –14 per
not AMPAR, subunit levels in
genotype,
age 3 months). A, Representative Western blots. B, Quantitation of GluN2B Western blot signals in the non-PSD fraction
hAPP mice
NMDAR and AMPA receptor (AMPAR) relative to NTG levels. Two-way ANOVA: hAPP effect p ⬍ 0.01; *p ⬍ 0.05 versus NTG, #p ⫽ 0.06 versus KL (Bonferroni-Holm test).
C, Quantitation of GluN2B signals in PSD fraction relative to NTG levels. Two-way ANOVA: KL effect p ⬍ 0.05; *p ⬍ 0.05 versus NTG
functions are essential to learning and or as indicated by bracket (Bonferroni-Holm test). D, Ratio of PSD/non-PSD GluN2B levels in hAPP and hAPP/KL mice relative to
memory (Nakazawa et al., 2004; Lee and ratio in hAPP mice; *p ⬍ 0.05 (t test). Bar graphs represent mean ⫾ SEM.
Silva, 2009) and disrupted by A␤ (Hsieh et
al., 2006; Palop and Mucke, 2010;
tions. Compared with NTG controls, hAPP mice had increased
D’Amelio et al., 2011; Li et al., 2011; Chang et al., 2012; Huang
levels of GluN2B in non-PSD fractions, and klotho elevation did
and Mucke, 2012). We therefore examined whether klotho elenot prevent this abnormality (Fig. 7 A, B). However klotho elevavation modulates these receptors. We first measured the levels
tion increased GluN2B levels in PSD fractions by ⬃2-fold in mice
of receptor subunits in hippocampal homogenates. Compared
with or without hAPP expression (Fig. 7 A, C), more than douwith NTG controls, hAPP mice had decreased hippocampal levbling the ratio of PSD to non-PSD levels of GluN2B in hAPP mice
els of NMDAR subunits GluN1, GluN2A, and GluN2B (Fig. 6A–
(Fig. 7D). These effects could counteract A␤-induced synaptic dysD), consistent with decreased NMDAR levels found in other
function, which involves overactivation of GluN2B-containing
hAPP mice (Zhang et al., 2010), primary neurons treated with A␤
NMDARs in extrasynaptic sites (Li et al., 2011; Talantova et al., 2013;
(Snyder et al., 2005; Cissé et al., 2011; Li et al., 2011; Roberson et
Gomes et al., 2014; Molokanova et al., 2014).
al., 2011; Zhang et al., 2011), and postmortem brain tissues from
humans with AD (Sze et al., 2001; Mishizen-Eberz et al., 2004;
Klotho elevation enhances NMDAR-dependent synaptic
Amada et al., 2005). Klotho elevation prevented GluN1 and
plasticity in the hippocampus of hAPP mice
GluN2A depletions in hAPP/KL mice (Fig. 6A–C). Remarkably,
To determine whether the klotho-dependent enrichment of
GluN2B levels in hAPP/KL mice were even higher than those in
GluN2B in the PSD is associated with an improvement in synapNTG controls (Fig. 6A,D). In contrast to these NMDAR alterations,
tic functions in hAPP mice, we assessed LTP in acute hippocamhAPP mice had no changes in GluA1 and GluA2 levels, and klotho
pal slices obtained from the four groups of mice at 3.5– 4.5
elevation did not change the levels of these AMPAR subunits in NTG
months of age. LTP provides a measure of synaptic plasticity and
or hAPP mice (Fig. 6A,E,F).
is a cellular substrate of learning and memory (Morris et al., 1986;
Nakazawa et al., 2004; Nabavi et al., 2014). LTP elicited at the
Klotho elevation enriches GluN2B in postsynaptic densities of
medial perforant path to granule cell synapse in the DG was sehAPP mice
verely impaired in hAPP mice, consistent with previous findings
The biological consequences of NMDAR stimulation are criti(Palop et al., 2007; Sun et al., 2008; Harris et al., 2010a; Cissé et al.,
cally dependent on whether the receptors are located in synaptic
2011; Roberson et al., 2011), and this deficit was ameliorated by
or extrasynaptic sites (Hardingham and Bading, 2010). We thereklotho elevation (Fig. 8 A, B). Klotho elevation also prevented
fore examined the levels of GluN2B in synaptosome fractions
hAPP/A␤-dependent deficits in basal synaptic strength measured
enriched for PSD or for non-PSD components such as
extrasynaptic dendritic membranes and presynaptic specializaat the Schaffer collateral to pyramidal cell synapse in CA1 (Fig.
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2012), show premature mortality. Although the underlying causes remain to
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on cognition, remain important ques0.4
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likely require a better understanding of
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Figure 8. Klotho elevation ameliorates synaptic dysfunction in the hippocampus of hAPP mice. Field EPSPs were recorded from place; diverse mechanisms appear to be
acute hippocampal slices obtained from 3.5- to 4.5-month-old mice. A, LTP induction and decay in the DG were monitored for involved (Roberson et al., 2007, 2011;
45–50 min following theta burst stimulation of the medial perforant pathway. Mixed-model ANOVA: hAPP effect, KL effect, and Sanchez-Mejia et al., 2008; Ittner et al.,
hAPP by KL interaction p ⬍ 0.001; NTG versus KL p ⬍ 0.05; hAPP versus all other groups p ⬍ 0.001 (Bonferroni-Holm test). B, 2010; Palop and Mucke, 2010; Huang and
Mean of the last 10 min of LTP recordings. Mixed-model ANOVA: hAPP effect p ⬍ 0.001, KL effect p ⬍ 0.001; **p ⬍ 0.01 versus Mucke, 2012; Verret et al., 2012). Notably,
all other groups or as indicated by brackets (Bonferroni-Holm test). The fEPSP results in NTG and KL slices were reported previously suppression of aberrant network activity
(Dubal et al., 2014). C, Input/output curves reflecting AMPAR-mediated synaptic transmission at Schaffer collateral to CA1 pyrawith the anti-epileptic drug levetiracetam
midal cell synapses. Mixed-model ANOVA: hAPP effect p ⬍ 0.001, KL effect ⬍0.05, hAPP by KL interaction p ⬍ 0.001; hAPP versus
was associated with improvements in cogall other groups p ⬍ 0.001 (Bonferroni-Holm test). Number of slices/number of mice: NTG 3/3, KL 6/5, hAPP 7/5, hAPP/KL 7/3 (A,
nitive functions in both hAPP mice (SanB), and NTG 9/3, KL 10/5, hAPP 9/5, hAPP/KL 11/3 (C). Data represent mean ⫾ SEM.
chez et al., 2012) and humans with
amnestic mild cognitive impairment
8C). Thus, klotho elevation decreases synaptic dysfunction in
et
al.,
2012),
which
often leads to AD (Petersen et al.,
(Bakker
hAPP mice.
1999; Albert et al., 2011). These findings highlight the pathogenic
Discussion
importance of aberrant network activity in the pathogenesis of
This study demonstrates that klotho effectively protects hAPP
AD and identify its suppression as a potential therapeutic stratmice against a range of potentially AD-related deficits. Elevating
egy, in which klotho could have a role.
klotho levels, which are reduced in the hippocampus of hAPP
mice, decreased premature mortality, network and synaptic dysKlotho improves cognitive functions independently of
function, as well as cognitive and behavioral deficits in hAPP
A␤ accumulation
Klotho elevation in hAPP mice effectively prevented their immice, without altering levels of soluble A␤, A␤ deposition,
plaque-associated neuritic dystrophy, ␤-CTFs, or tau. Based on
pairments in spatial and nonspatial learning and memory, as
the biochemical and electrophysiological data we obtained, we
determined by the water maze, novel object recognition, and
offer synaptic enrichment of GluN2B-containing NMDARs as a
passive avoidance tests. As discussed above, suppression of aberpotential mechanism by which klotho may enhance synaptic and
rant network activity may have contributed to this beneficial efcognitive functions and counteract adverse effects of pathologifect. However, klotho elevation also improved spatial learning
cally elevated levels of A␤. Our study was not designed to exclude
and memory in young mice that did not overexpress hAPP/A␤
and had normal neural network activity (Dubal et al., 2014; and
contributions of additional mechanisms, which deserve to be exthis study). These results broaden the potential applications of
plored in future studies. Together, our findings suggest that enklotho-related therapeutic strategies and suggest a novel mechahancing the expression or activities of klotho could be of
nism that is independent of the aging process per se and does not
therapeutic benefit in AD.
directly target A␤ or one of its essential copathogens. Consistent
with this interpretation, klotho elevation did not affect hipKlotho extends lifespan and protects against network
pocampal levels of hAPP, ␤-CTFs, A␤, A␤ deposition, total tau,
dysfunction in hAPP mice
or phospho-tau. However, because klotho elevation counterMultiple lines of hAPP mice, including the hAPP-J20 line (Robacted neuronal dysfunction in hAPP mice (this study) and cell
erson et al., 2007, 2011; Sanchez-Mejia et al., 2008; Verret et al.,
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death in A␤-treated primary neuronal cultures (Zeldich et al.,
2014), it is likely that the downstream cascades these pathogenic
proteins trigger converge upon processes klotho is able to
modulate.
Klotho modulates the distribution and function of NMDARs
Our study revealed that the function of NMDARs, which is critical for normal cognition and impaired by A␤ and tau (Nakazawa
et al., 2004; Lee and Silva, 2009; Hoover et al., 2010; Ittner et al.,
2010; Palop and Mucke, 2010; Cissé et al., 2011; Li et al., 2011),
represents a potential convergence point at which klotho may
counteract the adverse effects of these pathogens. Klotho elevation prevented the depletion of NMDAR subunits GluN1,
GluN2A, and GluN2B and ameliorated impairments of
NMDAR-dependent synaptic plasticity in the hippocampus of
hAPP mice. GluN2B stood out among these subunits in that its
PSD levels in hAPP/KL mice were increased above NTG control
levels.
Several lines of evidence suggest that the ratio of synaptic to
extrasynaptic NMDAR activation has a critical impact on neuronal activity and survival (Hardingham et al., 2002; Hardingham
and Bading, 2010) and that accumulation of A␤ oligomers
around the synaptic cleft may impair synaptic functions by diminishing this ratio (Li et al., 2009, 2011). It is interesting in this
regard, that klotho elevation markedly increased GluN2B levels
in hippocampal PSD fractions, but not in non-PSD fractions,
resulting in a twofold increase in the PSD (“synaptic”) to nonPSD (“extrasynaptic”) ratio of GluN2B in hAPP mice. Klotho
elevation also increased GluN2B levels in PSD, but not non-PSD,
fractions from mice without hAPP/A␤ expression (Dubal et al.,
2014; and this study). These data suggest that klotho enriches
GluN2B-containing NMDARs in the PSD and may enhance their
synaptic functions in the normal and diseased brain.
Interestingly, transgenic overexpression of GluN2B (Tang et
al., 1999; Cao et al., 2007; Wang et al., 2009) or increasing the
surface expression of GluN2B by disrupting its phosphorylation
by cyclin-dependent kinase 5 (Hawasli et al., 2007; Plattner et al.,
2014) in mice or rats enhanced both synaptic and cognitive functions, possibly by delaying deactivation of NMDARs (Wang et al.,
2008) and increasing the summation of synaptic current and calcium influx (Yashiro and Philpot, 2008; Wang et al., 2009; Foster
et al., 2010). These studies suggest that the GluN2B subunit gates
and optimizes coincidence detection by NMDARs, a process that
leads to enhanced synaptic potentiation (Tsien, 2000). Therefore,
klotho-mediated synaptic enrichment of GluN2B may explain
the enhanced LTP and improved learning and memory we observed in hAPP/KL mice.
Our study does not exclude additional mechanisms, such as
effects of klotho on insulin signaling (Kurosu et al., 2005), carbohydrate metabolism (Chang et al., 2005; Cha et al., 2008), growth
factor signaling (Urakawa et al., 2006), regulation of members of
the redox system (Zeldich et al., 2014), and trafficking of other
ion channels (Chang et al., 2005; Imura et al., 2007). Additional
studies are needed to explore these possibilities, to determine the
mechanisms by which klotho enriches GluN2B in the PSD, and to
further evaluate its therapeutic potential in relation to age-related
cognitive decline, AD and other neurological disorders. Increasing the level or activities of klotho (Abraham et al., 2012; King et
al., 2012; Dubal et al., 2014) might be an effective strategy for
enhancing cognition in health and disease.
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