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Abstract

In this chapter, we will describe what has been learned about Klotho and its potential
functions in the brain. Klotho is localized in the choroid plexus and, to a lesser extent, in
hippocampal neurons. Cognitive decline is a common issue in human aging affecting
over 50% of the population. This cognitive decline can also be seen in animal models
such as the Rhesus monkey. A long-term study undertaken by our lab demonstrated
that normal brain aging in rhesus monkeys and other animal models is associated with
a significant downregulation of Klotho expression. This observation substantiates data
from other laboratories that have reported that loss of Klotho accelerates the develop-
ment of aging-like phenotypes, including cognitive deficits, whereas Klotho over-
expression extends life span and enhances cognition in mice and humans. Klotho is
a type 1 transmembrane pleiotropic protein predominantly expressed in kidney and
brain and shed by ADAM 10 and 17 into the blood and cerebral spinal fluid, respectively.
While the renal functions of Klotho are well known, its roles in the brain remain to be
fully elucidated. We recently demonstrated that Klotho protects hippocampal neurons
from amyloid and glutamate toxicity via the activation of an antioxidant enzymatic
system suggesting Klotho is a neuroprotective protein. Furthermore, Klotho is necessary
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for oligodendrocyte maturation and myelin integrity. Through its diverse roles in the
brain, Klotho has become a new therapeutic target for neurodegenerative diseases such
as Alzheimer's disease and demyelinating diseases like multiple sclerosis. Discovery of
small molecule Klotho enhancers may lead to novel treatments for these incurable
disorders.

1. INTRODUCTION

α-Klotho (Klotho) is an antiaging protein named after the Greek god-

dess Clotho, who spins the thread of life (Kuro-o et al., 1997). The Klotho

gene was discovered by Kuro-o and colleagues while attempting to develop

mice overexpressing the rabbit type I sodium-proton exchanger (NHE-1).

Insertion of the NHE-1 transgene into the Klotho promoter resulted in a

striking phenotype reminiscent of premature aging in humans. Subsequent

analysis of Klotho-deficient (Klotho�/�) mice revealed systemic age-

related abnormalities including gait disturbance, emphysema, osteoporosis,

arteriosclerosis, hypomyelination, hippocampal neurodegeneration, and

cognitive deficits (Chen et al., 2013; Kuro-o et al., 1997; Li et al., 2004;

Nagai et al., 2003; Shiozaki et al., 2008). Klotho�/�mice begin to develop

symptoms at 3–4 weeks and die prematurely at 2–3 months. Subsequent

experiments demonstrated that Klotho overexpression confers resistance

to oxidative stress, enhances cognitive performance, and extends lifespan

by 20% and 30% in female and male mice, respectively (Brobey et al.,

2015; Dubal et al., 2014; Kurosu et al., 2005; Zeldich et al., 2014).

A number of observations from the first report on Klotho�/�mice sug-

gest that Klotho acts as a circulating hormone. For example, although

Klotho�/� mice develop normally, several organs that do not express

Klotho, including the thymus, skin, and lungs, are severely affected byKlotho

depletion. Furthermore, exogenous expression of Klotho cDNA in the

brain and testes of knockoutmice improves aging phenotypes across all organ

systems, indicating that Klotho acts in a noncell-autonomous manner. Find-

ings from the initial study on Klotho were groundbreaking not only due to

the discovery of the Klotho gene but also because the authors identified

the possibility that Klotho acts as a hormone with pleiotropic and beneficial

functions throughout the body (Kuro-o et al., 1997).

In humans, the Klotho gene is located on chromosome 13 and encodes a

single-pass type I transmembrane protein that shares sequence homology

with β-glycosidases (Tohyama et al., 2004). Klotho contains a 130-kDa
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extracellular domain, a transmembrane domain, and a very short 8 or 9

amino acid intracellular domain. The large extracellular domain is shed from

the cell surface by ADAM10, ADAM17, and BACE1 (Bloch et al., 2009;

Chen, Podvin, Gillespie, Leeman, &Abraham, 2007). The shed ectodomain

of Klotho (sKlotho) is detectable in the blood and cerebrospinal fluid (CSF),

where it likely functions as a humoral factor (Imura et al., 2004; Kurosu

et al., 2005). While the membrane bound form of Klotho is a coreceptor

for FGF23 (Urakawa et al., 2006), sKlotho modulates ion channels

(Cha et al., 2009, 2008; Chang et al., 2005), acts as an antioxidant, inhibits

insulin/IGF1 signaling, and enhances oligodendrocyte maturation (Chen

et al., 2013; Kurosu et al., 2005; Zeldich et al., 2014).

Klotho is predominantly found in the kidney, but is also expressed in the

brain, lung, skeletal muscle, urinary bladder, testes, and ovaries (Kuro-o et al.,

1997). Several groups have identified a relationship between Klotho and cog-

nitive performance (Degaspari et al., 2015; Dubal et al., 2014; Nagai et al.,

2003; Park et al., 2013), but very little is known regarding the molecular

mechanisms of Klotho in the brain and a putative receptor has not been

identified. Much of our mechanistic understanding comes from its function

in the kidney, where Klotho regulates vitamin D, calcium, and phosphate

levels by acting as a coreceptor for FGF23 (Kuro-o, 2012; Kurosu et al.,

2006; Urakawa et al., 2006). Although Klotho undoubtedly plays a vital role

in the kidney, investigating its neuronal function is especially important given

that Klotho expression decreases with age in white matter, and sKlotho is

reduced in the CSF of patients with multiple sclerosis (MS) and Alzheimer’s

disease (Duce et al., 2008; Emami Aleagha et al., 2015; Semba et al., 2014).

Recently, a shorter, 70 kDa secreted Klotho protein resulting from

differential splicing has been identified as the major isoform in the brain with

the use of specific antibodies. As we have shown previously with the long

Klotho isoform (Duce et al., 2008), the shorter form also diminishes with

aging and in an AD mouse model (Massó et al., 2015). Another interesting

recent finding is that application of secreted recombinant Klotho together

with FGF23 to hippocampal cells impacts neuronal morphology and synaptic

density via the activation of the Akt pathway (Hensel et al., 2016).

2. THE EXPRESSION AND LOCALIZATION OF KLOTHO
IN THE BRAIN

Klotho expression varies with age, species, and cell type. Expression in

the brain is widespread throughout postnatal development with Klotho
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mRNA detectable as early as postnatal day 1 (P1). The most thorough anal-

ysis of changes in Klotho expression during development was undertaken

using the rat brain as a model. In most areas of the developing rat brain,

Klotho mRNA levels are high early in development, decline sharply in

week 2 of postnatal development then slowly climb back to adult levels

(P75) that are similar to levels seen in early development. These changes

were more pronounced in areas of the amygdala, while mRNA levels in

the hippocampus remained relatively constant (Clinton et al., 2013). Klotho

levels also fluctuate with advancing age. In aged rhesus monkeys, Klotho is

reduced at both the mRNA and protein level in white matter from the

corpus callosum. Analysis of white matter from mice and rats confirmed

these findings indicating that reduced Klotho in the brain is common among

aged mammals (Duce et al., 2008). This decline with age is thought to be

due to hypermethylation of the promoter region (Duce et al., 2008;

King, Rosene, & Abraham, 2012). Hypermethylation of the Klotho pro-

moter not only increases with age, but in vitro methyl modification of

the identified methylation sites was capable of reducing gene transcription.

These findings are particularly significant given the recent evidence show-

ing that age-related decreases in Klotho expression may be linked to

neurodegeneration (Semba et al., 2014).

Measurements of Klotho mRNA expression by RT-PCR in mice show

that Klotho is expressed in the kidney, choroid plexus, pituitary gland,

skeletal muscles, urinary bladder, and reproductive organs (Kuro-o et al.,

1997). Although Klotho clearly has an important function in the brain, its

exact distribution in the central nervous system (CNS) remains unclear.

Studies using in situ hybridization and immunohistochemistry (IHC) in

mice and rats demonstrate that Klotho expression in the CNS is highest

in the choroid plexus, where it is localized to the apical membrane of

ependymal cells (Li et al., 2004). Soluble Klotho is found in the CSF of

humans and mice, indicating that the ectodomain is released into the

CSF following proteolytic cleavage from ependymal cells of the choroid

plexus (Imura et al., 2004). It is thought that cleavage into the CSF and

blood by ADAM 10 and 17 mediates the hormonal activity of sKlotho

throughout the brain and body (Bloch et al., 2009; Chen et al., 2007).

Although expression in the CNS is highest in the choroid plexus, Klotho

is also found at lower levels in other brain regions. Klotho has been identified

in the cerebellar Purkinje cells of mice, where it is localized to the plasma

membrane and nuclear envelope (German, Khobahy, Pastor, Kuro, &

Liu, 2012). IHC in rats found that Klotho is present at the membrane of
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cortical and hippocampal neurons, which may explain Klotho’s influence on

cognition. In this study, researchers confirmed IHC results and extended find-

ings using in situ hybridization. Klotho mRNA was detected throughout the

cortex and hippocampus, as well as various other limbic areas including

amygdalar, thalamic, and hypothalamic nuclei. Outside of the choroid plexus,

Klotho mRNA levels were highest in the medial preoptic area, median

preoptic nucleus, ventromedial hypothalamus, and basolateral amygdala

(Clinton et al., 2013). Compared to these regions, expression in cortical

and hippocampal areas was slightly lower. Characterization of Klotho expres-

sion in vivo in glial cells showed that Klotho is not present in microglia or

astrocytes, but is expressed in oligodendrocytes, which may be important

for Klotho’s influence on myelination (Clinton et al., 2013). However,

primary cultured astrocytes do express Klotho (Abraham, Chen, Cuny,

Glicksman, & Zeldich, 2012). In sum, results from localization studies suggest

that a key function of Klotho in the brain is to act as a secreted humoral factor

in the CSF, but more detailed functional analysis indicates that Klotho has

varied region-specific effects throughout the CNS. For example, expression

in hippocampal neurons likely influences spatial memory, while amygdalar

expression may relate to fear learning. At this time a potential role of

transmembrane Klotho in neurons in cell-to-cell communication with oligo-

dendrocytes or other neurons via FGF signaling cannot be excluded and

requires further investigation. With the identification of the exact cleavage

site that releases sKlotho, researchers can now produce knockin mice that

express only the transmembrane or the shed forms of Klotho in selected brain

cells to determine the functions of each isoform (Chen et al., 2014).

3. KLOTHO AND COGNITION

A growing body of evidence points to a connection between

Klotho and cognition. Mouse models demonstrate that Klotho deficiency

impairs performance on tests of learning and memory, while overexpres-

sion improves cognitive function (Dubal et al., 2014; Nagai et al., 2003).

Interestingly, cognition is enhanced in humans carrying a single copy of

the Klotho-VS polymorphism, while homozygous Klotho-VS individuals

exhibit a lower IQ from a young age (Deary et al., 2005). Biochemical

analysis of Klotho mutant mice and characterization of the Klotho-VS poly-

morphism have led to the identification of candidate cellular and molecular

mechanisms underlying Klotho’s influence on cognition.
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3.1 Antioxidant and Neuroprotective Role of Klotho in the
Hippocampus

Klotho’s impact on cognition likely involves its activity in the hippo-

campus and/or cerebral cortex, as these regions are crucial for the consoli-

dation and storage of long-term memories (Huang, Nguyen, Abel, &

Kandel, 1996; Scoville & Milner, 2000). Klotho�/� mice exhibit

decreased synaptophysin immunoreactivity in the hippocampus, indicating

a reduction in synaptic vesicles. This effect is most profound at the stratum

lucidum, the tract of mossy fiber projections connecting granule cells of

the dentate gyrus with pyramidal cells in the CA3 field. This pathway

facilitates normal hippocampal function, which is vital for acquiring and

consolidating new memories (Scoville & Milner, 2000). When researchers

assessed the morphology of single neurons from the stratum lucidum of

Klotho�/� mice, they found that individual axons were normal in size

and number of vesicles, but the total number of synapses at the stratum

lucidum was markedly decreased (Li et al., 2004). Subsequent reports have

confirmed the presence of structural abnormalities in the hippocampus of

Klotho�/� mice (Shiozaki et al., 2008).

Although the exact mechanism is unknown, it appears that Klotho faci-

litates normal hippocampal structure and function. One possible mechanism is

that Klotho acts as part of the endogenous antioxidant defense system, which

has an important neuroprotective role in the hippocampus. In support of this

hypothesis, markers of DNA and lipid oxidation are elevated in the hippocam-

pus of Klotho-deficient mice, and expression of the proapoptotic protein bax

is increased, while expression of antiapoptotic blc-2 and bcl-Xl is decreased

(Nagai et al., 2003; Shiozaki et al., 2008). Consistent with findings in mice lac-

king Klotho, mice that overexpress Klotho show a 50% reduction in DNA

oxidation, as measured by urinary 8-OHdG levels. In CHO and HeLa cells,

treatment with Klotho suppresses paraquat-induced lipid oxidation and apo-

ptosis, via inhibition of insulin/IGF-1 signaling, activation of FOXO1, and

subsequent transcription of SOD2. Treatment of mice overexpressing Klotho

with paraquat revealed that Klotho is also protective against oxidative stress in

vivo (Yamamoto et al., 2005).Recently, the importance ofKlotho’s antioxidant

function for its neuroprotective role was confirmed using a hippocampus-

derived cell line (HT22) and primary hippocampal neurons (Zeldich et al.,

2014). The addition of sKlotho to these cells significantly enhanced the expres-

sion of the thioredoxin/peroxiredoxin (Trx/Prx) redox system. The greatest

effectwas seenonperoxiredoxin-2 (Prx-2), an antioxidant enzyme, that showed

an increase in expression at both mRNA and protein levels.
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Because the hippocampus is integrally involved in the acquisition

and consolidation of episodic memories (Scoville & Milner, 2000), and

Klotho�/� mice have altered hippocampal morphology and impaired

hippocampal long-term potentiation (LTP) (Park et al., 2013), it is unsur-

prising that Klotho�/� mice score lower than wild-type (WT) littermates

on tests of long-term memory (LTM). Klotho�/� mice perform more

poorly on novel object recognition, as well as context-cued and tone-cued

fear conditioning tasks—implicating both hippocampal and amygdalar

dysfunction. Notably, researchers found that memory impairments observed

in Klotho�/� mice could be ameliorated by treatment with the potent

antioxidant α-tocopherol, which further implicates the importance of

Klotho’s antioxidant function in its neuroprotective role (Nagai et al., 2003).

It is important to point out that memory impairments observed in

Klotho�/� mice are age dependent. WT mice perform better than

Klotho�/�mice when assessed at 7 weeks of age, but not at 6 weeks. This

effect may relate to the accumulation of oxidative cellular damage over

time in the Klotho-deficient mice (Nagai et al., 2003). In addition, deficits

were seen in LTM but not short-term memory (STM); mice lacking

Klotho performed worse when tested 24 hours, but not 1-h posttraining,

implying that Klotho depletion causes dysfunction of the hippocampal

circuitry involved in LTM consolidation, but not prefrontal circuitry

responsible for STM. Conversely, experiments with Klotho-overexpressing

mice (Klotho-OE) show that Klotho overexpression enhances both STM

and LTM in an age-independent manner. Young- andmiddle-aged Klotho-

OE mice perform better on the Morris water maze task, a hippocampal

dependent test of spatial memory, as well as in context-cued fear condi-

tioning. Klotho-OE mice also score higher on the Y maze task, a paradigm

that tests working memory, which is a type of STM (Dubal et al., 2014).

3.2 Klotho and LTP
To better understand the effect of Klotho on cognition at the molecular

level, researchers examined the relative amounts of GluN2A, GluN2B, and

GluN2C, N-methyl-D-aspartate receptor (NMDAR) subunits in the hippo-

campus and prefrontal cortex (PFC) of Klotho-OE mice. Hippocampal

NMDARs are involved in the induction of LTP, which is thought to be

the cellular correlate of LTM (Bliss & Collingridge, 1993; Malenka &

Nicoll, 1993). LTP is triggered when glutamate binds NMDARs and calcium

enters the cell—initiating a complex cascade of intracellular signaling path-

ways. Ca2+ activates calcium-sensitive proteins such as protein kinase C and
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calcium/calmodulin-dependent protein kinases (CaMKII and CaMKIV).

These kinases and many other molecules stimulate diverse biochemical path-

ways that ultimately alter the strength of synapses. Modulation of glutamate

receptors, de novo protein synthesis, and changes in neuronal morphology

are three well-characterized mechanisms that result in enhanced synaptic con-

nectivity. For example, calcium influx stimulates CaMKII, which then modu-

lates NMDARs by binding to GluN2B subunits (Barria & Malinow, 2005).

The NMDAR is required for many forms of LTP, and NMDAR-

dependent LTP in the hippocampus is necessary for spatial memory, temporal

memory, andmultimodal associative learning, among other forms of memory

(Huerta, Sun, Wilson, & Tonegawa, 2000; Morris, Anderson, Lynch, &

Baudry, 1986; Rondi-Reig, Libbey, Eichenbaum, & Tonegawa, 2001). In

Klotho-OE mice, the GluN2B subunit is enriched at the postsynaptic den-

sity in the hippocampus and PFC at the protein level, but not at the mRNA

level, implicating the involvement of posttranslational modifications (Dubal

et al., 2014). GluN2B currents are involved in LTP (Smith, Smith,

Bredemann, & McMahon, 2015) and this subunit has an important impact

on learning and memory. Depletion with age is linked to cognitive decline,

and overexpression rescues these deficits (Brim et al., 2013). Because Klotho

overexpression upregulates the GluN2B subunit in the hippocampus and

PFC, researchers believe modulation of this subunit is involved in spatial

and working memory improvements observed in Klotho-OEmice. Consis-

tent with this hypothesis, Klotho overexpression results in enhanced hippo-

campal LTP, which likely mediates Klotho’s impact on cognition. To

highlight the involvement of the GluN2B subunit, Klotho-OE and WT

mice were treated with a low dose of ifenprodil, a selective inhibitor of

NMDARs containing the N2B subunit. Treatment with ifenprodil did

not affect WT mice, but abolished memory improvements seen in Klotho-

OE mice, revealing a vital role for the GluN2B subunit in Klotho induced

cognitive enhancement (Dubal et al., 2014).

Although glutamate is the primary excitatory neurotransmitter involved

in hippocampal LTP, this process is also subject to modulation by a number

of other neurotransmitters and hormones including serotonin, acetylcholine

(ACh), dopamine, norepinephrine, cortisol, and estrogens (Rodrigues,

LeDoux, & Sapolsky, 2009; Sweatt, 2004). Modulatory inputs at the hippo-

campus influence learning and memory by impacting LTP, and it is possible

that Klotho impacts cognition by interacting with these modulators. For

example, impaired cognition and LTP in Klotho�/� mice may be related

to decreased ACh-mediated JAK/STAT signaling (Park et al., 2013).
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3.3 Klotho and the Neuroendocrine System
Recent evidence has raised the possibility that Klotho’s impact on cognition

is modulated by estradiol (E2). Like Klotho, E2 influences cognitive func-

tion, and postmenopausal decreases in E2 levels are associated with memory

decrements in some postmenopausal women. E2 enhances hippocampal

LTP (Foy et al., 1999; Sweatt, 2004; Woolley, Weiland, McEwen, &

Schwartzkroin, 1997; Yun et al., 2007) and rescues memory deficits in

ovariectomized (OVX) animals (Daniel, Hulst, & Berbling, 2006;

Talboom,Williams, Baxley, West, & Bimonte-Nelson, 2008). Intriguingly,

a recent study showed that E2-treated OVX rats exhibited ten times higher

hippocampal Klotho expression, compared to vehicle-treated animals

(Sarvari et al., 2015). This report is especially exciting because Klotho

and E2 seem to act in similar ways by improving cognition and enhancing

LTP by acting through GluN2B subunits (Smith & McMahon, 2006).

These findings raise the possibility that Klotho and E2 may interact to

enhance cognition—however, a definitive model requires additional

analysis.

Since Klotho is a potent inhibitor of the IGF-I pathway, which nega-

tively regulates the secretion of growth hormone (GH) from the pituitary

gland, it was hypothesized that Klotho may enhance GH secretion. Recent

studies indeed implicated Klotho, as a positive regulator of the secretion of

the GH from normal somatotropes and pituitary adenomas through the pos-

sible involvement of IGF-I and bFGF pathways (Shahmoon et al., 2014).

Measuring levels of soluble Klotho levels was also proposed as a marker

in the follow-up of patients with acromegaly (Kohler et al., 2013).

3.4 The Klotho-VS Polymorphism and Human Cognition
In line with experiments linking Klotho and cognition in rodents, studies of

human populations indicate that Klotho enhances learning and memory.

Analysis of three independent cohorts—the Hillblom Aging Study, the

Memory and Aging Project, and the Normal Aging Cohort—revealed that

heterozygous carriers of the Klotho-VS polymorphism score significantly

higher on neuropsychological tests of cognitive function (Dubal et al.,

2014). These results were confirmed by meta-analysis of the three

populations. The Klotho-VS polymorphism is a variant composed of six

single-nucleotide polymorphisms (SNPs), with three located in exons and

three within introns. Of the SNPs occurring in exons, two out of three lead

to amino acid substitutions—F352V and C370S. Expression of this
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polymorphism in human embryonic kidney cells leads to increased for-

mation of Klotho–FGF receptor complexes and higher levels of FGF23

signaling (Tucker Zhou, King, Chen, & Abraham, 2013). Heterozygous

carriers of this variant also have higher sKlotho levels in the serum than

noncarriers, which is thought to be a result of enhanced shedding that has

been reported in HeLa cells transiently transfected with a truncated Klotho-

VS construct (Arking et al., 2002). Increased Klotho levels in the serum

of carriers and noncarriers tend to correlate with higher scores on tests of

semantic fluency, category fluency, and modified trials (Dubal et al.,

2014). On the other hand, women homozygous for the V/V genotype

had lower nonverbal reasoning scores at age 79, after adjustment for cogni-

tive ability at age 11 (Deary et al., 2005). Taken together, these results

strongly suggest that increasing Klotho levels enhances cognition in both

humans and rodents. Although the precise mechanism is not fully under-

stood, two leading theories posit:

1. Klotho promotes memory formation and hippocampal function by

acting as an antioxidant and neuroprotective agent.

2. Klotho influences memory formation by modulating LTP via upregu-

lation of GluN2B NMDAR subunits, resulting in improved hippo-

campal and prefrontal dependent memory.

Given Klotho’s pleiotropic function, it is likely that both of these processes

contribute to Klotho’s effect on learning and memory. In addition, modu-

lators such as ACh and E2 may be related to Klotho’s cognition-enhancing

properties. Although significant progress has been made regarding our

understanding of Klotho’s impact on cognition, further work is required

for a more precise and detailed characterization of the mechanisms and

interactions involved.

3.5 The White Matter, Aging, and Cognition
In addition to modulating cognition through its antioxidant and LTP

enhancing activity, it is possible that Klotho influences learning and memory

by counteracting cognitive impairments associated with “normal” aging.

Although no studies to date have specifically addressed Klotho’s impact

on normal cognitive aging, Klotho expression and levels decrease with

age (Duce et al., 2008; Semba et al., 2014), as does cognitive function. These

correlations may represent a relationship between aging, decreased Klotho,

and cognitive decline, but causal evidence is needed to confirm and better

understand this relationship.
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Age-related cognitive decline (ARCD) is a well-documented phe-

nomenon characterized by impairments in neural processing, executive

function, and memory acquisition (Makris et al., 2007). Initially, neuronal

death was thought to underlie ARCD, but as imaging methodologies

improved, a number of reports were published describing no significant

loss of neurons with age (Giannaris & Rosene, 2012). Studies have dem-

onstrated that aged monkeys do not display a neurodegenerative pheno-

type in cognitively relevant areas such as the PFC or the hippocampal

CA1 field (Peters, Leahu, Moss, & McNally, 1994; Peters, Nigro, &

McNally, 1997; West, 1993). While significant loss of gray matter is

not apparent in the aged brain of healthy animals, age-related white matter

loss and myelin abnormalities have been observed in disease-free monkeys

and humans. Ultrastructural analysis of white matter in the aged brain

shows abnormal thickness, splitting, and redundancy of myelin sheaths,

as well as reduced white matter volume and thinning in layer I of the

PFC (Hinman & Abraham, 2007). These age-related white mater changes

may yield severe functional consequences, as myelination facilitates normal

neuronal communication, and permits high speed information processing

required for normal brain function. Although age-related white matter

changes are heterogeneous and complex, myelin breakdown and reduced

white matter volume correlate with both age and cognitive decline

(Peters, 1996).

White matter refers to the bundles of myelinated projections that con-

nect various brain regions and was named because of its characteristic white

appearance—the result of an abundance of myelinated axons. Myelin is a

lipid- and protein-containing membrane that spirals around axons to form

the myelin sheath, which provides electrical insulation for axons. In the

CNS, oligodendrocytes are responsible for myelination, and this process

results in markedly faster speeds of action potential (AP) propagation. By

increasing the velocity of AP propagation, myelination facilitates the

remarkable information processing capacity of the brain. When myelin is

disrupted, normal AP conduction cannot occur, and neuronal commu-

nication is impaired. As a result, specific brain functions are impaired,

depending on the regions and pathways affected. This process can be seen

on a pathological level inMS, as demyelination and white matter lesions lead

to neurological symptoms that depend on lesion location. For example,

demyelination and cell death in pathways important for learning and

memory results in symptoms related to cognition, while lesions in other

brain areas may cause sensory, motor, and/or sexual dysfunction. Because
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demyelination occurs in both MS and normal brain aging, albeit to vastly

different extents, it is possible that cognitive dysfunction in MS and ARCD

both involve white matter changes and circuit level brain dysfunction

despite differing underlying molecular mechanisms. White matter loss is

common in neurodegenerative disorders such as MS, AD, and Parkinson’s

disease (PD), and may relate to cognitive dysfunction in these conditions.

Although ubiquitous gray matter loss makes it difficult to study the cognitive

consequence of white matter loss in AD, a recent study in humans diagnosed

with PD shows that white matter loss correlates with cognitive deficits

(Galantucci et al., 2015).

3.6 Klotho, Aging, and Neuroinflammation
It appears that during normal brain aging, the number of neurons does not

decrease, but cellular structure and function are altered by aging processes.

For example, increases in neuroinflammation with age are associated with

the activation of microglia and astrocytes in white matter (Sloane,

Hollander, Moss, Rosene, & Abraham, 1999; Sloane et al., 2000). When

activated, these cells phagocytose myelin (Duce, Hollander, Jaffe, &

Abraham, 2006) and release inflammatory and oxidant molecules, both

of which are processes previously associated with aging. Microglial activa-

tion in aged monkeys correlates with cognitive deficits, and inflammation

is associated with impaired cognition in chronic kidney disease (Madero,

Gul, & Sarnak, 2008), suggesting a key role for inflammation in ARCD.

Notably, Klotho inhibits the proinflammatory cytokine TNFα, and cog-

nitively impaired nephrectomized rats show decreased levels of Klotho and

increased levels of TNFα in the PFC (Degaspari et al., 2015). In parallel,

Klotho was shown to be downregulated by TNFα via the transcription of

nuclear factor kappa B (NFkB) in animal models of chronic kidney disease

and colitis (Moreno et al., 2011; Thurston et al., 2010). These findings

were confirmed in a study that demonstrated that Klotho was down-

regulated in the temporal lobe of epilepsy patients, TNFα upregulation

in epilepsy patients is associated with chronic hippocampal inflammation

and the expression of Klotho in the area was inversely correlated with the

expression of NFkB and TNFα (Teocchi, Ferreira, da Luz de Oliveira,

Tedeschi, & D’Souza-Li, 2013). We have demonstrated in vitro that

endogenously secreted Klotho rescues cocultures of oligodendrocyte pre-

cursor cells and astrocytes from TNFα-induced cytotoxicity (Abraham

et al., 2012).
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4. KLOTHO, OLIGODENDROCYTE BIOLOGY,
AND MYELINATION

A number of processes other than inflammation, such as oxidative

stress and altered gene expression, also influence white matter degeneration

and ARCD. Findings of decreased Klotho expression, white matter abnor-

malities, and cognitive deficits in both aged monkeys and Klotho-deficient

mice support the hypothesis that Klotho is involved in ARCD and white

matter degeneration in humans. Following the discovery of reduced Klotho

expression in the white matter of aged mammals (Duce et al., 2008), recent

efforts in our lab have been aimed at elucidating the role of Klotho in mye-

lination, and the effect of Klotho on oligodendrocyte biology. We have

found that Klotho impacts oligodendrocytes in vitro and myelination in

vivo. Klotho activates Akt and Erk1/2 signaling, and enhances maturation

of primary oligodendrocyte progenitor cells (OPCs) and the oligoden-

drocytic cell line, MO3.13 (Chen et al., 2015, 2013). Analysis of protein

and mRNA levels shows that Klotho also enhances expression of myelin-

associated proteins in OPCs and MO3.13 cells. In OPCs, treatment with

Klotho upregulated the two major protein constituents of myelin, pro-

teolipid protein (PLP), and myelin basic protein, as well as myelin-associated

glycoprotein (MAG) and oligodendrocyte-specific protein. Analysis of

Klotho-induced OPC maturation following treatment with the Akt inhib-

itor, LY294002, and the Erk-1 inhibitor, UO126, revealed a vital role for

Akt signaling and a less important role for Erk-1 (Chen et al., 2013). Con-

sistent with the involvement of Akt signaling, Klotho induced Akt phos-

phorylation at S473 in OPCs and MO3.13 cells (Chen et al., 2015, 2013).

Recent evidence from mouse models has provided further insights into

the relationship between Klotho, oligodendrocytes, and myelination in

vivo. Klotho-deficient mice have a markedly lower percentage of myelin-

ated fibers in the corpus callosum and optic nerve, as well as fewer total and

mature oligodendrocytes in the fimbria (Chen et al., 2013). As expected,

analysis of Klotho�/�mice revealed a significant reduction in both protein

and mRNA levels of myelin-related proteins MAG, PLP, and 20,30-
cyclic-nucleotide 30-phosphodiesterase. Klotho�/� mice also show

impaired myelin at the node of Ranvier, as the paranodal region is dimin-

ished and the nodal region is enlarged. In sum, these findings strongly suggest

that Klotho enhances myelination both in vitro and in vivo (Chen et al.,

2013). In line with this hypothesis, a recent study using the cuprizone model
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of MS demonstrates that spontaneous remyelination is significantly

enhanced in Klotho-OE mice (Zeldich, Chen, Avila, Medicetty, &

Abraham, 2015). Further evidence for Klotho’s therapeutic potential in

MS comes from the finding that CSF levels are significantly lower in MS

patients compared to healthy age-matched controls (Emami Aleagha

et al., 2015), which may relate to the failure of remyelination mechanisms

seen in MS patients. Given that Klotho enhances oligodendrocyte matura-

tion and myelination and has antioxidant and neuroprotective properties,

Klotho modulators represent powerful and promising therapeutics for

demyelinating disorders such as MS. The ability of Klotho to stimulate

remyelination may be especially important, because normal repair mecha-

nisms are disrupted in MS patients (Franklin, 2002). Due to Klotho’s

therapeutic potential, development and optimization of small molecule

Klotho modulators is a current focus in our laboratory (Abraham et al.,

2012; King, Chen, et al., 2012).

5. KLOTHO, OXIDATIVE STRESS,
AND NEURODEGENERATION

While upregulating Klotho to induce remyelination represents a prom-

ising treatment for MS (Zeldich et al., 2015), Klotho modulators may also be

useful for treating other neurodegenerative diseases given Klotho’s antioxi-

dant and neuroprotective properties (Yamamoto et al., 2005; Zeldich et al.,

2014). Cellular oxidative damage is thought to play a role in aging and has

been implicated in numerous age-related brain diseases (Popa-Wagner,

Mitran, Sivanesan, Chang, & Buga, 2013). Oxidative stress is mediated by

reactive oxygen species (ROS) and reactive nitrogen species (RNS) that

are generated as a result of normal cellular metabolism. These species include

molecules such as superoxide, hydroxy radicals, hydrogen peroxide, nitric

oxide, and peroxynitrite. ROS and RNS are not harmful at basal levels

and some have functional roles as signaling molecules (Arancio et al.,

1996). A suite of endogenous antioxidant enzymes including superoxide dis-

mutase, glutathione, and catalase are responsible for neutralizing ROS and

RNS as they are produced in order to prevent toxic accumulation of these

species. In pathological conditions, ROS andRNS oxidize nucleic acids, pro-

teins, and lipids causing cellular damage and eventually death. Because of the

high-energy demands of neurons, the brain may be particularly susceptible

to oxidative damage, and reactive oxidants are elevated in PD, amyotrophic

lateral sclerosis (ALS), MS, and AD.
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ROS levels are elevated during glutamate excitotoxicity, and these pro-

cesses are thought to mediate neurodegeneration in disorders such as ALS,

MS, and PD (Lau & Tymianski, 2010). In Klotho-treated HT22 cells and

primary hippocampal neurons obtained from Klotho-OE mice, Klotho

confers resistance to glutamate excitotoxicity and oxidative stress (Zeldich

et al., 2014). Downregulation of the antioxidant enzyme Prx-2 via shRNA

abolished the ability of Klotho to protect against glutamate toxicity, indicat-

ing a key role for Prx-2 in Klotho-mediated neuroprotection (Zeldich et al.,

2014). Experiments in Klotho�/� mice have shown that lack of Klotho

leads to decreased levels of Trx, which is correlated with higher p38 activa-

tion. In contrast, challenging the brains of Klotho transgenic mice with a

neurotoxin, MPTP and analysis for residual neuron numbers and integrity

in the substantia nigra pars compacta showed that Klotho overexpression sig-

nificantly protects dopaminergic neurons against oxidative damage, partly

by modulating p38 MAPK activation level. The data highlight the impor-

tance of ASK1/p38 MAPK pathway in the brain and identify Klotho as a

stabilizer of the interaction of Trx with ASK1, leading to increased

antioxidative resistance (Brobey et al., 2015). This recent study further con-

firms that Klotho regulates the Trx–Prx system to control oxidative stress.

Remarkably, in cultures of human aortic vascular smooth muscle cells,

Klotho-induced antioxidant defense is also associated with the increased

expression of Prx (Prx-1), suggesting that the antioxidative mode of action

of Klotho universally involves the regulation of this redox system (Rizzo

et al., 2014).

If the brain is particularly vulnerable to oxidative stress, developing

blood–brain barrier penetrant antioxidants may be especially valuable.

A recent study in mice demonstrates the therapeutic benefit of reducing

cellular oxidative damage by showing that antioxidant cerium oxide nano-

particles decrease ROS in the cerebellum and hippocampus and alleviate

disease severity in the EAE model of MS (Heckman et al., 2013). Klotho

may have a similar therapeutic mechanism, as it protects neurons from

oxidative stress both in vitro and in vivo (Yamamoto et al., 2005;

Zeldich et al., 2014), although there is some discrepancy with respect to

the mechanism involved. In nonneuronal cell lines including COS,

HeLa, and CHO cells, Klotho acts as an antioxidant by inhibiting Akt

and FOXO1 resulting in increased SOD2 expression (Yamamoto et al.,

2005). Conversely, in brain-derived cells such as the HT22 cell line, primary

hippocampal neurons, and oligodendrocytes, Klotho induces phosphoryla-

tion of Akt (Chen et al., 2013; Zeldich et al., 2014), while in primary
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hippocampal neurons the Akt activation resulted in inhibitory phosphory-

lation of FOXO3a (Zeldich et al., 2014).

Because Klotho can reduce oxidative stress and protect against glutamate

toxicity, Klotho boosters may be effective treatments for a number of

neurodegenerative diseases. For example, substantial evidence suggests that

excitotoxicity and oxidative damage play a role in ALS pathogenesis and

motor neurons affected in ALS are highly susceptible to excitotoxicity

(Barber,Mead, & Shaw, 2006; Foran &Trotti, 2009). Klotho�/�mice have

fewer large anterior horn cells (AHCs) in the spinal cord, with concomitant

increases in GFAP and neurofilament phosphorylation (Anamizu et al., 2005).

Changes in AHCs of Klotho�/� mice resemble the loss of motor neurons

seen in ALS, and degeneration in this region may account for altered gait in

mice-lacking Klotho. However, motor abnormalities seen in Klotho�/�
have been described as Parkinsonian, and may be the result of Purkinje cell

degeneration in the cerebellum.

Purkinje cells are also sensitive to excitotoxic insult (Slemmer, De

Zeeuw, & Weber, 2005), and neurodegeneration caused by the accumula-

tion of neurofilaments (Tu et al., 1997). Klotho-deficient mice show

increased phosphorylation and expression of neurofilament subunits in

the cerebellum, and denser dendritic arbors in Purkinje cells, which may

be due to decreased expression of MAP2, a microtubule-associated protein

necessary for proper dendritic spacing. Purkinje cell bodies were reported to

have abnormal inclusions similar to lipofuscin type granules and axons also

showed signs of degeneration (Shiozaki et al., 2008). These findings suggest

that Klotho protects Purkinje cells from excitotoxicity in wild-type mice,

while Klotho-deficient mice lack this protective mechanism leading to

Purkinje cell damage and death.

Klotho also appears to play a protective role in the retina by acting as an

antioxidant. Cultured retinal pigment epithelial cells treated with Klotho

show decreased markers of oxidative stress, and these cells play a critical role

in retinal function (Kokkinaki et al., 2013). Although the retinas of

Klotho�/� mice are normal throughout development, functional deficits

arise around 7 weeks of age (Reish et al., 2013). In line with these findings,

Klotho levels are elevated in a model of retinal degeneration, suggesting that

Klotho is involved in retinal disease states, although it is unknown whether a

causal relationship exists (Farinelli et al., 2013; Kokkinaki et al., 2013).

Klotho levels in the CSF decline with age and are further decreased in

age-related neurodegenerative disorders such as MS and AD (Emami

Aleagha et al., 2015; Semba et al., 2014). It can be difficult to interpret this
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type of correlative data because it is impossible to know if reduced Klotho is

a cause or consequence of pathology. Regardless, a number of studies

support the hypothesis that upregulating Klotho is useful for treating AD

and MS. In line with this idea, Klotho overexpression provides therapeutic

benefit in a transgenic mouse model of AD. Mice expressing human APP

(hAPP) develop behavioral and neuropathological phenotypes that recapit-

ulate features of AD such as neuritic plaques, impaired LTP, altered hippo-

campal spine morphology, and cognitive deficits. These mice also die

prematurely, which may be a result of increased epileptiform activity in

the cortex (Dubal et al., 2015). In transgenic mice overexpressing both

hAPP and Klotho (hAPP�Klotho), the deleterious effects of hAPP expres-

sion on cognition and lifespan were ameliorated. Furthermore, hAPP mice

had reduced levels of the GluN2A and GluN2B subunits in the hippo-

campus, while Klotho-OE and hAPP�Klotho mice had significantly

higher levels of GluN2B when compared with either WT or hAPP mice.

Consistent with results from Klotho-OE mice, LTP was enhanced in

hAPP�Klotho mice. Although Klotho overexpression in hAPP mice does

not alter the number or neuritic plaques, or the levels of phosphorylated tau,

it does prevent loss of spinophillin staining in the hippocampus, demonstrat-

ing Klotho’s neuroprotective role. These results indicate that although

Klotho does not directly alter AD pathogenesis, enhancing Klotho levels

in the brain may effectively counteract cognitive decline associated with

dementia, either by enhancing LTP via upregulation of GluN2B or by

providing neuroprotection through an antioxidant mechanism.

6. KLOTHO ENHANCERS AS A POTENTIAL TREATMENT
FOR NEURODEGENERATION

Increasing Klotho appears to be a promising strategy for treating AD

andMS, but due to Klotho’s relatively large size, it cannot be directly used as

a therapeutic. Instead, small molecule Klotho enhancers that can cross the

BBB are being screened in vitro to identify lead compounds for testing in

animal models of neurodegeneration (Abraham et al., 2012; King, Chen,

et al., 2012).

Klotho is a large protein with antiaging and neuroprotective properties,

which is downregulated in aging and Alzheimer’s diseased brains. Klotho has

been implicated in myelination processes, and a decline of Klotho is associ-

ated with cognitive and neuronal decline. Since Klotho is a large molecule

and unlikely to cross the blood–brain barrier, it will be difficult to clinically
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administer Klotho to restore Klotho levels in the brain. Instead, a primary

goal is to develop novel treatments based on Klotho-enhancing small mol-

ecule compounds, focusing on neurological improvement or protection.

This goal aligns well in potential treatments for AD and MS, neither of

which has a cure or long-term effective treatments.

Using a high throughput screen of 150,000 compounds, a number of

Klotho-enhancing small molecule hits were identified (Abraham et al.,

2012; King, Chen, et al., 2012). Medicinal chemistry optimization of the

drug-like properties of these compounds has led to the recent identification

of a lead compound that, when administered via intraperitoneal injection

into mice was well tolerated and gave excellent brain exposure. Such com-

pounds will be tested for efficacy in animal models of neurodegeneration.
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…Chillon, M. (2015). Secreted and transmembrane αklotho isoforms have different
spatio-temporal profiles in the brain during aging and Alzheimer’s disease progression.
PLoS One, 10(11), e0143623. http://dx.doi.org/10.1371/journal.pone.0143623.
eCollection 2015. PMID:26599613.

235Klotho Is a Neuroprotective and Cognition-Enhancing Protein

Author's personal copy

http://dx.doi.org/10.1016/j.febslet.2004.03.090
http://dx.doi.org/10.1042/BJ20101909
http://dx.doi.org/10.1042/BJ20101909
http://dx.doi.org/10.1007/s11357-011-9315-4
http://dx.doi.org/10.1007/s11357-011-9315-4
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9086
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9086
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9086
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9086
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9086
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9086
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9086
http://dx.doi.org/10.1523/JNEUROSCI.0402-13.2013
http://dx.doi.org/10.1523/JNEUROSCI.0402-13.2013
http://dx.doi.org/10.1097/MNH.0b013e32835422ad
http://dx.doi.org/10.1038/36285
http://dx.doi.org/10.1074/jbc.C500457200
http://dx.doi.org/10.1074/jbc.C500457200
http://dx.doi.org/10.1126/science.1112766
http://dx.doi.org/10.1007/s00424-010-0809-1
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0230
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0230
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0230
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0230
http://dx.doi.org/10.1111/j.1525-139X.2007.00384.x
http://dx.doi.org/10.1016/j.neurobiolaging.2006.07.005
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0245
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0245
http://dx.doi.org/10.1371/journal.pone.0143623


Moreno, J. A., Izquierdo, M. C., Sanchez-Nino, M. D., Suarez-Alvarez, B.,
Lopez-Larrea, C., Jakubowski, A.,… Sanz, A. B. (2011). The inflammatory cytokines
TWEAK and TNFα reduce renal klotho expression through NFκB. Journal of
the American Society of Nephrology, 22(7), 1315–1325. http://dx.doi.org/10.1681/
ASN.2010101073.

Morris, R. G., Anderson, E., Lynch, G. S., & Baudry, M. (1986). Selective impairment of
learning and blockade of long-term potentiation by an N-methyl-D-aspartate receptor
antagonist, AP5. Nature, 319(6056), 774–776.

Nagai, T., Yamada, K., Kim, H. C., Kim, Y. S., Noda, Y., Imura, A.,…Nabeshima, T.
(2003). Cognition impairment in the genetic model of aging klotho gene mutant mice:
A role of oxidative stress. FASEB Journal, 17(1), 50–52. http://dx.doi.org/10.1096/
fj.02-0448fje.

Park, S. J., Shin, E. J., Min, S. S., An, J., Li, Z., Hee Chung, Y.,…Kim, H. C. (2013).
Inactivation of JAK2/STAT3 signaling axis and downregulation of M1 mAChR cause
cognitive impairment in klotho mutant mice, a genetic model of aging.
Neuropsychopharmacology, 38(8), 1426–1437. http://dx.doi.org/10.1038/npp.2013.39.

Peters, A. (1996). Age-related changes in oligodendrocytes in monkey cerebral cortex. The
Journal of Comparative Neurology, 371(1), 153–163. http://dx.doi.org/10.1002/
(SICI)1096-9861(19960715)371:1<153::AID-CNE9>3.0.CO;2-2.

Peters, A., Leahu, D., Moss, M. B., & McNally, K. J. (1994). The effects of aging on area
46 of the frontal cortex of the rhesus monkey. Cerebral Cortex, 4(6), 621–635.

Peters, A., Nigro, N. J., & McNally, K. J. (1997). A further evaluation of the effect of age on
striate cortex of the rhesus monkey. Neurobiology of Aging, 18(1), 29–36.

Popa-Wagner, A., Mitran, S., Sivanesan, S., Chang, E., & Buga, A. M. (2013). ROS and
brain diseases: The good, the bad, and the ugly.Oxidative Medicine and Cellular Longevity,
2013, 963520. http://dx.doi.org/10.1155/2013/963520.

Reish, N. J., Maltare, A., McKeown, A. S., Laszczyk, A. M., Kraft, T. W., Gross, A. K., &
King, G. D. (2013). The age-regulating protein klotho is vital to sustain retinal function.
Investigative Ophthalmology & Visual Science, 54(10), 6675–6685. http://dx.doi.org/
10.1167/iovs.13-12550.

Rizzo, B., Maltese, G., Paraskevi, M. P., Hrelia, S., Mann, G., & Siow, R. (2014). Induction
of antioxidant genes by sulforaphane and klotho in human aortic smooth muscle cells.
Free Radical Biology & Medicine, 75(Suppl. 1), S14–S15. http://dx.doi.org/10.1016/
j.freeradbiomed.2014.10.588.

Rodrigues, S.M., LeDoux, J. E., & Sapolsky, R.M. (2009). The influence of stress hormones
on fear circuitry.Annual Review of Neuroscience, 32, 289–313. http://dx.doi.org/10.1146/
annurev.neuro.051508.135620.

Rondi-Reig, L., Libbey, M., Eichenbaum, H., & Tonegawa, S. (2001). CA1-specific
N-methyl-D-aspartate receptor knockout mice are deficient in solving a nonspatial
transverse patterning task. Proceedings of the National Academy of Sciences of the United States
of America, 98(6), 3543–3548.

Sarvari, M., Kallo, I., Hrabovszky, E., Solymosi, N., Rodolosse, A., Vastagh, C.,
… Liposits, Z. (2015). Hippocampal gene expression is highly responsive to estradiol
replacement in middle-aged female rats. Endocrinology, 156(7), 2632–2645. http://dx.
doi.org/10.1210/en.2015-1109.

Scoville, W. B., & Milner, B. (2000). Loss of recent memory after bilateral hippocampal
lesions. 1957. The Journal of Neuropsychiatry and Clinical Neurosciences, 12, 103–113.

Semba, R. D., Moghekar, A. R., Hu, J., Sun, K., Turner, R., Ferrucci, L., & O’Brien, R.
(2014). Klotho in the cerebrospinal fluid of adults with and without Alzheimer’s disease.
Neuroscience Letters, 558, 37–40. http://dx.doi.org/10.1016/j.neulet.2013.10.058.

Shahmoon, S., Rubinfeld, H., Wolf, I., Cohen, Z. R., Hadani, M., Shimon, I., &
Rubinek, T. (2014). The aging suppressor klotho: a potential regulator of growth

236 C.R. Abraham et al.

Author's personal copy

http://dx.doi.org/10.1681/ASN.2010101073
http://dx.doi.org/10.1681/ASN.2010101073
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0255
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0255
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0255
http://dx.doi.org/10.1096/fj.02-0448fje
http://dx.doi.org/10.1096/fj.02-0448fje
http://dx.doi.org/10.1038/npp.2013.39
http://dx.doi.org/10.1002/(SICI)1096-9861(19960715)371:1<153::AID-CNE9>3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1096-9861(19960715)371:1<153::AID-CNE9>3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1096-9861(19960715)371:1<153::AID-CNE9>3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1096-9861(19960715)371:1<153::AID-CNE9>3.0.CO;2-2
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0275
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0275
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0280
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0280
http://dx.doi.org/10.1155/2013/963520
http://dx.doi.org/10.1167/iovs.13-12550
http://dx.doi.org/10.1167/iovs.13-12550
http://dx.doi.org/10.1016/j.freeradbiomed.2014.10.588
http://dx.doi.org/10.1016/j.freeradbiomed.2014.10.588
http://dx.doi.org/10.1146/annurev.neuro.051508.135620
http://dx.doi.org/10.1146/annurev.neuro.051508.135620
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0305
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0305
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0305
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0305
http://dx.doi.org/10.1210/en.2015-1109
http://dx.doi.org/10.1210/en.2015-1109
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0315
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0315
http://dx.doi.org/10.1016/j.neulet.2013.10.058
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9088
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9088


hormone secretion. American Journal of Physiology. Endocrinology and Metabolism, 307(3),
E326–E334. PMID:24939736.

Shiozaki, M., Yoshimura, K., Shibata, M., Koike, M., Matsuura, N., Uchiyama, Y., &
Gotow, T. (2008). Morphological and biochemical signs of age-related neurodegener-
ative changes in klotho mutant mice. Neuroscience, 152(4), 924–941. http://dx.doi.org/
10.1016/j.neuroscience.2008.01.032. S0306-4522(08)00145-0 [pii].

Slemmer, J. E., De Zeeuw, C. I., &Weber, J. T. (2005). Don’t get too excited: Mechanisms
of glutamate-mediated Purkinje cell death. Progress in Brain Research, 148, 367–390.
http://dx.doi.org/10.1016/S0079-6123(04)48029-7.

Sloane, J. A., Hollander, W., Moss, M. B., Rosene, D. L., & Abraham, C. R. (1999).
Increased microglial activation and protein nitration in white matter of the aging
monkey. Neurobiology of Aging, 20(4), 395–405.

Sloane, J. A., Hollander, W., Rosene, D. L., Moss, M. B., Kemper, T., & Abraham, C. R.
(2000). Astrocytic hypertrophy and altered GFAP degradation with age in subcortical
white matter of the rhesus monkey. Brain Research, 862(1–2), 1–10.

Smith, C. C., & McMahon, L. L. (2006). Estradiol-induced increase in the magnitude
of long-term potentiation is prevented by blocking NR2B-containing receptors. The
Journal of Neuroscience, 26(33), 8517–8522. http://dx.doi.org/10.1523/JNEUROSCI.
5279-05.2006.

Smith, C. C., Smith, L. A., Bredemann, T. M., & McMahon, L. L. (2015). 17beta estradiol
recruits GluN2B-containing NMDARs and ERK during induction of long-term poten-
tiation at temporoammonic-CA1 synapses. Hippocampus, 26(1), 110–117. http://dx.doi.
org/10.1002/hipo.22495.

Sweatt, J. D. (2004). Mitogen-activated protein kinases in synaptic plasticity and memory.
Current Opinion in Neurobiology, 14(3), 311–317. http://dx.doi.org/10.1016/
j.conb.2004.04.001.

Talboom, J. S., Williams, B. J., Baxley, E. R., West, S. G., & Bimonte-Nelson, H. A. (2008).
Higher levels of estradiol replacement correlate with better spatial memory in surgically
menopausal young and middle-aged rats. Neurobiology of Learning and Memory, 90(1),
155–163. http://dx.doi.org/10.1016/j.nlm.2008.04.002.

Teocchi, M. A., Ferreira, A. E., da Luz de Oliveira, E. P., Tedeschi, H., & D’Souza-Li, L.
(2013). Hippocampal gene expression dysregulation of Klotho, nuclear factor kappa B
and tumor necrosis factor in temporal lobe epilepsy patients. Journal of
Neuroinflammation, 10, 53. http://dx.doi.org/10.1186/1742-2094-10-53.

Thurston, R. D., Larmonier, C. B., Majewski, P. M., Ramalingam, R., Midura-Kiela, M.,
Laubitz, D.,…Ghishan, F. K. (2010). Tumor necrosis factor and interferon-gamma
down-regulate Klotho in mice with colitis. Gastroenterology, 138(4), 1384–1394.
http://dx.doi.org/10.1053/j.gastro.2009.12.002. 1394 e1381–1382.

Tohyama, O., Imura, A., Iwano, A., Freund, J. N., Henrissat, B., Fujimori, T., &
Nabeshima, Y. (2004). Klotho is a novel beta-glucuronidase capable of hydrolyzing ste-
roid beta-glucuronides. The Journal of Biological Chemistry, 279(11), 9777–9784. http://
dx.doi.org/10.1074/jbc.M312392200.

Tu, P. H., Robinson, K. A., de Snoo, F., Eyer, J., Peterson, A., Lee, V. M., &
Trojanowski, J. Q. (1997). Selective degeneration fo Purkinje cells with Lewy body-like
inclusions in aged NFHLACZ transgenic mice. The Journal of Neuroscience, 17(3),
1064–1074.

Tucker Zhou, T. B., King, G. D., Chen, C., & Abraham, C. R. (2013). Biochemical and
functional characterization of the Klotho-VS polymorphism implicated in aging and dis-
ease risk. The Journal of Biological Chemistry, 288(51), 36302–36311. http://dx.doi.org/
10.1074/jbc.M113.490052.

Urakawa, I., Yamazaki, Y., Shimada, T., Iijima, K., Hasegawa, H., Okawa, K.,
…Yamashita, T. (2006). Klotho converts canonical FGF receptor into a specific

237Klotho Is a Neuroprotective and Cognition-Enhancing Protein

Author's personal copy

http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9088
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf9088
http://dx.doi.org/10.1016/j.neuroscience.2008.01.032
http://dx.doi.org/10.1016/j.neuroscience.2008.01.032
http://dx.doi.org/10.1016/S0079-6123(04)48029-7
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0335
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0335
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0335
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0340
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0340
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0340
http://dx.doi.org/10.1523/JNEUROSCI.5279-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.5279-05.2006
http://dx.doi.org/10.1002/hipo.22495
http://dx.doi.org/10.1002/hipo.22495
http://dx.doi.org/10.1016/j.conb.2004.04.001
http://dx.doi.org/10.1016/j.conb.2004.04.001
http://dx.doi.org/10.1016/j.nlm.2008.04.002
http://dx.doi.org/10.1186/1742-2094-10-53
http://dx.doi.org/10.1053/j.gastro.2009.12.002
http://dx.doi.org/10.1074/jbc.M312392200
http://dx.doi.org/10.1074/jbc.M312392200
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0380
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0380
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0380
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0380
http://dx.doi.org/10.1074/jbc.M113.490052
http://dx.doi.org/10.1074/jbc.M113.490052


receptor for FGF23. Nature, 444(7120), 770–774. http://dx.doi.org/10.1038/
nature05315. nature05315 [pii].

West, M. J. (1993). Regionally specific loss of neurons in the aging human hippocampus.
Neurobiology of Aging, 14(4), 287–293.

Woolley, C. S., Weiland, N. G., McEwen, B. S., & Schwartzkroin, P. A. (1997). Estradiol
increases the sensitivity of hippocampal CA1 pyramidal cells to NMDA receptor-
mediated synaptic input: Correlation with dendritic spine density. The Journal of
Neuroscience, 17(5), 1848–1859.

Yamamoto, M., Clark, J. D., Pastor, J. V., Gurnani, P., Nandi, A., Kurosu, H.,…Kuro-o, M.
(2005). Regulation of oxidative stress by the anti-aging hormone klotho. The Journal of
Biological Chemistry, 280(45), 38029–38034. http://dx.doi.org/10.1074/jbc.M509039200.
M509039200 [pii].

Yun, S. H., Park, K. A., Kwon, S., Woolley, C. S., Sullivan, P. M., Pasternak, J. F., &
Trommer, B. L. (2007). Estradiol enhances long term potentiation in hippocampal slices
from aged apoE4-TR mice. Hippocampus, 17(12), 1153–1157. http://dx.doi.org/
10.1002/hipo.20357.

Zeldich, E., Chen, C. D., Avila, R., Medicetty, S., & Abraham, C. R. (2015). The anti-aging
protein Klotho enhances remyelination following cuprizone-induced demyelination.
Journal of Molecular Neuroscience, 57(2), 185–196. http://dx.doi.org/10.1007/s12031-
015-0598-2.

Zeldich, E., Chen, C. D., Colvin, T. A., Bove-Fenderson, E. A., Liang, J., Tucker
Zhou, T. B.,…Abraham, C. R. (2014). The neuroprotective effect of Klotho is medi-
ated via regulation of members of the redox system. The Journal of Biological Chemistry,
289, 24700–24715. http://dx.doi.org/10.1074/jbc.M114.567321.

238 C.R. Abraham et al.

Author's personal copy

http://dx.doi.org/10.1038/nature05315
http://dx.doi.org/10.1038/nature05315
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0395
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0395
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0400
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0400
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0400
http://refhub.elsevier.com/S0083-6729(16)00018-2/rf0400
http://dx.doi.org/10.1074/jbc.M509039200
http://dx.doi.org/10.1002/hipo.20357
http://dx.doi.org/10.1002/hipo.20357
http://dx.doi.org/10.1007/s12031-015-0598-2
http://dx.doi.org/10.1007/s12031-015-0598-2
http://dx.doi.org/10.1074/jbc.M114.567321

	Klotho Is a Neuroprotective and Cognition-Enhancing Protein
	Introduction
	The Expression and Localization of Klotho in the Brain
	Klotho and Cognition
	Antioxidant and Neuroprotective Role of Klotho in the Hippocampus
	Klotho and LTP
	Klotho and the Neuroendocrine System
	The Klotho-VS Polymorphism and Human Cognition
	The White Matter, Aging, and Cognition
	Klotho, Aging, and Neuroinflammation

	Klotho, Oligodendrocyte Biology, and Myelination
	Klotho, Oxidative Stress, and Neurodegeneration
	Klotho Enhancers as a Potential Treatment for Neurodegeneration
	References


