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Abstract

The aging-suppressor gene klotho encodes a single-pass transmembrane protein that is
predominantly secreted by the choroid plexus of the brain and in the kidney. Klotho-deficient mice
develop multiple aging phenotypes, including impaired cognition. Klotho concentrations have not
been described in the CSF of humans. We measured klotho in the CSF of 20 older adults with
Alzheimer's disease and in 20 older and 20 younger adults with normal cognition. In 10 adults,
aged 38-87 years, CSF klotho measurements were made at baseline and every 6 hours up to 18-30
hours later. Mean (95% Confidence Interval [C.1.]) CSF klotho in men versus women were 899
(814, 983) and 716 (632, 801) pg/mL, respectively (P = 0.002). Mean (95% C.l.) CSF klotho in
older adults with and without Alzheimer's disease were 664 (603, 725) and 776 (705, 828) pg/mL,
respectively (P = 0.02), adjusting for sex. Mean (95% C.l.) klotho in older versus younger adults
were 766 (658, 874) and 992 (884, 1100) pg/mL, respectively (P = 0.005), adjusting for sex. In the
longitudinal study of CSF klotho, no significant circadian fluctuations were found in CSF klotho
levels. This study suggests that CSF klotho concentrations are lower in females compared with
males, in Alzheimer's disease, and in older versus younger adults.
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Introduction

The aging suppressor gene klotho encodes a single-pass transmembrane protein that is
predominantly expressed in the choroid plexus of the brain, distal tubule cells of the kidney,
and parathyroid glands. The klotho gene, named after the Greek goddess who spins the
thread of life, was originally identified in a mutant mouse strain that could not express
klotho, developed multiple disorders resembling human aging, and had a shortened life span
[1]. The aging phenotypes included impaired cognition, arteriosclerosis, decreased bone
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mineral density, and sarcopenia [2]. Overexpression of klotho in transgenic mice resulted in
suppression of aging phenotypes and a significant extension of life span compared with
wild-type mice [3]. Further studies have shown that klotho is involved in regulation of
calcium and phosphate homeostasis and inhibition of intracellular insulin and insulin-like
growth factor-1 signaling [2].

Klotho has been implicated in the regulation of brain aging because of the impaired
cognition and abnormal brain pathology noted in klotho mutant mice [4,5] and gene profile
analysis of aging changes in the brain white matter of rhesus monkeys [6]. Increased lipid
peroxidation and oxidative DNA damage occur in the hippocampus of klotho mutant mice
prior to the appearance of cognition deficits [7]. In 2004, Imura and colleagues demonstrated
that soluble klotho was present in human cerebrospinal fluid and blood [8]. The relationship
of klotho in cerebrospinal fluid to neurological diseases in humans has not been studied
because of the lack of a reliable assay for the measurement of secreted klotho protein.
Recently, a sensitive and specific assay was developed for the measurement of soluble
klotho in humans [9]. Recently, the designation a-klotho has been used in the literature to
describe the original klotho gene and its product, the secreted circulating klotho hormone
[10], and to distinguish it from a homolog that was named B-klotho [11,12]. Throughout this
paper, the term klotho will refer to a-klotho.

Our specific aims were to characterize klotho concentrations in the CSF in men versus
women, in older versus younger adults, and in adults with and without Alzheimer's disease.
We also sought to determine whether circadian fluctuations occur with CSF klotho levels.
To address these aims, we measured CSF klotho in men and women, older and younger
adults, and older adults with Alzheimer's disease. We also measured CSF klotho over time
in 10 patients undergoing evaluation for normal pressure hydrocephalus.

Materials and Methods

The study participants consisted of two cohorts. The first consisted of seventy patients with
a single spinal tap. Twenty were older adults (10 men, 10 women) with Alzheimer's disease,
twenty were older adults (10 men, 10 women) who were cognitively normal and had spinal
taps for clinical indications that proved benign, twenty were younger adults (10 men, 10
women) who were cognitively normal and had spinal taps for clinical indications that proved
benign, and 10 had idiopathic normal pressure hydrocephalus. The second cohort consisted
of ten patients with an indwelling lumbar catheter as part of a detailed examination of
normal pressure hydrocephalus (n = 9) or pseudotumor cerebri (n = 1). Mini-Mental State
Examination (MMSE) was administered to all participants [13]. In the second cohort, the
subjects underwent insertion of a catheter into the lumbar subarachnoid space on the first
day of hospitalization. After monitoring of intracranial pressures for 18 hours, drainage of
CSF was initiated at noon the following day. Collection of CSF for analysis began at 6 PM
on the first day of drainage. Forty mL of CSF were withdrawn from the lumbar catheter
every 6 hours for a period of 24 or 36 continuous hours. Differences in the duration of CSF
collection were due to the investigator availability. The first 10 mL of CSF collected at each
time point was discarded to eliminate CSF that may have pooled in the lumbar catheter. The
following 30 mL of CSF was drip collected in 2 mL aliquots and promptly stored at —80° C
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until further analysis. All participants were asleep and remained asleep when the midnight
sample was collected and were awake at the noon and 6 PM collection of CSF. All
participants gave written, informed consent for participation in the study. The Johns
Hopkins University School of Medicine Institutional Review Board approved the protocol
for the study.

Soluble a-klotho was measured in CSF using a solid phase sandwich enzyme-linked
immunosorbent assay (ELISA) (Immuno-Biological Laboratories, Takasaki, Japan) [9]. The
minimum level of detectability of the assay is 6.15 pg/mL. The minimum level is below the
plasma concentrations that were found in our study. The intra-assay and inter-assay
coefficients of variation were 4.1% and 8.9%, respectively, for klotho measurements in the
investigator's (R.D.S.) laboratory.

Klotho concentrations in the CSF were described using means and 95% confidence
intervals. ANOVA was used to compare mean klotho concentrations between groups. Since
there were significant difference in mean klotho concentrations between men and women,
further comparisons between groups were adjusted in the ANOVA for sex. Linear regression
was used to examine CSF klotho concentrations over time. Spearman correlation was used
to examine the relationship between CSF klotho concentrations and MMSE score.

The characteristics of the study participants in the first cohort are shown in Table 1. There
were significant differences in age, CSF klotho concentrations, and MMSE score across the
three cohorts. We compared differences in CSF klotho concentrations between men and
women, between older adults with and without Alzheimer's disease, and between younger
and older normal adults. Mean (95% Confidence Interval [C.1.]) CSF klotho in men versus
women were 899 (8144, 983) and 716 (632, 801) pg/mL, respectively (P = 0.002) (Figure
1). Mean (95% C.I.) CSF klotho in older adults with and without Alzheimer's disease were
664 (603, 725) and 776 (705, 828) pg/mL, respectively (P = 0.02), adjusting for sex. Mean
(95% C.1.) klotho in older versus younger adults were 766 (658, 874) and 992 (884, 1100)
pa/mL, respectively (P = 0.005), adjusting for sex. In all participants in the first cohort
combined, Spearman correlation between age and CSF klotho concentrations was -0.37 (P =
0.003) and Spearman correlation between MMSE score and CSF klotho concentrations was
0.30 (P =0.02) (Figure 2).

In the second cohort, the median age of the subjects was 75 years (range 38-87 years).
Median MMSE score was 27.0. Overall in the ten subjects, mean (SD) CSF klotho
concentrations were 1018 (253) pg/mL. CSF klotho concentrations in the ten subjects,
measured over time, are shown in Figure 3. There were no significant circadian fluctuations
in CSF klotho concentrations.

Discussion

The present study showed that CSF klotho concentrations were significantly lower in older
adults with Alzheimer's disease compared with older adults with normal cognition. In
addition, CSF klotho concentrations were higher in men than women and higher in older
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versus younger normal adults. The present study showed that CSF klotho concentrations
showed no apparent circadian pattern. CSF klotho measurements were highly reproducible
in CSF over a period ranging from 18 to 30 hours. To our knowledge, this is the first clinical
study to describe klotho concentrations in the CSF of humans. The findings of the present
study corroborate and extend the initial description of a 130 KDa form of secreted klotho
protein detected in both human sera and CSF by Imura and colleagues in 2004 using western
blot analysis [8].

As noted previously, impaired cognition and abnormal brain pathology have been observed
in klotho mutant mice [4,5]. The findings from murine models may be relevant to humans
because there is 80% homology in klotho between humans and mice [14]. Genetic variants
of kiotho have been associated with longevity and health in humans [15,16]. The klotho V/V
genotype was associated with impaired cognitive ability in older women in a combined
analysis of the Lothian Birth Cohort 1921 and Aberdeen Birth Cohort 1936 in Scotland [17].
Whether polymorphisms in the klotho gene are related to plasma or CSF klotho is not
known. Low plasma klotho is associated with cardiovascular disease [18] and is an
independent predictor of all-cause mortality in older adults [19].

A recent study shows that klotho may play an important role in maturation and myelination
in the brain [20]. Chen and colleagues have hypothesized that klotho secreted by the choroid
plexus may play a role in protecting myelin integrity and prevent myelin degeneration in the
aging brain [20]. Further studies are needed to characterize the potential biological roles that
CSF klotho may play in Alzheimer's disease and aging.
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Figure 1.

CSF klotho concentrations in men versus women. Boxplots represent median (25t, 75t
percentile) and bars represent maximum and minimum values.
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Figure 2.
Scatterplot of MMSE score versus CSF klotho concentrations.
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Figure 3.

CSF Klotho concentrations over time in ten adults.
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