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Although the absence of the age-regulating klotho protein causes klotho-deﬁcient mice to rapidly
develop cognitive impairment and increasing klotho enhances hippocampal-dependent memory, the
cellular effects of klotho that mediate hippocampal-dependent memory function are unknown. Here, we
show premature aging of the klotho-deﬁcient hippocampal neurogenic niche as evidenced by reduced
numbers of neural stem cells, decreased proliferation, and impaired maturation of immature neurons.
Klotho-deﬁcient neurospheres show reduced proliferation and size that is rescued by supplementation
with shed klotho protein. Conversely, 6-month-old klotho-overexpressing mice exhibit increased
numbers of neural stem cells, increased proliferation, and more immature neurons with enhanced
dendritic arborization. Protection from normal age-related loss of object location memory with klotho
overexpression and loss of spatial memory when klotho is reduced by even half suggests direct, local
effects of the protein. Together, these data show that klotho is a novel regulator of postnatal neurogenesis
affecting neural stem cell proliferation and maturation sufﬁcient to impact hippocampal-dependent
spatial memory function.
Ó 2017 Elsevier Inc. All rights reserved.
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1. Introduction
Klotho (KL) deﬁcient, knock-out mice (KO) have a shortened life
span of w8 weeks and undergo rapid body-wide deterioration
consistent with premature aging (Kuro-o et al., 1997) whereas KL
overexpression extends mouse life span (Kuro-o et al., 1997; Kurosu
et al., 2005). KL is highly expressed by the kidney where transmembrane KL regulates phosphate homeostasis (Kurosu et al.,
2006). Shedding of KL allows it to circulate throughout the body
(Imura et al., 2004; Shiraki-Iida et al., 1998) to act as a sialidase (Cha
et al., 2008) or an inhibitor of several signaling pathways (Doi et al.,
2011; Kurosu et al., 2005; Liu et al., 2007; Zhou et al., 2013).
Considerable progress has been made toward understanding the
functional relevance of KL in peripheral systems, but very little is
known about the speciﬁc cellular or molecular actions of KL within
the brain.
The brain expresses all forms of KL protein: transmembrane,
shed, and secreted (Clinton et al., 2013; Imura et al., 2004; Masso
* Corresponding author at: Department of Neurobiology, University of Alabama at
Birmingham, 1825 University Blvd, Shelby 913, Birmingham, AL 35294, USA. Tel.:
205-996-6247; fax: 205-975-7394.
E-mail address: gdking@uab.edu (G.D. King).
0197-4580/$ e see front matter Ó 2017 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.neurobiolaging.2017.07.008

et al., 2015). KL expression is downregulated with age (Duce et al.,
2008; King et al., 2012; Yamazaki et al., 2010) and with neurodegenerative disease (Semba et al., 2014) suggesting that KL
sensitive pathways and processes are impaired both with normal
aging and disease development. Supporting this idea, KO mice
rapidly develop cognitive impairment (Nagai et al., 2003) but
without gross anatomical abnormalities and only subtly increased
apoptosis (Shiozaki et al., 2008) and oxidative stress (Nagai et al.,
2003), and decreased synaptic protein expression (Shiozaki et al.,
2008). KL-overexpressing mouse (OE) brains have no reported
cellular changes although neurons are more resistant to oxidative
stress (Brobey et al., 2015; Zeldich et al., 2014). Still, KL overexpression enhances cognitive function concomitant with higher
levels of NMDA GluN2B glutamate receptor subunits (Dubal et al.,
2014), the subunits known to promote synaptic plasticity (Tang
et al., 1999). Overexpression also protects against the development of Alzheimer’s disease-like synaptic change and cognitive
impairment (Dubal et al., 2015). In humans, a polymorphism that
naturally increases the levels of serum KL correlates with
increased cognition, suggesting that KL may be important for
cognitive reserve (Deary et al., 2005; Dubal et al., 2014; Yokoyama
et al., 2015).
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Since hippocampal immature postnatal-born neurons preferentially express the GluN2B subunit of the NMDA receptor (Ge et al.,
2007) and KL-deﬁciency causes premature aging of peripheral stem
cell niches (Liu et al., 2007), herein we assessed the contribution of
KL to hippocampal postnatal neurogenesis. We measured the effects of both body-wide, global KL-deﬁciency and overexpression
on neurogenesis at ages before and after onset of cognitive changes
as previously reported (Dubal et al., 2014; Nagai et al., 2003). We
show that total KL-deﬁciency causes a premature neurogenic aginglike effect wherein decreased neurogenic capacity begins before the
onset of cognitive impairment or peripheral organ system failure.
Remarkably, KL overexpression does not affect the niche during
early life, but adults show delayed age-related loss of neurogenesis
and protection from age-related decline of spatial discrimination.
Together these results suggest that KL is a key component of the
postnatal stem cell niche and that age-related downregulation of KL
expression may contribute to hippocampal decline.
2. Materials and methods
2.1. Animals
Procedures were approved by the UAB IACUC. Global body-wide
KL-deﬁcient mice (KO; 129S1/SvImJ) and global body-wide KLoverexpressing mice (OE; C57BL/6J) lines were obtained from M.
Kuro-o (University of Texas Southwestern, Dallas, TX, USA), proopiomelanocortinegreen
ﬂuorescent
protein
(POMC-GFP)
(Overstreet et al., 2004) (C57BL/6J) from L. Overstreet-Wadiche
(University of Alabama at Birmingham, Birmingham, AL, USA),
and Nestin-GFP (Mignone et al., 2004) (C57BL/6J) from G. Enikolopov (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, USA).
Wild-type (WT; average weight: 3 weeks, 11.6 g; 7 weeks, 20.4 g)
and KO (average weight: 3 weeks, 10 g; 7 weeks, 8.1 g) mice were
generated by breeding heterozygotes (KLþ/, HET). KO mice die
naturally at w8 weeks of age and thus brains are harvested at or
before 7 weeks as detailed. To ensure equivalent KL overexpression,
mice carrying the KL overexpression cassette are bred to WT mouse
from the same line. Mice were weaned on postnatal day 21. All mice
were group housed and had free access to food and water at 26.6  C
with humidity maintained above 40%. KO mice were supplemented
with Bacon Softies or Nutra-gel (BioServ, Frenchtown, NJ, USA). As
mouse neurogenesis is not gender speciﬁc (Lagace et al., 2007),
male and female mice were utilized. 5-Bromo-20 -deoxyuridine
(BrdU) was intraperitoneally injected (50 mg/kg) either 1x or 4x
(2 hours apart), and brains were collected after 30 minutes,
24 hours, 1, 2, or 3 weeks.
2.2. Immunohistochemistry (IHC)
2.2.1. Basic IHC
Tissue was collected after transcardial perfusion with Tyrode’s
solution (137-mM NaCl, 2.7-mM KCL, 1-mM MgCl2, 1.8-mM CaCl2,
0.2-mM Na2HPO4, 12-mM NaHCO3, and 5.5-mM glucose) and 4%
paraformaldehyde. Serial 30 mm, free-ﬂoating coronal sections
representing 1/6th of each brain were permeabilized in Trisbuffered saline containing TritonX-100 (TBST; 50-mM Tris with
0.9% NaCl and 0.5% TritonX-100), incubated with 0.3% H2O2, and
blocked with 10% horse serum/TBST. When BrdU detection was not
required, primary antibodies were incubated in 1% horse serum/
TBST for 48 hours. Primary antibodies Ki67 (1:500, anti-rabbit,
Abcam Cambridge, MA ab15580), brain lipid-binding protein
(BLBP) (1:300, anti-rabbit, EMD Millipore, Billerica, MA ABN14), Dcx
(1:50, anti-goat, Santa Cruz Biotechnology, Santa Cruz, CA, sc-8066
or 1:200, anti-rabbit, Abcam ab18723), GFP (green ﬂuorescent
protein, 1:100, anti-rabbit, Novus NB600-308), glial ﬁbrillary acidic

protein (GFAP, 1:500, anti-rabbit, Dako Z033429), Sox 2 (sex
determining region box 2, 1:100, anti-goat, Santa Cruz sc-17320 or
anti-rabbit 1:100, R and D Systems), NeuN (1:300, anti-rabbit,
Millipore ABN78), neuroD1 (NeuroD1 (ND1); 1:50, anti-goat, Millipore AB15580), or S100b (1:400, anti-rabbit, Dako, Santa Clara CA
Z0311) were used. Secondary antibodies conjugated to Alexa 488 or
594 (Life Technologies, Grand Island, NY, USA) were used to detect
NeuN, Ki67, and BLBP antibodies. Dcx and Sox2 were detected with
biotin conjugated secondary (Southern Biotech, Birmingham, AL,
USA) and visualized with streptavidin 488, 594, or 674 (Vector Labs,
Burlingame, CA, USA). Nuclei were labeled with 40 ,6-diamidino-2phenylindole (DAPI, Life Technologies) and mounted in Prolong
Gold anti-fade mounting media (Life Technologies). ND1 was
detected using diaminobenzidine (King et al., 2008, 2011). GFP and
GFAP co-localization with KL was detected using 10-mm-thick
parafﬁn sections and anti-KL antibody (R and D Systems, Minneapolis, MN AF1819) as reported (Maltare et al., 2014). This KL
antibody is directed against the amino terminus of the KL protein
and thus detects all protein forms.
2.2.2. BrdU IHC
After incubating with the co-labeling primary antibody, sections
were washed with 2N HCl at room temperature, borate neutralized
(0.1-M boric acid, pH 8.5) and incubated with BrdU antibody (1:50,
anti-rat, Santa Cruz sc-56258). Biotinylated secondary and streptavidin 594 detected BrdU. Nuclei were labeled with Hoechst (BD
Biosciences, San Jose, CA, USA).
2.2.3. Microscopy and quantiﬁcation
All quantiﬁcation was performed by genotype-blind researchers.
Stereology with optical fractionator software (Stereo Investigator,
Version 9, MicroBrightField Inc, Germany) and a Zeiss Axio Imager
(Zeiss, Oberkochen, Germany) microscope ﬁtted with a motorized
stage and video camera (AxioCam MRc5, Zeiss) (West et al., 1991)
was used to estimate subgranular zone (SGZ)eproliferating cells
(Ki67 quantiﬁcations) every 6th section from 1.34 mm
to 2.10 mm from bregma (dissector height: 15 mm with a 5 mm
guard zone; ﬁxed counting frame of 80  80 mm with a sampling
grid size of 75  75 mm resulted in 100e200 sites/brain). For all
other quantiﬁcation, images were collected with an Olympus BX53
ﬂuorescent (Center Valley, PA, USA) and the average total number of
cells in 3 sections of dorsal hippocampus (1/6th of each brain
processed, 1.34 mm to 2.10 mm from bregma) reported (Gilley
et al., 2011; Okamoto et al., 2011). Within this same range, maturation stage was deﬁned similar to Plumpe et al. (2006) counting
100 cells unless 3 bregma levels were exceeded ﬁrst (3 bregma
levels counted for 7 weeks KO and 6 months WT). KL dentate colocalization was imaged using confocal Zeiss laser scanning
LSM510 microscope (Zeiss, Oberkochen, Germany).
2.2.4. Dendrite analysis
Neuronal morphology of POMC-GFP WT immature neurons was
traced from confocal image stacks using Neurolucida, and measurement of total dendrite length was determined by furthest Sholl
radius containing measurable dendrite length (v7. MicroBrightField, Williston, VA, USA) (Pugh et al., 2011). Cells with obvious
truncation were excluded from analysis.
2.3. Nissl stain
After cresyl violet acetate incubation, slides were dH2O washed
and dehydrated with graded ethanol and xylenes. Volume was
estimated in 1/6th of each brain used the Cavalieri estimator and
Stereo-Investigator software (1.22 mm to 3.88 mm from
bregma). When dentate was estimated, total volume, dorsal
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(1.22 mm to 2.18 mm from bregma), and ventral (2.20
to 3.88 mm from bregma) was measured.
2.4. Neurosphere (NSP) assays
2.4.1. Isolation
Progenitors were isolated from 3-week-old hippocampi using
0.05% trypsin. NSPs were grown on nonetissue culture-treated
plastics with NeuroCult proliferation media (Stem Cell Technologies, Seattle, WA, USA) containing 10-mg/mL bFGF, (ProSpec, East
Brunswick, NJ), 10-mg/mL EGF (ProSpec), and 2-mg/mL heparin
(Fisher Scientiﬁc). NSPs achieved sufﬁcient conﬂuency for assays
w2 weeks after isolation, and all assays were completed within 5
passages.
2.4.2. Primary and secondary NSP assays
NSPs were dissociated using Accutase (Fisher Scientiﬁc). Reliable
survival after plating of 1e5000 cells/well established a minimum
of 500 cells/well for viability. 96-well plates received 500 cells/well
in complete media with or without 100-ng/mL recombinant mouse
KL (R&D Systems). Ten days later, primary NSP number/well and
diameter (20e150 mm) were counted. The average/well was reported. Following evaluation, primary NSPs were collected, dissociated, and replated at 500 cells/well. Secondary sphere number
and size were evaluated 10 days later. Images of both primary and
secondary NSPs were taken with an Evos FL Cell Imaging System,
and the diameter of each sphere measured using ImageJ (National
Institutes of Health, Bethesda, MD, USA).
2.4.3. Proliferation assay
NSPs were dissociated and plated at 150,000 cells/well on
Matrigel (Fisher Scientiﬁc) coated coverslips. The next day, half the
medium was replaced with 2x 5-ethynyl-20 -deoxyuridine (Fisher
Scientiﬁc) in complete medium. 5-Ethynyl-20 -deoxyuridine was
detected 24 hours later using the manufacturer’s Click-iT protocol
and IHC as in 1.2 (Logan et al., 2015; Qu et al., 2013; Zeng et al., 2010).
2.5. qPCR
RNA was extracted from ﬂash frozen brain, isolated hippocampi, or
NSP cultures using RNA STAT-60 (Tel-Test Inc, Friendswood, TX, USA)
and complementary DNA was generated using iScript RT Supermix
(Biorad, Hercules, CA, USA) per manufacturer’s protocols. Messenger
RNA (mRNA) was measured by primer/probe duplex qPCR with
SsoFast Probes Supermix (Biorad) and Prime time qPCR assays to the
mouse 18s ribosomal subunit (Rn18s: Assay ID Mm.PT.49.3175696.g,
IDT, Coralville, IA, USA) and mouse klotho (assay ID
Mm.PT.49.11505558; IDT) on a StepOne qPCR system (Applied Biosystems, Foster City, CA). The KL primers will detect both secreted and
transmembrane forms of KL. Fold change relative to adult brain was
calculated using the DDCt method (Clinton et al., 2013).
2.6. Behavior
2.6.1. Design
Researchers conducting behavior assays were blind to genotype
from habituation through scoring. Although the OE mice are
physically indistinguishable from WT, the 7-week KO mice are
smaller than WT. However, mice are coded to prevent genotypic
awareness, and several lines of transgenic mice for other studies
were tested concurrently with mice in this study to avoid direct
comparison of 7-week-old KO and WT mice. Mice were habituated
to the researcher for 3 consecutive days. Groups of mice were
processed sequentially through open ﬁeld, object location, and
context-dependent fear conditioning tasks.
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2.6.2. Open ﬁeld
On test day mice were placed in the center of the open ﬁeld
apparatus (43  43  30 cm plexiglass box). Photo beam detectors
quantiﬁed all activity for 30 minutes (ENV-515 software, Med Associates, St. Albans, VT, USA).
2.6.3. Object location
Objects of the same height, star shaped plastic bath toys and
Lego towers, were mounted on metal washers to prevent tipping.
Objects were compared using naïve mice to ensure objects elicited a
similar level of exploratory interest. Experimental mice were
habituated to a white plexiglass testing chamber (39  19  21 cm);
containing only black tape marking the north facing wall and fresh
bedding material for 2 consecutive days. On training day, 2 identical
objects were placed on the same side of the box as the black tape
and mice were allowed to freely explore for 10 minutes (Haettig
et al., 2011). Twenty-four hours later, mice were returned to the
box for 5 minutes where 1 object was displaced to the center, back
of the box (see Fig. 6E for schematic). Mouse behavior was recorded
(TopScan, Clever Sys 2.0, Reston, VA, USA). Videos of task performance were manually scored. Interaction was judged to occur if
mice were observed to be facing and snifﬁng the within 2 cm of a
given object. Mice had to explore each object for at least 5 seconds
during the training phase and 15 seconds during testing to be
included; no mice failed minimum interaction requirements. During training, mice would be excluded if they displayed object/side
preference greater than 20%; no mice required exclusion. Percent
discrimination was calculated as % of time spent with the moved
objectetime spent with the non-moved object/total time (Wang
et al., 2014).
2.6.4. Context-dependent fear conditioning
Mice were habituated to the testing room for 2 days. On training
day, mice were placed in an operant chamber inside an isolation
box (Med Associates) for 5 minutes. During that time, mice freely
explored for the ﬁrst 2 minutes. Subsequently, a series of 3, 1 second, 0.5 mA shocks were delivered 1x/minute. Mice remained in
the chamber for 2 minutes after the last shock. Twenty-four hours
after training, mice were tested by return to the same chamber for
5 minutes. All training and testing was recorded by automated
video tracking system (Med Associates). Percent of time spent
freezing was manually scored by measuring freezing behavior in
5 seconds intervals.
2.7. Statistics
All data are reported as mean  standard error of the mean
(SEM). Statistical signiﬁcance is noted if groups differ by p-value
less than 0.05 as determined using GraphPad Prism (GraphPad,
version 6, La Jolla, CA, USA) using Students t test or 1-way ANOVA as
noted in each legend. For qPCR, Dunnett’s analysis was conducted
to compare each time point to the adult P56. Chi-squar test was
performed for 24 hours postinjection BrdU/BLBP and BrdU/S100b
due to a low number of cells co-labeling with BrdU.
3. Results
3.1. KL regulates postnatal neurogenesis
Hippocampal development begins around embryonic day 14
and is not complete until the dentate gyrus (dentate) is fully
formed w2 weeks after birth (Li and Pleasure, 2005, 2014).
Thereafter, the dentate SGZ is the only hippocampal neurogenic
region. Mouse brain KL expression is ﬁrst detected during late
embryonic development (Takeshita et al., 2004). The
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Fig. 1. KL does not affect hippocampal development. (A) Brain KL qPCR fold change after normalization to 18s ribosomal subunit and adult brain KL (P56). KL was detected at
embryonic (E) day 17 and postnatal (P) days 1, 7, 14, 21, and 56. (B) Quantiﬁcation of 3- and 7-week-old WT and KO hippocampus (HCX) and ﬁmbria volume and 7-week dentate
gyrus (1.22 to 3.88 mm from bregma; dor [dorsal: 1.22 to 2.18 mm from bregma], ven [ventral: 2.20 to 3.88 mm from bregma]). (C) Representative 7-week-old WT and KO
Nissl stain. Scale bar is 200 mm. (D) Quantiﬁcation of 3- and 7-week-old WT and OE hippocampus (HCX) and ﬁmbria volume and HCX and dentate volume at 7 weeks and 6 months,
as in B. (E) Representative 7-week-old WT and OE Nissl. (n ¼ 6; mean  standard error of the mean; t test: *p < 0.05; mRNA: ANOVA, Dunnett’s post hoc analysis, ***p < 0.0003
relative to P56). Abbreviations: ANOVA, analysis of variance; KL, klotho; KO, klotho-deﬁcient knock out mice; mRNA, messenger ribonucleic acid; OE, klotho overexpressing mice;
qPCR, quantitative polymerase chain reaction; WT, wild-type.

cerebrospinal ﬂuid generating choroid plexus cells express the
highest levels of KL (Kuro-o et al., 1997; Li et al., 2004), but lower
level expression is detected in neurons throughout the brain
(Clinton et al., 2013; Kuro-o et al., 1997; Li et al., 2017). We
measured KL’s expression proﬁle during dentate development
using mRNA isolated from wild-type (WT) hippocampi embryonic
day 17 (E17) to 8 weeks of age. Using a primer/probe set to allow
detection of all KL forms, we found that hippocampus achieved
adult level KL expression by 3 weeks of age (Fig. 1A), consistent
with the reported expression of KL mRNA and protein in mature
neurons (Clinton et al., 2013; Li et al., 2017).
KL-deﬁciency is not reported to disrupt embryonic development. To determine if KL expression affects initial hippocampal or
dentate development, we measured hippocampal volume of 3and 7-week-old WT and KO mice. We conﬁrmed the described
ﬁmbria volume decrease in 7-week-old KO mice (Chen et al., 2013)
(Fig. 1B). Meanwhile, the volume of the WT and KO hippocampi
were indistinguishable at 3 weeks, when initial dentate genesis is
complete (Nicola et al., 2015), and at 7 weeks when KO mice are
near terminal (Fig. 1B and C). Although KL is overexpressed in the
hippocampus of OE mice (Dubal et al., 2014; Li et al., 2017), we
found no hippocampal or ﬁmbria volume change at 3 or 7 weeks of
age nor were changes detected into adulthood (6 months) (Fig. 1D
and E). These data show that gross hippocampal development is
not affected by either increasing or decreasing KL protein
expression. Herein, the term postnatal neurogenesis is used to
distinguish developmental neurogenesis, from ongoing neurogenesis at time points we evaluated on/after postnatal day 21 and
selected based on the individual mouse model’s life span and
cognitive status.

To assess KO and OE postnatal neurogenesis, we measured
dorsal hippocampal neurogenic cell populations before and after
the onset of reported cognitive change (Dubal et al., 2014; Nagai
et al., 2003) (KO at 3 and 7 weeks, white bars throughout; OE at 3
and 6 months, black bars throughout) using strain-relevant WT
(gray bars throughout; strain KO:129S1/SvImJ, OE:C57BL/6J) mice
to control for strain-speciﬁc differences in total neurogenic cell
number (Kempermann et al., 1997). At 3 weeks, post-weanling KO
mice show no change in the number of stem cells (BLBP), transient
amplifying progenitors (TAP: Sox2þ/BLBP), or immature neurons
(doublecortin, Dcx) (Fig. 2AeC). However, by 7 weeks, KO mice
show a robust loss of stem cells and immature neurons (Fig. 2AeC).
In addition, maturation of the immature neurons appears to be
reduced, as when their dendritic processes were measured, the
percent of cells with a process extending into the granule cell layer
was less (Fig. 2D). Meanwhile, although young adult OE mice
showed no neurogenic changes at 3 months, all cell populations
(stem cells, TAPs, and immature neurons) were increased at
6 months (Fig. 2EeG). Furthermore, there were a greater percentage of immature neurons with a process extending to the granule
cell layer suggesting enhanced dendritic maturation (Fig. 2H).
Although WT immature neuron total dendrite length was not
different between sexes (Supplemental Fig. 1A), to determine if sex
was a factor in the KL models, KO and OE cell population counts
were separated based on sex. Neither the total number of stem cells
nor immature neurons showed sex-speciﬁc effects (Supplemental
Fig. 1B and C). These data suggest that mouse KL-deﬁciency causes collapse of the neurogenic niche, but KL overexpression is
protective against normal age-related decline of neurogenic
capacity.
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Fig. 2. KL is required for the maintenance of neurogenic cell populations. WT and KO (3 and 7 weeks) or WT and OE (3 and 6 months) neurogenic cell populations are the average
total cell number across 3 bregma levels/animal (1.34 to 2.10 mm) of dorsal hippocampal SGZ. Quantiﬁcation (graph) and representative images (7 weeks for KO, 6 months for
OE) for: (A) and (E) radial-like glial stem cells (brain lipid-binding protein, BLBP; green); (B) and (F) transient amplifying progenitors (TAPs; Sox2þ [red] and BLBP- [green]); and (C)
and (G) immature neurons (doublecortin, Dcx; green). Scale bars represents 50 mm. (D) and (H) Immature neuron arborization as the percent of immature neurons with a process
extending into the granule cell layer. Scale bar represents 20 mm. DAPI used to label cell nuclei. (n ¼ 3e6 for OE; all others n ¼ 8; mean  standard error of the mean; t-test: *p <
0.05, **p < 0.001, and ***p < 0.0003). Abbreviations: KO, klotho-deﬁcient knock out mice; OE, klotho overexpressing mice; SGZ, subgranular zone; WT, wild-type. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

3.2. KL regulates neuronal progenitor proliferation
Outside of the brain, loss of some adult KO stem cell populations is attributed to accelerated stem cell proliferation and
premature depletion of the stem cell pool (Liu et al., 2007). We
measured the number of SGZ proliferating cells (Ki67þ), and at
2 weeks, KO showed no change (Fig. 3A). By 3 weeks, the KO SGZ
showed decreased numbers of proliferating cells, the earliest reported KO brain phenotype (Fig. 3A and B). Peripheral stem cells
show increased proliferation (Liu et al., 2007), suggesting that KL
action on neural progenitors may be unique. Decreased proliferation could result from altered cell cycle dynamics, and as KL is an
age-regulating protein, decreased proliferation could be an indicator of premature aging of the neurogenic niche. Although aging
does not change cell cycle length (Olariu et al., 2007), it can cause
progenitors to re-enter the cell cycle more frequently (Stoll et al.,
2011). Thus, we examined KO cell cycle length and re-entry at
3 weeks (Qu et al., 2013) after a single injection of BrdU. As
observed with aged stem cells, we measured increased cell cycle

re-entry with no cell cycle length change (Fig. 3C). Interestingly, at
7 weeks when fewer stem cells and immature neurons were
counted (Fig. 2A and C), more KO SGZ cells are proliferating which
may reﬂect the earlier increased cell cycle re-entry (Fig. 3A). Thus,
KL-deﬁciency affects progenitor cell cycle dynamics causing 3week KO progenitors to appear phenotypically similar to those
in aged brain.
KL modulation of peripheral stem cell proliferation is attributed
to the action of circulating KL since peripheral stem cells do not
express KL protein (Liu et al., 2007). Since KL is not detected until
late embryonic development (Takeshita et al., 2004), it is unlikely
that neural stem cells express KL protein. Consistent with previous
reports (Clinton et al., 2013; Li et al., 2017), the highest expression of
KL is measured in choroid plexus cells, but mature neuronal layers
of the hippocampus, including the dentate also express KL protein
(Fig. 3E). KL expression is prominent in mature neuronal processes
as evidenced by a gradient of increasing KL expression with lowest
KL reactivity occurring in SGZ (Fig. 3E). Consistent with low or no
SGZ KL expression, confocal microscopy shows no KL co-

46

A.M. Laszczyk et al. / Neurobiology of Aging 59 (2017) 41e54

Fig. 3. KL-deﬁciency reduces proliferation of neurogenic precursors. (A) and (B) WT and KO 2, 3, and 7 weeks stereological quantiﬁcation and representative 3 weeks IHC of SGZ
proliferating cells (Ki67). Cell nuclei labeled with DAPI. Scale bar represents 20 mm. (C) 3-week-old WT and KO mice received 1 BrdU injection to measure cell cycle length
(BrdUþþKi67þ/BrdUþ) and cell cycle re-entry (BrdUþþKi67þ/Ki67þ). (D) Adult hippocampus and 14 days in vitro, primary neurosphere WT qPCR normalized to the 18S ribosomal
subunit and adult hippocampus (HCX). (E) Choroid plexus and hippocampal representative WT KL IHC (green) and DAPI (blue) (left) with white dashed box indicating location of
higher magniﬁcation images (right). Scale bar represents 100 mm or 20 mm. (F) Representative confocal Z stack WT SGZ images of KL (red) and GFAP (green). Nuclei not shown for
clarity and scale bar represents 10 mm. (G) Representative confocal Z stacks WT SGZ images of KL (red) and Nestin-GFP (green) from Nestin-GFP WT mice. Nuclei not shown for
clarity and scale bar represents 10 mm. (H) Representative confocal Z stacks WT SGZ images of KL (red) and Sox2 (green) from WT mice. Nuclei not shown for clarity and scale bar
represents 10 mm. (I) Ten days after plating 500 cells/well, the number and diameter (mm) of WT/KO spheres was measured. Separate wells of KO cells received recombinant mouse
KL (rKL) at plating. (J) EdU was added to the media overly laying adherent cells and proliferation measured as the % of cells that were EdUþ. (K) Primary spheres (C) were replated as
single cells to measure secondary sphere number and diameter (mm) 10 days later. (n ¼ 4e6 in vivo; NSPs: n ¼ 3 independent NSP preparations; F and H are the average of all wells
counted  standard error of the mean, G is the average of 4 ﬁelds per coverslip; t-test (A, C, and D): **p < 0.004, ANOVA (F, G, H, and I): *p < 0.05 (multiple comparison test part F,
diameter WT vs KO), **p < 0.005, and ***p<0.0001). Abbreviations: ANOVA, analysis of variance; IHC, immunohistochemistry; KL, klotho; KO, klotho-deﬁcient knock out mice; OE,
klotho overexpressing mice; qPCR, quantitative polymerase chain reaction; WT, wild-type. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the Web version of this article.)

localization in either Nestin-GFP, Sox2, or GFAP reactive cells most
likely to be astrocytes, stem cells, or TAPS when localized to the SGZ
(Fig. 3FeH). However, as KL protein expression is lower in hippocampus relative to choroid plexus and KL expressing cells are in
close apposition to KLþ SGZ cells, we used qPCR to more speciﬁcally

measure KL expression by neurogenic precursors. We detected no
KL mRNA from stem cells and TAPs isolated from 3-week old mice
and cultured as neurospheres (NSP) (Gil-Perotin et al., 2013)
(Fig. 3D), further supporting a lack of KL expression in early neural
stem cells/progenitors.
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Fig. 4. KL-deﬁciency impairs neuronal maturation. (A) At 3 weeks of age, WT and KO mice were injected 4x with BrdU. Brains were collected 1, 7, 14, and 21 days postinjection. IHC
was performed to detect BrdU co-localization with each neurogenic cell type. The percent of BrdU containing cells that coexpressed each cell-type speciﬁc protein was quantiﬁed by
averaging the total number of cells across 3 bregma levels as above. % of BrdU labeled cells also expressing BLBP (stem cell), Sox2þ/BLBP- (TAP), Dcx (immature neuron), S100b
(astrocytes), and NeuN (mature neurons). (B) 7 weeks quantiﬁcation of the total number of POMCþ, DCXþ, POMCþ/DCXþ, POMCþ/Dcx, or POMC-/Dcxþ cells in 3 bregma levels
and KO/POMC-GFP reporter mouse representative 7-week WT and KO images (Dcx [red] and POMC [green]). DAPI not shown for clarity of neuronal arbors. Scale bars represent
50 mm. (C) Three-week quantiﬁcation of the total number of POMCþ cells, Dcxþ, POMCþ/Dcxþ, POMCþ/Dcx, or POMC/Dcxþ cells in 3 bregma levels. (D) 7 weeks representative
images and quantiﬁcation of SGZ cells expressing NeuroD1 (ND1) protein, dashed line added to delineate granule cell layer from SGZ. (E) Morphology scheme used to quantify
maturation stage. (F) 7-week quantiﬁcation of number of POMCþ/Dcxþ or POMCþ/Dcx- cells by maturation stage. (n ¼ 6 POMC/Dcx, n ¼ 3 for ND1; mean  standard error of the
mean; t-test: *p < 0.05, **p < 0.007, ***p < 0.0004; chi-square: A stem cells and astrocyte). Abbreviations: IHC, immunohistochemistry; KL, klotho; KO, klotho-deﬁcient knock out
mice; OE, klotho overexpressing mice; qPCR, quantitative polymerase chain reaction; WT, wild-type. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the Web version of this article.)

Since neurons are bathed cerebrospinal ﬂuid that contains
shed KL (Imura et al., 2004; Kunert et al., 2017; Semba et al., 2014;
Shardell et al., 2016; Yamazaki et al., 2010), these data suggest
that non-cell autonomous action of shed KL affects early progenitors. Although not taking into account quiescent cells or
possible NSP fusion events (Reynolds and Rietze, 2005), primary
NSPs estimate the in vivo potential of cells to exhibit stem cell
traits (Pastrana et al., 2011). When we plated primary NSPs at the
same density, KO NSPs produced fewer, smaller spheres that were
less proliferative than WT controls (Fig. 3I and J), conﬁrming our
in vivo decreased proliferation (Fig. 3A). If NSPs expressed KL, this
would suggest a cell intrinsic mechanism (Gilley et al., 2011);
however, our results show that the absence of KL before NSP
plating degrades progenitor potential even before major phenotypic differences occur for the mouse. To test if the loss of stem
cell potential was permanent, we added recombinant, shed KL to
primary KO NSP media and induced rescue of KO NSP size,

number, and proliferation (Fig. 3I and J). Using secondary NSPs,
we next tested self-renewal. Although secondary KO NSPs selfrenewal was not different, forming the same number of spheres
as WT, the size of KO spheres was smaller (Fig. 3K). This suggests
there is no change in stem:TAP ratio (Piccin and Morshead, 2011)
but rather altered cell activity with enhanced KO NSP quiescence.
Adding recombinant shed KL rescued size and stimulated greater
self-renewal (Fig. 3K). OE mice have broad KL overexpression
directed by the human elongation factor 1a promoter (Kurosu
et al., 2005). We found that NSPs cultured from OE mice express KL (Supplemental Fig. 2A). However, the expression does
not affect baseline measures of the primary NSP number, diameter, or the proliferation of OE spheres, relative to WT
(Supplemental Fig. 2BeD). Together these data suggest that KL is
a direct and non-cell autonomous regulator of progenitor proliferation and that addition of shed KL can decrease stem cell
quiescence.
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Fig. 5. KL overexpression enhances neuronal maturation. (A) and (B) WT and OE 6-month IHC for proliferating cells (Ki67), 3 and 6 months of stereological quantiﬁcation. Cell nuclei
labeled with DAPI. Scale bar represents 20 mm. (C) 6-month-old mice received 1 BrdU injection to measure cell cycle length (BrdUþþKi67þ/BrdUþ) and cell cycle re-entry
(BrdUþþKi67þ/Ki67þ). (D) 6-month-old WT and OE mice were injected 4x with BrdU. Brains were collected 1 day and 3 weeks (21 days) postinjection. The percent of BrdU
cells that co-expressed each cell-type speciﬁc protein were quantiﬁed as in Fig. 4: stem cells (BLBPþ), TAPs (Sox2þ/BLBP), immature neurons (Dcxþ), and mature neurons
(NeuNþ). (E) OE/POMC-GFP reporter mouse representative 6-month WT and OE images (Dcx [red] and POMC [green]). DAPI not shown for clarity of neuronal arbors. Scale bars
represent 50 mm. (F) 6-month quantiﬁcation of the total number of POMCþ, Dcxþ, POMCþ/Dcxþ, POMCþ/Dcx, or POMC/Dcxþ cells. (G) 6-month representative images and
quantiﬁcation of SGZ neuroD1þ cells (ND1) with dashed line added to delineate SGZ from granule cell body layer. (H) Morphology schematic used to quantify maturation stage. (I) 6months quantiﬁcation of number of cells POMCþ/Dcxþ or POMCþ/Dcx-by maturation. (n ¼ 4e6 POMC/Dcx, n ¼ 3 for ND1; mean  standard error of the mean; t-test: *p < 0.05, **p
< 0.007, and ***p < 0.0004). Abbreviations: IHC, immunohistochemistry; KL, klotho; KO, klotho-deﬁcient knock out mice; OE, klotho overexpressing mice; WT, wild-type. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

3.3. KL regulates progression of progenitors into mature neurons
KO proliferation is ﬁrst affected at 3 weeks when short-lived
mice (death at w8 weeks) are young enough to survive assessment of cell fate after proliferation. To track fate, 3-week-old KO
mice were injected 4 times with BrdU and were sacriﬁced 1, 7, 14,
or 21 days later. Terminal differentiation to astrocytes (S100b) did
not change at any time point (Fig. 4A). As expected, 1 day postinjection WT and KO highly proliferative TAPs (Sox2þ/BLBP)
incorporate BrdU more than stem cells (BLBP) (Fig. 4A). KO brains
showed fewer co-labeled TAPs as measured by either TAP markers
or the earliest expression of Dcx (Fig. 4A, 1 day). As cells matured
over the subsequent 3 weeks, the pattern established day 1
continued with fewer immature neurons co-labeling with Dcx at
1 week post-injection and fewer mature neurons labeled with
NeuN 2 and 3 weeks post-injection (Fig. 4A). These results show
that over the course of neuronal commitment and maturation, the

absence of KL causes a failure of progenitors to progress to mature
neurons.
To assess maturation dynamics more precisely than allowed by
the broad window of Dcx and NeuN expression alone, we bred the
KO mouse to POMC-GFP reporter mice wherein dentate neurons
that are 1e2 weeks post-mitotic express GFP (Overstreet et al.,
2004). We quantiﬁed the total number of cells expressing POMCGFP, Dcx, and co-labeling for both proteins. Dcx is expressed from
early neural progenitor commitment through the early integration
phases of new neuron maturation (Brown et al., 2003; Rao and
Shetty, 2004). POMC expression occurs during a shorter window
within the period of Dcx expression (Overstreet et al., 2004)
(Fig. 7A). Although 3-week brains showed no change of these
immature cell groups, by 7 weeks, all 3 cell groups were decreased
in KO mice, consistent with a loss of immature neurons over time
(Fig. 4B and C). Whereas 7-week WT brains contain a small number
of cells expressing only Dcx (Fig. 4B), in the KO brain the number of
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Fig. 6. KL regulates spatial discrimination. (A) 7-week WT and KO open ﬁeld total distance traveled (meters) and velocity (meters/s). (B) Six-month WT and OE open ﬁeld as in A. (C)
Three-week WT and KO and 7-week WT, HET, and KO context-dependent fear conditioning quantiﬁed as % of time spent freezing on training day before and after foot shock and
testing day, 24 hours after shock when mice were returned to the same context. (D) Six-month WT and OE context-dependent fear conditioning as in C. (E) Percent discrimination of
3-week WT and KO and 7-week WT, HET, and KO object location. (F) Diagram depicts experimental design of object location task. Quantiﬁcation of % discrimination of WT and OE
mice at age 2 and 6 months. (n ¼ 10e11/genotype; mean  standard error of the mean; t tests A-F, one-way ANOVA C, E; *p < 0.01, **p < 0.004, and ***p < 0.0001). Abbreviations: KL,
klotho; KO, klotho-deﬁcient knock out mice; OE, klotho overexpressing mice; WT, wild-type.

Dcx only cells increased w3x and POMC-GFP only cells increased
w5x (Fig. 4B). This suggests an accumulation of immature cells at
the earliest stages of neuronal differentiation, an idea we sought to
further test by quantifying the number of cells expressing neuroD1
(ND1), a transcription factor required for granule cell differentiation
(Gao et al., 2009). Despite the dramatic reduction of Dcx-expressing
immature neurons, the number of ND1 expressing cells was
increased (Fig. 4D). This could explain why the number of 7-week
KO TAPs is not decreased although both stem cells and immature
neurons are less numerous (Fig. 2B). Together, these data suggest
that the absence of KL not only affects progenitor proliferation but
also impairs new neuron maturation at early stages of neuronal
commitment.
To further quantify maturation, we classiﬁed immature neurons
by maturation stage (Plumpe et al., 2006). Stage A cells are adjacent
to the SGZ and have no or only a small process extending perpendicular into the granular cell layer. Stage B cells have a process that
is beginning to grow toward or into the granule cell layer. Stage C
cells are the most mature characterized by processes that extended
through the granule cell layer with branching into the molecular
layer (Fig. 4E). Most WT POMCþ/Dcxþ immature neurons are
mature stage C cells but KO immature neurons are stage A and B
cells (Fig. 4F). The rare POMCþ/Dcx cells were nearly exclusively
all stage A or B cells (Fig. 4F). Decreased KO dendritic complexity
(Figs. 2D and 4F) suggests impaired maturation of immature neurons that resembles the phenotype of immature neurons from aged
brain (Rao et al., 2005). KL is also important for oligodendrocyte
maturation (Chen et al., 2015; Zeldich et al., 2015), suggesting that
trophic activity of KL could be required throughout the brain or that
different forms of KL protein could have independent effects on
different cell populations. Together data from the KO shows that the

absence of immature neurons at 7 weeks (Fig. 2A) is the product of
progenitors failing to proceed through stages of differentiation and
maturation causing suppression of neurogenesis.
The OE neurogenic niche shows several inverse neurogenic
phenotypes, although the timing of effects is distinct between the 2
KL models. Previous OE phenotypes are reported only after
4e6 months of age (Dubal et al., 2014, 2015). Likewise, we found OE
SGZ showed no proliferation change (Ki67) at 3 months but
increased proliferation without an effect on cell cycle by 6 months
(Fig. 5AeC). Although neurogenesis is age-downregulated (Ben
Abdallah et al., 2010; Rao et al., 2006) and thus very few cells
incorporated BrdU at 6 months, we tracked cell fate after proliferation as mentioned previously. Consistent with increased proliferation, the number of BrdU cells co-labeling as TAPs was increased
3 weeks post-injection in the 6-month OE (Fig. 5D). More cells
expressing the immature neuron protein Dcx were counted 1 day
post-injection with a trend toward more 3 weeks later and with no
change in mature neurons (Fig. 5D). Together with the increase in
total stem cells, TAPS, and immature neurons (Fig. 2), these results
show that KL overexpression enhances proliferation and may affect
maturation of adult-born neurons.
To further test whether KL overexpression alters maturation of
new neurons, we measured OE/POMC-GFP immature neurons at 3
and 6 months of age. Neither cell number nor maturation stage
changed at 3 months (not shown). At 6 months, the number of OE
Dcxþ cells was robustly increased (Fig. 5E and F). Unlike the KO,
POMCþ only and POMCþ/Dcxþ cell groups did not follow the same
pattern as Dcxþ alone and were not as robustly increased (Fig. 5F).
This could suggest that KL overexpression increases the number of
either early and/or late stage immature neurons. To differentiate
these possibilities, we quantiﬁed cells expressing early neuronal
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Fig. 7. KL regulates postnatal neurogenesis. (A) Postnatal neurogenesis occurs as stem cells progress through a series of protein expression and morphologic changes to mature into
neurons. (B) In brains without KL, with time, there is a loss of the stem/proliferative pool of cells but increased cell cycle re-entry consistent with a prematurely aging neurogenic
niche. Decreased proliferation, decreased number of stem cells, and immature neurons were measured, as was delayed maturation of immature neurons. (C) Overexpression of KL
increases the number of stem cells/proliferative cells still present at 6 months. Increased proliferation and enhanced maturation allow a greater number of highly arborized
immature neurons to persist in the dentate long after normal age-related downregulation of postnatal neurogenesis.

commitment protein ND1 and found no change (Fig. 5G). Rather,
maturational staging of Dcxþ cells conﬁrmed an effect on late
immature, stage C neurons, with more in the OE (Fig. 5H and I).
Thus, although KL overexpression has no effect on cells in young
adults, by 6 months, it promotes new neuron generation and enhances dendritic arborization.
3.4. KL regulates spatial memory function
Intact neurogenesis is required for normal dentate function, as
selectively manipulating the number of adult born neurons is sufﬁcient to alter the performance of spatial discrimination tasks that
have long been associated with dentate gyrus function in pattern
separation (Aimone et al., 2014). We thus sought to determine
whether KO or OE neurogenic changes are functionally relevant by
testing mice on behavioral tasks well established to be affected by
altered neurogenesis. We ﬁrst assessed the mice’s motor performance since 7-week-old KO mice are small and kyphotic, in terminal decline (Kuro-o et al., 1997). Open-ﬁeld assessment showed
that 7-week KOs were slower and thus traveled less distance than
WT (Fig. 6A). Consistent with previous data (Dubal et al., 2014), 6month-old OE mice showed no open-ﬁeld differences (Fig. 6B). But
both models are sufﬁciently mobile to perform behavioral testing at
ages when we measure neurogenic changes.
To validate previous reports of hippocampal-dependent memory impairment/enhancement (Dubal et al., 2014; Nagai et al.,
2003), we tested context-dependent fear conditioning. During
training, all mice froze post-shock (Fig. 6C and D). When returned to
the same context 24 hours later, 3-week-old KO mice performed

equivalently to WT mice, but 7-week-old KO mice froze less than
WT mice (Fig. 6C). As cognitive impairment measured at 7 weeks
could be caused by terminal decline of the KO (Kuro-o et al., 1997),
we also tested 7-week-old KL-heterozygotic mice (HET) that are
physically indistinguishable from WT. KL HET mice show decreased
freezing consistent with cognitive impairment 24 hours after
training, although impairment was less pronounced than KO mice
(Fig. 6C). Although KL heterozygotes do not develop the severe
symptoms of loss of KL from renal systems (Kuro-o et al., 1997), they
do display lung and heart abnormalities most likely resulting from
decreased shed KL (Ishii et al., 2008; Sato et al., 2005; Suga et al.,
2000). Meanwhile, consistent with the previous report (Dubal
et al., 2014), 6-month OE mice froze more than WT (Fig. 6D).
These data conﬁrm the previous reports showing an agedependent, hippocampal functional role for KL (Dubal et al., 2014;
Nagai et al., 2003).
Context-dependent fear conditioning requires the hippocampus and can be affected by selective manipulation of adult
neurogenesis but is not an exclusively hippocampal task (FarioliVecchioli et al., 2008; Goodman et al., 2010; Ko et al., 2009;
Maren et al., 2013; Saxe et al., 2006). To further test hippocampal dentate function, we evaluated object location task performance, which is well established to require the dentate and
postnatal neurogenesis (Dees and Kesner, 2013; Goodman et al.,
2010; Soule et al., 2008; Wimmer et al., 2012). When mice were
free to explore 2 identical objects, they showed no side or object
preference on training day but when one of the 2 objects was
moved from the north wall, to the center and back of the box
(Fig. 6F diagram), 7 but not 3-week-old KO mice explored the
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moved object less and may have shown a preference for the
nonmoved object (Fig. 6E). Again, loss of even half normal KL level
at 7 weeks was sufﬁcient to impair cognitive function of HET mice
(Fig. 6E), conﬁrming that poor task performance does not result
from systemic decline but rather is speciﬁc for KL deﬁciency. In
contrast, 6-month-old OE mice explored the moved object more
than WT, consistent with enhanced dentate function (Fig. 6F).
Object recognition is stable with increasing mouse age but object
location memory diminishes (Wimmer et al., 2012). Increasing
circulating KL correlates with increased executive function across
human life span (Dubal et al., 2014; Yokoyama et al., 2015). To
determine if OE mice showed enhanced discrimination across life
span, we also tested the 2-month olds. At 2 months, WT and OE
mice performed signiﬁcantly better than 6-month-old WT mice
show no difference relative to 6-month-old OE mice (Fig. 6F).
Thus, although WT mouse performance decreased with age, 6month-old OE mice maintained young-like function (Fig. 6F) at
an age when enhanced neurogenesis is also measured (Figs. 2 and
5). Sex-speciﬁc spatial memory task performance differences were
not detected (Supplemental Fig. 1D and E). Together these data
suggest that KL-mediated control of the neurogenic niche is
associated with altered function of the dentate, and KL protects
against age-related functional decline.
4. Discussion
4.1. KL regulation of adult neurogenesis
Postnatal-born neurons arise from SGZ radial-like glial cells,
divide, and proceed through a series of commitment steps where
sequential protein expression promotes morphological development into mature granule neurons (Fig. 7A). Here, we show that
across shortened life span, KO mice have decreased numbers of
stem cells and immature neurons (Figs. 2 and 7B). Decreased proliferation of progenitors and increased cell cycle re-entry are the
ﬁrst detectable alteration and precedes loss of neurogenic cell
populations and cognitive impairment (Figs. 2, 3, and 6). KLdeﬁciency causes delayed TAP/early immature neuron maturation
(Fig. 4). Although our data support a non-cell autonomous role for
KL on early progenitors (Fig. 3), mature neurons express KL RNA and
protein (Clinton et al., 2013; Kuro-o et al., 1997; Li et al., 2017), and it
is possible that immature neurons could require KL expression for
maturation. Cellular changes to the KO neurogenic niche are
consistent with the functional loss of spatial discrimination over life
span (Fig. 6) given the prior work showing that altering the number
of immature neurons impairs spatial memory (Marin-Burgin and
Schinder, 2012). Together, the KO neurogenic niche recapitulates
some characteristics of the aged dentate suggesting that KL could
be involved in regulating niche aging.
Overexpression of KL induced several inverse effects on neurogenesis. The effect of KL overexpression was not robust until
6 months, consistent with previously observed OE brain phenotypes (Dubal et al., 2014). At this time, KL overexpression protected
from age-related loss of spatial discrimination (Fig. 6). Increased
spatial discrimination (Fig. 6) occurred at the same time as
increased proliferation (Fig. 5), more stem cells, TAPs, and immature neurons (Fig. 2) and enhanced immature neuron maturation
(Figs. 5 and 7C). Taken together, these data provide evidence that KL
expression level regulates proliferation and maturation of hippocampal neurogenic precursors.
It is important to note that in both model systems, KL is globally
manipulated across life span. In the KL-deﬁcient mice, terminal
decline of the body could impact brain phenotypes as is observed in
human disease (Hermann et al., 2014; Picano et al., 2014). In the KL
overexpressing model, overexpression in cells that do not normally
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make KL could cause nonphysiological effects to be measured. As
well in both model systems, all forms of the KL protein are
increased or decreased, and it is likely that transmembrane, shed,
and secreted forms of KL have unique and even organ-speciﬁc
mechanisms of action. Even with these considerations noted,
however, our results are the ﬁrst to show inverse effects of KL on a
distinct neuronal population that occur at the same time as
cognitive effects of the protein begin to be observed. These argue
for a direct role of KL within the brain that could be important for
healthy brain function. As KL is age-downregulated body-wide
(Duce et al., 2008; King et al., 2012) and the polymorphism that
increases serum KL correlates with increased cognitive function
(Dubal et al., 2014), it is increasingly important to elucidate the celltype speciﬁc functions of KL and determine whether KL could be
targeted to support healthy brain aging or as a biomarker of
neurodegenerative disease.
4.2. The temporal development of KL brain phenotypes
To date, most KO studies have utilized end of life brains as KO
mice have life span of only w8 weeks. We show that KL reaches
adult levels of expression at 3 weeks of age (Fig. 1). At this time, we
report reduced neurogenesis and altered stem cell potential (Fig. 3).
These data are among the earliest KO reported changes. Other 3week KO studies found increased serum vitamin D (Tsujikawa
et al., 2003; Yoshida et al., 2002), increased skin wnt reporter
activation (Liu et al., 2007), and increased lung apoptotic and proliferative indexes (Ishii et al., 2008). Since skin and lung do not
express KL (Kuro-o et al., 1997), these data implicate the importance
of shed KL. We found that early SGZ progenitors do not express KL
but that even when they do, as observed in our cultured OE progenitors, KL expression has no cell autonomous effect (Fig. 3,
Supplemental Fig. 2). Rather, the addition of shed KL to cultured
progenitor media is sufﬁcient to rescue proliferation defects and
promote self-renewal (Fig. 3). Although current genetic models do
not allow direct assessment of shed KL under conditions of normal
renal, transmembrane KL protein, our results show that isolated
NSPs robustly respond to exogenous shed KL. Our data also show
that KO line heterozygote mice develop hippocampal-dependent
cognitive impairment although half of normal KL is sufﬁcient to
maintain renal function, again implicating the importance of shed
KL (Ishii et al., 2008; Sato et al., 2005; Suga et al., 2000). Thorough
understanding of the direct functions of shed KL is important since
targeting a single circulating protein to systemically improve health
would be therapeutically useful.
Our data suggest that KL effects are restricted to postnatal
neurogenic populations. A pronounced transition occurs between
postnatal week 2 and 3 when the hippocampal neurogenic niche
takes on the morphologic and protein expression pattern of the
adult structure (Nicola et al., 2015), and development-optimized
processes are replaced by adult patterns of circuit function (BenAri, 2001). We show steadily increased KL expression that peaks
during postnatal week 3 (Fig. 1A), which is also when we measure
the ﬁrst KO cellular phenotypes. These potentially suggest that KL is
required for neurogenesis when the brain transitions to adult
functionality. We speculate that in the early postnatal environment
optimized for neural network formation, redundant mechanisms
ensure appropriate neuronal proliferation and maturation even in
the absence of KL. However, postnatal and adult brains are less
optimized for neurogenesis, and the loss of redundancy reveals a
requirement for KL regulation.
It is also intriguing that the neurogenic and cognitive consequences of KL overexpression are not evident until w6 months of
age (Figs. 2, 5, and 6). This could be an effect of the model as OE
mice overexpress only w1.5x normal KL (Kurosu et al., 2005).
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However, the cognitive-enhancing human polymorphism, KL-VS,
also arises with mild serum KL elevation (Dubal et al., 2014),
and minor polymorphic KL changes correlate with human disease
risk (Arking et al., 2002, 2005; Deary et al., 2005; Kawano et al.,
2002; Tsezou et al., 2008). As such, mild KL increase or decrease
may be sufﬁcient to affect brain function especially with
increasing age.

Appendix A. Supplementary data

4.3. KL function in the brain
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