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Abstract

Klotho-deficient mice rapidly develop cognitive impairment and show some evidence of the onset 

of neurodegeneration. However, it is impossible to investigate the long-term consequences on the 

brain because of the dramatic shortening of lifespan caused by systemic klotho deficiency. As 

klotho expression is downregulated with advancing organismal age, understanding the 

mechanisms of klotho action is important for developing novel strategies to support healthy brain 

aging. Previously, we reported that klotho-deficient mice show enhanced long-term potentiation 

prior to the onset of cognitive impairment. To inform this unusual phenotype, herein, we examined 

neuronal structure and in vitro synaptic function. Our results indicate that klotho deficiency causes 

the population of dendritic spines to shift towards increased head diameter and decreased length 

consistent with mature, mushroom type spines. Multi-electrode array recordings from klotho-

deficient neurons show increased synchronous firing and activity changes reflective of increased 

neuronal network activity. Supplementation of the neuronal growth media with recombinant shed 

klotho corrected some but not all of the activity changes caused by KL deficiency. Last, in vivo we 

found that klotho-deficient mice have a decreased latency to induced seizure activity. Together 

these data show that klotho-deficient memory impairments are underpinned by structural and 

functional changes that may preclude ongoing normal cognition.
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Introduction

Aging is a complex and highly individualized process influenced by genetics and the 

environment. While it is clear that the risk for neurodegenerative disease increases 
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dramatically with advancing age, changes to brain structure and function occur even with 

non-pathological, normal brain aging (Dumitriu et al. 2010; Burke and Barnes 2006; 

Dickstein et al. 2013). In humans, normal brain agingis underpinned by increased or 

decreased expression of a relatively small percentage of genes (Lu et al. 2004) suggesting 

that common pathways could be targeted to better support the brain during aging. Among 

the genes downregulated with advancing age is α–Klotho (KL) whose protein expression is 

decreased in the brain with age across species (Xiao et al. 2004; Yamazaki et al. 2010; Duce 

et al. 2008; King et al. 2012; Semba et al. 2014). Mice genetically deficient for KL protein 

developed rapid onset of cognitive impairment (Nagai et al. 2003; Laszczyk et al. 2017). 

Likewise, humans showed that lower levels of KL correlate with the development of 

diseases from Alzheimer’s to temporal lobe epilepsy (Teocchi et al. 2013; Semba et al. 

2014). Amazingly, both genetically driven mouse KL overexpression and a polymorphism 

that increased circulating human KL correlated with enhanced cognition (Dubal et al. 2014; 

Laszczyk et al. 2017). Mice overexpressing KL are resistant to the development of 

neurodegenerative disease phenotypes and in the case of Alzheimer’s disease models, are 

resistant even in the presence of pathological disease hallmarks (Dubal et al. 2015; Massó et 

al. 2015; Prather et al. 2015; Leon et al. 2017; Baluchnejadmojarad et al. 2017). Greater 

mechanistic understanding of how KL proteins influence normal brain function may allow it 

to be targeted to support healthy brain aging.

KL expression is limited to a few organs with the kidney and brain showing the highest 

expression (Kuro–o et al. 1997; Li et al. 2004; Clinton et al. 2013). KL is a transmembrane 

protein that can be shed from the cell surface to circulate through both serum and 

cerebrospinal fluid (Imura et al. 2004; Chen et al. 2007). An alternate splice variant of KL is 

also detected in brain (Matsumura et al. 1998; Massó et al. 2015). We showed that KL 

regulates hippocampal synaptic plasticity such that KL–deficient mice exhibit increased 

paired-pulse facilitation and long-term potentiation (LTP) while KL–overexpressing mice 

showed decreased LTP (Li et al. 2017). It is common for models of decreased LTP to show a 

concomitant decrease in cognitive performance, consistent with the idea that LTP is the 

molecular correlate of memory (Lu et al. 1997; Saxe et al. 2006; Lee and Silva 2009; Wang 

et al. 2009; Han et al. 2013). However, genetic manipulations have also produced examples 

that decouple LTP and cognitive performance (Kaksonen et al. 2002; Pineda et al. 2004; 

Niisato et al. 2005; Rutten et al. 2008; Kim et al. 2009; Migaud et al. 1998)

Herein, we sought to determine whether changes to neuronal structural or functional could 

provide further context to understand the relatively rare phenotype of enhanced LTP from a 

cognitively impaired mouse model. We tested whether KL expression alters dendritic spine 

morphology, affects neuronal network activity, or seizure susceptibility. Together, our data 

suggest KL impacts both the physical connections between neurons and neuronal activity 

within a network.

Materials and Methods

Animal care

All animal procedures were approved by the University of Alabama at Birmingham 

Institutional Animal Care and Use Committee. Systemic, constitutive KL–deficient (KO, 
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129S1/SvImJ) and systemic, constitutive KL–overexpressing (OE, C57BL/6J) mice were 

obtained from M. Kuro–o (University of Texas Southwestern). We purchased Thy1–GFP 

(C57BL/6J) from the Jackson Laboratory (Stock #007788; Bar Harbor, ME). All mice were 

allowed access to food and water ad libitum and housed at 26.6°C with humidity maintained 

at ≥40%. Beginning at 5-weeks of age, we supplemented KL–deficient mice with Bacon 

Softies or Nutra–Gel (BioServ, Frenchtown, NJ). We previously reported no effect of sex on 

KL-deficient mouse behavioral performance (Laszczyk et al. 2017). Herein, sex balanced 

groups of animals were used where possible, but sex was not determined in cultured neurons 

taken from P1 pups.

Dendritic spine analysis

Both image acquisition and data analysis were performed by an experimenter blind to the 

genotype. Imaging procedures were adapted from published protocols (Swanger et al. 2015; 

Greathouse et al. 2018; Boros et al. 2017). Dendritic segments were imaged using a Zeiss 

LSM510 laser scanning confocal microscope using a 63x oil-immersion objective with a 

numerical aperture of 1.4 (Zeiss, Oberkochen, Germany). Z-stack images were captured at 

1024×1024 resolution with 4x line averaging, 3x zoom (pixel size of 0.041μm/pixel) and a 

0.1μm Z-step interval. We imaged dendritic segments from only the apical dendrites of CA1 

pyramidal neurons if they 1) were from sections ranging from bregma ‒1.70mm to ‒
1.94mm representing dorsal hippocampus, 2) did not have overlapping branches from other 

GFP–expressing neurons, and 3) were from secondary or tertiary branches. Prior to analysis, 

z-stack images were deconvolved using the Huygens Software (Scientific Volume Imaging, 

Hilversum, Netherlands) using an automatically generated theoretical point spread function 

with an automatically estimated background setting. NeuronStudio software (Rodriguez et 

al. 2008) was utilized to trace and analyze dendritic spines and measure spine density, head 

diameter, and length in a semi-automated fashion by first tracing the dendritic segment and 

then detecting protrusions (i.e. spines) with a minimum and maximum height of 0.2 and 

3.0μm, respectively. Spines were classified into 3 groups (mushroom, stubby, and thin) 

within NeuronStudio. The thresholds set for spine classification were the neck ratio (head 

diameter/neck diameter) at 1.1, the thin ratio (spine length/head diameter) at 2.5, and the 

mushroom size at 0.35μm. NeuronStudio software was also used to quantify functional 

spines by manually identifying whether GFP+ spines were apposed tov Glut puncta.

Immunohistochemistry

KL lines were bred to Thy1 green fluorescent protein (GFP) mice (Feng et al. 2000). 

Following perfusion and 4% paraformaldehyde fixation (Sigma-Aldrich), 30μm free-floating 

sections were processed as described (Laszczyk et al. 2017). GFP fluorescence required no 

amplification for detection. However, to count presynaptic boutons, sections were incubated 

with anti-vesicular glutamate transporter 1 antibody (vGlut, 1:5000, Millipore: AB5905, 

Burlington, MA). This was detected using an Alexa 594 secondary antibody (A11076; 

Fisher Scientific, Waltham, MA). 4’,6’–diamidino-2-phenylindole (DAPI) incubation 

allowed visualization of nuclei and was conducted before mounting with Prolong Gold anti-

fade mounting media (Fisher Scientific).
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When primary culture neurons were transfected with soluble GFP, coverslip plated neurons 

were fixed with 4% paraformaldehyde, endogenous peroxidases quenched with H2O2, and 

neurons permeabilized with PBS containing 0.5% TritonX–100. Following block in 5% 

horse serum and 0.3%TritonX–100 in PBS, cells were incubated in anti-GFP antibody (GFP, 

1:500, Developmental Studies Hybridoma Bank (DSHB): 12A6, Iowa City, Iowa) overnight 

at 4°C. Antibody was detected using an Alexa 488 conjugated secondary antibody (A21202, 

Fisher Scientific) and nuclei were labeled with DAPI before mounting with Prolong Gold 

anti-fade mounting media.

Quantitative PCR (qPCR)

RNA was extracted and genomic DNA digested from flash frozen, freshly dissected brain or 

cultured neurons per manufacturer’s instructions (RNAqueous Micro Total RNA isolation 

Kit, Fisher Scientific, AM1931). cDNA was generated using iScript RT Supermix (Biorad, 

Hercules, CA) per manufacturer’s protocol. mRNA was measured by primer/probe duplex 

qPCR with SsoFast Probes Supermix containing passive ROX reference dye (Biorad). 

Primer/probes for mouse KL and mouse 18S ribosomal subunit were designed and 

synthesized by Integrated DNA Technologies (IDT, Coralville, IA). The mouse KL primer/

probe mix contained the following sequences – Probe: 5’–/56–FAM/ATGGACGGT/ZEN/

TTCGAGTGGCATAGG/3IABkFQ/–3’, Primer 1: 5’–

CTCAGAAAGTCAACGTAGAAGAGT–3’, Primer 2: 5’–

CTCAAGAAGTTCATAATGGAAACCT–3’. The mouse 18S primer/probe mix contain the 

following sequences – Probe: 5’–/5HEX/ACCGATTGG/ZEN/ATGGTTTAGTGAGGCC/

3IABkFQ/–3’, Primer 1: 5’–ATAGTCAAGTTCGACCGTCTTC–3’, Primer 2: 5’–

GTTGATTAAGTCCCTGCCCTT–3’. qPCR was performed on a StepOne qPCR system 

(Applied Biosystems, Foster City, CA). Fold change relative to wild-type brain or wild-type 

culture was calculated using the ΔΔCt method (Clinton et al. 2013).

Western Blot

Hippocampal or primary neuronal culture lysates were prepared by homogenizing in RIPA 

buffer containing protease inhibitors. Following BCA assay (Fisher Scientific), we separated 

20–60μg of lysate through 10% polyacrylamide gels and transferred protein to nitrocellulose 

membranes (Fisher Scientific). Membranes were blocked with 5% non-fat dry milk in Tris-

buffered saline with 0.1% Tween 20 (TBST). Membranes were incubated in primary 

antibody (in 0.3% BSA in TBST) at 4°C overnight using antibodies to detect KL (KL2–34, 

1:200 (Maltare et al. 2014)), β–tubulin (1:10,000, DSHB, E7), synaptophysin (1:10,000, 

Abcam, AB52636, Cambridge, MA), GABA(A) α1 receptor (1:5000, Alomone labs, aga–

001, Jerusalem, Israel), GluN1 (1:500, Neuromab, 75–272, Davis, CA), GluN2b (1:1000, 

Millipore, 06–600, Billerica, MA), GluR1 (1:500, Santa Cruz, sc55509, Dallas, TX), GluR2 

(1:500, Neuromab, 75–002), PSD–95 (1:500, Abcam, ab18258, Cambridge, MA), v-Glut 

(1:500, Neuromab, 73–006) and His Tag (1:1000, Fisher Scientific, MA1–21315). 

Secondary antibodies conjugated to HRP were detected by chemiluminescence (Immobilon, 

Millipore or Supersignal, Fisher Scientific) and exposure to film. Band intensity was 

quantified using Image J (Schneider et al. 2012).
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Synaptic membrane preparation

Synaptic membranes were prepared as described (Li et al. 2017; Goebel-Goody et al. 2009; 

Dubal et al. 2014). Hippocampi were homogenized with a Teflon-coated pestle in sucrose 

buffer (320mM sucrose, 10mM Tris, pH 7.5, 1mM Na3VO4, 5mM NaF, 1mM EDTA and 

1mM EGTA), centrifuged at 1,000xg and then the resulting supernatant at 10,000xg. The 

pellet was homogenized in a limited volume of sucrose buffer and then gently rotated in 8 

volumes of pellet buffer (0.5% Triton X100, 10mM Tris pH 7.5, 1mM Na3VO4, 5mM NaF, 

1mM EDTA and 1mM EGTA) before centrifugation at 32,000xg. The post-synaptic density, 

localized to the pellet was resuspended by sonication in resuspension buffer (1% SDS, 

10mM Tris pH 7.5, 1mM Na3VO4, 5mM NaF, 1mM EDTA and 1mM EGTA with 1X Halt 

protease inhibitor cocktail (78430, Fisher Scientific). Presynaptic proteins in the supernatant 

were acetone concentrated overnight, separated from acetone, and resuspended by sonication 

into resuspension buffer with 1X Halt protease inhibitor cocktail. Fractions were processed 

for Western blot.

Primary Neuronal Culture

Genotyping of postnatal pups (P0–P1) was determined by rapid DNA extraction and 

genotyping per manufacturer’s instructions (Terra PCR Direct Genotyping Kit; Takara Bio, 

Kusatsu, Japan). Brains of the same genotype were pooled for processing when possible. 

Hippocampal neurons were isolated using an adapted protocol (Beaudoin et al. 2012). 

Briefly, hippocampi were isolated in dissection media containing 0.1% sucrose, 10mM 

HEPES, and 0.11mg/mL sodium pyruvate in Ca2+ and Mg2+ free HBSS (GE Healthcare 

Life Sciences, Marlborough, MA). Tissue was dissociated by incubation in papain and 

DNase (Worthington, Lakewood, NJ) dissolved in HBSS for 20 minutes at 37°C. Cells were 

further dissociated mechanically with flame-polished glass Pasteur pipettes before plating on 

0.05% polyethylenimine (PEI; Sigma-Aldrich) coated tissue culture plates for biochemical 

assays. Glass coverslips (Fisher Scientific) and multi-electrode arrays (MEA60-200-30-3D; 

Qwane, Lausanne, Switzerland) were coated with PEI and mouse laminin (20μg/mL; 

Corning, Corning, NY). We maintained neurons in Neurobasal media containing B27 

supplement (Fisher Scientific) and 2mM L-glutamine (GE Healthcare Life Sciences) with 

half media changes every 2–3 days. 5μM of AraC (Sigma-Aldrich) was added to 

maintenance media at the first media change. When used, bioactive recombinant mouse KL 

(100ng/mL; 1819-KL-050; R&D Systems, Minneapolis, MN) (Leon et al. 2017; Vadakke 

Madathil et al. 2014; Lim et al. 2017; Laszczyk et al. 2017) was diluted and added to culture 

media at the first media change and each interval thereafter. Recombinant KL is supplied in 

PBS with 50% glycerol and 0.1 mM EDTA and diluent was mimicked in control conditions.

For in vitro spine analysis, neurons were transfected with soluble GFP plasmid (Xu and 

Pozzo–Miller 2017; Xu et al. 2017) using Lipofectamine 2000, per manufacturer’s 

instructions (Fisher Scientific) diluted in Neurobasal media.

Multi-electrode array electrophysiology

The multi-electrode arrays (MEA) have 30μm diameter electrodes with 200μm inter-

electrode distance aligned to an 8×8 grid (Qwane). We recorded activity using the MEA-60-

System amplifier and MC_Rack software (Multi Channel Systems, Reutlingen, Germany). 
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When wild-type and KL-deficient neurons were tested, recordings were filtered using a 

high-pass 2nd Order Butterworth filter with a 200Hz cutoff frequency and a ‒20μV 

threshold set for spike detection. When the effects of recombinant KL were tested, 

recordings were filtered with a high-pass 2nd Order Butterworth filter with a 300Hz cutoff 

frequency and a threshold set for spikes detection that was variable dependent on noise from 

the ground electrode. These thresholds were reached after determining the amplitude of 

noise recorded on the ground electrode, analyzing waveforms of identified spikes using the 

different μV cutoffs, and analyzing the consistency of baseline recordings with different 

cutoffs. The cutoffs were only mildly conservative, resulting in a false detection rate of 

roughly 0.07–0.1Hz on the ground electrode to avoid filtering out true spikes on other 

channels. Cutoff frequencies were not significantly different between groups or time points.

To chronically increase network activity, 10μM bicuculline (Enzo Life Sciences, 

Farmingdale, New York) was added to the maintenance media. We performed one-minute 

recordings on day 11–13 in vitro measuring at baseline, 0.5, 9, 24, and 48 hours after 

bicuculine supplementation. Spike detection protocols and recording time points were 

adapted from previously described protocols (Lu et al. 2016; Bateup et al. 2013; Yu et al. 

2018). Data was analyzed using custom MATLAB scripts. All MATLAB code is available 

by request. Briefly, electrodes were excluded if they had fewer than 10 spikes in 60 seconds 

(Zhang et al. 2009) or if 75% of the firing frequency was over 5Hz, indicative of noise 

contamination. We used MEAs with 15–20 electrodes that met these criteria. Synchronous 

events were found by combining all spike activity within an MEA, binning the spikes (0.2 

second bins), and finding peaks of bins that had greater than 1% of all spikes. A correlation r 

value was calculated by using spike timestamps and determining the correlation of each 

electrode to every other electrode within an MEA (MATLAB function: xcorr). We used the 

maximum absolute value for each electrode. MEA statistics were calculated by flattening all 

spike timestamps within an MEA. Bursts were detected with an inter-spike interval threshold 

of 0.008 seconds. For time series experiments, electrodes were only included if they met the 

previously defined criteria for all time points. Spikes per electrode over bicuculline 

treatment were normalized to their baseline values. Synchronous events were not normalized 

because some MEAs reported no synchronous events at baseline. We excluded individual 

values if they were determined to be statistical outliers by Robust regression and Outlier 

removal testing at 0.1%.

Pentylenetetrazole challenge

We administered pentylenetetrazole (PTZ; Sigma–Aldrich, St. Louis, MO) at 60mg/kg by a 

single intraperitoneal injection. Immediately thereafter, we observed mice for 20 minutes 

with simultaneous video recording. Although observers were blind to genotype, KL-

deficient mice are markedly smaller than controls. To control for potential bias, mice were 

coded to prevent association by mouse line and groups of mice from various genetic lines 

were run in large cohorts to further prevent bias. The time to first occurrence of a phenotype/

stage of seizure severity was scored as follows: 0 - normal behavior, 1 – immobility/freezing, 

2 – generalized spasm, tremble or twitch, 3 – tail extension to 90 degrees, 4 – forelimb 

clonus, 5 – generalized clonic activity, 6 – bouncing/running seizure, 7 – full tonic 

extension, 8 – death (Roberson et al. 2007; Roberson et al. 2011).
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Statistics

Statistical analysis was performed using GraphPad Prism software (Prism version 7.03; 

GraphPad, La Jolla, CA). Statistical significance is indicated as a p–value less than 0.05. For 

in vivo spine analysis, an animal is considered a sample and n=3 for wild-type (129S1)/KL-

deficient and wild-type (C57B6)/KL overexpressor comparisons. Overall, 5314μm of 

dendrite and 13,488 spines were analyzed (wild-type (129S1) = 1260μm dendrite length/

2912 spines; KL-deficient = 1245/2859; wild-type (C57B6) = 1118/2581; and KL 

overexpressor = 1691/5136). For in vitro spine analysis, a neuron was considered a sample 

and n=14 for wild-type and n=12 for KL-deficient cultures. Overall, 1,291μm of dendrite 

and 1,668 spines were analyzed (wild-type = 658μm dendrite length/833 spines; KL-

deficient = 634/835). For MEA analysis, a sample definition differed based on the analysis. 

Each electrode was considered a sample when measuring the number of spikes per electrode 

(n=47 electrodes for wild-type and KL-deficient), each MEA a sample for synchronous 

events (n=5 wild-type, 4 KL-deficient MEAs), each spike a sample for spike correlation 

(n=725 wild-type, 1071 KL-deficient spikes), each burst a sample for inter-spike interval 

(ISI; n=283 wild-type, n=122 KL-deficient bursts), each electrode a sample for spikes per 

burst over time (n=47 electrodes for wild-type and KL-deficient), and each MEA a sample 

for synchronous events over time (n=5 wild-type, 4 KL-deficient MEAs). When the effect of 

recombinant KL (rKL) was tested, n=78 KL-deficient control and n=71 KL-deficient with 

rKL electrodes for spikes per electrode; n=13 KL-deficient control and n=9 KL-deficient 

with rKL MEAs for synchronous events; n=764 KL-deficient control and n=623 KL-

deficient with rKL spikes for spike correlation; n=231 KL-deficient control and n=94 KL-

deficient with rKL bursts for ISI; and n=236 KL-deficient control and n=94 KL-deficient 

with rKL bursts for spikes per burst.

Mann–Whitney tests were used for baseline MEA measures and two-way ANOVA with 

Sidak multiple comparisons was used when the effect of bicuculline over time was 

measured. Elsewhere, the normality of data sets was tested using the D’Agostino–Pearson 

normality test. Data sets that were not normally distributed were compared by Mann-

Whitney test and normal data by Student’s t-test, ANOVA, or two-sample Kolmogorov-

Smirnov test as indicated in figure legends.

Results and Discussion

Klotho deficiency alters hippocampal dendritic spine morphology.

Since KL-deficient mice show enhanced synaptic plasticity (Li et al. 2017), we sought to 

determine whether KL-deficiency also affected neuronal structure. Dendritic spines are actin 

rich protrusions along a neuronal dendrite where synaptic connections occur and information 

is passed between neurons. Synaptic activity influences the number and shape of spines from 

early neuronal development to aging (Alvarez and Sabatini 2007; Holtmaat and Svoboda 

2009; Kasai et al. 2010). Synaptic strength and activity are inseparably linked to the ability 

of spines to undergo cytoplasmic remodeling (Hayashi and Majewska 2005). Previous data 

reported that KL deficiency causes decreased spine density as total synaptophysin and the 

number of synaptophysin puncta were reduced (Shiozaki et al. 2008; Li et al. 2004). 

Because of our previous result of increased LTP, we were interested in post-synaptic spine 
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morphology. We crossed KL-deficient mice to Thy1–GFP mosaic mice to generate mice that 

stochastically express GFP across the extent of mature neurons (Feng et al. 2000). This 

allowed us to visualize and measure dendritic spines from secondary and tertiary branches of 

apical dendrites of hippocampal CA1 neurons (Figure 1A). At seven weeks of age, the age 

when KL-deficient mice are cognitively impaired (Nagai et al. 2003; Laszczyk et al. 2017), 

we measure no changes to spine density or the ratio of functional spines (GFP+ spine 

directly apposed to a presynaptic terminal labeled by vGlut immunostain) (Figure 1A–E). To 

determine if spine morphology might explain the discrepancy with the previous report of 

fewer pre-synaptic proteins/puncta (Shiozaki et al. 2008; Li et al. 2004), we quantified the 

number of spines fitting into the classic morphology categories of mushroom, stubby, or thin 

(Hering and Sheng 2001; Harris et al. 1992; Hayashi and Majewska 2005). KL-deficient 

mice show fewer thin spines and a concomitant but not statistically significant increase in 

mushroom spines (Figure 1F). Further analyses revealed that KL-deficient spines have larger 

head diameters and shorter spine lengths across the spine population (Figure 1G–J). This 

suggests a population shift toward more structurally stable, mushroom spines but fewer thin, 

dynamic spines (Boros et al. 2019; Boros et al. 2017). The shortened lifespan of these mice 

prevents determining whether spine loss would occur given a longer life without KL, as is 

observed in non-human primate models of cognitive aging (Uemura 1980; Dickstein et al. 

2013; Duan et al. 2003; Dumitriu et al. 2010; Page et al. 2002). While we did not see the 

decreased spine density that is a hallmark of older brains, we did observe selective loss of 

thin spines reported to correlate with cognitive impairment in aging models (Dumitriu et al. 

2010; Xu et al. 2018). This could suggest the possibility that the normal age-related 

downregulation of KL across species could affect the structural plasticity of neurons.

Klotho deficiency increases in vitro neuronal network activity after stimulation.

Our previous report showed enhanced paired-pulse facilitation and enhanced LTP prior to 

the onset of cognitive impairment (Li et al. 2017). Together with our new data showing KL 

deficiency resulting in spines with increased head size and decreased length, these could 

indicate an impact on neuronal network activity. To test this possibility, we cultured KL-

deficient hippocampal neurons from postnatal day 1 pups to observe the effects of KL 

deficiency on neurons and neuronal networks in culture. KL-deficient mice show 

significantly reduced KL protein and mRNA as do neurons isolated from KL-deficient pups 

(Figure 1K,L). As well, cultured KL-deficient neuronal spine morphology was similar to in 
vivo observations showing in vitro increased spine head diameter (Figure 1M,N). With this, 

we cultured neurons on 60-electrode multi-electrode arrays (MEAs) to allow recording and 

analysis of the effects of KL on the activity of neurons and neuronal networks (Figure 2 A–

C). At baseline, we found that KL-deficient neurons have decreased activity as measured by 

the number of spikes per electrode (Figure 2D). Despite this decrease, across the MEA 

electrodes, KL-deficient neurons exhibit a significant increase in the number of synchronous 

events as each spike had a greater predictive value for spiking at other electrodes (Figure 

2E,F). This increase in correlation altered the bursting characteristics across the MEAs such 

that the inter-spike interval is significantly reduced within bursts (Figure 2G) while the 

number of spikes within a burst is not changed (Figure 2H). These data indicate that the 

number of events that occur within a given burst occur at a significantly shorter interval in 
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KL-deficient neurons. These data suggest that at baseline, in vitro, spontaneous activity of 

KL-deficient neurons is altered.

To determine how the enhanced correlated activity of KL-deficient neurons affects the 

response of their neuronal networks to perturbation of network activity; we added the 

GABAA receptor antagonist bicuculline to culture media simulating chronically increased 

neuronal activity (Figure 2A–C,I,J). We performed one-minute recordings at 0.5, 9, 24 and 

48 hours after bicuculline supplementation. As expected, both wild-type and KL-deficient 

neurons responded to bicuculline by increasing activity as measured by the numbers of 

spikes per electrode and numbers of synchronous events from 0.5 to 24 hours (Figure 2I,J). 

As part of the neuronal homeostatic downscaling response, neurons under conditions of 

chronically increased activity restore baseline firing (Bateup et al. 2013). Consistently, both 

wild-type and KL-deficient neurons return to baseline firing by 48 hours of consistent 

bicuculline supplementation (Figure 2I,J). Of note, the KL-deficient neurons show a 

significantly greater number of synchronous events at 24 hours than wild-type (Figure 2J). 

These data suggest that, at least in vitro, KL deficiency increases the network response of 

neurons. When considered with spine morphology in vivo, MEA results could represent a 

hyper-connected network mediated by dendritic spines with shorter lengths and larger head 

diameters (Figure 1 and Figure 2A, B) that can more readily respond to stimuli (Matsuzaki 

et al. 2001; Zito et al. 2009; Mattison et al. 2014).

Although measures from in vitro culture systems require confirmation of physiological 

relevance, our in vitro data support the idea that KL deficiency may increase connectivity of 

neuronal networks which is consistent with previous data reporting that KL-deficient mice 

have increased responses to high-frequency stimulation (Li et al. 2017). Increased circuit 

activity can impinge on the ability of the hippocampus to encode memories. When 

hippocampal LTP is saturated by high-frequency stimulation in vivo, memory formation is 

impaired (Moser et al. 1998; Castro et al. 1989; McNaughton et al. 1986) suggesting the 

need for specificity of potentiation at certain synapses to encode memory. This specificity 

cannot be reached when the network response is generally increased and thus impairments in 

memory can result, as is seen in KL-deficient mice (Nagai et al. 2003; Laszczyk et al. 2017). 

Reports showing the link between increased activity, specifically LTP, and impaired memory 

formation are rare but seen with mutations in proteins involved in synaptic function that have 

a variety of roles including protein phosphorylation and scaffolding (Migaud et al. 1998; 

Uetani et al. 2000; Pineda et al. 2004; Rutten et al. 2008; Kim et al. 2009). Furthermore, the 

observation that cultured KL-deficient neurons might have a prolonged downscaling 

response to bicuculline (Figure 2I) could provide initial evidence of KL deficiency affecting 

the efficacy of the post-synapse through regulation of homeostatic downscaling (Sun and 

Turrigiano 2011). Additionally, increased synchronous firing within neuronal networks can 

be driven by a variety of factors including abnormal development and altered intrinsic 

excitability (Chen et al. 2006; Penn et al. 2016; van Pelt et al. 2004). Whether the KL-

deficient neuron effect we measure (Figure 2) is a deficit in homeostatic downscaling or, 

rather, is a result of the increased synchronous activity in response to bicuculline remains to 

be fully determined.
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To determine whether KL-deficient spine morphology and activity-related changes are the 

result of altered synaptic protein expression, we measured total abundance of a panel of 

synaptic proteins. Lysates from cultured neurons showed no differences in synaptic protein 

abundance (Figure 2K). With the some biological variation in lysates derived from cultured 

neurons, we also measured synaptic protein abundance in hippocampal lysates and again 

found no differences between WT and KL-deficient neurons (Figure 2K,L). Moreover, 

fractionation of synaptic membranes show no change in a panel of ionotropic glutamate 

receptors (Figure 2M). With many synaptic proteins showing normal expression level, 

synaptic protein function or function of downstream proteins may be the mechanism by 

which KL affects morphology and function of synapses.

Shed KL reduces bursting kinetics across cultured neuronal networks.

The brain is reported to host all forms of KL protein: transmembrane, shed, and secreted 

(Shiraki-Iida et al. 1998; Matsumura et al. 1998; Imura et al. 2004; Massó et al. 2015; Massó 

et al. 2017). Although short term incubation of slice cultures with shed KL did not affect 

synaptic transmission (Li et al. 2017), shed KL did correct neural stem cell proliferation 

deficits (Laszczyk et al. 2017). Increasing evidence suggests that extracellular forms of KL 

can influence brain function both within the central nervous system and from peripheral 

signaling (Leon et al. 2017; Massó et al. 2017). Although we do not fully understand KL 

proteins’ function sufficient to attribute specific brain phenotypes to one or more forms, 

cerebrospinal fluid circulation of extracellular KL proteins (Imura et al. 2004; Semba et al. 

2014; Kunert et al. 2017) could allow broad effects of KL upon neurons. To see if shed KL 

could affect baseline neuronal network activity, KL-deficient neurons were supplemented 

with 100ng/mL of recombinant mouse shed KL for the two weeks prior to MEA recording 

(Figure 3A). While we found no change in the synchronicity or correlation of events (Figure 

3C,D), we measured an overall decrease in the number of spikes per electrode with 

recombinant KL supplementation (Figure 3B). Additionally, we found an increase in inter-

spike interval within bursts and a decrease in the number of spikes per burst with 

recombinant KL supplementation (Figure 3E,F). These data suggest that while recombinant 

shed KL does not reverse all MEA measured effects of KL deficiency; it does decrease 

activity and reduce bursting kinetics.

The concentration of recombinant shed KL used in these experiments is higher than reported 

of human physiological shed KL (Kunert et al. 2017; Yamazaki et al. 2010; Imura et al. 

2004; Koyama et al. 2015). Notably, although recombinant KL is reportedly bioactive (Leon 

et al. 2017; Vadakke Madathil et al. 2014; Lim et al. 2017; Laszczyk et al. 2017) it may not 

completely represent endogenous shed KL activity. Thus, results from our studies, while 

representative, likely underestimates shed KL function in vivo. Nevertheless, the modest 

effects seen with the chronic supplementation of shed recombinant KL might suggest either 

a more prominent role of transmembrane KL or synergistic roles for both transmembrane 

and shed KL in regulating neuronal activity.

Klotho deficiency increases seizure susceptibility.

Although it is unclear whether a cause or consequence, epileptic patient brains show changes 

in spine density and morphology (Wong and Guo 2013). Humans with temporal lobe 
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epilepsy also show decreased expression of hippocampal KL mRNA, however, it is unclear 

if or how KL is involved in human seizure pathology (Teocchi et al. 2013). KL-deficient 

mice show no evidence of the common epileptic pathology of hippocampal sclerosis 

(Laszczyk et al. 2017); however, their shortened lifespan, may prevent full appreciation of 

KL-deficient brain effects (Kuro-o et al. 1997). To test if altered synaptic morphology and 

increased network synchrony (Figure 1,2) could affect seizure susceptibility, we chemically 

induced seizures in vivo using the pentylenetetrazole (PTZ) seizure model of generalized 

tonic-clonic seizure (Roberson et al. 2011; Roberson et al. 2007; Löscher and Nolting 1991; 

Löscher et al. 1991). As seizure susceptibility is highly individualized, not all wild-type 

mice reach generalized seizure stage (Löscher et al. 1991). Consistent with this, by 20 

minutes post-PTZ injection, most but not all of our wild-type mice reach a generalized 

seizure stage (Figure 4A,B). Mice with half the normal levels of KL (KL-deficient 

heterozygous mice, Het) were not significantly different from wild-type mice (Figure 4A,B). 

However, all KL-deficient mice reached the generalized seizure stage and did so with 

significantly decreased latency (Figure 4A,B). Thus, total KL deficiency increases seizure 

susceptibility.

Klotho overexpression does not affect seizure susceptibility but alters spine morphology.

KL overexpression increased cognitive function and prevented development of 

neurodegenerative diseases in mouse models of disease (Dubal et al. 2014; Dubal et al. 

2015). Since constitutive overexpression increases both transmembrane and shed KL it is not 

currently possible to determine which form of KL protein mediate these effects. As well, 

although neurons express KL and fractionation showed post-synaptic compartment 

localization of KL protein, KL overexpressing mice do not have elevated transmembrane KL 

in the post-synapse (Li et al. 2017). KL-overexpressing mice show the most dramatic effects 

of KL overexpression after ~6 months of age (Laszczyk et al. 2017; Dubal et al. 2014; Krick 

et al. 2018). Since neurons isolated from P1 pups are unlikely to model physiology changes 

that take at least 6 months to develop, we did not culture KL-overexpressing neurons. 

However, we did examine seizure susceptibility, at the age when cognitive effects are well 

documented (Laszczyk et al. 2017; Dubal et al. 2014). 6-month-old KL-overexpressing mice 

showed no seizure susceptibility difference (Figure 4C,D) suggesting that increasing KL 

above wild-type levels does not provide a protective effect in this model.

KL-overexpression is reported to not alter synaptic density when measuring the total number 

of spinophilin, a protein localized to the post-synapse of dendritic spines (Sarrouilhe et al. 

2006), positive puncta (Dubal et al. 2015). When we use KL-overexpressing mice expressing 

Thy1–GFP, we found increased spine density but without changing the functional spine ratio 

(Figure 5A–F). When we classified spine morphology, we found an increased number of 

thin spines (Figure 5G). Consistently, spines from KL-overexpressing mice exhibit smaller 

head diameters and increased length (Figure 5H–K). As with the KL-deficient mice, KL-

overexpressing mice revealed a structural phenotype that is consistent with their cognitive 

status (Nagai et al. 2003; Laszczyk et al. 2017; Dubal et al. 2014). The spine population shift 

to include more spines with smaller head diameter and increased length may suggest greater 

potential for structural plasticity, as these spines may be consistent with thin, “learning 
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spines” that are more structurally labile and are thus more conducive to memory formation 

(Kasai et al. 2010; Kasai et al. 2003).

Conclusion

Herein we show that in vivo, systemic KL deficiency increases hippocampal neuron spine 

head diameter and shortens spine length (Figure 1) but see the inverse with systemic KL-

overexpressing neurons. Thus, we provide the first evidence that KL expression affects 

dendritic spine morphology. KL-deficient neurons cultured on MEA plates show how 

changes to spine morphology might functionally alter neuronal networks, most notably 

increasing synchronous firing at baseline and under conditions stimulating high neuronal 

activity (Figure 2). Increased KL-deficient mouse susceptibility to induced seizure activity 

(Figure 4) may suggest that the effects we measured in vitro, are relevant to normal brain 

function. These new data complement our previous report where KL-deficient hippocampal 

slices show increased LTP (Li et al. 2017). Mice with similar electrophysiological signatures 

occur when the function of the post-synapse is impaired (Uetani et al. 2000; Migaud et al. 

1998). This shared phenotype with impaired post-synaptic protein function and KL-deficient 

mice may point towards a role for a KL in post-synaptic structure or function. Further 

investigation into KL function in and on the post-synapse is required to determine the KL 

molecular mechanisms of action. Likewise, additional studies are required to distinguish 

how transmembrane, shed, and secreted KL proteins function individually and together to 

affect neuronal and thus brain function.
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Abbreviations

DAPI 4′,6-diamidino-2-phenylindole

BCA bicinchoninic acid assay

cDNA complement deoxynucleic acid

DNA deoxynucleic acid

EDTA Ethylenediaminetetraacetic acid

FGF-23 fibroblast growth factor 23

rKL recombinant mouse klotho

GFP green fluorescent protein
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HBSS Hank’s Balanced Salt Solution

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Het Heterozygote

KL Klotho

OE Klotho-overexpression mouse

KO Klotho-deficient mouse

LTP long-term potentiation

mRNA messenger RNA

MEA multi-electrode array

PBS Phosphate buffered saline

PTZ pentylenetetrazole

qPCR quantitative polymerase chain reaction

RIPA radioimmunoprecipitation assay

RNA ribonucleic acid

S.E.M standard error of the mean

TBST Tris-buffered saline with Tween–20

vGlut vesicular glutamate transporter
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Highlights

Klotho deficiency causes spine morphology changes consistent with an increase in stable, 

mature dendritic spines.

Multi-electrode array recordings of klotho deficient neurons shows increased synchrony 

in burst firing.

Klotho deficient mice have a reduced latency to induced generalized seizure.

Klotho overexpression does not protect from seizure induction but does cause synaptic 

remodeling consistent with an increase in thin spines.
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Figure 1 - Klotho deficiency causes changes to dendritic spine morphology.
A) Representative images of branches from apical dendrites of 7-week-old wild-type (WT; 

upper) and klotho-deficient (KO; lower) hippocampal CA1 neurons. Scale bar 1μm. B) 
Representative NeuronStudio reconstruction of WT (upper) and KO (lower): orange 

indicates mushroom spine, red indicates stubby spine, yellow indicates thin spine. Scale bar 

1μm. C) Representative presynaptic vGlut (red) and post-synaptic spine (GFP, green) images 

from WT and KO neurons used for quantification of functional spines. D) Bar graph 

showing quantification of WT and KO average spine density (average number of spines/

100μm of dendrite) overlaid with of each individual neuron’s average spine density showing 

no change between groups. E) Quantification of the ratio of functional spines (the number of 

GFP+ post-synaptic spines with an apposing vGlut-immunolabeled presynapse) is not 

different between WT and KO. F) NeuronStudio classification of spine morphology shows 

fewer thin spines on KO neurons. G,H) The average KO spine head diameter is increased. 

Cumulative distribution of all spine head diameters shows a rightward shift in the KO 

(dashed line) curve consistent with a population of larger head spines. I,J) The average KO 

neuron spine length is decreased. Cumulative distribution of all spine lengths shows leftward 

shift in the KO curve consistent with shorter spine lengths across the population. (average +/

− S.E.M.; n=3 brains/genotype; averaged measurements compared by Student’s t-test or 

Mann-Whitney test where appropriate: **p<0.01, ***p<0.001; cumulative probabilities 

compared by two-sample Kolmogorov-Smirnov test: ***p<0.001). K) Western blot 

validation of the KO model mouse kidney and hippocampus (HCX) with a dose-dependent 

deficiency of full-length KL expression (heterozygote: HET). L) qPCR validation of the KO 

mouse model and KL-deficient neuronal cultures. (average +/− S.E.M.; n=3 hippocampi or 

cultures/genotype; averaged measurements compared by Student’s t-test: *p<0.05, 
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***p<0.001) M,N) The average spine head diameter of cultured KL KO neurons is 

increased relative to WT when measured either as the average spine head diameter or 

cumulative distribution of the population (average +/− S.E.M.; n = 14 WT neurons; 12 KO 

neurons; averaged measurements compared by Mann-Whitney test: ***p<0.001; cumulative 

probability compared by two-sample Kolmogorov-Smirnov test: ***p<0.001).
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Figure 2 - Klotho deficiency regulates the activity of neurons cultured on multi-electrode arrays 
(MEAs).
A,B) Representative activity histograms showing activity from WT (wild-type, A) and KO 

(KL-deficient, B) neurons on MEAs at baseline (left), 0.5 hours with bicuculline (middle), 

and 24 hours with bicuculline (right). Bottom: raster plots of events across multiple 

electrodes. Note the difference in synchronous events at baseline and 24 hours with 

bicuculline. C) Representative image of neurons cultured on 60-electrode MEAs where each 

electrode is 30μm in diameter and separated by 200μm. D) Relative to WT, KO neurons 

average fewer spikes per electrode. E) Relative to WT, KO neurons average more 

synchronous events (2+ electrodes detecting simultaneous events). F) Relative to WT, KO 

neurons average an increased spike correlation (probability of simultaneous events 

occurring). G) Relative to WT, KO neurons average a decreased inter-spike interval (ISI) 

within bursts. H) WT and KO neurons show no change in the average number of spikes per 

burst. I) Upon bicuculline addition to media, KO neurons exhibit a sustained increase in 
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activity from 0.5 to 24 hours that is greater than WT neurons, as measured by the average 

number of spikes per electrode over time. J) Over time, synchronous WT and KO neuronal 

events demonstrate a homeostatic decrease in response to chronic increase of activity. Note 

that KO synchronous activity is increasedat 24 hours with bicuculline indicating a delayed 

response to reduce activity. For details on statistical analysis from MEAs see the statistics 

section of Materials and Methods. Data graphed as average +/− S.E.M.; *p<0.05, **p<0.01, 

***p<0.001. K) Quantification of band intensity normalized to β-tubulin expression and 

relevant WT control for neuronal culture lysates (upper) or total hippocampal lysates (HCX, 

lower). L) Representative Western blots from WT or KO mouse hippocampal lysates. Pre-

synaptic markers: vGlut and synaptophysin (syn) and post-synaptic markers: Gaba 

(GABA(A) α1 receptor), GluN2B, GluR1, GluR2, GluN1, PSD-95 (PSD), and loading 

control β-tubulin (tub). M) Representative Western blot of synaptic membrane separation 

(presynapse – Synaptophysin (syn), post-synapse PSD–95 (PSD) and quantification of 

ionotropic glutamate receptors from post-synaptic membranes. KO data normalized to 

loading control and WT. (Data graphed as average +/− S.E.M.; n=3/genotype HCX, 4–5/

genotype culture; n=4–5/genotype synaptic membrane)
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Figure 3 - Recombinant shed Klotho affects activity of cultured Klotho-deficient neurons.
A) Representative Western blot of recombinant shed KL (rKL) containing neurobasal media 

or neurobasal media alone (NB) detecting only one band at ~130kDa with either anti-klotho 

antibody (20 and 10ng shown) or anti-his tag antibody (20ng shown). B) Relative to 

untreated KO (KL-deficient) neurons, KO neurons supplemented with recombinant shed 

mouse KL (rKL) average fewer spike per electrode. However, no change in the average 

number of synchronous events (C) or spike correlation (D) occurred with rKL. Treatment of 

KO neurons with rKL increased average inter-spike interval within bursts (E) and reduced 

the number of spikes per burst (F). Statistical analysis from MEAs is detailed in the 

Materials and Methods. Data graphed as average +/− S.E.M.; *p<0.05, ***p<0.001.
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Figure 4 - Klotho-deficient mice show increased seizure susceptibility upon pentylenetetrazole 
challenge.
A) Latency to generalized tonic-clonic seizure (Stage 5) shown as the percent of all mice not 

at stage 5 at a given time (minutes). Unlike WT (wild-type) or KL-deficient heterozygote 

(Het) mice, all KO (KL-deficient) mice reached stage 5 within 20 minutes of a single PTZ 

injection. B) KO mice show a significantly decreased average latency to the generalized 

seizure stage (5-week-old mice, average +/− S.E.M.; n=20 WT; 21 HET, 20 KO, Logrank: 

*p<0.03 ANOVA: *p<0.05). C, D) In older C57BL6 wild-type (WT) and KL-overexpressing 

mice (OE), plotted either % of mice not in stage 5 at a given time or as the average latency, 

we measured no difference in latency to stage 5. (6–8-month-old mice, average +/− S.E.M.; 

n=10 WT; 11 OE; Logrank or t-test).
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Figure 5 - Klotho-overexpressing mice show increased spine density and change to dendritic 
spine morphology.
A) Representative Western blot and qPCR validation of KL overexpression with the OE 

model mouse. B) Representative images from apical dendrites of 6-month-old wild-type 

(WT; upper) and KL-overexpressing (OE; lower) hippocampal CA1 neurons. Scale bar 1μm. 

C) Representative NeuronStudio reconstruction of WT (upper) and OE (lower): orange 

indicates mushroom spine, red indicates stubby spine, yellow indicates thin spine. Scale bar 

1μm. D) Representative presynaptic vGlut (red) and post-synaptic spine (GFP, green) images 

from WT and OE neurons used for quantification of functional spines. E) Bar graph showing 

the quantification of WT and OE average spine density (average number of spines/100μm of 

dendrite) overlaid with each individual neuron’s average spine density shows an increase in 

OE relative to age-matched WT. F) The ratio of functional spines measured by counting the 

number of GFP+ post-synaptic spines apposed to pre-synaptic vGlut puncta. No change was 

measured. G) NeuronStudio classification of spine morphology shows more OE thin spines 
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relative to WT. H,I) OE neurons show a decreased average spine head diameter. The 

population of spines reflects the decrease with a significant leftward shift in the population 

cumulative distribution of spine head diameters. J,K) The average OE neuron spine length is 

increased. Cumulative distribution of the population of spine lengths is increased as 

indicated by a rightward shift in the OE curve. (n=3 brains/genotype; averaged 

measurements compared with Student’s t-test or Mann-Whitney test where appropriate: 

***p<0.001; cumulative probabilities compared by two-sample Kolmogorov-Smirnov test: 

***p<0.001).
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