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Abstract

Global klotho overexpression extends lifespan while global klotho-deficiency shortens it. As well, 

klotho protein manipulations inversely regulate cognitive function. Mice without klotho develop 

rapid onset cognitive impairment before they are 2 months old. Meanwhile, adult mice 

overexpressing klotho show enhanced cognitive function, particularly in hippocampal-dependent 

tasks. The cognitive enhancing effects of klotho extend to humans with a klotho polymorphism 

that increases circulating klotho and executive function. To affect cognitive function, klotho could 

act in or on the synapse to modulate synaptic transmission or plasticity. However, it is not yet 

known if klotho is located at synapses, and little is known about its effects on synaptic function. To 

test this, we fractionated hippocampi and detected klotho expression in both pre and post-synaptic 

compartments. We find that loss of klotho enhances both pre and post-synaptic measures of CA1 

hippocampal synaptic plasticity at 5 weeks of age. However, a rapid loss of synaptic enhancement 

occurs such that by 7 weeks, when mice are cognitively impaired, there is no difference from wild-

type controls. Klotho overexpressing mice show no early life effects on synaptic plasticity, but 

decreased CA1 hippocampal long-term potentiation was measured at 6 months of age. Together 

these data suggest that klotho affects cognition, at least in part, by regulating hippocampal 

synaptic plasticity.
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Introduction

The klotho (KL) protein was originally characterized for its lifespan effects (Kuro-o et al., 

1997, Kurosu et al., 2005, Dubal et al., 2014). Overexpression of KL is sufficient to extend 

mouse lifespan (Kurosu et al., 2005, Dubal et al., 2014). In contrast, KL-deficiency shortens 

mouse lifespan to ~8 weeks by disrupting phosphate homeostasis (Kuro-o et al., 1997). 

Increasing evidence implicates a brain-specific function for KL. Short lived KL-deficient 
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(KO) mice rapidly develop cognitive impairment between the 5th and 7th week of life (Nagai 

et al., 2003). Meanwhile long-lived KL overexpressing (OE) mice show increased cognitive 

function after ~6 months of age (Dubal et al., 2014). As well, KL overexpression is 

sufficient to protect against the development of Alzheimer’s disease-like cognitive and 

synaptic impairment (Dubal et al., 2015) and may be neuroprotective (Zeldich et al., 2014). 

Cognitive impacts of KL extend to humans, as those carrying the functional KL-VS 

polymorphism have increased circulating KL (Arking et al., 2002), larger prefrontal cortical 

volume, and enhanced cognitive function (Dubal et al., 2014, Yokoyama et al., 2015).

The profound and inverse effects of KL on cognition are not easily explained by the data 

collected to date which broadly characterize the KO and OE brain. KO brains show slightly 

increased levels of apoptotic (Shiozaki et al., 2008) and oxidative stress (Nagai et al., 2003) 

proteins, mild decreases of some synaptic proteins (Shiozaki et al., 2008), a slight stochastic 

increase in neuron death (Nagai et al., 2003), and loss of some myelinated fibers and 

oligodendrocytes (Chen et al., 2013). Although OE mouse brains show no cellular changes, 

neurons are more resistant to oxidative stress (Brobey et al., 2015) and hippocampal NMDA 

GluN2B receptor subunit expression is upregulated (Dubal et al., 2014). At the level of 

synaptic function, long-term potentiation (LTP) of KO CA1 neurons is mildly decreased but 

only when lightly stimulated by a single theta burst (Park et al., 2013). Meanwhile, adult OE 

hippocampal dentate gyrus recordings show increased LTP (Dubal et al., 2014).

KL is expressed by both neurons and the choroid plexus, the endothelial cells that form the 

blood:cerebrospinal fluid barrier and generate cerebrospinal fluid (Li et al., 2004, Clinton et 

al., 2013). The mouse brain is the only organ where all forms of KL are detected: 

transmembrane, shed, and secreted (Imura et al., 2004, Clinton et al., 2013, Masso et al., 

2015). Peripheral systems that characterized KL’s functions showed that KL protein 

function varies with its form. Transmembrane KL is a co-receptor that transduces signaling 

of fibroblast growth factor 23 (FGF23) (Kurosu et al., 2006). Transmembrane KL is shed 

from cell surfaces into serum and cerebrospinal fluid (Imura et al., 2004, Chen et al., 2007, 

Yokoyama et al., 2015). Shed KL is acts as a sialidase (Cha et al., 2008, Cha et al., 2009) 

and a signaling pathway inhibitor (Kurosu et al., 2005, Liu et al., 2007, Doi et al., 2011, 

Zhou et al., 2013). The function of secreted KL remains unknown (Masso et al., 2015).

Little is known about the brain-specific mechanisms of KL action. We sought to determine 

whether KL is detected at the synapse, and found that transmembrane KL is a synaptic 

protein which could function to directly affect synaptic transmission. Thus we measured 

synaptic transmission before and after the onset KO and OE cognitive changes (Nagai et al., 

2003, Dubal et al., 2014). We observed KL-mediated effects on both pre- and post-synaptic 

function of hippocampal CA1 Schaffer collateral neurons and attempted to rescue synaptic 

plasticity with acute application of shed KL.

Experimental Procedures

Animals

KL-deficient (KO,129S1/SvImJ) and overexpressing (OE,C57BL/6J) lines of mice are from 

M. Kuro-o (University of Texas Southwestern and Jichi Medical University, Japan). Strain-
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specific, wild-type (WT) controls were used for all experiments. All mice were housed with 

free access to food and water at 26.6°C, humidity maintained above 40%. KO mice were 

supplemented with Bacon Softies or Nutra-gel (BioServ, Frenchtown, NJ) beginning week 5. 

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

Animal Care and Use Committee.

Immunohistochemistry (IHC)

Mice were anesthetized and sacrificed by terminal perfusion followed by Bouin’s fixation. 

IHC using paraffinized sections was performed as previously described (Clinton et al., 

2013). IHC detection from perfused tissue underrepresents total KL protein within the brain 

as extracellular shed and secreted forms of the protein are likely cleared during tissue 

processing. Primary antibodies were incubated concurrently to detect KL (AF1819, R and D 

Systems, Minneapolis, MN) and microtubule associated protein 2 (Map2, SC20172, Santa 

Cruz Biotechnology, Dallas, TX) or phospho-neurofilament (SMI312, 837901, Biolegend, 

San Diego, CA). KL was detected after signal amplification with TSA-Cy3 (Perkin Elmer, 

Waltham, MA). Map2 and SMI312 were detected using species specific Alexa488 and 

mounted in Prolong Anti-fade mounting media (Thermo Fisher, Waltham, MA). Results 

were confirmed in 3 brains by imaging with an Olympus BX53 fluorescent (Center Valley, 

PA) or a confocal Zeiss laser scanning LSM510 microscope (Zeiss, Oberkochen, Germany).

Synaptosomes and synaptic membrane preparation

Mice were sacrificed by decapitation after inhalation anesthesia. Synaptosomes were 

isolated using discontinuous Percoll (GE Healthcare, Chicago, IL) gradients as described 

(Dunkley et al., 2008). Hippocampi were homogenized using a Teflon-coated pestle in 

sucrose buffer (0.32M sucrose, 1mM EDTA, 5mM Tris pH 7.4, 0.25mM DTT) with HALT 

protease inhibitor cocktail (PI78440, Thermo Fisher) and centrifuged at 1500×g. All 

centrifugation occurred at, 4°C. After reserving a supernatant aliquot for the input control, 

supernatant was layered on top of a discontinuous Percoll gradient (3%–23%, Percoll; 

0.32M sucrose, 1mM EDTA, 5mM Tris pH 7.4, 0.25mM DTT). Membrane and 

synaptosomal fractions were generated by centrifugation at 46,000×g. Membrane samples 

derived from fractions above 10%. Synaptosomal samples derived from fractions pooled 

above 23%, Percoll diluted with sucrose buffer, and samples centrifuged at 29,000×g. 

Sucrose was removed by centrifugation and pellets were resuspended in RIPA buffer 

(150mM NaCl, 50mM Tris, pH 7.5, 1% Triton-X100, 0.5% sodium deoxycholate, 1% 

sodium dodecyl sulfate).

Synaptic membranes were prepared as described (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). The homogenate was centrifuged at 1,000×g and crude synaptosomal membrane 

pelleted by centrifugation at 10,000×g. The pellet was homogenized using a motorized pellet 

grinding pestle in sucrose buffer with 20 pulses and as extracted with 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 32,000×g. Following centrifugation the post-synaptic 

density localized to the pellet and the presynaptic fraction to the supernatant. The pellet was 
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resuspended by sonication in sucrose buffer (with 1% SDS and 1X Halt protease inhibitor 

cocktail). The supernatant proteins were acetone concentrated overnight, separated from 

acetone, and resuspended by sonication into sucrose buffer containing 1% SDS and protease 

inhibitors.

Western blot

Synaptic fractions were prepared as above. Hippocampal lysates were prepared by 

homogenizing flash frozen tissue in RIPA buffer containing protease inhibitors. Following 

BCA assay (Thermo Fisher), 40–60μg of lysate or fraction was separated through 8% or 4–

20% gradient polyacrylamide gels and transferred to nitrocellulose membranes (Thermo 

Fisher). 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 (Maltare et al., 2014)), β-

tubulin (Developmental Studies Hybridoma Bank, E7, Iowa City, IA), synaptophysin 

(Abcam, AB52636, Cambridge, MA), GluN1 (Neuromab, 75–272, Davis, CA) and SNAP25 

(SC73044, Santa Cruz). Secondary antibodies conjugated to HRP were detected by 

chemiluminescence (Immobilon, Millipore, Billerica, MA) and exposure to film.

Recombinant shed KL function

HEK 293T cells (ATCC, Manassas, VA) were transfected with 200ng of TOP or FOP flash 

luciferase reporter plasmid (Veeman et al., 2003) (Addgene, Cambridge, MA: plasmids 

12456 and 12457). Media containing 150ng/ml wnt3a with or without 400ng/ml of KL (R 

and D Systems, Minneapolis, MN) was incubated together overnight. Conditioned media 

was then replaced with media containing recombinant proteins. Cells were lysed and 

luminescence detected with the luciferase assay system (Promega, Madison, WI) and a 

Spectramax M3 (Molecular Devices, Sunnyvale, CA) 24 hours later. Results are reported as 

TOPflash/FOPflash of identical conditions from two independent experiments, 3 replicates/

experiment.

Electrophysiology

Slice preparation—Mice were anesthetized and sacrificed at two time points for each 

strain based on the reported onset of cognitive impairment or enhancement (Nagai et al., 

2003, Dubal et al., 2015). WT/KO mice were evaluated during the 5th or 7th week of life 

(Nagai et al., 2003). WT/OE mice were evaluated at 2 or 6 months of age (Dubal et al., 

2014). Coronal vibratome sections (400 μm; VT1000S vibratome; Leica, Bannockburn, IL) 

were cut using ice-cold (1–3°C) dissecting solution (120mM NaCl, 3.5mM KCl, 0.7mM 

CaCl2, 4.0mM MgCl2, 1.25mM NaH2PO4, 26mM NaHCO3, and 10mM glucose; bubbled 

with 95% O2/5% CO2, pH 7.35–7.45). The CA3 region of the hippocampus was removed to 

prevent recurrent excitation. Using a holding chamber, slices were held at room temperature 

in dissecting solution and bubbled with 95% O2/5% CO2 for >1 h before recording. During 

the recordings, slices were held in a submersion recording chamber perfused with artificial 

cerebrospinal fluid (ACSF) (120mM NaCl, 3.5mM KCl, 2.5mM CaCl2, 1.3mM MgCl2, 

1.25mM NaH2PO4, 26mM NaHCO3 and 10mM glucose). All experiments were performed 

at ~ 30°C and experimenters were blind to genotype.
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Field Potential Recording—Field excitatory postsynaptic potentials (fEPSPs) were 

recorded from stratum radiatum of CA1 using glass micropipettes (2–5 MΩ) filled with 

ACSF in response to extracellular stimulation of Schaffer Collateral axons by a bipolar 

tungsten microelectrode (FHC, Bowdoinham, ME, USA). Stimulation was generated by a 

Master-8-cp stimulator (A.P.I, Jerusalem, Israel) and applied with a BSI-2 biphasic stimulus 

isolator (BAK Electronics, Mount Airy, MD, USA). The initial slope of the fEPSP was used 

as a measure of synaptic response.

For measurement of paired-pulse facilitation, stimulation was applied as pairs of pulses 

(interval 40; 60; 100; 200; 500 ms or 50,100,150, 200, 250, 300ms) at 0.1 Hz. The paired-

pulse ratio was calculated as fEPSP slope2/fEPSP slope1. ACSF contained picrotoxin (100 

μm; Tocris, Bristol, UK) to block inhibitory GABAA receptors synaptic responses and 100 

μm APV ([+]-2-amino-5-phosphonopentanoic acid; Tocris) to block NMDA receptor-

mediated currents and prevent postsynaptic short-term plasticity, LTP, and long-term 

depression. Experiments using recombinant shed mouse KL (R and D systems, Minneapolis, 

MN) were recovered and recorded slices ACSF containing 5,000 pg/ml recombinant shed 

KL or diluent. A concentration ~5× physiological levels (Yamazaki et al., 2010) was 

selected to ensure that the sufficient protein reached the synapses during recovery/recording. 

Additional WT and KO slices were sequentially incubated for 10 minutes in 0, 500, 1,000, 

and 2,500 pg/ml of recombinant shed KL prior to PPF measurement.

Whole Cell Patch Clamp—Pyramidal cells in CA1 stratum pyramidale were identified 

visually using infrared differential inference contrast (IR-DIC) optics on a Nikon E600FN 

upright microscope (Nikon Inc.). In voltage clamp configuration, targeted neurons were 

patched and recorded at holding potential (−60 mV) using an Axopatch 200B amplifier 

(Axon Instruments, Sunnyvale, CA). Patch electrodes (4–6 MΩ) were filled with internal 

solution composed of: 100mM cesium gluconate, 0.6mM EGTA, 5.0mM MgCl2, 10mM 

HEPES, 10mM BAPTA, 10mM ATP, 5mM QX-314; pH was adjusted to 7.2 with CsOH. 

Recordings were rejected if either access resistance or holding current increased more than 

20% during the experiment.

Release probability—Release probability was assayed using the rate of block of NMDA 

EPSCs by the open channel blocker MK-801 ((5S,10R)-(+)-5-methyl-10,11-dihydro-5H-

dibenzo[a,d]cyclohepten-5,10-imine maleate). NMDA receptor EPSCs were isolated by the 

addition of 10 μM NBQX to block AMPA/kainate receptors, and recorded at a holding 

potential of −40 mV after 0.1 Hz stimulation. The concentrations of ACSF calcium (2.5 

mM) and magnesium (1.3 mM), were not changed and 100 μM picrotoxin was added to 

block fast inhibitory transmission. After a stable baseline was obtained, the membrane 

potential was held at −60 mV, 40 μM MK-801 added, and stimulation turned off for 10 min 

to allow MK-801equilibration. After that, the membrane potential was returned to −40 mV, 

stimulation was resumed at 0.1 Hz, and EPSCs were recorded for at least 160 stimuli. 

Stimulation at 0.1 Hz was used to avoid inducing short-term plasticity. A single exponential 

decay was fit to the EPSC amplitude versus stimulus number in MK-801 to obtain the decay 

constant (tau) for the MK-801 block. As MK-801 only blocks open NMDA receptors, the 
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rate of block is an indirect measure of the average release probability of the synapses 

(Hessler et al. 1993; Sun et al 2005; Speed and Dobrunz 2009).

NMDA/AMPA Current Ratio—In response to Shaffer collateral stimulation, NMDA/

AMPA current ratios were measured in two steps for each CA1 pyramidal neuron. First, 

AMPA currents were measured at a holding potential of −70 mV in picrotoxin (100 μM); 

next, the holding potential was changed to +40 mV and NBQX was added to isolate NMDA 

currents. This was confirmed by reversible blockade by AP5 (100 μM). For each experiment, 

more than 10 traces of AMPA and NMDA responses were averaged, and the peak 

amplitudes measured.

LTP Experiments—5 and 7 week KO and 2 month OE LTP experiments were performed 

using an interface chamber (Fine Science Tools, Foster City, CA). Oxygenated ACSF 

(95%/5% O2/CO2; 120mM NaCl, 2.5mM KCl, 2mM CaCl2, 1mM MgCl2, 1.25mM 

NaH2PO4, 25mM NaHCO3 and 25mM glucose) warmed to 30° C (TC-324B temperature 

controller, Warner Instruments, Hamden, CT) was perfused into the chamber at 1 ml/min. 

Electrophysiological traces were amplified (Model 1800 amplifier, A-M Systems, Sequim, 

WA), digitized and stored (Digidata models 1322A with Clampex software, Molecular 

Devices, Sunnyvale, CA). Extracellular stimuli were administered (Model 2200 stimulus 

isolator, A-M Systems) on the border of area CA3 and CA1 along the Schaffer-collaterals 

using enameled, bipolar platinum-tungsten (92%:8%) electrodes. fEPSPs were recorded in 

stratum radiatum with an ACSF-filled glass recording electrode (1–3 MΩ). The relationship 

between fiber volley and fEPSP slopes over various stimulus intensities (0.5 V – 15 V, 25 

nA – 1.5 μA) was used to assess baseline synaptic transmission. High-frequency stimulus-

induced LTP was induced by administering 3, 100 Hz tetani (1 sec duration) at an interval of 

20 sec. Synaptic efficacy was monitored 20 min prior to and 1–3 h following induction of 

LTP by recording fEPSPs every 20 sec (traces were averaged for every 2 min interval).

6 month OE LTP experiments were performed using a submersion chamber (Warner 

Instruments, Hamden, CT) with oxygenated ACSF (120mM NaCl, 3.5mM KCl, 2.5mM 

CaCl2, 1.3mM MgCl2, 1.25mM NaH2PO4, 26mM NaHCO3 and 10mM glucose) warmed to 

~30°C (TC-344B temperature controller, Warner Instruments, Hamden, CT) flowing at 1 ml/

min. fEPSPs were recorded from stratum radiatum of CA1 using glass micropipettes (2–5 

MΩ) filled with ACSF in response to extracellular stimulation of Schaffer Collateral axons 

by a bipolar tungsten microelectrode (FHC, Bowdoinham, ME, USA). Stimulation was 

generated by a Master-8-cp stimulator (A.P.I, Jerusalem, Israel) and applied with a BSI-2 

biphasic stimulus isolator (BAK Electronics, Mount Airy, MD, USA). Baseline fEPSP was 

recorded at 20 sec interval for 20 min and the stimulation intensity was set to obtain a 

response at 50% of the maximum synaptic response (before the onset of polysynaptic 

EPSCs). LTP was induced by 3 repeats of 100 Hz tetanic stimulation (100 pulses) with a 20 

sec interval. Recording after tetanic stimulation lasted for an hour at 20 sec interval and data 

binned every 2 min.
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Statistical Analysis

Data are presented as mean ± standard error of the mean. Statistical comparisons were made 

using the Student’s t-test, with p < 0.05 considered significant.

Results

Synaptic membranes contain Klotho

First, we confirmed that KL is generated by multiple cell types within the brain of WT but 

not KO mice (Figure 1). Consistent with previous reports (Li et al., 2004, Maltare et al., 

2014), choroid plexus KL immunoreactivity is most intense (Figure 1A). Although less 

highly expressed than choroid plexus, throughout subfields of the hippocampus, neuronal 

cell bodies and processes express KL (Figure 1B). CA1 neurons prominently show that KL 

co-localizes with dendritic marker Map2 but not axonal marker SMI312 (Figures 1B–E). 

Thus, by IHC, neuronal KL localizes to dendrites but not axons of CA1 hippocampal 

neurons.

Western blot of 7 week old wild-type (WT) but not KO total hippocampal lysates detected 

full length KL protein (Figure 2A). As expected, OE hippocampal KL expression was 

increased relative to strain-specific WT control (Figure 2A). To determine whether 

transmembrane KL localizes to hippocampal membranes, we fractionated individual 

hippocampi. Percoll gradients were used to separate cell membrane from synaptosomal 

fractions (Dunkley et al., 2008). Membrane and synaptosome fractions show transmembrane 

KL by Western blot of WT but not KO hippocampi (Figure 2B). Our IHC suggests KL 

localizes to the post-synapse. However, when we separated synaptic membranes into pre- 

and post-synaptic fractions (Goebel-Goody et al., 2009, Dubal et al., 2014), WT but not KO 

fractions both showed KL (Figure 2C). Similar results were obtained when fractionating WT 

and OE hippocampi by Percoll or isolating synaptic membranes (Figure 2D,E). Together 

these experiments show that both pre and post-synaptic hippocampal neuron membranes 

contain KL.

The absence of KL causes age-dependent enhancement of short and long-term plasticity

To determine if KL effects synaptic transmission, we measured WT and KO synaptic 

function before and after the onset of cognitive impairment. We first tested CA1 

hippocampal synaptic plasticity using acute slices from 5 week old WT and KO mice to 

measure function before the onset of cognitive impairment. To test for general synaptic 

function deficits, we examined the input-output (I/O) relationship of Schaffer collateral 

synapses using field potential recordings in response to single electrical stimuli. Measuring 

initial slopes of the evoked fEPSP as function of the fiber volley amplitude, the I/O 

relationship between WT and KO was not different, indicating no basal synaptic 

transmission change (Figure 3A).

We next tested 5 week olds for effects on paired-pulse facilitation (PPF), a simple form of 

presynaptic short-term plasticity, and found increased PPF at KO synapses compared to WT 

(Figure 3B). As PPF is usually inversely related to initial release probability (Dobrunz and 

Stevens, 1997, Zucker and Regehr, 2002), enhanced PPF suggests that the initial release 
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probability might be lower at KO synapses. Thus we performed whole-cell patch clamp 

recordings of CA1 pyramidal neurons in the presence of the use-dependent antagonist 

NMDA receptor MK-801 to measure the rate of NMDA receptor block (Hessler et al., 1993, 

Sun and Dobrunz, 2006, Speed and Dobrunz, 2009). The rate of blocking is an indirect 

measure of average synaptic release probability (Hessler et al., 1993) with decreased release 

probability causing a slower blocking rate of MK-801 NMDA EPSCs. However, there is no 

initial release probability change as no significant difference was observed between the WT 

and KO MK-801 blocking curves (Figure 3D,E).

To test long-term plasticity, we compared LTP at Schaffer collateral synapses from 5 week 

old WT and KO mice. LTP was measured after high frequency stimulation (three 100 Hz 

tetani of 1 sec duration, separated by 20 sec) using field potential recordings. KO slices 

showed enhanced post-tetanic potentiation and LTP compared to WT (Figure 3C). The 

increased KO LTP magnitude persisted for more than an hour (Figure 3C). Because 

increased NMDA/AMPA ratio can cause enhanced LTP (Smith and McMahon, 2005, 2006), 

we tested CA1 pyramidal cells for differences in the evoked NMDA/AMPA current ratio. 

There was no significant NMDA/AMPA ratio difference (Figure 3F), indicating that the 

NMDA/AMPA ratio change does not underlie the enhanced KO LTP.

To determine if synaptic transmission is also altered after the onset of cognitive impairment, 

we tested synaptic transmission of older cognitively impaired KO mice (7 weeks). The I/O 

curve did not change (data not shown) and the 5 week increased PPF and LTP were no 

longer detected at 7 weeks (Figure 3G, H). Together, these data show that enhanced KO 

short-term and long-term synaptic plasticity rapidly declines over shortened mouse lifespan 

and that KL is important for normal synaptic plasticity.

KL overexpression causes age-dependent increased LTP

By 4–6 months old, OE mice have both increased hippocampal-dependent memory and 

enhanced dentate gyrus LTP (Dubal et al., 2014). However, it is not known if OE CA1 long-

term plasticity is similarly affected, if changes in synaptic plasticity correlate with the onset 

of cognitive enhancement, or whether short-term plasticity is regulated by KL 

overexpression. We tested WT and OE slices for short-term and long-term synaptic plasticity 

at Schaffer collateral synapses at 2 and 6 month olds. Neither I/O curves (data not shown) 

nor PPF were different between WT and OE mice at either age (Figure 4A,C). At 2 months 

of age, LTP was also not different between WT and OE mice (Figure 4B). However, by 6 

months of age, CA1 synapses show impaired LTP (Figure 4D). These data indicate that with 

age, reduced long-term synaptic plasticity occurs upon KL overexpression.

Acute application of shed KL does not affect short term plasticity

As the synaptic compartment contains transmembrane KL, we would assume that it 

functions to mediate synaptic plasticity. However, it is possible that shed KL mediates these 

effects or could act acutely to further modify synaptic efficacy. Recombinant shed KL was 

tested for function by transfecting HEK 293T cells with TOPflash or FOPflash reporter 

plasmid and incubating cells with recombinant Wnt3a alone or with recombinant shed KL. 

Wnt signal transduction was reduced by the presence of shed KL confirming that 
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recombinant protein is functional (Figure 5A) (Liu et al., 2007). To determine whether shed 

KL could affect PPF acutely, we added shed recombinant KL to ACSF during recovery and 

recording. Acute shed KL had no effect on the enhanced KO PPF (Figure 5B). Likewise, 

shed KL had no acute effect on WT PPF (Figure 5C). To ensure that the lack of a response 

was not a consequence of higher than physiological levels of KL, additional slices were 

incubated in increasing concentrations of recombinant shed KL (0–2,500 pg/ml). PPF was 

measured at each concentration and did not change compared to baseline for either KO 

(Figure 5D) or WT (data not shown) slices. These data suggest that there are no acute effects 

of shed KL on short-term synaptic plasticity.

Discussion

Our data show that hippocampal neurons express KL and synaptic membranes contain the 

full length protein (Figure 1,2). KL-deficiency enhances pre- and post-synaptic plasticity of 

Schaffer collateral neurons prior to the onset of cognitive impairment but without affecting 

initial release probability or NMDA/AMPA ratios (Figure 3). Enhanced plasticity rapidly 

degrades over the two weeks during which cognitive impairment develops and animals 

undergo terminal decline to death (Figure 3). Acute effects of shed KL neither restore 

baseline KO PPF nor affected WT PPF (Figure 5). When KL is overexpressed neither an 

effect on young animal LTP nor an effect on short-term plasticity at either age was measured 

(Figure 4). However, overexpression induced the inverse effect on long-term plasticity, 

decreasing 6 month old OE LTP (Figure 4). Together these data show that increasing and 

decreasing KL alters synaptic function and implicate a direct role for KL protein in synaptic 

plasticity. KL is downregulated with aging (Duce et al., 2008, Yamazaki et al., 2010), and 

our data suggest that age-related loss of KL would impact synaptic functions important for 

learning and memory.

Our results show that KL-deficiency affects both short-term plasticity (typically mediated by 

pre-synaptic mechanisms) and long-term plasticity (typically mediated by post-synaptic 

mechanisms). Although PPF enhancement is often caused by altering initial release 

probability (Zucker and Regehr, 2002, Sun et al., 2005, Speed and Dobrunz, 2009), data 

from our MK-801 experiment showed no difference (Figure 3D,E). PPF change without a 

concurrent initial release probability change is reported and when reported, the underlying 

mechanism remains pre-synaptic (e.g. (Kokaia et al., 1998, Sippy et al., 2003, Sun and 

Dobrunz, 2006, Speed and Dobrunz, 2009, Schiess et al., 2010, Walters et al., 2014). Our 

data are consistent with the previous study that measured 7 week KO LTP and found no 

change with a similar stimulation pattern, rather only when neurons were lightly stimulated 

by a single theta burst (Park et al., 2013). As KL is suggested to modify GluN2B expression 

(Dubal et al., 2014), we tested whether the KO mice had an enhanced NMDA/AMPA ratio 

that could underlie enhanced LTP, but found no change (Figure 3F). Although further studies 

will be needed to determine the mechanism by which KL-deficiency enhances long-term 

plasticity, nearly all mechanisms of LTP change are post-synaptic.

In the OE, only post-synaptic functional effects were measured, consistent with the previous 

report from dentate gyrus synapses (Dubal et al., 2014). It is likely that pre-synaptic KL 

function is maximal at normal KL levels but that overexpression can impact post-synaptic 
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LTP. The effect of overexpression on LTP is opposite of dentate gyrus change (Dubal et al., 

2014), indicating that the effects of KL on synaptic plasticity are region-specific. It is 

unclear why effects of overexpression are not observed until 4–6 months of age but our data 

suggest that KL overexpression does not affect brain function until adulthood.

Although cognitive function is clearly inversely affected by KL expression level (Nagai et 

al., 2003, Dubal et al., 2014), it is unclear which form of KL mediates effects. Current global 

KL-deficient and overexpressing mouse models manipulate all forms of KL, making it 

difficult to assign specific function to KL protein forms. Our data show KL protein at the 

size of the full length, transmembrane protein fractionates with both pre and post-synaptic 

membrane proteins (Figure 2). These and our KO electrophysiology results demonstrate that 

KL has functional effects on both sides of the synapse suggesting a hippocampal synaptic 

plasticity role for transmembrane KL. Additionally, bath application of shed KL did not 

rescue the enhanced KO PPF nor alter WT PPF, suggesting that the shed form does not have 

acute effects, although these data do not rule out possible long-term synaptic effects of more 

or less shed KL. It is unclear what drives the rapid and dramatic loss of synaptic 

enhancement within the KO brain between weeks 5 to 7. We know that increased oxidative 

stress develops during this time, the amelioration of which blocks development of cognitive 

impairment (Nagai et al., 2003). In addition, KL-deficiency causes decreased hippocampal 

cholinergic signaling, which also could contribute (Park et al., 2013).

As KO mice show rapid onset cognitive impairment (Nagai et al., 2003) and OE mice 

develop improved hippocampal-dependent cognitive function (Dubal et al., 2014), our 

synaptic plasticity results were surprising as we did not observe the common correlation of 

decreased plasticity with decreased cognitive performance and vice versa (Lu et al., 1997, 

Saxe et al., 2006, Lee and Silva, 2009, Wang et al., 2009, Han et al., 2013). Although less 

common, many examples exist of genetic manipulations that result in increased synaptic 

plasticity, particularly increased LTP, with decreased spatial memory (Kaksonen et al., 2002, 

Pineda et al., 2004, Niisato et al., 2005, Rutten et al., 2008, Kim et al., 2009). But none of 

those studies saw a concurrent PPF effect. Increases in both PPF and LTP, with enhanced 

spatial memory are reported in the Chordin knockout (Sun et al., 2007) and MECP2 

overexpressing (Collins et al., 2004) mice.

In rat slice culture, increased PPF and LTP were measured upon bath application of FGF1 

protein (Sasaki et al., 1994). This occurs through activation of PKC, suggesting that the 

increased short and long-term plasticity are caused by signaling changes downstream of 

post-synaptic receptor activation. Similarly, increased PPF and LTP with impaired spatial 

memory, occurred upon genetic manipulation of PSD-95 in a mouse model engineered to 

express only the first two PDZ protein interaction domains of PSD-95 (Migaud et al., 1998). 

Although no mechanism of action was defined, again, signaling downstream of NMDA 

receptor activation was implicated (Migaud et al., 1998). Cell adhesion molecules like pre-

synaptic neurexin, bind to post-synaptic neuroligin. Synaptic neuroligin proteins interact 

with PSD-95 and thus could mediate retrograde feedback from the post-synaptic density 

(Migaud et al., 1998). As transmembrane KL is a predominately extracellular protein, it 

could be a synaptic cell adhesion protein and thus promote retrograde signaling from the 

post-synapse. Furthermore, as KL overexpression correlates with increased NR2B receptors 
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(Dubal et al., 2014), KL expression could mediate NMDA signaling from the post-synaptic 

density. The unusual KO synaptic phenotype of enhanced PPF and LTP with early onset 

cognitive impairment indicate that KL is important for synaptic plasticity. As it is a naturally 

age-downregulated protein (Duce et al., 2008, Yamazaki et al., 2010), further defining its 

mechanism of action at the synapse is important to understanding age-related hippocampal 

dysfunction.
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Abbreviations

AMPA α-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid receptor

fEPSP field excitatory post-synaptic potential

EPSC excitatory post-synaptic current

Hz hertz

I/O input/output

KL klotho

KO Klotho-deficient mouse

LTP long-term potentiation

MAP2 microtubule associated protein 2

min minute

MK-801 ((5S,10R)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-

imine maleate

ml milliliter

ms millisecond

mV millivolt

NMDA N-methyl D-aspartate receptor beta 2 subunit

OE KL overexpressor mouse

sec second

PPF paired-pulse facilitation

SMI312 neurofilament antibody

WT wild-type mouse
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Highlights

• Klotho is detected in synaptosomes isolated from hippocampus

• Enhanced CA1 paired-pulse facilitation and long-term potentiation precede 

cognitive impairment in Klotho-deficient mice.

• Klotho overexpression does not affect pre-synaptic plasticity but decreases 

long-term potentiation at CA1 synapses.
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Figure 1. Hippocampal neurons express KL
A. Representative images of WT KL expression (red) in choroid plexus (yellow arrows) and 

adjacent hippocampal CA1 neurons (white arrow). KO brains show no KL expression. B. 
Hippocampal expression of KL (red) localizes to WT dendrites (Map2; dendrites), white 

arrow indicates the CA1 region. C. Hippocampal expression of KL (red) does not localizes 

to WT axons (SMI312; green). D. Dendritic co-localization within WT CA1 hippocampal 

dendrites (KL (red) and Map2 (green; dendrites)), with increasing magnification. Co-

localization indicated with white arrows. E. Lack of axonal co-localization within WT CA1 

axons KL (red) and SMI312 (green), with increasing magnification. Nuclei are 

Li et al. Page 17

Neuroscience. Author manuscript; available in PMC 2018 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



counterstained with DAPI (blue). D and E are representative single plane, confocal images. 

Scale bars represent 100μm in A, B, and C; D and E 50μm left and middle or 5μm right.
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Figure 2. Synaptic fractions contain KL
A. KL (130kDa) detected by Western blot from whole hippocampal lysates of 2 month old 

WT and OE but not KO brains. WT are strain-specific throughout as detailed in methods. β-

tubulin (51kDa) used as a loading control. Lines represent the nearest molecular weight 

marker. Quantification represents average band intensity normalized to GAPDH and 

expressed as % of the relevant WT control (n=3). B. Western blot detecting KL from 

synaptosome fractions of 2 month old WT but not KO hippocampi. Representative WT 

synaptophysin (38kDa) blot verifies synaptic protein enrichment. Input: pre-fractionation 

lysate, membrane: fraction containing membrane proteins, synaptosome: fraction enriched 

for synaptic proteins. C. Western blot detecting KL from WT but not KO hippocampal pre-

synaptic (pre) and post-synaptic (post) fractions. Presynaptic enrichment validated using 

SNAP25 (25 kDa) and post-synaptic enrichment using GluN1 (110 kDa). D. Western blot 

detecting KL in synaptosome fractions from 2 month old WT and OE hippocampi. Synaptic 

enrichment and fractions as detailed in B. E. Western blot detecting KL from WT and OE 

hippocampal pre-synaptic (pre) and post-synaptic (post) fractions at 2 and 6 months old. 

Synaptic enrichment validated as in C. (n=3–4; averaged data plotted +/− S.E.M.; T-test: 

*p<0.05, **p<0.005).
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Figure 3. KL-deficiency increases paired-pulse ratio and early long-term potentiation
A. 5 week old WT and KO input-output curves plotted as the initial slopes of the evoked 

field EPSP (fEPSP; mVolt (mV)/mSecond (ms)) as a function of the amplitude of the fiber 

volley (mV). No change is measured between genotypes. B. 5 week old WT and KO paired-

pulse ratio at 40–500 ms intervals showing enhanced PPF from KO brain slices. Traces 

represent the 40ms interval. Scale bar 10ms, 1mV. C. Enhanced KO LTP measured as the 

fEPSP over time before and after stimulation from 5 week old mice (5–6 mice/genotype, 2–

4 slices/mouse). Representative traces represent one minute before (dashed line) and after 

(solid line) stimulation. Scale bar represents 5ms, 1mV. Statistical significance calculated 2 

and 60 minutes after LTP induction. D. NMDA EPSC amplitude blocking rate by MK-801 

(40μM) is not different between 5 week old WT and KO mice (5–6 mice/genotype; results 

displayed in 5 point bins). E. Decay constant (tau;τ) of MK801 blockade is not different 

between WT and KO. F. AMPA EPSCs (solid lines) were recorded at −70mV and NMDA 

EPSCs (dashed lines) were recorded at +40mV in the presence of NBQX and are not 

different between 5 week old WT and KO mice (6–7 animals/genotype). Graph is the ratio 

of NMDA to AMPA EPSC. Inset show representative traces. Scale bar is 10ms,100pA. G. 
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Paired-pulse ratio and representative traces from 7 week old WT and KO mice as in B are 

not difference between genotypes. H. No LTP change was induced in 7 week old WT and 

KO mice (6 mice/genotype, 4–8 slices/brain). (Averaged data plotted +/− S.E.M.; T-test: 

*p<0.05, ***p<0.0001).
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Figure 4. Overexpression of KL decreases long-term potentiation at 6 months
A. Paired-pulse ratio from 2 month old WT and OE slices at intervals from 50–300 ms (7–

10 mice/genotype and 5 slices/mouse) show no difference between genotypes. B. LTP 

measured as the fEPSP over time before and after induction stimulation from 2 month old 

WT and OE slices (6 mice/genotype and 5 slices/mouse) also show no difference between 

genotypes. C. Paired-pulse ratio from 6 month old WT and OE slices at intervals from 40–

500ms show no difference between genotypes. Traces represent the 40ms interval. Scale bar 

is 10ms, 0.5mV (5–6 mice/genotype, 2–4 slices/mouse). D. 6month old WT/OE LTP as in B 

show no difference between genotypes (5–6 mice/genotype, 2–4 slices/brain). 

Representative traces represent 1min before (dashed line) and 60min after (solid line) 

stimulation. Scale bar is 10ms, 0.5mV. Statistical significance calculated 60 min after LTP 

induction. (Averaged data plotted as +/− S.E.M.; T-test: *p<0.05).
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Figure 5. Acute KL application does not rescue enhanced synaptic plasticity
A. HEK 293T cells transfected with TOP or FOP-flash luciferase were incubated with no 

protein, recombinant wnt3a, or recombinant wnt3a and shed KL (TOP/FOP, +/− S.E.M.; t-

test: *p<0.05). Addition of KL to media inhibits wnt signal transduction. B,C. Paired-pulse 

ratio from 5 week old B. KO or C. WT slices at intervals from 40–500ms. Slices were 

incubated with recombinant shed KL (5000pg/ml; dashed lines) or BSA (solid lines) in the 

ACSF before and during induction of PPF. Addition of KL to media did not affect WT or 

KO PPF. (n=5–6 mice/genotype, 3–4 slices/mouse; averaged data plotted +/− S.E.M.). D. 
Paired-pulse ratio from 5 week old KO slices at intervals from 60–500ms. After measuring 

PPF in normal ACSF (grey circle), the recombinant shed KL concentration was sequentially 

increased to 500 (grey square), 1,000 (white circle), and 2,500pg/ml (white square). (n=2–3 

mice/genotype, 4 slices/mouse; averaged data plotted +/− S.E.M.).
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