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Abstract    76 

Fibroblast growth factor receptor and α-Klotho transduce fibroblast growth factor 23 (FGF-23) 77 

signaling in renal tubules to maintain systemic phosphate/Vitamin D homeostasis. Mice deficient for 78 

either the ligand, FGF-23, or the co-receptor, Klotho, are phenocopies with both showing rapid and 79 

premature development of multiple aging-like abnormalities.  Such similarity in phenotype, suggests 80 

that FGF-23 and Klotho have co-dependent systemic functions. Recent reports revealed inverse 81 

central nervous system effects of Klotho deficiency or Klotho overexpression on hippocampal 82 

synaptic, neurogenic, and cognitive functions. However, it is unknown whether FGF-23 deficiency 83 

effects function of the hippocampus.  We report that, similar to Klotho-deficient mice, FGF-23-84 

deficient mice develop dose-dependent, hippocampal-dependent cognitive impairment.  However, 85 

FGF-23-deficient brains had no gross structural or developmental defects, no change in hippocampal 86 

synaptic plasticity, and only minor impairment to postnatal hippocampal neurogenesis. Together 87 

these data provide evidence that FGF-23 deficiency impairs hippocampal-dependent cognition but 88 

otherwise results in a brain phenotype that is distinct from the KL-deficient mouse.  89 
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Significance Statement 90 

Although FGF-23 is reportedly expressed by the brain, it has no known brain function.  In the 91 

periphery, kidney transduction of FGF-23 signaling is required for proper phosphate, calcium and 92 

Vitamin D homeostasis.  Recent reports show that Klotho, the obligate FGF-23 co-receptor, is 93 

required for multiple hippocampal activities. If Klotho-deficient brain effects are the result of disrupted 94 

FGF-23 signaling, similar phenotypes may occur under conditions of FGF-23 deficiency.  Herein, 95 

studies were undertaken to determine whether FGF-23-deficient mice show impairment of the same 96 

hippocampal functions, as a first step toward investigating whether FGF-23 is the mechanism by 97 

which Klotho effects brain function. Our data show that FGF-23 is only required for normal 98 

hippocampal-dependent cognition suggesting that FGF-23 may effect the brain uniquely.  99 
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Introduction  100 

The fibroblast growth factor 23 (FGF-23) protein is a member of the FGF-19 family of hormonal 101 

FGFs. FGF-23 was first characterized as the causal mutation in a case of autosomal dominant 102 

hypophosphatemic rickets (ADHR Consortium, 2000). In humans, both increased and decreased 103 

expression of FGF-23 causes disease, underscoring the importance of proper phosphate 104 

homeostasis for healthy life (Benet-Pagès et al., 2005; Smith et al., 2014). In mouse models, FGF-23 105 

overexpression induces phosphate wasting (Bai et al., 2004; Larsson et al., 2004; Shimada et al., 106 

2004b) while FGF-23 deficiency causes toxic serum accumulation of phosphate and calcium 107 

(Shimada et al., 2004a; Sitara et al., 2004; Liu et al., 2006). Although first identified as RNA made in 108 

the brain’s ventrolateral thalamic nucleus, thymus, heart, and small intestine (Yamashita et al., 2000), 109 

FGF-23 protein is most highly expressed by bone osteoblasts (Riminucci et al., 2003; Mirams et al., 110 

2004; Yoshiko et al., 2007). A remarkable phenotypic similarity between FGF-23-deficient (Shimada 111 

et al., 2004a; Sitara et al., 2004; Liu et al., 2006) and Klotho-deficient (Kuro-o et al., 1997) mice led to 112 

the discovery that renal FGF-23 signaling through the fibroblast growth factor receptor (FGFR) 113 

requires the co-receptor function of α-Klotho (referred to as Klotho throughout) (Kurosu et al., 2006). 114 

 115 

Although the ventrolateral thalamic nucleus of the central nervous system (CNS) expresses FGF-23 116 

mRNA (Yamashita et al., 2000) and cerebrospinal fluid carries FGF-23 protein (Kunert et al., 2017), 117 

the functions of FGF-23 in the brain are poorly understood. Hepatic overexpression of FGF-23 118 

causes spatial memory and Schaffer collateral long-term potentiation deficits that can be corrected by 119 

feeding mice a high phosphate diet (Liu et al., 2011). It is unclear whether overexpression of FGF-23 120 

induces cognitive impairment because of its role in learning and memory, or as an indirect 121 

consequence of the peripheral illness caused by high levels of FGF-23. When hippocampal neurons 122 

are cultured with FGF-23 supplemented media, less complex neuronal morphology is measured that 123 
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appears to be FGFR but not Klotho-dependent (Hensel et al., 2016). These in vitro results open the 124 

possibility of direct and possibly Klotho independent effects of FGF-23 on hippocampal neurons.        125 

 126 

Recent work reported effects of both Klotho deficiency and overexpression on hippocampal postnatal 127 

neurogenesis, synaptic plasticity, and cognition (Nagai et al., 2003; Laszczyk et al., 2017; Li et al., 128 

2017). While Klotho deficiency caused premature neurogenic aging, synaptic change, and impaired 129 

spatial memory (Laszczyk et al., 2017; Li et al., 2017). Klotho overexpression delays age-related loss 130 

of neurogenesis and preserves cognitive function (Dubal et al., 2015; Laszczyk et al., 2017). Although 131 

the co-dependent effects of FGF-23 and Klotho are well established for mineral homeostasis, Klotho 132 

evolved prior to the emergence of FGF-23, suggesting that Klotho may have FGF-23 independent 133 

actions.   134 

 135 

To compare and contrast the in vivo effects of FGF-23 and klotho deficiency on the brain, we 136 

measured hippocampal synaptic plasticity, postnatal neurogenesis, and cognitive function of FGF-23-137 

deficient mice. Impairment of hippocampal-dependent cognitive function was not accompanied by 138 

synaptic plasticity change and we measured only minor postnatal hippocampal neurogenic niche 139 

change. Distinct from the phenotype of the Klotho-deficient and Klotho overexpressing mice, these 140 

results suggest that FGF-23 might function independent of KL within the CNS to impair hippocampal-141 

dependent cognitive functions or else might modulate cognition indirectly, secondary to peripheral 142 

illness. 143 

 144 

Materials and Methods   145 

Animals  146 
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Procedures were approved by the University of Alabama at Birmingham IACUC committee in 147 

accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals. 148 

FGF-23-deficient mice (C57BL/6J) lines were obtained from L. Darryl Quarles (University of 149 

Tennessee Health Science Center, Memphis, TN) (Liu et al., 2006). Mice were generated by breeding 150 

heterozygotes. All mice were housed with free access to food and water at 26.6oC and humidity 151 

maintained above 40%. FGF-23-deficient mice die prematurely from the confluence of dysfunction 152 

body-wide caused by hyperphosphatemia (Liu et al., 2006; Kovesdy and Quarles, 2013).  153 

Throughout, male and female mice were used.  The only exception is in electrophysiology 154 

experiments where only male mice were measured. To minimize support FGF-23-deficient mice, 155 

Bacon Softies or Nutra-gel (BioServ, Frenchtown, NJ) was supplied. For lifespan studies, all mice 156 

were weighed weekly and monitored at least every 2 days until their natural death or a moribund 157 

phenotype was observed. Mice would be declared moribund if found to show combination of physical 158 

characteristics including kyphosis, muscle wasting, thinning hair, labored breathing, and decreased 159 

movement.  When animals were identified as terminal, they were deeply anesthetized and then 160 

terminally perfused and fixed. For perfusion, throughout, tissue was collected after transcardial 161 

perfusion with Tyrode’s solution (137 mM NaCl, 2.7 mM KCl, 1mM MgCl2, 1.8mM CaCl2, 0.2mM 162 

Na2HPO4, 12mM NaHCO3, and 5.5 mM glucose) and 4% paraformaldehyde. For slice culture and 163 

biochemical applications where fresh tissue was required, mice were anesthetized using isoflurane, 164 

once breathing stopped, mice were rapidly decapitated.   165 

 166 

qPCR 167 

RNA was extracted from flash frozen brain or thymus using RNA STAT-60 (Tel-Test Inc., 168 

Friendswood, TX) and cDNA was generated using iScript RT Supermix (Biorad, Hercules, CA) per 169 

manufacturer’s protocols. MRNA was measured by primer/probe duplex qPCR with SsoFast Probes 170 

Supermix (Biorad) and Prime time qPCR assays to the mouse 18s ribosomal subunit (Rn18s: Assay 171 
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ID Mm.PT.49.3175696.g, IDT, Coralville, IA) and mouse FGF-23 (assay ID Mm.PT.58.14071003; 172 

IDT) on a StepOne qPCR system (Applied Biosystems, Foster City, CA). Fold change relative to adult 173 

brain was calculated using the ΔΔCt method (Clinton et al., 2013).  174 

 175 

Electrophysiology 176 

Slice preparation - Mice were anesthetized and then sacrificed by decapitation during the 5th week of 177 

life. Coronal vibratome sections (400 μm; VT1000S vibratome; Leica, Bannockburn, IL) were cut 178 

using ice-cold (1–3°C) dissecting solution (120mM NaCl, 3.5mM KCl, 0.7M CaCl2, 4.0mM MgCl2, 179 

1.25mM NaH2PO4, 26mM NaHCO3, and 10mM glucose; bubbled with 95% O2/5% CO2, pH 7.35–180 

7.45). The CA3 region of the hippocampus was removed to prevent recurrent excitation. Using a 181 

holding chamber, slices were held at room temperature in dissecting solution and bubbled with 95% 182 

O2/5% CO2 for >1 hour before recording. During the recordings, slices were held in a submersion 183 

recording chamber perfused with artificial cerebrospinal fluid (ACSF) (120mM NaCl, 3.5mM KCl, 184 

2.5mM CaCl2, 1.3mM MgCl2, 1.25mM NaH2PO4, 26mM NaHCO3 and 10mM glucose). All experiments 185 

were performed at ~30°C and experimenters were blind to genotype.  186 

 187 

Field Potential Recording - Field excitatory postsynaptic potentials (fEPSPs) were recorded from 188 

stratum radiatum of CA1 using glass micropipettes (2-5 MΩ) filled with ACSF in response to 189 

extracellular stimulation of Schaffer Collateral axons by a bipolar tungsten microelectrode (FHC, 190 

Bowdoinham, ME, USA). Stimulation was generated by a Master-8-cp stimulator (A.P.I, Jerusalem, 191 

Israel) and applied with a BSI-2 biphasic stimulus isolator (BAK Electronics, Mount Airy, MD, USA). 192 

The initial slope of the fEPSP was used as a measure of synaptic response.  193 

 194 

Paired-pulse facilitation (PPF) - For measurement of paired-pulse facilitation, stimulation was applied 195 

as pairs of pulses (interval 50,100,150, 200, 250, 300ms) at 0.1 Hz. The paired-pulse ratio was 196 
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calculated as fEPSP slope2/fEPSP slope1. ACSF contained picrotoxin (100 μm; Tocris, Bristol, UK) 197 

to block inhibitory GABAA receptors synaptic responses and 100 μm APV ([+]-2-amino-5-198 

phosphonopentanoic acid; Tocris) to block NMDA receptor-mediated currents and prevent 199 

postsynaptic short-term plasticity, LTP, and long-term depression.  200 

 201 

Long-term potentiation (LTP) - LTP experiments were performed using an interface chamber (Fine 202 

Science Tools, Foster City, CA). Oxygenated ACSF (95%/5% O2/CO2; 120mM NaCl, 2.5mM KCl, 203 

2mM CaCl2, 1mM MgCl2, 1.25mM NaH2PO4, 25mM NaHCO3 and 25mM glucose) warmed to 30° C 204 

(TC-324B temperature controller, Warner Instruments, Hamden, CT) was perfused into the chamber 205 

at 1 ml/minute. Electrophysiological traces were amplified (Model 1800 amplifier, A-M Systems, 206 

Sequim, WA), digitized and stored (Digidata models 1322A with Clampex software, Molecular 207 

Devices, Sunnyvale, CA). Extracellular stimuli were administered (Model 2200 stimulus isolator, A-M 208 

Systems) on the border of area CA3 and CA1 along the Schaffer-collaterals using enameled, bipolar 209 

platinum-tungsten (92%:8%) electrodes. fEPSPs were recorded in stratum radiatum with an ACSF-210 

filled glass recording electrode (1-3 MΩ). The relationship between stimulus intensity and fEPSP 211 

slopes over various stimulus intensities (0.5 V – 15 V, 25 nA – 1.5 μA) was used to assess baseline 212 

synaptic transmission. High-frequency stimulus-induced LTP was induced by administering 3, 100 Hz 213 

tetani (1 sec duration) at an interval of 20 sec. Synaptic efficacy was monitored 20 minutes prior to 214 

and 1-3 h following induction of LTP by recording fEPSPs every 20 sec (traces were averaged for 215 

every 2 minute interval).  216 

 217 

Pentylenetetrazole challenge 218 

Pentylenetetrazole (PTZ;Sigma) was dissolved in PBS and used at 4mg/ml. A dose of 60mg/kg was 219 

administered by a single intraperitoneal injection. Immediately thereafter, each mouse was placed in 220 

an empty cage and observed for 20 minutes with simultaneous video recording. Seizure severity was 221 
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scored by an observer blind to either the mouse line or individual mouse genotype. Scoring is 222 

reported as the time following PTZ injection to reach a given stage (latency): 1: immobility/freezing, 2: 223 

generalized spasm, tremble or twitch, 3: tail extension to 90 degrees, 4: forelimb clonus, 5: 224 

generalized clonic activity, 6: bouncing/running seizure, 7: full tonic extension, 8: death (Roberson et 225 

al., 2007, 2011).  After 20 minutes elapsed, all mice were anesthetized with isoflurane and euthanized 226 

by cervical dislocation  227 

 228 

Histological stains 229 

Fresh dissected tissue was cryoprotected in sucrose, frozen at -80oC, and 10μm cryostat sections 230 

analyzed. Following incubation in 2% Alizarin red solution (pH 4.2, sections were dehydrated with 231 

sequential washes through acetone, acetone:xylene, and xylene before mounting in Permount 232 

mounting media (Fisher Scientific).  233 

 234 

Following perfusion/fixation, as above, serial 30μm, free-floating coronal sections representing 1/6th of 235 

each brain were mounted on gelatinized slides. Following cresyl violet acetate incubation, fixed 236 

sections were dH2O washed and dehydrated with graded ethanol and xylenes. Volume was 237 

estimated in 1/6th of each brain used the Cavalieri estimator and Stereo-Investigator software (-238 

1.22mm to -3.88mm from bregma). When dentate was estimated, total volume, dorsal (-1.22mm to -239 

2.18mm from bregma) and ventral (-2.46 to -3.88mm from bregma) was measured (Laszczyk et al., 240 

2017).  241 

 242 

Immunohistochemistry (IHC) 243 

Brains were processed through perfusion/fixation, as above. Serial 30μm, free-floating coronal 244 

sections representing 1/6th of each brain were permeabilized in Tris-buffered saline containing 245 

TritonX-100 (TBST; 50mM Tris with 0.9% NaCl, and 0.5% TritonX-100), incubated with 0.3% H2O2, 246 
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and blocked with 10% horse serum/TBST. Primary antibodies were incubated in 1% horse 247 

serum/TBST for 48 hours. Primary antibodies: GFAP (glial fibrillary acidic protein, 1:500, anti-rabbit, 248 

Dako Z033429), Sox 2 (sex determining region box 2, 1:100, anti-goat, Santa Cruz sc-17320), Ki67 249 

(1:500, Abcam ab15580), BLBP (1:300, EMD Millipore, ABN14), DCX (doublecortin, 1:50, Santa Cruz 250 

Biotechnology, sc-8066, or 1:200 Abcam ab18723), FGF-23 (1:30, R and D systems, MAB26291; 251 

1:100, Mybiosource MBS2003657), cleaved caspase 3 (1:1000, Cell Signaling 9664), or S100β 252 

(1:400, Dako, Z0311). Primary antibody binding was visualized after incubation in fluorescently 253 

labeled secondary antibody (Life Technologies). Nuclei were labeled with 4’,6-diamidino-2-254 

phenylindole (DAPI, Life Technologies) and mounted in Prolong Gold anti-fade mounting media (Life 255 

Technologies).  256 

 257 

Quantification: All quantification was performed by genotype blind researchers. Stereology with 258 

optical fractionator software (Stereo Investigator Version 9, MicroBrightField Inc., Germany) and a 259 

Zeiss Axio Imager (Zeiss, Oberkochen, Germany) microscope fitted with a motorized stage and video 260 

camera (AxioCam MRc5, Zeiss) (West et al., 1991) was used to estimate sub-granular zone 261 

proliferating cells (Ki67 quantifications) every 6th section from -1.34mm to -2.10mm from bregma 262 

(dissector height:15μm with a 5μm guard zone; fixed counting frame of 80x80μm with a sampling grid 263 

size of 75x75μm resulted in 100–200 sites/brain). For all other quantification, the average total 264 

number of cells in 3 sections of dorsal hippocampus is reported (1/6th of each brain processed, -265 

1.34mm to -2.10mm from bregma counted) (Gilley et al., 2011; Okamoto et al., 2011). Within this 266 

range, maturation stage was defined similar to Plumpe et. al, counting 100 cells/brain (Plümpe et al., 267 

2006; Laszczyk et al., 2017).  268 

 269 

Behavior 270 
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Design: Researchers conducting behavior assays were blind to genotype with mice coded to prevent 271 

identification of possible phenotypic differences. FGF-23-deficient mice may be physically 272 

distinguished and thus researchers were trained to attend to behavior not mouse body size.  273 

Additionally mice were behavior videos were randomized for prior to scoring. Mice were habituated to 274 

the researcher for 3 consecutive days. Groups of mice were processed sequentially through open 275 

field, spatial novelty, and context-dependent fear conditioning tasks.  276 

  277 

Open Field:  On test day mice were placed in the center of the open field apparatus (43x43x30cm 278 

plexiglass box). Photo beam detectors quantified all activity for 5 minutes (ENV-515 software, Med 279 

Associates, St. Albans, VT).  280 

  281 

Object location memory: Testing was conducted consistent with previous protocols (Stefanko et al., 282 

2009; Haettig et al., 2011; Vogel-Ciernia and Wood, 2014; Laszczyk et al., 2017). Objects of the 283 

same height: star shaped plastic bath toys and Lego towers were mounted on metal washers to 284 

prevent tipping. Objects were compared using naïve mice to ensure objects elicited a similar level of 285 

exploratory interest. Experimental mice were habituated to a white plexiglass testing chamber 286 

(39x19x21cm); containing only black tape marking the north facing wall and fresh bedding material for 287 

2 consecutive days. On training day, 2 identical objects were placed on the same side of the box as 288 

the black tape and mice were allowed to freely explore for 10 minutes (Haettig et al., 2011). 24 hours 289 

later, mice were returned to the box for 5 minutes where one object was displaced to the center, back 290 

of the box (see Figure 2D for schematic). Mouse behavior was recorded (TopScan, Clever Sys 2.0, 291 

Reston, VA). Videos of task performance were manually scored. Interaction was judged to occur 292 

if mice were observed to be facing and sniffing within 2 cm of a given object. Mice had to explore 293 

each object for at least 5 seconds during the training phase and 15 seconds during testing to be 294 

included. During training, mice would be excluded if they displayed object/side preference greater 295 
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than 20%. Three mice were excluded from the final analysis for failure to reach these metrics. For 296 

each session, discrimination index was calculated as time spent with the moved object – time spent 297 

with the non-moved object/total time x100 (Vogel-Ciernia and Wood, 2014). 298 

 299 

Context-Dependent Fear Conditioning: Mice were habituated to the testing room for 2 days. On 300 

training day, mice were placed in an operant chamber inside an isolation box (Med Associates) for 5 301 

minutes. During that time, mice freely explored for the first 2 minutes. Subsequently, a series of 3, 1 302 

second, 0.5mA shocks were delivered 1x/minute. Mice remained in the chamber for 2 minutes after 303 

the last shock. 24 hours after training, mice were tested by return to the same chamber for 5 minutes. 304 

All training and testing was recorded by automated video tracking system (Med Associates). Percent 305 

of time spent freezing was manually scored by measuring freezing behavior in 5 second intervals. 306 

 307 

Statistics 308 

All data are reported as mean +/- standard error of the mean (S.E.M). Kaplan-Meier curves were 309 

analyzed by log-rank test. Statistical significance was determined using GraphPad Prism (GraphPad 310 

version 6, La Jolla, CA) software to perform Students T-test or one-way ANOVA results were 311 

determined to be significant if the p-value less than 0.05 between groups.   312 

 313 

Results   314 

Peripheral effects of FGF-23-deficiency.  315 

FGF-23-deficient mice are reported to live ~6-weeks, show growth retardation and evidence of 316 

ectopic calcification (Liu et al., 2006). In our hands, relative to WT littermate controls (WT; C57Bl/6), 317 

FGF-23-deficient mice (KO) show a significantly shorter median lifespan of 63 days (Figure 1A). 318 

Shortened FGF-23-deficient mouse lifespan was accompanied by growth retardation and prominent 319 
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ectopic calcification body-wide as detected by Alizarin red staining (aorta shown, Figure 1B,C). These 320 

results replicate reported FGF-23-deficient mouse peripheral phenotypes (Shimada et al., 2004a; 321 

Sitara et al., 2004; Liu et al., 2006). 322 

 323 

FGF-23 deficiency impairs spatial memory.        324 

FGF-23 mRNA was originally described in the brain’s ventrolateral thalamic nucleus (Yamashita et 325 

al., 2000). Using multiple commercially available antibodies, we were unable to detect WT FGF-23 326 

protein by either immunohistochemistry (IHC) or Western blot of brain tissue. However, quantitative 327 

polymerase chain reaction (qPCR) detected low levels of FGF-23 mRNA in WT brain (Figure 1D). 328 

Since brain FGF-23 mRNA levels are low, we confirmed dose-dependent FGF-23 deficiency 329 

(Yamashita et al., 2000) using a representative FGF-23-expressing peripheral organ, the thymus 330 

(Figure 1D). Although FGF-23 is not highly expressed within the brain, evidence of FGF-23 deficiency 331 

is evident. Prominent ectopic Alizarin red positive, calcium deposition is detected although deposits 332 

are smaller and stochastically distributed, relative to peripheral calcification (Figure 1E, cerebellum 333 

shown). 334 

 335 

Klotho deficiency correlates with the rapid onset of hippocampal-dependent cognitive impairment 336 

(Nagai et al., 2003; Li et al., 2017). If this effect results from failure of FGF-23 signal transduction 337 

through Klotho, FGF-23-deficient mice may be expected show hippocampal-dependent cognitive 338 

impairment. Thus, we evaluated hippocampal-dependent spatial memory function in the same 339 

behavioral tasks where Klotho-deficient cognitive impairment was reported (Laszczyk et al., 2017). 340 

We measured sex-balanced, independent cohorts of mice at three and five weeks of age. Five weeks 341 

was selected to ensure mice completed testing before FGF-23-deficient mice naturally begin to die. 342 

We evaluated FGF-23-deficient, heterozygous (HET), and WT mice to test for FGF-23 dose-343 

dependent effects on cognition. Inclusion of heterozygous mice also allowed us to ensure that a 344 
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cognitive phenotype was not exclusively the result of a decline in motor function caused by peripheral 345 

disease. FGF-23-deficient mice do not show anxiolytic behavior at 3 or 5-weeks of age (Figure 2A). 346 

Although indistinguishable at 3-weeks of age, by 5-weeks FGF-23-deficient mouse open-field velocity 347 

is significantly decreased between groups (Figure 2B). Next we measured hippocampal-dependent 348 

contextual fear conditioning responses. Groups of mice were not different at 3-weeks of age however, 349 

at 5-weeks of age, 24 hours after training, FGF-23-deficient groups spent less time freezing (Figure 350 

1C). Likewise, when we tested the ability to discriminate closely related contexts using a novel object 351 

location memory task (Figure 1D), 3-week old mice are normal but 5-week old FGF-23-deficient mice 352 

to not show the normal preference for the moved object (Figure 1E,F). Thus similar to what is 353 

observed with Klotho deficiency (Laszczyk et al., 2017), FGF-23-deficient mice rapidly develop 354 

hippocampal-dependent cognitive impairment evidenced by impaired fear and spatial memory task 355 

performance. 356 

 357 

FGF-23 deficiency does not affect hippocampal morphology or Schaffer collateral synaptic 358 

plasticity. FGF-23-deficient mouse death is stochastic. To ensure availability of tissue at a common 359 

time point, FGF-23-deficient mice and WT controls were euthanized 6-weeks after birth. When 360 

synaptic plasticity is measured at Schaffer collaterals, Klotho-deficient mice have increased synaptic 361 

plasticity with both increased paired-pulse facilitation and increased long-term potentiation (Li et al., 362 

2017). Using 6-week old FGF-23-deficient slice cultures from male mice, Schaffer collateral synapses 363 

show no baseline (input:output), pre-synaptic (paired-pulse facilitation), or post-synaptic (long-term 364 

potentiation) functional difference (Figure 3A-C). Consistent with normal slice culture results, FGF-23-365 

deficient mice show no change in time to generalized seizure following pentylenetetrazole injection 366 

(Figure 3D). Thus, unlike Klotho-deficient mice (Li et al., 2017), FGF-23 deficiency has no effect on 367 

synaptic plasticity at Schaffer collateral synapses.  368 

 369 
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Neither FGF-23 nor Klotho-deficient mice show disrupted embryonic development. However, adult, 370 

Klotho-deficient mice show decreased fimbria volume without a change in the volume of 371 

hippocampus or its dentate gyrus (Chen et al., 2013; Laszczyk et al., 2017). 6-week old FGF-23-372 

deficient mice have identical total hippocampus, dentate gyrus, and fimbria volumes relative to age-373 

matched WT mice (Figure 3E). Unlike Klotho-deficient brains (Chen et al., 2013; Laszczyk et al., 374 

2017), no change in fimbria volume is detected in FGF-23-deficient brain.  375 

 376 

FGF-23 deficiency affects postnatal neurogenesis. 377 

The hippocampal dentate gyrus sub-granular zone (SGZ) is one of the few brain areas with ongoing 378 

neurogenesis throughout life (Ming and Song, 2011). Klotho-deficient mice show premature collapse 379 

of this neurogenic niche over their shortened lifespan (Laszczyk et al., 2017). Klotho-deficient mice 380 

first show decreased SGZ proliferation which proceeds loss of multiple neurogenic cell populations 381 

(Laszczyk et al., 2017). To determine if FGF-23 deficiency impairs postnatal neurogenesis, we 382 

measured SGZ progenitor proliferation. FGF-23-deficient brains have the same number of actively 383 

proliferating SGZ cells as WT, at both 3 and 6-weeks of age (Ki-67; Figure 4A). In postnatal SGZ, 384 

generally, radial-like glial precursors divide to produce another radial-like precursor and a cell that 385 

then goes on to commit to a neuronal or astrocytic fate (Ming and Song, 2011). Neuronal precursors 386 

mature through a series of stages as differential protein expression drives differentiation (Ming and 387 

Song, 2011). The neurogenic niche of Klotho model mice is affected at every stage of neuronal 388 

differentiation (Laszczyk et al., 2017). However, the total number and number of proliferating FGF-23-389 

deficient SGZ radial-like glial stem-like cells is indistinguishable from WT at either age examined 390 

(brain-lipid binding protein, BLBP; Figure 4B-D). We counted a small but significant increase in 391 

neuronal committed, transient amplifying progenitors (TAPS, Sox2+/BLBP-; Figure 4E). The number 392 

of SGZ-associated astrocytes shows a concomitant significant decrease that could indicate more 393 

cells are committing to a neuronal fate (S100β; Figure 4F). However, more mature immature neurons 394 
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do not corroborate this possibility as the number of FGF-23-deficient immature neurons, while 395 

unchanged at 3-weeks, (doublecortin, DCX) is decreased at 6-weeks (Figure 4G,H). We classified the 396 

FGF-23-deficient immature neurons by their differentiation stage and found no maturation difference 397 

relative to WT (Figure 4I). Similarly, we found no FGF-23-deficient immature neuron proliferation 398 

difference (Figure 4J). These results are consistent with FGF-23 deficiency causing an overall 399 

reduction in neuronal differentiation without affecting proliferation at any stage. To determine if 400 

increased cell death was occurring, we measured active-caspase 3 expression but it was very low 401 

and not different between groups by hippocampal Western blot or SGZ IHC (data not shown). Thus 402 

unlike neurogenic niche collapse under conditions of Klotho deficiency, FGF-23-deficient neurogenic 403 

niches show only minor changes to neurogenesis.  404 

 405 

Discussion   406 

FGF-23 deficiency causes hippocampal-dependent cognitive impairment as measured by impaired 407 

fear and object location memory (Figure 2).  These are without an effect on hippocampal synaptic 408 

plasticity or network excitability (Figure 3). Meanwhile, the FGF-23-deficient SGZ shows fewer 409 

immature neurons than WT controls (Figure 4) but the decreased number of immature neurons by 6-410 

weeks of age is not the result of reduced proliferation, reduced stem cell number, or impaired 411 

immature neuron maturation (Figure 4). Thus, decreased immature neuron number likely represents 412 

increased cell death of newly committed neurons (Ryu et al., 2016). The dramatic loss of spatial 413 

memory measured by both context-dependent fear conditioning and spatial novelty tasks (Figure 2) 414 

indicates cognitive impairment that is not easily explained by the modest changes we measured in 415 

the hippocampus. The FGF-23-deficient brains show ectopic calcification (Figure 1E). Thus, it is 416 

possible that hippocampal-dependent cognitive impairment could be the result of an increasingly toxic 417 

brain micro-environment caused by FGF-23 deficiency and a resulting lack of normal ion 418 

homeostasis.  419 
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 420 

Although there are reports of CSF circulating FGF-23 (Kunert et al., 2017), we did not detect brain 421 

parenchymal FGF-23 protein which may suggest that FGF-23 indirectly affects brain function. As 422 

observed with mouse cognitive effects (Liu et al., 2011) (Figure 2), both too much or too little FGF-23 423 

can occur with human illness (ADHR Consortium, 2000; Faul et al., 2011; Singh et al., 2016). Chronic 424 

kidney disease patients show increasing serum FGF-23 concentrations as disease worsens (Fliser et 425 

al., 2007). These patients can develop cognitive impairment secondary to their systemic kidney 426 

disease (Slickers et al., 2007; Sarnak et al., 2013; Hartmann et al., 2015; Hannan et al., 2018) 427 

establishing that peripheral renal illness can indirectly impair brain function.  Mouse models show that 428 

dietary correction of phosphate levels can be sufficient to correct most peripheral symptoms of either 429 

FGF-23 signaling deficiency in Klotho-deficient mice (Morishita et al., 2001) or in mice overexpressing 430 

FGF-23 (Liu et al., 2011). If an indirect effects of FGF-23 deficiency drives mouse hippocampal-431 

dependent cognitive impairment, correction of phosphate homeostasis may either correct or prevent 432 

development of cognitive effects and do so across species impaired by altered FGF-23 levels.   433 

 434 

The phenotypic similarity of Klotho and FGF-23-deficient mice (Kuro-o et al., 1997; Shimada et al., 435 

2004b; Sitara et al., 2004) lead to the discovery that FGF-23 signaling is mediated through 436 

Klotho/FGFR receptor complexes (Kurosu et al., 2006). While it is clear when FGF-23 function is 437 

dependent on Klotho, it remains controversial whether FGF-23 or Klotho also function independently 438 

of each other (Fukumoto, 2014). Our studies suggest that Klotho deficiency and FGF-23 deficiency 439 

cause different effects on hippocampal synaptic plasticity and postnatal neurogenesis although 440 

deficiency of either protein is sufficient to induce cognitive impairment (Figure 2 and (Laszczyk et al., 441 

2017)). Unlike Klotho deficiency (Laszczyk et al., 2017),  FGF-23-deficient mice show no change in 442 

synaptic plasticity and very minor effects on adult neurogenesis. This comparison suggests that FGF-443 

23 and Klotho might function independently of one another in the brain as is observed in the heart 444 
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(Faul et al., 2011). However, in both model systems, conclusive proof that FGF-23 and Klotho 445 

function independent of one another are confounded by peripheral illness that could be, either in 446 

whole or in part, impacting brain function. Use of cell-type restricted model systems are required for 447 

clear molecular dissection of brain-specific FGF-23 and Klotho protein function.  448 

 449 
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Legends 587 

 588 

Figure 1. FGF-23-deficient mouse model. A. Kaplan-Meier survival curve of WT and FGF-23-589 

deficient (KO) mouse lifespan showing shortened FGF-23-deficient (KO) mouse lifespan (males and 590 

females used; n=10-13/genotype; median survival 63 days, log-rank test ***p<0.0001).  B. During the 591 

lifespan study, WT and KO mice were weighed weekly from weaning to death or 9 weeks, as 592 

relevant. KO mice fail to gain weight after ~5-weeks of age. C. Representative Alizarin red histology 593 

of aorta from WT and KO mice. Scale bar represents 100μm.  D. FGF-23 mRNA detected in WT and 594 

FGF-23-deficient (heterozygous tissue: HET) adult brain and thymus by ΔΔ Ct qPCR (n=5; mean +/- 595 

S.E.M.; ANOVA, ***p<0.0001). E. Alizarin red staining of WT and KO brain (cerebellum shown; KO 596 

lesions indicated by arrows).  Graph shows the average number of calcium lesions (5 597 

brains/genotype, average number of lesions counted in 3 bregma matched sections; T-test, 598 

**p<0.005).   599 

 600 

Figure 2. FGF-23 deficiency impairs spatial discrimination. Separate cohorts of WT, HET and KO 601 

mice were measured at 3 and 5-weeks of age. A,B. Open field performance % of time spent along 602 

the walls or in the middle of the field and velocity (meters/second). C. Context-dependent fear 603 

conditioning quantified as % of time spent freezing on training day before shock, training day after 604 

foot shock, and testing day, 24 hours later when returned to the same context. D. Spatial novelty 605 

schematic.  Identical objects were explored at a set position (positions a and b) and the following day 606 

one of the objects was moved to a new position (position c). E,F. Spatial novelty scored as the 607 

discrimination index (((time with moved – time with non-moved/total time)*100); 3 and 5-weeks) or % 608 

of object interaction time spent with each object, each day (5-weeks shown).  (males and females 609 

used; n=9-11/genotype; mean +/- S.E.M.; ANOVA *p<0.01, **p<0.005, ****p<0.0001) 610 
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 611 

Figure 3. FGF-23 deficiency does not affect gross morphology or synaptic plasticity. WT and 612 

KO mice measured at 6-weeks of age. A. Input-output curves plotted as the initial slopes of the 613 

evoked field EPSP (fEPSP; milliVolt (mV)/millisecond (ms)) as a function stimulus intensity (mV). No 614 

change is measured between genotypes. B. Paired-pulse ratio at 50-300 ms intervals showing no 615 

differences. C. Theta burst induced LTP measured as the fEPSP over time before and after 616 

stimulation is not different between genotypes (male mice only for electrophysiology: n=5-6 617 

mice/genotype, 2-4 slices/mouse, mean +/- S.E.M; T-test). D. Mice injected with 60mg/kg of PTZ 618 

were timed for latency to generalized seizure activity. E. Quantification of total hippocampus (HCX), 619 

dentate gyrus, and fimbria volumes (-1.22mm to -3.88mm from bregma). Representative WT and KO 620 

Nissl stain. Scale bar is 200 μm (males and females used; n=8-10 mice/genotype, mean +/- S.E.M.; 621 

T-test). 622 

 623 

Figure 4. FGF-23 deficiency reduces the number of immature neurons. A. Quantification of all 624 

proliferating SGZ cells (Ki67; stereological count) at 3 and 6-weeks of age. WT and KO hippocampal 625 

neurogenic cell populations as average total cell number across 3 bregma levels/animal (-1.34mm to 626 

-2.10mm) of dorsal hippocampal SGZ. B. 3 and 6-week radial-like glial stem cells (brain lipid binding 627 

protein, BLBP), C. Representative 6-week BLBP IHC. D. Percent of proliferating radial-like glial stem 628 

cells (BLBP/Ki67- and BLBP/Ki67+) at 6-weeks. E. Number of transient amplifying progenitors (TAP) 629 

in 6-week old brain (Sox2+/GFAP-). F. Number of astrocytes (S100β+) in 6-week old SGZ. G. 630 

Number of immature neurons (doublecortin, DCX) in 3 and 6-week old brain. H. Representative 6-631 

week DCX IHC. I. Morphology schematic used to quantify maturation stage of immature neurons at 632 

the top of each stage bar graph. Quantification of % of 100 DCX+ immature neurons at each 633 

maturation stage. J. Percent of proliferating immature neurons (DCX/Ki67- and DCX/Ki67+) at 6-634 
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weeks. (scale bars represent 100 or 200 μm; males and females (Lagace et al., 2007) used; n=6-635 

9/genotype, mean +/- S.E.M.; T-test: *p<0.02, **p<0.002)  636 

 637 

Table 1.  Statistical Summary.  Statistical method and p value for all comparisons is detailed by 638 

figure, data structure and statistical test applied.  CI indicates confidence interval. When a p-value 639 

was statistically significant (p<0.05), the exact p-value is reported. Non-significant data is noted as 640 

n.s. * denotes that when multiple t-tests occurred on a single graph, the relevant condition or age was 641 

compared between WT and KO mice tested.  ** denotes that the KO was compared to the WT at 0, 642 

60, and 90 minutes. 643 
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Table. Statistical Summary 
 
 

Figure       
Data Structure
                
Statistical Test            
p value 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

1A Dataset with two groups Log-rank 0.0001      
CI: 95% 

1C Dataset with two groups t-test 0.005           
CI: 95% 

1D left Dataset with two groups t-test n.s.             
 CI: 95% 

1D right Dataset with more than two groups One-way ANOVA 0.0001      
CI: 95% 

2A Dataset with more than two groups One-way ANOVA n.s.              
CI: 95% 

2B Dataset with more than two groups One-way ANOVA n.s./0.01      
CI: 95% 

2C Dataset with more than two groups One-way ANOVA n.s./0.005     
CI: 95% 

2D Dataset with more than two groups One-way ANOVA n.s./0.0001   
CI: 95% 

3A Dataset with two groups t-test* n.s.              
CI: 95% 

3B Dataset with two groups t-test* n.s.              
CI: 95% 

3C Dataset with two groups t-test** n.s.              
CI: 95% 

3D Dataset with two groups Log-rank n.s.              
CI: 95% 

3E Dataset with two groups t-test* n.s.              
CI: 95% 

4A Dataset with two groups t-test* n.s.              
CI: 95% 

4B Dataset with two groups t-test* n.s.              
CI: 95% 

4D Dataset with two groups t-test* n.s.              
CI: 95% 

4E Dataset with two groups t-test 0.02             
CI: 95% 

4F Dataset with two groups t-test 0.03           
CI: 95% 

4G Dataset with two groups t-test* 0.002           
CI: 95% 

4I Dataset with two groups t-test* n.s.              
CI: 95% 

4J Dataset with two groups t-test* n.s.              
CI: 95% 
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* KO compared to age or condition matched WT control 
** KO compared to WT at 0, 60 or 90 minutes 
CI = Confidence Interval 


