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Abstract

Tauopathies, including Alzheimer’s disease, are characterized by progressive accumulation of 

hyperphosphorylated and pathologic tau protein in association with onset of cognitive and 

behavioral impairment. Tau pathology is also associated with increased susceptibility to seizures 

and epilepsy, with tau−/− mice showing seizure resistance in some epilepsy models. To better 

understand how tau pathology is related to neuronal excitability, we performed whole-cell patch 

clamp electrophysiology in dentate gyrus granule cells of tau−/− and human-tau expressing, htau 

mice. The htau mouse is unique from other transgenic tau models in that the endogenous murine 

tau gene has been and replaced with readily phosphorylated human tau. We assessed several 

measures of neuronal excitability, including evoked action potential frequency and excitatory 

synaptic responses in dentate granule cells from tau−/−, htau, and non-transgenic control mice at 

1.5, 4, and 9 months of age. Compared to age matched controls, dentate granule cells from both 

tau−/− and htau mice had a lower peak frequency of evoked action potentials and greater paired 

pulse facilitation, suggesting reduced neuronal excitability. Our results suggest that neuronal 

excitability is more strongly influenced by the absence of functional tau than by the presence of 

pathologic tau. These results also suggest that tau’s effect on neuronal excitability is more 

complex than previously understood.
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Introduction

Microtubule dynamics are critical for central nervous system (CNS) function. Disruptions in 

microtubule homeostasis are associated with a variety of CNS dysfunctions including 

Alzheimer’s disease and other tauopathies, epilepsy, Parkinson’s disease, congenital brain 

malformations, psychiatric disorders, and autism spectrum disorder (Chang et al., 2018; 

Gardiner and Marc, 2010; Goncalves et al., 2018; Marchisella et al., 2016; Pellegrini et al., 

2017; Saha and Sen, 2019). The microtubule-associated protein tau (MAPT, tau) plays an 

important role in the assembly and stabilization of microtubules. To allow normal 

microtubule dynamics, phosphorylated tau has reduced affinity for microtubules, promoting 

their dismantling (Lindwall and Cole, 1984). The equilibrium of tau phosphorylation, which 

is tightly regulated under physiological conditions (Martin et al., 2013a; Martin et al., 

2013b), becomes disrupted in Alzheimer’s disease and other tauopathies, to allow 

accumulation and aggregation of hyperphosphorylated tau (pTau) (Castellani and Perry, 

2019). Tau solubility decreases as hyperphosphorylation increases, eventually forming 

insoluble neurofibrillary tangles, which are a hallmark of Alzheimer’s disease and other 

tauopathies (Castellani and Perry, 2019).

Hyperphosphorylated tau promotes increased neuronal excitability. In mouse models 

expressing mutant human tau protein, principal neurons in the frontal cortex and 

hippocampus exhibit depolarized neuronal resting membrane potentials (Crimins et al., 

2012; Crimins et al., 2011; Rocher et al., 2010), increased evoked action potential firing and 

spontaneous excitatory postsynaptic currents (sEPSCs) (Crimins et al., 2012; Crimins et al., 

2011; Rocher et al., 2010), increased glutamate release and decreased glutamate reuptake 

(Decker et al., 2016; Hunsberger et al., 2015), and abnormal neuron morphology and 

synaptic organization (Crimins et al., 2012; Crimins et al., 2011; Rocher et al., 2010; 

Yoshiyama et al., 2007). Consistent with this increased neuronal excitability, mice 

expressing mutant human tau protein exhibit increased vulnerability to induced epilepsy 

(Garcia-Cabrero et al., 2013; Liu et al., 2017), a finding consistent with studies 

demonstrating increased seizure prevalence in patients with Alzheimer’s disease (Pandis and 

Scarmeas, 2012; Vossel et al., 2013; Vossel et al., 2016).

In addition to establishing a correlation between tau hyperphosphorylation and neuronal 

hyperactivity in animals, previous work has investigated the effect of removing or reducing 

tau expression on seizures. Disruption of Mapt expression reduces seizure burden and 

improves survival in some genetic models of epilepsy (Gheyara et al., 2014; Holth et al., 

2013), confers resistance to chemically induced seizures (DeVos et al., 2013; Li et al., 2014), 

and prevents glutamate excitotoxicity in cultured neurons (Miyamoto et al., 2017). 

Furthermore, reduction of tau phosphorylation by administration of the protein phosphatase 

2A (PP2A) activator, sodium selenate, reduced seizure burden and promoted survival in 
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multiple seizure models (Jones et al., 2012; Liu et al., 2016). Taken together, these studies 

suggest involvement of tau hyperphosphorylation in epilepsy due to its effects on neuronal 

excitability.

While previous studies have outlined an important role for tau in promoting neuronal 

hyperexcitability, the full impact of tau’s effect on neuronal function remains unknown. Age 

related functional changes in tau knockout mice may impact neuronal activity and animal 

survival at later ages. Furthermore, the effect of pTau on excitability has been studied in 

mouse models that express mutant human tau, without suppressing endogenous mouse tau. 

The presence of two different tau species could thus confound results, since the murine tau 

may remain functional despite the presence of pathologic human tau. It is unclear whether 

the presence of wild-type murine tau in most tauopathy models modulates the pathological 

functions conferred by hyperphosphorylation. This study will address these gaps in current 

knowledge by measuring neuronal excitability in tau−/− mice and in the htau mouse model, 

which expresses six isoforms of non-mutant human tau with a concurrent deletion of 

endogenous murine tau (Andorfer et al., 2003). The htau model recapitulates features of tau 

pathology and cognitive deficits present in Alzheimer’s disease, which include appearance 

of hyperphosphorylated tau species as early as 1.5mo of age, deposition of late-stage tangle 

pathology at 9mo, and presentation of substantial cognitive deficits by 12mo. Given these 

considerations and previous data demonstrating profound hippocampal deficits in tauopathy 

models (Abisambra et al., 2010; Abisambra et al., 2013; Fontaine et al., 2017), we tested the 

hypotheses that pTau promotes hyperexcitability of dentate gyrus granule cells (DGCs) in 

the absence of functional endogenous tau, and that complete tau ablation reduces neuronal 

excitability throughout the life of the animal. We chose to study DGCs because they 

contribute to epileptogenesis and tauopathy-associated cognitive decline (Alcantara-

Gonzalez et al., 2021; Boychuk et al., 2016; Hunt et al., 2010; Lee et al., 2012; Martin-

Belmonte et al., 2020), and epilepsy-related changes in the dentate gyrus were ameliorated 

by tau deletion (Gheyara et al 2014). Despite their importance in cognition and disease 

processes, the electrophysiological effects of modifying tau expression have not been studied 

extensively in DGCs.

Materials and Methods

Animals

Transgenic B6.Cg-Mapttm1(EGFP)KltTg(MAPT)8cPdav/J mice (male and female) were 

produced in house from breeders obtained from The Jackson Laboratory (Jax# 005491; Bar 

Harbor, ME). This mouse line was generated previously by introducing a transgene encoding 

six isoforms of human tau without disease-associated mutations onto homozygous tau−/− 

mice (Andorfer et al., 2003). These mice lack any obvious disease phenotype at birth, but 

develop impairments in Morris Water Maze, spatial learning, and food burrowing with age 

(Geiszler et al., 2016; Phillips et al., 2011; Polydoro et al., 2009). This mouse strain was 

originally generated on a hybrid Swiss Webster/B6D2F1 hybrid background but has been 

backcrossed to C57BL/6J for more than 10 generations. SNP analysis performed by The 

Jackson Laboratory were consistent with a pure C57BL/6J background, which served as the 

control strain. All breeding mice were homozygous for a disruption of the murine tau gene. 
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One mouse in each breeding pair was hemizygous for a transgene expressing all six isoforms 

of non-mutant human tau protein. The offspring are therefore either full tau knockout (tau
−/−) or express only human tau (htau).

DNA was extracted from tail snips and genotype was confirmed via PCR according to the 

protocols supplied by Jackson labs. Disruption of the endogenous murine tau gene was 

confirmed using the primer pair 5’-CGTTGTGGCTGTTGTAGTTG-3’ and 5’-

TCGTGACCACCCTGACCTAC-3’, which amplifies a fragment at 270 bp in both tau−/− and 

htau mice. Presence of the human-tau transgene was confirmed using the primer pair 5’-

CGAAGTGATGGAAGATCACG-3’ and 5’-GTCTTGGTGCATGGTGTAGC-3’, which 

amplifies a fragment at 79 bp in htau mice. Protein expression was confirmed via western 

blot of hippocampal homogenate using the H150 antibody (Fig. 1; 1:2000; Santa Cruz 

Biotechnology). Age matched male C57BL/6J control mice were obtained from Jackson 

labs (Jax#000664) and allowed to acclimate after delivery for at least one week prior to any 

experiments. All mice were housed under a 14 hour light / 10 hour dark cycle in an 

Association for Assessment and Accreditation of Laboratory Animal Care Internal 

(AALAC) facility. Food and water were available ad libitum. The University of Kentucky 

Institutional Animal Care and Use Committee approved all procedures.

Hippocampal slice preparation

Mice were deeply anesthetized via inhalation of isoflurane to effect (lack of tail pinch 

response) and decapitated while anesthetized. The brain was rapidly removed from the skull 

and immersed in ice-cold oxygenated (95% O2/5% CO2) cutting/holding artificial 

cerebrospinal fluid (aCSF). The cutting/holding aCSF contained (in mM): 85 NaCl, 75 

sucrose, 2.5 KCl, 25 glucose, 1.25 NaH2PO4·H2O, 4 MgCl2·6H2O, 0.5 CaCl2·2H2O, and 24 

NaHCO3 (pH 7.2–7.4). Coronal sections (300 µm) were cut on a vibrating microtome 

(Vibratome Series 1000; Technical Products International, St. Louis, MO). Each slice was 

divided with a midsagittal cut and hippocampi were isolated and transferred to a holding 

chamber with warmed (30–32° C), oxygenated cutting/holding aCSF and incubated for at 

least 1 hour before recordings. In a subset of animals, 5–8 hippocampal slices were set aside 

for protein analysis. Extrahippocampal tissue was removed from these slices. Approximately 

30mg of hippocampal tissue was collected and flash frozen in liquid nitrogen. One slice at a 

time was transferred to a chamber mounted under an upright microscope (BX51WI; 

Olympus) and was superperfused with warmed (30–32° C) oxygenated recording aCSF. The 

recording aCSF contained (in mM): 124 NaCl, 3 KCl, 2 CaCl2, 1.3 MgCl, 1.4 NaHCO3, and 

11 glucose (pH 7.2–7.4). Each slice was equilibrated in the microscope chamber for >10 

minutes before recording.

Electrophysiological recordings

Whole-cell patch-clamp recording were obtained from hippocampal DGCs, identified by 

location and morphological characteristics. Recording pipettes were pulled from borosilicate 

glass (open tip resistance 3–5 MΩ; King Precision Glass Co.). The pipette recording solution 

contained (in mM): 126 K+-gluconate, 4 KCl, 10 HEPES, 4 MgATP, 0.3 NaGTP, and 10 PO-

creatine (pH 7.2). Electrophysiological recordings were performed using a Multiclamp 700B 

amplifier (Molecular Devices), low pass filtered at 2 kHz, digitized at 20 kHz (Digidata 
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1440A; Molecular Devices), and recorded onto a computer using pClamp 10.2 software 

(Molecular Devices). Seal resistance was typically 2–5 GΩ. Series resistance was <25 MΩ 
(mean: 11.4 MΩ ) and was monitored periodically during the recordings. Recordings were 

discontinued if series resistance changed by more than 20% during the recording.

Spontaneous excitatory post-synaptic currents (sEPSCs) were recorded in voltage-clamp 

mode at a holding potential of −70 mV. Resting membrane potential and input resistance 

were measured in current clamp mode. Current steps (−100 pA to 400 pA in 50 pA steps) 

were injected to record membrane voltage response. The input resistance was calculated 

from the slope of the linear portion of the resulting current-voltage curve. The resting 

membrane potential was averaged from the portions of recorded traces between current 

steps. A platinum-iridium concentric-bipolar electrode (125 µM diameter; FHC) was 

positioned on the lateral perforant pathway of each slice. A series of 30 pairs of current 

pulses (10–60 µA; 400 µs; interpulse interval 75 ms; 5 seconds between pulse pairs) were 

administered to evoke EPSCs. The stimulus intensity was adjusted so that responses 

occurred after >80% of pulses. Stimulus sweeps that failed to elicit a response with both 

stimuli were excluded from analysis.

Tissue Homogenization and Western Blot

The hippocampal tissue from each mouse was homogenized as described previously (Koren 

et al., 2019). Tissue samples were mechanically homogenized in RIPA lysis buffer (VWR) 

with phosphatase inhibitor cocktails 2 and 3 (Sigma), cOmplete protease inhibitor (Sigma), 

and PMSF (1 mM final concentration, Roche Diagnostics). Homogenates were centrifuged 

at 4°C at 13,000 rpm for 30 minutes. The fresh supernatant from each sample was divided 

into aliquots and stored at −80°C. Protein concentration was quantified using the Pierce 

BCA kit (ThermoFisher, 23225).

Sample protein concentrations were normalized with lysis buffer and denatured by boiling 

for 5 minutes in 4x Laemmli buffer (BioRad) plus 10% β-mercaptoethanol (Sigma). The 

samples were separated on a 10% tris-glycine gel (BioRad) and transferred to a 

polyvinylidene fluoride (PVDF) membrane (Millipore). Membranes were blocked in 6% 

non-fat dry milk (w/v) in 0.01M tris-buffered saline (TBS). All antibodies were diluted in 

6% non-fat milk in TBS. Primary antibodies used are as follows: AT8 (pS202/pT205 tau; 

1:2000; ThermoFisher), H-150 (human tau; 1:2000; Santa Cruz), GAPDH (1:5000; Cell 

Signaling Technology). Goat anti-mouse and goat anti-rabbit secondary antibodies 

conjugated to horseradish peroxidase (Southern Biotech) used were diluted in 6% non-fat 

dry milk in TBS (w/v). Images were collected on an Amersham Imager 600 (General 

Electric).

Data Analysis

All electrophysiological measures (evoked action potential frequency, resting membrane 

potential, input resistance, spontaneous EPSC frequency, and paired pulse responses) were 

analyzed with MiniAnalysis (Synaptosoft, Fort Lee, NJ). Statistical measures were 

performed with Prism (GraphPad, San Diego, CA). Data were tested for normality using the 

Shapiro-Wilk test. Data that were not normally distributed were log-transformed prior to 
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further analysis. Data were normally distributed except where noted. A two-way ANOVA 

(Tukey posthoc test for multiple comparisons) with age and genotype as factors was used to 

compare mean values for each electrophysiological value. All data for each 

electrophysiological measurement were analyzed together. Some control data are presented 

in multiple figures for presentation clarity. Data were disaggregated by sex and no sex-

dependent differences were detected for any measure, so sexes were combined for all 

analyses. Total cell counts for each electrophysiological measurement are summarized in 

Table 1. Data are presented as mean ± SEM and statistical significance was set to p<0.05 for 

all tests.

Results

Resting membrane potential and input resistance in tau−/− and htau mice

Overexpression of hyperphosphorylated tau is associated with a depolarized resting 

membrane potential in neocortical pyramidal neurons of Tg4510 mutant mice (Crimins et 

al., 2012; Crimins et al., 2011; Rocher et al., 2010), but the electrophysiological effects of 

modifying tau expression in DGCs have not been studied in detail. Additionally, the 

insertion of pathologic human tau in other models (e.g., Tg4510) may compete with 

endogenous mouse tau to regulate microtubule assembly and function (Alonso Adel et al., 

2006). To better understand the contribution of tau to intrinsic properties, resting membrane 

potential and input resistance were measured in DGCs from non-transgenic control, tau−/−, 

and htau mice at 1.5, 4, and 9 months of age, which represent time points in which early 

pTau species are detected, mid-stage pathological processes occur, and insoluble tangle 

pathology is evident, respectively (Andorfer et al., 2003).

Differences in resting membrane potential and input resistance were analyzed between 

control, tau−/−, and htau mice at each age by a two-way ANOVA, with age and genotype as 

factors. The two-way ANOVA found a significant effect of age, but not genotype, on resting 

membrane potential (F[2, 224]=11.83; p<0.05) and input resistance (F[2, 224]=14.11; 

p<0.05). In DGCs from tau−/− mice, the resting membrane potential was depolarized 

compared to those from age-matched control mice at 1.5 months of age (p<0.05; Table 2). 

No difference in resting membrane potential was detected at 4 months or 9 months of age 

(p>0.05; Table 2). No difference in resting membrane potential was detected between htau 

and control mice at any age (p>0.05). Input resistance was also not different between DGCs 

from control mice and either tau−/− or htau mice at any age (p>0.05; Table 2). With the 

exception of resting membrane potential differences in young tau −/− mice, differences in 

passive membrane properties were not detected across genotypes at any age.

The effect of age on resting membrane potential and input resistance was determined within 

each genotype. Resting membrane potential was hyperpolarized in DGCs from 9 month old 

tau−/− mice, relative to 1.5 and 4 month old tau−/− mice (p<0.05). Resting membrane 

potential was also hyperpolarized in DGCs from 9 month old control mice compared to 4 

month old control mice (p<0.05). Resting membrane potential did not change with age in 

DGCs from htau mice (p>0.05), and no age-related difference in input resistance was 

detected in control mice (p>0.05). Input resistance in DGCs from 9 month old tau−/− mice, 

however, was lower compared to those from 1.5 or 4 month old tau−/− mice (p<0.05). 
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Similarly, input resistance was lower in DGCs from 9 month old htau mice compared to 1.5 

or 4 month old htau mice (p<0.05). Thus, input resistance was lower at the oldest ages 

examined for DGCs in both tau−/− and htau mice. Input resistance was not different between 

DGCs from tau−/− and htau mice at any age (p>0.05).

Lower action potential firing frequency in young tau−/− and htau mice

At 4 and 8–9 months of age, neocortical pyramidal cells from the Tg4510 tau mouse model 

exhibit a higher frequency of evoked action potentials in response to depolarizing current 

injection, relative to control mice (Crimins et al., 2012; Crimins et al., 2011; Rocher et al., 

2010), but lower action potential threshold and reduced action potential frequency was 

reported in CA1 pyramidal cells from the same mouse strain (Hatch et al., 2017), and age-

related effects of tau expression on intrinsic excitability of DGCs has not been assessed. To 

better understand the role of tau in determining evoked action potential frequency, 

depolarizing and hyperpolarizing currents were injected into DGCs from non-transgenic 

control, tau−/−, and htau mice at 1.5, 4, and 9 months of age. The average evoked action 

potential frequency at the current step resulting in maximum action potential frequency (i.e., 

250 pA) was analyzed using a two-way ANOVA, with age and genotype as factors. The two-

way ANOVA found a significant effect of interaction between age and genotype on peak 

action potential frequency (F[4, 221]=2.594; p<0.05).

Dentate granule cells from 1.5 month old tau−/− and htau mice had a lower peak action 

potential frequency relative to cells from age-matched control mice (p<0.05; Fig. 1B). Peak 

action potential frequency in these neurons did not differ between tau−/−, htau, and control 

mice at 4 or 9 months (p>0.05). Thus, versus age-matched controls, lower action potential 

frequency was observed in DGCs at 1.5 months of age in both tau−/− and htau mice, but not 

at older ages. No differences in action potential frequency were detected between DGCs 

from tau−/− and htau mice at any age (p>0.05).

Membrane voltage response to injected current was analyzed at different time points to 

assess the effect of aging within each genotype. In DGCs from control mice, cells from 4 

month old mice had a lower peak frequency of evoked action potentials compared to 1.5 

month old mice (p<0.05; Fig. 1B). DGCs from 9 month old tau−/− mice had a higher peak 

frequency of evoked action potentials compared to 1.5 or 4 month old mice (p<0.05; Fig. 

1B). DGCs from 9 month old htau mice had a higher peak frequency of evoked action 

potentials compared to 1.5 month old mice (p<0.05; Fig. 1B).Thus, higher peak action 

potential frequency emerged at 9 months of age in both htau and tau −/− mice, but this was 

not evident in control mice. Together, these results suggest intrinsic properties in both tau−/− 

and htau mice develop age-related changes that are not observed in control mice. DGCs 

from both transgenic strains exhibit reduced cellular excitability compared to control early in 

life, but these differences are abrogated with age. Furthermore, the intrinsic properties of 

DGCs from tau−/− and htau mice change with age in a similar fashion.

Spontaneous EPSC frequency was not impacted by tau

Excitatory synaptic input to DGCs is thought to contribute to network excitability and 

seizure generation in several models of acquired epilepsy (Butler et al., 2015; Hunt et al., 
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2010; Winokur et al., 2004), and changes in sEPSC frequency related to changes in tau 

expression could contribute to the changes in seizure susceptibility observed by others 

(Garcia-Cabrero et al., 2013; Gheyara et al., 2014; Holth et al., 2013). To determine if tau 

expression influenced overall excitatory synaptic input to DGCs, spontaneous EPSC 

frequency was measured in DGCs from tau−/−, htau, and control mice. A Shapiro-Wilk test 

found the data were not normally distributed. Since the values were all positive and 

positively skewed, a log transformation was performed on the raw data. Log-transformed 

sEPSC frequencies were compared with a two-way ANOVA with age and genotype as 

factors. No differences were detected between groups at any ages (p>0.05; Fig 3A&B). 

Overall, there was not a strong influence of age or strain on sEPSC frequency.

Paired pulse facilitation is enhanced in young tau−/− and htau mice

Altered probability of glutamate release can also influence DGC activity and may be 

susceptible to tau hyperphosphorylation or mutation (Yoshiyama et al., 2007). To determine 

effects of tau expression on paired pulse facilitation in the dentate gyrus, pairs of stimuli 

were administered to the lateral perforant path and evoked EPSCs were recorded in DGCs 

from tau−/−, htau, and control mice. The paired pulse ratio, which is calculated as the 

amplitude of the second evoked EPSC divided by the amplitude of the first evoked EPSC, is 

inversely proportional to the probability of neurotransmitter release from the presynaptic 

terminal (i.e. a higher paired pulse ratio indicates a lower probability of neurotransmitter 

release; Graziane and Dong, 2016). The paired pulse ratio of evoked EPSCs was compared 

between all groups with a two-way ANOVA with age and genotype as factors. The two-way 

ANOVA found a significant effect of age and genotype, but not their interaction, on paired 

pulse ratio (Fage[2, 164]=8.924; Fgenotype[2, 164]=6.480; p<0.05).

The paired pulse ratio of evoked EPSCs was significantly greater in DGCs from tau−/−mice 

compared to age-matched control mice at 1.5 months (control: 1.27±0.10; tau−/−: 1.56±0.16; 

p=0.002) but did not differ at 4 or 9 months (p>0.05; Fig. 4A-C). The paired pulse ratio was 

lower in DGCs from 9 month old tau−/− mice compared to 1.5 month old tau−/− mice (1.5 

month tau−/−: 1.56±0.16, 9 month tau−/−: 1.28±0.09; Fig. 4D). Similar to results from tau −/

− mice, the paired pulse ratio was greater in DGCs from htau mice compared to control mice 

at 1.5 months (control: 1.27±0.10; htau: 1.43±0.09; p=0.023) but did not differ at 4 or 9 

months of age (p>0.05; Fig. 5A-C,). The paired pulse ratio did not change with age in DGCs 

from htau mice (p>0.05; Fig. 5D). Thus, in both transgenic mouse strains, the paired pulse 

ratio in DGCs after stimulation of the lateral perforant pathway was greater compared to 

those from non-transgenic control mice at 1.5 months of age, but not later in life. The paired 

pulse ratio in DGCs after stimulation of the perforant pathway did not differ between tau−/− 

and htau animals at any age (p>0.05). The paired pulse ratio decreased with age in tau−/− 

mice. This contrasted with results from htau mice and non-transgenic control mice, in which 

age-related changes in paired pulse ratio were not detected (p>0.05). The amplitudes of 

evoked EPSCs varied significantly across all cells but were not different between any groups 

(data not shown).
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Discussion

Tau pathology is associated with greater excitability and increased susceptibility to seizures 

in epilepsy models (Garcia-Cabrero et al., 2013; Liu et al., 2017). Similarly, loss of tau 

through genetic deletion or suppression with antisense oligonucleotides is associated with 

decreased mossy fiber sprouting in the dentate gyrus, reduced seizure burden, and improved 

cognition and survival in models of epilepsy (DeVos et al., 2013; Gheyara et al., 2014; Holth 

et al., 2013) and ameliorates the increased susceptibility to seizures associated with some 

models of Alzheimer’s disease (Ittner et al., 2010; Roberson et al., 2007). This study 

measured several intrinsic and synaptic membrane properties in tau−/− and htau mice to 

provide better understanding of tau’s role in neuronal excitability, which has been 

hypothesized to play a role in genetic epilepsies and, possibly, seizure disorders associated 

with neurodegenerative disease (Decker et al., 2016; Garcia-Cabrero et al., 2013; Gheyara et 

al., 2014; Holth et al., 2013; Ittner et al., 2010; Roberson et al., 2011; Roberson et al., 2007).

Although other studies have measured the influence of tau expression and 

hyperphosphorylation on neuronal properties, most have used forms of tau with disease-

related mutations such as P301L (Crimins et al., 2012; Crimins et al., 2011; Hatch et al., 

2017; Hunsberger et al., 2015; Liu et al., 2017; Rocher et al., 2010), P301S (Yoshiyama et 

al., 2007), and A152T (Decker et al., 2016). In contrast, the htau mouse used in this study 

expresses six isoforms of human tau without any disease-related mutations (Andorfer et al., 

2003). This model was selected for two reasons. First, the non-mutated human tau expressed 

in this model results in slower development of pathology that reasonably resembles human 

aging than in more aggressive pathologic tau models. The htau mouse exhibits progressive 

tau pathology, developing pTau by 1.5 months, somatodendritic redistribution of tau around 

3 months, and neurofibrillary tangles around 9 months (Andorfer et al., 2003). Additionally, 

the endogenous murine tau gene is deleted in the htau mouse, setting it apart from other 

commonly used tauopathy models. The deletion of endogenous murine tau is important 

because tau hyperphosphorylation leads to concurrent loss of normal tau function and 

consequently increased pathology due to the increase in soluble pTau. Tau 

hyperphosphorylation reduces the pool of functional tau available to stabilize microtubules, 

resulting in a loss of physiologic function (Lindwall and Cole, 1984). At the same time, 

soluble pTau itself is neurotoxic through several mechanisms, including mislocalization of 

pathologic tau, inhibition of protein translation, and abnormal interaction with other cellular 

components (Flach et al., 2012; Fulga et al., 2007; Hoover et al., 2010; Koren et al., 2019; 

Meier et al., 2015; Meier et al., 2016; Thies and Mandelkow, 2007; Tian et al., 2013). 

Because tauopathy results in loss of function as well as development of neurotoxicity, the 

presence of normal murine tau expression in other tau mouse models confounds the 

interpretation of outcomes based on tau hyperphosphorylation. Some inconsistency between 

the results across previous studies in different tau models, along with the similarities found 

between the htau and tau−/− animals in the current study, demonstrate the importance of 

separating the effects of removing tau and adding hyperphosphorylated tau in interpreting 

electrophysiological outcomes.

While previous work suggests an important role for tau in the electrophysiological function 

of the neuron, the direct effects of tau deletion on neuronal excitability have not been 
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extensively studied without the presence of additional pathology. Previous studies on the 

electrophysiological effects of hyperphosphorylated tau have primarily used the rTg4510 

transgenic mouse, which expresses 4R0N human tau with the pathogenic P301L mutation 

with endogenous murine tau expression intact (Santacruz et al., 2005). The major effects on 

the intrinsic properties of frontal cortex pyramidal neurons in these studies were depolarized 

resting membrane potential and increased frequency of evoked action potentials (Crimins et 

al., 2012; Crimins et al., 2011; Rocher et al., 2010). A decrease in paired pulse facilitation in 

the hippocampus has also been reported in other transgenic tau models (Maeda et al., 2016; 

Roberson et al., 2011; Sydow et al., 2011; Yoshiyama et al., 2007). Based on these studies, 

we hypothesized that similar results would be detected in DGCs from htau mice, but this 

hypothesis was not supported. Instead we found no changes in resting membrane potential in 

the htau mice, and reduced evoked action potential firing and increased paired pulse 

facilitation was detected in both htau and tau −/− mice, but only at 1.5 months of age. Thus, 

deletion of murine tau tended to reduce intrinsic and synaptic excitability of DGCs early, but 

not later in life, and replacing murine tau with human tau did not reinstate normal 

excitability.

Our results in htau mice might be linked to pathogenic mechanisms of Alzheimer’s disease. 

Unlike rTg4510 mice, which overexpress 13x more human mutant 4R0N P301L tau in the 

forebrain, htau mice express all six splice variants of non-mutant human tau (Andorfer et al., 

2003; Santacruz et al., 2005). The P301L mutation is associated with frontotemporal 

dementia (Hutton et al., 1998); meanwhile, tau pathology in Alzheimer’s brains has 

accumulation of the six splice variants of non-mutant human tau. The difference in tau 

pathogenicity between the htau and rTg4510 mice may explain why no change in resting 

membrane potential was detected in DGCs from htau mice. Other factors, including the 

endogenous properties of the different neuron types studied (i.e., pyramidal cells versus 

DGCs) or the continued expression of endogenous mouse tau in the rTg4510 mice, could 

also contribute substantially to these outcomes. However, the differences in tau species, or 

even cell type examined, do not adequately explain the patterns of evoked action potentials 

or paired pulse facilitation observed in each mouse model: A difference in relative 

pathogenicity could result in a smaller magnitude of difference between these measures, but 

it does not fully explain the opposite direction of effects (i.e., action potential frequency 

decreased in htau but increased in rTg4510 and paired pulse ratio increased in htau but 

decreased in rTg4510).

Because the htau mice lack endogenous tau, physiological tau function is likely reduced 

because the transgenically expressed human tau may not function normally. This notion is 

supported by the similar patterns of evoked action potentials observed in dentate granule 

cells from htau and tau−/− mice early in life, when human tau may not function normally in 

the htau mouse. Similar to studies demonstrating that the pro-excitatory effects of amyloid-

beta rely on the presence of functional tau (Roberson et al., 2011; Shipton et al., 2011), our 

results suggest that excitatory effects associated with pathologic tau in other models requires 

a pool of functional tau as well, which is not expressed in either strain used here. Any 

potential pro-excitatory effects may therefore have been abrogated by the absence of 

functional tau.
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This study found important similarities between dentate granule cell responses in tau−/−and 

htau mice, consistent with the hypothesis that the substitution of tau species in the htau 

mouse contributes to the loss of normal tau function. In both tau−/− and htau mice, peak 

evoked action potential frequency in DGCs was reduced relative to age-matched controls 

early in life, but not at later ages. Similarly, peak evoked action potential frequency in DGCs 

increased with age in both tau−/− and htau mice, becoming comparable to that seen in 

controls. These results together indicate that absence of functional tau, due to 

hyperphosphorylation and/or gene deletion, has an effect on intrinsic neuronal function early 

in life that is not evident as the animals age. Tau deletion reduces excitability in both young 

tau−/− and htau mice, but this does not persist in older mice.

Tau’s ability to affect synaptic function, either on its own or in conjunction with other 

Alzheimer’s disease pathology, has been established in several transgenic animal models. 

The major effect of pathologic tau on synaptic function is impairment of long term 

potentiation (LTP) and a decrease in the paired pulse ratio at several hippocampal synapses 

(Decker et al., 2016; Maeda et al., 2016; Roberson et al., 2011; Shipton et al., 2011; Sydow 

et al., 2011; Yoshiyama et al., 2007). The impairment of LTP likely contributes to deficits in 

learning and memory in these models. The decrease in paired pulse ratio suggests an 

increased probability of neurotransmitter release and may at least partially explain the 

hyperexcitability and susceptibility to seizures observed in these models. Previous studies 

have found that removal of tau rescues synaptic deficits associated with Alzheimer’s disease, 

particularly amyloid-β induced impairment of LTP (Roberson et al., 2011; Shipton et al., 

2011). These studies reported minimal differences between tau−/− and non-transgenic mice 

in the absence of additional pathology. In the current study we measured the frequency of 

spontaneous excitatory post-synaptic currents (sEPSCs) and found no differences between 

genotypes at any age. Conversely, changes in presynaptic release associated with absence of 

functional murine tau protein were observed in both transgenic strains used herein. We 

measured the dentate granule cell response after stimulation of the lateral perforant path to 

assess synaptic release probability, based on paired pulse response ratios. DGCs from both 

tau−/− and htau mice exhibited greater paired pulse facilitation (suggesting lower probability 

of synaptic glutamate release) compared to age-matched, non-transgenic control mice early 

in life, but the paired pulse ratio was not different from controls in either tau−/− or htau mice 

later in life. The paired pulse ratio decreased significantly with age in tau−/− mice, whereas it 

did not change with age in htau or non-transgenic mice. Our study found similar presynaptic 

neurotransmitter release in both transgenic strains, suggesting a loss of tau function in both 

groups.

Taken together, the reduced frequency of evoked action potentials and increased paired pulse 

facilitation in young tau−/− mice provide a basis for the seizure resistance in genetic epilepsy 

models observed in tau−/− mice at similar ages (Gheyara et al., 2014; Holth et al., 2013). 

One limitation of those studies is the relatively young age at which the mice were, 

necessarily, assessed. The results of the present study suggest that the anti-epileptic and anti-

SUDEP effect of tau deletion evident in mutant mice, which express channelopathies that 

underlie seizures, may not fully translate to epilepsies with a later age of onset. These effects 

may be lost or reduced with age as excitability increases. Previous work found changes in 

expression of other microtubule-associated proteins in tau−/− mice (Harada et al., 1994; Ma 
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et al., 2014). More work is required to understand how these changes in expression might 

affect electrophysiological function in tau−/− mice.

Conclusions

This study sheds new light on the role of tau in promoting neuronal excitability. We found 

that DGCs from mice lacking tau protein or in which endogenous mouse tau is replaced by 

human tau, which has previously been shown to become hyperphosphorylated early in life 

(Andorfer et al., 2003), exhibited reduced measures of excitability in the form of reduced 

peak evoked action frequency and increased paired pulse facilitation that were significant in 

young animals but were abrogated with age. The loss of excitability in the htau mouse 

contrasts with previous work showing a pro-excitatory role of pathologic tau in pyramidal 

neurons from other tauopathy models, but this may be due to differences in tau or other 

pathogenicity, endogenous tau expression in these models, or in the characteristics of the 

types of neurons and networks examined. Finally, our results suggest that, while early 

changes in tau expression may influence neuronal excitability and seizures in young mice, 

other compensatory mechanisms may participate in stabilizing neuronal circuits later in life. 

Identifying additional links between tau phosphorylation and neuronal network function 

may help resolve the influence of tauopathy on disease progression.
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Highlights

• Tau loss is associated with decreased excitability in dentate gyrus in young 

mice.

• Dentate granule cells from tau−/− and htau mice are electrophysiologically 

similar.

• Loss of tau function affects excitability more than addition of pathologic tau.
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Figure 1. Membrane voltage response to injected current in DGCs from tau−/− and htau mice 
compared to non-transgenic control mice.
(A) Sample recordings showing voltage response from −100, 0, and 200pA current steps in 

DGCs from 1.5 month old tau−/−, htau, and control mice. Inset: representative Western blot 

showing absence of tau protein in tau−/− and presence of human tau protein in htau mice. (B) 

Comparison of maximum evoked action potential frequency (250pA current injection). At 

1.5 months, DGCs from control mice fire more actions potentials than those from tau−/− and 

htau mice. In tau−/− mice, DGCs from 9 month old mice fire more action potentials than at 

1.5 or 4 months. In htau mice, DGCs from 9 month old mice fire more action potentials than 

at 1.5 months. In control mice, DGCs from 4 month old mice fire more action potentials 

than at 1.5 months.*: Different from control at same age (p<0.05) †: Different from 1.5 

month of same genotype (p<0.05) ǂ: Different from 4 month of same genotype (p<0.05). 

Error bars indicate SEM. Statistical comparisons were made between all groups by two-way 

ANOVA with age and genotype as factors (Tukey post hoc).
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Figure 2. Average spontaneous EPSC frequency in tau−/−, htau, and non-transgenic control mice.
No differences sEPSC frequency were found between DGCs from tau−/− or htau mice and 

control mice at any age. sEPSC frequency did not change with age in DGCs from tau−/−, 

htau, or control mice (p>0.05). A Shapiro-Wilk test found the data were not normally 

distributed because they were were positive and right-skewed, so raw data were log 

transformed prior to further analysis. Statistical comparisons were made between all groups 

by two-way ANOVA with age and genotype as factors. (C) Representative traces of sEPSCs 

in DGCs from tau−/−, htau, or control mice at 1.5, 4, and 9 months. Error bars indicate SEM.
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Figure 3. Paired pulse ratio in tau−/− mice compared to non-transgenic control mice.
(A) The paired pulse ratio is higher in DGCs from 1.5 month old tau−/− mice compared to 

1.5 month old control mice. *: p<0.05 (B, C) No differences in in paired pulse ratio were 

found between DGCs from tau−/− and control mice at 4 (B) or 9 (C) months old. (D) The 

paired pulse ratio is lower in DGCs from 9 month old tau−/− mice compared to 1.5 month 

old tau−/− mice. The paired pulse ratio did not change with age in DGCs from control mice. 

Statistical comparisons were made between all groups by two-way ANOVA with age and 

genotype as factors. *: different from 1.5 month (p<0.05) Error bars indicate SEM.
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Figure 4. Paired pulse ratio in htau mice compared to non-transgenic control mice.
(A) The paired pulse ratio is higher in DGCs from 1.5 month old htau mice compared to 1.5 

month old control mice. *: p<0.05 (B, C) No differences in in paired pulse ratio were found 

between DGCs from htau and control mice at 4 (B) or 9 (C) months old. (D) The paired 

pulse ratio in DGCs from htau mice compared to 1.5 month old htau mice. The paired pulse 

ratio did not change with age in DGCs from control mice. Statistical comparisons were 

made between all groups by two-way ANOVA with age and genotype as factors. *: different 

from 1.5 month (p<0.05) Error bars indicate SEM.
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Table 1

Summary of Replicates Used for Electrophysiological Measurements

Age Genotype
N (cells)

Induced Action Potential Frequency Spontaneous EPSC Frequency Paired Pulse Ratio

1.5 months

tau−/− 26 20 21

htau 25 16 26

control 25 13 22

4 months

tau−/− 24 15 17

htau 19 11 17

control 35 21 16

9 months

tau−/− 28 23 23

htau 18 16 12

control 30 21 19
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Table 2

Summary of Resting Membrane Potential and Input Resistance

Age Genotype N (cells) Membrane potential
Mean (mV)

Input Resistance
Mean (MΩ)

1.5 months

tau−/− 25 −68.8±1.8* 278.7±28.4MΩ

htau 26 −71.1±1.8 288.5±27.8MΩ

control 25 −72.1±2.1 265.6±33.1MΩ

4 months

tau−/− 35 −70.1±1.9 287.4±22.5MΩ

htau 24 −70.8±1.7 278.4±32.4MΩ

control 19 −70.3±2.1 276.9±22.1MΩ

9 months

tau−/− 30 −73.9±1.3 †ǂ 236.4±15.3MΩ †ǂ

htau 28 −73.2±1.7 227.1±17.4MΩ †ǂ

control 18 −73.8±1.7ǂ 234.1±21.5MΩ

*
significant difference versus control.

†
significant difference versus 1.5 month.

ǂ
significant difference versus 4 month.
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