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G272V and P301L Mutations Induce Isoform Specific Tau
Mislocalization to Dendritic Spines and Synaptic
Dysfunctions in Cellular Models of 3R and 4R Tau
Frontotemporal Dementia
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Tau pathologies are detected in the brains of some of the most common neurodegenerative diseases including Alzheimer’s disease
(AD), Lewy body dementia (LBD), chronic traumatic encephalopathy (CTE), and frontotemporal dementia (FTD). Tau proteins are
expressed in six isoforms with either three or four microtubule-binding repeats (3R tau or 4R tau) due to alternative RNA splicing.
AD, LBD, and CTE brains contain pathological deposits of both 3R and 4R tau. FTD patients can exhibit either 4R tau pathologies in
most cases or 3R tau pathologies less commonly in Pick’s disease, which is a subfamily of FTD. Here, we report the isoform-specific
roles of tau in FID. The P301L mutation, linked to familial 4R tau FTD, induces mislocalization of 4R tau to dendritic spines in
primary hippocampal cultures that were prepared from neonatal rat pups of both sexes. Contrastingly, the G272V mutation, linked
to familial Pick’s disease, induces phosphorylation-dependent mislocalization of 3R tau but not 4R tau proteins to dendritic spines.
The overexpression of G272V 3R tau but not 4R tau proteins leads to the reduction of dendritic spine density and suppression of
mEPSCs in 5-week-old primary rat hippocampal cultures. The decrease in mEPSC amplitude caused by G272V 3R tau is dyna-
min-dependent whereas that caused by P301L 4R tau is dynamin-independent, indicating that the two tau isoforms activate different
signaling pathways responsible for excitatory synaptic dysfunction. Our 3R and 4R tau studies here will shed new light on diverse
mechanisms underlying FITD, AD, LBD, and CTE.
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Frontotemporal dementia (FID) is the third most common form of dementia caused by neurodegeneration with diverse
clinical presentations. Here, we report distinct cellular mechanisms that may explain some of the similarities and differences
between diverse forms of frontotemporal dementia. Tau proteins are composed of six isoforms. We found that although all
isoforms can cause neural deficits, each isoform may impair the structures and functions of neurons with different temporal
dynamics or through different mechanisms. The mechanistic studies of isoform-specific tau-mediated synaptic impairments
reported here will add valuable information to the current molecular and cellular framework, by which diverse tau isoforms
cause brain deficits in frontotemporal dementia and other neurodegenerative diseases including Alzheimer’s diseases, Lewy
body dementia, and chronic traumatic encephalopathy.
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Introduction

FTD is the third most common form of dementia across all age
groups, after Alzheimer’s disease (AD) and Lewy body dementia
(LBD; Vieira et al., 2013; Bang et al.,, 2015; Sanford, 2018). The
FTD superfamily is now separated into three subfamilies includ-
ing FTD-tau, FTD-TDP, and FID-FUS, which contain tau,
TDP43, and FUS pathologies, respectively (Kertesz et al., 2003;
Cairns et al., 2007; Uchihara and Tsuchiya, 2008; Ling et al.,
2013; Bang et al, 2015). Pick’s disease is a subgroup of
FTD-tau restricted to dementia in patients whose brains contain
the specific pathological hallmark of Pick bodies (Kertesz et al.,
2003; Cairns et al., 2007; Uchihara and Tsuchiya, 2008).

Tau binds to microtubules through multiple interacting sites
within three or four microtubule-binding repeats (Rs), and its
microtubule interactions are modulated by amino acid sequences
in the adjacent proline-rich region (Butner and Kirschner, 1991;
Goode et al., 1997). Due to alternative RNA splicing, tau proteins
are expressed in six isoforms with either three or four
microtubule-binding repeats (Kosik et al, 1989; Andreadis
et al., 1992; Andreadis, 2005; Qian and Liu, 2014; Regan et al,,
2017). Among the six isoforms, three tau isoforms possess three
microtubule-binding repeats (3R tau), and three isoforms possess
four repeats (4R tau). While most neurodegenerative diseases
including AD, LBD, and chronic traumatic encephalopathy
(CTE) exhibit mixed 3R and 4R tau pathologies (Iseki et al.,
2003; Hasegawa et al., 2014; Arena et al., 2020; Dregni et al,,
2022), FTD patients often exhibit either exclusively 4R tau
pathologies or exclusively 3R tau pathologies (Cairns et al.,
2007; Hu et al., 2007; Dickson et al., 2011). The 3R tau FTD is
called Pick’s disease because its pathological hallmark, Pick
body, contains exclusively 3R tau (Cairns et al., 2007; Uchihara
and Tsuchiya, 2008).

Genetic mutations in the tau gene on chromosome 17 lead to
the familial form of FTD, which is also called frontotemporal
dementia with Parkinsonism linked to chromosome 17
(FTDP-17; Yamaoka et al., 1996; Heutink et al., 1997; Wszolek
et al., 2006; Ghetti et al., 2015). The P301L and G272V were
among the first genetic mutations found to be associated with
FTDP-17 (Hutton et al., 1998). The P301L mutation is linked
to 4R tau FTDP-17 as the postmortem neural tissues from these
patients possess neurofibrillary tangles that are composed of 4R
tau (Ghetti et al., 2015). Contrastingly, the G272V mutation is
instead associated with 3R tau FTDP-17, which is also called
familial Pick’s disease (Bronner et al., 2005). Despite the clear
pathological difference between 3R and 4R tau FTDP-17, the
clinical presentations of these two diseases share many similari-
ties (van Swieten et al., 1999; Hu et al., 2007), suggesting a com-
mon mechanism underlying synaptic and cognitive deficits
caused by 3R and 4R tau.

Increasing studies suggest that diverse neurodegenerative dis-
eases share common pathological hallmarks and cellular mecha-
nisms (Tracy and Gan, 2018; Teravskis et al, 2020). One
common mechanism involves 4R tau mislocalization into den-
dritic spines (Hoover et al., 2010; Ittner et al., 2010; Miller
et al,, 2014; Teravskis et al, 2018, 2020; Singh et al, 2019;
Braun et al., 2020), which are postsynaptic structures found in
most excitatory glutamatergic synapses (Harris and Kater,
1994; Kennedy, 2000). However, how pathological 3R tau pro-
teins affect dendritic spines is still unknown. Here, we introduced
the G272V mutation into both 3R and 4R tau proteins and trans-
fected them into primary rat hippocampal cultures. We also
tested the P301L mutant 4R tau in the same cellular system.
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We found that, unlike P301L, the G272V mutation induces the
mislocalization of 3R tau proteins to dendritic spines but not
4R tau proteins. The mislocalization of 3R tau proteins correlates
with spine loss and profound synaptic dysfunction. Importantly,
the synaptic dysfunction caused by 3R tau is dynamin-
dependent, while that by 4R tau is not, indicating that the two
tau isoforms activate distinct signaling cascades. The distinct
tau mechanisms unraveled here will help us better understand
the complex disease mechanisms underlying diverse tauopathies.

Materials and Methods

Animal care and usage. Sprague Dawley timed-pregnancy adult rats
were housed in facilities of Research Animal Resources (RAR) at the
University of Minnesota after being delivered from Envigo (www.
envigo.com). The rats were fed a diet of regular chow before giving birth.
Rat pups were killed by decapitation to harvest brain tissues in postnatal
day 0 to day 2. All work was conducted in accordance with the American
Association for the Accreditation of Laboratory Animal Care and
Institutional Animal Care and Use Committee (IACUC) at the
University of Minnesota (protocol #1211A23505). We performed all
procedures of euthanasia strictly according to the guidelines of the
IACUC at the University of Minnesota.

Materials. All common chemical reagents and cell culture supplies
were purchased from Sigma-Aldrich, Fisher Scientific, Promega, VWR,
and Thermo Fisher Scientific/Invitrogen/Life Technologies unless other-
wise indicated.

Plasmids and PCR mutagenesis. All human tau and DsRed con-
structs were expressed in the pRK5 vector and driven by the cytomega-
lovirus promotor (Clontech). All human tau proteins were N-terminally
fused to enhanced GFP (eGFP), which allows visualization of neurons for
live imaging and electrophysiological experiments. The initial template
of wild-type, native human tau construct encoded a human 4R tau lack-
ing the transcriptional-variant N-terminal sequences (ON4R). It con-
tained exons 1, 4, 5, 7, 9-13, and 14 and intron 13 (see details in
RRID:Addgene_46904). G272V and P301L mutants were created using
a stepwise site-directed mutagenesis (QuikChange SDM Kit, Aligent).
PCR primers for mutagenesis were 15-22 nucleotides long, centered
on mutated nucleotide(s) (Integrated DNA Technologies). The plasmids
encoding 3R tau proteins were made by the deletion of the second
microtubule-binding repeat (amino acids 280-305) based on previous
publications (Kolarova et al., 2012) utilizing a standard PCR protocol.
All nucleotide mutations and plasmid construct integrity were confirmed
with Sanger sequencing (UMN Genomics Center). Tau sequence num-
bering was based on the longest functional human isoform: 441-tau
(2N4R tau; NCBI reference sequence: NP_005901.2).

Primary hippocampal neuron cultures. Briefly, a 22-mm-diameter
glass coverslip (0.09 mm thickness) was fastened with silicone sealant
to the bottom of a 35 mm culture dish with a bored hole of 20 mm in dia-
meter and sterilized as we previously described (Lin et al., 2004, 2009)
with some modifications. Coverslips were coated with poly-p-lysine.
Hippocampi were dissected from decapitated neonatal Sprague Dawley
pups from Day 0 to Day 2. Hippocampi from both sexes were pooled
together and were enzymatically digested in Earle’s balanced salt solution
(EBSS) supplemented with 1% glucose and cysteine-activated papain.
Digestion was blocked with dilute DNase and trypsin inhibitors (from
Sigma-Aldrich), and cells were rinsed in fresh EBSS and plated in plating
medium (minimal essential medium with Earle’s salts, 10% fetal bovine
serum, 5% horse serum, 2 mM glutamine, 10 mM sodium pyruvate, 0.6%
glucose, 100 U/ml penicillin, and 100 mg/ml streptomycin) at 1.0 x 10°
cells/dish. After 18 h, cell adherence was established, and cells were
then grown in a neurobasal medium (NbActivl; BrainBits). The cultured
cells were incubated at 37°C in a 5% CO, biological incubator until usage.

Low-efficiency calcium phosphate transfection. At 5-7 d in vitro
(DIV), primary rat hippocampal cultures were transfected with bacterial
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plasmids encoding the appropriate proteins. DNA plasmid transfection
was performed using the standard calcium phosphate precipitation
method as we previously described (Lin et al., 2004; Hoover et al.,
2010; Miller et al., 2014). Briefly, neurons on 30 mm dishes were cotrans-
fected with human tau constructs and DsRed (2:1 by plasmid DNA mass)
for live imaging or transfected with GFP-tagged human tau alone for
electrophysiology and immunocytochemistry. To make DNA phospho-
rus precipitates, UltraPure water (Thermo Fisher Scientific), DNA (con-
centration, 1 mg/ml), calcium chloride (2.5 M), and HEBES solution
were mixed at the volumes of 7.5, 6, 1.5, and 15 pl, respectively, for
each dish of cultured neurons. The stock HEBES solution contained
the following (in g/L; pH=7.1): 16 NaCl, 071 KCI, 0.38
Na,HPO,.7H,0, 2.7 glucose, and 10 HEPES. The abovementioned
mixed solution of precipitated DNA was applied to cells in a 100 pl solu-
tion of glial conditioned medium (neurobasal medium previously condi-
tioned for 14 d on a glial monolayer and reserved) containing 100 uM
APV, an NMDA receptor antagonist, to prevent calcium-induced excito-
toxicity. The cells were subsequently incubated at 37°C for 3-4 h to allow
cells to take DNAs. Thereafter, cells were taken out and rinsed with the
glial conditioned medium. After the medium was replaced again with the
neurobasal medium, the cells were put back into the incubator to grow
until mature (19 DIV or longer). The low transfection rate of this method
(~5%) was an advantage for live imaging and electrophysiological studies
because it would mostly exclude direct presynaptic effects due to the very
low transfection rate of presynaptic terminals (Teravskis et al., 2018,
2021).

Electrophysiology. Miniature excitatory postsynaptic —currents
(mEPSCs) were recorded from cultured dissociated rat hippocampal
neurons at 19-24 DIV (3-week-old groups) or 30-36 DIV (4-5-week-old
groups) with a glass pipette (resistance, ~5 MQ) at holding potentials of
—65mV on an Axopatch 200B amplifier (output gain, 1; filtered at
1 kHz) as we previously described (Hoover et al., 2010; Teravskis et al.,
2021). Tau proteins were GFP-tagged, allowing whole-cell recording of
the identified neuron that expresses appropriate tau variants. Input
and series resistances were assessed and found to have no significant
difference before and after recording time (5-20 min). Sweeps of synap-
tic responses were sampled continuously for ~30 min (pClamp, v10,
RRID:SCR_011323). Neurons were bathed in an oxygenated artificial
cerebral spinal fluid (ACSF; gassed with 5% CO, and 95% O,) at room
temperature (~23°C) with 100 uM APV (NMDA receptor antagonist),
1 uM TTX (sodium channel blocker), and 100 uM picrotoxin (GABA 4
receptor antagonist). ACSF contained the following (in mM): 119
NaCl, 2.5 KCl, 5.0 CaCl,, 2.5 MgCl,, 26.2 NaHCO;, 1 NaH,PO,,
and 11 p-glucose. The internal solution of the glass pipettes contained
the following (in mM): 100 cesium gluconate, 0.2 EGTA, 0.5 MgCl,,
2 ATP, 0.3 GTP, and 40 HEPES. The pH of the internal solution was nor-
malized to 7.2 with cesium hydroxide and diluted to a trace osmotic
deficit in comparison with ACSF (~300 mOsm). All analyses of record-
ings were performed manually (Mini Analysis Program, v6.0.7, RRID:
SCR_002184 from Synaptosoft or Clampfit from Molecular Devices).
Minimum analysis parameters were set at greater than 1 min stable
recording time and event amplitude greater than 3 pA. An mEPSC event
was identified by distinct fast-rising depolarization and slow-decaying
repolarization. Each event was a synaptic response mediated by
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic ~ acid  receptors
(AMPARs) as NMDA and GABA, receptors were blocked by APV
and picrotoxin. Combined individual events were used to form relative
cumulative frequency curves, while the means of all events from individ-
ual recordings were treated as single samples for further statistical anal-
ysis. Example traces were exported from Mini Analysis or Clampfit. They
were live traced, simplified, and united in vector editing software (Adobe
lustrator CS5, v15, RRID:SCR_010279 or Microsoft PowerPoint).

Image analysis of live neuronal cultures. Transfected cells were con-
tinually bathed in neurobasal media and were passively perfused with
medical-grade 95% O,-5% CO, (Hoover et al., 2010; Teravskis et al.,
2021). Micrographs were taken on a Nikon epifluorescent inverted
microscope with a 60x oil lens with a computerized focus motor when
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neurons were 3 or 5 weeks old. All digital images were processed using
microscopic imaging software (MetaMorph Microscopy Automation
and Image Analysis Software, v7.1, RRID:SCR_002368). Images were
taken as 15-plane Z-stacks at 0.5 pm increments, processed by deconvo-
lution to the nearest planes, and averaged against other stacked images.
A dendritic spine was defined as having an expanded head diameter,
greater than 50% larger in diameter than the neck. The number of spines
labeled by DsRed per neuron was counted and normalized to a 100 pm
length of dendritic shaft.

Pharmacology. GSK3B and CDKS5 inhibitors, Roscovitine and
CHIR99021, respectively, were purchased from Sigma-Aldrich and
were diluted in DMSO to 1,000x concentration aliquots for an ultimate
concentration in neurobasal medium of 0.5 uM. As we previously
reported, the complete prevention of tau mislocalization to dendritic
spines requires the blockade of both kinases (Teravskis et al., 2021).
Therefore, primary cultured rat hippocampal neurons were concurrently
treated with both drugs when the neurons were 5 weeks old unless stated
otherwise in the main text. Treated cells were incubated for 24 h prior to
imaging or electrophysiological experiments. Cell death was visually
assessed under differential interference contrast (DIC) for decreased
cell density, lost soma adhesion, and gross qualitative neurite retraction.
If evidence of cell death was observed under DIC, cells were fixed in 4%
sucrose and 4% paraformaldehyde in phosphate-buffered saline (PBS)
and stained with 300 nM 4’,6-diamidino-2-phenylindole (DAPI) in
PBS. DAPI-stained cells were analyzed under fluorescent microscopy
for nuclear pyknosis and karyorrhexis. As reported previously (Braun
et al., 2020; Teravskis et al., 2021), no overt neuronal apoptosis was
detected when neurons were concurrently treated with 0.5 pM
Roscovitine and 0.5 pM CHIR99021 or at lower dosages. Therefore, these
doses were used for live imaging (Fig. 5), electrophysiological experi-
ments (Fig. 6), and Pick body detection experiments (Fig. 7) to test the
involvement of GSK3f and CDKS5 kinases in tau-mediated synaptic
impairments and the formation of Pick bodies.

Dynasore (from www.abcam.com; #ab120192) is a cell-permeable,
noncompetitive inhibitor of dynamin 1, dynamin 2, and Drpl with
IC50 of approximately 15 puM in HeLa cells and blocks clathrin-
dependent endocytosis within 30 min (Macia et al, 2006).
Accordingly, we prepared an initial stock solution of dynasore in
DMSO at a concentration of 100 mM and further diluted it with 100%
ethanol by threefold (adding 100 pl of ethanol to 50 pl of the initial stock
solution) to obtain a working solution of dynasore (33.3 mM). In 1-2d
before electrophysiological recording, we added 1 pl of the working solu-
tion to each dish of primary hippocampal cultures with ~2.25 ml of
media, reaching a final concentration of ~15 uM, which was comparable
to the IC50 in Hela cells (Macia et al., 2006). We did not apply dynasore
at a higher dose to avoid neurotoxicity as our treatment time was much
longer than that in the prior study (Macia et al., 2006).

Immunocytochemistry of tau and DAPI staining of the nucleus. For
the assessment of asymmetric aggregation of tau around the nucleus,
5-week-old neurons were fixed and permeabilized as previously
described (Lin et al., 2009). Cultured neurons were fixed and permeabi-
lized with 4% paraformaldehyde +4% sucrose (room temperature,
30 min), and 0.2% Triton X-100 (room temperature, 20 min) was
applied successively as previously described (Lin et al., 2009). The cells
on the glass bottom of a 35 mm culture dish were washed with PBS three
times and incubated with 2.5 ml of DAPI at a concentration of 300 nM in
PBS for 5 min. The cells were washed with PBS again three times and
then blocked with 10% normal goat serum (NGS) at room temperature
for 20 min (Jackson ImmunoResearch, catalog #005-000-121). The cul-
ture dishes were immediately mounted on an inverted fluorescence
microscope, and images of both GFP and DAPI were taken in the
same neuron expressing GFP-tagged tau proteins through the green
and blue fluorescence channels, respectively. The asymmetric aggrega-
tion of tau next to the nucleus was quantified as described in the main
text.

For the immunostaining of phosphorylated tau proteins, neurons
were fixed and permeabilized as described above. The cultures were
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washed with PBS three times and blocked with 10% NGS at room tem-
perature for 20 min (Jackson ImmunoResearch, catalog #005-000-121).
Neurons were coincubated with a primary mouse monoclonal
AT8 anti-phospho-tau antibody (purified; Thermo Fisher Scientific,
catalog #MN1020, RRID:AB_223648; targeting phospho-S202 and
phospho-T205 residues; diluted at 1:200 in 10% NGS; Goedert et al.,
1995) and a primary rabbit polyclonal anti-GFP antibody (to compen-
sate for decreased eGFP signal due to fixation; Thermo Fisher
Scientific, catalog #A-11122, RRID:AB_221569; diluted at 1:200 in 10%
NGS) at 4°C overnight. The neurons were washed with PBS three times
and subsequently incubated with two secondary antibodies from Jackson
ImmunoResearch (goat rhodamine anti-mouse, catalog #111-025-003,
RRID:AB_2337926, and goat FITC anti-rabbit, catalog #111-095-003,
RRID:AB_2337972) at a dilution of 1:200 in 10% NGS for 1 h at room
temperature. An 18 mm glass coverslip was mounted on the stained cul-
tures, which were examined with a Nikon microscope. Fluorescence
intensity was derived from peak pixel intensity taken at the middle of
a dendrite branch (named as “Fneuron”) and normalized by pixel inten-
sity of adjacent background fluorescence (named as “Fbackground”)
using the MetaMorph software. The normalization was performed using
the following equation: normalized F=(Fneuron —Fbackground)/
Fbackground. The ratio of normalized fluorescence intensity of AT8
(F-ATS; the red channel) versus normalized fluorescence intensity of
total GFP-tagged tau (F-GFP; the green channel) was calculated in
each examined neuron. The means of this ratio were compared between
individual groups with the two-way ANOVA using the Origin software
(Fig. 8).

Statistics and figure design. All statistics were performed in biological
statistical analysis software (GraphPad Prism, v6; or Origin). We utilized
one- and two-way ANOVA for univariate and multivariate analysis,
respectively. If ANOVA revealed significant variance between all groups,
post hoc analysis was performed using Bonferroni’s analysis adjusted for
multiple groups. Univariate cumulative frequency distributions were
compared using the unmodified Kolmogorov-Smirnov goodness-of-fit
test (K-S test). Single comparisons were analyzed using Student’s ¢
test. For all analyses, statistical significance was set at & = 0.05. Data rep-
resentations are described in the respective figure legends. In the histo-
grams in all figures, the height and error bar represent the mean and
standard error, respectively. Figures were designed and created using
Adobe Photoshop CS5 (v12, RRID:SCR_014199) to create TIFF and
PDF images.

Results

G272V mutation induces mislocalization of 3R tau but not 4R
tau to dendritic spines in relatively young cultured
hippocampal neurons (3 weeks in vitro)
Phosphorylation-dependent tau mislocalization to dendritic
spines has been shown in cellular and animal models of multiple
neurodegenerative diseases including AD, FTDP-17, LBD, and
CTE (Singh et al, 2019; Braun et al, 2020; Teravskis et al.,
2020). The G272V mutation in the tau gene is linked to familial
Pick’s disease, which is a 3R tau FITD (van Swieten et al., 1999;
Bronner et al., 2005). To test whether tau mislocalization to den-
dritic spines is a shared cellular mechanism for both 3R and 4R
tau FTD, we first made plasmids encoding 3R WT tau by truncat-
ing the secondary microtubule-binding repeat through PCR
mutagenesis (see Materials and Methods). The G272V mutant
3R tau construct was then made by further point mutagenesis
(Fig. 1A). A G272V mutant 4R tau was also made by point muta-
genesis for comparison (Fig. 1A). The 4R WT tau and P301L
mutant 4R tau were also included for appropriate comparisons
(Fig. 1A) and have been made and characterized in our previous
studies (Hoover et al., 2010).

We prepared primary hippocampal neurons from neonatal
rat pups of both sexes from Day 0 to Day 2 after birth and utilized
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the standard calcium phosphate precipitation method to intro-
duce DNAs to cultured neurons (see Materials and Methods).
The advantage of this protocol is that presynaptic terminals are
rarely transfected, and the observed changes would mostly result
from the postsynaptic presence of tau (Teravskis et al., 2018,
2021). We cotransfected the cultured neurons with a plasmid
encoding DsRed and another plasmid encoding GFP-tagged
WT 3R tau, WT 4R tau, P301L mutant 4R tau, G272V mutant
3R tau, or G272V mutant 4R tau proteins using a method we pre-
viously reported (Fig. 1B; see Materials and Methods; Hoover
et al., 2010; Teravskis et al., 2018). The neurons were transfected
with the plasmids after 5-7 d in vitro and photographed with live
imaging at 3 weeks in vitro, resulting in an expression duration of
2 weeks. We found that, like WT 4R tau, WT 3R tau was mostly
located in the shafts of dendrites and rarely present in dendritic
spines (Fig. 1B, first and second rows). Consistent with previous
studies (Hoover et al.,, 2010), P301L mutant 4R tau proteins were
missorted to dendritic spines (Fig. 1B, third row). Interestingly,
the G272V mutation induced the mislocalization of 3R tau
(Fig. 1B, fourth row) but not 4R tau (Fig. 1B, 5th row) to dendritic
spines, supporting a role for 3R tau mislocalization in the patho-
biology of familial Pick’s disease. Comparing WT 3R tau, the
expression of G272V mutant 3R tau significantly increased the
proportion of dendritic spines containing GFP-labelled tau ver-
sus the total number of spines labeled by DsRed from 18.4 to
76.4% (Fig. 1C; ANOVA, F=205.9; Bonferroni’s after test:
p <0.001), supporting 3R tau mislocalization. In contrast, com-
paring wild-type 4R tau, the expression of G272V mutant 4R
tau did not significantly increase the proportion of dendritic
spines containing GFP-labeled tau (Fig. 1C; from 14.4 to
16.9%; ANOVA, F=205.9; Bonferroni’s after test: p>0.05), sug-
gesting that 4R tau is not mislocalized. The expression of all
forms of tau constructs tested did not significantly change the
density of dendritic spines (number of spines/100 um dendritic
length) at the age of 3 weeks in vitro (Fig. 1D; ANOVA, F=
0.5; p>0.05 for all means). These results suggest that tau mislo-
calization to dendritic spines is likely a common mechanism
underlying synaptic deficits caused by the pathological condi-
tions in both 3R and 4R tau FTD.

G272V mutation induces no significant changes in excitatory
synaptic responses in relatively young cultured hippocampal

neurons (3 weeks in vitro)

Our previous studies in multiple tauopathy models have shown
that 4R tau mislocalization to dendritic spines is associated
with postsynaptic deficits in excitatory synaptic responses and
memory tests (Hoover et al., 2010). To investigate how the mis-
sorted 3R tau affects synaptic functions in our cellular model of
3R tau FTD, we recorded miniature excitatory postsynaptic cur-
rents (mEPSCs) on cultured rat hippocampal neurons at 19-24 d
in vitro (DIV) from four groups (untransfected neurons, neurons
expressing WT 3R tau, G272V 3R tau, and G272V 4R tau;
Fig. 2A). Surprisingly, we found that the expression of either
G272V mutant 3R or 4R tau proteins did not significantly change
the amplitude (Fig. 2B,C) or the frequency (Fig. 2D,E) of
mEPSCs. The expression of G272V mutant 3R or 4R tau proteins
did not significantly shift the cumulative frequency curves of
mEPSC amplitudes to the left (Fig. 2B), and there is no significant
difference between the means of mEPSC amplitudes in the four
groups (Fig. 2C; ANOVA, F=04, p>0.05 for all means).
Similarly, the expression of G272V mutant 3R or 4R tau proteins
did not significantly shift the cumulative frequency curves of
mEPSC interevent intervals to the right (Fig. 2D), and there is
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Figure 1.  Isoform-specific tau mislocalization to dendritic spines induced by G272V and P301L mutations. A, A diagram showing the location of G272V and P301L mutations in tau proteins.
The second microtubule-binding repeat (R2) was deleted in all our 3R tau constructs (denoted by the A symbol). Note that P301L mutation only exists in 4R tau as it is located in the R2 region
(Wszolek et al., 2006; Ghetti et al., 2015). B, Representative images of 3-week-old cultured rat hippocampal neurons coexpressing DsRed and various GFP-tagged tau proteins (from top to
bottom: wild-type 3R, wild-type 4R, P301L 4R, G272V 3R and G272V 4R tau proteins). The arrows denote dendritic spines that contain tau proteins, and the triangles denote dendritic spines
devoid of tau. ¢, Comparisons between the proportions of dendritic spines that contained tau versus the total number of DsRed-labeled spines in dendrites from the above groups (n =7 neurons
in each group). ANOVA, NS (not significant), p > 0.05; ***, p < 0.001. D, Comparisons between the densities of dendritic spines (number of spines per 100 pm length of dendrites) of the above
groups. ANOVA, NS (not significant), p > 0.05; mean + standard error.

no significant difference between the means of mEPSC frequen-  missorted 3R tau has not yet impaired the structures and func-
cies in the four groups (Fig. 2E; ANOVA, F=0.1, p>0.05 for all  tions of dendritic spines at this relatively young age. These results
means). These effects together suggest that, although 3R tau is  are clearly different from the effects of missorted 4R tau, which
missorted to dendritic spines in 3-week-old cultures, the impairs synaptic functions as early as 3 weeks in vitro, as shown
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Expression of G272V 3R or 4R tau proteins does not impair synaptic function in 3-week-old neurons. A, Representative traces of mEPSCs recorded from untransfected neurons as well

as neurons expressing GFP-tagged WT 3R tau, G272V 3R tau, and G272V 4R tau proteins. G272V is abbreviated as “GV” in the labeling. B, ¢, Cumulative frequency curves (B) and means (C) of
mEPSC amplitudes in neurons of the above 4 groups (n =10 neurons in each group). D, E, Cumulative frequency curves of interevent intervals (D) and means of mEPSC frequencies (E) in the
above four groups. K-S tests were used in B and D. ANOVA tests were used in € and E, NS (no significant), p > 0.05; mean =+ standard error.

in our previous publications (Hoover et al., 2010; Miller et al,,
2014; Teravskis et al., 2021).

The expression of G272V mutant tau but not P301L mutant
tau induces loss of dendritic spines in old cultured
hippocampal neurons (5 weeks in vitro)

As described above, it is puzzling that G272V 3R tau does not
impair synaptic function despite being missorted to dendritic
spines. In a previous clinical comparative study of behavioral
FTD, patients with 4R tauopathies progressed faster and had
shorter disease duration than patients with 3R tauopathy (Hu
et al., 2007). Therefore, we suspect that, like in human patients,
it will also take a longer time for pathogenic 3R tau to impair
synaptic structures and function after being missorted to dendri-
tic spines. It has also been known for decades that loss of synapses
is the major correlative factor of cognitive impairment in AD

patients (Hamos et al., 1989; Terry et al, 1991; Lippa et al,
1992). This change has also been reported in Pick’s disease cases
(Lippa, 2004). Therefore, we tested whether G272V mutant tau
leads to loss of dendritic spines in cultures at an older age of 5
weeks in vitro (33-36 d in vitro; Fig. 3). We prepared primary
hippocampal neurons from neonatal rat pups in Day 0 to Day
2 after birth and cotransfect the cultured neurons with a plasmid
encoding DsRed and another plasmid encoding GFP-tagged WT
3R tau, WT 4R tau, P301L mutant 4R tau, G272V mutant 3R tau,
or G272V mutant 4R tau proteins (Fig. 3A). Like in younger cul-
tures (3 weeks in vitro; Fig. 1), WT 3R and 4R tau proteins were
mostly located in the shafts of dendrites and rarely present in
dendritic spines in neurons as old as 5 weeks in vitro (Fig. 3A,B).
Like 3-week-old cultures, P301L mutant 4R tau proteins were
also missorted to dendritic spines in 5-week-old cultures
(Fig. 3A,B). Again like 3-week-old cultures, the G272V mutation
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Expression of G272V 3R tau but not 4R tau induces loss of dendritic spines in older primary rat hippocampal cultures (5-week-old). A, Representative images of 5-week-old cultured

rat hippocampal neurons coexpressing DsRed and various GFP-tagged tau proteins (from top to bottom: wild-type 3R, wild-type 4R, P301L 4R, G272V 3R and G272V 4R tau proteins). The arrows
denote dendritic spines that contain tau proteins, and the triangles denote dendritic spines devoid of tau. B, Comparisons between the proportions of dendritic spines that contained tau versus
the total number of DsRed-labelled spines in dendrites from the above groups (n = 8 neurons in each group). ANOVA, ***, p < 0.001. €, Comparisons between the densities of dendritic spines
(number of spines per 100 um length of dendrites) of the above groups. n=7 neurons in each group, ANOVA, ***, p <0.001; mean + standard error.

induced the mislocalization of 3R tau (4th row in Fig. 34) but not
4R tau (5th row in Fig. 3B) to dendritic spines in 5-week-old cul-
tures, further supporting a role of 3R tau mislocalization in the
pathobiology of Pick’s disease. Compared with wild-type 3R
tau, the expression of G272V mutant 3R tau significantly
increased the proportion of dendritic spines containing
GFP-labelled tau versus the total number of spines labeled by
DsRed from 18.8 to 83.7% (Fig. 3B; ANOVA, F=78.9;

Bonferroni’s after test: p <0.001). Compared with wild-type 4R
tau, the expression of G272V mutant 4R tau did not significantly
increase the proportion of dendritic spines containing
GFP-labeled tau (Fig. 3B; from 20.8 to 20.7%; ANOVA,
F =78.9; Bonferroni’s after test: p>0.05). However, unlike in
younger 3-week-old cultures, compared with 3R wild-type tau,
the expression of G272V mutant 3R tau significantly decreased
the density of dendritic spines from 46.1 to 18.7 spines per
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100 pm dendritic length in 5-week-old cultures (Fig. 3G;
ANOVA, F=38.4; Bonferroni’s after test: p<0.001), indicating
that the mutant 3R tau can cause loss of dendritic spines. In con-
trast, compared with wild-type 4R tau, the expression of either
P301L or G272V mutant 4R tau proteins did not significantly
alter spine density (Fig. 3C; ANOVA, F=8.4; Bonferroni’s after
test: p>0.05 for both proteins). These results indicate that,
although tau mislocalization to dendritic spines is a common
mechanism for both 3R and 4R tau proteins, only G272V 3R
tau affects the structures of dendritic spines after being missorted
at least during the experimental period of 5 weeks. This suggests
that after being missorted, 3R and 4R tau proteins likely impair
the structures of dendritic spines through a different mechanism
and/or at a different temporal scale.

Untransfected

GV 3R tau

5 week old
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The expression of G272V mutant 3R tau protein impairs
AMPAR-mediated synaptic responses in old cultured
hippocampal neurons (5 weeks in vitro)

To compare the functional roles of 3R tau with 4R tau proteins in
older cultures, we have recorded miniature excitatory postsynap-
tic currents (mEPSCs) in 5-week-old cultured rat hippocampal
neurons (33-36 DIV) from four groups (untransfected neurons,
neurons expressing wild-type 3R tau, G272V 3R tau, and G272V
4R tau; Fig. 4A). Unlike younger 3-week-old cultures, we found
that the expression of G272V mutant 3R tau proteins but not
4R tau proteins overtly decreased the size and occurrence fre-
quency of mEPSC responses (Fig. 4A). The expression of
G272V mutant 3R tau proteins but not 4R tau proteins signifi-
cantly shifted the cumulative frequency curve of mEPSC
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Expression of G272V 3R but not 4R tau proteins impaired synaptic function in older primary rat hippocampal cultures (5-week-old). A, Representative traces of mEPSCs recorded from

untransfected neurons as well as neurons expressing GFP-tagged WT 3R tau, G272V 3R tau, and G272V 4R tau proteins. G272V is abbreviated as “GV"” in the labeling. B, €, Cumulative frequency
curves (B) and means (€) of mEPSC amplitudes in neurons of the above 4 groups (n =10 neurons in each group). D, E, Cumulative frequency curves of interevent intervals (D) and means of
mEPSC frequencies (E) in the above four groups. n = 10 neurons in each group. K-S test was used in B and D. ANOVA in Cand E. ***, p < 0.001; mean + standard error. The synaptic function is
likely caused by the postsynaptic presence of tau due to the low transfection rate of the calcium phosphate precipitation method as presynaptic terminals are rarely transfected (see Materials and

Methods and Teravskis et al., 2018, 2021 for previous characterizations).
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amplitudes to the left (Fig. 4B; K-S test: p <0.001 between wild-
type 3R tau and G272V mutant 3R tau proteins). Consistent with
results in Figure 4B, compared with wild-type 3R tau, the expres-
sion of G272V mutant 3R tau proteins significantly decreased the
mEPSC amplitude from 19.1 to 12.8 pA (Fig. 4C; ANOVA,
F =7.8; Bonferroni’s after test: p <0.001). As a control, there is
no significant difference between the mEPSC amplitudes of
untransfected neurons and wild-type 3R tau-expressing neurons
(Fig. 4C; ANOVA, F=7.8; Bonferroni’s after test: p>0.05). In
contrast, the expression of G272V mutant 4R tau proteins did
not significantly shift the cumulative frequency curves of
mEPSC amplitudes (Fig. 4B) and had no significant effects on
the mean of mEPSC amplitudes (Fig. 4C; Bonferroni’s after
test: p>0.05). These results indicate that the missorted G272
mutant 3R tau proteins induce loss of AMPARSs in excitatory syn-
apses, which is similar to a previously reported effect of P301L 4R
tau (Hoover et al., 2010; Teravskis et al., 2021). However, it is
unknown whether the missorted 3R and 4R tau proteins activate
a common downstream pathway responsible for the weakening
of excitatory synaptic responses.

In addition to changes in mEPSC amplitude, the expression of
G272V mutant 3R tau proteins also alters mEPSC frequency.
Compared with wild-type 3R tau, the expression of G272V
mutant 3R tau proteins significantly shifted the cumulative fre-
quency curve of interevent intervals to the right (Fig. 4D; K-S
test: p<0.001) and decreased the mEPSC frequency from 1.42
to 0.79 events/s (Fig. 4E; ANOVA, F=7.6; Bonferroni’s after
test: p <0.001 when compared with either untransfected or WT
3R tau controls). The changes in mEPSC frequency are consistent
with a loss of dendritic spines as shown in Figure 3 (see
Discussion). These results, together with results in Figure 3,
demonstrate that the missorted G272V mutant 3R tau can impair
both the structures and functions of dendritic spines, unraveling
a new cellular mechanism underlying synaptic deficits in familial
Pick’s disease.

The G272V-induced 3R tau mislocalization depends upon tau
phosphorylation

Previous studies have shown that the mislocalization of 4R tau to
dendritic spines can be blocked by concurrent inhibition of two
tau kinases, GSK3p and CDKS5 (Braun et al., 2020; Teravskis
et al,, 2021), which block phosphorylation of multiple serine/
threonine sites of tau (Illenberger et al., 1998; Kimura et al,,
2013, 2014). However, whether the mislocalization of 3R tau
also depends upon the activation of similar kinases remains
unknown. Therefore, we transfected neurons with plasmids
encoding wild-type and G272V mutant 3R tau proteins
(Fig. 5A). Next, 5-week-old neurons were incubated with both
GSK3p inhibitor, CHIR99021 (500 nM), and CDKS5 inhibitor,
Roscovitine (500 nM), for 24 h (Fig. 5A). As shown above,
G272V mutant 3R proteins were mislocalized to dendritic spines
and their expression decreased the density of these spines
(Fig. 5A, second row). The concurrent treatment with
CHIR99021 and CDKS5 inhibitors blocks both cellular changes
caused by the G272V mutation (Fig. 54, third row). Compared
with WT 3R tau, the expression of G272V mutant 3R tau proteins
increased the proportion of dendritic spines that contained
GFP-labeled tau versus the total number of spines labeled by
DsRed from 189 to 83.7% (Fig. 5B, ANOVA, F=13438;
Bonferroni’s after test: p<0.001) and concurrent treatment
with both inhibitors blocked this change (Fig. 5B, from 83.7 to
19.0%; Bonferroni’s after test: p<0.001). This treatment also
blocked the decrease in spine density caused by the G272V
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Figure 5.  Pharmacological blockade of both GSK3B and (DK5 tau kinases prevents misloca-

lization of G272V 3R tau proteins to dendritic spines and spine loss caused by this mutant pro-
tein. A, Five-week-old neurons that had been transfected with WT 3R tau with no drug
treatment were used as the control (top row). Neurons coexpressing DsRed and GFP-tagged
G272V 3R tau were untreated (middle row) or treated with a GSK3p inhibitor, CHIR99021
(500 nM), and a CDK5 inhibitor, Roscovitine (500 nM) for 24 h (bottom row).
B, Comparisons between the proportions of dendritic spines that contained tau versus the total
number of DsRed-labeled spines in dendrites from the above groups. €, Comparisons between
the densities of dendritic spines (number of spines per 100 um length of dendrites) of the above
groups. ANOVA, n=7 neurons in each group, ***, p <0.001; mean + standard error.

mutation (Fig. 5C, ANOVA, F=16.8; from 17.8 in the untreated
G272V group to 48.8 in the treated G272V group; Bonferroni’s
after test: p <0.001). These results indicate that, like 4R tau, the
mislocalization of G272V mutant 3R tau proteins to dendritic
spines also depends upon the phosphorylation by GSK3p and
CDKS5, suggesting shared upstream signaling steps before the
mislocalization of both tau isoforms.

The electrophysiological deficits caused by G272V mutant 3R
tau are dependent on tau phosphorylation

An additional functional study was performed in 5-week-old
neurons expressing mutant G272V 3R tau to test whether func-
tional deficits in dendritic spines are also dependent on tau phos-
phorylation. The neurons were incubated with and without both
the GSK3pB inhibitor, CHIR99021 (500 nM), and the CDK5
inhibitor, Roscovitine (500 nM), for 1-3 d and subsequently
patched to record mEPSCs (Fig. 6A, middle and bottom traces).
Untransfected neurons with no treatment of the above inhibitors
were included as a control (Fig. 6A, top trace). There were smaller
and fewer mEPSC responses in neurons expressing G272V 3R
proteins compared with the untransfected negative control as
well as neurons that were concurrently treated with GSK3(
and CDKS5 inhibitors (Fig. 6A). In contrast with the untrans-
fected neurons, the expression of G272V mutant 3R tau shifted
the cumulative curve of mEPSC amplitude to the left, and the
pharmacological treatment inhibited this shifting (Fig. 6B; K-S
test, p <0.001 when compared with either the untransfected con-
trol or the treated 3R tau group). Consistent with the above
curves, the expression of the mutant protein also significantly
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Figure 6.

Pharmacological blockade of both GSK3p and CDKS5 tau kinases rescues synaptic dysfunction caused by G272V 3R tau. A, Representative traces from 5-week-old neurons that had

been transfected with no plasmid (top) or G272V 3R tau (middle, no drug treatment; lower, treated with GSK3B and CDK5 inhibitors). B, €, Cumulative curves and histograms of mEPSC
amplitudes in three groups of neurons as described in A. In B, K-S tests were performed to compare neurons expressing G272V 3R tau with the untransfected control and the treated
G272V 3R tau group. ***, p<0.001 in both comparisons. In C, ANOVA analyses were performed to compare the means between the three groups (n=28-12). *, p <0.05;
** p < 0.01. D, E, Cumulative curves of interevent intervals and histograms of mEPSC frequencies in three groups of neurons as described in A. In D, K-S test; ***, p <0.001 when
the untreated G272V 3R was compared with the other two groups. In E, ANOVA test; *, p < 0.05; **, p < 0.01; mean = standard error. F, Representative traces of untransfected neurons
without (top) or with (bottom) cotreatment with GSK3p and (DK5 inhibitors. G, Cumulative frequency curves of the amplitudes (left) and interevent intervals (right) of mEPSCs from untreated
and treated neurons (gray, no drug; black, with inhibitor treatment). H, I, Comparison of mEPSC amplitudes (H) and mEPSC frequency (/) between neurons without or with the treatment of
inhibitors (gray and black, respectively). Two-group ¢ test, n =14 in each group, NS, not significant, p > 0.05; mean =+ standard error.

decreased the mean mEPSC amplitude (Fig. 6C; ANOVA test,
F=10.9, p<0.001 overall; Bonferroni’s after test: p<0.01), and
the pharmacological treatment inhibited this cellular change
(Fig. 6C; Bonferroni’s after test: p <0.05). Similar changes also
occurred in mEPSC frequency (Fig. 6D,E). In contrast with the
untransfected neurons, the expression of G272V mutant 3R tau
shifted the cumulative curve of interevent time interval to the
right and the pharmacological treatment inhibited this shifting
(Fig. 6D; K-S test, p<0.001 when compared with either the
untransfected control or the treated 3R tau group). Consistent

with the above curves, the expression of G272V 3R tau also sign-
ificantly decreased the mean mEPSC frequency (Fig. 6E;
ANOVA test, F=5.8, p<0.001 overall; Bonferroni’s after test:
p < 0.05), and the pharmacological treatment inhibited this cellu-
lar change (Fig. 6E; Bonferroni’s after test: p <0.01). In a negative
control experiment (Fig. 6F-I), we found that cotreatment with
GSK3p and CDKS5 inhibitors had no significant effects on either
mEPSC amplitude or frequency. These data together demon-
strate that the expression of mutant G272V 3R tau proteins
decreased both the frequency and amplitude of mEPSCs whereas
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the blockade of tau phosphorylation by the concurrent treatment
with GSK3p and CDK5 inhibitors reversed these synaptic dys-
functions. It indicates that 3R tau-mediated functional impair-
ments of dendritic spines are also dependent upon tau
phosphorylation by GSK3p and CDKS5.

The G272V mutation induces the formation of Pick body-like
intracellular inclusions of 3R tau proteins in old cultured
hippocampal neurons (5 weeks in vitro)

The extensive presence of Pick bodies is the pathological hall-
mark of both idiopathic and familial Pick’s disease, and the
definite diagnosis of this disease requires the detection of Pick
bodies in the postmortem tissues (Kertesz et al., 2003; Cairns
et al., 2007; Uchihara and Tsuchiya, 2008). In human tissues,
Pick bodies are round or oval intracellular inclusions, consisting
of aggregated 3R tau-containing network-like fibrils that are
attached to the membrane surrounding the nucleus (Kovacs
et al., 2013; Miki et al., 2014). To test whether the G272V muta-
tion can induce accumulation of tau proteins next to the nucleus
and the formation of the Pick body-like structures, we trans-
fected neurons with plasmids encoding GFP-tagged wild-type,
P301L and G272V 4R tau proteins (Fig. 7A), and GFP-tagged
wild-type and G272V 3R tau (Fig. 7B). In our live imaging studies
of dendrites (Figs. 1, 2), we had also looked at the somas for
potential overt tau aggregations. We could not visually identify
any overt Pick body-like structures in neurons at 3 weeks in vitro
but started to see overt Pick body-like structures at 5 weeks in
vitro. Accordingly, neurons at 5 weeks in vitro were fixed, per-
meabilized, and counterstained with DAPI to label the nuclei
(see Materials and Methods). Among the transfections, only
the expression of G272V mutant 3R tau proteins induced the for-
mation of Pick body-like structures (Fig. 7B, bottom row). To
test whether the G272V 3R tau caused asymmetrical aggregation
of tau proteins, we visually identified the brightest side of the
cytoplasm next to the nucleus and calculated its fluorescence
intensity (F1) and, at the same time, calculated the fluorescence
intensity of the cytoplasm on the opposite side of the nucleus
(F2). We calculated the normalized difference between F1 and
F2 as (F1-F2)/ F2 for comparisons of the asymmetrical distribu-
tion of tau proteins between different transfections (Fig. 7C). We
found that, compared with the wild-type 3R tau proteins, the
expression of G272V mutant 3R tau significantly increased the
accumulation of tau proteins on one side of the nucleus from
17.6 to 142.6%, causing the asymmetric distribution of tau pro-
teins next to the nucleus (Fig. 7C, fifth column; ANOVA, F=
11.0; Bonferroni’s after test: p <0.001), which is consistent with
the immunohistochemical results of a previously reported
Pick’s disease mouse model (Rockenstein et al., 2015).
Moreover, cotreatment with GSK3PB and CDK5 inhibitors,
CHIR99021 (500 nM) and Roscovitine (500 nM), for 2 weeks
(applied at 3 weeks in vitro; fixed at 5 weeks in vitro) mostly
blocked the asymmetric accumulation of 3R G272V tau proteins
around the nucleus (Fig. 7B, bottom row; Fig. 7C, sixth column).
Our results demonstrate a temporal association between the for-
mation of Pick body-like asymmetrical aggregation of 3R tau
proteins and deficits in synaptic structures and functions, sup-
porting the disease relevance of our cellular studies here. Our
pharmacological studies also support the role of tau phosphory-
lation in the formation of Pick bodies, which is consistent with
human pathologies, showing that tau proteins in Pick bodies
are highly phosphorylated (Kovacs et al., 2013; Miki et al,
2014). The pharmacological results further support the disease
relevance of our mechanistic studies here.
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Figure 7.  The G272V mutation induces the phosphorylation-dependent formation of Pick
body—like structures by causing asymmetric accumulation of 3R tau proteins next to the
nucleus. A, B, Representative images of 5-week-old cultured neurons expressing various
GFP-tagged 4 R (A) and 3 R (B) tau proteins, which had been fixed and stained with
DAPI to label the nucleus (see Materials and Methods). The bottom row of B shows a neuron
expressing 3R G272V tau that had been treated with (DK5 and GSK3p inhibitors. The arrows
denote a Pick body—like structure on one side of the nucleus. (, The quantification of the
asymmetric distributions of tau in neurons expressing various types of tau proteins without
or with inhibitor treatment (see main text). ANOVA, n=7 neurons in each group, **, p <
0.01; ***, p <0.001; mean + standard error.

The phosphorylation of 3R tau caused by the G272V mutation
has a slower temporal dynamic than that of 4R tau caused by
the P301L mutation

Unlike P301L, the G272V mutation induced tau mislocalization
to dendritic spines as early as 3 weeks in vitro but had a delayed
effect on synaptic functions of neurons in 5 weeks in vitro (Figs.
1-4). In our previous study, we found that 4R tau-mediated
synaptic dysfunction by two stepwise cellular changes: tau mislo-
calization to dendritic spines and subsequent loss of synaptic
AMPARs (Teravskis et al., 2021). While tau mislocalization
depends on the phosphorylation of the C-domain (Ser396/
Ser404), loss of functional AMPARs instead depends upon the
phosphorylation of the B-domain (i.e., Ser202, Thr205, Thr212,
Thr217, and Thr231; Teravskis et al., 2021). Therefore, we
hypothesized that the delayed functional deficits caused by 3R
G272V tau result from a delayed phosphorylation of the
B-domain. To test the hypothesis, we utilized the AT8 anti-tau
antibody to detect the phosphorylation of the Ser202/Thr205
in tau and a polyclonal anti-GFP antibody to detect the
amount of expressed GFP-tagged human tau levels in neurons
at ages of 3 and 5 weeks in vitro, respectively (Fig. 84,B; see
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** p<0.01; mean = standard error.

Materials and Methods). In each fluorescence channel, the nor-
malized intensity of dendritic fluorescence F=(Fneuron—
Fbackground) /Fbackground (see Materials and Methods).
Thereafter, we further calculated the ratio of normalized fluores-
cence intensity of AT8 staining (F-AT8) over the normalized
GFP fluorescence (F-GFP; Fig. 8C). In order to determine the
effects of both neuronal age and tau variants, we used the two-
way ANOVA to compare the means of the above ratio between
8 groups of neurons (Factor 1 =2 ages; Factor 2 =4 tau variants;
2 x4 =8; Fig. 8C). We found that the two factors together signifi-
cantly altered the ratio among groups (sample size, n = 8 neurons
in each group; overall model, F=8.5, p<0.001). The means
between the four levels of Factor 2 (2 x 2 =4; two isoforms and
two mutations) are significantly different (p <0.001), indicating
that the G272V and/or P301L mutations can indeed alter the
phosphorylation of tau in the B-domain. The interaction between
the two factors is also significant (p <0.05), indicating that the
age of neurons can modulate the effects of the two mutations
on the phosphorylation of the B-domain in tau. In the
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comparison between individual groups, the G272V mutation
significantly increases the AT8 staining of 3R tau in the older cul-
tures (5 weeks old; Fig. 8C, fifth and sixth bars) but not in the
younger cultures (3 weeks old; Fig. 8C, first and second bars).
In contrast, the P301L mutation significantly increases the AT8
staining of 4R tau in neurons at both ages (the third, fourth, sev-
enth, and eighth bars). These results indicate that the phosphor-
ylation of the B-domain caused by the G272V mutation is slower
than that by the P301L mutation, supporting the hypothesis that
the delayed synaptic dysfunction caused by the G272V mutation
is likely due to a delayed phosphorylation of the B-domain.

The expression of G272V 3R tau and P301L 4R tau proteins
induces deficits in AMPAR-mediated synaptic responses
through dynamin-dependent and dynamin-independent
mechanisms, respectively

Previous publications have extensively reported that excitatory
postsynaptic responses can be weakened by dynamin-dependent
clathrin-mediated endocytosis of synaptic AMPARs (Carroll
et al., 1999; Liischer et al., 1999; Man et al., 2000; Anggono and
Huganir, 2012). To test the role of the above pathway in 3R
and 4R tau pathophysiology, we first transfected 1-week-old neu-
rons with either G272V 3R tau or P301L 4R tau, allowing the
neurons to age. Thereafter, we treated the 4-5-week-old neurons
with dynasore (15 uM; see Materials and Methods), which is an
inhibitor of both dynamin 1 and dynamin 2, for 1-2 d for elec-
trophysiological studies (Macia et al., 2006; Fig. 94, six groups
of experiments).

Consistent with our prior results, the expression of G272V 3R
tau proteins significantly shifted the cumulative frequency curve
of mEPSC amplitudes to the left (Fig. 9B; K-S test: p <0.001
between G272V 3R tau proteins and the untransfected control
with no drug treatment). Consistent with results in Figure 9B,
compared with untransfected control with no drug treatment,
the expression of G272V 3R tau proteins significantly decreased
the mEPSC amplitude from 18.5 to 12.6 pA (Fig. 9D, left four
bars; n=12-14 neurons; ANOVA, F=7.9; Bonferroni’s after
test: p<0.001). The dynasore treatment blocked the shifting of
the G272V 3R tau cumulative curve in Figure 9B and the decrease
in mEPSC amplitude caused by this mutant in Figure 9D. The
results in Figure 9, B and D, collectively indicate that the G272
3R tau proteins induce loss of AMPARSs in excitatory synapses,
and this impairment is dynamin-dependent.

In addition to changes in mEPSC amplitude, the expression of
G272V 3R tau proteins also shifted the cumulative curve of
mEPSC inter-event interval to the right (Fig. 9B; K-S test: p<
0.001) and decreased the mean of mEPSC frequency from 2.07
to 0.93 events/s (Fig. 9E, left four bars; ANOVA, F=17.2;
Bonferroni’s after test: p<0.001 when compared with the
untransfected control with no drug treatment). The changes in
mEPSC frequency are consistent with a loss of dendritic spines
as shown in Figure 3 (see Discussion). Importantly, this decrease
in mEPSC frequency was not blocked by dynasore (Fig. 9B,E),
suggesting that dynamin likely plays little role in 3R tau-medi-
ated spine loss.

The expression of P301L 4R tau proteins significantly shifted
the cumulative frequency curve of mEPSC amplitudes to the left
(Fig. 9C; K-S test: p<0.001 between the mutant 4R tau and the
untransfected control with no drug treatment). Consistent with
results in Figure 9C, compared with the untransfected control
with no drug treatment, the expression of P301L 4R tau proteins
significantly decreased the mean of mEPSC amplitude from 18.5
to 11.2 pA (Fig. 9D, right four bars; #n = 12-14 neurons; ANOVA,
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F=17.1; Bonferroni’s after test: p<0.001). However, unlike
G272V 3R tau, the expression of P301L 4R tau did not signifi-
cantly decrease the mEPSC frequency (Fig. 9C and Fig. 9E, right
four bars; p > 0.05 across all groups in ANOVA). In our pharma-
cological studies, the dynasore treatment at a concentration of
15 mM did not block the P301L 4R tau-induced decrease in
mEPSC amplitude (Fig. 9D, right four bars). Therefore, the above
pharmacological studies of both G272V 3R tau- and P301L 4R
tau-expressing neurons together indicate that 3R and 4R tau pro-
teins likely mediate functional deficits of dendritic spines
through distinct dynamin-dependent and dynamin-independent
mechanisms, respectively.

Discussion

Here, we demonstrate that either 3R tau or 4R tau proteins can be
mislocalized to dendritic spines but by different pathogenic var-
iants (Figs. 1, 3). Dendritic spines are postsynaptic structures of
glutamatergic synapses (Harris and Kater, 1994; Kennedy,
2000), and the plasticity of these synapses is the most studied cel-
lular model of learning and memory (Malenka, 1994; Martin
et al., 2000). Deficits in dendritic spines have been widely pro-
posed to account for cognitive deficits in AD and other tauopa-
thies (Hoover et al., 2010; Ittner et al., 2010; Miller et al., 2014;
Teravskis et al., 2018; Braun et al., 2020). We performed a sys-
temic comparison between the roles of 3R and 4R tau in modu-
lating the structures and functions of dendritic spines. Our
results provide direct evidence showing that tau mislocalization

to dendritic spines is a common cellular change in models of
3R and 4R tau FTD.

However, after being mislocalized to dendritic spines, 3R and
4R tau proteins are likely to impair the functions and structures
of these spines through different downstream pathways. The
G272V mutant 3R tau decreased both the amplitude and fre-
quency of mEPSCs (Fig. 4), which are consistent with the loss
of AMPARs and the loss of dendritic spines, respectively. In
the classical mathematical model (Del Castillo and Katz, 1954),
a decrease in mEPSC amplitude reflects the loss of postsynaptic
receptors whereas a decrease in mEPSC frequency reflects a
decrease in releasing probability or loss of releasing sites (second-
ary to loss of attached presynaptic terminals caused by spine
loss). The G272V-induced tau mislocalization to dendritic spines
and associated functional deficits are 3R tau specific as G272V 4R
tau caused no functional deficits (Figs. 1-4). Unlike the P301L 4R
tau, the expression of G272V 3R tau also caused additional spine
loss (Fig. 3). We also found that only the G272V mutation but not
the P301L mutation induced the formation of Pick body-like
structures next to the nucleus (Fig. 7). Finally, we found that
the decrease in mEPSC amplitude caused by G272V 3R tau is
dynamin-dependent but that by P301L 4R tau is not, supporting
distinct cellular mechanisms (Fig. 9). These results together sug-
gest that although some steps in the upstream of tau mislocaliza-
tion may be the same, the downstream signaling steps are likely
to be different.

The above difference is supported by human studies, showing
that the P301L tau mutation is associated with neurofibrillary
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tangles of hyperphosphorylated 4R tau whereas the G272V
mutation is associated with 3R tau-containing Pick bodies
(Bronner et al., 2005; Ghetti et al., 2015). The Pick bodies are
round or oval intracellular inclusions of aggregated 3R tau net-
work-like fibrils attached to the nuclear membrane (Kovacs
et al, 2013; Miki et al, 2014). As shown in Figure 7, the
G272V mutation increased the asymmetric accumulation of
3R tau proteins next to the nucleus to form Pick body-like
structures, recapitulating the pathological hallmarks of human
Pick’s disease and supporting the disease relevance of this
study.

The pathological progression speed from the transfection of
G272V 3R tau to observed functional deficits is also different
from that of P301L 4R tau (Figs. 2, 4). In our previous study, after
transfection at 1 week in vitro, the expression of P301L 4R tau
induced deficits in synaptic responses in electrophysiology and
loss of AMPARs in immunocytochemistry in 3-week-old cul-
tured hippocampal neurons (Hoover et al., 2010). Here, the
expression of G272V 3R tau instead caused no overt synaptic
impairment in 3-week-old cultured neurons but profoundly
impaired the structures and functions of dendritic spines in older
cultures (5 weeks in vitro), showing that functional changes
caused by 3R tau are slower than those of 4R tau. Our cellular
study is consistent with a previous clinical comparative study
that showed a relatively slower disease progression of 3R tauopa-
thies than 4R tauopathies (Hu et al., 2007).

The precise molecular structural basis for why G272V muta-
tion causes isoform-specific tau mislocalization to dendritic
spines remains to be clarified. The G272V and P301L mutations
affect the same PGGG motif in a similar position within the first
and second microtubule-binding domains, respectively, altering
this motif to PGVG or LGGG (Yamaoka et al., 1996, Hutton
et al, 1998). Here, the whole second microtubule-binding
domain is artificially truncated by PCR mutagenesis in the 3R
tau proteins (Fig. 1A). Moving the mutant PGVG motif closer
to the $396/S404 sites, which are essential for tau mislocalization
(Teravskis et al., 2021), by the above truncation may facilitate the
phosphorylation of these sites in G272V 3R tau, leading to the
observed tau mislocalization.

Our pharmacological results (Figs. 5, 6) indicate that the
immediate upstream signaling molecules that mediate 3R tau
hyperphosphorylation are likely GSK3p and CDK5, which are
two of the best-known tau kinases that play important roles in
AD and other neurodegenerative diseases (Ishiguro et al., 1993;
Patrick et al., 1999; Hernandez et al., 2013). G272V-induced
3R tau mislocalization to dendritic spines and associated synaptic
deficits were blocked by concurrent incubation with inhibitors of
these two kinases (Figs. 5, 6). Our previous cellular study demon-
strates that the mislocalization of 4R tau caused by P301L muta-
tion requires the phosphorylation of $396/S404 residues in the
C-terminus of the 4R tau (Teravskis et al.,, 2021). Therefore,
the mislocalization of 3R tau is likely to be mediated through a
shared phosphorylation-dependent cellular mechanism as
$396/S404 are major tau substrates of GSK3B and CDK5
(Illenberger et al., 1998; Kimura et al., 2013, 2014), which can
be activated by endoplasmic reticulum stress (Lai et al., 2007;
Liu et al.,, 2016; Su et al., 2016; Kim et al., 2017). The GSK3p
and CDK5-mediated mislocalization of 3R tau may also play a
role in AD and CTE because both diseases exhibit mixed 3R
and 4R tau pathologies (Hasegawa et al., 2014; Arena et al,
2020) whereas the phosphorylation of $396/5404 is among the
earliest and most robust changes in AD (Mondragén-Rodriguez
et al., 2014; Wesseling et al., 2020).
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The signaling cascade downstream from mislocalization of 3R
or 4R tau is largely unknown. One consistent scientific observa-
tion from multiple groups is that tau mislocalization to dendritic
spines is associated with concurrent targeting to and clustering of
the Fyn kinases in these spines (Ittner et al., 2010; Xia et al., 2015;
Padmanabhan et al., 2019). The tyrosine phosphorylation of
NR2B by Fyn increases the synaptic retention of NR2B
(Prybylowski et al., 2005), and Fyn is believed to be an important
mediator/modulator of long-term potentiation (Grant et al.,
1992; Lu et al, 1999). The accumulation of Fyn in dendritic
spines in an AD model is associated with loss of dendritic spines
and cognitive deficits (Um et al., 2012). However, how Fyn leads
to impairments of dendritic spines in neurodegenerative diseases
remains unknown. The nano-clustered Fyn may cause loss of
functional AMPARs by inhibiting AMPAR trafficking to post-
synaptic membranes during LTP, enhancing AMPAR internali-
zation via calcineurin, or other mechanisms (illustrated in
Fig. 10). In addition, 3R tau and/or Fyn may cause collapse of
dendritic spines by modulating the activities of small GTPases,
which are major players in spine morphogenesis (Luo et al.,
1996; Nakayama et al., 2000; Wiens et al., 2005).
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In studies of the downstream pathway here (Fig. 9), we found
that deficits in AMPAR-mediated synaptic responses caused by 3R
and 4R tau are dynamin-dependent and dynamin-independent,
respectively. Dynamin plays an essential role in clathrin-mediated
endocytosis, which is an intracellular signal machinery highly con-
served across species and cell types (Mousavi et al., 2004; Doherty
and McMahon, 2009). Much is known about the role of the rapid
dynamin-dependent clathrin-mediated internalization of AMPARs
during long-term depression, a form of Hebbian synaptic plasticity
(Carroll et al., 1999; Liischer et al., 1999; Man et al., 2000; Anggono
and Huganir, 2012). However, increasing evidence in recent years
demonstrates that constitutive AMPAR internalization and
homeostatic AMPAR downscaling do not require the function of
dynamin and clathrin (Glebov et al, 2015; Zheng et al.,, 2015).
In Figure 9, the contrasting effects of dynasore, a dynamin inhib-
itor, on mEPSC amplitudes of neurons that expressed G272V 3R
tau and P301L 4R tau proteins suggest that 3R and 4R tau isoforms
interfere with different recycling pathways of AMPARSs, affecting
Hebbian and homeostatic synaptic plasticity, respectively (illus-
trated in Fig. 10).

In conclusion, our findings elucidate that tau mislocalization
to dendritic spines is a common pathway for both 3R and 4R tau
proteins to impair postsynaptic structures and functions but
through different downstream mechanisms (illustrated in
Fig. 10). The shared upstream steps that lead to mislocalization
of 3R and 4R tau provide a common cellular mechanism under-
lying frequent overlaps of clinical presentations in diverse forms
of FTD. On the other hand, the uncovered dynamin-dependent
and dynamin-independent downstream mechanisms activated
by 3R and 4R tau, respectively, provide an unreported molecular
and cellular framework for the pathophysiological heterogeneity
of FTD. Broadly, the comparative mechanistic studies of diverse
tau isoforms here will help us better understand the complexity
of cellular mechanisms underlying diverse neurodegenerative
diseases, which may exhibit 3R, 4R, or both tau pathologies.

Data availability. Data in support of the findings here are
available from the corresponding author with reasonable request.
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