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Accumulation of C‑terminal cleaved tau is distinctly 
associated with cognitive deficits, synaptic plasticity 
impairment, and neurodegeneration in aged mice
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full-length tau (FL-tau) and ∆D421-tau in 4- and 
12-month-old mice for 4 months to study the neuro-
pathological impact of accumulation in young adult 
(8-month) and middle-aged (16-month) mice. Over-
all, we show that independent of the tau species, age 
was an important factor facilitating tau phospho-
rylation, oligomer formation, and deposition into 
silver-positive tangles. However, mice overexpress-
ing ∆D421-tau exhibited a distinct phosphorylation 
profile to those overexpressing FL-tau and increased 
tau oligomerization in the middle-age group. Impor-
tantly, overexpression of ∆D421-tau, but not FL-tau 

Abstract C-terminal cleaved tau at D421 (∆D421-
tau) accumulates in the brains of Alzheimer’s dis-
ease (AD) patients. However, it is unclear how tau 
truncation, an understudied tau post-translational 
modification, contributes to AD pathology and pro-
gression. Utilizing an adeno-associated virus (AAV) 
gene delivery-based approach, we overexpressed 

Anjanet Loon and Frank Zamudio share first authorship / 
contributed equally to this work.

Supplementary Information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11357- 021- 00408-z.

A. Loon · F. Zamudio · A. Sanneh · B. Brown · 
S. Smeltzer · Z. Quadri · D. C. Lee · M.-L. B. Selenica 
Department of Pharmaceutical Sciences, College 
of Pharmacy, University of South Florida, 12901 Bruce B. 
Downs Blvd, Tampa, FL 33612, USA
e-mail: anjanet@mail.usf.edu

F. Zamudio 
e-mail: fzamudio@mail.usf.edu

A. Sanneh 
e-mail: asanneh07@gmail.com

B. Brown 
e-mail: breannabrown@mail.usf.edu

S. Smeltzer 
e-mail: shaynasmeltzer@gmail.com

Z. Quadri 
e-mail: Zainuddin.Quadri@uky.edu

D. C. Lee 
e-mail: dan.lee@uky.edu

M. L. Brownlow · M. Peters · E. Weeber · K. Nash · 
M. N. Gordon · D. Morgan 
Department of Molecular Pharmacological & Physiology, 
Morsani College of Medicine, University of South Florida, 
12901 Bruce B. Downs Blvd, Tampa, FL 33612, USA
e-mail: milene_lara@yahoo.com

M. Peters 
e-mail: petersmm@health.usf.edu

E. Weeber 
e-mail: eweeber@health.usf.edu

K. Nash 
e-mail: nash@usf.edu

M. N. Gordon 
e-mail: mngordon@msu.edu

D. Morgan 
e-mail: scientistdave@gmail.com

/ Published online: 19 August 2021

GeroScience (2022) 44:173–194

http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-021-00408-z&domain=pdf
https://doi.org/10.1007/s11357-021-00408-z
https://doi.org/10.1007/s11357-021-00408-z


1 3

in middle-aged mice, resulted in pronounced cogni-
tive impairments and hippocampal long-term poten-
tiation deficits. While both FL-tau and ∆D421-tau 
induced neuronal loss in mice with age, ∆D421-tau 
led to significant neuronal loss in the CA3 area of the 
hippocampus and medial entorhinal cortex compared 
to FL-tau. Based on our data, we conclude that age 
increases the susceptibility to neuronal degenera-
tion associated with ΔD421-tau accumulation. Our 
findings suggest that ΔD421-tau accumulation con-
tributes to synaptic plasticity and cognitive deficits, 
thus representing a potential target for tau-associated 
pathologies.

Keywords Tauopathy · Age · Truncated tau · Full-
length tau · LTP · Entorhinal cortex · Cognition · 
Neurodegeneration

Introduction

Aging is the most significant risk factor for the pro-
gression of Alzheimer’s disease (AD). However, 
among the hallmark neuropathological factors, 
heightened tau phosphorylation levels are key indica-
tors of disease progression and represent promising 
therapeutic targets for AD. In its normal state, tau is 
a structural protein involved in microtubule assem-
bly and stabilization [21]. In AD and a set of diseases 
classified as tauopathies, tau forms pathological neu-
rofibrillary tangle structures (NFTs) consisting of 
aggregated and hyperphosphorylated caspase-cleaved 
species [8, 10, 74]. Cleaved tau isoforms, particularly, 
have been implicated in the progressive loss of axonal 
connections, synaptic dysfunction, and neuronal death 
associated with AD [3, 4, 20, 39, 66]. Consequently, 
several cleaved forms of tau have been identified, 

including asparagine endopeptidase-cleaved tau at 
N255 and N368 as well as caspase 2-cleaved tau at 
D314, all of which promote neurodegeneration [30, 
51, 76, 81, 82]. Another such tau species is a prod-
uct of the truncation of tau at the aspartic acid at 421 
position (∆D421), shown to enhance tau aggregation 
by acting as nucleation seeds promoting filamentous 
self-assembly in vitro and in vivo [2, 10, 26, 30, 47]. 
Notably, pre-synaptic ∆D421-tau is present in abun-
dance in cortical synaptosomal fractions derived from 
mice overexpressing P301L tau [54, 57], as well as 
in post-mortem AD brains when compared to healthy 
controls [65]. Additionally, ∆D421 tau truncation 
enhances its secretion independent of cell death, 
contributing to prion-like seeding and propagation 
of pathological tau [19, 20, 25, 37, 67]. This is fur-
ther supported by several studies suggesting that tau 
is released by healthy cells and tau-overexpressing 
cells [17, 40, 55]. While there is emerging evidence 
highlighting the presence and unique properties of 
∆D421-tau, its contribution to pathology with age 
remains poorly studied.

This study used an in  vivo viral gene deliv-
ery approach to examine the impact of FL-tau and 
ΔD421-tau accumulation on synaptic plasticity, 
neurodegeneration, and cognitive function in young 
adult and middle-aged mouse cohorts. Our findings 
show that ΔD421-tau overexpression, but not FL-tau, 
impairs learning and memory along with long-term 
potentiation (LTP) in middle-aged mice. These effects 
were accompanied by significant differences in the 
phosphorylation, oligomerization, and argyrophilic 
tau profiles between ΔD421- and FL-tau, which were 
exacerbated in the older mice. Lastly, our data shows 
that ΔD421-tau differentially worsened degenera-
tion of neuronal populations in the middle-aged hip-
pocampus and medial entorhinal cortex. Overall, our 
results show that ΔD421-tau accumulation displays 
distinct neurotoxic effects compared to FL-tau, and 
mouse age heightened susceptibility of the brain to 
neuropathology.

Materials and methods

AAV-tau vector generation

Human wild-type (wt) FL-Tau (4R2N, 441 amino 
acids) was inserted into a pET 7C bacterial vector 
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(courtesy of the late Dr. L. Binder, Michigan State 
University) and transferred into a pTR2-MCS viral 
vector. Truncation of C-terminal tau (1–421 amino 
acids) was generated by deleting the last 20 amino 
acids on the C-terminal segment of the full-length 
tau protein and as previously described [22]. We will 
refer to this tau form as delta D421-tau (∆D421-
tau). Both FL-tau and ΔD421-tau were cloned into 
the Age I and Xho I cloning sites of the recombinant 
adeno-associated virus (rAAV) vector pTR2-MCS 
under the control of the hybrid CMV chicken beta-
actin promoter. A hemagglutinin (HA) tag was fused 
in both viral constructs for visualization purposes at 
the N-terminal, which does not disrupt C-terminal-
mediated tau folding and aggregation [48]. rAAV 
serotype 9 was generated using pAAV9 and pXX6 in 
HEK293 cells [16, 35].

Mice

The C57BL/6  J mice were bred in the vivarium of 
Byrd Alzheimer Institute, USF Health, and were 
subsequently injected intracranially with AAV9 viral 
particles. The AAV9-FL-tau, AAV9-ΔD421-tau, and 
AAV9-empty capsid expressing C57BL/6 J mice after 
4-month post-injection are referred to in this work as 
young-adult (8 months) and middle-aged (16 months) 
based on their life history stages (Fig. 1A) [23]. All 
groups were stratified for sex, an equal number of 
males and females were included. The rTg4510 mice 
were bred to 16 months old by crossing the parental 
human P301L tau mutation with tetracycline-con-
trolled transactivator (tTa) phenotypes as previously 
described [60]. The tTa transgene was carried in the 
129S6 background strain, and rTg4510 mice were F1 
hybrids of FVBx129S6.

Stereotaxic intracranial AAV injection procedure

The injection procedure was performed using the 
convection-enhanced delivery method described 
previously [16, 62]. Briefly, mice were anesthetized 
with 1.5% isoflurane in 100% oxygen and secured 
into a stereotaxic apparatus. The coordinates of 
injection were as follows: hippocampus (HPC): 
anteroposterior, − 2.7  mm,lateral ± 2.7  mm, dors-
oventral − 3.0 mm from bregma; cortex (CX): anter-
oposterior, + 2.2 mm; and lateral ± 1.7 mm, dorsoven-
tral − 3.0 mm, from bregma. A microsyringe injector 

and controller (Stoelting, Wood Dale, IL) were used 
to inject 2 ml of virus (2 ×  1012 viruses/ml) at a con-
stant rate of 2.5  ml/min through a CED needle in 
each placement. The needle was kept in place for 
1 min following injection and then was raised slowly. 
rAAV9-FL-tau, rAAV9-ΔD421-tau, and rAAV9-
empty capsid control mice were injected bilaterally 
in the hippocampus and cortex of wt mice at two dif-
ferent ages: 4-month (n = 8–10 animals/group) and 
12-month-old mice (n = 16–17 animals/group). Mice 
were allowed to recover for 4 months prior to tissue 
collection.

Behavioral testing

Behavioral analysis was carried out as previously 
described [5, 13, 63]. Mice were handled by the 
same experimenter to monitor body weight through-
out the experiment and to habituate the mice with the 
experimenter.

Two‑day radial arm water maze (RAWM)

In this task, mice learned to use extra-maze spatial 
cues to locate the escape platform [5]. On day one, 
mice were given 15 trials where every three trials 
were averaged into one block (5 blocks in total), alter-
nating between a visible platform (above the water) 
and a hidden platform (below the water) between tri-
als. The next day (day 2), mice underwent 15 addi-
tional trials (5 blocks), with all the trials using a 
hidden platform. The goal arm location for sequen-
tial mice was different to avoid odor cues. Incorrect 
arm entries or failure to select an arm for 15 s were 
counted as errors. Twenty-four hours were allowed 
for each mouse to rest between the last trial of day 
one and the first trial of day 2.

Radial arm water maze reversal

This test was completed on the third day of the 
radial arm water maze (RAWM) test and was per-
formed under similar conditions. The goal arm was 
positioned 180º from the original location to test 
the ability of mice to extinguish a learned memory 
and create a novel one. All 15 trials were performed 
with a hidden platform. For both tests, average and 
total numbers of errors for each trial were calcu-
lated to assess learning and working memory.
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On the last day (24 h following reversal RAWM 
testing), all animals were tested in the open pool task 
with a visible platform in a different location to the 
acquisition and reversal to ensure that all mice could 
see and climb on the platform. Latency to find and 
ascend the platform was recorded (60 s maximum).

Open field

General anxiety and locomotor activity were meas-
ured by monitoring mice for 15 min in a walled open 
field box (Stoelting). The activity was recorded using 
ANY-maze video tracking software (Stoelting).

Rotarod

Motor function, coordination, and learning were meas-
ured by placing mice on an apparatus with a rotating 
rod (Rota-Rod Stoelting; AugoBasile Apparatus) that 
was accelerated at a steady rate to 40 rpm over 5 min. 
Latency to fall off from the rod was measured.

Y‑maze

To assess working spatial memory, mice were 
placed in a walled Y-maze for a single 5-min trial. 

Fig. 1  Transgene expression in FL-tau and ∆D421-tau mice. 
A AAV viral in  vivo tau gene transfer in 4- and 12-month-
old wt mice for 4  months was followed by behavior testing. 
B Immunohistochemical staining of brain tissue for hemag-
glutinin (HA) expression. C Quantification of percent positive 

area in HA immunoreactivity in the cortex (CX), hippocampus 
(HPC), and subiculum (SBC) with age. Statistical analyses 
were performed by two-way ANOVA followed by Tukey post-
hoc test (n = 7–8 animal/group). Scale bar represents 2000 µm
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The sequence of arm entries and the total number 
of arm choices were recorded. Spontaneous alterna-
tion, defined by entering all three arms of the maze 
sequentially without repetition, was calculated.

Novel object recognition

Short-term memory was evaluated in the novel 
object recognition test. Briefly, mice were placed in 
a 40 cm by 40 cm arena and monitored using ANY-
maze video tracking software. Two similar objects 
were placed along the centerline of the arena, and 
each animal was given three 5-min trials for accli-
mation with a 5-min inter-trial interval. After each 
trial, the arena and object cues were cleaned to min-
imize olfactory cues. Five minutes after the accli-
mation trials, one of the objects was replaced with 
a novel object, and animals were given a 5-min trial 
during which object exploration was monitored.

Novel mouse recognition

Similar to the novel object recognition task, mice 
were subjected to a recognition test utilizing a dif-
ferent context consisting of three chambers sepa-
rated by transparent plastic walls. After one 10-min 
habituation period, two mice were placed on the left 
and right chambers. In the second trial, the interac-
tion between the test mouse with the other mice was 
measured using ANY-maze video tracking software. 
In the third trial, one of the mice was replaced with 
a novel mouse, and interaction was measured again. 
The chambers were thoroughly cleaned between tri-
als to minimize olfactory cues.

Fear conditioning

To test long-term memory in associative learning, 
mice were placed in an enclosed fear conditioning 
apparatus for 3 min followed by a loud tone (70 dB 
of white noise) for 30 s paired with a 0.5-mA shock 
applied to the floor grid during the last 2  s of the 
conditioned stimulus. Another conditioned stimu-
lus paired with a shock was given during the train-
ing trial after 2 min. For contextual memory, the mice 
were placed in the same fear conditioning apparatus 
and monitored for freezing for 3  min to the context 

24 h after training without an auditory cue or shock. 
Immediately after the contextual test, mice were 
placed in a novel environment with different walls 
and floors along with an olfactory cue. Mice were 
allowed to explore the chamber for 3  min and then 
exposed to the conditioned stimulus (tone) for 3 min. 
Learning was assessed by measuring freezing behav-
ior in the last 3 min.

Tissue collection

Four-month post-intracerebral injection, mice were 
weighed and overdosed with a euthanizing solution 
containing pentobarbital (Somnasol, Henry Schein). 
Cardiac perfusion was performed via gravity drip 
with 25  ml of 0.9% standard saline solution. Mice 
were placed on an isothermal pad after anesthesia 
and during perfusion to avoid artefactual tau phos-
phorylation caused by reductions in body temperature 
[53]. Brains were collected following saline perfu-
sion and were hemisected down the sagittal midline. 
One hemisphere was dissected and frozen on dry ice 
for biochemical studies. The second hemisphere was 
immersion-fixed in 4% paraformaldehyde for 24  h 
and cryoprotected in successive incubations of 10%, 
20%, and 30% solutions of sucrose for 24 h in each 
solution. Subsequently, the fixed hemispheres were 
frozen on a cold stage and sectioned in the horizontal 
plane (25-mm thickness) using a sliding microtome. 
Brain sections were stored in Dulbecco’s phosphate-
buffered saline (DPBS) with 10  mM sodium azide 
solution at 4 °C for immunohistochemical analysis of 
tau levels.

Electrophysiology recordings

Following behavioral testing, a cohort of 16-month-
old ΔD421- and FL-tau-injected mice along with 
wt littermates (n=4/group) was euthanized, and the 
hippocampi were dissected for LTP recordings as 
previously described [70]. The brain was rapidly dis-
sected and placed in ice-cold, oxygenated, cutting 
solution containing: 110 mM sucrose, 60 mM NaCl, 
3  mM KCl, 28  mM  NaHCO3, 1.25  mM  NaH2PO4, 
5 mM glucose, 0.6 mM ascorbate, 7 mM  MgCl2, and 
0.5  mM  CaCl2. Hippocampal slices (400  µm) were 
prepared on a vibratome and allowed to equilibrate in 
a 50% cutting saline and 50% artificial cerebrospinal 
fluid (ACSF) solution containing: 125 NaCl, 2.5 mM 
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KCl, 26 mM  NaHCO3, 1.25 mM  NaH2PO4, 25 mM 
glucose, 1 mM  MgCl2, and 2 mM  CaCl2. Slices were 
maintained with a constant 95%  O2/5%  CO2 perfu-
sion for 10 min before being transferred to the brain 
slice recording chamber supported by nylon mesh or 
maintained in a holding container. Slices were recov-
ered for a minimum of 1  h before recording. The 
recording chamber was held at 30° ± 0.5  °C with an 
ACSF flow rate of 1  ml/min. Field excitatory post-
synaptic potentials (fEPSPs) were recorded from the 
stratum radiatum in hippocampal area CA1 via glass 
microelectrodes filled with artificial cerebrospinal 
fluid (resistance 1–4 MΩ). Responses were generated 
by stimulation of Schaffer collaterals arising from 
the CA3 region. Stimulating electrodes consisting 
of formvar-coated nichrome wire delivered biphasic 
stimulus pulses (1–15 V, 100 µs duration, 0.05 Hz). 
Stimulation delivery was controlled by pClamp 9.0 
software (Molecular Devices) via a Digidata 1322A 
interface (Molecular Devices) and a stimulus isolator 
(model 2200; A-M Systems). Signals were amplified 
using a differential amplifier (model 1800; A-M Sys-
tems), filtered at 1 kHz, and digitized at 10 kHz. For 
all experiments, baseline stimulus intensity was set at 
the level that elicited ∼ 50% of the maximum fEPSP 
response as determined from the input–output curve. 
The input–output relationship was determined by 
stimulating slices from 0 to 15 mV at 0.5 mV incre-
ments. LTP was induced by a theta-burst stimulation 
(TB-stim) protocol, consisting of two trains of four 
pulse bursts at 100 Hz separated by 200 ms, repeated 
six times with an intertrain interval of 10 s. For analy-
ses, the last 10 min of the recording was averaged and 
compared.

To measure the direct effects of ΔD421 tau, we 
incubated hippocampal slices from 16-month-old, 
tau naïve mice acutely with PBS, 150  µM FL-tau, 
or 150  µM ∆D421-tau protein (n = 4, recombinant 
protein was generously gifted by Dr. Kanaan, Michi-
gan State University, MI). After 1-h bath perfusion, 
LTP was induced by two trains of tetanic stimulation, 
100  Hz for 1  s and recorded using a test pulse fre-
quency of 0.017 Hz and described [22].

Immunohistochemical/histological procedure and 
analysis

Eight sections, 200  mm apart, were chosen for his-
tological analysis using immunohistochemical 

procedural methods described previously [62]. For 
each marker, floating sections from all animals were 
placed in multi-sample staining trays, and endogenous 
peroxidase was blocked (10% methanol, 3%  H202 in 
PBS, 15  min). Tissue samples were permeabilized 
(with 0.2% lysine, 1% Triton X-100 in PBS solution, 
30  min) and incubated overnight in the appropri-
ate primary antibody. Anti-N-terminus of human tau 
(H150, Santa Cruz, Dallas, TX, USA); anti-phospho-
tau at Serine 396 (pS396, Anaspec, Freemont, CA, 
USA); anti-phospho-tau at Serine 202 and Threonine 
205 (biotinylated AT8, ThermoScientific, Waltham, 
MA, USA); HA (biotinylated, Roche Diagnostic, 
Manheim, Germany) and NeuN (EMD Millipore, St. 
Charles, MO, USA) antibodies were used. Sections 
were rinsed 3 × in PBS and then incubated in cor-
responding biotinylated secondary antibody for 2  h, 
except AT8 and HA antibodies (Vector Laboratories, 
Burlingame, CA, USA). The tissue was again rinsed 
3 × in PBS and incubated with Vectastain® Elite® 
ABC kit (Vector Laboratories, Burlingame, CA, 
USA) for enzyme conjugation. Finally, sections were 
developed using 0.05% diaminobenzidine, 0.5%  Ni++, 
and 0.03%  H2O2. Tissue sections were then mounted 
onto slides, dehydrated, and coverslipped. Each 
immunochemical assay omitted few sections from 
primary antibody incubation to evaluate the nonspe-
cific reaction of the secondary antibody.

Gallyas histology was performed using pre-
mounted sections and air-dried for a minimum of 24 h 
as previously described [63]. Sections were rehy-
drated for 30  s prior to proceeding with the Gallyas 
protocol. Slides were treated with 5% periodic acid 
for 5 min, washed with water, and incubated sequen-
tially in silver iodide (1  min) and 0.5% acetic acid 
(10 min) solutions prior to being placed in developer 
solution (2.5% sodium carbonate, 0.1% ammonium 
nitrate, 0.1% silver nitrate, 1% tungstosilicic acid, 
0.7% formaldehyde). To stop the reaction, 0.5% acetic 
acid solution was used, and slides were incubated in 
0.1% gold chloride followed by 1% sodium thiosul-
fate, and counterstained with 0.1% nuclear fast red in 
2.5% aqueous aluminum sulfate, each step separated 
by washes in water. Following a final wash, slides 
were dehydrated and coverslipped.

Stained sections were imaged using a Zeiss 
Mirax150 digital scanning microscope. The area of 
positive staining in each section was analyzed. The 
software used hue, saturation, and intensity (HSI) to 
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segment the image fields. Thresholds for object seg-
mentation were established with images of high and 
low staining levels to identify positive staining and 
exclude background levels. During analysis, these 
limits were held constant across each given stain.

Neurodegeneration measurements by NeuN analysis

The hippocampus, subiculum, entorhinal cortex, and 
cortical regions were manually outlined using IAE 
analysis software (Zeiss, Germany). The Mouse Brain 
in Stereotaxic Coordinates was referenced for deter-
mining anatomical regions [52]. The hippocampus, 
subiculum, entorhinal cortex, and anterior cortex 
were manually outlined using IAE analysis software 
(Zeiss, Germany). The Mouse Brain in Stereotaxic 
Coordinates was referenced for determining anatomi-
cal regions [52]. The entorhinal cortex was divided 
into lateral and medial regions by examining spa-
tial and concentration-based differences in cell body 
arrangement, according to the Allen Mouse Brain 
Atlas [6]. The staining density was measured in all 
regions and presented as a percent (%) of positive 
area. Thickness in layer II/III was measured using 
Mirax Viewer software (Zeiss Technologies, 10,594 
Thornwood, USA). Values are presented as aver-
ages per animal within each treatment and age group. 
Error bars are presented as the standard error of the 
mean (SEM).

Biochemical analysis

Tissue samples were prepared for western analysis as 
previously described [15]. Briefly, the dissected ante-
rior cortex and hippocampal tissue were weighed and 
resuspended in RIPA buffer (50  mM Tris, 140  mM 
NaCl, 10% NP40, 10% Na deoxycholate, 10% SDS, 
with protease inhibitor cocktail and phosphatase 
inhibitor cocktails I and II) (Sigma-Aldrich Corp., 
St. Louis, MO, USA) at ten volumes/weight of tissue. 
The tissue was homogenized with a motorized pestle 
followed by a brief (10 s) sonication pulse. Aliquots 
were collected at this point for biochemical analysis 
and referred to as “brain homogenate.” Pierce BCA 
protein assay (Thermo Fisher Scientific, Waltham, 
MA, USA) was used to determine protein concen-
trations. For western analysis, 20  mg of protein 
was loaded for each sample. The antibodies against 

phosphorylated tau epitope pS262, pS199/202, and 
AT180 (Thr231) were obtained from Anaspec (Free-
mont, CA, USA), while the H150 antibody was 
obtained from Santa Cruz Biotechnologies (Dallas, 
TX, USA). Monoclonal PHF1 antibody was kindly 
provided by Dr. Peter Davies [14, 29, 34]. T22 anti-
body was kindly provided by Dr. Rakez Kayed [43]. 
The monoclonal HT7 antibody was purchased from 
Thermo Fisher Scientific (Waltham, MA, USA). For 
dot blots, proteins were applied onto a wet nitrocel-
lulose membrane and dried by vacuum. Once dry, the 
membrane was blocked and developed with the T22 
antibody as described above.

Reverse transcriptase-polymerase chain reaction 
(RT-PCR)

Total RNA from mouse hippocampi (n = 3) was 
extracted using Qiagen’s All Prep DNA/RNA/
Protein kit. Fifty nanograms of RNA were used to 
generate cDNA using Superscript II First Strand 
Synthesis System (Life Technologies). The cDNA 
was used on the real-time mouse synaptic plastic-
ity  RT2 Profiler PCR Array (Qiagen, Catalog no. 
PAMM-126Z) using  RT2 SYBR ® Green qPCR 
Mastermix (Qiagen catalog no. 330529). Ct values 
were exported, and data was analyzed using the 
web portal provided by Qiagen (www. qiagen. com/ 
geneg lobe), which generated the top upregulated 
and downregulated genes. Volcano plots were gen-
erated using Qiagen Gene globe software (Qiagen, 
Germantown, MD, USA). Genes were classified 
into known pathways: immediate-early response 
genes (IEGs), neuronal receptors (NR), extracellu-
lar matrix molecules (ECM), long-term potentiation 
(LTP), postsynaptic density (PSD), cell adhesion 
molecules (CAM), long-term depression (LTD), 
and CREB cofactors (CREB).

Statistical analysis

Two-tailed Student’s t test, one-way ANOVA, or two-
way repeated-measures ANOVA with Fisher’s least 
significance difference (LSD) or Tukey post-hoc tests 
were used as detailed in the figure legends. Values 
were considered significant if p < 0.05. Graphs were 
generated using GraphPad Prism 8.0 (La Jolla, CA, 
USA) analysis software.
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Results

AAV9-injected mice exhibited no significant 
differences in viral expression

To investigate the pathological profiling of ∆D421-
tau and FL-tau, we prepared adeno-associated virus 
serotype 9 (AAV9) particles containing HA-tags 
fused to the N-terminal of FL-tau and ΔD421-tau 
protein sequences. After 4-month post-injection, 
immunohistochemistry was performed to meas-
ure transgene expression in AAV9-FL-tau (4R2N), 
AAV9-ΔD421-tau, or AAV9-empty capsid-injected 
mice via quantification of HA immunoreactivity in 
the left hemisphere (Fig. 1A). We found similar viral 
expression across mice of both ages at the injection 
regions with no overt difference in spreading between 
FL-tau and ΔD421-tau, while empty capsid animals 
showed no visible HA staining (Fig.  1B). Quantita-
tively, viral transduction was readily detected at the 
injection regions, cortex (CX), and hippocampus 
(HPC), attaining a range of 5–15% and 20–30% of the 
measured areas (Fig. 1C). The transgene also resulted 
in expression in the subiculum, albeit with less immu-
noreactivity (SBC, 5–10%).

ΔD421-tau overexpression results in cognitive 
deficits in middle-aged mice

To assess whether FL- or ΔD421-tau overexpression 
affected the neurobehavioral phenotype, mice in both 
the young adult and middle-aged cohorts were tested 
for spatial navigation memory using the radial arm 
water maze task (RAWM) [5]. All mice swam well 
and showed no signs of distress nor signs of motor 
or visual impairments (data not shown). Young adult 
FL-tau and ∆D421-tau mice demonstrated normal 
learning and memory ability in the acquisition and 
reversal tasks (measured as the average of errors) 
since both groups achieved the criterion associated 
with optimal learning (< 2 errors per block) both in 
acquisition and reversal RAWM testing, similar to 
the empty capsid control group (Fig.  2A–D). How-
ever, we found that middle-aged mice performed 
significantly more total errors, but not average num-
ber of errors, than young adult mice in the control 
group, FL-tau and ∆D421-tau (Fig.  2A vs. B, D). 
Conversely, in the reversal phase, the middle-aged 
∆D421-tau group performed more errors on average 

in each block when compared to control and FL-tau 
groups (Fig.  2C), resulting in a significantly greater 
number of total reversal errors (Fig.  2D). Interest-
ingly, the number of average errors during reversal 
learning was significantly increased in the middle-
aged ∆D421-tau group in block 1, but remained 
similar to those from the middle-aged FL-tau group 
by the final block 5 (Fig.  2C). Overall, middle-aged 
∆D421-tau mice showed impaired learning in the 
reversal compared to age-matched controls, while 
middle-aged FL-tau animals performed significantly 
more errors on average, but not total errors than the 
middle-aged controls in the last block (Fig.  2B vs. 
Figure 2D). Thus, ∆D421-tau overexpression appears 
to consistently slow spatial learning in middle-aged 
mice under reversal conditions. The positive correla-
tion between middle-aged ∆D421-tau levels and total 
RAWM errors is illustrated further by linear regres-
sion analysis (Fig. s1).

Given the spatial learning deficits observed in 
the ∆D421-tau middle-aged cohort, we decided to 
explore a more extensive battery of cognitive meas-
ures at this age. Therefore, another subset of middle-
aged mice injected with AAV9-tau species or empty 
capsid control underwent open field, rotarod, Y-maze, 
novel object recognition, and context and cued fear 
conditioning testing. We found no changes in gen-
eral anxiety, measured by the time mice spent in the 
center of an open field, and locomotor activity in mid-
dle-aged mice expressing either FL- or ∆D421-tau 
(Fig. s2A, B). While neither short-term spatial work-
ing memory in the Y-maze (Fig. s2C) nor short-term 
recognition memory in the novel object and mouse 
tests was affected by FL-tau or ∆D421-tau overex-
pression (Fig.  s2D, E), we found that ∆D421-tau 
mice displayed significant impairment in motor learn-
ing during day 2 of the rotarod compared to the age-
matched control group (Fig. 3A). Additionally, while 
fear memory acquisition (measured by the freeze 
time after receiving foot shocks paired with a tone) 
was similar between all groups (Fig.  3B), we found 
that ∆D421-tau mice displayed impaired long-term 
memory retrieval during context (Fig.  3C) or cue 
(Fig. 3D), suggesting a deficit in associative learning 
in this cohort.

ΔD421-tau accumulation impairs hippocampal 
long-term potentiation (LTP) induction in the middle-
aged mouse brain.
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Considering the hippocampal-dependent learn-
ing and memory deficits present in the middle-aged 
ΔD421-tau mice, we performed electrophysiology 
analysis of LTP in a subset of the middle-aged mouse 
cohort. Field excitatory postsynaptic potentials (fEP-
SPs) were recorded from the stratum radiatum in CA1 
pyramidal neurons (Fig. 4A). We included hippocam-
pal slices from the rTg4510 mouse model since LTP 
impairment in this mouse model of tauopathy was 
reported by several groups [1, 61, 79]. The tetanic 
stimulation of the Schaffer collaterals resulted in 
robust LTP in slices from the middle-aged control and 
FL-tau-expressing mice. However, the hippocampi 
from ∆D421-tau mice showed impaired LTP mainte-
nance for 60 min after induction compared to control 

and FL-tau mice, as shown in the last 10-min analy-
sis (Fig.  4B). As expected, hippocampal slices from 
rTg4510 mice demonstrated a significant impair-
ment of LTP compared to control and FL-tau mice. 
Interestingly, hippocampal LTP recordings from the 
rTg4510 mice were not statistically different from 
the ∆D421-tau-expressing mice, suggesting a crucial 
effect of this tau species on LTP.

To further determine whether ∆D421-tau was 
directly responsible for the LTP deficits in middle-
aged mice, we treated ex  vivo hippocampal slices 
acutely with PBS, 150  µM FL-tau, or 150  µM 
∆D421-tau recombinant protein and measured LTP 
as described previously [22](Fig.  4C). Recombi-
nant ∆D421-tau treatment, but not FL-tau, robustly 

Fig. 2  ΔD421-tau, but not FL-tau, overexpression in the mid-
dle-aged mouse brain results in impairment of spatial memory 
performance. A The average number of errors per block for the 
radial arm water maze (RAWM) in young adult and middle-
aged cohorts. B The total number of errors performed in the 
RAWM in the young adult and middle-aged cohorts. Statistics 
were performed by two-way ANOVA followed by Fisher’s 
least significant difference (LSD) post-hoc test (n = 8–10 for 
the 8-month-old and n = 15–17 for the 16-month-old group, 
*p < 0.05). C The average number of errors per block for the 
RAWM reversal in young adult and middle-aged cohorts. 
Statistical analyses were carried out by two-way ANOVA fol-
lowed by Fisher’s least significance different (LSD) post-hoc 

test (n = 8–10 for young adult and n = 15–17 for middle-aged 
group, *p < 0.05 and **p < 0.01 between aged control and 
∆D421-tau, ^p < 0.05 between aged FL-tau and ∆D421-
tau, #p < 0.05 between aged control and FL-tau). D The total 
number of errors across all trials in the RAWM reversal in 
the young adult and middle-aged cohorts. Statistics were per-
formed by two-way ANOVA followed by Fisher’s least sig-
nificant difference (LSD) post-hoc test (n = 8–10 for the young 
adult and n = 15–17 for the middle-aged group, *p < 0.05 
between all 8-month-old treatment groups and 16-month-
old control and FL-tau, **p < 0.01, #p < 0.001 between all 
8-month-old treatment groups and 16-month-old ∆D421-tau)
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impaired LTP compared to middle-aged control slices 
as measured in the last 10 min of analysis (Fig. 4D), 
suggesting ∆D421-tau can directly impair LTP. 
These results correlated well with alteration in the 
expression of several early and late induction genes 
involved in LTP (volcano plot, Fig. s3). Indeed, RT-
qPCR analysis of RNA from middle-aged control and 
∆D421-tau mouse hippocampi demonstrated down-
regulation of early induction genes including Mmp9, 
Adcy8, and Bdnf (Tab s1), while upregulating others 
(Tab s2).

ΔD421-tau-overexpressing mice exhibit a distinct 
phosphorylation profile from FL-tau mice

Because the induced tau phosphorylation is an 
indicator of neuropathology, we performed immu-
nohistochemical analyses to measure the tau phos-
phorylation profile achieved by each overexpressed 

tau protein. We focused on the hippocampus and the 
synaptically connected subiculum, a region known 
to be particularly vulnerable to D421 truncation 
in AD [27]. First, we measured the total tau levels 
(H150 immunoreactivity) expressed by each viral 
construct in both ages (Fig. 5A, B, boxes represent 
the magnified areas). Quantification revealed simi-
lar tau levels in the FL- and ΔD421-tau mice in the 
HPC (15–20%) and SBC (10–15%) in both young 
adult and middle-aged mice. Analysis of the CX 
showed similar tau expression (5–10%) (Fig.  s4A, 
B). Similarly, the biochemical analysis demonstrated 
no age or treatment group changes in total tau lev-
els (HT7; 72  kDa band) (Fig.  6A, B). Therefore, 
we concluded that total tau expression and distribu-
tion were independent of the tau isoform expressed. 
Immunohistochemical labeling of young adult and 
middle-aged AAV9-empty capsid-injected mice 
revealed undetectable total tau levels compared to 

Fig. 3  ΔD421-tau, but not FL-tau, overexpression in the mid-
dle-aged mouse brain results in deficits in the rotarod and fear 
conditioning. A Latency to fall in the rotarod in days 1 and 2. 
Statistical analysis was performed by two-way ANOVA fol-
lowed by Fisher’s least significant difference (LSD) post-hoc 
test (n = 7–9, *p < 0.05). B Percent freezing measured in fear 
conditioning (FC) training before (pre-CS) and after (post-CS) 
a conditioned stimulus (tone) paired with foot shocks. Statis-
tical analysis was performed by two-way ANOVA followed 
by Fisher’s least significant difference (LSD) post-hoc test 

(n = 7–9, ***p < 0.001). C Percent freezing measured 24  h 
after fear conditioning (FC) training in the same context with-
out an auditory cue. Statistical analysis was performed by one-
way ANOVA followed by Fisher’s least significant difference 
(LSD) post-hoc test (n = 7–9, *p < 0.05). (D) Percent freezing 
measured twenty-four hours after fear conditioning (FC) train-
ing in a different context before (pre-CS) and after (post-CS) a 
conditioned stimulus (cued tone). Statistical analysis was per-
formed by two-way ANOVA followed by Fisher’s least signifi-
cant difference (LSD) post-hoc test (n = 7–9, ***p < 0.001)
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the tau-transduced mice (data not shown); hence, 
this group was excluded from phosphorylated tau 
(p-tau) analysis.

Within the young adult mouse cohort, immunohis-
tochemical analysis of HPC and SBC p-tau levels at 
either serine 396 (pS396) (Fig. 5C, D) or serine 202/
threonine 205 (S202/T205; AT8) (Fig.  5E, F) did 
not differ between FL-tau- and ∆D421-tau-overex-
pressing mice. In contrast, we observed a significant 
increase in AT8 levels in middle-aged ∆D421-tau 
mice compared to the middle-aged cohorts across 
all measured regions (Fig.  5E, F; Fig.  s4E, F). The 
pS396 levels showed a significant reduction in SBC, 
and similar trends were found in the HPC of the mid-
dle-aged ∆D421-tau mice compared to the middle-
aged FL-tau cohort (Fig. 5C, D). Analysis of the CX 
revealed similar findings for pS396 (Fig. s4C, D).

Western blot analysis revealed that pS396 lev-
els (normalized to total tau, HT7 antibody) were 

similarly reduced in middle-aged ∆D421-tau mice 
compared to the middle-aged FL-tau mice (Fig. 6A, 
B). Further, biochemical analyses revealed that p-tau 
levels measured by PHF1 and AT180 antibodies in 
the soluble fraction were significantly increased in 
the middle-aged FL-tau mice compared to the young 
adult FL-tau mice. However, this age-associated 
increase was not evident in the tau soluble fraction 
from middle-aged ΔD421-tau mice (Fig.  6B). Con-
versely, we found that pS199-202 tau levels were 
significantly increased in both young adult and mid-
dle-aged ΔD421-tau mice compared to age-matched 
FL-tau mice.

Next, we investigated insoluble tau levels utilizing 
a formic acid protocol as previously established [15, 
63]. While total tau levels in the insoluble fraction 
remained unchanged (although higher levels were 
observed in the aged FL-tau mice), we found a sig-
nificant increase in pS396 levels in the middle-aged 

Fig. 4  ΔD421-tau attenuates hippocampal late long-term 
potentiation (LTP) in middle-aged mice. A Attenuated LTP in 
the hippocampus of middle-aged FL-tau (blue) and ΔD421-
tau (red) mice compared with control (black). Hippocampal 
slices from the transgenic rTg4510 mouse model were used 
as positive control. B Representative fEPSPs recorded in the 
last 10 min are graphed. Statistical analysis was performed by 
one-way ANOVA followed by Tukey post-hoc test (n = 4 ani-

mal/group, *p < 0.05, **p < 0.01). C Impaired LTP induction 
in middle-aged hippocampal slices perfused with recombi-
nant ∆D421-tau compared with slices perfused with FL-tau or 
control. D Representative fEPSPs recorded in the last 10 min 
are graphed. Statistical analysis was performed by one-way 
ANOVA followed by Tukey post-hoc test (n = 4 animal/group, 
**p < 0.01)
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Fig. 5  Differential immunohistochemical phosphorylation 
profile of FL-tau and ΔD421-tau with age. A Immunohis-
tochemical staining of brain tissue for total tau (H150) in the 
HPC of young adult and middle-aged FL-tau and ΔD421-tau 
mice. B Quantification of percent positive area in the HPC and 
SBC of young adult and middle-aged FL-Tau- and ΔD421-
tau-injected mice. Statistical analyses were performed by 
two-way ANOVA followed by Tukey post-hoc test (n = 7–8 
animal/group). C Immunohistochemical staining of brain tis-
sue for phosphorylated S396 levels in the HPC of young adult 
and middle-aged FL-tau and ΔD421-tau mice. D Quantifica-

tion of percent positive area in HPC and SBC of FL-tau and 
ΔD421-tau mice. Statistical analyses were carried out by 
two-way ANOVA followed by Tukey post-hoc test (n = 7–8 
animal/group, *p < 0.05, **p < 0.01). E Immunohistochemi-
cal staining of brain tissue for phosphorylated S199/Thr205 
levels (AT8 antibody). F Quantitative analyses of percent posi-
tive area in the HPC and SBC of FL- and ΔD421-tau mice. 
For each marker, statistical analyses were performed by two-
way ANOVA followed by Tukey post-hoc test (n = 7–8 animal/
group, *p < 0.05, **p < 0.01). Scale bars represent 200 μm and 
20 μm
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FL-tau and ΔD421-tau mice compared to the young 
adult groups (Fig. 6C, D). P-tau levels at pS262 and 
pS199-202 epitopes increased in the middle-aged 
compared to the young adult ΔD421-tau group, but 
not in the FL-tau groups independent of age (Fig. 6C, 
D). Overall, these results show that FL-tau and 
∆D421-tau result in distinct phosphorylation profiles 
in middle-aged mice.

Oligomeric tau formation is enhanced in middle-aged 
ΔD421-tau-overexpressing mice

Next, we performed Gallyas silver staining in both 
age cohorts to assess silver-positive tangle pathol-
ogy and found significant increases in argyrophilic 
tau in both the middle-aged FL-tau and ∆D421-
tau mice compared to the young adult groups 
(Fig.  7A, B). Quantification of the percentage of 
the positive area also revealed regional differences 
between ΔD421-tau and FL-tau mice. For example, 

Fig. 6  Differential biochemical phosphorylation profile of FL-
tau and ΔD421-tau with age. A Representative western blot 
analysis of the hippocampal RIPA soluble fraction homoge-
nate analyzed for soluble tau levels using total human tau 
(HT7) and phospho-tau epitopes PHF1 (pS396-404), pS396, 
AT180 (Thr231), and pS199-202. B Band densitometry analy-
sis of total and phosphorylated tau (72  kDa band) in FL-Tau 
and ΔD421-tau mice. Statistical analyses were performed by 
two-way ANOVA followed by Tukey post-hoc test (n = 4 ani-
mal/group, #p < 0.05 between young adult FL- and ΔD421-
tau mice, &p < 0.05 between young adult and middle-aged 

treatment-matched group, *p < 0.05 between middle-aged 
FL- and ΔD421-tau mice). C Formic acid treated hippocam-
pal fraction (detergent insoluble fraction) was probed for HT7 
and phospho-tau epitopes pS396, pS262, and pS199-202. (D) 
Band densitometry analysis in FL-tau and ΔD421-tau mice. 
For each fraction, statistical analyses were performed by two-
way ANOVA followed by Tukey post-hoc test (n = 5 animal/
group, #p < 0.05 between young adult FL- and ΔD421-tau 
mice, &p < 0.05 between young adult and middle-aged treat-
ment-matched group, *p < 0.05 between middle-aged FL- and 
ΔD421-tau mice)
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middle-aged ΔD421-tau mice exhibited signifi-
cantly lower argyrophilic tau levels in the cortex 
compared to age-matched FL-tau mice (Fig.  s5A, 
B), while argyrophilic tau levels in the HPC or 
SBC did not differ between middle-aged FL-tau and 
∆D421-tau mice (Fig. 7A, B).

A dot blot assay with T22 oligomeric antibody 
demonstrated increased tau oligomer levels in the 
middle-aged FL-tau and ∆D421-tau mice compared 
to the young adult groups (Fig.  7C, D). Notably, 
the middle-aged ∆D421-tau mice developed sig-
nificantly more tau oligomers in the hippocampus 
compared to middle-aged FL-tau mice (Fig.  7C, 
D). These data collectively suggest that while age is 
important contributing factor to FL-tau and ∆D421-
tau oligomer and silver-positive tangle formation, 
∆D421-tau is more prone to oligomerization in the 
aging brain while displaying less aggregate/tangle 
formation in vivo.

Tau pathology induced neurodegeneration in 
middle-aged FL-tau and ∆D421-tau mice 

Because of the behavioral, biochemical, and elec-
trophysiological differential profiles of FL-tau and 
∆D421-tau, we investigated the impact of the tau 
pathology on neuronal loss using the NeuN neu-
ronal marker. We observed reduced NeuN neuronal 
labeling in the HPC of middle-aged FL-tau and 
∆D421-tau mice following tau accumulation and 
phosphorylation compared to age-matched controls 
(Fig.  8A, B). Young adult mouse groups showed 
no difference in NeuN labeling of neurons. Addi-
tional analysis of the CA3 region of the HPC in the 
middle-aged FL-tau and ∆D421-tau mice, the tar-
geted region for stereotaxic injections, demonstrated 
increased toxicity of ∆D421-tau to CA3 pyramidal 
neurons (Fig.  8C). To further dissect differences in 
neuronal loss, we measured NeuN-positive area in 
the synaptically connected SBC region, previously 
showing viral transduction (Fig.  1B, C), and found 
no neuronal loss between the FL-tau and ∆D421-tau 
mice (Fig. 8D). In-depth analyses of the CX showed 

Fig. 7  Deposition of FL-tau and ΔD421-tau into silver-pos-
itive and oligomeric forms. A The Gallyas histology of the 
HPC of FL-tau and ΔD421-tau mice. B Quantitative analy-
sis of argyrophilic tau density in the HPC and SBC of FL-tau 
and ΔD421-tau mice. Statistical analyses were performed by 
two-way ANOVA with Tukey post-hoc test (n = 7–8 animal/

group, *p < 0.05, ***p < 0.001). Scale bars represent 200  μm 
and 20 μm. C Dot blot analysis of the soluble tau fraction for 
oligomeric tau levels in the hippocampal homogenate. D Dot 
blot densitometry analysis of oligomeric tau levels. Statisti-
cal analyses were performed by one-way ANOVA with Tukey 
post-hoc test (n = 6 animal/group, **p < 0.01)
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extensive neurodegeneration in middle-aged FL- and 
∆D421-tau mice compared to age-matched controls, 
with no neuronal loss observed in the corresponding 
young adult groups (Fig. s6). Interestingly, age alone 
did not affect neuronal density in the control animal 
cohort.

To further investigate the marked neuronal loss in 
the entorhinal cortex, we assessed NeuN immunore-
activity in the medial (MEC) and lateral entorhinal 
cortex EC (LEC) subregions. Neuronal inputs and 
outputs from layer II/III of the MEC and LEC are of 
particular interest in interpreting the behavioral out-
comes as they inform the hippocampus on spatial or 
sensory information, respectively (Fig. 9A) [42]. We 
demonstrated a significant neuronal loss in the MEC 
following ΔD421-tau expression in middle-aged 
mice, while both FL-tau and ΔD421-tau induced 
significant neuronal loss in LEC (Fig. 9B, C). Simi-
larly, ΔD421-tau expression caused marked layer 
II/ III cortical thinning of the MEC, while both tau 

forms affected LEC region thickness (Fig. 9C). Alto-
gether our data suggest increased regional toxicity 
of ∆D421-tau species compared to FL-tau, possibly 
due to its tendency to oligomerize and its differential 
phosphorylation pattern. We summarized the neuro-
pathological phenotypes associated with FL-tau and 
ΔD421-tau overexpression in mice in Table 1.

Discussion

Caspase cleavage of tau at D421 is considered an early 
event in AD pathology and is associated with neuro-
degeneration and tangle formation in other transgenic 
models [56, 80]. Our study reports that accumulation 
of tau truncated at D421 in middle-aged, but not in 
young adult mice, can differentially worsen cognition, 
synaptic plasticity, and regional neurodegeneration 
compared to FL-tau. Hence, in addition to reveal-
ing a differential effect of D421 tau, this study sheds 

Fig. 8  Overexpression of FL-tau and ΔD421-tau promotes 
neuronal degeneration in middle-aged mice. A Micrographs 
from NeuN stain from the hippocampi of mice receiving 
AAV9-empty capsid, FL-tau and ΔD421-tau. B Quantifica-
tion of the NeuN intensity in the HPC of FL-tau and ΔD421-
tau mice. Statistical analyses were performed by two-way 
ANOVA followed by Tukey post-hoc test (n = 7–8 animal/
group, *p < 0.05, **p < 0.01, ***p < 0.001. C Quantification of 

the NeuN intensity in the CA3 region of the HPC of middle-
aged FL-tau and ΔD421-tau mice. Statistical analysis was per-
formed by Student’s t-test (n = 7–8 animal/group, *p < 0.05). 
D Quantification of the NeuN intensity in the SBC of FL-tau 
and ΔD421-tau mice. Statistical analysis was performed by 
Student’s t test (n = 7–8 animal/group). Scale bar represents 
200 µm
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light on the impact of age on the brain’s susceptibility 
to damage from the accumulation of AD-associated 
tau species. As the most significant risk factor for 
AD, normal aging brings forth molecular and cellu-
lar alterations to the neural milieu, such as changes 
in DNA methylation and histone acetylation, glial 
pro-inflammatory phenotypes, accumulation of reac-
tive oxygen species, and impaired autophagy, each of 
which can contribute to the accumulation and toxicity 
of tau species [78]. For example, miRNA-219 regu-
lates tau hyperphosphorylation and is negatively reg-
ulated in AD [31, 58, 59], while deletion of macroau-
tophagy-related factor Atg7 leads to premature aging 
and induced tau phosphorylation [32]. As we have 
previously reported, neuroinflammation promotes tau 
hyperphosphorylation [35, 44]. Aging can also alter 
neurotransmission such as decreased neuronal excit-
ability and calcium dysregulation [24, 50]. Moreo-
ver, previous studies have hypothesized that the aged 
brain environment is more conducive to tau-induced 
pathology [72]. In this work, we sought to investigate 
species-specific differences in FL-tau- and ΔD421-
tau-induced pathologies and found significant differ-
ences in middle-aged mice that were largely absent in 
young adult mice. Still, while the effect of differing 
age is essential to our findings, the specific conditions 
in aging under which tau can exert neurotoxic effects 
should be further investigated and defined by future 
experimentation.

With respect to our study, we provide evidence 
that middle-aged ΔD421-tau mice exhibited impaired 
long-term memory both in the fear conditioning 
and radial arm water maze tasks coupled with LTP 

disturbance, effects that were absent in the age-
matched FL-tau mice. These data support a role for 
ΔD421-tau in synaptic plasticity, especially since 
ΔD421-tau is enriched in the cortical pre-synaptic 
compartment of AD brains [65]. To this end, we 
showed that hippocampal ∆D421-tau overexpres-
sion corresponded with downregulation in the mRNA 
of several genes (Mmp9, Bdnf, and Adcy8), which 
could play a synergistic role in ∆D421-tau-dependent 
LTP deficits. Indeed, studies have demonstrated that 
knock-out of the corresponding proteins for the above 
genes impaired LTP [28, 46, 73]. Previous literature 
also describes how tau-synaptic interactions could be 
differentially altered by cleavage at D421. For exam-
ple, endogenous tau has been shown to interact with 
synapses at the PSD95-NMDA receptor complex 
[49]. Further, mice lacking NMDARs in connected 
hippocampal regions display similar behavioral defi-
cits found in our study, where spatial reversal learn-
ing is impaired [9, 68], indicating potential alternative 
pathways affected by ΔD421-tau. Interestingly, pre-
venting ΔD421-tau cleavage also results in impaired 
LTP maintenance and performance in the Morris 
water maze, which could indicate that a homeostatic 
flux in tau cleavage is important for learning and 
memory [12]. Therefore, further research directed at 
understanding the molecular underpinnings behind 
tau-mediated synaptic plasticity alterations is neces-
sary to understand the physiological function of tau 
cleavage.

We examined tau phosphorylation patterns in 
mice to better understand how ΔD421-tau protein 
is involved in synaptic and behavioral changes. Bio-
chemical analysis of soluble tau demonstrated sig-
nificant induction of hippocampal AT180, pS396, 
and PHF1 tau levels in the middle-aged FL-tau that 
were suppressed in ∆D421-tau mice. This is consist-
ent with a previous report demonstrating that ∆D421-
tau is not as efficiently phosphorylated by GSK3β 
[18], suggesting the possibility that tau truncation 
alters interactions with specific kinases. Interestingly, 
AT8 immunoreactivity was induced in middle-aged 
∆D421-tau mice. The extent of cytotoxicity of phos-
phorylated tau and its role in tau dynamics is still a 
topic of debate,yet mounting evidence identifies tau 
oligomerization as a toxic entity associated with tau 
seeding, misfolding, propagation, loss of synapses, 
and calcium-induced apoptotic pathways [33, 36, 
71]. Notably, oligomeric tau levels were significantly 

Fig. 9  FL-tau and ΔD421-tau pathology induces lateral 
(LEC) and medial entorhinal cortex (MEC) degeneration. A 
Schematic presentation of the anatomical characteristics of 
hippocampal-entorhinal trisynaptic perforant pathway. Corti-
cal inputs from LEC and MEC to the hippocampus carry dif-
ferent sensory and spatial information, respectively. B NeuN 
immunohistochemical detection on brain tissue from middle-
aged mice receiving empty capsid (control), FL-tau or ΔD421-
tau. C Percent NeuN-positive area and thickness of layer II/
III of the LEC and MEC subfields in middle-aged FL-tau and 
ΔD421-tau mice compared to age-matched empty capsid con-
trol group. Statistical analyses were performed by one-way 
ANOVA followed by Tukey post-hoc test (n = 7–8 animal/
group, *p < 0.05, **p < 0.01). LEC, lateral entorhinal cortex; 
MEC, medial entorhinal cortex, DG, dentate gyrus, oCA3, 
outer molecular layer of CA3, iCA3, inner molecular layer of 
CA3, dCA1, distal CA1, pCA1, proximal CA1, dSb, distal sub-
iculum, pSb, proximal subiculum. Scale bar represents 500 µm

◂
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increased in middle-aged ∆D421-tau mice relative to 
age-matched FL-tau mice. The enhanced ∆D421-tau 
oligomer formation could play an essential role in 
regional neurodegeneration and synaptic and behav-
ioral deficits. For example, studies show that tau oli-
gomerization can increase neuronal loss and RAWM 
memory deficits, while decreasing tau oligomeriza-
tion has been shown to prevent both [7, 64]. Further, 
tau oligomer administration into mouse hippocampi 
impaired fear memory and reduced LTP in previous 
studies [22], while specific inhibition of caspase-
cleaved tau oligomer formation improved memory in 
several neurobehavioral tasks [41]. Altogether, these 
reports support our notion that oligomerization of 
ΔD421-tau could contribute to the behavioral impair-
ments we observed in middle-aged mice.

In addition to hippocampal neuronal toxicity, we 
also identified the MEC as an exceptionally vulner-
able region to overexpression of ΔD421-tau in aged 
mice, demonstrated by shrinkage of the superficial 
layer II/III and reduced NeuN-positive area. This 
effect could be due to tau spreading or increased viral 
transduction into the entorhinal cortex, as elegantly 
studied elsewhere [19, 38, 77]. Our study, however, 

was designed to understand species-specific tau 
pathology and not the propagation of specific tau 
isoforms. To this point, we demonstrated selective 
susceptibility of MEC neurons toward ΔD421-tau 
toxicity. As layer II/III of the MEC is part of the per-
forant pathway’s classical trisynaptic (ECII → den-
tate gyrus → CA3 → CA1) and monosynaptic circuits 
(ECIII → CA1) with differential neuronal inputs in 
hippocampus mediating memory formation [42], our 
findings could represent another avenue by which 
ΔD421-tau contributes to the spatial memory impair-
ments observed with age in this model. One possible 
mechanism to this vulnerability could be the reported 
tonically active pre-synaptic NMDARs present in the 
EC that can aberrantly increase calcium-dependent 
glutamate release, activating apoptotic factors [11, 
45, 75].

Overall, our studies highlight the effect of FL- and 
ΔD421-tau accumulation on cognitive impairment 
and neuronal loss in middle-aged mice. While age 
alone can heighten susceptibility to tau-induced dam-
aging effects, we showed that increased ΔD421-tau 
levels contribute to deficits in synaptic plasticity and 
cognitive impairments in the aged brain milieu. Given 
its oligomeric and phosphorylation profile revealed 
here, we propose a novel ΔD421-tau pathological 
signature that can contribute to disease progression 
in aged individuals and AD patients. Future studies 
aimed at understanding tau cleavage dynamics and 
mechanisms leading to ΔD421 accumulation with 
age can be of therapeutic interest for AD and other 
tauopathies.
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