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Hippocampal hyperphosphorylated
tau-induced deficiency is rescued by
L-type calcium channel blockade

Chelsea A. Cr'ossley,I Tamunotonye Omoluabi,I Sarah E. Tor'r'aville,I Sarah Duraid,I
Aida Maziar,' Zia Hasan,' Vishaal Rajani,' ®Kanae Ando,? Johannes W. Hell* and ®Qi Yuan'

Aging and Alzheimer’s disease are associated with chronic elevations in neuronal calcium influx via L-type calcium channels. The
hippocampus, a primary memory encoding structure in the brain, is more vulnerable to calcium dysregulation in Alzheimer’s disease.
Recent research has suggested a link between L-type calcium channels and tau hyperphosphorylation. However, the precise mechan-
ism of L-type calcium channel-mediated tau toxicity is not understood. In this study, we seeded a human tau pseudophosphorylated at
14 amino acid sites in rat hippocampal cornu ammonis 1 region to mimic soluble pretangle tau. Impaired spatial learning was ob-
served in human tau pseudophosphorylated at 14 amino acid sites-infused rats as early as 1-3 months and worsened at 9-10 months
post-infusion. Rats infused with wild-type human tau exhibited milder behavioural deficiency only at 9-10 months post-infusion. No
tangles or plaques were observed in all time points examined in both human tau pseudophosphorylated at 14 amino acid sites and
human tau-infused brains. However, human tau pseudophosphorylated at 14 amino acid sites-infused hippocampus exhibited a high-
er amount of tau phosphorylation at $262 and S356 than the human tau-infused rats at 3 months post-infusion, paralleling the be-
havioural deficiency observed in human tau pseudophosphorylated at 14 amino acid sites-infused rats. Neuroinflammation indexed
by increased Ibal in the cornu ammonis 1 was observed in human tau pseudophosphorylated at 14 amino acid sites-infused rats at 1-3
but not 9 months post-infusion. Spatial learning deficiency in human tau pseudophosphorylated at 14 amino acid sites-infused rats at
1-3 months post-infusion was paralleled by decreased neuronal excitability, impaired NMDA receptor-dependent long-term potenti-
ation and augmented L-type calcium channel-dependent long-term potentiation at the cornu ammonis 1 synapses. L-type calcium
channel expression was elevated in the soma of the cornu ammonis 1 neurons in human tau pseudophosphorylated at 14 amino
acid sites-infused rats. Chronic L-type calcium channel blockade with nimodipine injections for 6 weeks normalized neuronal excit-
ability and synaptic plasticity and rescued spatial learning deficiency in human tau pseudophosphorylated at 14 amino acid sites-in-
fused rats. The early onset of L-type calcium channel-mediated pretangle tau pathology and rectification by nimodipine in our model
have significant implications for preclinical Alzheimer’s disease prevention and intervention.

1 Biomedical Sciences, Faculty of Medicine, Memorial University of Newfoundland, St. John’s, NL A1B 3V6, Canada
2 Department of Biological Sciences, School of Science, Tokyo Metropolitan University, Tokyo, 192-0397, Japan
3 Department of Pharmacology, School of Medicine, University of California at Davis, Davis, CA 95616,USA

Correspondence to: Qi Yuan, PhD

Biomedical Sciences, Faculty of Medicine, Memorial University of Newfoundland
300 Prince Philip Dr

St. John’s, NL A1B 3V6, Canada

E-mail: qi.yuan@med.mun.ca

Ieywords: tau; hippocampus; Alzheimer’s disease; spatial learning; L-type calcium channel

Received July 25, 2023. Revised January 07, 2024. Accepted March 19, 2024. Advance access publication March 20, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-3956-276X
https://orcid.org/0000-0002-9837-8495
mailto:qi.yuan@med.mun.ca
https://creativecommons.org/licenses/by/4.0/

2 | BRAIN COMMUNICATIONS 2024, fcae096

C. A. Crossley et al.

htauE14: Spontaneous
pseudophosphorylated SN location
human tau !) recognition
N e ||+
2150 Control
IS g;miﬂHEHHHIHHEHHH{ 5200
*qc'; ’iii!i!!i}ﬁiiiiﬁﬁiEHHH .‘31 50
"6100 “"uull.l .......... htaqu.4- g
o . o il ; L
< - ; - - o htauE14+Nimodipine
S0 0 10 20 30 ¢ god, v ; , '
Time (min) SS 40  0_ 10 20 30
Time (min)
Spatial learning
N-methyl-D-aspartate
. - receptor-long-term
SR EERE potentiation
Phosphorylated
tau *L-type calcium
channel (LTCC)
®Nimodipine
*Phosphorylated tau
. Stage III/IV. The long prodromal period creates a permissive
I ntro d uction window for therapeutic intervention. Abnormally phosphory-

Alzheimer’s disease, the most common form of dementia in
the world, still bears no cure. Therapeutic attempts using
drugs such as cholinesterase inhibitors, and antibodies to re-
move aggregated proteins such as amyloid plaques, have
yielded minimal results.* There are compelling calls for inter-
ventions that potentially reverse deficits in Alzheimer’s disease
subjects. As tau pathology is highly correlated with cognitive
dysfunction in Alzheimer’s disease patients, targeting tau
pathology appears to be a more promising approach.*>

Tau pathology originates from soluble, abnormally persist-
ently phosphorylated pretangle tau [precursor of neurofibril-
lary tangles (NFT)]. Pretangle tau, indexed by an ATS
antibody recognizing early phosphorylation at S202/T205,
first appears in the locus coeruleus in human brains and sub-
sequently spreads to other neuromodulatory nuclei and to the
transentorhinal cortex, constituting Braak’s pretangle stages.”
Pretangle stages then transition to NFT stages, starting from
the transentorhinal cortex and progressing to the hippocam-
pus at Braak NFT Stage I/II. Clinical symptoms appear from

lated pretangle tau appears to be the earliest sign leading to
Alzheimer’s disease.* Recent research suggests that soluble
pretangle tau, including oligomers, is more toxic than
NFT,>*° while animal studies suggest that NFT is not causal
for cognitive decline or neuronal death and, in some cases,
may even be neuroprotective.®’

The long-standing calcium hypothesis of aging and
Alzheimer’s disease proposes that sustained disruptions in
calcium homeostasis contribute to altered synaptic plasticity,
neural degeneration and impaired cognitive function.®’
L-type calcium channels (LTCCs) are major contributors
to excess intraneuronal calcium in aging and Alzheimer’s dis-
ease.'®!! Hence, LTCCs and their upstream and down-
stream factors can be therapeutic targets in Alzheimer’s
disease. However, critical gaps in knowledge remain regard-
ing how LTCCs are upregulated in Alzheimer’s disease and
how LTCC hyperfunction relates to neuropathology.

In this study, we investigate the relationship between
hyperphosphorylated pretangle tau and LTCC-mediated
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synaptic function by seeding pseudophosphorylated human
ON4R isoform of tau in the hippocampal cornu ammonis 1
(CA1), a structure that is selectively vulnerable to calcium
dysregulation in Alzheimer’s disease patients and animal
models.'> We found time-dependent changes of spatial
learning, paralleled by alterations in neuronal and synaptic
functions. Our findings shed light on cellular and synaptic
mechanisms underlying the earliest pathology associated
with Alzheimer’s disease.

Materials and methods

All experimental procedures were approved by the
Institutional Animal Care Committee at Memorial
University of Newfoundland and followed the Canadian
Council’s guidelines on Animal Care. Wild-type Sprague—
Dawley rats of both sexes were singly housed in a 12-h
light/dark cycle and had ad libitum access to dry food pellets
and water. Adeno-associated virus (AAV) infusions were
conducted in 3-month-old rats. Behavioural experiments
were carried out either 1-3 or 9-10 months post-infusion,
followed by immunohistochemistry (IHC), histology or
western blotting studies (Fig. 1A). A separate cohort was
used for electrophysiological recordings 1-3 months post-
infusion. Mixed sexes of rats were used in the experiments.

A separate cohort of animals received chronic subcutane-
ous nimodipine injections (5 mg/kg) 2-3 weeks post-AAV in-
fusions, 5 days a week for 4 weeks prior to open field and
spontaneous location recognition (SLR) behavioural tests.
Injections continued concurrently with behavioural testing
for 2 weeks. Injections and behavioural testing were con-
ducted during the dark and light phases of the cycle, respect-
ively, with an interval of 18 h to avoid acute drug effect.
Behavioural tests were carried out by an experimenter blind
to the injections. Following behavioural experiments, these
animals were sacrificed for electrophysiological recording
and Cav1.2 IHC. A total of 94 animals were used.

All procedures were designed to minimize pain and dis-
tress. We monitored rats closely following surgeries and
used pain medication Meloxicam (0.5 mg/ml at 1 mg/kg)
for surgery rats. Sufficient handling and habituation were
conducted during behavioural experiments to minimize
stress.

Animals were randomly assigned to hippocampal CA1 infu-
sion surgeries at 2-3 months post-natal. One group was in-
fused with an AAV containing a pseudophosphorylated
human tau pseudophosphorylated at 14 amino acid sites
(htauE14)"? under a CaMKII promoter (AAVdj-CaMKII-
btauE14-EGFP). Another group was infused with AAV
carrying human tau (AAVdj-CaMKII-htau-EGFP). AAVdj-
CaMKII-EGFP was used for control. During surgeries,
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animals were anaesthetized using 3% isoflurane and
mounted in a skull flat position using a stereotaxic appar-
atus. Bilateral holes were drilled in the skull for two CA1 in-
fusion sites per hemisphere (Anterior-Posterior: —3.8 mm;
and Medial-Lateral: +1.6 mm and +2.6 mm). An infusion
cannula was lowered into the CA1 (Dorsal-Ventral:
—2.2 mm). A 0.5-ul AAV was infused at each site for a total
of 2 pl/animal, via a 10-pl Hamilton syringe attached to an
infusion pump. Animals had a recovery period of at least
4 weeks prior to the start of behavioural study.

To assess mobility, animals were placed in an open field maze
measuring 60 x 60 x 50 cm®. They were given 10 min to free-
ly explore the environment. The average speed and distance
travelled were video recorded using ANYMaze software.

To assess compulsive behaviours, animals were placed in a
clean cage containing 1 inch of bedding and 16 marbles ar-
ranged in a 4 x4 grid. Following 30-min free exploration,
animals were carefully removed from the cage to not disturb
the marbles and the number of marbles buried at least 75%
in bedding was counted.

To assess anxiety-like behaviour, animals were placed in an
elevated plus-shaped maze raised 50 cm above the ground.
The arms each measure 50 x 10 cm? and the two closed
arms have a wall height of 38 cm surrounding the sides
and end of the arm. During the 5-min trial, the amount of
time the animals spent in the closed and open arms was
recorded.

Discrimination of similar odours was tested using a perfo-
rated micro-centrifuge tube containing filter paper with
60 pl of odorant or mineral oil presented in 50-s trials sepa-
rated by a 5-min intertrial interval. The first three trials
used odourless mineral oil, the next three trials used Odour
1 (01, 1-heptanol, 0.001%), and the last trial used an odour
mixture that had a similar smell to O1 (02, 1-heptanol and
1-octanol in a 1:1 ratio, 0.001%). The tests were videotaped
and sniffing time within a 1-cm radius around the odour tube
was measured offline. The discrimination index was the ratio
of the sniffing time difference between the O2 and the third
presentation of O1 to the total sniffing time (to2 — f01-3)/
(toz + f0173)~13

During training, animals were placed in an open field cham-
ber containing three identical cans at three locations and al-
lowed to explore freely for 10 min. Twenty-four hours later,
one can be remained in the same location (familiar location);
the other two cans were removed and an identical can was
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Figure | CAI htauE|4 impairs spatial learning while htau-infused rats have milder deficiency. (A) Schematics of experimental
design (created with BioRender.com). (B) Distance travelled in an open field test at -3 months [F(2,22) = 0.383, P=0.686; N = 7(3F + 4M)/
8(4F + 4M)/10(3F+7M)] and 9—10 months post-infusion [F(2,21) = 0.040, P = 0.960; N = 8(3F + 5M)/8(3F + 5M)/8(5F + 3M)]. (C) Marbled buried in
various groups at 1-3 months [F(2,21) = 0.669, P =0.523; N = 7(3F + 4M)/7(4F + 3M)/10(3F + 7M)] and 9—10 months post-infusion [F(2,21) =
0.899, P=0.422; N = 8(3F + 5M)/8(3F + 5M)/8(5F + 3M)]. (D) Percentage time spent in the closed arm of the elevated plus maze at |-3 months
[F(2,21) =0.671, P=10.522; N = 7(3F + 4M)/7(4F + 3M)/10(3F + 7M)] and 9-10 months post-infusion [F(2,21) = 1.103, P=0.350; N = 8(3F + 5M)/
8(3F + 5M)/8(5F + 3M)]. (E) Discrimination index [(sniffing time in the novel odour—sniffing time in the familiar odour)/sniffing time in the familiar
odour] in a two similar odour discrimination test at 1-3 months [F(2,21) = 1.822, P=10.186; N = 7(3F + 4M)/7(4F + 3M)/10(3F + 7M)] and

9—10 months post-infusion [F(2,21) = 0.021, P=0.979; N = 8(3F + 5M)/8(3F + 5M)/8(5F + 3M)]. (F) Discrimination index [(time spent in the novel
location—time spent in the familiar location)/time spent in the familiar location] in a spontaneous location recognition test at |-3 months
[F(2,20) = 6.605, P = 0.006; N = 7(3F + 4M)/6(3F + 3 M)/10(3F + 7M)] and 9—10 months post-infusion [F(2,21) = 5.065, P=0.016; N = 8(3F + 5M)/
8(3F + 5M)/8(5F + 3M)]. (G) Percentage entry numbers in a Y-maze at |-3 months [F(2,21) =2.242, P=0.131; N =7(3F + 4M)/7(4F + 3M)/
10(3F + 7M)] and 9-10 months post-infusion [F(2,21) = 3.714, P=0.042; N = 8(3F + 5 M)/8(3F + 5M)/8(5F + 3M)]. *P < 0.05; **P < 0.01. Sample
numbers are presented as N = GFP/htau/htauE | 4. One-way ANOVAs were used for statistical analysis. Data points represent individual animals.
F, female; M, male.
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placed in between the two locations (novel location).
Animals were placed in the chamber for 10 min and the
time they spent exploring the familiar and novel locations
was recorded. The discrimination ratio was the difference
between time spent at the novel and familiar objects over
the total time spent on both objects (fnovel — Familial/frotal)- -~

Y-maze consisted of a black plexiglass Y-shaped chamber
with three arms radiating from a central neutral zone. Each
arm contains infrared sensors for automatic recording of
the animal’s location in the maze. During training, one arm
was blocked with a barrier, and animals were given 15 min
to freely explore two open arms. Four hours later, the ani-
mals were put in the Y-maze for 15 min to freely explore
all three arms. The time and number of entries into each
arm were recorded.

Animals were anaesthetized with isoflurane and decapitated
and brains were extracted. Coronal slices of 400 pm contain-
ing dorsal hippocampus were cut using a vibratome (Leica
VT-1200S) in an ice-cold cutting solution (in mM, 92
NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES,
25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyru-
vate, 10 MgSO4 and 0.5 CaCl2) bubbled with carbogen gas
(95% 0O,/5% CO»). Slices were recovered at 34° for 30 min
in an interface incubation chamber, with a filter membrane
placed on top of a beaker containing aCSF (in mM: 124
NaCl, 2.5 KCl, 1.2 NaH2PO4, 24 NaHCO3, 5 HEPES,
12.5 glucose, 2 MgSO4 and 2 CaCl2) bubbled with carbogen
gas. Slices were then recovered for a minimum of 2 h at room
temperature before recording.

Slices were placed in an open chamber containing a continu-
ous flow of carbogenated aCSF containing (in mM): 119
NaCl, 5 KCl, 4 CaCl,, 4 MgSO4, 1 NaH,PO,4, 26.2
NaHCOs;, 22 glucose and 0.1 picrotoxin maintained at 28—
30°C. The high divalent concentrations (4 mM Ca®* and
4 mM Mg**) were used to suppress epileptiform activity in
the presence of the GABA receptor antagonist picrotoxin.
A concentric stimulation electrode was placed in the
Schaffer collateral of the CA1 and a recording electrode filled
with aCSF was placed in the same layer. An input—output
curve was generated by recording field excitatory postsynap-
tic potentials (fEPSPs) with incremental stimulation inten-
sities from O to 120 pA in intervals of 20 pA. Baseline
stimulations were chosen at 50-70% of the maximum
fEPSP slope. Paired-pulse ratio was recorded with two stimu-
lations at 50-ms intervals. For long-term potentiation (LTP)
recording, following a stable baseline (stimulations that gener-
ated ~50% maximum fEPSP), a theta-burst stimulation (TBS)
protocol was used (10 bursts of stimulation at 5 Hz, each burst
containing five pulses at 100 Hz) to elicit N-methyl-D-
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aspartate receptor (NMDAR)-dependent LTP. To elicit com-
pound LTP (LTCC- and NMDAR-dependent), a 200-Hz
protocol was used (10 bursts of 200 Hz, 200 ms every 5 s).'*
D-APV (50 uM) was used to isolate the LTCC-LTP. Two to
four recordings were obtained from each animal. Data were
acquired using MultiClamp 700B and filtered at 2 kHz and di-
gitized at 10 kHz using pClamp 10.5 software. Offline analysis
of fEPSP slopes was conducted using ClampFit 10.5.

IHC of LTCC subunit Cav1.2, NMDAR subunits GluN1,
PSD-95, HT7, ATS8, Ibal and GFP, Nissl histology, and
thioflavin-S staining followed established protocols.'*'?
T22, ptau S262/T263, ptau S356 and Tau$ were used for de-
tecting tau oligomerization and phosphorylation with WB.

Animals were anaesthetized with pentobarbital (80 mg/kg)
and perfused transcardially with ice-cold 4% paraformalde-
hyde. Brains were collected and stored in 4% paraformalde-
hyde. Coronal sections of 50 um were collected using a Leica
VT 1000S vibratome and were stored at 4°C in a PVP
solution.

For fluorescence antibody staining, free-floating sections
were washed 2 X 10 min in Tris buffer, followed by 10-min
washes in Tris A (0.1% Triton-X-100 in Tris buffer) and
Tris B (0.1% Triton-X and 0.005% bovine serum albumin
[BSA] in Tris buffer), and then incubated overnight in the
cold room in 5% bovine serum albumin in Tris B with
GluNT1 (1:500; Cell Signalling 5704S) together with PSD-95
(1:1000; Invitrogen MA1-046). Sections were washed for
10 min each in Tris A and Tris B and then incubated for 1 h
in 5% bovine serum albumin in Tris B with Alexa Fluor
647 goat anti-rabbit immunoglobulin G (1:1000; Invitrogen
A21244) and Alexa Fluor 555 goat anti-mouse immuno-
globulin G (1:1000; Invitrogen A21424), followed by a
10-min wash in Tris buffer. Cav 1.2 staining and co-labelling
with PSD95 were conducted in separate steps.”> After second-
ary antibody staining and washing, sections were floated onto
slides and treated for 30s with TrueBlack Lipofuscin
Autofluorescence Quencher (1x, prepared in 70% ethanol,
Biotium, 23007) and then washed 3 X 5 min in phosphate-
buffered saline before being coverslipped using Fluoroshield
Mounting Medium with 4’,6-diamidino-2-phenylindole
(Abcam AB104139).

For 3,3'-diaminobenzidine staining, sections were washed
3 x 5 min in Tris buffer to remove PVP. Sections were then
washed in a 1% hydrogen peroxide solution in Tris buffer
for 30 min. Sections underwent a series of washes 1 x 5 min
in Tris buffer, 1 x 10 min in Tris A and 1x 10 min in Tris
B. Sections were then washed in a 10% normal goat serum
in Tris B solution for 1h after which they were washed
1 x 10 min in Tris A and 1 x 10 min in Tris B. Sections were
placed in primary antibody [GFP (1:2000; Invitrogen
A11122), Tbal (1:2000; Wako 019-19741), HT7 (1:1000;
Invitrogen, MN1000) or AT8 (1:1000; Invitrogen,
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MN1020)] in Tris B and incubated on a shaker for 48 h at 4°
C. Following the incubation, sections were washed in Tris A
and Tris B for 1 x 10 min and then placed in biotinylated sec-
ondary antibody at a concentration of 1:1000 in Tris B for
45 min. Sections were washed 1x 10 min in Tris A and
1% 10 min in Tris D (0.1% Triton-X and 0.005% bovine ser-
um albumin in 0.5 M Tris buffer). This was followed by a
90-min incubation in 1% A + B (avidin—biotin complex) in
Tris D. Sections were washed 3 X 5 min in Tris buffer before
being transferred to a 3,3'-diaminobenzidine solution (50-ml
Tris buffer, 50-ml water, 50-mg 3,3’-diaminobenzidine and
30-pl hydrogen peroxide) for up to 30 min. Sections were
washed one last time in Tris buffer and were mounted on
chrome-gelatin-coated slides. Slides were left to dry overnight
and were dehydrated the following day using increasing etha-
nol concentrations (70%, 95% and 100%) for 2 min each.
They were then cleared in xylene for 2 min after which they
were coverslipped with Permount.

For Nissl staining, sections were mounted onto slides that
were left to dry overnight. Slides were placed in decreasing con-
centrations of ethanol (100%, 95% and 70%) for 2 min each
before being dipped in distilled water (dH,O) to rehydrate the
tissue. Slides were then submerged in 1% cresyl violet for up to
15 min. After rinsing with dH,O, slides were dehydrated using
increasing ethanol concentrations (70%, 95% and 100%) for
2 min each. Slides were then cleared in xylene for 2 min after
which they were coverslipped with Permount.

For thioflavin-S staining, slides were first heated at 90°C for
10 min to quench the GFP signal. Slides were defatted in xy-
lene for 5 min, followed by rehydration in serial dilutions of
ethanol (100%, 95%, 70% and 50%; 3 min each) and water
(2 x 3 min). Then, slides were incubated for 8 min in a filtered
1% aqueous solution of thioflavin-S (Sigma) in the dark at
room temperature. Washes with ethanol (70%, 2 X 3 min;
95%, 3 min) and water (3 exchanges) followed before mount-
ing with aqueous mounting media (Sigma).

Using a BX53 brightfield microscope (Olympus), images
were taken of all 3,3'-diaminobenzidine and Nissl-stained
slides at a magnification of 20x. Positively stained cells
were manually counted within Image] software by a blind
experimenter. Thioflavin-S images were acquired by an
EVOS MS5000 imaging system (Thermo Fisher Scientific).
Using a confocal microscope (Zeiss LSM 900 with
Airyscan 2), images were taken of the fluorescent-stained
slides. Images of the dorsal hippocampal CA1 pyramidal
cell layer were taken at a magnification of 20x with 8x
zoom. Using Image], within the CA1 somatic cell layer, re-
gions of interest were chosen from GFP* cells, and for each
region of interest, integrated fluorescence intensity was mea-
sured. Ten GFP* cells cross the CA1 layer were randomly
chosen, and the fluorescence intensity was averaged for
each slice. For dendritic puncta measurement, MATLAB
was used to count puncta and percentage of co-localization
with PSD95. Images were converted to 8 bits and were
loaded into the MATLAB environment using the imread
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function. Median filtering was applied to both channels to
reduce noise and enhance the quality of the images. Grey
thresholding was used to create binary masks for each chan-
nel. Binary masks were labelled, and the number of puncta in
each channel was determined. Binary images from both
channels were then overlaid and a new image was generated
with co-localized puncta. The percentage of co-localized
puncta (synaptic) over the total number of the PSD95 puncta
was calculated.

Following decapitation, bilateral hippocampal tissues ex-
tracted from rats were weighed, flash frozen and stored at
—80°C. Frozen brain samples were homogenized using a
mortar on ice with lysis buffer (Thermo Scientific, Pierce
RIPA Buffer, 89901; 1 ml of lysis for every 40-mg sample
weight). Ethylenediaminetetraacetic acid-free 1x phosphat-
ase and protease inhibitors (Thermo Scientific, 87786 and
78420) were added to the lysis buffer during tissue homogen-
ization to prevent protein degradation and centrifuged at
13,500 rpm for 30 min at a 4°C temperature. The super-
natant was aliquoted into new centrifuge tubes and stored
at —80°C.

Protein estimation was obtained using the standard Pierce
BSA Protein Assay Kit (Thermo Scientific 23225), and ab-
sorbance was read at the 562-nm wavelength. Protein lysates
were thawed on ice and mixed in a 3:1 ratio with 4x Laemmli
buffer (containing 0.5 M Tris-HCI, 50% glycerol, 0.25%
Sodium Dodecyl Sulfate, 0.25% bromophenol blue, beta-
mercaptoethanol and 1x cocktail protease and phosphatase
inhibitors). Samples were vortexed briefly and heated at 95°
C for 5 min. For the detection of T22, samples were prepared
without beta-mercaptoethanol and heating.

Twenty micrograms of protein samples were loaded and
separated on a 10% (7.5% for T22) sodium dodecyl
sulphate-polyacrylamide gel electrophoresis and transferred
to Immobilon-P Transfer polyvinylidene difluoride (PVDF)
membranes (Merck Millipore, IPVH00010). PVDF mem-
branes were pre-wet in 100% methanol for 10 s to allow
membrane activation and then soaked in distilled water for
~2 min, followed by equilibration in 1x transfer buffer.
The transfer apparatus was set up in the cold room (4°C),
and the transfer was done for 60 min (90 min for Tau22).
The blots were briefly rinsed with 1x low salt TBS-T (con-
taining 1.5 M NaCl, 1 M Tris Base and 0.1% Tween 20)
and blocked with 5% non-fat dry skim milk diluted in low
salt TBS-T buffer for 1 h at room temperature. Primary anti-
bodies included TauS (1:3000, Millipore 577801), T22
(1:2000; Millipore ABN454), pS262/T263 (1:2000; Abcam
ab92627), pS356 (1:5000; Abcam ab75603) and pB-actin
(1:2000; Invitrogen AM4302) were diluted in the blocking
buffer containing 0.1% Tween 20 and incubated on a rocker
at room temperature for 2 h. Blots were rinsed in high salt
TBS-T (containing SM NaCl, 1M Tris Base and 0.1%
Tween 20) 2 x 5 min and a 1 X 5 min rinse in low salt TBST
to remove non-specific binding. Secondary antibody incuba-
tion occurred at room temperature for 1 h with either horse-
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radish peroxidase-labelled anti-rabbit immunoglobulin G (H + L,
31460) or horse-radish peroxidase-labelled anti-mouse immuno-
globulin G (31430) diluted in low salt TBST at a 1:4000 concen-
tration. Blots were rinsed in high salt TBST (2 X 5 min)and a 1 x
5 min rinse in low salt TBST. The protein bands were visualized
using a chemiluminescent substrate (Thermo Fisher Supersignal
West PICO, 34577) on a digital image scanner (ImageQuant
LAS 4000) and quantified using Image] software. Samples
were normalized to the B-actin protein.

All statistical analyses were completed using OriginPro
2022b. One-way or two-way ANOVAs with post hoc
Tukey tests were used to compare more than two groups.
Student #-tests (two-tailed) were used for two group compar-
isons. Pearson correlation coefficient was used to measure
the correlation. Equal variance was assumed. Data are pre-
sented as mean + SEM. Sample sizes were chosen based on
previously published work.'?'¢

Results

Three groups of rats were included for behavioural tests: an
htauE14-infused group (AAVdj-CaMKII-htauE14-EGFP),
an htau-only group (AAVdj-CaMKII-htau-EGFP) and an
EGFP control group (AAVdj-CaMKII-EGFP). We con-
ducted a battery of behavioural tasks at two time points
(1-3 or 9-10 months) following infusions of AAVs in the
CA1 (Fig. 1A). At both time points, no behavioural differ-
ences were observed amongst groups in the distance travelled
in the open field (Fig. 1B), marbles buried (Fig. 1C), time
spent in the closed arm of the elevated plus-shaped maze
(Fig. 1D) and odour discrimination index (Fig. 1E).
However, htauE14-infused rats showed impaired SLR (sig-
nificantly lower discrimination index) compared with the
htau and GFP groups at both 1-3 and 9-10 months post-
infusion (Fig. 1F). Both htau and htauE14 groups were
impaired in the Y-maze test (fewer entry to the novel arm
compared with control) at 9-10 months, but not at 1-3
months post-infusion. These results suggest that tau
hyperphosphorylation-induced neural toxicity in CA1 and
behavioural impairment occur earlier and are more severe
than the deficiency induced by human tau expression in rats.

The spread patterns of htauE14 in the hippocampus indexed
by GFP staining were similar in 1-3 and 9-10 months brains
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(Supplementary Fig. 1). GFP expression rates in the CA1
were 17.71 +1.01% in 1-3 months and 31.20 + 5.83% in
9-10 months post-infusion. Individual transduction rate
was not correlated with spatial learning performance
(Supplementary Fig. 2), suggesting htauE14 expression as
low as 10-15% in CA1 is sufficient to impair spatial learn-
ing. HT7 (Fig. 2A-D) and ATS8 (indexing pretangle tau phos-
phorylated at $202/T205; Supplementary Fig. 3) staining
showed pathological patterns in 9 months post-infusion
brains compared with 3 months, with nucleolar expression
and atrophic processes,'” parallel to more severe spatial
learning deficiency observed at 9 months post-infusions.
No neurofibrillary tangle or amyloid plaque formation was
observed (Fig. 2E-H; positive control see Supplementary
Fig. 4). However, Tau phosphorylations at S262 and S365
(two microtubule binding sites) were significantly higher in
htauE14 brains than in htau brains at 3 months post-
infusion, although the T22 oligomer levels were similar
(Fig. 2I-L; Supplementary Fig. 5). These results suggest
that pretangle hyperphosphorylated tau, but not tau tangles
in the hippocampus, is associated with spatial learning
deficiency.

Despite spatial learning deficiency observed as early as 1-3
months post-infusion, and the appearance of pathological
tau patterns at 9 months post-infusion of htauE14, there
was no significant cell loss based on Nissl cell counts
(Fig. 3A-C). However, increased Ibal expression in the
CAT1 layer was observed with the htauE14 infusion at 1-3
months post-infusion, but not at 9-10 months post-infusion
(Fig. 3D-F; Supplementary Fig. 6), suggesting an early acti-
vation of microglia may play a protective role.

We next examined neuronal excitability and synaptic plasti-
city in the CA1 of the dorsal hippocampus using ex vivo
fEPSP recordings in separate cohorts. CA1 neuronal excit-
ability was reduced in htauE14 animals compared with the
htau and EGFP controls (Fig. 4A; Supplementary Fig. 7),
while presynaptic release indexed by paired-pulse ratios
was comparable (Fig. 4B). TBS-induced LTP, which was
NMDAR dependent (Supplementary Fig. 8), was impaired
in the htauE14 group (Fig. 4C and D). However, an
LTCC-dependent LTP (200-Hz induction in the presence
of APV) was enhanced at CA1 synapses in htauE14 animals
(Fig. 4E and F). In the absence of APV, 200-Hz induction re-
sulted in a compound LTP including both NMDAR- and
LTCC-dependent components (Supplementary Fig. 8)'*


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data
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Figure 2 Increased phosphorylation induced by htauE 14 infusion at 3 months post-infusion. (A-D) Human tau HT7 expression in
CAI neurons in htau-infused rats | month p.i. (A) and 3 months p.i. (B) and htauE |4-infused rats at 3 months p.i. (C) and 9 months p.i. (D). Lower
panels are zoom-in images of the small squares in the upper panels. Scale bars: 500 pm (zoom in 50 pm). Arrows in D indicate a cell with nucleolar
tau expression. (E=H) Thioflavin-S (ThioS) staining in the hippocampi of different groups at various time points: (E) a GFP-infused brain 3 months
p.i-; (F) an htau-infused brain 3 months p.i.; (G) an htau-El4-infused brain 3 months p.i.; and (H) an htau-El4-infused brain 9 months p.i. Note
negative staining at all time points. Scale bars: 500 um. (I-L) pS262 [t=4.361, P < 0.01; N = 4(2F + 2M)], pS356 [t = 3.137, P=0.020; N = 4), Tau5
(t=0.899, P=0.403; N = 4(2F + 2M)] and T22 [t =0.948, P =0.396; N = 3(IF + 2M)] expressions in the hippocampal tissue of htau and htauE |4
brains. pS262, pS356 and Tau 5 were measured at 75-kD bands. T22 was measured at 180-kD bands. Upper panels: WB example bands.

Uncropped blots of the target proteins were used. Lower panels: tau expressions normalized to B-actin. *P < 0.05; **P < 0.01. Two-tailed t-tests
were used for statistical analysis. Data points represent individual animals. See Supplementary Material Fig. 5 for uncropped western blots.

F, female; M, male; p.i., post-infusion.

and was similar in amplitudes at the last 5§ min between the that recorded in the presence of APV, likely reflecting a defi-
htauE14 and GFP groups (Fig. 4G and H). However, the ciency in the NMDAR component of the LTP.

LTP in htauE14 animals exhibited a unique time course We have previously shown an aging-associated increase in
form, with an initial rebound response following the imme- Cav1.2 expression in the somatic membrane of CA1 neurons
diate potentiation, and a slow-growing LTP that reached a and parallel decrease in CA1 neuronal excitability.'® Here, we

plateau at the end of the recording. The waveform resembles measured Cav1.2 expression in CA1 neurons and observed


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data
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Figure 3 Early increase in Ibal expression but no cell loss in htauE | 4-infused rats. (A) Example images of Nissl staining of GFP, htau
and htauE 14 hippocampus at |-3 months post-infusion (upper two panels) and 9—10 months post-infusion (low two panels). Zoom-in CA| images
are shown below the full hippocampal images. (B) Nissl cell counts at |-3 months post-infusion [F(2,20) = 0.239, P=0.799; N =7(3F/4M)/7
(4F/3M)/9(2F/7M)]. (C) Nissl cell counts at 9—10 months post-infusion [F(2,18) = 0.578, P=0.57|; N = 7(3F/4M)/7(3F/4M)/7(4F/3M)].

(D) Example images of Ibal staining of GFP, htau and htauE |4 hippocampus at |-3 months post-infusion (upper two panels) and 9—10 months
post-infusion (low two panels). Zoom-in CAl images are shown below the full hippocampal images. (E) Ibal cell counts at |-3 months
post-infusion [F(2,14) =5.836, P=0.014; N = 5(1F/4M)/6(3F/3M)/6(1F/5M)]. (F) Ibal cell counts at 9—10 months post-infusion [F(2,19) = 0.906,
P=0.421; N = 8(3F/5M)/7(3F/4M)/7(4F/3M)]. Scale bars: 500 and 50 pm (zoom-in images). *P < 0.05. Sample numbers are presented as N =
GFP/htau/htauE 14. One-way ANOVAs were used for statistical analysis. Data points represent individual animals. F, female; M, male.

increased expression in the somatic membrane in
htauE14-expressing neurons compared with htau or GFP an-
imals (Fig. 41 and J). The synaptic (co-localizing with PSD-95)
and extra-synaptic expression levels were comparable in dif-
ferent groups (Supplementary Fig. 9). We then measured
NMDAR GIuN1 subunit expression in the CA1 layer
(Fig. 4K-M, Supplementary Fig. 10). Neither dendritic

(Fig. 4L) nor somatic GIluN1 expression (Supplementary
Fig. 10) was different amongst groups. However, there was
a reduction of synaptic GluN1 expression as measured by
its co-localization with PSD95 (Fig. 4M), suggesting a shift
of GIuN1 receptors from synaptic to extra-synaptic sites.
PSD95 density was similar amongst groups (Supplementary
Fig. 11).
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Figure 4 CAI htauE|4 transduction for 1-3 months impairs NMDAR-dependent LTP and augments LTCC function. (A) Input—
output relationship of fEPSP slope versus stimulation intensity showed impaired excitability in htauE 14 CAl [F(2,20) = 10.377,P < 0.01; Ngjice =7/
8/9 from N,nima = 5(4F/1M)/3(1F/2M)/4(3F/1M)]. (B) PPRs were not different amongst groups [F(2,36) = 0.408, P = 0.668; Nyjice = 9/14/16 from
Nanimal = 5(4F/1M)/5(2F/3M)/7(4F/3M)]. (C, D) TBS-induced LTP was impaired in htauE 14 group [F(2,23) = 3.941, P=0.034; N = 10/7/9
from Nanima = 5(3F/2M)/3(1F/2M)/4(3F/1M)]. (E, F) LTCC-dependent LTP was enhanced by htauE 14 [F(2,21) =4.083, P = 0.032; Nyjic. = 7/8/9
from Nanima = 3(3F)/3(2F/IM)/3(2F/IM)]. APV, (2R)-amino-5-phosphonovaleric acid. (G, H) Compound LTP induced by 200-Hz induction had
similar amplitudes between htauE |4 and GFP animals [t = 0.924, P = 0.365; Njice = 12/12 from Nypima = 5(4F/1M)/7(3F/4M)]. (1) Example images of
Cavl.2 and GFP in the CAI of an htau brain (left two panels) and an htauE 14 brain (right two panels). Circles indicate selected GFP" cells for
analysis. (J) Relative optical density of various groups [F(2,29) = 6.988, P = 0.003; Nyjice = 10/9/13 from N,,ima = 4(1F/3M)/3(/3M)/4(1F/3M)]. Scale
bars: 50 pm. (K) GIuN| and post-synaptic density protein (PSD95) labelling in the CAl dendritic layer. Arrows indicate co-labelled puncta. Scale
bars: 5 pm. (L) Density of GIuN| puncta was not different amongst groups [F(2,26) = 1.657, P=0.210; Nyjice =8/10/1 | from N,pima = 5(3F/2M)/
6(5F/1M)/2F/5M)]. (M) Synaptic GIuN1 (Syn-GIuN1) puncta (% of PSD* puncta) was lower in htauE 14 group [F(2,26) = 5.528, P = 0.010; Nyjic. = 8/
10/11 from Napima = 5(3F/2M)/6(5F/IM)/2F/5M)]. *P < 0.05; **P < 0.01. Sample numbers are presented as N = GFP/htau/htauE 14 (N = GFP/
htauE[4 in H). One-way ANOVAs or two-tailed t-tests (two-group comparison in H) were used for statistical analysis. Data points are mean +
SEM. Data points represent individual slices and animal numbers are indicated as above. F, female; M, male; PPR, paired-pulse ratio.
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Impaired NMDAR-dependent plasticity in the CA1 could
lead to spatial learning deficiency such as what we observed
in the SLR task. Indeed, SLR was dependent on NMDAR ac-
tivation in the CA1 and was impaired when APV was infused
into the CA1 prior to the training (Supplementary Fig. 12). In
aging population, LTCC blockers have shown beneficial
effects in reversing neuronal dysfunction and cognitive im-
pairment in both humans and animal models.'®**° Here,
we injected LTCC antagonist nimodipine within 1 month
post-AAV infusion, for 4 weeks prior to, and throughout
the behavioural tasks. Chronic nimodipine injection did
not affect the movement of the animals (Supplementary
Fig. 13) but reversed the SLR deficiency observed in
vehicle-injected htauE14 rats (Fig. SA). Neuronal excitabil-
ity in the CA1 of nimodipine-injected htauE14 rats was com-
parable with the vehicle-injected GFP rats (Fig. 5B). Both
NMDAR-dependent LTP (Fig. SC and D) and LTCC-
dependent LTP (Fig. SE and F) showed comparable increase
in fEPSP slopes between the two groups. Chronic nimodipine
injection also prevented Cavl.2 somatic overexpression
(Fig. 5G and H). Interestingly, nimodipine treatment also
normalized GluN1 distribution such that there was no differ-
ence of synaptic GluN1 expression between the GFP and
htauE14 groups (Fig. 5I-K).

Discussion

Our results revealed that hyperphosphorylated tau in CA1
neurons led to impaired NMDAR-dependent synaptic plasti-
city and spatial learning following a short period of htauE14
seeding (1-3 months), which was mediated by upregulation
of LTCCs and concomitant shift of GluN1 subunit from syn-
aptic and extra-synpatic sites. Chronic blockade of LTCCs
with nimodipine injection reversed NMDAR synaptic defi-
ciency and impairment in spatial learning.

Consistent with previous evidence showing pretangle tau
toxicity,>>*° the current study further demonstrates pretan-
gle tau-induced synaptic and learning deficiency. A recent
model that seeds htauE14 in the rat locus coeruleus to mimic
the human origin of pretangle tau'®'® reported pretangle tau
toxicity in the absence of NFT. Locus coeruleus htauE14-
infused rats exhibit impairment in olfactory discrimination
learning and spatial learning, correlating with a reduction
of noradrenergic fibres in the olfactory cortex and hippo-
campal dentate gyrus.'®'® Olfactory deficiency is one of
the earliest signs of preclinical Alzheimer’s disease.”'***
Locus coeruleus (LC) fibre degeneration and neuronal loss
correlate with Braak stages*>** and were observed in pre-
clinical subjects.”® These observations suggest that pretangle
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tau indeed drives preclinical neuronal degeneration and be-
havioural changes. Furthermore, htau seeding without hy-
perphosphorylation in the rat LC in another study showed
negligible effects of neuronal toxicity.?® Together, these re-
ports and our current study suggest that the degree of abnor-
mal tau phosphorylation appears to be a decisive factor in
tau pathology. However, the model has limitations in that
it does not mimic the natural temporal course of phosphor-
ylation at various sites in tau pathology.

Hippocampal CA1 is particularly vulnerable to calcium
dysregulation and tau pathology during aging and
Alzheimer’s disease. In aging, excess calcium influx through
LTCCs mediates the enlargement of medium and slow after-
hyperpolarization.'”*” Augmentation of slow afterhyperpo-
larization in the aged CA1 is associated with reduced neuronal
excitability and impaired hippocampus-dependent learning,
which is reversed by nimodipine administration.'®>"?
LTCC hyperfunction associated neuronal hypoexcitability
impairs NMDAR-dependent LTP,*® which may underlie cog-
nitive decline during aging. Decreased tendency for LTP and
increased tendency for LTD during aging are attributed to
LTCC hyperfunction and concomitant reduced function of
NMDARs.””  Additionally, a shift from NMDAR- to
LTCC-dependent LTP has been reported at the CA1 synap-
ses.>® Our finding of neuronal and synaptic changes induced
by hyperphosphorylated tau resembles those reported in
aging: decreased CA1 neuronal excitability and impaired
NMDAR-LTP were paralleled by concomitant increased ex-
pression and function of LTCCs. These results suggest tau hy-
perphosphorylation accelerates senescence-associated cellular
changes. Nimodipine administration reversed spatial learning
deficiency by normalizing LTCC somatic membrane expres-
sion, neuronal excitability and NMDAR synaptic plasticity.
In an aging study, nimodipine is more effective in reducing
CA1 afterhyperpolarization and learning deficiency in aged
animals,"” while in our study, nimodipine was effective in
younger adult animals expressing hyperphosphorylated tau.
It would be interesting in the future, to examine the expression
levels of LTCC in aging rats in our model and test the effects of
nimodipine in reversing later stage synaptic deficiency.

Interestingly, we observed a concomitant shift of
NMDAR GluN1 subunit from synaptic to extra-synaptic
sites, which could also directly affect NMDAR-dependent
LTP. The shift in GluN1 trafficking was also prevented by
nimodipine injection. In a P301S tau mouse model, hyper-
phosphorylated tau leads to a reduction of NMDARs via his-
tone methyltransferase-mediated GluN1 ubiquitination.>
GluN1 downregulation was not observed in our rats with
1-3 months of pretangle tau incubation. Tau has been shown
to mediate both synaptic’* and extra-synaptic’> NMDAR
toxicity and may regulate NMDAR trafficking from synaptic
to extra-synaptic sites through actin depolymerization.*?
Our data suggest that reducing LTCC hyperfunction also
normalizes NMDAR synaptic expressions.

Correlational links between tau hyperphosphorylation
and LTCCs have been reported. Hippocampal neurons in
Alzheimer’s disease patients show higher binding of
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Figure 5 Chronic nimodipine injection rescues spatial learning deficiency and normalizes synaptic plasticity. Nimodipine was
systemically injected for 6 weeks before and through the behavioural tasks. (A) Discrimination index of a SLR test [F(2,16) =22.724, P < 0.01;
N =7(1F/6M)/5(2F/3M)/7(4F/3M)]. (B) Input—output relationship of fEPSP slope versus stimulation intensity was similar in htauE 14 rats injected
with nimodipine (htauE 14 Nimo) and GFP vehicle (GFP Veh) control [F(1,13) =2.904, P = 0.09; Ngjice = | I/1 | from N,nima = 3(3M)/3(3F)]. (C, D)
TBS-induced LTP was normal in htauE 14 Nimo rats [t = 0.141, P = 0.890; Njice = 9/8 from N,nima = 3(3M)/3(3F)). (E, F) LTCC-dependent LTP was
comparable in htauE 14 Nimo group compared with GFP Veh control [t = 0.373, P = 0.7 14; Ngjice = 9/7 from Npimal = 3(1 F/2M)/3(3F)]. (G) Example
images of Cav|.2 staining in a GFP Veh brain (left two panels) and an htauE 14 Nimo brain (right two panels). (H) Comparison of Cavl.2 somatic
expression in the two indicated groups [t = 0.275, P = 0.787; Njice = 8/8 from N,nima = 2(2M)/2(1F/1M)]. Scale bars: 50 um. (I) GIluN| and PSD95
labelling in the CAI dendritic layer. Arrow heads indicate co-labelled puncta. Scale bars: 5 pm. (J) Density of GIuN | puncta was not different
between the GFP Veh and htauE 14 Nimo groups [t = 0.734, P = 0.476; Njice = 5/10 from N pima = 2(2M)/4(1F/3M)]. (K) Synaptic GIuN | puncta (%
of PSD* puncta) was similar in the two groups [t = 0.625, P = 0.542; Nyjice = 5/10 from N,pima = 2(2M)/4(1F/3M)). * P < 0.05; ** P < 0.01. Sample
numbers are presented as N = GFP veh/htauE 14 veh/htauE |4 nimo (A) or N = GFP veh//htauE|4 nimo (B-K). Two-tailed t-tests were used for
statistical analysis. Data points represent individual animals in A and individual slices in D, F, H, J and K. F, female; M, male.
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isradipine, an LTCC dihydropyridine ligand and increased
cell loss than non-dementia brains,'* suggesting selective vul-
nerability of the hippocampus to calcium dysregulation in
Alzheimer’s disease. Similarly, increased level of intraneuro-
nal calcium in the hippocampus of transgenic 3xTg
Alzheimer’s disease mice has been attributed to LTCCs.**
A selective correlation of hyperphosphorylated tau in the
CA1°® and LTCC hyperfunction®® in the 3xTg mice has
been established. A recent study showed that specific human
tau isoforms, such as ON4R used in our study, enhance
LTCC currents and associated medium and slow afterhyper-
polarizations in cultured hippocampal neurons.>” Similar
findings have been reported in Drosophila mushroom
body, with ON4R tau isoform increasing LTCC function
and impairing olfactory learning.’® Our study showed
more severe and immediate deficiency induced by hyperpho-
sphorylated tau (htauE14) than human tau and subsequently
focused on LTCC function and synaptic plasticity at a time
point where behavioural impairment was observed in
htauE14, but not htau rats. Consistent with more severe
learning impairment, htauE14 resulted in a higher amount
of tau phosphorylation at $262 and S356, two phosphoryl-
ation sites at the microtubule binding domain involved in
early tau pathology.*’

The  molecular  signalling  involved in  tau
hyperphosphorylation-induced LTCC hyperfunction requires
further investigation. A potential link between tau and
LTCCs could be Src family kinases.*® Tau interacts with Src ki-
nases and their activator Pyk2*'*** and could potentially en-
hance LTCC activation. In turn, LTCC activation mediates
tau hyperphosphorylation via GSK3p, which can be prevented
by an LTCC blocker in vitro.** The interaction between hyper-
phosphorylated tau and LTCCs thus forms a positive feedback
loop leading to intracellular calcium overload and associated
neuronal toxicity in preclinical stages.

Restoring calcium homeostasis has been one of the thera-
peutic strategies in Alzheimer’s disease research. LTCC
blockers have shown to be neuroprotective in animal mod-
els. For example, isradipine, an Food and Drug
Administration-approved dihydropyridine LTCC blocker,
lowered tau and AP burden and improved cognition in
mouse models.*> In humans, evidence for the effect of
LTCC blockers is controversial. Some beneficial results of ni-
modipine on cognition have been reported in patients with
various types of dementia,'®?° while a large clinical trial
only showed moderate benefits in secondary outcome mea-
sures.*® However, it should be noted that clinical trials tar-
geted patients at late Braak stages, where neurological
deficiency may be irreversible. Our research shows that
LTCC hyperfunction may occur early in pretangle tau stages
and early intervention strategies are likely more beneficial.
Furthermore, the recent development of novel therapeutic
agents that target LTCC as part of a multi-target approach
has emerged as a potential effective therapeutic treatment.**
Alternatively, targeting pretangle tau pathology, serving
both upstream and downstream of LTCC hyperfunction, is
a viable strategy.
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Supplementary material is available at Brain Communications
online.

Acknowledgements

The authors wish to thank Dr Jules Doré, Dr Taro Saito and
Grigorii Sultanakhmetov for the technical support; Ala
Ahmed, Ruhuf Abu-Lebdeh and Onyedikachi Belolise for
the help with chronic nimodipine injections; and Ali
Salman for the help with THC tissue processing.

Funding

This work was supported by a Canadian Institutes of Health
Research project grant to Q.Y. (#PJT-169197), an Aging
Research Center Grant of Newfoundland (ARC-NL) to
V.R. and Q.Y., a National Institute of Health grant to
J.W.H. (RF1 AG055357) and a strategic research fund of
the Takeda Science Foundation to K.A. C.A.C. was funded
by a Canadian Institutes of Health Research Canada
Graduate Scholarship (CGS-M) and an Alzheimer’s Society
Research Program (ASRP).

Competing interests

The authors report no competing interests.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and its supplemen-
tary material.

References

1. Crous-Bou M, Minguillon C, Gramunt N, Molinuevo JL.
Alzheimer’s disease prevention: From risk factors to early interven-
tion. Alzbheimers Res Ther. 2017;9(1):71.

2. Mullane K, Williams M. Alzheimer’s disease beyond amyloid: Can
the repetitive failures of amyloid-targeted therapeutics inform fu-
ture approaches to dementia drug discovery? Biochem Pharmacol.
20205177:113945.

3. Spires-Jones TL, Hyman BT. The intersection of amyloid beta and tau
at synapses in Alzheimer’s disease. Neuron. 2014;82(4):756-771.

4. Braak H, Thal DR, Ghebremedhin E, Del Tredici K. Stages of the
pathologic process in Alzheimer disease: Age categories from 1 to
100 years. | Neuropathol Exp Neurol. 2011;70(11):960-969.

5. Congdon EE, Duff KE. Is tau aggregation toxic or protective?
J Alzheimers Dis. 2008;14(4):453-457.

6. Brunden KR, Trojanowski JQ, Lee VM. Evidence that non-fibrillar
tau causes pathology linked to neurodegeneration and behavioral
impairments. | Alzheimers Dis. 2008;14(4):393-399.

7. d’Orange M, Auregan G, Cheramy D, et al. Potentiating tangle for-
mation reduces acute toxicity of soluble tau species in the rat. Brain.
2018;141(2):535-549.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae096#supplementary-data

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

| BRAIN COMMUNICATIONS 2024, fcae096

Khachaturian ZS. Calcium, membranes, aging, and Alzheimer’s dis-
ease, Introduction and overview. Ann N 'Y Acad Sci. 1989;568:1-4.
Thibault O, Gant JC, Landfield PW. Expansion of the calcium hy-
pothesis of brain aging and Alzheimer’s disease: Minding the store.
Aging Cell. 2007;6(3):307-317.

Thibault O, Hadley R, Landfield PW. Elevated postsynaptic [Ca2+]i
and L-type calcium channel activity in aged hippocampal neurons:
Relationship to impaired synaptic plasticity. | Newurosci. 2001;
21(24):9744-9756.

Ueda K, Shinohara S, Yagami T, Asakura K, Kawasaki K. Amyloid
beta protein potentiates Ca>* influx through L-type voltage-
sensitive Ca”* channels: A possible involvement of free radicals.
J Neurochem. 1997;68(1):265-271.

Coon AL, Wallace DR, Mactutus CF, Booze RM. L-type calcium
channels in the hippocampus and cerebellum of Alzheimer’s disease
brain tissue. Neurobiol Aging. 1999;20(6):597-603.

Omoluabi T, Torraville SE, Maziar A, et al. Novelty-like activation
of locus coeruleus protects against deleterious human pretangle tau
effects while stress-inducing activation worsens its effects.
Alzheimers Dement (N Y). 2021;7(1):e12231.

Cavus I, Teyler T. Two forms of long-term potentiation in area CA1
activate different signal transduction cascades. | Neurophysiol.
1996;76(5):3038-3047.

Maziar A, Critch T, Ghosh S, et al. Aging differentially affects
LTCC function in hippocampal CA1 and piriform cortex pyramidal
neurons. Cereb Cortex. 2023;33(4):1489-1503.

Ghosh A, Torraville SE, Mukherjee B, et al. An experimental model
of Braak’s pretangle proposal for the origin of Alzheimer’s disease:
The role of locus coeruleus in early symptom development.
Alzheimers Res Ther. 2019;11(1):59.

Gilvesy A, Husen E, Magloczky Z, et al. Spatiotemporal character-
ization of cellular tau pathology in the human locus coeruleus-
pericoerulear complex by three-dimensional imaging. Acta
Neuropathol. 2022;144(4):651-676.

Ban TA, Morey L, Aguglia E, et al. Nimodipine in the treatment of
old age dementias. Prog Neuropsychopharmacol Biol Psychiatry.
1990;14(4):525-551.

Moyer JR Jr., Thompson LT, Black JP, Disterhoft JF. Nimodipine
increases excitability of rabbit CA1 pyramidal neurons in an age-
and concentration-dependent manner. | Neurophysiol. 1992;
68(6):2100-2109.

Tollefson GD. Short-term effects of the calcium channel blocker ni-
modipine (Bay-e-9736) in the management of primary degenerative
dementia. Biol Psychiatry. 1990;27(10):1133-1142.

Conti MZ, Vicini-Chilovi B, Riva M, et al. Odor identification def-
icit predicts clinical conversion from mild cognitive impairment to
dementia due to Alzheimer’s disease. Arch Clin Neuropsychol.
2013;28(5):391-399.

Devanand DP, Lee S, Manly ], et al. Olfactory deficits predict cog-
nitive decline and Alzheimer dementia in an urban community.
Neurology. 2015;84(2):182-189.

Gulyas B, Brockschnieder D, Nag S, et al. The norepinephrine trans-
porter (NET) radioligand (S, S)-[18F]JFMeNER-D2 shows signifi-
cant decreases in NET density in the human brain in Alzheimer’s
disease: A post-mortem autoradiographic study. Neurochem Int.
2010;56(6-7):789-798.

Theofilas P, Ehrenberg AJ, Dunlop S, et al. Locus coeruleus volume
and cell population changes during Alzheimer’s disease progression:
A stereological study in human postmortem brains with potential
implication for early-stage biomarker discovery. Alzheimers
Dement. 2017;13(3):236-246.

Kelly SC, He B, Perez SE, Ginsberg SD, Mufson EJ, Counts SE.
Locus coeruleus cellular and molecular pathology during the pro-
gression of Alzheimer’s disease. Acta Neuropathol Commun.
2017;5(1):8.

Kelberman MA, Anderson CR, Chlan E, Rorabaugh JM, McCann
KE, Weinshenker D. Consequences of hyperphosphorylated tau in

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

4S.

46.

C. A. Crossley et al.

the locus coeruleus on behavior and cognition in a rat model of
Alzheimer’s disease. | Alzheimers Dis. 2022;86(3):1037-1059.
Power JM, Wu WW, Sametsky E, Oh MM, Disterhoft JF.
Age-related enhancement of the slow outward calcium-activated
potassium current in hippocampal CA1 pyramidal neurons in vitro.
J Neurosci. 2002;22(16):7234-7243.

Foster TC, Norris CM. Age-associated changes in Ca(2+)-
dependent processes: Relation to hippocampal synaptic plasticity.
Hippocampus. 1997;7(6):602-612.

Navakkode S, Liu C, Soong TW. Altered function of neuronal
L-type calcium channels in ageing and neuroinflammation:
Implications in age-related synaptic dysfunction and cognitive de-
cline. Ageing Res Rev. 2018;42:86-99.

Shankar S, Teyler T], Robbins N. Aging differentially alters forms of
long-term potentiation in rat hippocampal area CA1. | Neurophysiol.
1998;79(1):334-341.

Williams JB, Cao Q, Wang W, et al. Inhibition of histone methyl-
transferase Smyd3 rescues NMDAR and cognitive deficits in a tauo-
pathy mouse model. Nat Commun. 2023;14(1):91.

Ittner LM, Ke YD, Delerue F, et al. Dendritic function of tau med-
iates amyloid-beta toxicity in Alzheimer’s disease mouse models.
Cell. 2010;142(3):387-397.

Pallas-Bazarra N, Draffin J, Cuadros R, Antonio Esteban J, Avila ].
Tau is required for the function of extrasynaptic NMDA receptors.
Sci Rep. 2019;9(1):9116.

Lopez JR, Lyckman A, Oddo S, Laferla FM, Querfurth HW,
Shtifman A. Increased intraneuronal resting [Ca2+] in adult
Alzheimer’s disease mice. | Neurochem. 2008;105(1):262-271.
Oddo S, Caccamo A, Shepherd JD, et al. Triple-transgenic model of
Alzheimer’s disease with plaques and tangles: Intracellular abeta
and synaptic dysfunction. Neuron. 2003;39(3):409-421.

Wang Y, Mattson MP. L-type Ca®* currents at CA1 synapses, but
not CA3 or dentate granule neuron synapses, are increased in
3xTgAD mice in an age-dependent manner. Neurobiol Aging.
2014;35(1):88-95.

Stan GF, Church TW, Randall E, et al. Tau isoform-specific enhance-
ment of L-type calcium current and augmentation of afterhyperpolar-
ization in rat hippocampal neurons. Sci Rep. 2022;12(1):15231.
Higham JP, Hidalgo S, Buhl E, Hodge JJL. Restoration of olfactory
memory in Drosophila overexpressing human Alzheimer’s disease
associated tau by manipulation of L-type Ca(2+) channels. Front
Cell Neurosci. 2019;13:409.

Ando K, Maruko-Otake A, Ohtake Y, Hayashishita M, Sekiya M,
Tijima KM. Stabilization of microtubule-unbound tau via tau phos-
phorylation at Ser262/356 by Par-1/MARK contributes to augmen-
tation of AD-related phosphorylation and Abeta42-induced tau
toxicity. PLoS Genet. 2016;12(3):e1005917.

Crossley CA, Rajani V, Yuan Q. Modulation of L-type calcium
channels in Alzheimer’s disease: A potential therapeutic target.
Comput Struct Biotechnol J. 2023;21:11-20.

Lee G. Tau and src family tyrosine kinases. Biochim Biophys Acta.
2005;1739(2-3):323-330.

Bhaskar K, Yen SH, Lee G. Disease-related modifications in tau af-
fect the interaction between fyn and tau. | Biol Chem. 2005;
280(42):35119-35125.

Li C, Gotz J. Pyk2 is a novel tau tyrosine kinase that is regulated by
the tyrosine kinase fyn. | Alzheimers Dis. 2018;64(1):205-221.
Michalska P, Mayo P, Fernandez-Mendivil C, et al. Antioxidant,
anti-inflammatory and neuroprotective profiles of novel
1,4-dihydropyridine derivatives for the treatment of Alzheimer’s
disease. Antioxidants (Basel). 2020;9(8):650.

Anekonda TS, Quinn JF. Calcium channel blocking as a therapeutic
strategy for Alzheimer’s disease: The case for isradipine. Biochim
Biophys Acta. 2011;1812(12):1584-1590.

Morich FJ, Bieber F, Lewis JM, et al. Nimodipine in the treatment of
probable Alzheimer’s disease—Results of two multicentre trials.
Clin Drug Invest. 1996;11(4):185-195.



	Hippocampal hyperphosphorylated tau-induced deficiency is rescued by �L-type calcium channel blockade
	Introduction
	Materials and methods
	Ethics statement and subjects
	Surgery
	Behavioural studies
	Open field
	Marble burying
	Elevated plus maze
	Odour discrimination
	Spontaneous location recognition
	Y-Maze

	Electrophysiological recordings
	Slice preparation
	fEPSP recordings

	IHC, histology and western blotting
	IHC and histology
	Imaging and analysis
	Western blotting

	Statistical analysis

	Results
	Hyperphosphorylated human tau infusion in the CA1 impairs spatial learning
	CA1 htauE14 infusion results in tau hyperphosphorylation but no tangle formation
	No cell loss but transient enhanced Iba1 activation is associated with htauE14
	CA1 htauE14 results in impaired NMDAR synaptic plasticity and LTCC hyperfunction at 1–3 months post-infusion
	Chronic blockade of LTCCs in the CA1 rescues spatial learning deficiency, restores neuronal excitability and normalizes synaptic plasticity

	Discussion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References




