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Abstract

Retina and optic nerve are sites of extra-cerebral manifestations of Alzheimer’s Disease (AD). Amyloid- (ARB) plaques
and neurofibrillary tangles of hyperphosphorylated tau protein are detected in eyes from AD patients and transgenic
animals in correlation with inflammation, reduction of synapses, visual deficits, loss of retinal cells and nerve fiber.
However, neither the pathological relevance of other post-translational tau modifications—such as truncation with
generation of toxic fragments—nor the potential neuroprotective action induced by their in vivo clearance have
been investigated in the context of AD retinal degeneration. We have recently developed a monoclonal tau antibody
(12A12mAb) which selectively targets the neurotoxic 20-22 kDa NH,-derived peptide generated from pathological
truncation at the N-terminal domain of tau without cross-reacting with its full-length normal protein. Previous studies
have shown that 12A12mAb, when intravenously (i.v.)-injected into 6-month-old Tg2576 animals, markedly improves
their AD-like, behavioural and neuropathological syndrome. By taking advantage of this well-established tau-directed
immunization regimen, we found that 12A12mAb administration also exerts a beneficial action on biochemical, mor-
phological and metabolic parameters (i.e. APP/AB processing, tau hyperphosphorylation, neuroinflammation, syn-
aptic proteins, microtubule stability, mitochondria-based energy production, neuronal death) associated with ocular
injury in the AD phenotype. These findings prospect translational implications in the AD field by: (1) showing for the
first time that cleavage of tau takes part in several pathological changes occurring in vivo in affected retinas and vitre-
ous bodies and that its deleterious effects are successfully antagonized by administration of the specific 12A12mAb;
(2) shedding further insights on the tight connections between neurosensory retina and brain, in particular following
tau-based immunotherapy. In our view, the parallel response we detected in this preclinical animal model, both in the
eye and in the hippocampus, following iv. 12A12mAb injection opens novel diagnostic and therapeutic avenues for
the clinical management of cerebral and extracerebral AD signs in human beings.
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Introduction

Basic and translational researches have recently focused
their attention on the eye as an initial site of extra-cer-
ebral manifestations of Alzheimer’s Disease (AD), a
neurodegenerative disorder which has been historically
perceived as confined to the brain [1, 2]. In particular,
among ocular tissues, the retina is a sensory extension
of the CNS which shares many structural and functional
features with cerebral tissues, including the presence of
neurons, glial cells and a blood barrier characterized by a
tight regulation in endothelial cell organization [3].

The two classical cerebral lesions of AD pathology—
i.e. amyloid B (AP) plaques and NeuroFibrillary Tangles
(NFT) comprising hyperphosphorylated tau (ptau) pro-
tein—have been described in the eyes of both affected
patients and experimental transgenic animal models
[4-13] in correlation with an early local activation of
inflammatory signaling and a reduction in synaptic con-
tacts [14-17] and with functional impairment of visual
abilities [18]. Moreover, other signs of ocular degenera-
tion—such as loss of retinal ganglion neurons, atrophy
of nerve fiber layer, thinning of the macular ganglion cell
complex, axonal degeneration in the optic nerve, altera-
tion of blood flow rate—reflect, and even anticipate, the
hallmarks of AD cerebral deterioration [1, 2, 13, 19].
Higher incidence of age-related macular degeneration
occurs in patients with AD [20]. Impaired contrast sen-
sitivity, reduced visual acuity, abnormal spatial vision and
motion perception are found in AD subjects in tight cor-
relation with the severity of cognitive and behavioural
defects [21-32]. Interestingly, ocular defects can manifest
even before the appeareance of clinical signs of dementia
[33-37]. Of note, 33% of individuals diagnosed with Mild
Cognitive Impairment (MCI), a prodromal stage of AD,
have substantial visual motion perception deficits and
retinal layer thickness together with microvascular altera-
tions [36, 38—42]. In postmortem retinas of MCI and AD
patients, extensive retinal pericyte loss along with vascu-
lar platelet-derived growth factor receptor-p deficiency
are closely associated with increased retinal vascular
amyloidosis and predict the cerebral amyloid angiopathy
scores [43, 44]. Visual electrophysiology testing has dem-
onstrated significant differences in pattern electroretino-
gram (PERG), and pattern visual evoked potential (PVEP)
in correlation with the retinal nerve fibre layer (RNFL)
thickness between AD subjects and healthy controls [45].
Furthermore, utilizing data from retina to develop novel
biomarkers for AD offers unique access for direct and
non-invasive imaging of pathological changes occurring

in the brain [46, 47]. Advances in retinal imaging and evi-
dence of a positive response to immunotherapy of AD
animal models prospect widespread population screen-
ing, early diagnosis, monitoring before the disease mani-
fests with irreversible clinical symptoms and, eventually,
developing disease-modifying intervention [48].

While there are several evidences for the presence of
AP and phosphotau in eyes from human and animal AD
paradigms, efforts are currently being made to identify
and validate additional post-translational modifications
of tau occurring in the neurosensory retina during dis-
ease progression, especially in view of the findings that
tau better correlates with the duration and the sever-
ity of cognitive decline [49, 50]. In this framework,
whether tau cleavage with generation of toxic frag-
ments contributes to visual deterioration and whether
their in vivo immunoneutralization evokes a protective
action, on both AD retinal and cerebral neurodegenera-
tion, is still lacking.

Our research group has extensively investigated a
20-22 kDa peptide generated from pathological trun-
cation at the N-terminal domain of tau (aka NH,htau)
which: (1) is detected in cellular and animal AD models
[51]; (2) accumulates at human AD presynaptic termi-
nals and is present in CSF from patients suffering from
AD and other related tauopathies [52-54]; (3) nega-
tively impacts on synaptic and cognitive functions, both
in vitro and in vivo [55, 56]. More recently we have devel-
oped a functional cleavage-specific, monoclonal Anti-
body (mAb)-named 12A12mAb (formerly CCP-NH,-tau
antiseum (D,5-(QGGYTMHQDQ) epitope, phosphoryl-
ation-independent state [53])—which in vivo selectively
neutralizes this harmful specie(s) without significant
cross-reaction with the physiological full-length pro-
tein. 12A12mAb, when systemically (intravenously, i.v.)
injected into 6-month-old Tg2576 and 3xTg mice—two
AD models which respectively express the human Amy-
loid Precursor Protein (APP)695 with Swedish mutations
(K670N-M671L), alone or in combination with MAPT
P301L and PSEN1 M146V—markedly alleviates into their
hippocampi the characteristic biochemical (tau hyper-
phosphorylation, AB accumulation, activation of pro-
inflammatory markers), cognitive (spatial memory and
orientation), electrophysiological (Long Term Potentia-
tion, LTP induction) and morphological (spine density)
alterations [57].

By taking advantage of this well-established tau-
directed immunization protocol, we investigated symp-
tomatic (6-month-old) Tg2576 transgenic mice to assess
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whether: (i) tau cleavage contributes to altering several
biochemical, morphological and metabolic parameters of
their retina and vitreous body; (ii) 12A12mAb i.v. deliv-
ery is able to exert a protective action on the signs of ocu-
lar injury associated with the AD phenotype, as shown to
occur for the brain parenchyma. This APPSwe-expressing
mouse model was chosen because it displays cerebral Af
deposition and tau modifications, synaptic dysfunction,
gliosis, age-dependent memory deficits along with ocular
AP and tau pathologies [5, 6, 9, 58], thus representing an
ideal model to study the AD-associated changes, both in
the retina and in the brain.

Here, we show that: (i) tau protein cleavage at the
N-terminal extremity is closely associated with other
characteristic neuropathological features of AD into
retinas and vitreous bodies of Tg2576 animal model; (ii)
these ocular changes—which resemble similar modifica-
tions occurring in their brain (ie. APP/AP processing,
tau hyperphosphorylation, gliosis, loss of synaptic pro-
teins, microtubule breakdown, mitochondrial energetic
deficits, neuronal death)—positively respond to systemic
treatment with 12A12mAb. These observations are con-
sistent with the contextual improvement of cognitive
functions due to antibody-mediated neutralization of
N-terminal truncation in the brains of immunized trans-
genic animals [57], suggesting that the in vivo treatment
with 12A12mAb is able to exert parallel beneficial effects
on both cerebral and extra-cerebral manifestations asso-
ciated with the AD phenotype in this preclinical mouse
model.

Materials and methods

Animals and ethical approval

All animal experiments were complied with the ARRIVE
guidelines and were carried out in accordance with the
ethical guidelines of the European Council Directive
(2010/63/EU); experimental approval was obtained from
the Italian Ministry of Health (Authorization n. 524/2017
PR; Authorization n. 1038-2020-PR).

Heterozygous female Tg2576 mice (Tg-AD) (n=6-8
per group/treatment), expressing the human Amyloid
Precursor Protein (APP) with the Swedish mutation
KM670/671NL [59] and their sex-matched wild-type
(Wt) littermates (n=5-6 per group/treatment) were
used at 6 months of age. The housing conditions (four
or five animals per cage) in pathogen-free facilities were
controlled (temperature 22 °C, 12 h light/12 h dark
cycles, humidity 50-60%) with ad libitum access to
food and water. Animals were examined in their overall
health, home cage nesting, sleeping, feeding, grooming,
and condition of the fur and body weight throughout
the whole study and any gross abnormalities were noted.
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Genotyping was carried out to confirm the presence of
human mutant APP DNA sequence by PCR.

Immunization scheme

The N-terminal tau 12A12 monoclonal antibody (26-
36aa) was produced and characterized by Monoclonal
Antibodies Core Facility (MACF) at EMBL-Montero-
tondo, Rome, Italy (Dott. Alan Sawyer), as previously
described in [55]. 12A12mAb was purified from hybri-
doma supernatants according to standard procedures
and its purity was determined using SDS-PAGE and
Coomassie staining. In detail, the hybridoma supernatant
was precipitated by ammonium sulfate (336 g/l). After
precipitation, the solution was centrifuged at 10 000 g
for 1 h and the pellet was dissolved in PBS and dialyzed
against the same buffer. The solution was centrifuged at
10 000 g for 30 min and loaded on a HiTrap Protein G HP
(GE Healthcare) equilibrated with PBS. The column was
washed with PBS (5 column volumes). 12A12mAb was
eluted with 0.1 M Glycine-HCl, pH 2.7. The fractions
containing the antibody were neutralized by 1 M Tris—
HCI, pH 9.0, collected and immediately dialyzed against
PBS. 12A12mAb concentration was determined by meas-
uring the absorbance at 280 nm. The average yield was
8 mg per liter of cell supernatant. 12A12mAb was > 95%
pure and contained <1 U/mg of endotoxin (LAL Chro-
mogenic Endotoxin quantitation kit; Thermo Scientific).

To minimize experimental variability, all mice were
initially grouped according to their body weight (20—
25 g) and age and mice from the same litter were finally
assigned to different groups. The grouped mice were
randomized into: (1) wild-type mice treated with saline
vehicle; (2) age-matched Tg2576 mice treated with saline
vehicle; (3) age-matched Tg2576 mice treated with
12A12mAb (30 upg/dose). Animals were infused over
14 days with two weekly injections administered on two
alternate days to the lateral vein of the tail. The dose and
route of immunization were based on previously-pub-
lished studies by our and other independent research
groups using Tg2576 as AD transgenic mouse model [57,
60]. In details, mice were placed in a restrainer (Braintree
Scientific), and an inch of the tail was shaved and placed
in warm water to dilate veins. After injection via the
lateral tail vein, mice were returned to home cages and
kept under general observation. Abnormalities in over-
all health, home cage nesting, sleeping, feeding, groom-
ing, body weight and condition of the fur of animals were
noted.

Notably, this immunization regimen was previously
demonstrated to successfully deliver in vivo a suffi-
cient amount of biologically-active (antigen-competent)
anti-tau antibody to promote the clearance of the del-
eterious NH,htau peptide accumulating into animals’
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hippocampus and to significantly alleviate their behav-
ioural, biochemical, electrophysiological and anatomo-
pathological disease-associated signs [57].

After the immunization schedule, animals were eutha-
nized with CO, and perfused transcardially with ice-cold
phosphate buffered saline (PBS). Eyes were removed, dis-
sected, snap-frozen and stored at—80 °C until further
analyses according to [61, 62].

Western blot analysis and densitometry

Animals from the three experimental groups (wild-type,
naive Tg-AD, Tg-AD 4+ mAb) were sacrificed and retinas
and vitreous bodies protein extracts were quantified and
analyzed for Western blotting according to [63]. In detail,
equal amounts of proteins were subjected to SDS-PAGE
7.5-15% linear gradient or Bis—Tris gel 4-12% (NuPage,
Invitrogen). After electroblotting onto a nitrocellulose
membrane (Hybond-C Amersham Biosciences, Pis-
cataway, NJ), filters were blocked in TBS containing 5%
non-fat dried milk for 1 h at room temperature. Proteins
were visualized using appropriate primary antibodies, all
diluted in TBS and incubated with the nitrocellulose blot
overnight at 4 °C. Incubation with secondary peroxidase
coupled anti-mouse, anti-rabbit or anti-goat antibodies
was followed by the ECL system development and final
visualization with the iBright’s digital camera (Thermo
Fisher West Pico Plus, U.S.A.; Amersham, Arlington
Heights, IL, U.S.A.). Normalization of vitreous and retina
samples was carried with -actin used as loading control
[61]. Final figures were assembled by using Adobe Photo-
shop 6 and Adobe Illustrator 10 and quantitative analy-
sis of acquired images was performed by using Image]
(http://imagej.nih.gov/ij/).

The following antibodies were used:

Caspase-cleaved protein (CCP) NH,-tau antibody
rabbit (D25-(QGGYTMHQDQ) epitope, phosphoryl-
ation-independent state) [51, 53, 64]; Tau Antibody
(BT2) mouse MN1010 ThermoFisher Scientific; anti-
N-tau (45-73aa) DC39N1 mouse T8451 Sigma-Aldrich;
Phospho-PHF-tau pSer202*tThr205 mouse MN1020
ThermoFisher Scientific; PC1C6 Taul Ser-195/Ser-198~
epitopes mouse MAB3420 Merck Millipore; anti-pan
tau protein HT7 (1-150aa of N-terminus) rabbit sc-5587
Santa Cruz Biotechnology; anti-AB/APP protein 6E10
(4-9aa) mouse MAB1560 Chemicon; GFAP antibody
(2E1) mouse sc-33673 Santa Cruz; anti-GFAP (clone
GAS5) mouse MAB360 Millipore; Ibal antibody (1022-5)
mouse sc-32725 Santa Cruz; anti-Ibal rabbit 019-19741
Wako; NMDA{1 antibody (C-20) goat sc-1467 Santa
Cruz; anti-synapsin I antibody rabbit AB1543P Milli-
pore; anti-synaptophysin antibody (D-4) mouse sc-17750
Santa Cruz; anti-syntaxin 1 mouse S1172 Sigma-Aldrich;
anti-SNAP25 antibody (clone SMI 81) mouse 836301
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BioLegend; anti-a synuclein antibody (clone 42) mouse
610786 BD Transduction Laboratories; cleaved caspase-6
(Aspl62) antibody rabbit 9761 Cell Signaling; anti-
choactase antibody (H-95) rabbit sc-20672 Santa Cruz;
anti-mAChR M1 antibody (H120) rabbit sc-9106 Santa
Cruz; anti-vGLUT1 antibody rabbit 135 302 Synaptic
System; anti-vGAT antibody rabbit 131 003 Synaptic Sys-
tem; anti-VDAC/Porin antibody rabbit ab34726 Abcam;
Tomm?20 antibody (FL-145) rabbit sc-11415 Santa Cruz;
cytochrome C (136F3) rabbit 4280 Cell Signaling Tech-
nology; acetylated a Tubulin (6-11B-1) mouse sc-23950
Santa Cruz; rat anti tubulin alpha mouse MCA77G Bio-
Rad; OPA1 antibody mouse 612606 BD Transduction
Laboratories; SOD II (MnSOD, mitochondrial superox-
ide dismutase) rabbit SOD-110D Stressgen Biotechnolo-
gies; anti-B-actin antibody mouse S3062 Sigma-Aldrich;
anti-mouse IgG (whole molecule)-Peroxidase antibody
A4416 Sigma-Aldrich; anti-rabbit IgG (whole molecule)-
Peroxidase antibody A9169 Sigma-Aldrich; donkey anti-
goat IgG-HRP antibody sc2056 Santa Cruz.

Immunofluorescence, Epifluorescent acquisition

and integrated optical densitometry

Animals of the three experimental groups (wild-type,
naive Tg-AD, Tg-AD+mAb) were sacrificed and eyes
were rapidly dissected out. Post-fixed eyes were dehy-
drated and paraffine included. Sections (5 pm thickness;
HM325 rotary microtome; Microm, Rijswijk, Nether-
land) were produced and placed on BDH slides (Milan,
Italy), air-dried and stored at —20 °C. Dewaxed sections
were exposed to quenching (50 mM NH,C], 5 min), anti-
gen retrieval (0.05% trypsin—EDTA solution, 2 min) and
blocking/permeabilizing (1% BSA and 0.5% Triton X 100
in PBS, 30 min) steps, and probed overnight with pri-
mary antibody (Caspase-cleaved protein (CCP) NH,-tau
antiserum (D,;-(QGGYTMHQDQ) epitope, phospho-
rylation-independent state [51, 53, 64]) diluted (1:200)
in PBS (10 mM phosphate buffer and 150 mM NaCl;
pH 7.5). The secondary antibody was Cy2 (green) con-
jugated species-specific antibody (1:1000; donkey; Jack-
son ImmunoResearch, Europe Ltd, Suffolk, UK) diluted
in PBS. Washing steps were performed in PBS contain-
ing 0.05% Tween 20. Nuclear counterstaining was per-
formed with 1 uM DAPI solution (D9542; Sigma-Aldrich,
St. Louis, MO, USA). Negative control (isotype) was car-
ried out in parallel with the omission of primary antibody
and used for appropriate background subtractions. Serial
images were analyzed and selected images were digitally
acquired (8-tiff) by NIS software connected to epifluores-
cent direct microscope (Eclipse Ni; Nikon, Tokyo, Japan).
For Integrated optical Density (IntDen), the 8-bit TIFF
saved digital images (512 x 512 or 1024 x 1024 dpi; n=4
sections/slide; x 40/dry 0.75 DIC M/N2) were subjected
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to single analysis with the Image] v1.43 (NIH-http://rsb.
info.nih.gov/ij/) and expressed in arbitrary units (A.U.)
Values were subjected to statistical analysis (wild-type,
n=4; Tg2576, n=4; Tg2576 + mAb, n=4).

Confocal analysis of microglia and astrocytes

For immunofluorescence experiments, mice of the
three experimental groups (wild-type, naive Tg-AD,
Tg-AD +mAb) were sacrificed by cervical dislocation,
eyes were gently removed and kept in 4% PFA solution.
After 16 h, eyes were passed into 30% sucrose solution
and, after precipitation, were frozen in isopentane and
stored at—80 °C. Sections (50 um thickness) obtained
by a Leica cryostat were treated for immunofluorescence
experiments. In brief, slices were treated for 40 min with
a warm solution of antigen retrieval (10 mM Na-citrate,
0.05% Tween 20, pH 6.0, 90 °C) to facilitate the exposure
of the antigen (when required) and, then, incubated for
45 min in a blocking solution (3% goat serum and 0.3%
Triton X-100 in PBS). Primary antibodies were then
incubated overnight at 4 °C in a solution with 1% of goat
serum and 0.1% of Triton X-100 at different concentra-
tions (anti-Ibal, Wako #019-19741, 1:300; anti-GFAP,
Millipore, #MAB360, 1:200). The day after, slices were
left 30 min at room temperature, washed three times in
PBS, stained with the fluorophore-conjugated antibody
and Hoechst for nuclei visualization for 1 h and, finally,
mounted in DAKO (Agilent Technologies, CS70330-2)
and assessed by confocal microscope (FV10i, Olympus).

For microglia density analysis, images were acquired
by using an inverted confocal laser scanning microscope
(FV10i Olympus) with ax 60 water immersion objec-
tive and a z-step of 1 um with slices immunolabeled for
Ibal. Image processing was performed by using Image]
software, in order to obtain a maximal intensity projec-
tions of z-series stacks. Confocal images were analyzed
to count the number of ibal? cells inside the acquisi-
tion fields calculated as number of cells per volume
(mm®): the number of cells within each acquired field was
divided by the area of the slice multiplied by its thickness.
The value obtained was multiplied by 10 to get the num-
ber of microglia present in a mm?® of the slice. Only cells
whose cell body and processes were fully included in the
slice field were included in the analysis.

To assess astrogliosis, slices labeled for GFAP (Glial-
Fibrillary Acidic Protein) were acquired by confocal
microscopy. Images were then analyzed by Metamorph
image analysis software to obtain a maximal intensity
z-projection based on GFAP signal. Astrogliosis was then
quantified as fluorescence intensity: the threshold was
adjusted to accurately represent the number of GFAP-
positive cells and data were expressed as area occupied
by fluorescent cells versus total slice area.
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Mitochondrial analysis
a) Tissue homogenate preparation.

For mitochondrial analyses, retinas from three
experimental groups were stored at—80 °C until
assayed. The PBI-Shredder, an auxiliary high-reso-
lution respirometry (HRR) Tool, was used to pre-
pare homogenate—in 0.2 M phosphate buffer (pH
8.0)—of frozen tissue specimens, according to [65],
with high reproducibility of mitochondrial function
as evaluated with HRR by means of Oxygraph-2 k
OROBOROS®. Homogenate protein content was
determined as in [66].

b) Enzymatic activity measurements.
Citrate synthase (CS) and cytochrome c oxidase
(COX) activities were measured by spectrophoto-
metric standard methods [65, 67]. Each assay was
performed at least in triplicate by using homogenate
retinas subjected to three freeze—thaw cycles to dis-
rupt membranes and expose mitochondrial enzymes.

c) Measurement of mitochondrial respiratory chain
complex (MRC) activities.
Complex I-V enzymatic activities were assayed pho-
tometrically at 25 °C, as in [67]. Each assay was per-
formed at least in triplicate by using retina homogen-
ates subjected to three freeze—thaw cycles to disrupt
membranes and expose enzymes. Homogenate from
each tissue sample was suspended in 0.3 ml of the
respiration medium (consisting of 210 mM mannitol,
70 mM sucrose, 20 mM Tris/HCl, 5 mM KH,PO,/
K,HPO,, (pH 7.4), 3 mM MgCl,) and subdivided to
perform three assays [68], which rely on the sequen-
tial addition of reagents to measure the activities
of: i) NADH:ubiquinone oxidoreductase (complex
I) followed by ATP synthase (complex V), ii) succi-
nate: ubiquinone oxidoreductase (complex II) and
iii) cytochrome c oxidase (complex IV) followed by
cytochrome c oxidoreductase (complex III).

d) Measurement of ATP levels.

Retinas were subjected to perchloric acid extraction as
described in [69]. Briefly, tissues were homogenized in
600 pl of pre-cooled 10% perchloric acid and then cen-
trifuged at 14,000¢ for 10 min, 4 °C. The amount of tissue
ATP was determined enzymatically in KOH neutralized
extracts, as described in [70].

Data management and statistical analysis

Biochemical data were expressed as means=+ standard
error of the mean (S.E.M.) and were representative of
at least three separate experiments (n=independent
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experiments). Statistically significant differences were
calculated by one-way analysis of variance (ANOVA)
followed by Bonferroni’s post-hoc test for multiple
comparison among more than two groups. p<0.05 was
accepted as statistically significant (*p<0.05; **p<0.01;
***p <0.0005; ****p <0.0001). All statistical analyses were
performed using GraphPad Prism 8 software.

For Integrated optical Density (IntDen), the 8-bit TIFF
saved digital images (512 x 512 or 1024 x 1024 dpi; n=4
sections/slide; x 40/dry 0.75 DIC M/N2) were subjected
to single analysis with the Image] v1.43 (NIH-http://rsb.
info.nih.gov/ij/). IntDen data (mean =+ SD per retina field)
were calculated, grouped and subjected to statistical
analysis.

Results

Tau cleavage at the N-terminal domain occurs in retina

and vitreous bodies of symptomatic Tg2576 AD mice

and is reduced by intravenous (i.v.) delivery of 12A12mAb
Post-translational modifications of tau crucially con-
tribute to brain neuropathology of human tauopathies,
including AD [71], but the relationship between the
truncation and the disease-associated ocular damage
has never been studied. Therefore, based on the simi-
larities described between the visual system and the
Central Nervous System (CNS) both in human and
rodent experimental models of AD neurodegeneration,
we investigated whether: (i) tau cleavage—in particular
at its N-terminal extremity—could be detected in eyes
of symptomatic Tg2576 mice, as we previously found in
the hippocampus; (ii) the systemic delivery of 122A12mAb
targeting the pathogenic 20-22 kDa NH,htau fragment
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could represent a valuable therapeutic opportunity to
ameliorate the retinal injury, known to be associated with
their phenotype [1, 6, 9, 72].

To this aim, we examined and compared, in the eyes
of 6-month-old animals from three experimental groups
(littermate  wild-type, naive/vehicle-treated Tg-AD,
Tg-AD+ mAb) (Fig. 1a), the pattern of tau truncation at
the N-terminal domain along with its in vivo sensitivity
to specific antibody-mediated engagement/clearance.
Western blotting SDS-PAGE analyses were carried out
on soluble homogenates of retinas and vitreous bod-
ies by probing with Caspase-Cleaved Protein (CCP)-
NH,tau antiserum (D,;-(QGGYTMHQDQ) epitope,
phosphorylation-independent state [51, 64]) followed
by semi-quantitative densitometry. As shown in Fig. 1
b, ¢, we found that the endogenous steady-state expres-
sion level of the toxic NH,htau peptide was significantly
increased in ocular samples from 6-month-old Tg2576
AD mice in comparison to their wild-type littermate
controls (***p <0.0005). This finding was also confirmed
with BT2 (194-198aa) and DC39N1 (45-73aa), two other
commercial tau antibodies reacting against different
epitopes located around the extremity and middle N-ter-
minal end of tau (***p <0.0005). In line with its aberrant
release from cortical synapses [73] and its accumula-
tion in peripheral CerebroSpinalFluids (CSF) from AD-
affected subjects [52], this soluble N-terminal truncated
tau specie(s) turned out to be present in the vitreous
body, an ocular fluid whose protein composition depends
on secretion from surrounding tissues (ciliary body and
retina) [74]. Notice that, as previously detected in hip-
pocampus [57], the immunoreactivity signal of the toxic

(See figure on next page.)

Fig. 1 Pathological N-terminal tau truncation occurs in eyes of symptomatic Tg2576 mice and is successfully immunodepleted by 12A12mAb
systemic delivery. a Study design. 6-month-old Tg2576 Alzheimer’s disease (AD) mice were intravenously (i.v.) injected with 12A12mAb or

mouse IgG (isotype control). On day 15, mice were sacrificed and eyes were used for biochemical (Western blotting) and morphological
(immunofluorescence) evaluations. Wild type (WT) mice immunized with vehicle (saline) or mouse IgG under the same experimental conditions
(antibody dosage, time of treatment, administration route) were used as controls. Picture was assembled by means of Biorender online software
(https://biorender.com). Western blotting analyses (b) and semi-quantitative densitometric analysis (n =6) (c) carried out on soluble extracts from
three experimental groups (wild-type, Tg2576 and Tg2576 + mAb) showing the presence of the NH,htau peptide in retina and vitreous body

of Tg2576 mice and its 12A12mAb-mediated neutralization following i.v. administration. Filters were probed with three different tau antibodies
reacting against different epitopes located around the extremity and middle N-terminal end of protein, including caspase-cleaved protein

(CCP)-NH, tau (26-36aa) [51, 64], BT2 (194-198aa) and DC39N1 (45-73aa). B-actin was used as loading control. Arrows on the right side indicate the
molecular weight (kDa) of bands calculated from migration of standard proteins. Statistically significant differences were calculated by one-way
analysis of variance (ANOVA) followed by Bonferroni’s post-hoc test for multiple comparison among more than two groups. p < 0.05 was accepted
as statistically significant (*p <0.05; **p < 0.01; ***p < 0.0005; ****p <0.0001). D-E: Representative merged panels (d) of epifluorescent analysis (n=4)
showing the distribution of the NH,htau peptide (green channel) in retinas from three experimental groups (wild-type, Tg2576 and Tg2576 + mAb).
Tissues were counterstained with DAPI (blue channel) to aid the visualization of the GCL (Ganglion Cell Layer) and INL (Inner Nuclear Layer).
Haematoxylin and eosin stainings were also provided to display the cellular morphology. Histogram (e) shows that 12A12mAb immunization is
effective in decreasing the NH,htau immunoreactivity in transgenic mice (**p <0.01 versus untreated counterpart, One-way ANOVA, post-hoc
Bonferroni test). Values of fluorescent intensity were expressed in arbitrary units (A.U.) Scale bar=25 um. Notice that, unlike not-immunized Tg2576,
the GCL organization/integrity is well preserved in Tg2576 retinas following 12A12mAb treatment in correlation with a significant diminution in
signal of the NH,htau
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NH,htau peptide in Tg2576 mice was strongly reduced
following 12A12mAb immunization in comparison with
their naive not-vaccinated counterparts (***p <0.0005).

To further validate these biochemical observations,
morphological studies of epifluorescence microscopy,
followed by integrated optical densitometric analysis,
were carried out for the detection and/or distribution
of the NH,htau fragment in retinal sections. As shown
in Fig. 1d, e, the labeling with Caspase-Cleaved Pro-
tein (CCP)-NH,tau antiserum (D,5-(QGGYTMHQDQ)
epitope, phosphorylation-independent state [46, 59])
showed a strong increase in the intracellular positivity
in AD transgenic mice (**»<0.01 versus wild-type con-
trols) with a granular, dot-like aspect which appeared
to be mainly distributed to the Ganglion Cell Layer
(GCL) consisting of retinal ganglion cells and displaced
amacrine cells (arrows). These findings are in agree-
ment with previous investigations reporting an apical
localization of pathological tau in diseased retina [10,
63, 75]. On the contrary, no staining was clearly detect-
able either in the superior or in the inferior retinal part
of littermate wild-types. Interestingly, a statistically-sig-
nificant general reduction in signal intensity was found
in 12A12mAb-immunized transgenic animals (**»<0.01
versus untreated counterpart), consistent with results
from Western blotting (Fig. 1b, c).

By extending previous studies on the presence of
epitope-specific phosphorylation and accumulation of
tau in the eyes of AD subjects [15, 76] and transgenic
mouse models [6, 63, 77—-80], these results show that
protein cleavage is a pathological alteration detectable in
ocular samples of 6-month-old Tg2576 AD animals, as
previously shown for the brain parenchyma [57]. More
importantly and consistent with promising results on
the clearance of retinal AP in an animal model of Age-
related Macular Degeneration (AMD) [81], this preclini-
cal study supports the in vivo feasibility of tau-based
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immunotherapeutic approach—which specifically inter-
cepts the pathologically-relevant species of the protein—
as strategy to contrast the eye damage and vision loss
occurring in AD development.

Systemic administration of 12A12mAb mitigates tau
hyperphosphorylation and APP/A misprocessing

in the retina and vitreous body of Tg2576 AD mice

A significant increase in the immunoreactivity of APP
along with the deposition of insoluble AB-positive aggre-
gates and pathological site-specific tau hyperphospho-
rylation have been found in the retinas of aging Tg2576
animals [6, 9, 82] and in human affected subjects [1, 15].
Likewise, changes in the levels of total tau and Ap1-40/1-
42 peptides in vitreous humor from AD patients are clin-
ically predictive of their neuro-cognition state evaluated
by Mini-Mental State Exam (MMSE) [76]. Therefore, by
SDS-PAGE Western blotting with specific antibodies
(AT8/Tau-1 6E10), we further analyzed the soluble ocu-
lar homogenates from mouse retina and vitreous bodies
to evaluate whether the treatment with 12A12mAb could
impact on the AD-like tau hyperphosphorylation and
APP/AP misprocessing/accumulation.

As shown in Fig. 2a, b (upper panel) and in line with
results from ocular samples of 3xTg-AD paradigm carry-
ing the human mutations tauP301L/PS1M146V/APPSwe
[63], semi-quantitative densitometry of the signal from
AT8 mAD (pSer202/pThr205 epitopes) revealed a strong
upregulation in the intensity of the 55-70 kDa MW
bands from retinas of 6-month-old Tg2576 (***p <0.0005
versus littermate wild-type controls). This finding fits
well with the strong immunoreactivity of AT8-hyper-
phosphorylated tau described in the brain parenchyma
[57, 83-86] and in cross retinal sections from aged
(10-month-old) Tg2576 [6] and human AD cases [15].
Strikingly, the 12A12 passive immunization reduced
the specific AT8 tau-positive pattern (**p<0.01 versus

(See figure on next page.)

significant (*p <0.05; **p < 0.01; ***p < 0.0005; ****p < 0.0001)

Fig. 2 The epitope-specific AD-like tau hyperphosphorylation and APP/A[ dysmetabolism found in eyes from Tg2576 animals are strongly
reduced by 12A12mAb i.v. injection. Western blots (a) of soluble retinal homogenates from three experimental groups (wild-type, Tg2576 and
Tg2576 +mAb) probed with specific antibody against total (HT7), phospho- (AT8, P+ Ser198/Ser202 epitopes) and dephospho- (Tau-1, P-Ser198/
Ser202 epitopes) tau protein. Arrows on the right side indicate the molecular weight (kDa) of bands calculated from migration of standard proteins.
Semi-quantitative densitometric analysis (n = 6) of all retinal tau isoforms was shown in (b) by using 3-actin for normalization. Values are from at
least three independent experiments and statistically significant differences were calculated by one-way analysis of variance (ANOVA) followed
by Bonferroni's post-hoc test for multiple comparison among more than two groups. p < 0.05 was accepted as statistically significant (*p <0.05;
**p<0.01; ***p < 0.0005; ****p <0.0001). Western blotting probed with 6E10 (anti-AB/APP protein, 4-9aa) (c) showing that the immunoreactive
bands of Amyloid Precursor Protein (APP)-derived, AB-containing processing intermediates were significantly reduced in retina and vitreous body
from 12A12mAb-injected transgenic AD animals. Semi-quantitative densitometric analysis (n =6) (d) was calculated by normalizing the smeared
signal ranging between 12 and 95 kDa of each lane/sample (the region of interest, ROI) to corresponding 3-actin intensities on the same blots.
Values are from at least three independent experiments and statistically significant differences were calculated by one-way analysis of variance
(ANOVA) followed by Bonferroni's post-hoc test for multiple comparison among more than two groups. p < 0.05 was accepted as statistically
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naive, saline-treated animals), as we previously reported
to occur in the brain parenchyma [57]. Consistently with
the upregulation in AT8 tau immunoreactivity of the
55-70 kDa MW band, an inverse decrease in reciprocal
signal was detected in Tg2576 mice (***p <0.0005 versus
wild-type controls) and in a 12A12mAb-dependent man-
ner (**p<0.01 versus naive, saline-treated counterpart)
by probing the filter with the complementary Tau-1 anti-
body (non-phospho Ser198/Ser202 epitopes) [87]. It is
noteworthy that AT8 and Tau-1 antibodies specifically
stain in a similar reciprocal pattern diseased tau from
affected brain areas in late AD subjects [88]. Further-
more, by using an anti-pan tau HT7 mAb (159-163aa of
N-terminus) which detects the total tau irrespective of
its phosphorylation state, we found a significant eleva-
tion/accumulation of all protein isoforms in Tg2576
samples (***p<0.0005 versus littermate wild-type con-
trols), indicating that the APPSwe mutation induces per
se an upregulation of endogenous murine tau protein in
retinas of this transgenic animal strain. Interestingly, the
steady-state expression level of the 100 kDa MW band,
a less predominant tau isoform which is more likely to
correspond to the High-Molecular-Weight big tau pre-
sent only in peripheral neurons [89-91], also slightly
increased under pathological conditions. However, as
we previously found in the corresponding hippocampi
[57], following 12A12mAb injection, the 55-70 kDa MW
signals remained largely unchanged when transgenic
animals were compared with their not-immunized coun-
terpart (p>0.05), indicating that immunization per se did
not aspecifically affect the overall expression of tau.

By probing retinal extracts from animals’ cohorts with
the anti-Ap/APP protein 6E10 (4-9aa) antibody (Fig. 2c,
d), an increase in the expression level of APP full length
holoprotein along with a prominent heterogeneous lad-
der of AP sequence-containing processing intermediates
ranging between 14 and 70 kDa was clearly discernible
in 6-month-old Tg2576 AD mice when compared with
littermate wild-type controls (***p<0.0005). As matter
of fact a pronounced degradation of full-length over-
expressed APP was detectable at 6 months in this AD
model, thus extending previous investigations on reti-
nas of 14-month-old aged animals [9]. Consistent with
results from their diseased brain parenchymas [57], an
overall weaker immunoreactivity pattern was calculated
in the same animals’ ocular samples following immu-
nization with 12A12mAb (***p<0.0005 versus naive
not-injected conterpart). Notably, in retinal extracts of
Tg2576 as well as in other mutated APP-overexpressing
mouse strains, there was only a faint signal for Ap pep-
tide at the expected apparent electrophoretic mobility of
4 kDa [9]. This is in agreement with the evidence that the
4 kDa AP peptide is generated in the peripheral nervous
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system at a lower extent than in the brain [9, 82], regard-
less of the local expression of APP and related amyloi-
dogenic processing secretases [74, 92]. Besides, when
ocular fluids and vitreous bodies were analyzed by West-
ern blotting we found out a similar but less pronounced
6E10-positive trend in extracellularly-secreted ocular
amounts of APP/Ap-derived immunoreactivity, further
confirming the local anti-amyloidogenic effect following
12A12mAb systemic treatment (***p <0.0005 Tg2576 ver-
sus wild-type; **p <0.01 Tg2576 + mAb versus not-immu-
nized counterpart).

Taken together, these data demonstrate that pathologi-
cal N-terminal truncation of tau with generation of the
toxic 20-22 kDa tau fragment occurring in the eyes of
Tg2576 AD is linked to the other two well-established
pathognomonic features (AT8 site-specific tau hyper-
phosphorylation and APP/AP amyloidogenic processing)
detected in their ocular structures (retina and vitreous
body) and in a 12A12mAb-reversible manner, as we pre-
viously reported to occur in animals’ hippocampi [57].

The up-regulation of inflammatory markers in retina
of Tg2576 AD mice is relieved following 12A12mAb-based
immunization
The proper interaction between glia and neurons is
known to contribute to retinal homeostasis [93]. Glial cell
activation and related inflammatory responses have been
previously described in retinas from human cases [17,
94, 95] and from different transgenic mouse AD models,
including Tg2576, together with neurodegeneration [5, 6,
78, 96—99]. Therefore, we further examined the expres-
sion of Glial Fibrillary Acidic Protein (GFAP) and Ibal—
two cell-specific markers of astrocytes and microglia,
respectively—to evaluate the degree of astrogliosis and
microglia infiltration under our experimental conditions.
Semi-quantitative densitometry of Western blotting anal-
yses carried out on soluble retinal extracts (Fig. 3a, b) dis-
played a significant upregulation of both GFAP and Ibal
immunoreactivity intensity signals in naive 6-month-old
Tg2576 mice when compared with wild-type controls
(***p<0.0005; **p <0.01, respectively). More importantly,
in relation with the antibody-mediated reduction of the
NH,htau amount in ocular samples (Fig. 1a, b) and in a
similar way we previously detected in hippocampi [57],
the high expression levels of both GFAP and Ibal mark-
ers—which are known to be linked with destruction
of retinal functionality [6, 10]—were strongly reduced
in Tg2576 retinas following 12A12mAb immunization
(***p <0.0005 versus sham-immunized counterpart).
Confocal analysis of GFAP staining in the Tg2576 mice
retina showed marked astrogliosis (measured as fluo-
rescence intensity) localized at the level of the ganglion
cell layer. Even though astrogliosis may arise also as a
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Fig. 3 The inflammatory activation (reactive astrocytes and microglia) in retinas from AD transgenic animals is dampened by 12A12mAb treatment.
Retinal homogenates extracts from animals of three experimental groups (wild-type, 192576 and Tg2576 + mAb) were analyzed by Western blotting
for inflammatory proteins (GFAP, Iba1) (a). Semi-quantitative densitometric analysis (n =6) of intensity signals (b) indicates lower levels of GFAP

and Iba1inTg2576 mice +mAb compared to not-immunized counterpart. 3-actin was used as loading control. Arrows on the right side indicate
the molecular weight (kDa) of bands calculated from migration of standard proteins. Values are from at least three independent experiments and
statistically significant differences were calculated by one-way analysis of variance (ANOVA) followed by Bonferroni’s post-hoc test for multiple
comparison among more than two groups. p < 0.05 was accepted as statistically significant (*p < 0.05; **p <0.01; ***p < 0.0005; ****p < 0.0001).
Representative images of retinal slices from animals of three experimental groups (wild-type, 792576 and Tg2576 4+ mAb) immunolabeled with
anti-GFAP antibody (red) and Hoechst for nuclei visualization (blue); Scale bar 35 pm (c). Quantification of GFAP area covered by fluorescent signal/
field of view (*p <0.05 Tg2576 versus wild-type; *p < 0.05 192576 versus Tg2576 + mAb; n =8 slices/3 mice for each group; One-way ANOVA,
post-hoc Bonferroni test) (d). e, f Representative images of retinal slices from animals of three experimental groups (wild-type, 192576 and
Tg2576 4+ mAb) immunolabeled with anti-Iba1 antibody (green) and Hoechst for nuclei visualization (blue); Scale bar 35 um (e). Quantification of
number of microglia cells in the volume of each field of view (***p < 0.0005 wild-type versus Tg2576;***p < 0.0005 wild-type versus Tg2576 4+ mAb;

n =8 slices/3 mice for each group; One-way ANOVA post-hoc Bonferroni test). IL: inner layer; OL: outer layer
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consequence of aging, the amount of astrocyte activa-
tion was more pronounced in the AD retina compared to
controls (Fig. 3c middle and left; *» <0.05), as quantified
by fluorescence intensity in each field of view. The level
of astrogliosis was significantly reduced by 12A12mAb
immunization (Fig. 3¢, right; Fig. 3d; *p <0.05 vs Tg2576).

Increased microglia reactivity in the retina, visualized
as positive staining for Ibal microglial marker, revealed
that this cell type was mainly present in two layers: the
inner plexiform and the outer plexiform layers (Fig. 3e).
Microglia cell density was increased in Tg2576 retinas
compared to age matched controls (***p <0.0005, Fig. 3e
left, middle). However, while 12A12mAb immuniza-
tion was able to reduce total Ibal protein levels in retinal
extracts, we did not find statistically-significant rescue of
microglia cell density following treatment (Fig. 3f).

Collectively, these findings indicate that the toxic
NH,htau peptide can participate in vivo to the patho-
logical glial activation occurring in eyes of symptomatic
Tg2576 animals and that its antibody-mediated neu-
tralization is beneficial to the AD phenotype by exert-
ing an overall anti-inflammatory effect, as we previously
reported in their brains [57].

Synaptic and microtubule retinal changes are mitigated
and apoptosis is inhibited by i.v. 12A12mAb delivery

in Tg2576 AD mice

Reduction of synaptic connectivity is considered the ear-
liest pathological change preceding the neuronal loss in
AD subjects [100, 101] and early activation of apoptotic
markers is causally associated with pathological tau trun-
cation in AD brains [102—-105]. Therefore, we evaluated
the effect of NH,-truncation of tau on the retinal nerve
terminals and the degree of cell death in 6-month-old
Tg2576 mice before and after the 12A12mAb immuni-
zation. SDS-PAGE resolution of soluble extracts from
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retinas of the three experimental groups was analyzed
with antibodies against known pre- and post-synaptic
proteins, including the N-Methyl-D-aspartate (NMDA)
receptor subunits 1 (NR1), synapsin I, syntaxin 1, synap-
tophysin, SNAP25, a-synuclein and the cleaved (Asp162)
caspase-6 active form (Fig. 4a, b). Semi-quantitative den-
sitometric analysis of immunoblots from synaptic pro-
teins showed that, unlike SNAP25 and a-synuclein, the
intensity of signals of the 120 kDa NR1, 75 kDa synap-
sin I, 38KDa synaptophysin and 35 kDa syntaxin 1 bands
were significantly lower in transgenic mice than in litter-
mate controls (*p<0.05; **p<0.01; ***p<0.0005). Under
these experimental conditions, the normal retinal expres-
sion of synaptic markers [106, 107] was strongly affected
by tau truncation, in line with previous in vivo studies
referring a major role of protein hyperphosphorylation
in promoting the reduction of synaptophysin protein
abundance during eye injury [108]. Furthermore, the reti-
nal neurodegeneration measured as immunoreactivity
of cleaved caspase-6—which is known to be activated in
injured adult retinal ganglion cells [109, 110]—was higher
in naive Tg2576 mice (***p <0.0005) in comparison with
wild-type controls. This finding is in line with previous
investigations reporting that apoptotic signs are detected
early in the eyes of 3xTg mice, another AD-relevant ani-
mal model with retinal tau accumulation and degenera-
tion [99]. More importantly, loss in retinal synapses was
largely sensitive to 12A12mAb immunization because
the steady state level of synaptic markers appeared to be
significantly upregulated in the Tg2576 group following
antibody delivery in comparison with the not-injected
counterpart (**»<0.01; ***p <0.0005). Likewise, the acti-
vation of caspase-6 effector found in transgenic retinas
was significantly decreased following 12A12mAb injec-
tion (***p <0.0005).

(See figure on next page.)

Fig. 4 Immunotherapy with 12A12mAb mitigates the AD-associated synaptic and apoptotic changes and prevents the microtubule destabilization
in retinas from diseased animals. Western blotting analyses (a) were carried out on equal amounts of total protein extract (50 ug) from retinas of
animals of three experimental groups (wild-type, Tg2576 and Tg2576 4+ mAb). Immunoblots were probed with antibodies against several pre- and
postsynaptic proteins—including the N-Methyl-D-aspartate (NMDA) receptor subunits 1 (NR1), synapsin |, synaptophysin, syntaxin 1, SNAP25,
a-synuclein and the active (cleaved) form of caspase-6 (Asp162). Data were quantified for molecular weight size ranges for each antibody and
normalized to 3-actin which was used as loading control. Relative intensity of each protein was calculated and semi-quantitative densitometric
analysis (n=7) is shown (b). Arrows on the right side indicate the molecular weight (kDa) of bands calculated from migration of standard proteins.
Statistically significant differences (see details in the main text) were calculated by one-way analysis of variance (ANOVA) followed by Bonferroni's
post-hoc test for multiple comparison among more than two groups. p < 0.05 was accepted as statistically significant (*p <0.05; **p <0.01;

***p <0.0005; ****p < 0.0001). The functional integrity of axonal track was evaluated by probing the immunoblots with antibodies against the
acetyl- and tyrosinylated-a-tubulin, as markers for stable and unstable/dynamic microtubule respectively (c). Data were quantified for molecular

weight size ranges for each antibody and normalized to -actin which was used as loading control. Relative intensity of each protein was calculated
and semi-quantitative densitometric analysis (n=6) is shown (d). Arrows on the right side indicate the molecular weight (kDa) of bands calculated
from migration of standard proteins. Statistically significant differences (see details in the main text) were calculated by one-way analysis of variance
(ANOVA) followed by Bonferroni's post-hoc test for multiple comparison among more than two groups. p <0.05 was accepted as statistically
significant (*p <0.05; **p < 0.01; ***p <0.0005; ****p < 0.0001)
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Cytoskeleton destabilization followed by impairment in
axonal transport is a crucial factor contributing to synap-
tic deterioration in AD. Tau, which belongs to the fam-
ily of microtubule-associated proteins (MAP), is crucially
involved in the maintenance of microtubule assembly
and integrity [53]. Therefore, we investigated the dynamic
state of microtubule network in retinal homogenates
from the three experimental groups by Western blotting
(Fig. 4c, d) with antibodies against acetyl (stable)—and
tyrosinylated (unstable)-a-tubulin, which are considered
two reliable markers for stable and unstable/dynamic
microtubules respectively. Interestingly, in Tg2576 AD
mice, the immunoreactivity level of stable acetylTub was
strongly decreased when compared with their littermate
controls (***p<0.0005) but significantly restored after
injection with 12A12mAb (*p<0.05). Consistently, an
inverse trend was detected for the tyrTub-signal whose
increment in naive transgenic animals (***p <0.0005) was
significantly downregulated up to physiological baseline
after administration of 12A12mAb (***p <0.0005). These
results are in good agreement with the 12A12mAb-
dependent reciprocal changes in AT8/Tau-1 intensity
pattern (Fig. 2a, b) that we detected under the same
experimental conditions. These findings suggest that the
treatment with antibody is more likely to normalize the
cytoskeleton dynamics via site-specific phosphorylation
of endogenous murine tau, which is critically involved in
modulating the assembly/polymerization of the microtu-
bule network.

Taken together, these results demonstrate that, in addi-
tion to stimulating the inflammatory response, the toxic
NH,htau peptide can also impinge on retinal synaptic
proteins—likely as a consequence of the microtubule
breakdown—and on the extent of local caspase-depend-
ent cell death in Tg2576 AD model.

Intravenous delivery of 12A12mADb partially normalizes

the neurochemical alterations in retinas of Tg2576 AD mice
Aberrant excitatory activity and compensatory remod-
eling of inhibitory hippocampal circuits, which lead to
neural network dysfunction, play a crucial role in cogni-
tive deficits in hAPP-expressing mice including Tg2576
[111, 112] and, possibly, also in humans suffering from
AD. In the inner retina, the functional circuitry is mainly
controlled by cooperative glutamatergic, cholinergic and
GABAergic mechanisms involving the amacrine cells
which establish glutamatergic synapses with bipolar
cells in Outer Plexiform Layer (OPL) and Inner Plexi-
form Layer (IPL) and receive GABAergic and cholinergic
inputs from other amacrine cells [113]. Amacrine cells,
together with horizontal cells, modulate neurotransmis-
sion along the synaptic axis, including photoreceptors
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(cones and rods), bipolar and ganglion cells whose axons
(optic nerve) convey the signal to the visual cortex.

Thus, we investigated whether the ocular changes in
synaptic protein expression were also associated with
concomitant neurochemical alterations in 6-month-old
Tg2576 mice and in a 12A12mAb-dependent manner.
To these aims, Western blotting analysis was carried
out on retinal homogenates from the three experimen-
tal groups with antibodies against Choline AcetylTrans-
ferase (ChAT), Muscarinic acetylcholine receptor (M1),
vesicular GLUtamate Transporterl (vGLUT1) and
vesicular GABA Transporter (vGAT) (Fig. 5a). Interest-
ingly, a statistically significant (***p<0.0005) reduction
in 68 kDa ChAT signal was detected in naive Tg2576
when compared to their littermate wild-type controls
accompanied by an inverse, likely compensative, increase
in 52 kDa M1 immunoreactivity (*p<0.05). Strikingly,
12A12mAb immunization restored the protein expres-
sion levels of these two cholinergic markers from trans-
genic AD mice up to physiological baseline (***p <0.0005;
*p<0.01). A similar trend was detected for the gluta-
matergic vGLUT1 signal, whose upregulation was found
to be pronounced (**p<0.01) in the untreated transgenic
group but significantly diminished after iv. injection
with 12A12mAb (*p <0.05). On the contrary, 12A12mAb
delivery appeared to be ineffective in balancing the inten-
sity of vGAT, a GABAergic marker found to be slightly
increased in Tg2576 AD animals (*p <0.05), because no
significant difference was found when the untreated
transgenic group was compared to its antibody-treated
counterpart (n.s.=not significant).

Collectively, these results show that the pathological
accumulation of the toxic NH,htau peptide in eyes of
Tg2576 mice is associated with changes in cholinergic,
glutamatergic and GABAergic neurotransmission in a
way resembling the disruption in the excitatory-inhib-
itory balance occurring in the vulnerable circuitries of
their AD-affected brains.

Mitochondrial metabolism and ATP production

in the retinas of Tg2576 AD mice are restored by treatment
with 12A12mAb

Mitochondrial perturbations and axonopathy are promi-
nent features of human tauopathies, including AD [114,
115]. Similarly to the brains, the accumulation of patho-
logical tau impairs the mitochondrial metabolism and
axonal transport in 3xTg mouse retinas [63] and in a
model of diabetic retinopathy [108].

In view of these considerations, by Western blotting
analysis on retinal protein extracts from three experi-
mental groups, we investigated the mitochondrial sta-
tus with antibodies against several key structural and
functional proteins, including the Optic Atrophy Type 1
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(OPA1), a dynamin-related GTPase controlling the orga-
nelle dynamics (mitophagy), the mitochondrial outer
membrane translocase 20 (TOMM 20) and the Voltage-
Dependent Anion-selective Channel 1/porin (VDAC 1),
which allow for the conductance of molecules into and
out of the organelle, the Manganese SuperOxide Dis-
mutase (MnSOD), which is an antioxidant enzyme with

reactive oxygen species (ROS) scavenging activity and the
Cytochrome c (Cyt c), which catalyzes the last steps in
the ETC for ATP synthesis.

Strikingly, semi-quantitative densitometry of signal
intensities from immunoblots (Fig. 6a, b) showed that
the steady-state expression levels of VDAC 1, MnSOD,
TOMM 20, and Cyt ¢ were downregulated in Tg2576
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Tg2576 Tg2576+tmAb

AD mice in comparison with their littermate wild-
type controls (***p<0.0005; **p<0.01) but signifi-
cantly rescued after i.v. administration of 12A12mAb
(***p<0.0005; **p<0.01). Conversely, no significant
change was detected among the three experimen-
tal groups in the immunoreactivity of OPA 1 whose
genetic knockdown is linked to Autosomal Domi-
nant Optic Atrophy (ADOA), a hereditary disorder

characterized by progressive loss of vision following
alteration in mitochondrial network [116].

To further deepen these findings, we performed analy-
ses of the mitochondrial content, the repiratory chain
activity and the ATP content (Fig. 7a—c). In detail, the
mitochondria content as well as mitochondrial respira-
tory capacity were estimated in total homogenates from
animals’ retina specimens by measuring spectropho-
tometrically the activities of citrate synthase (CS) and
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citochrome oxidase (COX), respectively. Of note, CS is
an enzyme of the Krebs cycle, encoded in cell nucleus,
synthesized on cytoplasmic ribosomes and transported
into the mitochondrial matrix. It is one of the best indi-
cators for mitochondrial content in tissues [117], since it
is considered as a stably-expressed enzyme in a specific
tissue [118-120]. COX activity, an enzyme controlled
by both nuclear and mitochondrial genomes, catalyzes a
step in the mitochondrial electron transfer chain (ETC)
and was chosen as the reference for the oxidative phos-
phorylation (OXPHOS) system activity because this
enzyme constitutes the last step in the mitochondrial
respiratory chain (MRC) and, likely, it is limiting its elec-
tron flux [65]. Results displayed large differences in the
specific activities (normalized by the total tissue homoge-
nate protein content) of CS and COX occurring among
ocular specimens. Consistent with the notion that cells
losing mitochondrial mass are unable to efficiently meet
bioenergetic needs [121], a positive and highly significant
correlation (R?>=0.968) was found between CS and COX
activities per cell indicating that the samples having the
lowest/highest COX activity also had the lowest/highest
CS activity.

As shown in Fig. 7a, both CS and COX activities
were found to decrease in Tg2576 AD mice when com-
pared with littermate wild-type controls (****p<0.0001)
and significantly rescued after i.v. 12A12mAb delivery
(****p<0.0001). We then investigated bioenergetic fea-
tures of the OXPHOS system (Fig. 7b), by determining
the individual activities of mitochondrial complexes I-V
composing the mETC and the cellular ATP levels. When
compared with wild-type controls, the analysis of the five
MRC complexes in retinas from Tg2576 mice revealed a
significant reduction in the activities of complexes I and
IV (***p<0.0001) which were recovered by 12A12mAb
injection nearly up to the physiological wild-type control
baselines (****p<0.0001). On the contrary, no signifi-
cant difference in the activity of complex II and complex
III was detected among the three experimental groups
(p>0.05). Besides, the ATP synthase (complex V) activ-
ity was also markedly downregulated in Tg2576 samples
(****p <0.0001) and restored, althought to a lesser degree,
following 12A12mAb immunization in statistically-sig-
nificant manner (****p <0.0001). Consistent with a strong
impairment of OXPHOS in Tg2576 AD mice, the over-
all content of ATP—which is generally considered a good
indicator of the cellular healthy conditions [122]—was
drastically lower in AD transgenic mice than in their lit-
termate wild-type controls (****p<0.0001) with a nearly
complete rescue to control values following 12A12mAb
immunization (****p<0.0001) (Fig. 7c). In combina-
tion with biochemical data on synaptic expression and
cytoskeleton integrity (Fig. 4a—d), these results strongly
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support the hypothesis that in Tg2576 AD mice the
endogenously-generated NH,htau fragment can impinge
on retinal degeneration, and possibly on animals’ visual
disability, via direct and/or indirect changes of mito-
chondrial metabolism: (1) by promoting the microtu-
bule breakdown which causes impairment of axonal
trafficking, including mitochondria and synaptic vesi-
cles, towards the terminal ends; (2) through inhibition of
OXPHOS energy production which further exacerbates
the synaptic starvation and derangement.

These findings confirm and further extend our pre-
vious studies reporting a noxious effect exerted by
NH,htau fragment on the normal physiology of neu-
ronal mitochondria in AD [52, 53], demonstrating that
its 12A12mAb-mediated in vivo clearance could be also
exploited to mitigate the visual deficits associated with
mitochondrial dysfunction due to the retinal accumula-
tion of pathogenetic tau species [63, 108].

Discussion

It is now largely recognized that the retina faithfully mir-
rors some pathological events occurring in the brain [14].
The importance of studying the ocular manifestations in
AD pathology stems from the evidence that the retina,
being a simple and accessible experimental system, can
be used as a molecular proxy to diagnose early degen-
erative alterations in the brain before the neuronal loss
is irreversible and/or to refine therapeutic strategies [1,
123-125]. Alterations in APP/AP and tau metabolism,
mitochondrial dysfunctions, defects in axonal transport,
synaptic remodeling, neuroinflammation are all patho-
physiological changes detected in both AD and retinal
decay [14, 126], enabling thus the interchange of knowl-
edge in terms of underlying pathogenetic mechanisms
and therapeutic intervention [16].

The current study unveils for the first time that, in
addition to AP deposits and tau-positive aggregates [16,
18, 127], the aberrant tau cleavage is another common
pathological feature shared by AD-affected neuroretina
and brain. Consistent with this finding, we discover that
truncation at the N-terminal domain of tau is closely
linked to degeneration both of the retinas and vitreous
bodies from 6-month-old Tg2576 transgenic mice which
overexpress a mutant form of amyloid precursor protein
(APP), APPK670/671L, linked to early-onset familial AD.
This well-established animal model carrying endogenous
murine not-mutated tau, represents an ideal model to
study the AD-associated changes, both in the retina and
in the brain. Indeed, Tg2576 mice show progressive reti-
nal ganglion cell loss and visual disabilities, features that
develop together with other known ocular pathologi-
cally-relevant changes such as APP/AP misprocessing
[128], tau hyperphosphorylation/oligomerization [63,
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78], gliosis [129, 130], loss of synaptic proteins, altera-
tion in mitochondrial functions and neuronal death [1,
16, 108]. Alterations of tau metabolism (aggregation,
hyperphosphorylation) have been previously associated
with deterioration of retinal structures in AD subjects
and tauopathies of animal models [7, 8, 15, 77, 78, 80].
Increased susceptibility to excitotoxic injury and changes
in pathways of neurotrophic factor signal transduction
are detected in the retina of the P301S mutant human
tau transgenic animals [131, 132]. Consistently, genetic
reduction of tau accumulation occurring in Retinal Gan-
glion Cells (RGC) and optical nerves of 3-month-old
3xTg-AD mice significantly improves cell density and
functionality [63]. Interestingly, tau-mediated patho-
genic mechanisms are also involved in other age-related
oculopathies, as shown by decreased tau levels in the
retina [133] and increased levels of tau in the vitreous
of patients bearing glaucome and diabetic retinopathy
[134]. In this context, our in vivo results linking the tau
truncation to pathological ocular changes occurring in
symptomatic Tg2576 mice offer new insights into the tau-
dependent events characterizing the retina and vitreous
humor in AD conditions. Besides, our biochemical evi-
dence show that upregulation in the immunoreactivity of
the APP695 isoform and AT8 phospho-tau can be already
detected in eyes of these mice at 6 months of age, fur-
ther extending previous in vivo studies on older animals
(14/18-month-old) [6, 9]. With regard to Western blot-
ting analysis on the expression levels of selective synap-
tic proteins, the alterations are partially in contrast with
other immunohistological investigations showing that
the density of PSD95 and synaptophysin—two markers of
postsynaptic and presynaptic integrity—are unchanged
in Tg2576 retinal sections up to 14 months of age [72].
We think that this discrepancy could be due to the use
of experimental procedures with different sensitivity
(biochemical versus histologic methods), the dissimilar-
ity between the analyzed retinal regions and the poten-
tial occurrence of compensative age-related changes in
dendritic complexity which can, indirectly, preserve the
synaptic number and, then, the synaptic density. Of note,
in this study [72], only female Tg2576 are used while, in
another one [135], only male Tg2576 are employed with
no apparent differences in retinal degeneration among
the two sexes. Moreover, the detrimental action we found
on retinal synaptic and mitochondrial functions exerted
in vivo by tau truncation fits well with investigations
referring a pivotal role of AD-like site-specific hyper-
phosphorylation at serine 396 (S396) and 404 (S404)
and threonine 205 (T205) and 231 (T231) of protein, in
causing the visual deficits associated with diabetic reti-
nal neurodegeneration [108]. It’s also worth noting that,
in this mutated APP-overexpressing genetic background,
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we are unable to discriminate between the direct and
indirect effects induced by in vivo neutralization of the
toxic NH,htau fragment following 12A12mAb immuni-
zation. Besides, a tight connection between pathological
tau and APP/ApB dysmetabolism would drive the disease
pathway through truncated N-tau with further increasing
APP/AP levels along a self-perpetuating destructive cycle
[136]. Therefore, the present study strengthens and fur-
ther extends our previous results [57] showing that: (i) an
interplay occurring between APP/AP misprocessing and
post-translational modifications of endogenous murine
tau is more likely to drive the AD-like neurodegeneration
in APP-expressing Tg2576 animal model and (ii) reduc-
ing tau pathology via the AP pathway can be a good ther-
apeutic strategy, both in the retina and brain.

From a translational point of view, an interesting find-
ing of this study is the evidence that the pathogenic
N-terminal truncated 20—22 kDa tau peptide is expressed
at high levels both in different ocular structures (retina
and vitreous body) and in brain parenchyma of Tg2576
AD mice [57]. Considering that the eye is structur-
ally less complex and more accessible than the brain,
the current observation features the retina and vitre-
ous humor—which can provide indirect information on
retinal microenvironment [92, 126]—as reliable sources
of clinically-predictive, tau-based ocular biomarkers of
AD cerebral neurodegeneration. Consistently, by using
a qualitative cross-sectional approach, den Haan et al.
[15] have recently reported that statistically-significant
differences in tau hyperphosphorylation (AT8, AT100,
AT?270) are distinctly visible in the retina of AD autop-
tic specimens in comparison with age-matched not-
demented controls. In this framework, since the retinal
staining by 12A12mAb is mainly confined to the Gan-
glion Cell Layer (GCL, the output neurons of the eye) as
shown for hyperphosphorylated tau in eyes of tauopathy
transgenic models [79] and AD cases [15], the pathogenic
N-truncated tau could be exploited as feasible and acces-
sible candidate for the visual exploration of AD pathology
by in vivo-imaging techniques [124, 137]. Furthermore
this tau peptide, as demonstrated for APP/AP-derivates
[92], appears to follow in ocular fluids of the Peripheral
Nervous System (PNS) a similar pattern to that observed
in the Central Nervous System (CNS) where it is pri-
marily generated in neurons and released into the Cer-
ebroSpinal Fluid (CSF). To this regard, we and other
reasearch groups have reported that this tau-derived sol-
uble specie(s) accumulates at human AD presynaptic ter-
minals [53, 54, 64, 73] and is present in CSF from patients
suffering from AD and other related tauopathies [52,
138]. Besides, the future employment of not-invasive reti-
nal imaging and eye-based protein biomarkers for early
diagnosis and monitoring therapeutic efficacy is widely
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fostered by the recent finding that the quantification of
AB1-40/1-42 and total tau levels in the vitreous, an ocu-
lar fluid which is considered to be a direct indicator of

the underneath suffering retina, has predictive clinical
utility in the clinical practice of AD [76].

The preclinical results from this study show that the
neuroprotective effects offered by 12A12mAb delivery
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on the eyes from Tg2576 AD model (Fig. 8) are paralleled
by the contextual improvement in hippocampal-depend-
ent cognitive functions owing to antibody-mediated
paired reduction of the 20-22 kDa tau fragment [57].
This observation demonstrates that the production and/
or the clearance of this AD-relevant pathogenic tau
specie(s) [139], either in the neuroretina and in the brain,
are tightly interwined and both strongly responsive to
immunotherapy. Consistent with this finding, the in vivo
12A12mAb-mediated neutralization of the 20-22 kDa
tau fragment in eyes occurs, as in the brain [57], in the
absence of reactive gliosis which, on the contrary, appears
to be a harmful byproduct of the mechanism of action
of AP-directed antibodies. However, the evidence that
delivery of 12A12mAb dampens the local retinal inflam-
mation (as evidenced by astroglial and microglial activa-
tion) suggests that a more complex neuron-glia interplay
occurs in vivo since the reduction of AP retinal depos-
its, following vaccination with AP oligomer antigens, is
shown to provoke in Tg2576 mice an opposite exacerba-
tion of microglial infiltration and astrogliosis followed by
disruption of retinal architecture [6]. Besides, these find-
ings confirm previous investigations reporting that the
genetic reduction of tau expression by intravitreal injec-
tion of targeted siRNA, ameliorates the axonal transport
[63], the synaptic and mitochondrial defects [108] in 3xTg
AD mice and in a High-Fat Diet (HFD)-induced animal
model of diabetic retinopathy, leading to improvement
of their visual abnormalities [108]. It is also worth noting
that 12A12mAb is a cleavage-specific neoepitope anti-
body which selectively engages the 20—22 kDa neurotoxic
form of tau [57], prospecting thus its safe administration
in human beings in the absence of deleterious “loss of
function”of the physiological full-length protein [140—
143]. Our in vivo study is also consistent with the signifi-
cant protection afforded by systemic administration of an
Ap-targeting specific antibody in a model of age-related
macular degeneration (AMD) [81, 144]. APOE4-targeted
replacement mice fed with a High Fat Cholesterol (HFC)-
enriched diet present AP-containing deposits in the
retinal pigmented epithelium (RPE) and deficits in the
electroretinographic response, which are indicative of an
impaired visual function. Ding et al. [81, 144] report that
the passive immunotherapy by means of i.v. delivery of
an antibody targeting the C-termini of AB40 and Ap42 is
able to significantly reduce ocular AP deposits in APOE4-
HFC mice and, then, to preserve retinal function through
a mechanism which is consistent to the peripheral sink
hypothesis [145]. Alternatively, the glymphatic pathway
of CSF—which enters the optic nerve via spaces sur-
rounding blood vessels bordered by AQuaPorin (AQP)4-
positive astrocytic end-feed [146—148]—could be also
taking part in vivo in the antibody-mediated draining
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of pathological tau. The effectiveness of 12A12mAb on
retinal decay of Tg2576 mice is also confirmed by the
experimental evidence that the microtubule stability,
the amount and metabolic state (evaluated on both the
activities of respiratory chain and energy production) of
mitochondria are markedly recovered after its in vivo
systemic administration, nearly up to their physiological
baselines. Relevantly, post-mitotic neurons have reduced
glycolytic capacity and, then, strongly rely for energy pro-
duction on mitochondria which are largely abundant and
crucial for the survival of in RGCs endowed with great
metabolic demand [149]. An interesting study [150] has
recently reported parallels between retinal and brain
pathology and in response to immunotherapy with Glati-
ramer acetate, an FDA-approved drug which promotes
microglial-mediated AP clearance in old APPSWE/
PSIAE9 ADtg mice. In this study, paired brains and eye-
balls were collected at the end of the last injection and
processed for biochemical and morphological analyses.
We have immunized animals under the identical/overim-
posable experimental conditions (age, sex, antibody dos-
age, administration route, time of treatment and so on)
that we previously carried out in analyzing their brain
tissues [57]. As a matter of fact, although brain and eye
are not part of the same animal, we have detected a frank
correlation between retinal and hippocampal pathol-
ogy and in response to immunotherapy. Finally, here we
provide biochemical and morfological assessments and
evaluation of mitochondrial metabolic activity and ATP
production. We neither monitored the retinal activ-
ity by analysis of b-wave ElectroretinoGrams (ERGs)
and nor performed the visual acuity performance test
on the three experimental groups (wild-type, Tg2576,
Tg2576 + mAb), but these functional parameters are
under current investigation.

Conclusions

This preclinical study, carried out on the well-established
AD-like Tg2576 animal model indicates that the assess-
ment of retinal tau truncation can be reliably used to
diagnose and monitor brain pathology and cognitive sta-
tus before neuronal loss becomes irreversible. In addi-
tion, these data provide for the first time the feasibility of
tau-directed immunotherapy in ameliorating both cer-
ebral and extracerebral manifestations associated in vivo
with AD pathology.

Abbreviations

AD: Alzheimer's Disease; AB: Amyloid 3-protein; NFT: NeuroFibrillary tangles;
MCI: Mild cognitive impairment; mAb: monoclonal Antibody; LTP: Long term
potentiation; APP: Amyoid precursor protein; CSF: CerebroSpinalFluids; GCL:
Ganglion cell layer; RGC: Retinal ganglion cells; AMD: Age-related macular
degeneration; MMSE: Mini-mental state exam; GFAP: Glial fibrillary acidic



Latina et al. acta neuropathol commun (2021) 9:38

protein; NMDA: N-Methyl-D-aspartate; NR1: Receptor subunits 1; ChAT:
Choline acetyltransferase; M1: Muscarinic acetylcholine receptor; vGLUT1:
Vesicular GLUtamate transporter1; vGAT: Vesicular GABA transporter; TOMM?20:
Outer membrane translocase 20; VDAC 1: Voltage-dependent anion-selective
channel 1/porin; Cyt c: Cytochrome ¢; COX I: Cytochrome ¢ OXidase subunit 1;
acetylTub: Acetyl-a-tubulin; tyrTub: Tyrosinylated-a-tubulin; ERGs: Electroreti-
nograms; PNS: Peripheral nervous system; CNS: Central nervous system; HFD:
High-fat diet; HFC: High fat cholesterol.

Acknowledgements

We wish to thank Dott. Egidio Stigliano for histology and Luca Bruno (IRCCS-
Fondazione Bietti) for ocular tissue dissection. We are grateful to Dott. M.
Sanfilippo for Operatori Sanitari Associati (OSA) fellowship to Valentina Latina.
B.O.B, AM.and M.V. thank the Italian Ministry of Health, 5xMille 2016 (Fondazi-
one Bietti) and are grateful to Fondazione Roma (Italy) for continuous support.

Authors’ contributions

V.L, G.G. and B.OB. injected mice, dissected tissues; V.L. performed West-

ern blotting analyses and statistical analysis; FM., RF. and B.B.E. purified

the antibody 12A12mAb; F.L.R. mouse colony housing; B.O.B. performed
epifluorescence analyses; FC. performed immunofluorescence analyses; A.A.
performed mitochondrial assays; C.M. provided tools; M.V, AM,, RC, A A.

and S.D.A. were involved in the project design and data analysis; PC. and G.A.
conceived the study, supervised all the experiments, performed data analysis
and interpretation, wrote the manuscript. All authors read and approved the
final manuscript.

Funding

G.A. was supported by PRIN 2010-2011 (prot. 2010M2JARJ-003) and Magnetic
Diagnostic Assay for neurodegenerative diseases H2020-ICT-2016-2017" SSI—
Smart System Integration” Proposal 732678 SEP 210349930. S.D.A. and F.C.
were supported by the CrestOptics-IIT JointLab for Advanced Microscopy, the
MARBEL Life2020 grant (to S.D.A); the SynaNet H2020 Program (to F.C,; S.D.A).
The work of C.M. was supported by the American Alzheimer's Association
(NIRG-12-237009). This work was also supported (in part) by Fondo Ordinario
Enti (FOE D.M865/2019) funds in the framework of a collaboration agreement
between the Italian National Research Council and EBRI (2019-2021). V.L. was
supported by Post-doctoral Fellowship by Operatori Sanitari Assistiti (OSA).
The funders had no role in study design, data collection and analysis, decision
to publish or preparation of manuscript.

Availability of data and materials

All the data used and/or analyzed for the current study is contained in the
article. All other datasets are available from the corresponding author upon
reasonable request.

Declarations

Ethical Approval

All animal experiments were complied with the ARRIVE guidelines and were
carried out in accordance with the guidelines of the European Council Direc-
tive (2010/63/EU) and with the ethical standards of the Italian Ministry of
Health (Authorization No. 524/2017 PR; Authorization No. 1038-2020-PR).

Consent for publication
All authors have seen and approved the manuscript.

Competing interests
PC.and G.A have intellectual property through CNR-EBRI regarding
12A12mADb.

Author details

! European Brain Research Institute (EBRI), Viale Regina Elena 295,00161 Rome,
Italy. 2 IRCSS Santa Lucia Foundation, Via Fosso del Fiorano 64-65, 00143 Rome,
Italy. * Department of Physiology and Pharmacology, University of Rome La
Sapienza, Piazzale Aldo Moro 5,00185 Rome, Italy. * Center for Life Nanosci-
ence, Istituto Italiano DiTecnologia, Viale Regina Elena 291, 00161 Rome, Italy.
® Research Laboratories in Ophthalmology, IRCCS - Fondazione Bietti, Via Santo
Stefano Rotondo, 6, 00184 Rome, Italy. © Institute of Biomembranes, Bioen-
ergetics and Molecular Biotechnologies (IBIOM)-CNR, Via Amendola 122/0,
70126 Bari, Italy. ” Institute for Complex System (ISC)-CNR, Via dei Taurini 19,

Page 22 of 27

00185 Rome, Italy. & Institute of Translational Pharmacology (IFT), National
Research Council (CNR), Via Fosso del Cavaliere 100, 00133 Rome, Italy.

Received: 17 November 2020 Accepted: 26 February 2021
Published online: 09 March 2021

References
1. Hart NJ, Koronyo 'Y, Black KL, Koronyo-Hamaoui M (2016) Ocular indica-
tors of Alzheimer’s: exploring disease in the retina. Acta Neuropathol
132(6):767-787. https://doi.org/10.1007/500401-016-1613-6
2. Colligris P, Perez de Lara MJ, Colligris B, Pintor J (2018) Ocular manifesta-
tions of Alzheimer’s and other neurodegenerative diseases: the pros-
pect of the eye as a tool for the early diagnosis of Alzheimer’s Disease. J
Ophthalmol 2018:8538573. https://doi.org/10.1155/2018/8538573
3. Reed BT, Behar-Cohen F, Krantic S (2017) Seeing early signs of
Alzheimer's disease through the lens of the eye. Curr Alzheimer Res
14(1):6-17. https://doi.org/10.2174/1567205013666160819131904
4. Gupta VK, Chitranshi N, Gupta VB, Golzan M, Dheer Y, Wall RV, Geor-
gevsky D, King AE, Vickers JC, Chung R, Graham S (2016) Amyloid 3
accumulation and inner retinal degenerative changes in Alzheimer’s
disease transgenic mouse. Neurosci Lett 623:52-56. https://doi.
org/10.1016/j.neulet.2016.04.059
5. Ning A, Cui J, To E, Ashe KH, Matsubara J (2008) Amyloid-beta deposits
lead to retinal degeneration in a mouse model of Alzheimer disease.
Invest Ophthalmol Vis Sci 49(11):5136-5143. https://doi.org/10.1167/
iovs.08-1849
6. Liu B, Rasool S, Yang Z, Glabe CG, Schreiber SS, Ge J, Tan Z (2009)
Amyloid-peptide vaccinations reduce {beta}-amyloid plaques but
exacerbate vascular deposition and inflammation in the retina of
Alzheimer’s transgenic mice. Am J Pathol 175(5):2099-2110. https://doi.
0rg/10.2353/ajpath.2009.090159
7. Gasparini L, Crowther RA, Martin KR, Berg N, Coleman M, Goedert M,
Spillantini MG (2011) Tau inclusions in retinal ganglion cells of human
P301S tau transgenic mice: effects on axonal viability. Neurobiol Aging
32(3):419-433. https://doi.org/10.1016/j.neurobiolaging.2009.03.002
8. Schon C, Hoffmann NA, Ochs SM, Burgold S, Filser S, Steinbach S, Seel-
iger MW, Arzberger T, Goedert M, Kretzschmar HA, Schmidt B, Herms J
(2012) Long-term in vivo imaging of fibrillar tau in the retina of P301S
transgenic mice. PLoS ONE 7(12):e53547. https://doi.org/10.1371/journ
al.pone.0053547
9. Dutescu RM, Li QX, Crowston J, Masters CL, Baird PN, Culvenor JG (2009)
Amyloid precursor protein processing and retinal pathology in mouse
models of Alzheimer’s disease. Graefes Arch Clin Exp Ophthalmol
247(9):1213-1221. https://doi.org/10.1007/500417-009-1060-3
10. Perez SE, Lumayag S, Kovacs B, Mufson EJ, Xu S (2009) Beta-amyloid
deposition and functional impairment in the retina of the APPswe/
PS1Deltak9 transgenic mouse model of Alzheimer’s disease. Invest
Ophthalmol Vis Sci 50(2):793-800. https://doi.org/10.1167/iovs.08-2384
1. Koronyo-Hamaoui M, Koronyo Y, Ljubimov AV, Miller CA, Ko MK, Black
KL, Schwartz M, Farkas DL (2011) Identification of amyloid plaques
in retinas from Alzheimer’s patients and noninvasive in vivo optical
imaging of retinal plaques in a mouse model. Neuroimage 54(Suppl
1):5204-5217. https://doi.org/10.1016/j.neuroimage.2010.06.020
12. Habiba U, Merlin S, Lim JKH, Wong VHY, Nguyen CTO, Morley JW, Bui
BV, Tayebi M (2020) Age-specific retinal and cerebral immunodetection
of amyloid-f plagues and oligomers in a rodent model of Alzheimer’s
Disease. J Alzheimers Dis. https://doi.org/10.3233/JAD-191346
13. Gupta VB, Chitranshi N, den Haan J, Mirzaei M, You Y, Lim JK, Basa-
varajappa D, Godinez A, Di Angelantonio S, Sachdev P, Salekdeh GH,
Bouwman F, Graham S, Gupta V (2020) Retinal changes in Alzheimer's
disease-integrated prospects of imaging, functional and molecular
advances. Prog Retin Eye Res 2020:100899. https://doi.org/10.1016/j.
preteyeres.2020.100899
14. Guo L, Duggan J, Cordeiro MF (2010) Alzheimer’s disease and retinal
neurodegeneration. Curr Alzheimer Res 7(1):3-14. https://doi.
org/10.2174/156720510790274491
15. den Haan J, Morrema THJ, Verbraak FD, de Boer JF, Scheltens P, Roze-
muller AJ, Bergen AAB, Bouwman FH, Hoozemans JJ (2018) Amyloid-
beta and phosphorylated tau in post-mortem Alzheimer’s disease


https://doi.org/10.1007/s00401-016-1613-6
https://doi.org/10.1155/2018/8538573
https://doi.org/10.2174/1567205013666160819131904
https://doi.org/10.1016/j.neulet.2016.04.059
https://doi.org/10.1016/j.neulet.2016.04.059
https://doi.org/10.1167/iovs.08-1849
https://doi.org/10.1167/iovs.08-1849
https://doi.org/10.2353/ajpath.2009.090159
https://doi.org/10.2353/ajpath.2009.090159
https://doi.org/10.1016/j.neurobiolaging.2009.03.002
https://doi.org/10.1371/journal.pone.0053547
https://doi.org/10.1371/journal.pone.0053547
https://doi.org/10.1007/s00417-009-1060-3
https://doi.org/10.1167/iovs.08-2384
https://doi.org/10.1016/j.neuroimage.2010.06.020
https://doi.org/10.3233/JAD-191346
https://doi.org/10.1016/j.preteyeres.2020.100899
https://doi.org/10.1016/j.preteyeres.2020.100899
https://doi.org/10.2174/156720510790274491
https://doi.org/10.2174/156720510790274491

Latina et al. acta neuropathol commun

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

(2021) 9:38

retinas. Acta Neuropathol Commun 6(1):147. https://doi.org/10.1186/
540478-018-0650-x

Chiu K, ChanTF, Wu A, Leung 1Y, So KF, Chang RC (2012) Neurodegen-
eration of the retina in mouse models of Alzheimer’s disease: what

can we learn from the retina? Age (Dordr) 34(3):633-649. https://doi.
org/10.1007/s11357-011-9260-2

Grimaldi A, Pediconi N, Oieni F, Pizzarelli R, Rosito M, Giubettini M,
Santini T, Limatola C, Ruocco G, Ragozzino D, Di Angelantonio S (2019)
Neuroinflammatory processes, A1 astrocyte activation and protein
aggregation in the retina of Alzheimer’s disease patients, possible
biomarkers for early diagnosis. Front Neurosci 13:925. https://doi.
0rg/10.3389/fnins.2019.00925

Kusne 'Y, Wolf AB, Townley K, Conway M, Peyman GA (2017) Visual
system manifestations of Alzheimer’s disease. Acta Ophthalmol
95(8):e668-e676. https://doi.org/10.1111/20s.13319

Mirzaei N, Shi H, Oviatt M, Doustar J, Rentsendorj A, Fuchs DT, Sheyn J,
Black K, Koronyo Y, Koronyo-Hamaoui M (2020) Alzheimer's retinopa-
thy: seeing disease in the eyes. Front Neurosci 14:921. https://doi.
0rg/10.3389/fnins.2020.00921

Frost S, Guymer R, Aung KZ, Macaulay SL, Sohrabi HR, Bourgeat P,
Salvado O, Rowe CC, Ames D, Masters CL, Martins RN, Kanagasingam

Y, AIBL Research Group (2016) Alzheimer’s Disease and the early signs
of age-related macular degeneration. Curr Alzheimer Res 13(11):1259-
1266. https://doi.org/10.2174/1567205013666160603003800

Rizzo M, Anderson SW, Dawson J, Nawrot M (2000) Vision and cognition
in Alzheimer’s disease. Neuropsychologia 38(8):1157-1169. https://doi.
0rg/10.1016/50028-3932(00)00023-3

Cronin-Golomb A, Corkin S, Growdon JH (1995) Visual dysfunction
predicts cognitive deficits in Alzheimer’s disease. Optom Vis Sci
72(3):168-176. https://doi.org/10.1097/00006324-199503000-00004
Cronin-Golomb A (2004) Heterogeneity of visual presentation in Alz-
heimer’s disease . In: Gronin-Golomb A, Hof P (eds) Vision in Alzheimer’s
disease. Karger, Switzerland, pp 370-376

Cronin-Golomb A, Gilmore GC, Neargarder S, Morrison SR, Laudate TM
(2007) Enhanced stimulus strength improves visual cognition in aging
and Alzheimer’s disease. Cortex 43(7):952-966. https://doi.org/10.1016/
50010-9452(08)70693-2

Hinton DR, Sadun AA, Blanks JC, Miller CA (1986) Optic-nerve degen-
eration in Alzheimer’s disease. N Engl J Med 315(8):485-487. https://doi.
org/10.1056/NEJM198608213150804

Katz B, Rimmer S, Iragui V, Katzman R (1989) Abnormal pattern elec-
troretinogram in Alzheimer’s disease: evidence for retinal ganglion cell
degeneration? Ann Neurol 26(2):221-225. https://doi.org/10.1002/
ana.410260207

Jackson GR, Owsley C (2003) Visual dysfunction, neurodegenerative
diseases, and aging. Neurol Clin 21(3):709-728. https://doi.org/10.1016/
50733-8619(02)00107-x

Lee AG, Martin CO (2004) Neuro-ophthalmic findings in the visual vari-
ant of Alzheimer’s disease. Ophthalmology 111(2):376-380. https://doi.
0rg/10.1016/50161-6420(03)00732-2

Iseri PK, Altinas O, Tokay T, Yiksel N (2006) Relationship between
cognitive impairment and retinal morphological and visual functional
abnormalities in Alzheimer disease. J Neuroophthalmol 26(1):18-24
(discussion 380-1). https://doi.org/10.1097/01.wno.0000204645.56873
26

Uhlmann RF, Larson EB, Koepsell TD, Rees TS, Duckert LG (1991) Visual
impairment and cognitive dysfunction in Alzheimer’s disease. J Gen
Intern Med 6(2):126-132. https://doi.org/10.1007/bf02598307
Mendola JD, Cronin-Golomb A, Corkin S, Growdon JH (1995) Prevalence
of visual deficits in Alzheimer's disease. Optom Vis Sci 72(3):155-167.
https://doi.org/10.1097/00006324-199503000-00003

Trick GL, Trick LR, Morris P. Wolf M (1995) Visual field loss in senile
dementia of the Alzheimer's type. Neurology 45(1):68-74. https://doi.
org/10.1212/wnl.45.1.68

Mentis MJ, Horwitz B, Grady CL, Alexander GE, VanMeter JW, Maisog
JM, Pietrini P, Schapiro MB, Rapoport SI (1996) Visual cortical dysfunc-
tion in Alzheimer's disease evaluated with a temporally graded “stress
test”during PET. Am J Psychiatry 153(1):32—-40. https://doi.org/10.1176/
ajp.153.1.32

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 23 of 27

McKee AC, Au R, Cabral HJ, Kowall NW, Seshadri S, Kubilus CA, Drake

J, Wolf PA (2006) Visual association pathology in preclinical Alzhei-

mer disease. J Neuropathol Exp Neurol 65(6):621-630. https://doi.
org/10.1097/00005072-200606000-00010

Berisha F, Feke GT, Trempe CL, McMeel JW, Schepens CL (2007) Retinal
abnormalities in early Alzheimer’s disease. Invest Ophthalmol Vis Sci
48(5):2285-2289. https://doi.org/10.1167/iovs.06-1029

van de Kreeke JA, Nguyen HT, den Haan J, Konijnenberg E, Tomassen

J, den Braber A, Ten Kate M, Collij L, Yaqub M, van Berckel B, Lam-
mertsma AA, Boomsma DI, Tan HS, Verbraak FD, Visser PJ (2019) Retinal
layer thickness in preclinical Alzheimer's disease. Acta Ophthalmol
97(8):798-804. https://doi.org/10.1111/a0s.14121

Mutlu U, Colijn JM, lkram MA, Bonnemaijer PWM, Licher S, Wolters FJ,
Tiemeier H, Koudstaal PJ, Klaver CCW, lkram MK (2018) Association of
retinal neurodegeneration on optical coherence tomography with
dementia: a population-based study. JAMA Neurol 75(10):1256-1263.
https://doi.org/10.1001/jamaneurol.2018.1563

Moschos MM, Markopoulos |, Chatziralli |, Rouvas A, Papageorgiou SG,
Ladas |, Vassilopoulos D (2012) Structural and functional impairment of
the retina and optic nerve in Alzheimer’s disease. Curr Alzheimer Res
9(7):782-788. https://doi.org/10.2174/156720512802455340
Yamasaki T, Horie S, Ohyagi Y, Tanaka E, Nakamura N, Goto Y, Kanba S,
Kira J, Tobimatsu S (2016) A potential VEP biomarker for mild cognitive
impairment: evidence from selective visual deficit of higher-level dorsal
pathway. J Alzheimers Dis 53(2):661-676. https://doi.org/10.3233/JAD-
150939

Mapstone M, Steffenella TM, Duffy CJ (2003) A visuospatial variant of
mild cognitive impairment: getting lost between aging and AD. Neurol-
ogy 60(5):802-808. https://doi.org/10.1212/01.wnl.0000049471.76799
de

LuY, Li Z, Zhang X, Ming B, Jia J, Wang R, Ma D (2010) Retinal nerve fiber
layer structure abnormalities in early Alzheimer’s disease: evidence in
optical coherence tomography. Neurosci Lett 480(1):69-72. https://doi.
0rg/10.1016/j.neulet.2010.06.006

Cheung CY, Ong YT, lkram MK, Ong SY, Li X, Hilal S, Catindig JA, Venket-
asubramanian N, Yap P, Seow D, Chen CP, Wong TY (2014) Microvas-
cular network alterations in the retina of patients with Alzheimer's
disease. Alzheimers Dement 10(2):135-142. https://doi.org/10.1016/j.
jalz.2013.06.009

Shi H, Koronyo Y, Fuchs DT, Sheyn J, Wawrowsky K, Lahiri S, Black KL,
Koronyo-Hamaoui M (2020) Retinal capillary degeneration and blood-
retinal barrier disruption in murine models of Alzheimer’s disease. Acta
Neuropathol Commun 8(1):202. https://doi.org/10.1186/540478-020-
01076-4

Shi H, Koronyo Y, Rentsendorj A, Regis GC, Sheyn J, Fuchs DT, Kramerov
AA, Ljubimov AV, Dumitrascu OM, Rodriguez AR, Barron E, Hinton DR,
Black KL, Miller CA, Mirzaei N, Koronyo-Hamaoui M (2020) Identification
of early pericyte loss and vascular amyloidosis in Alzheimer’s disease
retina. Acta Neuropathol 139(5):813-836. https://doi.org/10.1007/50040
1-020-02134-w

Ngoo QZ, Hitam WHW, Razak AA (2019) Evaluation of retinal nerve
fiber layer thickness, electroretinogram and visual evoked potential in
patients with Alzheimer's disease. J Ophthalmol 2019:6248185. https://
doi.org/10.1155/2019/6248185

Lim JK, Li QX, He Z, Vingrys AJ, Wong VH, Currier N, Mullen J, Bui BV,
Nguyen CT (2016) The eye as a biomarker for Alzheimer’s disease. Front
Neurosci 10:536. https://doi.org/10.3389/fnins.2016.00536

Koronyo Y, Biggs D, Barron E, Boyer DS, Pearlman JA, Au WJ, Kile SJ,
Blanco A, Fuchs DT, Ashfaq A, Frautschy S, Cole GM, Miller CA, Hinton
DR, Verdooner SR, Black KL, Koronyo-Hamaoui M (2017) Retinal amyloid
pathology and proof-of-concept imaging trial in Alzheimer’s disease.
JClInsight 2(16):93621. https://doi.org/10.1172/jci.insight. 93621
Koronyo Y, Salumbides BC, Black KL, Koronyo-Hamaoui M (2012)
Alzheimer's disease in the retina: imaging retinal a3 plaques for early
diagnosis and therapy assessment. Neurodegener Dis 10(1-4):285-293.
https://doi.org/10.1159/000335154

Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT (1992) Neu-
rofibrillary tangles but not senile plaques parallel duration and severity


https://doi.org/10.1186/s40478-018-0650-x
https://doi.org/10.1186/s40478-018-0650-x
https://doi.org/10.1007/s11357-011-9260-2
https://doi.org/10.1007/s11357-011-9260-2
https://doi.org/10.3389/fnins.2019.00925
https://doi.org/10.3389/fnins.2019.00925
https://doi.org/10.1111/aos.13319
https://doi.org/10.3389/fnins.2020.00921
https://doi.org/10.3389/fnins.2020.00921
https://doi.org/10.2174/1567205013666160603003800
https://doi.org/10.1016/s0028-3932(00)00023-3
https://doi.org/10.1016/s0028-3932(00)00023-3
https://doi.org/10.1097/00006324-199503000-00004
https://doi.org/10.1016/s0010-9452(08)70693-2
https://doi.org/10.1016/s0010-9452(08)70693-2
https://doi.org/10.1056/NEJM198608213150804
https://doi.org/10.1056/NEJM198608213150804
https://doi.org/10.1002/ana.410260207
https://doi.org/10.1002/ana.410260207
https://doi.org/10.1016/s0733-8619(02)00107-x
https://doi.org/10.1016/s0733-8619(02)00107-x
https://doi.org/10.1016/S0161-6420(03)00732-2
https://doi.org/10.1016/S0161-6420(03)00732-2
https://doi.org/10.1097/01.wno.0000204645.56873.26
https://doi.org/10.1097/01.wno.0000204645.56873.26
https://doi.org/10.1007/bf02598307
https://doi.org/10.1097/00006324-199503000-00003
https://doi.org/10.1212/wnl.45.1.68
https://doi.org/10.1212/wnl.45.1.68
https://doi.org/10.1176/ajp.153.1.32
https://doi.org/10.1176/ajp.153.1.32
https://doi.org/10.1097/00005072-200606000-00010
https://doi.org/10.1097/00005072-200606000-00010
https://doi.org/10.1167/iovs.06-1029
https://doi.org/10.1111/aos.14121
https://doi.org/10.1001/jamaneurol.2018.1563
https://doi.org/10.2174/156720512802455340
https://doi.org/10.3233/JAD-150939
https://doi.org/10.3233/JAD-150939
https://doi.org/10.1212/01.wnl.0000049471.76799.de
https://doi.org/10.1212/01.wnl.0000049471.76799.de
https://doi.org/10.1016/j.neulet.2010.06.006
https://doi.org/10.1016/j.neulet.2010.06.006
https://doi.org/10.1016/j.jalz.2013.06.009
https://doi.org/10.1016/j.jalz.2013.06.009
https://doi.org/10.1186/s40478-020-01076-4
https://doi.org/10.1186/s40478-020-01076-4
https://doi.org/10.1007/s00401-020-02134-w
https://doi.org/10.1007/s00401-020-02134-w
https://doi.org/10.1155/2019/6248185
https://doi.org/10.1155/2019/6248185
https://doi.org/10.3389/fnins.2016.00536
https://doi.org/10.1172/jci.insight.93621
https://doi.org/10.1159/000335154

Latina et al. acta neuropathol commun

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

(2021) 9:38

of Alzheimer's disease. Neurology 42(3 Pt 1):631-639. https://doi.
0rg/10.1212/wnl.42.3.631

Giannakopoulos P, Herrmann FR, Bussiere T, Bouras C, Kévari E, Perl DP,
Morrison JH, Gold G, Hof PR (2003) Tangle and neuron numbers, but
not amyloid load, predict cognitive status in Alzheimer’s disease. Neu-
rology 60(9):1495-1500. https://doi.org/10.1212/01.wnl.0000063311
.58879.01

CorsettiV, Amadoro G, Gentile A, Capsoni S, Ciotti MT, Cencioni MT,
Atlante A, Canu N, Rohn TT, Cattaneo A, Calissano P (2008) Identifica-
tion of a caspase-derived N-terminal tau fragment in cellular and
animal Alzheimer’s disease models. Mol Cell Neurosci 38(3):381-392.
https://doi.org/10.1016/j.mcn.2008.03.011

Amadoro G, Corsetti V, Stringaro A, Colone M, D’Aguanno S, Meli G,
Ciotti M, Sancesario G, Cattaneo A, Bussani R, Mercanti D, Calissano

P (2010) A NH2 tau fragment targets neuronal mitochondria at AD
synapses: possible implications for neurodegeneration. J Alzheimers Dis
21(2):445-470. https://doi.org/10.3233/JAD-2010-100120

Amadoro G, CorsettiV, Atlante A, Florenzano F, Capsoni S, Bussani R,
Mercanti D, Calissano P (2012) Interaction between NH(2)-tau frag-
ment and AB in Alzheimer’s disease mitochondria contributes to the
synaptic deterioration. Neurobiol Aging 33(4):833.e1-25. https://doi.
0rg/10.1016/j.neurobiolaging.2011.08.001

CorsettiV, Florenzano F, Atlante A, Bobba A, Ciotti MT, Natale F, Della
Valle F, Borreca A, Manca A, Meli G, Ferraina C, Feligioni M, D'’Aguanno
S, Bussani R, Ammassari-Teule M, Nicolin V, Calissano P, Amadoro G
(2015) NH2-truncated human tau induces deregulated mitophagy in
neurons by aberrant recruitment of Parkin and UCHL-1: implications

in Alzheimer’s disease. Hum Mol Genet 24(11):3058-3081. https://doi.
0rg/10.1093/hmg/ddv059

Florenzano F, Veronica C, Ciasca G, Ciotti MT, Pittaluga A, Olivero G, Feli-
gioni M, lannuzzi F, Latina V, Maria Sciacca MF, Sinopoli A, Milardi D, Pap-
palardo G, Marco S, Papi M, Atlante A, Bobba A, Borreca A, Calissano P,
Amadoro G (2017) Extracellular truncated tau causes early presynaptic
dysfunction associated with Alzheimer’s disease and other tauopathies.
Oncotarget 8(39):64745-64778. https://doi.org/10.18632/oncotarget
17371

Borreca A, Latina V, Corsetti V, Middei S, Piccinin S, Della Valle F, Bussani
R, Ammassari-Teule M, Nistico R, Calissano P, Amadoro G (2018) AD-
Related N-terminal truncated tau is sufficient to recapitulate in vivo the
early perturbations of human neuropathology: implications for immu-
notherapy. Mol Neurobiol 55(10):8124-8153. https://doi.org/10.1007/
$12035-018-0974-3

CorsettiV, Borreca A, Latina V, Giacovazzo G, Pignataro A, Krashia P,
Natale F, Cocco S, Rinaudo M, Malerba F, Florio R, Ciarapica R, Coccurello
R, D’Amelio M, Ammassari-Teule M, Grassi C, Calissano P, Amadoro G
(2020) Passive immunotherapy for N-truncated tau ameliorates the
cognitive deficits in two mouse Alzheimer’s disease models. Brain Com-
mun 2(1):fcaa039. https://doi.org/10.1093/braincomms/fcaa039
Alexandrov PN, Pogue A, Bhattacharjee S, Lukiw WJ (2011) Retinal amy-
loid peptides and complement factor H in transgenic models of Alzhei-
mer’s disease. NeuroReport 22(12):623-627. https://doi.org/10.1097/
WNR.0b013e3283497334

Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, YounkinS YF, Cole G
(1996) Correlative memory deficits, AR elevation, and amyloid plaques
in transgenic mice. Science 274(1):.99-102. https://doi.org/10.1126/
science.274.5284.99

Castillo-Carranza DL, Guerrero-Mufoz MJ, Sengupta U, Hernandez C,
Barrett AD, Dineley K, Kayed R (2015) Tau immunotherapy modulates
both pathological tau and upstream amyloid pathology in an Alzhei-
mer’s disease mouse model. J Neurosci 35(12):4857-4868. https://doi.
0rg/10.1523/JNEUROSCI.4989-14.2015

Skeie JM, Mahajan VB (2013) Proteomic interactions in the mouse vit-
reous-retina complex. PLoS ONE 8(11):e82140. https://doi.org/10.1371/
journal.pone.0082140

Balzamino BO, Esposito G, Marino R, Keller F, Micera A (2015) NGF
expression in reelin-deprived retinal cells: a potential neuroprotective
effect. Neuromol Med 17(3):314-325. https://doi.org/10.1007/51201
7-015-8360-z

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

Page 24 of 27

Chiasseu M, Alarcon-Martinez L, Belforte N, Quintero H, Dotigny F,
Destroismaisons L, Vande Velde C, Panayi F, Louis C, Di Polo A (2017)
Tau accumulation in the retina promotes early neuronal dysfunc-

tion and precedes brain pathology in a mouse model of Alzheimer’s
disease. Mol Neurodegener 12(1):58. https://doi.org/10.1186/51302
4-017-0199-3

RohnTT, Rissman RA, Davis MC, Kim YE, Cotman CW, Head E (2002)
Caspase-9 activation and caspase cleavage of tau in the Alzheimer's
disease brain. Neurobiol Dis 11(2):341-354. https://doi.org/10.1006/
nbdi.2002.0549

D'Erchia AM, Atlante A, Gadaleta G, Pavesi G, Chiara M, De Virgilio C,
Manzari C, Mastropasqua F, Prazzoli GM, Picardi E et al (2015) Tissue-
specific mtDNA abundance from exome data and its correlation with
mitochondrial transcription, mass and respiratory activity. Mitochon-
drion 20:13-21. https://doi.org/10.1016/j.mito.2014.10.005

Atlante A, Amadoro G, Bobba A, de Bari L, Corsetti V, Pappalardo G,
Marra E, Calissano P, Passarella S (2008) A peptide containing residues
26-44 of tau protein impairs mitochondrial oxidative phosphorylation
acting at the level of the adenine nucleotide translocator. Biochim
Biophys Acta 1777:1289-1300. https://doi.org/10.1016/j.bbabi
0.2008.07.004

Bobba A, Amadoro G, Valenti D, Corsetti V, Lassandro R, Atlante A (2013)
Mitochondrial respiratory chain Complexes | and IV are impaired by
beta-amyloid via directinteraction and through Complex |-dependent
ROS production, respectively. Mitochondrion 13:298-311. https://doi.
org/10.1016/j.mito.2013.03.008

Bénit P, Slama A, Cartault F, Giurgea |, Chretien D, Lebon S, Marsac C,
Munnich A, Rotig A, Rustin P (2004) Mutant NDUFS3 subunit of mito-
chondrial complex | causes Leigh syndrome. J Med Genet 41:14-17.
https://doi.org/10.1136/jmg.2003.014316

Khan HA (2003) Bioluminometric assay of ATP in mouse brain: determi-
nant factors for enhanced test sensitivity. J Biosci 28:379-382. https://
doi.org/10.1007/BF02705114

Valenti D, Tullo A, Caratozzolo MF, Merafina RS, Scartezzini P, Marra

E, Vacca RA (2010) Impairment of F1FO-ATPase, adenine nucleotide
translocator and adenylate kinase causes mitochondrial energy deficit
in human skin fibroblasts with chromosome 21 trisomy. Biochem J
431:299-310. https://doi.org/10.1042/BJ20100581

Quinn JP, Corbett NJ, Kellett KAB, Hooper NM (2018) Tau proteolysis

in the pathogenesis of tauopathies: neurotoxic fragments and novel
biomarkers. J Alzheimers Dis 63(1):13-33. https://doi.org/10.3233/JAD-
170959

Williams PA, Thirgood RA, Oliphant H, Frizzati A, Littlewood E, Votruba
M, Good MA, Williams J, Morgan JE (2013) Retinal ganglion cell
dendritic degeneration in a mouse model of Alzheimer’s disease.
Neurobiol Aging 34(7):1799-1806. https://doi.org/10.1016/j.neurobiola
ging.2013.01.006

Sokolow S, Henkins KM, Bilousova T, Gonzalez B, Vinters HV, Miller

CA, Cornwell L, Poon WW, Gylys KH (2015) Pre-synaptic C-terminal
truncated tau is released from cortical synapses in Alzheimer’s disease. J
Neurochem 133(3):368-379. https://doi.org/10.1111/jnc.12991
Prakasam A, Muthuswamy A, Ablonczy Z, Greig NH, Faug A, Rao KJ, Pap-
polla MA, Sambamurti K (2010) Differential accumulation of secreted
AbetaPP metabolites in ocular fluids. J Alzheimers Dis 20(4):1243-1253.
https://doi.org/10.3233/JAD-2010-100210

Ho WL, Leung Y, Tsang AW, So KF, Chiu K, Chang RC (2012) Review:
tauopathy in the retina and optic nerve: does it shadow pathological
changes in the brain? Mol Vis 18:2700-2710

Wright LM, Stein TD, Jun G, Chung J, McConnell K, Fiorello M, Siegel N,
Ness S, Xia W, Turner KL, Subramanian ML (2019) Association of cogni-
tive function with amyloid-f and tau proteins in the vitreous humor. J
Alzheimers Dis 68(4):1429-1438. https://doi.org/10.3233/JAD-181104
Zhao H, Chang R, Che H, Wang J, Yang L, Fang W, Xia Y, Li N, Ma Q, Wang
X (2013) Hyperphosphorylation of tau protein by calpain regula-

tion in retina of Alzheimer’s disease transgenic mouse. Neurosci Lett
551:12-16. https://doi.org/10.1016/j.neulet.2013.06.026

Nilson AN, English KC, Gerson JE, Barton Whittle T, Nicolas Crain C, Xue
J, Sengupta U, Castillo-Carranza DL, Zhang W, Gupta P, Kayed R (2017)
Tau oligomers associate with inflammation in the brain and retina of


https://doi.org/10.1212/wnl.42.3.631
https://doi.org/10.1212/wnl.42.3.631
https://doi.org/10.1212/01.wnl.0000063311.58879.01
https://doi.org/10.1212/01.wnl.0000063311.58879.01
https://doi.org/10.1016/j.mcn.2008.03.011
https://doi.org/10.3233/JAD-2010-100120
https://doi.org/10.1016/j.neurobiolaging.2011.08.001
https://doi.org/10.1016/j.neurobiolaging.2011.08.001
https://doi.org/10.1093/hmg/ddv059
https://doi.org/10.1093/hmg/ddv059
https://doi.org/10.18632/oncotarget.17371
https://doi.org/10.18632/oncotarget.17371
https://doi.org/10.1007/s12035-018-0974-3
https://doi.org/10.1007/s12035-018-0974-3
https://doi.org/10.1093/braincomms/fcaa039
https://doi.org/10.1097/WNR.0b013e3283497334
https://doi.org/10.1097/WNR.0b013e3283497334
https://doi.org/10.1126/science.274.5284.99
https://doi.org/10.1126/science.274.5284.99
https://doi.org/10.1523/JNEUROSCI.4989-14.2015
https://doi.org/10.1523/JNEUROSCI.4989-14.2015
https://doi.org/10.1371/journal.pone.0082140
https://doi.org/10.1371/journal.pone.0082140
https://doi.org/10.1007/s12017-015-8360-z
https://doi.org/10.1007/s12017-015-8360-z
https://doi.org/10.1186/s13024-017-0199-3
https://doi.org/10.1186/s13024-017-0199-3
https://doi.org/10.1006/nbdi.2002.0549
https://doi.org/10.1006/nbdi.2002.0549
https://doi.org/10.1016/j.mito.2014.10.005
https://doi.org/10.1016/j.bbabio.2008.07.004
https://doi.org/10.1016/j.bbabio.2008.07.004
https://doi.org/10.1016/j.mito.2013.03.008
https://doi.org/10.1016/j.mito.2013.03.008
https://doi.org/10.1136/jmg.2003.014316
https://doi.org/10.1007/BF02705114
https://doi.org/10.1007/BF02705114
https://doi.org/10.1042/BJ20100581
https://doi.org/10.3233/JAD-170959
https://doi.org/10.3233/JAD-170959
https://doi.org/10.1016/j.neurobiolaging.2013.01.006
https://doi.org/10.1016/j.neurobiolaging.2013.01.006
https://doi.org/10.1111/jnc.12991
https://doi.org/10.3233/JAD-2010-100210
https://doi.org/10.3233/JAD-181104
https://doi.org/10.1016/j.neulet.2013.06.026

Latina et al. acta neuropathol commun

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

(2021) 9:38

tauopathy mice and in neurodegenerative diseases. J Alzheimers Dis
55(3):1083-1099. https://doi.org/10.3233/JAD-160912

Ho WL, Leung Y, Cheng SS, Lok CK, Ho YS, Baum L, Yang X, Chiu K,
Chang RC (2015) Investigating degeneration of the retina in young
and aged tau P301L mice. Life Sci 124:16-23. https://doi.org/10.1016/j.
Ifs.2014.12.019

Buccarello L, Sclip A, Sacchi M, Castaldo AM, Bertani |, ReCecconi A,
Maestroni S, Zerbini G, Nucci P, Borsello T (2017) The c-jun N-terminal
kinase plays a key role in ocular degenerative changes in a mouse
model of Alzheimer disease suggesting a correlation between ocular
and brain pathologies. Oncotarget 8(47):83038-83051. https://doi.
org/10.18632/oncotarget.19886

Ding JD, Johnson LV, Herrmann R, Farsiu S, Smith SG, Groelle M, Mace
BE, Sullivan P, Jamison JA, Kelly U, Harrabi O, Bollini SS, Dilley J, Kob-
ayashi D, Kuang B, Li W, Pons J, Lin JC, Bowes RC (2011) Anti-amyloid
therapy protects against retinal pigmented epithelium damage and
vision loss in a model of age-related macular degeneration. Proc Natl
Acad Sci U S A 108(28):E279-E287. https://doi.org/10.1073/pnas.11009
01108

Shimazawa M, Inokuchi Y, Okuno T, Nakajima Y, Sakaguchi G, Kato A,
Oku H, Sugiyama T, Kudo T, lkeda T, Takeda M, Hara H (2008) Reduced
retinal function in amyloid precursor protein-over-expressing
transgenic mice via attenuating glutamate-N-methyl-d-aspartate
receptor signaling. J Neurochem 107(1):279-290. https://doi.org/10.111
1/j.1471-4159.2008.05606.x

Otth C, Concha ll, Arendt T, Stieler J, Schliebs R, Gonzélez-Billault C,
Maccioni RB (2002) AbetaPP induces cdk5-dependent tau hyperphos-
phorylation in transgenic mice Tg2576. J Alzheimers Dis 4(5):417-430.
https://doi.org/10.3233/jad-2002-4508

Tomidokoro Y, Ishiguro K, Harigaya Y, Matsubara E, lkeda M, Park JM, Yas-
utake K, Kawarabayashi T, Okamoto K, Shoji M (2001) Abeta amyloidosis
induces the initial stage of tau accumulation in APP(Sw) mice. Neurosci
Lett 299(3):169-172. https://doi.org/10.1016/50304-3940(00)01767-5
Tomidokoro Y, Harigaya Y, Matsubara E, lkeda M, Kawarabayashi T,
Shirao T, Ishiguro K, Okamoto K, Younkin SG, Shoji M (2001) Brain Abeta
amyloidosis in APPsw mice induces accumulation of presenilin-1 and
tau. J Pathol 194(4):500-506. https://doi.org/10.1002/path.897

Braak H, Alafuzoff |, Arzberger T, Kretzschmar H, Del Tredici K (2006)
Staging of Alzheimer disease-associated neurofibrillary pathology
using paraffin sections and immunocytochemistry. Acta Neuropathol
112:389-404. https://doi.org/10.1007/500401-006-0127-z

Biernat J, Mandelkow EM, Schréter C, Lichtenberg-Kraag B, Steiner B,
Berling B, Meyer H, Mercken M, Vandermeeren A, Goedert M, Man-
delkow E (1992) The switch of tau protein to an Alzheimer-like state
includes the phosphorylation of two serine-proline motifs upstream of
the microtubule binding region. EMBO J 11(4):1593-1597

Chen F, David D, Ferrari A, Gotz J (2004) Posttranslational modifications
of tau-role in human tauopathies and modeling in transgenic animals.
Curr Drug Targets 5(6):503-515. https://doi.org/10.2174/1389450043
345236

Oblinger MM, Argasinski A, Wong J, Kosik KS (1991) Tau gene expression
in rat sensory neurons during development and regeneration. J Neuro-
sci 11(8):2453-2459. https://doi.org/10.1523/JNEUROSCI.11-08-02453
1991

Goedert M, Spillantini MG, Crowther RA (1992) Cloning of a big tau
microtubule-associated protein characteristic of the peripheral nerv-
ous system. Proc Natl Acad Sci U S A 89(5):1983-1987. https://doi.
0rg/10.1073/pnas.89.5.1983

Boyne LJ, Tessler A, Murray M, Fischer | (1995) Distribution of Big tau in
the central nervous system of the adult and developing rat. J Comp
Neurol 358(2):279-293. https://doi.org/10.1002/cne.903580209
Ratnayaka JA, Serpell LC, Lotery AJ (2015) Dementia of the eye: the role
of amyloid beta in retinal degeneration. Eye (Lond) 29(8):1013-1026.
https://doi.org/10.1038/eye.2015.100

Vecino E, Rodriguez FD, Ruzafa N, Pereiro X, Sharma SC (2016) Glia-
neuron interactions in the mammalian retina. Prog Retin Eye Res
51:1-40. https://doi.org/10.1016/].preteyeres.2015.06.003

Blanks JC, Torigoe Y, Hinton DR, Blanks RH (1996) Retinal pathol-

ogy in Alzheimer’s disease. I. Ganglion cell loss in foveal/parafoveal

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Page 25 of 27

retina. Neurobiol Aging 17(3):377-384. https://doi.org/10.1016/0197-
4580(96)00010-3

Blanks JC, Schmidt SY, Torigoe Y, Porrello KV, Hinton DR, Blanks RH
(1996) Retinal pathology in Alzheimer’s disease. Il. Regional neuron loss
and glial changes in GCL. Neurobiol Aging 17(3):385-395. https://doi.
org/10.1016/0197-4580(96)00009-7

Salobrar-Garcia E, Rodrigues-Neves AC, Ramirez Al, de Hoz R,
Ferndndez-Albarral JA, Lopez-Cuenca |, Ramirez JM, Ambrésio AF,
Salazar JJ (2020) Microglial activation in the retina of a triple-transgenic
Alzheimer’s disease mouse model (3xTg-AD). Int J Mol Sci 21(3):816.
https://doi.org/10.3390/ijms21030816

Pogue Al, Dua P, Hill JM, Lukiw WJ (2015) Progressive inflammatory
pathology in the retina of aluminum-fed 5xFAD transgenic mice. J Inorg
Biochem 152:206-209. https://doi.org/10.1016/jjinorgbio.2015.07.009
Edwards MM, Rodriguez JJ, Gutierrez-Lanza R, Yates J, Verkhratsky A,
Lutty GA (2014) Retinal macroglia changes in a triple transgenic mouse
model of Alzheimer’s disease. Exp Eye Res 127:252-260. https://doi.
org/10.1016/j.exer.2014.08.006

Grimaldi A, Brighi C, Peruzzi G, Ragozzino D, Bonanni'V, Limatola C,
Ruocco G, Di Angelantonio S (2018) Inflammation, neurodegeneration
and protein aggregation in the retina as ocular biomarkers for Alzhei-
mer’s disease in the 3xTg-AD mouse model. Cell Death Dis 9(6):685.
https://doi.org/10.1038/541419-018-0740-5

Scheff SW, Price DA (2003) Synaptic pathology in Alzheimer's disease:

a review of ultrastructural studies. Neurobiol Aging 24(8):1029-1046.
https://doi.org/10.1016/j.neurobiolaging.2003.08.002

Selkoe DJ (2002) Alzheimer’s disease is a synaptic failure. Science
298(5594):789-791. https://doi.org/10.1126/science. 1074069

Rissman RA, Poon WW, Blurton-Jones M, Oddo S, Torp R, Vitek MP,
LaFerla FM, Rohn TT, Cotman CW (2004) Caspase-cleavage of tau is

an early event in Alzheimer disease tangle pathology. J Clin Invest
114(1):121-130. https://doi.org/10.1172/JC120640

de Calignon A, Fox LM, Pitstick R, Carlson GA, Bacskai BJ, Spires-Jones
TL, Hyman BT (2010) Caspase activation precedes and leads to tangles.
Nature 464(7292):1201-1204. https://doi.org/10.1038/nature08890
Gamblin TC, Chen F, Zambrano A, Abraha A, Lagalwar S, Guillozet AL, Lu
M, Fu'Y, Garcia-Sierra F, LaPointe N, Miller R, Berry RW, Binder LI, Cryns
VL (2003) Caspase cleavage of tau: linking amyloid and neurofibrillary
tangles in Alzheimer’s disease. Proc Natl Acad Sci U S A 100(17):10032-
10037. https://doi.org/10.1073/pnas.1630428100

Horowitz PM, Patterson KR, Guillozet-Bongaarts AL, Reynolds MR, Carroll
CA, Weintraub ST, Bennett DA, Cryns VL, Berry RW, Binder LI (2004)
Early N-terminal changes and caspase-6 cleavage of tau in Alzheimer’s
disease. J Neurosci 24(36):7895-7902. https://doi.org/10.1523/JNEUR
0SC1.1988-04.2004

Von Kriegstein K, Schmitz F, Link E, Stdhof TC (1999) Distribution of
synaptic vesicle proteins in the mammalian retina identifies obliga-
tory and facultative components of ribbon synapses. Eur J Neurosci
11(4):1335-1348. https://doi.org/10.1046/.1460-9568.1999.00542.x
Ullrich B, Stidhof TC (1994) Distribution of synaptic markers in the retina:
implications for synaptic vesicle traffic in ribbon synapses. J Physiol
Paris 88(4):249-257. https://doi.org/10.1016/0928-4257(94)90088-4
Zhu H, Zhang W, Zhao 'Y, Shu X, Wang W, Wang D, Yang Y, He Z, Wang X,
Ying Y (2018) GSK3B-mediated tau hyperphosphorylation triggers dia-
betic retinal neurodegeneration by disrupting synaptic and mitochon-
drial functions. Mol Neurodegener 13(1):62. https://doi.org/10.1186/
$13024-018-0295-z

Monnier PP, D'Onofrio PM, Magharious M, Hollander AC, Tassew N, Szy-
dlowska K, Tymianski M, Koeberle PD (2011) Involvement of caspase-6
and caspase-8 in neuronal apoptosis and the regenerative failure of
injured retinal ganglion cells. J Neurosci 31(29):10494-10505. https://
doi.org/10.1523/JNEUROSCI.0148-11.2011

Nikolaev A, McLaughlin T, O'Leary DD, Tessier-Lavigne M (2009) APP
binds DR6 to trigger axon pruning and neuron death via distinct
caspases. Nature 457:981-989

Palop JJ, Chin J, Roberson ED, Wang J, Thwin MT, Bien-Ly N, Yoo J,

Ho KO, Yu G-Q, Kreitzer A, Finkbeiner S, Noebels JL, Mucke L (2007)
Aberrant excitatory neuronal activity and compensatory remodeling
of inhibitory hippocampal circuits in mouse models of Alzheimer’s


https://doi.org/10.3233/JAD-160912
https://doi.org/10.1016/j.lfs.2014.12.019
https://doi.org/10.1016/j.lfs.2014.12.019
https://doi.org/10.18632/oncotarget.19886
https://doi.org/10.18632/oncotarget.19886
https://doi.org/10.1073/pnas.1100901108
https://doi.org/10.1073/pnas.1100901108
https://doi.org/10.1111/j.1471-4159.2008.05606.x
https://doi.org/10.1111/j.1471-4159.2008.05606.x
https://doi.org/10.3233/jad-2002-4508
https://doi.org/10.1016/s0304-3940(00)01767-5
https://doi.org/10.1002/path.897
https://doi.org/10.1007/s00401-006-0127-z
https://doi.org/10.2174/1389450043345236
https://doi.org/10.2174/1389450043345236
https://doi.org/10.1523/JNEUROSCI.11-08-02453.1991
https://doi.org/10.1523/JNEUROSCI.11-08-02453.1991
https://doi.org/10.1073/pnas.89.5.1983
https://doi.org/10.1073/pnas.89.5.1983
https://doi.org/10.1002/cne.903580209
https://doi.org/10.1038/eye.2015.100
https://doi.org/10.1016/j.preteyeres.2015.06.003
https://doi.org/10.1016/0197-4580(96)00010-3
https://doi.org/10.1016/0197-4580(96)00010-3
https://doi.org/10.1016/0197-4580(96)00009-7
https://doi.org/10.1016/0197-4580(96)00009-7
https://doi.org/10.3390/ijms21030816
https://doi.org/10.1016/j.jinorgbio.2015.07.009
https://doi.org/10.1016/j.exer.2014.08.006
https://doi.org/10.1016/j.exer.2014.08.006
https://doi.org/10.1038/s41419-018-0740-5
https://doi.org/10.1016/j.neurobiolaging.2003.08.002
https://doi.org/10.1126/science.1074069
https://doi.org/10.1172/JCI20640
https://doi.org/10.1038/nature08890
https://doi.org/10.1073/pnas.1630428100
https://doi.org/10.1523/JNEUROSCI.1988-04.2004
https://doi.org/10.1523/JNEUROSCI.1988-04.2004
https://doi.org/10.1046/j.1460-9568.1999.00542.x
https://doi.org/10.1016/0928-4257(94)90088-4
https://doi.org/10.1186/s13024-018-0295-z
https://doi.org/10.1186/s13024-018-0295-z
https://doi.org/10.1523/JNEUROSCI.0148-11.2011
https://doi.org/10.1523/JNEUROSCI.0148-11.2011

Latina et al. acta neuropathol commun

12,

113.

114.

115.

116.

117.

118.

120.

121.

122.

123.

124.

125.

126.

128.

(2021) 9:38

disease. Neuron 55(5):697-711. https://doi.org/10.1016/j.neuro
n.2007.07.025

Busche MA, Chen X, Henning HA, Reichwald J, Staufenbiel M, Sakmann
B, Konnerth A (2012) Critical role of soluble amyloid-beta for early hip-
pocampal hyperactivity in a mouse model of Alzheimer’s disease. Proc
Natl Acad Sci U S A 109:8740-8745. https://doi.org/10.1073/pnas.12061
71109

Gleason E (2012) The influences of metabotropic receptor activation on
cellular signaling and synaptic function in amacrine cells. Vis Neurosci
29(1):31-39. https://doi.org/10.1017/50952523811000204

Pérez MJ, Jara C, Quintanilla RA (2018) Contribution of tau pathology
to mitochondrial impairment in neurodegeneration. Front Neurosci
12:441. https://doi.org/10.3389/fnins.2018.00441

Kneynsberg A, Combs B, Christensen K, Morfini G, Kanaan NM (2017)
Axonal degeneration in tauopathies: disease relevance and underly-
ing mechanisms. Front Neurosci 11:572. https://doi.org/10.3389/fnins
.2017.00572

Lenaers G, Reynier P, Elachouri G, Soukkarieh C, Olichon A, Belenguer P,
Baricault L, Ducommun B, Hamel C, Delettre C (2009) OPAT functions in
mitochondria and dysfunctions in optic nerve. Int J Biochem Cell Biol
41(10):1866-1874. https://doi.org/10.1016/j.biocel.2009.04.013

Di Mauro S, Bonilla E (2004) Mitochondrial encephalomyopathies.

In: Engel AG, Franzini-Armstrong C (eds) Myology Philadelphia, vol Il.
McGraw-Hill, Cambridge, pp 1623-1676

Kirby DM, Thorburn DR, Turnbull DM, Taylor RW (2007) Biochemi-

cal assays of respiratory. Chain complex activity. Methods Cell Biol
80:93-119. https://doi.org/10.1016/S0091-679X(06)80004-X

Figueiredo PA, Ferreira RM, Appell HJ, Duarte JA (2008) Age-induced
morphological, biochemical, and functional alterations in isolatedmi-
tochondria frommurine skeletal muscle. J Gerontol A Biol Sci Med Sci
63(4):350-359. https://doi.org/10.1093/gerona/63.4.350

Gnaiger E, Aasander Frostner E, Abdul Karim N, Abdel-Rahman EA,
Abumrad NA, AcunaCastroviejo D, Adiele RC et al (2019) Mitochon-
drial respiratory states and rates. MitoFit Preprint Arch. https://doi.
0rg/10.26124/mitofit:190001.v6

Sonntag K-C, Ryu W-I, Amirault KM, Healy RA, Siegel AJ, McPhie DL, For-
ester B, Cohen BM (2017) Late-onset Alzheimer's disease is associated
with inherent changes in bioenergetics profiles. Sci Rep 7(1):14038.
https://doi.org/10.1038/541598-017-14420-x

Bajerski F, Stock J, Hanf B, Darienko T, Heine-Dobbernack E, Lorenz M,
Naujox L, Keller ERJ, Schumacher HM, Fried| T, Eberth S, Mock H-P, Knie-
meyer O, Overmann J (2018) ATP content and cell viability as indicators
for cryostress across the diversity of life. Front Physiol 9:921. https://doi.
0rg/10.3389/fphys.2018.00921

Cerquera-Jaramillo MA, Nava-Mesa MO, Gonzalez-Reyes RE, Tellez-Conti
C, de-laTorre A (2018) Visual features in Alzheimer’s disease: from basic
mechanisms to clinical overview. Neural Plast 2018:2941783. https://
doi.org/10.1155/2018/2941783

Liao H, Zhu Z, Peng Y (2018) Potential utility of retinal imaging for
Alzheimer’s Disease: a review. Front Aging Neurosci 10:188. https://doi.
0rg/10.3389/fnagi.2018.00188

Ngolab J, Honma P, Rissman RA (2019) Reflections on the utility of the
retina as a biomarker for Alzheimer’s Disease: a literature review. Neurol
Ther 8(Suppl 2):57-72. https://doi.org/10.1007/s40120-019-00173-4
Jindal V (2015) Interconnection between brain and retinal neurodegen-
erations. Mol Neurobiol 51(3):885-892. https://doi.org/10.1007/51203
5-014-8733-6

Singh AK, Verma S (2020) Use of ocular biomarkers as a potential

tool for early diagnosis of Alzheimer’s disease. Indian J Ophthalmol
68(4):555-561. https://doi.org/10.4103/ijo.lJO_999_19

Masuzzo A, Dinet V, Cavanagh C, Mascarelli F, Krantic S (2016) Amyloi-
dosis in retinal neurodegenerative diseases. Front Neurol 7:127. https://
doi.org/10.3389/fneur.2016.00127

Fernandez-Albarral JA, Salobrar-Garcia E, Martinez-Paramo R, Ramirez
Al, de Hoz R, Ramirez JM, Salazar JJ (2019) Retinal glial changes in
Alzheimer's disease—a review. J Optom 12(3):198-207. https://doi.
org/10.1016/j.optom.2018.07.001

Ramirez Al, de Hoz R, Salobrar-Garcia E, Salazar JJ, Rojas B, Ajoy D,
Lopez-Cuenca |, Rojas P, Trivifio A, Ramirez JM (2017) The role of

132.

133.

134.

135.

136.

137.

138.

139.

140.

142.

144.

146.

147.

Page 26 of 27

microglia in retinal neurodegeneration: Alzheimer's Disease, parkinson,
and glaucoma. Front Aging Neurosci 9:214. https://doi.org/10.3389/
fnagi.2017.00214

Bull ND, Guidi A, Goedert M, Martin KR, Spillantini MG (2012) Reduced
axonal transport and increased excitotoxic retinal ganglion cell degen-
eration in mice transgenic for human mutant P301S tau. PLoS ONE
7(4):e34724. https://doi.org/10.1371/journal.pone.0034724

Mazzaro N, Barini E, Spillantini MG, Goedert M, Medini P, Gasparini L
(2016) Tau-driven neuronal and neurotrophic dysfunction in a mouse
model of early tauopathy. J Neurosci 36(7):2086-2100. https://doi.
org/10.1523/JNEUROSCI.0774-15.2016

Gupta N, Fong J, Ang LC, Yuicel YH (2008) Retinal tau pathology

in human glaucomas. Can J Ophthalmol 43(1):53-60. https://doi.
org/10.3129/i07-185

Yoneda S, Hara H, Hirata A, Fukushima M, Inomata Y, Tanihara H (2005)
Vitreous fluid levels of beta-amyloid((1-42)) and tau in patients with ret-
inal diseases. Jpn J Ophthalmol 49(2):106-108. https://doi.org/10.1007/
510384-004-0156-x

Bevan RJ, Hughes TR, Williams PA, Good MA, Morgan BP, Morgan JE
(2020) Retinal ganglion cell degeneration correlates with hippocampal
spine loss in experimental Alzheimer’s disease. Acta Neuropathol Com-
mun 8(1):216. https://doi.org/10.1186/540478-020-01094-2

Amadoro G, Latina V, Calissano P. A long story for a short peptide: thera-
peutic efficacy of a cleavage-specific tau antibody Neural Regeneration
Research 2021 Vol:16, NRR-D-20-01040 (in press).

Mahajan D, Votruba M (2017) Can the retina be used to diagnose

and plot the progression of Alzheimer’s disease? Acta Ophthalmol
95(8):768-777. https://doi.org/10.1111/a0s.13472

Cicognola C, Brinkmalm G, Wahlgren J, Portelius E, Gobom J, Cullen NC,
Hansson O, Parnetti L, Constantinescu R, Wildsmith K, Chen HH, Beach
TG, Lashley T, Zetterberg H, Blennow K, Hoglund K (2019) Novel tau
fragments in cerebrospinal fluid: relation to tangle pathology and cog-
nitive decline in Alzheimer’s disease. Acta Neuropathol 137(2):279-296.
https://doi.org/10.1007/500401-018-1948-2

Amadoro G, Latina V, Corsetti V, Calissano P (2020) N-terminal tau trun-
cation in the pathogenesis of Alzheimer’s Disease (AD): developing a
novel diagnostic and therapeutic approach. Biochim Biophys Acta Mol
Basis Dis 1866(3):165584. https://doi.org/10.1016/j.bbadis.2019.165584
Novak P, Cehlar O, Skrabana R, Novak M (2018) Tau conformation as a
target for disease-modifying therapy: the role of truncation. J Alzhei-
mers Dis 64(s1):5535-S546. https://doi.org/10.3233/JAD-179942

Novak P, Kontsekova E, Zilka N, Novak M (2018) Ten years of tau-
targeted immunotherapy: the path walked and the roads ahead. Front
Neurosci 12:798. https://doi.org/10.3389/fnins.2018.00798

Bittar A, Sengupta U, Kayed R (2018) Prospects for strain-specific immu-
notherapy in Alzheimer’s disease and tauopathies. NPJ Vaccines 3:9.
https://doi.org/10.1038/541541-018-0046-8

Bittar A, Bhatt N, Kayed R (2020) Advances and considerations in AD
tau-targeted immunotherapy. Neurobiol Dis 134:104707. https://doi.
0rg/10.1016/j.nbd.2019.104707

Ding JD, Lin J, Mace BE, Herrmann R, Sullivan P, Bowes RC (2008) Target-
ing age-related macular degeneration with Alzheimer’s disease based
immunotherapies: anti-amyloid-beta antibody attenuates patholo-
gies in an age-related macular degeneration mouse model. Vis Res
48(3):339-345. https://doi.org/10.1016/j.visres.2007.07.025

De Mattos RB, Bales KR, Cummins DJ, Dodart JC, Paul SM, Holtzman DM
(2001) Peripheral anti-A beta antibody alters CNS and plasma A beta
clearance and decreases brain A beta burden in a mouse model of
Alzheimer's disease. Proc Natl Acad Sci USA 98:8850-8855. https://doi.
org/10.1073/pnas. 151261398

Wang X, Lou N, Eberhardt A, Yang Y, Kusk P, Xu Q, Forstera B, Peng S,

Shi M, Ladron-de-Guevara A, Delle C, Sigurdsson B, Xavier ALR, Erttrk
A, Libby RT, Chen L, Thrane AS, Nedergaard M (2020) An ocular glym-
phatic clearance system removes 3-amyloid from the rodent eye. Sci
Transl Med 12(536):3210. https://doi.org/10.1126/scitransimed.aaw3210
Mathieu E, Gupta N, Ahari A, Zhou X, Hanna J, Yucel YH (2017) Evidence
for cerebrospinal fluid entry into the optic nerve via a glymphatic
pathway. Invest Ophthalmol Vis Sci 58(11):4784-4791. https://doi.
org/10.1167/iovs.17-22290


https://doi.org/10.1016/j.neuron.2007.07.025
https://doi.org/10.1016/j.neuron.2007.07.025
https://doi.org/10.1073/pnas.1206171109
https://doi.org/10.1073/pnas.1206171109
https://doi.org/10.1017/S0952523811000204
https://doi.org/10.3389/fnins.2018.00441
https://doi.org/10.3389/fnins.2017.00572
https://doi.org/10.3389/fnins.2017.00572
https://doi.org/10.1016/j.biocel.2009.04.013
https://doi.org/10.1016/S0091-679X(06)80004-X
https://doi.org/10.1093/gerona/63.4.350
https://doi.org/10.26124/mitofit:190001.v6
https://doi.org/10.26124/mitofit:190001.v6
https://doi.org/10.1038/s41598-017-14420-x
https://doi.org/10.3389/fphys.2018.00921
https://doi.org/10.3389/fphys.2018.00921
https://doi.org/10.1155/2018/2941783
https://doi.org/10.1155/2018/2941783
https://doi.org/10.3389/fnagi.2018.00188
https://doi.org/10.3389/fnagi.2018.00188
https://doi.org/10.1007/s40120-019-00173-4
https://doi.org/10.1007/s12035-014-8733-6
https://doi.org/10.1007/s12035-014-8733-6
https://doi.org/10.4103/ijo.IJO_999_19
https://doi.org/10.3389/fneur.2016.00127
https://doi.org/10.3389/fneur.2016.00127
https://doi.org/10.1016/j.optom.2018.07.001
https://doi.org/10.1016/j.optom.2018.07.001
https://doi.org/10.3389/fnagi.2017.00214
https://doi.org/10.3389/fnagi.2017.00214
https://doi.org/10.1371/journal.pone.0034724
https://doi.org/10.1523/JNEUROSCI.0774-15.2016
https://doi.org/10.1523/JNEUROSCI.0774-15.2016
https://doi.org/10.3129/i07-185
https://doi.org/10.3129/i07-185
https://doi.org/10.1007/s10384-004-0156-x
https://doi.org/10.1007/s10384-004-0156-x
https://doi.org/10.1186/s40478-020-01094-2
https://doi.org/10.1111/aos.13472
https://doi.org/10.1007/s00401-018-1948-2
https://doi.org/10.1016/j.bbadis.2019.165584
https://doi.org/10.3233/JAD-179942
https://doi.org/10.3389/fnins.2018.00798
https://doi.org/10.1038/s41541-018-0046-8
https://doi.org/10.1016/j.nbd.2019.104707
https://doi.org/10.1016/j.nbd.2019.104707
https://doi.org/10.1016/j.visres.2007.07.025
https://doi.org/10.1073/pnas.151261398
https://doi.org/10.1073/pnas.151261398
https://doi.org/10.1126/scitranslmed.aaw3210
https://doi.org/10.1167/iovs.17-22290
https://doi.org/10.1167/iovs.17-22290

Latina et al. acta neuropathol commun (2021) 9:38

148.

149.

Jacobsen HH, Ringstad G, Jerstad @K, Moe MC, Sandell T, Eide PK (2019)
The human visual pathway communicates directly with the subarach-
noid space. Invest Ophthalmol Vis Sci 60(7):2773-2780. https://doi.
org/10.1167/iovs.19-26997

Calaza KC, Kam JH, Hogg C, Jeffery G (2015) Mitochondrial decline
precedes phenotype development in the complement factor H mouse
model of retinal degeneration but can be corrected by near infrared
light. Neurobiol Aging 36(10):2869-2876. https://doi.org/10.1016/j.
neurobiolaging.2015.06.010

Page 27 of 27

150. Doustar J, Rentsendorj A, Torbati T, Regis GC, Fuchs DT, Sheyn J, Mirzaei
N, Graham SL, Shah PK, Mastali M, Van Eyk JE, Black KL, Gupta VK, Mir-
zaei M, Koronyo Y, Koronyo-Hamaoui M (2020) Parallels between retinal
and brain pathology and response to immunotherapy in old, late-stage
Alzheimer's disease mouse models. Aging Cell 19(11):e13246. https://
doi.org/10.1111/acel.13246

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1167/iovs.19-26997
https://doi.org/10.1167/iovs.19-26997
https://doi.org/10.1016/j.neurobiolaging.2015.06.010
https://doi.org/10.1016/j.neurobiolaging.2015.06.010
https://doi.org/10.1111/acel.13246
https://doi.org/10.1111/acel.13246

	Systemic delivery of a specific antibody targeting the pathological N-terminal truncated tau peptide reduces retinal degeneration in a mouse model of Alzheimer’s Disease
	Abstract 
	Introduction
	Materials and methods
	Animals and ethical approval
	Immunization scheme
	Western blot analysis and densitometry
	Immunofluorescence, Epifluorescent acquisition and integrated optical densitometry
	Confocal analysis of microglia and astrocytes
	Mitochondrial analysis
	Data management and statistical analysis

	Results
	Tau cleavage at the N-terminal domain occurs in retina and vitreous bodies of symptomatic Tg2576 AD mice and is reduced by intravenous (i.v.) delivery of 12A12mAb
	Systemic administration of 12A12mAb mitigates tau hyperphosphorylation and APPAβ misprocessing in the retina and vitreous body of Tg2576 AD mice
	The up-regulation of inflammatory markers in retina of Tg2576 AD mice is relieved following 12A12mAb-based immunization
	Synaptic and microtubule retinal changes are mitigated and apoptosis is inhibited by i.v. 12A12mAb delivery in Tg2576 AD mice
	Intravenous delivery of 12A12mAb partially normalizes the neurochemical alterations in retinas of Tg2576 AD mice
	Mitochondrial metabolism and ATP production in the retinas of Tg2576 AD mice are restored by treatment with 12A12mAb

	Discussion
	Conclusions
	Acknowledgements
	References




