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Abstract: Tau-targeted immunotherapy is a promising approach for treatment of Alzheimer’s disease
(AD). Beyond cognitive decline, AD features visual deficits consistent with the manifestation of
Amyloid β-protein (Aβ) plaques and neurofibrillary tangles (NFT) in the eyes and higher visual
centers, both in animal models and affected subjects. We reported that 12A12—a monoclonal
cleavage-specific antibody (mAb) which in vivo neutralizes the neurotoxic, N-terminal 20–22 kDa
tau fragment(s)–significantly reduces the retinal accumulation in Tg(HuAPP695Swe)2576 mice of
both tau and APP/Aβ pathologies correlated with local inflammation and synaptic deterioration.
Here, we report the occurrence of N-terminal tau cleavage in the primary visual cortex (V1 area) and
the beneficial effect of 12A12mAb treatment on phenotype-associated visuo-spatial deficits in this
AD animal model. We found out that non-invasive administration of 12 A12mAb markedly reduced
the pathological accumulation of both truncated tau and Aβ in the V1 area, correlated to significant
improvement in visual recognition memory performance along with local increase in two direct
readouts of cortical synaptic plasticity, including the dendritic spine density and the expression
level of activity-regulated cytoskeleton protein Arc/Arg3.1. Translation of these findings to clinical
therapeutic interventions could offer an innovative tau-directed opportunity to delay or halt the
visual impairments occurring during AD progression

Keywords: immunotherapy; Alzheimer’s disease; tau protein; primary visual cortex; vision

1. Introduction

Tau-based immunotherapy programs are underway in clinical trials on human beings
for the treatment of Alzheimer’s disease (AD). Multiple lines of evidence have shown
that, in addition to the episodic memory and neuropsychiatric manifestations involving
the hippocampal CA1 and temporal lobe neocortex, AD is a more globalized disorder
encompassing sensory impairments in olfaction, hearing and especially vision [1]. In
particular, deficits in visual system function have been described in experimental AD
animal models [2–12] and in affected patients [13–22] consistent with the extensive neu-
ropathology of Aβ plaques and tau neurofibrillary tangles (NFT) in their visual primary
and association cortices and sensory system, including the optic nerves and retina them-
selves. More importantly, in both human beings and in vivo model systems, visuo-spatial
complaints and retinal functional deficits are reported to manifest in concomitance [23–26]
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or, sometimes, even precede [27–32], the occurrence of the signs of memory/learning
deterioration traditionally associated with the clinical symptomatology of AD. In this
regard, it is widely acknowledged that the functional and anatomical connection of the
retina-visual cortex-hippocampus network subserving the integration of higher visual pro-
cessing into global cognitive performance [33] provides the strong physiological rationale
for the direct involvement of visual processing pathways during the slowly progressive
clinical course of dementia in AD development [18,34,35]. From the primary visual cortex
(V1 area)—which is the main distributor of almost all visual information that reaches
other cortical areas [33] in both rodents and primates [36]—visual cues are encoded and
processed along both dorsal and ventral visual pathways forming the visual information-
processing network which, in turn, is connected to the hippocampus via a multi-synaptic
pathway(s) including the secondary visual cortex, temporal cortex, perirhinal/postrhinal
cortex and entorhinal cortex [37–40]. As such, visual neurons participate in the formation of
hippocampal-dependent reminiscence, being sensory-driven cortical V1 activity involved
in storing the visual component of long-term spatial and episodic memories [41].

We have reported that the neurosensory retina and hippocampus from 6-month-
old Tg2576, a well-established preclinical AD animal model which only expresses the
human amyloid precursor protein (APP)695 with Swedish mutation (K670N-M671L),
respond in parallel to in vivo selective neutralization of 20–22 kDa toxic N-terminal tau
fragments (i.e., NH2htau) following intravenous (i.v.) injection of the cleavage-specific
12A12 conformational monoclonal antibody (mAb) [12,42]. In this framework, in the
present study we explored whether: (i) the neurotoxic accumulation of NH2htau also
occurred in higher-order cortical visual area(s), in particular in V1, from this AD strain, just
as we detected in the retina and hippocampus; and (ii) its in vivo clearance, in response to
specific antibody-mediated antagonizing action, translated into functional improvement of
visual abilities.

To this aim, the impact of 12A12mAb immunization on the visual-dependent behav-
ioral performance of symptomatic Tg2576 AD mice was evaluated in tight correlation with
the assessment of two specific, morphological (dendritic spine density including cofilin
1 phosphorylation) and biochemical (experience-dependent expression of the activity-
regulated cytoskeleton protein Arc/Arg3.1) readouts of synaptic plasticity in the primary
visual cortex.

2. Materials and Methods
2.1. Animals and Ethical Approval

All animal experiments 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.
1038-2020-PR). This study was carried out according to the principles of the 3Rs (Replace-
ment, Reduction and Refinement).

Heterozygous B6;SJL/Tg2576 mice (Tg-AD) (n = 10–12 per group/treatment), express-
ing the human amyloid precursor protein (APP) with the Swedish mutation
KM670/671NL [43], which causes an increase in Aβ production [44], and their wild-type
(Wt) littermates (n = 8–10 per group/treatment) were used at 6 months of age in the im-
munization regimen. This colony carries mutant alleles that cause functional blindness
due to retinal degeneration (Pde6brd1), thus we screened for retinal degeneration within
mice used in this study [45]. Genotyping was carried out to confirm the presence of human
mutant APP DNA sequence by PCR.

2.2. Immunization Scheme

The N-terminal tau 12A12 monoclonal antibody (26–36 aa) was produced and pu-
rified from hybridoma supernatants according to standard procedures, as previously
described [12,42].
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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 µg/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 published studies by our and other independent
research groups using Tg2576 as AD transgenic mouse model [12,42,46].

Notably, this immunization regimen was previously demonstrated to successfully
deliver in vivo a sufficient amount of biologically active (antigen-competent) anti-tau
antibody to promote the clearance of the deleterious NH2htau peptide accumulating in
animals’ hippocampus and retina and to significantly alleviate their neuropathological
signs [12,42].

2.3. Tissue Collection, Harvesting and Preparation

For biochemical analysis:
Two days after the last injection of 12A12mAb [12,42], animals from three experimen-

tal groups (wild-type, vehicle-treated Tg-AD, Tg-AD+mAb) were sacrificed by cervical
dislocation, brains were collected, primary visual cortices (V1) of both hemispheres [47]
were dissected under a dissecting microscope using known landmarks as a guide [48],
immediately frozen on dry-ice and, then, stored at −80 ◦C until use.

For analysis of experience-dependent markers of V1, animals were sacrificed 1 h
after completion of all the tasks included in the visually driven cognitive performance, as
reported [49,50].

Total protein extracts were carried out as previously reported [12]. Frozen primary
visual cortices (V1) were diced and homogenized in ice-cold RIPA buffer (50 mM Tris-HCl
pH 8, 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5% sodium deoxycholate) plus proteases
inhibitor cocktail (Sigma-Aldrich St. Louis, MO, USA, P8340) and phosphatase inhibitor
cocktail (Sigma-Aldrich, P5726/P2850) for 30 min and centrifuged at 4 ◦C for 20 min at
13,000 rpm. The protein amount was determined by Bradford assay (Protein Assay Dye
Reagent Concentrate, Bio-Rad, Hercules, CA, USA).

Crude synaptosomal preparations were obtained from mice of three experimental
groups (wild-type, vehicle-treated Tg-AD, Tg-AD+mAb), as reported [51]. Frozen primary
visual cortices (V1) were homogenized in 2 mL of homogenization buffer (320 mM sucrose,
4 mM Hepes pH 7.4, 1 mM EGTA, 0.4 mM PMSF, 10 mM NaF, 0.02 M β-glicerophosphate,
1 mM NaVO3) plus proteases inhibitor cocktail (Sigma-Aldrich, P8340) and phosphatase
inhibitor cocktail (Sigma-Aldrich, P5726/P2850) with 50 strokes in a right-fitting glass
dounce tissue grinder. Then the homogenate was centrifuged at 4 ◦C for 10 min at 1000× g,
the supernatant was collected and centrifuged at 4 ◦C for 15 min at 12,000× g. The second
pellet was resuspended in 1 mL of homogenization buffer and centrifuged at 4 ◦C for
15 min at 13,000× g. Finally, the pellet containing the crude synaptosomal fraction was
re-resuspended in 200µL of homogenization buffer.

For morphological analysis:
Two days after the last injection of 12A12mAb [12,42], sacrificed animals were intracar-

dially perfused with ice-cold phosphate-buffered saline (PBS) 0.1 M, pH 7.4 and, then, with
4% paraformaldehyde (PFA) solution in PBS. After that, brains were carefully removed
from the skull, post-fixed in 4% PFA solution in PBS overnight at 4 ◦C and, then, passed
into 30% sucrose solution in PBS for 48–72 h until equilibration. The brains were frozen
by immersion in ice-cold isopentane for 3 min before being sealed into vials and stored
at −80 ◦C until use. For analysis of experience-dependent markers of V1, animals were
sacrificed 1 h after completion of all the tasks included in the visually driven cognitive
performance, as reported [49,50].

2.4. Western Blot Analysis and Semi-Quantitative Densitometry

Equal amounts of protein extracts (80–150 µg) were loaded for each blot and in each
lane regardless of the antibody used and size-fractionated by SDS-PAGE Bis-Tris gel 4–12%
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(Bolt, Invitrogen). Area-specific samples from different sets of experiments were performed
under identical conditions and the average levels of all proteins being studied were roughly
comparable between the lysates. After electroblotting onto a 0.2 µm nitrocellulose mem-
brane (Hybond-C Amersham Biosciences, Piscataway, NJ, USA), the filters were blocked in
PBS-T containing 5% non-fat dried milk for 1 h at room temperature and, then, incubated
with appropriate primary antisera/antibodies diluted in PBS overnight at 4 ◦C. After 1 h
incubation with secondary anti-mouse or anti-rabbit anti-IgG immunoglobulins conjugated
with horseradish peroxidase, the blots were developed by using the enhanced chemilu-
minescence western blotting immunodetection system (ECL) (Thermo Fisher Scientific
Waltham, MA, USA West Pico Plus, USA; Amersham Prime, Arlington Heights, IL, USA).
The signal detection was performed by using the iBright Imaging Systems (Thermo Fisher
Scientific). For statistical analysis, normalization was carried out by using β-actin as inter-
nal control of protein loading. Regarding phosphorylated proteins, a signal was reported on
corresponding total protein signal. Final figures were assembled by using Adobe Illustrator
10 and Adobe Photoshop 6 and quantitative analysis of acquired images was performed by
using Image J 1.4 (http://imagej.nih.gov/ij/ accessed on 18 April 2008). For quantification,
we measured the band intensity by using a signal in the linear range.

SDS-PAGE was carried out on 10–20% Tricine gels (Novex, Invitrogen) and electroblot-
ted for 1 h onto 0.1 µm nitrocellulose membrane for the detection of 4 kDa Aβ monomer(s)
and its products, as previously described [52].

The following antibodies were used:
Tau antibody (BT2) mouse MN1010 ThermoFisher Scientific; Caspase-cleaved pro-

tein (CCP) NH2-tau antibody rabbit (D25-(QGGYTMHQDQ) epitope, phosphorylation-
independent state) [53–55]; Arc antibody (C-7) mouse sc-17839 Santa Cruz; anti-SNAP25
antibody (clone SMI 81) mouse 836301 BioLegend; Phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) antibody rabbit 9101 Cell Signaling; p44/42 MAPK (Erk1/2) antibody
rabbit 9102 Cell Signaling; phospho-cofilin antibody (Ser3) rabbit 3311 Cell Signaling; cofilin
antibody rabbit 3312 Cell Signaling; anti-Alzheimer precursor protein 22C11 (66–81 aa of
N-terminus) mouse APP-MAB348 Chemicon; anti-Aβ/APP protein 6E10 (4–9 aa) mouse
MAB1560 Chemicon; anti-Aβ amyloid specific (D54D2) rabbit 8243 Cell Signaling; anti-β-
actin antibody mouse S3062 Sigma-Aldrich; anti-mouse IgG (whole molecule)-Peroxidase
antibody A4416 Sigma-Aldrich (St. Louis, MO, USA); anti-rabbit IgG (whole molecule)-
Peroxidase antibody A9169 Sigma-Aldrich (St. Louis, MO, USA).

2.5. Golgi–Cox Staining and Dendritic Spine Analysis

Two days after the last i.v. injection, mice were sacrificed by deep intraperitoneal
(i.p.) anaesthesia and and perfused transcardially with 0.9% saline solution. Brains were
collected and immediately immersed in a Golgi–Cox solution (1% K2Cr2O7, 1% HgCl2,
0.8% K2CrO4) at room temperature for 6 days, as previously described [56,57]. On the
seventh day, brain tissues were transferred in a 30% sucrose solution for cryoprotection
and then sectioned with a vibratome. Coronal sections (100 µm) which contain the primary
visual cortex (Bregma −2.5 to −3.2 mm, Interaural 1.3 to 0.6 mm) [48,58] were collected
and stained according to the method described by [59].

For quantitative analysis [60], a total of 28–30 neurons from eight animals of each
experimental group (wild-type; Tg2576; Tg2576+mAb) were used. Layer II/III pyrami-
dal neurons were identified by their distance from pia and their distinct morphologies.
Secondary and tertiary dendrites of these neurons were selected for analysis. Dendritic
spines were counted on randomly selected 20–30 µm dendritic segments from secondary
and tertiary branch order of V1 dendrites using the neuron tracing system (Neurolucida;
MBF Bioscience, Williston, VT). Neurons were chosen for analysis based on the following
criteria: (1) the quality of Golgi impregnation; (2) the relative isolation of impregnated
neurons compared with neighboring impregnated cells; and (3) the position of neurons
within the primary visual cortex (V1). Statistical comparisons were made on the groups’
values obtained by averaging the number of spines counted on the neurons of each mouse.

http://imagej.nih.gov/ij/
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Analysis was performed blindly, with the analyzer unaware of the experimental conditions.
Spine density was calculated by quantifying the number of spines per measured length of
dendrite and expressed as the number of spines per µm (n spines/µm).

2.6. Visual Acuity Test (VAT)

The visual acuity test (VAT) was performed as previously described by Prusky et al.
with some modifications [61–64]. The VAT consisted of three phases carried out in three
consecutive days: training day one, training day two and test day. For all the duration of
the VAT, mice were subjected to fasting during the dark hours of the light/dark cycle (14 h
of fasting before the start of every experimental day).

VA Training phases (day one and two): all mice were handled for 10 min before the
beginning of the training phase. Each training session was preceded by a habituation session
in which mice were left to freely explore the Y-maze apparatus (long arm: 41.5 × 11.4 × 20 cm;
short arms: 34 × 11.4 × 20 cm) for 5 min. Then, on the front wall of the two short arms,
two rectangular cards (8 × 30 cm)—a gray colored card (P0) and a black and white striped
card with a standard width of 2 cm (P1)—were fixed and presented combined with an
associative or a neutral stimulus: the P0 card was associated with a small empty bowl, while
the P1 card was associated with a small bowl full of cookie crumbs. During every training
session, consisting of 30 trials (30 sec/trial, 10 sec inter-trial interval), mice were placed in
the long arm and left free to explore and choose between the two short arms where the P0
(gray) and P1 (2 cm standard striped cards) were randomly located—on the left or right side,
respectively—and presented in association with their corresponding stimuli. After completion
of the training session, mice were returned to the home cage.

Training phases were videorecorded with ANY-Maze Software. Scores based on
the number of correct answers (consisting in the exploration of P1 card) were manually
attributed by a blinded investigator in accordance with the following “criterion”:

• 10 points = direct correct answer (mouse went directly to P1);
• 7.5 points = in between correct answer (borderline behaviour: mouse went to the middle

of the P1-arm, but did not run the whole arm);
• 5 points = indirect correct answer (mouse went to P0, right after on P1);
• 0 points = wrong arm (mouse did not explore P1).

Only if the animal achieved 70% correct answers (consisting in the exploration of the
P1 card) in the training sessions, would it be tested in the next phase.

VA Testing phase: on the third day, mice were subjected to the testing phase, globally
consisting of 40 trials. On every consecutive trial, the mouse was released in the long arm
and left free to explore and choose between the left or right short arms where a gray colored
card (P0) or 4 different black and white striped cards with an increasingly difficult pattern
to be discriminated (P1–P4) were randomly placed.

Four patterns were used (P1–P4) in the 40 trials (10 trials × 4 pairs of cards/session,
30 sec/trial, 10 sec inter-trial interval):

• gray pattern (P0) vs. 2 cm standard striped pattern (P1) card in trials 1–10;
• gray pattern (P0) vs. 1.5 cm striped pattern (P2) card in trials 11–20;
• gray pattern (P0) vs. 1 cm striped pattern (P3) card in trials 21–30;
• gray pattern (P0) vs. 0.5 cm striped pattern (P4) card in trials 31–40.

The test phase was videorecorded with ANY-Maze Software. Test scores based on the
number of correct answers consisting in the spontaneous (in the absence of reward) choice
of direct exploration of P1-P4 cards) were manually attributed by a blinded investigator in
accordance with the following criterion:

• 0 point = 0–1 correct answer;
• 2.5 points = 2–3 correct answers;
• 5 points = 4–5 correct answers;
• 7.5 points = 6–8 correct answers;
• 10 points = 9–10 correct answers.
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The acuity measurement was assessed on the third experimental day in which the
2 cm black and white wide-striped card was replaced with a narrow-striped one. To sum
up, the couples of cards used were progressively more difficult to discriminate: 2 cm striped
card vs. gray card, 1.5 cm striped card vs. gray card, 1 cm striped card vs. gray card,
0.5 cm striped card vs. gray card. Parameters analyzed included the number of correct
responses and the latency to find the correct cart [62,63]. Visual acuity was finally converted
in cycles/degree (c/d) as previously described in the literature [62,63,65]. By considering
the distance from the maze divider (34 cm)—the choice point—the maximal visual acuity
in wild-type control mice was about 0.4 c/d in line with previous studies [61,64].

2.7. Immunofluorescence on Visual Cortex Cryosections

Immunofluorescence on V1 sections was performed according to [66]. For the local-
ization of the primary visual cortex, we relied on coordinates provided by [67–69]. In
coronal sections, the primary visual cortex starts rostrally at the vertical part of the fimbria
hippocampi and reaches as far caudally as the posterior end of the telencephalic hemi-
sphere. In all mice analyzed by immunofluorescence, the complete primary visual cortex
of both hemispheres was investigated. For immunostaining, tissue slices were processed
and, then, probed overnight at 4 ◦C with primary antibodies (caspase-cleaved protein (CCP,
NH2-tau antiserum (D25-(QGGYTMHQDQ) epitope, phosphorylation-independent state,
1:100; Arc/Arg3.1, 1:75) in PBS buffer containing 2.5% BSA, 5% NGS and 0.3% Triton X-100,
as previously reported [12,42]. Images are representative of at least three independent
experiments and were acquired with a spinning disk system for fast fluorescence confocal
microscopy, with LED or laser light source from CrestOptics (Crisel Instruments, Rome,
Italy). Olympus Confocal Microscope quantitative image analysis was performed by using
ImageJ 1.4 (http://imagej.nih.gov/ij/ accessed on 18 April 2008). The relative levels of
the molecule of interest were quantified by measuring mean fluorescent intensity (MFI)
across a region of interest (ROI), according to [70]. The absence of signal was observed
when primary antibodies were omitted.

2.8. Histopathological Analysis

For histopathological analysis of the primary visual cortex (V1), animals were intrac-
ardially perfused with ice-cold phosphate-buffered saline (PBS) using a 30 mL syringe to
remove blood contamination, and the intact brain was isolated, cleaned with PBS with
utmost caution not to inflict damage. Brain tissues were dipped in tubes containing 10%
formalin solution for the purpose of fixation. Tubes were left at room temperature for 24 h.
Later, brain tissues were shifted to melted paraffin wax and solidified. Several tissutal
sections of 7 µm thickness were manually trimmed using a microtome (HM325 rotary mi-
crotome; Microm, Rijswijk, The Netherland). The tissue slices were subsequently dewaxed,
followed by dehydration with increased gradient concentrations of an aqueous alcohol
solution. The slices were stained with Gill’s hematoxylin n.2 and eosin dye according
to standard protocol, placed on glass slides and observed under a light microscope. In
Gill’s Hematoxylin (Bio-Optica CND W01030708) the active chemical specie is the complex
formed by hematein (hematoxylin oxidized by potassium iodate) with potassium alu-
minum sulfate. This complex has a positive charge and is therefore able to bind to anionic
sites present in the chromatin histone proteins. Purple nuclei and pink-red cytoplasms are
visualized and identified.

2.9. Data Management and Statistical Analysis

For biochemical and immunofluorescent data analyses, values were expressed as
means ± standard error of the mean (S.E.M.) and normalized to wild-type experimental
group, considered =1. Statistically significant differences were calculated by one-way anal-
ysis of variance (ANOVA) followed by Bonferroni’s post hoc test for multiple comparisons
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). For behavioral experiments, data were analyzed

http://imagej.nih.gov/ij/
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by one-way analysis of variance (ANOVA) followed by Fisher least significant difference
(LSD) post hoc test or repeated measures ANOVA.

Sample size was estimated on the basis of our previously published experiments [12,42]
reporting changes in Tg2576 and age-matched wild-type mice after 12A12mAb immunization.
An “a priori” estimation to compute the required sample size by a given α power and effect
size was carried out by G*Power statistical power analysis (version 3.1.9.4). All statistical
analyses were performed using GraphPad Prism 8 software (version 8.4.2).

The theoretical maximal value of the visual acuity in cycles per degree (c/d) was calculated
by using the following trigonometric formula [65]: Visual Acuity = 1

2 ∗ tan−1 ∗ W/2 ∗ D where
W refers to the width of one cycle (i.e., spacing width of the stripes of 2 cm), and D is the
assumed viewing distance from the maze divider (i.e., the choice point), both expressed in cm.

3. Results
3.1. Abnormal N-Terminal Cleavage of Tau in Primary Visual Cortex (V1 Area) from Tg2576 AD
Mice Is Successfully Antagonized by In Vivo Immunization with 12A12mAb

To explore the possible causal link between the chronic elevation of pathogenic trun-
cated tau along the visual pathway and the in vivo disruption of visual–cognitive synaptic
plasticity, we first evaluated whether the expression of the neurotoxic, N-terminal 20–22 kDa
tau fragment occurring in the retina and humor vitreous of 6-month-old Tg2576 mice [12]
may be also detected in their higher centers of vision, in particular in the primary visual
cortex (V1). In contrast to the tauopathy animal model that does not show amyloidosis,
Tg2576 overexpressing the APP695 isoform with the Swedish mutation APP KM670/671NL
(TgHuAPP695swe) displays progressive hippocampus-based synaptic and cognitive im-
pairments, ocular disturbances depending on both Aβ and tau pathologies [12,42,46,51,71]
and, thus, better mirrors important aspects of human AD pathology [71]. In this frame-
work, we chose to analyze the V1 area of the left and right hemispheres (Figure 1A) since
it: (i) is the main distributor of almost all visual information that reaches other cortical
areas [33] with neural circuitry for vision both in rodents and primates [36,72]; (ii) sub-
serves important visual processing functions, such as orientation and spatial frequency
selectivity [73,74]; (iii) undergoes alterations in the synaptic plasticity and processing path-
ways of visual information in the AD mouse model and affected patients [75–77]; and (iv) is
functionally modulated by tau expression in adult and old mice [78]. To this aim, western
blotting SDS-PAGE analyses followed by semi-quantitative densitometry were carried out
on crude synaptosomal fractions of V1 by probing with BT2 (194–198 aa), a commercial
tau antibody reacting against the N-terminal end of tau. As shown in Figure 1B,C, we
found that the endogenous steady-state expression level of the toxic NH2htau peptide was
significantly increased in V1 samples from 6-month-old Tg2576 AD mice in comparison to
their wild-type littermate controls (one-way ANOVA followed by Bonferroni’s post hoc
test; ** p < 0.01 Tg2576 vs. wild-type) and successfully immunodepleted by non-invasive
i.v. administration of 12A12mAb (one-way ANOVA followed by Bonferroni’s post hoc test;
**** p < 0.0001 Tg2576+mAb vs. Tg2576), in line with our corresponding findings on both
the retina and hippocampus from this strain [12,42].
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Figure 1. The neurotoxic 20−22 kDa tau fragment (NH2htau) peptide accumulates in the primary
visual cortex (V1) of Tg2576 AD mice and it is successfully immunoneutralized following i.v.
delivery of 12A12mAb. (A) Representative image of coronal brain slices showing the primary visual
cortex (V1, box) of a mouse brain stained with Haematoxylin and Eosin and examined with a light
electric microscope at 4×. V1 Scale bar = 50 µm. (B) Representative images of SDS-PAGE western
blotting analysis (n = 8 animals per each group, 4 males and 4 females for each experimental condition)
carried out on protein homogenates of the primary visual cortex (V1) from animals of three experimental
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groups (littermate wild-type, vehicle-treated Tg2576, Tg-2576+mAb) with BT2, the pan-tau antibody
directed against the 194–198 amino acids of full-length protein, to detect the steady-state expression
level of the neurotoxic 20–22 kDa NH2htau peptide. (C) Semi-quantitative densitometry of the
intensity signals of bands was carried out following normalization with β-actin level used as loading
control. Values are from at least three independent experiments and statistically significant differences
were calculated by one-way ANOVA followed by Bonferroni’s post hoc test for multiple comparisons
among more than two groups. p < 0.05 was accepted as statistically significant. (D) Representative
images of immunofluorescence analysis (20×) showing the increase in the punctate, dot-like staining
(arrows) of the NH2htau (green channel) in the primary visual cortex (V1) from Tg2576 AD mice
in comparison with age-matched controls and its significant downregulation following 12A12mAb
immunization (n = 6 animals per each group, 3 males and 3 females for each experimental condition).
Scale bar = 25 µm. (E) Fluorescence intensity quantification of the NH2htau staining in the V1 area
from three experimental groups (sample size: analyzed neurons/animal = 1050, n = 6). Values are
from at least three independent experiments and statistically significant differences were calculated
by one-way 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 < 0.01; **** p < 0.0001).

Similar observations were also obtained by immunofluorescence analysis (Figure 1D,E)
with the caspase-cleaved protein (CCP)-NH2tau antiserum (D25-(QGGYTMHQDQ) epitope,
phosphorylation-independent state [12,42] showing that the punctate staining was strongly
increased in coronal V1 sections from Tg2576 AD mice in comparison to their wild-type
controls (one-way ANOVA followed by Bonferroni’s post hoc test; **** p < 0.0001 Tg2576 vs.
wild-type) and that the intracellulary positive labeling was significantly reduced following
12A12mAb treatment (one-way ANOVA followed by Bonferroni’s post hoc test; **** p < 0.0001
Tg2576+mAb vs. Tg2576).

Taken together, these results show for the first time that the cleavage at the N-terminal
tau with the release of diagnostic 20–22 kDa toxic neuropeptide (i.e.,NH2htau) is not only
restricted to the retina and associated ocular structures of 6-month-old Tg2576 AD mice [12],
but is also extended to their primary visual cortex (V1 area), in agreement with studies
reporting that the accumulation of other pathogenic misfolded and/or hyperphosphory-
lated tau species is detectable along the entire visual system both in different preclinical
AD animal models and AD subjects [7,79–83]. More importantly, the NH2htau fragment
is successfully immunodepleted in the V1 area by 12A12mAb administration, which also
exerts an anti-amyloidogenic effect by reducing the local expression levels of APP/Aβ

(Supplementary Figure S1), just as we reported to occur in the hippocampus and in the
retina of this transgenic strain [12,42].

3.2. In Vivo Functional Alterations of Visuo-Spatial Skills Are Recovered by 12A12mAb
Immunization in Tg2576 AD Mice

Deficits in visual discrimination, in particular in visual acuity [84,85], associated with
the deterioration of pyramidal neurons located in the primary visual cortex [86] have
been described in transgenic mouse models of AD and other tauopathies [75,87,88] and in
affected patients [14,15].

Thus, having established that the aberrant expression of truncated tau was elevated not
only in the retina but also in the V1 area from Tg2576 AD mice, we further assessed whether
its occurrence into the visual pathway was correlated with their poor performance in visual
acuity and whether its in vivo immunoneutralization following 12A12mAb treatment was
beneficial to this classical vision disturbance associated with AD symptomatology. To
achieve this goal, we used an adaptation of the procedure employed by Prusky et al. [61]
to train mice in visual detection and pattern discrimination tasks and, then, to test their
visual acuity proficiency in a three-phase behavioral paradigm. The visual acuity test
(VAT) consists of two phases: the training phase and test phase. In the training phase
(two days), mice were trained to associate a visual stimulus (card with standard striped
pattern, P1) with a reward. In the test phase, mice were then challenged to discriminate
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visual stimuli consisting of cards with striped patterns of increasing difficulty levels (P1-P4).
Thus, animals from three experimental groups (littermate wild-type, vehicle-treated Tg-AD,
Tg-AD+mAb) were asked to discriminate between a “grey card” and a “cue card” that
contains a pattern of vertical black and white stripes of different width and is associated
with a food reward. The wider cue black card (2 cm wide stripes) was randomly and
sequentially changed to gradings of 1.5, 1, 0.5 width (Figure 2A). The performance in visual
acuity was evaluated at the release site (point of choice) when the grading of the cue cards
was sequentially altered to test animals’ ability in perceiving them as grey or resolved as
stripes [62,63,65].
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Figure 2. The low visual acuity of Tg2576 AD mice is significantly improved following
12A12mAb immunization. (A) Schematic components of the visual acuity testing apparatus.
(B–E) Male Animals (n = 33) from three experimental groups (littermate wild-type = 10, vehicle-treated
Tg2576 = 11, Tg2576+mAb = 12) were tested for their visual acuity in the Prusky’s test, as described (see
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Materials and Methods for details). Histograms show the visual acuity test (VAT) training average
score in the “training phase” for day 1 (B) and for day 2 (C) and the visual acuity test average score in
“testing phase” (D). Individual performance scores were converted in cycles/degree (c/d) according
to the standard trigonometric formula [65] on assumed viewing distance (in cm) and results were
shown in (E). Values are from at least three independent experiments and statistically significant
differences were calculated by one-way ANOVA followed by Fisher least significant difference (LSD)
post hoc test. p < 0.05 was accepted as statistically significant (* p < 0.05). A.U., arbitrary units.

Figure 2B–E summarises the results of experimental tests when the different grading
of the cue cards was progressively more narrow. In the training phases (Training 1 and
Training 2), repeated measures ANOVA analysis on average scores of data (expressed in
arbitrary units, A.U.) from day one and two demonstrated no effect of groups (F(2, 33) = 0.17;
p = 0.84), but only a significant day effect (F(1, 33) = 25.79; p = 0.00001). Consistently, on
training day one (Figure 2B, Training 1), one-way ANOVA analysis followed by a Fisher
least significant difference (LSD) test for post hoc pair comparisons showed that all three
experimental groups had similar visual skills (p > 0.05 for all comparisons). On the contrary,
on training day two (Figure 2C, Training 2), a treatment effect was detected because
the Tg2576+mAb cohort displayed a significant improvement in their visual-dependent
associative performance in comparison with their vehicle-treated counterparts (training day
two, p = 0.045, * p < 0.05 Tg2576+mAb vs. Tg2576), whereas no difference was contextually
observed between Tg2576 AD mice and their littermate wild-types (p > 0.05 Tg2576 vs. wild-
type). In the test phase (Figure 2D), one-way ANOVA analysis on average scores of data
from P1 to P4 phases showed that visual acuity significantly differed among three groups.
More importantly, and consistent with strong accumulation of the neurotoxic NH2htau in
both the animals’ retina [12] and V1 area (Figure 1), an impaired performance with robust
reduction in their visual discrimination was measurable in Tg2576 AD mice, showing a
lower average VAT score when compared to age-matched controls (one-way ANOVA post
hoc Fisher LSD test; p = 0.027, * p < 0.05 Tg2576 vs. wild-type). These functional results
fit well with the low capacity in visual acuity detected in AD subjects [84,85] along with
other in vivo studies showing that several independent lines of transgenic AD mice have
poorer visual stimuli-based behaviour in the absence of any change in the odor preference
and anxiety [89,90]. Remarkably, following i.v. administration of 12A12mAb, Tg2576
animals exhibited a significant increase in the average VAT score with respect to the not-
vaccinated cohort, indicating that immunization rescued their visual acuity defects nearly
up to baseline conditions (one-way ANOVA post hoc Fisher LSD test; p = 0.029, * p < 0.05
Tg+mAb vs. Tg2576).

As predicted [62,63,91,92] discrimination performance of all three experimental groups
progressively dropped as the pattern of the black and white cue stripes decreased (width
varies from 2 cm to 0.5 cm black). By repeated measures ANOVA analysis of “raw” data test
scores on consecutive P1, P2, P3 and P4 phases (Supplementary Figure S2), we also found a
significant group effect (F(2, 33) = 3.62; p = 0.038). In agreement, a post hoc Fisher LSD test
showed that a significant reduction in the VAT score in the P1 phase took place in Tg2576
when compared to littermate wild-type mice (p = 0.026, Tg2576 vs. wild-type), and that this
diminution was successfully relieved in Tg2576+mAb (p = 0.045, Tg2576+mAb vs. Tg2576).
Moreover, and more importantly, the same trend emerged in the P2 phase because we
detected a sizeable, although not significant, decrease in the VAT score when not-vaccinated
Tg2576 mice were compared with their controls (p = 0.07, Tg2576 vs. wild-type) with a
moderate upregulation following antibody delivery in the Tg2576+mAb group (p = 0.06,
Tg2576+mAb vs. Tg2576).

The visual acuity was converted in cycles/degree (c/d) score (see Materials and
Methods) and results were shown in Figure 2E. Consistently, the untreated wild-type mice
showed maximal visual acuity of about 0.378 c/d, in line with previous findings [62–65], in
contrast to the significantly impaired performance (0.271 c/d) of the age-matched Tg2576
cohort (one-way ANOVA followed by post hoc Fisher LSD test; * p < 0.05 Tg2576 vs.
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wild-type). Interestingly, in concomitance with successful immunoneutralization of the
pathogenic NH2htau in their V1 sensory cortex (Figure 1), antibody immunization of
Tg2576 mice significantly ameliorated their visual acuity, which rose up to the average
value of 0.362 c/d (one-way ANOVA followed by post hoc Fisher LSD test; * p < 0.05
Tg2576+mAb vs. Tg2576).

Taken together, this study extends previous findings of visuo-spatial alterations in
mouse models of AD and other tauopathies [4] by demonstrating uniquely that the accu-
mulation of a specific, pathogenic N-terminal-cleaved form of tau (i.e., NH2htau) in the V1
area of Tg2576 AD mice translates into functional impairments of their visual performance
(i.e., reduced visual acuity) and that this diminution is significantly recovered by treatment
with 12A12mAb.

3.3. Treatment of Tg2576 AD Mice with 12A12mAb Normalizes the Changes in the Neural
Expression Pattern of Experience-Dependent Markers Closely Coupled to the Synaptic Plasticity of
the V1 Area

To further corroborate our functional results, the in vivo biochemical response of
neurons to visual stimulation was verified in 6-month-old animals from three experimen-
tal groups (littermate wild-type, vehicle-treated Tg-AD, Tg-AD+mAb) by evaluating the
synaptic alterations of the primary visual cortex in the experience-driven expression of the
immediate early gene Arc (activity-regulated cytoskeleton protein). Arc (also known as
Arg3.1) is an activity-dependent regulator of excitatory synaptic transmission interacting
with specific effector proteins in different neuronal compartments [93] and its induction
provides a convenient readout of long-term synaptic plasticity into the primary visual
cortex (V1), which is functionally connected to the stimulated eye [49,50,94–96]. Thus, to
track the neuronal responses to visual inducement in animals undergoing behavioral task,
we took advantage of the experimental approach combining their environmental challenge
with post-mortem assessment of the immediate early gene Arc activation in the V1 area [97].
To this aim, mice tested for their visual abilities were sacrificed 1 h after completion of dis-
crimination trial, synaptic-enriched homogenates were prepared from the V1 area and, then,
analyzed by western blotting SDS-PAGE with specific Arc/Arg3.1 antibody, followed by
semi-quantitative densitometry. As shown in Figure 3A,B and in line with previous results
reporting that Arc/Arg3.1 activation following sensory incentive was greatly impaired in
the visual cortex from APP/PS1 AD mice [98–100], the synaptic response to physiological
consolidation of visual experience was disrupted in 6-month-old Tg2576 AD animals when
compared to their littermate wild-types (one-way ANOVA followed by Bonferroni’s post
hoc test; ** p < 0.01 Tg2576 vs. wild-type). Interestingly, a robust increase in Arc/Arg3.1
expression was detectable following 12A12mAb immunization (one-way ANOVA followed
by Bonferroni’s post hoc test; **** p < 0.0001 Tg2576+mAb vs. Tg2576), indicating that
immunization of the Tg2576 AD cohort markedly recovered the normal sensory-dependent
functional plasticity of their visual cortices. On the contrary, no statistically significant
differences (p > 0.05 among three experimental groups) were found by probing protein
extracts with antibodies for phospho-extracellular signal-regulated kinase 1/2 (pERK1/2)
and synaptosomal-associated protein 25 kDa (SNAP-25), two other activity-dependent
regulators known to be crucially involved in visual cortex plasticity [78,101,102].
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Figure 3. Effect of 12A12mAb immunization on expression pattern of experience−dependent
markers of V1 plasticity from Tg2576 AD mice. (A) Representative images of SDS-PAGE western
blotting analysis (n = 8 animals per each group, 4 males and 4 females for each experimental
condition) carried out on protein homogenates of the primary visual cortex (V1) from animals
of three experimental groups (littermate wild-type, vehicle-treated Tg2576, Tg2576+mAb) with
antibodies reported alongside the blots. Arrows on the right side indicate the molecular weight
(kDa) of bands calculated from migration of standard proteins. (B) Semi-quantitative densitometry
of the intensity signals of bands was carried out following normalization with β-actin level used as
loading control. For the determination of the phosphoERK1/2 level, the phospho-ERK 1/2/total
ERK1/2 ratio was calculated. Values are from at least three independent experiments and statistically
significant differences were calculated by one-way ANOVA followed by Bonferroni’s post hoc test for
multiple comparisons among more than two groups. p < 0.05 was accepted as statistically significant
(** p < 0.01; **** p < 0.0001).

To confirm that antibody-mediated neutralization of the neurotoxic NH2htau could
positively influence the expression level of Arc/Arg3.1 in individual neurons of the V1
population, we also performed immunohistochemical analysis on coronal brain sections
from the three experimental groups that were sacrificed 1 h after the end of visual task. As
shown (Figure 4A–C), the cytosolic extent of Arc/Arg3.1 dot-like labeling was strongly
lower in 6-month-old Tg2576 AD mice when compared to their age-matched controls
(one-way ANOVA followed by Bonferroni’s post hoc test; **** p < 0.0001 Tg2576 vs. wild-
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type). These findings are in agreement with previous studies reporting that only a sizeable
proportion of Arc-positive neurons was responsive to behavioral stimulus in brains from
other tauopathy animal models [98,103,104]. This diminution in activable neurons in
the V1 circuits was more likely to contribute to the loss of functional response to visual
stimulation [94,105,106] as we recorded when AD animals were contextually challenged
in a vision-based behavioral paradigm. On the contrary, the amplitude of Arc responses
was largely upregulated following 12A12mAb delivery (one-way ANOVA followed by
Bonferroni’s post hoc test; **** p < 0.0001 Tg2576+mAb vs. Tg2576), indicating that the
percentage of neurons activated by visual incentive in relevant cortical networks in the
Tg2576 AD cohort was significantly higher than in their not-vaccinated counterparts,
consistent with their improved performance following sensory experience (Figure 2).
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showing Arc/Arg3.1 (red channel) and DAPI nuclear stain (blue channel) in the primary visual
cortex (V1) from animals (n =6 animals per each group, 3 males and 3 females for each experimental
condition) of three experimental groups (littermate wild-type, vehicle-treated Tg2576, Tg2576+mAb).
Original magnifications: (A), 20×; (B), 40×; Scale bar = 50 µm (20×); 25 µm (40×). (C) Fluorescence
intensity quantification of the Arc/Arg3.1 positivity in the V1 area from three experimental groups
(sample size: analyzed neurons/animal = 1050, n = 6). Values are from at least three independent
experiments and statistically significant differences were calculated by one-way ANOVA followed
by Bonferroni’s post hoc test for multiple comparisons among more than two groups. p < 0.05 was
accepted as statistically significant (**** p < 0.0001).

To rule out the possibility that this functional loss could be ascribed to unspecific neuronal
death, V1 sections were also stained with neuron-specific nuclear antigen (NeuN), a neuron-
specific marker localized in the cell nucleus and cytoplasm of postmitotic neurons [107].
Interestingly (Supplementary Figure S3), no significant reduction in NeuN-positive cells was
found in Tg2576 mice, even though a sizeable but not significant reduction in area (indirect
index of cell volume) was detectable in comparison with their non-transgenic controls. These
results confirmed that a strong reduction in neuronal activity-induced gene expression rather
than a general neuronal loss took place in the V1 area of this AD animal model at 6 months
of age, further supporting the notion that in this neuronal population, pathogenic NH2htau
fragments critically affected the level expression of Arc in response to visual stimulation. No
change in neuronal density was also detected following 12A12mAb treatment.

Collectively, our data indicate that: (i) the performance of visual discrimination and
the ensuing experience-dependent stimulation of the visual cortex are significantly im-
paired in 6-month-old Tg2576; and (ii) the loss of visually evoked stimulation due to, at
least in part, the accumulation of the pathogenetic NH2htau along their neurosensorial
network including the V1 area, occurs in the absence of frank neuronal loss and positively
responds to treatment with 12A12mAb. These results complement and extend recent
findings indicating that tau is able to modulate the visual plasticity in vivo [78] and that
their behavioral correlates are disrupted in V1 synaptic circuits even in the early stage of
tauopathy in animal model [88].

3.4. 12A12mAb Treatment Attenuates the Changes in Dendritic Spine Density and Cofilin
Phosphorylation Occurring in the Primary Visual Cortex of Tg2576 AD Mice

The visually driven plasticity in cortical circuits and the dynamics of dendritic spines
are mutually dependent since the functional alterations in visual experiences are strictly
linked with structural changes of synaptic connectivity in the mouse primary visual
cortex [108–111]. Furthermore, the phosphorylation status of the actin-binding protein
cofilin 1, a major regulator of actin dynamics in dendritic spines modifications involved
in AD synaptotoxicity [112], subserves the modulation in plasticity of the mouse primary
visual cortex, both in development and in adult life [113–115].

Thus, to evaluate whether the impaired behavioral response of 6-month-old Tg2576
AD mice to visual experience had also structural correlates at the synaptic level in their
primary visual cortex and whether these alterations were both positively modulated fol-
lowing 12A12mAb administration, Golgi–Cox impregnation was carried out on all the
pyramidal V1 neurons in order to stain and analyze the dendritic spine arborization [116].
Figure 5A,B shows representative micrographs and relative quantification of the dendritic
spine density (number of spines per unit length) along both apical and basal compartments
of individual V1 pyramidal neurons from animals of three experimental groups (littermate
wild-type, vehicle-treated Tg-AD, Tg-AD+mAb). As expected, a prominent spine loss
was detectable at the age of 6-months in apical compartments of V1 neurons from Tg2576
when compared to age-matched controls (one-way ANOVA followed by Bonferroni’s post
hoc test; * p < 0.05 Tg2576 vs. wild-type). Importantly, in the 12A12mAb-immunized AD
group, the apical spine density was significantly ameliorated, nearly up to the baseline
level (one-way ANOVA followed by Bonferroni’s post hoc test; * p < 0.05 Tg2576+mAb
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vs. Tg2576), indicating that treatment was strongly effective in blocking/preventing the
dendritic degeneration in the V1 area. Interestingly, no statistically significant difference
(p > 0.05) was detected among three experimental cohorts when spines were counted in
their basal compartment, in line with similar results by our and other research groups on
CA1 pyramidal neurons from this genetic background [42,51,117,118].
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from animals (n = 6 animals per each group, 3 males and 3 females for each experimental condition)
of three experimental groups (littermate wild-type, vehicle-treated Tg2576, Tg2576+mAb). Original
magnifications of different focus were merged using the CombineZP software (version 1.0) to obtain
the representative images (from left to right): 5×, 20×, 100×; Scale bar = 250 µm (5×); 25 µm
(20×); 5 µm (100×). (B) Histograms depict the morphometric analysis of the dendritic spine density
from three experimental groups. Values are expressed as number of spines per 1 µm segment (n
spines/µm). Statistically significant differences (comparisons were made on single mouse values
obtained by averaging the number of spines counted on neurons of the same mouse) were calculated
by one-way ANOVA followed by Bonferroni’s post hoc test for multiple comparisons among more
than two groups. p < 0.05 was accepted as statistically significant. (C) Primary visual cortex (V1)
homogenates from animals (n = 6 animals per each group, 3 males and 3 females for each experimental
condition) of three experimental groups (littermate wild-type, vehicle-treated Tg2576, Tg2576+mAb)
were analyzed by SDS-PAGE western blotting with antibodies reported alongside the blots. Arrows
on the right side indicate the molecular weight (kDa) of bands calculated from migration of standard
proteins. β-actin was used as loading control. (D) Semi-quantitative densitometry of the intensity
signals of bands was carried out following normalization of phospho-cofilin/total cofilin ratio.
Values are from at least three independent experiments and statistically significant differences were
calculated by one-way ANOVA followed by Bonferroni’s post hoc test for multiple comparisons
among more than two groups. p < 0.05 was accepted as statistically significant (* p < 0.05).

Next, we evaluated whether the morphological alterations of spine density detected
in the primary visual cortex of 6-month-old animals from three experimental groups
(littermate wild-type, vehicle-treated Tg-AD, Tg-AD+mAb) were also associated with
corresponding modulation in its biochemical correlate, such as the expression level and
phosphorylation pattern of cofilin 1 [113–115]. In this regard, western blotting SDS-PAGE
analyses followed by semi-quantitative densitometry were carried out on whole V1 ho-
mogenates by probing with specific antibody for position 3 (Ser-3-phosphorylated) of
cofilin 1 (P-cofilin), a residue known to critically regulate its activity [112]. As shown
in Figure 5C,D, the P-cofilin 1 signal significantly decreased in 6-month-old Tg2576 AD
animals when compared with littermate wild-types (* p < 0.05 Tg2576 vs. wild-type), in
line with previous results in AD mouse models, such as APP/PS1 and 3 × Tg and af-
fected patients [119–124]. Interestingly, the immunoreactivity intensity of P-cofilin 1 marker
was strongly upregulated in the Tg2576 AD cohort following 12A12mAb immunization
(* p < 0.05 Tg2576+mAb vs. Tg2576), indicating that treatment with the antibody exerted a
protective effect on V1 dendritic actin dynamics. No significant change in the amount of
total cofilin 1 was detected among three animal cohorts (p > 0.05).

Overall, these results indicate that the targeting/removal of the pathogenetic NH2htau
following 12A12mAb delivery improves the visuo-spatial skills in Tg2576 AD mice in
association with synaptic alterations in dendritic spine density and plasticity in their V1
cortical areas.

4. Discussion

The main findings of the present study are the following: (i) the chronic accumulation
of the neurotoxic NH2htau fragment along the neurosensorial network (eye–brain) of
6-month-old Tg2576 AD mice disrupts their visual performance along with key readouts
of synaptic plasticity in the vision-related cortical V1 area; (ii) tau-directed immunotherapy
following non-invasive i.v. delivery of 12A12mAb significantly improves in vivo the
phenotype-associated deficits in visuo-spatial skills, as demonstrated by means of different
but complementary experimental approaches, including behavioral (visual acuity test),
biochemical (induction of experience-dependent expression of Arc) and morphological
(dendritic spine density) evaluations.

Compelling clinical and neuropathological evidence has demonstrated that a global
deficit in acquisition and integration of visual information crucially contributes to im-
pairment of episodic memory in AD [18,124–130] and mild cognitive impairment (MCI)
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subjects [131,132], in association with a high burden of tau and β-amyloid in their visual
system [83–85,133–135]. A positive correlation between the disruption of connectivity in
the visual functional circuitry and the overall amnestic severity has also been recently
confirmed in patients suffering the AD spectrum [136–138]. Additionally, a poor visual
performance, in particular in visual acuity, has been detected in AD subjects [84,85] and in
different animal models in concomitance with the progressive development of the character-
istic disease-associated histological hallmarks into their visual system [8,11,89,90,139,140].
In this framework, by taking advantage of a well-established protocol of a discrimination
test based on visual cues [61–64,91,92,141–146] that involve the visual cortex and possibly
the V1 area, we report that: (i) 6-month-old Tg2576 AD mice showing a high burden of
truncated tau in the V1 area are impaired in discriminating between two different spatial
frequencies when challenged in a visual acuity task; and (ii) in vivo treatment with an-
tagonizing 12A12mAb significantly improves their visuo-spatial skills, since immunized
animals display a better performance in making a decision between two visual stimuli and,
then, in reaching the incentive cue faster than not-vaccinated counterparts. Importantly, the
visuo-spatial skills of the experimental mouse strain we employed are not influenced by
their genetic background, although the B6;SJL/Tg2576 strain [43] per se carries the Pde6brd1
mutation (RD1), causing retinal degeneration and progressive blindness. Selected mice
used to establish our colony were confirmed to be free of the RD1 allele contamination
and, then, suitable for spatial memory tests that rely on the use of visual cues [45,147]. Fur-
thermore, the changes in visual plasticity we detected cannot be explained by differences
in animals’ behavioral state, since Tg2576 mice turn out to be even more active than the
wild-type controls starting from 6 months of age by displaying an increased locomotor activ-
ity [148–152] known to enhance stimulus-specific plasticity in the adult visual cortex [153].
Our in vivo findings are in line with previous studies reporting that the deposition of β-
amyloid plaques and neurofibrillary tangles—two hallmark lesions of AD brains—are also
detected throughout the entire visual system [154–158], in particular in the primary visual
cortex [157,158] and in correlation with the loss of V1 pyramidal neurons [158] in affected
subjects. Interestingly, compelling neuro-ophthalmic investigations have shown that the
retinal or optic nerve deterioration—even though being associated with disturbances of
vision [159]—could be per se negligible for explaining the prominent visual deficits afflicting
affected patients, especially when compared to extensive pathologic changes co-occurring
in their visual association cortex [18,76,77,160]. Additionally, subjects with MCI or full-
blown frank dementia, exhibit dense neurofibrillary tangles (NFTs), neuropil threads, and
tau-immunoreactive neurites surrounding neuritic plaques (NPs) in their primary visual
cortex (Brodmann Area 17) [157,161,162] and visual association cortex (Brodmann area
19) [158], indicating that the occurrence of tau pathology in these high-order structures is
more likely to be causative for the early alterations of visual signal processing occurring
during the AD progression. Finally, our results also fit well with more recent studies
indicating that physiopathological tau protein per se modulates the plasticity in primary
visual cortex in adult and old mice, both in healthy [78] and in disease [88]. In this regard, it
is worth stressing that V1 is not the only relevant structure of the visual system, because we
cannot rule out that the decrease in the visual acuity performance we found in Tg2576 mice
could be ascribed to alterations in more than one structure or upstream pathway of the
visual system beyond the V1 area, being the pathological accumulation of NH2htau peptide
also detectable in their retina and humor vitreous [12]. Moreover, and more importantly,
the low (sensory retina) [12] and higher visual centers (primary visual cortex) are both
directly targeted in vivo by 12A12mAb administration with great benefit to the vision of
the immunized AD cohort.

Another relevant observation of the present work is that immunization of symptomatic
Tg2576 mice with 12A12mAb normalizes, even up to the control values, the steady-state
expression levels of Arc/Arg3.1 and P-cofilin 1, two known activity-dependent regula-
tors crucially involved in primary visual cortex plasticity [49,50,78,94–96,113–115]. In this
regard, several pieces of conflicting data point toward a potential role of Arc/Arg3.1 in
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subserving the tau-mediated neurodegeneration. On one hand, no relationship between
tau insoluble neurofibrillary tangles (NFT) and differential Arc expression in the cortical
V1 area has been reported in rTg4510, a transgenic mouse model of tauopathy overexpress-
ing the P301L mutant form of human tau driven under a tetracycline-operon responsive
element that is suppressible with doxycycline (DOX) [97]. On the other hand, an overall
diminution in the neuronal amount of the Arc mRNA has been reported to take place
at 11–12 months of age in the brain from the same strain, both at baseline and after envi-
ronmental enrichment, and this level was significantly recovered following the transgene
suppression by means of DOX administration [103]. In this context, our findings are more
consistent with this latter evidence by demonstrating that the accumulation of unaggre-
gated NH2htau fragments significantly disrupts the Arc experience-dependent induction
in the V1 area of 6-month-old Tg2576 AD mice in a way that is responsive to 12A12mAb
treatment. Overall, our in vivo observations further support the conclusion that: (i) the
elevation of Arc/Arg3.1 is connected with functional visual impairments and not a mere
consequence of tau pathology; and (ii) the most toxic soluble species, including the trun-
cated ones (i.e., NH2htau), but not the neurofibrillary aggregates are per se responsible for
the general progressive deterioration of the functional network connectivity during the AD
development and that their deleterious effects are reversible in vivo.

Recent studies have identified the experience-dependent turnover of dendritic spine
by actin-binding protein cofilin 1 as a reliable anatomical readout of mouse primary visual
cortex plasticity, both in development and in adult life [113–115]. However, the relevance
of pathological changes in phosphorylation state of cofilin 1 in driving the AD progression
is still controversial [112,163]. Bidirectional shifts in phosphorylated/inactive vs. dephos-
phorylated/active forms of cofilin 1 in the brain critically contribute to the loss of dendritic
spines and synapses underlying the AD-associated cognitive impairment [121,164–166].
On one hand, elevated levels of inactive/phosphorylated form of cofilin-1 are detectable
in brain specimens from AD mouse models, such as the APP/PS1 model, and AD af-
fected patients [121,167–169]. On the other hand, deficits in synaptic plasticity in the AD
progression are also linked with the active/dephosphorylated species of cofilin-1 which
aggregate into aberrant cofilin-actin rods, leading eventually to an axonal trafficking jam,
blockage of intracellular transport of mitochondria, loss of dendritic spines and synapse
starvation [170–174]. Interestingly, in several experimental AD animal models including
Tg2576 mice, alterations in dendritic spine density and complexity occurring in the CNS are
tightly paralleled by concomitant and corresponding changes occurring in the neurosenso-
rial circuit, in particular in the retina, demonstrating that the eye can actually provide a
valuable biomarker to track the brain deterioration during the stages of AD [175–177]. In
this connection our data, showing that 12A12mAb treatment in vivo enhances the struc-
tural plasticity and permits a functional recovery of neural circuits by normalizing the
dysregulation of actin dynamics in the primary visual cortex, are much more consistent
with the hypothesis that the neurotoxic N-truncated tau in the Tg2576 AD mouse model
locally engages signaling pathways for dendritic spine loss by inducing the ADF/cofilin
dephosphorylation, as previously reported in their hippocampi [42].

5. Conclusions

In conclusion, this study demonstrates that the chronic accumulation of pathogenic
truncated NH2htau fragments along the visual pathway, including the V1 area, of Tg2576
AD mice leads to functional alterations in their visual acuity behaviour in a way that
positively responds to beneficial immunization with 12A12mAb. Our data might have
broader implications in mitigating the impact of tau pathology on vision deficits in several
visual disorders by offering an innovative, alternative approach for the cure of these
devastating illnesses that hardly compromise the life quality of patients affected by AD
and, possibly, from other human tauopathies.
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gross histopathological alterations are observed in primary visual cortex from 6-month-old Tg2576
AD mice.
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