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a b s t r a c t

Tau is a microtubule-associated protein involved in Alzheimer's disease. However, little is known on its
physiological function in the healthy central nervous system. Here, we observed that the expression of
Tau isoforms was modulated by neuronal maturation and visual experience in the mouse retina and in
the visual cortex. The visual function of wild-type (WT) and Tau knockout (KO) mice was evaluated using
the optokinetic reflex (OKR), an innate visuomotor behavior, and by electroretinography. Visual tests did
not reveal functional impairments in young adult and old Tau KO animals. Moreover, monocular
deprivation (MD) was used to increase OKR sensitivity, a plasticity phenomenon depending on the visual
cortex. MD-induced OKR sensitivity enhancement was significantly stronger in Tau KO than in WT mice
suggesting that Tau restricts visual plasticity. In addition, human Tau expression did not affect visual
function and plasticity in a mouse tauopathy model, relative to WT controls. Our results unveil a novel
function for Tau in the adaptive mechanisms of plasticity operating in the adult brain subjected to
sensory experience changes.
� 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The function of themicrotubule-associated protein Tau is mainly
associated with central nervous system (CNS) disorders (Morris
et al., 2011). In Alzheimer's disease and frontotemporal dementia,
abnormal Tau phosphorylation and oligomerization are recognized
as key events in neurofibrillary tangle formation, which results in
neuronal dysfunction, neuronal plasticity alteration, and cell death
(Acquarone et al., 2019; Grundke-Iqbal et al., 1986; Ramsden et al.,
2005; Theofilas et al., 2018). Given the importance granted to Tau as
a potential molecular target in treatment development, a better
understanding of its physiological roles is essential. Tau is thought
to exert a positive influence on the maintenance and growth of
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neurons. In vitro, via direct interactions with microtubules, Tau
participates in axon cytoskeleton stabilization (Feinstein and
Wilson, 2005; Weingarten et al., 1975), axonal outgrowth (Biswas
and Kalil, 2018; Liu et al., 1999), and axonal transport (Dixit et al.,
2008). A main function of Tau may reside in the modulation of
neuronal plasticity mechanisms. Tau 3R and Tau 4R are the 2 iso-
forms of Tau defined according to their protein structure containing
3 or 4 microtubule-binding domain repeats. The presence of 4
microtubule-binding domains in Tau 4R confers stronger binding
affinity to microtubules (Goode and Feinstein, 1994) and enhances
microtubules stabilization (Butner and Kirschner, 1991; Goode and
Feinstein, 1994). Consequently, Tau 4R may limit axonal plasticity
contrary to Tau 3R that has been associated with neuronal plasticity
(Butner and Kirschner, 1991; Goode and Feinstein, 1994). One
aspect of the present studywas to determine if Tau 3R versus Tau 4R
expression changes correlatedwith neuronal plasticity variations in
the visual system during the critical period. Besides this, to clarify
the involvement of Tau in neuronal plasticity, Tau knockout (KO)
mice models have been developed but gave rise to conflicting re-
sults. For example, Ahmed and colleagues showed that Tau ablation
impaired long-term potentiation in the hippocampus during
memory formation (Ahmed et al., 2014), whereas Kimura et al.
could not observe such alterations (Kimura et al., 2014). Therefore,
the role of Tau in neuronal plasticity remains unclear. Moreover, the
possible contribution of native, that is, nonmutant, Tau to sensory
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experience-driven cerebral cortex plasticity has not been
investigated.

In the present study, we examined the effects of Tau gene
deletion on the function and plasticity of the adult mouse visual
system. We focused on the retina and on the visual cortex.
Depending on its degree of maturation, the cerebral cortex receives
sensory inputs that can modify its neuronal connectivity. In the
cortex of juvenile animals, neuronal circuits are particularly sus-
ceptible to undergo rewiring in response to experience modifica-
tions within the so-called critical period (Gordon and Stryker,
1996). Ocular dominance plasticity can be induced in the cortex
of young mice by experimental monocular deprivation (MD)
(Frenkel and Bear, 2004). In this classical model, unilateral eyelid
closure dramatically increases the influence of the open eye on
cortical neuron activation at the expense of the visually deprived
eye (Frenkel and Bear, 2004). Eye-specific representation is irre-
versibly affected if MD persists beyond the end of the critical period.
In contrast, profound anatomical reorganization does not occur
when visual experience is altered in adulthood. Still, ocular domi-
nance plasticity can be observed in the adult mouse subjected to
MD using the optokinetic reflex (OKR) behavior test (He et al., 2006;
Prusky et al., 2006; Sawtell et al., 2003; Tagawa et al., 2005). The
OKR is an innate visuomotor behavior controlled by retinal ganglion
cell (RGC) projections to brainstem nuclei. Interestingly, the sensi-
tivity of the open-eye OKR is markedly increased in the MD para-
digm.MD-induced OKR sensitivity elevation depends on neurons of
the visual cortex. In addition, its level is reduced in aging mice
(Lehmann and Lowel, 2008), suggesting that the OKR is a useful
visual behavior test to follow cortex-depend CNS plasticity during
aging.

In this current study, we hypothesized that Tau may contribute
to experience-driven plasticity in the visual cortex of adult mice.
Our results showed that Tau expression changed during the
maturation of the mouse visual cortex and following MD-induced
plasticity in adult mice. Interestingly, Tau ablation did not influ-
ence the retinal function, neuronal survival, or retinothalamic
projections. MD-induced OKR sensitivity enhancement was much
higher in Tau KO than in wild-type (WT) mice. Remarkably, the
beneficial effects of Tau ablation on visual plasticity persisted in old
animals. In addition, human Tau (hTau) expression in hTau mice, a
model for Alzheimer's disease and tauopathy study, did not alter
visual function before and after MD compared with WT animals,
suggesting that murine and hTau may be equally restrictive on vi-
sual plasticity.

2. Material and methods

2.1. Animals

AdultWTand Tau KOmice (3e5 and 20e24months of age), both
genders, were used for the experiments. Tau KO mice were gener-
ated by inserting the coding sequence of enhanced green fluores-
cent protein (EGFP) in exon 1 of Mapt, hence resulting into Mapt
gene expression disruption and in the expression of a fused protein
composed of EGFP and the first 31 amino acids of MAPT (Tucker
et al., 2001). The founders of our Tau KO and hTau mice colony
(Bar Harbor, ME, USA; B6.Cg-Mapttm1 (EGFP) Klt Tg (MAPT)8cPdav/
J) were from the Jackson Laboratory on C57BL/6J background. HTau
mice were designed to express only hTau isoforms (Andorfer et al.,
2003). HTau mice were made by mating Tau KO mice (Tucker et al.,
2001) and 8c mice expressing Tau transgene and producing all hTau
isoforms, including Tau 3R and Tau 4R (Duff et al., 2000). Thesemice
develop Tau pathology in a time course and in brain regions com-
parable with what occurs in the early stages of human AD. WT
C57BL/6J mice were also purchased from the Jackson Laboratory.
For the visual system maturation experiments, WT C57BL/6J preg-
nant females were purchased from the Jackson Laboratory. Pups
were sacrificed at different ages (P1, P5, P8, P15, P26, P40, P60, P180,
P360). All animal experiments were carried out in accordance with
the guidelines of the Canadian Council on Animal Care and of the
Animal Welfare Committee of the Université Laval.

2.2. Monocular deprivation

To test the functional and anatomical plasticity, we monocularly
deprived young and old Tau KO and WT mice by suturing the right
eyelids. Mice were anesthetized with 2% isoflurane in 2% of oxygen.
Theywere injectedwith buprenorphine (0.015mg/mL) as painkiller
before starting surgery. The whole surgery was performed on
heating pad tomaintain the animal at a constant body temperature.
The area around the eye was shaved precisely to avoid any
contamination from mice during and after surgery. The area was
washed with a 0.9% sterile saline solution (Hospira, Illinois, USA).
Lid margins were trimmed with surgical scissors, and the eye sur-
face was flushed with saline 0.9%. As topical anesthesia, a drop of
Alcaine (Alcon, Geneva, Switzerland) (0.5% proparacaine hydro-
chloride ophthalmic solution) was instilled at the surface of the
cornea and in contact of the trimmed lids for 5 minutes. The whole
eye was then rinsed thoroughly. Three independent surgical
stitches were placed using 9-0 suture (Polyglactin
910dEthicondJohnson & Johnson, New-Jersey, USA), opposing the
full extent of the trimmed lids. To prevent any infection, polysporin
ophthalmic solution was used to clean the suture. Animals were
then replaced in a clean cage at room air and returned to the animal
accommodation roomwhen fully alert. Surgery was then controlled
every day until the eyelid fusion. Under anesthesia, eyelids were
reopened after 9 days of deprivation for behavioral experiments.

2.3. Optokinetic response (OKR) test

To evaluate the visual acuity of freely moving mice, the Opto-
Drum system was used (Striatech GmbH Vor dem Kreuzberg,
Tübingen, Germany). In brief, mice were placed on a platform in the
middle of an arena surrounded by 4 computer screens while
moving gratings of different spatial frequencies were passed on the
monitors. The up and down parts of the system correspond to
mirrors to give an impression of depth. The reflexive tracking
movement of the mouse neck in the temporal-to-nasal direction
was automatized and allowed to evaluate the visual response of the
2 eyes separately by changing the direction of the visual stimulus.
Visual acuity was evaluated for both eyes during 3 days to deter-
mine visual acuity baseline. After right eyeMD, left eye visual acuity
was followed for the next 9 days. After eye reopening, visual acuity
was followed for the next 8 days.

2.4. Electroretinogram recordings

A Ganzfeld system (Phoenix Research Labs, Pleasanton, Califor-
nia, USA) was used to record photopic electroretinograms (ERGs) in
mice anesthetized with a ketamine/xylazine mixture, as described
before (Joly et al., 2017). Prior to recording, a drop of 1% Mydriacyl
Tropicamide was applied on the cornea for pupil dilation. A sterile
ophthalmic gel (Tear-Gel, Baush & Lomb, New York, USA) was used
to prevent corneal desiccation and to allow the contact between the
cornea and the electrode (gold-plate objective lens). ERGs were
generated in response to flash stimulations of increasing intensities,
ranging from 1.0 log cd.s.m2 to 2.8 log cd s/m2 (interstimulus in-
terval, 20 ms; flash duration, 1 ms; average of 20 flashes, incre-
ment). The use of green (504 nm) lights allowed to record M-cone-
dependent ERG waveforms. The amplitude of the b-wave was
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measured from the a-wave trough to the highest peak. The
photopic-negative response was measured from the top of the b-
wave to the following most negative deflection. Statistical analysis
was performed using a two-way analysis of variance test followed
by Tukey post hoc test (GraphPad Prism, GraphPad Software, Cali-
fornia, USA).
2.5. Retinothalamic projection anterograde tracing and analysis

As previously described (Guzik-Kornacka et al., 2016), to visu-
alize left retinal projections to the brain, cholera toxin subunit ß
(CTb) conjugated to Alexa 555 (ThermoFisher Scientific, Massa-
chusetts, USA) were injected in the left eye using a 10-mL Hamilton
syringe. Adult mice were anesthetized with isoflurane and received
one dose of slow-release buprenorphine (0.2mg/kg) before surgery.
Superior sclera was exposed by making incision in the upper eyelid
and 2 mL of CTb 555 was injected in left eye. The glass-tipped needle
was delicately inserted through the sclera of the eyeball by taking
care not to injure the lens and the ciliary bodies. To allow CTb 555
diffusion in the vitreous and limit its backflow, the needle was held
in place for 3 minutes and then slowly withdrawn. A drop of sur-
gical glue (Histoacryl, Braun, Kronberg im Taunus, Germany) was
applied to seal the injection site. Animal were sacrificed 2 days later.
For each mouse, retinal projections were analyzed on 4 coronal
sections (20-mm thick, at 200 mm of interval) in the center of the
dorsolateral geniculate nucleus (dLGN). Contralateral and ipsilat-
eral areas were delimited using Image J software. CTb 555 signal
intensity was quantified with the ImageJ software and analyzed
with the GraphPad Prism software.
2.6. Retinal ganglion cell survival

RGC survival was evaluated on young and old WT and Tau KO
retinal flat-mounts. Retinal flat-mounts were postfixed overnight
in 4% paraformaldehyde (PFA), rinsed with phosphate-buffered
saline (PBS) 3 times for 45 minutes, incubated for 1 hour in a
blocking solution (PBS containing 5% bovine serum albumin
[BSA], 0.3% Triton X-100, and 0.01% sodium azide) and incubated
for 5 days at room temperature with rabbit anti-RNAebinding
protein with multiple splicing (RBPMS) antibody (see Table 1).
After intensive washing, retinal flat-mounts were incubated for
2 days at room temperature with the appropriate secondary
antirabbit fluorescent antibody diluted in the blocking solution.
Vectashield solution (BioLynx, Brockville, Ontario, Canada) was
used as a mounting medium. Cells were counted in regions of
62,500 mm2 at 0.5, 1, 1.5, and 2 mm from the optic disk in the 4
retinal quadrants.
Table 1
Antibodies used for immunofluorescence (IF) and Western blotting (WB)

Name Type Dilution IF

Anti-Tau (total Tau) rAb 1:500
Anti-Tau 3R mAb 1:1000
Anti-Tau 4R mAb
Anti-P.Erk1/2 rAb
Anti-Erk1/2 rAb
Anti-acetylated-a-tubulin mAb
Anti-a-tubulin mAb
Anti-PSD95 mAb
Anti-SNAP25 rAb
Anti-RBPMS rAb 1:500
Anti-b3-Tubulin mAb 1:1000
Anti-b-actin mAb
Anti-GAPDH mAb
2.7. Immunofluorescence on retinal cryosections

Mice were euthanized using a lethal dose of ketamine/xylazine
mixture (90e10 mg/kg). Tissues were fixed by intracardial perfu-
sion of PBS and 4% PFA solutions. Eyes and brains were dissected for
retinal flat-mount preparation and brain sections (20 mm of thick-
ness), respectively.

After postfixation in 4% PFA, retinas were immersed in a 30 %
sucrose solution for cryoprotection before being embedded in the
optimal cutting temperature (Cedarlane, Burlington, ON, Canada)
medium. On Superfrost microscope glass slides, 14 mm-thick
retinal cryosections were collected. For immunostaining, tissue
slices were washed 3 times for 5 minutes with PBS. After
washing, slides were then incubated in the blocking solution
(0.5% BSA, 0.5% Triton � 100) for 1 hour at room temperature and
then overnight with primary antibodies at 4 �C (see Table 1). The
day after, after PBS washing, sections were incubated at room
temperature with the appropriate secondary antibodies. Slides
were mounted with the Vectashield mounting medium. For mi-
croscopy and image acquisition, single stack or mosaic pictures
were taken with a Zeiss AxioImager M2 microscope equipped
with a motorized platform and the ZEN software (Zeiss, Ober-
kochen, Germany).
2.8. Immunofluorescence on visual cortex cryosections

After postfixation in 4% PFA, brains were immersed in a 30-%
sucrose solution for cryoprotection before being embedded in
optimal cutting temperature (Cedarlane, Burlington, ON, Canada)
medium. On Superfrost microscope glass slides, 20-mm thick
cryosections were collected. For immunostaining, tissue slices
were washed 3 times for 5 minutes with PBS, incubated at 70 �C
in citrate buffer for 40 minutes and at room temperature for
30 minutes. Then, the slices were washed 3 times for 5 minutes
with PBS and incubated in 0.3% H2O2 fresh solution for 30 mi-
nutes at room temperature. Brain slices were washed 3 times for
5 minutes with PBS and incubated in a 0.1-% NaBH4 fresh so-
lution for 30 minutes at room temperature. After washing, slides
were incubated in blocking solution (0.5% BSA, 0.5% Triton �
100) for 1 hour at room temperature and then overnight with
primary antibodies at 4 �C (see Table 1). The day after, after PBS
washing, sections were incubated at room temperature with the
appropriate secondary antibodies. Slides were mounted with
Vectashield mounting medium. For microscopy and image
acquisition, mosaic pictures were taken with a Zeiss AxioImager
M2 microscope or an LSM 700 scanning confocal microscope
(Zeiss).
Dilution WB Source Reference

1:10,000 Dako A002401-2
1:1000 EMD Millipore 05e803
1:1000 EMD Millipore 05e804
1:1000 Cell Signaling 3597S
1:1000 Cell Signaling 4695
1:1000 Sigma T7451
1:1000 Sigma T5168
1:2000 EMD Millipore MABN68
1:1000 Biolegend 836304

PhosphoSolutions 1830-RBPMS
Promega G712 A

1:5000 Sigma A5441
1:20,000 Abcam Ab8245



L. Rodriguez et al. / Neurobiology of Aging 95 (2020) 214e224 217
2.9. Western blot analysis

Retinas were quickly isolated, snap frozen in liquid nitrogen
and stored at �80 �C until protein lysate preparation. The whole
visual cortex of the left and right hemispheres was collected
separately with a scalpel blade. They included the monocular and
binocular areas receiving visual inputs predominantly from the
contralateral eye. Retinas and visual cortices were homogenized
on ice for 1 hour in Eppendorf tubes containing lysis buffer
(20 mM Tris-HCl, 0.5% CHAPS, pH 8.0) and phosphatase/protease
inhibitors cocktail (ThermoFisher Scientific, Illinois, USA). After
15 minutes of centrifugation (15,000 g at 4 �C), supernatants
were retrieved and used for protein assay (BioRad, Ontario,
Canada). Retinal or cortical proteins (20 mg/well) were resolved by
electrophoresis on 4%e12% gradient polyacrylamide gels and
transferred to nitrocellulose membranes. Nitrocellulose mem-
branes were preincubated in a blocking solution of 5% BSA dis-
solved in TBST (0.1 M Tris-base, 0.2% Tween 20, pH 7.4) for 1 hour
at room temperature, incubated with primary antibodies over-
night at 4 �C (see Table 1). After washes, membranes were
incubated with a horseradish peroxidase-conjugated antimouse
or antirabbit antibody (Pierce Biotechnology, Ontario, Canada).
GAPDH or b-actin were used as internal control for protein
loading. Chemiluminescent bands were detected with LiCor
Western Sure Premium Chemiluminescent Substrate (Mandel,
Ontario, Canada) in a LiCor C-Digit blot scanner (Mandel). Band
signals were quantified with the ImageJ software and analyzed
with the GraphPad Prism software. For protein analyses during
postnatal maturation, Western blot experiments were repeated 3
times, that is, using 3 sample series coming from different mice in
Figs. 1, 2 and 6. Protein variations induced by MD in WT mice
were examined in 5 different animals in Fig. 6, compared with 5
nondeprived mice. Four series of different mice were used to
compare the protein expression changes between WT and Tau KO
with or without MD in Fig. 8. Note that for statistical analysis of
each experiment, every protein band signal was reported on the
reference protein band signal corresponding (b-actin or GAPDH).
Regarding phosphorylated proteins, a signal was reported on
corresponding total protein signal.
Fig. 1. Tau protein expression changes during postnatal maturation in the mouse retina. A. W
maturation (n ¼ 3 mice per age). Total Tau was downregulated after P26, a time coinciding w
to b-actin used as a loading control. Data are expressed as mean � SEM Statistics: one-way
stainings revealed neuronal expression of Tau in the inner part of the retina. Tau was localize
as a negative control. Abbreviations: NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, i
nuclear layer; RGC, retinal ganglion cell; B3T, b3-Tubulin. Scale bars: 50 mm, close-up: 20 m
2.10. Statistical analysis

Data and statistical analysis were performed using GraphPad
Prism Software by student's t-test or by one-way ANOVA with
Dunnett's post hoc test as indicated in the figure legends.

3. Results

3.1. Retinal expression of Tau isoforms varies during postnatal
maturation

Tau is a microtubule-associated protein enriched in the axons of
CNS neurons (Avila et al., 2002). The expression of Tau isoforms has
been shown to be developmentally regulated inwhole brain lysates
(Bullmann et al., 2009; McMillan et al., 2008; Takuma et al., 2003).
Here, we wondered if the expression of Tau 3R and Tau 4R isoforms
also varied during the maturation of the mouse retina. Tau 3R and
Tau 4R isoforms are, respectively, defined by their 3 or 4
microtubule-binding domain repeats. From a functional point of
view, the presence of 4 microtubule-binding domains in Tau 4R
confers stronger binding affinity to microtubules (Goode and
Feinstein, 1994) and enhances microtubule stabilization (Butner
and Kirschner, 1991; Goode and Feinstein, 1994). Consequently,
Tau 4R may limit axonal plasticity contrary to Tau 3R that has been
associated with neuronal plasticity (Butner and Kirschner, 1991;
Goode and Feinstein, 1994). The levels of total Tau (Fig. 1), Tau 3R,
and Tau 4R (Fig. 2) were monitored by Western blotting. We
observed that total Tau was highly expressed in the retina at any
postnatal time. Nevertheless, a moderate decrease was noticed at
postnatal day 40 (P40) and P60 (Fig. 1A). Of note, 2 bands were
observed at P6 (Fig. 1A) using total Tau antibody, at molecular
weights similar to those of Tau 3R and Tau 4R isoforms (Fig. 2A). The
2 isoforms may coexist at this age before developmental expression
switch. In the adult mouse retina (P90), Tau was detected in the
inner part of the retina, mainly in RGC bodies and in their axons
located in the nerve fiber layer. The interneurons of the inner nu-
clear layer, and synapse-containing plexiform layers showed Tau
expression as well (Fig. 1B) (Rodriguez et al., 2018). Interestingly,
Tau 3R was highly expressed in the retina within the first month of
estern blot follow-up of Tau expression variations in the mouse retina during postnatal
ith the end of the critical period. Western blot signals were normalized to P6 values and
ANOVA with Dunnett's post hoc test. *: p < 0.05, **: p < 0.01. B. Immunofluorescent
d in the NFL, retinal ganglion cell (RGC) bodies and in the IPL. A Tau KO retina was used
nner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer
m.



Fig. 2. Tau 3R and Tau 4R protein expression changes during retinal maturation. A. Western blot analysis of Tau 3R and Tau 4R expression during postnatal maturation of the mouse
retina (n ¼ 3 mice per age). Quantitative analysis showed that Tau 3R was strongly downregulated after P26, a time coinciding with the end of the critical period, while Tau 4R was
maintained at a high level after P6. Western blot signals were normalized to P6 values and to b-actin. Data are expressed as mean � SEM. Statistics: one-way ANOVAwith Dunnett's
post hoc test. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001. B. Immunofluorescent staining revealed high neuronal expression of Tau 3R in retinal ganglion cells of P1
mouse retinas. At P8, Tau 3R staining was reduced compared with P1. At P90, Tau 3R expression was relatively weak. However, increasing the signal luminosity with the Photoshop
software (Tau 3R mod) allowed to observe staining in the inner plexiform layer and in the outer plexiform layer, suggesting that Tau 3R distribution does not change during
postnatal development. A Tau knockout mouse retina was used as a negative control. Abbreviations: NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL,
inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bars: 50 mm, close-up (white area): 20 mm.
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life (P6eP26) but was significantly downregulated beyond the
maturation phase (P40eP180) (Fig. 2A). By immunofluorescence, at
P1, Tau 3R was present in RGCs and to a lower extent in the inner
nuclear and plexiform layers. Between P8 and P90, Tau 3R fluo-
rescence dramatically decreased relative to P1 (Fig. 2B). In contrast,
Tau 4R expression level increased significantly after P6, peaked at
P15 and remained high in adult retinas (Fig. 2A). Consistently, Tau
4R has previously been shown to be the predominant Tau isoform
Fig. 3. Tau removal does not influence the retinal cell activity. A. Electroretinograms (ERGs)
wild-type (WT) and Tau knockout (KO) mice (n ¼ 8 mice per group). The amplitude of the ER
flash stimulation, the ERG b-wave amplitude was similar in WT and Tau KO animals. Age-i
independently of the expression of Tau protein. C. ERG photopic negative response amplitu
Note that age-induced reduction in amplitude is visible between young and old animals in
Student's t-test. *: p < 0.05.
expressed in the adult mouse brain (McMillan et al., 2008; Takuma
et al., 2003). Unfortunately, available Tau 4R antibodies were not
suitable for immunofluorescent detection on histological sections
and thus did not allow to determine the distribution of Tau 4R in the
retina. However, based on the Western blot results (Figs. 1A and
2A), we assume that Tau 4R isoform accounts for most of Tau
expression in the adult retina and is therefore likely to be present in
inner retinal layers (Fig. 1B).
were recorded in photopic conditions in young (5-month-old) and old (17-month-old)
G b-wave was not affected between the 2 genotypes. B. Quantitatively, at 4 intensities of
nduced reduction in ERG b-wave amplitude is visible between young and old animals
des analysis. Only a difference at 1.6 log cd s/m2 could be measured in young animals.
dependently of the expression of Tau. Data are expressed as mean � SEM Statistics:



Fig. 4. Tau does not influence retinal ganglion cell (RGC) survival. A. Influence of Tau expression on the survival of aging RGCs. Flat-mounted retinas were immunostained for
RNAebinding protein with multiple splicing to determine the RGC density in young and old animals. Scale bars: 250 mm, close-up: 50 mm. B. Quantitative analysis of RGC survival (n ¼
4 mice per group). Data are expressed as mean/mm2 � SEM Statistics: Student's t-test.
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3.2. Tau does not affect the retinal neuron survival and function
during aging

As Tau is localized in the inner layers of the retina, ERGs were
recorded to follow functional changes. The ERG b-wave amplitude
was measured to observe potential activity changes in inner retinal
layer cells, namely bipolar and Müller cells (Dong and Hare, 2000).
Measurements of ERG photopic-negative response allowed to eval-
uate the function of RGCs (Chrysostomou and Crowston, 2013). Our
results showed that the ERG b-wave amplitude was not affected by
Tau deletion in KO retinas comparedwithWTcontrols, in young and
old groups (Fig. 3A and B). Interestingly, aging resulted in clear ERG
amplitude reductionwith or without Tau expression (Fig. 3A and B).
Photopic negative response amplitude did not differ betweenTau KO
Fig. 5. Tau ablation does not influence the formation of retinogeniculate projections in the ad
the brain (adapted from the Allen brain atlas). Retinal projections to the dorsal lateral genicu
type (WT) and Tau knockout (KO) mice by intravitreal injection of cholera toxin ß-subunit
projections were analyzed on 4 coronal sections (20-mm thick, at 200 mm of interval) in the c
and in the ipsilateral dLGN of WT and Tau KO mice. In young or old mice, the distribution o
WT and Tau KO brains. Scale bars: 250 mm, close-up: 50 mm. C. Quantitatively, the area and
expressed as mean � SEM Statistics: Student's t-test. NS: nonsignificant.
andWTeyes except atoneflash intensity (1.6 log cd s/m2), suggesting
that RGC function is notmuch influenced by Tau expression (Fig. 3C).

We wondered if the ablation of Tau influenced the survival of
RGCs. The density of these cells was determined by immunostain-
ing retinal flat-mounts for RBPMS in young (5 months) and old
(17 months) mice (Fig. 4A). Quantitative analyses did not show
difference in RGC numbers between young WT and Tau KO mice
(mean RGCs/mm2 � S.E.M.; WT: 3694 � 318 cells/mm2 vs. Tau KO:
3412 � 191 cells/mm2) and between old WT and Tau KO mice (WT:
3976 � 258 cells/mm2 vs. Tau KO: 3726 � 71 cells/mm2) (Fig. 4B).
Therefore, Tau appeared dispensable to maintain RGC neurons alive
in adult and aged retinas.

As Tau is enriched in RGC axons where it could be required for
microtubule stabilization and axonal elongation, we sought to
ult mouse brain. A. Scheme showing the procedure of eye-specific projection tracing in
late nucleus (dLGN) were traced in young (5-month-old) and old (20-month-old) wild-
(CTb) conjugated to Alexa 555 in the left eye (n ¼ 4 mice per group). For each mouse,
enter of the LGN. B. Representative images of CTb 555 tracings in the contralateral dLGN
f retinal terminals in the contralateral and ipsilateral dLGN were not different between
intensity of CTb 555-labeled dLGN did not differ between the 2 genotypes. Data are
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assess whether its deletion influenced the establishment of RGC
projections in the dLGN, the thalamic relay transferring visual in-
formation to the visual cortex. To visualize retinal projections on
brain sections, the left eye of young and old mice was intravitreally
injected with cholera toxin ß-subunit conjugated to Alexa 555
(CTb-555) (Fig. 5A). We observed that left eye-specific projections
to the ipsi- and contralateral dLGN had overall normal shape in
adult Tau KO and WT mice (Fig. 5B). Quantitatively, the CTb555-
labelled area and its signal intensity did not vary significantly be-
tween the 2 genotypes in the ipsi- and contralateral dLGN. These
results suggest that Tau does no impair retinogeniculate projection
formation and maintenance in adult mice.

3.3. Cortical expression of Tau isoforms is modulated during
postnatal maturation and by visual experience

Tau isoform expression was followed from P6 to P360 in whole
visual cortex lysates. Tau 3R and Tau 4R expression variations were
similar in the visual cortex to those observed in the retina (Fig. 1A).
In particular, Tau 3R was the highest within the critical period
(P6eP26) and was markedly downregulated after the end of the
Fig. 6. The level of Tau isoform expression depends on postnatal maturation and visual ex
expression variations in the mouse visual cortex during postnatal maturation (n ¼ 3 mice pe
a time coinciding with the end of the critical period, while Tau 4R peaked at P15 and was ma
to b-actin used as loading control. Data are expressed as mean � SEM. Statistics: one-way
Presentation of the visual pathways and of the monocular deprivation (MD) model in mouse
the left cortex mainly receives information from the right deprived eye (adapted from the All
Tau 3R and Tau 4R expression was examined by Western blotting at 5 days after MD in adul
used as a neuronal activity indicator (n ¼ 5 mice/condition). In D, for quantitation, Arc, Tau
eye). Data are expressed as mean � SEM Statistics: Student's t-test, *: p < 0.05, **: p < 0.01
brighter in neurons of layers V-VI in the left cortex than in the right cortex. b3-Tubulin (b3
colocalization in neuronal soma and their neurites (white arrowhead, bottom panel). Cort
100 mm, close up (white area): 50 mm.
critical period (P40eP360) (Fig. 6A). In steep contrast, the level of
Tau 4R increased after P6, peaked at P15 and remained relatively
high during adulthood (Fig. 6A). Our observations suggest that
expression shift from Tau 3R to Tau 4R may contribute to restrict
neuronal plasticity after the end of the critical period in the mouse
visual cortex (~32 days of life) (Gordon and Stryker, 1996).

Although the capacity of the adult cortex to adapt to visual
experience changes is limited, studies have shown that it retained
some degree of plasticity. For example, MD in adult mice can pro-
mote plasticity in the binocular region of the cortex receiving inputs
from the nondeprived eye (Jenks et al., 2017; Prusky et al., 2006;
Sawtell et al., 2003) (Fig. 6B). We thus used the MD paradigm to
determine if the expression of Tau 3R and Tau 4R is modified in
adult mice during cortical plasticity activation (Fig. 6C). The im-
mediate early gene Arc was detected by Western blotting to
monitor neuronal activity changes, as previously reported (Gao
et al., 2010; Jenks et al., 2017; Tagawa et al., 2005). Indeed, the
neuronal expression of Arc in the visual cortex highly depends on
visual stimulation (Tagawa et al., 2005). As expected, right eye MD
decreased Arc expression in the left cortex compared with the right
cortex (open eye) (Fig. 6C, D). Strikingly, Tau 3R and Tau 4R were
perience in the mouse visual cortex. A. Western blot follow-up of Tau 3R and Tau 4R
r age). Quantitative analysis showed that Tau 3R was strongly downregulated after P26,
intained at a high level later on. Western blot signals were normalized to P6 values and
ANOVA with Dunnett's post hoc test. *: p < 0.05, **: p < 0.01, ****: p < 0.0001. B.
. Visual inputs to the right cortex predominantly come from the left open eye whereas
en brain atlas). C-D. The influence of visual experience on Tau 3R and Tau 4R expression.
t mice. In 3-month-old mice, the expression level of the immediate early gene Arc was
3R and Tau 4R were normalized to GAPDH levels and to the right cortex values (open
. E. Tau 3R expression in cortical neurons. After MD, Tau 3R immunofluorescence was
T) was used to visualize neurons. Magnified pictures showed b3-Tubulin and Tau 3R
ical layers were identified using the cell nuclear marker Dapi (left panel). Scale bars:
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upregulated in the left cortex, contralateral to the deprived eye
(Fig. 6C, D and E), that is, a place where neuronal plasticity is acti-
vated (Sato and Stryker, 2008; Sawtell et al., 2003). This suggests
that Tau 3R and Tau 4R may participate in MD-induced visual
plasticity mechanisms.
3.4. Tau restricts visual cortex plasticity in adult and aging mice

At the behavioral level, MD-induced plasticity has been shown
to enhance the spatial frequency threshold of the optokinetic
response (OKR) (Guzik-Kornacka et al., 2016; Liu et al., 2016; Prusky
et al., 2006). The OKR is a reflexive neck movement generated by
retinal afferences to the accessory optic nuclei in the brainstem (Liu
et al., 2016). In normal conditions, this stereotyped behavior is
controlled by retinal inputs. However, after MD, the increase of the
OKR sensitivity depends on the visual cortex. MD-induced OKR
sensitivity enhancement is therefore a reliable and noninvasive
approach to study cortex-dependent visual plasticity. OKR sensi-
tivity was thus assessed in the 2 mouse genotypes before and after
MD (Fig. 7A and B). Prior to MD, OKR baseline values did not differ
between WT and Tau KO at young and old ages, suggesting similar
retina-driven visual responses (Fig. 7C and D). Five days of MD was
sufficient to significantly increase the OKR threshold of the open
eye in young and in old animals (Fig. 7C and D). However, OKR
sensitivity enhancement was more pronounced in Tau KO than in
WT, in the 2 groups of age (Fig. 7C and D). These data suggest that
Tau acts as a negative regulator of MD-induced OKR plasticity in
adult and aging mice.
3.5. Effects of Tau gene deletion on the expression of plasticity-
associated molecules

The molecular mechanisms underlying functional plasticity
changes in Tau KO mice were studied by following P.Erk1/2, PSD95,
Fig. 7. Tau ablation potentiates the effects of monocular deprivation on the visual response o
(OKR), referred to as visual acuity, was assessed in freely moving adult mice before and after
Vor dem Kreuzberg, Tübingen, Germany). B. Experimental timeline. Visual acuity was measu
baselines were established by daily testing on 3 consecutive days before right eye closure. Th
reopening. C-D. The influence of Tau expression on visual acuity. The visual acuity of the left e
mice (n ¼ 7e9 mice per group). Left eye visual acuity rapidly increased following right eye M
to baseline levels on right eye reopening. Data are expressed as mean � SEM Statistics: Stu
SNAP-25, and acetylated a-tubulin expression by Western blotting
(Fig. 8A and B). Indeed, P.Erk1/2 is an activity-dependent regulator of
neuronal plasticity in the visual cortex (Di Cristo et al., 2001). PSD95
(Greifzu et al., 2016; Huang et al., 2015) and SNAP-25 (Caleo et al.,
2007) have been involved in visual cortex plasticity. Under
normal conditions, the level of Erk1/2 activation was similar be-
tween WT and Tau KO mice. However, after MD, P.Erk1/2 was
significantly increased in Tau KO cortex compared with WT mice
(Fig. 8B and C). A previous in vitro study showed that Erk1/2 has the
ability to bind microtubules and hence contributes to their insta-
bility (Harrison and Turley, 2001). The acetylation of a-tubulin is
considered as an important posttranslational modification confer-
ring microtubule network stability (Eshun-Wilson et al., 2019). In
normal condition and afterMD, the level of acetylated a-tubulin did
not significantly change in Tau KO mice relative to WT brains
(Fig. 8B and C). For PSD95 and SNAP-25 as well, Western blot
analysis did not show significant change between WT and Tau KO
animals (Fig. 8B and C). In summary, Erk1/2 activation and micro-
tubule destabilization might contribute to cortical plasticity in Tau
KO mice.
3.6. Human Tau expression does not alter retinal physiology and
visual plasticity during aging in a model of tauopathy

Tau is involved in Alzheimer's disease and frontotemporal de-
mentia. hTau expression in transgenic mice is sufficient to alter the
function of the hippocampus (Polydoro et al., 2009; Yuan et al.,
2008). The effects of hTau on the mouse visual function are not
known. Immunofluorescent stainings in the retina showed the
same expression pattern for hTau protein (Fig. S1) as that of murine
Tau (Fig. 1A). ERGs recordings in young and old hTau mice did not
show changes in retinal cell response to light stimulation relative to
WT animals, as assessed by measuring ERG b-wave amplitudes
Fig. S2A and B. Moreover, the ERG photopic negative response of
f young adult and aged mice. A. The spatial frequency threshold of the optokinetic reflex
monocular deprivation (MD) using the automated OptoDrum system (Striatech GmbH
red before and after MD in wild-type (WT) and Tau knockout (KO) mice. Visual acuity
e visual acuity of the left eye was followed for 9 days of MD and for 8 days on right eye
ye was evaluated in young adult (3e5 months) and old (17e24 months) WT and Tau KO
D and reached a plateau at 4e5 days. After 9 days of MD, visual acuity quickly returned
dent's t-test, *: p < 0.05, **: p < 0.01.



Fig. 8. Tau deletion changes P.Erk1/2 expression in the visual cortex. A. Representation of the monocular deprivation (MD) paradigm in the mouse visual pathways (adapted from
the Allen brain atlas). B, C. The influence of monocular deprivation and Tau on the expression of P.Erk1/2, acetylated a-tubulin, PSD95, and SNAP-25 were followed by Western
blotting in the right and left cortex of adult (3e5 months of age) mice (n ¼ 4 mice/condition). P. Erk1/2 was upregulated in Tau knockout (KO) mice submitted to MD in comparison
with wild-type (WT) animals. The acetylated a-tubulin protein level showed a trend toward a decrease in Tau KO lysates compared with WT samples. No significant difference was
observed for PSD95 and SNAP-25. PSD95 and SNAP-25 were normalized to b-actin level. P. Erk1/2 was normalized to total Erk1/2 and acetylated a-tubulin was normalized to a-
tubulin. Data are expressed as mean � SEM Statistics: Student's t-test, NS: nonsignificant, *: p < 0.05.
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hTau mice was unchanged compared with WT at both ages
(Fig. S2C), suggesting a normal function of RGCs. In addition, hTau
expression did not cause higher RGC death in old animals (Fig. S2D
and E). At the functional level, the OKR sensitivity of hTau mice was
not different from that ofWTcontrols, before and afterMD (Fig. S3A
and B). In addition, the difference of OKR sensitivity observed be-
tween hTau and Tau KO mice suggests that hTau expression in
transgenic mice mimics the effects of murine Tau endogenously
expressed inWTmice. Our results suggest that hTau does not affect
the visual function and its plasticity in a mouse tauopathy model
during aging.

4. Discussion

Our current knowledge on the role of Tau in neuronal plasticity
is based on the examination of hippocampal cells in the mouse
models of Alzheimer's disease or tauopathies. Using the visual
system of the mouse, we show that the expression of Tau isoforms
was deeply influenced by retina and brain maturation. Our results
revealed that Tau gene deletion selectively potentiatedMD-induced
visual sensitivity. It is important to underline that this change
persisted in the aging visual system. At the molecular level, P.Erk1/2
upregulation was associated with visual function enhancement in
Tau KO mice, suggesting its contribution to plastic changes in the
visual cortex.

4.1. Tau is not essential for retinal cell development and function

By direct binding, Tau is thought to stabilize microtubules and to
maintain the structure of axons. In the present study, we observed
that retinal neuron survival and function are independent of Tau
expression. Our tracing experiments suggest that retinothalamic
projections developed normally in the absence of Tau in KO mice.
These results are consistent with a previous study showing that Tau
deletion does not affect axonal transport in the optic nerve of adult
mice (Yuan et al., 2008). Aging is a major factor associated with
neurodegenerative diseases. However, we could not observe retinal
neuron loss and visual function decline resulting from Tau depri-
vation or hTau expression in agingmice. It seems clear that Tau, and
possibly its age-associated posttranslational changes, does not play
a major role in the vision decline arising during normal aging, at
least in mice.

4.2. Developmental and monocular deprivation-induced
modulation of Tau 3R and Tau 4R expression in the visual cortex

The time-course of Tau isoform expression in the retina and the
visual cortex suggests that Tau 3R downregulation may be associ-
ated with the loss of neuronal plasticity occurring by the end of the
critical period. Inversely, the level of Tau 4R increased right after P6
and was maintained at a relatively high level in adult ages. Similar
expression changes have previously been reported in whole brain
lysates (Kosik et al., 1989; McMillan et al., 2008; Tuerde et al., 2018).
In fact, developmental decrease in Tau 3R and increase in Tau 4R
expression correlates with neuronal plasticity decline in the mouse
cortex (Tuerde et al., 2018). Tau 4R contains 4 microtubule-binding
region repeats conferring a stronger ability to stabilize microtu-
bules than Tau 3R. It is thus possible that the developmental switch
of Tau 3R to Tau 4R contributes to stabilize the axonal circuits of
cortical neurons after the maturation period. In adult mice, how-
ever, MD resulted in Tau 3R and Tau 4R upregulation in the visual
cortex of the deprived eye, where ocular plasticity takes place
(Sawtell et al., 2003). It may be that Tau 4R upregulation counter-
acts the neuronal plasticity mediated by Tau 3R after MD. In future
studies, the use of isoform-specific Tau KOmice may allow to clarify
the relative importance of Tau 3R and Tau 4R in visual plasticity
changes.

4.3. Tau negatively influences visual function plasticity

In mice with opened eyes, our results showed similar OKR
sensitivities betweenWTand Tau KO animals. The OKR is a reflexive



L. Rodriguez et al. / Neurobiology of Aging 95 (2020) 214e224 223
movement of the mouse head mediated by the activation of retinal
axon projections to the accessory optic system in the brainstem (Liu
et al., 2016). In normal conditions, it does not depend on cortical
structures, as shown by the lack of OKR change observed after vi-
sual cortex ablation (Guzik-Kornacka et al., 2016; Prusky and
Douglas, 2004). Consequently, the function of the accessory optic
system nuclei does not seem to depend on Tau expression. In
addition, the number of ganglion cells, the output retinal neurons,
did not vary in young and old mouse retinas deprived of Tau, sug-
gesting that Tau is not essential for neuronal survival. Retinal axon
tracings in brain targets showed normal development of retinofugal
projections in Tau KO mice. However, Tau deletion stimulated
stronger OKR spatial frequency threshold increase after MD than in
control WT. OKR sensitivity elevation is a plastic phenomenon
controlled by the visual cortex. Indeed, surgical removal of the vi-
sual cortex dramatically attenuates MD-induced OKR enhancement
(Guzik-Kornacka et al., 2016; Prusky and Douglas, 2004). For this
reason, increased MD-induced OKR sensitivity is attributable to the
visual cortex in Tau KO brains. Corticofugal projections to the
accessory optic system may be implicated in this process (Liu et al.,
2016). Interestingly, cortical projections to the accessory optic
system come from a subpopulation of pyramidal neurons located in
layer V where we could observe Tau 3R upregulation in neurons
(Fig. 6E) after MD induction. We therefore speculate that Tau 3R
upregulation may mediate the plasticity of the corticofugal pro-
jections in the brainstem and hence increase OKR sensitivity.

4.4. The modulation of Erk1/2 activation and microtubule stability in
Tau-deprived mice

The level of P.Erk1/2 was higher in Tau KO visual cortex after MD.
In the visual system, Erk1/2 activation has been shown to be
required for experience-dependent plasticity (Boggio et al., 2007;
Di Cristo et al., 2001). The effects of Erk1/2 may depend on the gene
transcription of synaptic constituents necessary to strengthen
neurotransmission (Thomas and Huganir, 2004). Extranuclear
substrates of Erk1/2 such as the voltage-dependent potassium
channel Kv4.2 may also be involved in synaptic plasticity (Thomas
and Huganir, 2004). Presynaptic activation of Erk1/2 signaling
pathwaymediates activity-dependent synaptic vesicle mobilization
and neurotransmitter release in short-term potentiation in the
hippocampus (Vara et al., 2009). In hippocampi, Tau ablation
resulted in sustained phosphorylation of Erk1/2 and promoted
neuroprotection (Sun et al., 2016).

4.5. Expression of human Tau in a mouse tauopathy model does not
cause visual defects

We showed that hTau mice did not exhibit alterations in visual
function and plasticity during aging. Our data also suggest that
human Tau (hTau mice) and murine Tau (WT mice) exert similar
inhibitory effect on visual plasticity after MD. In hTau mice, hTau is
increased by twofold compared with the endogenous level of mu-
rine Tau of WT mice (Yuan et al., 2008). During aging, hTau mice
present long-term plasticity impairments in the hippocampus
(Polydoro et al., 2009) and cognitive defects (Geiszler et al., 2016;
Phillips et al., 2011; Polydoro et al., 2009). In addition, a recent study
from Wegmann et al. showed that neuron-to-neuron propagation
of hTau protein is enhanced by aging in themouse brain (Wegmann
et al., 2019). This phenomenon may contribute to Alzheimer's dis-
ease development in old subjects. Therefore, hTau expression ap-
pears sufficient to alter hippocampal neuron plasticity. Our data
suggest that this is not the case in the visual cortex. However,
Wegmann and colleagues also noticed differences in Taumisfolding
between brain regions, raising the possibility that neuronal
subpopulations may possess distinct susceptibilities to form toxic
Tau aggregates in Alzheimer's disease or in tauopathies. The rela-
tively weak phosphorylation of Tau in the visual cortex may explain
the absence of visual phenotype in the present study (Hernandez-
Zimbron et al., 2017). Additional mutations may be needed to
observe vision defects in mice. Indeed, combined mutations of
human amyloid and Tau proteins in transgenic mice (APP/PS1 or
P301S) caused obvious alterations in retinal function and visual
plasticity (Gasparini et al., 2011; Mazzaro et al., 2016; William et al.,
2012).

5. Conclusion

In conclusion, the present results suggest a new function for Tau
in the plastic mechanism operating in the adult brain subjected to
sensory experience changes. The plastic changes induced by Tau
gene inactivation may depend on its capacity to stabilize microtu-
bule cytoskeleton in axons and on its regulatory effects on Erk1/2
activation. Future studies will be needed to specify the cellular and
molecular mechanisms underlying the effects of Tau on visual
plasticity during aging.
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