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Development/Plasticity/Repair

Otx2 Binding to Perineuronal Nets Persistently Regulates
Plasticity in the Mature Visual Cortex

Marine Beurdeley,>3#* Julien Spatazza,’>>** Henry H. C. Lee,”* Sayaka Sugiyama,® Clémence Bernard,'>>*

Ariel A. Di Nardo,!24 Takao K. Hensch,> and Alain Prochiantz!34

1College de France, Center for Interdisciplinary Research in Biology, F-75005 Paris, France, 2Centre National de la Recherche Scientifique, UMR 7241,
F-75005 Paris, France, *Institut National de la Santé et de la Recherche Médicale, U1050, F-75005 Paris, France, “Labex Memolife, PSL Research University,
F-75005 Paris, France, and 5F. M. Kirby Neurobiology Center, Children’s Hospital Boston, Harvard Medical School, Boston, Massachusetts 02115

Specific transfer of (orthodenticle homeobox 2) Otx2 homeoprotein into GABAergic interneurons expressing parvalbumin (PV) is
necessary and sufficient to open, then close, a critical period (CP) of plasticity in the developing mouse visual cortex. The accumulation
of endogenous Otx2 in PV cells suggests the presence of specific Otx2 binding sites. Here, we find that perineuronal nets (PNNs) on the
surfaces of PV cells permit the specific, constitutive capture of Otx2. We identify a 15 aa domain containing an arginine-lysine doublet (RK
peptide) within Otx2, bearing prototypic traits of a glycosaminoglycan (GAG) binding sequence that mediates Otx2 binding to PNNs, and
specifically to chondroitin sulfate D and E, with high affinity. Accordingly, PNN hydrolysis by chondroitinase ABC reduces the amount of
endogenous Otx2 in PV cells. Direct infusion of RK peptide similarly disrupts endogenous Otx2 localization to PV cells, reduces PV and
PNN expression, and reopens plasticity in adult mice. The closure of one eye during this transient window reduces cortical acuity and is
specific to the RK motif, as an Alanine-Alanine variant or a scrambled peptide fails to reactivate plasticity. Conversely, this transient
reopening of plasticity in the adult restores binocular vision in amblyopic mice. Thus, one function of PNNs is to facilitate the persistent
internalization of Otx2 by PV cells to maintain CP closure. The pharmacological use of the Otx2 GAG binding domain offers a novel, potent

therapeutic tool with which to restore cortical plasticity in the mature brain.

Introduction

During infancy, distinct brain regions exhibit transient critical
periods (CPs) of heightened plasticity (Hensch, 2004). In the
binocular primary visual cortex (V1b), monocular deprivation
(MD) during a CP leads to a rapid shift in neuronal spiking
response in favor of the open eye (Wiesel and Hubel, 1963) and
an enduring loss of visual acuity to the deprived eye (Morishita
and Hensch, 2008). Limited plasticity beyond a CP poses a chal-
lenge for recovery from amblyopia, a condition affecting 3-5% of
the human population (Holmes and Clarke, 2006). Enabling
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plasticity outside the CP would thus be of great clinical value
(Bavelier et al., 2010).

Normal CP opening corresponds to the maturation of local
inhibitory circuits (Hensch, 2005) driven primarily by periso-
matic, large-basket connections. These fast-spiking GABA neu-
rons express parvalbumin (PV) and become enwrapped by
perineuronal nets (PNNs) with age. PV cell maturation and CP
timing are experience dependent: dark rearing from birth pre-
vents V1 activation, delays PNN formation (Pizzorusso et al.,
2002), and pushes plasticity onset into adulthood (Mower, 1991;
Fagiolini et al., 2003). Artificially promoting PV cell function in
the dark by benzodiazepine infusion (Iwai et al., 2003) or the
overexpression of brain-derived neurotrophic factor (Gianfran-
ceschi et al., 2003) can counteract the absence of vision.

Chondroitinase ABC (ChABC) digests glycosaminoglycan
(GAG) side chains of chondroitin sulfate proteoglycans (CSPGs).
The consequent destruction of CSPG-rich PNN structures in
adult V1 reactivates ocular dominance (OD) plasticity and re-
stores visual acuity (Pizzorusso et al., 2002, 2006). This suggests
that PNNs containing GAGs may place a “brake” on plasticity in
V1 and beyond, including the barrel cortex, amygdala, and song-
bird brain (Balmer et al., 2009; Gogolla et al., 2009b; Nowicka et
al., 2009). Exactly how PNN-like structures regulate brain func-
tion remains unknown.

We discovered that orthodenticle homeobox protein 2 (Otx2)
endogenously coordinates PV cell maturation and, hence, the
timing of the CP for OD in mouse V1b (Sugiyama et al., 2008).
Moreover, the normal accumulation of Otx2 in PV cells is not
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due to cell-autonomous synthesis but to Otx2 transfer from other
areas. Otx2 persists throughout life in PV cells, and its capture is
dependent on visual input (Sugiyama et al., 2008). Surprisingly,
when Otx2 protein is exogenously infused into V1, it, too, local-
izes primarily in these cells, suggesting the existence of specific
binding sites.

In the developing brain, homeoprotein intercellular transfer
influences cell migration (Di Lullo et al., 2011), axon guidance
(Brunet et al., 2005; Stettler et al., 2012), and retinotectal pattern-
ing (Wizenmann et al., 2009). Homeoprotein transfer is im-
parted by secretion and internalization motifs present in the
highly conserved homeodomain (Joliot and Prochiantz, 2004).
Yet, how homeoproteins recognize their target cells is unknown.

Here, we identify an Otx2 motif with high affinity for
chondroitin-6-sulfates mediating Otx2 binding to PNNs. Infus-
ing a peptide mimicking this GAG-binding site blocks Otx2
transfer into V1b in vivo, restores visual cortical plasticity in ma-
ture mice, and rescues cortical acuity in amblyopic mice. We
propose that PNNs persistently maintain a nonpermissive state
for plasticity beyond the CP by perpetually sustaining Otx2 trans-
fer above a critical threshold within PV cells, which themselves
must be plastic for a CP to arise (Yazaki-Sugiyama et al., 2009).

Materials and Methods

Animals. Mature male C57Bl/6 mice (age range, P61-P150) were used
throughout the study.

Protein production. The Alanine-Alanine (AA)-Otx2 protein bearing
the substitution R36A, K37A was obtained by site-directed mutagenesis.
Both human Otx2 and AA-Otx2 proteins have an N-terminal 6xHis-tag.
Details concerning the constructions are available on request. Mouse
En2, human Otx2, and AA-Otx2 (R36A, K37A substitutions) recombi-
nant proteins were produced in bacteria and purified on nickel-charged
HiTrap Chelating Sepharose columns (GE Healthcare) according to
manufacturer’s instructions and assessed by SDS-PAGE. Proteins were
stored at —80°C in 20 mm HEPES, pH 8, 500 mm NaCl supplemented
with 10% glycerol. Before use, glycerol was removed by dialysis against 20
mum HEPES, pH 8, 500 mm NaCl. FITC labeling was performed as previ-
ously described (Joliot et al., 1991a).

Production of alkaline phosphatase fusion proteins. To generate alkaline
phosphatase (AP)-tagged fusion constructs, cDNA encoding for Otx2
were subcloned between the Xhol and Xbal sites of the pAPtag-5 vector
(GenHunter). AP-tagged truncations were obtained by PCR, where AP-
NtHD corresponds to Otx2 (1-98) and AP-HD (AP fusion with the Otx2
homeodomain alone) corresponds to Otx2 (38-98). The R36A, K37A
Otx2 point mutant was obtained by using the QuikChange II mutagen-
esis kit (Stratagene). Sequences are available on request. For production
of AP-tagged fusion proteins, HEK 293 cells were plated in DMEM, 10%
fetal bovine serum (FBS) (Invitrogen) supplemented with penicillin/
streptomycin. Cells were transfected with the various AP-tagged con-
structs by Lipofectamine 2000 (Invitrogen) overnight in DMEM, 10%
FBS. After 48 h, supernatants were collected, controlled by Western blot-
ting and AP-tagged protein was quantified by measuring phosphatase
activity with the soluble AP substrate p-nitro-phenyl phosphate (Sigma-
Aldrich) before freezing at —80°C. AP activity measurements ensured
the same amount of AP fusion protein was used in each experiment.

Protein and ChABC injection. Recombinant homeoproteins labeled
with FITC and mixed with polysialic acid (PSA; 2.5 mg/ml) were injected
into P60 mice posterior cortex using a Hamilton syringe coupled to an
electronic injection device. Injections were performed at three different
sites encompassing V1. Coordinates for V1 injections were, with respect
to lambda: 1.5 mm lateral; 2.5 mm lateral and 1.5 mm anterior; 4 mm
lateral. For each location, 0.4 ul of protein solution was slowly delivered
(0.05 ul/min) at two different depths (300 and 500 wm from the pial
surface). One hour after injection, the mice were perfused transcardially
with PBS followed by 4% paraformaldehyde (PFA) prepared in PBS.
Brain coronal sections (40 wm) were obtained using a vibratome (Mi-
crom) and then were processed for immunostaining. Biotinylated pep-
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tides (250 wg/ml) were infused in presence of PSA (2.5 mg/ml), into P60
mice V1, using micro-osmotic minipumps (Alzet). Animals were either
processed for in vivo recording or perfused for immunostaining on brain
sections. ChABC (50 U/ml in 0.1% BSA; Sigma-Aldrich) or vehicle solu-
tion were injected into the right or left hemisphere, respectively, of P60
mice using the same injection procedure described above. After 7 d
postinjection, mice were processed for in vivo recording or otherwise
perfused for immunostaining on brain sections (3, 7, or 21 d after the
treatment).

Immunostaining. Sections were incubated with primary antibodies
overnight and Alexa Fluor-conjugated secondary antibodies for 1 h. The
following primary antibodies were used: anti-Otx2 [rat polyclonal, 1/200
(Sugiyama et al., 2008)] and anti-PV [mouse monoclonal, 1/500 (Sigma-
Aldrich)]. Secondary antibodies were used as follows: anti-rat Alexa
Fluor 488 [1/2000 (Invitrogen)] and anti-mouse Alexa Fluor 546 [1/2000
(Invitrogen)]. Alexa Fluor 633-conjugated streptavidin (Molecular
Probes) was used for biotinylated peptide detection. Wisteria floribunda
agglutinin (WFA) was either biotinylated [1/100 (Sigma-Aldrich)] or
FITC conjugated [1/100 (Vector Laboratories)]. Immunostained sec-
tions were mounted using Fluoromount medium (Southern Biotechnol-
ogy), and images were acquired using a Leica SP5 confocal microscope.

Binding on frozen sections. Cryosections (20 um) from fresh-frozen
adult brains were mounted on glass slides and equilibrated at —20°C for
30 min. The sections were then fixed for 10 min by immersion in meth-
anol (—20°C), rinsed three times in PBS supplemented with 4 mm MgCl,
(W bulffer), and blocked for 1 h in W buffer supplemented with 10% FBS.
The slides were then incubated with AP-tagged proteins for 2 h at room
temperature in a humidified chamber, washed five times with W buffer,
and fixed for 2 min at room temperature using a solution containing 50
mM HEPES, pH 7, 60% acetone, and 4% PFA. Endogenous alkaline
phosphatases were inactivated by heating the slides at 65°C for 2 h. The
slides were finally rinsed twice in PBS before AP staining (NBT/BCIP
color substrate; Promega). For enzymatic treatment, cryosections were
fixed in methanol at —20°C for 10 min and incubated 24 h with ChABC
(2 U/ml) in a buffer containing 50 mm Tris, pH 8, 40 mm sodium acetate,
0.1% BSA, and protease inhibitors (Roche).

Isothermal titration calorimetry. The heat flow resulting from the bind-
ing of peptides to GAGs was measured with high-sensitivity isothermal
titration calorimetry using a Nano isothermal titration calorimetry (ITC)
calorimeter (TA Instruments). Titrations were performed by successive
injections of the GAG solution (concentration varying between 10 and
200 uMm) into the calorimeter cell containing the peptide solution (con-
centration 100 um). The experiments were performed at 37°C. Data anal-
ysis was performed using the program NanoAnalyze provided by TA
Instruments.

Single-unit electrophysiology in vivo. Electrophysiological recordings
were performed under pentobarbital/chlorprothixene anesthesia using
standard techniques (Gordon et al., 1996; Mataga et al., 2004). Five to
seven single units were recorded for each mouse across the mediolateral
axis (spaced at >200 um intervals) of primary visual cortex to map the
monocular and binocular zones and avoid sampling bias. Responses
from cells were assigned ocular dominance scores using a seven-point
classification scheme (Wiesel and Hubel, 1963; Gordon and Stryker,
1996). Ocular dominance in the binocular zone from each mouse was
calculated as a contralateral bias index (CBI):

[(n, = n, + 25(ny, — ng) + Ys(ny — ns) + NJ/2N,

where N = total number of cells and 7, = number of cells corresponding
to an ocular dominance score of x. This weighted average of the bias
toward one eye or the other takes values from 0 to 1 for complete ipsilat-
eral or contralateral eye dominance, respectively. Monocular deprivation
consisted of eyelid suture under isoflurane anesthesia; in some cases, the
suture was reopened to test for recovery (Morishita et al., 2010).

Visual evoked potentials. Transient visual evoked potentials (VEPs) in
response to abrupt contrast reversal (100%, 1 Hz) over a range of spatial
frequencies (0.01—0.6 cycles/degree) were bandpass filtered (0.1-100
Hz), amplified, and fed to a computer for analysis. In brief, at least 20
events were averaged in synchrony with the stimulus contrast reversal.
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Figure 1.

An 0tx2 motif necessary for binding to cortical sections. A, Putative GAG-binding motif (in red) in the Otx2 N-terminal region bears an RK doublet just before the homeodomain. RK and

AA peptide sequences are indicated. B, Schematic representation of AP fusion proteins used in binding experiments: AP-NtHD contains amino-acids 1-98 including the RK doublet and homeodo-
main; AP-Nt(AA)HD, in which the RK doublet is mutated to an alanine doublet; and AP-HD composed of AP fused directly to the homeodomain (aa 38 —98) without the RK doublet. Nonfused AP was
used as a negative control. C, E, F, AP staining on fresh-frozen sections reveals AP-NtHD (C) but not AP (E) or AP-HD (F) binding to cells in the posterior cortex (V1). D, Full-length Otx2 disrupts
AP-NtHD cortical binding (D). G, H, Higher magnification of V1 sections shows AP-NtHD binding (G) but not AP-Nt(AA)HD binding (H). 1, J, RK (1), but not AA (J), peptide antagonizes AP-NtHD
binding. K—N, ChABC treatment of frozen sections abolishes WFA staining (K, L) and prevents AP-NtHD binding (M, N). Scale bars: (in €) C=F, 350 m; (in ) G-J, 100 pom; (in K) K, L, 100 um.

Cortical acuity was obtained by extrapolation to zero amplitude after
correction of noise level.

Results

An Otx2 motif binds to PNNs in mouse V1

Mature PV cells are ensheathed by PNN's (Hirtig et al., 1999) that
contain extracellular matrix factors, including cell-adhesion mol-
ecules, hyaluronic acids, and CSPGs (Berardi et al., 2004). Plant
lectins such as WFA bind PNNs with high affinity for the negative
charges of N-acetyl-D-galactosamine. Homeodomains carry a net
positive charge and can bind to negatively charged PSA of embry-
onic NCAM at the cell surface (Joliot et al., 1991b). In our initial
experiments performed at P19 (Sugiyama et al., 2008), we first
preincubated homeoproteins with PSA to avoid their immediate
internalization at the infusion site and to allow diffusion. We
therefore hypothesized that specific Otx2 capture by PV cells was
due to the presence of higher affinity binding sites, possibly GAGs
specifically expressed by PV cells as part of their PNNGs.

Such specific recognition of PNN sugars by Otx2 supposes the
presence of a GAG binding domain in the Otx2 sequence. We
postulated that Otx2 might contain a specific recognition domain
for sugar epitopes on the surfaces of PV cells. Examination of the
Otx2 primary sequence revealed a consensus motif for basic GAG
binding within the N-terminal region (Fig. 1A). Notably, just
before the highly conserved homeodomain resides an RK doublet
considered crucial for sugar-binding motifs (Cardin and Wein-
traub, 1989). To study the interaction of this Otx2 domain with

the surface of cortical cells, we turned to binding assays on fresh-
frozen brain sections using AP fusion proteins (Cheng and Flana-
gan, 1994).

The AP-NtHD fusion protein, which corresponds to the
N-terminal portion of Otx2 that includes the RK doublet and the
full homeodomain (Fig. 1 B), was found to bind a subset of cells in
the posterior mouse neocortex (Fig. 1C,G). Specificity of this
interaction was confirmed by competition with nontagged, full-
length Otx2 (Fig. 1D) and the absence of binding of AP alone
(Fig. 1 E). Interestingly, AP-HD did not bind to fresh-frozen sec-
tions, suggesting that the RK doublet plays a crucial role in this
binding of Otx2 (Fig. 1 F).

To confirm the importance of the RK doublet in cell surface
binding, we used an AP-fusion protein in which this doublet was
replaced with alanines (AP-Nt(AA)HD). This mutation abol-
ished the binding (Fig. 1 H) and prompted us to design a small 15
aa peptide (RKQRRERTTFTRAQL) corresponding to the pu-
tative GAG-binding motif (Fig. 1 A). The RK peptide was able
to chase AP-NtHD binding (Fig. 1), whereas an AA peptide
(in which the RK doublet was replaced by alanines) was unable
to outcompete AP-NtHD binding on fresh-frozen sections
(Fig. 1)).

These findings support the RK doublet motif as requisite for
the specific recognition of PV cells by Otx2. We therefore tested
whether the observed Otx2 binding could be altered by the dis-
ruption of PNNs. After 24 h of ChABC treatment of fresh-frozen
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sections, AP-NtHD was no longer able to bind to cortical cells
(Fig. 1 K=N). In contrast, heparinase treatment failed to prevent
Otx2 binding (data not shown). Together, these results indicate
that CSPG recognition by the RK doublet of Otx2 is essential for
the proper binding of this fragment to occur.

To further investigate the properties of this small Otx2 fragment,
we used ITC to directly measure the affinity of the RK peptide for
distinct GAGs (Table 1). The RK peptide bound strongly to CS-D
and CS-E, had alower affinity for CS-C and heparin, and showed no
measurable binding to CS-A. Thus, the RK peptide binds preferen-
tially to chondroitin sulfates carrying a sulfate on carbon 6 (CS-D
and CS-E). Interestingly, we found that the AA peptide did not bind
CS-D or heparin, confirming the importance of the RK doublet.
Given that an absence of AA binding could be explained by a
charge difference (net charge of 5 for RK
peptide and of 3 for AA peptide), we
further designed a scrambled peptide
(RTQTRFRTRARLEQK) with the same
amino acid composition as the RK peptide
but found that it had a consistently lower
affinity for heparin and CS-D when com-
pared to RK peptide.

Together, these results strongly suggest
that Otx2 has a strong affinity for PNN-
chondroitin sulfates (probably sulfated on
carbon 6) and that the RK doublet is part
of the recognition motif.

Persistent accumulation of Otx2 into
PV cells by PNN interaction

We first confirmed whether PNNs and
endogenous Otx2 colocalize in adult V1b,
as observed during the CP (Sugiyama et
al., 2008). Posterior brain sections from
P60 mice were labeled with both the lectin
WFA and an antibody directed against
Otx2. We found a strong association be-
tween endogenous Otx2 and PNNs (Fig.
2A—-C). A large proportion of cells contain-
ing Otx2 were indeed enwrapped by PNNs
(68.4 * 3.2%), whereas most WFA-labeled
cells contained Otx2 (84.2 = 3.7%).

Beurdeley et al. ® 0tx2 Binds PNNs to Regulate Adult Plasticity

Table 1. Binding of RK peptide and its two variants to different GAGs

Ligand GAG Dissociation constant Ky (nm)
RK peptide (S-A No binding
(s-C 159 * 84
(S-E 545+ 225
(S-D 179 £57
Heparin 193 = 21
Scb peptide (S-D 95595
Heparin 505 = 161
AA peptide (S-D No binding observed
Heparin No binding observed

Dissociation constant of RK, AA, or Scb peptide for various commercial chondroitin sulfates and heparin determined
by ITC(37°C). Highest RK peptide affinity for S-D and CS-E suggests the importance of sulfation on carbon 6. Sch has
lower affinity for CS-D, indicating sequence-specific (not charge-specific) recognition. AA peptide shows no affinity.

To test the importance of the RK dou- < WFITC-Otx2 1.0 contra
blet for PV cell recognition in vivo, we § 80 | MGITEARORS t
compared the localization of injected full- ke ) 0.8
length FITC-Otx2 protein with that of 3 60 | e ' . K
FITC-AA-Otx2 protein in which the RK g o i
doublet was replaced by an alanine dou- 2 4] 0.6 e RiCE
blet. As illustrated in Figure 2D-L and <
quantified in Figure 2 M, the percentage of e ol = 0.4 |
FITC-AA-Otx2-positive cells enwrapped - ipsi
by WEFA staining (27.2 % 1.5%) was signifi- B 0l ‘ Veh ChABC AA RK

cantly less than that observed with wild-type
FITC-Otx2 (51.3 = 2.8%). Engrailed-2
(En2), an unrelated homeoprotein control,
showed a pattern (33.1 * 2.3% internaliza-
tion by WFA-positive cells) (Fig. 2I-K)
similar to that of AA-Otx2. These results
demonstrate that the RK motif of Otx2 par-
ticipates in the specific recognition of Otx2
by PNNs and allows the preferential accu-
mulation of the homeoprotein within layer
IV PV cells in vivo.

Figure 2.

Preferential Otx2 capture by PV cells requires the RK doublet. A-C, Codetection of WFA and 0tx2 in layer IV of P60
mouse V1b. Inset in 4 is magnified in B. (, Staining performed under nonpermeabilizing conditions reveals extracellular/mem-
branous 0tx2 staining. D, G, J, Distribution of FITC-labeled Otx2 (D), AA-Otx2 (G), and En2-FITC (J) recombinant proteins after
injection into P60 mice. E, F, H, I, K, L, WFA detection (E, H, K) and merged FITC-Otx2 images reveal preferential 0tx2 capture by
WFA-labeled cells (F) compared with AA-Otx2 (/) and En2 (L). Arrowheads, Double-stained cells; arrows, FITC-positive cells not
stained with WFA. Scale bars: 4,50 pum; (in D) DL, 50 um. M, Percentage of FITC-positive cells costained for WFA after FITC-0tx2
or AA-Otx2 injection. Striped bar, endogenous percentage of Otx2-positive cells costained for WFA (mean = SEM). N, (BI of
single-unit recordings from mice treated with ChABC, RK, or AA peptide after a period of brief MD (4 d) in adulthood. Both ChABC
and RK peptide infusion similarly reactivate visual cortical plasticity (decrease of CBI compared with non-MD), which is not typically
seen in saline- or AA peptide-infused adult mice.
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Figure 3.  PNNs facilitate the preferential capture of endogenous 0tx2 by PV cells. 4, C, E,

ChABCinjectioninto adult V1 disrupts PNNs, as revealed by the near absence of WFA staining at
3 or7 d postinjection (C, E) compared with the contralateral, vehicle-injected side (A). B, D, F,
PNN hydrolysis decreases the number of Otx2-positive cells, respectively, at 3 d (D) and 7 d (F)
postinjection compared with the contralateral, vehicle-injected side (B). G, Percentages of
0Otx2-, WFA-, and PV-positive cells in supragranular layers of V1b (ChABC-treated compared
with the contralateral vehicle side) 3 and 7 d postinjection (*p < 0.05, **p << 0.01, paired
t test; four mice per group; 700 X 200 wm area). Error bars indicate SEM. Scale bar: (in A)
A-F, 100 pwm .

Because WFA-labeled cells represent only a small percentage
of all neurons, we further determined the percentage of NeuN-
positive cells also stained with FITC. We found that FITC-Otx2,
FITC-AAOtx2, and FITC-En2 are, respectively, internalized by
1.4+ 0.2%, 3.6 = 0.2%, and 2.4 * 0.002% of WFA-negative cells.
This result strongly suggests that the twofold difference of Otx2
internalization by WFA-labeled cells following the RK to AA mu-
tation is due to a twofold increase in the percentage of WFA-
negative cells that capture the protein. However, a large number
of neurons do not capture the proteins or capture them below
detection levels.

To address whether PNNs are required for endogenous Otx2
accumulation into V1b PV cells, we injected ChABC into adult
mouse V1, then examined various markers after treatment. By
3 d, in cortical supragranular layers, there was a marked and
significant decrease, compared with the vehicle-injected con-
tralateral hemisphere, in the number of both WFA-positive (Fig.
3A,C,G; 24.8 * 1.4%) and Otx2-positive (Fig. 3B,D,G; 79.9 =
3.8%) cells. PV expression was not modified significantly (94.9 =
10.4%). Seven days postinjection, the number of WFA-labeled
cells partially recovered (Fig. 3E,G; 42.5 * 6.9%), whereas the
number of Otx2-positive cells (Fig. 3 F, G; 80.8 * 0.8%) remained
aslowasat 3 d. Moreover, by this stage, PV labeling also exhibited
a marked decrease (77.1 = 1.9%), suggesting that Otx2 regulates
PV expression in the adult.

Thus, the localization of endogenous Otx2 was disrupted by
the removal of PNNs surrounding PV cells. Under these treat-
ment conditions, ChABC has been reported to reactivate visual
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Figure 4.  RK peptide reduces endogenous Otx2 localization in V1. B, D, F, 0tx2 immuno-

stainingin layers II-1V of V1bfrom an untreated P60 mouse (B) ora P60 mouse infused for 3 d (D)
or7 d (F) with biotinylated RK peptide. A, , E, Peptides revealed by Alexa Fluor 633-conjugated
streptavidin. G, Percentages of Otx2-, WFA-, and PV-positive cells (infused compared with
contralateral, untreated side) in supragranular layers of V1b (*p << 0.05, **p < 0.01, ***p <
0.001, paired t test; four mice per group; 700 X 450 wm area). Error bars indicated SEM. Scale
bar: (in A) A—F, 100 um.

plasticity in adult rats (Pizzorusso et al., 2002). Given that Otx2
normally signals CP onset and is continually maintained thereaf-
ter into adulthood (Sugiyama et al., 2008), we postulated that the
removal of PNNs might enable plasticity by reducing Otx2 trans-
fer. Namely, if PV cells were rejuvenated by Otx2 removal, V1b
could be reset to a CP state (Morishita and Hensch, 2008). To
explore this hypothesis, we first had to validate whether adult OD
plasticity after ChABC treatment also occurs in mouse V1b. Re-
sponses to visual stimuli were measured in the binocular zone of
ChABC-injected mice by extracellular single-unit recording and
were summarized by the CBI (Gordon and Stryker, 1996; Hensch
et al., 1998), where 0 represents complete ipsilateral eye domi-
nance and 1 represents complete contralateral eye dominance. As
first reported for rats (Pizzorusso et al., 2002), ChABC treatment
also reactivated plasticity in the adult mouse V1b (Fig. 2]).

Otx2 RK domain specifies PV cell recognition in V1

Because the RK peptide reduces binding of Otx2 in vitro and the
RK doublet plays a role in the recognition of PV cells in vivo, we
tested whether the peptide could block Otx2 transfer in vivo com-
parable to ChABC treatment. A biotinylated version of the RK
peptide was infused into adult mouse V1 for 3 or 7 d. As illus-
trated in Figure 4 A—F, and quantified in Figure 4G, we observed
in cortical supragranular layers of infused animals a rapid and
marked decrease in the number of Otx2-positive cells compared
with the untreated hemisphere (at 3 d: 64.9 * 1.1%;at 7 d: 66.7 =
2.2%). In addition, blocking Otx2 transfer induced a significant
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Specific, reversible control of PV cell Otx2 content and maturational state by RK peptide. A—P, Inmunostaining for Otx2, WFA, and PV in layers II-1V of V1b from P60 mice untreated

(A-D) or infused for 7 d, respectively, with RK (E=H), Scb (I-L), or AA peptide (M-P). A, E, I, M, Peptides revealed by Alexa Fluor 633-conjugated streptavidin. Scale bar: (in A) A-P, 100 m.

loss of WFA and PV staining (at 3 d: WFA 53.6 = 3.5%, PV
67.1 = 2.7%; at 7 d: WFA 63.6 £ 4.6%, PV 63.1 = 1.6%) not seen
at 2d (WFA 90.5 + 5.7%; PV 96.5 = 5.6%). Brief MD (4 d) of the
contralateral eye during 1 week of RK (but not of AA) peptide
infusion induced a CBI shift that was strikingly similar to that
observed with ChABC injection (Fig. 2]).

In another series of experiments, we compared the effects of
RK peptide with those of its two variants, the AA and the Scram-
bled RK (Scb) peptides. As shown in Table 1, the AA variant had
no measurable affinity for CS-D, whereas Scb peptide retained
some affinity (95.5 nM vs 17.9 nMm for the RK peptide), suggesting
an influence of both charge and sequence on GAG recognition.
Figure 5 illustrates the respective effect of a 7 d infusion of the
three peptides on the cortical localization of Otx2 and other
markers. Only the RK peptide had an effect on PV and WFA
signals. Notably, the Scb peptide failed to compete for Otx2 trans-
fer and did not alter PNN or PV expression. Thus, RK peptide is
specifically capable of disrupting Otx2 transfer in vivo (Fig. 6 A).

Because the peptides are rapidly removed from the paren-
chyma, we verified whether their effects were reversible. Figure
6 B compares reversibility after ChABC treatment and RK peptide
infusion. As mentioned previously (Fig. 3), 7 d after a single
ChABC injection, WFA binding site (42 = 5%), PV (72.5 =
5.6%), and Otx2 (80.8 * 5.6%) signals were acutely reduced.
However, with an additional 14 d (i.e., 21 d postinjection), WFA
staining was nearly back to control levels (84.6 * 4.6%), whereas
Otx2 (104.4 = 2.1%) and PV (103.2 £ 2%) staining had com-
pletely recovered. Despite low levels of RK peptide still present 1
week after a 7 d infusion, suggesting washout or degradation
(data not shown), the number of Otx2-containing cells remained
reduced.

Figure 6B quantifies a set of experiments in which, following
RK peptide infusion, the number of cells stained with the anti-
Otx2 antibody was severely reduced (18.3 % 3.3% of control) and
those of WFA and PV were reduced to 53.8 = 6.5% and 64.7 =
4.2% of control, respectively. Seven days after stopping RK pep-
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Figure 6. Quantification of RK peptide specificity and recovery. 4, Percentages of Otx2-,
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ChABCinjection or RK peptide infusion. Open bars, extended recovery period after ChABC treat-
ment (ChABC7d + 14d) or RK peptide infusion (RK 7d + 7d and RK 7d + 18d), respectively.

tide infusion, recovery was partial (52.6 = 3.7%, 65.6 = 2.9%,
and 66.3 * 9.8%, respectively, for Otx2, WFA, and PV), requiring
>18 d of washout for total recovery (115.2 = 10.5%, 107.8 =
5.3%, and 102.7 * 4.9%, respectively, for Otx2, WFA, and PV).
We also found that recovery was limited in the dark (69.8 = 2.3%,
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84.9 = 3.1%, and 87.7 £ 2.5%, respectively, for Otx2, WFA, and
PV) and thus was partially activity dependent. Thus, the rapid
decrease in the number of Otx2-containing cells as early as 2 d
after RK peptide infusion reflects reduced Otx2 content rather
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than permanent loss by cell death. This
suggests a potential therapeutic window
for restoring juvenile plasticity to the
adult brain.

RK peptide regulates cortical acuity in
adult V1
To determine the clinical value of RK pep-
tide, we directly measured cortical acuity
in the mature mouse. Sine-wave gratings
of ever higher spatial frequency were pre-
sented to anesthetized animals while re-
cording VEPs from V1b (Morishita et al.,
2010). As expected, brief MD failed to re-
duce cortical acuity past a CP (>P60)
(Fig. 7A). Instead, a significant drop in
acuity was produced by brief MD during a
7 d infusion of RK peptide (Fig. 7B).
Given that residual plasticity may linger
until P110 in mouse V1b (Lehmann and
Lowel, 2008), we further confirmed the
reopening of plasticity up to P150 (Fig.
7C). Across a panel of treatment condi-
tions described above, only MD paired
with RK peptide infusion or within a sub-
sequent washout period of <18 d resulted
in changes to adult cortical acuity (Fig.
7C). Neither Scb nor AA peptide treat-
ment reactivated plasticity, consistent
with their lack of effect on Otx2 transfer
into cortical PV cells (Fig. 6 A).

Thus, continuous Otx2 accumulation
in PV cells may be necessary to sustain a
state that limits further plasticity in adult-
hood. We therefore tested the possibility
of rescue from amblyopia beyond the CP
(Fig. 8). Mice were subjected to MD dur-
ing their CP (from P19), and the deprived
eye reopened (at P33) and was allowed to
grow into adulthood (>P60). RK peptide
or control was then infused into V1 for 7d
by osmotic minipump, and the cortical
acuity of the originally deprived eye was
measured using VEP recording at various
time points after pumping ceased. Signif-
icant improvement of cortical acuity was
observed >14 d after the onset of RK pep-
tide infusion (at P74-P95) (Fig. 8). This
confirms a therapeutic window aligned
with the transient window of cortical plas-
ticity induced by RK peptide (Figs. 5-7).

Discussion

The function of PNNs has remained
largely mysterious since their first descrip-
tion by Camillo Golgi more than a century
ago (Celio and Blumcke, 1994; Hirtig et
al., 1999). We have found that the inter-
nalization of Otx2 by a subpopulation of
cells in the neocortex (PV cells) is facili-

tated by the recognition of one or several sugar sequences in the
PNN, probably enriched in chondroitin-6-sulfate moieties
(CS-D, CS-E, or both). This recognition requires a short Otx2
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domain with GAG-binding molecular characteristics that can be
antagonized in vivo to reduce endogenous Otx2 internalization
and downregulate PV expression and WFA binding sites to reac-
tivate plasticity in the binocular visual cortex (Fig. 8C). We thus
propose that PNNs provide Otx2 binding sites facilitating inter-
nalization. This unexpected PNN function does not rule out
other functions related (or not) to cortical plasticity.

Homeodomain and homeoprotein internalization is not be-
lieved to be receptor dependent, and the third helix of the home-
odomain (Penetratin; Qbiogene), which is necessary and
sufficient for internalization, does not bind a chiral receptor (Jo-
liot and Prochiantz, 2004). However, negative charges are impor-
tant for homeoprotein internalization, and the homeodomain
alone shows a higher affinity for cells expressing specific sugars at
their surfaces. In particular, Antennapedia is preferentially cap-
tured in vitro by neurons expressing «2,8-PSA (Joliot et al.,
1991b). This absence of specificity in vitro does not mean that
extracellular homeoproteins do not recognize specific cells in vivo,
and our present data strongly suggest that GAG sequences may par-
ticipate in this “sugar code” for homeoprotein recognition.

In fact, most studies indicate that the efficiency of internaliza-
tion of these transduction proteins and peptides is increased by
their interaction with complex sugars (Ziegler, 2008; Ziegler and
Seelig, 2008). Here, we suggest that this recognition is specific,
reminiscent of the mode of action of several morphogens and
growth factors (e.g., FGF 1/2) that must bind a proteoglycan
before they activate a transducing receptor (Jastrebova et al.,
2006). In some cases, the diffusion of a morphogen requires it to
be attached to complex sugars until it actually binds a receptor
(Bulow and Hobert, 2006; Gallet et al., 2008).

In our homeoprotein infusion experiments, Otx2 internaliza-
tion by PV cells results from an exchange of the protein between
its carrier (PSA) and a binding site (the acceptor) at the cell
surface. We demonstrate that an Otx2 domain of 15 aa partici-
pates in this recognition and that the replacement of an RK dou-
blet by an AA doublet abolishes specificity. The importance of
this short sequence is further supported by differences of in vitro
affinities for specific sugars (Table 1) and by their distinct phys-
iological effects in vivo. Indeed, when infused into the cortex, the
three peptides localize in a similar nonspecific manner around
the site of infusion. However, in contrast to the RK peptide, the
AA and Scb peptides do not significantly change Otx2 accumu-
lation inside PV cells and have no effect on the expression of PV
or that of PNNs. We also noticed that the degree of reduced Otx2
accumulation by the RK peptide could vary between experiments
(from 40 to 80%) but was always higher than the reduction by
ChABC (~20%). Reactivation of plasticity was observed regard-
less of this variation.

We therefore propose that the Otx2 RK domain enables bind-
ing to an “acceptor site” containing a chondroitin-6-sulfate. Be-
cause GAG sulfation patterns determine most of their binding
properties, the avidity of Otx2 for 6-sulfated CS is of particular
interest. Indeed, in the rat posterior cortex, the amount of
6-sulfated GAG has been found to drop dramatically between
P21 and adulthood (where they represent 3% of the GAG) (Car-
ulli etal., 2011). Moreover, very recent evidence suggests a devel-
opmental increase in the 4-sulfation/6-sulfation (4S/6S) ratio of
CSPGs may be required for the accumulation of Otx2 (Miyata et
al., 2012). Thus, the recognition of Otx2 by PV cells might, atleast
in part, stem from the progressive refinement of the PNN sulfa-
tion profile.

Although we do not exclude the possibility that a glycoprotein
could transduce a specific signal across the membrane, our pres-

Beurdeley et al. ® 0tx2 Binds PNNs to Regulate Adult Plasticity

ent understanding of homeoprotein action (Brunet et al., 2005,
2007; Wizenmann et al., 2009) favors the idea of a non-cell-
autonomous regulation of translation and transcription by Otx2
after its internalization. The actual targets at both levels are pres-
ently under investigation and, once identified, will be analyzed at
a functional level. Notably, both gain- and loss-of-function
(Sugiyama et al., 2008; this study) indicate that Otx2 internaliza-
tion enhances the expression of several markers of PV cell matu-
ration, including PNN formation itself.

From a physiological point of view, the ongoing positive feed-
back of nascent PNNs attracting Otx2 for their own continued
maintenance throughout life may serve to prevent plasticity in
adulthood (Fig. 8C). Importantly, PV cells receive the most po-
tent and direct input from thalamus (Erisir and Dreusicke, 2005;
Cruikshank et al., 2007) and have themselves been shown to dis-
play a robust bidirectional plasticity that becomes limited with
age (Yazaki-Sugiyama et al., 2009). Our results provide a mech-
anistic explanation for the earlier success in reopening visual
plasticity by diffuse treatment with chondroitinases in the adult
rat (Pizzorusso et al., 2002). Resetting V1b to a juvenile state by
function-blocking Otx2 antibody (Sugiyama et al., 2008) or the
RK peptide here offer a more precise therapeutic tool.

Otx2 may thus serve as a “master regulator” of visual cortex
plasticity during development and throughout adulthood. How
might CP induction and closure be linked? Our initial report
showed that Otx2 not only opens a CP but also leads to its pre-
mature closure (Sugiyama et al., 2008). This suggests that a
threshold level of Otx2 initiates plasticity, which is eventually
exceeded to limit plasticity in adulthood. A similar two-threshold
model is proposed to explain the direct effects of GABA matura-
tion on CP time course (Feldman, 2000; Spolidoro et al., 2009).
PV cell development establishes the crucial excitatory—inhibitory
balance conducive to plasticity (Hensch, 2005), but then these
cells acquire PNNs, which terminate further rewiring by sus-
tained Otx2 internalization (Fig. 8C). Loss of Otx2 in adulthood
then leads to transient loss of PNNs and a reactivation of plastic-
ity until both Otx2 and PNN levels recover (Fig. 6).

Plasticity thus reflects a threshold amount of Otx2 within PV
cells with therapeutic relevance for recovery from amblyopia
(Fig. 8). It will be important to evaluate the Otx2 content of PV
cells in other paradigms (e.g., environmental conditions, fluox-
etine) reported to support adult visual plasticity (Morishita and
Hensch, 2008; Spolidoro et al., 2009; Bavelier et al., 2010). As
appropriate delivery methods are devised, RK-related agents may
not only restore vision to human amblyopes, they may poten-
tially rescue other defects of CP brain development. Therapeutic
strategies adjusting intercellular transfer of Otx2 into PV circuits
may, for instance, be adapted more generally to rescue neurode-
velopmental disorders of similar cellular etiology, such as autism
spectrum disorders, fear extinction, and schizophrenia (Lewis et
al., 2005; Gogolla et al., 2009a,b).
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