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Chondroitin sulphate proteoglycans in the extracellular matrix restrict plasticity in the adult central nervous system and their

digestion with chondroitinase reactivates plasticity. However the structures in the extracellular matrix that restrict plasticity are

unknown. There are many changes in the extracellular matrix as critical periods for plasticity close, including changes in

chondroitin sulphate proteoglycan core protein levels, changes in glycosaminoglycan sulphation and the appearance of dense

chondroitin sulphate proteoglycan-containing perineuronal nets around many neurons. We show that formation of perineuronal

nets is triggered by neuronal production of cartilage link protein Crtl1 (Hapln1), which is up-regulated in the visual cortex as

perineuronal nets form during development and after dark rearing. Mice lacking Crtl1 have attenuated perineuronal nets, but the

overall levels of chondroitin sulphate proteoglycans and their pattern of glycan sulphation are unchanged. Crtl1 knockout

animals retain juvenile levels of ocular dominance plasticity and their visual acuity remains sensitive to visual deprivation. In

the sensory pathway, axons in knockout animals but not controls sprout into the party denervated cuneate nucleus. The

organization of chondroitin sulphate proteoglycan into perineuronal nets is therefore the key event in the control of central

nervous system plasticity by the extracellular matrix.

Keywords: plasticity; ocular dominance; extracellular matrix; proteoglycan; GABA; interneurons; synapse; link protein

Abbreviations: ChABC= chondroitinase ABC; CSPG= chondroitin sulphate proteoglycan; PNN=perineuronal net

Introduction
Some functional recovery occurs after damage to the CNS, mainly

through axonal sprouting, dendritic remodelling and changes in

neuronal properties and synaptic strength, known collectively as

plasticity. Recovery can be further enhanced by influencing plas-

ticity through rehabilitation (Girgis et al., 2007; Fawcett and Curt,

2009; Garcia-Alias et al., 2009). This process can be enhanced in
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the adult CNS by treatment with chondroitinase ABC (ChABC)

(reviewed in Kwok et al., 2008). ChABC digests the glycosamino-

glycan chains on chondroitin sulphate proteoglycans (CSPGs).

However, CSPGs participate in many structures in the extracellular

matrix, and the ChABC-induced change that affects plasticity

has not been identified. An approach to finding out how CSPGs

control plasticity is to find out how they turn it off during devel-

opment. Late in development, connections in the mammalian

CNS go through a period, known as the critical period, during

which they are highly malleable. In the visual cortex, the critical

period closes at around 5 years in humans, 12 weeks in kittens

and 35 days in mice (Gordon and Stryker, 1996), after which the

capacity for experience-dependant change is much reduced

through several mechanisms (Blakemore and Van Sluyters,

1974; Sawtell et al., 2003; Sengpiel, 2007; Lehmann and Lowel,

2008; Morishita et al., 2008; Sato et al., 2008). There are similar

plastic periods in other parts of the CNS. Ocular dominance

and other forms of plasticity can be reactivated in adult animals

by digestion of CSPGs with ChABC (Pizzorusso et al., 2002;

Tropea et al., 2003; Barritt et al., 2006; Massey et al., 2006;

Curinga et al., 2007; Galtrey et al., 2007; Cafferty et al.,

2008; Garcia-Alias et al., 2009; Houle et al., 2009) allowing the

CNS to show improved recovery from amblyopia, spinal cord

injury and other conditions. ChABC treatment also affects

memory formation and retention in adult animals, indicating a

role for CSPGs in these processes (Gogolla et al., 2009). These

and other observations have led to the view that CSPGs in the

extracellular matrix are involved in the control of CNS plasticity

and the termination of critical periods. It is not clear which

of many events involving CSPGs is responsible for the reduction

in plasticity at the end of the critical periods. There are three main

changes. First, there are seven or more CSPG core proteins

whose levels change during postnatal development and following

injury. Second, the sulphation motifs on the glycosaminoglycans

change during development and following damage, and their pat-

tern determines most of the binding properties and actions of

CSPGs (Kitagawa et al., 1997; Properzi et al., 2005; Busch

et al., 2007; Iaci et al., 2007; Massey et al., 2008; Wang et al.,

2008). Third, at the end of the critical periods some CSPGs

that were previously diffusely distributed are incorporated into

specialized structures of condensed and stable matrix around the

somata and dendrites of neurons, known as perineuronal nets

(PNNs) (Hockfield et al.,1990; Schweizer et al., 1993; Pizzorusso

et al., 2002; Galtrey et al., 2008). ChABC digestion leads to many

extracellular matrix changes: glycosaminoglycans are digested to

disaccharides, glycosaminoglycan-bound molecules are released,

CSPG levels change, neurocan is completely removed and PNNs

are partly demolished. Based on this evidence, one can hypothe-

size that the reduction in plasticity at the end of critical periods

could be due to a change in the level of one or more of the CSPG

core proteins, to a change in the pattern of glycosaminoglycan

sulphation or to the localization of CSPGs in PNNs. Attention

has focused on PNNs (Massey et al., 2006; Busch and Silver,

2007; Dityatev et al., 2007; McRae et al., 2007; Bruckner et al.,

2008; Morishita and Hensch, 2008; Tropea et al., 2008;

Frischknecht et al., 2009) because they are readily seen and be-

cause many surround parvalbumin positive GABAergic

interneurons, which are involved in the control and restriction of

plasticity (Schweizer et al., 1993; Pizzorusso et al., 2002; Fagiolini

et al., 2004; Hofer et al., 2006; Tropea et al., 2008). Moreover,

sensory deprivation by dark rearing, whisker removal or song de-

privation in birds delays PNN formation in the visual cortex, som-

atosensory cortices and high vocal centre, respectively (Pizzorusso

et al., 2002; McRae et al., 2007; Balmer et al., 2009; Nakamura

et al., 2009). Also, promoting plastic change in adults through

environmental enrichment or pharmacological treatment decreases

the number of PNNs (Sale et al., 2007; Harauzov et al., 2010).

There is therefore a correlation between the ability of the cortex to

undergo plastic change and the presence of PNNs. However,

proof that PNNs rather than other changes in CSPGs control plas-

ticity, and whether ChABC reactivates plasticity by removing

PNNs, is lacking.

In this article we have measured the changes in the CSPGs that

occur during the critical period in rats and mice. We have identi-

fied the molecular event that triggers PNN formation, showing

that the PNN component cartilage link protein Crtl1 (Hapln1) is

up-regulated as the structures form, and that animals lacking link

protein in the CNS have very attenuated PNNs. In keeping with

the hypothesis that PNN maturation down-regulates plasticity, we

found that adult plasticity in the visual and somatosensory systems

of mice lacking Crtl1 was strongly enhanced. These findings pro-

vide direct evidence that PNNs control plasticity in the CNS and

suggest that digestion of these structures is how ChABC reacti-

vates CNS plasticity.

Materials and methods

Animals
Postnatal Day 3, 7, 14, 21, 35 and adult (�3-month-old)

Sprague-Dawley rats (Charles River, Margate, UK), adult (413-week-

old) C57/Bl6 (Charles River, Margate, UK) and Crtl1 knockout mice

were used in this study. All procedures were performed in compliance

with the UK Animals (Scientific Procedures) Act 1986 and institutional

guidelines, and the Italian law for care and use of experimental animals

(DL116/92).

Histochemistry
Animals were perfused with cold 4% paraformaldehyde and

post-fixed overnight. Thirty micrometre sections were blocked in

3% goat or donkey serum 3% bovine serum albumin, in Tris

buffered saline with 0.2% triton X-100. Wisteria floribunda

agglutinin and hyaluronan binding protein histochemistry was per-

formed by incubating sections in biotinylated W. floribunda

agglutinin (20 mg/ml, Sigma, Haverhill, UK) or biotinylated

hyaluronan binding protein (10 mg/ml, Seikagaku, Falmouth, MA,

USA) for 2 h room temp, then in ABC solution (ABC Elite Kit,

Vector, Peterborough, UK) for 1 h room temperature and in diamino-

benzidine (0.5mg/ml in Tris non-saline with 0.3 ml/ml H2O2) for

5–10min room temperature. For immunohistochemistry, the antibo-

dies are shown in Table 1. For aggrecan immunolabelling, sections

were pre-incubated with chondroitinase ABC (0.02 U/ml, Seikagaku).
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Synthesis of probes for in situ
hybridization
RNA from adult rat brain was isolated by guanidinium thiocyanate

phenol/chloroform extraction. For dig-labelled RNA probes, a

first-strand cDNA was synthesized. The primer sequences etc. are

shown in Table 2. The polymerase chain reaction product was amplified

using a 50 primer containing a T7 phage promoter sequence and a 30

primer containing a SP6 phage promoter sequence, generating a tem-

plate for transcription of a sense and an antisense probe. In vitro tran-

scription reaction was performed using dig-UTP RNA labelling mix

(Roche, Mannheim, Germany) and SP6 or T7 RNA polymerase (Roche).

In situ hybridization
Fourteen micrometre sections from fresh-frozen brain were collected

on Superfrost slides and air-dried. After fixation, slides underwent fix-

ation in 4% paraformaldehyde, permeabilization in phosphate buf-

fered saline 0.5% Triton X-100 acetylation for 10min 250ml water,

3.5ml triethanolamine, 625ml acetic anhydrid. Prehybridization was in

50% formamide, 5� saline sodium citrate and 2% blocking reagent

(Roche) for 3 h room temperature. Hybridization with dig-labelled

probes (100 ng/ml) took place overnight, in the same buffer at

69�C. Stringency washing was in 0.2� saline sodium citrate for 1 h

at 69�C. For the detection of hybrids, slides were equilibrated in maleic

acid buffer (0.1M maleic acid and 0.15M NaCl, pH 7.5), incubated

for 1 h room temperature with 1% blocking reagent made in maleic

acid buffer and 1 h with alkaline phosphatase-conjugated anti-dig anti-

bodies (Roche) diluted 1:5000 in blocking buffer. The slides were

washed and incubated overnight in 2.4mg levamisole (Sigma), 45 ml

4-nitroblue tetrazolium (Sigma) and 35 ml 5-bromo-4-chloro-3-

indolyl-phosphate (Sigma) in 10ml of a buffer made of 0.1M

Trizma base, 0.1M NaCl and 0.005M MgCl2, pH 9.5. The colour

development reaction was stopped in 0.01M Trizma base and

0.001M EDTA, pH 8.

For Kv3.1b immunofluorescence, sections were incubated

in rabbit anti-Kv3.1b antibodies for 1 h room temperature. They

were then incubated in biotinylated donkey anti-rabbit antibodies

(1:500, Amersham) for 1 h room temperature and in Cy3 streptavidin

(1:500, Amersham) for 45min room temperature.

Quantitative reverse transcriptase-
polymerase chain reaction
RNA from visual cortex was isolated by acid guanidinium thiocyanate

phenol/chloroform extraction, a first-strand cDNA was synthesized

Table 2 Primer sequences and polymerase chain reaction product size

Molecule Forward primer (50–30) Reverse primer (50—30) PCR product size

Neurocan ctgcttctttacccttcaaccac agttgtcaaagccatcttcgaac 443 bp (247–689)

Brevican cctcaggaagctgtggagag cttgccccatctggagtaga 452 bp (1271–1722)

Aggrecan ggccttccctctggatttag gccagaagaatctccactgc 663 bp (2350–3012)

Phosphacan ggtcttcaaggcaagcaaaa agctggctttcagagatgct 423 bp (462–884)

RPTPbeta acaccaccaacacccatctt taggcgtccactggatcttc 621 bp (5158–5778)

VersicanV2 aacacagcaccctctgacaa gcacaggtgcacacatagga 321 bp (808–1128)

TN-R cttccagctacaacacatcc acacattccccatccacac 601 bp (152–752)

Crtl1 cccttactttccacgattgg atctgggaaacccacaaagc 535 bp (483–1017)

Bral2 tcgcctcttcggtgtctact gaccaaggaccacaacaggt 356 bp (1062–1417)

HAS1 ctctggactcttgggtcagc cagccacaaagaaagggaag 435bp (872–1306)

HAS2 ggcaccttaccaacagggta taaaccacacggacactgga 513 bp (1450–1962)

HAS3 cttctttgtgtggcgtagca tcaggactcggttggtaagg 536bp (615–1150)

The specific cDNA sequence amplified by polymerase chain reaction (PCR) is indicated in brackets near the polymerase chain reaction product size.

TN-R = tenascin-R; HAS = hyaluronan synthase.

Table 1 List of the antibodies used in this study

Antibodies Supplier Species of origin Dilution

Immunohistochemistry Western blotting

a-Crtl1 R&D Systems (Minneapolis, MN, USA) Goat 1:100 1:1000

a-neurocan-N PAb 291 Dr A. Oohira Rabbit 1:500 1:2000

a-aggrecan Chemicon (Temecula, CA, USA) Rabbit 1:500 1:1500

a-brevican Dr C. Seidenbecher Rabbit 1:4000 1:10 000

a-versican Chemicon Rabbit 1:500 1:2000

a-phosphacan 3F8 DSHB (Iowa City, IA, USA) Mouse 1:100 1:50

a-tenascin-R Dr P. Pesheva Rabbit 1:2000 1:10 000

a-parvalbumin Swant (Swant, Bellinzona, Switzerland) Rabbit 1:2000 –

For each antibody, the supplier, the species of origin and the dilutions are reported.

DSHB = Developmental Study Hybridoma Bank.
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from 1 mg of RNA, using a cDNA synthesis kit from Invitrogen.

Quantitative polymerase chain reaction was carried out using ABI

Prism 7000 Sequence Detection System instrumentation (Applied

Biosystems) in combination with Taqman reagent-based chemistry

(Applied Biosystems) to determine the amount of Crtl1 relative to

beta-actin at the different developmental time points.

Extraction of proteoglycans from mouse
brain and western blotting
Tissue dissected from the region of the visual cortex was homogenized

with a Potter homogenizer using 5ml/brain extraction buffer [50mM

Tris buffered saline (pH 7.0), 2mM EDTA, 10mM N-ethylmaleimide

and 2mM phenylmethylsulphonylfluoride as protease inhibitors

(Buffer 1)]. The homogenate was centrifuged at 15 000 rpm for

30min, at 4�C. The supernatant was collected and the pellet

re-extracted twice with Buffer 1. The supernatants (Tris buffered

saline extract) were pooled together. The pellet obtained after centri-

fugation was further extracted three times with Buffer 2 (Buffer 1

containing 0.5% Triton X-100), followed by extraction with Buffer 3

(Buffer 2 containing 6M urea). The 6M urea extract was dialysed

against phosphate buffered saline. Two hundred micrograms protein

was precipitated with 95% ethanol/1.3% potassium acetate for 1 h in

ice, and the precipitate recovered by centrifugation at 15 000rpm for

10min and digested with 10 ChABC. The digests were subjected to

sodium dodecyl sulphate polyacrylamide gel electrophoresis in 5% gel

under reducing conditions and electrotransfered (Hybond-C pure,

Amersham). The membrane was blocked, incubated with primary anti-

bodies, washed and then incubated with peroxidase-conjugated

anti-rabbit or anti-goat immunoglobulin G (1:10 000, Vector). The

membrane was then developed using chemiluminescent substrate

(ECL, Amersham).

Glycosaminoglycan purification
Cortices were homogenized with chilled acetone and dried before

being suspended in 0.1M Tris–Ac, 10mM calcium acetate, pH 7.8

and digested with pronase overnight. After centrifugation, 100% tri-

chloroacetic acid was added to the supernatant, centrifuged and the

supernatant collected. After addition of diethyl ether, residual ether

was allowed to evaporate. Glycosaminoglycan was precipitated with

5% sodium acetate and 75% cold ethanol, centrifuged and dried. For

analysis of disaccharide composition, the glycosaminoglycan was di-

gested with 100 mU ChABC in 100mM NH4Ac buffer, pH 8.0 for 16 h

at 37�C.

Analysis of glycosaminoglycans using
fluorophore-assisted carbohydrate
electrophoresis
Procedures for 2-aminoacridone-derivatization of the disaccharides

were modified from Calabro et al. (2001). Dried experimental and

standard disaccharide preparations were derivatized with 12.5mM

2-aminoacridone in the presence of 10 ml of 1.25M sodium cyanobor-

ohydride at 37�C overnight. Samples were electrophoresed in a 30%

polyacrylamide gel in 0.1M Tris–borate buffers, pH 8.3, then imaged

at 365 nm.

Quantitation

In situ hybridization

Quantitation was performed as in previous papers (Carulli et al., 2006,

2007; Galtrey et al., 2008). For the study of expression levels during

development, optical density (greyscale levels of the corresponding

pixels of the pre-processed image) of selected visual cortex neurons

was recorded by means of Lucia software (Nikon) under a 40� ob-

jective. The mean optical density for each neuron (20–30 neurons/

animal) was measured and the background level from a non-stained

region subtracted. The mean level was calculated for each animal and

the measurements obtained for each were pooled to yield the final

mean values (�SD). For quantification of PNN components after dark

rearing, neurons were classified into dark, medium and light stains,

and the number of each type was counted in 350�140mm areas

drawn in the appropriate layers of the cortex. Each estimation was

the mean of at least eight measurements in each of three animals.

For quantitation of CSPG core protein levels, images were taken

from five different views of layers 2–4 of the visual cortex in five

sections per animal; three animals were used for each time point.

The optical density (greyscale levels of the corresponding pixels of

the pre-processed image) of selected rat cortex was measured using

ImageJ (ver 1.42q; NIH, USA). The mean level was calculated for each

animal and the measurements obtained from each were pooled to

yield the final mean values. The background optical density from al-

ternate cortical sections, without the addition of primary antibody, was

subtracted.

Quantitation of perineuronal nets

An area of interest was drawn around the immunopositive region of

individual neurons with full or attenuated W. floribunda

agglutinin-stained PNNs (Fig. 5c and d). The area of each region of

interest and the brightness of fluorescence (on a 0–256 scale) was

measured by means of Neurolucida software under a 40� objective.

The background brightness, taken from a non-stained region of cortex,

was subtracted from the brightness measurement. Each measurement

was the mean of at least 50 measurements in each of four animals.

Quantitation of parvalbumin neurons

For measurements of the area and the perimeter of the neurons, the

outline of the soma was drawn around 30 neurons in each of three

animals. The number of parvalbumin neurons in 490�700mm areas of

interest were counted and the percentage of parvalbumin neurons that

were surrounded by a W. floribunda agglutinin-positive PNN were

counted from 245� 665mm areas of interest, spanning all cortical

layers. The number of primary dendrites was counted on parv-stained

neurons. Each estimation was the mean of at least seven measure-

ments in each of three animals.

Electrophysiological analysis of
ocular dominance
The age of mice ranged from postnatal Day 91 up to postnatal

Day 120. Mice were backcrossed for seven generations into

C57BL6J background. Experiments were performed blind to genotype

in urethane anaesthetized mice (20% in saline; 6ml/kg i.p.). Visual

evoked potentials were recorded as described (Putignano et al.,

2007), by means of a micropipette (2–2.5M impedance) inserted

into the binocular portion of the primary visual cortex (Oc1B). Only

penetrations in which single-cell receptive fields were within 20� of the

vertical meridian were used to assess visual evoked potential acuity.

2334 | Brain 2010: 133; 2331–2347 D. Carulli et al.
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To record visual evoked potentials, the electrode was positioned at a

depth of 450–500mm; at this depth, visual evoked potentials had their

maximal amplitude. Signals were bandpass filtered (0.1–100Hz),

amplified and fed to a computer for analogue-to-digital conversion

(512Hz) and analysis. Signals were averaged for at least 128 events

in blocks of 16 events, each in synchrony with the stimulus contrast

reversal. Transient visual evoked potentials in response to abrupt con-

trast reversal (1Hz) were evaluated in the time domain by measuring

the peak-to-trough amplitude and peak latency of the major negative

component. Visual stimuli were horizontal sinusoidal gratings of differ-

ent spatial frequency and contrast generated by a VSG2/2 card

(Cambridge Research System) by custom software and presented on

the face of a monitor (20�22 cm; luminance, 15 cd/m2) positioned 20

or 30 cm from the mouse’s eyes and centred on the previously deter-

mined receptive fields. Visual acuity was obtained by extrapolation of

the linear regression to zero amplitude through the last four data

points above noise level in a curve where visual evoked potential

amplitude is plotted against log spatial frequency (Pizzorusso et al.,

2006).

Transgenic mice lacking expression of
Crtl1 in the adult CNS
The development of this animal is described by Czipri et al. (2003).

Gene targeting was performed by disrupting exon 4 of the Crtl1 gene

upstream of the hyaluronan-binding ‘link module’ by the pGK-neor-

poly(A) cassette in the pPNT vector.

To generate transgenic mice that overexpress Crtl1 in cartilage, a

1758 base-pair cDNA fragment containing the entire coding sequence

was inserted into the transgenic vector pSP/44-3. Linearized and pur-

ified transgenic construct was microinjected into fertilized egg cells

(DNX Technologies, Princeton, NJ). Crtl1-deficient (Crtl1�/�) and

Crtl1-transgenic (Crtl1-Tg) mice were inter-crossed to achieve a

Crtl1�/�/Crtl1-Tg+/+ state. The original Crtl1�/�/Crtl1-Tg+/+ mice

were in a BALB/C background. For ocular dominance experiments

they were bred into the pigmented C57BL/6 background.

Plasticity in the cuneate nucleus
Age matched adult male (2–4 months) link protein 1 knockout mice or

CD1 mice (Charles River Laboratories) were anaesthetized, then uni-

lateral dorsal spinal hemisection was performed on the right side be-

tween the dorsal roots of C6 and C7 (n=7, link protein 1 knockout;

n=12, CD1 mice). One week after injury, the forepaw innervation of

the cuneate nucleus was traced using 1–2ml of cholera toxin B subunit

(1%, List Biological Laboratories; Campbell, CA) injected subcutane-

ously into the palmer side of each digit and into the glaborous foot

pad of the right forepaw. Two weeks post-injury and one week

post-tracing, animals were killed and perfused with 4% paraformalde-

hyde (pH 7.4). Twenty-micrometre thick cryostat sections were immu-

nostained as above. Primary antibodies were anti-cholera toxin B

(1:2000, goat, List Biological Laboratories; Campbell, CA) and anti-glial

fibrillary acidic protein (1:400, mouse, Sigma).

Quantitation of sprouting in the right cuneate nucleus was per-

formed in each animal by examining six sections (160 mm apart)

throughout the length of the nucleus and measuring the area of chol-

era toxin B labelling. A perimeter was drawn around the cholera toxin

B-traced afferents and measurements were taken in micrometre

square. Average areas of cholera toxin B tracing from each animal

were combined to calculate group averages (either link protein 1

knockout or CD1 control), which were analysed using one-way

ANOVA.

Results

Developmental changes in CSPG core
proteins and glycosaminoglycans

Previous biochemical quantifications of CSPG core protein levels

have shown large developmental changes in the CNS. In order to

confirm that the same changes occur in the visual cortex, we used

quantitative immunostaining of layers 2–4 of the rat visual cortex

(as used for previous experiments on ChABC and ocular domin-

ance). The changes we measured agree closely with those seen in

previous studies of the whole rat brain (Milev et al., 1998;

Zimmermann and Dours-Zimmermann, 2008). Aggrecan, brevican

and versican V2 levels increased and neurocan decreased over the

critical period (Fig. 1a–d). Many of the binding interactions of

CSPGs are via their glycosaminoglycans, with different sulphation

motifs having different binding specificities (Sugahara et al.,

2003). Previous studies have shown changes in sulphation patterns

between birth and adulthood. We compared glycosaminoglycan

sulphation in the cortex at birth, postnatal Day 21 (beginning of

the critical period) and adulthood. Strikingly, the sulphation

pattern of CSPGs was very similar at postnatal Days 21 and 0,

and the main changes were between postnatal Day 21 and adult-

hood, at which time there was virtual disappearance of

6-sulphated glycosaminoglycan and an increase in 4-sulphated

glycosaminoglycan, with falls in the two disulphated forms

(Fig. 1e).

Composition of perineuronal nets in the
visual cortex

We have previously analysed the composition of PNNs in the rat

cerebellum and spinal cord. In this study we have characterized

PNNs in the visual cortex and found that their composition is the

same (Carulli et al., 2006, 2007; Galtrey et al., 2008). The con-

densed extracellular matrix of PNNs is built around a hyaluronan

backbone, to which several types of CSPG and link protein (Crtl1/

Hapln1 and Bral2/Hapln4) are bound with tenascin-R binding to

the CSPGs, the ensemble forming a dense cartilage-like structure

(Carulli et al., 2006, 2007; Dityatev, et al., 2007; Bruckner et al.,

2008; Galtrey et al., 2008). In Supplementary Fig. 1, we present a

diagram showing a proposed model of the structure of the PNN.

In the adult visual cortex we found, as in previous studies, that

PNNs are primarily around neurons that express parvalbumin and

Kv3.1b, markers of the fast-spiking GABAergic interneurons impli-

cated in ocular dominance control, with 80% of parvalbumin posi-

tive neurons being surrounded by PNNs. As in other parts of the

CNS, they contain Crtl1, neurocan, aggrecan, phosphacan, brevi-

can and neurocan (Fig. 6 and Supplementary Fig. 2). In mice,

PNNs contained Crtl1 and CSPGs and were also predominantly

around parvalbumin positive neurons.
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Developmental expression of
perineuronal net components in
visual cortex

Many PNN components are already present in the immature CNS

before PNNs form (Carulli et al., 2007; Galtrey et al., 2008). The

molecule that triggers construction of the PNNs should be

up-regulated as the structures form. This process begins in the

rat visual cortex at postnatal Day 14 and at the same age in

mice (Fig. 2a–d). We examined the visual cortex during develop-

ment using in situ hybridization and immunohistochemistry to dis-

cover which mRNAs and proteins were up-regulated at this time

(Fig. 2). Of the mRNAs for PNN components expressed by par-

valbumin positive cells, those for hyaluronan synthase, aggrecan,

neurocan and tenascin-R were already present by postnatal

Day 3, long before PNN formation. Brevican, phosphacan and

Figure 1 Postnatal changes in CSPGs in the rat posterior cortex. (a–d) The levels of four of the major CSPG core proteins change between

postnatal Days (P)14 and 45, with increases in aggrecan, brevican and versican, a decrease in neurocan in agreement with previous

published reports. (e) The sulphation pattern of CSPG glycosaminoglycans (GAGs) at postnatal Days 0, 21 and adulthood in the posterior

cortex. For analysis the glycosaminoglycans are digested into disaccharides, three examples of which are shown at the bottom of e. The

percentage figures in the columns are the percent of total chondroitin sulphate glycosaminoglycan disaccharides that have the sulphation

pattern named in the left-hand column. The sulphation pattern changes little between birth and the critical period, after which there is a

fall in 6-sulphated and unsulphated glycosaminoglycan and a rise in 4-sulphated glycosaminoglycan. By adulthood 91.5% of glycosa-

minoglycan is monosulphated at the four position.
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versican, CSPGs that are produced by glial cells, were also present

from birth. At postnatal Day 7, before PNN formation, immuno-

histochemistry showed that all these molecules have a diffuse lo-

calization in the visual cortex extracellular matrix, similar to their

distribution in the immature spinal cord and cerebellum (Rhodes

and Fawcett, 2004; Carulli et al., 2006, 2007; Galtrey et al.,

2008). Of the various PNN components, the only two whose

mRNAs were up-regulated at the time of PNN formation were

the link proteins Crtl1 and Bral2, with Crtl1 showing a peak of

expression at postnatal Day 14, coinciding with the onset on PNN

Figure 2 Developmental changes in the expression of PNN components in layers 2/3 of the rat visual cortex. (a–d) Staining with

W. floribunda agglutinin, which reveals most PNNs. The first signs of PNN formation are seen at postnatal Day (P)14. (e–h)

Immunohistochemistry for link protein Crtl1, showing that it is first detectable from postnatal Day 14, and is present in PNNs. (i–l) In situ

hybridization for Crtl1, showing a peak of neuronal expression as PNNs are forming at postnatal Day 14. (m) Quantification of mRNA

levels of PNN components by in situ hybridization, measuring optical density of selected areas of interest around cortical neurons. The

bottom right graph shows Crtl1 mRNA levels in mice measured by quantitative polymerase chain reaction relative to actin, showing that

the time course is the same as in rats. HAS = hyaluronan synthase. Bars = 20 mm.
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formation, and Bral2 expressed from postnatal Day 21 onwards

(Fig. 2e–m). The pattern of Crtl1 expression was the same in mice.

Effects of dark rearing on perineuronal
net components in the visual cortex

PNN formation in the visual cortex can be postponed by rearing

animals in darkness, and then triggered by light exposure for 51

week (Pizzorusso et al., 2002). As a further step towards identify-

ing the molecules responsible for PNN formation, we asked which

PNN components were down-regulated in rats as a result of dark

rearing and up-regulated when they were exposed to light. The

largest effect of dark rearing on mRNA levels was seen on Ctrl1,

where the number of strongly labelled neurons was remarkably

reduced (80–90% decrease) in dark reared animals, with the

greatest change in cortical layers 2–4 (Fig. 3). On exposure to

light, the number of neurons expressing high levels of Crtl1

mRNA reached normal levels after 2 days, at which time the for-

mation of PNNs, visualized with link protein or W. floribunda ag-

glutinin staining, was still incomplete (Fig. 3a–h), suggesting that

up-regulation of Crtl1 mRNA occurs at the onset of PNN forma-

tion. We saw similar but smaller changes in the mRNA levels of

Bral2 and hyaluronan synthase 2 in layers 2 and 3, and hyaluronan

synthase 3 in layers 5 and 6, all of which showed a 30–40%

decrease in the number of labelled neurons after dark rearing

Figure 3 The effects of dark rearing and subsequent light exposure on PNNs and Crtl1 expression in layers 2/3 of the rat visual cortex.

(a–c) Crtl1 protein in the normal adult cortex (a), but much reduced levels after dark rearing (b). Three days of exposure to light leads to

the beginning of the appearance of Crtl1 in PNNs (c). The proportion of neurons with PNNs is quantified in G for layers 2/3 and 4.

(d and e) Equivalent pictures of cortical layers 2/3 processed for in situ hybridization for Crtl1 mRNA. The mRNA is present in the normal

cortex (d), down-regulated after dark rearing (e) and up-regulated again after light exposure (f). These observations are quantified in h for

cortical layers 2/3 (above) and layer 4 (below). Bars = 50mm. *P50.05 relative to control (g) and relative to dark reared (h).
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with a reversion of hyaluronan synthase 2 and hyaluronan syn-

thase 3 to normal levels after 2–3 days of light exposure.

Perineuronal nets in animals lacking
Crtl1 in the CNS

The above observations suggest the hypothesis that PNN forma-

tion is triggered by the up-regulation of the link protein Crtl1 in

parvalbumin positive interneurons. As in cartilage, the link protein

might act by stabilizing the binding of the various CSPGs to hya-

luronan (Morgelin et al., 1994; Watanabe et al., 1998).

Hyaluronan is present around neurons that have PNNs because

they all express hyaluronan synthase from an early stage (Carulli

et al., 2006, 2007; Galtrey et al., 2008). The presence of link

protein could therefore allow the capture of CSPGs into the hya-

luronan pericellular coat around parvalbumin neurons. In order to

test this hypothesis we produced transgenic mice lacking Crtl1 in

the adult CNS. Previous work has generated animals completely

lacking Crtl1; these die at birth because they are unable to form

hyaline cartilage, therefore lacking the cartilaginous rings that

keep the trachea and bronchi patent, and they also have cardiac

defects. We therefore generated rescue transgenic mice in which

the natural Crtl1 gene was knocked out and replaced with a trans-

gene expressed under the control of the type II collagen

cartilage-specific promoter and enhancer (Czipri et al., 2003).

Crtl1 protein was not detectable in the brain of adult transgenics

(Supplementary Fig. 3). The animals showed no obvious behav-

ioural abnormality, were able to feed and reproduce normally and

showed no signs of reduced cortical inhibition such as a tendency

to fits. Immunohistochemistry for the PNN markers aggrecan and

W. floribunda agglutinin, for several CSPGs and with hyaluronan

binding protein, showed that PNNs in the Crtl1 knockout animals

were very attenuated (Fig. 4). In normal cortex, PNNs surround

the neuronal soma and dendrites, but in knockout animals W.

floribunda agglutinin and aggrecan staining around the dendrites

was absent, although there was some attenuated staining around

the somata. The appearance is different to the partly-formed

PNNs that form in the absence of tenascin-R (Bruckner et al.,

2000). Quantification of W. floribunda agglutinin staining in

knockout animals, including the attenuated PNNs in the counts,

showed a 25% reduction in the proportion of parvalbumin posi-

tive neurons with PNNs (Fig. 5). The main change was a large

reduction in the area of the W. floribunda agglutinin positive pro-

files due to the absence of staining around dendrites, and in the

intensity of W. floribunda agglutinin staining around parvalbumin

positive neurons (Figs 4g–h and 5). The overall number, size and

number of processes of parvalbumin positive neurons was un-

changed (Fig. 5). We saw similar changes around the neurons

of the cuneate nucleus (Fig. 4 i,j).

CSPG and NogoR levels in Crtl1
knockout animals

In Crtl1 knockout animals we examined the protein levels and

distribution of aggrecan, phosphacan, neurocan-N, brevican,

versican, tenascin-R and the distribution of hyaluronan in the

visual cortex by western blot and immunohistochemistry (Fig. 6).

All of these molecules were present in the cortex in the same

quantity as in normal animals, except for neurocan-N which was

Figure 4 The appearance of PNNs in wild-type and Crtl1

knockout animals. (a–d) W. floribunda agglutinin staining of the

visual cortex layer 3, comparing PNNs at low and high power

and showing the absence of PNN around dendrites in Crtl1

knockouts. A similar appearance is seen with aggrecan staining

(e and f). The absence of PNNs around parvalbumin-positive

neuron dendrites in knockouts is not due to the absence of

dendrites in knockout animals; (g and h) parvalbumin stained

neurons in normal and knockout animals with normal dendritic

morphology, but with less W. floribunda agglutinin-stained PNN

in knockout animals (h). (i and j) W. floribunda agglutinin

staining of the cuneate nucleus in normal and knockout animals.

Bars = 70 mm (a and b); 15m (c–h); 50m (i and j).
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30% reduced. The molecules were, however, diffusely spread and

not condensed into PNNs, although some aggrecan, hyaluronan

and tenascin-R were present in the attenuated PNNs around the

somata. The more stable components of the extracellular matrix

can only be extracted in 6M urea, and some PNN components,

particularly neurocan-N and versican, are preferentially repre-

sented in this compartment (Deepa et al., 2006). In Crtl1

knockout brains, neurocan-N was absent from the 6M urea frac-

tion, but a stable urea-extractible extracellular matrix compart-

ment persisted, which contained normal amounts of the other

CSPGs. These findings demonstrate that the overall levels of

matrix components are not changed in the Crtl1 knockout ani-

mals. The lack of fully formed PNNs in the Crtl1 CNS-knockout is

therefore not due to the absence of the other PNN components,

Figure 5 Quantification of the anatomy of parvalbumin-positive neurons. A low-power picture of parvalbumin (PV) staining (a and b)

shows no gross difference between control and Crtl1 knockout animals. To measure the size of W. floribunda agglutinin positive PNNs, a

perimeter was drawn around the stained regions of neurons and the areas of the tracings measured (c and d). The size and W. floribunda

agglutinin staining intensity of the PNNs is shown in e. Slightly fewer of the neurons are surrounded by PNNs in the Crtl1 knockouts, and

the PNNs in the knockouts are attenuated in size and staining intensity (e and f). The number and anatomy of the parvalbumin positive

neurons is normal in the Crtl1 knockout animals (f). Bar = 40 mm. WT=wild-type; KO=knockout. *P50.05; **P50.001.
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Figure 6 The lack of link protein affects the distribution but not the overall quantity of several CSPGs that are normally enriched in PNNs.

The pictures show layers 2/3 of visual cortex. In control (WT) animals, the PNNs contain the same CSPGs as in rats (a,c,e,g,i). In Crtl1

knockout animals vestigial PNNs are still seen, with attenuated aggrecan and phosphacan staining localized just around the cell soma (b,d).

Neurocan staining is barely visible (f), and brevican and versican staining are absent (h,j). However there is diffuse staining for all the

CSPGs in knockouts. The western blots from cortical tissue (k,l,m,n,o) show that all the CSPGs are present in the brains of Crtl1 knockouts

in normal overall amounts, except for neurocan-N, which is 30% decreased in the Tris buffered saline (TBS) extract and is no longer seen in

the stable matrix compartment that can only be extracted in 6M urea. The protein quantifications are taken from three independent

western blots. Bars = 30 mm. WT=wild-type; KO=knockout.
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but rather to the absence of the structure that stabilizes them as

PNNs around the cell bodies and dendrites of parvalbumin positive

interneurons. In addition, we examined the levels of Nogo recep-

tor in normal and Crtl1 knockout animals because these molecules

also affect ocular dominance plasticity (McGee et al., 2005). We

found no differences (Supplementary Fig. 4).

Ocular dominance plasticity in animals
lacking Crtl1 in the CNS

We then investigated whether ocular dominance plasticity persists

into adulthood in the Crtl1 CNS-knockout animals. Even normal

mice show some ocular dominance plasticity in early adulthood if

monocular deprivation persists for more than 3 days (Sawtell

et al., 2003; Sato and Stryker, 2008). We therefore submitted

animals that were at least 13 weeks in age to only 3 days of

monocular deprivation, after which ocular dominance was exam-

ined by electrophysiological recordings of visual evoked potentials.

Visual evoked potentials represent the integrated response of a

population of neurons to patterned visual stimuli and this is

mainly due to subthreshold responses. Responsiveness of the

mouse visual cortex to stimulation of the eye has been measured

using a number of methods, including single-unit recordings, visual

evoked potentials, optical imaging of intrinsic signals, immediate

early gene expression and two-photon imaging of cellular calcium

transients. Although each method is related to specific aspects of

neuronal response, all methods yield a consistent picture of what

happens after an eye is deprived (Smith et al., 2009). We used

visual evoked potentials because they make it possible to compare

the response strength to each eye and, by increasing stimulus

spatial frequency, it is possible to assess the spatial resolution

threshold of each eye. Monocular deprivation during the sensitive

period affects both response amplitude and visual acuity (for

review, see Morishita and Hensch, 2008), and both of these can

be assessed using visual evoked potential recordings. We show

typical visual evoked potential recordings at different cortical

depths in Fig. 7a.

In normal animals, no change in the amplitude ratio between

the contralateral and the ipsilateral eye (C/I ratio) was seen after

monocular deprivation, but in animals lacking Crtl1 there was a

shift of the C/I ratio towards the ipsilateral non-deprived eye of

similar magnitude to that seen during the critical period (Fig. 7b).

Visual evoked potential visual acuity correlates well with behav-

ioural estimates of visual acuity, so we also asked whether mon-

ocular deprivation affected visual evoked potential visual acuity in

adult Crtl1 knockout mice. Non-deprived Crtl1 knockout mice had

a normal visual evoked potential ratio, visual acuity and visual

evoked potential amplitude curve (Fig. 7c and d).

This result excludes general abnormalities in excitatory/inhibi-

tory balance controlling neuronal activity and visual responses in

these mice. Crtl1 knockout mice monocularly deprived for 3 days

showed a considerable decrease in visual acuity that dropped to

�0.3 c/deg (Fig. 7c). In addition, visual evoked potential ampli-

tude in response to visual stimulation of the deprived contralateral

eye indicated that deprived eye visual evoked potential responses

to stimuli of high spatial frequency (0.2 and 0.3 c/deg) (Fig. 7c)

were also affected in Crtl1 knockout but not in wild-type mice.

Thus, adult Crtl1 mice with disrupted PNNs display levels of plas-

ticity capable of shifting the balance of the C/I ratio and reducing

visual acuity of the deprived eye, a behaviourally relevant property

of vision. We were able to observe overall levels of electrical ac-

tivity in the groups of animals. The Crtl1 knockout animals had the

same level of spontaneous cortical activity as control animals, sug-

gesting that there is no loss of cortical inhibition.

Plasticity in the cuneate nucleus in Crtl1
knockout animals

ChABC treatment has been shown to promote anatomical sprout-

ing of axons into denervated regions (Massey et al., 2006;

Cafferty et al., 2008; Garcia-Alias et al., 2009; Tom et al.,

2009). We wished to see whether the absence of PNNs might

have a similar effect. We therefore used the experimental model

developed by Massey et al. (2008), in which sprouting of pre-

served ascending sensory axons into denervated regions of the

cuneate nucleus was promoted by ChABC. We performed unilat-

eral dorsal hemisection lesions of the spinal cord of control and

Crtl1 knockout mice between levels C6 and C7. This lesion cuts

ascending sensory axons from the medial two digits of the fore-

paws but leaves those from the lateral digits intact. One week

after injury we injected cholera toxin B subunit into the forepaw

of animals, labelling ascending sensory axons by transganglionic

transport. In control animals sensory axon innervation of the

cuneate nucleus was restricted to the region normally innervated

by the lateral digits with no apparent sprouting into the dener-

vated regions. In Crtl1 knockout animals, we saw labelled axons

innervating the regions previously innervated by the medial digits,

indicating sprouting of the preserved axons (Fig. 8a–c).

Quantification of this sprouting by drawing a perimeter around

all the labelled axons showed a significantly larger area occupied

by axons from the Crtl1 knockout animals (Fig. 8d).

Discussion
The experiments in this article were designed to identify the de-

velopmental changes in the extracellular matrix that modulate the

ability of the CNS to undergo plastic change and therefore the

probable target through which ChABC reactivates plasticity and

promotes recovery of function. We demonstrate that there are

several changes in the extracellular matrix during the critical

period with changes in core protein levels, glycosaminoglycan sul-

phation patterns and the onset of PNN formation. The main hy-

pothesis we have tested is that the PNNs are responsible for

limiting plasticity in the adult CNS. Our results support this idea;

we have shown that the triggering of PNN formation by the pro-

duction of link protein is the major event in the extracellular matrix

that limits plasticity in both the visual cortex and the cuneate nu-

cleus. This event must act with Nogo and other factors associated

with parvalbumin positive interneurons to control plasticity in the

cortex (Hensch, 2005; McGee et al., 2005; Hofer et al., 2006;

Tropea et al., 2008; Datwani et al., 2009).
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The composition of the extracellular matrix in the CNS is similar

to that of other parts of the body, except for the absence of

fibrillar collagen. In previous experiments we analysed the com-

position of the two extracellular matrix compartments of the CNS,

the diffuse extracellular matrix that is found throughout the CNS

and the condensed matrix of the PNNs that are found around

neurons. Both types of extracellular matrix contain several

CSPGs together with long chains of hyaluronan, tenascin-C and

tenascin-R. The condensed extracellular matrix of PNNs contains

these molecules with the addition of one or more link proteins

(Crtl1/Hapln1 and Bral2/Hapln4) and larger amounts of

tenascin-R, the ensemble forming a dense cartilage-like structure

(Carulli et al., 2006, 2007; Deepa et al., 2006; Dityatev et al.,

2007; Bruckner et al., 2008; Galtrey et al., 2008). Some of the

molecules found in PNNs (hyaluronan synthase, aggrecan, neuro-

can, link protein) are produced by the neurons, the others by

surrounding glia (Carulli et al., 2006, 2007). Which of the mol-

ecules produced by PNN-enveloped neurons triggers their forma-

tion? One way to answer the question is to determine which

molecule is up-regulated just as PNNs start to form. Our observa-

tions show that of the many molecules comprising PNNs, only link

protein Crtl1 starts to be expressed at this moment in develop-

ment, with aggrecan expression starting earlier and the other com-

ponents being present much earlier during embryogenesis. PNN

formation can be delayed then triggered by dark rearing followed

by exposure to light (Pizzorusso et al., 2002) and again, Crtl1

expression closely followed the time course of PNN formation.

In order to test the hypothesis that Crtl1 expression is the trig-

ger for PNN formation, we examined mice that lack Crtl1 in the

adult CNS. Previous work had generated animals completely lack-

ing Crtl1; these died at birth because they are unable to form

hyaline cartilage and also had cardiac defects. We therefore

Figure 7 Ocular dominance plasticity in adult Crtl1 knockout mice. (a) A typical set of visual evoked potential recordings, with a reversal

of polarity with increasing depth in the visual cortex. (b) Visual evoked potential C/I ratio in wild-type (WT) and Crtl1 knockout (KO)

littermates. Each circle represents a single animal. Normal and knockout animals have the usual C/I ratio of visual evoked potential

response amplitude of 2.2. After 3 days of monocular deprivation (dep) control animals show no ocular dominance shift, but Crtl1

knockouts show an ocular dominance shift to near unity, similar to that seen in animals during the critical period (two way ANOVA, post

hoc Tukey’s test, *P50.05). (c) Crtl1 knockout deprived for 3 days show a decrease in visual acuity. In addition, the visual evoked

potential amplitude versus spatial frequency curve (d) of the deprived contralateral eye indicates that visual evoked potential amplitude is

affected not only at the low spatial frequency (0.1 c/deg) stimulus used for the C/I ratio, but also at stimuli of higher spatial frequency (0.2

and 0.3 c/deg). Non-deprived Crtl1 mice have normal visual acuity and visual evoked potential curves, excluding general abnormalities in

the visual properties of these mice (two way ANOVA, post hoc Tukey’s test, *P50.05). The dashed line in c represents noise level.
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generated rescue transgenic mice in which Crtl1 was expressed

under the control of the type II collagen cartilage-specific pro-

moter and enhancer, leading to Crtl1 expression in cartilage but

not in the adult CNS (Czipri et al., 2003). In the visual cortex and

elsewhere in the CNS these animals had attenuated PNNs, with no

PNN material around dendrites and vestigial PNNs surrounding the

cell somata; we suggest that this residual PNN formation is due to

the production of aggrecan by the neurons. There is abundant

evidence that PNN formation is modulated by electrical activity,

behavioural experience, brain-derived neurotrophic factor and

insulin-like growth factors. Our results suggest that these influ-

ences must have effects on Crtl1 expression (Kalb and

Hochfield, 1994; Berghuis et al., 2004; Miyata et al., 2004;

Ciucci et al., 2007; Dityatev et al. 2007; Reimers et al., 2007).

Because Crtl1 knockout animals have only vestigial PNNs we

were able to ask whether animals lacking PNNs showed continu-

ing plasticity into adulthood. First, we asked whether the absence

of Crtl1 led to changes in the overall levels of the CSPG core

proteins or in the pattern of sulphation of their glycosaminoglycan

chains. We found no significant change from wild-type littermate

mice in glycosaminoglycan sulphation or in the overall levels of the

CSPG core proteins, the difference is that CSPGs are diffusely

spread rather than concentrated in PNNs. There was also no

change in the level of the Nogo receptor, which has been

shown to affect ocular dominance plasticity (McGee et al.,

2005). The only significant difference between the extracellular

matrix of Crtl1 knockout and control mice was the absence of

PNNs. We could therefore ask whether the absence of PNNs

has an effect on plasticity. We used two models in which treat-

ment with ChABC has been shown to reactivate plasticity in the

adult CNS. Ocular dominance plasticity is much diminished in mice

after postnatal Day 35, and in adult animals such as we used,

3 days of monocular deprivation has no effect on either ocular

dominance or on visual acuity (Sawtell et al., 2003; Sato and

Stryker, 2008). However in Crtl1 knockout animals, 3 days of

monocular deprivation led to a shift in ocular dominance and a

loss of visual acuity similar in magnitude to that seen during the

critical period. We also examined anatomical plasticity in another

model in which terminal sprouting into denervated territory is

enhanced by ChABC treatment (Massey et al., 2006).

Transection of the dorsal columns at spinal levels C6–7 cuts sen-

sory axons connecting the two medial digits to the cuneate

nucleus but leaves connections from the lateral digits intact. In

previous work there was no growth of the preserved terminals

into the denervated regions, but after treatment with ChABC,

the residual sensory inputs sprouted into the denervated regions.

The Crtl1 knockout responded to partial denervation of the cune-

ate nucleus similarly to ChABC treated animals with sprouting of

the residual axons into denervated regions of the cuneate nucleus,

but this did not occur in control animals.

Our observations suggest that in adult animals, the presence of

PNNs is the key factor in the extracellular matrix-related restriction

of plasticity. Evidence for this also comes from animals lacking

tenascin-R, which have abnormal PNNs and retain some plasticity

in adulthood (Apostolova et al., 2006). However, glycosaminogly-

can sulphation may also play a part since we found that adult

animals lacking the enzyme for 6-sulphation of glycosaminoglycan

were less plastic then normal (Lin et al., unpublished results). The

way in which PNNs might restrict plasticity is not known. PNNs

contain CSPGs and tenascin, both of which are inhibitory to

Figure 8 Cholera toxin B injections into the forepaw label sensory axons occupying the entire cross-section of the cuneate nucleus. Axons

traced from the forepaw are shown in a knockout (KO) animal, with the outer extent of the nucleus traced (a). The appearance is the same

in wild-type (WT) mice. After a dorsal column hemisection lesion between C6 and C7, innervation of the cuneate nucleus from the

forepaw is reduced to the area occupied by the two lateral digits. In Crtl1 knockout (b) n=7, but not in control animals (c) n=12. These

unlesioned connections sprout to re-innervate the regions normally innervated by the medial two digits. (d) Quantification of this

sprouting was performed by tracing around the outline of the stained terminals then measuring the area of innervation (*P50.05 by

t-test). Bar = 100mm.
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neurite growth, and both of which may prohibit the formation of

new connections on dendrites. The perineuronal extracellular

matrix also influences glutamate receptor mobility (Frischknecht

et al., 2009). Within the adult CNS, members of the semaphorin3

family are widely expressed, but Sema3A protein binds preferen-

tially to PNN glycans, leading to localization of Sema3A on PNNs

(Vo et al., 2007). Sema3A, through its effects on synapse dynam-

ics, could be a mediator of the effects of PNNs on plasticity

(Bouzioukh et al., 2006). Overall, therefore, the PNN might act

as a barrier to ingrowth of new connections and might also restrict

dendritic plasticity and sprouting, which would also have the effect

of preventing the formation of new connections. PNNs also attract

the homeobox protein Otx2 to parvalbumin positive interneurons

affecting their maturation and physiological properties (Sugiyama

et al., 2008). CSPGs in PNNs have different binding properties to

those in the diffuse CNS matrix (Deepa et al., 2006), but their

binding is nevertheless fairly promiscuous. They probably attract a

number of active molecules around the parvalbumin positive inter-

neurons, which affect their function. The effect of PNNs on plas-

ticity is probably different to that of anti-NogoA or neurotrophins,

whose main action is to promote axonal sprouting.

Overall, our findings demonstrate that the formation of PNNs

triggered by neuronal Crtl1 synthesis is a key event in the dimin-

uation of plasticity in the adult CNS and suggest that modification

of PNNs is how CSPGs reactivate plasticity. Understanding how

PNNs form and how they exert their effects should make it pos-

sible to identify a new range of therapeutic possibilities for the

modulation of CNS plasticity and functional recovery after CNS

damage.
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