
Introduction

Our first knowledge of the amorphous extracellular matrix (ECM)
surrounding and interspacing neurons and glia of the CNS dates
back to the late 19th century, thanks to the advent of techniques
enabling more detailed histological investigations of the amor-
phous material assembled around neuronal cell bodies and

processes, later denominated pericellular nets [1–3]. After
decades of oblivion, new, progressive exploration of the molecular
composition of the nervous tissue ECM identified structures that
appeared densely scattered throughout the neuropil, concentrated
around neuronal cell bodies and were baptized perineuronal nets
(PNNs). The CNS ECM is now known to encompass tenascins,
hyaluronan and proteoglycans (PGs) that, together with a number
of other ECM components, form intricate networks [4–8]. Within
these networks PGs were first discovered to be present in nervous
tissues by Richard and Rene Margolis in the mid-1970s [9] and
were subsequently demonstrated to be critical constituents of the
developing and adult brain ECM [10–13]. Some members of the
PG family appear rather nervous tissue-specific, such as brevican,

Differential distribution of aggrecan isoforms in perineuronal

nets of the human cerebral cortex

Daniela Virgintino a, Daniela Perissinotto b, Francesco Girolamo a, Maria T. Mucignat b, 
Luisa Montanini d, Mariella Errede a, Tomoyuki Kaneiwa d, Shushei Yamada d,

Kazuyuki Sugahara c, Luisa Roncali a, Roberto Perris b, d, *

a Department of Human Anatomy and Histology, University of Bari School of Medicine, BARI, Italy
b Division for Experimental Oncology 2, The National Cancer Institute Aviano, CRO-IRCCS, AVIANO (PN), Italy

c Frontier Research Center for Post-Genomic Science and Technology, Faculty of Advanced Life Science, 
Graduate School of Life Science, Hokkaido University, Kita-ku, Sapporo, Japan

d Department of Genetics, Microbiology and Anthropology, University of Parma, PARMA, Italy

Received: September 22, 2008; Accepted: January 23, 2009

Abstract

Aggrecan is a component of the CNS extracellular matrix (ECM) and we show here that the three primary alternative spliced transcripts
of the aggrecan gene found in cartilage are also present in the adult CNS. Using a unique panel of core protein-directed antibodies
against human aggrecan we further show that different aggrecan isoforms are deposited in perineuronal nets (PNNs) and neuropil ECM
of Brodmann’s area 6 of the human adult cerebral cortex. According to their distribution pattern, the identified cortical aggrecan iso-
forms were subdivided into five clusters spanning from cluster 1, comprised isoforms that appeared widespread throughout the cortex,
to cluster 5, which was an aggrecan-free subset. Comparison of brain and cartilage tissues showed a different relative abundance of
aggrecan isoforms, with cartilage-specific isoforms characterizing cluster 5, and PNN-associated isoforms lacking keratan sulphate
chains. In the brain, isoforms of cluster 1 were disclosed in PNNs surrounding small-medium interneurons of layers II–V, small-medium
pyramidal neurons of layers III and V and large interneurons of layer VI. Aggrecan PNNs enveloped both neuron bodies and neuronal
processes, encompassing pre-terminal nerve fibres, synaptic boutons and terminal processes of glial cells and aggrecan was also
observed in continuous ‘coats’ associated with satellite, neuron-associated cells of a putative glial nature. Immunolabelling for calcium-
binding proteins and glutamate demonstrated that aggrecan PNNs were linked to defined subsets of cortical interneurons and pyrami-
dal cells. We suggest that in the human cerebral cortex, discrete, layer-specific PNNs are assembled through the participation of selected
aggrecan isoforms that characterize defined subsets of cortical neurons.
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neurocan, testican-1 and -2 and neuroglycan C, whereas others,
such as syndecans and PG-M/versicans, are widely distributed in
many tissues throughout the body [14]. An abundant presence of
PGs in PNNs was originally demonstrated by combining differential
enzymatic digestion, lectin-based histology, ultrastructural analyses
and immunohistochemistry [15–25]. These combined approaches
made it possible to gain information about the distribution and
extension of PGs throughout the CNS, ascertain their association
with neurons residing within different areas and disclose individual
PGs and their molecular partners within PNNs. However, the precise
PG composition of PNNs of the human brain, the reciprocal interac-
tions that these constituents may engage in, their turnover, and their
differential arrangement in relation to the distribution of distinct
neuronal subtypes, have not yet been completely elucidated.

Lecticans are known to be the most prominent ECM PGs in
PNNs, but with the exception of deletion of the versican gene
(impossible to evaluate up to now due to early embryonic death),
deletion of the other murine lectican genes has yielded equivocal
phenotypes and the actual consequences of aggrecan removal on
brain development remain a particularly intriguing issue [13, 26].
All members of the lectican family have been shown to be syn-
thetic products of cultured multipotent neural progenitor cells [12,
27], capable of reproducing PNN-like structures [28], and aggre-
can seems to be specifically involved in neural cell–cell aggrega-
tion phenomena [29–30]. Other investigations have highlighted
that avian and rodent neurons may express aggrecan [26, 31–33].
Thus, although some information has accumulated regarding the
putative expression of aggrecan in the adult CNS of higher verte-
brates, little is known about the detailed distribution of this spe-
cific PG in human brain. In this study, we have approached the
problem by utilizing a unique panel of partially characterized mon-
oclonal antibodies recognizing distinct aggrecan isoforms.

Materials and methods

Production and specificity of anti-aggrecan 
antibodies

Balb/c females were immunized with purified human articular cartilage
aggrecan (kindly provided by Dr. Dick Heinegård, Department of Cell and
Molecular Biology, University of Lund, Sweden) according to standard pro-
tocols involving repeated intraperitoneal and intravenous injection of the
immunogen dissolved in complete Freund’s adjuvant. This immunization
protocol did not evoke any apparent pathological condition in the mice,
such as the osteoarthritis or rheumatoid arthritis-like conditions previously
reported with different immunization regimes and/or aggrecan variants.
Spleen cells were fused with NS1 myeloma cells and the resulting
hybridoma cells were screened by ELISA against intact and chondroitinase
ABC/endo-�-galactosidase-digested aggrecan (see below). All identified
reactive original hybridoma oligoclones (�25) reacted equally well with
intact and enzyme-digested PG. Among these clones, 18 were selected and
eventually subcloned to obtain stable monoclonal hybridomas coded: 4F8,
8E10, 7E1, 6F4, 6E5, 8G4, 2G5, 5B11, 4F4, 5C5, 5D3, 5G2, 5F12, 5G5,

3C7, 7B7, 7C9 and 7D4. Antibody classes were determined with the Ig-
determination kit (Bio-Rad, Hercules, CA, USA) and all monoclonal anti-
bodies were found to be IgG1 and IgG2a, except for clone 7E1 that was
found to be an IgM. Control antibodies 3B3 (anti-chondroitin-6-sulphate
stub; MO225 and 2C6, anti-native chondroitin-4-sulphate; 1B5, anti-unsul-
phated chondroitin stub; were obtained from Sigma Aldrich (St. Louis, MO,
USA) and Seikagaku Corporation (Tokyo, Japan).

Solid-phase immunoassay

Binding studies with immobilized antigens were performed according to a
minor modification of previously detailed assays [34]. Purified aggrecan
was treated either chemically or with different enzymes in solution and then
immobilized on plastic, nitrocellulose or PDVF membranes, or directly
coated in the native form onto these solid supports. For the majority of the
solid-phase immunoassays, coating was performed with overnight incuba-
tion at 4�C on 96-well plates (Nunc Maxisorp™, Thermo Fisher Scientific,
Rochester, NY, USA) with 0.3 �g/well aggrecan (based on the entire mass
of the PG, i.e. core protein plus glycosaminoglycan/carbohydrate moieties)
dissolved in 0.1 M bicarbonate buffer, pH 9.2, followed by blocking with 1%
bovine serum albumin (BSA) in the same buffer. PG-coated wells were either
incubated directly with the primary antibodies or firstly digested for 1 hr at
37�C with the following carbohydrate/glycosaminoglycan-directed enzymes
(obtained from Roche, [Segrate, Italy] Seikagaku Corporation, ICN
Biochemicals [Aurora, OH, USA] and Sigma) at the given concentrations:
keratanase I (0.01 U/ml in 50 mM Tris-HCl buffer, pH 7.6), chondroitinase
ABC and ACII (0.01 U/ml in 50 mM Tris-HCl buffer, pH 7.6), keratanase II
(0.01 U/ml in Na-acetate buffer, pH 6.5), endo-�-galactosidase (0.01 U/ml in
50 mM Na-acetate buffer, pH 5.8), Streptomyces hyaluronidase (0.15 U/ml,
50 mM Tris-HCl buffer, pH 7.6), �-galactosidase (0.01 U/ml in 100 mM Na-
citrate buffer with 10% glycerol, pH 4.3), neuraminidases from Clostridium
perfringens (0.2 U/ml in Na-acetate buffer, pH 5.5, 5.0 and 5.8, respectively),
N-glycosidase F (0.01 U/ml 50 mM Na-citrate buffer with 10% glycerol, pH
5.0), N-acetyl-�-D-glucosaminidase (1:10,000 dilution in 50 mM Na-
acetate, pH 5.0), endoglycosidases H and F (0.01 U/ml in 50 mM Na-sodium
acetate buffer, pH 5.8). In other cases, immobilized PGs were digested with
trypsin (5 �g enzyme/500 �g PG), 0.5 M LiOH at 4�C overnight (with and
without prior digestion with chondroitinase ABC or ACII), periodate at 4�C
overnight, or chemically desulphated by treatment with 50 mM HCl in 100%
methanol for 4 hrs at room temperature (RT) or mildly �-eliminated by treat-
ment with 1 M periodate, 1 M NaBH4 or alkaline phosphatase for 1–3 hrs at
RT, followed by extensive washing with PBS. Microwells were also coated
with a number of control PGs and PG fragments which included: a recom-
binant fragment corresponding to a segment of human aggrecan encom-
passing the G1-IGD-G2 regions (R&D Systems, Inc., Minneapolis, MN,
USA); bovine cartilage decorin (Sigma), bovine cartilage biglycan (Sigma),
human fibromodulin (kindly provided by Dick Heinegård), bovine nasal car-
tilage aggrecan (kindly provided by Dick Heinegård), chick epiphysial carti-
lage aggrecan, EHS mouse tumour perlecan (Sigma), PG-M/versicans
purified from bovine aorta as previously described [35], PG-M/versicans iso-
lated from human follicular fluid and kindly donated by Anders Malmstrom
(University of Lund, Sweden), a mixture of keratocan–mimecan–lumican
purified from bovine aorta (kindly provided by James Funderburgh,
McGowan Institute for Regenerative Medicine, Pittsburg, PA, USA), or
recombinant eukaryotic fragments corresponding to the lectin-like domain
of aggrecan (kindly given by Anders Aspberg, University of Lund, Sweden).
Coatings with the PGs were routinely followed by blocking with 1% BSA in
bicarbonate buffer for 1 hr at RT, extensive washings and incubation for 1 hr
at RT with the antibodies diluted 1:1 to 1:200 for supernatants and ascites
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fluids, and 1 �g/ml of purified IgGs. Excess unbound antibody was washed
away and detection of the bound antibody was accomplished by a further 
1 hr of incubation of the plates with HRP-conjugated goat antimouse
 secondary antibodies (Invitrogen-Zymed, Carlsbad, CA, USA) diluted 1:1000
in PBS with 1% BSA and colorimetric detection of the peroxidase with 
2,2�-azino-di[3-ethyl-benzthiazolinsulfonate].

SDS-PAGE and immunoblotting

Intact and enzyme-digested human cartilage aggrecan and brain tissue
homogenates were resolved by either SDS-PAGE (3–8% gradient gels) or
agarose gel electrophoresis (1.2% gels; [35]) in the presence of SDS and
under reducing and non-reducing conditions. Resolved polypeptides were
electro-transferred onto nitrocellulose membranes, which were subse-
quently saturated with 4% �-casein (Sigma) dissolved PBS for 2–4 hrs at
RT, followed by overnight incubation at 4�C with primary antibodies diluted
as described for solid-phase binding assays in PBS containing 1% 
�-casein. After extensive washings, membranes were further incubated
with HRP-conjugated goat antimouse secondary antibodies diluted 1:1000
in the same buffer for 1 hr at RT, followed by chemiluminescent antibody
detection with the ECL Plus kit using the appropriate HyperFilm ECL mem-
branes (Amersham-Pharmacia, Uppsala, Sweden).

RNA extraction and RT-PCR

Total RNA from different regions of the human foetal and adult brain was
obtained from Cell Application, Inc. (San Diego, CA, USA). RNA isolated from
adult articular cartilage was kindly provided by Dr. Paul Di Cesare (University
of California Davis, USA). 5 �g of each of these RNAs were treated with the
DNAsi Free kit (Ambion, Austin, TX, USA) and 1 �g was retro-transcribed
with the SuperScriptTM III First-Strand Synthesis SuperMix according to the
manufacturer’s instructions. cDNAs were probed with the HPRT gene, using
the following primers, forward, 5-gcttgctggtgaaaaggac-3�; and reverse 
5�-gtcaagggcatatcctacaac-3�, for intactness and appropriateness for RT-PCR
analyses and subsequently examined for the presence of aggrecan tran-
scripts with the following primer sets: aggrecan gene (ACAN)627, 5�-gggt-
caacagtgcctatcag-3�; ACAN839, 5�-gggtgtagcgtgtagagatg-3�; ACAN6773 
5�-gactcacacagtcgaaacag-3�; ACAN7021, 5�-ggaagtggcggtaacagt-3�; using
the following conditions: MgCl2 1.4 mM, Primer 0.75 �M, dNTPs 0.3 mM,
GoTaq (Promega, Madison, WI, USA) 0.05U and initial denaturing of the
cDNA (5 min. at 95�C) with 32 cycles of 95�C for 30 sec., 56�C for 30 sec.
and 72�C for 30 sec. To discriminate between the aggrecan C and E isoforms,
a new amplification with primer ACAN forward-2, and the primer ACAN
reverse-3, agctccgcttctgtagtct was carried out.

Immunohistochemistry

Six-layered cerebral cortex samples from the lateral premotor area of the
left frontal lobe, Brodmann’s area 6, were collected during autopsy (within
24 hrs) of eight persons with no signs of neurological disease (Table S1).
Cortical samples (	0.5 cm thick) were dissected and fixed by immersion
in an acetic acid-free Bouin’s solution for 4 hrs at 4�C and then washed in
PBS. Half of the samples were embedded in paraffin and cut into 5-�m
serial coronal sections collected on VectabondTM treated slides (Vector
Laboratories, Inc., Burlingame, CA, USA). Initially, sample comparability,
tissue structure preservation and integrity of PNNs were morphologically

ascertained on routinely haematoxylin and eosin stained sections and on
sections labelled with the lectin Wisteria floribunda agglutinin (WFA) or
with antibodies to tenascin-C and -R. Each of the eight examined brains
showed similar tissue structure preservation and immunoreactivity pat-
terns. For WFA labelling, sections were rehydrated in lectin buffer (LB; Tris-
HCl, 1.45 M NaCl, 0.01 M MgCl2 and 0.01 M CaCl2; pH 7.6), treated with
1% H2O2 in 90% methanol for 20 min. at RT to quench endogenous per-
oxidase activity, washed twice in LB and incubated for 30 min. at 37�C with
biotinylated WFA (diluted 1:100 in LB; Vector Laboratories, Inc.). Labelled
sections were then washed, sequentially incubated with HRP-streptavidin
(Vector Laboratories, Inc.) and the substrate-chromogen 3-amino-9-ethyl-
carbazole (AEC, Vector Laboratories, Inc.) and counterstained with haema-
toxylin prior to coverslipping with Glycergel mounting medium (Dako
Corporation, Carpinterla, CA, USA). For immunolabelling for tenascin-C
and -R, sections rehydrated and quenched as described above were
processed for heat- and enzyme-mediated antigen retrieval by microwave
pre-treatment in 0.01 M citrate buffer (pH 6.0) for 15 min. at 750W and
subsequent digestion with trypsin II (1 mg/ml with CaCl2 in PBS; Sigma-
Aldrich, St. Louis, MO, USA) for 1 min. at 37�C. Sections were then
sequentially incubated with blocking buffer (BB; PBS, 1% BSA, 2% FCS;
Dako Corporation) for 30 min. at RT, one of the three primary antibodies,
mouse anti-tenascin C (diluted 1:60 in BB; Novocastra, Newcastle, UK),
rabbit anti-tenascin C and goat anti-tenascin R (both diluted 1:50 in BB;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4�C, appro-
priate species-specific biotinylated secondary antibodies (diluted 1:150 in
BB; Vector Laboratories, Inc.), HRP-streptavidin (1 �g/ml; Vector
Laboratories, Inc.) and AEC substrate (Vector Laboratories, Inc.). Sections
were finally counterstained with haematoxylin and coverslipped by
Glycergel (Dako Corporation). Negative control sections were prepared by
omitting the primary antibodies and pre-adsorbing the primary antibodies
with an excess of antigen where available. Reference immunolabellings for
aggrecan and tenascins were performed on human laryngeal cartilage and
glioblastoma multiforme specimens [36], respectively. Two specimens of
human laryngeal cartilage were collected at autopsy, fixed, sectioned and
immunolabelled in the same way as cerebral cortical sections. Reference
glioblastoma specimens were collected from three patients who underwent 
surgical resection of the tumour at the Department of Neurosurgery,
University Hospital Zurich. The WHO grade was confirmed by the Institute
of Neuropathology, University Hospital of Zurich. Sampling and handling of
human cerebral cortex and laryngeal specimens conformed to the ethical
rules of the Department of Pathology, Medical School, University of Bari,
Italy, and formal approval for manipulation of these specimens was
obtained from the local Ethics Committee in compliance with the principles
stated in the Declaration of Helsinki. All manipulations of glioblastoma
specimens were conducted in accordance with the Declaration of Helsinki
and approved by the Ethics Committee of the Canton Zurich. Informed
written consent was obtained from all the surgical patients. For immunola-
belling with anti-aggrecan antibodies, adjacent paraffin sections of the
cerebral cortex were stained according to the HRP-streptavidin method
described above, with each of the 18 anti-aggrecan antibodies used in this
study – 4F8, 8E10, 7E1, 6F4, 6E5, 8G4, 2G5, 5B11, 4F4, 5C5, 5D3, 5G2,
5F12, 5G5, 3C7, 7B7, 7C9 and 7D4 (diluted 1:10 in BB) – and with a panel
of 9 reference anti-aggrecan antibodies produced by R&D Systems, Inc.
and provided for this study within the framework of an ongoing coopera-
tion. Initial screening of these antibodies showed that only 3 of them rec-
ognized aggrecan isoforms of the cerebral cortex, whereas a fourth clone
reacted with aggrecan of cartilage (Table S2). However, only clone 179509
was found to yield a satisfactory reactivity on paraffin-embedded speci-
mens and was therefore used throughout this study as a reference anti-
aggrecan antibody (r-aggrecan). Cortex sections were also stained with
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anti-keratan sulphate antibody 373E1 [34]. The staining procedures on our
18 anti-aggrecan antibodies were carried out with and without prior enzy-
matic digestion with either chondroitinase ABC (0.6 U/ml diluted in Tris-
HCl pH 7.6; Sigma-Aldrich) or keratanase-I or -II (Sigma-Aldrich and
Seikagaku Corporation). Negative controls were prepared by omitting the
primary antibodies and pre-adsorbing the primary antibodies with an
excess of antigen.

Confocal laser microscopy

Parts of the collected specimens were sectioned at 20-�m thickness using
a vibrating microtome (Leica; Milton Keynes, UK) and the sections were
collected in PBS at 4�C as free-floating. Single and double immunola-
bellings were performed on free-floating sections as described below.
Following staining the sections were examined under the Leica TCS SP2
confocal laser scanning microscope (Leica Microsystems, Mannheim,
Germany) using a sequential scan procedure during image acquisition of
double-labelled sections. Confocal images were taken at 250–500-nm
intervals through the z-axis of the sections. Images from individual optical
planes and image projections of stacks of serial optical planes were
analysed by Leica confocal software (Multicolor Package; Leica
Microsystems). The mouse IgG1 anti-aggrecan antibody 5D3 (diluted 1:10
in BB) was revealed either singly, in combination with biotinylated WFA
(diluted 1:100 in LB; Vector Laboratories, Inc.), used as a reference marker
for PNNs, or in combination with reference aggrecan (R&D Systems, Inc.,
clone 179509, IgG2b; 1:20 dilution in BB). Sections were sequentially incu-
bated with 0.5% Triton X-100 in PBS for 30 min. at RT, BB for 30 min. at
RT, and antibody 5D3 (single immunolabellings), or a mixture of 5D3 and
one of the above antisera (for double immunolabellings), overnight at 4�C.
Single-labelled sections were incubated with biotinylated horse antimouse
IgG (diluted 1:200 in BB; Vector Laboratories, Inc.) for 1 hr at RT and with
fluorescein-avidin D (diluted 1:125 in BB; Vector Laboratories, Inc.). In
double immunolabellings with mAb 5D3 and biotinylated WFA or the refer-
ence anti-aggrecan antibody, antibody binding was revealed using either
Alexa 488-conjugated goat antimouse IgG1 or a rabbit antimouse IgG2b

Alexa 555-conjugated secondary antibody (diluted 1:200 in BB;
Invitrogen), whereas WFA binding was detected with Texas red-conjugated
avidin D (1:125 dilution; Vector Laboratories, Inc.). In order to reveal the
association between PNNs and the main populations of cortex neurons,
antibody 5D3 was utilized in double immunolabellings with one of the poly-
clonal antisera against the calcium binding proteins (Ca2�BPs), rabbit anti-
calbindin D-28k, rabbit anti-calretinin, or goat anti-parvalbumin adopted as
markers for cortex interneurons, used at 1:2000, 1:1000 and 1:1000 dilu-
tion, respectively (Swant, Bellinzona, Switzerland), or with a rabbit poly-
clonal antiserum against the neurotransmitter glutamate (Glu) (diluted
1:25 in BB; Chemicon, Temecula, CA, USA), known to be a recognized
marker for most of the cortical pyramidal neurons. In these double
immunolabelling experiments, antibody 5D3 was revealed with a biotiny-
lated horse antimouse secondary antibody and the fluorescein-avidin D
complex (Vector Laboratories, Inc.) and the other alternatively combined
primary antibodies were detected with the appropriate Alexa 555-conju-
gated secondary antibodies (diluted 1:200 in BB; Invitrogen). To determine
the relationships between aggrecan PNNs and the perineuronal nerve and
glial terminals, the same protocol described above was utilized to perform
double immunostainings with antibody 5D3 in combination with either a
rabbit polyclonal antibody against the astroglial marker glial fibrillary acidic
protein (GFAP; pre-diluted antiserum re-diluted 1:2 in BB; ImmunoStar,
Hudson, WI, USA) or with a rabbit polyclonal antiserum against synapto-
physin, as a marker for nerve terminals (diluted 1:20 in BB; Novocastra).

Morphometry

A semi-quantitative evaluation of the aggrecan isoform distribution was 
carried out on both laryngeal and brain paraffin sections using the image
analysis system VIDAS 2.5 (Kontron Elektronik GmbH, Eching, Germany)
supported by a high-resolution video camera (SPOT Insight Colour,
Diagnostic Instruments, Sterling Heights, MI, USA). Multiple fields, obtained
from three sections labelled with each of the anti-aggrecan antibodies assayed
in parallel on cartilage and brain tissues, were acquired at 20
 (field total area
measuring 75,440 �m2). The images were digitalized, optimized by contrast
enhancement functions and by digital filters, and segmented by an interactive
threshold-definition modality capable of discriminating aggrecan-positive
PNNs on neuronal bodies and processes and aggrecan reactivity in cartilage
ECM. The resulting binary image was processed by measurement functions
to obtain the percentage of aggrecan immunoreactive areas. The results for
the laryngeal cartilage were expressed according to the following percentage
ranges of immunoreactive area: 1–25 � �; 26–50 � ��; 51–75 � ���

and 76–100 � ����. For the cerebral cortex, the PNNs immunoreactivity
area was expressed according to the following estimated percentage ranges:
1
10�5 to 1
10�3

� �; 2
10�3 to 0.20 � ��; 0.21–0.40 � ��� and
0.41–1 � ����. According to these ranges of aggrecan distribution, 
different clusters (clusters 1–4) of aggrecan isoforms recognized by sets of
antibodies were identified in the cerebral cortex and Bonferroni’s multiple
comparison test was applied to define statistical significance.
Microphotographs of cerebral cortex processed for morphometric analyses
were also used for the immuno-localization of aggrecan PNNs in the cortical
layers. Antibodies representative of the identified clusters, cluster-1 (5D3), -2
(7C9), -3 (5G5) and -4 (2G5) were utilized for the immunostaining of three
sets of cortex serial sections and for each set the sections were alternatively
labelled according to the following sequence: cluster-1, -2, -1, -3, -1, -4 and -
1. The section area (9 mm2) was then digitalized at 20
 for a total of 
120 microscopic fields (field total area measuring 75,440 �m2), these were
then compared to verify the presence of PNNs stained by different isoforms
in adjacent sections. A quantitative evaluation of the differently labelled 
neuronal populations and/or of their association with aggrecan 5D3-PNNs
was performed on vibratome sections double-stained by immunofluores-
cence and analysed by confocal microscopy. Neurons double-stained with
5D3/WFA, 5D3/r-aggrecan, 5D3/Ca2�BPs, 5D3/calbindin, 5D3/calretinin,
5D3/parvalbumin and 5D3/Glu, were counted by computer-aided morphom-
etry applied on confocal projection images according to an interactive mor-
phometric procedure. The fluorescence signal was singly recorded on both
red and green channels as multiple fields obtained from six randomly chosen
sections. Each field was acquired at 20
 and after fluorescence enhancement
and binary conversion, the resulting binary image was segmented by an inter-
active threshold-definition modality using the image analysis system VIDAS
2.5 (Kontron Elektronik) and processed by measurement functions. The
labelled neurons were detected and the results were expressed as the percent-
age of marked neurons per total section area (mean value  S.D.).

Results

Specificity of anti-aggrecan antibodies 
and putative nature of the recognized epitopes

A unique panel of anti-human aggrecan antibodies was produced
using a native A1D1 aggrecan preparation from adult human 
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articular cartilage of healthy donors that was enzymatically
digested prior to use as immunogen in such a way as to eliminate
its chondroitin and keratan sulphate chains. An immunization pro-
tocol was then adopted to avoid the commonly observed induction
of arthritis-like conditions in the immunized animals. Due to the
multidomain structure of aggrecan and the possibility that

immunogenic epitopes could be represented by glycosylation
moieties shared by other PG and non-PG molecules, specificity of
the obtained hybridoma clones was ascertained using a number of
purified PGs and ECM glycoproteins (see section ‘Materials 
and methods’). Cross-species reactivity was further determined
using aggrecans from bovine nasal cartilage, bovine sclera, rat
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Table 1 Characteristics of anti-aggrecan antibodies*

Antibody code Epitope location Trypsin sensitivity† Species cross-reactivity††

4F8 G1-IGD-G2§ 125–165, ~320 kD ���

8E10 GAG-Linkage region¶ ~320 kD �

7E1 Lectin-like module of G3 domain$ 205 kD ��

6F4 – 55, 65, 95 kD ���

2G5 Conformational** � –

5B11 Conformational 85 kD –

4F4 Conformational/G1-IGD-G2 � ��

5C5 G1-IGD-G2 � ��

5D3 – � –

5G2 Lectin-like module of G3 domain 320–420 kD –

5F12 – � ���

5G5 G1-IGD-G2/GAG linkage region � –

6E5 Conformational/G1-IGD-G2 n.d. ��

8G4 Conformational n.d. –

3C7 O-glycan attachment site? � ���

7B7 GAG linkage region � –

7C9 O-glycan attachment site? � �

7D4 G1-IGD-G2/GAG linkage region � ���

*Antibody reactivity was examined in parallel by combined solid-phase binding assays (ELISA and dot-blotting, following membrane immobiliza-
tion of the antigen) and Western blotting.
†Trypsin-digested aggrecan, deprived of its chondroitin and keratan sulphate chains, was immunoblotted following SDS-PAGE under both reducing
and non-reducing conditions and the cumulative data are reported; ‘�’ indicates that immunoreactivity was completely eliminated following diges-
tion, whereas Mrs corresponds to the sizes of the tryptic fragments recognized in Western blotting by the given antibodies.
††These antibodies were found to cross-react to a variable extent with bovine nasal cartilage and bovine sclera aggrecans, but not with rat chon-
drosarcoma, chick epiphysial, shark or whale aggrecans; cross-reactivity levels were determined by solid-phase binding assays using human aggre-
can as reference and are arbitrarily scored as follows: ‘–’, no cross-reactivity; ‘�’, 25–50%; ‘��’, 50–75%; ‘���’ and 75–100% cross-reactivity.
§These antibodies were found to react in solid-phase binding assays with a recombinant eukaryotic fragment corresponding to an N-terminal frag-
ment encompassing the G1 and G2 globules interspaced by the inter-globular domain-1 (G1-IGD-G2).
¶These antibodies were found to react in solid-phase binding assays with a recombinant eukaryotic fragment corresponding to the C-terminal
lectin-like module of the G3 globular domain.
$The putative conformational nature of the epitopes was deduced by solid-phase binding assays and Western blotting involving prior reduction
and alkylation (DTT/iodoacetamide) of chondroitinase-endo-�-galactosidase-digested aggrecan preparations.
**The epitope recognized by these antibodies is presumed to reside at the GAG core protein linkage region (GlcA-� 1–3Gal-�1–3Gal-�1–4Xyl-�1-
O-Ser), as determined by solid-phase binding and competition assays using hexasaccharide peptides of this region.
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Fig. 1 (A) Immunoblotting pattern observed with the panel of anti-aggrecan antibodies and highlighting the structural diversity of aggrecan variants revealed by
the antibodies in aggrecan preparations from human adult articular cartilage. Aggrecan variants purified from healthy cartilage were sequentially digested with
chondroitinase ABC, endo-�-galactosidase and keratanase I, resolved by SDS-PAGE on 3–8% gradient gels under non-reducing conditions, blotted onto nitro-
cellulose and detected with the indicated antibodies. Mrs ranges reported on the right correspond to those previously identified by biochemical means in cartilage
and including naturally occurring proteolytic fragments of the fully glycanated forms of the PG. A 900 kD Mr indication was extrapolated from the relative Mrs of
bovine thyroglobulin and the unreduced laminin-1-nidogen complex from EHS. (B) Relative levels of immunoreactivity of different antibodies determined by solid-
phase binding assays involving immobilized human cartilage aggrecan that was digested in situ or not with the indicated enzymes: Chase ABC, chondroitinase
ABC; endo-�-gal, endo-�-galactosidase; Kase I and II, keratanase I and II; and endoglycosidase H/F. Data are reported as percentage reactivity increase when
compared to undigested aggrecan. Increases above 21% were deemed significant, P � 0.01, 95% confidence interval. Similarly to antibody 3C7, antibodies 7C9,
5F12 and 4F8 showed no variation in reactivity.
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chondrosarcoma, chick epiphysial cartilage and shark cartilage
(Table 1). Immunoblotting of the immunogen after sequential
digestion with chondroitinase ABC, keratanase I and keratanase II
highlighted the variable banding, reflecting the aggrecan isoform
patterning (Fig. 1A) associated with the multiform nature of the
aggrecan variants generated by alternative splicing [37–39] and
different proteolytic cleavages of the PG [40].

In addition to variations in the size and glycosylation patterns
of the aggrecan core protein isoforms, the fact that even exten-
sive digestion with chondroitinases and keratanases did not
affect the numerous N- and O-linked glycan moieties had to be
accounted for by the diversified molecular size pattern. In accor-
dance with previous studies, the isoform core banding was in the
range of 120–360 kD [40], with the predominant isoforms hav-
ing a 240–260 kD core protein, whereas two lower mobility
bands of more glycosylated aggrecan variants were disclosed at
about 400 and 600 kD (Fig. 1A). Antibodies 5G2, 8E10 and 4F8,
that were found to recognize the C-terminal portion of the 
molecule, also detected proteolytic fragments of aggrecan that 
weakly entered the 3% gel in the undigested form and had a 
Mr ~900–1000 kD (Fig. 1A).

Immunoreactive traits of the antibodies were further deter-
mined by immunochemical assays involving differential enzyme
digestions combined with chemical treatments for partial or 
complete removal of glycan moieties. Antibody reactivity was
found to be entirely unaffected by digestions with endo- and exo-
glycosidases, fucosidases, neuraminidases and hyaluronidases
(not shown), but was differentially affected by digestions with
chondroitinase ABC, keratanase I and II and endo-�-galactosidase
(Fig. 1B). The immunoreactivity of antibodies 6F4, 4F4, 5F12, 6E5,
7B7 and 7C9 was specifically augmented by preferential removal
of keratan sulphate glycan chains with endo-�-galactosidase or
keratanase II, indicating that the epitopes for these antibodies
resided within or in the proximity of the keratan sulphate attach-
ment domain of the PG.

Three of the antibodies were found to recognize a recombinant
fragment corresponding to the lectin-like C-terminal domain of
aggrecan (Table 1), suggesting that their epitopes may reside
within the G3 globule of the PG. Several of the antibodies were
likely to recognize conformational epitopes, i.e. sensitive to pertur-
bation of the secondary or tertiary structure of the PG. Finally,
clones 4F8, 4F4, 5C5, 5G5, 6E5 and 7D4 were found to recognize
epitopes residing within the N-terminal G1-IGD-G2 region of
aggrecan (Fig. 1A).

Since some of the antibodies showed enhanced immunoreac-
tivity following removal of the glycosaminoglycan side chains we
suggested that they could recognize epitopes in the proximity or
within the linkage regions of these chains. To further analyse this
possibility some of the antibodies were assayed against human
and bovine cartilage aggrecans that had been extensively digested
with chondroitinase ABC, followed by chondroitinase ACII and
LiOH or periodate treatments. These additional tests confirmed
that antibodies 3C7, 7D4, 8E10 and 5C5 potentially recognized an
epitope nearby, or within the chondroitin sulphate-attachment
region. To evaluate whether the phosphate group on the xylose

residue of the linkage region was part of the epitope parts, we car-
ried out competitive ELISA with alkaline phosphatase-treated PG,
after exhaustive digestion with chondroitinase AC-II, as well as
hexasaccharide peptides prepared from glycopeptides derived
from whale and shark cartilage aggrecans. These experiments
suggested that the epitopes of certain antibodies were in juxtapo-
sition with the chondroitin sulphate-attachment sites and could
comprise O-glycan moieties, or contain previously described
uniquely sulphated galactose residues [41, 42]. In fact, antibodies
8E10, 5G5, 7B7 and 7D4 showed a weak reactivity to hexasaccha-
ride peptides corresponding to the chondroitin-4-sulphate and -6-
sulphate core protein linkage region of whale cartilage aggrecan
(not shown).

Morphological and molecular verification 
of the integrity of post-mortem adult brain PNNs

The analysis of routinely haematoxylin and eosin stained sections
of Brodmann’s area 6 suggested satisfactory sample comparabil-
ity and tissue preservation of specimens collected from deceased
individuals with no histopathological signs of neurological disease
(Table S1). Staining with lectin WFA showed the integrity of the
PNNs in all the selected brains. In fact, in each of the analysed
cerebral cortex samples the reference lectin revealed a similar
staining pattern, characterized by a diffuse ECM immunoreactivity
throughout all cortical layers and more concentrated in cortex
layer III, and by well-defined PNNs associated with numerous cor-
tical neurons from layer I to VI (Fig. S1A–E). Conversely,
tenascins-C and -R, which are also established PNN components
in developing and adult rodent brains, were found to be poorly
expressed in the adult human cerebral cortex PNNs; some
tenascin-C was restricted to the ECM of subcortical white matter,
whereas tenascin-R was diffusely expressed in the cortical ECM
but not in the PNNs (Fig. S2A, B, D). Unlike the situation in normal
cortex, both tenascins were strongly expressed in the interstitial
and perivascular compartments of glioblastoma lesions which
were adopted as reference tissues (Fig. S2C, E).

Human brain expresses alternatively spliced
forms of aggrecan

The ACAN maps on chromosome 15q26.1 and covers 71.92 kb
containing 26 introns and 20 exons generating up to 15 different
mRNA of which 10 are alternatively spliced and 5 are unspliced
forms. The spliced mRNAs appear to differ due to differential trun-
cations of the 3� end, the presence or absence of four spliced
exons, the presence of overlapping exons with different bound-
aries. The most abundant spliced isoforms previously described in
cartilage and cartilage tumours are isoforms B and C (in the data
bank an isoform A is also described but it is identical to the vari-
ant that has been denoted isoform C), while an additional isoform
denoted isoform F has been described in breast stromal tissue.
Finally, another alternative spliced form, isoform E, of the PG has
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been identified in human brain and oligodendroglioma. Other
minor, more poorly defined isoforms that seem to arise through
truncation of the 5�-end of the gene have been described in
melanoma (isoform G and H ), skin (isoform G), articular cartilage,
colon, juvenile granulosa tumours and testis (isoform D).
However, the possibility remains that these latter isoforms are
mere fragments of isoforms B or C. We have therefore ignored
these latter isoforms and have concentrated our analyses on the
remaining isoforms, isoforms B, C, E and F, which we find to be
present in all examined areas of the foetal and adult brain (Fig. 2).

Differential aggrecan isoform deposition in PNNs
and cortical ECM

Aggrecan isoform expression in the cerebral cortex and reference
cartilage ECM was evaluated in parallel by morphometry on adja-
cent tissue sections that were immunolabelled without prior enzy-
matic treatments and following either chondroitinase ABC or ker-
atanase digestion. Semi-quantitative evaluation of aggrecan iso-
form distribution was carried out on both batches of sections and
aggrecan isoform expression was scored from absent to abundant
based upon the percentage of tissue area occupied by aggrecan-
rich PNNs within the total field area analysed. Comparison of the
staining patterns obtained prior to and after enzymatic prediges-
tion of the sections indicated that, in the majority of cases, the
intensity and extension of aggrecan isoforms did not change after
chondroitinase digestion, with the exception of aggrecan isoforms
recognized by antibodies 6E5 and 7B7, which became evident in
layers II to VI after digestion, and in the case of isoforms revealed
by antibodies 5C5 and 5B11, whose intensity levels appeared

higher (Table 2). Neither quantitative nor qualitative changes in the
overall distribution pattern of aggrecan isoforms were observed
after keratanase pre-treatment of the sections.

Notably, the expression pattern of aggrecan isoforms in laryn-
geal cartilage was markedly different from that observed in the
nervous tissue. For instance, antibodies 5G2 and 7B7 revealed
isoforms that were highly expressed in cartilage, but hardly
detectable in the cerebral cortex, while widespread cortical iso-
forms recognized by antibodies 5D3 and 4F4 were poorly
expressed in cartilage (Table 2). Thus, aggrecan isoforms pro-
duced in the two tissues appeared to be entirely mismatched, with
an essentially inverted distribution frequency of the different iso-
forms in the two tissues (Table 2). Immunoblotting on whole brain
homogenates further confirmed the presence of diverse CNS
aggrecan variants and highlighted both their divergent Mrs and
complex glycanation patterns (Fig. 3C).

According to the distribution patterns in PNNs and neuropil
ECM of the different cortical layers, aggrecan isoforms were clus-
tered in five distinct groups denoted clusters 1 to 5 (Table 2; Figs. 3A,
B and 4A–I). Aggrecan isoforms of cluster 1 included those recog-
nized by antibodies 5D3, 7D4, 4F4, 5C5 and 6E5, and were 
found to be the most abundantly expressed in PNNs and ECM of
layers II–VI. Isoforms of cluster 2, recognized by antibodies 7C9,
4F8 and 3C7, were similarly expressed in layers II–VI, albeit in a
less widespread manner. Isoforms of cluster 3, identified by anti-
bodies 5F12, 5G5, 5B11 and 7B7, were restricted to layers III–VI.
Cluster 4 aggrecan isoforms, recognized by antibodies 5G2 
and 2G5, were only detectable in solitary PNNs of neurons within
cortical layer V and, finally, cluster 5 was comprised aggrecan
isoforms recognized by antibodies 6F4 and 8E10, which were
highly expressed in laryngeal cartilage and absent in brain (Table 2;
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Fig. 2 Schematic diagram
illustrating the primary struc-
ture of the human aggrecan
gene (ACAN) and the preva-
lent alternative spliced tran-
scripts previously identified
in cartilage, mammary gland,
brain, chondrosarcoma and
glial tumours (i.e. isoforms A,
B, C, E and F ) and the expres-
sion pattern of these iso-
forms in different regions of
adult and foetal human CNS.
Adult articular cartilage tis-
sue was used as reference.
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Figs. 3A, B and 4A–I). Complementary reference immunostaining
for keratan sulphate moieties using antibody 373E1 [34], revealed
that in human adult brain keratan sulphates were diffusely distrib-
uted through the ECM, but were largely absent in PNNs (Fig. 4J).
While this finding suggests that PNN-associated aggrecan variants
of human adult brain do not contain keratan sulphate and may also
lack other keratan sulphate-bearing PGs, it does not preclude the

possibility that human adult brain keratan sulphates may be preva-
lently associated with phosphocan as previously proposed.

To determine if aggrecan isoforms from the different clusters
defined herein were present in the same PNNs recognized by anti-
bodies detecting isoforms of cluster-1, serial cortical sections
were alternatively immunostained with cluster-1 antibodies and
with antibodies detecting aggrecan isoforms in each of the other
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Table 2 Comparative patterns of aggrecan isoform distribution in PNNs of the human cerebral cortex and laryngeal cartilage

*Laryngeal cartilage was used as a reference aggrecan-rich tissue to ascertain antibody reactivities and variations in aggrecan isoform distribution;
the scoring adopted for the observed immunolabelling was in this case: ‘�’, 1 – 25%; ‘��’, 26 – 50%; ‘���’, 51 – 75%; ‘����’ and 76 –
100% of the tissue ECM immunolabelled.
†Immunoreactivity patterns of PNNs were morphometrically established as detailed in section ‘Materials and methods’ (��, indicates solitary
aggrecan-containing PNNs) by threshold normalization of the immunolabelling signals detected above the diffuse signal of the neuropil aggrecan-
containing ECM for each cortical layer and by adopting the following scoring with reference to the immunolabelled surface area: ‘�’, 10�5–10�3;
‘��’, 2 
 10�3–0.20; ‘���’, 0.21–0.40 and ‘����’, 0.41–1.0 mm2.
††Arbitrary levels of aggrecan isoform extension in the ECM of each cortical layer scored as: ‘–’, not present; ‘�’, scattered; ‘��’, localized and
‘���’, widespread.
§Staining intensity and extension was enhanced by prior enzymatic digestion of the sections with chondroitinase ABC. Antibodies 7E1 and 8G4 did
not detect any aggrecan isoforms in tissue sections under the immunostaining procedures adopted.

Antibody code Laryngeal cartilage ECM* Cerebral cortex PNNs† Cerebral cortex ECM†† Cortical layer (PNNs)

Cluster 1

5D3 � ���� ��� II, III, IV, V, VI

7D4 ��� ���� �� II, III, IV, V, VI

4F4 �� ���� �� II, III, IV, V, VI

5C5§ ��� ���� �� II, III, IV, V, VI

6E5§ ��� ���� �� II, III, IV, V, VI

Cluster 2

7C9 � ��� �� II, III, IV, V, VI

4F8 � ��� �� II, III, IV, V, VI

3C7 � ��� � III, V, VI

Cluster 3

5F12 � �� � III, V, VI

5G5 – �� � III, V, VI

5B11§ � �� � III, V, VI

7B7§ ���� �� � III, V, VI

Cluster 4

5G2 ���� �
�

� V

2G5 � �
�

� V

Cluster 5

6F4 �� – – –

8E10 ��� – – –
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Fig. 3 (A) Topographical representation
and (B) semi-quantitative evaluation of
aggrecan isoform distribution in the dif-
ferent layers of Brodmann’s area 6 in
the human cerebral cortex (**, P �

0.05; #, P � 0.01). (C) Immunoblotting
of whole brain homogenates with the
indicated antibodies following sequen-
tial digestion of the lysate with chon-
droitinase ABC, endo-�-galactosidase
and keratanase I, SDS-PAGE on 5–15%
gradient gels under non-reducing con-
ditions, and transfer onto nitrocellulose
membranes.
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Fig. 4 (A–I) Overview of 9 aggrecan iso-
forms detected in the ECM and PNNs of
cortical layer V of Brodmann’s area 6,
representative of the previously defined
clusters: cluster 1, isoforms 5D3 and
7D4 (A, B), cluster 2, 7C9 and 3C7 
(C, D), cluster 3, 5F12 and 5G5 (E, F),
cluster 4, 5G2 and 2G5 (G, H), cluster 5,
8E10 (I). Keratan sulphate-bearing PGs
are only detected in the neuropil ECM
(J). Counterstaining with haematoxylin.
Magnification bar: 100 �m.
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Fig. 5 Global view of aggrecan deposi-
tion in Brodmann’s area 6 as deter-
mined by staining with antibody 5D3.
No aggrecan deposition could be
observed in the neuropil ECM of cortical
layer I (A, B), whereas a progressively
increased expression of the PG could
be noted starting from the deeper
regions of cortical layer II and spanning
Brodmann’s entire area up to cortical
layer VI (A, C–G). Aggrecan-containing
PNNs are observed in association with
small-medium sized neurons of cortical
layers III-VI (A, C–G) and larger neu-
rons of cortical layers V and VI (E–G).
High magnification views of the cortical
layers containing aggrecan-rich PNNs
show aggrecan deposits surrounding
both the neuronal cell bodies and 
the extended processes (C–G).
Counterstaining with haematoxylin.
Magnification bars: (A) 400 �m; (B–G),
100 �m.
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clusters. Isoforms of clusters-1 and -2 almost totally coincided in
the same PNNs, although a larger number of PNNs had isoforms
recognized by antibody 5D3 (Fig. S3A, B). A lower number of
PNNs were revealed by antibodies from cluster-3 and all of these
were also detected by cluster-1 antibodies (Fig. S3C, D). Finally,
the few weakly reactive PNNs revealed by antibodies recognizing
aggrecan isoforms of cluster 4 were always present also on sec-
tions stained by cluster-1 antibodies (Fig. S3E, F). These results
demonstrated that aggrecan isoforms from clusters-2 to -4 con-
tributed differently to the PNNs characterized by cluster-1 iso-
forms, which in turn showed the widest molecular variation.

The aggrecan isoform(s) recognized by antibody 5D3 and per-
taining to cluster-1 was unique in that it was weakly expressed in
laryngeal cartilage, but appeared abundant in brain (Table 2). We
therefore investigated in more detail the distribution of this puta-
tive isoform(s). It was found to be virtually absent in both PNNs
and ECM of cortical layer I (Fig. 5A and B) and widespread in PNNs
and ECM of cortical layers II–VI. This aggrecan isoform distinctly

revealed PNNs associated with numerous cortical interneurons
and a restricted number of pyramidal cells. The ECM encompass-
ing this isoform initiated at the boundary between cortical layers II
and III and was progressively intensified in the deeper cortical lay-
ers, with a peak seen in cortical layer V (Fig. 5A, C–G). Aggrecan-
containing PNNs were also revealed around a few smaller
interneurons of cortical layer II (Fig. 5A and C) and more evidently
around numerous small- to medium-sized polymorphous
interneurons of cortical layers III. Within the same layer, although
less evident, aggrecan enriched PNNs were also observed to be
associated with small- to medium-sized pyramidal cells (Fig. 5A,
C and D). In cortical layer IV, only smaller interneurons appeared
to be sparsely decorated by aggrecan-containing PNNs (Fig. 5A
and D), whereas within cortical layer V these PNNs were detected
around numerous small- to medium-sized sized polymorphous
interneurons and a few medium-sized pyramidal neurons (Fig. 5A
and E). Finally, at the level of cortical layer VI, conspicuous aggre-
can-containing PNNs were associated with sparse, medium-sized
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Fig. 6 Confocal laser microscopy images, representative of all the analysed brain samples, through Brodmann’s area 6 double-labelled with lectin WFA
and our anti-aggrecan antibody 5D3 (A–C), or with a combination of the antibody against reference aggrecan (r-aggrecan; clone 179509, R&D
Systems, Inc.) and antibody 5D3 (D–F). Lectin WFA-stained PNNs are co-labelled by antibody 5D3 (arrowheads in A–C), (B) whereas other PNNs are
labelled to different degrees only by antibody 5D3 (arrows, in B and C). Also note, at higher magnification, a double-stained polymorphous interneu-
ron (inset in A–C) and the lectin WFA-stained cortical blood microvessels (A, C). (D–F) Reference aggrecan and our aggrecan 5D3 co-label a number
of PNNs (arrowheads), whereas other PNNs are only stained by 5D3 (arrows in E and F). Counterstaining with the nuclear tracer TO-PRO-3.
Magnification bars: 100 �m.
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interneurons, as well as clusters of larger, polymorphous interneu-
rons (Fig. 5A, F and G).

The aggrecan staining pattern observed with our antibody 5D3
in Brodmann’s area 6 was compared by double immunolabelling
on vibratome sections either with lectin WFA or with the reference
antibody r-aggrecan. The double immunolabellings confirmed that
PNNs containing aggrecan isoform(s) recognized by antibody 5D3
were restricted to a subpopulation of cortical neurons and that this
antibody disclosed a greater number of PNNs compared to both
WFA and the r-aggrecan antibody (Fig. 6A–F). The number of neu-
rons surrounded by WFA PNNs, r-aggrecan and 5D3, together
with the number of WFA/5D3 and r-aggrecan/5D3 co-localizations,
were quantitatively evaluated by morphometry on a total cortical
area of about 12.4 mm2 (for WFA/5D3) and 11.2 mm2 (for 
r-aggrecan/5D3). The results indicated that a limited number of
5D3-stained neurons was stained by WFA (14.9%  3.0%),
whereas almost all WFA PNNs were also reactive to 5D3 (99.4% 
0.6%). Despite some coincident staining of aggrecan 5D3 and r-
aggrecan (99.8%  0.5%), a greater number of PNNs was
revealed by our antibody 5D3 (84.4%  4.7%). These data sug-
gest that antibody 5D3 detects aggrecan isoform(s) assembling a
large subset of cortical neuron PNNs, whereas the reference anti-
body largely matches the staining pattern of our antibodies belong-
ing to cluster 3.

Detailed analysis of aggrecan-containing PNNs
and their relationships with synaptic boutons 
and astrocytic processes

To unveil the detailed features of aggrecan-containing PNNs, their
precise spatial arrangement and their connections with nerve ter-
minals and glial cell processes, we carried out a high-resolution
laser confocal microscopical analysis on thicker vibratome sec-
tions single- and double-labelled with antibody 5D3 and antibod-
ies to synaptophysin or GFAP. Through this approach we were able
to confirm the lack of significant deposition of aggrecan iso-
form(s) detected by antibody 5D3 in cortical layer I. Conversely, a
greater number of finer 5D3-aggrecan PNNs interspaced between
denser ones was highlighted throughout cortical layers II–VI, in
which aggrecan-decorated neuronal processes were also evident
at considerable distances from the neuronal cell bodies from

which they originated (Fig. 7A–E). Additional peculiar traits of
aggrecan-containing PNNs were observed around the cell body of
medium-large sized polymorphous interneurons of layers V and
VI. In fact, some of these neurons appeared to be surrounded by
aggrecan deposits forming a continuous ‘coat’ rather than exhibit-
ing the typical PNN mesh-like appearance (Fig. 7C and F–K).
Comprehensive images of the complete aggrecan-containing neu-
ronal envelope were obtained by analysing both single optical
planes and three-dimensional reconstructions of confocal projec-
tions, stacks of single optical planes (Figs. 7G and S4; Movie S1).
Through these it was possible to reveal a honeycomb-like deposi-
tion of the aggrecan matrix around and along the dense PNN coat-
ing, suggestive of aggrecan containing boundaries of ECM encom-
passing pre-terminal nerve fibres (Figs. 7C, F–K and S4; Movie
S2). These analyses further highlighted the presence of perineu-
ronal satellite cells completely embedded within the aggrecan
‘coat’ (Figs. 7F, I–K and S4 and S5; Movies S1 and S2).

Detailed analysis of thicker sections double-labelled with anti-
body 5D3 and antibodies to synaptophysin – an integral mem-
brane glycoprotein of the synaptic vesicles – demonstrated a
number of synaptic boutons in contact with the aggrecan-contain-
ing PNNs (Fig. 8A). Views of single optical planes revealed the
finer details of synaptophysin-containing boutons regularly alter-
nated with aggrecan deposits around neuronal cell bodies and
processes (Fig. 8B–D). Sections double-labelled with antibodies
5D3 and anti-GFAP highlighted an intricate pattern of astrocyte
processes surrounding the neurons provided with aggrecan-rich
PNNs (Fig. 8E) and terminating on the surfaces of these neurons,
in close contact with the aggrecan deposits (Fig. 8F–H). Thus,
aggrecan-containing matrices seemed to be interposed between
neuronal processes, astrocytic processes and their terminals in
contact with cell somas.

Differential association of aggrecan-containing
PNNs with distinct classes of cerebral cortical
neurons

We next sought to better characterize the classes of cortical neu-
rons surrounded by aggrecan-containing PNNs. To this end, we
employed a similar laser confocal microscopic approach, in this
case entailing double immunolabelling of the sections with anti-
body 5D3 and either antibodies to the neurotransmitter Glu,

Fig. 7 Confocal laser microscopic images of Brodmann’s area 6 sections following immunostaining with antibody 5D3. (A, B) Numerous neuronal cell
bodies and processes are surrounded by aggrecan-containing PNNs in cortical layers III (A) and V (B); note in (B) a large polymorphous interneuron
(arrowhead) and a neurite-like process (arrow) enwrapped by an aggrecan-rich matrix. (C–E) High magnification views of medium-sized polymorphous
interneurons surrounded by aggrecan deposits forming a continuous PNNs ‘coat’; note (inset in C) the aggrecan honeycomb-like halo. (F) A projection
image of a coated polymorphous interneuron and (G–K) enlarged pictures of single optical planes of the same neuron; it is possible to appreciate the
continuous aggrecan ‘coat’ surrounding the neuronal soma (G), dendritic processes (H), and a perineuronal satellite cell (I–J); note (in G–K) how aggre-
can deposits form honeycomb-like structures in the matrix close to the continuous aggrecan ‘coat’. Counterstaining with the nuclear tracer TO-PRO-3.
Magnification bars: A, B, 100 �m; C–F, 20 �m; G–K, 10 �m.
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adopted as a marker for pyramidal neurons, or antibodies against
each of the Ca2�BPs, calbindin, calretinin and parvalbumin, that
have been demonstrated to specifically identify different sub-
classes of GABAergic interneurons. Stained sections were sub-
jected to a semi-quantitative morphometric evaluation of the num-
ber/class of cortical neurons provided with aggrecan-rich PNNs.
The results demonstrated that in a cortical area of 10.8 mm2,
16.2%  5.8% of Glu-reactive pyramidal neurons that localized

within cortical layers III, V and VI were provided with aggrecan-
containing PNNs (Fig. 9A–C), whereas on the same area 28.8% 
6.9% of interneurons, revealed by their reactivity for Ca2�BPs,
had these PNNs (Fig. 9D–F). Subsequently, the subclasses of cor-
tical interneurons with associated aggrecan nets were revealed by
double immunolabellings with antibody 5D3 and the individual
interneuron markers parvalbumin, calbindin and calretinin. In 
cortical layer III, aggrecan-containing PNNs were consistently
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Fig. 8 Confocal laser microscopy images of sections through Brodmann’s area 6 double-labelled for aggrecan with antibody 5D3 and synaptophysin
(A–D) or GFAP (E–H). (A–D) On the projection image (A), aggrecan meshes and nerve terminals are tightly intermingled on the neuronal soma and den-
drite surfaces. (B–D) show single optical planes of (A) highlighting details of aggrecan-deposits close to synaptic boutons on the primary dendrite (B;
arrows in C) and cell soma (arrows in D). (E–H) On the projection image (E), the GFAP� astrocyte processes form a dense perineuronal network which
penetrates the aggrecan-rich PNN; (F–H) show single optical planes of (E) evidencing processes in close contact with the aggrecan envelope (arrows).
Counterstaining with the nuclear marker TO-PRO-3. Magnification bars: A, 15 �m; B–D, 5 �m; E, 20 �m; F–H, 10 �m.
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associated with parvalbumin-expressing interneurons (Fig. 10A),
whereas a few parvalbumin interneurons showed faint aggrecan
PNNs in layers V and VI, while aggrecan deposits appeared to be
only rarely associated with these neurons in layers II and IV. The
total percentage of parvalbumin-positive interneurons associated
with aggrecan-rich PNNs was estimated to be 65.0%  8.8% 
(Fig. 10B). A smaller fraction of calbindin-positive neurons was
associated with aggrecan-containing PNNs in layers II and III
(11.2  4.4%; Fig. 10C and D). Finally, aggrecan-rich PNNs were
never seen in association with calretinin-expressing interneurons
residing within the different cortical layers (Fig. 10E and F).

Discussion

PNNs have recently been demonstrated to contribute to the 
stabilization of synaptic contacts during critical periods of brain
development [7, 43–46] and in the adult brain. Apart from their
implication in the maintenance of the tissue architecture and 
neuroprotection, they are also thought to provide a buffering
microenvironment around neurons [47–50]. Lectican-type PGs

are vital components of the CNS ECM [8, 11, 51] and primary ele-
ments of PNNs. In these structures, chondroitin sulphate chains
attached to the different integral PGs seem to act as inhibitors of
synaptogenesis, thereby mediating the stabilization effect of
PNNs on synapses but at the same time hampering regenerative
processing requiring dynamic modulation of synaptogenesis [44,
52–54]. The relative distribution of PGs in PNNs is therefore a
subject of particular interest and has been previously investigated
in a wealth of animal species, including chick, mouse, rat and cat
[18–20, 22, 55–58]. Detailed information is also available con-
cerning the glycan composition of PNNs in the rat CNS [23, 33,
59, 60]. Conversely, little is known about the structural and
molecular composition of PNNs in the cerebral cortex of the
human adult brain, nor how the assembly of these neuron-asso-
ciated structures relates to neuronal function. This work makes a
contribution to this problem by providing the first description of
the distribution of aggrecan isoforms in Brodmann’s area 6 and
how their structural organization and differential association with
subsets of neurons may define novel neuronal classes.

In the avian CNS the presence of aggrecan in telencephalic
regions of the brain has previously been shown, and the synthesis
of this PG by isolated neurons/neuronal precursors in culture con-
firmed [26, 32]. Aggrecan expression has also been documented
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Fig. 9 Confocal laser microscopic images of sections through Brodmann’s area 6 double-labelled for aggrecan with antibody 5D3 and either antibodies
to glutamate (Glu; A–C) or to a combination of the three calcium binding proteins calbindin, calretinin and parvalbumin (Ca2�BPs; D–F). (A–C) A clus-
ter of pyramidal Glu� neurons in cortical layer V (A), some of which are provided with aggrecan-rich PNNs (arrows, A–C); coincidently a Glu– interneu-
ron is revealed by an aggrecan-rich PNN (arrowhead in B, C). (D–F) Numerous interneurons revealed by Ca2�BPs immunolabelling (D) show well-delin-
eated aggrecan-rich PNNs (arrows; E, F). Counterstaining with the nuclear marker TO-PRO-3. Magnification bars: 100 �m.
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in the mammalian CNS, where it has been suggested to be linked
to different classes of neurons [12, 17, 22, 23, 31, 33, 61–63]. The
use of antibodies Cat-301, Cat-315 and Cat-316, raised against
feline chondroitin sulphate PGs and recognizing PGs of variable
sizes compatible with those of neurocan and brevican, has pro-
vided some insights into the composition of PNNs in different
areas of the CNS in a variety of species [17, 33, 43, 64], and sig-
nificant information about the expression pattern of these lecti-
cans in rodent CNS has also been obtained [23, 33]. However,
although previous in situ hybridizations have highlighted aggrecan
transcription in mammalian CNS neurons [33], the precise pattern
of aggrecan isoform in the human CNS has remained undefined.

Our transcriptional analysis reveals that the adult human CNS
expresses all aggrecan alternatively spliced isoforms present in
cartilage and thus suggests that both ECM and PNNs may contain
a wide spectrum of aggrecan protein variants. To gain a thorough
description of the aggrecan isoforms expressed in the human
cerebral cortex we made use of a panel of anti-human aggrecan
antibodies that recognizes core protein-associated epitopes capa-
ble of distinguishing different aggrecan isoforms. While some of
these antibodies were found to react with epitopes within defined
aggrecan domains, other recognized epitopes were of a secondary
or tertiary structural nature. Conformation-dependency of anti-
body reactivity may be one of the reasons for the differences in
immunoblotting patterns observed between the aggrecan variants
detected by our antibodies in the human brain and those previ-
ously reported for aggrecan glycoforms in the CNS of other mam-
mals, including that of the cat, previously examined with anti-gly-
can moiety antibodies. Based upon a comparison between the
molecular sizes and banding patterns of the putative aggrecan-like
PGs detected in these previous studies and those detected by us, it
seems possible that these previous investigations may have detected
different subsets of aggrecan variants, distinguishable from the ones
identified in this study. Alternatively, feline and human brain aggre-
can variants may be intrinsically different, or differently distributed
in the different brain regions of these species.

Some of our antibodies showed some reactivity with fragments
corresponding to the GAG linkage region of shark cartilage, sug-
gesting that they may be directed against this moiety [64]. At least
four of the antibodies in our panel seemed to recognize epitopes
shared by human and bovine cartilage aggrecans, and to some
extent aggrecans from other species (but not other types of PGs),
suggesting that they are directed against highly conserved
sequences/structural features of aggrecan. A fairly incontrovert-
ible proof of the fact that some of the antibodies of the panel

reacted with structural epitopes was afforded by the failure of
these antibodies to react with proteolytic fragments of aggrecan or
recombinant fragments encompassing either the C-terminal G3
domain or the N-terminal G1-IGD-G2 segment.

Our comprehensive analysis of the aggrecan distribution in the
adult human cerebral cortex provides the first evidence of aggre-
can expression in the human cerebral cortex PNNs and corrobo-
rates recent observations in other mammals, including feline
brain. However, striking differences could be noted when compar-
ing aggrecan variant distribution in human brain with that seen in
other mammals. In the human brain, aggrecan PNNs were present
within all layers of the cortex except layer I, where aggrecan was
absent from the interstitial matrix. The biological significance of
this phenomenon is not clear, but may be associated with the dif-
ferent developmental origin of the neurons composing layer I [65]
and with compositional differences in the matrix deposited in this
region. On the other hand, in partial agreement with findings in
other mammals, we observed that human cortical PNNs did not
encompass keratan sulphate-bearing PGs, as shown by the fact
that a specific antibody detecting this type of GAG chains exclu-
sively localized keratan sulphates in the ECM of multiple cortical
layers. This observation highlighted a potential crucial discrep-
ancy in the glycanation pattern of human aggrecan isoforms
deposited in the PNNs versus ECM of the CNS, as well as in aggre-
can molecules assembled in cartilage matrices.

Previous morphological analyses of mammalian PNNs have
emphasized a mesh-like organization of such structures, whereas
our detailed analysis of human PNNs highlights the possibility that
the accumulation of aggrecan isoforms on the neuronal surface
creates a ‘coat-like’ structure which may also include perineuronal
satellite cells. These may represent glial cells such as microglia
and astroglia cells or possibly grey matter oligodendroglia cells
classically described as perineuronal (perisomatic) satellite oligo-
dendrocytes and typically located close to large neurons in the
cerebral and cerebellar cortex [66–68]. Similarly, we noted that
aggrecan densities were often found in close proximity to synaptic
boutons and astroglia processes, suggesting that aggrecan-con-
taining matrices may be determinant factors for the structuring 
of synapses and for mediating proper glial cells-neuron inter-rela-
tionships. Moreover, in the vicinity of aggrecan-rich PNNs, the
interstitial matrix also containing aggrecan was more concen-
trated and aggrecan deposition in this matrix showed a gradient in
which the denser aggrecan accumulations formed a honeycomb-
like perineuronal ‘halo’ coinciding with the boundaries restricting
pre-terminal nerve fibres.
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Fig. 10 Confocal laser microscopy images through Brodmann’s area 6 double-labelled for aggrecan with antibody 5D3 and parvalbumin (A, B), cal-
bindin (C, D), or calretinin (E, F). (A, B) Medium-sized parvalbumin-positive neurons of cortical layer III are surrounded by PNNs with various degrees
of aggrecan deposition (A); two parvalbumin-positive neurons, one of which is associated with aggrecan PNN in cortical layer V (B). (C, D) Cortical layer
III rich in calbindin-positive neurons not associated with aggrecan-rich PNNs (C); in this layer medium-sized calbindin interneurons associated with
aggrecan PNN are only rarely recognizable (arrow in D). (E, F) Medium-sized calretinin-positive interneurons not surrounded by aggrecan PNNs,
together with larger calretinin-negative interneurons associated with aggrecan PNNs. Counterstaining with the nuclear marker TO-PRO-3. Magnification
bars: A, 30 �m; B, 20 �m; C, D, F, 50 �m; E, 100 �m.
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When we compared the distribution pattern of aggrecan iso-
forms with the identification of interneurons, characterized by
their high content of Ca2�BPs, we found that only subsets of
inhibitory interneuron subclasses were associated with aggrecan-
rich PNNs, in a layer-specific manner. In fact, this association was
more consistent and widespread through all cortical layers for
parvalbumin-containing neurons, whereas the association with
aggrecan-rich PNNs was less frequent and restricted to layers II
and III for calbindin neurons, and completely absent for calre-
tinin-containing neurons. Moreover, a subset of pyramidal neu-
rons in layers III and V was found to be associated with aggrecan
PNNs. The precise identity and function of these aggrecan-sur-
rounded neuronal subsets remain to be established. One possibility,
however, is that parvalbumin-positive neurons supplied with
aggrecan-containing PNNs may correspond to the previously
described subtype of fast spiking neurons characterized by Kv3.1
of the voltage-gated potassium channel [69–71]. Furthermore,
since aggrecan was not found to be associated with calretinin
neurons, it is suggested that aggrecan-rich PNNs may distinguish
at least two classes of cerebral cortical neurons from the others,
namely horizontal Cajal–Retzius neurons of cortical layer I and
calretinin neurons residing within multiple cortical layers. The
observed subset of pyramidal neurons associated with aggrecan
PNN could represent a subpopulation of intracortical, long-range
projection neurons.

In cartilage, aggrecan is known to contribute to tissue hydra-
tion, as well as to provide the necessary structural and mechanical
stability of the tissue, by creating a polyanionic microenvironment
with a high buffering capacity for cations. It is not known whether
this is the case also in the CNS and what the physiological signif-
icance of creating such an inter-cellular microenvironment could
be in this site. Overall, a protective role of PNNs has been shown
in normal elderly brain and in neurodegenerative diseases [49,
72], and PNNs appear to be altered in some neurological diseases
[73]. It remains to be clarified to what extent changes in the rela-
tive expression and distribution of aggrecan isoforms are involved
in these morphological alterations, as well as to what extent
aggrecan molecules may contribute to neuronal integrity. Deposits
of different aggrecan variants in PNNs of defined neuronal subsets
and distinct areas of the human cortex may contribute to the
structural-functional diversity of these neuronal subpopulations,
or may simply be a synthetic consequence of their diversified
traits. A more precise determination of the functional traits of 
the aggrecan-surrounded neuronal subpopulations, along with a
better understanding of the nature and structural-functional char-
acteristics of these aggrecan isoforms, will shed further light on
this issue.
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The following supplementary material is available for this article:

Table S1 Demography of post-mortem tissue donors.

Table S2 Anti-aggrecan antibodies from R&D Systems, Inc.

Fig. S1 Representative global view of lectin WFA-reactive sugar
moieties distribution in Brodmann’s area 6 of the human cerebral
cortex as observed in all the analysed brain samples. (A–E) Lectin
WFA labels the neuropil ECM, the PNNs (arrows) and the wall of
blood capillaries throughout all the cortical layers. Counterstaining
with haematoxylin. Magnification bars: A, 400 �m; B–E, 100 �m.
Fig. S2 Representative image of tenascin expression in Brodmann’s
area 6 of the human cerebral cortex and in human glioblastoma.
Tenascin-C is not found in the cortex (A), but shows diffuse staining
in white matter ECM (B). For comparison, the glycoprotein is found
to be abundantly expressed by neoplastic cells and neovascular
structures of malignant glioblastoma lesions (C). Some tenascin-R
can be seen in the cortex (D), but its expression is significantly
poorer than in glioblastoma lesions (E). Counterstaining with haema-
toxylin. Magnification bars: A–E: 75 �m.
Fig. S3 Comparison between serial sections of the cerebral cortex
Brodmann’s area 6 stained with antibody 5D3 (A, C, E) and with
antibodies against aggrecan isoforms pertaining to different clus-
ters (B, D, F). Cluster 1 antibody 5D3 reveals numerous strongly
reactive PNNs that are co-revealed in the adjacent section by clus-
ter 2 antibody 7C9 (compare A, B; arrows), cluster 3 antibody 5G5
(compare C, D; arrows) and cluster 4 antibody 2G5 (compare E, F;
arrows). Magnification bar: A–F, 100 �m.
Fig. S4 Single optical planes examined by confocal laser
microscopy analysis of the neuron depicted in Fig. 7F. The images
were digitalized at intervals of 2.5 �m through the z-axis of the
section. Tangential planes to the neuron surface, z_05, z_10 and
z_15, show a satellite cell (sc), the nucleus of the neuron (N)
appearing in the subsequent optical planes from z_20 to z_35.
Magnification bar: 25 �m.
Fig. S5 Single optical planes generated by confocal laser microscopy
analysis of the neuron depicted in Fig. 7F. The chosen planes,
z_07, z_10 and z_13, digitalized at intervals of 1.5 �m through the
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z-axis of the section, show the detail of a neuron surrounded 
by an aggrecan-rich PNN (arrows) laying in close proximity to an
aggrecan-PNN free neuron (arrowheads). Both neurons are
associated with a satellite cell (sc), which in the case of the for-
mer neuron appears completely enwrapped in the aggrecan-
rich coat. Magnification bar: 25 �m.

Movie S1 (3D Animation)
Three-dimensional reconstruction of a cortical neuron showing

the distribution and continuity of the aggrecan-containing PNN
revealed by antibody 5D3 and the presence of both aggrecan-
coated and uncoated perineuronal satellite cells.

Movie S2 (Sequence of single optical planes)

The sequence of optical confocal planes illustrates the pres-
ence of aggrecan-rich honeycomb-like matrix fields in the vicinity
of a neuron-associated PNN, a perineuronal aggrecan-embedded
cell and finally, the neuronal cell soma.

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/j.1582-
4934.2009.00694.x
(This link will take you to the article abstract).

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.
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