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Abstract

Despite the crucial role of perineuronal nets (PNNs) in neural plasticity and neurological disorders, their
ultrastructural organization remains largely unresolved. We have developed a novel approach combining
superresolution structured illumination microscopy (SR-SIM) and mathematical reconstruction that allows for
quantitative analysis of PNN topology. Since perineuronal matrix is capable to restrict neural plasticity but at
the same time is necessary to maintain synapses, we hypothesized that a beneficial post stroke recovery
requires a reversible loosening of PNNs. Our results indicated that focal cerebral ischemia induces partial
depletion of PNNs and that mild hypoperfusion not associated with ischemic injury can induce ultra-structural
rearrangements in visually intact meshworks. In line with the activation of neural plasticity under mild stress
stimuli, we provide evidence that topological conversion of PNNs can support post stroke neural rewiring.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

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

Introduction

The extracellular matrix (ECM) of the brain is an
intricately organized macromolecular network that
provides an essential environment for intercellular
communication. The establishment and plasticity of
local neuronal networks is largely regulated by the
ECM [1-3]. Throughout development, the maturation
of ECM is related to switching between juvenile and
adult types of neural plasticity [4—6]. In adult brain, the
relatively diffuse ECM molecules can consolidate into
a densely packed layer around a subpopulation of
neurons, predominantly the fast-spiking, parvalbumin-
containing interneurons [7,8]. These coatings are
termed perineuronal nets (PNNs). PNNs are com-
posed by a wide variety of macromolecules originating
from various cell types, whose essential backbone is

based on hyaluronic acid (hyaluronan, HA) [9], link
proteins and chondroitin sulfate proteoglycans
(CSPGs) [10]. Enzymatic digestion of CSPGs
removes PNNs and re-activates juvenile structural
plasticity [6]. In addition to these major components,
numerous secreted molecules can be deposited to
these scaffolds, including interleukins, growth factors,
guidance factors and proteases, which contribute to
synapse formation and neural activity regulation
[11-14]. PNNs are synthesized on-demand, in an
activity-dependent manner [15] and are involved in
learning-related neural plasticity [3] via the regulation
of AMPA receptor lateral mobility [16]. Serving as
polyanionic buffers, these coatings are hypothesized
to support the fast spiking properties of neurons by
docking the cations in close proximity to the plasma
membrane [8,17,18].

0022-2836/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Apparently, because of their crucial role in neural
plasticity, PNNs are affected in many neurological
diseases, including epilepsy [19], schizophrenia [20],
traumatic brain injury [21] and stroke [22]. It has been
shown that PNNs can protect neurons against tau
pathology [23] and oxidative stress [24,25], which
renders these structures a promising target for
neuroprotective therapies. In the last decade, ECM-
targeting studies focused on the molecular biology of
PNN components, and the functional consequences of
their depletion. This fruitful research brought us to a
new level of understanding of what are the functions of
these peculiar structures. However, we still lack
knowledge about the structural organization of PNNSs.
In this study, we developed an approach to quantify the
topology of these meshworks, and to understand how
brain ischemia modifies them.

Temporary occlusion of middle cerebral artery
(MCAO) is widely used as a model of focal cerebral
ischemia in rodents [26—28]. Like stroke patients who
underwent timely thrombolysis, these animals suffer
from focal brain ischemia, followed by reperfusion. Our
experimental approach triggers three overlapping
phases i) cell death and inflammation, ii) cell prolifer-
ation, and iii) tissue remodeling [29]. The first phase of
ischemia (roughly the first 7 days) is associated with
neuro iflammation, leading to the altered expression of
proteoglycans [30,31] and impaired function of the
blood-brain barrier (BBB) [32], resulting in the infiltration
of plasma proteins, leukocytes and pro-inflammatory
interleukins such as tumor necrosis factor-a (TNFa)
and interleukin-1 (IL1) [33]. In addition, the excessive
glutamate overstimulates neuronal and glial glutamate
receptors and contributes to the activation of phospho-
lipid hydrolysis and disruption of calcium homeostasis,
which triggers a devastating cell death by oncosis or
apoptosis [34,35]. In the second phase (3—15 days
after ischemia), endothelial cells and astrocytes under-
go acute proliferation, and the glial scar is formed [36].
Finally, in the remodeling phase (15 days and further),
the astrocytic scar and the ischemic core contract, and

multiple ECM components are deposited together to
build the fibrotic scar [37] inside the ischemic core.

During sub-threshold ischemia, induced by mild
hypoperfusion, the brain undergoes hypoxic stress,
but no neuronal damage is induced. However, hypoxia
triggers a set of metabolic changes, including upreg-
ulation of proinflammatory cytokines, heat-shock
proteins and growth factors [38], leading to the
induction of adaptive neuroprotection. These mecha-
nisms contribute to ischemic tolerance following mild
ischemia preconditioning and thus have high clinical
relevance [39]. To simulate mild hypoperfusion, we
induced a permanent ligation of common carotid artery
(CCA), which is usually the sham surgery for our
MCAO protocol.

In this study, we explored the reorganization of
PNNs in the subacute phase of the cerebral ischemia,
when most of the pathological signaling, as well as
neuroprotective cascades are triggered. We hypothe-
sized that during this decisive period for neurological
recovery, the changes in PNN ultrastructure may be
especially pronounced. In addition, we compared the
effects of mild hypoperfusion and focal cerebral
ischemia on the ultrastructural organization of PNNs.
We specifically focused on the cortical PNNs, because
no neuronal damage was observed in this region.

Results

The loss of cortical PNNs is associated with
persistent gliosis after focal cerebral ischemia

Unilateral focal cerebral ischemia was induced by
temporary MCAO. To induce mild hypoperfusion, the
left CCA was permanently ligated like in the MCAO
surgery (Fig. S1A). Thus, we compared how PNNs
are affected by full-scale ischemia and sub-threshold
hypoxia. In the subacute phase 10 days after MCAO,
the focal lesions were observed in the left (ipsilesional)
striatum, surrounded by glial scars (Fig. 1B, C and

Fig. 1. Focal cerebral ischemia, but not mild hypoperfusion, induced cell death, gliosis and loss of cortical PNNs in the
ipsilesional hemisphere. (A) The cartoon illustrates the filament placement and ligatures during MCAO and CCA occlusion
surgery. In the control condition, no intervention was made. (B, C) The ischemic core (white line) and glial scar (yellow line)
is apparent at 10 days after MCAOQ, but not CCA occlusion surgery. Scale bars, 1 mm. (B) Representative immunolabeling
of microglia (Iba1, red), neurons (NeuN, green) and apoptotic cells (activated caspase 3, gray scale) is shown in the
coronal sections at bregma level. (C) Representative immunolabeling of reactive astrocytes (GFAP, red) and PNN markers
(WFA, green and aggrecan, gray scale) is shown in coronal sections at the bregma level. Note that PNNs are richly
expressed in cortical regions, but their presence is less ample in the ipsilesional cortex following MCAO. (D, E) The
interhemispheric ratio (ipsilateral/contralateral) quantifications of neuronal (NeuN*) and irreversibly damaged (caspase
3%) cell densities indicate neuronal loss (D) and cell death (E) in the ipsilesional striatum, but not cortex. (F-J) The loss of
cortical PNNs is associated with persistent gliosis at 10 days post ischemia. (F) The panel demonstrates representative
immunolabeling of reactive astrocytes (GFAP, magenta), microglia (Ibal, red) and PNN markers (WFA, green and
aggrecan, red) in contralesional and ipsilesional cortex of ischemic and hypoperfused animals. Age matched
(2 months old) controls are also shown. Scale bars, 50 um. The labeling intensity quantifications (average pixel
intensity) are shown for GFAP (G), Iba1 (H), WFA (l) and aggrecan within WFA-labeled PNNs (J). The box plots show
the mean (empty square), the median (line), 25-75% range (borders) and 10-90% range (whiskers). Asterisks
indicate significant differences with the hypoperfusion, hatches with the control condition, based on two-way repeated
ANOVA (**#p < 0.01; ****#p < 0.001).
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Fig. S1). The interhemispheric ratios (ipsilesional/
contralesional) indicated the reduction of neurons
(NeuN positive) and appearance of irreversibly injured
(active caspase-3 positive) cells in the ipsilesional
striatum, but not cortex (Fig. 1D, E). Mild hypoperfu-
sion following CCA occlusion did not induce neuronal
death neither in cortex, nor striatum. Wherein the
cortex was not part of ischemic lesion, reactive gliosis
was observed in this region following MCAO, as
indicated by the upregulation of astrocytic marker
GFAP and microglial marker Iba1 (Fig. 1F, G, H and
Fig. S1). To a lesser degree, reactive gliosis was also
observed in the contralesional somatosensory cortex
following MCAO. In the CCA occlusion group, mild
hypoperfusion did not induce significant elevation of
GFAP and Ibal signals, compared with control
animals. Conjointly with reactive gliosis, MCAO
induced the partial loss of PNN labeling (Fig. 1F, |
and Fig. S2), as indicated by the fluorescence
intensity quantification of Wisteria floribunda lectin
(WFA). WFA binds to the disaccharide LacdiNAc
chondroitin sulfate chains of CSPGs within the
proteoglycans of PNNs [40,41] and is therefore used
as a classical marker of these structures. Although
hypoperfusion also moderately decreased the inten-
sity of WFA, the evident loss of PNNs was observed
only in the ipsilesional cortex following MCAO and
was not associated with neuronal cell death (Fig. 1C,
F, 1). Interestingly, within the remaining WFA-labeled
nets, the fluorescence intensity of aggrecan core
protein (one of the key CSPGs of PNNs) was not
notably different across groups (Fig. 1C, F, J and Fig.
S2). The analysis of total aggrecan expression in the
perilesional cortex via immunoblotting did not reveal a
significant difference between the ischemic and mild
hypoperfusion groups (Fig. S3).

Graph construction reveals the 3D topology of
PNNs

To analyze the PNN ultrastructure, we elaborated a
quantitative approach combining 3D superresolution
imaging and mathematical reconstruction, which re-
vealed the topology of these meshworks (Fig. 2A and

Supplementary Video 1). By using the glycan-binding
marker WFA and anti-aggrecan specific antibody, we
visualized the distribution of both side chains and the
core protein of PNN-composing CSPGs. Because
PNNs are known to evolve throughout development
[42], both adult (2 months) and aged (>15 months)
controls were included. We observed no remarkable
differences between the adult and aged controls,
suggesting the maturity of PNNs in 2 month-old mice.
Because of the high complexity and density of PNNs
[10], itis not possible to resolve their 3D organization by
means of conventional microscopy. In our experi-
ments, structured illumination microscopy (SIM) pro-
vided the reliable and reproducible resolution of at least
200 nm in lateral and 400 nm in axial directions in the
highly scattering brain slices at all depths of the sample
(Fig. S4). Following SIM imaging, the vertices of WFA
or aggrecan labeled nets were localized as fluores-
cence intensity centers, in accordance with previous
studies [43]. The vertices of 3D meshes were assigned
as graph nodes, and the net-like structure of a PNN
was then reconstructed using the custom developed
graph computation algorithm. From the resulting
graphs, the four topological metrics were derived for
further statistical analysis: i) percentage of nodes with
non-zero degree; ii) maximal internode distance, at
which 95% of the nodes have non-zero degree (this
metric will be further abbreviated as R95); iii) average
internode distance; iv) average degree of a node.

Both focal cerebral ischemia and mild
hypoperfusion alter the ultrastructural
organization of cortical PNNs

Ultrastructural analysis was conducted for those
PNN meshes, which were visually intact and
expressed a pronounced labeling of both WFA and
aggrecan (Fig. 2B, C). The PNN topology was
separately analyzed in the ipsilesional or contralesional
cortex after focal ischemia, induced by MCAQO or mild
hypoperfusion following CCA occlusion. In the control
group a comparable number of nets was analyzed in
the left and right cortex. Two complementary metrics
were used as a measure of mesh integrity: percentage

Fig. 2. The ultrastructure of cortical PNNs is altered by both focal cerebral ischemia and mild hypoperfusion. Graph
based reconstruction of a PNN topology and key metrics are shown in (A). Scale bar, 5 ym. The major components of
PNNs were labeled with WFA lectin (green), and the antibody against aggrecan core protein (red). Maximum intensity
projections following confocal and superresolution structured illumination microscopy (SR-SIM) are shown. The vertices of
WFA and aggrecan-labeled meshes were identified as fluorescence intensity centers. The undirected graph was
computed using a find-the-neighbor algorithm, reconstituting the PNN structure. For the 3D reconstruction of this PNN, see
Supplementary Video 1. (B, C) The panels demonstrate representative maximum intensity projections of single PNNs
labeled with WFA lectin (green) and anti-aggrecan core protein (red) in contralesional and ipsilesional cortex of ischemic
and hypoxic animals. Adult (2 months old) and aged (>15 months old) controls are also shown. Scale bars, 5 um. The
topology of WFA-labeled nets (D1-D4) and aggrecan-labeled nets (E1-E4) was quantified using the four metrics (see
main text): percentage of non-zero degrees (D1, E1), average R95 (D2, E2), average internode distance (D3, E3) and
average degree of a node (D4, E4). The box plots show the mean (empty square), the median (line), 25-75% range
(borders) and 10—-90% range (whiskers). Asterisks indicate significant differences with the hypoperfusion, hatches — with
the adult control condition, based on two-way repeated ANOVA (***#p < 0.01; ****##p < 0.001).
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of nodes with non-zero degree and the R95 metric.
The lower proportion of non-zero degree nodes and
higher R95 values correspond to more diffuse
meshworks. In the ipsilesional cortex of ischemic
animals, WFA nets were significantly more diffuse
compared to hypoperfused and control animals,
indicating partial dissociation (Fig. 2D1, D2). We did
not observe a difference in the integrity of aggrecan-
labeled meshes between ipsilesional ischemic and
hypoperfused cortices (Fig. 2E1, E2), but in both
groups the nets were more scattered than the control
ones. Average internode distance and average degree
in WFA labeled nets were significantly decreased in
both hemispheres of both ischemic and hypoperfused
animals (Fig. 2D3, D4). Notably, in the ischemic
ipsilesional cortex, only the degree, but not the
internode distance of WFA meshes was more strongly
reduced, compared to mild hypoperfusion. In the
meantime, the average internode distance of aggre-
can labeled nets was affected by neither mild
hypoperfusion, nor focal cerebral ischemia, while the
degree of a node was similarly decreased in both
groups on both sides (Fig. 2E1, E2). The exact mean
values and standard deviations of all topological
metrics are provided in Table S1.

Discussion

The ultrastructural organization of PNNs remained
unresolved mainly due to their complex and con-
densed constitution. To our knowledge the character-
ization of their net-like morphology has originally been
based on qualitative assessment, until recently the first
attempt was made to quantitatively analyze the
geometry of PNNs [43]. This latter study has proven
that the pattern of WFA labeling, which is typically used
to identify PNNs, indeed corresponds to a polygonal
mesh, with the polygon vertices located in the local
intensity maxima. However, the authors did not explore
the 3D structure of perineuronal coatings. Also, it was
not clear, whether the geometry of PNNs is linked to
neuropathology.

Today, the advances in light microscopy techniques
complement the benefits of immunofluorescent label-
ing with unprecedented resolution of imaging. In this
work, the combination of SR-SIM and automated data
processing algorithms enabled us to provide the first
estimation of PNN topology. We focused on the
ultrastructural alterations of these meshesinresponse
to focal cerebral ischemia mainly because of their
pivotal role in regulating neural plasticity [13,44—46].
Several components of PNNs, including CSPGs, are
known to restrict axonal outgrowth, and their removal
can facilitate post stroke recovery [4]. However, the
reactive astrocytes of the posttraumatic glial scar
release a set of CSPGs that aid axon regeneration
[47,48]. The loss of PNNs results in altered synaptic
plasticity [49,50], leads to epileptiform activity [17] and

is associated with psychosis [51]. Importantly, PNNs
can protect neurons against several types of neuro-
pathology [23,25]. After photothrombosis, the reduc-
tion of PNNs in the perilesional area is not associated
with neuronal death [52]. In addition, the perineuronal
coatings are partially restored in the late recovery
phase [52], suggesting that the post-stroke depletion
of PNNs is not a result of cell death but a process to
facilitate local neural plasticity. This evidence sug-
gests that the subtle modulation, but not crude
depletion of extracellular matrix may help to improve
functional recovery after brain injury. But before we
can seek a way to do so, we need to understand how
PNNs are constructed and what changes they
undergo after brain injury.

Rodent models of focal cerebral ischemia provide a
valuable tool to investigate stroke mechanisms and
approaches for the post-stroke restorative therapies
[28]. In mice, temporary MCAO is widely used to
investigate both acute and chronic phases of stroke
[53]. The permanent ligation of CCA, which is a part of
the classical MCAQO protocol developed by Koizumi
[54], is also used as a separate model [55] to study
subthreshold hypoperfusion that does not result in
structural brain injury, but causes mild hypoxia [56]. In
this work, we performed Koizumi's MCAO to induce
ischemia, and permanent CCA ligation to induce mild
hypoperfusion. In the control group, the brain-
supplying vasculature was left intact.

In accordance with a previous study [22], we found
a significant reduction of PNNs in the perilesional
cortex after MCAO, which was associated with the
highest level of glia reactivity.

At the ultrastructural level, the topology of WFA and
aggrecan labeled meshes were differently affected.
While the WFA meshes became more diffuse only
upon ischemia, the topology of aggrecan nets was
affected already by mild hypoperfusion, as indicated by
R95 metric. However, the internode distance of
aggrecan meshes was not affected, contrary to WFA.
The average degree of a node in both networks was
significantly reduced upon both hypoperfusion and
ischemia, but this metric was not further affected by
MCAO in aggrecan nets. In addition, both general
expression of aggrecan (a core CSPG of PNNs) and its
content in the intact meshes were not substantially
affected after ischemia. This observation hints at the
potential role of aggrecan for PNN stability. Together,
these results indicate higher stability of aggrecan
topology. Hypothetically, hypoxia can induce initial
rearrangement of a PNN backbone during both
ischemia and hypoperfusion. This carcass appears to
be more resistant to the increasing severity of injury,
while the stability of glycan side chains can be further
compromised alongside with the increased level of
neuroinflammatory responses, in accordance with
previous studies [31].

Taken in view the severity of brain injury after MCAO
surgery, it is surprising that the observed ultrastructural



Cortical perineuronal nets topological remodeling

127

alterations of cortical PNNs in mild hypoperfusion are
so similar to focal cerebral ischemia. Hypothetically, the
impairment of blood flow in both cases can induce
microglia proliferation [55] and peripheral immune cell
infiltration [57], leading to the elevated production of
long-range signaling factors like transforming growth
factor-B (TGF), which can induce PNN decomposition
[58]. And although the expansion of the ischemic core
is localized by the astrocytic scar at this stage [59],
interleukins may diffuse into distant brain areas [60].
Since the general loss of WFA labeling is evidently
stronger in the ipsilesional cortex after MCAQO, com-
pared to contralateral cortex or hypoperfusion, decon-
struction of PNNs may depend on a pro-inflammatory
signal gradient.

A close look at the topology metrics change reveals
another very intriguing observation. For both WFA and
aggrecan labeled meshworks, the degree of a node
may drop (compare ipsilesional hypoperfusion and
ischemia) while internode distance remains unaffected.
This observation points to the fact that the ultrastruc-
tural changes in PNNs after ischemia are not simply a
dissociation of nodes from the net. We propose that the
vertices of the meshwork may stay together, while the
pattern of their interlinking is altered. Fig. 3 offers a
graphical explanation of this hypothesis. Based on our
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results we suggest, that prior to dissociation under
severe injury, the regular meshwork will undergo a
potentially reversible transition to a loosened state.
Because the internode boundaries length remains
unaltered, or can even become slightly stretched, we
propose to call this state as a tension regime.

The existence of such intermediate quasi stable
states is known for many biological systems [61]. As a
rule, falling into these states is reversible. With regard to
the balance between neuroplasticity and neuroprotec-
tion after stroke, our explanation offers a new
understanding of ECM as a dynamic system, which
should be deeper investigated with regard to neuro-
pathological mechanisms. Theoretically, the topologi-
cal tension regime of PNN ultrastructure may facilitate
local rewiring after stroke. Because PNN-coated
neurons are central for neural synchronization, en-
hancing the plasticity of these cells can strongly
influence the activity of local neural networks [62—64].
We hypothesize that in both ischemic and hypoper-
fused conditions, the tension state of a PNN topology
may be reverted back to the original organization. At
this point, the timeline of such reversal is not clear and
needs further investigation. Interestingly, the slow
recovery of several PNN components was observed
after cortical photothrombotic stroke in rats [52].
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Fig. 3. The stepwise rearrangement of PNN topology is linked to the severity of ischemia and gliosis. Based on our
results, the average degree of a node may decrease while the average internode distance remains unaltered. This
observation points to the existence of an intermediate “tension” regime before PNNs dissociate. The hypothetical two-step
topological conversion within PNNs is illustrated using a model graph.
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Our hypothesis is in agreement with the experimen-
tally proven facilitation of neural plasticity following sub-
threshold hypoperfusion, which is extensively explored
in the scope of ischemic preconditioning. The induction
of mild hypoperfusion can render brain tissue tolerant
to subsequent lethal injuries [39], and some method-
ologies of hypoxic preconditioning, like hypothermia,
are already clinically approved [65,66]. The induction of
ischemic tolerance is associated with facilitated syn-
aptic potentiation [67] and results in improved spatial
cognition after sub-threshold hypoxia in mice [68]. This
enhancement of synaptic plasticity potentially arises
from brain-derived neurotrophic factor (BDNF) mediat-
ed activation of PKCe [69]. In addition, neural plasticity
can be enhanced by the moderate neuroinflammatory
response and early release of TNFa, TGFB and IL1(3
[38,70,71] following ischemic preconditioning.

To date, it is not known whether the modification of
the neural extracellular matrix plays a role in the
development of ischemic tolerance. However, our data
indicates that structural reorganization of PNNs is an
important response to mild hypoperfusion events that
potentially triggers neuroplasticity.

Experimental procedures

Legal issues, animal housing, randomization
and blinding

Experiments were performed with local government
approval (Bezirksregierung Disseldorf) in accordance
to E.U. guidelines (Directive 2010/63/EU) for the care
and use of laboratory animals and ARRIVE guidelines.
The experimenter performing the histochemical studies
(E.D.) was fully blinded at all stages of the study by
another researcher (D.M.-C.) who performed animal
surgeries. Animals were kept in a regular inverse
12 h:12 h light/dark cycle in groups of 5 animals/cage.

Animal groups, induction of cerebral ischemia and
mild hypoperfusion

Male C57/BI6 wildtype mice (at the age of 2 months)
were assigned into three groups: focal cerebral
ischemia (MCAO surgery), mild hypoperfusion (CCA
occlusion surgery) and age-matched control. In addi-
tion, an elderly control group (age > 15 months) was
formed. Each group included 5 animals. MCAO was
performed using an intraluminal filament technique.
Animals were anesthetized with 1.5% v/v isoflurane
(30% v/v Oy, remainder N,O) and 150 pl of buprenor-
phine was injected subcutaneously. An incision was
made in the neck that exposed the left CCA. The lower
part of the CCA was permanently ligated. A fine incision
into the CCA was made, through which a silicon-coated
nylon monofilament was introduced and advanced
through the internal carotid artery, until it blocked the

bifurcation of the middle cerebral artery (MCA). Laser
Doppler flow (LDF) was measured above the MCA
territory to control blood supply cessation. After 30 min
of MCAO, reperfusion was induced by removing the
filament, while the CCA remained permanently
blocked. The recovery of blood supply was controlled
by LDF recording. In the hypoperfusion group, mild
hypoxia was induced by the permanent ligation of the
CCA. In control groups, no surgical intervention was
made. Postsurgical care was provided by daily
administration of 250 pl of a cocktail containing 2%
carprofen and 5% glucose in Ringer's solution for
seven days.

Immunohistochemistry

At 10 days post-surgery, animals were anesthetized
with 100 pl of 2% w/v ketamine-10% w/v xylazin
mixture (1:3) and perfused with 20 ml of cooled saline,
followed by 20 ml of cooled 4% w/v paraformaldehyde
(PFA)in 0.1 M Tris buffer saline (TBS), pH 8.0. Then,
the brains were removed and immersed in 4% w/v
PFA in TBS overnight at 4 °C. Tissue was cryopro-
tected by gradient incubation in 15%-30% w/v
sucrose for 2 days and frozen at —80 °C. Coronal
sections (30 pm thick) were obtained at the bregma
level using a Leica CM1950 cryostat, rinsed three
times with 0.1 M phosphate buffer saline (PBS) and
immersed in PBS containing 0.3% w/v Triton X-100
(PBS-T) and 10% v/v normal donkey serum for 1 h at
room temperature. Sections were incubated overnight
at 4 °C in PBS containing 0.1% w/v Triton X-100 and
primary antibodies mixture. To visualize neurons,
microglia and apoptotic cells, we used monoclonal
mouse anti-NeuN (1:500; MAB377; Merck Millipore),
polyclonal goat anti-ionized calcium binding adaptor
protein (Iba-1) (1:300; ab5076; Abcam) and polyclonal
rabbit anti-activated caspase 3 (1:300; 9662; Cell
Signalling). For labelling of astrocytes and PNN
components, we applied monoclonal mouse anti-glial
acidic protein (GFAP) (1:500; 3670 s; Cell Signalling),
polyclonal rabbit anti-aggrecan (1:500, AB1031;
Merck Millipore) and biotinylated Wisteria floribunda
lectin (WFA) (1:100; L1516; Sigma). Primary antibod-
ies were detected with appropriate secondary anti-
body, conjugated to Alexa Fluor-488, Alexa Fluor-594
or Alexa Fluor-647. Lastly, the bound antibodies were
stabilized by incubating the sections in 2% w/v PFA for
20 min at room temperature.

Neuronal and irreversibly damaged cell density
analysis

The entire brain sections, labeled for NeuN and
activated caspase 3 antigens, were scanned with the
Olympus VS120 Virtual Slide Microscope (20x Plan
Apochromat objective, NA 0.75, pixel size 0.33 pm).
Imaging parameters were manually optimized and
were not changed across the experiments. The
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obtained images were exported to Imaged and the cell
density was analyzed in the entire cortex or striatum of
each hemisphere. The analysis was performed using a
custom written user-independent script, based on
standard ImagedJ functions. The results were
expressed as interhemispheric ratios (ipsilateral/
contralateral).

Intensity based analysis of glial and PNN markers

To provide a reliable quantification of GFAP, Ibat,
aggrecan and WFA labeling intensity, single plane
425.1 x 425.1 pm micrographs were obtained in the
cortical regions using the Carl Zeiss LSM 710 confocal
microscope (20x Plan Apochromat objective, NA 0.8,
pixel size 0.21 pm). Four micrographs obtained from
two adjacent brain sections were investigated for each
animal in the ipsilesional and contralesional cortex.
Images were exported to Imaged and average pixel
intensity of GFAP, Ibal and WFA labelling was
analyzed using an automated routine. To quantify the
content of aggrecan within PNNs, the average pixel
intensity of aggrecan labelling was analyzed inside
WFA-labeled regions of interest using a custom written
user-independent script, based on standard ImageJ
functions.

Reconstruction and analysis of PNN topology

Superresolution structured illumination microscopy
(SR-SIM) of PNNs was performed using the Carl Zeiss
Elyra PS.1 SR-SIM microscope. For each PNN-
coated cell, an individual 83.13 x 83.13 x 8.18 ym
z-stack was obtained (100x alpha Plan-Apochromat
objective, NA 1.46, voxel size 65x65x101 nm). The
complete list of imaging settings is provided in the
Supplementary Table 2. Only those PNNs which
expressed a profound labelling with the WFA lectin
and anti-aggrecan antibody were analyzed with SR-
SIM. For each animal, 8 individual PNNs were
analyzed in the ipsilesional and contralesional cortex
from two adjacent brain sections. The output super-
resolution images were computed using the automatic
processing mode using the Zen Black program from
Zeiss. The resulting 3D stacks were imported into the
IMARIS program, and the mesh vertices of PNNs
were localized using the semi-automated “dots”
pipeline. Vertex positions were imported into MatLab
and the 3D PNN meshwork was reconstructed in a
form of undirected graph using a custom developed
algorithm, provided as a supplementary file. In brief, a
mesh vertex was connected to its neighbor, if the
linear distance between them was smaller than the
maximum distance (a user defined parameter), but
bigger than the minimum distance (derived from the
resolution of imaging), and the connection was not yet
formed. By default, maximum distance was 1,5 pm,
based on the diameter of net facets. Graph compu-
tation was performed independently for WFA and

aggrecan labeled nets, and four topological metrics
were derived: i) percentage of nodes with non-zero
degree; ii) maximal internode distance, at which 95%
of the nodes have non-zero degree (this metric will be
further abbreviated as R95); iii) average internode
distance; iv) average degree of a node (number of
neighboring nodes it connects).

Statistical analysis

All quantitative data was presented as box plots
indicating the mean (empty square), the median
(line), 25—-75% range (borders) and 10—90% range
(whiskers) of data distribution. For all datasets, the
normality of distribution was analyzed using the
Kolmogorov-Smirnov test. The differences between
populations were evaluated using two-way repeated
measurement analysis of variance (ANOVA). For
multiple comparisons, Bonferroni correction was
applied.

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.matbio.2018.08.001.
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