
 

 

Introduction 
 
The extracellular matrix of the central nervous 
system provides a highly organized complex of 
macromolecules that surround glia cells and 
neurons. A specific form of extracellular matrix 
is the perineuronal net (PN). PNs are basically 
composed of large aggregating chondroitin sul-
fate proteoglycans (CSPGs), mainly aggrecan, 
connected to hyaluronan, stabilized by link pro-
tein and cross-linked via tenascin-R. The lattice-
like PN ensheathes cell bodies, proximal den-
drites and the axon initial segment of several 
types of neurons in the mammalian brain [1-4]. 
PNs mature during postnatal development si-
multaneously with the synaptogenesis and mye-
logenesis. Their role is still not completely un-
derstood, but their specific characteristics allow 
suggestions about their functions [5, 6]. Based 

on their inhibitory potential to cell adhesion and 
the repellent properties of their molecular com-
ponents against approaching axons and den-
drites, PNs might contribute to synaptic stabili-
zation and thus influence neuroplastic potential 
[1, 7, 8]. Further tasks could be due to their 
polyanionic character. The glycosaminoglycan 
side chains of the CSPGs as well as the hyalu-
ronic acid of the PNs lead to highly negatively 
charged structures in the direct microenviron-
ment of neurons that might be involved in local 
ion homeostasis. PNs might also potentially be 
able to scavenge and bind redox-active iron, 
and thus reduce the local oxidative potential in 
the neuronal microenvironment. This may pro-
vide some neuroprotection to net-associated 
neurons against oxidative stress [9-14]. 
 
In previous studies we could demonstrate that 
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in Alzheimer’s disease (AD) cortical and subcor-
tical areas with high abundance of PN-
enwrapped neurons are less severely affected 
by neuronal degeneration, and PN-ensheathed 
neurons are virtually spared from AD related 
pathologies [15, 16]. These results on a neuro-
protective capacity of PN-components are ex-
tended by demonstrating that net-wearing neu-
rons rarely contain lipofuscin deposits, a major 
product of advanced iron induced oxidative 
processes [12]. Furthermore, it could be shown 
that PNs have a higher capacity to bind iron 
than any other tissue component in the brain 
[17]. Iron is believed to contribute to oxidative 
damage in AD brains by catalyzing the genera-
tion of free radicals. Several studies indicate an 
increased amount of iron in the brain of AD pa-
tients, suggesting an abnormality in iron me-
tabolism. This increase in iron may contribute to 
enhanced oxidative stress in the disease, 
thereby facilitating neurodegenerative proc-
esses [18-22]. It might be suggested that PN, 
due to their increased iron-binding capacity, can 
locally reduce oxidative stress and, thus, dimin-
ish its deleterious effects on net-associated 
neurons. 
 
Here we tested the concept that PN-ensheathed 
neurons are more resistant against iron-induced 
oxidative stress in vivo induced by injecting iron 
directly into the mouse brain. 
 
Materials and methods 
 
Animals 
 
Male and female mice (C57BL/6) were bred 
and housed at the Medizinisch- Experimentelles 
Zentrum of the Medical Faculty of the University 
of Leipzig. Animals had free access to food and 
water and were maintained on an artificial 
12 h:12 h light–dark cycle under conditions of 
constant temperature (22 °C) and humidity. All 
experimental procedures on animals were car-
ried out in accordance with the European Coun-
cil Directive of 24 November 1986 (86/609/
EEC) and had been approved by the local au-
thorities. 
 
In vivo injection 
 
18 mice at 7-8 weeks of age were deeply an-
aesthetized by intraperitoneal (IP) injection with 
a cocktail of ketamine (100 mg/kg, ratiopharm, 
Ulm, Germany) and xylazine (5 mg/kg, Rompun, 

Bayer, Germany). Animals were fixed to a 
stereotaxic apparatus (Stoelting, Wood Dale, 
Illinois) and a rostrocaudal incision of 1cm 
length was made using a scalpel. For the injec-
tion, Bregma line was exposed clearly and a 
hole with a diameter of 1mm was drilled. Com-
pounds were injected into the barrel field (-
1.7mm from Bregma, 3mm from the midline, 
2mm deep from dura) using a 33 gauge needle 
(33/51/3, Hamilton) attached to a Hamilton 
syringe (Type 75-RN). Coordinates were deter-
mined according to mouse brain atlas of Paxi-
nos and Franklin [23]. Groups of 18 mice each 
received injections of 0.2μl 20mM FeCl3 or 
0.9% NaCl (Braun, Germany) for control. Seque-
lae of injections were analyzed 24h or 72h post 
injection. 
 
Tissue preparation 
 
Animals were perfused transcardially under 
deep CO2-anesthesia with 0.9% NaCl and 4% 
paraformaldehyd (PFA) in phosphate-buffered 
saline (PBS). Brains were removed immediately 
and placed for 24h in 4% PFA for postfixation 
followed by cryoprotection in 30% sucrose with 
0.01% sodium azide in PBS for 48h. 30µm-
coronal sections were cut on a freezing micro-
tome and further processed for immunohisto-
chemical and histochemical staining as de-
scribed below.  
 
Combining Fluoro-Jade B with immunofluores-
cent labeling    
 
To identify degenerating neurons and to clearly 
allocate degeneration of neurons ensheathed 
by PN or of neurons without PN, sections were 
processed with Fluoro-Jade B in combination 
with antibodies to aggrecan core protein 
(HAG7D4, mouse-anti-human aggrecan, 1:10, 
AbD Serotec, Düsseldorf, Germany) combined 
with biotinylated NeuN (mouse-anti-NeuN clone 
A60, ab77315, 1:100, Abcam, Cambridge, UK) 
or biotinylated Wisteria floribunda agglutinin 
(WFA, 1:100, Sigma, Taufkirchen, Germany ) 
combined with NeuN (mouse-anti-NeuN clone 
A60 MAB 377, 1:100, Millipore, Darmstadt, 
Germany). Briefly, sections were washed in PBS, 
preincubated in a blocking solution (2% bovine 
serum albumin, 0.3% casein, 0.5% donkey nor-
mal serum) for 1h followed by a 48h incubation 
with the primary antibodies at 4°C. After wash-
ing, sections were incubated in 0,03% potas-
sium permanganate for 4 min under permanent 
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shaking, washed in distilled water for 2 min and 
incubated with Cy3-conjugated donkey-anti-
mouse IgG (Dianova, Hamburg, Germany; 
1:300) and Cy5-conjugated streptavidin 
(Dianova, Hamburg, Germany; 1:150) for 3h. 
Sections were washed, mounted on gelatine 
coated slides and incubated with 0.001% Fluoro

-Jade B (Chemicon, Temecula, 
CA, USA) in 0.1% acetic acid 
for 30 min. Slides were 
washed with distilled water, 
placed onto a slide warmer 
until fully dry, immersed in 
xylene for 2–3 min and cover-
slipped using DePeX (Serva, 
Heidelberg, Germany). 
 
Quantification of degeneration 
 
Slides were examined with a 
Zeiss Fluorescence Micro-
scope (Axiovert 200M, Zeiss, 
Jena, Germany) and the pro-
gramme Zeiss Axiovision 4.7 
according to Morawski et al. 
2004 [12]. For quantification 
of cell death, the tissue area 
covered by degenerated cells, 
which after Fluoro-Jade B 
staining can clearly be deline-
ated from unaffected tissue 
(Figure 1), was encircled for 
each animal on serial sections 
cut throughout the lesion site 
at an interval of 120µm. The 
largest cross-sectional area 
taken from the animal with the 
largest lesion size was defined 
as reference area and copied 
to all sections. Within this 
area, counting of Fluoro-Jade 
B positive neurons, counter-
stained by NeuN, was per-
formed blinded to the experi-
mental status of the animal 
within three rectangles of a 
size of 1.8mm2, randomly 
placed to the reference area. 
The contralateral site of injec-
tion was used as internal con-
trol (Figure 2). The evaluation 
of Fluoro-Jade B positive neu-
rons was realized clearly 
above background. Statistical 
analyzes were performed by 

paired t-test and Wilcoxon-Range-Test. 
 
Results 
 
Application of FeCl3 leads to a widespread de-
generation of brain tissue around the injection 
site (Figure 1a/c). To analyze the effects of 

Figure 1. Detection of neuronal degeneration by Fluoro-Jade B. The point 
of injection is assigned with white arrows. Application of 0.9% NaCl 
(a=24h, c=72h) induces a small lesion around the injection site in mouse 
brain. In contrast, injection of 20mM FeCl3 results in a widespread lesion 
both after 24h (d) and 72h (d) which can be clearly delineated by Fluoro-
Jade B staining. To compare the range of degeneration, the widest stained 
radii after NaCl and FeCl3 injection were measured. Fluoro-Jade B demon-
strates significant wider radii for iron-injected sections after 24h and 72h 
(e). Statistical analyzis performed by paired t-test. Scale bar 1000µm. 
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FeCl3-application and assess the potential influ-
ences of postoperative survival time on degen-
erating neurons, we analyzed the cross sec-
tional area covered by Fluoro-Jade B-positive 
neurons. While there was only a marginal effect 
of NaCl injections, application of FeCl3 induced 
a profound degeneration with a maximum ra-
dius covered by degenerating neurons three 
times bigger than after control injections (Figure 
1e). Effects obtained 24h or 72h post injections 
were only marginally different. 
 
To assess potentially different effects of FeCl3-
induced cell death for neurons with and without 
PN, lectin histochemistry of Wisteria Floribunda 
Agglutinin (WFA), binding to N-
acetylgalactosamines as the main chondroitin 
sulfate proteoglycan components of PN (Figure 
3a-d) [24] was used in combination with NeuN 
and Fluoro- Jade B staining. Cell counting was 
performed within the area covered by apoptotic 
cell death, defined as reference area as de-
scribed above. Corresponding brain regions of 
the contralateral site were used as internal  
controls.  
 
Results clearly demonstrate that both 24h and 
72h post injection, neurons ensheathed by PNs 
are significantly less frequently affected by 
apoptotic cell death than neurons without PN 
(Figure 3e-f). 
 
To exclude any sampling bias of PN ensheathed 
neurons by potential effects of FeCl3 on chon-

droitin sulfate side chains, results were repli-
cated in second series of experiments, combin-
ing Fluoro-Jade B staining with immunocyto-
chemistry for aggrecan (HAG), the main pro-
teoglycan component of PNs. Consistent with 
results obtained after WFA-labeling, quantitative 
analyzis revealed a significant lower rate of de-
generation for PN-wearing neurons after micro-
injection of iron (Figure 4a-f). 
 
Discussion 
 
Iron is the most abundant transitional metal in 
the brain and plays an important role in main-
taining normal brain function [25]. Iron over-
load, however, has been detected in various 
neurodegenerative disorders such as Parkin-
son’s and Alzheimer´s disease where it might 
be a driving force of oxidative stress. In the pre-
sent study we used an in vivo model of iron-
induced cell death to assess potential differ-
ences in neuronal vulnerability between neu-
rons ensheathed by a PN versus neurons with-
out PN.  
 
Although the injection of FeCl3 into mouse brain 
leads to a widespread degeneration of brain 
tissue, we could demonstrate that PN-
associated neurons are affected to a much 
lesser extent than neurons without a PN. These 
differential effects were clearly present inde-
pendent as to whether PNs were detected by 
WFA binding to N-acetylgalactosamine of the 
chondroitin sulfate proteoglycans or immunocy-

Figure 2. Illustration of evalua-
tion method. For examination 
of potential protective effects 
by perineuronal nets the larg-
est cross-sectional area was 
defined as reference area and 
copied to the hemisphere of 
injection as well as its contra-
lateral side. Within this area, 
counting of Fluoro-Jade B posi-
tive neurons was performed 
within three rectangles of a 
size of 1.8mm2, randomly 
placed to the reference area. 
Scale bar 1000µm.  
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tochemistry of the core protein ag-
grecan. This clearly indicates some 
neuroprotective effects associated 
with PNs.  
 
One of the main components of the 
PN is the CSPGs. It had been dem-
onstrated previously; that CSPGs 
have a protective effect on cultured 
neurons against excitatory amino 
acid (EAA) induced cell death [26]. 
This protective effect has been ex-
plained by molecular interactions 
with the binding sites on neuronal 
membranes, neurotrophic factors 
as well as an antagonizing action of 
cellular responses following an acti-
vation of EAA receptors [26, 27]. In 
addition, a neuroprotective action of 
CSPGs has been suggested by buff-
ering divalent cations like Ca2+ 
which play a critical role in gluta-
mate toxicity [25]. These buffering 
features of CSPGs are supported by 
their role on determining the local 
diffusion properties of calcium in 
the brain extracellular space [27, 
28]. These effects on the local ion 
homeostasis most likely involve 
electrostatic aspects.[28] The 
CSPGs as well as the hyaluronan 
components provide a highly nega-
tively charge to the perineuronal 
nets. Due to this charge, PNs are 
able to bind high amounts of 
cations including iron [17]. This 
mechanism could, thus, be sug-
gested to act as a buffering system 

Figure 3. Quantification of differences 
by using WFA. Assessing differential 
effects on neuronal degeneration for 
neurons with and without PN. Degener-
ating neurons were identified by label-
ing of Fluoro-Jade B (a) with NeuN (b). 
Neurons with and without PN were iden-
tified by the presence or absence of 
WFA labeling (c). Quantification on the 
overlay of all three signals (d) revealed 
a significant less frequent degeneration 
for neurons with PN compared to neu-
rons without PN both 24h (e) and 72h 
(f) after FeCl3 injection. Statistical ana-
lyzis by Wilcoxon Range test, Scale bar 
20µm. 
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by binding extracellular iron, 
thereby reducing local oxidative 
stress in the direct environment 
of net-associated neurons pre-
venting PN-wearing neurons 
from degeneration [17, 29]. 
These findings are in agree-
ment with our previous obser-
vation that neurons ensheathed 
by a PN both in normally aged 
and in Alzheimer´s disease 
brains are less frequently af-
fected by accumulation of lipo-
fuscin, an intralysosomal pig-
ment generated by iron-
catalyzed oxidative processes 
[17]. Oxidative stress might be 
one of the fundamental factors 
contributing to disease progres-
sion in neurodegenerative dis-
orders such as Parkinson´s 
disease and Alzheimer´s dis-
ease. Accordingly, PN-
associated neurons are virtually 
protected against the formation 
of neurofibrillary tangles [15, 
16, 30, 31] as well as against 
amyloid beta toxicity in vitro 
[32]. 
 
Taken together, our results 
clearly demonstrate neuropro-
tective properties associated 
with the presence of perineu-
ronal nets against iron induced 
cell death. The exact molecular 
basis of this mechanism and 
whether it can potentially be 

Figure 4.  Quantification of differences 
by using HAG. Detecting differential 
effects on neuronal degeneration for 
neurons with and without PN with tri-
ple staining of degenerating net-
associated neurons with immunocyto-
chemical labeling of Fluoro-Jade B (a), 
NeuN (b) and HAG (c). Overlay image 
(d) was used for counting procedures. 
Net-associated neurons are signifi-
cantly less severely affected by degen-
eration after FeCl3 injection. This effect 
could be seen after 24h (e) as well as 
72h (f).Statistical analyzis by Wilcoxon 
Range test, Scale bar 20µm.  
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used for a neuroprotective strategy remains to 
be determined. 
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