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Brain extracellular matrix: An upcoming target in neurological

and psychiatric disorders

Neurons and glial cells in the central nervous system
(CNS) are embedded in a dense and dynamic meshwork
of extracellular matrix (ECM). ECM components, which
are synthesized and secreted by both neurons and glial
cells, co-aggregate and form highly organized extracellular
structures around cell somata, axon initial segments, den-
drites and synapses, in particular, in the form of so-called
perineuronal nets (PNNs). The brain ECM plays multiple
roles in development (e.g., regulating closure of critical
periods in brain areas), adulthood (e.g., shaping synaptic
plasticity and stability, cognitive flexibility and context dis-
crimination) and generally in physiology and pathology of
the CNS. Recent data point to substantial alterations and
functional impact of the ECM composition and integrity
in aging, epilepsy, neurodegeneration and dementia, de-
pression, bipolar disease, and schizophrenia. This special
issue comprises a series of articles that lay out the latest
understanding of cellular and molecular mechanisms by
which diverse forms of ECM are changed in CNS diseases
and how these alterations may affect synaptic and cogni-
tive functions. Emphasis is put on the mechanisms regulat-
ing proteolytic remodeling of neural ECM under different
(patho)physiological conditions, the ECM-mediated sig-
naling in major neurological and psychiatric disorders, and
emerging tools and strategies for analysis and therapeutic
targeting of the neural ECM. This Special Issue comprises
13 articles, five of which are original research reports, four
reviews, and four methodological studies.

The review of Ulbrich et al. (2020) provides an overview
of major neurological and psychiatric diseases in terms of re-
modeling of neural and perivascular ECM. It puts forward the
concept of biphasic dysregulation of local balance between
extracellular proteases and the ECM in brain diseases: the
initial phase is characterized by degradation of ECM due to
high levels of expression and activity of extracellular prote-
ases, such as matrix metalloproteinases (MMPs), while the

recovery/chronic phase is accompanied by the upregulated
expression of ECM molecules due to changes in their syn-
thesis, or increased expression/activities of tissue inhibitors
of metalloproteinases (TIMPs). The initial downregulation
of ECM opens a window of pathophysiological plasticity to
remodel neural networks, while upregulation of ECM during
the chronic phase would impair neuroplasticity and stabilize
the diseased state. An additional level of complexity is re-
lated to the leakage of blood plasma proteins, such as fibrino-
gen, and the diffusion of perivascularly overproduced MMPs,
TIMPs and ECM molecules into the CNS parenchyma, lead-
ing to diverse effects on neurons.

Besides extracellular proteolysis, signaling triggered via
receptors for ECM components, such as integrins, is a key
topic to understand the role of ECM in the etiology of brain
disorders. The review by Fanny Jaudon and co-workers fo-
cuses on common mechanisms and signaling pathways me-
diated by integrins, such as regulation of trafficking and
activities of AMPA and NMDA subtypes of glutamate recep-
tors and activation of microglia, attempting to bring together
data from studies on the genetics and molecular structure of
integrins with those on synaptic physiology and brain pa-
thology (Jaudon et al., 2020). Importantly, diverse integrin-
targeting strategies have been developed in the cancer field
and for non-neuronal tissues. The review provides insights
into their potential benefits for the treatment of neuropsychi-
atric disorders.

In their systematic review paper, Hall et al. (2020) pro-
vide a comprehensive summary and interpretation of the
mechanobiology of aging and degenerating brain with a
special emphasis on the ECM and neurodegenerative disor-
ders. They expound the important role and the possibilities
of neuro-mechanobiology research for the understanding
of the complex interplay between the extracellular environ-
ment and intracellular domain. Finally, they formulate key
questions to be answered to understand the influence of
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neuro-mechanobiology on CNS development and during
physiological as well as pathological aging.

In their review paper, Ismary Blanco and Katherine
Conant give a comprehensive and timely overview of the
relationship between gamma-oscillations and ECM restruc-
turing upon conditions of stress and depression, from fish to
humans. They conclude that ECM changes as a consequence
of stress, in particular manifested in PNN alterations, can be a
promising readout in depression models to test the effective-
ness of antidepressants (Blanco & Conant, 2020).

The complex interplay between the extracellular environ-
ment and neuroprotective signaling pathways is only partially
understood. It is important to characterize the mutual inter-
actions of the ECM with the surrounding cells in the CNS in
development and during physiological as well as pathological
aging. In their research report, Schmidt et al. (2020) from the
Morawski group provide further evidence of the neuropro-
tective action of the perineuronal ECM against the formation
of pathological forms of Tau. They provide insights into the
interplay between the major ECM proteins and the intracellu-
lar Tau levels, and demonstrate a direct effect of aggrecan on
Tau expression and phosphorylation.

Kalpachidou et al. (2020) describe the behavioral phe-
notype of mice deficient in Frasl, an extracellular protein
of the basement membranes that surround embryonic epi-
thelia, choroid plexuses and meninges in fetal mouse brain.
Mutations in human Frasl are responsible for the Fraser
Syndrome with brain deformities and mental impairments
occasionally observed in patients. The ECM of PNNs was
found to be disorganized in cortical and subcortical areas in
FrasI-deficient mice, which exhibit many behavioral defects,
including impaired egocentric spatial memory and aberrant
olfactory learning and memory.

Wegrzyn et al. (2020) from the Faissner group provide
insights into the ECM and cellular mechanisms of the ma-
ternal immune system during gestation, which is well known
to be linked to neuropsychiatric diseases like schizophrenia.
By using behavioral tests, primary astrocytic and neuronal
cell cultures, immunocytochemistry and electrophysiologi-
cal recordings, the researchers observed that treatment with
polyinosinic-polycytidylic acid sodium salt (Poly I:C), a
model of viral infection, resulted in impairment of prepulse
inhibition, a significantly reduced axonal complexity and a
significant reduction of the major ECM molecule aggrecan
with regard to staining intensity, area and soma size.

Assmann et al. (2020) studied the significance of a sin-
gle nucleotide polymorphism (SNP) in the human NCAN
gene encoding the neuronal chondroitin sulphate proteogly-
can neurocan, which is known as a risk factor for psychiatric
disorders like schizophrenia and bipolar disorder, in a cohort
of young healthy humans. The researchers report that this
SNP correlates with reduced verbal memory, hippocampal

overactivation during novelty encoding and reduced prefron-
tal grey matter density, pointing to an intermediate phenotype.

Pantazopoulos et al. (2020) focus on characteristic molec-
ular ECM signatures in the brains of schizophrenic patients.
They employed gene expression profiling of parceled cortical
and subcortical areas to demonstrate complex patterns of dys-
regulation of ECM elements. The most robust alterations in
gene expression were detected for SRGN, CD44, ADAMTSI,
ADAMI10, BCAN, NCAN and SEMA4G. Moreover, changes
in ECM-related genes correlated with cognitive performance
of patients.

Also, analysis of ECM changes in animal models of
schizophrenia points to dysregulation of ECM, in particular
in the prefrontal cortex. A methodological study by Kaushik
et al. (2020) describes a semiautomatic method suitable for
fine structural analysis of PNN units, i.e. ECM “holes” in
which synaptic boutons are located and the ECM “barriers”
around them. Application of this method to high-resolution
images of PNNs obtained in the subchronic ketamine model
of schizophrenia revealed that PNN units are smaller, less cir-
cular but more numerous than in control animals.

Another methodological study introduces a new ap-
proach for targeted digestion of neural ECM using the en-
zyme chondroitinase ABC (ChABC). Carstens et al. (2020)
designed an adeno-associated virus encoding ChABC under
the control of the Cre-LoxP system. In addition to the ex-
pression of ChABC in cell types of interest, this approach is
advantageous to avoid potential impurities of commonly used
bacterially produced and purified ChABC and to provide per-
sistent long-lasting attenuation of ECM.

Freitas etal. (2021) present data mining and bioinformatics
as powerful tools to an unbiased approach towards unraveling
disease-characteristic ECM proteomic patterns. They inte-
grated data from 16 reports demonstrating changes in ECM
components in human post mortem brains of Alzheimer's,
Parkinson's and Huntington's disorder patients and concluded
that this approach allows generating new hypotheses about
common and specific denominators, thus opening avenues
for designing new ECM-targeting regenerative therapies. A
systematic comparison of molecular changes in brain regions
resilient to a disease or strongly affected by it may be instru-
mental to dissect new therapeutic targets.

For the more efficient study of neuro-mechanobiology in
the CNS, Fruhauf et al. (2020) introduce a biomimetic 3D in
vivo culture system for co-cultivation of microglia and T cells
to investigate and characterize the activation of brain-resident
microglia cells and the infiltration of peripheral T cells in
neuroinflammatory conditions. Their findings indicate that
biomimetic 3D matrices allow for co-cultivation and activa-
tion of primary microglia and T cells and provide useful tools
to study and search for new drugs to manipulate their interac-
tion in the context of neurodegeneration.
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In summary, the content of this Special Issue extends our
understanding of complex disease stage- and brain region-
specific dysregulations of ECM in the CNS and provides new
tools and stimulating examples of research suggesting that
targeting the neural ECM, ECM receptors and extracellular
proteases could be beneficial in a broad range of neurological
and psychiatric conditions.

KEYWORDS

dementia, depression, ECM, perineuronal net, schizophrenia

ACKNOWLEDGEMENTS

A.D.and C.S. are supported by Deutsche Forschungsgemeinschaft
(DFG Project-ID 362321501—GRK SynAge 2413/1;
Project-ID 425899996—SFB 1436) and by Federal state
Saxony-Anhalt and the European Structural and Investment
Funds (ABINEP grant ZS/2016/08/80645). M.M. is sup-
ported by the DFG, PP 2041 Computational Connectomics
(MO 2249/3-1 and MO 2249/3-2) and the Alzheimer
Forschung Initiative (AFI#18072).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS
All authors wrote and edited the manuscript.

PEER REVIEW
The peer review history for this article is available at https://
publons.com/publon/10.1111/ejn.15336.
Alexander Dityatevl’z’3
Constanze Seidenbecher’*
Markus Morawski>®

!German Center for Neurodegenerative Diseases,
Magdeburg, Germany

’Medical Faculty, Otto-von-Guericke University,
Magdeburg, Germany

j'Centerfar Behavioral Brain Sciences (CBBS),
Magdeburg, Germany

*Leibniz Institute for Neurobiology, Magdeburg,
Germany

>Paul F lechsig Institute of Brain Research, Leipzig,
Germany

6Department of Neurophysics, Max Planck Institute
for Human Cognitive and Brain Sciences, Leipzig,
Germany

Correspondence

Alexander Dityatev, German Center for Neurodegenerative
Diseases, Magdeburg, Germany.

Email: alexander.dityatev@dzne.de

EJN European Journal of Neuroscience ~ FENS

ORCID

Alexander Dityatev "= https://orcid.
org/0000-0002-0472-0553
Constanze Seidenbecher
org/0000-0002-7433-2716
Markus Morawski "= https://orcid.
org/0000-0002-3817-5186

https://orcid.

REFERENCES

Assmann, A., Richter, A., Schutze, H., Soch, J., Barman, A., Behnisch,
G., Knopf, L., Raschick, M., Schult, A., Wustenberg, T., Behr, J.,
Duzel, E., Seidenbecher, C. 1., & Schott, B. H. (2020). Neurocan
genome-wide psychiatric risk variant affects explicit memory per-
formance and hippocampal function in healthy humans. European
Journal of Neuroscience. https://doi.org/10.1111/ejn.14872

Blanco, 1., & Conant, K. (2020). Extracellular matrix remodeling with
stress and depression: Studies in human, rodent and zebrafish mod-
els. European Journal of Neuroscience. https://doi.org/10.1111/
ejn.14910

Carstens, K. E., Gloss, B. R., Alexander, G. M., & Dudek, S. M. (2020).
Modified adeno-associated virus targets the bacterial enzyme chon-
droitinase ABC to select mouse neuronal populations in vivo using
the Cre-LoxP system. European Journal of Neuroscience. https://
doi.org/10.1111/ejn.15050

Freitas, A., Aroso, M., Rocha, S., Vitorino, R., Ferreira, R., & Gomez-
Lazaro, M. (2021). Bioinformatic analysis of human brain extracel-
lular matrix proteome in neurodegenerative disorders. European
Journal of Neuroscience. https://doi.org/10.1111/ejn.15316

Fruhauf, M., Zeitschel, U., Hofling, C., Ullm, F., Rabiger, F. V., Alber,
G., Pompe, T., Muller, U., & Rossner, S. (2020). Construction of
a 3D brain extracellular matrix model to study the interaction be-
tween microglia and T cells in co-culture. European Journal of
Neuroscience. https://doi.org/10.1111/ejn.14978

Hall, C. M., Moeendarbary, E., & Sheridan, G. K. (2020).
Mechanobiology of the brain in ageing and Alzheimer's dis-
ease. European Journal of Neuroscience. https://doi.org/10.1111/
ejn.14766

Jaudon, F., Thalhammer, A., & Cingolani, L. A. (2020). Integrin ad-
hesion in brain assembly: From molecular structure to neuropsy-
chiatric disorders. European Journal of Neuroscience. https://doi.
org/10.1111/ejn.14859

Kalpachidou, T., Makrygiannis, A. K., Pavlakis, E., Stylianopoulou, F.,
Chalepakis, G., & Stamatakis, A. (2020). Behavioural effects of ex-
tracellular matrix protein Frasl depletion in the mouse. European
Journal of Neuroscience. https://doi.org/10.1111/ejn.14759

Kaushik, R., Lipachev, N., Matuszko, G., Kochneva, A., Dvoeglazova, A.,
Becker, A., Paveliev, M., & Dityatev, A. (2020). Fine structure analysis
of perineuronal nets in the ketamine model of schizophrenia. European
Journal of Neuroscience. https://doi.org/10.1111/ejn.14853

Pantazopoulos, H., Katsel, P., Haroutunian, V., Chelini, G., Klengel, T.,
& Berretta, S. (2020). Molecular signature of extracellular matrix
pathology in schizophrenia. European Journal of Neuroscience.
https://doi.org/10.1111/ejn.15009

Schmidt, S., Stapf, C., Schmutzler, S., Lachmann, 1., Arendt, T., Holzer,
M., Sonntag, M., & Morawski, M. (2020). Aggrecan modulates the
expression and phosphorylation of tau in a novel bigenic TauP301L
— Acan mouse model. European Journal of Neuroscience. https://
doi.org/10.1111/ejn.14923


https://publons.com/publon/10.1111/ejn.15336
https://publons.com/publon/10.1111/ejn.15336
mailto:﻿
https://orcid.org/0000-0002-0472-0553
https://orcid.org/0000-0002-7433-2716
https://orcid.org/0000-0002-3817-5186
mailto:alexander.dityatev@dzne.de
https://orcid.org/0000-0002-0472-0553
https://orcid.org/0000-0002-0472-0553
https://orcid.org/0000-0002-0472-0553
https://orcid.org/0000-0002-7433-2716
https://orcid.org/0000-0002-7433-2716
https://orcid.org/0000-0002-7433-2716
https://orcid.org/0000-0002-3817-5186
https://orcid.org/0000-0002-3817-5186
https://orcid.org/0000-0002-3817-5186
https://doi.org/10.1111/ejn.14872
https://doi.org/10.1111/ejn.14910
https://doi.org/10.1111/ejn.14910
https://doi.org/10.1111/ejn.15050
https://doi.org/10.1111/ejn.15050
https://doi.org/10.1111/ejn.15316
https://doi.org/10.1111/ejn.14978
https://doi.org/10.1111/ejn.14766
https://doi.org/10.1111/ejn.14766
https://doi.org/10.1111/ejn.14859
https://doi.org/10.1111/ejn.14859
https://doi.org/10.1111/ejn.14759
https://doi.org/10.1111/ejn.14853
https://doi.org/10.1111/ejn.15009
https://doi.org/10.1111/ejn.14923
https://doi.org/10.1111/ejn.14923

EDITORIAL

3810
—I-Wl LEY EJN European Journal of Neuroscience  [FENS
Ulbrich, P., Khoshneviszadeh, M., Jandke, S., Schreiber, S., & Dityatev, Wegrzyn, D., Manitz, M. P., Kostka, M., Freund, N., Juckel, G., &

A. (2020). Interplay between perivascular and perineuronal extra- Faissner, A. (2020). Poly I:C-induced maternal immune challenge
cellular matrix remodelling in neurological and psychiatric dis- reduces perineuronal net area and raises spontaneous network
eases. European Journal of Neuroscience. https://doi.org/10.1111/ activity of hippocampal neurons in vitro. European Journal of

ejn.14887 Neuroscience. https://doi.org/10.1111/ejn.14934


https://doi.org/10.1111/ejn.14887
https://doi.org/10.1111/ejn.14887
https://doi.org/10.1111/ejn.14934

