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Abstract

In  brains  of  higher  vertebrates,  the  delicate  balance  of  structural  remodeling  and
stabilization of neuronal networks changes over the life-span. While the juvenile brain is
characterized by high structural plasticity, it is more restricted in the adult. During brain
maturation, the occurrence of the extracellular matrix (ECM) is a critical step to restrict
the potential for neuronal remodeling and regeneration, but providing structural tenacity.
How this putative limitation of adult neuronal plasticity might impact on learning-
related plasticity, lifelong memory reformation, and higher cognitive functions is subject
of current research. Here, we summarize recent evidence that recognizes the ECM and
its activity-dependent modulation as a key regulator of learning-related plasticity in the
adult brain. We will first outline molecular concepts of enzymatic ECM modulation and
its impact on synaptic plasticity mechanisms. Thereafter, the ECM’s role in converting
juvenile to adult plasticity will be explained by several key studies in wild-type and genetic
knockout animals. Finally, current research evidences the impact of ECM dynamics in
different brain areas including neocortex on learning-related plasticity in the adult brain
impacting on lifelong learning and memory. Experimental modulation of the ECM in
local  neuronal  circuits  further  opens  short-term  windows  of  activity-dependent
reorganization. Malfunctions of the ECM might contribute to a variety of neurological
disorders. Therefore, experimental ECM modulation might not only promote complex
forms of learning and cognitive flexible adaptation of valuable behavioral options, but
has further implications for guided neuroplasticity with regenerative and therapeutic
potential.

Keywords: Learning, Plasticity, Memory, Cortex, Protein turnover

1. Introduction

In the brains of higher vertebrates, both neurons and glial cells produce and secrete the molecules
that accumulate and form the extracellular matrix (ECM). In the nineteenth century, pioneers
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of brain cell biology including Camillo Golgi and Santiago Ramon y Cajal have discovered a
mesh-like structure surrounding the most neurons and synapses in the adult brain [1]. This
extracellular scaffold has been seen initially as a key component for ensuring the structural
stability of the respective tissue [2]. Later research evidenced that the ECM has multiple functions
including regulation of cell adhesion, cell-to-cell communication, cell differentiation, cellular
compartmentalization, and several forms of neuronal plasticity [3]. During brain maturation,
the ECM undergoes profound changes. In late embryonic phases, the ECM is composed of
particular proteoglycans and glycoproteins like neurocan and tenascin-C, which are downre‐
gulated during adulthood. Other components like the glycoprotein tenascin-R and chondroi‐
tin sulfate (CS) proteoglycans (CSPGs), such as brevican and aggrecan, are the main molecular
components of the adult brain ECM. One of the most important structural components in the
adult ECM is the unbranched polysaccharide hyaluronic acid (HA). HA forms the backbone
that structurally orchestrates the enmeshment of all other ECM components. Interestingly, it
has been shown that this developmental shift of the juvenile and adult forms of the ECM coincides
with the closure of the so-called critical periods during brain maturation of respective brain
regions. This led to the hypothesis that the brain’s ECM is involved in regulating the switch
from juvenile to adult plasticity by structural tenacity restricting the potential for neuronal
reorganization [4]. Thereby, the brain has evolved mechanisms that guarantee structural stability
of the neuronal networks established during experience-dependent learning. This brain function
is fundamental for strengthening neuronal connections and their respective forms of process‐
ing impacting on long-term memory storage and recall. Nevertheless, current research has
shown that dynamic adaptations of the ECM can alter several forms of synaptic plasticity and
thereby regulate flexible learning and memory organization in the adult brain.

2. The structural foundation of the ECM in the vertebrate’s brain

Components of the ECM in the mature brain are interlinked in a complex netlike architecture
[5]. The linear HA backbone binds and coordinates proteoglycans especially of the lectican
family that are cross-linked by glycoproteins such as the tenascins. Thus, this form of ECM is
referred to as HA-based ECM. It is rich in the glycosaminoglycan CS attached to CSPGs of the
lectican family, as for instance brevican and aggrecan [6]. The main carrier of CS within the
ECM is aggrecan with its multiple attachment sites, while Brevican is a part-time proteoglycan
existing glycoprotein and proteoglycan [7,8]. Brevican and aggrecan both bind to the ECM
glycoprotein tenascin-R (Figure 1A). Other so-called cartilage link proteins form a complex
with N-terminal domains of the lecticans and HA and thereby contribute to the ECM stability
[6]. A large variety of other components including reelin, laminins, thrombospondins, heparin-
sulfate proteoglycans, guidance molecules, and even transcription factors are incorporated in
the complex ECM structure (Figure 1A). This form of the homogenous HA-based ECM loosely
enwraps cell bodies, dendritic, and synaptic structures of most neurons. Further, the mature
brain contains a specialized glycosaminoglycan-rich ECM structure around synapses and
somata of a small proportion of neurons. This more rigid form is called the perineuronal nets
(PNNs), which are especially rich in aggrecan and CS. Such PNNs are most abundant on

Composition and Function of the Extracellular Matrix in the Human Body144



GABAergic interneurons expressing the calcium buffer protein parvalbumin (PV; Figure 1B).
Recent evidence shows that PNNs are highly heterogeneous and can be found on various types
of neurons throughout the CNS. For the formation of WFA-positive PNNs, the cartilage link
protein Crtl1/Hapln1 has been identified as a key regulator [9].

Figure 1. Cell types and their specific forms of the hyaluronan-based ECM. (A) The mature ECM is based on the
backbone of hyaluronic acid (orange). Schematized are the specialized form of the PNN (left) and the loose ECM (right)
around synaptic contacts. Densely packed PNNs are rich in CS and aggrecan. Small signaling molecules such as sema‐
phorin 3a or Oxt2 are bound to CS within the PNN and mediate several functions or regulate gene expression. The
loose ECM around excitatory, spiny synapses is rich in brevican and contains only little aggrecan and is thus less rich
in CS. ECM proteins (e.g., reelin) signal through their receptors (e.g., integrins) and regulate several cellular processes
including trafficking of glutamate receptors (see C). ECM function is modulated by proteases (scissors) that may free
synapses by removing ECM or unmask signaling molecules. (B) Left, Parvalbumine positive interneuron (PV, red) with
typical PNN stained for aggrecan (AGG, green). Middle, Dendritic spines and synapses of excitatory neurons (red) are
also surrounded by brevican (BC, green), although it is less specific for PNN’s. Right, Dissociated cortical neuron
stained with the dendritic marker Map2 (blue) and Homer (red) to stain excitatory synapses and hyaluronic acid bind‐
ing protein (HABP, green) to label extracellular matrix. Note the loose appearance around dendrites, spines, and syn‐
apses. (C) Enzymatic weakening of the ECM by glycosidases (e.g., hyaluronidase, see scissors) changes the
micromillieu around synapses by for instance increased lateral diffusion and synaptic exchange of AMPA receptors
(blue arrows). Further, removal of stabilizing cues facilitates structural plasticity such as de-novo formation of new syn‐
apses and synaptic scaling. Modified from Ref. [22].

The structural foundation of the mature ECM allows regulating several functions beyond
mechanical stability of neuronal networks. In the juvenile brain, the ECM regulates neuro- and
gliogenesis, cell migration, axonal pathfinding, and synaptogenesis. Adult forms of the HA-
based ECM are in the service of multiple functions including regulation of synaptogenesis and
synaptic plasticity, compartmentalization of the neuronal surface, neuroprotection, regulation
of ion homeostasis, and neuron–glia interactions. The remainder of this review will consider
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several ECM-based mechanisms for regulating synaptic plasticity and its effects on brain
development and adult learning behavior.

3. ECM-guided switch from juvenile to adult synaptic plasticity

Early in life, high structural plasticity allows profound shaping of brain circuits by experience.
Such critical periods in the juvenile brain are limited by the occurrence of the ECM imple‐
menting adult brain plasticity modes. For instance, in wild-type animals, dark rearing delays
not only the critical periods of developmental plasticity in visual cortex of rodents, but also
the formation of PNNs. During the development, the cartilage link protein Crtl1/Hapln1 is
organizing the formation of PNNs. Crtl1/Hapln1 k.o. mice do not develop normal PNN
structures in the visual cortex. These mice show juvenile forms of ocular dominance (OD)
plasticity and sensitivity of the visual system to deprivation throughout the life-span [9].

The seminal study by Pizzorusso et al. [10] has elucidated the ECM as the regulatory switch
between juvenile and adult plasticity. The authors combined monocular deprivation with
injection of the ECM-cleaving enzyme chondroitinase ABC (chABC) into visual cortex of adult
rats (see also Figure 1C). The local weakening of the ECM “re-juvenated” the visual cortex and
restored the critical period form of OD plasticity (Figure 2). By the same manipulation
Pizzorusso and colleagues restored in a follow-up study, the visual acuity in adult animals
grown up with long-term monocular deprivation [11]. Similarly, application of the serine
protease tissue-type plasminogen activator (tPA) into the visual cortex can prolong or
reactivate critical periods of OD plasticity in visual cortex [12] based on increased structural
remodeling [13].

Later studies identified the regulatory role of the ECM in other forms of developmental
plasticity during brain maturation of different vertebrate species. For instance, birdsong
learning in the zebra finch occurs during a sensitive period similar to the language develop‐
ment in humans. It has been shown that with the end of this critical period PNNs around PV-
positive neurons emerge in brain areas that are dedicated to singing [14]. In another set of
experiments, Gogolla et al. [15] shown that the maturing ECM in the amygdala essentially
makes fear memories erasure resistant in adult animals. In rats not older than 3–4 weeks, a
conditioned fear memory trace can be erased permanently by extinction, that is, the presen‐
tation of the conditioned stimulus without the aversive stimulus. However, after this period
extinction only attenuates the fear response, but it reinstates instantaneously if the aversive
stimulus is presented again. Hence, a permanent loss of the fear memory is only found before
the ECM in the amygdala is formed and is preserving established fear memories. Gogolla and
colleagues now attenuated the ECM in the amygdala by chABC injections in adult rats. This
led to a complete erasure of the fear response after an extinction phase even if the aversive
stimulus is presented to these animals again. In addition, the early preweaning environment
impacts on rodent ECM maturation in a functional manner. Improved performance in water
maze learning in the adult age after early postnatal-enriched housing has been correlated with
increased PNN formation in the striatum reflecting functional shaping of neuronal circuits
involved in motor learning [16].
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Figure 2. The emerging ECM during brain maturation and its regulatory role for juvenile brain plasticity (A) Wiste‐
ria floribunda (WFA) fluorescein staining against sugar chains of the CSPGs in rodent sensory cortex shows that the
diffuse HA-based ECM and perineuronal nets around cells emerge with brain maturation (≥3 month), but were abun‐
dant in juvenile state (3 weeks). Modified from Ref. [42]. (B) Pizzorusso et al. [10] demonstrated the inhibitory role of
the developmental maturation of the ECM in visual cortex of rats for early experience-dependent plasticity. In juvenile
rats, monocular deprivation (MD) leads to an ocular dominance shift (left). After the critical period, MD alone did not
cause such a shift in the adult. In this study, the authors found that weakening of the ECM by chABC treatment in
visual cortex reactivated OD plasticity shifting toward the nondeprived eye.

The emerging ECM in the developing brain seems to be involved in a complex molecular
machinery organizing the maturation of neuronal networks. For instance, in mouse visual
cortex, it has been shown that critical periods are initiated, maintained, and closed by the action
of the orthodenticle homeobox 2 homeoprotein (Otx2) on PV+-GABAergic interneurons [17].
Interestingly, Otx2 contains a glycosaminoglycan binding sequence that mediates its allocation
to the PNNs by specific binding to CS D and E. Thereby, a constant level of Otx2 in PV+-neurons
keeps a mature, consolidated, and persistent PNN-state in the adult brain. Hydrolysis of the
PNNs by chABC reduces the amount of endogenous Otx2 in PV cells mediating the reopening
of OD plasticity in adult mice [18].

The reviewed studies in this paragraph have shown how the change of the juvenile form of
the ECM to a more rigid adult ECM mediates the different modes of neuronal plasticity during
brain development. Why has this restriction of adult reorganizational and regenerative
plasticity only evolved in higher vertebrates? The evolutionary benefit may be to preserve the
costly acquired hardwired connections during early life experience, which are fundamental
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for rapid experience-based behavioral adaptations of higher vertebrates [4]. Nonetheless, the
adult, healthy brain retains a remarkable capability of plastic reorganization that is essential
for constantly adapting to our ever-changing environment.

4. The hyaluronic acid-based ECM regulates adult synaptic plasticity

The functional mechanisms by which the HA-based ECM implements adult forms of brain
plasticity including classical (Hebbian) and homeostatic plasticity are still elusive (for an
overview see [3]). Research investigating knockout models lacking particular components of
the ECM have provided major insights into the impact of the ECM on adult synaptic plasticity.
For instance, different mouse models deficient in specific matrix components, as tenascin-R,
brevican, or neurocan, all showed impaired forms of hippocampal long-term potentiation
(LTP). However, during the brain development of k.o.-models compensatory mechanisms
might mimic the deficit of a particular matrix component and hence limit the significance of
the findings. Therefore, another experimental strategy is to use acute enzymatic weakening of
the ECM based on the local application of different matrix-degrading enzymes (Figure 1C).
For instance, it has been shown that treatment with chABC impaired theta-burst-induced LTP
in CA1–CA3 pyramidal synapses in hippocampal slices [19]. It has been suggested that this is
due to an increased excitability of GABAergic perisomatic interneurons [3]. Similar findings
have been found with Injection of the hyaluronidase (HYase) from Streptomyces hyalurolyti‐
cus [20]. In contrast to other hyaluronidases, this enzyme is highly specific to HA and does not
digest CS. The phenotype in these experiments could be rescued by perfusion with HA. It has
been suggested that this is due to the fact that HA directly regulates L-type voltage-gated
calcium channels (L-VDCC; Cav1.2) of CA1 neurons and thus postsynaptic Ca2+ entry and
hippocampal-dependent forms of learning [3,20]. In a recent study, we have described a
molecular mechanism by which acute ECM removal was altering short-term-dependent forms
of synaptic plasticity [21]. We measured paired pulse ratios in dissociated hippocampal
cultures by cell-attached recordings. We found the typical robust paired pulse depression
(PPD) under control conditions. Interestingly, digestion of the ECM by infusion of HYase
prevented cells from expressing PPD. We further found increased lateral diffusion of extra‐
synaptic AMPA receptors after ECM digestion as key correlate of this effect [21]. This results
in a higher exchange between synaptic desensitized receptors with extrasynaptic naïve ones,
which quickly replenishes the pool of excitable receptors in the active zone of a synapse
(Figure 1C). In such conditions, synapses are able to follow higher firing frequencies. Blockade
of lateral diffusion of AMPA receptors by cross-linking with antibodies, on the other hand, led
to stronger PPD caused by accumulated desensitized synaptic AMPA receptors [22]. Similarly,
mobility of other receptor types can be modulated by specific proteolytic enzymes. For
instance, MMP9 increases the mobility of NMDA-type, but not AMPA receptors. These results
have shown that the perisynaptic ECM forms surface compartments that act as diffusion
barrier for membrane proteins such as AMPA receptors. Modulation of lateral receptor
diffusion provides a novel mechanism of short-term plasticity due to a changed extracellular
micromillieu at individual synapses. Interestingly, lack of the major hyaluronan synthetase
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HAS3 in the hippocampus did not lead to a striking morphological change in the ECM.
However, the extracellular space was reduced, which resulted in a more dense packing of cells
and lower diffusion of soluble molecules in the CA1 stratum pyramidale [23]. Further, these
animals were prone to epileptic seizures which underlines the importance of the regulatory
function of the HA-based ECM that is required for instance for volume transmission and ion
homeostasis.

Weakening of the ECM and the corresponding synaptic networks might further promote
architectural remodeling and even increased spine motility. In in vitro hippocampal cultures,
microinjections of chABC treatment increased the motility of local spines and induced spine
remodeling in a β1-integrin-dependent manner [24].

5. ECM proteolysis and the generation of synaptic signaling molecules

Endogenous ECM-modulating enzymes regulate synaptic function in the juvenile and adult
brain [25,26]. Such enzymes can exert their function by either altering the extracellular milieu
via digestion of the ECM or by generating proteolytic fragments that may act as signaling
molecules. An important group of such enzymes are the metalloproteases of the ADAMTS-
family (a disintegrin and metalloproteinase with thrombospondin motifs). Within this family,
ADAMTS-4/-5 are particularly interesting, as they are known for their ability to digest
aggrecan and brevican. Therefore, they have been termed previously aggrecanase-1/-2. The
current terminology, however, better reflects the ability of these enzymes to digest all members
of the lectican family. Interestingly, their activity is increased after epileptic seizures and
regulates homeostatic plasticity [27]. However, their impact on synaptic plasticity remains
elusive and is subject of current research. The best-studied extracellular protease is the matrix
metalloprotease 9 (MMP9). The activity-dependent expression of MMP9 influences synaptic
plasticity by regulating spine enlargement and synaptic potentiation [25]. Recently, a molec‐
ular signaling cascade regulating synaptic plasticity has been identified based on the MMP-9-
dependent cleavage of neuroligin-1 [28]. This study has demonstrated that focal activation of
a single spine by glutamate uncaging is sufficient to cleave neuroligin-1. Moreover, the activity
of MMP9 has been shown to be NMDA-receptor dependent and hence implemented locally
input-specific forms of synaptic plasticity. Thereby, extracellular MMP-9 triggers a specific
retrograde regulation of presynaptic efficacy by targeting postsynaptic neuroligin-1 [26,28].
Similarly, the brain-specific serine protease neurotrypsin is regulated in an activity-dependent
manner and requires concomitant activation of the postsynaptic neuron [29]. Proteolytic
cleavage of agrin by neurotrypsin unmasks a signaling molecule harboring a single laminin
G3 domain. This 22 kDa molecule can further regulate spine morphology and de-novo synapse
generation. Together, this suggests that proteolysis of components of the ECM by exoenzymes
not only modify the structural rigidity, but also activates instructive signal molecules that
locally modulate synaptic functions [25]. This may temporally restore local divisions of
“juvenile” environments as a major constituent of the balance between plasticity and tenacity
in the mature brain.
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We have shown that the ECM in the adult brain is a plastic structural scaffold shaped by
network activity. Depending on the current activity level, the ECM can incorporate secreted
components or release signaling messengers by proteolytic cleavage. Cleaved products can
trigger signaling through diverse ECM receptors and modulate the activities of transmitter
receptor, ion channels, or integrin signaling impacting on plastic shaping of individual
synapses.

6. Role of the ECM in control of adult learning behavior and cognitive
flexibility

Experimental weakening of the ECM by local injection of matrix-digesting enzymes can
promote functional neurorehabilitation in the injured brain. This has been related mostly to
injuries on the level of the peripheral nervous system and spinal cord [4,30,31]. Experience-
driven plasticity does, however, not only lead sensory development or neuronal rehabilitation,
but is also indispensable during learning, memory formation, and re-consolidation throughout
life. The question now arises how forms of ECM-dependent plasticity in the adult brain might
govern learning-related plasticity, lifelong memory reformation, and the organization of
cognitively flexible behavior. In this respect, several studies have investigated the involvement
of ECM functions in memory storage in adult animals. This has been characterized the best for
long-term plasticity in the hippocampus and fear memory in the amygdala. However,
available evidence is controversial about how ECM functions may impact on learning and
memory processes.

For instance, it has been reported that tenascin-R knockout mice show normal hippocampus-
dependent spatial memory acquisition in a Water maze. In subsequent reversal learning
though animals showed more vulnerable spatial long-term memory yielding enhanced
relearning performance due to less conflicting past and actual learning contingencies [32].
Another study found an already impaired acquisition of hippocampus-dependent contextual
memory in same knockout mice [33]. Injection of chABC in the bilateral striatum, however,
has been related to an improvement of water maze acquisition learning, while the recall of the
learned values was unaffected [34].

In addition to deficits in matrix components, studies also found effects of deficits in exopro‐
teases modeling the ECM. Loss of MMP9 activity has been associated with impaired hippo‐
campal-dependent learning and amygdala-dependent learning. This is in line with findings
of wild-type mice trained in an inhibitory avoidance (IA) learning paradigm [35,36]. Hippo‐
campal LTP has been related to increased levels of MMP3 and MMP9. Both proteases were
upregulated for at least ~48 h promoting local plastic synaptic environments underlying the
learning performance. Intra-hippocampal injections of MMP9 blockers completely abrogated
memory for the IA response when tested days later. Comparably, hippocampal MMP3 and
MMP9 were found to be increased during water maze acquisition learning in a NMDA-
dependent manner. Hippocampal injection of the broad-spectrum MMP9 inhibitor FN-439
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also prevented elevated MMP9 levels, altered hippocampal LTP, and prevented spatial
acquisition learning [35].

Similarly, spatial training in a water maze in wild-type rats has been found to correlate with
increased levels of hippocampal brevican and versican in the membrane fraction [37]. These
findings indicate that hippocampal-dependent learning induced a period of intrinsic activity-
induced focal MMP-mediated proteolysis driving long-lasting synaptic modifications under‐
lying learning and memory consolidation. Effects of changes in the ECM on initial learning
are, however, still unclear [25,33].

More recently, insights into the impact of the ECM onto behavior came from studies using
experimental, enzymatic, and local weakening of the ECM. The study of Gogolla et al.
manipulating adult fear extinction suggested that memory acquisition differs in juvenile and
adult brains due to changes of the mature ECM functions. The authors further argued that
intra-amygdala injections of chABC in adult rats had no effect on acquisition learning of fear,
but only on extinction, reinstatement, and renewal of the fear memory [15]. A further study
showed that intra-hippocampal and prefrontal injection of chABC and HYase in mice impair
long-term trace contextual fear conditioning [38]. This finding has been related to the impair‐
ment in the L-VDCC-dependent component of hippocampal LTP by cleaved extracellular HA
[20].

In addition to spatial memory, another set of studies examined the function of the ECM in
memory consolidation of drug seeking. A recent study showed that intracerebral injection of
FN-439 impaired the acquisition of a cocaine-induced conditioned place preference (CPP) of
rats. FN-439 injection 30 min prior to cocaine memory re-activation further attenuated the
reinstatement of CPP in extinguished animals. The study further showed that intra-amygdala
injections of chABC during active extinction of cocaine-induced CPP prevented its subsequent
priming-induced reinstatement. ChABC injections alone had no effect on the retention,
retrieval, or relearning of CPP [39]. Similarly, enzymatic weakening of PNNs in the prelimbic
cortex or in the amygdala of adult rats impaired the acquisition and reconsolidation of drug-
induced memories [40,41].

With respect to cognitively flexible adaptation of behavior, we have recently shown that
weakening of the ECM in auditory cortex promotes complex forms of cortex-dependent re-
learning in the Mongolian gerbil [42]. In our experiments, we trained animals on frequency-
modulated tone discrimination based on the rising or falling modulation direction in a go-/
nogo-task. Such auditory learning is known to depend on learning-induced plastic reorgani‐
zation of neuronal circuits in the auditory cortex. After acquiring robust discrimination of the
stimulus contingencies, the animals were trained to reverse their choice. We found that ECM
weakening by local HYase injection in bilateral auditory cortex accelerated the demanding
relearning performance (Figure 3). Specifically, animals had to inhibit the obsolete initial
behavioral strategy and then establish its successful reversal. Importantly, attenuation of the
ECM did neither affect the acquisition learning nor erased already established, learned
memory traces (Figure 3B). That means attenuation of the ECM in sensory cortex of these
animals promoted the flexible adaptation of the effectively appropriate strategy during cortex-
dependent learning behavior that bases on “reprogramming” previously acquired auditory
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memories. The ECM reconstitutes after several days to weeks limiting again the promoting
effects onto cognitive flexibility (Figure 3A). A comparable finding investigated log-term object
recognition memory in knockout mice of the link protein Crtl1/Hapln1—a key molecule for
stabilization of PNNs. The Ctrl1/Hapln1 knockout mice have attenuated PNNs in the perirhi‐
nal cortex. Long-term object recognition memory, a task depending on perirhinal cortex, was
enhanced in these mice. Local injection of chABC in wild-type mice had the same memory-
prolonging effect in the object recognition task, but also attenuated over time [43]. In this study,
the attenuation of the PNNs was accompanied by enhanced perirhinal LTD, which is thought
to be the major synaptic mechanism underlying object recognition memory.

Figure 3. Local enzymatic weakening of the ECM in auditory cortex of Mongolian gerbils enhanced the cognitive
flexibility in a relearning paradigm. (A) Right, Quantification of ECM weakening after local injection of HYase in uni‐
lateral auditory cortex of Mongolian gerbils (right) compared to control (left) based on WFA staining. Left, HYase injec‐
tion significantly weakened the ECM for about 1 week and reconstituted fully after 2 weeks. (B) Mongolian gerbils
were trained in a two-compartmental go/no-go Shuttle-box in order to discriminate two frequency-modulated sounds
(modulation direction indicated by rising and falling arrows). Gerbils showed successful acquisition depending on the
contingency of the stimuli as a go-stimulus (red) or Nogo-stimulus (green). In two groups, the contingency was re‐
versed after seven training days (left and middle). Conditioned response rates were strongly reduced in both experimen‐
tal groups indicating the active inhibition of the previously established discrimination strategy. HYase-treated animals
were significantly better in correcting the behavioral strategy and successfully relearn the task (middle). Interestingly,
HYase treatment did not interfere with the recall of already established cortex-dependent auditory memories (right).
Modified from Ref. [42].

The both last-mentioned studies therefore promote the view that the perineuronal ECM in the
adult brain actively organizes the balance between memory stability and flexibility. Cortical
attenuation of the ECM in the mature brain might hence promote the cognitive flexibility that
can build on learned behaviors and allows for an enhanced activity-dependent memory re-
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organization (see also Ref. [44]). And regeneration of the ECM gradually restores normal,
restrictive adult plasticity levels. Generally, all studies summarized in this review emphasized
that the increased experience-based plasticity by acute, enzymatic PNN diminution is activity-
dependent and the rather inconspicuous effect of mere ECM attenuation in general. Mecha‐
nistically, enzymatic ECM degradation might facilitate the rearrangement of functional
network connectivity by a shift in the balance between excitation and inhibition leading to
destabilized existing patterns of neuronal network interactions [45].

7. Impact of the ECM in old age on memory function and cognitive integrity

With respect to age, the importance to provide profound tenacity to conserve experience-based
memories might increase over the life span. Deficits or malfunctions of several ECM molecules
or ECM-chopping enzymes can affect cognitive and psychological conditions. For instance, in
humans neurotrypsin has been identified as essential component for cognitive functions.
Deficits in the neurotrypsin genotype have been correlated with severe mental retardation [46].
Further, Cichon et al. [47] reported a genetic variation of neurocan as susceptibility factor for
bipolar disorders. With relation to ageing, hippocampal ECM levels have been suggested to
show an age-dependent increase conquering age-related cognitive decline. In this line, the
Alzheimer’s disease (AD) mouse model APP/PS1 showed a significant upregulation of several
matrix components correlating with impairments in hippocampal LTP and contextual memory
[48]. Intra-hippocampal injections of chABC restored both [48] suggesting an important, but
yet elusive role for the ECM in early memory impairment in AD, as the mere correlative
findings about ECM alterations in dementia are highly controversial and are far from conclu‐
sive [33]. That these data might have relevant impacts for human AD is indicated by findings
of correlating HA levels in the cerebrospinal fluid of female AD patients and particular AD-
related biomarkers [49]. Further, MMP9 levels have been found to be increased in Alzheimer
patients [50] and to cleave the amyloid beta peptide leading to AD-typical neuritic plaques
[51]. Its role in Aβ-induced cognitive decline is however elusive [52].

8. Outlook

We have summarized recent evidence showing that experimental modulation of the ECM
promotes “windows of opportunities” with an increase in learning-related plasticity yielding
cognitively flexible adaptation of learned behaviors and the underlying memories. How the
ECM, in addition, impacts onto several mental disorders that generally develop after the
closure of major critical periods for higher brain functions, as for instance affective disorders
or schizophrenia, are exciting new research directions. We are envisaging future challenges in
developing new tools for guided neuroplasticity with therapeutic potential for memory
disorders, stroke, or neuroprosthetic applications based on ECM manipulations.

Neuronal Plasticity in the Juvenile and Adult Brain Regulated by the Extracellular Matrix
http://dx.doi.org/10.5772/62452

153



Author details

Max F.K. Happel1,2* and Renato Frischknecht3*

*Address all correspondence to: mhappel@lin-magdeburg.de and rfrischk@lin-magde‐
burg.de

1 Department Systems Physiology of Learning, Leibniz-Institute for Neurobiology, Magde‐
burg, Germany

2 Institute for Biology, Otto-von-Guericke University Magdeburg, Magdeburg, Germany

3 AG Perisynaptic Extrazellular Matrix, Department Neurochemistry and Molecular Biolo‐
gy, Leibniz-Institute for Neurobiology, Magdeburg, Germany

References

[1] Celio MR, Spreafico R, De Biasi S, Vitellaro-Zuccarello L: Perineuronal nets: past and
present. Trends Neurosci 1998, 21:510–5.

[2] Berardi N, Pizzorusso T, Maffei L: Extracellular matrix and visual cortical plasticity:
freeing the synapse. Neuron 2004, 44:905–8.

[3] Dityatev A, Schachner M, Sonderegger P: The dual role of the extracellular matrix in
synaptic plasticity and homeostasis. Nat Rev Neurosci 2010, 11:735–46.

[4] Gundelfinger ED, Frischknecht R, Choquet D, Heine M: Converting juvenile into adult
plasticity: a role for the brain’s extracellular matrix. Eur J Neurosci 2010, 31:2156–65.

[5] Berardi N, Pizzorusso T, Ratto GM, Maffei L: Molecular basis of plasticity in the visual
cortex. Trends Neurosci 2003, 26:369–78.

[6] Yamaguchi Y: Lecticans: organizers of the brain extracellular matrix. Cell Mol Life Sci
2000, 57:276–89.

[7] Giamanco KA, Morawski M, Matthews RT: Perineuronal net formation and structure
in aggrecan knockout mice. Neuroscience 2010, 170:1314–27.

[8] Frischknecht R, Seidenbecher CI: Brevican: a key proteoglycan in the perisynaptic
extracellular matrix of the brain. Int J Biochem Cell Biol 2012, 44:1051–54.

[9] Carulli D, Pizzorusso T, Kwok JCF, Putignano E, Poli A, Forostyak S, Andrews MR,
Deepa SS, Glant TT, Fawcett JW: Animals lacking link protein have attenuated
perineuronal nets and persistent plasticity. Brain 2010, 133:2331–47.

Composition and Function of the Extracellular Matrix in the Human Body154



[10] Pizzorusso T, Medini P, Berardi N, Chierzi S, Fawcett JW, Maffei L: Reactivation of
ocular dominance plasticity in the adult visual cortex. Science 2002, 298:1248–51.

[11] Pizzorusso T, Medini P, Landi S, Baldini S, Berardi N, Maffei L: Structural and func‐
tional recovery from early monocular deprivation in adult rats. Proc Natl Acad Sci
USA 2006, 103:8517–22.

[12] Oray S, Majewska A, Sur M: Dendritic spine dynamics are regulated by monocular
deprivation and extracellular matrix degradation. Neuron 2004, 44:1021–30.

[13] Hensch TK: Critical period plasticity in local cortical circuits. Nat Rev Neurosci 2005,
6:877–88.

[14] Balmer TS, Carels VM, Frisch JL, Nick TA: Modulation of perineuronal nets and
parvalbumin with developmental song learning. J Neurosci 2009, 29:12878–85.

[15] Gogolla N, Caroni P, Lüthi A, Herry C: Perineuronal nets protect fear memories from
erasure. Science 2009, 325:1258–61.

[16] Simonetti T, Lee H, Bourke M, Leamey CA, Sawatari A: Enrichment from birth
accelerates the functional and cellular development of a motor control area in the
mouse. PLoS One 2009, 4:e6780.

[17] Sugiyama S, Di Nardo AA, Aizawa S, Matsuo I, Volovitch M, Prochiantz A, Hensch
TK: Experience-dependent transfer of Otx2 homeoprotein into the visual cortex
activates postnatal plasticity. Cell 2008, 134:508–20.

[18] Beurdeley M, Spatazza J, Lee HHC, Sugiyama S, Bernard C, Di Nardo AA, Hensch TK,
Prochiantz A: Otx2 binding to perineuronal nets persistently regulates plasticity in the
mature visual cortex. J Neurosci 2012, 32:9429–37.

[19] Bukalo O, Schachner M, Dityatev A: Modification of extracellular matrix by enzymatic
removal of chondroitin sulfate and by lack of tenascin-R differentially affects several
forms of synaptic plasticity in the hippocampus. Neuroscience 2001, 104:359–69.

[20] Kochlamazashvili G, Henneberger C, Bukalo O, Dvoretskova E, Senkov O, Lievens PM-
J, Westenbroek R, Engel AK, Catterall WA, Rusakov DA, Schachner M, Dityatev A: The
extracellular matrix molecule hyaluronic acid regulates hippocampal synaptic plasti‐
city by modulating postsynaptic L-type Ca(2+) channels. Neuron 2010, 67:116–28.

[21] Frischknecht R, Heine M, Perrais D, Seidenbecher CI, Choquet D, Gundelfinger ED:
Brain extracellular matrix affects AMPA receptor lateral mobility and short-term
synaptic plasticity. Nat Neurosci 2009, 12:897–904.

[22] Heine M, Groc L, Frischknecht R, Béïque J-C, Lounis B, Rumbaugh G, Huganir RL,
Cognet L, Choquet D: Surface mobility of postsynaptic AMPARs tunes synaptic
transmission. Science 2008, 320:201–5.

[23] Arranz AM, Perkins KL, Irie F, Lewis DP, Hrabe J, Xiao F, Itano N, Kimata K, Hrabetova
S, Yamaguchi Y: Hyaluronan deficiency due to Has3 knock-out causes altered neuronal

Neuronal Plasticity in the Juvenile and Adult Brain Regulated by the Extracellular Matrix
http://dx.doi.org/10.5772/62452

155



activity and seizures via reduction in brain extracellular space. J Neurosci 2014, 34:6164–
76.

[24] Orlando C, Ster J, Gerber U, Fawcett JW, Raineteau O: Perisynaptic chondroitin sulfate
proteoglycans restrict structural plasticity in an integrin-dependent manner. J Neuro‐
sci 2012, 32:18009–17, 18017a.

[25] Huntley GW: Synaptic circuit remodelling by matrix metalloproteinases in health and
disease. Nat Rev Neurosci. 2012, 13(11):743–57

[26] Shinoe T, Goda Y: Tuning synapses by proteolytic remodeling of the adhesive surface.
Curr Opin Neurobiol 2015, 35:148–55.

[27] Juan RV, Christopher H, Gilbert F, Jeet S, Barbara S, Constanze S, Frischknecht R:
Hyaluronan-based extracellular matrix under conditions of homeostatic plasticity.
Philos Trans R Soc B Biol Sci 2014. 19;369(1654):20130606

[28] Peixoto RT, Kunz PA, Kwon H, Mabb AM, Sabatini BL, Philpot BD, Ehlers MD:
Transsynaptic signaling by activity-dependent cleavage of neuroligin-1. Neuron 2012,
76:396–409.

[29] Frischknecht R, Fejtova A, Viesti M, Stephan A, Sonderegger P: Activity-induced
synaptic capture and exocytosis of the neuronal serine protease neurotrypsin. J
Neurosci 2008, 28:1568–79.

[30] Bowes C, Massey JM, Burish M, Cerkevich CM, Kaas JH: Chondroitinase ABC promotes
selective reactivation of somatosensory cortex in squirrel monkeys after a cervical
dorsal column lesion. Proc Natl Acad Sci USA 2012, 109:2595–600.

[31] Fawcett JW: The extracellular matrix in plasticity and regeneration after CNS injury
and neurodegenerative disease. Prog Brain Res 2015, 218:213–26.

[32] Morellini F, Sivukhina E, Stoenica L, Oulianova E, Bukalo O, Jakovcevski I, Dityatev
A, Irintchev A, Schachner M: Improved reversal learning and working memory and
enhanced reactivity to novelty in mice with enhanced GABAergic innervation in the
dentate gyrus. Cereb Cortex 2010, 20:2712–27.

[33] Dityatev A, Wehrle-Haller B, Pitkänen A: Brain extracellular matrix in health and disease.
Progress in Brain Research Vol. 214; 2014 - Elsevier.

[34] Lee H, Leamey CA, Sawatari A: Perineuronal nets play a role in regulating striatal
function in the mouse. PLoS One 2012, 7:e32747.

[35] Meighan SE, Meighan PC, Choudhury P, Davis CJ, Olson ML, Zornes PA, Wright JW,
Harding JW: Effects of extracellular matrix-degrading proteases matrix metalloprotei‐
nases 3 and 9 on spatial learning and synaptic plasticity. J Neurochem 2006, 96:1227–41.

[36] Nagy V, Bozdagi O, Huntley GW: The extracellular protease matrix metalloprotei‐
nase-9 is activated by inhibitory avoidance learning and required for long-term
memory. Learn Mem 2007, 14:655–64.

Composition and Function of the Extracellular Matrix in the Human Body156



[37] Saroja SR, Sase A, Kircher SG, Wan J, Berger J, Höger H, Pollak A, Lubec G: Hippo‐
campal proteoglycans brevican and versican are linked to spatial memory of Sprague–
Dawley rats in the morris water maze. J Neurochem 2014, 130:797–804.

[38] Hylin MJ, Orsi SA, Moore AN, Dash PK: Disruption of the perineuronal net in the
hippocampus or medial prefrontal cortex impairs fear conditioning. Learn Mem 2013,
20:267–73.

[39] Brown TE, Forquer MR, Cocking DL, Jansen HT, Harding JW, Sorg BA: Role of matrix
metalloproteinases in the acquisition and reconsolidation of cocaine-induced condi‐
tioned place preference. Learn Mem 2007, 14:214–23.

[40] Xue Y-X, Xue L-F, Liu J-F, He J, Deng J-H, Sun S-C, Han H-B, Luo Y-X, Xu L-Z, Wu P,
Lu L: Depletion of perineuronal nets in the amygdala to enhance the erasure of drug
memories. J Neurosci 2014, 34:6647–58.

[41] Slaker M, Churchill L, Todd RP, Blacktop JM, Zuloaga DG, Raber J, Darling RA, Brown
TE, Sorg BA: Removal of perineuronal nets in the medial prefrontal cortex impairs the
acquisition and reconsolidation of a cocaine-induced conditioned place preference
memory. J Neurosci Off J Soc Neurosci 2015, 35:4190–202.

[42] Happel MFK, Niekisch H, Castiblanco Rivera LL, Ohl FW, Deliano M, Frischknecht R:
Enhanced cognitive flexibility in reversal learning induced by removal of the extracel‐
lular matrix in auditory cortex. Proc Natl Acad Sci USA 2014, 111:2800–5.

[43] Romberg C, Yang S, Melani R, Andrews MR, Horner AE, Spillantini MG, Bussey TJ,
Fawcett JW, Pizzorusso T, Saksida LM: Depletion of perineuronal nets enhances
recognition memory and long-term depression in the perirhinal cortex. J Neurosci 2013,
33:7057–65.

[44] Tsien RY: Very long-term memories may be stored in the pattern of holes in the
perineuronal net. Proc Natl Acad Sci USA 2013, 110:12456–61.

[45] Bikbaev A, Frischknecht R, Heine M: Brain extracellular matrix retains connectivity in
neuronal networks. Sci Rep 2015, 5:14527.

[46] Senkov O, Andjus P, Radenovic L, Soriano E, Dityatev A: Neural ECM molecules in
synaptic plasticity, learning, and memory. Prog Brain Res 2014, 214(January 2016):53–
80.

[47] Cichon S, Mühleisen TW, Degenhardt FA, Mattheisen M, Miró X, Strohmaier J, Steffens
M, Meesters C, Herms S, Weingarten M, Priebe L, Haenisch B, Alexander M, Vollmer
J, Breuer R, Schmäl C, Tessmann P, Moebus S, Wichmann HE, Schreiber S, Müller-
Myhsok B, Lucae S, Jamain S, Leboyer M, Bellivier F, Etain B, Henry C, Kahn JP, Heath
S, Hamshere M, et al.: Genome-wide association study identifies genetic variation in
neurocan as a susceptibility factor for bipolar disorder. Am J Hum Genet 2011, 88:372–
81.

[48] Végh MJ, Heldring CM, Kamphuis W, Hijazi S, Timmerman AJ, Li K, van Nierop P,
Mansvelder HD, Hol EM, Smit AB, van Kesteren RE: Reducing hippocampal extracel‐

Neuronal Plasticity in the Juvenile and Adult Brain Regulated by the Extracellular Matrix
http://dx.doi.org/10.5772/62452

157



lular matrix reverses early memory deficits in a mouse model of Alzheimer’s disease.
Acta Neuropathol Commun 2014, 2:76.

[49] Nielsen HM, Palmqvist S, Minthon L, Londos E, Wennstrom M: Gender-dependent
levels of hyaluronic acid in cerebrospinal fluid of patients with neurodegenerative
dementia. Curr Alzheimer Res 2012, 9:257–66.

[50] Asahina M, Yoshiyama Y, Hattori T: Expression of matrix metalloproteinase-9 and
urinary-type plasminogen activator in Alzheimer’s disease brain. Clin Neuropathol 2001,
20:60–3.

[51] Backstrom JR, Lim GP, Cullen MJ, Tökés ZA: Matrix metalloproteinase-9 (MMP-9) is
synthesized in neurons of the human hippocampus and is capable of degrading the
amyloid-beta peptide (1–40). J Neurosci 1996, 16:7910–9.

[52] Mizoguchi H, Yamada K, Nabeshima T: Matrix metalloproteinases contribute to
neuronal dysfunction in animal models of drug dependence, Alzheimer’s disease, and
epilepsy. Biochem Res Int 2011, 2011:681385.

Composition and Function of the Extracellular Matrix in the Human Body158


