
Topical Review

The role of the extracellular matrix in chronic pain
following injury
Maral Tajeriana,b,c,*, J. David Clarka,b,c

1. Introduction

Tissue injury, including that which results in chronic pain, is
associated with changes in the nervous system. Although
plasticity after injury is a direct consequence of the insult and
could play a regenerative/compensatory role particularly in the
early time points after injury, long-term changes in nociceptive
networks can contribute to the development of the (malad-
aptive) consequence: chronic pain. The study of such changes
has mainly focused on synaptic plasticity in the peripheral
and central nervous system neurons in addition to changes
in the numbers and activity of glial cells. In recent years,
however, increased emphasis has been placed on the
environment in which these cells interact, mainly the extracel-
lular matrix (ECM).

The ECM is a secreted extracellular network composed of
structural and nonstructural (matricellular) proteins such as fibrillar
proteins (collagens), glycoproteins (laminins, fibronectin, tenas-
cins), and several classes of proteoglycans (heparan sulfate [HS]-,
chondroitin sulfate-, dermatan sulfate-, and keratan sulfate
proteoglycans) embedded in a hydrogel matrix.39 Transmembrane
receptors, including integrins, act as a hub between intracellular
signals and the extracellular space, where they play a unique role of
communication and signal transduction between the cell and its
external environment. The ECM can be remodeled by an array of
enzymes including serine proteases, threonine proteases, and
matrix metalloproteinases (MMPs) that are released by various
cell types including dermal fibroblasts, macrophages, and
keratinocytes.54

Here, we review evidence for the role of the ECM in pain-related
plasticity in the peripheral and central nervous systems, plasticity
that may facilitate the transition of pain from an acute to a chronic
form. It is important to note that, while there is a clear ECM
contribution in the etiology of painful degenerative conditions
such as back pain44 and osteoarthritis,28 this article explores the
relationship between ECMproteins and nociception in conditions
where the immediate source of the painful syndrome is not
caused by ECM destruction.

2. Extracellular matrix and general nociception

To better understand the ECM contribution to chronic pain, it is
important to first explore its function in nociception. Although the
field of ECM/pain is relatively young, we do observe a clear role for
a tissue-specific ECM in general sensation, including nocicep-
tion. For instance, in the absence of collagen VI, functional deficits
are observed in peripheral nerves and are paralleled by impaired
nociception in mice because of disorganized c-fibers in the
peripheral nervous system6 (Fig. 1A, first panel). Similarly, mice
lacking the ECM protein Reelin display defects in neuronal
migration49 in addition to deficits in correct neuronal positioning,
particularly evident in the spinal cord dorsal horn (SCDH; Fig. 1A,
second panel). These positioning errors are accompanied
by behavioral changes showing decreased chemical and
mechanical properties and increased thermal sensitivity.50,51

Furthermore, heterozygous “reeler” mice present altered pain
thresholds.27

In another example, increased heparanase in transgenic mice
(resulting in a decrease in the ECM heparin) was shown to be
associated with decreased nociceptive response to inflammatory
pain, potentially because of the role of HS proteoglycan as
a cytokine reservoir.30 Indeed, HS has been shown to be involved
in various inflammatory models, including inflammatory bowel
disease29 and diabetic nephropathy.16 One way in which HS
could be directly involved in nociception is through the
sensitization of macrophages resulting in increased levels of
tumor necrosis factor alpha and interleukin 1 (IL-1), both key
inflammatory mediators in nociception (Fig. 1A, third panel).

These examples show that a dysregulated ECM can impact
both the generation (release of pronociceptive cytokines) and the
transmission (correct neuronal position in the SCDH and the
presence of intact c-fibers) of nociceptive signals. Reciprocally,
the induction of painful injuries can cause unique ECMchanges at
the acute and chronic time points after injury.

3. Extracellular matrix changes in injury and
acute pain

Injury is often accompanied by alteration in the surrounding ECM,
where the peripheral terminals of nociceptors are localized. Some
of the most convincing evidence for ECM involvement after injury
comes from observations about the role of MMPs and the role of
integrins, with MMP activity signaling extracellular remodeling
events and integrin activity signaling changes in cell function
based on those extracellular events. The possibility of manipu-
lating the ECM (through MMPs) and integrins (through antibodies
directed against specific integrin isoforms) has provided
researchers with various tools to study ECM/injury interactions.

Several animal studies show thatMMPsare elevated in response
to injury and could play a direct role in the nociceptive response. For
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instance, at early time points, MMP9 cleaves IL-1b and results
in microglial activation; MMP inhibition (transgenic or pharmaco-
logic intervention) results in the amelioration/prevention of the
hyperalgesic response21,25 (Fig. 1B, first panel). Similarly, integrins
could modulate hyperalgesic signaling through the modulation
of second-order messenger interactions, and peripherally admin-
istered monoclonal antibodies against integrin subunits block
inflammation-induced hyperalgesia dose dependently.9 Although
these factors are crucial after injury, it is entirely possible that these
extracellular changes have little direct involvement in baseline
nociceptive responses; for example, in animal models of neurop-
athy, the transient receptor potential vanilloid 4 is associated with
a2b1 integrin in neurons regulating mechanotransduction in
hyperalgesic but not normal nociceptive states.1

In cases where direct injury to the nerve is evident, both ECM
proteins (such as laminin and fibronectin) and proteinases are
needed in the degenerative (to remove degenerative debris
such as collapsing myelin sheaths and neurofilaments) and

regenerative (to support the elongation of sprouting neurites)
stages15,26,57; and after Wallerian degeneration, of specific
interest is the role of the ECM in the myelination of Schwann
cells5,19 (Fig. 1B, second panel). In diabetic neuropathy, the
glycation of laminin results in deficits in regenerative ability of
peripheral nerves,43 potentially contributing to the chronification
of the neuropathy and to the subsequent pain. Equally important
is the cross talk between the immune and nervous system within
the ECM: Both during the degenerative and regenerative phases
after peripheral nerve injury, the initial inflammatory response
through macrophages is crucial.14 On one hand, they release
inflammatory neurotoxins and cytokines (degenerative), whereas
on the other, they stimulate trophic factors and remodel the ECM
(regenerative).4,22 It is conceivable, therefore, that any dysregu-
lation of the “regenerative” macrophages could result in long-
term changes in ECM integrity and composition.

Finally, there seems to be a dual role for ECM proteins in
nervous/vascular barrier function. In the periphery, there is

Figure 1. Examples of ECM involvement in general nociception (A), acute injury (B), and chronic pain-associated neuroplasticity (C). ACC, anterior cingulate cortex;
BSCB, brain–spinal cord barrier; DRG, dorsal root ganglion; ECM, extracellular matrix; ERK, extracellular signal–regulated kinase; HS, heparan sulfate; IC, insular
cortex; IL-1, interleukin 1; MMP, matrix metalloproteinase; PFC, prefrontal cortex; Th, thalamus; TNFa, tumor necrosis factor alpha; WDR, wide dynamic range.
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evidence that, after the initial injury and axonal degeneration, the
compromised blood–nerve barrier permits the entry of several
blood-derived molecules (eg, fibrinogen) into the nerve and the
formation of a “provisional” ECM that is more conductive of
a regenerative environment for the nerve.37 However, fibrinogen
is also implicated in microglial activation leading to the induction
of inflammation in the nervous system at sites of vascular
damage.41 Peripheral injury is often accompanied by blood–
spinal cord barrier compromise, leading to plasma extravasation
and infiltration of immune cells into an otherwise “immune-
privileged” SC. This is followed by the influx of inflammatory
mediators into the spinal parenchyma, resulting in the de-
velopment of pain.10 Matrix metalloproteinases are thought to
participate in this process by the degradation of ECM proteins in
the neurovascular unit, and at least inmodels of spinal cord injury,
proteolytic activity of MMPs has been shown to lead to blood–
spinal cord barrier disruption33 (Fig. 1B, third panel). Similar
mechanisms could be at play during the disruption or compro-
mise of the blood–brain barrier, which can “trap” chemokines by
glycosaminoglycan-mediated immobilization,17 leading to
patches of highly concentrated chemokines, which would then
activate and traffic immune cells across the blood–brain barrier.38

These findings indicate the complexity of the process and the fine
balance that must exist between regenerative and degenerative
cues at the neural/vascular site.

4. Extracellular matrix and the chronification of pain

Although most painful injuries resolve without long-term compli-
cations, some persist and transition to chronic pain long after the
resolution of the initial insult. The mechanisms behind the
chronification of pain are not clear with hypotheses ranging from
dysregulated descending inhibitory pathways35 to primary
nociceptor plasticity18 and altered central pain processing.55

After injury, the ECM–neuron cross talk is particularly relevant
because pain is associated with spinal plasticity,20 including
changes in dendritic architecture (dendritic length and branching
and dendritic spine density and morphology)46 that often rely on
structural proteins.48 These plastic changes could be malad-
aptive, resulting in central sensitization of second-order spinal
neurons and, ultimately, the chronification of pain.53 It is well
established that the ECM is a key player in CNS neuroplasticity
and connectivity32,34: in the juvenile brain, heightened plasticity is
paralleled by the activity-dependent maturation of the ECM,31

and in the mature brain, proteins such as chondroitin sulfate
proteoglycans have been shown to inhibit dendritic spine motility
and thus act to “stabilize” the brain.8 This direct link can be
elucidated by enzymatic degradation of chondroitin sulfate
proteoglycans, which promotes axonal regeneration.36

Based on the assumption that the ECM is important in
plasticity, it stands to reason that manipulating it would interfere
with synaptic plasticity. Indeed, studies of dendritic structure in
the wide dynamic range neurons of the SCDH have shown that
dendritic spine remodeling is a key contributor to pain after injury
and that disrupting dendritic plasticity by inhibiting structural ECM
proteins (through rac-1 signaling) attenuates the pain and
hyperexcitability in these neurons47 (Fig. 1C, first panel). It is,
therefore, possible to manipulate the ECM to prevent injury-
induced plasticity and ensuing chronic pain, particularly because
ECM involvement is unique at the acute vs chronic time points.
For instance, MMP9 was found to be upregulated acutely in
dorsal root ganglion neurons, whereas MMP2 is upregulated at
amore chronic time point in dorsal root ganglion satellite cells and
spinal astrocytes21 (Fig. 1C, second panel).

In addition to this ECM/neuronal mechanism of plasticity, it is
also important to consider ECM/astrocyte-mediated central
sensitization that parallels peripheral nerve injury.12,13 Extracellular
matrix and astrocytes influence one another bidirectionally: on one
hand, astrocytes express various proteoglycans52 and release
proteases (including MMPs) that are in turn involved in the release
of signaling molecules from astrocytes26; on the other, ECM
proteins, such as fibronectin, stimulate astrocytic proliferation56

and integrins (such as b1 integrin) could activate them.40

Alterations in the ECM may modulate pain chronification by
changing pain-processing centers in the brain. After chronic pain,
brain neuroplasticity (functional, morphologic, and anatomical) is
observed both in various preclinical models2,23,45,46 and in human
subjects,3,42 suggesting the requisite for a more plastic ECM (Fig.
1C, third panel). Although, to date, we have little information
regardingdendritic/synaptic changes in humanbrains after chronic
pain, data from animal studies have shown that pain associated
with peripheral neuropathy is linked to increased formation of new
persistent spines and increases elimination of previously persistent
spines in the somatosensory cortex,24 strongly suggesting the
involvement of the ECM.

Furthermore, there are several studies linking the ECM to
phenotypes (such as anxiety and memory impairment) that are
often comorbid with chronic pain. For instance, modifying the
ECM in the periaqueductal gray has anxiogenic effects in rats,7

potentially through the regulation of cell proliferation and axonal
growth. Finally, there are numerous studies showing the in-
volvement of ECM glycoproteins, such as Tenascin C, in learning
and memory through the modulation of fibronectin domains.11

5. Conclusions

Although our current doctrine emphasizing neuronal and glial
functioning has helped pain researchers understand the basic
mechanisms of nociceptive signal transmission and the experience
of pain, perhaps a more integrative model that takes into account
theenvironment, inwhich variouscell types interact, is needed. This
approachmay reveal ECMproteins to be valuable biomarkers and/
or therapeutic targets in chronic pain and could help explain the
comorbidities (anxiety, mood changes, memory deficits, etc.)
associated with chronic injury. It is, therefore, important to consider
the ECM as more than mere scaffolding for cellular support but
rather as a crucial component of the chronic pain equation.
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