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Plasticity in	the	brain	under	chronic pain conditions

Plasticity is a	term used to	refer to	
changes that occur in	the	
established nervous system

Plasticity is at the	basis of	learning
and	memory processes

MALADAPTIVE PLASTICITY è
plasticity in the nervous system
that leads to a disruption of the
function and may be considered
as a disease state

May A.,	Pain 137:7-15	(2008)



Mechanisms of	synaptic plasticity in	neuropathic pain
a.	Intense	afferent C-fiber
stimulation results in	an	increase
in	active-zone	recruitment

b.	Persistent nociceptive	activity
(intense	C-fibre	drive)	can	result in	
increased spine	size or	density

c. Postsynaptic messengers
travelling from the synapse
to the nucleus of the spinal
neuron activate genomic
programs, and thereby bring
about long-term modulation
of spine structure and
density.

d. Persistent nociceptive
activity-induced remodelling
of the actin cytoskeleton
involving spine stabilization
are shown.

Kuner &	Flor,	Nat Rev Neurosci 18:20-30	(2017)



Mechanisms of	plasticity in	the	spinal cord
in	neuropathic pain

Kuner &	Flor,	Nat Rev Neurosci 18:20-30	(2017)

a. Touch-sensitive low-threshold mechanoceptive fibres
(Aβ fibres) sprout into superficial laminae that typically
receive noxious inputs (C fibres and/or Aδ nociceptive
fibres)

b. Disinhibition through a physical loss of spinal inhibitory
neurons can activate crosstalk between touch and pain
circuits

c. Alternative models involve:
i. defects in the structure or activity of low-threshold

mechanoreceptive fibres
ii. proliferation and activation of spinal glia, which

modulate activity of spinal excitatory and inhibitory
neurons via secreted mediators.

Whatever the mechanism involved, the final
result is an enhanced activity in spinal pain
pathways (thicker black lines in the right panels)

EN,	excitatory interneuron;	IN,	inhibitory interneuron;	PN,	projection neuron



Brain	plasticity in	neuropathic pain

Flor et	al.,	Neurosci Lett 224:5-8	(1997)

Chronic low back patients and control subjects
were exposed to intracutaneous electric stimuli
applied to the left back and index finger at a
standard, a non-painful and a painful intensity.

The location of the cortical activity to painful
stimulation was determined in the 70–75 ms
latency window by MRI.

In the medial-lateral direction, the cortical
representation of the back in the chronic back pain
group had shifted more than 2.5 cm medially.

Kuner &	Flor,	Nat Rev Neurosci 18:20-30	(2017)

ACC, anterior cingulate cortex;
BG, basal ganglia;
M1, primary motor cortex;
PAG, periaqueductal grey;
PFC, prefrontal cortex;
S1, primary somatosensory cortex;
S2, secondary somatosensory cortex.



Plasticity in	the	brain	under	chronic pain conditions

MRI	images	of	the	brain	
of	patients suffering
from	different painful
conditions have been
superimposed with	
CTRL	images.

Yellow	areas indicate	
specific differences in	
gray matter structure,	
i.e.		a	decreased density
possibly due	to	
persistent chronic
afferent inputs

May A.,	Pain 137:7-15	(2008)



Outline

The	concept of	brain	plasticity under	painful conditions

The	role of	astrocytes and	microglia in	brain	plasticity

A	possible role for	satellite	glial cells and	for	oligodendrocytes?

Examples of	the	contribution of	glial cells to	post	operative	pain



www.marwer.info

Types of	glial cells in	the	CNS	and	PNS



1540 VOLUME 18 | NUMBER 11 | NOVEMBER 2015 NATURE NEUROSCIENCE

P E R S P E C T I V E

release SPARC, which antagonizes the synaptogenic function of hevin12. 
Glypican 4 and 6 are additional astrocyte-secreted molecules that are 
sufficient to induce the formation of structural excitatory synapses, 
but also induce postsynaptic membrane insertion of GluA1-containing  
AMPARs13. Through unknown mechanisms, astrocytes furthermore 
mediate the formation of inhibitory synapses14. Given that mice  
deficient in astrocyte-derived synaptogenic molecules have reduced 
synapse numbers11,12, astrocytes can have a substantial long-term role 
in regulating synaptic connectivity. Astrocytes are not only required 
for synapse formation and function, but also for synaptic maintenance: 
when astrocytes or astrocyte-secreted signals are removed from neu-
rons in culture, synapses rapidly disappear. Thus, the formation of 
mature functional synapses is not an autonomous property of neurons, 
but requires multiple astrocyte-secreted signals in vitro and in vivo.

Astrocytes mediate synapse elimination through phagocytosis
During development, neurons produce excessive numbers of syn-
apses, and subsequent synapse elimination is required for the mature 
brain circuit to form. Astrocytes were recently found to express a 
plethora of genes that have been implicated in phagocytosis and to 
physically eliminate synapses through the MEGF10 and MERTK 
pathways15. In developing mice deficient in the Megf10 and Mertk 
phagocytic receptors, RGCs show a failure of normal refinement of 
connections and retain excess functionally weak, but intact, synapses  
onto neurons in the lateral geniculate nucleus of the thalamus. 
Astrocytes therefore actively participate in eliminating live synapses 
rather than simply cleaning up dead synaptic debris. Notably, synaptic 
engulfment by astrocytes is strongly regulated by neighboring neuro-
nal activity. Bilateral blocking of retinal activity led to fewer synapses 
being pruned by astrocytes in the thalamus; unilateral blocking of 
retinal activity led to preferential pruning of the silenced synapses. 
Astrocytes were found to engulf synapses throughout adulthood, 
suggesting that astrocytes may be active participants in the synaptic 
refinement process underlying critical period plasticity, as well as 
other forms of learning and memory.

The continued astrocyte-mediated pruning of synapses in adult 
rodent brains is consistent not only with a role in synaptic remodeling 
underlying learning, but also suggests the possibility of an important 
role in synapse turnover. Given that most neurons throughout the brain 
are not replaced during adulthood, special mechanisms that turnover 
heavily used synaptic membranes that may undergo biochemical deg-
radation with use and age may be especially important in the brain. 
Interestingly, the rate of synapse pruning by astrocytes progressively 
decreases with age15, raising important questions about whether the 
declining rate of this engulfment may contribute to cognitive decline, 
and whether drugs that speed up synapse removal by astrocytes may 
enhance cognition in the elderly. It may also help explain the timing 
of the striking decrease in synapse number occurring in human brains 
during puberty and adolescence, which then stabilizes by adulthood.

Astrocytes modulate synaptic transmission and plasticity
Astrocytes actively participate in synaptic transmission and contrib-
ute to synaptic plasticity. The best-studied functions of astrocytes 
include potassium buffering during neuronal activity and uptake of 

the neurotransmitters glutamate (by GLT-1 and GLAST) and GABA 
(by GAT-1). These fundamental functions of astrocytes are absolutely 
essential for maintaining synaptic activity, and dysregulation of these 
processes leads to pathological conditions, such as seizures and neu-
rological dysfunction16,17. Recent studies have also demonstrated that 
astrocyte-secreted glutamine is critical for sustained glutamate release 
by neurons, indicating that astrocytes are active participants in the 
production of the neurotransmitters used by neurons18.

Several secreted astrocytic factors are capable of regulating  
synaptic plasticity. Sparc knockout mice show an increase in excita-
tory synapse function and impaired long-term potentiation (LTP)19, 
possibly as a result of the effects of altered hevin-SPARC antago-
nism on AMPAR recruitment to the postsynaptic surface. Recent 
studies have also shown that d-serine secreted from astrocytes is 
involved in synaptic plasticity by functioning as a co-agonist of 
NMDARs20. Along with d-serine, large numbers of studies have 
suggested that ATP and glutamate may be secreted from astrocytes 
via Ca2+-dependent vesicular exocytosis and contribute to synap-
tic strength and plasticity21. However, recent studies cast serious  
doubt on those conclusions. The previous in vitro model of cultured  
astrocytes displays non-physiological properties and contains a  
substantial number of contaminating neurons. In addition, the 
transgenic mouse lines used to provide genetic evidence of vesicular 
mediated neurotransmitter release from astrocytes turned out not 
to specifically target astrocytes22.

Whatever the mechanisms, evidence of astrocytes actively  
controlling synaptic plasticity is increasing. A recent study suggests 
that human astrocytes may even be better than rodent astrocytes in 
controlling the synaptic plasticity events underlying learning23.

Microglia survey and sculpt developing synapses
Many diseases of the CNS are characterized by neuroinflammation, 
especially in late stages of the disease. As the resident macrophages 
and phagocytes of the CNS, microglia have been studied in depth in 
this context1,2. It is now appreciated that microglia are also important 
for structurally shaping and functionally modulating the connectivity 
of the developing and healthy brain. Understanding microglia func-
tions in healthy settings can provide new insight into their potential 
contributions to synapse loss and dysfunction at early stages of pathol-
ogy, before overt neurodegeneration and neuroinflammation.

Microglia are well positioned to affect synaptic function (Fig. 1b). 
Their processes constantly extend and retract as they survey their 
local environment. In the adult mouse cortex, the speed is approxi-
mately 1 m min−1, and microglia are estimated to scan the entire 
brain volume over the course of a few hours24. Microglia processes 
transiently interact with boutons and spines, and direct contacts 
between microglia and synaptic elements have been confirmed by 
electron microscopy25. Thus, each microglial cell can affect many 
synapses, as well as quickly change the motility of its processes in 
response to extracellular stimuli24.

a b

D
eb

bi
e 

M
ai

ze
ls

/N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
upFigure 1 Astrocytes and microglia interacting with synapses. (a) Three-

dimensional projection view of a GFP-expressing astrocyte associating 
with SV2-positive synaptic terminals in red. Image courtesy of Lu Sun 
(Stanford University). (b) GFP-expressing microglia in close proximity 
to dendrites and spines fluorescently labeled in red. Image courtesy of 
Jenelle Wallace (Harvard Medical School).

Modified from:	Chiung et	al.,	Nat Neurosci 18:1539-45	(2015)

(a)	Three- dimensional projection view of	a	
GFP-expressing astrocyte associating with	SV2-

positive	synaptic terminals.

(b)	GFP-expressing microglia in	close proximity
to	dendrites and	spines.	

The	close relationships between glial cells and	neurons

Astrocytes and	microglia interact with	synapses
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Microglia contribute to synapse elimination and formation
Microglia can promote both structural synapse elimination and forma-
tion. Phagocytic microglia prune synaptic connections during develop-
ment by engulfing pre- and postsynaptic elements in the hippocampus 
and retinogeniculate system during the first weeks after birth26,27. 
Although primarily an early developmental process, synapse engulfment 
in visual cortex can be observed during the critical period in response to 
changing visual experience25. In contrast, loss of microglia reduces spine 
formation in the adult and juvenile mouse motor cortex during motor 
learning. Microglia mediate this spine formation through BDNF, but, 
given that microglia express low levels of BDNF compared with neurons, 
further work is needed to understand the underlying mechanisms28.

The early postnatal pruning process is dependent on the receptors 
CX3CR1 and complement receptor 3 (CR3) in the hippocampus and 
thalamus, respectively. These receptors, which in the brain parenchyma 
are microglia specific, mediate pruning using signals from neurons. 
The only known CX3CR1 ligand, CX3CL1 (fractalkine), is primarily 
neuronal and regulates microglia phagocytosis of synapses through an 
unknown mechanism26,29. C1q, the initiator of the classical comple-
ment cascade, is produced by presynaptic retinal neurons in the tha-
lamus during the peak of pruning and is, along with downstream C3, 
required for synapse elimination30. It is hypothesized that C1q induces 
deposition of the CR3 ligand C3 onto synapses, thereby tagging them 
for elimination by microglia27. Activity may be involved in regulating 
C1q and C3 deposition. Microglia-mediated pruning in the thalamus 
is an activity-dependent process, as microglia preferentially engulf less 
active presynaptic inputs over more active ones. The C3 tag could there-
fore specifically mark weak synapses for removal. Notably, microglia 
engulfment influences adult circuitry: synapse densities remain elevated 
in the thalamus into adulthood in the absence of CR3, and CX3CR1 
knockout mice have aberrant long-range functional connectivity27,31.

Microglia promote functional synaptic maturation
Microglia regulate functional synaptic maturation. Synapses in mice 
lacking CX3CR1 show a delayed establishment of normal electrophys-
iological characteristics during development26. Although impaired 
synaptic pruning could contribute to these deficits, CX3CR1 may also 
be required for regulating the release of soluble factors that mediate  

synaptic maturation. In accordance with the latter idea, develop-
mental phenotypes are observed in mice expressing a truncated 
form of DAP12 (ref. 32). DAP12 is a transmembrane protein that 
signals downstream of multiple receptors expressed on myeloid cells, 
including TREM2 (see below)33. Animals with truncated DAP12 
show impaired synaptic maturation, and cultured microglia derived 
from these mice express higher levels of the enzyme iNOS, which is 
required for nitric oxide production, as well as of IL-6 and IL-1 32. 
Secretion of one or a combination of these three factors may therefore 
mediate the aberrant development of synaptic properties.

Microglia can regulate synaptic plasticity
Microglia-secreted factors can regulate synaptic function in the  
juvenile and mature brain, after the establishment of proper synaptic 
connections. IL-1 , which is primarily expressed by microglia, has 
been implicated in regulating LTP in the hippocampus34,35. Aberrant 
IL-1  signaling furthermore underlies deficits in hippocampal LTP 
in animals lacking CX3CR1 (ref. 36). Under stress from LPS and 
hypoxia, microglia release reactive oxygen species (ROS) that cause 
hippocampal long-term depression37. Microglia may also be contrib-
uting to homeostatic plasticity. TNF-  released by glia is required for 
synaptic scaling following a long-term reduction in activity38. Given 
that TNF-  expression is highly enriched in microglia compared with 
other cells in the brain, microglia may mediate this effect35.

The ability of microglia to create and remove synapses, as well as 
change the strength of existing ones, appears to be crucial for proper 
behavior. Global CX3CR1 knockout animals have deficits in social 
behavior, which could be a result of impaired developmental synaptic  
pruning and maturation or of continuous deficits in plasticity31.  
By an unknown mechanism, the loss of microglia BDNF furthermore 
reduces motor learning in mice only a few days after recombination28. 
These and other studies reveal microglia-synapse interactions as 
potential key regulators of overall nervous system function.

Do microglia and astrocytes mediate synaptic dysfunction in disease?
Synapse dysfunction is a hallmark of many neurological diseases  
and disorders. The growing realization that glia critically influence 
synaptic development and function in the healthy brain suggests that 
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Figure 2 Astrocyte and microglia regulation of synaptic formation, function and elimination, and potential implications for disease. (a) Astrocytes (blue) and 
microglia (green) release soluble factors that regulate excitatory synapse formation and function. Aberrations in these processes may be relevant for epilepsy 
and schizophrenia. (b) Glia refine synaptic circuits by engulfing synapses. MEGF10 and MERTK are astrocytic receptors required for synapse phagocytosis. 
MEGF10 and MERTK may detect synapses for elimination through bridging molecules such as Gas6 and Pros1 for Mertk that bind ‘eat me signals’ on less  
active synapses. The identities of synaptic eat me signals for both receptors and bridging molecules for Megf10 are unknown. Microglia synapse pruning 
is dependent on the receptors CX3CR1 and CR3. The ligand of CX3CR1 is the neuronal CX3CL1 (fractalkine), which can either be membrane targeted or 
secreted. CR3 binds to C3, which may tag less active synapses and target them for elimination. Glial synapse elimination may be dysregulated in AD, ASD, 
schizophrenia or other neuropsychiatric diseases. (c) Astrocyes and microglia regulate synaptic transmission and plasticity. Astrocytes buffer K+ mostly 
through Na+/K+ ATPase and uptake glutamate through GLT1 and GLAST. Astrocytes also secrete D-serine and mediate synaptic plasticity. Microglia can 
affect synaptic plasticity through release of ROS, IL-1 , IL-6 and TNF. Microglia receptors required for proper synaptic function include CX3CR1 (with its 
ligand CX3CL1, also known as fractalkine), TREM2 and its downstream effector DAP12. These mechanisms may be important for ASD and schizophrenia.

Astrocytes and	microglia participate in	synapse formation,	elimination and	plasticity



the Na+-dependent glutamate transporter 1 (GLT1) and the
glutamate/aspartate transporter (GLAST) [126]. Importantly,
astroglia glutamate removal continues upon injury [127] and
strongly contributes to tissue protection as shown by dramatic
damage exacerbation in the case of transporter knock-down [128].
In vitro studies also indicate that injury mediators such as EGF,
bFGF, IGF1 and CNTF, as well as GFAP upregulation can potentiate
glutamate scavenging by inducing GLT1 and GLAST upregulation
or transporter membrane redistribution [111,129].

Independent of transporter expression, astrocyte glutamate
uptake is strictly conditioned by the availability of ATP. Yet, by
enabling glutamine synthase (GS) to convert glutamate to
glutamine, ATP preserves a favorable glutamate gradient allowing
its uptake into astrocytes [130]. GS levels are increased by the
injury-released signals FGF and NGF, revealing a potential
enhancement of the scavenging capability of reactive astroglia
[131]. ATP is also essential for the function of the Na+/K+ ATPase,
whose action crucially maintains the ionic membrane gradient and
avoids astroglia transporters running backward to release gluta-
mate when the Na+ gradient is inverted. When the energy
substrates glucose and oxygen are lost (i.e., in ischemia), the
persistence of this function in astrocytes is to some extent granted
due to the capacity of astroglia to maintain high energy levels upon
lesion and to utilize diverse energy sources. For example,
astrocytes convert stored glycogen to glucose or lactate to obtain
energetic substrates, thereby sustaining their own metabolisms or
possibly passing these substrates to neighbouring neurons for
energy production [132]. Moreover, CNTF-activated astrocytes also
increase fatty acid beta-oxidation and ketolysis to produce energy,
while decreasing glycolytic pathways [40]. This metabolic
plasticity confers a remarkable ability to resist to metabolic
insults and support the survival of surrounding neurons [40].

Furthermore, the enhanced capability to metabolize fatty acids
also has a detoxificant function when potentially toxic free fatty
acids are released from phospholipids in the plasma membrane in
several lesion conditions [133]. The implementation of detoxifying

actions after damage is also indicated by the increased levels of the
antioxidant glutathione pathway, which is potentiated by expo-
sure to CNTF, IL1b and TNFa [134], and whose molecular
components are made available to neurons for their own
antioxidant defence [135]. Thus, several traits of astrocyte
activation appear as adaptive responses to counteract the shortage
of energy supply and limit accumulation of otherwise toxic
metabolites in the damaged nervous tissue.

Other beneficial aspects of astrocyte reactivity are related to
their participation in tissue remodeling after injury (Fig. 3). VEGF is
produced by reactive astrocytes after traumatic injury [136],
inflammatory lesions, and hypoxic conditions ([137] and refer-
ences therein). This growth factor, in addition of being directly
neuroprotective [136], strongly promotes angiogenesis [138],
consistent with a role for reactive astrocytes in neovascularization
after lesion. However, VEGF also acts a BBB disaggregation signal
via downregulation of endothelial tight junction components
[137]. In specific pathological conditions such as CNS inflamma-
tory disorders, this pathway may exacerbate tissue damage by
sustaining inflammation and leukocyte infiltration instead of
supporting repair.

The restoration of the glia limitans and BBB is necessary to re-
establish CNS homeostasis and proper function after nervous
tissue disruption. If these processes are not fulfilled after lesion,
damage to the nervous tissue is amplified by increased immune
cell infiltration, neuronal death and demyelination [86,139,140].
Crucial to barrier reconstitution are reactive astrocyte proliferation
and migration, as shown by conditional ablation of reactive
astrocytes or selective blockade of defined intracellular signaling
pathways [86,139,140]. Interestingly, in addition to STAT/Olig2
activity (see Section 2.2), GFAP upregulation is required for proper
scarring response [111]. Other factors implicated in astroglial
migration and wound closure are Smad-3-mediated TGF signaling
[141] and acquaporins (AQPs), which facilitate reactive astroglial
movements by controlling water fluxes [142]. Further, the cross-
talk between Ephs and their receptor at the reactive astrocyte–

Fig. 3. Astrocyte functions in acute and chronic lesions. Panel (a) illustrates the evolution of detrimental and beneficial effects of astrocytic functions over time after acute
injury. Increases or decreases over time of each function are represented as variation in the thickness of the horizontal bars. Panel (b) summarizes the outcomes of the same
functions in chronic neurodegenerative situations. BBB, blood–brain barrier.

A. Buffo et al. / Biochemical Pharmacology 79 (2010) 77–89 83

In this review we shall discuss the molecular mechanisms
known to regulate astroglia activation and the evolution of the
ensuing reactivity. Special focus will be devoted to highlight how
functional changes in astroglia influence the lesioned nervous
tissue either beneficially or detrimentally with respect to tissue
integrity and functional outcome. Furthermore, we shall attempt
to compose an integrated picture of this duality, and discuss how
the novel stem cell/progenitor aspects of some astroglia subsets,
together with the detailed understanding of gliosis regulatory
mechanisms, may help in developing strategies for treating the
insulted CNS.

2. Astrogliosis: molecular triggers and cellular response

Upon injury, the astroglia response is evoked by several changes
occurring in the CNS parenchyma. These changes include the
production of a variety of molecular signals (Fig. 2), partly derived
by plasma extravasation, able to trigger the transition from the
quiescent to the activated state or to modulate astrocyte reactivity
over time. The distinction between activating and modulating
signals remains in large undefined. However, very early triggers
such as purines/pyrimidines and pro-inflammatory cytokines [5,6]
are predominantly considered to evoke the initial astrocyte
activation (although their release can be also maintained over
time thus contributing to later responses). The major role of the
later secondary mediators (e.g., endothelin, ET; growth factors,
GFs; inflammatory molecules) may instead be to sustain the long-
term features of astrogliosis until inhibitory molecules such as
interferon beta (IFNb), interleukin 10 (IL10), erythropoietin (Epo)
begin to predominate over inductive triggers [7–9]. At this final
stage, the resolution of gliosis leads to the reacquisition of
quiescent morphological and functional features in astrocytes far
from the source of injury (isomorphic gliosis), or to the
stabilization of astroglia reactive traits in the form of a permanent
glial scar close to the lesion site (anisomorphic gliosis) [3].

The molecular, temporal and functional interconnections
amongst the various signaling pathways controlling astrocyte
reactivity are extremely complex, and still largely unknown. Below
we summarize what is currently known on these topics.

2.1. Extracellular signals

2.1.1. Purines and pyrimidines
ATP has been recently recognized as one of the most important

molecules involved in CNS cell-to-cell communication and utilized
to spread information between neurons and glial cells as well as
between glial cells themselves [10]. Besides ATP, other purine (i.e.,
ADP) and pyrimidine (UTP, UDP, and UDP-sugars) nucleotides can
contribute to intercellular communication by activating ligand-
operated channels (the P2X1–7 receptors) and G protein-coupled
metabotropic receptors (the P2Y receptor family), currently
encompassing 8 cloned subtypes (P2Y1,2,4,6,11,12,13,14) with differ-
ent agonist and antagonist selectivity profiles [11].

Where do nucleotides come from in the brain? ATP is co-stored
in neuronal synaptic vesicles and therefore co-released with
‘‘classical’’ neurotransmitters, but it can also be released by
astrocytes through vesicle shedding [12,13]. The physiological
release of uracil nucleotides is still a matter of debate. However,
given their active role in the glycosylation reactions, these
compounds are likely to be released together with glycosylated
proteins and peptidoglycans [14]. Uracil nucleotides could there-
fore represent important signaling molecules at sites enriched of
glycosylated moieties, such as within the astrocytic glial scar (see
also below).

Massive amounts of nucleotides are also released from
damaged cells at early stages after traumatic and ischemic events,
partly due to the leakage of cytoplasmic content from dying cells,
but also as a consequence of the increased excitotoxic transmission
(Fig. 2) [15], and of astrocyte exposure to plasma components
(Fig. 1b) (e.g., thrombin; [16]). Thus, during emergencies astrocytes
and surrounding cells are exposed to high micromolar nucleotide
concentrations. Since astrocytes express the whole panel of P2Y
receptors at the mRNA level, as well as the 7 ionotropic P2X
subtypes [17], the purinergic system appears as a key modulator of
the astrocytic response to injury.

Indeed, in vitro [18–20] and in vivo [21] evidence indicates that
ATP and its analogs promote astrocytic proliferation and emission
of long and branched GFAP-positive processes through the
activation of specific G protein-coupled P2Y receptors. The same

Fig. 1. Hallmarks of astrocyte reactivity. Upon CNS injury, activated astrocytes increase their homeostatic and trophic functions (a), the production of growth factors and
cytokines, as well as the release of nucleotides and toxic compounds (b). Their secretion is regulated via complex autocrine and paracrine loops (b). Astrogliosis includes cell
proliferation (c) and migration towards the lesion site (d). Reactive astrocytes participate in glial scar formation, and contribute to the resealing of the damaged blood–brain
barrier, thus excluding infiltrating leukocytes and meningeal fibroblasts from the injured tissue (e). Nt/Nu, nucleotides/nucleosides; BBB, blood–brain barrier.

A. Buffo et al. / Biochemical Pharmacology 79 (2010) 77–8978

Astrocyte reaction to	injury

Step-by-step
reactive astrogliosis

Double-edged sword effects
of	reactive astrocytes during

acute	and	chronic brain	
pathologies

Buffo	et	al.,	Biochem Pharm 79:77-89	(2010)	



MIcroglia reaction to	injury

Crews &	Vetreno,	Psychopharmacology 233:1543-1557	(2016)	

Upon activation, microglia cells modulates the expression of a plethora of
receptors, enzymes, channels, and pro- or anti-inflammatory cytokines and
chemokines

They can exibit either pro-inflammatory (neurotoxic, M1) and anti-
inflammatory (neuroprotective, M2) phenotypes

Ji et	al.,	PAIN	154:S10-S28	(2013)



Blood–CNS barrier
A barrier formed by astrocyte 
end-feet and the tight junctions 
between endothelial cells lining 
blood vessels that excludes 
constituents of the systemic 
circulation from entry into the 
central nervous system (CNS). 
It forms an important 
boundary between the 
sensitive microenvironment  
of the CNS and the relatively 
volatile environment of the 
systemic circulation.

Trigeminal sensory neurons
Neurons found in the 
trigeminal nerve that mediate 
facial sensation and motor 
functions, including biting and 
chewing.

Dorsal root ganglia
(DRG).The cell bodies of 
sensory neurons are collected 
together in paired ganglia that 
lie alongside the spinal cord. 
Each cell body is encapsulated 
by satellite glia, with the entire 
ganglia being surrounded by a 
capsule of connective tissue 
and a perineurium.

Brain-derived 
neurotrophic factor
(BDNF). A neurotrophin 
expressed at high levels in the 
central nervous system that  
is vital for the growth and 
survival of neurons, and has 
been implicated in many 
forms of synaptic plasticity.

C-fibres
Small diameter, unmyelinated 
primary afferent sensory fibres, 
with small cell bodies in the 
dorsal root ganglion. Some 
C-fibres are mechanically 
insensitive, but most are 
polymodal, responding to 
noxious, thermal, mechanical 
and chemical stimuli.

Figure 3 | Neuroimmune enhancement of nociception. Soluble mediators released by reactive immunocompetent 
cells in the central nervous system diffuse and bind to receptors on presynaptic and postsynaptic terminals in the 
spinal dorsal horn to modulate excitatory and inhibitory synaptic transmission, resulting in nociceptive hypersensitivity. 
Tumour necrosis factor (TNF), interleukin-1β (IL-1β), CC-chemokine ligand 2 (CCL2), reactive oxygen species (ROS) and 
interferon-γ (IFNγ) increase glutamate (Glu) release from central terminals, partly due to the activation of transient 
receptor potential channel subtypes (TRPV1 and TRPA1), and functional coupling between interleukin-1 receptor 1 
(IL-1R1) and presynaptic ionotropic glutamate receptors (NMDAR). TNF, IL-1β, IL-6 and ROS decrease GABA 
(γ-aminobutyric acid) and glycine (Gly) release by inhibitory interneurons. IL-1β and CCL2 also increase AMPA  
(α-amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid) signalling, and TNFR1 signalling increases the expression  
of Ca2+-permeable AMPA receptors (AMPARs). TNF increases NMDAR activity through the phosphorylation (P) of 
extracellular signal-regulated kinases (ERKs), while IL-17 and ROS induce phosphorylation of the NR1 receptor subunit 
in spinal cord neurons. IL-1β increases the calcium permeability of NMDAR through activation of SRC family kinases and 
also via phosphorylation of the NR1, NR2A and NR2B subunits. CXCL1 signalling via CXCR2 induces rapid activation of 
neuronal ERK and CREB. Brain-derived neurotrophic factor (BDNF) signalling via TRKB downregulates the 
potassium-chloride cotransporter KCC2, increasing the intracellular Cl– concentration and weakening the inhibitory 
GABA

A
 and glycine channel hyperpolarization of second-order nociceptive projection neurons. Prostaglandin E2 (PGE2) 

signalling at the EP2 receptor activates protein kinase A (PKA), thereby inhibiting glycinergic neurotransmission via 
GlyR3. IL-1R1 signalling reduces neuronal expression of G protein-coupled receptor kinase 2 (GRK2), a negative 
regulator of G protein-coupled receptors (GPCRs), including chemokine and prostaglandin receptors, leading to 
sustained neuronal GPCR signalling. TNF and IL-1β downregulate astrocyte expression of the Glu transporters excitatory 
amino acid transporter 1 (EAAT1) and EAAT2, leading to enhanced glutamatergic transmission. CCR2, CC-chemokine 
receptor 2; GABAR, GABA receptor. 
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Modulation of	pain by	the	neuro-immune	interface

The	complex interplay of	
different signalling
pathways in	the	neuro-
immune	modulation of	
chronic pain in	the	spinal
cord



lower than that of astroctyes in the spinal cord. Unlike astrocytes,
each SGC contacts only 1 neuron. Strikingly, the gap of extracellu-
lar space between the SGC sheath and the associated neuronal
plasma membrane measures only 20 nm, allowing for close inter-
actions and effective signaling between neurons and SGCs [89].
Emerging evidence suggests that SGCs are activated after painful
injuries and play an active role in the development of persistent
pain [29,54,91,107,150]. SGCs also exhibit enhanced coupling in
persistent inflammatory and neuropathic pain [54,295].

2. Different activation states of glia after painful stimuli and
injuries

After painful stimuli and injuries, glia exhibit variable altera-
tions in functions and morphologies, including the following: (1)
ionic changes (eg, intracellular Ca2+ rises in astrocytes); (2) post-
translational regulation (eg, phosphorylation of mitogen-activated
protein kinases [MAPK]); (3) translational and transcriptional
modulation (eg, modulation of surface molecules, glial markers,
pro- and anti-inflammatory mediators); (4) morphological changes
(eg, hypertrophy); and (5) proliferation. These changes are associ-
ated with different activation states of glia (Fig. 1). Below we dis-
cuss activation states that are frequently measured in the pain
research field.

2.1. Glial reaction: Changes in glial markers and/or morphology

Most studies define glial activation as upregulation of the glial
markers such as CCR3/CD11b, IBA1, and GFAP, which are often,
but not always, associated with morphological changes (eg, hyper-
trophy or process retraction/extension). Thus, we refer to this glial
activation state as glial reaction.

Observations that nerve injury induces microglial responses
date back to the 1970s [3]. Microglial reaction (microgliosis) in
the spinal cord has been intensively investigated after peripheral
nerve injury. Nerve trauma induces very robust microglial reaction,
such as hypertrophy and upregulation of the microglial markers

CD11b, IBA1, and CD68 in the spinal cord and brainstem
[118,252,300] (Fig. 2). IBA1 is probably the most widely used mar-
ker for microglial reaction in the pain field, partly because the IBA1
antibody from Wako Chemicals works better than other antibodies
of microglial markers. As expected, microglial reaction is also very
robust after spinal cord injury [86,102]. Furthermore, chronic opi-
oid exposure, streptozotocin-induced diabetic neuropathy, and
surgical incision result in microglial reaction [49,192,275,310].
However, microglial reaction is less evident after bone cancer
[98] and chemotherapy-induced neuropathy [297,307], depending
on the doses of chemotherapy drugs and severity of nerve damage
after tumor growth (as shown by ATF-3 expression in DRG neu-
rons) [23,303]. Intra-articular but not intraplantar injection of
complete Freund’s adjuvant (CFA) induces microglial reaction
[222], because of deep tissue (joint) injury and possible axonal
injury (Table 1). Interestingly, in young rats (P10), nerve

Fig. 1. Different activation states of glia. Glia exhibit different activation states after
painful injuries. (1) Glial reaction refers to upregulation of glial markers and
morphological changes of glia (gliosis); (2) upregulation of glial receptors such as
adenosine triphosphate (ATP) receptors, chemokine receptors, and Toll-like recep-
tors, which will lead to the third activation state: (3) activation of intracellular
signaling pathways, such as mitogen-activated protein kinase (MAPK) pathways.
Phosphorylation of MAPKs will lead to the next activation state: (4) upregulation of
glial mediators, such as cytokines, chemokines, and growth factors. Upon release,
these glial mediators can interact with neurons to elicit pain via central and
peripheral sensitization. Unlike glial reaction (state 1), the other activation states
(states 2–4) have been shown to induce pain.

Fig. 2. Activation of microglia in the spinal cord dorsal horn 3 days after spared
nerve injury (SNI) in rats. (A) IB4 staining in the spinal cord dorsal horn ipsilateral
and contralateral to the injury side. Note a loss of IB4 staining in the dorsal horn
region innervated by the injured nerve branches. (B and C) CD11b (OX-42) and
phosphorylated p38 (p-p38) immunostaining in the dorsal horn ipsilateral and
contralateral to the injury side. Note overlapping expression patterns of OX-42 and
p-p38 in the injury side. (D) Double staining of p-p38 (red) and OX-42 (green) in the
ipsilateral dorsal horn. Lower panel presents high-magnification images of 2
microglial cells (indicated by arrow and arrowhead) from the upper panel. Note that
p-p38 is completely co-localized with OX-42. Scale, 100 lm. Images are modified
from Wen et al. [276], with permission.
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astrocytes, and SGCs—as their roles in pain regulation are well
documented.

1.1. Microglia

Microglia are macrophage-like cells in the CNS that originate
from bone marrow-derived monocytes that migrate during perina-
tal development. They are heterogeneously distributed throughout
the CNS. Under normal conditions, microglia are not as quiescent
as many investigators originally thought, as it has been shown that
microglia actively sense their environment with their ramified pro-
cesses [93,175,199]. Notably, microglia dynamically interact with
synapses to modulate their structures and functions in healthy
brain [246]. During development, microglial processes can engulf
synapses, and synaptic pruning by microglia, which involves the
activation of the complement system, is necessary for normal brain
development. [186,221].

Microglia are further activated after various insults such as
nerve injury, by displaying morphological changes, such as a
change from ramified to amoeboid shape [57] and upregulation
of microglial markers (CCR3/CD11b, major histocompatibility com-
plex II [MHC II], and ionized calcium-binding adaptor molecule-1
[IBA1]) [93,227] (Table 1). After peripheral nerve injury, microglia
in the spinal cord undergo rapid proliferation [14,23,55,151], and
this proliferation is already very prominent 2 days after spared
nerve injury [227].

Numerous studies have demonstrated a critical role of microglia
in the development of neuropathic pain [43,113,197,252], as well
as acute inflammatory pain [229,311]. Minocycline, a nonselective
inhibitor of microglia, has been shown to reduce neuropathic pain,
inflammatory pain, and postoperative pain [13,86,100,197], but its
role in reducing the established late-phase neuropathic pain is lim-
ited [197]. Importantly, recent progress has identified a large num-
ber of molecules that are induced in microglia after painful
injuries, especially nerve trauma (Tables 1–4).

1.2. Astrocytes

Astrocytes are the most abundant cells in the CNS and were his-
torically regarded as support cells. Work over the past decade indi-
cates that astrocytes play multiple active roles in acute and chronic
neuronal diseases such as seizure, stroke, and ischemia [133]. Un-
like microglia and oligodendrocytes, astrocytes form physically
coupled networks mediated by gap junctions, which, among other
functions, facilitate intercellular transmission of Ca2+ signaling and

exchange of cytosolic contents, and display oscillations in ion per-
meability through astrocytic networks. Gap junction communica-
tion is mediated by homo- and heteromeric associations of
hemichannels, such as connexin-43 (Cx43), the predominant conn-
exin expressed in astrocytes [27]. Although astrocytes are typically
immune labeled by glial fibrillary acidic protein (GFAP), GFAP
immunoreactivity labels only major branches and processes of
astrocytes. The actual territory occupied by an astrocyte is much
larger than that revealed by GFAP immunostaining. Of note, each
astrocyte forms a non-overlapping territory or domain [106,133],
which collectively resemble a lattice framework, appearing crystal-
line in nature. Although the implications of this organization are
not fully understood, it becomes lost when astrocytes transition
to reactive states [181]. In addition, astrocytes have extensive con-
tacts with both synapses and cerebral blood vessels, and control
the increase in blood flow evoked by synaptic activity. The astro-
cyte-mediated blood flow increase is fundamental to the blood-
oxygen-level-dependent (BOLD) signal detected by functional
magnetic resonance imaging (fMRI) [106].

It is estimated that a single astrocyte can enwrap 140,000 syn-
apses and 4 to 6 neuronal somata, and can contact 300 to 600 neu-
ronal dendrites in rodents. [22,69,180]. A close contact with
neurons and synapses makes it possible for astrocytes not only
to support and nourish neurons but also to regulate the external
chemical environment during synaptic transmission.

The growing appreciation for active roles of astrocytes has led
to the proposal of a ‘‘tripartite synapse’’ theory, based on the facts
that (1) glia respond to neuronal activity with an elevation of their
internal Ca2+ concentration and trigger the release of chemical
transmitters from glia themselves, and (2) glial transmitters cause
feedback regulation of neuronal activity and synaptic strength.

Table 1
Distinct reaction of microglia, astrocytes, and satellite glial cells (SGCs) in different
pain conditions, as examined by upregulation of the glial markers IBA1, CD11b, and
glial fibrillary acidic protein (GFAP).

Pain conditions Microglia Astrocytes SGCs

Nerve injury % % %
Spinal cord injury % %
Paw incision % %
Inflammation M/% % %
Joint arthritis % % %
Bone cancer M/% % %
Skin cancer M %
Chemotherapy M/% % %
Diabetes % %
HIV neuropathy M %
Chronic opioid % %
Acute opioid M M %

Detailed, with related references, in Section 2.1.
Symbols: Right-upward diagonal arrow (%) denotes upregulation; right&left hori-
zontal arrow (M) denotes no regulation; right-downward diagonal arrow (&)
denotes downregulation.

Table 2
Phosphorylation of mitogen-activated protein kinases (MAPKs; ERK, p38, JNK, ERK5)
in microglia, astrocytes, and satellite glial cells (SGCs) in different pain conditions.

Pain conditions Microglia Astrocytes SGCs

Nerve injury
P-ERK % % %
P-p38 % %
P-JNK %
P-ERK5 %

SCI
P-ERK %
P-p38 %

Paw incision
P-p38 %

Inflammation
P-ERK % %
P-p38 %
P-JNK %

Bone cancer
PERK % %
P-p38 %
P-JNK %

Skin cancer
P-JNK %

Diabetes
P-ERK %
P-p38 %

Chronic opioid
P-ERK %
P-p38 %

Detailed, with related references, in Section 2.2.
SCI = spinal cord injury.
Symbols: Right-upward diagonal arrow (%) denotes upregulation; right&left hori-
zontal arrow (M) denotes no regulation; right-downward diagonal arrow (&)
denotes downregulation.
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Chronic pain as a	“gliopathy”

Four steps of	glial cell reaction to	
painful stimuli

Upregulation of	the	glial markers
IBA1	and	CD11b	(microglia),	and	

glial fibrillary acidic protein
(GFAP;	astrocytes and	satellite	

glial cells,	SGCs)
in	various pain conditions



Altered neuron-glia	signaling pathways in	the	transition
from	acute	to	chronic pain

Some	of	the	
signalling pathways
that modulate	the	
astrocyte-neuron-
microglia connection	
and	are	involved in	
transition from	acute	
to	chronic
inflammatory (AèB)	
and	neuropathic
(CèD)	pain

Chiang	et	al.,	Neurochem Res	37:2419-2431	(2012)



Modulation of	astrocytic ATP	release	by	glucorticoids underlies
diurnal exacerbation of	mechanical allodynia

Koyanagi et	al.,		
Nat Commun
7:13102	(2016)

Temporal elevations in glucocorticoid levels induce the expression of SGK-1 in spinal
astrocytes, thereby enhancing extracellular ATP release through pannexin-1 hemichannels.

ATP released from astrocytes binds to P2Y12 receptors on activated microglia. Stimulated
P2Y12 receptors induce downstream events, which result in a decrease in the threshold of
mechanical allodynia (partial sciatic nerve ligation in rats).



Reactive astrocytes mediate	synaptic rewiring in	the	S1	cortex

Immature-type astrocyte
signaling within the S1 cortex is
activated by peripheral injury
during the first week post-injury
time.

Elevation of astrocytic Ca2+
activity releases TSP-1 that binds
to the neuronal α2δ-1 receptors
to initiate increased synapse
remodeling.

This probably connects the
S1 innocuous circuits to noxious
circuits, and finally mediates the
long-lasting mechanical allodynia

Kim et	al.,		JCI	126:1983-1997	(2016)



GFAP to define the activation of microglia (IBA1/CD11b), astrocytes
(GFAP), and SGCs (GFAP) (Table 1). Although the upregulation of
these markers is associated with pain behaviors, especially in the
induction phase, there are several caveats related to these markers.
First, dissociation between microglial marker expression and pain
behaviors has been reported by different groups [21,38,307]. Com-
pared to microglial markers (IBA1 and CD11b), the astrocytic mar-
ker GFAP is better correlated with pain behaviors, especially after
inflammation, bone cancer, chemotherapy, and HIV neuropathy
[98,211,297,307]. Second, we should not exclude microglial activa-
tion if there is no change in IBA1 expression. Glial activation can
also manifest as quick responses, such as Ca2+ changes and phos-
phorylation of signaling molecules (eg, MAPKs) that could occur
within minutes after a stimulation or insult. Indeed, sensory whis-
ker stimulation was shown to evoke rapid increases, within several
seconds, in astrocytic cytosolic Ca2+ in the barrel cortex of adult
mice [266]. Third, even under the activation states with upregula-
tion of glial markers and hypertrophy, microglia could still have
different functional states by exhibiting either pro-inflammatory
(neurotoxic, M1) and anti-inflammatory (neuroprotective, M2)
phenotypes [93,284]. Finally, and importantly, glial reactivity and
morphological changes do not directly modulate pain. Neuronal
activity and pain sensitivity are controlled by the glial mediators
(cytokines, chemokines, ATP, BDNF, glutamate). Thus, the regula-
tion of glial signaling molecules and glial mediators after painful
injuries (Tables 2–4) could be better associated with pain states
than glial reactivity.

5.2. Can we target glia for pain therapy?

How can we design drugs to target glial activity for pain con-
trol? Do we really need glia-selective drugs? Indeed, it is extremely
difficult to design drugs that target only glial cells without affect-
ing neurons. Furthermore, elimination of glial cells with glia-selec-
tive toxins may cause detrimental effects, given the supportive and
protective roles of glia. Instead, there are alternative strategies: (1)
to target the MAPK signaling pathways (ERK, p38, JNK), hemichan-
nels (eg, Cx43 and PNX1), or P2X7 to suppress the release of glial
mediators; (2) to target the upstream activators of glia, such as
P2X4, P2Y6/12, MMP-9/2, and cathepsin S; and (3) to target the
downstream mediators released by glia, such as TNF-a, IL-1b, IL-
6, or BDNF.

We should learn lessons from recent failures in 2 clinical trials:
1 trial with a glial modulator, propentofylline, which showed no
efficacy in reducing neuropathic pain in patients with post-her-
petic neuralgia [141]; another trial with a CCR2 antagonist
AZD2423, which showed no significant effects, compared to pla-
cebo, in post-traumatic neuralgia patients [122]. The failures may
result from multiple reasons, including lack of translation from
rodents to human beings, different ways of pain measurement in
rodents and human beings (evoked pain vs spontaneous pain),
and different pain conditions tested in rodents and human beings
(nerve trauma-induced pain hypersensitivity in several weeks vs
post-herpetic/traumatic neuralgia after many years). Of note, pro-
pentofylline is a well-known inhibitor of phosphodiesterase, and
therefore could alter cAMP levels in glial and non-glial cells [63].
Propentofylline is also an adenosine uptake inhibitor [63]. Com-
pared to the complete lack of effect of propentofylline, AZD2423
(150 mg) showed some trends toward reduction in paroxysmal
pain and paresthesia/dysesthesia, indicating that a CCR2 antago-
nist may have some possible effects for some sensory components
of pain [122]. Notably, the variability between and within individ-
uals was very high, in part because of the nature of a multicenter
trial. It is also a concern that inhibition of glial responses in the
CNS cannot be validated in this trial, because of the lack of effective
imaging technique for detecting glial responses (see Section 6.3).

Theoretically, it should be more effective for a drug to target
both neurons and glia for pain relief. For example, p38 is activated
both in spinal cord microglia and DRG neurons, and systemic p38
inhibitor has been shown to alleviate neuropathic pain in a clinical
trial [6]. Recent studies have demonstrated that the anti-inflamma-
tory and pro-resolution lipid mediators such as resolvins (RvD1,
RvD2, RvE1), protectins/neuroprotectins (PD1/NPD1), and lipoxins
(LXA4) could potently reduce inflammatory and postoperative
pain, at very low doses [101,114,231]. Peri-surgical application of
PD1/NPD1 effectively protects nerve trauma-induced neuropathic
pain and spinal cord glial activation in mice [291]. RvE1 and PD1
further inhibit glial activation in cultures [290,291]. The receptors
of these mediators, such as ChemR23 (RvE1) and ALX (RvD1 and
LXA4) are widely expressed in neurons, glia, and immune cells
[39,114,210,231]. Thus, these lipid mediators not only inhibit glial
activation and inflammation but also inhibit TRP channels (eg,
TRPA1/V1) and reverse synaptic plasticity in neurons
[114,188,189]. Given the potency and safety, these endogenous li-
pid mediators, or their analogs, or small-molecule agonists of their

Fig. 6. Glial fibrillary acidic protein (GFAP) immunostaining of mouse, rhesus monkey, and human astrocytes in cortex. Note striking differences in the sizes of mouse,
monkey, and human astrocytes. Also note differences in the number and lengths of branches of astrocytes from mouse, monkey, and human being. Sizes of astrocytes increase
with increasing complexity of brain function. Scale, 50 lm. Images are reproduced from Kimelberg and Nedergaard [133], with permission.
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Striking differences among astrocytes
from	rodents,	monkeys,	and	humans

In human cortex, astrocytes are
more than 2-fold larger in
diameter and extend 10-fold more
GFAP-positive primary processes
than their rodent counterparts

The domain of a single human
astrocyte has been estimated to
contact up to 2 million synapses

Ji et	al.,	PAIN	154:S10-S28	(2013)

Human astrocytes could play a more sophisticated role in chronic pain than
rodent astrocytes. Importantly, astrocyte reaction, but not microglial reaction, is
associated with chronic pain in HIV-infected patients



Loggia	et	al.,	BRAIN	138:604-615	(2015)

The PET radioligand 11C-PBR28 binds to the
translocator protein (18kDa) (TSPO), a protein
upregulated in activated microglia and
reactive astrocytes in animal models of pain.

Data show a significantly increased uptake in
the thalamus of patients and a positive
correlation with the plasma concentrations of
IL-6.

Standardized Uptake Values (SUV):
mean radioactivity/injected dose/weight)	

Activation of	CNS	glia	in	chronic low back	pain patients



Neuroinflammation in	neuropathic pain:
the	neuron-glia-chemokine connection

Zhang	et	al.,	Cell	Mol Life	Sci	in	press	2017

CX3CL1 (fraktalkine) is
physiologically expressed by
neurons but can be induced in
astrocytes by peripheral nerve
injury. Acts on its receptor
CX3CR1 to activate microglia

CXCL13 releases from
spinal neurons and acts on
CXCR5 to induce astrocyte
activation

The activated astrocytes release CCL2 and CXCL1, which act on their major receptors
CCR2 and CXCR2 on spinal neurons to enhance excitatory synaptic transmission

CCL7 may be released from astrocytes and acts on CCR2 to activate microglia cells



The	intraspinal injection of	
activated glia	produces tactile
allodynia,	a	hallmark of	
neuropathic pain,	in	naïve	rats

Allodynia is reverted by	the	
purinergic antagonist TNP-ATP,	
acting on	the	P2X4	receptor
channel

The	central role of	activated microglia in	neuropathic pain

Tsuda et	al.,	Nature	424:778-783	(2003)	



The	P2X4	receptor subtype in	neuropathic pain

In spinal cord microglia, P2X4-evoked Ca2+ response is increased after peripheral
nerve injury, leading to activation of p38 and release of BDNF

Ulmann et	al.,	J	Neurosci.	28:11263-11268	(2008);	Trang et	al.,	J	Neurosci.	29:3518-3528	(2009)

The CCL21 chemokine (only expressed in damaged neurons) rapidly induces P2X4
receptor expression in spinal cord microglia, and is necessary for the development
of tactile allodynia

Biber et	al.,	The	EMBO	J.	30:1864-1873	(2011)

Spinal cord neurons express the P2X4 receptor subtype as well, which modulates
inflammasome activation and IL1beta release after spinal cord injury

de	Rivero Vaccari et	al.,	J	Neurosci.	32:3058-3066	(2012)

The P2X4 receptor subtype is necessary to the development of nerve injury-
induced tactile allodynia and, to a lesser extent, of peripheral inflammation

Tsuda et	al.,	Mol Pain	5:28	(2009)
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Current Opinion in Pharmacology

Schematic illustration of the potential mechanisms by which P2XRs and P2YRs in activated microglia modulate pain signaling in the dorsal horn.
Activated microglia show increased expression of P2X4R, P2Y6R and P2Y12R after nerve injury. The upregulation of microglial P2X4R expression
involves signaling by fibronectin and CCL21 (1). Fibronectin binds to a5b1 integrins on microglial cells, which leads to activation of the PI3K–Akt and
MEK–ERK signaling cascades through the action of the tyrosine kinase Lyn (2). Signaling through the PI3K–Akt pathway induces degradation of p53
via MDM2 and enhances P2X4R gene expression. Activated MEK–ERK signaling enhances eIF4E phosphorylation via activated MNK1, which may
lead to enhancement of P2X4R translation (2). P2X4R and P2X7R are activated by ATP (3) and, in turn, cause a rise in the intracellular calcium level and
activation of p38MAPK (4). P2XR activation leads to the release of bioactive diffusible factors, such as BDNF and other proinflammatory factors
(cytokines and chemokines) (5). BDNF downregulates the potassium-chloride transporter KCC2 via TrkB (6) and causes an increase in intracellular
[Cl!] in dorsal horn neurons (7). The collapse of the transmembrane anion gradient in dorsal horn neurons induces depolarization of these neurons
following stimulation by GABA and glycine (8). GABA-mediated depolarization and IL-1b may lead to activation of NMDAR through the Src–ND2–
NMDAR interaction (9). The net hyperexcitability in the dorsal horn pain network induced by these factors from activated microglia (10) may be
responsible for neuropathic pain. Engulfment of myelinated axons by activated microglia via P2Y12R signaling in the dorsal horn may also be involved
in pathologically altered neuronal excitability in the dorsal horn and in abnormal pain.

www.sciencedirect.com Current Opinion in Pharmacology 2012, 12:74–79

The	central role of	spinal microglia in	neuropathic pain

Tsuda et	al.,	Curr Opin Pharmacol.	12:74-79	(2012)

The purinergic system is

critically involved in the

modulation of functions of

activated microglial cells and

in the development of nerve

injury-associated pain.



Activation of	spinal microglia in	inflammatory trigeminal pain

Villa	et	al.,	Mol Pain 6:89	(2010)

Microglia and chronic pain

J Formos Med Assoc | 2011 • Vol 110 • No 8 489

after ventral root lesion16 and spinal cord injury.17

Although p38 activation peaks in the first week
of nerve injury, activation is still maintained
even 3 weeks later.18 Thus, either intrathecal 
pretreatment of p38 inhibitor (e.g. SB203580 or
FR167653) or intrathecal post-treatment with 
p38 inhibitor, at early and late stages of nerve 
injury, can effectively reduce nerve injury mechan-
ical allodynia, a cardinal feature of neuropathic
pain.13–15 Consistently, minocycline, a non-
selective microglial inhibitor attenuates neuro-
pathic pain by inhibiting p38.17,19 Minocycline
only inhibits neuropathic pain in the early phase;
therefore, it might not inhibit p38 activation in
the late phase.

What causes activation of p38 and microglia
in the spinal cord? We have shown that matrix
metalloproteinase (MMP)-9 can cause microglial
activation via neuronal–glial interaction. Spinal
nerve ligation elicits a rapid increase in MMP-9
protein and activity in dorsal root ganglion
(DRG) neurons.20 Intrathecal administration of
MMP-9 induces persistent mechanical allodynia
for many days.20 Intrathecal MMP-9 also induces
drastic activation of spinal microglia, as revealed
by increased p38 phosphorylation and OX-42
expression in the spinal cord.20 A critical issue to
study MMP-9 function is how to suppress MMP-9
expression persistently in the DRG. Tan and
coauthors21 have developed an RNA interference
strategy to target gene expression in the pain 
system, using a cationic polymer, polyethyl-
eneimine, to form a “proton sponge” by utilizing
its buffering capacity, which enables polyethyl-
eneimine to buffer endosomes and induce their
rupture to release small interfering RNA (siRNA)
into the cytoplasm.21,22 We have used this siRNA
strategy to target MMP-9 in the DRG after nerve
injury. Intrathecal injections of MMP-9-specific
siRNA (2 × 5 µg) in rats effectively suppressed
spinal-nerve-ligation-induced MMP-9 upregula-
tion by > 70% in the DRG without affecting
MMP-2 levels.20 Importantly, this siRNA treat-
ment also suppressed microglia activation in the
spinal cord and delayed the development of me-
chanical allodynia.20 We found that Cy3-labeled

siRNA was heavily taken up by many DRG cells 
3 hours after intrathecal injection.22 These results
suggest that siRNA knockdown is an effective
way to study gene functions in neuropathic pain.
An association of MMP-9 with microglia activa-
tion of p38 has been validated by the finding that
intrathecal p38 inhibitor can block the MMP-9-
induced neuropathic pain symptom, mechanical
allodynia.20

MMP-9, as well as ATP and chemokines [e.g.
CC chemokine ligand (CCL) 2 and fractalkine
(FKN)/CX3CL1] are released from DRG neurons
by nerve-injury-induced discharge, which causes
activation of microglia in the spinal cord (Fig-
ure 2). It is generally believed that nerve-injury-
induced spontaneous discharge in the axons and
cell bodies of DRG neurons can drive neuro-
pathic pain.23 Indeed, blocking neural activity in

Nerve
injury

Chronic opioid
exposure

ATP, MMP-9, FKN

Surgery

Activated
microglia

TNF-α, IL-1β, BDNF

Neuropathic
pain

Opioid
tolerance

Postoperative
pain

p-p38 ↑

Figure 2. Schematic illustration of microglia-evoked pain.
Nerve injury, surgical procedures, and chronic opioid ex-
posure result in activation of microglial cells in the spinal
cord. This activation could be initiated by the release of
ATP, MMP-9, and the chemokine FKN, leading to the
phosphorylation of p38 mitogen-activated protein kinase
in microglia. Activation of p38 induces the synthesis and
release of several pain mediators including the proinflam-
matory cytokines (IL-1β and TNF-α) and BDNF from mi-
croglia. These glia-produced pain mediators can initiate
and maintain postoperative pain, neuropathic pain, and
antinociceptive tolerance of opioids, via inducing hyperex-
citability of nociceptive neurons in the spinal cord dorsal horn.
MMP = matrix metalloproteinase-9; FKN = fractalkine; p-
p38 = phospho-p38; IL-1β = interleukin-1β; TNF-α = tumor
necrosis factor-α; BDNF = brain-derived neurotrophic factor.

Glia-produced pain mediators can initiate and
maintain postoperative pain, neuropathic pain,
and antinociceptive tolerance of opioids, via the
induction of hyperexcitability of nociceptive
neurons in the spinal cord dorsal horn

Wen et	al.,	J Formos Med Assoc 110:487-494	(2011)



The injection of drugs blocking glial
cells activation can inhibit, delay or
reverse pain

(e.g., visceral pain; chronic
pancreatitis induced by trinitro-
benzene sulfonic acid, TNBS)

Lu,	J Chin Med Assoc 77:3-9	(2014)	

Therapeutic approaches targeting
activated microglia



Open	state

Permeable to	molecules with	a	
molecular weight up	to	900	Da	and	

to	fluorescent dyes

Membrane	PORE

- Plasma	membrane	“blebbing”

- Release	of	IL1b,	TNFa and	PGE2 from	inflammatory cells

- Fusion	of	macrophages

The	peculiar features of	the	P2X7	receptor subtype

Effects	of	P2X7	receptor	activationThe gene encoding the human P2X7R (P2RX7) is also
well known to exhibit a number of non-synonymous single
nucleotide polymorphisms (NS-SNPs), which results in a
change in amino acid sequence and the expression of
different human P2RX7 variants, further increasing the
structural diversity of P2X7Rs. The functional conse-
quence of several individual NS-SNPs has been deter-
mined in native and recombinant systems and their
association with various human CNS disease states has
been extensively investigated in genetic linkage studies
[14].

The activation of P2X7Rs results in the opening of the
channel pore, allowing the passage of small cations (Na+,
Ca2+, and K+). In addition, a hallmark feature of the P2X7R
is the opening of a non-selective pore in response to re-
peated or prolonged activation, allowing the permeation of
large molecular weight organic cations up to 600–800 Da.
The pore forming property of P2X7Rs can be studied by the
uptake of high molecular weight cations, such as NMDG+,
or dyes, such as Yo-Pro-1 or ethidium bromide; neverthe-
less, its molecular mechanism has remained a highly
debated issue, with two alternative, but non excluding
possibilities, both having substantial experimental sup-
port (Figure 1B,C). The first potential mechanism is
the progressive dilation of the P2X7R-gated channel
itself. A conformational change of the receptor protein
could be the structural basis for channel dilation, as
previously confirmed for other P2XRs (P2X2, P2X4) by

electrophysiological methods [15]. In agreement with the
pore dilation theory, the carboxyl terminal domain [16] and
the TM2 region of the P2X7R protein are essential for pore
formation [17]. Moreover, recent studies revealed that the
open channel conformation of the P2X7R can allow the
passage of negatively charged fluorescent dyes with mo-
lecular diameters of up to 1.4 nm [18], and occupation of
one or two agonist binding sites favours transition to the
desensitized state, whereas occupation of the third binding
site favours the transition to the sensitized/dilated state
[19].

The alternative mechanism involves the recruitment of
an additional pore-forming protein, most likely the pan-
nexin-1 hemichannel (Panx1). Evidence derived from stud-
ies using genetic knockdown of Panx1 indicate that this
protein is indispensable for the pore formation (e.g., [20])
and can be selectively affected pharmacologically by col-
chicine [21]. However, other data conflict with the involve-
ment of Panx1 in the formation of the membrane pore (e.g.,
[22]). Therefore, it appears that although recruitment of
pannexin hemichannels is a downstream signalling event
closely linked to P2X7R activation, it is not an absolute
requirement [23]. A potential dissolution of conflicting
results is that different P2X7R splice variants display
distinct pore forming properties [12,23].

The opening of the large pore might eventually result
in membrane blebbing and cell death; however, this is
not an obligatory consequence of P2X7R activation. Pore

Panx1

(A) (B) (C)

?

K+

Na+ Ca2+ Na + Ca2+NMDG+ Yo-Pro-1 + NMDG +

Yo-Pro-1+

K+
NAD+

ATP

ATP ATP ATP
ATP

ATP
ATP

TRENDS in Pharmacological Sciences

Figure 1. The simplified schematic structure of the P2X7 receptor (P2X7R) in open state (A) and during pore formation (B and C). (A) The P2X7R functions as a homo-trimer,
forming a chalice-like structure, while the individual P2X7R subunit is akin to a leaping dolphin. The agonist binding sites are located at the subunit interfaces and the occupation
of two out of three binding sites is necessary for opening of the channel. In addition to ATP, which is the presumed endogenous agonist, the mouse P2X7R receptor could also be
activated by NAD+ through ADP-ribosylation. The activation of the receptor–ion channel leads to the inward flux of cationic current. Prolonged and/or repeated activation of
P2X7R and occupation of the third agonist binding site renders the membrane permeable for high molecular weight organic cations and dyes, such as NMDG+ and Yo-Pro-1+ (B
and C). (B) One potential mechanism of the pore formation is the dilation of the P2X7R-mediated channel pore itself. (C) Alternatively, but not exclusively, additional pore
forming proteins, such as pannexin (Panx1) might be recruited, which seem to be indispensable for pore formation under certain circumstances.

Review Trends in Pharmacological Sciences October 2014, Vol. 35, No. 10
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The	P2X7	receptor subtype in	neuropathic pain

A possible role at the level of satellite glial cells in dorsal root ganglia has been also hypothesized
Zhang	et	al.,	 JBC		290:14647-14655	(2015)
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methylation level, thus demonstrating upregulation of Panx1 in the
DRG and epigenetic changes via histones modifications [88]. Fur-
thermore, to demonstrate that the increased of Panx1 expression
in the DRG has a pathological correlation with pain hypersensi-
tivity induced by nerve injury, they injected Panx1 blockers and
Panx1 specific siRNA. They found that both, blockers and siRNA,
significantly reduced mechanical hyperalgesia in the von Frey
test. Finally, they showed that Panx1 siRNA significantly reduced
caspase-1 release induced by neuronal depolarization in a DRG cell
line. Therefore, they concluded that nerve injury increases Panx1
expression levels in the DRG through altered histone modifications,
and that this upregulation contributes to the development of neu-
ropathic pain and stimulation of inflammasome signaling [88].

Additionally, two other recent reports demonstrated that CBX
attenuated mechanical hypersensitivity in models of pathological
pain induced in rat either by partial transection of the infraorbital
nerve [3] or by peripheral nerve injury [89]. Considering that CBX
is a non selective inhibitor of gap junctions and that it also blocks
Panx1 at low concentration, this evidence constitutes only an indi-
rect link regarding the participation of Panx1 on chronic pain.

These promising researches constitute the very first evidence of
the participation of Panx1 in chronic pain. They have begun to open
discussion about the role of Panx1 in this pathological condition
and the potential relevance for the treatment of chronic pain, as a
new pharmacological target. Although the methods used by these
authors do not explain the physiological role of this channel, it is
possible to postulate diverse hypothesizes about how does Panx1
participates in chronic pain. An intriguing question is: where Panx1
is mainly acting? This simple inquiry could be crucial for the under-
standing of its role in chronic pain. Since it is known that Panx1 is
expressed in neurons, astrocytes and microglia (as mentioned in
Section 1.3), it is possible to hypothesize the participation of Panx1
in the spinal cord, both in neurons and glia. These hypothesis are
summarized in Fig. 1.

3.1. The neuronal hypothesis: Panx1 and NMDAR interaction

As stated before, NMDAR is a key component of the machin-
ery of chronic pain I the spinal cord. Particularly interesting is the
activation of a family of tyrosine kinases derived from sarcomas, or
Src kinases, as a mechanism of NMDAR activation in chronic pain
conditions. In vitro studies demonstrate that Src is crucial in the
establishment and maintenance of hippocampal LTP, and the Src
antagonist PP2 has proven to be highly efficient to inhibit the gen-
eration of LTP [90–92]. In 2008, Liu and colleagues [93] published
an interesting finding about the way to treat chronic pain by block-
ing NMDAR, but without producing cardiovascular, locomotive or
memory effects, which are the main side effects observed follow-
ing the administration of NMDAR antagonists. By synthesizing a
peptide that interacts with the amino acids 40–49 of Src (Src40-
49), the researchers disrupted the interaction between Src and the
NMDA receptor complex by inhibiting the binding of the kinase to
ND2, a region of NMDAR that modulates its activity, without affect-
ing the catalytic activity of Src. In neurons in culture, the peptide
reduced NMDAR mediated currents [93]. Later, the authors inves-
tigated the in vivo effects of the peptide Src40-49Tat. In a rat model
of inflammatory pain, pre-treatment with Src40-49Tat suppressed
NMDAR-mediated pain behavior and also inhibited thermal and
mechanical hypersensitivity [93]. When the peptide was  tested in
models of neuropathic pain, the peptide reversed the mechanical
hypersensitivity and hypersensitivity to cold, and when admin-
istered intrathecally, the antinociceptive effect persisted for 5 h.
Interestingly, these effects were not observed in Src−/− mice, indi-
cating that the effect was dependent on Src [93]. In the spinal
cord, Src40-49Tat disrupted the interaction Src-ND2 and reduced
the increase in tyrosine phosphorylation of the NR2B subunit of

Fig. 1. Possible mechanisms of the participation of Panx1 in chronic pain: The Neu-
ronal and Glial Hypothesis. Damaged primary afferent fibers projects to the lamina
I  and II at the dorsal horn of the spinal cord. These pre-synaptic neurons release
diverse neurotransmitter that produces pathological neuroplastic changes of the
post-synaptic neurons and activates surrounding glial cells, both expressing Panx1.
In  the neuronal hypothesis, we postulate that NMDAR interacts with Panx1 in neu-
ropathic pain, by activating Src-family kinases (sfk) that may  phosphorylate Panx1.
This high conductance channel may  increase calcium inward currents as reported
in  hippocampus, thus potentiating the NMDAR activity. In the glial hypothesis, we
postulate that glial P2X7R is activated by ATP, released from pre-synaptic neurons,
which in turn activates Panx1, probably by sfk. This channel releases ATP, amplifying
this purinergic signal, which induces the production of pro-inflammatory cytokines.

NMDAR, which occurred in response to inflammatory and neuro-
pathic pain. Thus, disruption of the interaction of Src with ND2
was able to produce long-lasting analgesia, without inducing side
effects [93].

Given this relationship between NMDAR and Src in nociception,
and the interaction of Src with Panx1 after NMDAR activation in
anoxia (Section 2.1), it is possible to hypothesize that Panx1 could
be an important element in the nociceptive signaling of dorsal horn
neurons in chronic pain conditions. More specifically, Panx1 chan-
nels could be acting as a potentiator or amplificator of NMDAR,
as proposed by Isakson and Thompson for the hippocampus [5].
Considering the reduction of the spinal wind up by Panx1 inhibitors
[86], it can be inferred that NMDAR and Panx1 are, somehow,
functionally coupled in spinal cord dorsal horn neurons. The 1 Hz
electrical stimulation used to generate wind up increases the fre-
quency of action potentials in primary sensory C fibers [94] and
is related with activation of NMDAR [95–97]. Then, when wind
up takes places, NMDAR are activated in lamina I and II [98,99].
If NMDAR are activated during spinal wind up, and wind up is
reduced by Panx1 blockers [86], it is likely that activation of NMDAR
signalizes to activate Panx1, and thus this channel could be the
responsible for the wind up amplification of the spinal signal and,
consequently, the generation of central sensitization in dorsal horn
neurons. In this context Panx1 could be being activated by NMDAR
receptors via Src, thus becoming an extra-source of inward cal-
cium currents, as described in the hippocampus in vitro [49] and
in vivo [41]. Finally, the fact that NMDAR forms a complex with
PSD-95/GKAP [100] and Panx1 is co-localized with PSD95 [14] and
also NMDAR [90], opens the attractive possibility that these protein

Bravo	et	al.,	Pharm	Res	101:86-93	(2015)

After intense and continuous discharge of the

damaged peripheral neuron there is ATP release,

which in turn activates glial P2X7R among other

purinergic receptors.

When activated, P2X7R raises intracellular calcium

that activates MAPK and p38, and release pro-

inflammatory cytokines, which sensitize neurons.

Furthermore, P2X7R may be opening Panx1 via Src

kinases, and this channel could enhance the

nociceptive activity of P2X7R, by secreting ATP.
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Inhibition of	activated SGCs protects from	mechanical allodynia
induced by	inflammatory trigeminal pain

SGCs are	activated and	
upregulate GFAP	in	the	trigeminal
ganglion after induction of	
inflammatory trigeminal pain
(CFA	injection in	the	TMJ)

Villa	et	al.,	Mol Pain 6:89	(2010)

Magni	et	al.,	Glia	63:1256-1269	(2015)

Administration of the AR-C118925 compound,
acting on glial purinergic P2Y2 receptors, leads
to inhibition of SGCs and reverses mechanical
allodynia under sub-chronic pain conditions



A	new	mechanism for	
neuroplasticity:

activity-dependent myelination

Fields D.,	Nat Rev Neurosci 16:756-767	(2015)

Non-synaptic junctions on myelinating glia
promote preferential myelination of
electrically active axons

Formation of the axo-glial signalling complex
and local synthesis of MBP are inhibited by
axonal firing when NMDAR and mGluR
activation are blocked by BnTX

Three weeks after stimulating action
potentials in axons, the number and length of
myelin segments formed on axons releasing
synaptic vesicles (yellow axons in diagram on
the left and blue bars in graphs on the right)
was much higher than on axons in which
vesicle release was blocked by BnTX
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The	p38	inhibitor FR167653	attenuates
plantar incision-induced p38	activation in	
the	ipsilateral spinal dorsal horn and	
reverses mechanical allodynia up	to	2	
days post	operation

Blockade of	microglia activation reliefs from	surgery-induce	allodynia

p38	MAP	kinase is activated
in	spinal microglia after

surgery (plantar incision in	
rats)	

Wen et	al.,	Anesthesiology 110:155-165	(2009)



Stress-induced microglia contributes to	preoperative anxiety-induced
postoperative hyperalgesia

Sun et	al.,	Mol Neurobiol DOI	10.1007/s12035-016-
9976-1	(2016)

A	single	prolonged stress	(SPS)	induces
postoperative hyperalgesia and	
activation of	spinal microglia (plantar
incision)

Control,	group C;	Incision,	group I;	SPS,	group A;	SPS	
+	incision,	group AI	

The	microglia inhibitior minocycline
reduces postoperative hyperalgesia





Grace	et	al.,	Nat Rev Immunol 14:217-231	(2014)

Can	modulators of	the	neuro-immune	interface be	effective in	pain?
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Time-dependent upregulation of microglial P2Y12 ipsilateral to nerve injury

Administration of selective P2Y12 antagonists (intrathecal AR-C69931MX or oral 
clopidogrel) prevented the development of tactile allodynia

Mice lacking P2Y12 displayed impaired tactile allodynia after nerve injury

P2Y12 receptors regulates microglial process extension and chemotaxis, through
integrin b1

Ohsawa et al., Glia 58:790-801 (2010)

The P2Y12 receptor subtype is expressed by TG satellite glial cells only after lingual
neuropathic pain induction, and its antagonism relieve pain

Katagiri et al., Mol Pain 8:23 (2012)


