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Microglia are gatekeepers in the CNS for a wide range of pathological stimuli and they blow the whistle when
things go wrong. Collectively, microglia form a CNS tissue alarm system (Kreutzberg's “sensor of pathology”),
and their involvement in physiological pain is in line with this function. However, pathological neuropathic
pain is characterized by microglial activation that is unwanted and considered to contribute to or even
cause tactile allodynia, hyperalgesia and spontaneous pain. Such abnormal microglial behavior seems likely
due to an as yet ill-understood disturbance of microglial functions unrelated to inflammation. The idea that
microglia have roles in the CNS that differ from those of peripheral macrophages has gained momentum
with the discovery of their separate, pre-hematopoietic lineage during embryonic development and their
direct interactions with synapses.
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Introduction

Central pain can be defined as pain arising as a consequence of
dysfunction of the central somatosensory system (Finnerup, 2008;
Treede et al., 2008). This condition is highly unpleasant and does
not serve a useful role, i.e. it is unwanted and pathological. In recent
years, microglia have been increasingly implicated in the mechanisms
underlying abnormal pain states, notably post-traumatic neuropathic
pain. However, central pain can also arise from other acquired condi-
tions such as spinal cord and brain injury, multiple sclerosis, stroke,
Parkinson's disease, tumors, and epilepsy (Finnerup, 2008). In partic-
ular, spinal cord injury frequently results in intractable chronic
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central pain syndromes (Knerlich-Lukoschus et al., 2008). Activation
of microglia is a feature of all these pathologies so a closer look at
the microglial cell and its exact role in central pain seems justified.
This article discusses how multiple microglial mechanisms including
the release of signaling and effector molecules such as cytokines, che-
mokines and prostaglandins, microglia–synapse interactions and the
endocannabinoid (eCB) pathway may contribute to central pain
states. The paper further provides links to individual microglial mech-
anisms that are discussed in greater detail in the respective articles of
this Special issue.

A rapidly growing body of evidence suggests that microglia have a
causal role in the pathogenesis of persistent neuropathic pain (Inoue
and Tsuda, 2009; Narita et al., 2006). For instance, microglial NADPH
oxidase 2-generated reactive oxygen species appear to be involved in
the initiation of neuropathic pain in mice (Kim et al., 2010). In line
with this view, many compounds, which modify microglial functions
successfully, alleviate neuropathic pain in experimental models (Toda
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et al., 2011). Microglia also seem to be involved in the ethanol-
induced neuropathic pain-like state in the rat (Narita et al., 2007)
and could play a role in the development of pain following chronic
exposure to opioids (Horvath et al., 2010; Zhou et al., 2010). Black
and Waxman discuss sodium channels and microglial function in
their article of this Special issue and demonstrate that blocking sodi-
um channels significantly attenuates several effector functions of
microglia activated by exposure to ATP and LPS, supporting a role
for sodium channel activity in the molecular pathways governing
microglial activation. Consequently, improving our understanding of
the multiple mechanisms that underlie the microglial involvement
in central pain may aid the development of new and more effective
pain therapeutics.

Microglia as a tissue alarm system

Activation of microglia in response to pathological stimuli is a very
common phenomenon because microglial cells have a very low
threshold of activation and respond to essentially all known types of
CNS disease states. As a result, microglia have been termed sensors
of pathology (“a sensor for pathological events in the CNS”) in what
has become the most highly cited publication (Web of Science) of
the microglia literature (Kreutzberg, 1996). Microglia are normal res-
idents of brain and spinal cord parenchyma. They need to be distin-
guished from stromal macrophages in a perivascular location both
in terms of cellular origin and function as well as from invading
blood-borne cells, which can enter the CNS under certain conditions.
In contrast, microglia are true parenchymal constituents and directly
neighbor nerve cells as well as other glia. Their cell processes, like
that of astrocytes, are in close contact with synapses and have been
proposed to form the “tetrapartite synapse” (De Leo et al., 2006).
We have suggested that microglial cells have an important role in
the maintenance of synaptic integrity in normal CNS (Graeber,
2010) and they may have the potential to monitor microelectromag-
netic fields (Graeber et al., 2011), which are generated by axons and
dendrites. Microglia have been demonstrated to constantly sample
their microenvironment (Nimmerjahn et al., 2005), and the microen-
vironment of synapses in particular (Wake et al., 2009). These func-
tional characteristics put microglia in an ideal position to act as a
tissue alarm system.

Microglial activation versus inflammation

The concept of microglial activation was introduced and the term
“activated microglial cells” was coined (Graeber et al., 1988) when it
became obvious that microglia are capable of up-regulating certain
molecules de novo that are not normally expressed in the CNS
(Graeber et al., 2011). This behavior attests to the pronounced plastic-
ity of microglial cells, which concerns their morphology as well as
their functional capabilities. M1 and M2 polarized states have also
been described (Michelucci et al., 2009). Importantly, microglial acti-
vation is finely graded as well as dynamic (Graeber et al., 2011). Thus,
activated microglia may adopt different phenotypes in response to
various stimuli and can become secondarily altered by for example
systemic inflammation. Furthermore, their activation appears to be
brain region-specific (Choi et al., 2011). These findings indicate that
each case of microglial activation has to be assessed in context and
that CNS autonomous and specific mechanisms of microglial activa-
tion have to be distinguished from external influences such as cyto-
kines that may penetrate the blood–brain-barrier under conditions
of systemic infection (Perry, 2010).

Once activated microglial cells can up-regulate a number of mole-
cules that are known to be involved in inflammatory reactions in pe-
ripheral organs. This has led to the suggestion that activated
microglial cells form part of an inflammatory process in most if not
all CNS pathologies. However, the overly generous application of the
term “neuroinflammation” to a wide range of CNS conditions is not
justified and misleading (Graeber et al., 2011). Accordingly, we do
not consider central pain an inflammatory condition. The terminolog-
ical confusion surrounding microglial activation and inflammation is
especially problematic in the field of pain research because there is
true inflammatory pain (pain related to inflammation affecting pe-
ripheral tissues that are supplied with nociceptive fibers) while spinal
microglia activation is not closely correlated with such peripheral in-
flammation (Lin et al., 2007). Yet, there may be a contributing role of
spinal cord-infiltrating CD4 (+) T lymphocytes following nerve
injury-induced neuropathic pain (Cao and DeLeo, 2008). Thus, clarity
of the terms used to describe microglial activation is of great impor-
tance, particularly in association with pain. The neuropathological
designation microgliosis refers to population changes of microglia,
which occur in various disease settings but not in isolation. Microglio-
sis is invariably accompanied by astrogliosis but may be dominant
(hence the name!). Therefore, the term microgliosis is merely de-
scriptive and not tied to a specific pathology or molecular mechanism.
Calvo and Bennett in this Special issue write on it and mechanisms of
microglial changes after peripheral nerve injury.
Multiple mechanisms of microglial activation

There is a plethora of ways to get microglia excited. The relevance
of this important fact for the field of pain research becomes clear from
studies demonstrating that post-injury intrathecalminocycline, a gen-
eral microglia activation inhibitor, represents an effective therapeutic
intervention for treating spinal nerve ligation-induced neuropathic
pain as well (Mei et al., 2011). However, the precise molecular mech-
anisms underlying the microglial involvement in central pain are still
being elucidated. Five pathways have attracted special attention in
which the following molecules play central roles: fractalkine (chemo-
kine (C–X3–C motif) ligand 1; CX3CL1), interferon-gamma, monocyte
chemoattractant protein-1 (chemokine (C–C motif) ligand 2; CCL2),
TLR4 (toll-like receptor 4), and P2X4 (purinergic receptor P2X,
ligand-gated ion channel, 4) (Smith, 2010).

P2X4 is an ATP receptor (Inoue, 2006) (also see the article by Trang
et al. in this Special issue), and ATP is a known painmediator (Ulmann
et al., 2008). Up-regulation of P2X4 receptors in spinal cord microglia
is crucial for tactile allodynia, which is an untreatable pathological
pain reaction that occurs after peripheral nerve injury (Biber et al.,
2011). The articles in this Special issue by Inoue and Tsuda and by
Crown focus on the purinergic system and intracellular signaling
mechanisms, respectively. Expression of P2X4 receptor by lesional ac-
tivated microglia during formalin-induced peripheral inflammatory
pain has been reported (Guo et al., 2005), and a unifying mechanism
has been proposed for pain hypersensitivity after peripheral nerve in-
jury through P2X4R-evoked increase in Ca(2+) and activation of p38-
MAPK leading to the synthesis and exocytotic release of BDNF from
microglia (Trang et al., 2009). BDNF is a crucially important pain-
signaling molecule that is of relevance for the communication
between microglia and neurons and which causes the shift in the
neuronal anion gradient that underlies neuropathic pain (Coull et al.,
2005). Accordingly, BDNF has been suggested to serve as the final
common path in the generation of neuropathic pain (Biggs et al.,
2010). Indeed, elevated BDNF expression in the dorsal horn appears
to be required for the development and maintenance of neuropathic
pain, and minocycline can only prevent mechanical allodynia in the
early stages, likely by inhibiting BDNF release from microglia (Zhang
et al., 2011). Up-regulation of P2X4 receptors in spinal microglia
after peripheral nerve injury mediates BDNF release as well as neuro-
pathic pain (Ulmann et al., 2008). P2X4 receptors in spinal microglia
are also up-regulated after chronicmorphine treatment and inhibition
of this up-regulation blunts development of morphine tolerance
(Horvath et al., 2010).
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The TLR family currently includes a total of 13 receptors that are
responsible for the recognition of highly conserved structural motifs
that are used by the innate immune system to defend the host against
pathogens (He et al., 2011a). The article by Nicotra et al. in this Spe-
cial issue discusses toll-like receptors in chronic pain in detail. It
may suffice to mention here that TLR2 plays a critical role secondary
to activation of the μ-opioid receptor in morphine-induced microglia
activation and dependence (Zhang et al., 2010) and that there is spi-
nal glial TLR4-mediated nociception and production of prostaglandin
E(2) and TNF (Saito et al., 2010). It has been discovered recently that
opioids prime microglia to undergo apoptosis through TLR9 and μOR
(He et al., 2011a).

Chemokines play a key role in mediating neuronal–microglial com-
munication, which leads to increased nociception (Clark et al., in
press). Monocyte-chemoattractant protein-1 (CCL2) is an important
mediator of microglia activation in neuropathic pain (Thacker et al.,
2009). It is released in an activity dependent manner from the central
terminals of primary sensory neurons (Thacker et al., 2009). After spi-
nal cord injury, CCL21 release from spinothalamic tract neurons has
been reported to induce microglial activation in the ventral posterolat-
eral thalamus to cause neuropathic pain (Zhao et al., 2007b). Since ex-
pression of CCR2, the MCP-1/CCL2 receptor, in either resident
microglia or bone marrow-derived microglia is sufficient for the devel-
opment of mechanical allodynia, to effectively relieve neuropathic
pain, both CNS resident microglia and blood-borne macrophages
need to be targeted (Zhang et al., 2007). It has been proposed that
TNFalpha and IL-1beta released from activated microglia induce
CCL2 expression in astrocytes, which, in turn, regulates the excitability
of pain transmission neurons in the dorsal horn (Kim et al., 2010).

The receptor for interferon-gamma (IFN-gammaR) is regarded as
another key element in the molecular machinery through which rest-
ing spinal microglia transform into an activated state that drives neu-
ropathic pain (Tsuda et al., 2009). Rosiglitazone, a peroxisome
proliferator-activated receptor-gamma agonist, has been found to
down-regulate interferon-gamma-induced gene expression of
cyclooxygenase-2 and inducible nitric oxide synthase and to reduce
the chemotactic response to CCL2 (Takahashi et al., 2011). Thus, the
macrophage-mediated effects of rosiglitazone attenuate tactile allo-
dynia in the early phase of neuropathic pain development
(Takahashi et al., 2011).

Fractalkine is also an important pain-associated biological molecule.
For instance, spinal nerve injury, but not peripheral inflammation, in-
duces the expression of CX3CL1 (fractalkine) in astrocytes and upregu-
lates CX3CR1 in microglia in the spinal cord (Lindia, et al., 2005). For
more information on fractalkine and microglial signaling mechanisms
see the article by Clark and Malcangio in this Special issue.

In addition to the microglial activation mechanisms detailed above,
there are alternative pathways of microglial activation such as via
P2X7R and P2Y(12). It has been demonstrated that P2X7R participates
in the onset and persistence of neuropathic pain and that spinal P2X7R
mediate microglia activation (He et al., 2011b). Others have reported
that blocking the P2X7 receptor prevents morphine-induced microglial
activation and inhibits development but not maintenance of morphine
tolerance (Zhou et al., 2010). Furthermore, it has been suggested that
production of cytokines and other mediators that could result in neuro-
pathic pain happens via P2Y(12), a metabotropic ATP receptor(Ko-
bayashi et al., 2008). Activation of this receptor by released ATP or its
hydrolyzed products activates the p38 mitogen-activated protein ki-
nase (MAPK) pathway (Kobayashi et al., 2008). Therefore, blocking
microglial P2Y(12)R has been proposed as a viable strategy for treating
neuropathic pain (Tozaki-Saitoh et al., 2008).

Importance of the endocannabinoid (eCB) system

ECBs are key regulators of synaptic transmission throughout the
CNS (Heifets and Castillo, 2009). Within neurons, retrograde eCB
signaling from postsynaptic cells to presynaptic nerve terminals has
been implicated in short-term and long-term synaptic depression
(LTD) at both excitatory, and inhibitory synapses throughout the
CNS (Heifets and Castillo, 2009), although LTD at inhibitory synapses
is most prominent. Disruption of inhibitory synaptic transmission in
the dorsal horn of the spinal cord is a crucial contributor to neuro-
pathic pain (Sandkuhler, 2009). Activatedmicroglia contribute to fail-
ure of inhibitory synaptic transmission in the spinal cord (Coull et al.,
2003, 2005). Microglia also express eCBs and cannabinoid receptors
but the contribution of this microglia–cannabinoid signaling system
to synaptic plasticity in spinal cord and neuropathic pain is still not
well understood.

The cannabinoid type 1 receptor (CBR1) is expressed widely by
neurons and is one of the most abundant G protein-coupled receptors
(GPCR) found in the CNS (Mackie, 2005). It is also expressed by
microglia, albeit at low levels (Ashton and Glass, 2007; Stella, 2009).
The CBR2 is the other major target for eCBs, particularly 2-
arachidonyl glycerol. Stimulation of CBR2 with selective CBR2 ago-
nists inhibits neuropathic pain in various experimental models
(Anand et al., 2009; Sagar et al., 2010). Microglia might also express
other, “abnormal” cannabinoid receptors (Stella, 2009). There is
very little expression of CBR2 in healthy CNS tissue but profound
upregulation in activated microglia (Ashton and Glass, 2007; Stella,
2009). Microglia are a very rich source of 2-arachidonyl glycerol
(Muccioli et al., 2007) and production of this eCB is controlled by ac-
tivation of P2X7 receptors (Witting et al., 2004). Stimulation of micro-
glial CBR2 by eCBs is associated with increased proliferation and
chemotaxis in vitro and reduces release of pro-nociceptive mediators
including TNFalpha and free radicals (Ashton and Glass, 2007;
Romero-Sandoval et al., 2009). CBR2 also exist on resting spinal glia
and perivascular cells, which has been interpreted as suggesting an
immunoregulatory role of these receptors in the CNS (Romero-
Sandoval et al., 2008a, 2008b). Accordingly, eCB signaling in micro-
glial cells has become a focus of attention in neuroprotection and
neuropathic pain (Ashton and Glass, 2007; Stella, 2009).

ECBs produced by microglia may directly modulate neuropathic
pain as well as contribute to functional re-organization of spinal noci-
ceptive processing in neuropathic pain models. ECB concentrations
are elevated in spinal cord in neuropathic pain models and microglia
appear to contribute to this (Guasti et al., 2009; Sagar et al., 2010). Ac-
tivation of CBR1 by eCBs in spinal cord can produce both anti- and pro-
nociceptive actions (Christie and Mallet, 2009; Pacher, 2006). Al-
though CBR1 agonists can inhibit both acute and neuropathic pain,
eCBs produced by intense stimulation of thermal nociceptive nerves
can also produce mechanical hyperalgesia via a CBR1 mediated sup-
pression of inhibitory synapses (Pernia-Andrade et al., 2009). The lat-
ter effect wanes during development of neuropathic pain, possibly
due to the pain promoting adaptations to inhibitory synapses caused
by activated microglia (Christie and Mallet, 2009). BDNF released by
activatedmicroglia collapses the chloride gradient of some pain trans-
mission neurons in the dorsal horn of the spinal cord, causing a shift to
excitation at inhibitory synapses (Coull et al., 2003, 2005). ECBs acting
on CBR1 at inhibitory synapses could suppress this aberrant excitatory
activity. ECBs acting at CBR2 on microglia should also have a pain re-
lieving action in neuropathic pain by blunting release of pro-
nociceptive mediators including BDNF, TNFalpha and free radicals. El-
evated concentrations of eCBs from microglia could also contribute to
silencing of inhibitory synapses. Although this has not been directly
shown in a neuropathic spinal cord, it has been demonstrated that al-
tered 2-arachidonylglycerol (2-AG) signaling could contribute to syn-
apse silencing in Alzheimer's disease (Mulder et al., 2011).

ECB actions on microglia are not limited to direct modulation of
synaptic transmission in the spinal cord. CBR2 stimulation may also
modulate polarization and migration of microglia in spinal cord to
focus activated microglia at sites of nerve injury. Interestingly, CB2R
protect against alcoholic liver disease by regulating Kupffer cell
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polarization in mice (Louvet et al., 2011) suggesting that microglial
cell polarization may be influenced by CB2R activation as well. In cul-
tured microglial cells, CBR2 are expressed at the leading edge of
lamellipodia, which is consistent with the migratory behavior of
microglial cells (Walter et al., 2003). The involvement of CB2R is not
limited to microglia in neuropathic pain. Deletion of CB2R selectively
in hematopoietic cells has been reported to exacerbate the develop-
ment of neuropathic pain (Racz et al., 2008). This manipulation
resulted in an extended range of microglial activation beyond the spi-
nal cord ipsilateral to injured nerves into contralateral dorsal horn.
ECB–microglia interactions in central pain associated with spinal
cord injury are more widespread than the spinal cord involving
changes in CB1R expression in brain areas harboring circuitry of
chronic pain conditions (Knerlich-Lukoschus et al., 2011).

Microglia are not alone

It is important to note that microglia are not the only glial cell type
that has been shown to be involved in the pathogenesis of neuropath-
ic pain. Inhibition of microglial activation attenuates the development
but not existing hypersensitivity in a rat model of neuropathic pain
(Raghavendra et al., 2003). Specifically, it has been suggested that as-
trocytes play a role in the initiation of acute pain and in the mainte-
nance of chronic pain while microglial activation closely correlates
with the early phase of neuropathic pain (Romero-Sandoval et al.,
2008a). Activated astrocytes can release cytokines (e.g., IL-1β) and
chemokines (e.g., CCL2) and thus enhance and prolong persistent
pain states in the spinal cord (Gao and Ji, 2010). Unsurprisingly,
both activated astrocytes and microglia of the locus coeruleus react
to acute cardiac injury (Zhang et al., 2009). In mice there is astrocyte
activation in the cingulate cortex in chronic pain (Kuzumaki et al.,
2007).

Extracellular signal-regulated kinase (ERK), a mitogen activated-
protein kinase (MAPK), is sequentially activated in microglia and as-
trocytes by spinal nerve ligation (Zhuang et al., 2005) which supports
the idea of distinct roles for these two glial cell types in the temporal
evolution of neuropathic pain (Zhuang et al., 2005). It has been con-
firmed in different neuropathic pain models that activation of spinal
microglia appears before that of astrocytes (Miraucourt et al., 2011).
Accordingly, proliferation of dorsal horn astrocytes after peripheral
nerve injury takes place later than that of microglia (Tsuda et al.,
2011).

A prostaglandin E2 (PGE2)-dependent, ERK1/2-regulated micro-
glia–neuron signaling pathway that mediates the microglial compo-
nent of pain maintenance after injury to the spinal cord has been
proposed (Zhao et al., 2007a). Furthermore, ERK5 activated in spinal
microglia and DRG neurons is thought to contribute to the develop-
ment of neuropathic pain (Obata et al., 2007). Nerve injury also in-
duces a striking increase in IL-18 and IL-18R expression in the
dorsal horn with IL-18 found to be upregulated in activated microglia
and IL-18R increased in astrocytes, respectively (Miyoshi et al., 2008).
These IL-18-mediated microglia–astrocyte interactions in the spinal
cord are considered to have a substantial role in the generation of tac-
tile allodynia (Miyoshi et al., 2008). Furthermore, it has been pro-
posed that glycine disinhibition makes tactile stimuli able to
activate astrocytes, which may produce D-serine and enable NMDA
receptor activation and thus allodynia (Miraucourt et al., 2011). The
glutamate transporter-1 (GLT-1), which is expressed on astrocytes
and probably correlates with astrocyte activation, has also been im-
plicated in the induction and/or maintenance of neuropathic pain
(Wang et al., 2008).

The JAK–STAT3 pathway is activated in spinal cord microglia after
peripheral nerve injury and contributes to the development of signs
of neuropathic pain in rat (Dominguez et al., 2008). Importantly, in-
hibitors of JAK–STAT3 signaling suppress astrocyte proliferation,
which leads to a recovery from tactile allodynia (Tsuda et al., 2011).
Recent studies have identified astrocyte-specific pain-associated mol-
ecules (Inoue and Tsuda, 2009). Thus, astrocyte signaling may also
represent a target for the treatment of chronic pain (Gao and Ji,
2010). It is worth noting that local anesthetics such as ropivacaine
may provide a new approach to glial cell inhibition and, therefore,
therapeutic strategies for neuropathic pain (Toda et al., 2011). Ropi-
vacaine provides prolonged analgesia in the dorsal spinal cord possi-
bly by suppressing astrocyte activation in an NGF-independent and
microglial activation in an NGF-dependent manner (Toda et al.,
2011). For more information on spatial and temporal activation of
spinal glial cells see the article by Gwak et al. in this Special issue.

In addition to central nervous system (CNS) microglia, it has been
suggested to target invading macrophage-derived PGE2, IL-6 and cal-
citonin gene-related peptide in injured nerve to treat neuropathic
pain (Ma and Quirion, 2006). Leptin which is produced by adipocytes
in injured peripheral nerves and facilitates the development of neuro-
pathic pain via macrophage stimulation (Maeda et al., 2009) may be
another promising target. Additional evidence in support of the role
played by myeloid cells in the causation of central pain is provided
by work suggesting that macrophage migration inhibitory factor
(MIF) and macrophage inflammatory protein-1alpha(MIP-1alpha)
contribute to neuropathic pain-like hypersensitivity (Kiguchi et al.,
2010; Wang et al., 2011). However, the role of MIF appears to be
broader because this factor has been proposed to have a role in
endometriosis-associated pain (Akoum et al., 2006) and in the sex
differences observed in chronic pain conditions (Aloisi et al., 2005).
Furthermore, a statistically significant inverse correlation between
histologically determined macrophage infiltration and post-
operative pain after lumbar disk surgery was observed as long as
10 years ago (Rothoerl et al., 2002). Diabetes is yet another important
disease condition where macrophages seem to play a painful role. De-
pleting macrophages by means of liposome-encapsulated clodronate
reduces mechanical allodynia in diabetic rats without affecting ther-
mal hyperalgesia suggesting that depletion of macrophages in diabe-
tes can postpone the development of diabetic neuropathic pain (Mert
et al., 2009). For more information on microglia and their involve-
ment in diabetic pain neuropathy see the article by Talbot and Cou-
ture in this Special issue.

Central pain: the microglial gatekeeper turned ugly

CNS pathologies associated with neuropathic pain are character-
ized by microglial activation that is unwanted because it contributes
to or even causes central pain. However, a pathological situation
does not mean that microglia automatically behave in a pathology-
amplifying way. After all they are proven guardians of the brain and
spinal cord and this rule applies to the vast majority of disease condi-
tions where microglia not only clear debris or fight infections but also
participate in repair processes. Yet, there are disease conditions that
can affect microglia directly or indirectly (Graeber, 2010). Similarly,
while microglia behave normally in physiological pain, they obviously
do not do sowhen activated in central pain (Hulsebosch, 2008). This is
evidenced by the fact that exacerbated microglial activation is associ-
ated with the severity of neuropathic pain symptoms (Berger et al.,
2011). However, the exact nature and extent of microglial dysfunction
in pathological pain remain largely unknown at present, the apparent
absence of a specific pathomorphology being one characteristic and
upregulation of microglial purinergic receptors another (see article
by Inoue and Tsuda, this issue). Furthermore, a theory of glia-driven
mood and cognitive dysfunction in chronic pain has been proposed
(Panigada and Gosselin, 2011).

In order to understand abnormal microglial behavior better it may
be helpful to look at other dysfunctional states where microglia seem
involved and which also lack overt microglial pathology but to look in
greater detail including at their ultrastructure and relationship to syn-
apses (Tremblay et al., 2010). In addition, although our understanding
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of microglial activation is incomplete and only a few regulatorymech-
anisms are known at present, it seems advisable to assess each case of
microglial activation in context. Therefore, CNS autonomous specific
microglial activation needs to be distinguished from potentially con-
founding processes, which extend beyond the nervous system such
as systemic infection and which can influence the activation state of
microglial cells within the CNS. For in vitro evidence supporting the
existence of differential responses in human and rodent microglia
andmacrophages see the article from the DeLeo laboratory in this Spe-
cial issue. Psychological stress represents another potentially con-
founding factor. Notably, microglia have been proposed to mediate
the effects of psychological stress on prefrontal neuronal function
and prefrontal cortex-regulated behavior (Hinwood et al., 2011).
Chronic stress also reversibly gates eCB synaptic plasticity at inhibito-
ry synapses in the amygdala, and in vivo augmentation of 2-AG levels
prevents both synaptic and behavioral adaptations to chronic stress
(Sumislawski et al., 2011). Chronic psychological stress is associated
with visceral hyperalgesia and increased expression of spinal NK1 re-
ceptors andmicroglia appear to have a key role in the process (Bradesi
et al., 2008). Microglial activation further takes place in response to re-
peated social defeat-induced anxiety which is dependent on the acti-
vation of β-adrenergic and IL-1 receptors (Wohleb et al., 2011).
Minocycline, the well-known antibiotic with inhibitory effects on
microglial activation, has even been suggested to influence the ways
humansmake decisions (Watabe et al., 2011). Thus,microglial–neuronal
interactions exhibit an unexpectedly high level of sophistication.

The idea that microglia exert CNS specific functions in normal CNS
that are unrelated to inflammation and differ from those of peripheral
macrophages—which do not live in an electrical organ—has gained
additional momentum recently with the discovery of a separate
(pre-hematopoietic) myeloid lineage of the microglia during embryo-
genesis (Ginhoux et al., 2010). Accordingly, induction of complement
in spinal cord microglia that results in anaphylatoxin C5a-mediated
pain hypersensitivity (Griffin et al., 2007) could be related to synaptic
alterations. Such a non-immune function of complement has been
suggested (Stevens et al., 2007). For the relationship between micro-
glial activation and complement receptor expression see Graeber
(2010).

Conclusions and outlook

Resistance to morphine (Mika, 2008) characterizes neuropathic
pain. Therefore, elucidation of the mechanisms underlying opioid re-
ceptor control by microglia seems important. Moreover, there is an
obvious need for ultrastructural studies of microglia–synapse interac-
tions in pain states. This seems important because it has been sug-
gested that the mechanisms that produce neuropathic pain after
exposure to chemotherapeutics may be fundamentally different
from those operating after nerve trauma (Zheng et al., 2011). Thus,
different pain states should be characterized not only at the molecular
but also at the cellular (including ultrastructure) and systemic (in-
cluding tissue) level. Knowing precisely what differences to normal
microglial activation exist may be important for the assessment of
novel therapeutics for the treatment of chronic pain (O'Callaghan
and Miller, 2010). Finally, we argue in favor of more research on psy-
chosocial factors in central pain focusing on the connection between
psychological stress and microglial activation.
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