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Abstract Activation of microglia and astrocytes 
secondary to inflammatory processes contributes 
to the development and perpetuation of pain with 
a neuropathic phenotype. This pain state presents 
as a chronic debilitating condition and affects a 
large population of patients with conditions like 
rheumatoid arthritis and diabetes, or after surgery, 
trauma, or chemotherapy. Here, we review the 
regulation of lipid rafts in glial cells and the role 
they play as a key component of neuroinflamma-
tory sensitization of central pain signaling path-
ways. In this context, we introduce the concept of 
an inflammaraft (i-raft), enlarged lipid rafts har-
boring activated receptors and adaptor molecules 
and serving as an organizing platform to initiate 
inflammatory signaling and the cellular response. 
Characteristics of the inflammaraft include in-
creased relative abundance of lipid rafts in inflam-
matory cells, increased content of cholesterol per 
raft, and increased levels of inflammatory recep-
tors, such as toll-like receptor (TLR)4, adaptor 
molecules, ion channels, and enzymes in lipid 
rafts. This inflammaraft motif serves an important 
role in the membrane assembly of protein com-
plexes, for example, TLR4 dimerization. Operat-
ing within this framework, we demonstrate the involvement 
of inflammatory receptors, redox molecules, and ion chan-
nels in the inflammaraft formation and the regulation of 
cholesterol and sphingolipid metabolism in the inflammaraft 
maintenance and disruption.  Strategies for targeting in-
flammarafts, without affecting the integrity of lipid rafts in 
noninflammatory cells, may lead to developing novel thera-
pies for neuropathic pain states and other neuroinflamma-
tory conditions.—Miller,  Y.  I.,  J. M. Navia-Pelaez, M. Corr, 
and T. L. Yaksh. Lipid rafts in glial cells: role in neuroinflam-
mation and pain processing. J. Lipid Res. 2020. 61: 655–666.
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Tissue  injury  and  injury  to  the  peripheral  nerve  often 
lead  to highly disruptive persistent pain states  in animals 
and humans. In this review, we draw attention to the role 
played in the development of these persistent pain states by 
signaling organized through lipid rafts in microglia and as-
trocytes. The concept of lipid rafts was originally proposed 
based on the self-associative properties of sphingolipid and 
cholesterol that facilitate lateral segregation of lipids and 
proteins in the plasma membrane (1). An umbrella effect 
of the sphingomyelin headgroup stabilizes cholesterol near 
the sphingomyelin molecules by concealing the hydropho-
bic cholesterol core from interfacial water (2). These and 
other  structural  characteristics  of  lipid  rafts  and  the bio-
physical models of microdomains in the plasma membrane 
have  been  described  in  detail  in many  excellent  reviews 
(3–5). The purpose of this article is different, it focuses on 
the biology and changes in glial cell lipid rafts underlying 
neuroinflammation and nociceptive signaling. The nidus 
around which this review on lipid rafts, glia, and pain pro-
cessing is organized results from three convergent observa-
tions. They focus on toll-like receptor (TLR)4 signaling but 
have much broader implications.
First, we and others observed that spinal TLR4 signaling 

has little effect upon the acute pain state (as after a brief 
application of  a high-intensity  thermal  stimulus or  a me-
chanical  compression),  but  appears  to mediate  develop-
ment of the persistent pain phenotype secondary to local 
inflammation and to peripheral nerve injury (6–13). This 
transition of pain from an acute stimulus-linked condition 
to a chronic state has been shown to be a surprisingly com-
mon event in both animals and humans (14). For example, 
in rheumatoid arthritis, joint pain can persist despite reso-
lution of swelling (15, 16). Following surgeries, up to 30% 
of  the  population  report  pain  that  lasts  greater  than  3 
months (17, 18). Current work emphasizes that these per-
sistent  changes may  result  from neuroinflammatory  pro-
cesses  in  the  spinal  cord  resembling  those  arising  from 
physical or  chemical  injury  to  the peripheral nerve, with 
peripheral  and central  (spinal  cord and dorsal  root gan-
glion) immune and glial cells being activated, resulting in 
a facilitated input/output function of the dorsal horn sec-
ondary to neuronal sensitization (10, 19).
Next  came  the  realization  that  these  effects  of  Tlr4 

knockout or TLR4 inhibition on pain processing are medi-
ated, at  least  in part, by an action upon spinal glial cells. 
Intrathecal delivery of agents that are thought to maintain 
microglia in a quiescent state, such as miR-124 (20) or mi-
nocycline (21, 22), have been reported to attenuate hyper-
algesia  (abnormally  increased  sensitivity  to high  intensity  
“painful”  stimuli)  in models  of  tissue  and nerve  injury, 
albeit the specificity of microglial “inhibitors” is not abso-
lute (23). Spinal microglia express TLR4  in abundance 
and  when  activated,  it  mediates  a  robust  secretion  of  
cytokines,  chemokines,  and  lipids  (10,  24–26).  These 
products  acting  upon  neuraxial  receptors  and  targets 
(dorsal horn neurons) can lead to a pronounced facilita-
tion of neuraxial afferent processing, yielding an enhanced 
pain signal driven by an otherwise innocuous or moder-
ately  noxious  stimulus,  i.e.,  allodynia  or  hyperalgesia. 

We note here  that while  there  is  a  consensus  that  spinal 
glial cells are activated and induce sensitization of nocicep-
tive neuronal pathways, disagreement exists regarding the 
specific cell types that play a major role in various pain con-
ditions. As an example, a pivotal role of microglial activa-
tion is suggested for the pain state generated by injuries to 
nerve trunks, i.e., mononeuropathies (6). Conversely, acti-
vation of astrocytes is seen in pain states associated with 
polyneuropathies  induced  by  chemotherapeutics.  Treat-
ment with several agents (oxaliplatin, paclitaxel, or bort-
ezomib)  induces  increases  in  spinal  astrocytes  (27,  28). 
Other investigators show changes in spinal microglia asso-
ciated with chemotherapy-induced peripheral neuropa-
thy (CIPN) (29, 30).
Finally,  the pivot  from TLR4 activation  in glial cells  to 

lipid rafts comes from the recognition that the first step in 
TLR4 signaling, receptor dimerization, requires the ordered 
membrane microenvironment of lipid rafts (31, 32). The re-
quirement for lipid raft localization is important to activation 
not only of TLR4 but also of a large number of other inflam-
matory receptors, enzymes, and ion channels, as will be con-
sidered in this review. In this context, the TLR4 dimerization, 
which can be easily assessed with a flow cytometry method, 
reflects not only a ligand-induced TLR4 receptor activation 
event but also the permissive membrane microenvironment 
that supports receptor dimerization. Thus, depletion of cho-
lesterol inhibits lipopolysaccharide (LPS)-induced TLR4 di-
merization (33, 34). apoA-I binding protein (AIBP), which 
augments cholesterol efflux and reduces lipid rafts, also in-
hibits TLR4 dimerization and alleviates neuropathic pain in 
mouse models (33). Conversely, increased cholesterol and 
lipid raft content in the plasma membrane, secondary to 
knockout of the cholesterol transporters ABCA1 and ABCG1, 
augments TLR4 dimerization (35, 36).
Based on the three sets of observations outlined above 

and current literature, we concluded that cholesterol-rich 
membrane rafts in glial cells serve as local organizing ma-
trices  for membrane receptors and channels  involved  in 
neuroinflammation  and  pain  processing  in  the  spinal 
cord. In this article, we summarize the current knowledge 
in support of this hypothesis. We also suggest a new frame-
work  that  we  believe  can  be  useful  for  operating  in  the 
space of lipid rafts and neuroinflammation, the inflamma-
raft or, for brevity, the i-raft.

THE INFLAMMARAFT

In the course of many conversations on the topic of lipid 
rafts and their role in inflammatory processes, particularly 
in  spinal microglia,  the  authors  of  this  article  often  em-
ployed an “inflammasome of the lipid raft” phraseology. It 
conveyed the connotation of the role played by membrane 
lipid rafts as a focal point for the organization of a cascade 
defining the cellular inflammatory response. The notion, 
while useful, was conversationally cumbersome and not en-
tirely correct. The term “NLRP3 inflammasome” has been 
reserved  for  an  intracellular  molecular  complex,  which 
triggers  the  release  of  the  cytokines  interleukin  (IL)-1 
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and IL-18 (37). Thus, a new term was coined, “inflamma-
raft,” defined, for the purposes of this article, as enlarged 
lipid rafts harboring activated receptors and adaptor mol-
ecules and serving as a scaffold to organize the cellular in-
flammatory response (Fig. 1).
In our own work, we observed  that  in  response  to  in-

flammatory stimuli there was increased cellular binding of 

cholera toxin B to a raft-localized ganglioside, monosialo-
tetrahexosyl ganglioside (GM)1, indicating enlarged lipid 
rafts, increased cholesterol levels in isolated lipid rafts, in-
creased TLR4 occupancy in lipid rafts, and most important 
in our view,  increased TLR4 dimerization (33). Thus, we 
suggest that characteristics of the inflammaraft should in-
clude (but are not be limited to) the following: i) increased 

Fig. 1.  The inflammaraft: Enlarged lipid rafts serving as an organizing platform to initiate inflammatory signaling in glial cells. The dia-
gram illustrates the involvement of lipid raft dynamics in inflammatory activation of microglia and astrocytes. Peripheral-nerve injury elicits 
ATP release from spinal interneurons and upregulation of P2X and P2Y receptors in spinal microglia (not shown). The P2X and P2Y recep-
tors, localized to lipid rafts, together with a variety of inflammatory cytokines and pathogen- and damage-associated molecular patterns that 
activate innate immune receptors, contribute to inflammatory activation of microglia (68, 136). This results in the formation of an inflam-
maraft, which consolidates scattered components of receptor/adaptor molecule complexes and serves as a platform for initiation of inflam-
matory signaling, as well as for negative feedback regulation. Inflammaraft-associated processes in glial cells include TLR4 homodimerization 
(33), TLR4/TLR2 and TLR4/TLR6 heterodimerization (137–139); IFNR-induced JAK-STAT signaling (65), which is also induced by gan-
gliosides (128); TREM2/DAP12 activation (61); and activation of NADPH oxidase activity and increased ROS production (140). DJ1/PARK 
regulates expression and localization of TREM2 (141) and lipid raft-resident flotillins (95), as well as SHP1 and SHP2 (65, 97, 128). SHP1 
and SHP2, upon recruitment to lipid rafts, dephosphorylate their targets and help prevent steady-state inflammatory activation. Reversal of 
inflammarafts back into lipid rafts of a nonactivated cell can be achieved by augmented cholesterol efflux regulated by the LXR-ABCA1 
pathway (102–104, 110), -cyclodextrins, and AIBP (33); inhibition of ganglioside synthases (125–128); and delicate control of sphingomy-
elinases, which hydrolyze sphingomyelin but produce  inflammatory and raft-residing ceramides (129, 132). For  illustrative purposes, all 
protein components are depicted as residing in one large, shared inflammaraft. Certainly, this is one hypothetical configuration and there 
may be others. Not shown on the diagram but reviewed in the article are inflammaraft-associated P2X, P2Y, and NK1 receptors and EV 
budding.
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relative abundance of lipid rafts in inflammatory cells; ii) 
increased  content of  cholesterol per  raft;  iii)  increased 
levels  of  inflammatory  receptors,  adaptor molecules,  ion 
channels, and enzymes in lipid rafts; together with iv) the 
evidence  of  protein  complex  assemblies  in  the  plasma 
membrane.  The  data  supporting  this  characterization  of 
the  inflammaraft are ample but  scattered  throughout  lit-
erature. Other  characteristics may  emerge  as  equally  im-
portant from work in other laboratories.
The purpose of this article is to review the current evidence 

emphasizing the functionality of inflammarafts, specifically 
in glial cells, providing their relevance to systems function-
ing in nociceptive processing. It is well appreciated that the 
function of many ion channels and synaptic transmission 
require lipid rafts (38, 39), and an extensive literature ex-
ists to highlight roles of lipid rafts in the regulation of neu-
ronal activity, including in pain processing (40–43). Yet, as 
we discussed above, glial cells are considered to play an im-
portant role as a component of neuroinflammatory sensiti-
zation of neuraxial signaling pathways. We will demonstrate 
that the concept of inflammaraft helps to formalize the lipid 
raft-centric  view of  neuroinflammation  in  the  context  of 
neuropathic pain and its control by cholesterol and sphin-
golipid metabolism, as well as processing of pro- and anti-
inflammatory signals at the cell surface.

REGULATION OF INFLAMMARAFTS: PROTEINS OR 
LIPIDS IN THE LEAD?

The self-assembly property of cholesterol and sphingo-
lipids is in the core of lipid raft formation (1). Because cho-
lesterol  concentrates  in  lipid  rafts,  proteins  that  have 
specific cholesterol binding motifs tend to localize to the 
rafts: examples of such protein assemblies being TLRs, sev-
eral gated ion channels, and G protein-coupled receptors 
(44–46). Binding to gangliosides guides amyloid proteins 
to lipid rafts (47). In addition, post-translational modifica-
tion of proteins by saturated lipids, e.g., glycosylphosphati-
dylinositol anchors, N-terminal myristic acid tails, cysteine 
acylation,  isoprenylation,  and  C-terminal  sterol moieties, 
recruits them to rafts (48). These data suggest that in addi-
tion to being a structural backbone of lipid rafts responsi-
ble for forming ordered membrane domains, cholesterol 
and sphingolipids are often required for targeting specific 
proteins to lipid rafts.
Further, inflammarafts form as a result of inflammatory 

signal-dependent oligomerization of resident raft proteins, 
which then pulls together isolated lipid rafts to form larger 
assemblies, with a longer lifetime and higher occupancy of 
raft-associated  lipids and proteins, many of which are  re-
cruited  from non-raft  regions  of  the membrane or  from 
the cytosol (4). Thus, protein-dependent signals constitute 
the front end of inflammaraft formation, driving lipid raft 
clustering and enlargement. Conversely, because the in-
tegrity of  lipid  rafts depends on  their  lipid  composition, 
depletion  of  cholesterol  and/or  sphingolipids  disrupts 
lipid rafts and serves to inhibit inflammaraft-associated cel-
lular processes.

In  the next  two  sections, we will  summarize  current 
knowledge of protein-driven inflammaraft  formation and 
lipid-dependent mechanisms of its disassembly, specifically 
related to activation of microglia and astrocytes in neuro-
pathic pain.

ACTIVATION OF INFLAMMARAFT-ASSOCIATED 
PROTEINS IN PAIN PROCESSING

TLR4
It is well documented that TLR4 is activated in lipid rafts 

(31–34, 36, 49–53). In a model of spinal L5 nerve transec-
tion,  tactile  and  thermal hypersensitivity  are  significantly 
attenuated in Tlr4 knockout and point-mutant mice, as well 
as in rats administered intrathecally with Tlr4 antisense oli-
gonucleotides or siRNA. In these models, TLR4 deficiency 
is associated with decreased expression of spinal microglial 
markers and pro-inflammatory cytokines as compared with 
respective  control groups  (6, 54). The TLR4 coreceptor, 
cluster of differentiation (CD)14, which is localized to lipid 
rafts via its glycosylphosphatidylinositol anchor, is also in-
volved in the pathogenesis of neuropathic pain. CD14 ex-
pression is increased in the ipsilateral lumbar spinal cord 
following L5 nerve transection, together with increases in 
microglial  size and granularity. CD14 knockout mice dis-
play significantly decreased mechanical allodynia and ther-
mal hyperalgesia (55).
Additional evidence of the involvement of spinal TLR4 

in  the genesis of nociceptive processing  comes  from ex-
periments in which mice received intrathecal injections of 
the  specific  TLR4  agonist  LPS:  wild-type  but  not  Tlr4 
knockout mice or mice lacking adaptor signaling proteins 
develop severe tactile allodynia (56, 57). In these experi-
ments,  the  intrathecal  LPS models  the  onset  of  delayed 
spinal neuroinflammation induced by peripheral injury as 
discussed below. Similarly, intrathecal TLR2 and TLR3 li-
gands  induce  allodynia  in  wild-type  but  not  respective 
knockout mice,  the  effect  that  is  in  part  dependent  on 
TNF  secretion  (56,  57).  Interestingly,  inhibition  of 
12/15-lipoxygenase (12/15-LO), which is highly expressed 
in microglia, but not of  cyclooxygenase,  completely pre-
vents intrathecal LPS-induced tactile allodynia, suggesting 
that TLR4-induced production of  the bioactive  lipids by 
12/15-LO, including hepoxilin, mediates, at least in part, 
neuronal sensitization (25), although the contribution 
of  12/15-LO  expressed  in  other  cell  types  cannot  be 
excluded.
TLR4 signaling plays a critical role in the transition from 

acute to chronic postinflammatory mechanical hypersensi-
tivity. Several examples of this have been identified. In the 
K/BxN passive serum transfer model of arthritis, mice de-
velop  a  long-lasting  inflammation,  which  resolves  in  2–3 
weeks. Assessment of  the sensitivity  to  light  touch reveals 
that  significant  allodynia  is  observed  coincident with  the 
onset of  inflammation; but of note, the allodynia persists 
for many weeks after the inflammation has resolved. It has 
been demonstrated that a Tlr4 knockout or intrathecal 
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delivery of  the TLR4 antagonist, LPS  from Rhodobacter 
sphaeroides  (LPS-RS),  during  the  inflammatory  phase  has 
no  effect  upon  the  early  inflammation  or  allodynia,  but 
prevents  the  postinflammation  allodynia  (8).  In  another 
example,  following the  injection of  formalin  into a hind 
paw, the animals display a robust time-limited flinching 
behavior. After 5–7 days,  the animals develop a robust 
tactile allodynia. Again, in Tlr4 knockout mice or after in-
trathecal delivery of a TLR4 antagonist (TAK-242), there is 
no effect upon the initial flinching, but Tlr4 knockout or 
intrathecal  antagonism  prevent  the  late  phase  allodynia 
(9).  Both  of  these  models  emphasize  that  spinal  TLR4 
regulates  the  transition  from an acute  to a chronic pain 
state,  at  the  stage  when  peripheral  injury  triggers  spinal 
neuroinflammation.
In  CIPN,  which  remains  an  intractable  health  prob-

lem, the prevalence of a pain phenotype is 68% 1 month 
after  the  end  of  chemotherapy,  60%  at  3 months,  and 
30% at 6 months or more (58); TLR4 is attracting atten-
tion as a potential therapeutic target. Preclinical models 
show attenuated hyperalgesia and allodynia in cisplatin-
treated TLR4-deficient mice  (13,  59). Disruption  of  all 
downstream  TLR  signaling  by  mutations  in  the Myd88 
and Ticam1 adaptor genes has completely prevented the 
onset of cisplatin-initiated allodynia at any time (13, 59). 
Intrathecal treatment with the TLR4 antagonist, LPS-RS, 
transiently  reverses  paclitaxel-induced  mechanical  hy-
persensitivity (60).

TREM2
Following spinal nerve injury, expression of the trigger-

ing receptor expressed on myeloid cells (TREM)2 and its 
adaptor protein, DNAX activation protein (DAP)12, is in-
creased  in microglia  of  the  dorsal  horn.  Intrathecal  ad-
ministration  of  TREM2  agonistic  antibody  induces 
pro-inflammatory  cytokine  expression  and  neuropathic 
pain; this effect is abrogated in DAP12-deficient mice (61). 
Conversely, in a cisplatin-induced CIPN mouse model, al-
lodynia is significantly diminished with administration of a 
neutralizing antibody against TREM2 (30). TREM2 colo-
calizes in lipid rafts with DAP12 (62) and also with mem-
brane-spanning  4-domains  subfamily  A  (MS4A),  which 
modulates the production of soluble TREM2 (63).

IFNR
Stimulation with IFN leads to lipid raft-dependent acti-

vation of IFNR and downstream Janus kinase (JAK)/sig-
nal  transducer  and  activator  of  transcription  (STAT) 
pathways (64, 65). Spinal microglia express high levels of 
IFNR, and IFN  induces microglial activation and long-
lasting tactile allodynia, in part via upregulation of the tyro-
sine protein kinase, Lck/Yes-related novel protein tyrosine 
kinase (LYN), and the purinergic P2X purinoreceptor cat-
ion  channel  family  (P2X)4  receptor  (66). The  lipid  raft-
associated P2X4 (67) is a microglia receptor for the ATP 
released from neurons post peripheral nerve injury, which 
mediates  release  of  brain-derived  neurotrophic  factor 
(BDNF) and other factors involved in central sensitization 
(68, 69).

P2X and P2Y purinergic receptors
P2X4  receptor-positive microglia  play  a  pivotal  role  in 

the mechanism of neuropathic pain (69, 70). CCL2 pro-
motes P2X4 receptor trafficking to the cell surface in mi-
croglia  (71). A mechanism  for pain hypersensitivity  after 
peripheral  nerve  injury  through  the  P2X4  receptor  in-
volves an increase in Ca2+ and activation of p38 MAPK lead-
ing to the synthesis and exocytotic release of BDNF from 
microglia, which  is blocked by  inhibiting  soluble NSF at-
tachment protein receptor (SNARE)-mediated exocytosis 
(72). Studies in other cell types propose that the P2X4 and 
P2X7 receptors’ membrane localization is regulated by the 
association  with  lipid  rafts,  or  through  vesicle  exocytosis 
(71,  73,  74)  and  that  cholesterol  regulates P2X  receptor 
activity (75). Contributing to sexual dimorphism in pain, 
the P2X4 receptor pathway is specifically engaged in male 
but not female rodents (76).
The P2Y purinergic G protein-coupled receptor  family 

(P2Y)12 receptor is expressed only in microglia in the CNS 
and its surface expression is increased following peripheral 
nerve injury. P2Y12 antagonism reduces pain by reducing 
microglial activation and p38 MAPK phosphorylation in a 
spinal nerve  ligation neuropathic pain model (77). Simi-
larly,  the expression of  the P2Y12 receptor  in peripheral 
satellite glia is also related to pain and its antagonism leads 
to reduced cytokine production and p38 MAPK phosphor-
ylation and higher withdrawal thresholds (78). It has been 
demonstrated that in platelets, activation of the P2Y12 re-
ceptor occurs in lipid rafts (79, 80). However, whether lipid 
rafts are required for P2Y12 activation in microglia remains 
to be demonstrated.

NK1 receptor
Human neurons, microglia, and astrocytes express neu-

rokinin 1 receptor (NK1R), which augments inflammatory 
signaling pathways upon substance P release from nocicep-
tive  primary  afferents  (81).  Administration  of  opioids, 
which block the release of substance P from small primary 
afferents  (82),  or  selective  NK1R  antagonism  decreases 
glial inflammation and attenuates paradoxical pain sensiti-
zation upon opioid withdrawal (83). The NK1R localizes to 
lipid rafts and caveolae; cholesterol extraction and replen-
ishment demonstrate that activation of NK1R is dependent 
on lipid raft integrity (84).

Redox inflammarafts
Reactive oxygen species (ROS) can induce several pro-

teins,  including  TLR4,  to  translocate  to  lipid  rafts  (50). 
NADPH oxidase (NOX)2-derived ROS in spinal microglia 
contribute to peripheral nerve injury-induced neuropathic 
pain.  NOX2-deficient  mice  show  reduced  spinal  nerve 
transection-induced ROS generation, microglial activation, 
and  pro-inflammatory  cytokine  expression  in  the  spinal 
cord.  Spinal  nerve  transection-induced  mechanical  allo-
dynia and thermal hyperalgesia are similarly attenuated in 
NOX2-deficient mice (85). NOX2 induction in pain is me-
diated  by  TLR4  and  TLR2  in  spinal  microglia  (86,  87). 
TLR4 induces the recruitment of cytosolic NOX2 adaptor 
proteins to the membrane by phosphorylation of Ser345 in 
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p47phox (87). Activated NOX2  localizes  to  lipid rafts  to-
gether  with  p22phox  (88).  Similarly,  the  activation  of 
NOX1 and NOX3 by NOXO1 is preceded by the interac-
tion of the PX domain with phosphatidylinositol (PtdIns)
(4,5)P2, important in lipid raft biogenesis (89). NOX5 di-
rectly interacts, via its N-terminal region, with PtdIns(4,5)
P2,  promoting  localization  to  cholesterol-  and  caveolin-
rich lipid rafts (90).

Extracellular vesicles
The budding of extracellular vesicles (EVs) from inflam-

marafts is facilitated by externalization of acid sphingomy-
elinase, which, by locally increasing ceramide levels in the 
inner leaflet of the plasma membrane, modifies the mem-
brane curvature and facilitates EV biogenesis (91). The re-
lease of EVs propagates inflammatory signals from activated 
glial  cells.  Thus,  EVs  shed  from microglia  activated  by  a 
P2X7-p38 MAPK pathway and carrying IL-1 are involved 
in the development of neuropathic pain induced by spinal 
nerve  ligation  in rats  (92). EV-transmitted  signals  induce 
increased expression of costimulatory molecule CD86 and 
pro-inflammatory genes IL-1, IL-6, inducible nitric oxide 
synthase (iNOS), and cyclooxygenase (COX)2 in recipient 
microglia (93). Astrocyte-secreted EVs released in response 
to  ethanol  carry  inflammatory-related  proteins  [TLR4, 
NFB-p65,  IL-1R, caspase-1, and NACHT, LRR, and PYD 
domains-containing protein 3 (NLRP3)] and microRNAs 
(mir-146a, mir-182,  and mir-200b),  but  no  such  changes 
have been observed in EVs from ethanol-treated Tlr4 knock-
out astrocytes (94). These results suggest that EVs originat-
ing from inflammarafts could act as cellular transmitters of 
inflammation  signaling by  spreading  the membrane  and 
cytosolic cargo and amplifying neuroinflammation.

Negative feedback in inflammarafts
Protein deglycase DJ-1 (DJ-1), also known as Parkinson 

disease protein 7 (PARK7), a protein associated with famil-
ial  Parkinson’s  disease,  plays  a major  role  in  supporting 
lipid  raft  integrity  and negative  feedback mechanisms  to 
repress  inflammatory  activation.  Deficiency  in  DJ-1  de-
creases the stability and half-life of flotillin-1 in primary as-
trocytes.  DJ-1  regulates  flotillin-1  stability  by  direct 
interaction, and thus, dysregulation of flotillin-1 in DJ-1-de-
ficient astrocytes causes an alteration in the cellular choles-
terol  levels, membrane fluidity,  and  lipid  raft-dependent 
endocytosis  (95).  Defective  endocytosis  of  raft-associated 
TLR4 may explain augmented response to LPS in DJ-1-de-
ficient astrocytes (96). DJ-1 may also function as a scaffold 
protein  that  facilitates  the phosphatase Src homology re-
gion 2 domain-containing phosphatase (SHP)1 interaction 
with p-STAT1, thereby preventing extensive and prolonged 
activation of  the STAT1 pathway by IFN (65). Similarly, 
ROS-induced phosphorylation of SHP2 and  its  transloca-
tion into lipid rafts to dephosphorylate STAT3 prevents 
steady-state STAT3 activation in astrocytes (97).
The DJ-1 deficiency also impairs glutamate uptake, a ma-

jor function of astrocytes in the maintenance of CNS excit-
atory  homeostasis  (95).  The  loss  of  astrocyte  glutamate 
uptake function is likely due to translocation of the gluta-

mate  transporter,  excitatory  amino  acid  transporter 
(EAAT)2, away from lipid rafts (98). Astrocyte production 
of macrophage inflammatory protein (MIP)-2 in response 
to LPS or TNF reduces expression of the glutamate trans-
porter (GLT)-1, a mouse analog of EAAT2, and induces its 
redistribution away  from  lipid  rafts,  resulting  in  reduced 
glutamate uptake (99). Glutamate homeostasis can also be 
affected by release of EVs with increased content of Na+/K+ 
ATPase and EAAT1 and EAAT2 glutamate transporters 
(100). Despite the important role of DJ-1 in the regulation 
of the inflammaraft in glial cells, we are unaware of studies 
that have investigated DJ-1 in facilitated pain states.
Research reports summarized in this section support the 

notion  that  inflammaraft-associated  signaling  via  TLR4 
and other TLRs, TREM2, IFNR, P2X, and P2Y purinergic 
receptors  and  NK1  receptor,  redox  regulation,  and  EV-
propagated neuroinflammation significantly contribute to 
the transition from acute to chronic pain and to the per-
petuation of neuropathic pain. Thus, targeting inflamma-
rafts may  provide  a method  for  reducing many  of  these 
inflammatory events, breaking the self-reinforcing cycle of 
neuroinflammation and ultimately alleviating neuropathic 
pain.

LIPID-ASSOCIATED MECHANISMS OF 
INFLAMMARAFT REGULATION

Cholesterol efflux
Cholesterol efflux from astrocytes,  in conjunction with 

apoE expression, contributes to formation of CNS lipopro-
teins, serving in adult brain to deliver cholesterol and other 
lipids to neurons (101). The function of the ABCA1 choles-
terol transporter in astrocytes is essential for lipidation of 
CNS lipoproteins (102, 103), while the roles of ABCG1 and 
ABCG4 are less well understood, and they appear to have 
overlapping functions in promoting sterol efflux from as-
trocytes (101). The lipid efflux process in astrocytes is regu-
lated by LXR (104) and BDNF (105).
In addition to metabolic support of neurons, cholesterol 

efflux regulates inflammarafts in microglia and astrocytes. 
The  LXR-ABCA1/ABCG1-cholesterol  efflux  pathway  is  a 
major conduit of anti-inflammatory responses (106). Intra-
thecal injections of specific LXR agonists prevent the de-
velopment  of  mechanical  allodynia  and  alleviate  the 
established allodynia in rats and mice subjected to spinal 
nerve  injury  or  intrathecal  LPS  (33,  107).  The  effect  of 
LXR agonists  is abolished in LXR-deficient mice, which 
also  show  significantly  increased  glial  activation  in  re-
sponse to spinal nerve injury (107). Microglia from mice 
deficient in ABCA1 exhibit augmented LPS-induced secre-
tion of TNF and decreased phagocytic activity (108). Anti-
inflammatory effects of taraxasterol, a pentacyclic-triterpene 
isolated from dandelion (Taraxacum officinale), in LPS-stim-
ulated BV2 microglia cells are mediated by activation of the 
LXR-ABCA1  signaling  pathway,  which  induces  choles-
terol efflux and disruption of  lipid  rafts  (109). Similarly, 
platycodin D, a triterpenesaponin extracted from Chinese 
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bellflower (Platycodon grandiflorum) and also known to have 
anti-inflammatory  effects,  inhibits  LPS-induced  ROS, 
TNF-, IL-6, and IL-1 production in primary rat microg-
lial  cells. The mechanism  involves  reduction of  lipid  raft 
abundance and inhibition of LPS-induced TLR4 transloca-
tion  into  lipid  rafts.  The  inhibition  of  inflammatory  re-
sponses by platycodin D is reversed by knockdown of LXR, 
supporting the cholesterol efflux mechanism (110).
Exposure to LPS inhibits cholesterol efflux to gain lipid 

raft  support  to  inflammatory  signaling,  including  in mi-
croglia (33, 111, 112). Intrathecal apoA-I, serving as a cho-
lesterol  efflux  acceptor,  transiently  reduces  intrathecal 
LPS-induced  tactile  allodynia  in mice  (33).  AIBP,  via  its 
binding  to TLR4,  facilitates  cholesterol  efflux  from LPS-
activated microglia but not  from unstimulated cells (33), 
suggesting selective regulation of cholesterol efflux under 
inflammatory  conditions. As  a  result, AIBP  reverses LPS-
induced  changes  in  the microglial  plasma membrane, 
characteristic of an inflammaraft: increased lipid raft abun-
dance,  cholesterol  and  TLR4  content  in  lipid  rafts,  and 
TLR4 dimerization. In mice, intrathecal administration of 
AIBP prevents LPS-induced TLR4 dimerization and IBA1 
and glial fibrillary acidic protein (GFAP) expression in the 
spinal cord and reduces levels of inflammatory cytokines in 
the cerebrospinal fluid (33). These  features of disrupted 
spinal  inflammarafts  in  mice  that  received  intrathecal 
AIBP  parallel  the  reversal  of  mechanical  allodynia  in  a 
CIPN model and of delayed allodynia in an arthritis model. 
Importantly,  intrathecal  AIBP  does  not  result  in  any  ad-
verse effects on sensory or motor function, suggesting tar-
geted regulation of the inflammaraft in activated microglia 
(and possibly other spinal cells) by AIBP, without affecting 
normal lipid raft-associated functions in non-inflammatory 
cells (33).
As an alternative to manipulating endogenous pathways 

regulating  cholesterol  efflux,  -cyclodextrins  are  widely 
used to deplete the plasma membrane of cholesterol and 
disrupt  lipid  rafts  in  laboratory  settings  (113).  Cyclodex-
trins  are  also widely  used  in  drug  formulations  for  com-
plexation  and  delivery  of  many  therapeutics,  including 
nonsteroidal  anti-inflammatory  drugs  and  local  anes-
thetics  (114, 115). Direct  therapeutic effects have been 
described  for  intrathecal  2-hydroxypropyl--cyclodextrin 
in treatment of Niemann-Pick disease, type C1 (116, 117). 
In a mouse model of atherosclerosis, administration of 
2-hydroxypropyl--cyclodextrin reduces plaque size, in part 
via  increased  oxysterol  production  and  activation  of  the 
LXR-dependent  cholesterol  efflux  pathway  (118).  How-
ever,  to the best of our knowledge, no studies have been 
conducted to test the analgesic effects of a cyclodextrin as 
a stand-alone therapy.

Cholesterol biosynthesis
Statins, a class of potent inhibitors of cholesterol biosyn-

thesis,  have  well-documented  anti-inflammatory  effects, 
some of them independent of statin’s inhibition of choles-
terol biosynthesis (119). For example, a recent article pro-
vides  evidence  that  lovastatin  directly  binds  to  myeloid 
differentiation (MD)-2, the TLR4 coreceptor, and thereby 

inhibits TLR4  signaling and attenuates neuropathic pain 
(120).  Thus,  the  reported  effects  of  statins  on  reducing 
neuroinflammation and neuropathic pain, referring to the 
cholesterol  synthesis  mechanism,  should  be  interpreted 
with caution. Atorvastatin attenuates neuropathic pain 
in  a  rat  neuropathy model  by  downregulating  oxidative 
damage at peripheral, spinal, and supraspinal levels (121). 
Systemic administration of simvastatin or rosuvastatin com-
pletely prevents the development of mechanical allodynia 
and thermal hyperalgesia in a nerve ligation model. When 
administered postinjury,  statins dose-dependently  reduce 
established hypersensitivity  and are  able  to  abolish  IL-1 
expression and  significantly  reduce  spinal nerve  ligation-
triggered  spinal microglia and astrocyte activation (122). 
In cell culture experiments, exposure of human and mu-
rine microglia  to  simvastatin  reduces  cell  surface  expres-
sion  of  the  chemokine  receptors,  C-C  motif  chemokine 
receptor  (CCR)5  and  C-X-C  motif  chemokine  receptor 
(CXCR)3,  and  abolishes  chemokine-induced  microglial 
cell motility (123). The mechanism likely involves simvas-
tatin-induced disruption of  lipid rafts, resulting in loss of 
the cell surface expression of CCR5 (124).

Sphingolipid metabolism
Upregulation  of  the  lipid  raft  component  ganglioside 

GD3 in astrocytes results in increased recruitment of plate-
let-derived growth factor receptor (PDGFR) to lipid rafts 
and  the promotion of malignant phenotypes  such as  cell 
proliferation  and  invasion  in  gliomas  (125).  Conversely, 
knockout of GD3 and GM2/GD2 synthases results in disper-
sion of caveolin-1 and flotillin-1 from lipid raft fractions and 
increased expression of inflammatory cytokines IL-1 and 
TNF (126). The deficiency in lysosomal -hexosaminidase, 
the cause of Sandhoff disease, results in excessive accumula-
tion of GM2 ganglioside, a lipid raft component, and pro-
gressive  neurodegeneration.  Microglia  from  the  mouse 
model of Sandhoff disease are characterized by  increased 
dimerization of the P2Y6 receptor, which mediates extracel-
lular nucleotide-induced secretion of macrophage inflam-
matory protein (MIP)-1 and neuroinflammation (127). In 
cultured rat brain microglia, gangliosides induce rapid but 
transient activation of the JAK-STAT pathway; the transient 
effect  is  due  to  subsequent  activation of  the phosphatase 
SHP2.  The  latter  depends  on  ganglioside-induced  rapid 
SHP2 recruitment to membrane lipid rafts, where it binds 
and dephosphorylates JAK2 (128).
The product of hydrolysis of lipid raft-localized sphingo-

myelin is ceramide, which remains in lipid rafts and further 
promotes  receptor dimerization (129). Tibial nerve  tran-
section significantly increases levels of products of sphingo-
myelin-ceramide  metabolism  in  the  dorsal  horn  of  rats, 
and the increased levels of the endogenous ceramide me-
tabolite N,N-dimethylsphingosine  induce  mechanical  hy-
persensitivity in vivo (130). The mechanism likely includes 
an increase in intracellular Ca2+ concentration and the in-
hibition of glutamate uptake by astrocytes (131). Intrathe-
cal  inhibition  of  neutral  sphingomyelinase  significantly 
attenuates partial sciatic nerve ligation-induced activation 
of microglia and tactile allodynia (132).
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This section outlined the lipid regulation pathways that 
can be exploited to disrupt inflammarafts as a new target 
for treatment of neuropathic pain, which will result in cu-
mulative inhibition of inflammatory receptors localized to 
lipid rafts. Certainly, an inflammaraft therapy is a thin line 
to  walk,  because  normal  cellular  functions  that  occur  in 
lipid rafts of non-inflammatory cells must be preserved.

OTHER INTERVENING VARIABLES: SEXUAL 
DIMORPHISM AND AGING

An additional level of potential complexity to the inflam-
maraft story is the role of sexual dimorphism in neuraxial 
signaling systems. Two examples can be cited. One is the 
involvement of microglia  in neuropathic pain processing 
where,  according  to  a  recent  study, microglia  play  a  pri-
mary role only in male mice (133). This difference is de-
spite a similar degree of pain hypersensitivity in male and 
female  mice;  however,  in  females,  adaptive  immune  re-
sponses  likely  associated with T cell  release of proalgesic 
mediators enhance neuronal activity  leading to mechani-
cal allodynia (133). The other example is work with nerve 
injury and persistent inflammation, where TLR4 signaling 
has been reported to play a pivotal role in males in mediat-
ing the persistent pain state after nerve injury (7) and in-
flammation  (8).  With  regard  to  aging,  recent  work  has 
revealed that cortical lipid rafts are modified by aging in a 
sex-dependent fashion, being more pronounced in women 
than  in  men  (134).  The  effect  of  such  sex-dependent 
changes in nociceptive processing remain to be assessed.

CONCLUSIONS

In the context of neuroinflammation as a central factor 
in  the transition from acute to chronic pain and mainte-
nance of the facilitated pain state arising from tissue and 
nerve injury, the inflammaraft is a lipid-protein assembly in 
cells  including glia, which organizes  inflammatory signal-
ing  cascades  originating  from  the  cell  surface.  Although 
discussing exact lipid-protein composition and biophysical 
properties of an inflammaraft is outside the scope of this 
article, we  summarize here  the  current  knowledge of  in-
flammatory receptors and adaptor molecules  localized to 
lipid rafts in activated glia, as well as regulation of choles-
terol  and  sphingolipid  levels,  which  make  or  break  the 
functional integrity of the inflammaraft. It is important to 
note  that  cholesterol  and  sphingolipids may  regulate  re-
ceptor  function not only  through altering  lipid rafts, but 
also via direct interactions with the proteins. Yet, the effect 
of cholesterol or sphingolipid depletion would be similar 
for both mechanisms.
Many unresolved questions remain. Although LPS stim-

ulation of TLR4 signaling appears  to be a major  tool  for 
laboratory studies of inflammarafts, factors that modulate 
lipid rafts in general and in spinal glial cells in particular 
and the role this regulation plays in in vivo processes are 
poorly understood. The notion that ligand-dependent acti-

vation  of  cellular  receptors  leads  to  inflammaraft  forma-
tion, but that lipid depletion serves to mediate inflammaraft 
destruction, is almost certainly oversimplified. Future stud-
ies  will  reveal  whether  cholesterol-  and  sphingolipid-re-
lated mechanisms (outside of genetic deficiency) are also 
involved  in  inflammaraft  formation.  Other  questions  in-
clude, what  is  the  exact  architecture  of  receptor-adaptor 
molecule  assemblies  in  inflammarafts?  How  extensive  is 
the cross-talk between different receptors  in the same in-
flammaraft, and what regulates such cross-talk? What is the 
involvement of cytoskeleton and cell-cell contacts in regu-
lation of an inflammaraft?
From the therapeutic point of view, consideration of in-

flammarafts raises the question of whether there is a viable 
option of modulating inflammarafts without affecting the 
normal function of proteins localized to lipid rafts in non-
activated cells. The use of AIBP, which binds  to cells  ex-
pressing high levels of TLR4 concentrated in inflammarafts 
and which promotes cholesterol efflux, offers one possibil-
ity. Importantly, the selective actions of AIBP are to be dis-
tinguished from those of promiscuous cholesterol removal 
agents, such as the cyclodextrins. This approach might still 
allow  TLR4  activation  to  defend  against  host  pathogens 
while reducing protracted large raft aggregation sustaining 
neuropathic  pain  signaling.  Future  studies  will  explore 
other  innate  protective mechanisms  targeting  inflamma-
rafts  that can be developed  into  therapeutic  strategies  to 
treat neuroinflammation and neuropathic pain.
In closing, the authors would like to recognize that it has 

been 10 years since the passing of Robert Galambos. Pro-
fessor Galambos in a prescient review article in 1951 (135) 
emphasized  the  role  of  glia  in  regulating  neuronal  net-
works. It is noteworthy that current work has elaborated on 
his  thinking,  and  today we  recognize  that  astrocytes  and 
microglia play a pivotal role as components of the tripartite 
synapse  in processes  regulating neuronal excitability  and 
neuraxial function, truly a perceptive insight!

The authors  thank Dr. Luciana Giono for her creative artistic 
work to illustrate this article.
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