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GT1lb functions as a novel endogenous agonist of
toll-like receptor 2 inducing neuropathic pain
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Abstract

Spinal cord microglia contribute to nerve injury-induced neuro-
pathic pain. We have previously demonstrated that toll-like recep-
tor 2 (TLR2) signaling is critical for nerve injury-induced activation
of spinal cord microglia, but the responsible endogenous TLR2
agonist has not been identified. Here, we show that nerve injury-
induced upregulation of sialyltransferase St3gal2 in sensory
neurons leads to an increase in expression of the sialylated
glycosphingolipid, GT1b. GT1b ganglioside is axonally transported
to the spinal cord dorsal horn and contributes to characteristics of
neuropathic pain such as mechanical and thermal hypersensitivity.
Spinal cord GT1lb functions as an TLR2 agonist and induces
proinflammatory microglia activation and central sensitization.
Pharmacological inhibition of GT1lb synthesis attenuates nerve
injury-induced spinal cord microglia activation and pain hypersen-
sitivity. Thus, the St3gal2-GT1b-TLR2 axis may offer a novel
therapeutic target for the treatment of neuropathic pain.
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Introduction

Neuropathic pain is a chronic pathological pain due to an injury or
dysfunction in the peripheral or central nervous system. The clinical
symptoms of neuropathic pain include spontaneous burning pain,
enhanced pain in response to noxious stimuli (hyperalgesia), and
pain in response to normally innocuous stimuli (allodynia) (Jensen
& Finnerup, 2014). Studies over the last two decades have impli-
cated spinal cord microglia activation as etiological factors that

contribute to pain hypersensitivity at the spinal cord level (central
sensitization) and consequent neuropathic pain (Inoue & Tsuda,
2009). In this regard, elucidating the molecular mechanisms by
which peripheral nerve injury induces spinal cord microglia activa-
tion is critical to understanding the pathogenic mechanisms of
neuropathic pain. Previously, we and others reported that toll-like
receptor 2 (TLR2) signaling is a significant contributor to spinal cord
microglia activation due to peripheral nerve injury (Kim et al, 2007;
Stokes et al, 2013), which suggested a presence of certain TLR2
endogenous agonist in the spinal cord. However, there is still no
information as to the TLR2 endogenous agonist that drives spinal
cord microglia activation after nerve injury.

The neuronal membrane consists of highly heterogeneous lipid
components that are distinct from those in non-neuronal cells.
Specifically, neurons are enriched in glycosphingolipids or ganglio-
sides, accounting for 10-12% of the total membrane lipid content.
Gangliosides localized in the outer leaflet of the membrane are
constituents of lipid rafts and are implicated in neuronal communi-
cation with the extracellular microenvironment or contribute to
neuron-glia interactions (Schnaar, 2016). Four major gangliosides
(GM1, GD1a, GD1b, and GT1b) constitute up to 97% of gangliosides
in the human brain (Tettamanti et al, 1973; Ando, 1983). Of note,
the ganglioside profile is highly plastic, changing in brain develop-
ment and pathophysiology (Olsen & Faergeman, 2017). For exam-
ple, GDla and GM1 levels increase at early brain developmental
stages and contribute to neural differentiation and axonal outgrowth
(Olsen & Faergeman, 2017). An increase of GT1b at a later stage
contributes to axon—myelin stability of differentiated neurons (Olsen
& Faergeman, 2017). Ganglioside composition also changes in
several neuropathological conditions. For example, Alzheimer’s
disease is associated with increased brain levels of GM1 and GM2,
whereas there is a decrease of GM1 content in Parkinson’s disease
(Molander-Melin et al, 2005; Wu et al, 2012). Intriguingly, in
patients with peripheral neuropathy or polyneuropathy, a significant
increase of “b-series” gangliosides (GD1b, GT1b, and GQlb) was
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detected in the cerebrospinal fluid (CSF) (Trbojevic-Cepe et al,
1991). In animal models, GM1 administration into spinal cord or
GM3 synthase depletion exerted strong analgesic effects on the
nerve injury-induced neuropathic pain and diabetic neuropathy,
respectively (Mao et al, 1992; Menichella et al, 2016), whereas
intraplantar injection of GTIlb produced nociceptive behavior
(Watanabe et al, 2011).

Taken together with the reports of ganglioside profile change in
different neuropathological conditions and the relationship between
CSF/spinal cord ganglioside levels and peripheral neuropathy, these
findings suggest that ganglioside profile changes may also be impli-
cated in the central sensitization process that occurs after nerve
damage and that underlies neuropathic pain development. To test
this hypothesis, here we investigated the ganglioside profile in the
spinal cord in a nerve injury-induced mouse model of neuropathic
pain. We found that GT1b is aberrantly upregulated in injured
sensory neurons, transported to the spinal cord, and contributes to
neuropathic pain. As to underlying mechanism, we discovered that
GT1b in the spinal cord functions as an endogenous agonist of
TLR2, which activates microglia and triggers the induction of proin-
flammatory genes that contribute to central sensitization and the
neuropathic pain phenotype.

Results
Peripheral nerve injury upregulates GT1b in the spinal cord

To investigate the ganglioside profile in an animal model of periph-
eral nerve injury-induced neuropathic pain, we isolated spinal cord
tissues of LS5 spinal nerve-transected or sham-operated mice and
searched for differentially regulated gangliosides using LC-MRM/MS
analysis. Among the four major gangliosides (GM1, GDla, GD1b,
and GT1b), we found that GT1b levels significantly increased in the
spinal cord of nerve-injured mice compared to sham-operated mice
(Fig 1A). Because GT1b is increased in the CSF of patients with
peripheral neuropathy (Trbojevic-Cepe et al, 1991), we next exam-
ined the level of GT1b in the interstitial fluid (ISF) of the spinal cord.
In these studies, we implanted a microdialysis probe in the spinal
cord dorsal horn of the nerve-injured rat and collected ISF. Five
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days after the nerve injury, the concentration of GT1b in the ISF
increased 8.4-fold compared to the sham control, as assessed using
ELISA (Fig 1B). Likewise, the GT1b level in the CSF increased to
132 + 20 ng/ml in the nerve-injured mice compared to 70 + 9 ng/ml
in the sham-operated mice (Fig 1C). These data demonstrate that
peripheral nerve injury increases GT1b levels in spinal cord tissue,
where it is released into the ISF and CSF.

GT1b induces pain hypersensitivity and spinal cord
microglia activation

To examine the effects of GT1b increase in the spinal cord on the
nociceptive processing, we assayed several nociceptive behaviors in
mice upon intrathecal GT1b injection. Figure 2A and B shows that
we observed significant decreases in thresholds to mechanical and
thermal stimuli in GT1b-injected mice, but not in vehicle-injected
mice. GT1b decreased the pain thresholds in a dose-dependent
manner. We next examined intrathecal GT1b effects on spinal cord
microglia activation. Within 1 day of the intrathecal GT1b injection,
we recorded a robust increase in Iba-1-immunoreactivity (IR) in the
spinal cord, with even greater Iba-1-IR at day 3 (Fig 2C). Intrathecal
GT1b administration also upregulated gene expression of Il1b, Tnf,
and Bdnf, by 25-, 6-, and 1.6-fold, respectively (Fig 2D). Note that
each of these genes is expressed in activated spinal cord microglia
after nerve injury and has been implicated in the central sensitiza-
tion process that contributes to nerve injury-induced neuropathic
pain (Kawasaki et al, 2008b; Lu et al, 2009). These data demon-
strate that GT1b induces spinal cord microglia activation and subse-
quent pain hypersensitivity in vivo. To test whether GT1b directly
activates microglia, we also examined GT1b effect on microglia
in vitro. In primary cultured microglia, GT1b induced production of
IL-18 and BDNF, nitric oxide, and intracellular reactive oxygen
species, which were confirmed by ELISA, Griess assay, and CM-
H,DCFDA dye, respectively (Fig 2E-G). GT1b stimulation also
induced p38 MAP kinase activation (Fig 2H), a key signaling event
that has been implicated in proinflammatory gene expression in
microglia (Ji & Suter, 2007). Taken together, these findings suggest
that the nerve injury-induced GT1b upregulation in spinal cord
directly activates spinal cord microglia and thereby induces pain
hypersensitivity in mice.
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Figure 1. GT1b is upregulated and released in the spinal cord after nerve injury.

A A LC-MRM/MS analysis of ganglioside GT1b species in pooled spinal cord tissues of Sham-operated or nerve-injured mice at 3 dpi. Representative traces of GT1b
species (d18:1-18:0) are shown, and the intensity of the GT1b species is presented as the fold induction compared to the corresponding control. GM3-d3 served as
internal standard for normalization. d18:1-18:0 means the ceramide structure (carbon number: double bond number), and d3 means deuterated form.

B, C GT1b level in ISF (B) and CSF (C) was analyzed by ELISA. Data are represented as mean &+ SEM (Student’s t-test, *P < 0.05, ***P < 0.001).
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Figure 2.
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GT1b

Intrathecal GT1b injection induced pain hypersensitivity and spinal cord microglia activation.

A, B Mechanical allodynia (A) and thermal hyperalgesia (B) were assessed after intrathecal injection of GT1b (1 pg/5 pl, n = 6; 5 pg/5 pl, n = 7; 25 pg/s pl, n = 6) or

C

E F

vehicle (n = 5; one-way ANOVA, *P < 0.05; ***P < 0.001, *P < 0.05; #*P < 0.01; *##P < 0.001 vs. vehicle). Data are expressed as mean + SEM.

GT1b (25 pg/5 pl, n = 3/time point) or the vehicle (saline, n = 3) was intrathecally administrated, and lumbar spinal cord sections were immunostained with Iba-1
antibody. Vehicle-injected mice served as controls, and representative images are shown (scale bar, 100 um). The fluorescence intensity of Iba-1-IR in spinal cord
dorsal horn and CM-H,DCFDA was measured and presented as the fold induction compared to the corresponding control. Data are represented as mean £+ SEM
(Student’s t-test, **P < 0.01).

L4-5 spinal cord tissues were removed after intrathecal injection of GT1b (25 pg/5 pl) or vehicle injection, and total RNA was isolated from the tissues. Transcript
levels were measured by real-time RT-PCR and presented as the fold induction compared to the corresponding level measured in control. Data are represented as
mean + SEM (Student’s t-test, *P < 0.05; **P < 0.01; ***P < 0.001, vs. control).

IL-1B, BDNF (E), and nitrite production (F) were measured in the conditioned media from primary microglia stimulated with GT1b. Data are expressed as

mean =+ SEM (Student’s t-test, *P < 0.05; **P < 0.01; ***P < 0.001, vs. control, *P < 0.05; *##P < 0.001).

Intracellular reactive oxygen species production in primary microglia was measured using CM-H,DCFDA after GT1b treatment. Data are expressed as mean + SEM
(Student’s t-test, **P < 0.01; scale bar, 100 pum).

Glial cells were stimulated with 10 pg/ml of GT1b at the indicated time points, and p38 MAPK activation was determined using Western blot analysis. Data are
expressed as mean + SEM (Student’s t-test, *P < 0.05; **P < 0.01; ***P < 0.001, vs. control).
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GT1b is transported from the injured sensory neurons and
released to the spinal cord dorsal horn after nerve injury

To determine whether the increased spinal cord levels of GT1b is

derived from damaged sensory neurons, we examined the expres-
sion levels of GT1b in the dorsal root ganglion (DRG). We

© 2020 The Authors

detected basal levels GT1b-IR in sensory neurons of sham-oper-
ated control mice, which was further upregulated in ipsilateral L5
DRG neurons after nerve injury (Fig 3A). The specificity of GT1b
antibody was tested in previous studies using purified ganglio-
sides and knockout mice (Gong et al, 2002; Schnaar et al, 2002).
To examine whether sensory neuron-derived GT1b is transported
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Figure 3. GT1b is upregulated in DRG neurons and transported to spinal cord after nerve injury.
A L5 DRG tissue sections of sham-operated or nerve-injured mice (3 dpi) were immnostained with GT1b antibody. Representative images are shown (n = 3/group;

scale bar, 100 pm).
B Schematic drawing of neuroanatomy and surgery.

transection site. Representative images are shown (n = 3; scale bar, 100 pum).

Rat L5 DRG (C) and L5 dorsal root sections (D) with concurrent rhizotomy and L5 SNL (3 dpi) were immunostained with GT1b antibody. The dotted line denotes the

E L4-5 spinal cord sections from rats with rhizotomy and SNL-injured rats with or without rhizotomy (3 dpi) were immunostained with Iba-1 antibody.

Representative images are shown (n = 3/group; scale bar, 500 pm).

F The GT1b level was measured using ELISA in conditioned media of F11 differentiated cells after 1-h exposure to high concentration of potassium.

Data information: The fluorescence intensity of GT1b-IR (A, C) and Iba-1-IR (E) was measured and presented as the fold induction compared to the corresponding control
in each section. Data are represented as mean = SEM (Student’s t-test, **P < 0.01; ***P < 0.001, *##p < 0.001).

to the spinal cord, we ligated and transected the LS dorsal root
after L5 spinal nerve ligation in rats (Fig 3B). Similar to mice,
GT1b was upregulated in the injured sensory neurons of the rat
(Fig 3C). Figure 3D shows that dorsal rhizotomy followed by LS
spinal nerve ligation resulted in the accumulation of GT1b at the
dorsal root transection site, indicating that GT1b is intra-axonally
transported from the DRG to the spinal cord (Fig 3D). Notably,
the rhizotomy abrogated the nerve injury-induced spinal cord

4 of 14 The EMBO jJournal ~ 39: €102214 | 2020

microglia activation (Fig 3E). Taken together, these data indicate
that nerve injury induces GT1b upregulation in injured sensory
neurons and that GT1b axonally transported to the dorsal horn
contributes to microglial activation.

Although we attempted to localize GT1b in the spinal cord
by immunostaining, our results were inconsistent, making it
difficult to document the accumulation of GT1b in the spinal
cord, possibly due to its release after axonal transport. For this

© 2020 The Authors
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reason, we turned to a more functional assessment of sensory
neuron-derived GT1b. Specifically, using the FI11 sensory
neuronal cell line in vitro, we asked whether GT1b is released
in a neuronal activity-dependent manner. F11 cells were dif-
ferentiated with dibutyryl cAMP and then depolarized for 1 h
with 50 mM potassium. Figure 3F demonstrates the depolariza-
tion-induced accumulation of GT1b in the conditioned medium,
indicating that GT1b can be released in a neuronal activity-
dependent manner. Taken together, we conclude that the nerve
injury-induced increase in spinal cord GT1b results from its
increase in injured DRG neurons, followed by intra-axonal
transport of GT1b to and its release in the ipsilateral dorsal
horn.

Nerve injury-induced St3gal2 upregulation in sensory neurons is
upstream of GT1b

We next investigated the molecular mechanisms by which nerve
injury increases GT1b in sensory neurons. GT1b is synthesized from
a precursor molecule, GD1b, by enzymatic addition of single sialic
acid functional group. As two enzymes, ST3Gal-II and ST3Gal-IIJ,
have been implicated (Sturgill et al, 2012), we examined St3gal2
and St3gal3 expression in DRG neurons after nerve injury.
Figure 4A shows that peripheral nerve injury increased St3gal2
mRNA expression by 80% in the L5 DRG. St3gal3 mRNA did not
change in the DRG, and neither St3gal2 nor St3gal3 mRNA
increased in the spinal cord (Fig 4A and B). We also recorded an
increase of ST3Gal-II protein in the L5 DRG of mice, 1 day post-
injury (dpi) (Fig 4C). Specificity of the ST3Gal-II antibody was
confirmed by the absence of immunostaining in the L5 DRG of St3-
gal2™’~ mice (Fig 4C). To examine the relationship between
ST3Gal-II upregulation and the GT1b increase in L5 DRG after nerve
injury, we next measured GT1b levels in St3gal2~/~ mice. Although
significantly reduced, we nevertheless record basal levels of GT1b
in the sensory neurons of the St3gal2~/~ mice. We assume that this
reflects synthesis by ST3Gal-IIl, an alternative GT1b-synthesizing
enzyme (Sturgill et al, 2012). Most importantly, in the St3gal2™/~
mice, GT1b was not further upregulated by the nerve injury, over
the basal level (Fig 4D). As expected, the nerve injury-induced
spinal cord microglia activation, documented by Iba-1-IR, was
reduced in St3gal2™/~ compared to wild-type (WT) mice after the
injury (Fig 4E). Furthermore, the nerve injury-induced mechanical
allodynia and thermal hyperalgesia were also reduced in the St3-
gal2~/~ compared to WT mice (Fig 4F and G). We conclude that
St3gal2 is a critical contributor to the GT1lb increase in sensory
neurons, spinal cord microglia activation, and pain hypersensitivity
after nerve injury. To conclusively demonstrate the contribution of
sensory neuron-specific ST3Gal-Il to GT1b increase in the spinal
cord, we generated sensory neuron-specific St3gal2 conditional
knockout mice (Scnl Oa—Cre/SthaZZf/ 7). In these mice, GT1b increase
in the spinal cord due to nerve injury was inhibited (Fig 4H).
Accordingly, nerve injury-induced spinal cord microglia activation
and pain hypersensitivity were significantly reduced (Fig 41 and J).
Taken together, these data suggest that nerve injury induces an
increase in GT1b in axotomized sensory neurons secondary to
upregulation of ST3Gal-II. Thus, ST3Gal-1I lies upstream of GT1b in
the activation of spinal cord microglia and the associated neuro-
pathic pain phenotype.

© 2020 The Authors
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GT1b is an endogenous agonist of microglial TLR2

We previously reported that TLR2 is required for nerve injury-
induced spinal cord microglia activation (Kim et al, 2007). Here, we
asked whether TLR2 is involved in the GT1b-mediated spinal cord
microglia activation. We first examined GT1b effects in vitro. We
prepared glial cells from WT and Tir2~/~ mice and found that
GT1b-induced expression of several genes implicated in persistent
pain was almost completely abrogated in glial cells from Tir2~/~
mice (Fig 5A). Next, we examined the contribution of Tir2 in vivo.
Figure 5B shows that spinal cord microglia activation after intrathe-
cal GT1b, as assessed by Iba-1 immunostaining, was almost entirely
abolished in the TIr2~/~ mice compared to WT mice. The GT1b-
induced expression of I11b, Tnf, and Bdnf in the spinal cord was also
prevented in the Tlr2~/~ mice (Fig 5C). We then tested the suscepti-
bility of the Tlr2~/~ mice to the intrathecal GT1b-induced neuro-
pathic pain phenotype. Figure 5D and E shows that intrathecal
GT1b provoked hypersensitivity to both mechanical and thermal
stimuli in control mice, but this was almost completely prevented in
the TIr2~/~ mice. We conclude that the pronociceptive effects of
GT1b are mediated by TLR2, which is expressed mainly on spinal
cord microglia in vivo (Lim et al, 2013).

The TLR2 receptor mediates signaling by a variety tissue
damage-associated molecules (Yu et al, 2006; Kim et al, 2013).
Taken together with our demonstration that TLR2 contributes to
nerve injury-induced microglia activation, we hypothesized that
nerve injury must trigger exposure of a damage-associated TLR2
endogenous agonist. Based on the requirement of TLR2 in GT1b-
induced microglia activation, we explored the possibility that GT1b
functions as a TLR2 endogenous agonist, one that is particularly
relevant in the context of neuropathic pain. We first asked whether
there is a direct interaction between GT1b and TLR2. In these exper-
iments, we incubated primary microglia cultured from Cx3cr1*/¢™
and TIr27/~/Cx3cr1*/“™" mice with rhodamine-conjugated GT1b.
Figure SF demonstrates significant binding of the GT1b-rhodamine
to the GFP-expressing microglia. In contrast, the rhodamine fluores-
cence signal could not be detected in microglia from Tir2~/=/
Cx3cr1*/“™ mice. Moreover, in a competitive binding assay
between GT1b and lipoteichoic acid (LTA), a TLR2 agonist, we
found that LTA pre-treatment dose-dependently inhibited the bind-
ing of GT1b-rhodamine to microglia (Fig 5F). These data indicate
that GT1b can indeed serve as an endogenous agonist of TLR2, acti-
vating spinal cord microglia and contributing to nerve injury-
induced neuropathic pain.

Pharmacological blockade of GT1b synthesis inhibits
nerve injury-induced spinal cord microglia activation and
pain hypersensitivity

Finally, we asked whether pharmacological prevention of the GT1b
increase would attenuate nerve injury-induced spinal cord microglia
activation and the associated neuropathic pain phenotype. To coun-
teract the GT1b increase in the DRG, we intrathecally administrated
D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol-HCI

(PDMP), a pharmacological inhibitor of ganglioside synthesis (Vun-
nam & Radin, 1980). We chose to administer PDMP intrathecally to
ensure efficient access to the DRG (Wang et al, 2005; Kawasaki et al,
2008a). Figure 6A shows that intrathecal PDMP significantly reduced
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Figure 4. St3gal2 upregulation in sensory neurons is responsible for nerve injury-induced GT1b upregulation and subsequent spinal cord microglia activation

and neuropathic pain.

A, B St3gal2 and St3gal3 mRNA expression in the pooled L5 DRG (A) and spinal cord tissues (B) of sham-operated and L5 SNT-injured mice were measured using
real time RT-PCR. Data are represented as mean + SEM (n = 3/group, Student’s t-test, **P < 0.01).
C L5 DRG sections were prepared from WT mice (n = 4/group) with or without L5 SNT (1 dpi) and immunostained with ST3Gal-Il antibody. Representative images are

shown (scale bar, 50 pm).

D, E L5 DRG (D) and L4-5 spinal cord (E) sections from WT (n = 3/group) and St3gal2’/’ mice (n = 3/group) with or without L5 SNT were immunostained with GT1b or
Iba-1 antibody, respectively. Representative images are shown (scale bar, 100 pum).

F,G Mechanical allodynia (F) and thermal hyperalgesia (G) were evaluated in sham-operated or L5 SNT-injured WT (sham, n = 5; SNT, n = 5) and St3gal2~/~ (sham,
n = 5; SNT, n = 5) mice. Data are represented as mean + SEM (one-way ANOVA, **P < 0.01; ***P < 0.001, vs. sham control in WT, #P < 0.05; *#P < 0.01, vs.

nerve-injured WT in each time point).

H GT1b level in spinal cord tissues was analyzed by ELISA. Three mg of pooled ipsilateral L4-5 spinal cord tissues of sham-operated or L5 spinal nerve-injured mice
were used. Data are presented as mean + SEM (Student’s t-test, **P < 0.01, *#P < 0.01).
L4-5 spinal cord sections of floxed-St3gal2 (St3gal2™, n = 3/group) and sensory neuron-specific St3gal2~/~ mice (Scn10a-Cre/St3gal2™, n = 3/group) with L5 SNT at
3 dpi were immunostained with Iba-1 antibody, and representative images are shown (scale bar, 100 pum).

J Mechanical allodynia was performed in sham-operated or L5 SNT-injured St3gal2” (SNT, n = 6) and Scn10a-Cre/St3gal2~'~ (sham, n = 5; SNT, n = 7) mice (one-
way ANOVA, ***P < 0,001, vs. sham control, ¥P < 0.05; vs. nerve-injured St3gal2” at each time point).

Data information: The fluorescence intensity of ST3Gal-II-IR (C) and Iba-1-IR (E, I) was measured and presented as the fold induction compared to the corresponding
control in each section. Data are represented as mean + SEM (Student’s t-test, **P < 0.01; ***P < 0.001, **P < 0.01).

nerve injury-induced GT1b expression in DRG neurons. PDMP injec-
tion also attenuated nerve injury-induced spinal cord microglia acti-
vation (Fig 6B). Most importantly, injury-induced
mechanical hypersensitivity was attenuated by pre-treatment with
PDMP (Fig 6C), but not by post-treatment with PDMP at 4-6 days
post-injury (Fig 6D). These results suggest that blocking GT1b
synthesis at an early time point when microglia activation occurs
inhibits the development of neuropathic pain caused by peripheral
nerve injury but does not reverse the ongoing pain hypersensitivity.

the nerve
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Discussion

In this study, we revealed a novel mechanism by which GT1b
induces spinal cord microglia activation and contributes to the
development of nerve injury-induced neuropathic pain: Injured
sensory neurons upregulate GT1b ganglioside that is axonally trans-
ported to and released in the spinal cord. GT1b, in turn, functions
as an endogenous agonist of TLR2 to activate microglia, which
contributes to central sensitization and neuropathic pain (Fig 7).

© 2020 The Authors
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Figure 5. GT1b functions as an endogenous agonist of TLR2 to activate microglia.

A Glial cells cultured from WT and TIr2~/~ mice were stimulated with 10 pg/ml of GT1b for 3 h, and transcript levels were measured using real-time RT—PCR. Data
are represented as mean + SEM (Student’s t-test, **P < 0.01; ***P < 0.001, vs. control in WT, #P < 0.05; *##p < 0,001, vs. TIr2~/~ mice).

B Lumbar spinal cord sections prepared from WT (n = 3/group) and TIr2~'~ mice (n = 3/group) 1 day after intrathecal injection of GT1b (25 pg/5 pl in saline) were
immunostained with Iba-1 antibody, and representative images are shown (scale bar, 100 um). Vehicle-injected mice served as controls. The fluorescence intensity
of Iba-1-IR was measured and presented as the fold induction compared to the corresponding control. Data are represented as mean £ SEM (Student’s t-test,

**p < 0,01, vs. control in WT, ##P < 0.01, vs. TIr2~/~ mice).

@ Transcript levels were measured using real-time RT—PCR in L4-5 spinal cord tissues of WT and TIr2~/= mice after intrathecal injection of GT1b (25 pg/5 pl,
n = 3/group) or vehicle. Data are represented as mean + SEM (n = 3/group, Student’s t-test, *P < 0.05; **P < 0.01, vs. control in WT, #P < 0.05; *#P < 0.01, vs. in

Tir2='= mice).

D, E Mechanical allodynia (D) and thermal hyperalgesia (E) were assessed in WT (vehicle, n = 5; GT1b, n = 5) and TIr2~'= mice (vehicle, n = 6; GT1b, n = 7) after
intrathecal injection of GT1b (25 pg/5 pl) or vehicle. Data are represented as mean + SEM (one-way ANOVA, *P < 0.05; **P < 0.01; ***P < 0.001, vs. vehicle in WT,

#p < 0.05; ##p < 0.01; ###p < 0.001, vs. WT GT1b group in each time point).

F Primary microglia cultured from Cx3cr1*/° and Tir2~/~/Cx3cr1*/°™ mice were incubated with 5 pg/ml of GT1b-rhodamine in the presence or absence of LTA
(n = 8/group), and representative images are shown (scale bar, 20 um). The fluorescence intensity of GT1b-rhodamine was measured and presented as

mean + SEM (Student’s t-test, *P < 0.05; ***P < 0.001).

Due to its clinical importance, great efforts have been made
to understand the mechanisms of spinal cord microglia activa-
tion in neuropathic pain. Thus far, it has been proposed that
ATP released from the central axons of the injured DRG neuron
activates microglia in the spinal dorsal horn via the P2X4 recep-
tor (Sawynok et al, 1993; Tsuda et al, 2003). P2X4 activation of
microglia, in turn, induces release of BDNF that may induce
pain central sensitization by disinhibiting inhibitory synaptic

© 2020 The Authors

transmission (Coull et al, 2005). Meanwhile, a more recent
study showed that ATP is released mainly from the spinal cord
neurons, not from the injured sensory neurons (Masuda et al,
2016). This suggests that neuronal ATP might not be a primary
signaling molecule mediating the injured sensory neuron-to-
microglia signaling. Recently, colony-stimulating factor 1 (CSF1)
has been reported as a molecule that mediates injured neuron-
to-microglia signaling (Guan et al, 2016; Okubo et al, 2016).
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Figure 6. Antagonizing St3gal2-GT1b-TLR2 signaling attenuates neuropathic pain.

A, B PDMP (10 pg/5 nl) was intrathecally injected once daily for 7 days prior to L5 SNT. L5 DRG (A) and L5 spinal cord tissue (B) sections of sham-operated or SNT-
injured (3 dpi) WT mice were immunostained with GT1b or Iba-1 antibody. Representative images are shown (n = 4/group; scale bar, 100 um). The fluorescence
intensity of GT1b-IR and Iba-1-IR was measured and presented as the fold induction compared to that of the vehicle + sham control. Data are represented as
mean + SEM (Student’s t-test, ***P < 0.001, vs. vehicle + sham group, *#P < 0.01; ###P < 0.001, vs. PDMP + SNT).

C Mechanical allodynia was assessed in sham-operated WT mice with or without PDMP injection (Veh + Sham, n = 5; PDMP + Sham, n = 5) and L5 SNT-injured WT
mice with or without PDMP injection (Veh + SNT, n = 5; PDMP + SNT, n = 8; one-way ANOVA, ***P < 0001, vs. Veh + sham group, P < 0.05, vs. Veh + SNT

group at each time point). Data are presented as mean + SEM.

D Mechanical allodynia was evaluated in nerve-injured mice with vehicle (n = 6) or PDMP (n = 7) injection. PDMP was intrathecally administrated once a day from 4
to 6 days after nerve injury. Data are presented as mean + SEM (one-way ANOVA, ***P < 0.001, vs. vehicle group at each time point).

CSF1 expressed in the injured sensory and motor neurons
induced spinal cord microglia proliferation and DAP12-depen-
dent microglia activation. Intrathecal CSF1 administration upreg-
ulates mRNA expression of Itgam, Bdnf, and Ctss in the spinal
cord, but with very limited induction of IL-1p and TNF-o (Guan
et al, 2016). These proinflammatory cytokines are implicated in
the central sensitization (Kawasaki et al, 2008b). Note, however,
that these proinflammatory genes are significantly upregulated
in the spinal cord microglia upon peripheral nerve injury (Jeong
et al, 2016). Furthermore, nerve injury-induced microglia activa-
tion was not completely abrogated in the Advillin-Cre/Csf1"/"
mice after nerve injury (Guan et al, 2016). Taken together,
those findings suggested that other nerve injury-induced factors
are required to fully activate spinal cord microglia. This appears
to be particularly true for microglial proinflammatory gene
expression.

Previously, we and others provided evidence that the TLR2
signaling pathway contributes to nerve injury-induced spinal cord
microglia activation and subsequent neuropathic pain (Kim et al,
2007, 2010; Lim et al, 2013; Stokes et al, 2013). However, how
microglial TLR2 is engaged by peripheral nerve injury was not
known. In the present studies, we provided evidences that GT1b
serves as an endogenous agonist that exerts in action on microglia
by binding to TLR2. First, intrathecal GTlb-induced microglia
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activation and mechanical hypersensitivity are completely abrogated
in Tlr2~/~ mice. Second, GT1b-induced pain-relevant gene expres-
sion such as Il1b, Tnf, and Bdnf is blocked in TIr2~/~ mice in vivo
and also in Tlr2-deficient glial cells in vitro. Finally, in vitro data
using rhodamine-conjugated GT1b clearly demonstrate that GT1b
directly binds to microglial TLR2. Taken together, our data support
the hypothesis that GT1b is the long-sought endogenous agonist of
TLR2 that has been implicated in nerve injury-induced neuropathic
pain.

TLR2 is a pattern-recognition receptor that detects danger-asso-
ciated and pathogen-associated molecular patterns and activates
innate immune cells upon tissue damage and infection, respectively
(Kirschning & Schumann, 2002). In addition to neuropathic pain,
TLR2 is implicated in glial cell activation and neuroinflammation in
other neurological conditions including spinal cord injury (Kigerl
et al, 2007), stroke (Tang et al, 2007), and neurodegenerative
diseases (Jana et al, 2008). Thus far, studies have shown that
HMGBI1 and misfolded o-synuclein may function as endogenous
TLR2 agonists (Park et al, 2004; Kim et al, 2013). Our study found
that GT1b is another TLR2 endogenous agonist that induces
neuroinflammation. In addition to neuropathic pain, GT1b upregula-
tion is detected in other neurological diseases including amyotrophic
lateral sclerosis and epilepsy (Trbojevic-Cepe et al, 1991). Notably,
in these diseases, microglia activation and neuroinflammation are

© 2020 The Authors
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Figure 7. Molecular mechanisms of nerve injury-induced spinal cord microglia activation.

Peripheral nerve injury upregulates GT1b in the injured sensory neurons, which are intra-axonally transported to and released in the spinal cord. In the spinal cord, GT1b
functions as an endogenous agonist of microglial TLR2, activates p38 MAP kinase, and induces pain-mediating proinflammatory cytokines (//1b and Tnf), Bdnf, NO, and ROS

production. These factors contribute to pain central sensitization.

also observed (Beach et al, 1995; Henkel et al, 2009). Therefore, it
may be worthwhile to investigate whether GT1b is also involved in
microglia activation and neuroinflammation in these neurological
disorders.

GT1b is one of the most abundant ganglioside in the brain (Tetta-
manti et al, 1973). GT1b localizes to the axonal membrane, where it
interacts with myelin-associated glycoprotein on Schwann cells or
oligodendrocytes, and contributes to long-term axon-myelin stabil-
ity (Yang et al, 1996; Sheikh et al, 1999). Conceivably, the upregula-
tion of GT1b by injured sensory neurons restores damaged axon—
myelin integrity. Our data, however, point to a very different conse-
quence of GT1b induction, microglia activation. As basal levels of
GT1b, in the absence of nerve injury, do not activate microglia, it is
not likely that membrane-embedded GT1b directly activates TLR2.
Rather, GT1b released from the membrane of damaged axons acti-
vates TLR2 on microglia. This is supported by the way TLR2 inter-
acts with its agonist. LTA is comprised of two acyl chains attached
to the hydrophilic glycan head group. Based on structural study, it
was proposed that two acyl chains first bind to their binding pockets
on TLR2 and the hydrophilic glycan head group induces dimeriza-
tion of TLR2 with either TLR1 or TLR6 for intracellular signaling

© 2020 The Authors

(Jin & Lee, 2008). Interestingly, GT1b, like LTA, consists of an
oligosaccharide head group and two long saturated fatty acyl chains
(Venkateshwari & Veluraja, 2012). Given the structural similarity
between GT1b and LTA, it is conceivable that, once released, the
exposed acyl chains of GT1b bind to TLR2 and the glycan head
group of GT1b might induce dimerization with TLR1 or TLRG.
Indeed, in our study we found that soluble GT1b levels are
increased in the ISF and CSF upon peripheral nerve injury. Thus far,
it is not clear how GT1b is aberrantly released from the neuronal
plasma membrane upon peripheral nerve injury, which warrants
future investigation.

In summary, we demonstrated a novel mechanism for spinal
cord microglia activation after peripheral nerve injury: Nerve
injury upregulates St3gal2 and subsequent GT1b synthesis in the
injured DRG neurons. GT1b, in turn, is intra-axonally transported
and released in the spinal cord where it functions as a TLR2
endogenous agonist that activates microglia and contributes to
nerve injury-induced neuropathic pain. Thus, targeting St3gal2
upregulation in the DRG or GT1b binding to TLR2 in the spinal
cord introduces potential novel therapeutic strategies to treat
neuropathic pain.
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Materials and Methods
Animals

All surgical and experimental procedures were reviewed and
approved by the Institutional Animal Care and Use Committee at
Seoul National University. The animal treatments were performed
in accordance with the guidelines of the International Association
for the Study of Pain. Mice and rats were housed in a specific
pathogen-free vivarium with a 12-h light-dark cycle and acclimated
to the environment for at least 1 week before the experiments. All
animals were allowed to access food and water ad libitum. WT mice
with a C57BL/6 background and Sprague Dawley rats were
purchased from Daehan Biolink (Eumsung, Korea). Sensory neuron-
specific St3gal2-deficient mice were generated by breeding floxed-
St3gal2 mice and Scn10a-Cre knockin mice expressing Cre recombi-
nase under the control of an endogenous Nav1.8 promoter as previ-
ously described (Agarwal et al, 2004). Global St3gal2~/~ mice were
generated as previously described (Ellies et al, 2002). Tir2~/~/
Cx3cr1™/“f” mice were generated by crossing TIr2~/~ mice with
knockin mice that express EGFP under the control of the endoge-
nous Cx3crl locus. Transgenic Cx3crl /™ and floxed-St3gal2 mice
were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA). Tlr2~/~ mice were kindly provided by Dr. S. Akira (Osaka
University, Japan) (Takeuchi et al, 1999). All male genotypes were
aged 8-10 weeks and weighed 21-25 g at the initiation of experi-
mentation. Animals were assigned to the experimental groups using
within-cage randomization.

Neuropathic pain model and pain tests

To generate a persistent pain model, mice and rats were anes-
thetized with pentobarbital sodium (50 mg/kg, i.p.) and L5 spinal
nerve transection (SNT) was performed as previously described
(Lim et al, 2017). For concurrent L5 dorsal root transection and L5
spinal nerve ligation (SNL), rats were anesthetized with enflurane
(0.5-2%) and the L5 and L6 vertebra were surgically exposed. The
L6 transverse process was removed, and the LS spinal nerve was
tightly ligated with 6-0 silk thread. Then, an L5 laminectomy was
carried out; the dura was opened, and the L5 dorsal root ipsilateral
to the nerve injury was tightly ligated with 6-0 silk thread and tran-
sected. Neuropathic pain tests were performed as previously
reported by an observer blinded to group assignment and took place
between 12:00 and 17:00 h (Lim et al, 2017).

LC-multiple-reaction monitoring (MRM)-mass spectrometry (MS)
analysis for gangliosides

All organic solvents of high-performance liquid chromatography
(HPLC) grade were purchased from J.T. Baker (Philipsburg, NJ,
USA). Gangliosides were extracted from 10 mg of pooled ipsilateral
L4-5 spinal cord tissues of L5 spinal nerve-injured mice. Ganglioside
isolation was performed in accordance with established methods
(Takamizawa et al, 1986) with minor modifications. Briefly, the
tissue samples were pulverized in 400 pl methanol. Then, 10 pg of
d18:1-18:0 GM3-d3 (Matreya LLC, State College, PA, USA) was
added to the samples as an internal standard and then were immedi-
ately mixed with 200 pl chloroform-methanol/chloroform (2:1 v/v).

10 of 14 The EMBO Journal ~ 39: 102214 | 2020

Hyoungsub Lim et al

After vigorous mixing, the samples were placed on ice and incu-
bated for 10 min. After incubation, the suspensions were mixed
with equal volume of chloroform and 1.3x volumes of water. After
mixing for 30 s, the suspensions were incubated at room tempera-
ture for 30 min. The samples were centrifuged at 2,500 x g for
10 min, and the upper phase was transferred into a new microtube
and dried. For enrichment of gangliosides, 100 pl of binding buffer
(I mM MnCl,, 1 mM CaCl,, 0.5 M NaCl, and 20 mM Tris-HCI, pH
7.3) and 100 pg of Sambucus nigra (SNA) lectin (VECTOR, Burlin-
game, CA, USA) were added sequentially in the microtube. To
promote the binding of SNA lectin to gangliosides, the samples were
incubated at 25°C for 1 h in a Thermomixer (Eppendorf, Hamburg,
Germany). Then, 200 pl of washing solution (1 mM MnCl,, 1 mM
CaCl,, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.3, and 40 mM NH;sCOs3)
was applied to the filters with 14,000 x g centrifugal force at 25°C
for 10 min. This clean-up step was performed twice to remove non-
glycolipids from the filter. For the elution of gangliosides, 100 pl of
an acidic hydrophobic solution (80% acetonitrile, 0.1% formic acid
in water) was added twice at 25°C and 14,000 x g for 20 min; the
eluents were removed completely by drying and the pellets were
resuspended in 10 pl solvent A (20 mM ammonium formate, 0.1%
formic acid in acetonitrile/methanol/water mixture (19:19:2)) for
further mass spectrometry analysis. Quantification of gangliosides
in samples was performed using a 6490 Accurate-Mass Triple Quad-
rupole LC-MS instrument connected to a 1200 series HPLC system
with an SB-C18 2.1 x 50 mm, 1.8 pum column (Agilent Technolo-
gies, Wilmington, DE, USA). The mobile phase was pumped at a
flow rate of 0.1 ml/min, and 3.5 pl of sample was injected for each
run. To determine MRM pair for all ganglioside subclasses, we used
data on parent and daughter ions from a previous study (Sturgill
et al, 2012). For ganglioside analysis, we optimized MRM parame-
ters with GM3-d3 as an internal standard. The collision energies for
GT1b species were set at 32 and 38 V for GM3-d3 internal standard
(optimized condition). The collision gas and sheath gas tempera-
tures were adjusted to 250 and 350°C, respectively. Finally, we
performed a validation study using an internal standard, GM3-d3.
The peak intensity of GT1b species in each sample was normalized
to the corresponding level of internal standard and is presented as a
percent of the corresponding controls. Data are expressed as
mean + SEM values.

In vivo microdialysis in spinal cord and CSF collection

Interstitial fluid of the spinal cord was collected as previously
reported with minor modifications (Jo et al, 2014). In brief, 5 days
after L5 SNT, rats were anesthetized using 1.5-3% isoflurane and
placed on the stereotaxic frame. After exposing the spinal cord and
removing the dura mater, a CMA7 guide cannula (Harvard Appara-
tus, Holliston, MA, USA) was inserted in the L5 spinal cord dorsal
horn (DV: —0.75 mm, degree 60°). The guide cannula was fixed
with zinc polycarboxylate dental cement. After fixing the guide
cannula thoroughly by dental cement, a CMA7 microdialysis probe
(membrane diameter 0.24 mm, length 1 mm, stainless-steel shaft
diameter 0.38 mm) was implanted through the guide cannula. The
probe was connected to a CMA402 syringe pump (Harvard Appara-
tus) with fluorinated ethylene propylene tubing (Harvard Appara-
tus). Then, the probe was perfused with artificial cerebrospinal fluid
(mM: 149 NacCl, 2.8 KCl, 1.2 MgCl,, 1.2 CaCl,, and 5.4 glucose,
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pH 7.4) into inlet of the probe at a flow rate of 2 ul/min. Perfusates
from the outlet of the tubing were collected in the plastic vial on ice.
Dialysates were collected at intervals of 1 h for 3 h. Dialysates were
stored at —20°C until before use. The CSF sampling was performed
as previously described (Rodriguez-Fanjul et al, 2015). Briefly,
5 days after L5 SNT, mice were anesthetized with pentobarbital
sodium (50 mg/kg, i.p.) and the subcutaneous tissue and occipital
muscles were carefully separated by dissection with scissors to
expose the surface of the dura covering the cisterna magna. The
surrounding area was then gently cleaned with cotton swabs to
remove any residual blood. After stabbing the dura with a 30-gauge
one-half-inch needle, the flowing CSF was collected with a pipette.
The CSF from five mice was pooled into one biological replicate and
stored at —20°C until before use.

Enzyme-linked immunosorbent assay (ELISA)

GT1b measurement in ISF, CSF, conditioned medium, and spinal
cord tissues was performed as described previously with minor
modifications (Holmgren et al, 1980). Briefly, 1 ng/ml of tetanus
toxin (Sigma, St. Louis, MO, USA) in coating buffer (BioLegend, San
Diego, CA, USA) was directly attached to the 96-well plate by
passive adsorption at 37°C overnight and then the microplate was
incubated at 55°C for 3 h to immobilize the toxin firmly. The GT1b
ELISA was performed using the tetanus toxin-coated microplate
according to a conventional ELISA protocol. IL-1f release and BDNF
release were analyzed using an IL-1f ELISA kit (Komabiotech,
Seoul, Korea) and BDNF ELISA kit (Boster Biological Technology,
Pleasanton, CA, USA) according to the manufacturer’s instructions,
respectively. Total protein concentrations from each cell lysate were
measured using a BCA protein assay kit (Thermo Scientific, Rock-
ford, IL, USA) and used for normalization.

Intrathecal injection

Mice were anesthetized with pentobarbital sodium (25 mg/kg, i.p.)
and GT1b (Matreya LLC) in saline solution or vehicle alone was
administrated by direct lumbar puncture between the LS and L6
vertebrae of the spine of WT and TIr2~/~ mice, using a 10-ul Hamil-
ton syringe (Hamilton Company, Reno, NV, USA) with a 30-gauge
one-half-inch needle as previously described (Hylden & Wilcox,
1980). Polymyxin B (10 pg/ml, Sigma) was used to prevent LPS
contamination 30 min before GT1b administration. PDMP (Matreya
LLC) was dissolved in 5% Tween 80 (Sigma) in saline and diluted
with sterile saline immediately before intrathecal injection. The
success of the intrathecal injection was assessed by monitoring the
tail-flick response when the needle penetrated the subarachnoid
space.

Immunohistochemistry and live cell imaging

LS DRG and spinal cord sections were prepared and immunostained
as previously described (Lim et al, 2017), with rabbit anti-Iba-1
(1:1,000, Wako, Osaka, Japan, 019-19741), mouse anti-GT1b
(1:1,500, Millipore, Temecula, CA, USA, MAB5608), rabbit anti-
ST3Gal-II (1:250, Santa Cruz Biotechnology, Santa Cruz, CA, USA,
sc-292044), and FITC- or Cy3-conjugated secondary antibodies
(1:200, Jackson ImmunoResearch, West Grove, PA, USA, 715-095-151,
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715-165-150). GT1b immunostaining was performed as previously
described (Gong et al, 2002). Briefly, the animals were perfused
through the heart with saline solution followed by 10% sucrose.
The LS DRG and dorsal root were collected and snap-frozen at
—80°C. For ganglioside immunostaining, the detergent was omitted
from the entire process. For live cell imaging, primary microglia
were prepared from WT, Cx3crl*/®", and Tir2~/~/Cx3cr1*/¢"
mice. To measure intracellular reactive oxygen species level,
primary microglia cultured from WT mice were treated with 10 pg/ml
(4.5 uM) of GTI1b for 5.5 h. Then, 10 uM of CM-H,DCFDA (Life
Technologies, Carlsbad, CA, USA) were loaded in the microglia and
incubated for 30 min at 37°C. Upon rinsing the microglia with PBS,
the fluorescence intensity was measured. The fluorescence intensity
of CM-H,DCFDA was measured and presented as the fold induction.
To test the direct interaction between TLR2 and GT1b, primary
microglia were incubated with 5 pg/ml (1.6-1.9 uM) of GT1b-
rhodamine for 1 h in the presence or absence of LTA (Sigma) at
37°C in a 5% CO, incubator. LTA was pre-treated for 30 min prior
to the GTlb-rhodamine treatment. After incubation, cells were
rinsed with glial cell culture medium three times and the rhodamine
intensity was measured in whole microglia and expressed as
mean + SEM.

We immunostained 3-5 sequential sections of spinal cord tissue,
DRG tissue, and dorsal root tissue at 50-um intervals per animal
(n = 1) and obtained a representative image under the same condi-
tion using a confocal microscope (LSM700, Carl Zeiss, Oberkochen,
Germany) in the blind state. For the relative quantification of fluo-
rescence intensity, tissue sections of each group were simultane-
ously immunostained under the same condition and when shooting
a confocal image, laser power and gain values were adjusted to
avoid saturation of single pixels. When measuring fluorescent signal
intensity, brightness and contrast were adjusted under the same
condition in the ZEN software (version ZEN 2010B SP1, Carl Zeiss)
to remove the background of each group to be compared. Fluores-
cent signal intensity was measured in three random areas of a
0.1 x 0.1-mm per tissue section using the ZEN software, and their
mean values were calculated. The fluorescence intensity is
presented as the fold induction compared to the corresponding level
measured in the control sample. Using differential interference
contrast images, we measured ST3Gal-II and GT1b immunoreactiv-
ity in DRG neurons without separate marker staining. Image analy-
sis was performed under blind conditions.

Real-time RT-PCR

Real-time RT-PCR experiments were performed as previously
described (Lim et al, 2017). The following PCR primer sequences
were used: Gapdh forward, 5-AGG TCA TCC CAG AGC TGA ACG-
3’; Gapdh reverse, 5-CAC CCT GTT GCT GTA GCC GTA-3'; Il1b
forward, 5-GTG CTG TCG GAC CCA TAT GA-3’; Il1b reverse, 5'-
TTG TCG TTG CTT GGT TCT CC-3’; Tnf forward, 5-AGC AAA CCA
CCA AGT GGA GGA-3'; Tnf reverse, 5-GCT GGC ACC ACT AGT
TGG TTG T-3’; Bdnf forward, 5-TGC AGG GGC ATA GAC AAA
AGG-3'; Bdnf reverse, 5-CTT ATG AAT CGC CAG CCA ATT CTC-3';
St3gal2 forward, 5-ATG GCT ACC TTG CCC TAC CT-3’; St3gal2
reverse, 5'-GTC CAG ACG GGT GAG ATG TT-3’; St3gal3 forward, 5'-
AGG CTG CCT TCA CTC TCA TT-3’; and St3gal3 reverse, 5'-CAT
TGG GTG TGT TCA TGT CA-3'.
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Primary cell and F11 cell culture

Primary mixed glial cell and microglia cultures were prepared
according to previously established procedures (Lim et al, 2013). In
brief, brain glial cells were cultured from post-natal days 1-3 for WT,
Tir2~/~, Cx3crl™/Cf and Tir2=/~ /Cx3cr1 /" mice. After 2 weeks,
the glial cells were trypsinized and seeded into 6-well plates for
Western blot analysis. Primary microglia were harvested from brain
mixed with glial cell cultures as previously described (Lim et al,
2013). Microglia were plated in 96-well plates at a density of 50,000
cells per well and allowed to adhere overnight. Cells were incubated
for 6 h in serum-free glial cell culture medium prior to stimulation.
For IL-1P release, microglia were primed by pre-treatment of 10 pg/
ml GT1b for 2 h prior to stimulation with 5 mM ATP for 1 h. For
BDNF release, microglia were stimulated with 10 pg/ml GT1b for
2 h followed by 50 uM ATP for 1 h. Neither the GT1b nor ATP
affected cell viability. For nitric oxide production, microglia were
stimulated with 10 pg/ml GT1b for 24 or 48 h. F11 cells were grown
in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, and 1 x penicillin/streptomycin at
37°Cin a 5% CO, incubator. F11 cell line was purchased from Amer-
ican Type Culture Collection (ATCC, Manassas, VA, USA, HB-
11761). For F11 neuronal differentiation (Ghil et al, 2000), the cells
were incubated in the culture media supplemented with 1% fetal
bovine serum, 2 mM r-glutamine, 1 x penicillin/streptomycin, and
0.5 mM of dibutyryl cyclic AMP (Sigma) for 3 days in a 24-well
plate. To depolarize the cells, the KCl concentration in the culture
medium was adjusted to 50 mM. The high concentration of potas-
sium did not affect cell viability. Cell supernatants and lysates were
collected and stored at —20°C until the day of the assay.

Nitric oxide assay

Nitric oxide production was determined by measuring nitrite level
with Griess reagents (Sigma) according to the manufacturer’s
instructions. In brief, equal volumes of the culture supernatants and
the Griess reagents were mixed and then incubated for 15 min at
room temperature. Absorbance was measured at 540 nm. The
nitrite concentration was calculated using a standard curve, and
data are presented as mean + SEM values.

Western blot analysis

Protein lysates were prepared by lysing glial cells in RIPA buffer
containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40,
0.5% deoxycholic acid, 0.1% SDS, 1 mM PMSF, and phosphatase
inhibitor mixture set IV (Millipore). A total of 20 pg of the cell lysate
was separated on a 10% SDS-PAGE by electrophoresis and electro-
transferred to a nitrocellulose membrane. Membranes were blocked
with 5% bovine serum albumin (BSA) in Tris-buffered saline
containing Tween 20 (20 mM Tris, pH 7.4, 150 mM NacCl, and 0.1%
Tween 20) and probed overnight with primary antibody against p-
p38 (Thr180/Tyr182) (1:1,000, Cell Signaling Technology, Danvers,
MA, USA, 9211) at 4°C, followed by incubation with horseradish
peroxidase-conjugated secondary antibody at room temperature for
1 h prior to chemiluminescence treatment. For normalization, the
membranes were stripped and reprobed with p38 antibody (1:1,000,
Cell Signaling Technology, 9212). Immunoreactivity signals were
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visualized by MicroChemi (DNR Bio-imaging Systems, Jerusalem,
Israel). Three independent experiments were performed, and a
representative blot image is shown. The band intensity of p-p38 was
measured and presented as the fold induction compared to the
control.

Fluorescent dye-labeled GT1b

GTl1b-rhodamine was synthesized using labeling probe kit (AAT
Bioquest, Sunnyvale, CA, USA) according to the manufacturer’s
instructions. Briefly, three mg of GT1b (Matreya LLC) were
dissolved in chloroform/methanol/distilled water (2:1:0.2). 5(6)-
Carboxy-X-rhodamine (16.6 mg) in anhydrous dimethylformamide
(DMF, Sigma) was added dropwise to the GT1b solution. A mixture
of GT1b and two equivalents of N-hydroxybenzotriazole (HOBt,
Anaspec Inc., San Jose, CA, USA) and 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium (HBTU, Anaspec Inc.), and four equiva-
lents of N,N-diisopropylethylamine (DIPEA, Sigma) per surface
hydroxyl group of the GT1b in anhydrous DMF was stirred for 24 h
at room temperature. The crude product was eluted onto a
Sephadex LH-20 (Lipophilic Sephadex, Sigma) column (DMF only)
to separate the unreacted excess rhodamine, HOBt, and HBTU. The
sample solution was dialyzed (MWCO 1000, Sigma) against pure
water for 4 h. After filtration with a 0.22-um filter, the sample solu-
tion was freeze-dried. All steps were performed in the absence of
light. The synthesis of GT1b-rhodamine, with the conjugation ester
bond, was confirmed using proton NMR spectra (Avance DPX-300,
Bruker, Billerica, MA, USA).

Statistics

The statistical significances of differences were assessed using
SigmaPlot software (version 11.0, Systat Software, Inc., San Jose,
CA, USA). Statistical analyses were performed using one-way
ANOVA followed by Bonferroni’s post-test for multiple comparisons
or Student’s t-test. All data are presented as mean + SEM, and dif-
ferences were considered statistically significant when the P-value
was smaller than 0.05.

Expanded View for this article is available online.
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