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(Sigma-Aldrich) in the presence of 40 μM vitamin E
for 10 min. Separately, microglia cells were treated
with 10 μM Forskolin (Tocris, cas# 66575-29-9) for
10 min. The cAMP production was measured by a
homogenous time-resolved fluorescence assay with a
cAMP Gs Dynamic Kit (Cis Bio, Bedford, MA, USA,
cat#62AM4PEB) using the FlexStaion 3 device (Molecular
devices)

Statistical analysis
The data are presented as mean ± standard error of
the mean (SEM). Statistical analyses were performed
using GraphPad Prism (version 6.04, GraphPad Soft-
ware Inc.) for one-way or two-way analysis of variance
(ANOVA) followed by the Tukey’s post hoc test for
multiple comparisons, and p < 0.05 was considered
statistically significant.

Results
CHIMERA induces GPR110 gene expression in the brain
To investigate the possible role of GPR110 activation in
improving TBI outcome, we first examined the GPR110
mRNA expression in adult mouse brain using quantita-
tive RT-PCR at 1 and 24 h after single or multiple
CHIMERA given daily for three consecutive days. Both
single and multiple CHIMERA significantly upregulated
GPR110 gene level at 1 and 24 h after injury compared
to the sham group (F = 38.53, p < 0.0001, n = 3-4/group,
Fig. 1), indicating that gpr110 expression responds
quickly to the brain injury.

GPR110 ligands dose-dependently stimulate cAMP
production in primary microglia
A methylated analogue of synaptamide, (4Z,7Z,10Z,13Z,
16Z,19Z)-N-(2-hydroxy-2-methylpropyl)docosa-4,7,10,
13,16,19-hexaenamide (A8, NCGC00248435) (Fig. 2A),
was previously shown to be resistant to hydrolysis by
fatty acid amide hydrolase (FAAH) and to produce
cAMP more effectively than synaptamide in cortical neu-
rons [18]. Since rCHIMERA induces microglia activation,
we examined the capability of this ligand to stimulate
cAMP production in primary microglia (Fig. 2B) where
GPR110 was shown to be expressed [17]. As shown in
cortical neurons [18], A8 dose-dependently increased
microglial production of cAMP more effectively than
synaptamide with EC50 of 0.79 nM. This increase was
GPR110-dependent as the microglia from GPR110 KO
mice did not respond to A8 while forskolin raised the
cAMP level in both preparations (Fig. 2C).

Determination of treatment dose and ligand stability
in vivo
To determine the proper dose of GPR110 ligands for
in vivo treatment, we examined their effects on the expres-
sion of an inflammation marker TNF after rCHIMERA.
We chose the time point at 2 h after rCHIMERA because
the maximum expression of TNF mRNA occurred at this
time although it remained elevated throughout the duration
of experiment up to 24 h after injury (F = 12.61, p < 0.001,
n = 3–4/group, Fig. 3A). Based on the previous finding that
synaptamide at 5 mg/kg significantly suppressed LPS-
induced neuroinflammation [16, 17] as well as the

Fig. 1 Induction of GPR110 mRNA by single or multiple CHIMERA. The GPR110 mRNA in brain measured by RT-PCR using TaqMan probes shows
upregulation at 1 h and 24 h after single (CHIMERA) or repeated CHIMERA applied daily for 3 days at a 24-h interval (rCHIMERA). The data are
expressed as mean ± SEM (n = 3–4) and are representative of three independent experiments. **p < 0.05; ****p < 0.0001 vs. Sham
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Fig. 2 Dose-dependent effect of GPR110 ligands on cAMP production in mouse primary microglia cells. A The chemical structure of GPR110
ligands, synaptamide and A8. B The concentration-dependent production of cAMP in primary microglia stimulated by GPR110 ligands. The EC50
values of synaptamide and A8 are 1.27 and 0.79 nM. Microglia isolated from adult GPR110-WT and KO mice were treated with varying
concentrations of synaptamide or A8 for 10 min. The fold change data are presented as mean ± SEM from a representative experiment out of
three independent experiments performed in triplicates. C The cAMP production in primary microglia after stimulation with forskolin. No
difference was found in the cAMP production from WT and KO microglia. The microglia cells were treated with 10 � M forskolin for 10 min and
cAMP production was measured in triplicate. The data is representative of three independent experiments

Fig. 3 Dose-dependent effect of synaptamide and A8 on TNF mRNA expression and their stability in vivo. A The mRNA level of TNF in the mouse
cortex quantified by qRT-PCR using TaqMan probes at 2, 4, and 24 h after rCHIMERA. The TNF mRNA level from injured mice was upregulated at
all time points compared with Sham control (***p < 0.001, *p < 0.05 vs. Sham) with the most pronounced increase occurring at 2 h after the last
injury (*p < 0.05 vs. rCHI-4 h or rCHI-24 h). The data are expressed as mean ± SEM (n = 4). Each dot symbol represents an individual animal
within each group. B Dose-dependent effects of GPR110 ligands in cortical TNF mRNA level evaluated at 2 h after the last injury. Mice were
intraperitoneally (i.p.) injected with varying doses of synaptamide (SYN, 1, 2, and 5 mg/kg) or A8 (0.1, 0.5, 1 mg/kg) immediately following each
injury. The increase in the mRNA level of TNF after rCHI (rCHI + V, **p < 0.001 vs. Sham) was significantly suppressed by A8 at 1 mg/kg and
synaptamide at 5 mg/kg (#p < 0.05 vs. rCHI + V). The data are expressed as mean ± SEM (n = 4–5). Each dot symbol represents an individual
animal within each group. C The time course of A8 and d4-synaptamide detected in the mouse brain. A8 (1 mg/kg) and d4-synaptamide (5 mg/
kg) intraperitoneally injected were detected by tandem mass spectrometry. The A8 level in mouse cortex is significantly higher than synaptamide
at 1 h and 2 h after intraperitoneal injection. The data are expressed as mean ± SEM (n = 3). **p < 0.001, ***p < 0.001

Chen et al. Journal of Neuroinflammation          (2021) 18:157 Page 6 of 13



chronic neuropathology and vision deficit caused by
rCHIMERA.
GPR110 is highly expressed in the neural stem cells,

kidney, and developing brain but GPR110 expression is
markedly diminished in the adult brain (Lee et al, 2016).
In some cancer conditions such as prostate, liver, and
breast cancer, upregulated expression of GPR110 has
been reported [28–30]. Significant upregulation of
GPR110 has also been demonstrated in adult neural tis-
sues in response to injury [18] or LPS stimulation [17].
Likewise, the GPR110 gene level in adult mouse brains
rapidly increased after single or multiple CHIMERA in
our closed head injury model (Fig. 1).
G protein-coupled receptors (GPCRs) have been the

targets for potential therapeutic agents in diverse
fields [31, 32]. Many adhesion GPCRs are involved in
cellular adhesion and signaling in immunology and
neurology as well as developmental biology [33, 34].
GPR110 is the target receptor of synaptamide [13] that
ameliorates LPS-induced neuroinflammation through
the cAMP/PKA/CREB singling pathway in vivo and in
cultured microglia where GPR110 is expressed [16,
17]. Recently, synaptamide has been shown to reduce
inflammation and cognitive impairment in animal

models of neuroinflammation and TBI [35, 36]. In
LPS-induced neuroinflammation, synaptamide was shown
to reduce the expression of proinflammatory cytokines/che-
mokines without affecting anti-inflammatory/pro-resolving
cytokines [16]. Although the role of rapid induction of
GPR110 after injury is not clear, the anti-inflammatory na-
ture of GPR110 signaling may help attenuate uncontrolled
inflammatory signals as part of the neuroprotective re-
sponses to injuries.
Neuroinflammation is an important mechanism

underlying the pathogenesis of traumatic brain injury
[37, 38], while microglia are potent immune effector
cells producing and releasing proinflammatory and cyto-
toxic mediators in response to brain injury [23] Therefore,
the GPR110-dependent microglial production of cAMP
(Fig. 2), a well-established regulator of immune responses
[39], is likely an important contributing mechanism to the
effectiveness of GPR110 ligands on rCHIMERA-induced
optic tract gliosis (Figs. 4 and 5, S1-S2) and visual dysfunc-
tion observed in this study (Fig. 7, S3). In addition,
GPR110 ligands may have activated GPR110/cAMP
signaling in other cellular components such as neurons
and suppressed axonal damage (Fig. 6), also contributing
to the improved injury outcome.

Fig. 7 GPR110-dependent improvement of visual function impaired by rCHIMERA by synaptamide and A8. A Average trace of VEP evaluated at 3
months post injury. Full-field flash VEP was elicited at a constant intensity of 3.0 cd·s/m2 with the active electrode subcutaneously inserted in the
middle of the two ears. B, C Quantitative analysis of the VEP response. N1 amplitude (B) and latency (C) indicates that treatment with
synaptamide or A8 increased the N1 amplitude in WT but not in GPR110 KO injured mice without affecting N1 latency. No significant difference
in the N1 amplitude or latency in sham animals was observed between two genotypes. The data are expressed as mean ± SEM (n = 7–12). Each
dot symbol represents each animal per group. ***p < 0.001, ****p < 0.0001 vs. Sham-WT
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A8, a chemical analogue of synaptamide with im-
proved stability, has been recently described as a better
ligand to GPR110 compared with the endogenous ligand
synaptamide [18]. Indeed, A8 was more effective for
GPR110-dependent cAMP production in microglia (Fig.
2) and suppression of the inflammatory signal after brain
injury caused by rCHIMERA (Fig. 3). Both A8 and
synaptamide were detected in the brain after intraperito-
neal injection indicating that they passed the brain–
blood barrier and were delivered to the brain. The de-
tected level of A8 was significantly higher compared to
synaptamide although 5-fold less A8 was injected than
synaptamide, confirming improved in vivo stability of
A8. Enhanced in vivo stability and biological effective-
ness of A8 suggest that A8 may have better translational
potential than synaptamide.
Persistent gliosis caused by repetitive mild TBI is often

associated with a functional deficit in animals and
humans [22, 40–42]. The rCHIMERA-induced chronic
gliosis and axonal degeneration in the optic tract
[11, 19] are accompanied by visual impairment [11].
The vulnerability of the optic tract to mild TBI can
be utilized for the evaluation of drug candidates for
therapeutic potential in mild repetitive TBI. Such
strategy led to the current demonstration of anti-
inflammatory GPR110 ligands as effective agents in
ameliorating the chronic optic tract histopathology
and visual dysfunction. The positive effect of GPR110 li-
gands observed in the optic tract may occur similarly in
other cerebral white matter tracts including the corpus
callosum, internal capsule, and corticospinal tracts that
are known to be disrupted significantly after TBI [43].
Consequently, these GPR110 ligands may find further
applications to other brain functions impaired by mild re-
petitive TBI, particularly memory and executive function
that require intact white matter tracts.

Conclusions
Our results demonstrate that synaptamide and A8 at-
tenuate optic tract histopathology and visual impairment
caused by rCHIMERA by activating the GPR110/cAMP
system that is upregulated after injury. This study pro-
vides new insight for the translational potential of target-
ing GPR110 using its ligands for improving the chronic
outcome after repeated mild TBI.
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Additional file 1: Figure S1. Synaptamide-specific suppression of glia
cell activation in optic tract (OT) at one day post-rCHIMERA. A. Represen-
tative micrographic images of Iba-1 and GFAP immunofluorescence. WT
mice were injected with synaptamide or oleoylethanolamine (OEA) at 5
mg/kg (i.p.) after each CHIMERA, and brains were collected for immuno-
staining at 1 day after the last injury. B, C. Quantitative analysis of Iba-1
(B) and GFAP expression (B), showing that synaptamide suppressed Iba-1
and GFAP expression induced by rCHIMEA while oleoylethanolamine
(OEA) had no effect. The synaptamide treatment without injury did not
affect the GFAP and Iba-1 expression in the brain. The data are expressed
as mean ± SEM (n=3). *p<0.05, **p<0.01, ****p<0.001 vs. Sham. Figure
S2. GPR110-dependent inhibition of glia cell activation in corpus callo-
sum by synaptamide and A8 at 7 days after injury. A, C. Representative
micrographic images of Iba-1 (A) and GFAP (C) immunofluorescence in
the corpus callosum (CC) from WT and GPR110 KO mice at 1 week after
injury (rCHI). WT and GPR110 KO mice were injected with synaptamide (5
mg/kg, i.p.) or A8 (1 mg/kg, i.p.) after each CHIMERA, and brains were col-
lected for immunostaining at 7 days after the last injury. B, D. Quantitative
analysis showing significant suppression of Iba-1 (B) and GFAP expression
(D) by the treatment with synaptamide or A8 compared to the vehicle-
treated group (rCHI + V) in WT but not in GPR110 KO mice after rCHI-
MERA. The corpus callosum region (CC) is outlined with dashed lines. The
data are expressed as mean ± SEM (n=3). *p<0.05, **p<0.01, ***p<0.001
vs. Sham-WT. Figure S3. Increases in N1 amplitude of VEP by A8 at 2
weeks after rCHIMERA. A: Average traces of VEP evaluated at 2 weeks
post injury. Full-field flash VEP was elicited at a constant intensity of 3.0
cd·s/m2 with the active electrode subcutaneously inserted in the middle
of the two ears. B, Quantitative analysis of the N1 amplitude and latency
showing that A8 increased the N1 amplitude in WT but not in GPR110
KO injured mice without affecting N1 latency. No significant difference in
the N1 amplitude or latency in sham animals was observed between two
genotypes. The data are expressed as mean ± SEM (n=8-10). Each dot
symbol represents each animal per group. ***p<0.001, ****p<0.0001 vs.
Sham-WT. C. Average tracts of ERG at 2 weeks post injury obtained using
a light-adapted (photopic) protocol. D, E. Quantitative analysis of a and b
amplitude and latency showing that A8 or injury did not change a and b
amplitude and latency for both WT and GPR110 KO mice. No significant
difference in these ERG parameters was observed between two
genotypes.
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