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A B S T R A C T

The progressive increase in the prevalence of obesity in the population can result in increased healthcare costs
and demands. Recent studies have revealed a positive correlation between pain and obesity, although the un-
derlying mechanisms still remain unknown. Here, we aimed to clarify the role of microglia in altered pain
behaviors induced by high-fat diet (HFD) in male mice. We found that C57BL/6CR mice on HFD exhibited
enhanced spinal microglial reaction (increased cell number and up-regulated expression of p-p38 and CD16/32),
increased tumor necrosis factor-α (TNF-α) mRNA and brain-derived neurotrophic factor (BDNF) protein ex-
pression as well as a polarization of spinal microglial toward a pro-inflammatory phenotype. Moreover, we
found that using PLX3397 (a selective colony-stimulating factor-1 receptor (CSF1R) kinase inhibitor) to elim-
inate microglia in HFD-induced obesity mice, inflammation in the spinal cord was rescued, as was abnormal pain
hypersensitivity. Intrathecal injection of Mac-1-saporin (a saporin-conjugated anti-mac1 antibody) resulted in a
decreased number of microglia and attenuated both mechanical allodynia and thermal hyperalgesia in HFD-fed
mice. These results indicate that the pro-inflammatory functions of spinal microglia have a special relevance to
abnormal pain hypersensitivity in HFD-induced obesity mice. In conclusion, our data suggest that HFD induces a
classical reaction of microglia, characterized by an enhanced phosphorylation of p-38 and increased CD16/32
expression, which may in part contribute to increased nociceptive responses in HFD-induced obesity mice.

1. Introduction

Obesity is a chronic disease and is a growing problem worldwide
due to its association with severe disorders (Keane et al., 2013). In the
last decade, numerous epidemiological studies have revealed a positive
correlation between obesity and chronic pain (Hitt et al., 2007; Marcus,
2004; Stone and Broderick, 2012). Recent studies in animals have de-
monstrated that obesity further exacerbates pain caused by arthritic
conditions (Loredo-Perez et al., 2016), local inflammation of the dorsal
root ganglia, complete Freund’s adjuvant-induced paw inflammation
(Song et al., 2017), and capsaicin-induced orofacial pain (Rossi et al.,
2013). However, the mechanisms underlying this association remain
unknown.

There are several possible explanations for the positive relationship
between obesity and pain. A combination of mechanical-structural,

endocrine, and metabolic changes may be potential contributors.
Systematic, low-grade chronic inflammation is another popular opinion
(Cooper et al., 2017; da Cruz Fernandes et al., 2018; Song et al., 2018).
According to this notion, obesity results in a pro-inflammatory state
with low-grade, chronic inflammation accompanied by metabolic cells
in tissues throughout the body (Gregor and Hotamisligil, 2011). In
peripheral tissues, this is orchestrated by immune changes because the
resident macrophages, which in healthy condition exhibit alternatively-
activated M2-like polarization, switch to classically-activated M1-like
polarization. This leads to the release of pro-inflammatory factors and
recruitment of circulating monocytes, which further contributes to the
pro-inflammatory condition.

Microglia serve as the resident immune cells of the central nervous
system (CNS), with functions similar to those of macrophages in per-
ipheral tissues. They further build the first line of defense against
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disturbances to local brain homeostasis (Hanisch and Kettenmann,
2007). Studies in rodent models have demonstrated that obesity in-
duces neuroinflammation mediated by increased levels of inflammatory
cytokines and microglial reaction within specific brain regions such as
hippocampus, hypothalamus, and forebrain regions (de Kloet et al.,
2014; Hao et al., 2016; Thaler et al., 2013; Valdearcos et al., 2014;
Valdearcos et al., 2015). However, whether such effects could be in-
duced in the spinal cord has not been investigated.

The spinal cord is the first relay station in the process of nociceptive
signal transmission from the periphery to the brain. Spinal microglia
are activated following injury to the peripheral nerves (Echeverry et al.,
2008; Zhang and De Koninck, 2006) and play important roles in the
pathogenesis of neuropathic pain and inflammatory pain (Calvo and
Bennett, 2012; Li et al., 2010; Zhang et al., 2007). Recent studies have
provided strong evidence to show that spinal microglia are not only
involved in the genesis of pain but also required for the maintenance of
pain hypersensitivity (Echeverry et al., 2017). Microglia are activated
by adenosine triphosphate (ATP), colony-stimulating factor-1 (CSF1),
chemokines ((C–C motif) ligand 2 (CCL2) and CX3CL1), and proteases,
which originate from injured or activated neurons (Guan et al., 2016;
Old and Malcangio, 2012; Sawada et al., 2014; Tsuda et al., 2013). In
parallel, expression of ATP receptors and CX3CR1 are selectively in-
creased in spinal microglia in response to nerve injury (Grace et al.,
2014; Ji et al., 2013). Activation of these receptors typically converges
on an intracellular signaling cascade involving the phosphorylation of
p38 mitogen-activated protein kinase (MAPK) (McMahon and
Malcangio, 2009), which leads to an increased level of tumor necrosis
factor-α (TNF-α), interleukin (IL)-1β, IL-18, and brain-derived neuro-
trophic factor (BDNF), as well as an increased expression of cycloox-
ygenase (COX) and synthesis of prostaglandin E2 (Coull et al., 2005;
McMahon and Malcangio, 2009). These neuromodulators then fine-
tune both excitatory and inhibitory synaptic transmission, which ulti-
mately enhance pain signal transmission to the brain.

Here, we hypothesized that neuroinflammation involving microglial
reaction would contribute to increased nociceptive responses in HFD-
induced obesity mice. We first validated this hypothesis by in-
vestigating the effects of diet-induced obesity on basal nociceptive be-
haviors, microglial reaction, and the expression of inflammatory cyto-
kines in the spinal cord.

2. Methods

2.1. Animals and treatment

Experiments were carried out in male C57BL/6CR mice (18 to 20 g
(g), 3 weeks old) (Vital River Laboratory Animal Technology Co. Ltd,
Beijing, P R China), due to recent studies indicated that microglia had
an essential role in pain perception in male animals (Rosen et al., 2019;
Sorge et al., 2015; Taves et al., 2016). Mice were housed 4 to 5 per cage
in a temperature- and humidity- controlled vivarium and on a 12:12-
hour light/dark cycle beginning at 07:00. All protocols were approved
by the Animal Care and Use Committee of Peking University Health
Science Center, who certified that our care and use of animals con-
formed to national and international guidelines (No. LA2015033).

2.1.1. High-fat diet administration
Mice had ad libitum access to food and water. A standard chow diet

(CD) and a high-fat diet (HFD) (Research Diets, catalog D12451) were
supplied. On a caloric basis, the CD contained 11.5% fat, 20.8% protein,
and 67.7% carbohydrate, while the HFD contained 45% fat, 20% pro-
tein, and 35% carbohydrate. After 7-day (d) acclimating to the animal
facility, mice were randomly divided into age-matched 6 groups (CD
group and HFD-fed 1w, 2w, 4w, 6w, and 8w group). For example, mice
in the HFD group were fed the diet for 2 weeks (HFD-fed 2w). They
received a CD for 6 weeks and then a HFD for 2weeks, corresponding to
a total time of 8 weeks. Following dietary manipulation and pain

behavior testing, mice were sacrificed, and blood and spinal dorsal horn
samples were collected. Furthermore, gonadal fat pads were im-
mediately removed and weighed on an electronic scale.

2.1.2. Depletion of microglia using pexidartinib (PLX3397)
Pexidartinib (PLX3397, SelleckChem, S7818), a selective colony-

stimulating factor-1 receptor (CSF1R) kinase inhibitor, was adminis-
tered via oral gavage to deplete microglia. In the CNS, PLX3397 has
been found to act specifically on microglia, which are the only cell type
to express CSF1R under normal conditions (Erblich et al., 2011; Nandi
et al., 2012). Mice depleted of microglia exhibit no behavioral or cog-
nitive abnormalities and chronic PLX3397 treatments eliminated
tumor-associated macrophages, but had only modest effects on mac-
rophage numbers in other tissues in wild-type mice (Elmore et al.,
2014; Mok et al., 2014). PLX3397 was prepared by mixing with 5%
dimethylsulfoxide, 45% polyethylene glycol 300, and 50% dd H2O in
sequence, per the manufacturer’s instructions. CD-fed 8w and HFD-fed
8w mice were injected once a day over the last week of diet exposure.
Behavioral tests were conducted within 10 h, and at day 1, 3, and 5
after drug administration. The concentration of PLX3397 used here
(46.25mg/kilogram (mg/kg) body weight) was based on recent studies
(Elmore et al., 2014; Liddelow et al., 2017) and corresponded to a
quantity of 290mg/kg of chow. An equal volume of solution without
PLX3397 was used as the vehicle group.

2.1.3. Depletion of spinal microglia using Mac-1-saporin
In order to determine the role of spinal microglia in pain hy-

persensitivity, we intrathecally administered Mac-1-saporin (Chen
et al., 2018; Ferrini et al., 2013; Zhao et al., 2007), a microglia selective
toxin (5.6 microgliter (μl)/injection/mouse, 2 µg/μl) at the level of L4-
L5 after 8-week feeding course (Ueda et al., 2018; Yao et al., 2016).
Vehicle groups received intrathecal injection of same volume of saline.
Behavioral tests were conducted at day 1 after Mac-1-saporin treat-
ment.

2.1.4. Determination of biochemical parameters
Levels of total blood cholesterol, triglycerides, and glucose were

measured using commercial testing monitors (Accutrend Plus CTL,
Roche Diagnostics). After an 8-week altered diet period, animals were
fasted for 4 h and blood samples were collected upon sacrifice.

2.2. Pain behavior tests

Behavioral measures of nociception were evaluated at the end of the
altered diet period (8 weeks). Mice were habituated to the testing en-
vironment daily for at least 2 days prior to testing. Behavioral tests were
performed blinded and under constant conditions (23± 2 °C; 55±5%
humidity) between 09:00 and 12:00 AM in a quiet room.

2.2.1. Response to von Frey filaments
This method was referred to Pogatzki and Raja (Pogatzki and Raja,

2003) and performed to test paw sensitivity to mechanical stimuli. Mice
were placed on an elevated plastic mesh floor in a clear Plexiglas
chamber (5×5×8 cm). After a 20 to 30min (min) acclimation
period, withdrawal responses to punctate mechanical stimuli were de-
termined using calibrated von Frey filaments (with 0.07, 0.17, 0.40,
0.60, 1.00, 1.40, and 2.00 g bending forces; North Coast Medical,
Atlanta, USA). Each monofilament was applied five times to the plantar
aspect of the right hind paw for∼ 1 s (s) with a 10-s interval between
stimuli, starting with a force of 0.07 g and continuing in ascending
order. A stimulus-related withdrawal of the paw was considered a
withdrawal response. The paw withdrawal threshold (PWT) was the
force at which withdrawal occurred at least 3 times and 2.0 g was re-
corded as the PWT if< 3 responses to all filaments occurred.
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2.2.2. Response to radiant heat stimulation
Paw withdrawal latency (PWL) to heat stimulation was determined

in a manner similar to that described previously. After acclimation for
20 to 30min, a radiant heat source was focused on the middle of right
hind paw from underneath the glass. The time required to cause
withdrawal of the paw from the stimulus was measured to the nearest
0.1 s (cutoff time 20 s). The results of three trials, 5 to 10min apart,
provided the average PWL.

2.2.3. Rotarod test
Motor coordination was evaluated with two protocols using a ro-

tarod apparatus (Panlab SL, Barcelona, Spain). In the training protocol,
the rotation of the rod was set at a constant speed of 4 rpm. In the
testing protocol, the rod accelerated from 4 to 40 rpm over a 5min
period, as has been described previously (Galante et al., 2009). All
animals were trained for 3 days prior to testing. Animals’ latencies (in
seconds) to their first fall were recorded with a cut-off time of 300 s.
Resulting data represents the mean amount of time each animal stayed

Fig. 1. Effects of high-fat diet (HFD) on body weight, body fat tissue, cholesterol, triglycerides, and blood glucose in mice. (A) Body weight during an 8w-HFD
exposure. Note that the body weight is increased after 5 weeks of HFD exposure. Two-way repeated measure ANOVA with Bonferroni’s multiple comparisons posttest;
n= 19 mice per group. (B) Body weight among CD-fed, HFD-fed 1w, 2w, 4w, and 8w mice. Note the weights of HFD-fed 4w and 8w mice are significantly higher than
those of CD-fed mice (n=10 mice per group). (C) Weights of gonadal fat pads among CD-fed, HFD-fed 1w, 2w, 4w, and 8w mice. The weights of gonadal fat pads are
altered in HFD-fed 4w and 8w mice, but are not significantly different among CD-fed, HFD-fed 1w, and HFD-fed 2w groups. (D) Plasma cholesterol among CD-fed,
HFD-fed 1w, 2w, 4w, and 8w mice. High-fat diet elevates plasma cholesterol in HFD-fed 2w, 4w and 8w mice compared with CD-fed mice. (E, F) Plasma triglycerides
and blood glucose among CD-fed, HFD-fed mice. There is no significant difference for plasma triglycerides and blood glucose among groups. One-way ANOVA with
Bonferroni’s posttest within groups; F(4,45) = 7.533 for body weight data, F(4,30)= 21.31 for weight of gonadal fat pad data, F(4,25) = 13.08 for cholesterol data, and
F(4,25) = 1.572 for triglyceride data; n= 6–10 mice per group. Blood glucose was compared by unpaired t-test, t12= 1.17, p=0.26, n=7 mice/group. **p<0.01;
***p<0.001.
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on the rotarod across 3 trials, with a minimum of 30min of rest be-
tween each trial. The rod was cleaned with 75% ethanol before the next
animal was tested.

2.3. Western blot

Mice were deeply anesthetized with 1% sodium pentobarbital and
then decapitated. L4-6 spinal cord segments were rapidly removed. The
dorsal horn was then dissected using the “open book” method (Zhuang
et al., 2005). Briefly, the L4-6 segments were dissected, bisected into
left and right pieces along the midline, and then further split into dorsal

and ventral horns at the level of the central canal. Dorsal horn tissues
were then homogenized in ice-cold RIPA buffer (Cell Signaling Tech-
nology) supplemented with 1mM phenylmethylsulfonyl fluoride,
phosphatase inhibitors, and a protease inhibitor cocktail (Sigma-Al-
drich). This homogenate was centrifuged at 12,000 g for 10min at 4 °C.
The protein concentration in these tissue lysates was determined via a
BCA Protein Assay Kit (Pierce, Rockford, IL). Thirty-milligram aliquots
then underwent 12% SDS-PAGE and proteins were transferred elec-
trophoretically to PVDF membranes (Millipore, Bedford, MA). After
blocking with 5% nonfat milk in Tris-buffered saline with 0.1% Tween-
20 for 1 h at room temperature, the membranes were incubated

Fig. 2. HFD induces both pain hypersensitivity and increased numbers of Iba-1+ cells in the lumbar spinal dorsal horn. (A) Paw withdrawal thresholds (PWT) of the
right hind paw are expressed as medians with first and third quartiles (Two-tailed Dunn’s test used to make comparisons following Kruskal-Wallis test. n= 10 mice
per group). (B) HFD-fed 6w and 8w mice exhibit a significant decrease in paw withdrawal latency (PWL) (n= 9–10 mice per group). (C-D) Representative examples
of IHC and quantitative analyses of Iba-1/DAPI (red/blue) staining in L4-6 spinal dorsal horn. Scale bar: 100 μm. The number of Iba-1+ cells in HFD-fed 8w mice is
significantly increased above those in CD-fed mice. (E-F) Representative examples of IHC and quantitative analyses of GFAP/DAPI (green/blue) staining in L4-6
spinal dorsal horn. Scale bar: 100 μm. There is no significant change in GFAP+ cell numbers among CD-fed and HFD-fed mice. One-way ANOVAs with Bonferroni’s
posttest within groups; F(4,42)= 17.08 for PWL data, F(4,15) = 5.302 for the number of microglia; F(4,15)= 1.108 for the number of astrocytes. Each symbol represents
one mouse with at least eight measured sections per mouse, n=4. *p<0.05; ***p<0.001. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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overnight at 4 °C with antibodies to rabbit anti-phospho-p38 (1:200),
rabbit anti-phospho-p44/42 (p-ERK1/2, 1:1000), rabbit anti-phospho-
JNK (1:1000), rabbit anti-p38 (1:200), rabbit anti-p44/42 (ERK1/2,
1:1000), rabbit anti-JNK (1:1000; all from Cell Signaling, Beverly, MA),
and rabbit anti-BDNF (1:1000, Abcam, Cambridge, MA, USA). After
washing, the antibody-protein complexes were probed with HRP-con-
jugated secondary antibody (1:1000; Jackson). Finally, an enzymatic
chemiluminescence Western blot detection kit (Thermo Fisher Scien-
tific, Chelmsford, Massachusetts) was used to assess the expression of
target protein. The intensity of immunoblot bands was quantified using
Quantity One software (Bio-Rad, Hercules, CA), normalized to the
density of the internal control (β-actin), and expressed as fold-changes
compared to the control group.

2.4. Immunohistochemistry (IHC) and image analysis

Mice were deeply anesthetized with an overdose of pentobarbital
sodium and then perfused transcardially with warm 0.9% saline fol-
lowed by ice-cold 4% paraformaldehyde in 0.1M sodium phosphate
buffer (pH 7.4). The lumbar spinal cord was removed and placed in the
same fixative overnight then transferred to 30% sucrose for

cryoprotection. The frozen spinal cord was cut transversely into 30-μm
or 50-μm sections on a sliding microtome, collected in PBS, then stored
at 4 °C until further use. Standard fluorescence immunohistochemistry
protocols were applied with the use of antibodies against selected
proteins. Floating sections were washed 3 times in PBS, blocked, and
incubated for 24 h at 4 °C with the following primary antibodies: rabbit
anti-Iba-1 polyclonal antibody (ionizing calcium-binding adaptor mo-
lecule-1 (Iba-1), for microglia, 1:500; Wako, Osaka, Japan, used for
double immunofluorescent labels with CD16/32), goat anti-Iba-1
polyclonal antibody (1:200, Abcam, Cambridge, MA, USA, used for
double immunofluorescent labels with p-p38), goat anti-CD16/32
polyclonal antibody (Fcγ receptor III/II) (1:200, R&D System,
Minneapolis, MN), rabbit anti-phospho-p38 (1:500, Cell Signaling,
Beverly, MA), and mouse anti-glial fibrillary acidic protein (GFAP)
(1:400, astrocyte marker, Cell Signaling, Beverly, MA). The sections
were then washed and incubated for 1 h at room temperature with the
secondary antibodies fluorescein (FITC)-conjugated AffiniPure donkey
anti-goat, fluorescein (FITC)-conjugated AffiniPure donkey anti-mouse,
and Cy3-conjugated AffiniPure donkey anti-rabbit (Jackson Immuno
Research, West Grove, PA). Sections were counterstained with 4′, 6-
diamidino-2-phenylindole (DAPI) for nuclear labeling. After rinsing

Fig. 3. HFD diet induces p-p38 activation in the lumber spinal cord. (A-D) Representative micrographs of p-p38 and Iba-1 (red/green) immunostaining of tissues in
the spinal dorsal horn in CD-fed, HFD-fed 1w, 2w, and 8w mice. Scale bar: 100 μm. (E) Quantitative analysis of the ratio of p-p38/Iba-1 double-positive cells to Iba-1
positive cells shows a progressive increase in HFD-fed 4w and 8w mice. (F-G) Quantitative analyses of p-p38 fluorescence intensity and staining area reveal a
significant increase in HFD-fed 8w mice. One-way ANOVA with Bonferroni’s posttest within groups; F(4,20)= 28.42 for the ratio of p-p38/Iba-1 double-positive cells
to Iba-1 positive cells data; F(4,20)= 5.117 for p-p38 mean fluorescence intensity data; F(4,20) = 21.40 for area of p-p38 staining data. **p<0.01, ***p<0.001. Each
symbol represents one mouse with at least eight measured sections per mouse, n=5. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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them 3 times in PBST, sections were mounted onto slides and cover-
slipped.

Images were acquired on a confocal laser scanning microscope
(Leica TCS SP8 STED) at a resolution of 512× 512 pixels (Leica TCS
SP8 STED). Quantitative analyses were performed on images digitized
with constant exposure time and gain setting. The staining area of Iba-
1+ cells, p-p38, and CD16/32, as well as fluorescent intensity of p-p38
and CD16/32 was quantified using Image Pro Plus (Media Cybernetics,
Rockville, MD). The numbers of infiltrated p-p38+/Iba-1+, CD16/32+/
Iba-1+, and total Iba-1+ cells were counted manually across each
whole section. Ratios of p-p38 and Iba-1 double positive cells to total
Iba-1+ cells and ratios of CD16/32 and Iba-1 double positive cells to
total Iba-1+ cells were calculated. All measurements were made from 8
to 10 sections per animal with 4–5 animals used per group.

2.5. Semi-automatic quantitative morphometric three-dimensional
microglia measurements

50-μm cryosections from spinal cord tissues were stained with anti-
Iba-1 (Wako, Osaka, Japan) for 48 h (1:500 dilution at 4 °C) followed by
Cy3-conjugated AffiniPure donkey anti-rabbit staining (1:500 overnight
at 4 °C). Nuclei were counterstained with DAPI. Imaging was performed
on a confocal laser scanning microscope (Leica TCS SP8). Z stacks were
obtained with 1.01-μm steps in the z plane. A 512× 512 pixel resolu-
tion was used and analyzed using IMARIS software (Bitplane), as de-
scribed previously (Erny et al., 2015; Hellwig et al., 2016; Sampson
et al., 2016). We selected microglial cells through the spinal dorsal horn
randomly. Each individual microglial cell was then reconstructed. Five
animals were analyzed per group with five to nine measured cells per
mouse. IMARIS based automatic quantification of cell morphometry
included process length, number of branch points, number of terminal
points, total Sholl intersections, filament area, and volume.

2.6. Real-time quantitative polymerase chain reaction (RT-qPCR)

Gene expression of the inflammatory mediators including TNF-α, IL-
6, IL-1β, inducible nitric oxide synthase (iNOS), IL-10, CCL2, and BDNF
in the lumbar spinal dorsal horn was measured among groups using
real-time PCR. Microglia-specific genes including Iba-1, CX3CR1, CD68,
CD206, and spalt-like transcription factor 1 (Sall1) were also compared
following treatment with PLX3397 in HFD-fed 8w and CD-fed 8w mice.
Total lumbar spinal cord RNA was extracted using TRIzol (Invitrogen,

Carlsbad, CA), per the manufacturer’s instructions. Total RNA (1 μg)
was used as a template for reverse transcription with MMLV reverse
transcriptase (Takara, Japan). Template cDNA (1 μL) was amplified by
polymerase chain reaction (PCR) with Taq DNA polymerase (Takara) in
25 μL total reaction volume containing 0.5 μM PCR primer as indicated.
Quantitative real-time PCR was performed on the ABI 7500 Fast real-
time PCR system (Applied Biosysterms, Foster City, CA) with SYBR
Premix Ex Taq II (Takara), as previous described (Fang et al., 2015). β-
actin was used as an internal control. The final data were normalized to
each control group. All primer sequences are listed in Supplementary
data, Table S1.

2.7. Data analyses

All data were presented as mean± SEM, except for the PWTs.
Mechanical PWTs were analyzed using nonparametric tests. We used
Mann-Whitney tests for two-group comparisons. Kruskal-Wallis test was
used for within-group analysis, and a two-tailed Dunn’s test was used to
make multiple comparisons following the Kruskal-Wallis test. Two-way
repeated measure analysis of variance (ANOVA) followed by
Bonferroni’s post-hoc test was used to compare body weights during diet
periods. One-way ANOVA following a Bonferroni’s post-hoc testing and
unpaired t test was chosen for other data as it is appropriate. p< 0.05
was considered to indicate statistical significance. All statistical eva-
luations were performed using Prism 6 (Graphpad Software, San Diego,
CA).

3. Results

3.1. Effects of HFD on body weight, body fat tissue, cholesterol,
triglycerides, and blood glucose in mice

As shown in Fig. 1A, the impact of HFD on mouse body weight
exhibited after 5 weeks (28.28± 0.58 g HFD-fed 5w vs. 25.99±0.43 g
CD-fed mice, p=0.0077). HFD consumption significantly increased
animal body weight over CD-fed animals. The HFD-fed 4w
(31.74±0.95 g, p=0.0026) and 8w (31.87±1.25 g, p=0.0019)
animals were heavier than CD-fed mice (27.24± 0.39 g) (Fig. 1B),
while the weights of their gonadal fat pads were also significantly
higher (p<0.001, HFD-fed 4w, 8w mice vs. CD-fed mice) (Fig. 1C). As
compared with the CD-fed mice, the blood cholesterol level was sig-
nificantly higher in HFD-fed 2w (p<0.001), 4w (p<0.001), and 8w

Fig. 4. HFD induces long-lasting microglia reaction with phosphorylated p38 MAPK in the lumbar spinal cord. (A) Western blot of p-p38 expression in lumbar spinal
dorsal horn. Upper: representative of Western blot bands; lower: analysis of the relative intensity of p-p38. Note that the expression of p-p38 is significantly increased
in HFD-fed 6w and 8w mice compared with CD-fed. Quantification of p-p38 levels is normalized to a control protein, p38. (B, C) Western blot of p-JNK and p-ERK
expression in lumbar spinal dorsal horn. Upper: representative of Western blot bands; lower: analysis of the relative intensity of p-JNK and p-ERK. Quantification of p-
JNK, p-ERK levels are normalized to JNK and ERK, respectively. Note that the no significant alteration is observed in the expression of p-JNK or p-ERK. One-way
ANOVA with Bonferroni’s posttest within groups; F(4,25)= 3.631 for relative expression of p-p38 data, F(4,20)= 0.057 for relative expression of p-JNK data,
F(4,25) = 0.732 for relative expression of p-ERK data,*p<0.05. n= 5–6 mice per group.
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(p<0.001) mice (Fig. 1D). However, HFD consumption did not alter
triglyceride or glucose levels (Fig. 1E, F).

3.2. HFD-induced obesity increases nociceptive responses of mice

With respected to the diet-induced obesity and basal pain behaviors,
paw withdrawal threshold (PWT) was decreased in the HFD-fed 6w and
8w groups. The median PWT of CD-fed mice was 2.0 g, though this
decreased to 1.0 g among HFD-fed 6w (p=0.022) and 8w (p=0.045)
animals (Fig. 2A). The paw withdrawal latency (PWL) was
16.11± 1.27 s in the CD-fed group, 13.57±1.19 s in the HFD-fed 2w
group, and 13.75±0.87 s in the HFD-fed 4w group. HFD-fed 6w
(8.05±0.71 s) and 8w (7.69± 0.39 s) mice were hypersensitive to
heat stimulation when compared to CD-fed mice (p<0.001) (Fig. 2B).
These results demonstrated that HFD-fed 6w and 8w mice developed an
increased nociceptive response both to mechanical and to thermal sti-
muli. However, no significant differences in the mean time spent on the
rotarod were found between CD-fed and HFD-fed mice (data not
shown), indicating that the HFD did not affect the animals’ motor
function.

3.3. HFD induces long-lasting microglial reaction as indicated by increased
phosphorylation of p38 MAPK in the spinal cord

To evaluate the differences in microglia number across all groups,
spinal microglia were immunolabeled with Iba-1, which is specifically
expressed in microglia in CNS. Quantitative analyses demonstrated that
the number of Iba-1+ cells in HFD-fed 8w mice was substantially higher
than that in CD-fed mice (p=0.024, HFD-fed 8w mice vs. CD-fed mice)
(Fig. 2C, D). As for astrocytes, HFD-feeding neither altered their mor-
phology nor increased the number of GFAP+ cells (Fig. 2E, F).

Few p-p38-immunoreactive cells were found in the spinal cords of
CD-fed and HFD-fed 1w mice (Fig. 3A, B). P-p38 protein levels were
also nearly undetectable in CD-fed mice by Western blot (Fig. 4A).
Further analyses revealed that the ratio of p-p38/Iba-1 double-positive
cells to Iba-1 positive cells in HFD-fed 4w and 8w mice were sig-
nificantly higher than that in CD-fed mice (p<0.001, HFD-fed 4w, and
8w mice vs. CD-fed mice) (Fig. 3E). The mean fluorescence intensity of
p-p38 was significantly increased in HFD-fed 8w mice (p<0.01, HFD-
fed 8w mice vs. CD-fed mice), and the area of p-p38 staining was also
significantly increased in HFD-fed 8w mice (p<0.001, HFD-fed 8w
mice vs. CD-fed mice) (Fig. 3F, G). P-p38 protein levels in HFD-fed 6w

Fig. 5. Activation M1-like microglia phenotype in the lumbar spinal dorsal horn during HFD diet exposure. (A-D) Representative micrographs of CD16/32 and Iba-1
(green/red) immunostaining of tissues in the lumbar spinal dorsal horn in CD-fed, HFD-fed 1w, 2w and 8w mice. Scale bar: 100 μm. (E) Quantitative analysis on the
ratio of CD16/32/Iba-1 double-positive cells to Iba-1 positive cells shows a progressive increase, starting at HFD-fed 2w mice and sustaining to HFD-fed 8w mice. (F-
G) Quantitative analyses on the CD16/32 staining area and fluorescence intensity showed an obvious increase in HFD-fed 4w and 8w mice. One-way ANOVA with
Bonferroni’s posttest within groups; F(4,20)= 15.72 for the ratio of CD16/32/Iba-1 double-positive cells to Iba-1 positive cells data, F(4,20)= 16.29 for area of CD16/
32 staining area data, F(4,20) = 20.57 for CD16/32 mean fluorescence intensity data. Each symbol represents one mouse with at least eight measured sections per
mouse, n=5 mice per group. *p<0.05; **p<0.01; ***p<0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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(∼1.70 fold) and HFD-fed 8w (∼1.70 fold) mice were higher than
those in CD-fed mice (p=0.046, HFD-fed 6w mice vs. CD-fed mice;
p=0.046, HFD-fed 8w mice vs. CD-fed mice) (Fig. 4A). Despite these
findings, no significant alterations were found in p-ERK or p-JNK, as
determined by Western blot (Fig. 4B, C).

3.4. HFD induces long-lasting microglial reaction as manifested by an
increased M1 phenotype in the spinal cord

To determine the functional phenotypes of microglia in HFD-fed
mice, spinal microglia were further stained with antibody against
CD16/32, a marker of the M1 microglia/macrophage phenotype. A
prominent increase in CD16/32 expression in Iba-1+ microglia was
observed on the lumbar dorsal horns of HFD-fed 2w and 8w mice, while
few CD16/32+ cells were found in CD-fed and HFD-fed 1w mice
(Fig. 5A–D). Further analysis demonstrated that the ratio of CD16/32/
Iba-1 double-positive cells to Iba-1 positive cells was higher in HFD-fed
2w, 4w, and 8w mice than in CD-fed or HFD-fed 1w mice (p=0.019,
HFD-fed 2w mice vs. CD-fed mice; p=0.0011, HFD-fed 4w mice vs. CD-
fed mice; p<0.001, HFD-fed 8w mice vs. CD-fed mice) (Fig. 5E). The
area of CD16/32 immunostaining was also significantly increased in
HFD-fed 4w, and 8w mice (p<0.001, HFD-fed 4w, and 8w mice vs. CD-
fed mice) (Fig. 5F). Moreover, the mean fluorescence intensity of CD16/
32 was significantly increased in HFD-fed 4w and 8w mice (p=0.0012,
HFD-fed 4w mice vs. CD-fed mice; p<0.001, HFD-fed 8w mice vs. CD-
fed mice) (Fig. 5G).

3.5. HFD induces an inflammatory response and the release of BDNF in the
spinal cord

As the immune cells in the CNS, microglia play significant roles in
generating spinal cord inflammatory responses. We detected the ex-
pression of several cytokines such as TNF-α, IL-6, IL-1β, iNOS, IL-10,

and CCL2 by real-time PCR, among those only TNF-α mRNA level was
increased in HFD-fed 8w mice (∼1.22 fold) (p=0.040, HFD-fed 8w
mice vs. CD-fed mice) (Fig. 6A–F). Besides, the BDNF protein, which is
recognized as an important molecule in the crosstalk between microglia
and neurons in the spinal cord (Coull et al., 2005), was significantly up-
regulated in the HFD-fed 8w group (∼1.84 fold) (p=0.0186, HFD-fed
8w mice vs. CD-fed mice) (Fig. 9A).

3.6. Depletion of microglia and/or suppression microglia gene profile
abrogates the HFD-induced pain hypersensitivity, and increased expression
of BDNF protein and TNF-α mRNA

To determine whether microglial reaction contributed to increased
pain sensitivity following HFD consumption, we applied CSF-1R in-
hibitor PLX3397 to deplete microglia (Elmore et al., 2014). In the
present study, we found a significant decrease in the numbers of Iba-1,
p-p38, and CD16/32-positive cells in PLX3397-treated mice as com-
pared to vehicle controls following HFD consumption (p<0.001) (Figs.
7A–H, 8A–F).

To further understand microglia-specific gene changes after
PLX3397 treatment, we detected Iba-1, Sall1, CX3CR1, CD68, and
CD206 mRNA by real-time PCR. The data showed marked reduction in
Iba-1, CX3CR1, CD68, and CD206 mRNA expression in HFD-PLX3397-
treated mice compared to HFD-veh-treated mice, indicating substantial
microglia depletion (Fig. S1A–E).

Moreover, PLX3397 treatment also inhibited the increased BDNF
protein levels (∼0.41 fold) (p=0.0020, HFD PLX3397 vs. HFD vehicle)
and TNF-α mRNA expression induced by 8weeks of HFD (∼0.15 fold)
(p<0.001, HFD PLX3397 vs. HFD vehicle) (Fig. 9A–B). No significant
change was observed in BDNF mRNA expression (Fig. 9C).

We next examined the effects of PLX3397 on pain behaviors fol-
lowing HFD-feeding. The median PWT in HFD-PLX3397 mice was re-
stored from 1.0 g in HFD-vehicle mice to 1.4 g in HFD-PLX3397 mice

Fig. 6. HFD induces an inflammatory response. (A-
F) Relative mRNA levels of TNF-α, IL-6, IL-1β,
iNOS, IL-10, and CCL2 in the lumbar spinal dorsal
cord in HFD-fed 8w and CD-fed mice. Note that the
TNF-α mRNA is increased in HFD-fed 8w mice
compared to CD-fed mice. Unpaired t-tests be-
tween CD-fed and HFD-fed 8w mice, t14= 2.267,
p=0.0397 for TNF-α mRNA data; t18= 0.4759,
p=0.6399 for IL-6 mRNA data; t18= 0.4992,
p=0.6237 for IL-1β mRNA data; t14= 0.8344,
p=0.4181 for iNOS mRNA data; t16= 1.296,
p=0.2132 for IL-10 mRNA data; t8= 1.692,
p=0.1290 for CCL2 mRNA data, n=5–10 mice/
group. *p<0.05.

Y.-J. Liang, et al. Brain, Behavior, and Immunity 80 (2019) 777–792

784



(p=0.026) (Fig. 10A). The PWL was 6.42±0.32 s in the HFD-vehicle
group, and was restored to 11.61±0.56 s in HFD-PLX3397 mice
(p<0.001) (Fig. 10B). Thus, PLX3397 attenuated the mechanical al-
lodynia and thermal hyperalgesia induced by HFD consumption.
Moreover, treatment with PLX3397 did not have any apparent side
effects or alteration of animal body weight (Fig. 10C). Also, no statis-
tically significant differences were found among the groups on the ro-
tarod test, indicating that PLX3397 did not impair the motor function of
mice (Fig. 10D). Additionally, we examined pain behaviors at more
time points after PLX3397 treatment. Mechanical allodynia remained
relieved at day 1 after PLX3397 treatment, and returned at day 3 and
day 5 after PLX3397 treatment (Fig. S2A). Meanwhile, the thermal
hyperalgesia kept alleviated at day 1 and day 3, and returned at day 5
after PLX3397 treatment (Fig. S2B).

3.7. A 3D-reconstructions and semi-automated measurement of cell
structures reveals de-ramification of microglia in HFD-fed 8w mice and
hyper-ramification of microglia in CD-fed mice in response to PLX3397

As the CNS’s immune cells, microglia are activated and undergo
phenotypic and morphological alterations upon detection of homeo-
static disruptions (Guillemot-Legris and Muccioli, 2017). To further
analyze the morphological characteristics for increased Iba-1 in HFD-
fed 8w mice, we performed 3D reconstructions of microglia located in
the spinal cord and analyzed the following parameters: process length,
number of branching points, number of terminal points, total Sholl

intersections, filament area, and volume. Semi-automatic quantitative
morphometric 3D measurements of microglia revealed significantly
shorter processes and decreased total Sholl intersections, and decreased
filament area in HFD-fed 8w mice. These features were indicative of de-
ramification morphology (Fig. 11A–B, E; Supplementary data, 3D
Neuroimaging Data 1 and 2) (p=0.0108 for process length;
p=0.0155, for total Sholl intersections; p=0.0205, for filament area;
HFD-fed 8w mice vs. CD-fed mice).

Morphological analyses for the microglia that survived after
PLX3397 administration in CD-fed mice exhibited increased numbers of
branch points, terminal points, and total Sholl intersections but no
significant changes in process length, filament area, or volume. These
cells had structures that were more complicated, a hyper-ramification
morphology typically associated with a more immature phenotype
(Erny et al., 2015), while the surviving microglia in HFD-PLX3397 mice
showed a similar morphology with HFD8w mice. (Fig. 11A, C, D and E;
Supplementary data, 3D Neuroimaging Data 1, 3 and 4).

3.8. Intrathecal injection of Mac-1-saporin in the spinal cord depletes
microglia and attenuates both mechanical allodynia and thermal
hyperalgesia in HFD-fed mice

To determine whether spinal microglia are responsible for HFD-in-
duced pain sensitivity, we depleted spinal microglia by intrathecal in-
jection of Mac-1-saporin (Chen et al., 2018; Ferrini et al., 2013; Ueda
et al., 2018; Zhao et al., 2007), a microglia selective toxin which could

Fig. 7. Impact of microglia depletion on the expression of p-p38 and Iba1 positive cells in the lumbar spinal dorsal horn. (A-D) Representative micrographs of p-p38
and Iba-1 (red/green) immunostaining in the spinal dorsal horn in CD-vehicle, CD-PLX3397, HFD-vehicle, and HFD-PLX3397 mice. Scale bar: 100 μm. (E-F)
Quantitative analyses of the number of Iba-1+ cells and Iba-1+ staining area reveal a significant decrease in HFD-PLX3397 mice. (G-H) Quantitative analysis of p-p38
staining area and p-p38 fluorescence intensity reveal a robust decrease in PLX3397-treated mice. One-way ANOVA with Bonferroni’s posttest within groups;
F(5,24) = 99.47 for number of Iba-1+ cells data; F(5,24) = 48.20 for area of Iba-1 staining data; F(5,24) = 130.8 for area of p-p38 staining data; F(5,24)= 111.3 for p-p38
mean fluorescence intensity data. Each symbol represents one mouse with at least eight measured sections per mouse, n=5. ***p<0.001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Presence of M1-like microglia in the lumber spinal cord following 7-day PLX3397 administration in HFD-fed 8w mice. (A-D) Representative micrographs of
CD16/32 and Iba-1 (green/red) immunostaining in the spinal dorsal horn in CD-vehicle, CD-PLX3397, HFD-vehicle and HFD-PLX3397 mice. Scale bar: 100 μm. (E-F)
CD16/32 staining area and CD16/32 fluorescent intensity are substantially decreased in HFD-fed mice that received PLX3397. One-way ANOVA with Bonferroni’s
within-group posttest; F(5,24)= 60.18 for area of CD16/32 staining intensity data, F(5,24)= 52.48 for CD16/32 mean fluorescence intensity. Each symbol represents
one mouse with at least eight measured sections per mouse, n= 5. ***p<0.001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 9. PLX3397 inhibits the HFD-induced enhancement of spinal BDNF protein and TNF-α mRNA expression. (A) Western blot of BDNF in lumbar spinal dorsal horn.
Upper: representative of Western blot bands; lower: analysis of the relative intensity of BDNF. β-actin is used as an internal control. Note that the enhancement of
BDNF induced by 8w-HFD exposure is significantly inhibited by PLX3397 treatment. (B-C) Relative expression of TNF-α and BDNF mRNA levels in the lumbar spinal
dorsal cord. Expression of TNF-α mRNA is decreased following treatment with PLX3397 and no significant change is observed in BDNF mRNA following PLX3397
treatment. One-way ANOVA with Bonferroni’s posttest within groups; F(5,18)= 9.543 for BDNF protein data, F(3,15)= 20.85 for TNF-α mRNA data, F(3,16)= 1.014 for
BDNF mRNA data. n=4–5 mice/group. *p<0.05; **p<0.01; ***p<0.001.

Fig. 10. Depletion of microglia attenuates mechanical allodynia and thermal hyperalgesia in HFD-fed mice. (A-B) Mechanical allodynia and thermal hyperalgesia are
reversed by PLX3397 administration. (C) Body weight during PLX3397 treatment in CD-fed and HFD-fed mice. Note the body weight is not altered by PLX3397
administration (two-way repeated measure ANOVA with Bonferroni’s multiple comparisons posttest; n= 12 mice per group). (D) Rotarod retention time in the
Rotarod test. No significant difference in the mean time spent is observed among different diet groups or PLX3397-treated groups. Results of von Frey tests are
expressed a median with first and third quartiles. PWTs to von Frey filaments are analyzed using nonparametric test. Two-tailed Dunn’s test is performed to make
these comparisons following Kruskal-Wallis test. One-way ANOVA followed by Bonferroni’s posttest within groups; F(5,68)= 73.90 for PWL data. n= 9–14 mice per
group; F(5,34) = 1.173 for rotarod retention time data, n=5–8 mice per group; *p<0.05; ***p<0.001.
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deplete 50% spinal microglia 1 day after injection (Yao et al., 2016).
Compared to HFD8w mice that received vehicle treatment, one day
after intrathecal injection of Mac-1-saporin, the number of Iba-1 posi-
tive cells and Iba-1 staining area were strikingly decreased in spinal
dorsal horn (p=0.0037 for number and p=0.0046 for area)
(Fig. 12A–D). Moreover, the area of CD16/32 staining and the mean
fluorescence intensity of CD16/32 was also significantly decreased
following Mac-1-saporin treatment (p=0.0222 for area and
p=0.0222 for mean fluorescence intensity) (Fig. 12A, B, E, F). Mea-
suring pain behaviors demonstrated that targeting spinal microglia with
Mac-1-saporin attenuated both mechanical allodynia (p<0.001) and
thermal hyperalgesia (p=0.0015) induced by HFD (Fig. 12G–H), while
Mac-1-saporin did not impair the animals’ motor function (Fig. 12I).

4. Discussion

The most significant findings in the present study are as follows: 1)
HFD (45% calories from fat) increased nociceptive responses to both
mechanical and thermal stimuli in mice; 2) HFD induced long-lasting
microglial reaction in the spinal cord, characterized by up-regulation of
p-p38 and CD16/32 and increased levels of the pro-inflammatory cy-
tokine TNF-α mRNA as well as the BDNF protein; 3) microglial deple-
tion ameliorated the pain hypersensitivity and increased expression of

TNF-α mRNA and BDNF protein in the spinal cords in HFD-fed mice.
Collectively, these results indicate that inflammatory responses asso-
ciated with spinal microglial reaction contribute to exacerbated pain
sensitivity induced by HFD feeding.

4.1. HFD-derived neuroinflammation is a risk factor for chronic pain

Several epidemiological studies have revealed that obesity/body
mass index (BMI) has a strong, dose-dependent correlation with pain in
the general population (Heim et al., 2008; McCarthy et al., 2009;
Narouze and Souzdalnitski, 2015; Paulis et al., 2014; Smuck et al.,
2014; Stone and Broderick, 2012). However, the mechanisms under-
lying chronic pain in obese populations are not fully understood. In a
large-scale study in Norway, both BMI and inflammatory cytokine le-
vels are found positively associated with pain severity (Sibille et al.,
2016). Moreover, levels of C-reactive protein have been shown to be
related to cold sensitivity (Schistad et al., 2017). Collectively, these
results suggest that low-grade, chronic inflammation across the whole
body serves as a risk factor for pain hypersensitivity. More recently,
obesity-derived neuroinflammation has been found to affect brain
structures and also be associated with an increased occurrence of CNS
disorders such as depression and impaired cognitive function
(Guillemot-Legris and Muccioli, 2017).

Fig. 11. 3D-reconstructions and IMARIS-based automatic quantifications of spinal Iba-1+ microglia morphometry. (A) Resident spinal cord microglia exhibits typical
ramified morphologies, with long, finely branched processes in CD-fed mice. (B) Microglia are switched to de-ramification with fewer and shorter processes (a de-
ramified morphology) in HFD-fed 8w mice. (C) Surviving microglia from CD-fed mice treated with PLX3397 exhibits hyper-ramification with increased branching.
(D) Surviving microglia in HFD-fed 8w treated with PLX3397 also exhibit a de-ramified morphology. (E) Imaris-based automatic quantification of cell morphometry
among spinal microglia in CD-fed mice, HFD-fed 8w mice, CD-fed mice treated with PLX3397 and HFD-fed 8w mice treated with PLX3397. Each symbol represents
one mouse. Five animals are analyzed per group with 5–9 measured cells per animal. One-way ANOVA with Bonferroni’s posttest within groups; F(3,16)= 28.67 for
process length, F(3,16)= 59.31 number of branch points, F(3,16)= 75.08 for number of terminal points, F(3,16)= 30.64 for total sholl intersections, F(3,16)= 19.79 for
area data and F(3,16)= 9.478 for volume. *p<0.05; **p<0.01; ***p<0.001. Scale bar: 10 μm.
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Whether and how inflammatory conditions in the spinal cord con-
tribute to enhanced pain sensitivity in obese patients remains unclear.
Several studies have reported that HFD increases nociceptive responses
in intact rodents (Cooper et al., 2018; Cooper et al., 2017), exacerbates
pain-like behaviors in arthritis (Loredo-Perez et al., 2016) and cap-
saicin-induced facial pain (Rossi et al., 2016) animal models, and pro-
longs post-operative pain (Guillemot-Legris et al., 2018; Song et al.,
2018). Interestingly, a recent study revealed that different responses to
HFD were observed in two substrains of C57BL/6 mice from Jackson
laboratories (C57BL/6J and C57BL/6NIH mice) and C57BL/6 mice
from Charles Rivers (C57BL/6CR). The C57BL/6CR mice had the
highest weights and fat mass of the three substrains and were the only
strain to develop significant mechanical pain sensitivity over the course
of an 8w HFD protocol. Conversely, C57BL/6J mice were protected
from mechanical pain sensitivity due to increased physical activity
compared to the other two substrains (Cooper et al., 2018).

In the present study, we observed that C57BL/6CR mice exhibited
enhanced nociceptive responses to both mechanical and thermal stimuli
after 6w HFD. We also found that the spinal cord was in an in-
flammatory state, induced by the consumption of HFD, which was
characterized by spinal microglial reaction with increased M1 micro-
glia/macrophage phenotype expression and increased TNF-α mRNA

and BDNF protein.

4.2. Microglia mediates pro-inflammation in the spinal cord after HFD
consumption

As immunes cells, microglia can become activated and undergo
phenotypic and morphological changes when homeostatic disruption is
detected (Guillemot-Legris and Muccioli, 2017). Specifically, activated
microglia participate in a number of physiological and pathological
functions such as phagocytosis and cytokine release (Kettenmann et al.,
2011) and display enhanced expression of OX-42 (CD11b), p-p38
MAPK, and Fc γ receptors (CD16/32) (Goings et al., 2006; Ji and Suter,
2007). Microglia have been reported to exhibit at least two distinct
activation patterns like peripheral macrophages (Cherry et al., 2014;
Colton, 2009; Hu et al., 2012; Wang et al., 2014), but the assertion of
this opinion has not been established (Ransohoff, 2016). The activated
state, the M1 phenotype, is typified by a classical pro-inflammatory
response for the production of inflammatory cytokines and reactive
oxygen species, antigen presentation, and the removal of pathogens.
The expression of M1 marker proteins such as CD16/32 and CD86, as
well as major histocompatibility complex II (MHC II), is up-regulated to
allow for antigen presentation and crosstalk with other cells (Taylor

Fig. 12. Intrathecal injection of Mac-1-saporin in the spinal cord decreases microglia and attenuates both mechanical allodynia and thermal hyperalgesia in HFD-fed
mice. (A-B) Representative micrographs of CD16/32 and Iba-1 (green/red) immunostaining in the spinal dorsal horn in HFD-vehicle and HFD-mac-1-saporin mice.
Scale bar: 100 μm. (C-D) Quantitative analyses of the number of Iba-1+ cells and Iba-1+ staining area reveal a significant decrease in mac-1-saporin-treated mice. (E-
F) CD16/32 staining area and CD16/32 fluorescent intensity are substantially decreased in HFD-fed mice that received mac-1-saporin. (G) Mechanical allodynia is
rescued at 1 day after mac-1-saporin treatment. Results of von Frey tests are expressed a median with first and third quartiles. PWTs to von Frey filaments are
analyzed using nonparametric test (Mann-Whitney test). (H) Thermal hyperalgesia is attenuated at 1 day mac-1-saporin treatment. (I) Rotarod retention time in the
Rotarod test. Unpaired t-tests between HFD-veh and HFD-mac-1-saporin 8w mice, t6= 4.6, p=0.0037 for number of Iba-1+ cells data; t6= 4.4, p=0.0046 for area
of Iba-1 staining data; t6= 3.1, p=0.0222 for area of CD16/32 staining data; t6= 3.1, p=0.0222 for CD16/32 mean fluorescence intensity data, 7–11 sections/
mouse, 4 mice/group; t16= 3.8, p=0.0015 for PWL data, t16= 0.0, p>0.9999 for rotarod retention time data. Each symbol represents one mouse, n=4–9.
*p<0.05; **p<0.01; ***p<0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2005). The present study found that HFD-induced spinal micro-
glia exhibit an M1 phenotype characterized by the up-regulation of
CD16/32 and production of pro-inflammatory cytokines.

The impact of obesity on microglia has largely been underexplored.
Bioactive fatty acids issued from metabolism of nutrients can cross the
blood brain barrier to reach the CNS and appear to be direct modulators
of microglial activity, triggering/inhibiting inflammatory processes
(Nadjar et al., 2017). Recent studies have revealed that excessive
dietary SFA consumption specifically activates microglia in the med-
iobasal hypothalamus, which is mirrored by hypothalamic SFA (espe-
cially long-chain SFAs) accumulation. It has also been proposed that the
inhibition of pro-inflammatory pathways in microglia is sufficient to
protect against diet-induced hypothalamic inflammation and obesity
(Valdearcos et al., 2017; Valdearcos et al., 2014). Treating cultured
macrophages with long-chain saturated FAs, but not unsaturated spe-
cies, elicits an inflammatory response reminiscent of what occurs under
conditions of dietary excess (Kennedy et al., 2009). BV-2 cells, an im-
mortalized microglial cell line, and primary microglia are also activated
by SFA via a TLR4-dependent NF-κB pathway, leading to increased le-
vels of pro-inflammatory cytokines and reactive oxygen species (Button
et al., 2014; Wang et al., 2012). Furthermore, FA-activated BV-2 cell
culture medium has been shown to be cytotoxic to neurons (Wang et al.,
2012).

4.3. Reaction of microglia in the spinal cord is required for increased pain
sensitivity in HFD-fed mice

Pro-inflammatory cytokines released by microglia, which have been
implicated in mediating glia-neuron interaction, play a critical role in
central sensitization and pain hypersensitivity (Goings et al., 2006;
Kawasaki et al., 2008; Zhang et al., 2015). Indeed, several lines of
evidence have revealed that increased plasma and muscle levels of TNF-
α occur in both obese patients and rodents (Cawthorn and Sethi, 2008;
Plomgaard et al., 2007; Valerio et al., 2006), suggesting that TNF-α
plays a critical role in obesity (Cawthorn and Sethi, 2008; Schreyer
et al., 1998; Tzanavari et al., 2010). Microglia p38 activation results in
increased synthesis of proinflammatory cytokines, such as TNF-α in
male mice (Ji and Suter, 2007). In the present study, we measured
several pro-inflammatory cytokines, and only TNF-α mRNA was found
to be increased. In addition, an elevated level of BDNF protein was
found in the spinal cord of HFD-fed mice. As a member of the neuro-
trophin family, BDNF can also be released in the spinal cord by acti-
vated microglia (Beggs et al., 2012; Coull et al., 2005) and serves as a
prerequisite for pain hypersensitivity under abnormal conditions
(Echeverry et al., 2017). Activation of p38 in microglia is also im-
plicated in BDNF synthesis and release (Trang et al., 2012; Trang et al.,
2009). Therefore, microglia-derived signaling molecules such as BDNF
may be key molecules underlying the HFD-induced pain hypersensi-
tivity.

To further explore the involvement of microglial reaction in HFD-
induced pain hypersensitivity, microglia in the present study were de-
pleted by 7 days PLX3397 administration. Previous work has revealed
that treatment with PLX3397 in mice induces a robust, time-dependent
reduction in microglia number, with a 50% reduction by day 3 of
treatment and the elimination of most microglia after 7 days of
PLX3397 application. PLX3397 treatment did not, however, affect brain
volume, cognition, or motor function (Elmore et al., 2014). We ob-
served here that depletions of microglia attenuated pain hypersensi-
tivity in HFD-fed mice, inhibited TNF-α mRNA expression, and reduced
BDNF release in the spinal cord. Moreover, we depleted microglia by
intrathecal injection of Mac-1-saporin in HFD-fed mice. We found that
depletion of microglia in the spinal cord restored pain hypersensitivity.
So we suggest that spinal microglia reaction at least in part contributes
to the exacerbated pain hypersensitivity induced by a high-fat diet, but
we can not rule out the influence of brain microglia.

4.4. HFD changes the 3D morphology of spinal microglia

In general, microglial cell morphology changes from ramified to
amoeboid when reacted in response to peripheral stimulation (de-ra-
mification). In the present study, 3D reconstructions and automated
measurements of microglia revealed a de-ramification of spinal micro-
glia in mice exposed to 8w HFD, indicating an occurrence of reacted
microglia phenotype. Surprisingly, microglia from CD-fed 8w mice
treated with PLX3397 exhibited hyper-ramification and a greater
complexity of morphology, as characterized by increased numbers of
branch points, terminal points, and total Sholl intersections. However,
this hyper-ramification was not found in HFD-fed 8w mice treated with
PLX3397. Very little is known about the factors that initiate hyper-ra-
mification or the in vivo function(s) of hyper-ramified microglia
(Hellwig et al., 2013). Additionally, the concept of microglia ‘‘activa-
tion” has been challenged by several lines of evidence; it is becoming
increasingly clear that microglia in healthy systems can also be active,
and that with pathological conditions they acquire disease-specific
phenotypes (Hanisch, 2013; Hellwig et al., 2013; London et al., 2013).
The 3D reconstructions and semi-automated measurements of cell
structures done in the present study revealed de-ramification of spinal
microglia in HFD-fed 8w mice and hyper-ramification of spinal micro-
glia in CD-fed mice following PLX3397 treatment, further supporting
the conception that microglia are highly dynamic cells and that con-
sumption on a HFD alters spinal microglia morphology and functional
responsibility to peripheral stimuli.

4.5. Limitations and future directions

First, PLX3397 was reportedly given by a mixture into a standard
rodent diet or by gavage (Elmore et al., 2014; Wang et al., 2018), never
be tried by intrathecal injection. Actually, PLX3397 was found to lead
to the elimination of all microglia from the adult CNS (Elmore et al.,
2014). Although PLX3397 likely depleted microglia in the brain regions
such as hippocampus, cortex, and thalamus, there is no direct evidence
for the role of microglia in these brain regions in pain modulation.
However, it is becoming clear that microglia play an active role in these
brain regions important for the emotional and memory-related aspects
of chronic pain. We could not avoid the possible involvement of other
regions of brain microglia in this model, but spinal microglia at least in
part contribute to the exacerbated pain hypersensitivity, because se-
lectively targeting of microglia by intrathecal injection of Mac-1-sa-
porin in the spinal cord depleted microglia and attenuated both me-
chanical allodynia and thermal hyperalgesia in HFD-fed mice.

It is well known that microglia can secrete several pro-inflammatory
and pro-nociceptive mediators such as TNF-α and BDNF to interact with
neurons, thereby modulating synaptic transmission and pain states
(Berta et al., 2014; Berta et al., 2016; Coull et al., 2005; Miyoshi et al.,
2008). We observed in the present study that depletions of microglia
inhibited TNF-α mRNA expression and BDNF release in the spinal cord,
but we did not provide direct evidence of TNF-α and BDNF expression
in spinal microglia.

Lastly, p38 MAPK is required for pain sensitization in male animals
via microglial signaling (Berta et al., 2016; Luo et al., 2018; Taves et al.,
2016), the transient depletion of microglia blocks allodynia in male
mice but not in females (Sorge et al., 2015). In the present study, we
aimed to perform the expression of p-p38 as a marker for microglial
activation, did not design an experiment for further investigating the
effects of a p38 inhibitor in pain responses in this model. It is also in-
teresting to investigate PLX3397 and p38 inhibitor using female ani-
mals in this model.

In conclusion, this study provides multiple lines of evidence to show
that HFD in mice induces long-lasting microglial reaction in the spinal
cord, as characterized by hypertrophic cell morphology changes and
increased p-p38 and CD16/32 expression. The neuroinflammatory re-
action mediated by this reaction of spinal microglia increases the
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expression of inflammatory cytokines like TNF-α and promotes the
release of BDNF, thereby contributing to abnormal pain hypersensi-
tivity in HFD-fed mice.
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