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Background: Chronic pain is defined as pain that persists typically for a period of over six
months. Chronic pain is often accompanied by an anxiety disorder, and these two tend to
exacerbate each other. This can make the treatment of these conditions more difficult.
Glucose-dependent insulinotropic polypeptide (GIP) is a member of the incretin hormone
family and plays a critical role in glucosemetabolism. Previous research has demonstrated the
multiple roles of GIP in both physiological and pathological processes. In the central nervous
system (CNS), studies of GIP are mainly focused on neurodegenerative diseases; hence, little
is known about the functions of GIP in chronic pain and pain-related anxiety disorders.

Methods: The chronic inflammatory pain model was established by hind paw injection
with complete Freund’s adjuvant (CFA) in C57BL/6 mice. GIP receptor (GIPR) agonist (D-
Ala2-GIP) and antagonist (Pro3-GIP) were given by intraperitoneal injection or anterior
cingulate cortex (ACC) local microinjection. Von Frey filaments and radiant heat were
employed to assess the mechanical and thermal hypersensitivity. Anxiety-like behaviors
were detected by open field and elevated plus maze tests. The underlying mechanisms in
the peripheral nervous system and CNS were explored by GIPR shRNA knockdown in the
ACC, enzyme-linked immunosorbent assay, western blot analysis, whole-cell patch-
clamp recording, immunofluorescence staining and quantitative real-time PCR.

Results: In the present study, we found that hind paw injection with CFA induced pain
sensitization and anxiety-like behaviors in mice. The expression of GIPR in the ACC was
significantly higher in CFA-injected mice. D-Ala2-GIP administration by intraperitoneal or
ACC local microinjection produced analgesic and anxiolytic effects; these were blocked by
Pro3-GIP and GIPR shRNA knockdown in the ACC. Activation of GIPR inhibited
neuroinflammation and activation of microglia, reversed the upregulation of NMDA and
AMPA receptors, and suppressed the enhancement of excitatory neurotransmission in
the ACC of model mice.
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Conclusions: GIPR activation was found to produce analgesic and anxiolytic effects,
which were partially due to attenuation of neuroinflammation and inhibition of excitatory
transmission in the ACC. GIPR may be a suitable target for treatment of chronic
inflammatory pain and pain-related anxiety.
Keywords: glucose-dependent insulinotropic polypeptide receptor, chronic pain, anxiety, neurotransmission,
neuroinflammation, anterior cingulate cortex
INTRODUCTION

Pain is a multidimensional experience that includes sensory-
discriminative, emotional-affective, and cognitive components
(1). Acute pain is essential for safety and teaches human and
animals to avoid potential or actual tissue damage (2). Chronic
pain, or persistent pain, usually lasts for a prolonged period and
can seriously affect the quality of life of those affected. Chronic
pain has become a major medical problem that is resistant to
conventional medical intervention. Peripheral tissue damage and
persistent inflammation are the major contributors to chronic
pain (3). Clinically, patients with chronic pain often have
emotional comorbidities, like anxiety and depression. The
prevalence of anxiety disorders among patients with chronic
pain ranges from 20% to 40% (4). In addition, anxiety often
enhances patients’ suffering from pain, like for those affected by
irritable bowel syndrome (IBS) (5). These studies suggested that
chronic pain and anxiety may share similar targets and biological
pathways, which affect concurrent treatments (6).

Several areas of the brain are involved in both chronic pain
and anxiety, including the ACC, insular cortex (IC), and
amygdala (7). Among these regions, the ACC is an ideal region
to explore the integrations of pain and anxiety since it is a highly
heterogeneous cortical region that includes both intrinsic and
extrinsic connectivity (8). ACC neurons may receive nociceptive
inputs from the thalamus and somatosensory cortices and
emotional fear or anxiety information from the amygdala (7).
Injuries were found to enhance synaptic transmission in the
ACC. In addition, the inhibition of ACC potentiation produced
analgesic and/or anxiolytic effects in animal models of chronic
pain (9).

GIP, also known as gastric inhibitory polypeptide, is an
endogenous peptide hormone synthesized and secreted by
enteroendocrine K cells. GIP contains forty-two amino acids
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and is located primarily in the duodenum and proximal jejunum
(10). GIP belongs to the incretin family, which potentiates
insulin secretion after meal ingestion in a glucose-dependent
manner. GIP and glucagon-like peptide-1 (GLP-1) are two
crucial incretins that are highly expressed on islet b cells. They
exert the insulinotropic actions through G-protein-coupled
receptors (11). In addition to its effects on metabolism, some
research has shown that GIP plays important roles in the central
nervous system (CNS) as a type of vasoactive intestinal peptide
(12, 13). GIP and its receptor, GIPR, are found in multiple brain
regions. GIPR signaling may regulate synaptic plasticity, since
acute intracerebroventricular injection of GIP promoted LTP in
the hippocampus (14). Modulation of GIPR signaling provides a
promising approach for the treatment of many diseases by
suppressing neuronal viability decline, enabling neuronal
regeneration, and reducing neuroinflammation (15). It has
been demonstrated that activation of GIPR showed potential
therapeutic effects in animal models for both Alzheimer’s disease
(AD) (16) and Parkinson’s disease (PD) (17), which was closely
related to reducing chronic inflammation response in the brain.
These strongly suggest a potential role of GIPR in pain and
anxiety modulation because neuroinflammation plays a key role
in the maintenance of chronic pain and development of anxiety
(18, 19).

In this study, the effects of GIPR activation and its potential
mechanisms were investigated in mice with chronic
inflammatory pain. The resulting data showed that activation
of GIPR in the ACC attenuated pain and anxiety-like behaviors,
potentially by inhibiting the excitatory synaptic transmission and
inflammation in the ACC of mice models.
MATERIALS AND METHODS

Animals
To exclude the influence of estrogen on pain perception in adult
female mice, adult male C57BL/6 mice (8–12 weeks) from
Laboratory Animal Center of the Fourth Military Medical
University were used in the experiments. The mice were housed
in plastic boxes with food and water available ad libitum in a
colony room with controlled temperature (24 ± 2°C), humidity
(50–60%), and a 12:12 h light-dark cycle. Animals were allowed to
adapt to laboratory environment for at least one week prior to the
beginning of experiments. Mice were randomly grouped. The
number of experimental animals was reasonably minimized under
the premise of satisfying the use and statistical analysis
requirements. Experiments were performed under protocols
May 2022 | Volume 13 | Article 887238
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approved by Animal Care and Use Committee of the Fourth
Military Medical University. Complete Freund’s adjuvant (CFA)
(10 mL, 50% in saline) was injected into the plantar surface of right
hindpaw to induce chronic pain. The control mice received the
same volume of saline.

Materials
D-Ala2-GIP (purity ≥ 95%) and Pro3-GIP (purity ≥ 95%) were
synthesized by GL Biochem Ltd (Shanghai, China). The purity of
the peptide was analyzed by reversed-phase high performance
liquid chromatography (HPLC) and characterized using matrix
-assisted laser desorption/ionization time of flight (MALDI-
TOF) mass spectrometry. D-Ala2-GIP sequence is Tyr-(D-
Ala)-Glu-Gly-Thr-Phe-Ile-Ser-Asp-Tyr-Ser-Ile-Ala-Met-Asp-
Lys-Ile-Arg-Gln-Gln-Asp-Phe-Val-Asn-Trp-Leu-Leu-Ala-Gln-
Arg-Gly-Lys-Lys-Ser-Asp-Trp-Lys-His-Asn-Ile-Thr-Gln. Pro3-
GIP sequence is Tyr-Ala-Pro-Gly-Thr-Phe-Ile-Ser-Asp-Tyr-
Ser-Ile-Ala-Met-Asp-Lys-Ile-Arg-Gln-Gln-Asp-Phe-Val-Asn-
Trp-Leu-Leu-Ala-Gln-Arg-Gly-Lys-Lys-Ser-Asp-Trp-Lys-His-
Asn-Ile-Thr-Gln. Complete Freund’s adjuvant (CFA), Evans
blue (E2129) and anti-b-actin antibody (A5316) were
purchased from Sigma-Aldrich (Saint Louis, Missouri, USA).
Anti-GluN2B (ab65783), anti-phosphorylated GluN2B at the
S1303 site (p-GluN2B-S1303; ab81271), anti-GluA1 (ab31232),
anti-Iba-1 (ab178847) and anti-p65 (ab16502) antibodies were
purchased from Abcam (Cambridge, UK). Anti-phosphorylated
GluA1 at the S845 site (p-GluA1-S845; ab5849) and anti-
phosphorylated GluA1 at the S831 site (p-GluA1-S831;
ab5847) antibodies were obtained from Millipore (Billerica,
MA, USA). The following antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA): glial fibrillary acidic
protein (GFAP; #3670), anti-phosphorylated GluN2B at the
T1472 site (p-GluN2B-T1472; #4208s), anti-cAMP-response
element binding protein (CREB; #9197) and anti-
phosphorylated CREB (p-CREB; #9198). HRP-conjugated anti-
rabbit or anti-mouse secondary antibodies were purchased from
Santa Cruz (CA, USA). Anti-GIPR antibody (abs122477) was
purchased from Absin (Shanghai, China). TNF-a (VAL609), IL-
1b (VAL601), and IL-6 (VAL604) Valukine ELISA kits were
purchased from R&D Systems (Minnesota, USA). All other
chemicals and reagents in this research are commercially
available and standard in biochemical quality. GIPR adeno-
associated virus (AAV) expressing EGFP and encoding short
hairpin RNA (shRNA) was ordered from OBiO Technology
(Shanghai, China).

Mechanical Allodynia Test
Mice were put in individual plexiglas cages with a metal mesh floor
and allowed to adjust to the environment for 30 min before
testing. Mechanical allodynia was detected with a set of von Frey
filaments (Aesthesio) and evaluated by hindpaw responsiveness to
different stimulation (0.008–2 g). The hard lumps were not
pricked to avoid false positives. By using Dixon’s up-down
paradigm, the sensitivity of mechanical allodynia was
determined. The filaments were applied vertically to the dorsal
surface of the hindpaw to cause slight bending for 6 s. Positive
responses included licking, biting, flinching and brisk withdrawal
Frontiers in Endocrinology | www.frontiersin.org 3
of the hindpaw. A rest interval of at least three minutes was
allowed between consecutive stimulations. The results were
tabulated and the pain threshold was assigned at 50% withdrawal.

Thermal Hyperalgesia Test
Mice were placed in individual round container and allowed to
adapt for 30 min before testing. A commercially available plantar
analgesia instrument (PL-200, Chengdu Techman Software Co.,
ltd., Chengdu, China) was used to detect the thermal nociceptive
responses. Thermal hyperalgesia was determined by measuring
the paw withdrawal latency (PWL) in response to a radiant heat
source. The heat source was turned off when the mice lifted the
foot, and PWL was defined as the time from beginning to the end
of heat application. It was set maximum at 40 s to cut off the heat
source automatically in order to prevent tissue damage even the
mice did not lift foot. Paws were tested at 5 min intervals for a
total of five trials and the mean PWL was calculated from the last
three stimuli (20).

Elevated Plus Maze Test
The elevated plus maze (EPM) test was performed as described
in the previous report (21). The maze comprised of two open
arms (25 cm × 8 cm × 0.5 cm) and two closed arms (25 cm ×
8 cm × 12 cm) that extended from a central platform (8 cm ×
8 cm). The arms were at a height of 50 cm above the floor. Mice
were pretreated with gentle handling by experimenter twice per
day for 7 days to minimize the nervousness. For each test,
individual mice were placed in the center square, facing an
open arm, and allowed to move freely for 5 min. Mice were
videotaped using a camera fixed above the maze and analyzed
with a video-tracking system (DigBehv-LR4, Shanghai Jiliang,
Shanghai, China). The number of entries and time spent in each
arm were recorded and calculated.

Open Field Test
The open field (OF) test was performed in a square arena (30 cm ×
30 cm × 30 cm) with clear Plexiglas walls and floor. It was placed
inside an isolation soundproof box with dim illumination. Mice
were placed in the center of the chamber and allowed to freely
explore for 15 min. The ‘‘center’’ area was defined as the central
15 cm × 15 cm region, a quarter of the total area. A camera fixed
above the floor recorded the action tracks of each mouse and a
video-tracking system (DigBehv-LR4, Shanghai Jiliang, China)
was used to analyze the results.

Surgery and ACC Microinjection
Mice were anesthetized with 2.5% isoflurane (JiuPai, Shijiazhuang,
China) in 100% oxygen with a rate of 0.5 L/min until loss of
righting reflex, and maintained with 1.5% isoflurane in 100%
oxygen with a rate of 0.5 L/min delivered by facemask. Mice were
fixed in a stereotaxic frame (RWD68001, Shenzhen RWD Life
Science, Shenzhen, China). A double cannula (guide cannula,
length 9.5 mm, internal diameter 0.34 mm, external diameter
0.48 mm, center to center distance 0.6 mm) was aimed at 0.5 mm
above the intended sites of injection, namely the ACC ( ± 0.03 cm
lateral from the midline, +0.1 cm anterior to the bregma and
-0.14 cm beneath from the surface of skull). The guide cannulas
May 2022 | Volume 13 | Article 887238
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were affixed to the skull with machine screws and dental cement,
and stylet was inserted into the cannula to keep them unimpeded.
Mice were used for following experiments after one week recovery.
To observe the injection location, 1% Evans blue (1 mL per site)
was injected into the ACC through guide cannulas. For the
injection of D-Ala2-GIP or Pro3-GIP, mice were anesthetized
and fixed, then the drugs were bilaterally delivered at 0.5 mL/
min using a syringe driven by an infusion pump (Harvard
Apparatus, Inc., South Natick, USA). After that, the syringe was
held in place for additional 1 min to permit the drug diffusion. For
the injection of AAV, mice were anesthetized with isoflurane (3–
4% for induced anesthesia and 1–1.5% for maintained anesthesia)
and virus was microinjected into the ACC using a Hamilton
syringe (10 mL) connected by glass capillary with tip (0.25mL/min
for total 1mL per side) after skull drilling. The shRNA sequence for
GIPR is 5 ’-GCTGCACTGCACTCGTAATTA-3 ’ . AAV
containing a nonsense control sequence (negative: CCTAAG
GTTAAGTCGCCCTCG) was injected as negative control. The
wounds were daubed with 0.5% iodophor to prevent infection
after suture. To confirm the injection site of ACC, the brains were
fixed with 4% paraformaldehyde and dehydrated through an
ascending sucrose series. Then, they were sliced by a freezing
microtome (Leica, Nussloch, Germany), and coronal sections (25
mm) containing the ACC were collected. The slices were mounted
on glass slides and images were captured using a fluorescence
microscope (Eclipse TE2000U; Nikon, Japan).

Enzyme Linked Immuno-Sorbent Assay
(ELISA) and Glucose Test
The levels of IL-1b, IL-6 and TNF-a in the serum were detected
with ELISA kit for mouse (R&D Systems Inc., Minnesota, USA)
following the instruction of manufacture. Briefly, the mice were
anesthetized with diethyl ether. The eyeballs of mice were
removed by ophthalmological forceps to break the blood
vessels of fundus oculi. Blood (about 0.5 mL/mouse) was
collected in the 1.5 mL centrifuge tube. The whole procedure
was completed within 1 min. Subsequently, blood was
centrifuged (1000 g) at 4°C for 20 min and the supernatant
was collected for ELISA detection. For the detection of blood
glucose level, the glucose test strips (Roche Diagnostics,
Shanghai, China) were used following the instruction.

Western-Blot Analysis
Western-blot analysis was conducted as previously described
(22). Briefly, tissue samples from different brain areas were
dissected carefully under the anatomical microscope and then
dissociated with sonication in RIPA lysis buffer containing
phosphatase inhibitor and protease inhibitor. Equal amounts
of protein (30 mg) were separated with sodium dodecyl sulfate
polyacrylamide gel and electro-transferred onto PVDF
membranes (Invitrogen, Thermo Fisher Scientific Inc.,
Waltham, USA), which were probed with primary antibodies
against b-actin (1:10000), GluN2B (1:1000), p-GluN2B-S1303
(1:1000), p-GluN2B-T1472 (1:1000), GluA1 (1:1000), p-GluA1 -
S831 (1:1000), p-GluA1-S845 (1:1000), p-CREB (1:1000), CREB
(1:1000), p65 (1:1000), Iba-1 (1:1000), GFAP (1:1000), and GIPR
Frontiers in Endocrinology | www.frontiersin.org 4
(1:500) overnight at 4°C. Subsequently, the membranes were
incubated with anti-rabbit/anti-mouse horseradish peroxidase -
conjugated secondary antibodies at room temperature for 1 h.
The densitometric analysis of the Western-blot was performed
with a ChemiDoc XRS (Bio-Rad, Hercules, CA, USA) and
quantified with Image J software (NIH, Bethesda, Maryland)
according to the instructions. Band intensity of each blot was
calculated as ratio relative to b-actin. The intensity ratio of the
control group was set as 100%, and the intensity of other groups
was presented as percentage of control group.

Immunofluorescence Staining
Immunofluorescence staining was performed according to our
previous study (23). Mice were anesthetized with isoflurane in air
and perfused with sterile saline, followed by 4% paraformaldehyde.
Brains were removed and post-fixed in 4% paraformaldehyde
overnight at 4°C. Free-floating coronal sections (10 mm) were
obtained using a freezing microtome (Cryotome E, Thermo).
Cortical sections containing the ACC were washed in 0.1 mM
PBS buffer and permeabilized with 0.3% Triton in 5% normal goat
serum for 1 h. Then sections were incubated in primary antibodies
(Iba-1, 1:200; GFAP, 1:400) overnight at 4°C in 10% normal goat
serum. After washing, sections were incubated with secondary
Cy3-conjugated goat anti-mouse antibody (1:200; GB21301,
Servicebio) or Alexa Fluor® 488-conjugated goat anti-rabbit
antibody (1:200; GB25303, Servicebio) for 2 hours at room
temperature. Diluted DAPI in 0.1 mM PBS (1:1000) was applied
to sections after washing to stain nuclei. The sections were
mounted onto glass slides with cover glass using 50%
glycerinum. For microglia/astrocyte morphology analysis, a stack
of images spanning 5 mm thickness of the middle slice (1 mm thick
z stacks) from Iba-1/GFAP-staining ACC slices were acquired
using a confocal laser-scanning microscope. For the calculation of
the cell-body area, the measurements were performed using the
freehand selection tool in ImageJ. Sholl analysis was applied to
analyze the branches and processes. Briefly, cells were cropped and
thresholded to generate a binary (black and white) image. The
background was manually cleaned for each cell and the ImageJ
plugin ShollAnalysis was used to perform the analysis (starting
radius: 4 mm, ending radius: 50 mm, radius step size: 2 mm).

Quantitative Real-Time PCR (qRT-PCR)
Mice were deeply anesthetized with isoflurane and decapitated.
The ACC was removed immediately. Total RNA was isolated
using the mirVana RNA Isolation Kit (Life Technologies). The
Goldenstar™ RT6 cDNA Synthesis Kit Ver 2 (Tsingke) was used
to synthesize cDNA from mRNA. The reactions were performed
using 2×T5 Fast qPCR Mix (SYBR Green I) (Tsingke). The
sequences of primers were shown in Supplementary Table 1.
The relative ratio of mRNA for each sample was calculated from
the threshold cycles using a software program (StepOne, ABI)
according to the manufacturer’s instructions. The expression
levels of genes were normalized to b-actin expression.

Whole-Cell Patch-Clamp Recording
Mice were anesthetized with isoflurane in air and then
decapitated. Brains were rapidly removed and placed for 2-
May 2022 | Volume 13 | Article 887238
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3 min in ice-cold and oxygenated artificial cerebrospinal fluid
(ACSF) containing (in mM): 124 NaCl, 25 NaHCO3, 2.5 KCl, 1
KH2PO4, 2 CaCl2, 2 MgSO4 and 10 glucose, and continuously
gassed with 95% O2/5% CO2. Coronal slices (350 mm) containing
the ACC were prepared on a vibratome (Leica VT1200S) in ice-
cold ACSF. Slices were then incubated in a room temperature-
submerged recovery chamber with oxygenated (95% O2 and 5%
CO2) ACSF for at least 1 h. After recovery, slices were transferred
into a recording chamber on the stage of an Olympus microscope
with infrared digital interference contrast optics for visualizing
whole-cell patch-clamp recordings. Recordings were performed
at room temperature (25 ± 1°C) with continuous perfusion of
ACSF at a rate of 3 mL/min. For the recording of miniature
excitatory postsynaptic currents (mEPSCs), recording pipettes
(3-5 MW) were filled with solution containing 145 mM K-
gluconate, 5 mM NaCl, 1 mM MgCl2, 0.2 mM EGTA, 10 mM
HEPES, 2 mM Mg-ATP, and 0.1 mM Na3-GTP, adjusted to pH
7.2 with KOH (290 mOsm). Miniature EPSCs were recorded in
the neurons clamped at −70 mV with the picrotoxin (100 mM)
and tetrodotoxin (1 mM) in the ACSF, and they were analyzed
using an event detection program (Mini Analysis Program;
Synaptosoft, Inc., Decatur, GA). For the recording of paired-
pulse ratio (PPR), a paired pulse paradigm was employed in
which two stimuli were delivered at 50 ms inter-stimulus-
interval (24). The stimulation electrode was placed in layer V/
VI of the ACC. The ratio of the amplitude of the second response
to the amplitude of the first response was calculated and
averaged. The action potentials (APs) were recorded using the
current-clamp mode in response to step currents injection.
Depolarizing currents of 0–100 pA (400 ms duration) were
delivered in increments of 10 pA. Access resistance (5-30 MW)
was monitored throughout the experiment. Data were discarded
if access resistance changed >15% during an experiment. All data
were filtered at 1 kHz, and digitized at 10 kHz.

To identify the recorded neurons, biocytin (#B4261, Sigma-
Aldrich, Saint Louis, Missouri, USA) was introduced into the
recording solution with 0.4% final concentration. After recording,
brain slices were immediately fixed in 4% paraformaldehyde
overnight at 4°C. The sections were washed in 0.1 mM PBS buffer
and permeabilized with 0.3% Triton in 5% normal goat serum for
1 h. After thoroughly washing with PBS, sections were incubated
with Alexa Fluor® 488-conjugated Streptavidin (1:500, #35103ES60,
Yeasen Biotechnology (Shanghai) Co., Ltd. China) diluted in PBS
overnight at 4°C. After washing, the slices were immediately
mounted onto glass slides with cover glass using 50% glycerin
and observed with a confocal microscope (FV-1000) under the
appropriate filters for Alexa Fluor® 488.

Statistical Analysis
All behavioral, electrophysiological and biochemical analyses
were performed blinded by the operators. All data were
expressed as mean ± SEM. Comparison between two groups
was analyzed by independent sample t-test. Data of multiple
groups were evaluated using one-way analysis of variance
(ANOVA) followed by Tukey test for post hoc comparisons or
repeated-measure two-way ANOVA followed by LSD test for
post hoc comparisons. Statistical analyses of the data were
Frontiers in Endocrinology | www.frontiersin.org 5
performed using SPSS 19.0. In all cases, P < 0.05 was
considered as statistically significant.
RESULTS

The Up-Regulation of GIPR in the ACC
of Mice With CFA Injection
Hind paw CFA injection is typically used to induce chronic
inflammatory pain, which can last longer than two weeks (25). In
this study, paw withdrawal threshold (T = 5.468, P = 0.0003,
Figures 1A, B) and latency (T = 2.683, P = 0.023, Figures C, D)
were significantly reduced in the CFA-injected paw (ipsilateral)
as compared to the control on day 15 after injection. This
suggests CFA-induced mechanical allodynia and thermal
hyperalgesia. Chronic pain is an important incentive for
negative emotions and they may share the same biological
pathways and neurotransmitters (6). Anxiety-like behaviors
were observed in mice with CFA injection. In the open field
(OF) test, CFA significantly reduced the time spent and the
distance travelled in the central area (T = 2.511, P = 0.0309,
Figures 1E, F; T = 2.291, P = 0.045, Figure 1G), but no difference
was observed in the total travelled distance (T = 0.7982, P =
0.4433, Figure 1H). In elevated plus maze (EPM) test, CFA
markedly decreased the time spent in open arms (T = 3.546, P =
0.0053, Figures 1I, J) and increased the time spent in closed arms
(T = 3.221, P = 0.0092, Figure 1K). However, the total arm
entries showed no difference between the two groups (T = 1.054,
P = 0.3165, Figure 1L). This indicates that CFA did not affect the
normal locomotor activity in mice. These data suggest that CFA
injection induces pain and anxiety-like behaviors in mice.

The limbic system of brain plays a key role in the regulation of
pain perception and the related emotional hang-ups (7). In order
to investigate whether GIPR was related to CFA-induced chronic
pain and anxiety-like behaviors, Western blot analysis was done
to confirm the expression and protein molecular weight of GIPR
in the ACC, hippocampus, and amygdala (Supplementary
Figure 1). CFA injection caused an increase in the level of
GIPR in the ACC (T = 4.462, P = 0.0012, Figure 1M), but
showed no difference in GIPR levels of the amygdala (T = 0.6274,
P = 0.5445, Figure 1N) and hippocampus (T = 0.2415, P =
0.8146, Figure 1O). Because of this, we speculated that the GIPR
in the ACC may be involved in the regulation of chronic pain
and pain-related anxiety.

The Analgesic and Anxiolytic Effects of
GIPR Activation
In order to determine the role of GIPR in CFA-induced chronic
pain and anxiety-like behaviors, GIPR agonist D-Ala2-GIP was
injected intraperitoneally (i.p.) at a dose of 25 nM/kg, once daily
for 10 days. Equal volume of saline was injected intraperitoneally
into the control and CFA mice. Treatment began on Day 7 after
CFA injection. The anxiety-like behaviors and pain threshold of
mice were detected on Days 14 and 15, respectively (22, 26)
(Figure 2A). CFA injection was found to induce significant
hyperalgesia in the ipsilateral paw (F3,36 = 14.43, P < 0.0001,
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Figure 2B; F3,24 = 10.71, P = 0.0005, Figure 2D), but not in the
contralateral paw (non-CFA injection) (F3,36 = 1.22, P = 0.9719,
Figure 2C; F3,24 = 0.09351, P > 0.9999, Figure 2E). D-Ala2-GIP
showed evident analgesic effects demonstrated by the remarkable
increase in the paw withdraw threshold, latency in mechanical
allodynia test (F3, 36 = 14.43, P = 0.0002, Figure 2B), and
Frontiers in Endocrinology | www.frontiersin.org 6
withdraw latency in thermal test (F3,24 = 10.71, P = 0.0021,
Figure 2D). In OF test, D-Ala2-GIP administration significantly
enhanced the time spent (F3,36 = 9.013, P = 0.0003, Figure 2G)
and the distance travelled in central area (F3,36 = 8.347, P = 0.001,
Figure 2H) for CFA-injected mice. In EPM test, D-Ala2-GIP
substantially increased the time spent in open arms (F3,36 =
A B D
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H

J K L

M N

C

O

FIGURE 1 | CFA injection induced nociceptive and anxiety-like behaviors along with the up-regulation of GIPR in the ACC. Paw withdrawal threshold and latency
were decreased in CFA-injected paw (ipsilateral) (A, C) but not in non-CFA-injected paw (contralateral) (B, D). (E) Representative traces in OF test. The time spent
(F) and distance travelled (G) in the central area but not the total traveled distance (H) were decreased in mice injected with CFA. (I) Representative traces in EPM
test. CFA-injected mice spent less time in open arms (J) and more time in closed arms (K) in EPM tests, but had similar total arm entries in open and close arms
(L). In CFA-treated mice, GIPR expression significantly increased in the ACC (M), but not in the amygdala (N) and hippocampus (O). n = 6 in each group except for
CFA group of Figure 10 (n = 5). Totally, 12 mice were used in this section. Amy means amygdala; Hipp means hippocampus. *p < 0.05, **p < 0.01, ***p < 0.001.
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4.256, P = 0.0385, Figure 2K) and decreased time spent in closed
arms (F3,36 = 4.286, P = 0.0209, Figure 2L) for CFA-injected
mice. D-Ala2-GIP had no effect on the total travelled distance in
OF test (F3,36 = 0.8761, P = 0.9926, Figure 2I) or the total arm
entries in EPM test (F3,36 = 0.3566, P = 0.9295, Figure 2M). It’s
worth noting that the degree of pain and anxiety was almost
restored to normal levels, which indicates that GIPR activation
exerts excellent analgesic and anxiolytic effects.

In order to further confirm the regulation of GIPR on pain and
anxiety, GIPR antagonist Pro3-GIP was simultaneous
intraperitoneally injected at a dose of 50 nM/kg once daily for 10
days. This was done along with the administration of D-Ala2-GIP
(Figure 2A). We found that Pro3-GIP abolished the analgesic effects
of D-Ala2-GIP, which was shown by the decreased ipsilateral paw
withdrawal threshold (F3,28 = 27.68, P = 0.0032, Figures 3A, B) and
latency (F3,20 = 10.49, P = 0.0065, Figures 3C, D). Similarly, Pro3-
GIP also blocked the anxiolytic effects of D-Ala2-GIP in the OF test
(F3,28 = 13.64, P = 0.0012, Figures 3E, F; F3,28 = 10.12, P = 0.0049,
Figures 3G, H) and in the EPM test (F3,28 = 11.18, P = 0.0037,
Figures 3I, J; F3,28 = 10.71, P = 0.0014, Figures 3K, L). Pro3-GIP
alone had no effect on pain threshold and anxiety-like behaviors
(Supplementary Figure 2) in either control or CFA-injected mice.
These data indicate that activation of GIPR exerted both analgesic
and anxiolytic effects in the mice with chronic inflammatory pain.

The Role of ACC GIPR in the Chronic
Inflammatory Pain and Comorbidities
In order to confirm the role of GIPR in the ACC, GIPR agonist or
antagonist was microinjected into the ACC of CFA-injected
mice, while saline was microinjected into the ACC of control
and model mice (Figures 4A, B). D-Ala2-GIP microinjection (1
nM, 1 mL) also produced analgesic and anxiolytic effects, as
shown by the increased paw withdrawal threshold in mechanical
allodynia test (F3, 44 = 52.79, P < 0.0001, Figures 4C, D), the
increased time spent in open arms (F3, 24 = 12.55, P = 0.0005,
Figure 4E), and the decreased time spent in closed arms in EPM
test (F3, 24 = 13.35, P = 0.0002, Figures 4F, G). Conversely, Pro3-
GIP (1 nM, 1 mL) repressed the effects of D-Ala2-GIP (F3, 44 =
52.79, P < 0.0001, Figure 4C; F3, 24 = 12.55, P = 0.0287,
Figure 4E; F3, 24 = 13.35, P = 0.0259, Figure 4F).

To further prove the effect of GIPR in the ACC, we knocked
down GIPR expression in the ACC with the use of shRNA
transfection (Figure 5A). Adeno-Associated Virus (AAV) that
carried specific GIPR shRNA was successfully microinjected into
the ACC (Figure 5B). The protein level of GIPR in the ACC was
reduced to 40.47 ± 2.27% of the negative control (T = 8.69, p <
0.0001, Figure 5B). In the mechanical allodynia test, GIPR shRNA
transfection in the ACC eliminated the analgesic effects of D-Ala2-
GIP via intraperitoneal injection in CFA-treated mice (F3,44 = 55.61,
P < 0.0001, Figures 5C, D). The anxiolytic effect of D-Ala2-GIP was
also inhibited by GIPR shRNA transfection in the OF test (F3,44 =
7.854, P = 0.0091, Figure 5E; F3,44 = 11.21, P = 0.0039, Figures F, G)
and the EPM test (F3,44 = 14.28, P = 0.0029, Figure 5H; F3,44 =
27.21, P = 0.002, Figures 5I, J). These data suggest that ACC GIPR
mediates analgesic and anxiolytic effects in mice with chronic
inflammatory pain.
Frontiers in Endocrinology | www.frontiersin.org 7
No Peripheral Anti-Inflammatory Effects
Were Observed After GIPR Activation
Inflammation is an important contributor to chronic pain and
emotional disorders (27). In order to verify whether the activation
of GIPR had any peripheral anti-inflammatory effects, the footpad
thickness and levels of inflammatory cytokines were measured. As
shown in Figure 6A, CFA injection caused evident edema in the
ipsilateral hind paw. Systemic intraperitoneal injection or ACC local
infusion of D-Ala2-GIP had no effect on footpad thickness (F3,18 =
23.85, P = 0.0607, Figure 6A; F3,43 = 41.01, P = 0.2127, Figure 6C).
Similarly, Pro3-GIP (Figures 6A–D) or GIPR knockdown
(Figures 6E, F) also had no influence on footpad thickness. ELISA
was used to detect the serum levels of inflammatory cytokines
including IL-1b, IL-6, and TNF-a. The levels of IL-6 and TNF-a
were below the detection limit. The activation of GIPR had no effect
on the serum levels of IL-1b (F3, 43 = 0.3804, P = 0.7676, Figure 6G).
These results suggest that the effects of GIPR activation were not due
to the peripheral anti-inflammatory activities.

GIPR is a potential target for the treatment of type 2 diabetes
mellitus (28). In order to investigate this, we tested the blood
glucose of mice to exclude the possible influence of blood glucose
level on their behaviors. The results showed that systemic
administration of D-Ala2-GIP and/or Pro3-GIP once daily for
10 days did not affect blood glucose levels (F5, 32 = 2.305,
P = 0.0675, Figure 6H). This suggests that the activation or
inhibition of GIPR does not affect blood glucose levels in
normal animals.

GIPR Activation Attenuated
Neuroinflammation in the ACC
Inflammation in the CNS is an important contributor to chronic
pain and anxiety. First, we detected several chemokine/receptor
pairs in the ACC: CCL2/CCR2, CXCL1/CXCR2, CXCL13/
CXCR5, CX3CL1/CX3CR1, and CCL4/CCR5. These are
reported to be associated with the pathogenesis of chronic
inflammatory pain (29). The mRNA levels of CCL2/CCR2,
CXCL1/CXCR2, and CXCL13/CXCR5 were remarkably higher
in CFA-injected mice than those of control (F3, 16 = 9.747, P =
0.0158, F3, 16 = 11.18, P = 0.0051, Figure 7A; F3, 16 = 16.89,
P = 0.0024, F3, 16 = 24.47, P = 0.0013, Figure 7B; F3, 16 = 11.1, P =
0.0041, F3, 16 = 11.06, P = 0.0009, Figure 7C). D-Ala2-GIP i.p.
treatment significantly reduced the levels of CCL2/CCR2,
CXCL1/CXCR2, and CXCL13/CXCR5 (F3, 16 = 9.747, P =
0.0402, F3, 16 = 11.18, P = 0.0146, Figure 7A; F3, 16 = 16.89, P =
0.0044, F3, 16 = 24.47, P = 0.0046, Figure 7B; F3, 16 = 11.1,
P = 0.0117, F3, 16 = 11.06, P = 0.0027, Figure 7C), and this
reduction was inhibited by Pro3-GIP i.p. treatment (F3, 16 = 9.747,
P = 0.0048, F3, 16 = 11.18, P = 0.0041, Figure 7A; F3, 16 = 16.89, P =
0.0003, F3, 16 = 24.47, P < 0.0001, Figure 7B; F3, 16 = 11.1, P =
0.0051, F3, 16 = 11.06, P = 0.032, Figure 7C). CX3CL1/CX3CR1
and CCL4/CCR5 showed no difference among these groups (F3, 20
= 2.711, P = 0.0797, F3, 20 = 0.2612, P = 0.8522, Figure 7D; F3, 20 =
0.3951, P = 0.7583, F3, 20 = 1.042, P = 0.4008, Figure 7E). We also
detected the mRNA expression of IL-1b, IL-6, and TNF-a in the
ACC. The expressions of IL-1b, IL-6, and TNF-a in CFA-injected
mice were higher than those in the control group (F3, 16 = 10.05,
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P= 0.0027, Figure 7F; F3, 16 = 21.01, P = 0.0062, Figure 7G; F3, 16 =
17.85,P= 0.003, Figure 7H). D-Ala2-GIP administrationmarkedly
decreased the expressions of IL-1b, IL-6, andTNF-a (F3, 16 = 10.05,
P = 0.0199, Figure 7F; F3, 16 = 21.01, P = 0.0207, Figure 7G; F3, 16 =
17.85, P = 0.001, Figure 7H). These effects were also blocked by
Pro3-GIP (F3, 16 = 10.05, P = 0.0199, Figure 7F; F3, 16 = 21.01, P <
0.0001, Figure 7G; F3, 16 = 17.85, P = 0.0001, Figure 7H).

The activation of microglia is required for the onset and
progression of inflammation (30, 31).NF-kB p65, which is a
protein complex that regulates immune response, and Iba-1, a
microglia marker, were detected by Western blot analysis. The
expressions of NF-kB p65 and Iba-1 were markedly increased in the
ACC of CFA-injected mice (F3, 20 = 18.69, P = 0.0003, Figures 7I, J;
F3, 20 = 9.029, P = 0.0106, Figure 7K). The up-regulations of NF-kB
p65, and Iba-1 returned to base levels after D-Ala2-GIP treatment
Frontiers in Endocrinology | www.frontiersin.org 8
(F3, 20 = 18.69, P < 0.0001, Figure 7J; F3, 20 = 9.029, P = 0.004,
Figure 7K) (also seen in Supplementary Figures 3A, B, D). These
effects were blocked by Pro3-GIP (F3, 20 = 18.69, P = 0.0001,
Figure 7J; F3, 20 = 9.029, P = 0.0056, Figure 7K). The
morphology of microglia was analyzed by Iba-1 immunostaining.
Microglia of CFA-injected mice presented with enlarged cell bodies
and branching impairment (F3, 76 = 7.463, P = 0.0056, Figure 7M,
L, N). D-Ala2-GIP treatment rescued this microglial morphology
(F3, 76 = 7.463, P = 0.0024, Figures 7M, L, N), which could be
reversed by Pro3-GIP (F3, 76 = 7.463, P = 0.0095, Figures 7M, L, N).
There was no difference in GFAP expression, an astrocyte marker,
among these groups (F3, 20 = 0.2862, P = 0.8348, Figure 7O; also
seen in Supplementary Figures 3A, C). The morphology of
astrocytes was also unchanged (F3, 76 = 1.4, P = 0.2493,
Figures 7Q, P, R). These data implied that the analgesic and
A

B D E

F G IH

J K L M

C

FIGURE 2 | Systemic administration of GIPR agonist D-Ala2-GIP produced analgesic and anxiolytic effects. (A) The schedule of the experimental design. Systematic
administration of D-Ala2-GIP (25 nM/kg, once daily for 10 days) increased the paw withdrawal threshold and latency in ipsilateral paw (B, D), but did not affect those
in contralateral paw (C, E). (F) Representative traces in OF test. In OF test, D-Ala2-GIP treatment evidently increased the time spent (G) and distance travelled (H) in
central area in CFA-injected mice, but had no effect on the total distance travelled (I). (J) Representative traces in EPM test. In EPM test, systematic administration of
D-Ala2-GIP (25 nM/kg, once daily for 10 days) increased the time spent in open arms (K), decreased the time spent in closed arms (L) and did not affect the total
arm entries (M). n = 10 in each group except for the groups of (D, E) (n = 7). Totally, 68 mice were used in this section. D-Ala2 means D-Ala2-GIP. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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anxiolytic effects of GIPR were associated with inhibition of
CNS inflammation.

Effects of GIPR on Synaptic Proteins in
the ACC
Next, we examined the changes of glutamate receptor expression in
the ACC, since glutamate N-methyl-D-aspartate (NMDA) receptors
contributed to behavioral abnormalities induced by inflammation
(32). Among the subunits of NMDA receptors, GluN2B is especially
involved in CFA-induced inflammatory painmodulation in theACC
(33, 34), and the phosphorylation of GluN2B at T1472 (p-GluN2B-
T1472) and S1303 (p-GluN2B-S1303) enhances GluN2B-NMDA
receptor current (35–37). The levels of GluN2B, p-GluN2B-T1472
and p-GluN2B-S1303 were evidently increased in the ACC of CFA-
injected mice as compared to the control (F3, 20 = 7.788, P = 0.0112,
Figures 8A, B; F3, 20 = 26.21,P < 0.0001,Figure 8C; F3, 20 = 9.922,P=
0.0173, Figure 8D). D-Ala2-GIP i.p. treatment reversed the up-
regulation of these proteins that was previously induced by CFA (F3,
20 = 7.788,P=0.0193,Figure 8B; F3, 20 = 26.21,P<0.0001,Figure 8C;
F3, 20 = 9.922, P = 0.008, Figure 8D) (also seen in Supplementary
Frontiers in Endocrinology | www.frontiersin.org 9
Figures 3E–H). Simultaneous Pro3-GIP i.p. treatment inhibited the
effects of D-Ala2-GIP (F3, 20 = 7.788, P = 0.0162, Figure 8B; F3, 20 =
26.21, P = 0.0001, Figure 8C; F3, 20 = 9.922, P = 0.0017, Figure 8D).

The cAMP-response element-binding protein (CREB) can be
activated by the NMDA receptor (38). Accordingly, the levels of
phosphorylated CREB (p-CREB) and total CREB were detected. To
detect the activation degree of CREB signaling, the ratio of p-CREB/
CREB was calculated and found to be significantly increased in the
ACC of model mice as compared to the control (F3, 20 = 33.05, P <
0.0001,Figures8E,F).ThiswasreversedbyD-Ala2-GIPtreatment(F3,
20 = 33.05, P < 0.0001, Figure 8F) (also seen in Supplementary
Figures3I,J),whilePro3-GIPinhibitedtheeffectsofD-Ala2-GIP(F3,20
= 33.05, P < 0.0001, Figure 8F). The activation of CREB leads to the
phosphorylation of GluA1-containing a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor, which is
another important glutamate receptor that is closely connected with
the regulation of chronic pain and anxiety (39). The phosphorylation
ofGluA1 at S831 (p-GluA1-S831) and S845 (p-GluA1-S845) controls
receptor expression and function (40). The total GluA1, p-GluA1-
S831andp-GluA1-S845were foundtobesignificantlyup-regulated in
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FIGURE 3 | Pro3-GIP blocked the analgesic and anxiolytic effects of D-Ala2-GIP. Administration of Pro3-GIP prevented the D-Ala2-GIP-induced increases of paw
withdrawal threshold and latency in CFA-injected mice (A–D). Pro3-GIP also inhibited the anxiolytic effects of D-Ala2-GIP in OF test (E–H) and EPM test (I–L). n = 8
in each group except for the groups of (C, D) (n = 6). Totally, 56 mice were used in this section. D-Ala2 means D-Ala2-GIP; Pro3 means Pro3-GIP. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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the ACC of CFA-injected mice as compared to the control (F3, 20 =
10.35,P= 0.0084,Figures 8G,H; F3, 20 = 13.17,P= 0.0006,Figure 8I;
F3, 20 = 25.69, P < 0.0001, Figure 8J). D-Ala2-GIP administration
inhibited the up-regulation of GluA1, p-GluA1-S831, and p-GluA1-
S845 in theACCofmodelmice (F3, 20 = 10.35,P=0.003,Figure 8H;
F3, 20 = 13.17, P = 0.0007, Figure 8I; F3, 20 = 25.69, P < 0.0001,
Figure 8J) (also seen in Supplementary Figures 3K-N). The effects
ofD-Ala2-GIPwereabolishedbyPro3-GIP treatment (F3, 20=10.35,
P = 0.0022, Figure 8H; F3, 20 = 13.17, P = 0.0034, Figure 8I; F3, 20 =
25.69, P < 0.0001, Figure 8J). These results hinted that activation of
GIPRmay regulate excitatory neurotransmission in the ACC.
Effects of GIPR Activation on Excitatory
Synaptic Transmission in the ACC
Chronic pain and the related emotional disorders are accompanied
by an abnormal enhancement of excitatory neurotransmission in
the limbic system (41). In order to assess the role of GIPR in the
excitatory synaptic transmission in the ACC, whole cell patch-
clamp recordings were performed. As layer II/III of ACC receive
afferent pain signals and are main information processing layers,
miniature excitatory postsynaptic currents (mEPSC) from
pyramidal neurons in layer II/III of ACC were recorded on Day
Frontiers in Endocrinology | www.frontiersin.org 10
16 after CFA injection (Figures 2A, 9A, B). The results showed that
the frequency and amplitude of mEPSCs were significantly
increased in ACC neurons from model mice as compared to the
control (F3, 42 = 12.12, P < 0.0001, Figure 9D; F3, 42 = 16.05, P <
0.0001, Figure 9F). The cumulative fraction plot showed a
decreased inter-event-interval and increased amplitude in model
mice as compared to the control (Figures 9C, E). D-Ala2-GIP i.p.
treatment reduced the CFA-induced enhancement of mEPSCs (F3,
42 = 12.12, P < 0.0001, Figure 9D; F3,42 = 16.05, P < 0.0001,
Figure 9F), which was abolished by Pro3-GIP i.p. treatment (F3,
42 = 12.12, P = 0.0186, Figure 9D; F3, 42 = 16.05, P = 0.0085,
Figure 9F). These results were confirmed by corresponding
alterations in the cumulative probabilities of mEPSC frequency
and amplitude (Figures 9C, E).

In order to investigate the role of presynaptic and/or postsynaptic
mechanisms in excitatory synaptic transmission after GIPR
activation, we examined paired-pulse ratio (PPR) in the ACC. We
found thatCFA induced the reductionofPPRat a stimulus interval of
50milliseconds inACCpyramidal neurons (F3,35 = 22.54,P<0.0001,
Figure 10B), indicating the enhancement of presynaptic
neurotransmission. D-Ala2-GIP i.p. treatment suppressed the
decreased PPR (F3, 35 = 22.54, P < 0.0001, Figure 10B), and the
effects of D-Ala2-GIP could be inhibited by Pro3-GIP (F3, 35 = 22.54,
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FIGURE 4 | Local infusion of D-Ala2-GIP into the ACC also produced analgesic and anxiolytic effects. (A) Schedule showing the experimental design. (B) The injection
location was shown by infusion of Evans blue. Local infusion of D-Ala2-GIP into the ACC increased the paw withdrawal threshold of ipsilateral paw, which was abolished
by simultaneous infusion of Pro3-GIP (C). Local infusion of D-Ala2-GIP and Pro3-GIP did not affect the contralateral paw (D). In EPM test, local infusion of D-Ala2-GIP
increased the time spent in open arms (E), reduced the time spent in closed arms (F) and did not affect the total arm entries (G). Simultaneous infusion of Pro3-GIP
inhibited the effects of D-Ala2-GIP. n = 12 in each group except for the groups of (E–G) (n = 7). Totally, 48 mice were used in this section. D-Ala2 means D-Ala2-GIP; Pro3

means Pro3-GIP. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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P = 0.0024, Figure 10B). These data indicate that the analgesic and
anxiolytic effects of GIPR are associated with the inhibition of
presynaptic neurotransmission. Next, we examined biophysical
characteristics of action potentials (APs) in order to investigate the
effect of GIPR on neuronal excitability. APs were evoked by positive
current injection in current-clamp model. We found that there was
no significant difference in the spike numbers of APs at the same
current injection among each group (Figures 10C–E). This finding
indicated that GIPR activation did not affect the excitability of
pyramidal neurons in the ACC.
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DISCUSSION

Chronic pain is a powerful motivator that is able to induce
emotional disorders, like anxiety and depression (42, 43).
Conversely, anxiety can lead to persistent and refractory chronic
pain (44). The positive interaction between chronic pain and
anxiety suggests that they may share some similar biological
pathways and neurotransmitters. Chronic inflammatory pain is
an ideal model to explore these mechanisms since it is a common
type of pain. In rodents, CFA-induced inflammatory pain usually
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FIGURE 5 | Knockdown of GIPR in the ACC blocked the analgesic and anxiolytic effects of D-Ala2-GIP. (A) The schedule of the experimental design. (B) The level of
GIPR was knocked down in the ACC. GIPR shRNA transfection was shown by green fluorescent protein in coronal section. Scale bar: 100 mm. (C, D) GIPR shRNA
transfection abolished the analgesic effect of D-Ala2-GIP. (E–J) GIPR knockdown abolished the effect of D-Ala2-GIP in OF test (E–G) and in EPM test (H–J). n = 12 in
each group except for the groups of (B) (n = 6). Totally, 48 mice were used in this section. NC means Negative Control; GIPR-KD means GIPR knockdown; D-Ala2

means D-Ala2-GIP; Pro3 means Pro3-GIP. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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persists fromweeks tomonths, so its pathophysiological featuresare
suitable for studying chronic inflammatory pain and pain-related
psychiatric comorbidities (45). Although previous studies reported
that mice injected with CFA did not show anxiety-like behaviors
(46), animal behaviors may be influenced by different injection
methods, experimental protocols, animal species, and
environmental factors. The results from this study were
consistent with many other reports and our previous work (47,
48). Our results showed that intraplanar injection of CFA induced
obvious hyperalgesia and anxiety-like behaviors.

As an important incretin, the peripheral roles of GIP in
metabolism, diabetes, obesity, appetite control, and other
physiological functions have been well documented in previous
research (11, 49). In the CNS, GIPR is expressed not only in
neurons but also in microglia, astrocytes, and oligodendrocytes (50,
51). The nonspecific expression of GIPR suggests that it has multiple
roles in the CNS. Our data showed that GIPR activation inhibited the
neuroinflammation as well as reduced excessive excitatory
transmission in synapses. As neurons and glia cells interact with
Frontiers in Endocrinology | www.frontiersin.org 12
eachother,we infer thatneuronal andglialGIPRsplay important roles
in analgesia and anti-anxiety in the ACC. It has been reported that
activation of GIPR prevented learning and memory deficits by
inhibiting beta amyloid plaque deposition and neuroinflammation
inADanimalmodels (16).GIPRactivationalsopromoted the survival
of dopaminergic neurons in the substantia nigra pars compacta
(SNpc). It also improved motor activity in PD animal models (17,
49). Recent literature revealed that activation of GIPR in the CNS
significantlydecreasedbodyweightandbloodglucose inmice fedwith
a high-fat diet (HFD) or mice with diet-induced obesity (DIO) (52).

In the present study, the ad libitum plasma levels of blood
glucose in mice were unchanged after GIPR agonist and/or
antagonist treatment. This is consistent with the results in healthy
humans (53). This seemingly conflicting observation could be
attributed to the glucose-dependent insulin tropic effects of GIP.
HFD or DIO mice often have an abnormal glucose metabolism as
well; however, the mice used in this study did not have abnormal
blood glucose levels. More importantly, GIP and derivatives can
cross the blood brain barrier after peripheral administration (54).
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FIGURE 6 | GIPR activation had no effect on peripheral inflammation and glucose level. Systematic administration of D-Ala2-GIP (A, B) (n = 5 in control and
CFA+Pro3+D-Ala2 groups, n = 6 in CFA and CFA+D-Ala2 groups) or ACC local injection of D-Ala2-GIP (C, D) (n = 11 in CFA group, n = 12 in other groups) did not
reduce edema in CFA-injected hindpaw. GIPR knockdown did not reduce the footpad thickness in CFA-injected hindpaws (E, F) (n = 12 per group). There was no
distinguished difference in the level of serum IL-1b (G) (n = 11 in CFA+D-Ala2 group, n = 12 in other groups) among the groups. D-Ala2-GIP or Pro3-GIP had no
evident effect on the blood glucose level (H) (n = 7 in control, CFA+D-Ala2 and D-Ala2 groups; n = 6 in CFA and Pro3 groups; n = 5 in CFA+Pro3+D-Ala2 group).
Totally, 155 mice were used for statistics in this figure. NC means Negative Control; GIPR-KD means GIPR knockdown; D-Ala2 means D-Ala2-GIP; Pro3 means
Pro3-GIP. ***p < 0.001, ****p < 0.0001.
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We synthesized long-acting GIPR agonist (D-Ala2-GIP) and
antagonist (Pro3-GIP) (55). The analgesic and anxiolytic effects of
D-Ala2-GIP were abolished by Pro3-GIP without affecting
locomotor activity in male mice. In addition, treatment with D-
Ala2-GIP or Pro3-GIP alone did not change the pain perception
Frontiers in Endocrinology | www.frontiersin.org 13
threshold or anxiety-like behaviors in control mice. These data
suggest that the activation of GIPR only exerts analgesic and
anxiolytic effects under pathological conditions rather than
physiological conditions in male mice. However, the effects of
GIPR in female mice still need to be confirmed.
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FIGURE 7 | GIPR activation inhibited inflammation and microglia activation in the ACC. The mRNA levels of CCL2/CCR2 (A), CXCL1/CXCR2 (B), CXCL13/CXCR5
(C), CX3CL1/CX3CR1 (D), CCL4/CCR5 (E), IL-1b (F), IL-6 (G) and TNF-a (H) were detected by qRT-PCR analysis in the ACC (n = 5 in each group). (I) Representative
Western blot analysis of NF-kB p65 and Iba-1. (J, K) CFA injection significantly increased NF-kB p65 and Iba-1 levels in the ACC. D-Ala2-GIP (i.p. injection) notably
reversed the increased expressions of NF-kB p65 and Iba-1, which was inhibited by Pro3-GIP (i.p. injection, n = 6 in each group). (L–N) Immunostaining of Iba-1
(L), quantification of the microglial cell body area (M), and Sholl analysis of microglial cells (N). n = 20 cells from 3 mice per group. Scale bar: 20 mm. (O–R) The GFAP
expression (O) and morphology of astrocyte (P–R) were unaffected in the ACC. n = 20 cells from 3 mice per group. Totally, 56 mice were used in this figure. Scale bar:
20 mm. D-Ala2 means D-Ala2-GIP; Pro3 means Pro3-GIP. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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The ACC, hippocampus, and amygdala are all involved in the
regulation of chronic pain perception and the related emotional
hang-ups (7, 56).AfterCFAinjection,GIPRexpressionwas increased
in the ACC, but was not increased in the hippocampus or amygdala.
GIPR activation had the analgesic and anxiolytic effects in the ACC,
which seems to conflict withGIPRupregulation in theACCof CFA-
injectedmice. The elevationofGIPR in theACCmaybe attributed to
the compensatory mechanism of self-analgesia. Our study first
reported that GIPR in the ACC was involved in chronic
inflammatory pain and pain-related anxiety modulation. This
suggests that GIPR may be a potential target to treat chronic pain
and accompanying mental disorders. Nevertheless, different chronic
painmodelsmay incorporate different grades of pain intensity, pain-
related distress, and functional impairment (57). The role of GIPR in
other brain regions and pain models needs to explore in the future.

Neuroinflammation is characterized by infiltration of immune
cells, activation of glial cells, and production of inflammatory
Frontiers in Endocrinology | www.frontiersin.org 14
mediators in the peripheral and central nervous systems.
Neuroinflammation also contributes to the induction and
maintenance of chronic pain and anxiety (18, 19). In this study,
our data showed thatCFA-inducedplantar edemadidnot subside on
day 16, suggesting that there were continuous nerve impulses from
local site of hindpaw to CNS. It has been previously reported that
intraplanar injection of CFA could remarkably increase serum levels
of IL-1b, IL-6, andTNF-aonday4 (58).However, the serum levels of
inflammatory factors did not increase significantly in this study,
indicating that CFA-induced systemic inflammation may have been
restored on day 16. Because of this possibility, we cannot completely
exclude the role of peripheral cytokines in chronic pain and anxiety.
Interestingly, D-Ala2-GIP, a GIPR agonist, significantly inhibited
inflammation in the ACC of model mice. This was indicated by the
regulation of GIPR on chemokine/receptor pairs CCL2/CCR2,
CXCL1/CXCR2, and CXCL13/CXCR5, and pro-inflammatory
cytokines IL-1b, IL-6, and TNF-a. Although the mRNA levels of
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FIGURE 8 | Effects of GIPR activation on the levels of synaptic plasticity-related proteins in the ACC. (A) Representative Western blot analysis of GluN2B, p-
GluN2B-T1472 and p-GluN2B-S1303. (B–D) Systemic administration of D-Ala2-GIP reversed the up-regulation of above proteins in the ACC of model mice, and
Pro3-GIP inhibited the effects of D-Ala2-GIP. (E) Representative Western blot analysis of p-CREB and CREB. (F) D-Ala2-GIP inhibited the increase of p-CREB/CREB
ratio, which was abolished by Pro3-GIP. (G) Representative Western blot analysis of GluA1, p-GluA1-S831 and p-GluA1-S845. (H–J) D-Ala2-GIP treatment reversed
the up-regulations of GluA1, p-GluA1-S831 and p-GluA1-S845 in the ACC of model mice, and Pro3-GIP blocked the effects of D-Ala2-GIP. n = 6 in each group.
Totally, 24 mice were used in this section. D-Ala2 means D-Ala2-GIP; Pro3 means Pro3-GIP. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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CX3CL1/CX3CR1 and CCL4/CCR5 showed no difference in the
ACC, theymayplaya role in the spinal cordandotherbrain regionsat
different times (29, 59). Microglia are a type of resident macrophage
and principal immune-response cell in the CNS that are activated
under pathological conditions. Microglia exhibit chemotactic,
phagocytic, and secretory responses to various stimuli (60).
Astrocytes can also produce pro-inflammatory cytokines and
damage neurons (30). In our study, GIPR activation remarkably
reversed the morphological changes of microglia, upregulations of
Frontiers in Endocrinology | www.frontiersin.org 15
Iba-1, and the levels ofNF-kBp65 in theACC.NeitherCFA injection
nor GIPR activation, alone or together, changed the morphology of
astrocytes in the ACC or the expression of GFAP, which is an
astrocyte activation marker. Obviously, microglia seem to be more
susceptible than astrocytes, which was also implied in other reports
(61). These results suggest that the analgesic and anxiolytic effects of
GIPR are closely related to microglia and NF-kB p65 signaling.

The excitatory/inhibitory (E/I) neuronal network maintains a
finely tuned balance that is critical for the physiological function of
A
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C

FIGURE 9 | GIPR activation reduced the enhanced synaptic transmission in the ACC. (A) Representative picture showing the location of the recorded pyramidal neurons
in the ACC. (B) Representative mEPSCs recorded in pyramidal neurons of ACC at a holding potential of −70 mV. (C, D) Cumulative inter-event interval plot of recorded
mEPSCs and summary plots of mEPSC frequency (n = 12 in control, CFA and CFA+D-Ala2 groups; n = 10 in CFA+Pro3+D-Ala2 group). (E, F) Cumulative plot of
mEPSCs amplitude and summary plots of mEPSC amplitude (n = 12 in control, CFA and CFA+D-Ala2 groups; n = 10 in CFA+Pro3+D-Ala2 group). The traces in
cumulative fraction plot represent mean values of each group. Totally, 24 mice were used in this section. D-Ala2-GIP treatment reversed the enhancement of mEPSCs
frequency and amplitude in CFA-treated mice, which was attenuated by Pro3-GIP. D-Ala2 means D-Ala2-GIP; Pro3 means Pro3-GIP. *p < 0.05, **p < 0.01, ****p < 0.0001.
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FIGURE 10 | GIPR activation inhibited the reduction of PPR and had no effect on neuronal excitability. (A) Representative traces showing the paired-pulse ratio
(PPR) recorded with a 50 ms interval. (B) D-Ala2-GIP inhibited the reduction of PPR in ACC neurons induced by CFA-injection (n = 8 in control group; n = 12 in CFA
group; n = 11 in CFA+D-Ala2 group), and Pro3-GIP attenuated the effects of D-Ala2-GIP (n = 8). (C) Injection of step currents from 10 pA to 100 pA with 10 pA
steps. (D) Curve of spike numbers of action potential induced by injected currents in ACC excitatory neurons. D-Ala2-GIP or Pro3-GIP had no effect on the firing rate
of pyramidal neurons (n = 12 in control and CFA groups; n = 13 in CFA+D-Ala2 group; n = 11 in CFA+Pro3+D-Ala2 group). Totally, 24 mice were used in this
section. (E) Representative traces (40 pA injection current) showing the firing property of the pyramidal neurons from ACC response to D-Ala2-GIP or Pro3-GIP. D-
Ala2 means D-Ala2-GIP; Pro3 means Pro3-GIP. *p < 0.05, **p < 0.01, ****p < 0.0001.
FIGURE 11 | GIPR agonist exerts analgesic and anxiolytic-like effects in the ACC of mice with chronic inflammatory pain. In present study, hindpaw injection of CFA
induced pain sensitization and anxiety-like behaviors in mice. D-Ala2-GIP (GIPR agonist) administration produced evident analgesic and anxiolytic effects by reversing
microglia-induced neuroinflammation and suppressing the enhancement of excitatory neurotransmission in the ACC of model mice.
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the CNS (48, 62). The imbalance of E/I signaling leads to a series of
neurological disorders (63, 64). Enhanced excitatory transmission in
theACCcontributes tobothanxiety andnociception (65).Glutamate
is the main excitatory neurotransmitter in the CNS. NMDA and
AMPA receptors are two important subtypes of glutamate receptors,
which are both related to chronic pain and anxiety (7, 66). In this
study, activation ofGIPR reversed theCFA-inducedup-regulationof
NMDA and AMPA receptors and enhanced both frequency and
amplitude ofmEPSCs andPPR reduction in theACC.The frequency
and amplitude of mEPSC represent presynaptic release and
postsynaptic response, respectively. The decrease of PPR reflects an
increase in release probability from excitatory presynapsis. Previous
studies have indicated that CFA-induced chronic inflammatory pain
could reduce GABAergic transmission in the ACC (67, 68), which is
another reason forE/I imbalance.WhetherGIPRactivationproduces
analgesic and anxiolytic effects by enhancing GABAergic
transmission needs to be further investigated. Together, our data
suggest that the effects of GIPR are closely connected with inhibiting
both the excitatory presynaptic release and postsynaptic responses.
However, in line with other empirical results (69), CFA injection
showed no effect on the spike numbers of Aps. This implies that the
neuronal excitability is unchanged in theACCafterCFAandD-Ala2-
GIP treatment.

In summary, our study is the first to investigate the roles of GIPR
in the ACC in the settings of chronic pain and pain-related anxiety.
Our findings demonstrated the novel role of GIPR in the brain and
support that GIPR is a good potential target to treat chronic
inflammatory pain and pain-related anxiety. The effects of GIPR
activation were partly due to attenuating neuroinflammation and
inhibitingexcitatory transmission in theACC,as shown inFigure11.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
Frontiers in Endocrinology | www.frontiersin.org 17
ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care
and Use Committee of the Fourth Military Medical University.
AUTHOR CONTRIBUTIONS

S-bL, ZT, WJ, M-Gz, and X-sW conceived and performed
experiments, wrote the manuscript, and secured funding. X-
sW, Y-lJ, LL, BF, Q-yF, S-yG, and X-cZ performed experiments.
KZ, FY, J-yQ, and L-kY performed statistical analysis. XM, LY,
and X-bL provided expertise and feedback. All authors
contributed to the article and approved the submitted version.
FUNDING

This research was supported by grants from National Natural
Science Foundation of China (No. 81801329, 82071474, 81771420,
31771119 and 82003734).
ACKNOWLEDGMENTS

We thank LetPub for its linguistic assistance during the
preparation of this manuscript.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2022.887238/
full#supplementary-material
REFERENCES

1. Wang DS, Tian Z, Guo YY, Guo HL, Kang WB, Li S, et al. Anxiolytic-Like
Effects of Translocator Protein (Tspo) Ligand Zbd-2 in an Animal Model of
Chronic Pain. Mol Pain (2015) 11:16. doi: 10.1186/s12990-015-0013-6

2. McKelvey L, Shorten GD, O'Keeffe GW. Nerve Growth Factor-Mediated
Regulation of Pain Signalling and Proposed New Intervention Strategies in
Clinical Pain Management. J Neurochem (2013) 124(3):276–89. doi: 10.1111/
jnc.12093

3. Descalzi G, Ikegami D, Ushijima T, Nestler EJ, Zachariou V, Narita M.
Epigenetic Mechanisms of Chronic Pain. Trends Neurosci (2015) 38(4):237–
46. doi: 10.1016/j.tins.2015.02.001

4. Pereira FG, Franca MH, Paiva MCA, Andrade LH, Viana MC. Prevalence
and Clinical Profile of Chronic Pain and Its Association With Mental
Disorders. Rev Saude Publica (2017) 51:96. doi: 10.11606/S1518-
8787.2017051007025

5. Naliboff BD, Chang L, Munakata J, Mayer EA. Towards an Integrative Model
of Irritable Bowel Syndrome. Prog Brain Res (2000) 122:413–23. doi: 10.1016/
s0079-6123(08)62154-8
6. Blier P, Abbott FV. Putative Mechanisms of Action of Antidepressant Drugs
in Affective and Anxiety Disorders and Pain. J Psychiatry Neurosci JPN (2001)
26(1):37–43.

7. Zhuo M. Neural Mechanisms Underlying Anxiety-Chronic Pain Interactions.
Trends Neurosci (2016) 39(3):136–45. doi: 10.1016/j.tins.2016.01.006

8. Zhu X, Tang HD, Dong WY, Kang F, Liu A, Mao Y, et al. Distinct
Thalamocortical Circuits Underlie Allodynia Induced by Tissue Injury and
by Depression-Like States. Nat Neurosci (2021) 24(4):542–53. doi: 10.1038/
s41593-021-00811-x

9. Zhuo M. Long-Term Cortical Synaptic Changes Contribute to Chronic Pain
and Emotional Disorders. Neurosci Lett (2019) 702:66–70. doi: 10.1016/
j.neulet.2018.11.048

10. Baggio LL, Drucker DJ. Biology of Incretins: Glp-1 and Gip. Gastroenterology
(2007) 132(6):2131–57. doi: 10.1053/j.gastro.2007.03.054

11. Campbell JE, Drucker DJ. Pharmacology, Physiology, and Mechanisms of
Incretin Hormone Action. Cell Metab (2013) 17(6):819–37. doi: 10.1016/
j.cmet.2013.04.008

12. Holscher C. Insulin, Incretins and Other Growth Factors as Potential Novel
Treatments for Alzheimer's and Parkinson's Diseases. Biochem Soc Trans
(2014) 42(2):593–9. doi: 10.1042/BST20140016
May 2022 | Volume 13 | Article 887238

https://www.frontiersin.org/articles/10.3389/fendo.2022.887238/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.887238/full#supplementary-material
https://doi.org/10.1186/s12990-015-0013-6
https://doi.org/10.1111/jnc.12093
https://doi.org/10.1111/jnc.12093
https://doi.org/10.1016/j.tins.2015.02.001
https://doi.org/10.11606/S1518-8787.2017051007025
https://doi.org/10.11606/S1518-8787.2017051007025
https://doi.org/10.1016/s0079-6123(08)62154-8
https://doi.org/10.1016/s0079-6123(08)62154-8
https://doi.org/10.1016/j.tins.2016.01.006
https://doi.org/10.1038/s41593-021-00811-x
https://doi.org/10.1038/s41593-021-00811-x
https://doi.org/10.1016/j.neulet.2018.11.048
https://doi.org/10.1016/j.neulet.2018.11.048
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1016/j.cmet.2013.04.008
https://doi.org/10.1016/j.cmet.2013.04.008
https://doi.org/10.1042/BST20140016
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Wang et al. Analgesic Effects of ACC GIPR
13. Figueiredo CP, Pamplona FA, Mazzuco TL, Aguiar ASJr., Walz R, Prediger
RD. Role of the Glucose-Dependent Insulinotropic Polypeptide and Its
Receptor in the Central Nervous System: Therapeutic Potential in
Neurological Diseases. Behav Pharmacol (2010) 21(5-6):394–408.
doi: 10.1097/FBP.0b013e32833c8544

14. Gault VA, Holscher C. Protease-Resistant Glucose-Dependent Insulinotropic
Polypeptide Agonists Facilitate Hippocampal Ltp and Reverse the Impairment
of Ltp Induced by Beta-Amyloid. J Neurophysiol (2008) 99(4):1590–5.
doi: 10.1152/jn.01161.2007

15. Verma MK, Goel R, Krishnadas N, Nemmani KVS. Targeting Glucose-
Dependent Insulinotropic Polypeptide Receptor for Neurodegenerative
Disorders. Expert Opin Ther Targets (2018) 22(7):615–28. doi: 10.1080/
14728222.2018.1487952

16. Duffy AM, Holscher C. The Incretin Analogue D-Ala2gip Reduces Plaque
Load, Astrogliosis and Oxidative Stress in an App/Ps1 Mouse Model of
Alzheimer's Disease. Neuroscience (2013) 228:294–300. doi: 10.1016/
j.neuroscience.2012.10.045

17. Li Y, LiuW, Li L, Holscher C. Neuroprotective Effects of a Gip Analogue in the
Mptp Parkinson's Disease Mouse Model. Neuropharmacology (2016)
101:255–63. doi: 10.1016/j.neuropharm.2015.10.002

18. Ji RR, Xu ZZ, Gao YJ. Emerging Targets in Neuroinflammation-Driven Chronic
Pain. Nat Rev Drug Discov (2014) 13(7):533–48. doi: 10.1038/nrd4334

19. Kim YK, Jeon SW. Neuroinflammation and the Immune-Kynurenine
Pathway in Anxiety Disorders. Curr Neuropharmacol (2018) 16(5):574–82.
doi: 10.2174/1570159X15666170913110426

20. Gu X, Zhang J, Ma Z, Wang J, Zhou X, Jin Y, et al. The Role of N-Methyl-D-
Aspartate Receptor Subunit Nr2b in Spinal Cord in Cancer Pain. Eur J Pain
(2010) 14(5):496–502. doi: 10.1016/j.ejpain.2009.09.001

21. Tian Z, Wang Y, Zhang N, Guo YY, Feng B, Liu SB, et al. Estrogen Receptor
Gpr30 Exerts Anxiolytic Effects by Maintaining the Balance Between
Gabaergic and Glutamatergic Transmission in the Basolateral Amygdala of
Ovariectomized Mice After Stress. Psychoneuroendocrinology (2013) 38
(10):2218–33. doi: 10.1016/j.psyneuen.2013.04.011

22. Liu SB, Tian Z, Guo YY, Zhang N, Feng B, Zhao MG. Activation of Gpr30
Attenuates Chronic Pain-Related Anxiety in Ovariectomized Mice.
Psychoneuroendocrinology (2015) 53:94–107. doi: 10.1016/j.psyneuen.
2014.12.021

23. Zhang K, Yang Q, Yang L, Li YJ, Wang XS, Li YJ, et al. Cb1 Agonism Prolongs
Therapeutic Window for Hormone Replacement in Ovariectomized Mice.
J Clin Invest (2019) 129(6):2333–50. doi: 10.1172/JCI123689

24. Tian Z, Yamanaka M, Bernabucci M, Zhao MG, Zhuo M. Characterization of
Serotonin-Induced Inhibition of Excitatory Synaptic Transmission in the
Anterior Cingulate Cortex. Mol Brain (2017) 10(1):21. doi: 10.1186/s13041-
017-0303-1

25. Feehan AK, Zadina JE. Morphine Immunomodulation Prolongs
Inflammatory and Postoperative Pain While the Novel Analgesic Zh853
Accelerates Recovery and Protects Against Latent Sensitization.
J Neuroinflamm (2019) 16(1):100. doi: 10.1186/s12974-019-1480-x

26. Wu Y, Yao X, Jiang Y, He X, Shao X, Du J, et al. Pain Aversion and Anxiety-
Like Behavior Occur at Different Times During the Course of Chronic
Inflammatory Pain in Rats. J Pain Res (2017) 10:2585–93. doi: 10.2147/
JPR.S139679

27. Harth M, NielsonWR. Pain and Affective Distress in Arthritis: Relationship to
Immunity and Inflammation. Expert Rev Clin Immunol (2019) 15(5):541–52.
doi: 10.1080/1744666X.2019.1573675

28. Frias JP, Nauck MA, Van J, Kutner ME, Cui X, Benson C, et al. Efficacy and
Safety of Ly3298176, a Novel Dual Gip and Glp-1 Receptor Agonist, in
Patients With Type 2 Diabetes: A Randomised, Placebo-Controlled and
Active Comparator-Controlled Phase 2 Trial. Lancet (2018) 392
(10160):2180–93. doi: 10.1016/S0140-6736(18)32260-8

29. Jiang BC, Liu T, Gao YJ. Chemokines in Chronic Pain: Cellular and Molecular
Mechanisms and Therapeutic Potential. Pharmacol Ther (2020) 212:107581.
doi: 10.1016/j.pharmthera.2020.107581

30. Karthikeyan A, Patnala R, Jadhav SP, Eng-Ang L, Dheen ST. Micrornas: Key
Players in Microglia and Astrocyte Mediated Inflammation in Cns
Pathologies. Curr Med Chem (2016) 23(30):3528–46. doi: 10.2174/
0929867323666160814001040
Frontiers in Endocrinology | www.frontiersin.org 18
31. Sawicki CM, Kim JK, Weber MD, Faw TD, McKim DB, Madalena KM, et al.
Microglia Promote Increased Pain Behavior Through Enhanced
Inflammation in the Spinal Cord During Repeated Social Defeat Stress. J
Neurosci (2019) 39(7):1139–49. doi: 10.1523/JNEUROSCI.2785-18.2018

32. Riazi K, Galic MA, Kentner AC, Reid AY, Sharkey KA, Pittman QJ. Microglia-
Dependent Alteration of Glutamatergic Synaptic Transmission and Plasticity
in the Hippocampus During Peripheral Inflammation. J Neurosci (2015) 35
(12):4942–52. doi: 10.1523/JNEUROSCI.4485-14.2015

33. Wei F, Wang GD, Kerchner GA, Kim SJ, Xu HM, Chen ZF, et al. Genetic
Enhancement of Inflammatory Pain by Forebrain Nr2b Overexpression. Nat
Neurosci (2001) 4(2):164–9. doi: 10.1038/83993

34. Wu LJ, Toyoda H, Zhao MG, Lee YS, Tang J, Ko SW, et al. Upregulation of
Forebrain Nmda Nr2b Receptors Contributes to Behavioral Sensitization
After Inflammation. J Neurosci (2005) 25(48):11107–16. doi: 10.1523/
JNEUROSCI.1678-05.2005

35. Liao GY, Wagner DA, Hsu MH, Leonard JP. Evidence for Direct Protein
Kinase-C Mediated Modulation of N-Methyl-D-Aspartate Receptor Current.
Mol Pharmacol (2001) 59(5):960–4. doi: 10.1124/mol.59.5.960

36. Nakazawa T, Komai S, Tezuka T, Hisatsune C, Umemori H, Semba K, et al.
Characterization of Fyn-Mediated Tyrosine Phosphorylation Sites on Glur
Epsilon 2 (Nr2b) Subunit of the N-Methyl-D-Aspartate Receptor. J Biol Chem
(2001) 276(1):693–9. doi: 10.1074/jbc.M008085200

37. Takasu MA, Dalva MB, Zigmond RE, Greenberg ME. Modulation of Nmda
Receptor-Dependent Calcium Influx and Gene Expression Through Ephb
Receptors. Science (2002) 295(5554):491–5. doi: 10.1126/science.1065983

38. Fukuchi M, Tabuchi A, Kuwana Y, Watanabe S, Inoue M, Takasaki I, et al.
Neuromodulatory Effect of Galphas- or Galphaq-Coupled G-Protein-Coupled
Receptor on Nmda Receptor Selectively Activates the Nmda Receptor/Ca2
+/Calcineurin/Camp Response Element-Binding Protein-Regulated
Transcriptional Coactivator 1 Pathway to Effectively Induce Brain-Derived
Neurotrophic Factor Expression in Neurons. J Neurosci (2015) 35(14):5606–
24. doi: 10.1523/JNEUROSCI.3650-14.2015

39. Tran L, Keele NB. Camkiialpha Knockdown Decreases Anxiety in the Open
Field and Low Serotonin-Induced Upregulation of Glua1 in the Basolateral
Amygdala. Behav Brain Res (2016) 303:152–9. doi: 10.1016/j.bbr.2016.01.053

40. Mao LM, Diaz JA, Fibuch EE, Wang JQ. Regulation of Phosphorylation of
Synaptic and Extrasynaptic Glua1 Ampa Receptors in the Rat Forebrain by
Amphetamine. Eur J Pharmacol (2013) 715(1-3):164–71. doi: 10.1016/
j.ejphar.2013.05.027

41. Li XH, Chen QY, Zhuo M. Neuronal Adenylyl Cyclase Targeting Central
Plasticity for the Treatment of Chronic Pain. Neurotherapeutics (2020) 17
(3):861–73. doi: 10.1007/s13311-020-00927-1

42. Yalcin I, Barthas F, Barrot M. Emotional Consequences of Neuropathic Pain:
Insight From Preclinical Studies. Neurosci Biobehav Rev (2014) 47:154–64.
doi: 10.1016/j.neubiorev.2014.08.002

43. Woda A, Picard P, Dutheil F. Dysfunctional Stress Responses in Chronic Pain.
Psychoneuroendocrinology (2016) 71:127–35. doi: 10.1016/j.psyneuen.2016.05.017

44. Bushnell MC, Ceko M, Low LA. Cognitive and Emotional Control of Pain and
Its Disruption in Chronic Pain. Nat Rev Neurosci (2013) 14(7):502–11.
doi: 10.1038/nrn3516

45. Narita M, Kaneko C, Miyoshi K, Nagumo Y, Kuzumaki N, Nakajima M, et al.
Chronic Pain Induces Anxiety With Concomitant Changes in Opioidergic
Function in the Amygdala. Neuropsychopharmacology (2006) 31(4):739–50.
doi: 10.1038/sj.npp.1300858

46. Pitzer C, La Porta C, Treede RD, Tappe-Theodor A. Inflammatory and
Neuropathic Pain Conditions Do Not Primarily Evoke Anxiety-Like
Behaviours in C57bl/6 Mice. Eur J Pain (2019) 23(2):285–306. doi: 10.1002/
ejp.1303

47. Mutso AA, Radzicki D, Baliki MN, Huang L, Banisadr G, Centeno MV, et al.
Abnormalities in Hippocampal Functioning With Persistent Pain. J Neurosci
(2012) 32(17):5747–56. doi: 10.1523/JNEUROSCI.0587-12.2012

48. Wang XS, Guan SY, Liu A, Yue J, Hu LN, Zhang K, et al. Anxiolytic Effects of
Formononetin in an Inflammatory Pain Mouse Model. Mol Brain (2019) 12
(1):36. doi: 10.1186/s13041-019-0453-4

49. Zhang ZQ, Holscher C. Gip Has Neuroprotective Effects in Alzheimer and
Parkinson's Disease Models. Peptides (2020) 125:170184. doi: 10.1016/
j.peptides.2019.170184
May 2022 | Volume 13 | Article 887238

https://doi.org/10.1097/FBP.0b013e32833c8544
https://doi.org/10.1152/jn.01161.2007
https://doi.org/10.1080/14728222.2018.1487952
https://doi.org/10.1080/14728222.2018.1487952
https://doi.org/10.1016/j.neuroscience.2012.10.045
https://doi.org/10.1016/j.neuroscience.2012.10.045
https://doi.org/10.1016/j.neuropharm.2015.10.002
https://doi.org/10.1038/nrd4334
https://doi.org/10.2174/1570159X15666170913110426
https://doi.org/10.1016/j.ejpain.2009.09.001
https://doi.org/10.1016/j.psyneuen.2013.04.011
https://doi.org/10.1016/j.psyneuen.2014.12.021
https://doi.org/10.1016/j.psyneuen.2014.12.021
https://doi.org/10.1172/JCI123689
https://doi.org/10.1186/s13041-017-0303-1
https://doi.org/10.1186/s13041-017-0303-1
https://doi.org/10.1186/s12974-019-1480-x
https://doi.org/10.2147/JPR.S139679
https://doi.org/10.2147/JPR.S139679
https://doi.org/10.1080/1744666X.2019.1573675
https://doi.org/10.1016/S0140-6736(18)32260-8
https://doi.org/10.1016/j.pharmthera.2020.107581
https://doi.org/10.2174/0929867323666160814001040
https://doi.org/10.2174/0929867323666160814001040
https://doi.org/10.1523/JNEUROSCI.2785-18.2018
https://doi.org/10.1523/JNEUROSCI.4485-14.2015
https://doi.org/10.1038/83993
https://doi.org/10.1523/JNEUROSCI.1678-05.2005
https://doi.org/10.1523/JNEUROSCI.1678-05.2005
https://doi.org/10.1124/mol.59.5.960
https://doi.org/10.1074/jbc.M008085200
https://doi.org/10.1126/science.1065983
https://doi.org/10.1523/JNEUROSCI.3650-14.2015
https://doi.org/10.1016/j.bbr.2016.01.053
https://doi.org/10.1016/j.ejphar.2013.05.027
https://doi.org/10.1016/j.ejphar.2013.05.027
https://doi.org/10.1007/s13311-020-00927-1
https://doi.org/10.1016/j.neubiorev.2014.08.002
https://doi.org/10.1016/j.psyneuen.2016.05.017
https://doi.org/10.1038/nrn3516
https://doi.org/10.1038/sj.npp.1300858
https://doi.org/10.1002/ejp.1303
https://doi.org/10.1002/ejp.1303
https://doi.org/10.1523/JNEUROSCI.0587-12.2012
https://doi.org/10.1186/s13041-019-0453-4
https://doi.org/10.1016/j.peptides.2019.170184
https://doi.org/10.1016/j.peptides.2019.170184
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Wang et al. Analgesic Effects of ACC GIPR
50. Spielman LJ, Gibson DL, Klegeris A. Incretin Hormones Regulate Microglia
Oxidative Stress, Survival and Expression of Trophic Factors. Eur J Cell Biol
(2017) 96(3):240–53. doi: 10.1016/j.ejcb.2017.03.004

51. Dowsett GKC, Lam BYH, Tadross JA, Cimino I, Rimmington D, Coll AP,
et al. A Survey of the Mouse Hindbrain in the Fed and Fasted States Using
Single-Nucleus Rna Sequencing. Mol Metab (2021) 53:101240. doi: 10.1016/
j.molmet.2021.101240

52. Zhang Q, Delessa CT, Augustin R, Bakhti M, Collden G, Drucker DJ, et al. The
Glucose-Dependent Insulinotropic Polypeptide (Gip) Regulates Body Weight
and Food Intake Via Cns-Gipr Signaling. Cell Metab (2021) 33(4):833–44.e5.
doi: 10.1016/j.cmet.2021.01.015

53. Christensen M, Vedtofte L, Holst JJ, Vilsboll T, Knop FK. Glucose-Dependent
Insulinotropic Polypeptide: A Bifunctional Glucose-Dependent Regulator of
Glucagon and Insulin Secretion in Humans. Diabetes (2011) 60(12):3103–9.
doi: 10.2337/db11-0979

54. Holscher C. Incretin Analogues That Have Been Developed to Treat Type 2
Diabetes Hold Promise as a Novel Treatment Strategy for Alzheimer's Disease.
Recent Patents CNS Drug Discov (2010) 5(2):109–17. doi: 10.2174/
157488910791213130

55. Faivre E, Hamilton A, Holscher C. Effects of Acute and Chronic
Administration of Gip Analogues on Cognition, Synaptic Plasticity and
Neurogenesis in Mice. Eur J Pharmacol (2012) 674(2-3):294–306.
doi: 10.1016/j.ejphar.2011.11.007

56. Vachon-Presseau E, Tetreault P, Petre B, Huang L, Berger SE, Torbey S, et al.
Corticolimbic Anatomical Characteristics Predetermine Risk for Chronic
Pain. Brain (2016) 139(Pt 7):1958–70. doi: 10.1093/brain/aww100

57. Treede RD, Rief W, Barke A, Aziz Q, Bennett MI, Benoliel R, et al. A
Classification of Chronic Pain for Icd-11. Pain (2015) 156(6):1003–7.
doi: 10.1097/j.pain.0000000000000160

58. Britch SC, Goodman AG, Wiley JL, Pondelick AM, Craft RM. Antinociceptive
and Immune Effects of Delta-9-Tetrahydrocannabinol or Cannabidiol in Male
Versus Female Rats With Persistent Inflammatory Pain. J Pharmacol Exp Ther
(2020) 373(3):416–28. doi: 10.1124/jpet.119.263319

59. Souza GR, Talbot J, Lotufo CM, Cunha FQ, Cunha TM, Ferreira SH. Fractalkine
Mediates Inflammatory PainThroughActivation of SatelliteGlialCells.ProcNatl
Acad Sci USA (2013) 110(27):11193–8. doi: 10.1073/pnas.1307445110

60. Gonzalez-Scarano F, Baltuch G. Microglia as Mediators of Inflammatory and
Degenerative Diseases. Annu Rev Neurosci (1999) 22:219–40. doi: 10.1146/
annurev.neuro.22.1.219

61. Sano F, Shigetomi E, Shinozaki Y, Tsuzukiyama H, Saito K, Mikoshiba K, et al.
Reactive Astrocyte-Driven Epileptogenesis Is Induced by Microglia Initially
Activated Following Status Epilepticus. JCI Insight (2021) 6(9):e135391.
doi: 10.1172/jci.insight.135391

62. Lydiard RB. The Role of Gaba in Anxiety Disorders. J Clin Psychiatry (2003)
64 Suppl 3:21–7.
Frontiers in Endocrinology | www.frontiersin.org 19
63. Gao R, Penzes P. Common Mechanisms of Excitatory and Inhibitory
Imbalance in Schizophrenia and Autism Spectrum Disorders. Curr Mol
Med (2015) 15(2):146–67. doi: 10.2174/1566524015666150303003028

64. Tassone DM, Boyce E, Guyer J, Nuzum D. Pregabalin: A Novel Gamma-
Aminobutyric Acid Analogue in the Treatment of Neuropathic Pain, Partial-
Onset Seizures, and Anxiety Disorders. Clin Ther (2007) 29(1):26–48.
doi: 10.1016/j.clinthera.2007.01.013

65. Koga K, Descalzi G, Chen T, Ko HG, Lu J, Li S, et al. Coexistence of Two
Forms of Ltp in Acc Provides a Synaptic Mechanism for the Interactions
Between Anxiety and Chronic Pain. Neuron (2015) 85(2):377–89.
doi: 10.1016/j.neuron.2014.12.021

66. Bliss TV, Collingridge GL, Kaang BK, Zhuo M. Synaptic Plasticity in the
Anterior Cingulate Cortex in Acute and Chronic Pain. Nat Rev Neurosci
(2016) 17(8):485–96. doi: 10.1038/nrn.2016.68

67. Koga K, Shimoyama S, Yamada A, Furukawa T, Nikaido Y, Furue H, et al.
Chronic Inflammatory Pain Induced Gabaergic Synaptic Plasticity in the
Adul t Mouse Anter ior Cingu la te Cor t ex . Mol Pa in (2018)
14:1744806918783478. doi: 10.1177/1744806918783478

68. Shao FB, Fang JF, Wang SS, Qiu MT, Xi DN, Jin XM, et al. Anxiolytic Effect of
Gabaergic Neurons in the Anterior Cingulate Cortex in a Rat Model of
Chronic Inflammatory Pain. Mol Brain (2021) 14(1):139. doi: 10.1186/
s13041-021-00849-9

69. Li XY, Wang N,Wang YJ, Zuo ZX, Koga K, Luo F, et al. Long-Term Temporal
Imprecision of Information Coding in the Anterior Cingulate Cortex of Mice
With Peripheral Inflammation or Nerve Injury. J Neurosci (2014) 34
(32):10675–87. doi: 10.1523/JNEUROSCI.5166-13.2014
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Jiang, Lu, Feng, Ma, Zhang, Guan, Yang, Fan, Zhu, Yang,
Qi, Yang, Li, Zhao, Jiang, Tian and Liu. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
May 2022 | Volume 13 | Article 887238

https://doi.org/10.1016/j.ejcb.2017.03.004
https://doi.org/10.1016/j.molmet.2021.101240
https://doi.org/10.1016/j.molmet.2021.101240
https://doi.org/10.1016/j.cmet.2021.01.015
https://doi.org/10.2337/db11-0979
https://doi.org/10.2174/157488910791213130
https://doi.org/10.2174/157488910791213130
https://doi.org/10.1016/j.ejphar.2011.11.007
https://doi.org/10.1093/brain/aww100
https://doi.org/10.1097/j.pain.0000000000000160
https://doi.org/10.1124/jpet.119.263319
https://doi.org/10.1073/pnas.1307445110
https://doi.org/10.1146/annurev.neuro.22.1.219
https://doi.org/10.1146/annurev.neuro.22.1.219
https://doi.org/10.1172/jci.insight.135391
https://doi.org/10.2174/1566524015666150303003028
https://doi.org/10.1016/j.clinthera.2007.01.013
https://doi.org/10.1016/j.neuron.2014.12.021
https://doi.org/10.1038/nrn.2016.68
https://doi.org/10.1177/1744806918783478
https://doi.org/10.1186/s13041-021-00849-9
https://doi.org/10.1186/s13041-021-00849-9
https://doi.org/10.1523/JNEUROSCI.5166-13.2014
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Activation of GIPR Exerts Analgesic and Anxiolytic-Like Effects in the Anterior Cingulate Cortex of Mice
	Introduction
	Materials and Methods
	Animals
	Materials
	Mechanical Allodynia Test
	Thermal Hyperalgesia Test
	Elevated Plus Maze Test
	Open Field Test
	Surgery and ACC Microinjection
	Enzyme Linked Immuno-Sorbent Assay (ELISA) and Glucose Test
	Western-Blot Analysis
	Immunofluorescence Staining
	Quantitative Real-Time PCR (qRT-PCR)
	Whole-Cell Patch-Clamp Recording
	Statistical Analysis

	Results
	The Up-Regulation of GIPR in the ACC of Mice With CFA Injection
	The Analgesic and Anxiolytic Effects of GIPR Activation
	The Role of ACC GIPR in the Chronic Inflammatory Pain and Comorbidities
	No Peripheral Anti-Inflammatory Effects Were Observed After GIPR Activation
	GIPR Activation Attenuated Neuroinflammation in the ACC
	Effects of GIPR on Synaptic Proteins in the ACC
	Effects of GIPR Activation on Excitatory Synaptic Transmission in the ACC

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


