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Altered pain sensitivity in 53familial Alzheimer
diseasemice is associated with dendritic spine loss
in anterior cingulate cortex pyramidal neurons
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Deheng Wangd,*, Zunji Kea

Abstract
Chronic pain is highly prevalent. Individuals with cognitive disorders such as Alzheimer disease are a susceptible population in which
pain is frequently difficult to diagnosis. It is still unclear whether the pathological changes in patients with Alzheimer disease will affect
pain processing. Here, we leverage animal behavior, neural activity recording, optogenetics, chemogenetics, and Alzheimer disease
modeling to examine the contribution of the anterior cingulate cortex (ACC) neurons to pain response. The 53 familial Alzheimer
disease mice show alleviated mechanical allodynia which can be regained by the genetic activation of ACC excitatory neurons.
Furthermore, the lower peak neuronal excitation, delayed response initiation, as well as the dendritic spine reduction of ACC
pyramidal neurons in 53familial Alzheimer disease mice can bemimicked by Rac1 or actin polymerization inhibitor in wild-type (WT)
mice. These findings indicate that abnormal of pain sensitivity in Alzheimer diseasemodelingmice is closely related to the variation of
neuronal activity and dendritic spine loss in ACC pyramidal neurons, suggesting the crucial role of dendritic spine density in pain
processing.
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1. Introduction

Pain acts as a warning signal to alert our body. The alterations in
pain tolerance or sensitivity can be vital. The reduced pain
sensitivity could alter the alert threshold ofmyocardial infarction or
fractures.10,19,71

Alzheimer disease (AD) is the most common dementia. Half of
the patients with AD suffer from pain,48 but how to assess pain
intensity is a big challenge: disorder of pain recognition and
communication disabilities. Participants with a higher ability to

communicate are found more likely to receive better pain
treatment.9,45 Conflicting to the fact that fewer analgesics drugs
are administrated in patients with AD, much more brain regions
were activated in the functional magnetic resonance imaging
(fMRI) test.13 A placebo-controlled trial of paracetamol applica-
tion shows no positive effect in patients with advanced dementia,
indicating the requirement of a proper assessment and monitor-
ing approach.82 Several methods of designing reliable evaluation
criterion were proposed but proved very little success.15,47,62

The cingulate cortex has been implicated in the regulation of
many advanced cognitive functions, such as attention, emotion,
and sensory processing.1,17,63 Increasing evidences of brain
imaging studies have identified the function of anterior cingulate
cortex (ACC) about sensing the acute nociception.38,84 Alter-
ations of neuronal activity in ACC are found in patients with
chronic pain, which indicates the possible relationship between
them.18,22,39 Peripheral inflammation triggers temporal impreci-
sion of information coding in the ACC neurons.41 The putative
pyramidal neurons are nociceptive to the contralateral hind paw
mechanoreception.35 Furthermore, the neuronal activity modu-
lated by optogenetic techniques can regulate the pain threshold
in complete Freund adjuvant (CFA)-induced hypersensitive
modeling mice.34

The mature-shaped spine provides essential biochemical and
electrical compartmentalization within neurons which keeps the
postsynaptic density of excitatory synapses.27,53,92 One of AD
pathogenesis is believed to be driven by structural synaptic
modifications and compromised synaptic transmission induced by
Ab toxicity.60,66,67,96 Ab may be associated with the increased
inhibitorymodulation in thespinal cordandaberrant activationof striatal
enriched protein tyrosine phosphatase signaling in hippocampi.3,40

Synaptic damage is usually found in patients with AD with cognitive
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defect, as well as the synaptic degeneration in 53familial Alzheimer
disease (FAD) mice.32,88 Spine morphodynamics is proved closely
related to changes of F-actin-rich cytoskeleton,which are regulated by
Rho-GTPases.36Recent researcheshave reported that theaberrantF-
actin depolymerization and Rac1 levels decrease in adult ADmice.7,37

Administration of Rac1-inhibitor or actin polymerization inhibitor58 may
modulate neurotransmission by reducing the spine density.74,75 Here,
wehypothesize that thedysgenesis and instability of thedendritic spine
in ACC may lead to hypesthesia in inflammatory pain.

In this study, we discovered the AD pathology that came with
the reduction of pain response in 53FAD mice. As the neuronal
activity is closely related to dendritic spine density,2,29,65,72 in vivo
electrophysiology studies revealed dendritic spine loss in ACC
can be the key information to induce the behavioral and neuronal
activity change. Taken together, our results demonstrate that the
alteration of dendritic spine density in AD may result in the
hypesthesia of chronic pain.

2. Materials and methods

2.1. Ethics statement

All experiments in the study involving living animals were
approved by the Institutional Animal Care and Use Committee
at Shanghai University of Traditional Chinese Medicine, Shang-
hai, China.

2.2. Subjects

Adult (3-, 6-, and 9-m old) male wild-type (WT, C57/BL6J) and
53FAD (Nanjing University—Nanjing Institute of Biomedicine,
No. 201400975) mice were used. Only male gender is applied in
this study to eliminate the effect of estrogen to pain processing by
different age.94 Mice had free access to food and water and were
group housed on a 12/12 hours light or dark cycle (4-5 animals
per cage) at a constant temperature (24 6 1˚C) and humidity (50
6 5%). All experiments were conducted during the light cycle.
Littermates were randomly assigned to each condition by the
operator.

2.3. Behavioral tests

During the scoring of all behavioral tests (von Frey test, CatWalk
gait analysis, and Hot plate test), the experimenters were blinded
to the genotype of the mice.

2.4. Complete Freund adjuvant–induced paw inflammation

The paw inflammationwas induced by intraplantar injection of 20mL
CFA (diluted 1:1 with 0.9% saline; Sigma-Aldrich, St. Louis, MO) in
the von Frey test and CatWalk gait analysis. The animals were
anesthetized by 1% pentobarbital sodium (10 mg/kg), and ipsi-
injected pawcircumference (max coil perimeter of the hind limb) was
measured immediately before and 3 hours after CFA injection.

2.5. Mechanical pain measurement (von Frey test)

Mice were habituated for 1 hour in a small clear acrylic box (153
153 15 cm) atopmesh flooring. We applied 7 different intensities
of von Frey filament stimulus (Aesthesio, Campbell, CA) ranging
from 0.16 to 4 g. Starting from the lowest intensity, each filament
which applied 5 trials was used to poke the plantar surface of
animal’s hind paw until the filament bent. The percentage of paw
withdrawal was calculated for each filament (withdrawal trials/

total trials). Pain threshold refers to the withdrawal rate . 50%.
von Frey tests were repeated at 4, 24, 48, and 72 hours after CFA
injection.

During the trails of in vivo recording, optogenetic or chemo-
genetic manipulation, and dendritic spine density inhibition, 2
filaments (1.4 and 0.6 g) were chosen to perform the von Frey
tests. The paw withdrawal percentage induced by 1.4 g filament
stimuli was acquired 4 hours before CFA injection. The paw
withdrawal percentage induced by 0.6 g filament stimuli was
acquired 4 hours after CFA injection. Each filament was applied
for 10 times with intervals more than 5 minutes.

2.6. CatWalk gait analysis

TheCatWalk systemconsists of an enclosedwalkway (glassplate) in
which a rodent canmove from one side of the walkway to the other.
The digital framewas recorded by a video camera. The pixel value of
a digital frame is determined by the brightness value. The Illuminated
Footprints technology allows for an accurate distinction between
different paws that make contact with the glass floor. The mean
intensity value acquired before CFA injection is considered the
baseline value, whereas the relative value refers to the proportion of
the real-time measurement value divided by the baseline value. By
following the timeline in Figure 1A, the mice were conducted 3 trials
per day to collect the data. CatWalk tests were repeated 4, 24, 48,
and 72 hours after CFA injection.

2.7. Hot plate test

A plate metal was placed flatwise on a hotplate and heated to
55˚C. Mice were placed on the hotplate, and the paw withdrawal
latency was recorded by researchers. The shift duration results
from subtracting 2 durations (after CFA 2 before CFA). We
compared the shift latency duration between 53FAD and WT
group per age. All sessions were video recorded.

2.8. Virus construction

AAVsparticles (AAV2/9-mCaMKIIa-hChR2(H134R)-mCherry-WPRE-
pA, titer, 2.531012gc·ml21; AAV2/9-mCaMKIIa-hM4D(Gi)-mCherry-
WPRE-pA, titer, 2.53 1012gc·ml21) were purchased from Taitool,
Shanghai, China.

2.9. Stereotaxic injection

The animals were anesthetized and placed in a stereotactic frame
(RWD, Shenzhen, China). For optogenetic activation of glutamater-
gic neurons in ACC (opposite side of the CFA injection: anterior-
posterior [AP]: 10.4 mm, medial-lateral [ML]: 0.5 mm, and dorsal-
ventral [DV]: 1 mm), 300 nL of AAV2/9-mCaMKIIa-hChR2(H134R)-
mCherry virus was injected by a 10-mL Hamilton microsyringer
(Hamilton Co.) at a constant speed of 30 nL/min (PUMP 11 ELITE
Nanomite;HarvardApparatus,Holliston,MA). After viral injection, the
needle was kept for 10 minutes to ensure the diffusion of the virus.
The needle was then withdrawn slowly and completely.

For chemogenetic suppression, 300 nL of AAV2/9-mCaMKIIa-
hM4D(Gi)-mCherry virus was injected which follow the same
method.

2.10. Tetrode electrode construction and
implantation surgery

Self-made headstages were constructed using the procedures
which we published previously.70,87 Four wires (California Fine
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Wire Company, Grover Beach, CA) were twisted together, and
the insulating layer was melted by a low-intensity heat gun. Then,
the twisted wires were threaded into polymicro capillary tubing
(Polymicro Technologies, Phoenix, AZ). The impedances of each
channel of headstages were measured with an impedance tester
(Nano-Z, Plexon, Dallas, TX). The typical impedances were
between 0.5 and 1 MV. The tips of wires were cut to fit the
recording depth and to prevent oxidation.

The animals were handled for minimal 3 days before electrode
implantation surgery. After handling, the animals were anesthetized
and placed on the stereotactic frame (RWD). We used the movable
bundlesof the32-channel electrode to target theACC (opposite side
of the CFA injection: AP10.4 mm; ML 0.5 mm and DV 1 mm) and
S1 (opposite side of theCFA injection: AP -0.2mm,ML1.8mm, and

DV 0.3 mm). To eliminate the possible effect of anaesthesia on the
neural activity and allow sufficient recovery time,micewere placed at
homecage for at least 1 week before neural recording.

2.11. In vivo single-unit recording and data sorting

We used the tetrode electrode to record the single-unit activity in
freely behaving mice (WT and Alzheimer disease: both n5 10). The
animals were given 3 to 7 days to recover from the electrode
implantation surgery. Multichannel extracellular signals were
recordedduring von Frey filament stimulation from theACC (opposite
side of the CFA injection: AP10.4 mm, ML 0.5 mm, and DV 1mm).
Drivable microelectrode was advanced around 35 mm daily until we
could record the maximal units. The signals were amplified, band-

Figure 1.Reducedmechanical and heat pain responses in 53FADmice. (A) Schematic of CFA injection and von Frey test (top, intraplantar injection in left hind paw
after the von Frey test). Timeline of the behavioral tests including gait analysis (blue arrows) and von Frey test (green arrows). Time zero: CFA injection (red arrow)
(bottom). (B) The pawwithdrawal percentage of all groups before and 4 hours post-CFA injection (3m: 53FAD, n5 8;WT, n5 7) (top), (6 m: 53FAD, n5 6;WT, n
5 5) (middle), (9 m: 53FAD, n5 10; WT, n5 9) (bottom) (53FAD vsWT: *P, 0.05; **P, 0.01; ***P, 0.001; ****P, 0.0001, unpaired Student t test). Two-way
ANOVA was performed after CFA to investigate the effects of genotype at 6 mmice (F (2, 91)5 6.593, ##P5 0.0021) and 9 mmice (F (1, 119)5 17.29, ####P,
0.0001). (C) 2D Footprint of a representative mouse walking in the CatWalk gait analysis maze (top). The solid red line represents the maximum intensity, whereas
the filled green area under the red line represents the mean contact intensity of the paw (bottom). (D) Representative images of instantaneous hind paw pressure
intensity and area of hind paw contact before and 4 hours post-CFA injection. (E) Relative values of inflamed paw (Mean intensitypost-CFA/Mean intensitypre-CFA) at
24 hours, 48 hours, and 72 hours after CFA inWT and 53FADmice. 3m, 6m, and 9meach group: n5 15 (53FAD, n5 15;WT, n5 15), (53FAD, n5 15;WT, n5
15), and (53FAD, n 5 15; WT, n 5 15) (Each groups vs baseline: *P , 0.05; **P , 0.01, unpaired Student t test). (F) Experimental design (CFA injection and
hotplate test), mice were injected with CFA after a baseline hotplate test and tested again 4 hours after CFA injection. (G) Shift of latency to paw withdrawal in the
hotplate test (post-CFA – pre-CFA) compared between 53FAD andWT group (n5 7 per group, unpaired Student t test, P, 0.05). ANOVA, analysis of variance;
CFA, complete Freund adjuvant; FAD, familial Alzheimer disease; WT, wild type.
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pass filtered (0.5-1000 Hz for local field potentials [LFPs] and 0.6-6
kHz for spikes), and digitized using the Plexon OmniPlex Neural Data
Acquisition System (Plexon, Dallas, TX). Spikes detected at adjust-
able online thresholds were collected at 40 kHz. Signal units were
clustered in Offline Sorter and Mclust 4.4 program (A. D. Redish,
http://redishlab.neuroscience.umn.edu/MClust/MClust.html).

2.12. Single-unit data analysis

Peristimulus time histogram for the time point of the filament
bents is computed with 100 ms between 25 and 10 seconds
relative to the time for each neuron. To calculate the z-score firing
rate, we used the following equation:

Z2 score ¼ FR2m

s
(1)

FR indicates the immediate firing rate (bin), and m indicates the
mean baseline firing rate before filament stimulus. s is the standard
deviation of m. The means and standard deviation of baseline was
calculated from 60 seconds before stimulus. To define a responsive
neuron, we use the following criteria: (1) the absolute value of the z-
score firing rate of minimal 5 bins after stimulation must be$ 2.33,
and (2) if the first rule is met, theminimum z score (Zbin) as calculated
by (Zbin 2 ZSEM) at least 2 bins after stimulation must be larger than
1.645. ZSEM refers to the following equations:

ZSEM ðbinÞ ¼ FRSEMðbinÞ
Standard Deviation of m

(2)

The FRSEM (bin)5 (standard error of FR over all filament trials)/
bin size. For ACC neurons that demonstrated increased firing rate
before or after CFA injection, we also used a robust linear
regression model to fit the peak z-score firing rates in response to
after or before CFA and to analyse the slope. We use the
regression line to distinguish between pre-CFA stimulus and
post-CFA stimulus. For comparing the slopes of regression lines,
we used the Student t test. If the value ofP, 0.05, we considered
that it is statistically significant.

2.13. Local field potential recording and data analysis

The LFP value refers to the real-time potential under the sampling
frequency of 1000 Hz. Peristimulus LFP voltage change was
calculated with bins of 500 ms between 3 seconds before and 3
seconds after filament poke. To calculate the representative time
point, by using the analysis software of NeuroExplorer Version 5.306
(Nex Technologies, Madison, Alabama), we compare the values in
0.5, 1, 1.5, 2, 2.5, and3 secondswith baseline.Baseline refers to the
average value calculated 3 seconds before filament stimulus.

2.14. Measurement of optic fiber transmissivity

Light intensity was measured at laser launch, tip of coupled fiber
(diameter, 200mm; Ferrule O.D, 1.25mm; N.A., 0.37; and length,
4 mm; Inper, Inc, Hangzhou, Zhejiang, China). Fiber ferrules were
sorted based on optical transmissivity (.80%). We measured
light intensity before connecting to the implanted fiber ferrule. In
addition, the intensity was kept to adjust to certain power (ChR2
stimulation: 1 mW).

2.15. Optogenetic and chemogenetic manipulation

We use 2 genetic manipulations to 53FAD and WT mice. For
53FAD mice, we used the optical stimulation in which the laser

light (450 nm) was delivered to the ACC brain region for 3 hours
after CFA injection. The optogenetic stimulation lasted for 1
second at 0.1 Hz (1 stimulus every 10 seconds).

The baseline z score was calculated from the 60 seconds
before laser stimulus. The time window (bin size) for z-score
calculation is 100 ms. We selected the units which response to
laser stimulus as well as the filament stab to analyse the von Frey
test–induced z-score change after CFA injection. The WT mice
were injected intraperitoneal of clozapine-N-oxide (CNO, 2.5 mg/
kg) to confirm the inhibition of glutamatergic neurons in ACC.

2.16. Immunostaining and cell counting

Mice were anesthetized with pentobarbital sodium (1%, 10 mg/
kg) 5 hours after CFA intraplantar injection and perfused
transcardially with 0.9% sterile saline followed by ice-cold 4%
paraformaldehyde. The brain was removed carefully and placed
into the 4% paraformaldehyde at 4˚C overnight, then cryopro-
tected in Phosphate buffered saline (PBS) containing 30%
sucrose for 24 hours. Coronal sections were sliced into 35 mm
by using Leica cryostat (Wetzlar, Hesse, Germany). Free floating
sections were rinsed with PBS on a shaker (60 rpm, 10 minutes
33 times) and incubated in 0.3% TritonX-100 and 10% normal
goat serum (Jackson, West Grove, PA) in PBS for 1 hour at room
temperature. Primary antibody against c-fos (a marker of
neuronal activity) (1:400, sc-52; Santa Cruz Biotechnology,
Dallas, TX), NeuN (dilution 1:200, 2625391; Millipore, Billerica,
MA), or CaMKII (1:250, ab22609; Abcam, Cambridge, United
Kingdom) dissolved in blocking solution (1% bovine serum
albumin and 0.1% TritonX-100) was applied overnight at 4˚C.
Negative controls were conducted by omitting the primary
antibody. We did not detect non-specific labeling in negative
controls. After thorough washing with PBS, the sections were
incubated with secondary antibodies at room temperature for 2
hours. The antibodies were Alexa fluor 488 or 594 goat anti-rabbit
IgG and Alexa fluor 488 or 594 goat anti-mouse IgG (1:100,
Jackson). After washing with PBS (10 minutes 3 3 times), the
sections were mounted on gelatin coated and cover slipped with
an antifade reagent and DAPI (Image-iT FX Signal Enhancer;
Invitrogen, Carlsbad, CA). The sections were then photographed
and analyzed with a Leica TCS SP5 laser scanning confocal
microscope.

To determine the quantification of calmodulin-dependent protein
kinase II1 (CaMKII1) and c-fos1 neurons in ACC or S1, 3 coronal
sections per mouse from the unilateral region (ACC: AP from 0.2-
0.6 mm, S1: AP from 0 to 20.4 mm spaced 200 mm apart) were
examined. Cells were counted manually by 3 research assistants
who were blinded to the experimental condition in midst of the
corresponding regions by using Image J (NIH).

2.17. Thioflavine S staining

We performed analysis on Ab deposits by comparing the size of
the green fluorescence area. 3 coronal sections were selected
per mouse. All of the sections were stained in parallel. We count
the Ab area% by dividing the Ab deposit area into the whole ACC
area.

2.18. Golgi staining, spine counting, and
morphological analysis

Morphologic features of ACC pyramidal neurons were visualized
by using the FDRapid Golgi Stain kit (manufacturer’s protocol, FD
NeuroTechnologies, Columbia, MD). Dendritic morphology and
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spine configuration were reconstructed and analyzed using
Imaris software (version 7.7.2). For dendritic complexity analysis
and spine density calculation, the brainswere coronally sectioned
at 100mm thicknesswith a vibratome (VT1000S; Leica, Germany)
and placed on glass slides which were covered by 1% gelatin.
Only fully impregnated pyramidal neurons that reserved entirely
soma were used. A Zeiss microscope with a motor stage
equipped with transducers on the XYZ axes was used to trace
each neuron at low magnification (320) for dendritic tree
reconstruction and at high magnification (1003 oil objective) for
spine reconstruction at 0.50 mm or 1 mm increments. Image z
stacks were taken every 0.15 mm at a resolution of 10243 1024
pixel, yielding an image with pixel dimensions of 49.25 3
49.25 mm. All images were taken by an operator who was
blinded to the genotype of the brain slices.

Dendritic tracing originated from soma having diameters ranging
from 6 to 12 mm and terminated once the dendrite diameters were
smaller than 0.6 mm. Sholl analysis was then performed on the 3-
dimensionally reconstructed neurons to calculate the numbers of
intersections per each Sholl ring (10 mm intervals) to gather
information on the changes in dendritic tree complexity.

Z-stack image contrast was inverted using the Imaris software.
At least 30 dendrites from at least 5 mice per genotype were
counted. For spine morphology analysis, we analyzed between
600 and 900 spines (120 spines per mouse from at least 5 mice
per genotype). Twenty to 30 consecutive spines on the same
dendrite were analyzed per image.

Spine subtypes were analyzed based on previously defined
morphological criteria26,93 and quantitated as follows: (1)
mushroom: the spine head diameter is $ 1.5 3 the diameter of
spine neck (dh/dn $ 1.5), (2) stubby: head and neck of the spine
are approximately of the same width and spine length is not
significant longer than the bead diameter (dh/dn, 1.5 and L/dh,
2), (3) thin: diameters of spine head and neck are much the same
and spine length is greater than spine width (dh/dn , 1.5, L/dh .
2), and (4) branched: spines with more than one head. Mature
spine consists of mushroom subtype and stubby subtype.

2.19. Lateral ventricle catheterization and drug delivery

Owing to the higher survival rates in vivo, the lateral ventricle injection
was chosen to deliver the drug. Themouse is anesthetized and fixed
in the stereotaxic apparatus (RWD). The catheter consists of a
polyethylene pipe (inner diameter: 0.2 mm and outer diameter:
0.25 mm) imbedded by the microsyringe (AP: 20.7 mm, ML:
1.5 mm, and DV: 2 mm). During the injection process, an artery
occlusion is applied at the stem of poly ethylene, to ensure the air
impermeability of the equipment. The speedof injection is 40nL/min,
and the total volume is 0.4 mL. After injection is completed, the
needle is held for 5 minutes to prevent the fluid backflow. Then, a
0.2 mm diameter metal wire was inserted into the polyethylene pipe
after the needle withdrawal to prevent the spillage of cerebrospinal
fluid (CSF). 0.9% sterile saline or NSC23766 trihydrochloride (NSC)
(10 mg/mL, ab142161; Abcam, Cambridge, United Kingdom) is
infused through the catheter for 3 days (0.4 mL volume; twice a day)
in NSC treatment experiment. 0.9% sterile saline or cytochalasin D
(CD) (25 mg/mL, ab143484; Abcam) is infused for 3 days (1 mL
volume; twice daily) in CD treatment experiment.

2.20. Data processing and statistical analysis

We use the GraphPad Prism 7 software program to generate
figures and analyze data. Data are shown asmean6SEM. Paired
or unpaired Student t tests were performed to compare the data

with 2 experimental groups. Analysis of variance followed by the
Tukey post hoc test was used in multiple groups. A value of P #
0.05 was defined statistically significant.

2.21. Data availability

The data that support the findings of this study are available from
the corresponding author on reasonable request.

3. Results

3.1. Pathological changes in 53familial Alzheimer disease
mice alleviate the mechanical and thermal pain

To understand how Alzheimer disease influences inflammatory
allodynia, the mechanical and thermal thresholds in mice with
different ages are observed. The paw withdrawals induced by
noxious stimulus are related to spinal reflexes which have been
proved similarly at different stimulating intensities.83 Symptom of that
foot swelling after CFA intraplantar injection usually occurs (Supple-
mentary Fig. 1A, available at http://links.lww.com/PAIN/B618). To
eliminate the influence of inflammatory swelling on the paw
withdrawal rate, the paw circumference measurements were
performed. No significant difference of paw circumference was
found between 53FAD and WT mice (Supplementary Fig. 1B,
available at http://links.lww.com/PAIN/B618). The mechanical fila-
mentpain thresholdsof bothWTand53FADmiceweremeasuredat
24 hours beforeCFA and 4, 24, 48, and 72 hours after CFA (Fig. 1A).
Both of the WT and 53FAD animals exhibited mechanical
hypersensitivity after the CFA-induced inflammation. Furthermore,
the 6/9-m 53FADmice showed reduced pawwithdrawal rate which
implied the alleviated pain response (Fig. 1B). The hypesthesia
phenomenon fades away after 24hourspost-CFA in the6-m53FAD
micewhereas the 9-m53FADmice last for 48 hours (Supplementary
Fig. 1C, available at http://links.lww.com/PAIN/B618).

To assess the pain response in inflammatory condition further,
the CatWalk behavioral test was performed (Fig. 1C top). The
green signal which measures the intensity of paw pressure in real
time appears only at the time the paws touch the floor (Fig. 1C
bottom). The mean intensity of the paw press on the floor,
reflecting the lower withdrawal threshold in nerve injury,33,89 was
computed over the whole stance period (Fig. 1D).86 The relative
value of paw pressure mean intensity (Mean intensityPost-CFA/
Mean intensityPre-CFA) in 53FAD was higher than WT mice at 6-
m-old and 9-m-old groups 4 hours after CFA injection (Fig. 1E).
However, no difference was found at 24, 48, and 72 hours after
CFA inWT and 53FADmice (Supplementary Fig. 1D, available at
http://links.lww.com/PAIN/B618). To verify whether 53FAD or
WT mice are resistant to age-related increases in chronic pain
development, we compared the withdrawal percentage 4 hours
after CFA injection from identical genotype between different
months. Both of WT and 53FAD mice show no significant
difference among 3/6 or 9 month old (Supplementary Fig. 1E, F,
available at http://links.lww.com/PAIN/B618).

To determine whether the thermal pain threshold changed in
53FAD mice just as mechanical pain threshold, we next explore
how CFA injection influences the withdrawal latency by the
hotplate test. We compared the shift of latency to pawwithdrawal
(Latencypost-CFA2 Latencypre-CFA) betweenWT and 53FADmice
(Fig. 1F). The result shows that 53FAD mice decreased
significantly than WT mice at 6 and 9 m old, which may imply
the reduced thermal pain response under inflammatory condition
in AD models (Fig. 1G).
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3.2. Delayed firing initiation and lower excitability in anterior
cingulate cortex putative pyramidal neurons of 53familial
Alzheimer disease mice

Anterior cingulate cortex plays a vital role in pain and emotion
modulation.84 Human brain fMRI studies also showed that ACC is
consistently and obviously activated by pain.38 Neuropathological
alterations are most likely to be detected at 4-m AD modeling
mice69,88; our study which is trying to uncover the potential
mechanism of chronic pain in AD modeling animal is conducted
on3and6mmicebecause theADmiceof 6mand9mgroupsboth
show altered pain response in von Frey filament stimulation, thermal
test, and CatWalk analysis which support that the 6-m group may
represent the AD modeling mice with neuropathological features.
We use the multichannel in vivo recording technique to monitor the
neurons in layer IV/V of contralateral ACC (Fig. 2A). Action potential
and LFP are recorded and then analyzed by Offline Sorter,
NeuroExplorer software (Fig. 2B), and MATLAB custom written
code. By applying different intensity filament stimulus, we noticed
that the voltage of LFP is related to the intensity of stimulus in each
group at 6 m. The 1.0 g stimulus could evoke the neuronal activity
increased earlier than 0.6 g stimulus, whereas the 1.4 g stimulus
induced themaximumamplitude and the earliest firing change (Figs.
2CandD). Primary somatosensory cortex (S1) is also correlatedwith
subjective pain perception and involved in AD pathology.57,77,78 A
similar phenomenon of LFP change in the S1 brain area under
different intensity filament stimulations was observed (Supplemen-
tary Fig. 2A, available at http://links.lww.com/PAIN/B618), but only 2
time points show significant change comparedwith the ACCbrain (1
and 1.4 g filaments stimulus, Supplementary Fig. 2B, available at
http://links.lww.com/PAIN/B618). Increased expression of c-fos, an
immediate early gene protein product, is a hallmark of ACC neurons
undergoing nociception.42 To further deepen our understanding of
neuronal excitation condition in AD models, we compared c-fos
expression 5 hours after CFA injection in ACC (Figs. 2E and F) and
S1 (Supplementary Fig. 2C, D, available at http://links.lww.com/
PAIN/B618). Interestingly, the c-fos1nucleus is reduced at the age of
6 and 9mADmodels in ACC (Fig. 2G) but not in S1 (Supplementary
Fig. 2E, available at http://links.lww.com/PAIN/B618).

A 1.4 g filament poke, a noxious stimulus tomice, is sufficient to
activate C-fiber and A-fiber mechanonociceptors in electrophys-
iological studies.81,90 Different intensities of filament stimulus
were tested to decide which filament to use before or after CFA.
When several forces of filaments were chosen to compare the
pain response between pre-CFA and post-CFA in WT and AD
mice, 50%mechanical nociceptive threshold drops to around 0.6
g in inflamed mice from 1.4 g before CFA. In this case, the von
Frey 1.4 g stimuli 4 hours pre-CFA and 0.6 g stimuli 4 hours post-
CFA were selected to test evoked neuronal activity across naı̈ve
and CFA-treated groups at 3 and 6 m mice (Fig. 3A). Not
surprisingly, both the WT and AD group with implanted
electrodes showed the same withdrawal percentage as the
groups without electrode which indicated the electrode implan-
tations have no effect to the behavior tests (Fig. 3B). We
managed to collect enough well-isolated neurons from 3-m and
6-m 53FAD and WT (Figs. 3C and D). These units were
classified based on the characteristic of firing rate, waveform,
interspike interval (Supplementary Figs. 3A, B, available at http://
links.lww.com/PAIN/B618), excitability, and responsive duration
(Supplementary Figs. 3C, D, available at http://links.lww.com/
PAIN/B618). For neuronal spike analysis, to define a responsive
unit, we calculate the perievent time histograms of 5 seconds
before and 10 seconds after filaments’ stimuli with 100 ms bin
size. The baseline (red dotted line) is calculated as themean value

of the 60 seconds prior stimuli. The excitatory or inhibited units
(red thick solid line neurons) are classified by z-scored variation.
To determine how the neuronal activity changes, each of the
neurons we analyzed should be recorded at least 12 hours (from
4 hours pre-CFA to 8 hours post-CFA). Based on our definition,
19.23% of total recorded neurons of 3-m 53FAD mice, 16.41%
of 3-m WTmice, 29.55% of 6-m 53FAD and 25.58% of 6-mWT
are classified as responsive excitatory units (Figs. 3C and D). No
significant difference in initiations of firingwas found between 3-m
53FAD and WT mice (Figs. 3E and F), whereas it was
significantly delayed in 6-m 53FAD mice compared with the
same age WT control (Figs. 3G and H). We then examined the
“tuning curves” of all ACC neurons that showed increased peak
firing rates of post-CFA than pre-CFA. Such tuning curves
demonstrate the degree of neuronal responses to different
intensities of filament stimulation. The data of 6-m 53FAD group
show a flatter tuning curve which indicated a significant decrease
in the slope of linear fit, suggesting a weak neuronal response to
inflammatory stimuli (Figs. 3I and J). Together with the lower limb
withdrawal percentage in 53FAD mice, these data may suggest
that the ACC neural activity may correlate with the pain severity in
AD models.

3.3. The structure of anterior cingulate cortex pyramidal
neurons is altered in 6-m 53familial Alzheimer disease mice

Mutations in the genes for amyloid precursor protein and
presenilins (PS1 and PS2) increase production of b-amyloid 42
(Ab42) and cause familial AD. The 53FAD mice generate Ab42

almost exclusively and rapidly by coexpressing FAD mutant
amyloid precursor protein and PS1.56 Quantification of amyloid
burden is identified by thioflavin S staining. We compared the Ab
area of 53FADmice and found it was increased significantly over
time (Figs. 4A andB). The cholinergic and glutamatergic systems
are traditionally regarded as the dominant contributors of
excitatory or inhibitory imbalance and pathogenesis in the AD
brain because of the glutamatergic and cholinergic neuronal
excitability which was induced by Ab aberrant accumulation.8,59

To confirm the proportion of glutamatergic neurons in ACC, we
accessed the Ca21/CaMKII1 neurons by confocal scans and
found no significant difference between 53FAD and WT (Figs.
4C and D). Given this, we speculate that the Ab42 altered the
neuronal functions.

Alteration of excitatory synaptic function is the strongest
correlation to the pathological disturbance of cognitive ability
observed in the early stage of AD. In addition to reduce
glutamatergic synaptic transmission and long-term potentiation,
Ab oligomers mediate the propagation of the synaptic pathology
characterized by a decreased spine density of neighboring
healthy neurons.11 To figure out the variation of the neuronal
structure, Golgi-Cox staining followed by dendritic reconstruction
and spine morphology rebuilding was performed on tissue
sections of the ACC (Figs. 5A–E). In view of the pathological
alteration at the 6 m group is sufficient to cover the disease
characteristics, the Golgi-Cox staining was applied across naı̈ve
and CFA-treated groups at 3-m and 6-m mice.

The complexity and dendritic length of ACC pyramidal neurons
were reduced in 6-m 53FADmice (Figs. 5F andG) as well as the
spine density and mature spine percentage (Figs. 5H–J).
However, the alterations were not observed in 3-m 53FADmice.
This difference between 3 m and 6 m mice correlates very well
with behavioral and in vivo electrophysiological results, suggest-
ing the pathogenic processes underlying AD may relate to the
mechanical insensitivity after CFA injection. Thus, the deficiency
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of neuronal activity is very likely associated with the alteration of
the neuronal structure in ACC.

3.4. Genetic modulation of anterior cingulate cortex
excitatory neurons altered the pain response

Optogenetics approach has been used to restore the excitability
of glutamatergic neurons induced by deficiency of synaptic
structural plasticity.20Wemanipulated the glutamatergic neurons
in ACC that expressed ChR2which linked to CaMKII promotor by
adeno-associated virus (AAV) vector (Fig. 6A). The 450-nm laser

stimulation was delivered at 0.1 Hz and lasted for 180 minutes
after CFA injection (Fig. 6B). The units responsive to 1.4 g stimuli
pre-CFA and 0.6 g stimuli post-CFA show significant increase
during laser stimulation (Fig. 6C). Without genetic manipulation,
the statistical difference exits between WTsham and 53FADsham

(53FADsham vsWTsham,Fig. 6D). As expected, the pain response
of 53FADChR2 mice was rescued after the laser activation which
the withdrawal rate elevated to the level of WTChR2 or WTsham

(53FADChR2 vsWTChR2 or sham, Fig. 6D). There was no significant
effect of laser stimulation on the paw withdrawal rate of WT
animals (WTChR2 vs WTsham, Fig. 6D).

Figure 2. Attenuated complete Freund adjuvant–induced local field potential alteration and c-fos expression in ACC of 53FAD mice. (A) Representative track of
the tetrode electrode in the ACC brain region of mouse. Blue traces show the electrode array. Scale bar: 2 mm. (B) Representative images of spike offline sorting
and LFP analysis. 1D viewer of LFP and action potential (left), 4 well-isolated units (cluster and waveforms) in the PCA plot recorded from a single tetrode (middle),
and LFP over time from 4 adjacent channels (right). (C) LFP changes with different intensity filament stimulus. Each intensity stimulus (0.6, 1.0, and 1.4 g) is applied
for 10 times (top), and the grey and blue areas represent the SEM voltage (bottom). (D) The amplitude values of voltages are compared with baseline every 500ms
after stimulus (WT: *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001, 53FAD: #P , 0.05; ##P , 0.01; ####P , 0.0001, unpaired Student t test). (E) The
schematic of ACC (grey shaded area) and the selected area analysed (white solid line). (F) Representative image of c-fos expression in ACC from each group. (G)
Comparison of c-fos1 nuclei in ACC 4 hours after CFA injection between 53FAD and WT group (n5 6 per group, *P, 0.05 ****P, 0.0001; unpaired Student t
test). ACC, anterior cingulate cortex; CFA, complete Freund adjuvant; FAD, familial Alzheimer disease; LFP, local field potential; WT, wild-type.
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To further assess the role of the ACC inmodulation of inflammatory
pain, we test whether inhibition of ACC glutamatergic neurons could
decrease the withdrawal response to filament stimulus. The gene of

human M4 muscarinic designer receptors exclusively activated by
designer drugs receptor coupled to Gq (hM4D) was transfected to
inhibit the excitatory neuronal activities. Clozapine-N-oxide, the

Figure 3. Delayed firing initiation and reduced peak z score in ACC putative pyramidal neurons of 6-m 53FAD mice. (A) Schematic diagram of mechanical
thresholdmeasurement during the trial of in vivo electrophysiology recording. (B) The pawwithdrawal percentage between 53FAD andWT (3m: both groups, n5
9; 6 m: 53FAD, n5 9, WT, n5 8) (*P, 0.05, unpaired Student t test). (C and D) The number of responsive units including inhibitory and excitatory in total units
recorded in ACC of 53FAD (left top, 3 m: 182 units from 8 mice; 6 m: 132 units from 8 mice) and WTmice (left bottom, 3 m: 195 units from 8mice; 6 m: 129 units
from 8mice). The numbers of putative pyramidal cells and putative interneurons in excitatory units (right top and bottom). (E) The firing heatmaps of the neurons at
3 mmice which responded to 1.4 g filament stimuli pre-CFA injection (53FAD, left top; WT, left bottom) and 0.6 g stimuli post-CFA injection (53FAD, middle top;
WT,middle bottom). Plots to the right show the z score of responsive neurons (mean andSEM). (F) The comparison of firing initiation time between 1.4 g stimuli pre-
CFA and 0.6 g stimuli post-CFA in the 53FAD and WT mice (3 m). (G) Same as E at 6 m mice. (H) Same as F at 6 m mice. (**P, 0.01, paired Student t test). (I) A
robust linear regression model was used to fit the peak z-scored firing rates and to calculate the slope of the linear regression line of all ACC neurons that
demonstrated responsive to 0.6 g stimuli and 1.4 g stimuli (3-m 53FADmice: the equation is: Y5 1.2473 X1 0.5226, R25 0.6909, n5 31; 3-mWTmice: Y5
1.2173 X1 0.5037, R25 0.5037, n5 30). (J) Same as I. In the 6-m 53FADmice, the equation is: Y5 0.81843 X1 2.561, R25 0.6286, n5 37. In the 6-mWT
mice, the equation is: Y5 1.2563 X1 0.04732, R2 5 0.7784, n5 30. ACC, anterior cingulate cortex; CFA, complete Freund adjuvant; FAD, familial Alzheimer
disease; WT, wild type.

November 2022·Volume 163·Number 11 www.painjournalonline.com 2145

www.painjournalonline.com


selective activator of designer receptors exclusively activated by
designer drugs, was intraperitoneal injected 1 hour before CFA
injection (Fig. 6E). Not surprisingly, the neuronal activity was inhibited
with 0.6 g stimulus after CFA (Fig. 6F). Under the inflammatory
condition, the withdrawal percentage of WThM4D was significantly
reduced (WThM4D vs WTsham, Fig. 6G).

These genetic manipulations on ACC glutamatergic neurons
regulate the limbwithdrawal response, suggesting the crucial role
of ACC in regulation of the inflammatory pain.

3.5. In vivo inhibition of Rac1 activity and actin
polymerization decreases the pain threshold accompanied
with dendritic spine reduction and neuronal inhibition

As we have demonstrated the consistency among decreased
dendritic spine density, neuronal hypoexcitability, and mechanical

hypesthesia in adult 53FADmice, we wonder whether the dendritic
spine loss is the primary cause.

The Rho family of GTPases is believed to regulate various
aspects in different biological systems.49 The Rho-GTPases play

well-defined roles in determining dendrite and dendritic spine

development and morphology.36,55 The Rac1 and RhoA, 2

members of Rho family, are involved in spine formation.50,54 The

Rac1 and F-actin regulation were disrupted in Alzheimer disease

mice.7,37 The inhibition of Rho kinase by its antagonist would

reduce the morphing of spine head.79 We use the Rac1-specific

inhibitor NSC to disrupt the spine structure by blocking the guanine

exchange factors. The inhibitor was intraventricularly injected twice

a day for 3 days (Fig. 7A and Supplementary Fig. 4A, available at

http://links.lww.com/PAIN/B618). The CFA injection and von Frey

test were applied after the NSC delivery.

Figure 4. Identify the area of amyloid deposition and the proportion of glutamatergic neurons in ACC. (A) Representative fluorescence images of ThioS staining of
3, 6, 9-m 53FAD andWTmice (scale bars, 500mm). (B) Quantification of the percentage of the ThioS fluorescence area in 53FADmice (n5 6 for each group) (*P
, 0.05, **P, 0.01, unpaired Student t test). (C) ACC neurons of 3, 6, 9-m 53FAD andWTmice colabelled with CaMKIIa (green), DAPI (blue), and NeuN (red) are
indicated by arrowheads (scale bars, 100 mm). (D) Proportions of glutamatergic neurons in the ACC of each group (n5 7 per group) (P. 0.05, unpaired Student t
test). ACC, anterior cingulate cortex; WT, wild type.
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The dendritic complexity shows no difference between WT 1
NSC andWT1 saline (Fig. 7B top). Most 53FAD dendrites show
less complexity than WT (data table shows the statistics
difference, Fig. 7B bottom). The same differences were found
in dendritic length (Fig. 7C). Spine density was lowered in WT 1
NSC, whereas 53FAD 1 saline showed the least density (Fig.
7E). The inhibition of Rho kinase does not change the percentage
of different spine morphology and mature proportion in WT mice

(no significant difference between WT 1 NSC and WT 1 saline,
Figs. 7F and G). However, the 53FAD shows different
composition of spine morphology (Fig. 7F) and decreased
mature proportion (Fig. 7G). Furthermore, the limb withdrawal
rate decreases in the WT 1 NSC group 4 hours after CFA
injection and returns to normal after 24 hours post-CFA (Fig. 7H
and Supplementary Fig. 4B, available at http://links.lww.com/
PAIN/B618). The delayed initiation of firing and the lowered peak

Figure 5.Structural alteration in anterior cingulate cortex pyramidal neurons of 6-m53FADmice. (A) A representativemicrograph of ACCwith Golgi staining (scale
bars, 500 mm). (B) Reconstructed ACC pyramidal neurons with Golgi staining. The basilar dendritic (red) is selected to analysis the complexity of dendrites (scale
bars, 50 mm). (C) Schematic diagram of the method to calculate the number of intersections and dendritic length. The basilar dendritic profile and dendritic length
of ACC pyramidal neurons are evaluated by using the concentric-ring method of Sholl. (D) Representative-inverted Golgi staining images show spines on basal
dendrites in layer IV/V pyramidal neurons in ACC; the spines can be categorized as mushroom (red), stubby (blue), thin (green) and branched (orange) subtypes
(scale bars, 10mm). (E) Schematic diagram of the spine subtypes. (F) The basilar dendritic length of ACCpyramidal neurons: 3m (53FAD, 28 neurons from 5mice;
WT, 34 neurons from 5 mice) AND 6 m (53FAD, 28 neurons from 5 mice; WT, 27 neurons from 5 mice) (***P, 0.001, unpaired Student t test). (G) Quantification
the dendritic intersection of 53FAD andWTmice at 3 and 6mwith sholl analysis (*P, 0.05, **P, 0.01, unpaired Student t test). Two-way ANOVAwas performed
to investigate the effects of genotype at 3m and 6mmice (F (1, 901)5 75.74, ####P, 0.0001). (H) Spine density of 53FADmice (35 dendrites from 3-m and 6-m
mice, each n5 5) andWTmice (30 dendrites from 3m and 6mmice, each n5 5) *P, 0.05 unpaired Student t test). (I) Percentage of 4 spine subtypes in 53FAD
andWTmice. (J) The proportion of mature spines in 53FAD andWTmice (*P, 0.05, unpaired Student t test). ACC, anterior cingulate cortex; ANOVA, analysis of
variance; FAD, familial Alzheimer disease; WT, wild type.
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firing rate in neurons of WT1NSC indicate the inhibited neuronal
activity (Figs. 7I and J).

The polymerization of F-actin could be inhibited while down-
regulating the Rac1/PAK/LIMK/Cofilin signaling pathway.80

Cytochalasin D, a widely used downstream inhibitor of actin
polymerization, was chosen to further confirm the function of
depolymerization. The results show the reduction of spine density
and mature spine proportion (Figs. 8A–D). In addition, the pain
response in WT 1 CD was weaker at 4 and 24 hours after CFA
injection comparedwithWT1 saline (Fig. 8E and Supplementary
Fig. 4C, available at http://links.lww.com/PAIN/B618). Moreover,
the neuronal firing initiation time was delayed, and the slope of
linear fit was reduced in the WT 1 CD group (Figs. 8F and G).

4. Discussion

In this study, we sought to discover a bidirectional regulation of
ACC excitatory neuronal activity and inflammatory mechanical
pain response, which put forward a neural mechanism of
hypesthesia in AD. Accumulating evidences have documented
that the correlation between the changes of neuronal activity in
ACC and several types of chronic pain.22,39

The LFP reflects the activities of population neurons and
implies the dynamics of local network.44 As the intensity of
filament stimulus changes, so does the LFP amplitude. We
managed to figure out that the c-Fos expression and post-CFA or
pre-CFA peak z-score ratio is decreased in adult 53FAD mice
compared with controls. In addition, the initiation pattern of
neuronal firing starts with a delay which implies the transmission
inefficiency. These findings are inconsistent with the textbook-
provided view that the “medial” pain system exclusively mediates
the affective component of pain.2 Animal studies about the
function of the ACC in pain describe an exclusive role in pain-
related negative affect but not in the sensory component of
pain.21,30,61 Pregenual ACC is the main relative area of
nociception, whereas the cg1 of cingulate cortex is a cytoarch-
itecturally and functionally distinct subregion.23,30,31,85 Then, we
targeted on this specific brain region where the evoked field
potential changes.

We speculate the mechanism under the hypesthesia of
53FAD mice may be due to the deficiency of synaptic
neurotransmission. Dendritic spines are the major sites of
receiving the excitatory input, and their morphological speciali-
zation has been linked to synaptic plasticity.28 The spine

Figure 6.Activation and inhibition of anterior cingulate cortex glutamatergic neurons in von Frey tests. (A) Schematic and representative image of ChR2 or hM4D in
6-m 53FAD andWTmice with an optical fiber in the ACC region. (B) Schematic of optogenetic modulation. First: 1.4 g filament stimuli 4 hours pre-CFA, next: 450-
nm light stimulus chain (pulse: 0.1 Hz, 180 minutes), and last: 0.6 g filament stimuli 4 hours post-CFA. (C) Representative perievent rasters of the same unit with
different stimulus in 6-m 53FADmice (left: 1.4 g stimuli pre-CFA,middle: laser stimuli, and right: 0.6 g stimuli post-CFA. (D) The pawwithdrawal percentage before
and after laser stimulation in all groups. No significant difference was found between 53FADChR2 and WTChR2 or WTsham (n 5 6 in each group) (**P , 0.01,
unpaired Student t test). (E) Schematic of chemogenetic modulation. First: 1.4 g filament stimuli 4 hours pre-CFA, next: CNO was injected intraperitoneally 1 hour
pre-CFA, and last: 0.6 g filament stimuli 4 hours post-CFA. (F) Representative perievent rasters of the ACC neuron in 6-m 53FAD mice (left: 1.4 g filament stimuli
pre-CFA and right: 0.6 g filament stimuli post-CFA). (G) The pawwithdrawal percentage with CNO inhibition in all groups. Significant difference was found between
WTsham and other 3 groups (53FADhM4D, 53FADsham, and WThM4D: n5 6; WTsham: n5 5) (**P, 0.01, unpaired Student t test). ACC, anterior cingulate cortex;
CFA, complete Freund adjuvant; CNO, clozapine-N-oxide; FAD, familial Alzheimer disease; WT, wild type.
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Figure 7. Reduced spine density which induced by intracerebroventricular (i.c.v.) injection of NSC would elevate the mechanical threshold of WT mice. (A)
Schematic of i.c.v. injection of NSC. (B) The quantification of the dendritic intersections of 53FAD 1 saline, WT 1 saline, and WT 1 NSC with sholl analysis
(53FAD1 saline: 36 neurons from 5 mice, WT1 NSC: 35 neurons from 5 mice, and WT 1 saline: 49 neurons from 6 mice). The table at the bottom displays a
multiple-comparison results (*P, 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001, unpaired Student t test). Two-way ANOVA was performed to investigate the
effects of NSC or saline (53FAD1 saline vs WT1 saline: F(1, 1377)5 106.2, ####P, 0.0001) (53FAD1 saline vs WT1 NSC: F(1, 1139)5 65.62, $$$$P,
0.0001). (C) The basilar dendritic length of ACC pyramidal neurons is evaluated by the concentric-ring method of Sholl (**P, 0.01, unpaired Student t test). (D)
Inverted Golgi staining of spines in basal dendrites of layer IV/V pyramidal neurons in ACC. (E) The spine density decreases significantly after NSC injection in WT
mice (WT1NSC: 41 dendrites from 5mice andWT1 saline: 47 dendrites from 6mice). The density of spine was reduced in 53FAD1 saline (35 dendrites from 5
mice) (*P, 0.05, ****P, 0.0001, unpaired Student t test). (F) Percentages of spine subtypes in ACC of 53FAD1 saline, WT1 saline, and WT1 NSCmice. The
table performs the comparison between 53FAD 1 saline group and WT 1 saline (*P , 0.05, ***P , 0.001, unpaired Student t test). (G) Percentage of mature
spines in 53FAD1 salinemice is significantly lower thanWT1NSCorWT1 saline (***P, 0.001, ****P, 0.0001, unpaired Student t test). (H) The pawwithdrawal
percentage of each group pre-CFA and post-CFA (53FAD1 saline: n5 10,WT1NSC: n5 9, andWT1 saline: n5 9) (*P, 0.05, **P, 0.01, unpaired Student t
test). (I) The initiations of neuronal firing between 1.4 g filament stimuli pre-CFA and 0.6 g filament post-CFA (53FAD1 saline: 24 neurons from 5mice,WT1NSC:
13 neurons from 5mice, and WT1 saline: 24 neurons from 5mice) (*P, 0.05, **P, 0.01, paired Student t test). (J) The linear regression line of all ACC neurons
that demonstrated responsive to 1.4 g filament stimuli pre-CFA and 0.6 g filament stimuli post-CFA (53FAD 1 saline: R2 5 0.6972, n 5 24; WT 1 NSC: R2 5
0.6719, n5 13; WT1 saline R2 5 0.6149, n5 24). ACC, anterior cingulate cortex; ANOVA, analysis of variance; CFA, complete Freund adjuvant; FAD, familial
Alzheimer disease; NSC, NSC23766 trihydrochloride; WT, wild type.
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remodeling is proposed as both a cause and a consequence of
chronic pain.68,73,75 In both animal models and clinical trials of
patients with AD, changes in dendritic spines dynamics which
triggered by M1 microglia activation, amyloid burden, or tau
hyperphosphorylation are proved by studies using multiple
technologies.4,7,51,91 The overall proportions of glutamatergic
neurons remain unchanged in 6 and 9-m 53FADmice, and then,
we try to investigate the alteration of the dendritic structure. In
consistent with the comparative result of neuronal activity, the
result is similar between experimental and control groups in 3-m
old in 2 aspects: dendritic complexity and spine density. These
results suggest the deficiency of glutamatergic transmission in
ACCof AD subjectsmediate the alteration of neuronal activity and
eventually influence the nociceptive response which is consistent
with previous studies.24,47 Modulation of the morphology or
density of dendritic spines contributes to the changes of synaptic
plasticity which is believed to mediate the long-term memory.14

Chronic pain can be seen as the persistent sensory memory and
inability to extinguish the painful memory, whereas the LTP/LTD
in the dorsal horn of the spinal cord and cingulate cortex is
demonstrated causally related to chronic pain.6,64,97 Dendritic
spines contain postsynaptic density, several kinds of functional
proteins, actin, actin binding, and actin regulatory proteins
controlled by upstream molecules such as small GTPase.12,14,16

The infusion of Rac1 GTPase inhibitor NSC before fear
conditioning or neuropathic pain blocks both the processes of
memory storage and hyperalgesia.43,76 Thus, we wonder the
alterations of spine density as well as neuronal activity and
behavioural result in WT mice after i.c.v. administration of NSC.
The NSC application significantly decreases the spine density
and occurrence of withdrawal response after CFA injection.
Neurons under the Rac1 GTPase inhibitory condition show a
weaker response, as indicated by a decrease in the slope of linear
fit and a significant delay of firing initiation. Acting as a

Figure 8.Reduced spine density which induced by i.c.v. injection of CDwould elevate themechanical threshold ofWTmice. (A) Inverted Golgi staining of spines in
basal dendrites of layer IV/V pyramidal neurons in ACC. (B) The spine density decreases significantly after CD injection inWTmice (25 dendrites from 5mice in each
group) (***P, 0.001, unpaired Student t test). (C) Percentages of spine subtypes of 53FAD1 saline, WT1 saline, and WT1 CD groups. The table performs the
comparison between 53FAD1 saline group andWT1 saline (*P, 0.05, **P, 0.01, unpaired Student t test). (D) Percentages ofmature spine of 53FAD1 saline,
WT1 CD, and WT1 saline mice. The table performs the comparison between 53FAD1 saline group and WT1 saline (**P, 0.01, unpaired Student t test). (E)
The paw withdrawal percentages of each group pre-CFA and post-CFA (n5 6 in each group) (*P, 0.05, **P, 0.01, unpaired Student t test). (F) The initiations of
neuronal firing between 1.4 g filament stimuli pre-CFA and 0.6 g filament stimuli post-CFA (53FAD1 saline: 17 neurons from 6mice,WT1CD: 13 neurons from 6
mice, andWT1 saline: 17 neurons from6mice) (*P, 0.05, paired Student t test). (G) The linear regression line of all ACC neurons that demonstrated responsive to
1.4 g filament stimuli pre-CFA and 0.6 g filament stimuli post-CFA (53FAD 1 saline: R2 5 0.5127, n 5 17; WT 1 CD: R2 5 0.6767, n 5 13; WT 1 saline R2 5
0.8098, n 5 17). ACC, anterior cingulate cortex; CD, cytochalasin D; CFA, complete Freund adjuvant; FAD, familial Alzheimer disease; WT, wild type.
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downstream F-actin remodeling inhibitor, CD functioned in
modulation of pain response and neuronal activity as well. These
modulations of spine density could induce similar behavioural
results in AD models.

CaMKII is known to play a key role in synaptic plasticity.5,52 The
repetitive optogenetic activation of CaMKII1 neurons caused
enhancement of optogenetically evoked firing of local coactivated
neurons.95 By using the optogenetics and chemogenetics
manipulations to target specific cell population, we observe that
the inflammation-induced mechanical hypersensitivity is tightly
linked and regulated by ACC. The optogenetic activation of the
glutamatergic neurons decrease the withdrawal threshold in
53FAD mice, whereas the chemogenetics elevates the pain
threshold in WT mice, suggesting the glutamatergic neurons in
ACC play a crucial role in pain processing of inflammatory pain.
Owing to the synaptic proteins upregulation and spine density
increase that occur 24 hours after stimulation, we speculate that
the enhanced neuronal excitability plays amajor part in behavioral
changes.46

This study illustrates the relationships among pain response,
neuronal activity, and dendritic spine. Our behavioral tests reveal
that the 53FADmice develop a hypesthesia from 3m to over 6m
old. Electrical neurophysiology in vivo recording demonstrates
the relevance of ACC neural activity to pain response. Then, the
result is further verified by genetic manipulations. Imaging
pinpoints the dendritic spine deficiency in ACC neurons of
53FAD mice and is likely related to the alteration of pain
response, which can be mimicked by WT mice with inhibition of
the formation of the dendritic spine. Taken together, the alteration
of pain processing in AD modeling mice could be the linked to
dendritic spine loss in ACC pyramidal neurons. Owing to chronic
pain is underdiagnosis and undertreatment in patients with AD,
the nonverbal assessment which contains facial expression,
electrophysiological examination, detection of biomarker, and so
on is needed.25
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