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Abstract

The medial prefrontal cortex is involved in the process of sensory discrimination. In this study, we examined the local field
potential activity response to the different stages of pain in the prelimbic cortex (PrL) which is a sub-region of the medial
prefrontal cortex. Recent studies revealed extensive information about neural oscillations, but there is limited information
on the local field potential profiles for acute or chronic pain, particularly in freely moving animals. This study showed that
acute mechanical pain increases alpha oscillation and decreases beta and gamma oscillations before spared nerve injury
surgery. Delta oscillation was decreased by chronic pain and gamma oscillation varied with time. However, acute mechanical
pain stimulus had no effects on local field potential in rats under mechanical allodynia. Together, our findings provide novel

insights into the role of medial prefrontal cortex local field potential activity response to pain stimulus.
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Introduction

Acute and chronic pain causes different changes in phys-
iological and psychological processes. During acute
pain, the variety of motivation, cognition, or emotion
is adapted to block future damage. However, mood
disorders or other decreased motivational symptoms
arise during chronic pain.' Previous studies showed
that neuropathic pain caused by peripheral nerve
injury leads to maladaptive changes in brain structures>>
like the medial prefrontal cortex (mPFC), and functional
abnormalities appear in the mPFC in chronic pain
animal model.* Moreover, the mPFC exhibits hyperac-
tivity after acute and chronic pain stimuli.’
Accordingly, some case studies reported that a neu-
ropathic pain model (spared nerve injury, SNI) could
induce anxiety and depression-like behaviors at 14
days after surgery.®’ The mPFC activity is decreased
by the progression of pain from acute to chronic
stage.® However, the underlying mechanisms are
poorly understood, especially in neural electrophysiolo-
gy like local field potential (LFP). The LFP is classified

into different frequency ranges and is linked to cognitive
functions.” It reflects low-frequency extracellular activi-
ty,10 such as EPSPs, IPSPs, and potentials of somato-
dendritic spikes.'"!'? In this study, we used von Frey
filaments to create acute pain stimulus; a chronic neuro-
pathic pain model to assess the changes in the PrL, a
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sub-region of the mPFC; and an LFP activity response
to assess long-term pain in freely moving rats. The pur-
pose of this study was to investigate the LFP profiles in
the mPFC during acute and chronic pain to delineate the
mPFC response to pain.

Materials and methods

Animals

A total of 16 male Sprague—Dawley (SD) rats (weighing
200-250 g, 2.5 months of age) were housed in a vivarium
under a 12-h light-dark cycle at constant temperature
(25°C) and humidity (50%-60%), with free access to
food and water. Animals were acclimatized to the labo-
ratory for one week before starting the experiments.
In addition, the Laboratory Animal Welfare and
Ethics Committee of our institute approved all the
experimental procedures.

Surgical procedure for electrode implantation

Briefly, the SD adult male rats were initially sedated by
1% Nembutal (60 mg/kg). The rat’s head was fixed in a
stereotaxic frame (Kopf Instruments, USA). The skull
surface was exposed, the connective tissue was removed,
and the skull surface was cleaned. One craniotomy,
slightly larger than the electrode array, was made
above the mPFC (AP=3.0mm; ML=0.8mm;
depth =2.5mm from the dura). A 4 x 4 electrode array
(16 channels) made with isonel-coated nickel-cadmium
alloy wires (diameter of 35 microns) was slowly lowered
into the brain. Electrodes were fixed in place using dental
cement, leaving only the connectors exposed.

In vivo electrophysiological recording

All the rats were left undisturbed for one week to recover
from electrode implantation. LFP recording was con-
ducted 3 days before SNI surgery in all rats (for baseline
measurements), and then 14 days and 28 days after SNI
surgery. In addition, 8.0 g von Frey filaments were used
to inflict acute mechanical pain stimulus (4 s duration,
“paw withdrawal” reflex) during LFP recording before
and 28 days after the surgery. All recordings were con-
ducted while the rats were in their home cages, con-
scious, freely moving, and relaxed, with white noise in
the background. The implanted electrode was connected
by cable to an electro-swivel attached to a multichannel
acquisition processor (MAP) system (Plexon Inc). Only
frequencies below 100Hz were further analyzed.
The electrophysiological information detected by the
recording electrode was used to analyze LFP if its chan-
nel could test neural spike information.

Nissl staining. The rats were deeply anesthetized with 1%
sodium pentobarbital (60 mg/kg) on day 28 after SNI
surgery. The heart was perfused with 0.9% NaCl
(100ml) followed by 4% paraformaldehyde in
phosphate-buffered saline (PBS, 500 ml). Perfusion-
fixed brain tissues were further fixed for about 24 h in
the solution and tissue fluids were dehydrated by 30%
sucrose in PBS. Frozen brain tissue was cut into 20-pm-
thick serial sections. For Nissl staining, the sections were
hydrated in 1% toluidine blue at 37°C for 5 min and
immersed in 0.1 mol/L PBS three times for 5 min accord-
ing to the manufacturer’s instructions (Beyotime
Institute of Biotechnology).

Data collection and analysis. Neural activity was amplified,
bandpass filtered at 150-8000 Hz, and continuously sam-
pled at 40 kHz using a MAP system (Plexon Inc). LFPs
were first band-pass filtered into six bands'Z
delta (1-4Hz), theta (4-7Hz), alpha (7-12Hz), beta
(13-30Hz), low gamma (30-45Hz), and high gamma
(60—100 Hz), and then the data were analyzed by neuro-
explorer. For each rat, the data of LFP were recorded
for at least 5 min.

Behavioral tests

Acute mechanical stimulus. The 8 g von Frey filament was
used to stimulate each rat’s paw for 4 s, which led to paw
withdrawal reflex during in vivo electrophysiological
recording before and 28 days after SNI surgery to
explore the relationship between acute mechanical stim-
ulus and mPFC electrical activity.

Mechanical hypersensitivity test. Mechanical hypersensitivi-
ty was measured by von Frey filaments and Dixon
up-down method. Briefly, the rats were individually
placed into Plexiglas chambers over a mesh table and
acclimated for 20 min before examination. Beginning
with 2.0 g, von Frey filaments in a set with logarithmi-
cally incremental stiffness (0.8, 1.0, 1.2, 1.5, 2.0, 4.0, 6.0,
8.0, 10.0, and 15.0 g) were applied to the lateral one-third
of right paws of rats.

Surgery for SNI. All 16 rats were divided into two groups,
one group with 10 rats were anesthetized by Nembutal
(1%, 60 mg/kg), the skin of the right thigh was incised,
and the biceps femoris muscle was dissected to expose
the sciatic nerve’s three branches: sural, common pero-
neal, and tibial nerves. A 5-0 silk suture was used to
ligate the common peroneal and tibial nerves and then
excised distal to each knot to remove 3-5mm of the
distal ends. In the sham surgery group, the above
nerves were exposed but not excised.
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Figure I. Acute mechanical pain stimulus affected mPFC-averaged LFP power spectra. (a) Location of the recording electrode in mPFC,
the tracks of implant in coronary slice, and the spots of implant in horizontal slice (20 x, Hamamatsu Photonics). (b) Examples of actual LFP
data in mPFC in free-moving rats for control and mechanical pain stimulus (4 s). (c, d) Linear graphs show averaged LFP power spectra
(1-12 Hz, 12—-100 Hz). Bar graphs represent mean total LFP power in control and acute mechanical pain stimulus rats within six frequency
band ranges: delta and theta oscillation, alpha oscillation, beta oscillation, low gamma, and high gamma oscillation. Acute mechanical pain
stimulus significantly increased power spectral density (%) of mPFC in alpha band ((g) unpaired t-test, t=4.433, p < 0.0001), and
decreased in beta ((h) unpaired t-test, t=3.869, p=0.0001), low gamma ((i) unpaired t-test, t="7.767, p <0.0001) and high gamma
oscillation ((I) unpaired t-test, t =5.203, p < 0.0001) as compared to control rats; (e, f) no difference appeared in delta and theta
oscillations. n = 144 (LFP channels), 9 (control rats); n=96 (LFP channels), 6 (mechanical pain stimulus rats). Values are reported as
mean £ SEM; *p < 0.001, ***p < 0.0001.
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Figure 2. Chronic neuropathic pain stimulus affected mPFC-averaged LFP power spectra. (a) SNI decreased mechanical withdrawal
threshold (n = 6 for each group, repeated measure two-way ANOVA followed by Bonferroni post hoc test; effect of time, F(I, 20) = 147.5;
effect of group, F(3, 20) =20.53; effect of interaction, F(3, 20) = 14.31, p < 0.0001, posttest ***p < 0.0001). (b) Examples of actual LFP

(continued)
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Statistical analysis

The unpaired t-test was used for comparisons of LFP
power spectral density (%) between the two groups. The
mechanical withdrawal threshold was analyzed by two-
way analysis of variance (ANOVA) with Bonferroni
post hoc test. One-way ANOVA with Bonferroni post
hoc test was used for analysis of the LFP after SNI sur-
gery. All the data are presented as the mean =+ standard
error of the mean. Graph pad PRISM 6.0 was used for
statistical analysis.

Results

To study the electrophysiological mechanism between
pain and mood disorder, we measured the mPFC LFP
after acute and chronic pain stimuli in free-moving rats
(the spots of electrode in mPFC, Figure 1(a); examples of
LFP data, Figure 1(b)). First, we examined the LFP of
mPFC by average power spectra (Figure 1(c) and (d))
when the rat withdrew its paw after pain stimulus of 4 s
with 8.0 g von Frey filaments. The results showed that
acute mechanical stimulus significantly increased the
power spectral density (%) in the alpha oscillation
(Figure 1(g)) and decreased the power spectral density in
beta, low gamma, and high gamma oscillations (Figure 1
(h) to (i), and (1)) as compared to the control rats but no
difference in delta and theta oscillation (Figure 1(e) and
(f)). These data revealed that acute mechanical pain stim-
ulus affected mPFC-averaged LFP power spectra.

Next, we tested whether chronic neuropathic pain
affects mPFC LFP power spectra using a neuropathic
model SNI. We measured the basal mechanical with-
drawal threshold before SNI surgery and then retested
at day 3, 14, and 28 after surgery. The results showed
that SNI significantly decreased the mechanical with-
drawal threshold at day 3 after surgery, which persisted
till day 28 (Figure 2(a)). Then, we analyzed the power
spectral density (%) of mPFC LFP before surgery and at
day 14 and 28 after surgery. In addition, at day 28 after
surgery, an 8.0 g von Frey filament was used to inflict
acute mechanical pain stimulus, which resulted in paw

withdrawal reflex during in vivo electrophysiological
recording to examine how acute mechanical pain stimu-
lation affects mPFC LFP when rats were under mechan-
ical allodynia (Figure 2(b) to (d)). The results showed
that chronic neuropathic pain significantly decreased the
power spectral density (%) in delta band oscillation
(Figure 2(e)). However, the power spectral density (%)
in low gamma oscillation was also decreased at day 28
after SNI surgery as compared to day 14 after SNI but
with no difference from baseline. Meanwhile, 14 days’
neuropathic pain stimulus increased the low gamma
band power spectra, without statistical difference
(Figure 2(1)). High gamma band power spectral density
(%) was increased at day 14 after SNI surgery and sig-
nificantly decreased at day 28 by chronic neuropathic
pain (Figure 2(1)), with no significant difference in
theta, alpha, and beta oscillations caused by chronic
neuropathic pain (Figure 2(f) to (h)).

Finally, we examined how acute mechanical pain
stimulation affects mPFC LFP when rats were
sensitive to pain. On day 28 after SNI surgery, acute
mechanical pain stimulus had no effect on the mPFC
LFP (Figure 2(e) to (i) and 1). However, as compared
to the baseline data, the mPFC LFP power spectra den-
sity (%) after acute mechanical stimulation was lower in
delta oscillation (Figure 2(e)). Moreover, the gamma
oscillation had a remarkable difference as compared to
day 14 after SNI(Figure 2(i) and (1)).

Discussion

The mPFC is involved in multiple functional networks.
This study showed that acute mechanical pain increased
alpha oscillation and decreased beta and gamma oscilla-
tion in freely moving rats. The acute pain appeared to be
a negative stress stimulation and affected mPFC alpha,
beta, and gamma oscillations, which led to adverse
emotional experiences. According to recent studies, the
delta band (1-4Hz) is a representation of slow-wave
sleep. The amplitude of theta and alpha oscillations
(4-12Hz) are related to spatial memory in animal
models.'*'* Beta and gamma oscillations (12-100 Hz)

Figure 2. Continued.

data in mPFC in free-moving rats for baseline, SNI 14 days, SNI 28 days, and SNI 28 days +mechanical pain stimulus (4 s). (c, d) Linear
graphs show averaged LFP power spectra (1-12 Hz, 12-100 Hz). Bar graphs represent mean total LFP power in the group of baseline, SNI
14 days, SNI 28 days, and mechanical pain stimulus within six frequency band ranges: delta and theta oscillation, alpha oscillation, beta
oscillation, and low gamma and high gamma oscillation; (e) chronic neuropathic pain decreased the power spectral density (%) in delta band
oscillation (p < 0.0001, F(3, 252) = 17.19, p < 0.0001), the mPFC LFP power spectra density (%) was lower in delta oscillation after acute
mechanical pain stimulus at day 28 after SNI surgery (p < 0.0001); (i) the power spectral density (%) in low gamma oscillation was
decreased at day 28 after SNI surgery as compared to day 14 after SNI (p =0.009, F(3, 252) =7.044, p=0.0001) but with no difference
from baseline (p =0.3553) as well as allodynia rats after acute pain stimulation (p=0.005). (I) High gamma band power spectral density
was increased at day 14 after SNI surgery (p = 0.0450), and significantly decreased at day 28 after SNI (p = 0.0145) as compared to day 14
after SNI, as well as allodynia rats after acute pain stimulation (p = 0.0469, F(3, 252) =4.023, p =0.0081); (f, g, h) no significant differences
appeared in theta, alpha, and beta oscillations. n = 64 (LFP channels), 4 (rats). Values are reported as mean+SEM; one-way ANOVA with
Bonferroni post hoc test, *p < 0.05, **p < 0.001, ***p < 0.0001. SNI: spared nerve injury.
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are involved in episodic memory,15 and recent studies

indicated that the beta oscillation is more relevant for
long-range synchronization involving long transmission
delays'® and the gamma oscillation is more evident in the
surrounding communication.!” This study showed that
the changes of mPFC LFP followed by acute pain stim-
ulation are adapted to prevent further damage from
physiological and psychological processes.

In this study, chronic neuropathic pain decreased
delta oscillation, and both low gamma and high
gamma oscillations also decreased with time, which sug-
gested that the connectivity of mPFC and hippocampus
or other brain areas was decreased. Clinically, patients
suffering from chronic pain experience negative mood
symptoms such as insomnia, depression, and anxiety.
The alteration of delta and gamma oscillations may be
responsible for comorbidity of pain and mood disorders.

Finally, we also tested if acute mechanical pain affects
mPFC LFP when rats are under allodynia. No signifi-
cant differences were found in all six band oscillations of
mPFC LFP when rats suffered from acute mechanical
pain stimulus at day 28 after SNI surgery. In summary,
acute mechanical pain stimulus increased alpha and
decreased beta and gamma oscillations; delta oscillation
decreased and gamma oscillation dynamically decreased
during chronic pain stimulus. Further studies are needed
to reveal how acute and chronic pain affects mPFC
neural activity at the levels of neurons and neural circuits
to induce anxiety, depression, or other mood disorders.

Author contributions

BF performed all the experiments and prepared the manuscript
outline, designed the studies, and wrote the manuscript. SNW,
BW, and KW wrote the manuscript. JYZ and SJL supervised
the experiments and wrote the manuscript. All authors read
and approved the final manuscript.

Declaration of conflicts of interests

The author(s) declare no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This work was supported by Found of State Key
Laboratory of Proteomics (SKLPK201401) and Chinese
National Key Project of Basic Research (2009CB918301).

References

1. Simons LE, Elman I and Borsook D. Psychological proc-
essing in chronic pain: a neural systems approach. Neurosci
Biobehav Rev 2014; 39: 61-78.

10.

11.

12.

13.

14.

15.

16.

17.

. Thompson SJ, Millecamps M, Aliaga A, Seminowicz DA,

Low LA, Bedell BJ, Stone LS, Schweinhardt P and
Bushnell MC. Metabolic brain activity suggestive of per-
sistent pain in a rat model of neuropathic pain.
Neuroimage 2014; 91: 344-352.

. Hung KL, Wang SJ, Wang YC, Chiang TR and Wang CC.

Upregulation of presynaptic proteins and protein kinases
associated with enhanced glutamate release from axonal
terminals (synaptosomes) of the medial prefrontal cortex
in rats with neuropathic pain. Pain 2014; 155: 377-387.

. Metz AE, Yau HJ, Centeno MV, Apkarian AV and

Martina M. Morphological and functional reorganization
of rat medial prefrontal cortex in neuropathic pain. Proc
Natl Acad Sci U S A 2009; 106: 2423-2428.

. Lin HC, Huang YH, Chao THH, Lin WY, Sun WZ and

Yen CT. Gabapentin reverses central hypersensitivity and
suppresses medial prefrontal cortical glucose metabolism
in rats with neuropathic pain. Mol Pain 2014; 10: 63.

. Sellmeijer J, Mathis V, Hugel S, Li XH, Song Q, Chen QY,

Barthas F, Lutz PE, Karatas M and Luthi A.
Hyperactivity of anterior cingulate cortex areas 24a/24b
drives chronic pain-induced anxiodepressive-like conse-
quences. J Neurosci 2018; 20: 3195-3117.

. Baliki MN, Petre B, Torbey S, Herrmann KM, Huang L,

Schnitzer TJ, Fields HL and Apkarian AV. Corticostriatal
functional connectivity predicts transition to chronic back
pain. Nat Neurosci 2012; 15: 1117-1119.

. Buzsaki G and Draguhn A. Neuronal oscillations in cor-

tical networks. Science 2004; 304: 1926-1929.

. Lindén H, Tetzlaff T, Potjans TC, Pettersen KH, Griin S,

Diesmann M and Einevoll GT. Modeling the spatial reach
of the LFP. Neuron 2011; 72: 859.

Buzsaki G, Anastassiou CA and Koch C. The origin of
extracellular fields and currents—EEG, ECoG, LFP and
spikes. Nat Rev Neurosci 2012; 13: 407.

Mazzoni A, Logothetis NK and Panzeri S. The information
content of local field potentials: experiments and models.
Boca Raton: CRC Press, 2012.

Kaplan R, Bush D, Bonnefond M, Bandettini PA, Barnes
GR, Doeller CF and Burgess N. Medial prefrontal theta
phase coupling during spatial memory retrieval.
Hippocampus 2014; 24: 656—665.

O’Neill PK, Gordon JA and Sigurdsson T. Theta oscilla-
tions in the medial prefrontal cortex are modulated by spa-
tial working memory and synchronize with the
hippocampus through its ventral subregion. J Neurosci
2013; 33: 14211-14224.

Nyhus E and Curran T. Functional role of gamma and
theta oscillations in episodic memory. Neurosci Biobehav
Rev 2010; 34: 1023-1035.

Kopell N, Ermentrout GB, Whittington MA and Traub RD.
Gamma rhythms and beta rhythms have different synchro-
nization properties. Proc Natl Acad Sci U S 42000;97: 1867.
Gregoriou GG, Gotts SJ, Zhou H and Desimone R. High-
frequency, long-range coupling between prefrontal and
visual cortex during attention. Science 2009; 324: 1207-1210.
Womelsdorf T and Fries P. The role of neuronal synchro-
nization in selective attention. Curr Opin Neurobiol 2007,
17: 154-160.



