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Introduction: Neuropathic pain manifests in a diverse combination of sensory symptoms and

disorders of higher nervous activity, such as memory deficiency, anxiety, depression, anhedonia,

etc. This suggests the participation of brain structures, including the hippocampus, in the pathogen-

esis of neuropathic pain. The elucidation of central sensitization mechanisms underlying neuro-

pathic pain cognitive and affective symptoms may be useful in the development of new and

effective treatments for these common disorders. The study aims to elucidate the effect of chronic

neuropathic pain on cognitive function and underlying neuronal plasticity in the hippocampus.

Methods: Chronic constriction injury of mouse right hind limb sciatic nerve was used as

a model of neuropathic pain. The presence of neuropathic pain was confirmed by the thermal

and mechanical allodynia. The morphology of the CA1 pyramidal neurons and the dentate

gyrus (DG) granule neurons were studied using Golgi-Cox staining. The hippocampal

proteins concentration was determined by immunohistochemistry and ELISA.

Results: Behavioral testing revealed reduced locomotor activity as well as impaired working

and long-term memory in mice with a ligated nerve. We revealed changes in the dendritic tree

morphology in CA1 and the dentate gyrus hippocampal subregions. We found the atrophy of the

CA1 pyramidal neurons and an increase in the dendritic tree complexity in DG. Moreover,

changes in the density of dendritic spines were observed in these regions. In addition, we

revealed increased expression of the Arc protein in DG granule neurons and decreased surface

expression of AMPA receptors within the hippocampus. Decreased AMPA receptors expression

underlies observed altered dendrite arborization and dendritic spines morphology.

Discussion: We found that pain information entering the hippocampus causes neuronal

plasticity changes. The changes in neurite arborization, dendritic length and dendritic spines

morphology as well as protein expression are observed within the hippocampal regions

involved in the processing of pain information. Moreover, changes in the dendrite morphol-

ogy in hippocampal subregions are different due to the anatomical and functional hetero-

geneity of the hippocampus. Apparently, the detected morphological and biochemical

changes can underlie the observed hippocampus-dependent behavioral and cognitive impair-

ment in animals with neuropathic pain.

Keywords: neuropathic pain, chronic constriction injury, neurite arborization, dendrites,

dendritic spines, mice

Introduction
Neuropathic pain, unlike ordinary pain, results from pathological excitation of neurons in

the peripheral or central nervous system. The mechanisms of neuropathic pain are

complex and not fully understood. The perception of pain and the transmission of
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a pain impulse is performed by the nociceptive system, which

includes nerve fibers and pathways located in the spinal cord,

as well as supraspinal centers. Nociceptive system includes

several brain structures: the reticular formation, the thalamus

nucleus, as well as the structures of the limbic system, includ-

ing the hypothalamus, the amygdala, and the hippocampus.16

Patients with neuropathic pain experience symptoms charac-

teristic of the limbic system impairment: anxiety, anhedonia,

impaired spatial, episodic or contextual memory.14,17,25,29,30

However, the detailed mechanisms underlying neuropathic

pain influence on the limbic system remain poorly understood.

Given the key role of the hippocampal formation in cognitive

functions, learning and memory, studying morphological,

functional and plastic changes can help in the further search

for the effective therapeutic agents to eliminate neuropathic

pain consequences. The studies using various neuropathic pain

models demonstrate changes in the hippocampus including

impaired LTP,24 biochemical changes31 and impaired hippo-

campus-dependent functions, including working,43 short-

term34 and recognition memory.12

In this study, we focused on changes in neuronal plas-

ticity, which are the anatomical substrate of the observed

functional changes. There is some evidence showing den-

dritic retraction in the hippocampus on various chronic

stress models. However, the model of neuropathic pain

cannot be fully considered as a model of chronic stress,

because despite the presence of common symptoms, brain

endophenotypes can vary.1 In addition, most of the chronic

stress studies focus on the CA3 hippocampal area.27 Given

that the perforant path is the main way of pain information

entering into the hippocampus, including the projections

from the layer II entorhinal cortex (EC) into the DG and

from the layer III EC into the CA1 area,26 in this study we

focused on these regions.

Materials and Methods
Animals
Male C57Bl/6 mice (30±3 g, 3-month-old) were used. The

animals were raised at the National Scientific Center ofMarine

Biology, Far Eastern Branch of the Russian Academy of

Sciences, Vladivostok, Russia. The mice were housed

2–5 per cage with ad lib access to food and water. Animals

were maintained at a constant temperature (23±2°C) and

humidity (55±15%) on daily 12-h light/dark cycle. All proce-

dures were approved by the Animal Ethics Committee at the

National Scientific Center of Marine Biology, Far Eastern

Branch, RussianAcademy of Sciences (No 2/2019), according

to the international regulations of the European Directive

2010/63/EU and ethical guidelines for the study of experi-

mental pain in conscious animals by the International

Association of the Study of Pain.

Surgery
Neuropathic pain was induced using themodel of sciatic nerve

chronic constriction injury (CCI).6 Animals were anesthetized

with sodium pentobarbital (50 mg/kg, Sigma, St. Louis, MO,

USA). The anesthetic was administered intraperitoneally, and

surgical procedures began only after the stage of deep anesthe-

sia in the animal. After the animal has been anesthetized, the

right sciatic nerve was exposed and the three ligatures were

placed closer to trifurcation with 1 mm between the ligatures

(silk, Ethicon, USA). The ligatures were slightly tightened

until a slight twitching of the limb appeared. All experimental

animals were divided into 2 groups: “Sham” - sham-operated

animals (20 animals); “CCI” - animals with CCI (20 animals).

All mice were divided into groups randomly. The mice were

sacrificed on the 21th day after the surgery.

Behavioral Testing
Behavioral tests were performed 3 weeks after the surgery

before mice sacrifice. All tests were performed during the

light cycle between 7:00 A.M. and 7:00 P.M. Before test-

ing each animal, the apparatus was thoroughly cleaned

with 10% ethanol to minimize olfactory signals. In order

to adapt the animals and avoid the stress associated with

the new environment, the animals were placed in the test

apparatus for 10 mins for 3 days preceding the day of

testing. On the day of testing, the mice were left in their

home cages in the room used for the experiment for 2

h before the onset of the behavioral study. Thermal allo-

dynia measurement was carried out weekly.

Thermal Allodynia

Thermal allodynia was measured using a cold and a hot

plate tests (Cold/Hot Plate Analgesia Meter Columbus

Instruments, USA).3 The tests were performed in

a chamber with acrylic walls 30 cm thick on a metal

plate 30×30 cm. The temperature of the cold plate was

+4°C, of the hot plate +48°C. Testing time was 60 s. The

mice were placed on the plate and the moment of the

damaged hind paw first rise was recorded.

Mechanical Hyperalgesia

Mechanical hyperalgesia was evaluated using the paw-

pressure test. Mice were held gently, and progressive

Tyrtyshnaia and Manzhulo Dovepress

submit your manuscript | www.dovepress.com

DovePress
Journal of Pain Research 2020:13346

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


pressure was applied to the dorsal surface of the injured

hind paw using the rodent pincher analgesia meter

(Bioseb, USA/Canada) until a flexor response of the toes

was observed. A cutoff of 450 g was set to prevent tissue

damage.9

Spontaneous Locomotor Activity

Locomotor activity was evaluated by placing a mouse into the

center of a clear Plexiglas circular open-field arena (60 cm in

diameter, 40 cm height) and allowing to explore for 5 min.

Bright overhead lighting was approximately 500 lux inside the

arena. The area of the chamber was divided into 37 squares.

Mouse behavior was continuously recorded by a video camera

placed over the apparatus. In the subsequent analysis, the

number of crossed squares was determined.

Y-Maze Testing

Theworkingmemory of experimental animals was studied in

a Y-maze. The Y-maze was a device made of acrylic glass

with three identical arms (30 cm x 10 cm x 20 cm). The

mouse was placed in the center of the maze and left for

5 mins. The sequence of entries into the arms was recorded

to calculate the spontaneous alternation rate. The criterion for

entering the arms was the position of the mouse when all 4

paws were inside the arm. To calculate the spontaneous

alternation rate, the following formula was used:

Ks ¼ R=A (1)

Ks - the spontaneous alternation rate, R - the number of

consecutive entries into the three non-repeating arms, A -

the total number of possible alternations.

Passive Avoidance Test

The effects of chronic neuropathic pain on long-term

memory was evaluated using a passive avoidance test.21

The testing apparatus consisted of light and dark compart-

ments separated by a sliding door. In the training session,

the mice were placed in the light compartment and

allowed to explore for 60 s before the sliding door was

opened. When the animal entered the dark compartment,

the door was closed and 2 s later, an inescapable foot-

shock (0.3 mA, 2 s) was delivered. The test session was

performed 24 h after the training session without the foot-

shock. The step-through latency for animals to enter the

dark compartment was measured.

Golgi-Cox Staining
Animals were anesthetized with an overdose of sodium pen-

tobarbital (60 mg/kg, Sigma, St. Louis, MO, USA). The

anesthetic was administered intraperitoneally, and surgical

procedures began only after the stage of deep anesthesia in

the animal. After the animal has been anesthetized, brains

were removed quickly from the skull, rinsed with 0.1M PBS

(+4°C) and cut into 2 hemispheres. The material was stained

with the FDRapid GolgiStain™ kit (FD NeuroTechnologies,

Ellicott City,MD, USA) according tomanufacturer’s instruc-

tions (http://www.fdneurotech.com/item/0/41/0/733/FD_

Rapid_GolgiStain_Kit_large). Cryomicrotome (HM 550,

Thermo Scientific, USA)was used to cut 100 μm thick slices.

Slices were mounted on a gelatin-coated microscope slides,

stained, dehydrated and coverslipped with VectaMount™

Mounting Medium (H-5000, Vector, USA).

Sholl Analysis
We performed a Sholl analysis38 to evaluate the effect of

neuropathic pain on the hippocampal dendrite morphol-

ogy. ImageJ software (NIH, USA) was used for all image

processing and morphological analyses. For dendrite tra-

cing, images for each individual neuron were converted to

8-bit color images. Dendrites were traced using the

NeuronJ plugin (http://www.imagescience.org/meijering/

software/neuronj/) as previously described.5 Sholl analysis

was performed on the NeuronJ tracings using the Sholl

Analysis plugin (http://fiji.sc/Sholl_Analysis). For the

Sholl analysis, the single animals were selected as the

unit of analysis (5 animals per group). For each animal,

2–3 well-stained neurons were taken for evaluation (sepa-

rately for CA1 and DG). When calculating the density of

dendritic spines, one neuron (15 per group) was used as

the unit of analysis. For each mouse (5 mice per group) the

evaluation was performed on 3 neurons. Both hemispheres

were used to evaluate the neuronal morphology.

Immunohistochemical Studies
Brains were extracted for subsequent immunohistochemical

studies on the 21th day after surgery. The mice were anesthe-

tized with sodium pentobarbital injection (60 mg/kg, Sigma,

St. Louis, MO, USA). The anesthetic was administered intra-

peritoneally, and surgical procedures began only after the stage

of deep anesthesia in the animal. Mice were transcardially

perfused with 5 mL PBS (~4°C), pH 7.2. Then the brain was

rapidly removed from the skull, divided into 2 hemispheres

and placed in 4% paraformaldehyde for 12 hrs. Both hemi-

spheres were used for immunohistochemical study. Afterward,

the material was washed with PBS (pH 7.2). The tissue

samples after paraformaldehyde fixation were embedded in

paraffin blocks and sectioned at a thickness of 10 µm, using
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Leica rotary microtome RM 2245. The immunohistochemical

method used in the study consists of the following steps: (1)

Blocking endogenous peroxidase activity: 0.3%H2O2 solution

for 5 min; (2) Blocks non-specific binding of antibodies: 5%

BSA in PBS for 1 h; (3) Primary antibodies (4°C, 24 hrs); (4)

Secondary antibodies labeled with horseradish peroxidase: PI-

1000 (anti-rabbit), 1:100 (Vector Laboratories, USA); (5)

ImmPACT™ DAB Peroxidase Substrate chromogen (SK-

4105, Vector Laboratories, USA); (6) Washing with 0.1M

PBS (pH 7.2), dehydration and mounting in VectaMount

Permanent Mounting Medium (H-5000, Vector laboratories).

We used primary polyclonal rabbit antibodies to Glutamate

Receptor 1 (AMPA subtype) (ab31232, Abcam, USA, 1:200),

Arc (ab224717, Abcam, USA, 1:100).

Images were obtained on a Zeiss AxioScope A1 micro-

scope equipped with an AxioCam 503 camera and

AxioVision (Zeiss, Germany) software. Images were pro-

cessed and analyzed using ImageJ software (NIH, USA).

Processing of each micrograph included the following

steps: conversion to black and white version (8-bit image);

subtracting the background (rolling ball radius=50); contrast

enhancement (+30 units); binarization. To measure the area

of marker staining, the necessary area was selected, and the

percentage of the colored area was calculated. When calcu-

lating Arc-immunopositive cells/mm3, the formula was used:

d=(106*n)/(S*l), where n – the number of cells; S – the area

of the subgranule zone (μm2); l – the thickness of the slice,

106 – the conversion coefficient μm2 to mm2. Counting Arc-

positive cells was carried out in the granule layer of the DG.

For statistical processing, the values obtained for each indi-

vidual slice were averaged.

Elisa
Enzyme-linked immunosorbent assay (ELISA) was used to

quantify the content of AMPA1 (GluR1) andArc protein in the

hippocampus. The mice were anesthetized with sodium

pentobarbital (60 mg/kg, i.p.) and hippocampus was quickly

removed, frozen in liquid nitrogen and stored at a temperature

of −70°C. ELISA kits were used for detection of AMPA1

receptors (MBS9500254, MyBioSource, Inc., USA) and IL-

10 (ABIN1568489, antibodies-online GmbH, Germany) in

accordance with the manufacturer’s recommendations. Both

hemispheres were used for ELISA. The hippocampal tissue

was homogenized using a solution (100 mMTris, pH 7.4, 150

mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100,

0.5% sodium deoxycholate) with a cocktail of protease

inhibitors (cOmplete™, Sigma-Aldrich) at a concentration of

1 mg/mL. Protein concentration was determined using a BCA

kit (Pierce, Rockford, IL). The optical density was measured

using an iMark plate spectrophotometer (Bio-Rad) at

a wavelength of 450 nm.

Statistical Analysis
All values are presented as means±SEM. Normality of the

data was evaluated with Shapiro–Wilk test. We used two-

sided Student’s t tests or Mann–Whitney rank-sum tests for

two-group comparisons (for datasets with abnormal distribu-

tion). P<0.05 was considered significant. All statistical tests

were performed using the Microsoft Excel software

(Microsoft, USA) and GraphPad prism 4 (GraphPad

Software, USA). For behavioral, immunohistochemical stu-

dies and Sholl analysis, the single animals were selected as

the analysis unit. For dendritic spines density calculating, one

neuron (15 per group) was used as the unit of analysis. For

each mouse (5 mice per group) the evaluation was performed

on 3 neurons. For ELISA we used the number of analyzed

samples (15 samples per group, 3 replicates from each

mouse) as the analysis unit.

Results
Behavioral Effects of Neuropathic Pain
To confirm neuropathic pain mice were tested for changes

in thermal and mechanical sensitivity of the injured limb.

Thermal Allodynia

To determine thermal allodynia, we recorded the time

before the injured limb was removed from the cold (+4°С)
and hot (+48°С) plates. Testing on a hot plate showed the

presence of thermal hypersensitivity as early as the first

week after surgery. At the same time, at week 3 we observed

an increase in sensitivity (Figure 1A). Cold plate tests

revealed a sharp increase in cold hypersensitivity from

the second week after surgery. A similar level of sensitivity

persisted for 3 weeks (Figure 1B). The sham-operated

group did not show allodynia in both tests.

Mechanical Hyperalgesia

Testing mechanical hyperalgesia using rodent pincher

showed a hyperalgesic response already 1 week after the

surgery. At week 3, hyperalgesia was not so pronounced,

however, the values differed from the level of the Sham

group (p<0.001). The sham-operated animals did not exhi-

bit mechanical hyperalgesia (Figure 1C).

Spontaneous Locomotor Activity

We found decreased spontaneous locomotor activity in

mice with neuropathic pain syndrome 1 (101.90±9.68 in
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Sham vs 73.20±10.21 in CCI, p=0.045, n = 20) and 3

(114.30±5.93 in Sham vs 58.20±12.26 in CCI, p=0.0004,

n = 20) weeks after surgery (Figure 1D).

Long-Term Memory

A study of short-term memory in the passive avoidance

test revealed no impairment in neuropathic pain. However,

in the study of long-term memory (24 hrs), a decrease in

the time interval before entering the dark chamber was

observed in the CCI group compared to the Sham group

(57.80±10.45 sec in Sham vs 31.00±5.37 in CCI,

p=0.0147, U=18.00, n = 20) (Figure 1E).

Working Memory

Workingmemorywas evaluated using the test for spontaneous

alternation in the Y-maze. We found a significant decrease in

the spontaneous alternations rate in the CCI group at week 3

after the surgery (71.00±2.55-Sham vs 57.60±3.33 - CCI - 3

weeks, p=0.0147, U=15.50, n = 20) (Figure 1F).

Dendritic Morphology
CA1 Pyramidal Neurons

Sholl analysis showed a reduced complexity of CA1 pyrami-

dal neurons inmice exposed to sciatic nerve ligation compared

to sham-operated animals (Figure 2I). We found a decrease in

the number of branches at 60–120 μm from the soma in the

CCI group compared to the Sham group (p<0.05) (Figure 2A).

In addition, there was a decrease in the total number of

branches (42.60±5.35 μm - Sham vs 23.60±4.33 μm - CCI,

p=0.0317, U=2.00, p<0.05, n = 5 – number of animals) and the

total length of the neurites (1971.43±254.54 μm - Sham vs

1198.51±166.49 μm -CCI, p=0.0317, U=2.00, p<0.05, n = 5 –

Figure 1 Behavioral effects of neuropathic pain. (A) The dynamics of hot allodynia: the moment of hind paw lifting above the hot plate (+48°C) for the 1-min observation,

mean±SEM, n=20 (number of animals), ***p<0.001. (B) The dynamics of cold allodynia: the moment of hind paw lifting above the cold plate (+4°C) for the 1-min

observation, mean±SEM, n=20 (number of animals), ***p<0.001. (C) The dynamics of mechanical hyperalgesia: the moment of flexor response of the toes after paw

compression, mean±SEM, n=20 (number of animals), ***p<0.001. (D) Spontaneous locomotor activity in “open field”, mean±SEM, n=20 (number of animals), *p=0.045,

***p=0.0004. (E) The step-through latency for animals to enter the dark compartment in passive avoidance test, mean±SEM, n=20 (number of animals), *p=0.0147. (F)
Spontaneous alternation rate in Y-maze, mean±SEM, n=20 (number of animals), *p=0.0147.
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number of animals) (Figure 2B). In the CCI group, we observe

increased branching in the basal dendrites of pyramidal CA1

neurons at 95–105 µm from the soma (p<0.05) (Figure 2C). At

the same time, the total number of branches and the total

length of basal dendrites in the CCI group did not significantly

change (Figure 2D).

Evaluation of the spines’ density in the dendrites of CA1

pyramidal neurons showed a significant decrease in the CCI

group (19.20±1.95 - Sham vs 11.21±1.34 - CCI Spines/10

μm, p=0.0014, U=35.00, n = 15 – number analyzed neurons).

A decrease in the number of mushroom spines was also

observed (6.31±0.10 - CCI vs 2.63±0.46 - Sham, p<0.0001,

U=18.00, n = 15 – number of analyzed neurons) (Figure 2G

and K).

DG Granule Neurons

An increased number of granule DG neurons dendritic

branches in the CCI group was observed at a distance of

105–140 μm from the soma (p<0.05) (Figure 2E and J). At

the same time, the total number of branches in the CCI group

was increased compared to Sham (17.60±4.13 - Sham vs

47.25±9.20 - CCI, p=0.0159, U=0.00, n = 5 – number of

animals). The total length of dendrites in DG granule neurons

in the CCI group was also increased: 1107.96±105.52 - Sham
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Figure 2 The results of dendrite Sholl analysis and spines density measurement. (A) Number of intersections along the apical dendritic trees at all distances from the soma

in CA1 pyramidal neurons, Mean ± SEM, n=5 (number of animals). (B) The total number of branches (left, *p=0.0317) and the total length of apical dendrites (right,

*p=0.0317) of CA1 pyramidal neurons, n=5 (number of animals). (C) The number of intersections along the basal dendritic trees at all distances from the soma of CA1

pyramidal neurons, n=5 (number of animals). (D) The total number of branches (left, p=0.22) and the total length of basal dendrites (right, p=0.84) of CA1 pyramidal

neurons, n=5 (number of animals). (E) Number of Sholl intersections along the basal dendritic trees at all distances from the soma of DG granule neurons, n=5 (number of

animals). (F) The total number of branches (left, *p=0.0159) and the total length of dendrites (right, *p=0.0159) of DG granule neurons, n=5 (number of animals). (G)

Density of CA1 pyramidal neurons dendritic spines: total – left (**p=0.0014), mushroom – right (***P<0.0001), n=15 (number of analyzed neurons). (H) Density of DG

granule neurons dendritic spines: total – left (*p=0.0283), mushroom – right (**p=0.006), n=15 (number of analyzed neurons). (I) The images of CA1 pyramidal neurons

stained by the Golgi-Cox method from the Sham (upper) and CCI (lower) groups. (J) The images of DG granule neurons stained by the Golgi-Cox method from Sham

(upper) and CCI (lower) groups. (K) The images of dendritic spines in the CA1-region and DG in Sham (left) and CCI (right) groups.
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vs 1713.46±259.24 - CCI, p=0.0159, U=1.00 (n = 5 – num-

ber of animals) (Figure 2F). Evaluation of the spine’s density

on dendrites of granule DG neurons showed an increase in

the total number of spines (9.61±0.67 - Sham vs 11.54±0.66 -

CCI, p=0.0283, U=64.00, n = 15 – number analyzed neu-

rons) and a decrease in the number of mushroom spines (5.12

±0.50 - Sham vs 3.36±0.50 - CCI, p=0.006, U=41.50, n = 15

(number analyzed neurons) (Figure 2H and K).

Hippocampal Protein Expression
An immunohistochemical study of hippocampal protein

expression revealed a decrease in the AMPARs expression in

both the CA1 area (10.56±1.02- Sham vs 6.02±1.24 - CCI,

p=0.0185, U=19.00, n = 10, number of animals) and the DG

(3.71±0.32- Sham vs 1.91±0.27 - CCI, p=0.0006, U=10.00,

n = 10, number of animals) (Figure 3A and C). In addition, an

increase in the Arc protein production in the hippocampal DG

was observed. A significant increase of Arc positive neurons

was observed in the upper DG blade of the DG (770.94

±103.75 - Sham vs 1406.21±216.44 - CCI, p=0.0316,

U=120.00, n = 10, number of animals). At the same time, no

significant increase was observed in the lower bade (Figure 3B

and D). The results of Arc protein quantification by IHC were

confirmed by ELISA data, where a whole hippocampus was

used for analysis (Figure 3F). However, ELISA reveled no

significant decrease of AMPARs in the hippocampus

(Figure 3E). As a result of endocytosis, a decrease in the

density of receptors occurs only on the surface of the cell

membrane. In this regard, we detected a decrease in the

AMPARs density only by the IHC method.

Discussion
This study aims to evaluate neuronal plasticity in the hippo-

campi of mice with neuropathic pain. We found an increase in

hippocampal Arc production. Arc protein accumulates rapidly

with increasing neuronal activity,11 however, in our study, the

presence of neuropathic pain led to a constantly increased level

of this protein. The role of Arc in LTD and elimination of

synapses is known, namely Arc translation regulates LTD

induced by group 1 metabotropic glutamate receptors through

AMPA-receptor endocytosis.4,45 A decrease in the density of

AMPARs on the surface of DG granule neurons due to endo-

cytosis, which, in turn, leads to a decrease in AMPA-mediated

currents,44 is probably associated with an increase in Arc

Figure 3 Hippocampal protein expression in Sham and CCI mice. Representative images of AMPARs (A) and Arc protein (B) immunohistochemical staining, Scale bar: 250

microns. (C) The percentage of area covered by AMPARs-positive staining within the hippocampal CA1 (*p=0.0185) and DG areas (**p=0.0006) of Sham-operated and CCI

mice, %, n=10 (number of animals). (D) The percentage of area covered by Arc-positive staining within the hippocampal DG (*p=0.0316) of Sham-operated and CCI mice, %,

n=10 (number of animals). (E) The hippocampal AMPARs expression, n=15 (number of analyzed samples), p=0.067. (F) The hippocampal Arc expression, n=15 (number of

analyzed samples), *p=0.04.
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production. AMPARs are of particular importance for altering

the synaptic strength, as they mediate most of the fast excita-

tory synaptic transmission.10 Arc protein can regulate the

number of postsynaptic glutamate receptors in postsynaptic

density, the area of dendritic spines receiving presynaptic

input. This submembrane protein network consists of cytoske-

letal proteins, adhesion and signaling molecules.42 Thus, Arc

protein, being regulated by neuronal activity and bound to the

cytoskeleton proteins, link the synaptic activity and structural-

functional plasticity of neurons. Similar changes underlie the

detected behavioral effects. We found a peripheral neuro-

trauma-induced long-term memory loss. The disturbances of

nonspatial processing in neuropathic pain indicates the invol-

vement of the lateral EC neurons that terminate on the DG

dendrites. Long-term memory is based on the modulation of

synaptic connections and functional strengthening of existing

synapses in response to significant impact.33 These processes

are based on a change in dendritic spines morphology and

trafficking ofAMPARs. In addition toAMARs internalization,

Arc induction changes the density of dendritic spines in DG

granule neurons. We observe an increase in the total spines’

density of DG granule cells dendrites with a simultaneous

decrease in the density of mushroom spines, which can be

achieved by increasing the density of thin spines. A similar

picture was observed in a study by Peebles et al,32 where Arc

increased spine density and regulated spine morphology by

increasing the proportion of thin spines. It isworth noting that it

is the mushroom spines that are responsible for the “storage of

memories”. This type of spine has a greater synaptic strength

since it carries a greater number of AMARs and has a higher

postsynaptic density.7 While thin spines constantly appear and

disappear in response to a change in synaptic activity.19

In addition, we observe decrease in the number of

branches and the total length of the CA1 pyramidal neurons

apical dendrites. Dendritic atrophy is characteristic of many

neurological pathologies associated with chronic stress.22,39

Such morphological changes are based on a decrease in

AMPARs expression, impaired LTP2 and a decrease in exci-

tatory synaptic transmission to CA1 hippocampal neurons.37

A change in the dendritic tree morphology in the CA1

pyramidal neurons are associated with the observed distur-

bances of spatial orientation. Impaired working memory in

CCI animals and the underlying morphological changes in

the CA1 region dendritic tree results from the presence of

direct axonal projections from layer III of the medial EC to

the CA1 hippocampal area. The EC layer III inputs to the

hippocampus is known to play a critical role in spatial work-

ing-memory tasks.23,41 This input as well as axons going

from the EC layer II to the DG dendrites are the major

input pathways of sensory information entering the

hippocampus.26 The second input is critical for both spatial

and nonspatial tasks, including memorizing objects, events,

and contextual representation.13,28 The participation of these

inputs in the pain signal transmission is evidenced by the

observed long-term memory violations and other behavioral

abnormalities demonstrated by several studies. For instance,

a study by Mutso et al,29 demonstrates inability to extinguish

context fear conditioning in animals with a spared nerve

injury, and Cardoso-Cruz et al 2018 shows impaired working

memory in rats after the sciatic nerve injury. In response of

pain information input into the DG, the number of branches

and the total dendritic length increases. We do not exclude

the possibility that an increase in the length and complexity

of dendrites in the DG granule neurons occurs as

a compensatory reaction to a decrease in the number of

newly formed DCX+ neurons and a decrease in hippocampal

neurogenesis, which we observed earlier in neuropathic pain

animals.29,35,43 An increase in the dendritic tree complexity

with a decrease in hippocampal neurogenesis explains the

absence of short-term memory impairment. In addition, it is

known that pathologies accompanied by chronic stress,20,40

including chronic neuropathic pain, are characterized by

increased GABA release within the hippocampus.36 A local

GABA increase in the hippocampal DG can induce the

granule neuron arborization.15,18

Conclusions
Thus, we found that pain information entering the hippo-

campus causes neuroplastic changes. The abnormalities in

neurite arborization, dendritic length and dendritic spines

morphology are observed within the hippocampal regions

involved in the processing of pain information. Moreover,

changes in the dendrite morphology within the hippocam-

pal subregions are different due to the anatomical and

functional heterogeneity of the hippocampus. The detailed

mechanisms of the revealed morphological changes are yet

to be studied. However, it is clear that the key role is

played by the Arс protein, participating in glutamatergic

transmission and providing a link between synaptic activ-

ity and the structural-functional plasticity of neurons.

Abbreviations
CCI, chronic constriction injury; AMPA, α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid; ELISA, enzyme-linked

immunosorbent assay; DG, dentate gyrus; IHC, immunohisto-
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