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Abstract

Background: Chronic pain can adversely affect cognitive functions such as learning, memory, and attention. However, the

precise mechanisms underlying cognitive impairment in chronic pain remain elusive.

Objectives: This study aims to investigate the impact of chronic pain induced by unilateral ureteral obstruction (UUO) on

hippocampal neurons.

Methods: In the current case-control study, 27 male Wistar rats (230 - 280 g) were randomly assigned to three groups: 1-sham, 2-

UUO, and 3-UUO treated with naloxone (i.p.; 1 mg/kg for 5 days). Following transcardial perfusion, the rats' brains were removed,

and histological studies were performed to count the number of neurons using an optical microscope. Concurrently, TNF-α and

nerve growth factor (NGF) levels were measured in brain tissue homogenate.

Results: The mean number of neurons in the CA1 region of the animals in the UUO group was 68.11 ± 1.34, which showed a

significant decrease compared to the mean number of neurons in the sham-operated group (114.1 ± 1.77; P < 0.0001). In contrast,

the mean number of neurons in the CA1 region of the UUO with naloxone group showed a significant increase compared to the

animals in the UUO group (73.44 ± 1.37; P < 0.0001). TNF-α was 264.3 ± 2.6 pg/mL in the UUO animals and decreased significantly

in the UUO animals treated with naloxone (P = 0.001). However, NGF was 115.2 ± 2.9 pg/mL in UUO animals and increased

significantly in the UUO with naloxone group (P < 0.01).

Conclusions: Unilateral ureteral obstruction, through inducing chronic pain and inflammation, resulted in

neurodegeneration in the CA1 region of the hippocampus. The use of naloxone, an opioid antagonist, immediately after the

surgery was able to provide neuronal protection and an anti-inflammatory effect.

Keywords: Pain, Hippocampus, Neurodegeneration, Naloxone, Inflammation

1. Background

The brain's capacity to store, maintain, and retrieve

information is referred to as memory (1). Learning

involves the neural mechanisms by which a person

changes their behavior as a result of an experience,

while memory refers to the storage mechanism of

learned information (2). Physiologically, long-term

memory is categorized into two types: explicit and

conceptual (3). Explicit or declarative memory is

accompanied by awareness and is created as a result of

conscious effort (4). Explicit memory is necessary to

perform activities. Conceptual or non-declarative

memory is created as a result of direct experience and

does not require conscious processes (5).

Memory disorders occur as a result of the destruction

of neuroanatomical structures in the hippocampus,

which prevents the storage, maintenance, and recall of

memories (6). Memory disorders can be progressive,

such as in Alzheimer's disease (AD), or temporary, like

those caused by a blow to the head. Additionally, factors

such as stress, pain (6), and stroke can lead to memory

deterioration (7).

In chronic diseases where a person experiences pain

for a long time, various psychological disorders can

occur, affecting the processes of learning and memory.

One such disease is ureteral obstruction. Several factors
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can cause unilateral or bilateral ureteral obstruction,

including kidney stones and severe constipation, which

mainly occurs in children (8).

Given the importance of enhancing the quality of life

for individuals enduring chronic pain, such as from

ureteral obstruction, and exploring the effect of pain on

the hippocampal neuronal structure, this research was

undertaken.

2. Objectives

Our objective is to quantify the number of neurons in

the CA1 region and evaluate neuroinflammation in

animal models of unilateral ureteral obstruction (UUO).

Notably, the impact of pain and endorphins following

ureteral obstruction on CA1 pyramidal cells has not been

previously investigated.

3. Methods

In the current case-control study, 27 male Wistar rats

weighing 230 - 280 g were obtained from the animal

facility at Ilam University. They were acclimated to the

new environment for one week in the animal house of

Ilam University of Medical Sciences and randomly

divided into three groups: (1) Sham group (n = 9), (2)

UUO group (n = 9), and (3) UUO treated with naloxone IP

injection (UUO + NA; n = 9). The study protocol was

approved by the ethics committee of Ilam University of

Medical Sciences under approval code:

IR.MEDILAM.AEC.1401.003. All animals received

appropriate care according to the criteria outlined in

the Guide for the Care and Use of Laboratory Animals

announced by National Institutes of Health.

3.1. Surgery

Unilateral ureteral obstruction, resulting in

complete obstruction of the ureter, was performed

under general anesthesia induced by using ketamine

and xylazine (80/20 mg/kg). In the UUO group, the left

renal ureter was separated from its surrounding tissues

via an abdominal incision and then obstructed using

two knots (0.4 suture thread) to ensure complete

obstruction. The surgical site was then sutured using 0.4

thread. In the sham group, the surgical procedure was

performed without ureteral obstruction. Rats in both

the sham-operated and UUO groups were kept in the

animal facility for five days post-surgery without further

intervention.

In the case of the UUO + NA group, following

anesthesia induction, left ureteral obstruction surgery

was performed. Subsequently, the rats in this group

received naloxone at a dose of 1 mg/kg body weight (i.p;

8 am) for five consecutive days post-surgery. Briefly, six

days after ureteral obstruction surgery, five rats from

each group were anesthetized using ketamine (150

mg/kg) and perfused transcardially with 4%

paraformaldehyde in PBS solution. The rat brains were

then fixed in paraformaldehyde solution and

paraffinized.

3.2. Sectioning

Brain slices with a thickness of 20 µm were cut using

a microtome three days later. All sections were placed on

gelatin-covered slides, and tissue staining was done

using the Nissl method.

3.3. Cresyl Violet Acetate Solution

To prepare a 0.1% solution, 0.1 g of cresyl violet was

added to 100 mL of distilled water. A few drops of glacial

acetic acid were added before use. The solution was then

warmed and filtered for optimal results.

3.4. Nissl Staining Protocol

Initially, the tissue underwent deparaffinization with

xylene (10 min, 2x) to eliminate embedding wax,

followed by rehydration using 100% alcohol (5 min, 2x).

This is followed by subsequent washes in 95% alcohol (3

min) and 70% alcohol (3 min), and then a rinse in

distilled water (5 - 8 min). Staining was achieved with

cresyl violet (2 - 5 min). Excess dye was then removed

with distilled water and alcohol. Dehydration follows

with 95% alcohol (2 - 8 min), 100% alcohol (5 min, 2x), and

finally, xylene (5 min, 2x), preparing the tissue for

mounting on slides.

3.5. Counting the Number of Neurons in the CA1 Area of the
Hippocampus

Slices were collected from the areas between -3.3 to

-4.5 behind the bregma. At least three slides were

prepared from each rat, with three to five sections

placed on each slide. For each section, three visual fields

were observed under 40x magnification using an

optical microscope.
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3.6. Criteria for Neural Counting

Each neuron with an intact cell membrane and an

obvious nucleus was counted as a healthy, preserved

neuron and counted in the specified area.

3.7. Biochemistry Analysis

3.7.1. Sample Preparation

Six days after surgery, four rats in each group were

anesthetized with ketamine (150 mg/kg) and xylazine (15

mg/kg). The skull was detached, and the brain tissue was

immediately removed for brain homogenate

preparation. TNF-α and nerve growth factor (NGF) levels

were measured colorimetrically using the brain tissue

homogenate. Samples were kept in a freezer at -80°C

until use.

3.7.2. TNF Alpha

The TNF-α ELISA Kit (ab100785; USA) was used to

quantitatively measure TNF-α in brain homogenate. We

followed the manufacturer's protocol, which is briefly

summarized here. The assay had a sensitivity of 25

pg/mL, with a detection range of 82.3 - 20,000 pg/mL.

Standards and samples were pipetted separately into

the wells. After washing the wells, biotinylated anti-Rat

TNF alpha antibody was added. HRP-conjugated

streptavidin was then pipetted into the wells. The TMB

substrate solution was added, and the color

development, which was proportional to the amount of

TNF-α, was measured at 450 nm.

3.7.3. NGF

The nerve growth factor ELISA kit (ABIN6958065; USA)

was utilized to quantitatively detect NGF in rat brain

homogenate. The assay had a detection range of 15.6 -

1000 pg/mL. Briefly, 100 μL of standards or samples were

added to each well and incubated for an hour at 37°C.

After incubation, 100 μL of detection reagent A was

added and incubated at 37°C, followed by washing three

times. This was followed by a 30-minute incubation with

detection reagent B at 37°C. The wells were then

incubated with the substrate for 15 minutes at 37°C,

followed by the addition of the stop solution. Finally, the

product was read at 450 nm immediately.

3.8. Statistical Analysis

The data were analyzed using Prism GraphPad (VI)

software. Group comparisons were made using the

Student's t-test followed by the Mann-Whitney post-test.

The results were presented as mean ± SEM, with

significance defined as P < 0.05 at a 95% confidence level.

4. Results

4.1. Unilateral Ureteral Obstruction Model

In UUO animals, the mean weight was 259.4 ± 4.36 g

before surgery and changed to 230.2 ± 3.3 g at the end of

the experiment. However, the mean weight in sham-

operated animals was 256 ± 4.5 g before the experiments

and changed to 265 ± 4.7 g at the end (approximately 11%

weight loss in UUO animals).

4.2. The Average Number of Neurons in the CA1 Region

Brain slices were studied at distances between -3.3

and -4.5 behind the bregma, and the injection site is

shown for the three groups in Figure 1. Neurons were

counted in a blind manner. As shown in Figure 2, the

mean number of neurons in the CA1 region was 68.11 ±

1.34 in the UUO group, 114.1 ± 1.77 in the sham-operated

group, and 73.44 ± 1.37 in the UUO animals receiving

naloxone.

The mean number of neurons in the CA1 region in

UUO animals showed a significant decrease compared

to the sham-operated group (P < 0.0001). Similarly, the

mean number of neurons in the CA1 region in the UUO

group receiving naloxone showed a significant decrease

compared to the sham group animals (P < 0.0001).

However, it is worth mentioning that the comparison of

the mean number of neurons in the CA1 region in the

UUO group receiving naloxone to the lesioned animals

showed a significant increase (P < 0.0001).

4.3. TNF-α

The TNF-α measurements are presented in Figure 3. In

the sham group, TNF-α levels were 97.7 ± 1.7 pg/mL, while

in the UUO group, this value was 264.3 ± 2.6 pg/mL,

indicating a significant increase in the latter compared

to the sham group (P < 0.0001). Furthermore, TNF-α
levels were 133.17 ± 2.6 pg/mL in the UUO animals that
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Figure 1. The area of the CA1 region in the hippocampus of animals is shown; A, sham; B, UUO; and C, UUO + Naloxone. * Shows the pyramidal cells in the counted area. Image
magnification is 40x.

Figure 2. The mean number of neurons counted in the CA1 region of the hippocampus in different groups. Sham group, unilateral ureteral obstruction group: UUO, unilateral
ureteral obstruction animals receiving Naloxone: UUO + Naloxone. * UUO group vs. UUO + Naloxone group: P < 0.0001. ** Sham group vs. UUO group and UUO + Naloxone group:
P < 0.0001.

received naloxone, showing a significant decrease

compared to the UUO animals (P = 0.001).

4.4. NGF

The level of NGF is shown in Figure 4. In the sham

group, it was 384.8 ± 4.6 pg/mL, which significantly

decreased in the UUO group to 115.2 ± 2.9 pg/mL (P =

0.001). However, the NGF level in the UUO + naloxone

group was 213.1 ± 1.8 pg/mL, showing a significant

increase compared to the UUO animals (P < 0.01).

5. Discussion

Our findings suggest that the UUO rat model could

induce neurodegeneration in the hippocampus, while

naloxone injection could ameliorate both

neurodegeneration and inflammation in the animals.

The hippocampus plays an important role in memory

formation by providing a spatio-temporal framework in

which the various sensory, emotional, and cognitive

components of an experience are linked together (9).
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Figure 3. TNF-α level in brain homogenate of animals in Sham, UUO and UUO+NA. TNF-α is increased significantly in UUO group vs. sham (P < 0.0001), and it was significantly
decreased in UUO+NA vs. UUO group; P = 0.001.

The hippocampus is highly susceptible to damage

from conditions such as epilepsy, hypoxia, ischemia, or

encephalitis (10). Studies involving patients with

hippocampal lesions have demonstrated that the main

function of the hippocampus and its adjacent brain

areas is to support the creation of new memories that

can be transferred to conscious awareness (11). The

signal transmission path for memory consolidation in

the hippocampus extends from the entorhinal cortex to

the dentate gyrus and continues to CA3 and CA1 (12).

Therefore, damage to these areas of the hippocampus,

as observed in AD, can affect learning and memory (13,

14).

Another factor that can influence the memory

process is chronic pain. Research conducted in 2017

clearly stated that chronic pain can reduce cognitive

ability and memory in affected individuals (15). Patients

with chronic pain often complain of impairments in

working memory and long-term memory (16). Chronic

pain selectively affects memory processes that require

more attention, such as working memory and recall in

long-term memory (17).

The hippocampus and/or amygdala likely also play a

role in chronic pain and are exposed to pain-induced

plasticity (18). Animal models of pain are generated to

mimic human pain experiences (19). Typically, small

animals like mice and rats are utilized in these models.

Acute pain is described as lasting for seconds to hours,

while chronic pain persists for several days in these

animal models (19, 20). In our study, we induced

complete ureteral obstruction in the UUO animal model

to replicate the intense abdominal pain or flank pain

caused by different issues such as kidney stones (21).

Since in UUO the pain persisted for several days, this

model matches chronic pain. However, animals cannot

communicate their pain experience like humans,

leading to difficulties in assessing pain levels.

Clinical experience shows that there is an anatomical

overlap between chronic pain and the learning and

memory process (22). Expecting the imminent

occurrence of pain activates the amygdala and

hippocampus, and as soon as pain occurs, the activity of

the amygdala decreases, but the activity of the

hippocampus remains high (22-24).
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Figure 4. NGF level is measured in brain homogenate of animals in Sham, UUO and UUO+NA. NGF is decreased significantly in UUO group vs. sham (P = 0.001), and is
significantly preserved in UUO+NA vs. UUO group; (P < 0.01).

In the present study, the mean number of neurons in

the CA1 region in animals with UUO and chronic pain

showed a significant decrease compared to the sham

group. Additionally, other studies conducted by Schmidt

in 2008 showed a reduction in grey matter in the

amygdala region and several regions of the cerebral

cortex in patients with chronic migraine compared to

healthy individuals (25).

Furthermore, it has been reported that in patients

with chronic pain, the volume of the bilateral

hippocampus decreases significantly (26). All the

mentioned studies are in line with the findings of the

present research. Most studies on the relationship

between chronic pain and memory processes have been

conducted in non-visceral pain conditions such as

neuropathic pain, migraine headaches, and chronic

muscle pain (16, 27). In the present study, with the

induction of the UUO model, chronic visceral pain was

developed. The presence of pain in the UUO animal

model is evidenced by symptoms such as weight loss,

anorexia, and reduced social exploration in animals (28,

29). Our results showed anorexia and approximately 11%

weight loss in animals undergoing UUO.

Pain stimulus increases pyramidal cell activity in the

hippocampus and might be one of the mechanisms

causing neurodegeneration in the CA1 region in chronic

pain (30). The endogenous opioid system serves as the

innate pain-relieving system and releases beta-

endorphin, met-enkephalins, leu-enkephalins, and

dynorphins (31). These opioids act via receptors known

as mu, delta, and kappa. Like their endogenous

counterparts, opioid drugs act on these receptors to

produce analgesia or pain relief effects (32).

Naloxone hydrochloride, a synthetic N-allyl

derivative of oxymorphone, functions as a pure opioid

antagonist capable of blocking the effects of

endogenous and exogenous opioids (33). It appears that

naloxone exerts its antagonistic activity across all three

opioid receptors. The effects of oral naloxone are

initiated within 15 minutes and can last up to 24 hours

(33). It has been reported that endorphins block

inhibitory interneurons by binding to mu and delta
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receptors, increasing input to pyramidal cells, and

enhancing their activity in the CA1 region (33).

Therefore, it seems that naloxone diminishes the

increase in impulses entering the hippocampus by

blocking the effect of endogenous endorphins at the

hippocampal level, potentially inducing its

neuroprotective effect in this manner (34). Moreover,

endorphins at the spinal level reduce pain impulse

signaling to higher levels, thus diminishing pain

transmission (34). Consequently, endorphins may

induce a dual effect in neuronal damage/protection

following pain, yet their impact at the hippocampal

level appears to lean towards neurodegeneration rather

than neuroprotection (33), with naloxone exerting its

neuroprotective effect through inhibiting this pathway.

Nonetheless, naloxone may induce neuroprotective

effects through alternative mechanisms as well (35, 36).

A study from 2021 revealed that naloxone has the

capacity to diminish inflammatory responses by

reducing the generation of inflammatory agents such as

NO, TNF-α, IL-1β, IL-6, and COX-2, consistent with our

recent investigation (37). Suppression of inflammatory

pathways is crucial in averting neurodegeneration and

modulating microglial activity across various brain

regions. Naloxone achieves this effect by inhibiting ATP-

dependent potassium channels (37).

Moreover, it has been observed that naloxone can

protect the brain from neurotoxicity by reducing NOX

activity and the production of reactive oxygen species

(ROS) (35). Additionally, it exerts an antioxidative

influence, counteracting the escalation of free radical

production in the brain and mitigating cell death

induced by apoptosis (35). Our current research aligns

with prior studies exploring naloxone's protective

effects on the brain, with the collective findings

corroborating the results of our present investigation.

5.1. Conclusions

Our findings indicate that UUO induced

neurodegeneration in the CA1 region of the

hippocampus due to chronic pain in animals. The use of

naloxone as an opioid antagonist immediately after

UUO appeared to induce a neuroprotective effect in the

CA1 region by blocking mu and delta receptors,

inhibiting ATP-dependent potassium channels,

scavenging free radicals, and reducing cytotoxicity.

Pain control in the context of human clinical

conditions is crucial to prevent the possibility of

neurodegeneration, which may persist as brain insults.

This effect may be more pronounced in patients

experiencing recurrent renal colic episodes. Therefore, it

is essential to conduct human clinical studies and

employ translational research methods alongside

animal research to gain a better understanding of the

exact mechanisms and outcomes of pain-induced

neurodegeneration in the hippocampus.

Acknowledgements

Our thanks go to National Institute for Medical

Research Development (NIMAD) for its financial support

in the current investigation.

Footnotes

Authors' Contribution: Conception and design of the

work, MB & SS; model development, MM; data collection,

MB and SS; data analysis and interpretation, SS and MB;

drafting the article, MB; final approval of the version to

be published, MB, SS, MM.

Conflict of Interests Statement: Authors declared no

conflict of interests.

Data Availability: Data is available in case of request.

Ethical Approval: This study is approved under the

ethical approval code IR.MEDILAM.AEC.1401.003 .

Funding/Support: Totally support by the first and

corresponding authors.

References

1. Rolls ET. The storage and recall of memories in the hippocampo-

cortical system. Cell Tissue Res. 2018;373(3):577-604. [PubMed ID:

29218403]. [PubMed Central ID: PMC6132650].

https://doi.org/10.1007/s00441-017-2744-3.

2. Levy MN, Koeppen BM, Stanton BA. Berne & Levy Principles of

Physiology. Amsterdam, Netherlands: Elsevier Health Sciences; 2005.

3. Vianna MR, Izquierdo LA, Barros DM, de Souza MM, Rodrigues C,

Sant'Anna MK, et al. Pharmacological differences between memory

consolidation of habituation to an open field and inhibitory

avoidance learning. Braz J Med Biol Res. 2001;34(2):233-40. [PubMed

ID: 11175499]. https://doi.org/10.1590/s0100-879x2001000200011.

4. Barrett K, Barman SM, Boitano S, Brooks H. Blood as a Circulatory

Fluid & the Dynamics of Blood & Lymph Flow. In: Barrett K, Barman

SM, Boitano S, Brooks H, editors. Ganong’s Review of Medical

Physiology. Access Medicine; 2010. p. 521-54.

https://ethics.research.ac.ir/ProposalCertificateEn.php?id=255880
http://www.ncbi.nlm.nih.gov/pubmed/29218403
https://www.ncbi.nlm.nih.gov/pmc/PMC6132650
https://doi.org/10.1007/s00441-017-2744-3
http://www.ncbi.nlm.nih.gov/pubmed/11175499
https://doi.org/10.1590/s0100-879x2001000200011


Salari S et al.

8 Arch Neurosci. 2024; 11(3): e146019.

5. Bagheri M, Joghataei MT, Mohseni S, Roghani M. Genistein

ameliorates learning and memory deficits in amyloid beta(1-40) rat

model of Alzheimer's disease. Neurobiol Learn Mem. 2011;95(3):270-6.

[PubMed ID: 21144907]. https://doi.org/10.1016/j.nlm.2010.12.001.

6. Quillfeldt JA. Behavioral Methods to Study Learning and Memory in

Rats. In: Andersen ML, Tufik S, editors. Rodent Model as Tools in Ethical

Biomedical Research. New York City: Springer; 2016. p. 271-311.

https://doi.org/10.1007/978-3-319-11578-8_17.

7. Huot-Lavoie M, Ting WK, Demers M, Mercier C, Ethier C. Impaired

Motor Learning Following a Pain Episode in Intact Rats. Front Neurol.

2019;10:927. [PubMed ID: 31507526]. [PubMed Central ID:

PMC6718695]. https://doi.org/10.3389/fneur.2019.00927.

8. Moerman P, Fryns JP, Goddeeris P, Lauweryns JM. Pathogenesis of the

prune-belly syndrome: a functional urethral obstruction caused by

prostatic hypoplasia. Pediatrics. 1984;73(4):470-5. [PubMed ID:

6231520].

9. Brennan PA, Standring S, Wiseman S. Gray's Surgical Anatomy.

Amsterdam, Netherlands: Elsevier Health Sciences; 2019.

10. Palomero-Gallagher N, Kedo O, Mohlberg H, Zilles K, Amunts K.

Multimodal mapping and analysis of the cyto- and

receptorarchitecture of the human hippocampus. Brain Struct Funct.

2020;225(3):881-907. [PubMed ID: 31955294]. [PubMed Central ID:

PMC7166210]. https://doi.org/10.1007/s00429-019-02022-4.

11. Patel A, Biso GMNR, Fowler JB. Neuroanatomy, temporal lobe. Treasure

Island, FL: StatPearls; 2021.

12. Ginsberg SD. Alterations in discrete glutamate receptor subunits in

adult mouse dentate gyrus granule cells following perforant path

transection. Anal Bioanal Chem. 2010;397(8):3349-58. [PubMed ID:

20577723]. [PubMed Central ID: PMC3149099].

https://doi.org/10.1007/s00216-010-3826-1.

13. Lisman J, Buzsaki G, Eichenbaum H, Nadel L, Ranganath C, Redish AD.

Viewpoints: how the hippocampus contributes to memory,

navigation and cognition. Nat Neurosci. 2017;20(11):1434-47. [PubMed

ID: 29073641]. [PubMed Central ID: PMC5943637].

https://doi.org/10.1038/nn.4661.

14. Herreras O, Solis JM, Herranz AS, Martin del Rio R, Lerma J. Sensory

modulation of hippocampal transmission. II. Evidence for a

cholinergic locus of inhibition in the Schaffer-CA1 synapse. Brain Res.

1988;461(2):303-13. [PubMed ID: 3179719]. https://doi.org/10.1016/0006-

8993(88)90260-0.

15. Knierim JJ. The hippocampus. Curr Biol. 2015;25(23):R1116-21. [PubMed

ID: 26654366]. https://doi.org/10.1016/j.cub.2015.10.049.

16. Whitlock EL, Diaz-Ramirez LG, Glymour MM, Boscardin WJ, Covinsky

KE, Smith AK. Association Between Persistent Pain and Memory

Decline and Dementia in a Longitudinal Cohort of Elders. JAMA Intern

Med. 2017;177(8):1146-53. [PubMed ID: 28586818]. [PubMed Central ID:

PMC5588896]. https://doi.org/10.1001/jamainternmed.2017.1622.

17. Higgins DM, Martin AM, Baker DG, Vasterling JJ, Risbrough V. The

Relationship Between Chronic Pain and Neurocognitive Function: A

Systematic Review. Clin J Pain. 2018;34(3):262-75. [PubMed ID:

28719507]. [PubMed Central ID: PMC5771985].

https://doi.org/10.1097/AJP.0000000000000536.

18. Gu Z, Yakel JL. Timing-dependent septal cholinergic induction of

dynamic hippocampal synaptic plasticity. Neuron. 2011;71(1):155-65.

[PubMed ID: 21745645]. [PubMed Central ID: PMC3134790].

https://doi.org/10.1016/j.neuron.2011.04.026.

19. Abboud C, Duveau A, Bouali-Benazzouz R, Masse K, Mattar J,

Brochoire L, et al. Animal models of pain: Diversity and benefits. J

Neurosci Methods. 2021;348:108997. [PubMed ID: 33188801].

https://doi.org/10.1016/j.jneumeth.2020.108997.

20. Ma C. Animal models of pain. Int Anesthesiol Clin. 2007;45(2):121-31.

[PubMed ID: 17426513]. https://doi.org/10.1097/AIA.0b013e31803419b1.

21. Fontenelle LF, Sarti TD. Kidney Stones: Treatment and Prevention. Am

Fam Physician. 2019;99(8):490-6. [PubMed ID: 30990297].

22. Goffer Y, Xu D, Eberle SE, D'Amour J, Lee M, Tukey D, et al. Calcium-

permeable AMPA receptors in the nucleus accumbens regulate

depression-like behaviors in the chronic neuropathic pain state. J

Neurosci. 2013;33(48):19034-44. [PubMed ID: 24285907]. [PubMed

Central ID: PMC3841460]. https://doi.org/10.1523/JNEUROSCI.2454-

13.2013.

23. Yang JX, Hua L, Li YQ, Jiang YY, Han D, Liu H, et al. Caveolin-1 in the

anterior cingulate cortex modulates chronic neuropathic pain via

regulation of NMDA receptor 2B subunit. J Neurosci. 2015;35(1):36-52.

[PubMed ID: 25568101]. [PubMed Central ID: PMC6605256].

https://doi.org/10.1523/JNEUROSCI.1161-14.2015.

24. Ziv M, Tomer R, Defrin R, Hendler T. Individual sensitivity to pain

expectancy is related to differential activation of the hippocampus

and amygdala. Hum Brain Mapp. 2010;31(2):326-38. [PubMed ID:

19790170]. [PubMed Central ID: PMC6870810].

https://doi.org/10.1002/hbm.20867.

25. Schmidt-Wilcke T, Ganssbauer S, Neuner T, Bogdahn U, May A. Subtle

grey matter changes between migraine patients and healthy

controls. Cephalalgia. 2008;28(1):1-4. [PubMed ID: 17986275].

https://doi.org/10.1111/j.1468-2982.2007.01428.x.

26. Mutso AA, Radzicki D, Baliki MN, Huang L, Banisadr G, Centeno MV, et

al. Abnormalities in hippocampal functioning with persistent pain. J

Neurosci. 2012;32(17):5747-56. [PubMed ID: 22539837]. [PubMed Central

ID: PMC3365570]. https://doi.org/10.1523/JNEUROSCI.0587-12.2012.

27. Schmidt-Wilcke T, Luerding R, Weigand T, Jurgens T, Schuierer G,

Leinisch E, et al. Striatal grey matter increase in patients suffering

from fibromyalgia--a voxel-based morphometry study. Pain. 2007;132

Suppl 1:S109-16. [PubMed ID: 17587497].

https://doi.org/10.1016/j.pain.2007.05.010.

28. Prieto-Carrasco R, Silva-Palacios A, Rojas-Morales P, Aparicio-Trejo OE,

Medina-Reyes EI, Hernandez-Cruz EY, et al. Unilateral Ureteral

Obstruction for 28 Days in Rats Is Not Associated with Changes in

Cardiac Function or Alterations in Mitochondrial Function. Biology

(Basel). 2021;10(7). [PubMed ID: 34356526]. [PubMed Central ID:

PMC8301354]. https://doi.org/10.3390/biology10070671.

29. Pitzer C, Kuner R, Tappe-Theodor A. Voluntary and evoked behavioral

correlates in inflammatory pain conditions under different social

housing conditions. Pain Rep. 2016;1(1). e564. [PubMed ID: 29392189].

[PubMed Central ID: PMC5741310].

https://doi.org/10.1097/PR9.0000000000000564.

30. Mokhtari T, Tu Y, Hu L. Involvement of the hippocampus in chronic

pain and depression. Brain Sci Adv. 2020;5(4):288-98.

https://doi.org/10.26599/bsa.2019.9050025.

31. Hill RG. Endogenous opioids and pain: a review. J R Soc Med.

1981;74(6):448-50. [PubMed ID: 7019439]. [PubMed Central ID:

PMC1438762]. https://doi.org/10.1177/014107688107400611.

32. Holden JE, Jeong Y, Forrest JM. The endogenous opioid system and

clinical pain management. AACN Clin Issues. 2005;16(3):291-301.

[PubMed ID: 16082232]. https://doi.org/10.1097/00044067-

200507000-00003.

33. Handal KA, Schauben JL, Salamone FR. Naloxone. Ann Emerg Med.

1983;12(7):438-45. [PubMed ID: 6309038].

http://www.ncbi.nlm.nih.gov/pubmed/21144907
https://doi.org/10.1016/j.nlm.2010.12.001
https://doi.org/10.1007/978-3-319-11578-8_17
http://www.ncbi.nlm.nih.gov/pubmed/31507526
https://www.ncbi.nlm.nih.gov/pmc/PMC6718695
https://doi.org/10.3389/fneur.2019.00927
http://www.ncbi.nlm.nih.gov/pubmed/6231520
http://www.ncbi.nlm.nih.gov/pubmed/31955294
https://www.ncbi.nlm.nih.gov/pmc/PMC7166210
https://doi.org/10.1007/s00429-019-02022-4
http://www.ncbi.nlm.nih.gov/pubmed/20577723
https://www.ncbi.nlm.nih.gov/pmc/PMC3149099
https://doi.org/10.1007/s00216-010-3826-1
http://www.ncbi.nlm.nih.gov/pubmed/29073641
https://www.ncbi.nlm.nih.gov/pmc/PMC5943637
https://doi.org/10.1038/nn.4661
http://www.ncbi.nlm.nih.gov/pubmed/3179719
https://doi.org/10.1016/0006-8993(88)90260-0
https://doi.org/10.1016/0006-8993(88)90260-0
http://www.ncbi.nlm.nih.gov/pubmed/26654366
https://doi.org/10.1016/j.cub.2015.10.049
http://www.ncbi.nlm.nih.gov/pubmed/28586818
https://www.ncbi.nlm.nih.gov/pmc/PMC5588896
https://doi.org/10.1001/jamainternmed.2017.1622
http://www.ncbi.nlm.nih.gov/pubmed/28719507
https://www.ncbi.nlm.nih.gov/pmc/PMC5771985
https://doi.org/10.1097/AJP.0000000000000536
http://www.ncbi.nlm.nih.gov/pubmed/21745645
https://www.ncbi.nlm.nih.gov/pmc/PMC3134790
https://doi.org/10.1016/j.neuron.2011.04.026
http://www.ncbi.nlm.nih.gov/pubmed/33188801
https://doi.org/10.1016/j.jneumeth.2020.108997
http://www.ncbi.nlm.nih.gov/pubmed/33188801
https://doi.org/10.1016/j.jneumeth.2020.108997
http://www.ncbi.nlm.nih.gov/pubmed/17426513
https://doi.org/10.1097/AIA.0b013e31803419b1
http://www.ncbi.nlm.nih.gov/pubmed/30990297
http://www.ncbi.nlm.nih.gov/pubmed/24285907
https://www.ncbi.nlm.nih.gov/pmc/PMC3841460
https://doi.org/10.1523/JNEUROSCI.2454-13.2013
https://doi.org/10.1523/JNEUROSCI.2454-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/25568101
https://www.ncbi.nlm.nih.gov/pmc/PMC6605256
https://doi.org/10.1523/JNEUROSCI.1161-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/19790170
https://www.ncbi.nlm.nih.gov/pmc/PMC6870810
https://doi.org/10.1002/hbm.20867
http://www.ncbi.nlm.nih.gov/pubmed/17986275
https://doi.org/10.1111/j.1468-2982.2007.01428.x
http://www.ncbi.nlm.nih.gov/pubmed/22539837
https://www.ncbi.nlm.nih.gov/pmc/PMC3365570
https://doi.org/10.1523/JNEUROSCI.0587-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/17587497
https://doi.org/10.1016/j.pain.2007.05.010
http://www.ncbi.nlm.nih.gov/pubmed/34356526
https://www.ncbi.nlm.nih.gov/pmc/PMC8301354
https://doi.org/10.3390/biology10070671
http://www.ncbi.nlm.nih.gov/pubmed/29392189
https://www.ncbi.nlm.nih.gov/pmc/PMC5741310
https://doi.org/10.1097/PR9.0000000000000564
https://doi.org/10.26599/bsa.2019.9050025
http://www.ncbi.nlm.nih.gov/pubmed/7019439
https://www.ncbi.nlm.nih.gov/pmc/PMC1438762
https://doi.org/10.1177/014107688107400611
http://www.ncbi.nlm.nih.gov/pubmed/16082232
https://doi.org/10.1097/00044067-200507000-00003
https://doi.org/10.1097/00044067-200507000-00003
http://www.ncbi.nlm.nih.gov/pubmed/6309038


Salari S et al.

Arch Neurosci. 2024; 11(3): e146019. 9

https://doi.org/10.1016/s0196-0644(83)80343-6.

34. Basbaum AI, Fields HL. Endogenous pain control mechanisms:

review and hypothesis. Ann Neurol. 1978;4(5):451-62. [PubMed ID:

216303]. https://doi.org/10.1002/ana.410040511.

35. Hsu YY, Jong YJ, Lin YT, Tseng YT, Hsu SH, Lo YC. Nanomolar naloxone

attenuates neurotoxicity induced by oxidative stress and survival

motor neuron protein deficiency. Neurotox Res. 2014;25(3):262-70.

[PubMed ID: 23893732]. https://doi.org/10.1007/s12640-013-9414-3.

36. Oliveras JL, Besson JM, Guilbaud G, Liebeskind JC. Behavioral and

electrophysiological evidence of pain inhibition from midbrain

stimulation in the cat. Exp Brain Res. 1974;20(1):32-44. [PubMed ID:

4602289]. https://doi.org/10.1007/BF00239016.

37. Tang Z, Shao X, Wu J, Chen H, Zhang A, Xu F, et al. Naloxone Protects

against Lipopolysaccharide-Induced Neuroinflammation and

Microglial Activation via Inhibiting ATP-Sensitive Potassium

Channel. Comput Math Methods Med. 2021;2021:7731528. [PubMed ID:

34373698]. [PubMed Central ID: PMC8349287].

https://doi.org/10.1155/2021/7731528.

https://doi.org/10.1016/s0196-0644(83)80343-6
https://doi.org/10.1016/s0196-0644(83)80343-6
http://www.ncbi.nlm.nih.gov/pubmed/216303
https://doi.org/10.1002/ana.410040511
http://www.ncbi.nlm.nih.gov/pubmed/23893732
https://doi.org/10.1007/s12640-013-9414-3
http://www.ncbi.nlm.nih.gov/pubmed/4602289
https://doi.org/10.1007/BF00239016
http://www.ncbi.nlm.nih.gov/pubmed/34373698
https://www.ncbi.nlm.nih.gov/pmc/PMC8349287
https://doi.org/10.1155/2021/7731528

