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Abstract: Neuropathic pain is a debilitating condition that is a product of nervous system damage or dysfunction.
Since the drugs prescribed by the physician provide partial pain relief to the patients. Hence, current updates for
its treatment are required. It is a global concern as neuropathic pain happens in many diseased conditions like can-
cer, trauma, surgery and diabetics, etc. Developed as well as developing countries are both trying to find suitable
medicine. Understanding the mechanisms behind it can be crucial for the effective treatment and management of
neuropathic pain. Central sensitization in the spinal cord and brain amplifies pain signals, increasing pain sensitiv-
ity even without tissue damage. Peripheral sensitization, at the injury site, sensitizes peripheral nerves, lowering
pain thresholds. Recognizing and studying these sensitizations are vital for understanding and managing chronic
neuropathic pain and improving patients’ quality of life. The present manuscript encompasses a mechanism and
model for neuropathic pain in animals with its advantages and disadvantages.
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1. Introduction

A painful condition that appears due to abnormalities in the somatosensory nervous system is called neuro-
pathic pain (NP), which can be recognized by dysesthesias and paresthesias-like conditions [1]. Allodynia (pain
in response to a stimulus that does not usually provoke pain) and hyperalgesia (an increased response to painful
stimuli that do not occur normally) are identified as hallmarks of NP (Figure 1). The exact population of patients
with NP is still unknown, but various published reports put an estimate between 100-560 million people globally
[2]. NP is highly associated with patients with long-standing diabetes, stroke, cancer, AIDS, herpes virus infection,
multiple sclerosis, and traumatic nerve injury. It is often associated with conditions like post-herniorrhaphy, sy-
ringomyelia, post-mastectomy, and Fabry neuropathy. Hence it is a state that occurs as a result of a multifactorial
pathological condition, and now it becomes a global challenge for medical sciences [3].

Currently used medications like non-steroidal anti-inflammatory drugs (NSAIDs) and opiates have attained
limited effectiveness or no response to treat NP [4]. Therefore, new treatment methods need to be investigated. It
is a bit difficult to evaluate NP in humans. The probable reason may be the use of stimuli, which causes irreversible
damage to the individual. In addition, it is also very difficult to select a large number of individuals for the reduction
of subject variability. Henceforth, to broaden the underlying mechanisms and find novel treatments for NP, an ideal
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animal model is needed, which must be validated as well as reproducible. Furthermore, it must enable researchers
to evaluate various sensory deficits of NP.
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Figure 1. Development of NP.

Various animal models have been established that mimic conditions of NP in terms of mechanisms as well
as symptoms, e.g., surgical models (chronic constriction injury (CCI), spinal nerve ligation, sciatic nerve transac-
tion model, diabetes-induced NP models (streptozotocin and high-fat diet); post-herpetic neuralgia models; drug-
induced NP models (anti-cancer drugs, anti-HIV drugs, formalin, pyridoxine, chronic alcohol); or disease-induced
NP (cancer, HIV) [5]. Some animal models, like uremic-induced NP, inherited neuropathy, and optogenetic ap-
proach models, have also been developed. This review will exhaustively discuss different animal models with their
limitations, advantages, disadvantages, and their development for preclinical evaluation.

NP affects millions of people on a global scale. The incidence rises with aging and is more prevalent in people
over 50. According to a 2019 review, NP affects between 3% and 17% of the general population and is a serious
health concern [6]. One of the researchers estimated it to be between 7% and 10%, increasing to around 20%-30%
in people with diabetes [7]. However, the prevalence can vary depending on the population studied and the method
used to diagnose NP. For example, a study in the United States found that the prevalence of NP was 7.1%, while a
study in Europe found that the prevalence was 10.6%. Certain populations, such as those with diabetes, cancer, or
HIV/AIDS, have a higher prevalence of NP [7].

NP can be due to consequences of nerve compression, trauma, infections, metabolic disorders, or diseases
such as diabetes, multiple sclerosis, or cancer [8]. Compared to nociceptive pain, which is a typical reaction to
tissue damage or inflammation, NP lasts longer than anticipated and is frequently described as a shooting, burning,
or electric shock-like feeling. The underlying mechanisms of NP involve both peripheral and central nervous system
alterations. Injury to peripheral nerves results in increased excitability, aberrant spontaneous firing, and enhanced
sensitivity to stimuli [9, 10]. This abnormal activity may also cause inflammation and the production of chemical
mediators (Table 1) that help to create and maintain pain signals inside the spinal cord and brain. Maladaptive
plasticity results from the rewiring of neuronal networks that frequently occurs after nerve damage. The nervous
system may become hypersensitive as a result of this, increasing pain signals and causing aberrant reactions to non-
painful stimuli. This is a process known as central sensitization [10, 11]. The affected individuals’ quality of life is
significantly impacted by NP. It frequently causes physical and emotional pain, sleep problems, diminished mobility,
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and difficulty going about everyday activities. Hallmarks of NP, i.e., allodynia, hyperalgesia, and dysesthesia, appear
once the damage of nerves takes place due to abnormal signaling.

As the pain is subjective and manifests differently in each person, it also presents difficulties in terms of diagno-
sis. One form of homosynaptic facilitation in spinal cord neurons is windup, in which the action potential discharge
elicited by a low-frequency (0.5 to 5 Hz) train of identical C-fiber strength stimuli gets larger on each successive
stimulus [12]. Due to this, a repeated stimulation of nociceptors leads to a progressive increase in the response
of the central nervous system to pain, which leads to a prolonged and exaggerated pain response. The first signs
and symptoms commonly seen in NP include abnormal sensations (such as tingling or numbness) and heightened
sensitivity to stimuli (hyperalgesia and allodynia) [13, 14].

1.1. Mechanism Involved in the Development of NP

NP arises from a complex interplay of various chemical mediators that contribute to its underlying mecha-
nism. Glutamate, a neurotransmitter responsible for excitatory signaling, plays a crucial role in promoting height-
ened neuronal excitability and central sensitization. This heightened excitability amplifies the response to pain
signals. Substance P, another key mediator, facilitates pain transmission and triggers inflammation, intensifying
the perception of pain [15]. Calcitonin Gene-Related Peptide (CGRP) is implicated in enhancing pain sensitivity.
It promotes peripheral sensitization, where pain-sensing nerves become more receptive to pain signals [15]. Ad-
ditionally, CGRP contributes to neurogenic inflammation by releasing inflammatory substances. Prostaglandins,
lipid molecules, also contribute to NP by promoting peripheral sensitization and inflammation. They augment pain
signals and overall pain experience [16]. Nerve Growth Factor (NGF) plays a role in facilitating the sprouting of
nerve fibers, leading to increased connectivity and sensitivity of pain-sensing neurons (nociceptors) [17]. NGF also
contributes to neuroinflammation, further perpetuating NP. Neurotrophins, a group of growth factors, influence
neuronal survival, plasticity, and pain processing in both the peripheral and central nervous systems. Dysregula-
tion of neurotrophins can impact the development and persistence of NP. Cytokines, particularly proinflammatory
cytokines such as TNF-a and IL-6, participate in neuroinflammation and peripheral sensitization. They contribute
to the sensitization of pain pathways, enhancing pain perception and promoting a chronic pain state. Reactive Oxy-
gen Species (ROS), reactive molecules, induce oxidative stress that can damage nerves [18]. This oxidative stress
activates pain pathways, contributing to the generation and maintenance of NP. The intricate interplay and impact
of these chemical mediators form a complex network of events that drive the development and persistence of NP.
A comprehensive understanding of their roles provides valuable insights for identifying potential targets for ther-
apeutic interventions aimed at easing neurogenic pain and enhancing the quality of life for individuals afflicted
by this condition. The damaged neurons exhibit increased expression of sodium channels triggered by the lesion
[19, 20]. Additionally, products released in the vicinity of spared fibers, such as nerve growth factor, induce the
expression of channels and receptors on uninjured fibers. The spontaneous activity in C-nociceptors leads to sec-
ondary changes in central sensory processing, resulting in spinal cord hyperexcitability [4, 20]. The spinal cord’s
dorsal horn has several receptors and channels indicated in Figure 2. In the event of nerve injury or its dysfunction,
neurochemicals will bind and subsequently perform the action to maintain the equilibrium like the inhibitory and
excitatory neurotransmission state.

The output from the dorsal horn to higher centers in the brain is carried by spinal projection neurons along
ascending pathways.

In order to get nociceptive information from the peripheral nervous system to the brain, it must first pass
through the spinal cord. Primary afferent fibers, which carry sensory information from the periphery into the spinal
cord’s dorsal horn, connect with intrinsic dorsal horn neurons there. In order to perceive both non-noxious and
noxious impulses, spinal projection neurons transmit this information to higher brain regions. The spinal cord’s
output during nociceptive transmission depends on a number of spinal mechanisms that can change the activity of
dorsal horn neurons. Local N-methyl-d-aspartate receptor activation, local inhibitory and excitatory interneurons,
and descending impacts from the brainstem are a few examples of these systems. Changes in these excitatory and
inhibitory mechanisms that regulate spinal excitability can happen in response to inflammation or nerve injury. This
central sensitization phenomenon frequently results in a dorsal neuron’s enhanced response to incoming afferent
signals and increased output to the brain [21].
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Figure 2. Receptor and channels available in the dorsal horn of spinal cord.
Table 1. Various chemical components involved in the mechanism of NP.
S.N. Components Mechanism Reference
Glutamate Acts as an excitatory neurotransmitter, contributing to neuronal hyperexcitability and [22]
central sensitization
2 Substance P Mediate’s pain transmission and inflammation [23]
3 Calcitonin Gene-Related Enhances pain sensitivity by promoting peripheral [24]
4 Peptide (CGRP) Sensitization and facilitating neurogenic inflammation [24]
5 Prostaglandins Contribute to peripheral sensitization and inflammation, amplifying pain signals [25]
6 Bradykinin Damaged tissue can activate nociceptors and cause pain [24]
7 Nerve Growth Factor (NGF) Facilitates sprouting of nerve fibers, enhances nociceptor sensitivity, and promotes [26, 27]
neuroinflammation
8 Neurotrophins Alter neuronal survival, plasticity, and pain processing in the peripheral and central [25, 28]
nervous systems.
9 Cytokines Proinflammatory cytokines, such as TNF-a and IL-6, contribute to neuroinflammation [29, 30]
and peripheral sensitization.
10 Reactive Oxygen Species (ROS) Induce oxidative stress, leading to nerve damage and activation of pain pathways. [31]
11 voltage-gated sodium channels (VGSCs) involved in the generation of action potentials, which are the electrical signals that [32]
transmit pain signals
12 Gene expression Nerve damage can change the expression of genes, which can lead to changes in the [33]
way that pain signals are processed and perceived. With damage to peripheral sensory
fibers, a variety of changes in pain-related gene expression take place in dorsal root
ganglion neurons. These changes, or plasticity, might underlie unique neuropathic
pain-specific phenotype modifications—decreased unmyelinated-fiber functions but
increased myelinated A-fiber functions. Another characteristic change is observed in
allodynia, the functional change of tactile to nociceptive perception
13 TRPV1 (Transient Receptor Potential After nerve injury, TRPV1 is activated, which allows the influx of calcium ions into the [34]
Vanilloid 1) nerve fibers, resulting in the generation and propagation of pain signals
14 Transient Receptor Potential Ankyrin 1 Increased sensitivity and expression from nerve injury leads to pain response [35]
(TRPA1) (Chemical induced)
15 Sodium Voltage-Gated Channel a Subunit ~ Hyperexcitability due to re-expression in the injured neuron as well as non-neuronal [36]
1.3 (Nav1.3) cells
16 Sodium Voltage-Gated Channel a Subunit  Increased excitability and signals of pain in sensory neurons after nerve injury [37]
1.7 (Nav1.7)
17 Sodium Voltage-Gated Channel a Subunit  Altered pain signaling and sensitivity due to upregulation and activation of threshold [38]
1.8 (Nav1.8) level
18 Sodium Voltage-Gated Channel a Subunit ~ Hypersensitivity and amplification in pain signals due to increased activation and [39]
1.9 (Nav1.9) expression of the sensory neurons due to damage in the neuron
19 Calcium Voltage-Gated Channel a-2/8 Calcium influx leads release of level of neurotransmitters increases [40, 41]
Subunit 2.2 (Cav2.2)
20 Calcium Voltage-Gated Channel a-1H Hyperexcitability due to overexpression and enhanced activity [42]
(Cav3.2)
21 Potassium Voltage-Gated Channel Downregulation of potassium can reduce neuronal activity leads neuronal inhibition [43]
Subfamily A Member 2 (Kv1.2)
22 Potassium Voltage-Gated Channel Increase the neuronal excitability which changes the expression and reduced [41]

Subfamily A Member 2 (Kv1.4)

potassium current
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1.2. Animal Models of Neuropathic Pain (NP)

The various models of NP are not only important for the measurement of pain condition and treatment but
also to understand the exact pathophysiology of that developed pain so that proper strategies can be adopted for
its treatment. Most of the drugs available in the market are not giving accurate results. Hence, patients are getting
partial or unsatisfactory relief from this pain. The following models of NP evaluation are discussed below with both
prospects of selected models, which indicates their limitations with advantages (Table 2).

1.2.1. Surgical Models

CCI (Chronic constriction injury) induced NP

Procedure for development of model:

Itis required to be performed under anesthesia (i.e., sodium pentobarbital 40 mg/kg/ketamine 60 mg/kg). In
summary, rats are given ketamine (60 mg/kg i.p.) to induce profound anesthesia. The skin is sterilized with 0.5%
chlorhexidine after the rat’s lower back and thigh hair are shaved. An incision is made in the skin of the left thigh’s
lateral surface. As a result of this, the sciatic nerve is made visible (10 mm). Four ligatures (silk 4-0) are positioned
around the nerve’s proximal half of the trifurcation from the surrounding connective tissue. Such surgery brings
the development of NO in a slow and progressive manner. The ligation should be made in such a way that each
ligature should be at a distance of one millimeter. Up until a brief flick of the ipsilateral hind limb is noticed, the
ligatures are loosely tied. Muscular and skin layers are promptly sutured with thread once the nerve is ligated, and
a topical antibiotic is also required at the end [44] (Table 2).

Table 2. Models of NP in animals for clinical studies.

Sr. No. Animal Model Principle Characterization/Advantages Animal Used Limitations Symptoms (Emphasized) Reference
Surgical Models
a. The neuroanatomical (behavioral
as well as anatomotical) changes over a. Changes to heat and mechanical
time in a short period. stimuli seen with unilateral CCI (CCI)
b. Mimics the post-traumatic periph- are transient, lasting four weeks or
eral painful neuropathy states in hu- less.
Chronic Four loose ligatures mans. b. Degree of allodynia produced is .
P " . . . . . Thermal and mechanical
1 constriction injury (Unilateral/bilateral) c. It is a reliable and easily repro- Rats, mice less as compared to other models. hypersensitivities [45]
(ccn around sciatic nerve ducible model. c. Variability of degree of damage P!
d. This is a suitable model for from animal to animal due to
assessing cold allodynia when variation in the snugness of
compared to partial sciatic nerve ligations even by the same
ligation (PNL) and spinal nerve experimenter in different animals
ligation (SNL).
- . a.  Displays a distinct and sepa- a Pro.duces dlfﬂcu.lty in performing
Ligation & transaction . o A behavioral tests as it causes degener-
. . rate anatomical distribution of in- . .
Spare nerve injury of tibial and common . . . ation of axons Cold and mechanical
2 . jured nerves and intact sural nerves. Rats, mice . . . . . [46]
(SN peroneal nerves leaving L Lo b. Hypersensitive area in the limb is hyperalgesia/allodynia
N b. Hypersensitivities are maintained sy o
the sural nerve intact difficult to test as it is the lateral
for at least 6 months.
part of the paw.
. . - . Rats (L5, L6) a. Extensive muscle injury surgery
3 Spmgl nerve Tight ligation of spinal a. Experimental variability is less Macaca can differ outcomes and make the Mechanical allodynia [47]
ligation (SNL) nerves L5, L6 and L7 PR . o
is (L7) patl more complex.
l?am‘a] sciatic nerve !_1g.at10n of t}?e . Easy surgical procedure and . a. Changes in the Dorsal Root
4 ligation (Seltzer ipsilateral sciatic nerve consumes less time. Rats, mice Ganglion (DRG) are difficult to stud [48]
model) at high thigh . 8 y
Brachial plexus . . . . . . " : :
. Lesion made in brachial Valid model long-lasting mechanical Lesion made in brachial plexus may
5 avulsion (BPA) " Rats . [49]
model plexus and cold allodynia lead plasticity of CNS.
Mechanical and cold allodynia
Complete transection of Ethical considerations are also the
Sciatic Nerve mp Suitable for simulating phantom limb key issues in this model as animals
6 ) sciatic nerve at ; Rats ; - [50]
Transection model P pain demonstrate excessive autotomy in
mid-thigh level .
this model
Spinal Nerve Incision made alon
7 Transection (SNT) N g May stimulate limb pain Rats Lacks the inflammatory component [51]
spinal nerve
model
Sciatic Freezing of the sciatic Useful for postoperative and chronic . Reduces weight loss and not Thermal hyperalgesia and
8 . N Rats, mice N . . . . [52]
cryoneurolysis nerve pain and only for mononeuropathy validated by antineuropathic drug. mechanical allodynia
Diabetic neuropathy models
a.  Non-obese diabetic mice de-
. a. Earlier development of diabetes fol- YE]_GP. autoimmune T—cell»ninedlated
Streptozotocin Persistent lowed by neuropathy (4-8 weeks) insulin-dependent diabetes due to Thermal, cold and mechanical
9 hyperglycemia-induced Rats inheritable polygenic immunodefi- ! [53]

induced rat model

injury to the nerves

b. Reduce sensory and motor nerve
conduction velocity.

ciency
b. Not validated by antineuropathic
drug.

allodynia/hyperalgesia
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Table 2. Cont.

Sr. No. Animal Model Principle Characterization/Advantages Animal Used Limitations Symptoms (Emphasized) Reference
Diabetic neuropathy models
a. No reduction on nerve fibres diam- a. Peripheral diabetic neuropathy
. Persistent eter (PDN) was less severe than human
Chinese hamster o . y : s :
10 neuropathic model hyperglycemia-induced b. Reduced conduction velocity of Chinese hamster diabetic neuropathy. [54]
P’ injury to the nerves both motor and sensory components b. Needs further studies for
of hind lamb nerves (16%-22%) validation.
Thermal, cold and mechanical
a. Intradermal nerve fiber loss, and allodynia/hyperalgesia
High-fat diet-fed Persistent a. It can be used as a model for EXDZ:L?‘:?;:},:;:Z aflgls'e:l:;'onic dia-
11 female C57BL6/] hyperglycemia-induced obesity or prediabetic-related Mice h‘etic neuropathy. [55]
mice model injury to the nerves neuropathy. c. Not validated by antineuropathic
drugs
Post-herpetic neuralgia models
a. Anxiety like pattern of ambulation . - : .
- : . a. Infection with all viral strains was
. Injection of viral (reduced entry into the central area : 5
Varicella Zoster . . . L . associated with a dose-dependent . -
12 N infected cells in the of the open arena) that is positively Rats, mice N A Mechanical hypersensitivity [56]
virus model . N mechanical hypersensitivity but not
footpad correlated with mechanical 2 thermal or cool hypersensitivi
hypersensitivity. vp ty
a. The delayed tactile allodynia
. induced by RTX is likely attributable
Afferents with a Extensive ultrastructural damage to damage to myelinated afferent Thermal and mechanical
13 Non-viral model - ) of myelinated fibers in RTX-treated Rats » 8 my N s [57]
resiniferotoxin rats fibers and their abnormal sprouting sensitivity
in lamina II of the spinal dorsal
horn.
Drug induced NP models
Chemotherapeutlc Axon damage Causes disruption of microtubule .
agents (Paclitaxel, . . N Rats, mice, Chances of development of .
Lo (axonopathy) leading to structure that interferes with . ) . . . Numbness, distal -
14 oxaliplatin, s . guinea pigs, orthostatic hypotension, paralytic N [58]
e injury to nerves later axoplasmic transport to produce N . . dysparathesia,
vincristine, rabbits ileus and impotency
. N spreads out centrally nerve damage.
cisplatin)
Alcohol administration a. Impairment of axonal transport as Augments the level of hormones
15 Chronic alcohol over a long time well as cytoskeletal properties. Rats like epinephrine, stress hormone Allodynia, spontaneous [59]
consumption (approximately 70 b. Increased NFkf activity, caspase 3 (cortisol and adrenaline), as well as burning pain, hyperalgesia g
days) activity as well as PKC activity. corticosterone
Antl_H]v drugs Distal axonal o . .
induced NP N . a. Significantly increased expression .
N degeneration causing - h . Reveal mechanisms of neuropathy
(Nucleoside reverse N . of phospho-p38 in microglia. Mice, Rats, o . . .
16 . inflammation and e N . . . but do not mimic HIV disease Mechanical hypersensitivity [60]
transcriptase b. Significant change in thigmotactic Rabbits s
RN N hence damage the . complexities.
inhibitors like behavior
S nerves.
zalcitabine)
a. Biphasic nociceptive behavior is
produced, i.e,, Phase 1 and Phase 2
ROS induced oxidative b. This model produces lo.ng»lastmg Tlme perception [cnt.lcal ak.nllty.of
- : . thermal as well as mechanical hyper- animals and humans in their daily .
Formalin induced stress leading to tissue N . P Thermal and mechanical
17 . algesia. Mice, Rats, Dogs activities) is distorted due to altered . [61]
NP injury followed by P N . hyperalgesia
N . c. A comparable pattern of activity in emotional states on formalin
nociceptive response N ——
dorsal horn neurons is produced. injection.
d. NO is involved in the central
mechanism of peripheral neuropathy.
Declined distal limb
18 Pyridoxine induced proprloceptl.on and Pure degeneration of peripheral Rats, Mice Assoclatet.:l }Allth permanent sensory Hyperalgesia 1621
sensory ataxia occurs sensory neurons. abnormalities
depicting neuropathy
Disease induced NP models
a. Modifies axon-glia interactions at
: PNS nerves.
Persistent b. Affects axonal energy metabolism
19 Diabetes induced hyPerglycemla-lnduced ¢. Affects ion conductance particu- Rats, Mice Only mild neurophysiologic deficits Mechamcal. allodynia and 1631
oxidative stress caused Jarly. are produced. hyperalgesia
nerve damage d. Large myelinated motor nerve
fiber dysfunction
Mulnple mechanlsms a Inducan of neuroplastic changes Tumor burden within spinal cord
Cancer induced NP like ectopic sprouting in the spinal cord and supraspinally leads to hind leg paralysis that does
20 . and sensitization of b. Cytokines and chemokines Rats, Mice § paraly Hyperalgesia and allodynia [64]
(Bone pain) . . A . not allow assessment of
sensory nerve fibers released cause nociceptive signaling ) .
P neuroceptive behaviors.
due to cancer and sensitization in bone
Inflammatory
mediators (TNF-a, Abnormal spontaneous activity in
Interleukins, ngrve a‘ppmx. or?e third of A-fibers and one Allodynia (High regular and
Inflammatory growth factor) induced fifth of A-fibers and a smaller . - . - -
21 . . " Rats, Mice Not readily amenable sometimes clock like [65]
induced NP spontaneous discharge percentage of C-fiber sensory discharge)Hyperalgesia
in pain fibers results in afferents beginning within 1-2 days geJtlyperalg
greater sensitivity to after nerve injury
peripheral stimulation
a. Multifocal inflammation due to hy-
Distal degeneration of peractive macrophage response. Lack of evaluation for
22 HIV induced axons leads to b. Monocytes as well as Rats, mice, morphological abnormalities in the Hyperalgesia, allodynia 1661
neuropathy peripheral nerve pro-inflammatory cytokinesinflux in rabbits distal nerves and transient nature yperaigesia, 4
damage DRGs and peripheral nerves causing of the NP behavior
neuronal injury.
Other models
. . a. Decrease in nerve conduction veloc-
Compression of median ) :
. . N . ity, Variable results are produced due
Uremic peripheral nerves (especially in b. Increase in amyloid disposition. to extent of compensatory response
23 neuropathy carpel tunnel) due to ) Y P ) Rats, mice P ¥ resp Hyperthyroidism [671

(Surgical method)

surgical induction of
uremia

c. Acute and chronic renal failure
models can be used to evaluate
uremic neuropathy.

produced by remaining normal
tissue.
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Table 2. Cont.

Sr. No. Animal Model Principle Characterization/Advantages Animal Used Limitations Symptoms (Emphasized) Reference
Other models
;Zl:frrolt?:}:nduced a. Muscle weakness of the lower
[Charit»l\’{arie- Mutations in genes, Le., limbs. Transgenic Variability as well as reproducibilit;
24 PMP22, PO and b. Severe demyelinatio, decreased 8 . Y as P Y [68]
Tooth neuropathy ’ d : ) mouse and rats issues sometimes.
connexin 32 nerve conduction velocity, lower grip

and tomaculous

neuropathy) strength.

a. Powerful approach in assessment
of LTMR (low threshold mechano re-
ceptors) derived pain.

Visualization of b. Ensures reproducibility of results.

a. Difference in neuronal activity
due to optogenetic stimulation and
stimulus to skin in animals.

. signaling events and c. This model helps in selective stim- . . N
Optogenetic . . . P . . Rats, mice, b. Level, consistency, time course . .
25 manipulation of cellular ulation or inhibition or silencing of " . . Mechanical allodynia [69]
approach A . N - P rabbits as well as specificity of opsin expres-
activities by light and P ions to N .
N - sion among animals.
molecular genetics neuronal circuitry.

c. Animals may nonspecifically

d. Targeting specificity of neurons respond to light used.

along with its precise temporal
control.

To ensure that the ligature does not slide along the nerve, begin each ligature with a single loose loop. Then,
grasp the two ends near the loop and tighten until the loop is just barely snug. Finish the knot by placing a second
loop on top of the first to hold the loop in place. Lastly, trim the ligature’s loose ends to about 1 mm. Minimal nerve
constriction is necessary to avoid arresting the flow of blood to the brain; if a slight twitch is noticed, it should
be stopped right away. Excessive ligature tightening can result in undesirable side effects such as axotomy and
autotomy (self-mutilation), which can hinder the effectiveness of pain hypersensitivity testing.

Although many researchers have used CCI on the right sciatic nerve with comparable pain and behavioral ef-
fects, we would like to discuss unilateral constriction of the left sciatic nerve. Due to handedness, some researchers
might find it simpler to operate on a particular side, while others have switched sides during experiments to account
for bias.

Advantages

It is simple to perform and produces intense pain after 1-2 weeks of injury, which is similar to pain patterns
that occur in humans [70].

Disadvantages

It causes focal ischemia & intraneural edema [71]. It produces significant alterations in sleep patterns that
reduce the sleep efficiency of animals [72].

Precautions

Care must be taken to tie the ligatures to avoid twitches in surrounding muscles [44]. Anesthesia and antibi-
otics must be provided at the start and end of the experiment, respectively.

Spare nerve ligation-induced NP

Procedure for development of model

The lateral surface of the left thigh is incised using anesthesia (halothane 2%), and the biceps femoris muscle
is divided into its proximal and distal parts to reveal the sciatic nerve with its three branches of the endpoints. The
procedure includes an axotomy and ligation of the tibial and common peroneal nerves while leaving the sural nerve
intact; additionally, the common peroneal and tibial nerves were tight-ligated using 5.0 silk and sectioned distal to
the ligation, removing 24 mm of the distal nerve stump followed by muscle closure [47]. This model facilitates 15
or longer months and 30 days of hypersensitivity for rats and mice, respectively [73] (Table 2).

Advantages

This model provides additional mechanisms of NP as it facilitates the behavioral testing of the uninjured sural
nerve territories (connected to the deserved areas). It allows the evaluation of the neurophysiological changes
occurring in the intact sural afferent neurons after damage to adjacent nerves. The model is reproducible and easy
to execute, and beginners can perform it with a high rate of success [74].

Disadvantages

Each stretching or touch should be avoided with the spared sural nerve. After surgery, rats and mice develop
long-term hypersensitivity to mechanical stimulation but not to thermal stimulation [73].

Precautions
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Avoid touching or stretching the sural nerve. Surgery should be performed under anesthesia. Lesions should
be made carefully [74].

Spinal nerve ligation-induced NP

Procedure for development of model

In this model, left L5 & L6 account for the damaged sciatic nerve axons and L-4 for the undamaged sciatic nerve
axons. Under sodium pentobarbital anesthesia (40 mg/kg), the left L5 and L6 spinal nerves are isolated and tightly
ligated using a 3-0 silk thread. A similar kind of surgery is required to perform on the right side, except for ligation
of the spinal nerves. A complete hemostasis also needs to be confirmed, and the wound is sutured (Table 2).

Advantages

It provides a limited analysis of the sciatic nerve of damaged/undamaged nerve fibers. This model also mani-
fests symptoms of human patients of NP.

Disadvantages

The present model cannot be used when an experimental manipulation requires innervation by individual
peripheral nerves. The development of the model using surgery is also very extensive.

Precautions

The procedure is complicated to perform and takes time to execute. It also needs full expertise to avoid L-4
nerve damage and in further processing of ligation [75].

Partial sciatic nerve ligation (PSNL) induced NP

Procedure for development of model

Under ether anesthesia, partial nerve injury is produced by exposing the ipsilateral (right) sciatic nerve, so
that the dorsum of the nerve is loosed from surrounding connective tissues. The nerve is allowed to fix by pinching
the epineurium with the help of forceps. Thereafter, 8-0 silicon-treated silk suture is inserted into the nerve with a
3/8 curved reversed cutting, and the wound is closed at the end (Table 2).

Advantages

This model has a simple operation and takes less time than the SNL model. It comprises high reliability and ease
of surgical procedure. This partial nerve ligature model simulates nerve contusion rather than nerve compression.
The pain illustrated may evolve into bilateral patterns [48].

Disadvantages

Difficult to avoid minor differences in the size of ligatured nerves [76].

Precautions

The dorsum of the nerve is carefully freed. Care must be given while pressing the nerve against underlying
structures [48].

Brachial plexus avulsion (BPA) induced NP

Procedure for development of model

This surgery usually takes place using anesthesia by intraperitoneally administering 7% chloral hydrate solu-
tion in an amount of 0.6 mL/g body weight. The brachial plexus, extending from the sternum to the axillary point, is
approached by a horizontal incision parallel to the clavicle. The central muscle of the pectoral is relocated, and the
cerebral vein is left intact. The subclavian vessels are located and separated from the surrounding tissue from the
lower trunk of the brachial plexus. The lower trunk is picked up with forceps in the avulsion category of rats and
pushed out of the backbone by friction. The tissue layers are then brought together, and the skin is closed using 4-0
silk suture string [77].

Advantages

BPA is distinguished mainly by the rapid onset of pain. It produces the permanent development of neuropathy
that can occur distant from the injury’s location [78]. It is most reliable and produces long-lasting NP (up to 90
days).

Disadvantages

It is not associated with the change in heat thermal threshold.

Precautions

This model needs expertise due to anatomical complications of neurons [78].

Sciatic Nerve Transection induced NP

Procedure for development of model
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Itneeds induction of anesthesia using methoxyflurane through the inhalation method, and then the left hindlimb
is shaved. The sciatic nerve is exposed at the sciatic notch via a gluteal musculature-splitting incision and sharply
transected, and further microsurgical epineural repair is performed with two or three nylon sutures (number: 9-0).
The muscles are reapproximated and the wound is closed [79].

Advantages

The model induces intense anesthesia, i.e., pain in the region without any sensory input.

Disadvantages

Difficult to avoid minor differences in the size of the transection of nerves [76].

Precautions

Spontaneous degeneration of the nerve should be prevented using nerve stumps.

Spinal Nerve Transection (SNT) induced NP

Procedure for development of model

The rats are sedated with enflurane (2%-3%). The left transverse processes of the L6 vertebrae are removed
by a dorsal skin incision, and the L4 and L5 spinal nerves are transected, and 1 mm segments of their distal ends
are excised. Sutures are used to close the muscle and skin incisions with black silk 3-0 thread [80].

Advantage

Greater ease of operation and fewer mechanical irritations than ligation. It is a model that can mimic human
phantom limb pain [80].

Disadvantage

Evaluation of pain is difficult to measure [81].

Precautions

Difficult to avoid minor differences in the size of the transection of nerves [76].

Sciatic cryoneurolysis (SCN) induced NP

Procedure for development of model

Itis performed using halothane (2%-3%) and then the 3 cm incision is made posterior to the greater trochanter
of the femur. During this, it is important to note that while surgery, the common sciatic nerve is required to be
exposed, and it can be done by blunt dissection. The nerve is damaged by freezing with a 2 mm diameter cryoprobe
cooled to -60 °C and nitric oxide as a coolant in the 30-s freeze cycle, 5-s thaw, and 30-s freeze cycles. Further, the
wound is going to be closed, and the recovery of animals takes place.

Advantages

Cryoneurology-induced nerve injury can be reversible to provide a chance to investigate the effect of temporary
nerve injury and healing. Compared to other peripheral injury models, such as CCI, spinal nerve ligation, and partial
spinal nerve ligation, behavioral signs of touch-evoked allodynia last for around 15-21 days [52].

Disadvantages

Thermal hyperalgesia cannot be accessed here. This model results in transient weight loss that may vary the
obtained results. Most of the time it is not a most acceptable model for researchers.

Precautions

The maximum freezing time of the nerve should last not more than 10 min [82].

Post-herpetic neuralgia model of NP

This is the model that is concerned with the Varicella Zoster virus model (Chinese hamster neuropathic model).

Procedure for development of model

In Dulbecco’s modified Eagle’s medium (DMEM), which is supplemented with 10% (v/v) foetal calf serum,
0.075% (w/v) NaHCO3 penicillin-streptomycin (100 U/ml), and 2 mM l-glutamine, African green monkey kidney
fibroblast cells (CV-1) are grown and maintained. In BHK-21 cells, viral stocks of the HSV-1 strain are created. When
the cells had an 80% cytopathic impact, the VZV strain was extracted after being propagated on CV-1 cells. 107
plaque-forming units (pfu) of HSV-1-infected cells or VZV-infected cells are injected into the glabrous skin of the
left footpad. The opposite-side hind paw is not immunized. Animals used as controls are given injections of CV-1
cells that haven't been infected (VZV) or are given HSV-1 that has been heat-inactivated (56 °C, 30 min). Animals
received either a vehicle (sterile distilled water) or valaciclovir (50 mg/kg) by oral gavage twice daily for 6 (HSV-
1) or 10 days starting on day 0 post-inoculation after receiving an injection of either VZV or HSV-1 as described
above [83].

31



Trends in Inmunotherapy | Volume 09 | Issue 01

Advantages

VZV genetics mimicking neurological pain can be introduced to the animals, and respective treatment can be
investigated [84].

Disadvantages

The mechanisms underlying NP using VZV infection are still elusive [85].

Precautions

Concentration of inoculum should be accurate, as it provides a dose-dependent NP that is developed.

1.2.2. Non-Viral Model of NP

To resolve the various limitations of NP, this model can be adopted. Here, the degradation of the capsaicin-
sensitive afferent system as well as ultra-powerful TRPV1 agonists is the main point for the development of NP.

Procedure for development of model

Resiniferatoxin (RTX) is dissolved in Tween-80 (10%) and ethanol (10%) in isotonic sodium chloride solution
and administrated at a single dose of RTX 50 mg/kg, i.p. After the intraperitoneal injections, the mice are housed
in their respective cages [86].

Advantages

It induces cutaneous nerve degeneration that may be considered to assess the functional consequences of
neuropathy that affects small-diameter sensory nerves. It provides a safe alternative for NP to develop in animals.

Disadvantages

In this model, large-diameter sensory nerves cannot be assessed, and the thermal responses are also found
impaired after RTX administration [87].

Precautions

High doses of RTX may cause mechanical hypersensitivity. This model also produces degeneration or dysfunc-
tions of large dorsal root ganglion neurons and their nerves [88].

1.2.3. Diabetic Neuropathy-Induced Models of NP

Streptozotocin (STZ) induced rat model:

Procedure for development of model

Streptozotocin is a chemotherapeutic agent and destroys islet cells that secrete insulin. It comprises glucose
molecules, which are made available in the deoxy form linked to a highly reactive molecule of methyl nitrosourea
responsible for the cytotoxic effects of STZ. The moiety of glucose guides to destroy the pancreatic 3 cells and causes
insulin deficiency that leads to hyperglycemia. Excessively produced glucose converts into sorbitol, and it starts ac-
cumulating in and around the nerve, leading to neuroinflammation, which further attributes to damage of neurons
[89]. Six adult Wistar rats weighing 250-300 grams (75-90 days old) are subjected to streptozotocin at the dose of
60 mg/kg i.p. for a single time. Diabetes develops within 3 days [90].

Advantages

It is a common method to perform and prevent the animal from surgical stress [89].

Disadvantages

It causes irreversible degradation of Langerhans islet cells.

Precautions

Altered divalent cation homeostasis must be avoided in this model [91].

1.2.4. Drug-Induced NP Models: Chemotherapeutic Agents (Paclitaxel, Oxaliplatin, Vincristine, Cisplatin):

Procedure for development of model

Paclitaxel-mediated sensory neuropathy is characterized by a burning sensation, mechanical allodynia, cold
allodynia, and continuing recurrent distal burning discomfort [92]. Paclitaxel is required to be administered at the
low dose of 80 mg/m? intravenously once every week. To develop NP condition, treatment of paclitaxel can be given
for a certain duration within limited toxicity. To mimic this low-dose regimen, our studies involved i.p. injections of
2,4, or 8 mg/kg paclitaxel every other day for a total of four injections, resulting in a cumulative human equivalent
dose of 28.4-113.5 mg/m?. It causes long-term mechanical allodynia in a similar manner to peripheral neuropathy

32



Trends in Inmunotherapy | Volume 09 | Issue 01

[93]. High doses of paclitaxel produce signs and symptoms of neuropathy within 24-72 h of administration, which
include numbness, paresthesias, and burning pain.

Advantages

The advantage of this model is that it causes discomfort or pain without any systemic toxicity or loss of move-
ment.

Disadvantages

Reproducibility is the problem [94].

1.2.5. Chronic Alcohol Consumption Induced NP

Development of model

Long-lasting alcohol intake has been reported to cause painful neuropathy in small fibers, it brings distal axonal
degeneration. Alcohol intoxication causes pain amplification that outweighs its initial analgesic effect after a certain
period and is known to develop NP syndrome withdrawal [95]. Alcohol-challenged rats develop neuropathy at the
dose of 10 g/kg b.i.d. oral gavage of 35% v/v ethanol in double distilled water for 10 weeks. It has been reported
that mechanical hyperalgesia and allodynia-like symptoms of NP appear after 10 weeks of alcohol intoxication [96].

Advantages

Ethanol is the most common cause of NP; hence, this model helps in developing an NP that mimics clinical
symptoms of NP due to ethanol consumption.

Disadvantages

This model produces pain in areas where there is no sensory output [97].

1.2.6. Anti-HIV Drugs Induced NP (Nucleoside Reverse Transcriptase Inhibitors Like Zalcitabine, Indinavir,
Didanosine, and Stavudine)

Procedure for development of model

Reverse transcriptase inhibitors (NRTIs) like the active components ddC (Zalcitabine), ddI (Didanosine), and
d4T (Stavudine) are used in the effective treatment of HIV. However, they are known to induce NP-like conditions
as well as known to induce sensory neurotoxicity [98]. In brief, general anesthesia (1%-2% isoflurane in O, and
N,O at a 1:1 ratio), male Wistar rats are administered d4T (Stavudine) treatment at a dose of 0.5 mL is injected i.v.
via a tail vein. A second i.v. injection with the same volume and dose is given 4 days apart. Vehicle control animals
receive equivalent volumes of sterile saline using the same administration protocol for d4T. Although patients are
generally administered d4T orally, previous studies have demonstrated that both daily oral gavage and a single i.v.
administration route produce similar nocifensive behavioral profiles in rats [99]. Later, both control and experi-
mental groups were compared with treatment groups, and promising improvement in the treatment was recorded.

Advantages

This model shares several clinical features developed due to anti-HIV drug-induced NP, and these models may
be beneficial for technical research and development to better manage AIDS survivors with potential medical strate-
gies of care for HIV-related NP.

Disadvantages

It needs improvement in predictive validity of animal models of conditions associated with NP [60].

1.2.7. Pyridoxine-Induced NP

Procedure for development of model

Vitamin B6 is a coenzyme for many essential biological reactions. Pyridoxine was used for the treatment of
conditions such as premenstrual or carpal tunnel syndromes and for secondary poisoning therapy of Gyromitra
esculenta false morel mushroom [100]. Pyridoxine has been reported to cause sensory neuropathy abnormalities
at its mega doses (800 mg/kg/mL) by affecting sensory nerve fibers of dorsal root ganglions (DRGs). Injured DRGs
lead to the destruction of long myelinated fibers that results in cell death [62, 101]. Pyridoxine is dissolved in
sodium chloride 0.9% solution at 50 °C and injected intraperitoneally (800 mg/kg/mL). The injections are carried
out for 14 consecutive days. It is important to note that the fresh solution of pyridoxine solution is required to
prepare immediately before each injection.

Advantages:
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1) Pyridoxine has been shown to produce clear behavioral, electrophysiological, and anatomical deficits, with-
out overt systemic morbidity as in cisplatin-induced neuropathy.

2) It is similar to chemotherapy-induced NP and metabolic neuropathy [102].

Disadvantages:

1) Greater inherent variability.

2) Longer time course.

Precautions for drug-induced neuropathy:

1) Factors like dose regimen, total duration of therapy, and total dose administered must be taken care of, as
they may influence the development of peripheral neuropathy:.

2) Dose calculations must be accurate, as overdose may develop nociceptive pain-like conditions [60].

1.2.8. Disease Induced NP Models

Diabetes induced neuropathy:

The debilitating symptom of diabetes and a leading cause of foot amputation is peripheral diabetic neuropathy
(PDN). Improved vibration and thermal sensitivity rates, leading to sensory failure, include the clinical symptoms
of neuropathy. Patients often encounter irregular symptoms like paresthesia, allodynia, hyperalgesia, and sudden
soreness, coexisting with usual sensory deprivation [45]. A variety of animal models have been identified for dia-
betes, out of which f cell toxins, streptozotocin (STZ) and alloxan, are most commonly used for diabetes neuropathy
[103]. The hyperalgesia and hyperresponsiveness in C-fibers are found in rats in subcutaneous STZ-induced dia-
betes over a period of around 2-3 weeks. Such models, however, also undergo other metabolic changes, such as
ketoacidosis, modification of fat metabolism, and general physical fatigue (reduced development and bodily func-
tion, lethargy, polyuria, and diarrhea) alongside hyperglycemia [104].

Development of model:

Mostly STZ is used to develop a model of diabetic neuropathy. STZ is prepared in citrate buffer immediately
before injection to prevent it from degrading. Inject an appropriate amount of the STZ solution IP into the mice
so the final dosage is 50 mg/kg. One injection of STZ is given to each mouse for 5 days. In order to prevent sud-
den hypoglycemia 10% sucrose water can also be given to rats. After that, mice are tested for sufficient levels of
hyperglycemia at 4 weeks post injection [105].

Advantages:

This model causes early appearance of neuropathy symptoms; for example, mechanical and thermal hyperal-
gesia and tactile allodynia have been documented to be maximal within 3 days [106].

Disadvantages:

This model is not validated by antineuropathic drugs [107].

Precaution:

1) Cages should be changed multiple times per week after STZ injection to provide dry bedding for polyuric
animals [108].

STZ should be prepared in buffer just before the injection because it gets degraded easily [105].

Cancer induced neuropathic pain:

End-stage cancer pain is a serious medical issue, and disease causes remain unclear. Various models of animal
cancer pain, like bone cancer pain, have been established [109]. These models have shown the different pharmaco-
logic and neurochemical aspects of cancer pain, which suggests that inflammatory, neuropathic, and tumorigenic
components are involved in pain pathogenesis. One of the most common cancer pains is bone cancer pain, which
can be primary to breast, prostate, ovary, or lung cancer or metastatic.

Development of model: This model is based on osteolytic fibrosarcoma cells (NCTC2472) inoculated into
C3H/He] femur mice that develop painful osteosarcoma. A surface incision of 1 centimeter is produced in the back
leg to cut down the patellar ligament to expose the distal femoral condyles. The next step is the insertion of a 23-
gauge needle to form a cavity for cell injection at the level of the intercondylar notch and an intramedullary femoral
canal. 20 microliters of osteolytic murine sarcoma cells are being inserted into the bone cavity, NCTC2472 (about
2.5 x 106 cells). The cancer-induced degradation of the bone and osteoclastogenesis is reported in 5 days after injec-
tion of sarcoma, contributing to spontaneous (nocifensive action, spontaneous flattening) discomfort (spontaneous
flinching) and evocative pain [110].
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Advantages: It provides insights into the neurochemical and neurophysiologic mechanisms that underlie can-
cer pain.

Disadvantages: This model does not produce reproducibility.

Precautions: The number of variations should be reduced.

HIV-induced neuropathy:

Distal symmetrical polyneuropathy, which may involve up to 30% of AIDS patients, is marked by debilitating
sensory malformations and is the most prominent manifestation of chronic pain in HIV-infected individuals [111].
HIV-1 tends to disrupt the nervous system by binding the outer envelope protein gp120 to CXCR4/CCR5 chemokine
receptors, which are found in neurons and glial cells. Additional incidents of this type that aggravate axonal periph-
eral injury and neurotoxicity.

Development of model: Among rats, left sciatic nerve is removed without injury to the perineurium; HIV-
induced neuropathy has been reproduced. The oxidized cellulose (oxycel) is used to supply protein specifically for
the sciatic nerve and is filled with the HIV-1 receptor gp120 of either 20 or 400 ng. The oxycel that contains viral
glycoprotein is wound loosely around the sciatic nerve, about 2-3 mm past trifurcation. Exposure to the epineural
HIV-1 receptor protein gp 120 causes chronic, crippling peripheral neuropathy. After exposure to GP 120, allodynia
and hyperalgesia appear 1-3 days later and last for a considerable amount of time [112].

Advantages: This model shares a large number of characteristics with clinical symptoms of NP.

Disadvantages: Mechanisms underlying NP due to HIV need further investigation.

Precautions: It requires strict observation of NP symptoms [113].

1.2.9. Uremic Peripheral Neuropathy

Uremic neuropathy is usually a progressive axonal neuropathy of the sensory-motor neurons. The uremic neu-
ropathy may differ in clinical manifestations. In some cases, sensory effects can mainly appear early in the illness,
with paraesthesia, discomfort, or sensation failure. A demyelinating phase considers the underlying pathology to be
related to axonal degeneration and impairment. Numerous neurophysiological observations are connected to ure-
mic neuropathy and are the gold standard in evaluation for nerve conduction research [67]. It has been reported
that an increase in nerve conduction velocity in nerves is also an indicator of NP, which is considered a shred of
evidence for developing NP.

Development of model

In this model, chronic uremia is induced by exposing the left kidney of rats through a flank incision under
anesthesia (first operation). The adrenal gland and adherent fat are dissected free, and renal arteries are clamped.
The cortical tissue is removed, leaving approximately 25 of the kidney intact. Bleeding is controlled by applying
Histoacryl® to the cut surfaces. The animals are recovered completely within a few days of the operation. The right
kidney is removed 7 days later in a similar operation. After that, in the rats with chronic uremia, in vivo recordings
are made before the second operation and then at weekly intervals for 4 weeks. On these occasions, the weight and
serum creatinine levels are measured. Four rats are examined at longer intervals for up to 30 weeks. The sciatic
nerve is also dissected to carry out nerve conduction velocity (NCV).

In vitro recording

The technique has previously been described by Jefferys and Brismar [114]. Approximately 4 cm of the sciatic
nerve is removed from the rat and immediately placed in oxygenated Ringer solution (composition: 147 mm NaCl,
5.9 mm KC1, 3.1 mm CaC1, 5.0 mm Tris Sigma buffer, pH 7.4 at 25 °C). The nerve is unsheathed and placed in the
channel of the recording chamber. The response is then recorded with 4-5 electrodes placed at 4 mm intervals
along the nerve. The chamber is positioned in a slot in a metal block maintained at 37 °C. The nerve is irrigated
with oxygenated Ringer solution every 5 min. The velocity is estimated from the slope of the plot of the conduction
distances against the latency to the initial phase of the responses [115].

Advantages

This model clearly defines changes in the sciatic nerve, i.e.,, NCV, that help in the assessment of NP.

Disadvantages

The margin of error is undetectable, and long-term survival does not seem possible with glomerular filtration
rates below approximately 10% of normal, which is probably necessary for the development of neuropathy.

Precautions

35



Trends in Inmunotherapy | Volume 09 | Issue 01

Excessive bleeding while induction of uremia should be avoided [115].

1.2.10. Optogenetic Model: Investigating Neuropathic Allodynia and Ion Channels Involved in NP

It is well established that several ion channels, like Na?* channel, Ca?* channel, potassium channel, and BK
channel also play a significant role in the induction of NP. Molecular genetics and light are combined for the first
time in the field of optogenetics, which is a young and developing one. By expressing photosensitive proteins to
see signaling events and change cell activity, this unusual combination is employed to regulate the activity of living
cells.

Channels and NPs

Na?* channel

There is a potential pathogenic role of sodium channels in the development of injury to the nervous system. In
NP, an increased voltage-gated sodium channel causes hyperexcitability; due to this, there is a change in correlation
of increased amplitude and negative shift that activates tetrodotoxin (TTX) that leads to primary sensory afferent
neurons of the dorsal root ganglia (DRG) [116, 117].

Ca?* channel

Clinical efficacy of calcium channel shown as a key target for NP & alteration of Ca?* causing memory loss,
hypertension & NP. a; subunit (Ca, 2.3 family), involved in the activation of the neuronal high-voltage channel, plays
an important role in neurotransmitter release at central synapses. Voltage-dependent calcium channels (VDCCs)
block w-conopeptides (e.g., ziconotide) and reduce the release of neurotransmitters from synapses & develop pain
mechanisms. It suggests that VDCCs are involved in pain transmission & pain-related phenomena [118].

Potassium channel

K* channels act as metabolic sensors, with cellular function & responsible for the metabolic activity of cytoso-
lic ADP/ATP [118, 119]. Altered sensory function via hyperexcitability in injured axons & loss of DRG neurons.
Reduced K* ATP increases excitability, amplifies excitatory neurotransmission, and causes cell death [119, 120].

BK channel

Itis also known as a calcium-activated potassium channel. It expresses the large variety of neurons, controlling
neurotransmitter release & maintain the superficial dorsal horn [121]. Opening BK channels leads to the reduction
of depolarization-evoked action potential firing and neuronal hyperexcitability, thus modulating NP [122].

Pain among animals cannot be measured directly; thus, pain is interpreted by pain-like behaviors, e.g., with-
drawal from a nociceptive stimulus (hyperalgesia and allodynia). Several behavioral models have been designed
for the assessment of NP based on the type of injury (mechanical, heat, and cold), such as the Von Frey test, Randall-
Selitto test, pinprick test, hot plate and tail flick test, Hargreaves test, cold plate test, acetone evaporation test, etc.
(Figure 3).
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Figure 3. Method of pain evaluation (a) stimulus evoked (b) non stimulus evoked.
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There are multiple factors responsible for the production of NP. Hence, different parameters are required to
investigate the valid mechanism for which can mimic the pain in rats similar to human beings. Figure 3a explains
the features of mechanical, chemical, heat, and cold injury causing pain. Figure 3b. Parameters for non-stimulus
pain investigation in an animal model.

1.2.11. Tools and Techniques of Investigation of NP

Electronic von Frey test

This test is used to evaluate NP produced due to mechanical stimuli (allodynia and hyperalgesia). It operates
under similar principles as Frey’s manual, except that a single, unbending filament is applied progressively until
a paw withdrawal is elicited. The intensity at which this response is produced is automatically recorded by the
system and is defined as the threshold for paw withdrawal. The main advantage of the Von Frey electronic relative
to the Von Frey manual is that a single filament is used to apply force on paws. Therefore, it gives a continuous-
scale calculation of the paw withdrawal level, as the force is applied gradually and not in steps. Additionally, the
experimental time is reduced dramatically, as few applications (usually 3-4) are needed to determine the pain with-
drawal threshold [123]. Several systems, such as the Dynamic Plantar Aesthesiometer (Ugo Basile) and MouseMet
or RatMet (TopCat Metrology), are commercially available that are particularly robust and user-friendly systems.
The Dynamic Plantar Aesthesiometer (or Plantar Von Frey) houses rodents in an enclosure with a mesh screen
floor, under which a movable touch-stimulator unit is placed. Under the direction of the researcher, the apparatus
applies a von Frey (0.5 mm) filament to the plantar surface, increasing the force incrementally (0-50 g) until the
paw withdrawal threshold is reached. The device automatically records the force at which paw withdrawal occurs,
and the rate at which the force is applied can be changed. In addition, a programmable “hold” step with constant
force application can also be incorporated into the experimental setup to determine the time to withdraw [124].

Randall-Selitto test

This is used to assess the reaction thresholds to mechanical pressure stimulation or paw pressure test, which
has often been considered a measure of mechanical hyperalgesia. In this study, an elevated mechanical force is
exerted on the paw or tail surface before vocalization or removal occurs. In practice, this test is useful for the as-
sessment of nociceptive thresholds in rats rather than mice, as animals need to be heavily physically restrained with
the tested paw held out, and mice rarely tolerate such kind of handling [125]. This method is used for measuring
antinociceptive activity carried out by applying pressure on the hind paw and measuring the threshold of foot with-
drawal using the Ugo Basile Analgesy-meter. The dorsal surface of the rat paw was kept under the domed-shaped
plastic tip. The instrument linearly increases the mechanical force on the rat paw with the help of the tip, and this
force is applied until the withdrawal of the paw is seen [126].

Pinprick test

Mechanical hyperalgesia is assessed by the pinprick test in which the surface of the injured hind paw is touched
with the point of a bent gauge needle (at 90° to the syringe) at an intensity sufficient to produce a reflex withdrawal
response. The paw withdrawal duration is recorded in seconds, and the normal quick reflex withdrawal response
gives the value of 0.5 s [74, 127].

Tail flick test

This test is used to assess thermal hyperalgesia and allodynia, where heat stimulus is applied to the tail of the
mice and rats, after which the time taken for the tail to flick is recorded. Heat stimulus can be radiant heat, where a
beam of light is applied to the tail, or hot water, where the distal end of the tail of the rat is immersed in hot water at
atemperature between 46 °C and 52 °C. However, it has been reported that the clinical translatability of the tail-flick
testis unclear [128, 129].

Hot plate test

The thermal nociceptive threshold, as an index of thermal hyperalgesia, is assessed by Eddy’s hot plate, main-
tained at a temperature of 52.5 + 1.0 °C. The rats are placed on the hot plate, and withdrawal latency, concerning
licking of the hind paw, will be recorded in seconds. The cut-off time of 15 s is maintained [127]. Nociceptive be-
haviors also comprise stamping, leaning posture, and jumping, but licking or hind paw withdrawal is considered
the most prominent indicator of nociception [130].

Hargreaves test
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This test is used to evaluate NP due to radiant or infrared heat stimulus as well as experiments involving pain
sensitization or recovery of thermal pain response following neural injury and regeneration. This is carried out
using a glass-bottom enclosure that is heated to minimize errors arising from heat sink effects. In this test, a ra-
diant or infrared heat source is placed underneath the animal and applied to the plantar surface of the hind paw.
Withdrawal latency, i.e., the time taken to withdraw from a heat stimulus, is recorded. The cut-off time of 10-12 s
should be adjusted to avoid tissue damage in animals, which in addition provides sufficient time to detect allody-
nia. However, it needs animals to be acclimatized to the system so that ambulation can be reduced to accurately
determine withdrawal latencies. Habituation time for rats and mice is 5 min and 30 min, respectively [131, 132].

Acetone evaporation test

This test is used to determine allodynia due to cold stimuli assessed by spraying 100 pL of acetone onto the sur-
face of the rat paw (placed over a wire mesh), without touching the skin. The response of the rat to acetone is noted
for 20 s and graded on a 4-point scale as defined by Flatters and Bennett (0, no response; 1, quick withdrawal, flick,
or stamp of the paw; 2, prolonged withdrawal or repeated flicking; and 3, repeated flicking of the paw with licking
of the paw). Acetone is applied three times to the hind paw, with a gap of 5 min between the acetone applications,
and the individual scores noted at 20-s intervals are added to obtain a single score over a cumulative period of 1
min. The minimum score can be 0, and the maximum possible score can be 9 after observations [127]. The major
drawback of this test is the consistent application of acetone due to low surface tension that makes it difficult to
form uniform droplets with a syringe or pipette [133, 134].

Cold plate test

It is one of the simplest tests by which cold hyperalgesia is assessed in both mice and rats. Animals are placed
on a cold metal plate kept at 2 °C, and the latency to the first lifting or shaking of the left hind paw is measured in
seconds. A cutoff time of 150 s is imposed to prevent tissue damage. This model mimics hot plate tests, as several
endpoints can be obtained [135]. It should be noted that some rat strains, instead of flinching and licking, simply
avoid weight bearing or repositioning their position to minimize cool surface contact, and therefore all observations
should be adopted following the specific animal models [136].

In humans, pain without any identifiable stimulus, also termed spontaneous pain, is a serious clinical problem.
It is quite easy to evaluate this pain in humans by different questionnaires to describe the pain using a numeric
pain scale (0-10) or verbal scale (no pain to worst pain). However, this becomes difficult in rodents. Therefore,
new methods have been developed to assess spontaneous pain or nociceptive pain in rodents that include grimace
scales and burrowing [137, 138].

Grimaces scale

To measure the intensity of pain, the facial expressions of mice can be used. Using the mouse Grimaces scale,
five facial features are scored: nose bulge, cheek bulge, ear positioning, and orbital tightening. Orbital tightening is
the narrowing of the orbital area and tightly closing or squeezing of the eyes. A nose bulge defines a bulge that is
noticeable on the bridge of the nose, whereas a cheek bulge refers to the rounded projection of the cheek muscle
compared to its typical appearance. Ear position denotes the ears being pulled back and apart from their standard
position (may feature vertical ridges). Finally, whisker change describes the change in whisker position (maybe
backward, forward, or clumped together). The more severe the severity of all these expressions, the more severe
the pain is, and it is graded on a scale of 0-normal, 1-moderate, and 2-severe. This scale is highly accurate but needs
several nociception to define response. A similar scale is also developed for rats that is used to evaluate pain based
on scores of 0-2 depending on observed facial expressions [139].

Burrowing

Burrowing is a spontaneous, self-motivated behavior used to measure spontaneous or non-stimulus-evoked
pain in mice and rats. A burrow filled with a substrate (food, pellets, sand, or marbles) is made from a long tube
sealed at one end, secured, and lifted by screws on the other end to prevent non-burrowing behaviors from dis-
placing the substrate inside. The burrows are placed in the rodent’s cage for a pre-determined duration, and the
amount of material displaced is weighed and recorded [136, 140].

2. Conclusions

A multitude of NP models have been created as a result of the identification of numerous mechanisms that
eventually result in the development of NP. Because every model has unique characteristics, benefits, and limita-
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tions, it is challenging to single out one as the best. The ease of use and high feasibility of surgical models make
them popular. In order to produce better pain management based on each condition’s unique pathogenesis, mod-
els such as drug-induced NP and disease-induced NP are helpful. Furthermore, new methods based on a variety of
scientific disciplines have been developed recently; the optogenic method is based on light and molecular genetics.
Despite the possibility that daily behavioral patterns in all models differ, a thorough understanding of the patho-
physiology and distinguishable markers of NP is leading to the development of novel therapeutic interventions that
are effective.

Author Contributions

Conceptualization, B.K.; methodology, .M., PP, PK,, H., S.K,; formal analysis, B.K.; investigation, B.K.; resources,
.M., R.M. and S.K;; data curation, B.K.; writing— original draft preparation, S.K,, LM., P.P, R.M,, H,, and B.K,; writing—
review and editing, B.K,, and [.M.; supervision, B.K.; project administration, .M., P.P,, R.M. and PK. All authors have
read and agreed to the published version of the manuscript.

Funding

This work received no external funding.

Institutional Review Board Statement

Not applicable.

Data Availability Statement

The present study is a review; no new data were produced or examined. The paper draws from earlier studies,
which are referenced frequently in the text.

Conflict of interest

The authors declare no conflict of interest.

References

1. Davis, M. D,, Richardson, M. D. P, Davis, S. L. E,, et al. Disorders of Pain and Headache. In Fundamentals of
Neurologic Disease; Springer: New York, NY, USA, 2015; pp. 245-257.
2. Alles, S. R. A, Smith, P. A. Etiology and Pharmacology of Neuropathic Pain. Pharmacol. Rev. 2018, 70, 315-
347. [CrossRef]
3. Jaggi, A. S, Jain, V, Singh, N,, et al. Animal Models of Neuropathic Pain. Fundam. Clin. Pharmacol. 2011, 25,
1-28.
4.  Woolf, C. ], Mannion, R. ]. Neuropathic Pain: Aetiology, Symptoms, Mechanisms, and Management. Lancet
1999, 353,1959-1964.
5.  Muthuraman, A,, Singh, N., Jaggi, A. S., et al. Effect of Hydroalcoholic Extract of Acorus Calamus on Tibial and
Sural Nerve Transection-Induced Painful Neuropathy in Rats. J. Nat. Med. 2011, 65, 282-292. [CrossRef]
6. Cavalli, E, Mammana, S., Nicoletti, F,, et al. The Neuropathic Pain: An Overview of the Current Treatment
and Future Therapeutic Approaches. Int. . Immunopathol. Pharmacol. 2019, 33, 2058738419838383.
7.  Baskozos, G., Fu, Y., Gray, D., et al. Epidemiology of Neuropathic Pain: An Analysis of Prevalence and Associ-
ated Factors in UK Biobank. Pain Rep. 2023, 8, e1066.
8.  Melkani, I, Kumar, S., Singh, P, et al. Neuropathic Pain and Diabetes: A Complicated Clinical Condition. AIP
Conf. Proc. 2024, 2986, 1.
9. Colloca, L, Ludman, T, Bouhassira, D., et al. Neuropathic Pain. Nat. Rev. Dis. Primers 2017, 3, 17002. [Cross-
Ref]
10.  Baron, R. Mechanisms of Disease: Neuropathic Pain - A Clinical Perspective. Nature Clin. Pract. Neurol. 2006,
2,95-106. [CrossRef]
11. Baron, R, Binder, A., Wasner, G., et al. Neuropathic Pain: Diagnosis, Pathophysiological Mechanisms, and
Treatment. Lancet Neurol. 2010, 9, 807-819. [CrossRef]
12.  Shyu, B.-C,, Vogt, B. A. Short-Term Synaptic Plasticity in the Nociceptive Thalamic-Anterior Cingulate Path-

39


https://doi.org/10.1124/pr.117.014399
https://doi.org/10.1007/s11418-010-0486-6
https://doi.org/10.1038/nrdp.2017.2.Neuropathic
https://doi.org/10.1038/nrdp.2017.2.Neuropathic
https://doi.org/10.1038/ncpneuro0113
https://doi.org/10.1016/S1474-4422(10)70143-5

Trends in Inmunotherapy | Volume 09 | Issue 01

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

way. Mol. Pain 2009, 5, 51.

Dworkin, R. H., 0’Connor, A. B., Backonja, M., et al. Recommendations for the Pharmacological Management
of Neuropathic Pain: An Overview and Literature Update. Mayo Clin. Proc. 2010, 85, S3-S14. [CrossRef]
Finnerup, N. B.,, Haroutounian, S., Kamerman, P, et al. Neuropathic Pain: An Updated Grading System for
Research and Clinical Practice. Pain 2016, 157, 1599-1606. [CrossRef]

Iyengar, S., Ossipov, M. H., Johnson, K. W,, et al. The Role of Calcitonin Gene-Related Peptide in Peripheral
and Central Pain Mechanisms Including Migraine. Pain 2017, 158, 543-559.

Malhotra, R. Understanding Migraine: Potential Role of Neurogenic Inflammation. Ann. Indian Acad. Neurol.
2016, 19,175-182.

Barker, P. A, Mantyh, P, Arendt-Nielsen, L., et al. Nerve Growth Factor Signaling and Its Contribution to Pain.
J. Pain Res. 2020, 13,1223-1241.

Weber, K. T, Schmaderer, M., Bock, K, et al. Serum Levels of the Proinflammatory Cytokine Interleukin-6
Vary Based on Diagnoses in Individuals with Lumbar Intervertebral Disc Diseases. Arthritis Res. Ther. 2016,
18,1-14.

Hu, M., Pali¢, D. Micro-and Nano-Plastics Activation of Oxidative and Inflammatory Adverse Outcome Path-
ways. Redox Biol. 2020, 37,101620.

Li, W, Li, ], Liu, S., et al. Peripheral and Central Pathological Mechanisms of Chronic Low Back Pain: A
Narrative Review. J. Pain Res. 2021, 14, 1483-1494.

D’'Mello, R., Dickenson, A. H. Spinal cord mechanisms of pain. Br. J. Anaesth. 2008, 101, 8-16.

Barygin, O. I, Nagaeva, E. [, Tikhonov, D. B,, et al. Inhibition of the NMDA and AMPA receptor channels by
antidepressants and antipsychotics. Brain Res. 2017, 1660, 58-66. DOI: http://dx.doi.org/10.1016/j.
brainres.2017.01.028

Atas, U, Erin, N., Tazegul, G., et al. Changes in ghrelin, substance P and vasoactive intestinal peptide levels
in the gastroduodenal mucosa of patients with morbid obesity. Neuropeptides 2021, 89, 102164.

Fuchs, D,, Birklein, F, Reeh, P. W,, et al. Sensitized peripheral nociception in experimental diabetes of the rat.
Pain 2010, 151, 496-505.

Kowaluk, E. A,, Arneric, S. P. Novel molecular approaches to analgesia. Ann. Rep. Med. Chem. 1998, 33, 11-20.
Ashraf, S, Bouhana, K. S., Pheneger, ., et al. Selective inhibition of tropomyosin-receptor-kinase A (TrkA)
reduces pain and joint damage in two rat models of inflammatory arthritis. Arthritis Res. Ther. 2016, 18, 97.
[CrossRef]

Kinnman, E., Levine, ]J. D. Sensory and sympathetic contributions to nerve injury-induced sensory abnor-
malities in the rat. Neuroscience 1995, 64, 751-767.

Kulkarni, S. K., Dhir, A. Possible involvement of l-arginine-nitric oxide (NO)-cyclic guanosine monophos-
phate (cGMP) signaling pathway in the antidepressant activity of berberine chloride. Eur. J. Pharmacol
2007, 569, 77-83.

Muthuraman, A, Jaggi, A. S, Singh, N,, et al. Ameliorative effects of amiloride and pralidoxime in chronic
constriction injury and vincristine-induced painful neuropathy in rats. Eur. J. Pharmacol. 2008, 587, 104-
111.

Muthuraman, A., Ramesh, M,, Sood, S. Development of animal model for vasculatic neuropathy: Induction
by ischemic-reperfusion in the rat femoral artery. J. Neurosci. Methods 2010, 186, 215-221.

Tarquini, R, Pala, L., Brancati, S., et al. Clinical approach to diabetic cardiomyopathy: a review of human
studies. Curr. Med. Chem. 2018, 25, 1510-1524.

Lai, ], Hunter, . C., Porreca, F. The role of voltage-gated sodium channels in neuropathic pain. Curr. Opin.
Neurobiol. 2003, 13, 291-297.

Ueda, H. Peripheral mechanisms of neuropathic pain — involvement of lysophosphatidic acid receptor-
mediated demyelination. Mol. Pain 2008, 4, 11. [CrossRef]

Zakir, H. M., Mostafeezur, R. M., Suzuki, A., et al. Expression of TRPV1 channels after nerve injury provides
an essential delivery tool for neuropathic pain attenuation. PLoS ONE 2012, 7, e44023.

Nilius, B., Appendino, G., Owsianik, G. The transient receptor potential channel TRPA1: from gene to patho-
physiology. Pfltigers Arch. 2012, 464, 425-458.

Wood, J. N. Molecular mechanisms of nociception and pain. Handb. Clin. Neurol. 2006, 81, 49-59. doi:10.
1016/80072-9752(06) 80009-6.

Cummins, T. R, Dib-Hajj, S. D., Waxman, S. G. Electrophysiological properties of mutant Nav1.7 sodium chan-
nels in a painful inherited neuropathy. J. Neurosci. 2004, 24, 8232-8236.

Thakor, D. K., Lin, A., Matsuka, Y., et al. Increased peripheral nerve excitability and local Nav1.8 RNA up-

40


https://doi.org/10.4065/mcp.2009.0649
https://doi.org/10.1097/j.pain.0000000000000492
http://dx.doi.org/10.1016/j.brainres.2017.01.028
http://dx.doi.org/10.1016/j.brainres.2017.01.028
https://doi.org/10.1186/s13075-016-0976-z
https://doi.org/10.1186/1744-8069-4-11
10.1016/S0072-9752(06)80009-6
10.1016/S0072-9752(06)80009-6

Trends in Inmunotherapy | Volume 09 | Issue 01

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

regulation in painful neuropathy. Mol. Pain 2009, 5, 14.

Lolignier, S., Bonnet, C., Gaudioso, C., et al. The Nav1.9 channel is a key determinant of cold pain sensation
and cold allodynia. Cell Rep. 2015, 11, 1067-1078.

Khanna, R, Yu, |, Yang, X, et al. Targeting the CaVa-CaV{ interaction yields an antagonist of the N-type
CaV2.2 channel with broad antinociceptive efficacy. Pain 2019, 160, 1644.

Cao, X., Byun, H,, Chen, S., et al. Reduction in voltage-gated K* channel activity in primary sensory neurons
in painful diabetic neuropathy: role of brain-derived neurotrophic factor. J. Neurochemy. 2010, 114, 1460-
1475.

Tomita, S., Sekiguchi, F, Kasanami, Y., et al. Cav3.2 overexpression in L4 dorsal root ganglion neurons af-
ter L5 spinal nerve cutting involves Egr-1, USP5 and HMGB1 in rats: an emerging signaling pathway for
neuropathic pain. Eur. J. Pharmacol. 2020, 888, 173587.

Zhang, ., Rong, L., Shao, ]., et al. Epigenetic restoration of voltage-gated potassium channel Kv1.2 alleviates
nerve injury-induced neuropathic pain. . Neurochem. 2021, 156, 367-378.

Bennett, G. ], Xie, Y.-K. A peripheral mononeuropathy in rat that produces disorders of pain sensation like
those seen in man. Pain 1988, 33, 87-107. [CrossRef]

Melkani, I., Kumar, B., Panchal, S., et al. Comparison of sildenafil, fluoxetine and its co-administration against
chronic constriction injury induced neuropathic pain in rats: an influential additive effect. Neurol. Res. 2019,
41,875-882.

Thakur, S., Srivastava, N. An update on neuropathic pain models. Int. J. Pharm. Pharm. Sci. 2016, 8, 11-16.
Decosterd, I., Woolf, C. ]. Spared nerve injury: an animal model of persistent peripheral neuropathic pain.
Pain 2000, 87, 149-158.

Seltzer, Z., Dubner, R., Shir, Y. A novel behavioral model of neuropathic pain disorders produced in rats by
partial sciatic nerve injury. Pain 1990, 43, 205-218.

Challa, S. R. Surgical animal models of neuropathic pain: pros and cons. Int. J. Neurosci. 2015, 125, 170-174.
Hammarberg, H., Pieh], F, Risling, M., et al. Differential regulation of trophic factor receptor mRNAs in spinal
motoneurons after sciatic nerve transection and ventral root avulsion in the rat. J. Comp. Neurol. 2000, 426,
587-601.

Hsu, S.-T, Yao, C.-H., Hsu, Y.-M,, et al. Effects of taxol on regeneration in a rat sciatic nerve transection model.
Sci. Rep. 2017, 7, 42280.

DeLeo, . A, Coombs, D. W,, Willenbring, S., et al. Characterization of a neuropathic pain model: sciatic cry-
oneurolysis in the rat. Pain 1994, 56, 9-16.

Gheibi, S., Kashfi, K., Ghasemi, A. A practical guide for induction of type-2 diabetes in rat: incorporating a
high-fat diet and streptozotocin. Biomed. Pharmacother. 2017, 95, 605-613.

Kennedy, W. R., Quick, D. C., Miyoshi, T, Gerritsen, G.C.. Peripheral neurology of the diabetic Chinese hamster.
Diabetologia 1982, 23, 445-51.

Obrosova, I. G., llnytska, O., Lyzogubov, V.V, et al. High-fat diet-induced neuropathy of pre-diabetes and
obesity: effects of “healthy” diet and aldose reductase inhibition. Diabetes 2017, 56, 2598-2608.

Hasnie, F. S, Breuer, ], Parker, S., et al. Further characterization of a rat model of varicella zoster virus-
associated pain: relationship between mechanical hypersensitivity and anxiety-related behavior, and the
influence of analgesic drugs. Neuroscience 2007, 144, 1495-508.

Pan, H.-L., Khan, G.M., Alloway, K.D,, et al. Resiniferatoxin induces paradoxical changes in thermal and me-
chanical sensitivities in rats: mechanism of action. J. Neurosci. 2003, 23, 2911-9.

Miltenburg, N.C., Boogerd, W. Chemotherapy-induced neuropathy: a comprehensive survey. Cancer Treat.
Rev. 2014, 40, 872-882.

Chopra, K., Tiwari, V. Alcoholic neuropathy: possible mechanisms and future treatment possibilities. Br. J.
Clin. Pharmacol. 2012, 73, 348-362.

Huang, W, Calvo, M., Pheby, T, et al. A rodent model of HIV protease inhibitor indinavir-induced peripheral
neuropathy. Pain 2017, 158, 75-85.

Abdeen, A., Samir, A, Elkomy, A, et al. The potential antioxidant bioactivity of date palm fruit against
gentamicin-mediated hepato-renal injury in male albino rats. Biomed. Pharmacother. 2021, 143, 112154.
Albin, R.L., Albers, J.W. Long-term follow-up of pyridoxine-induced acute sensory neuropathy-
neuronopathy. Neurology 1990, 40, 1319.

Nitta, A., Murai, R., Suzuki, N, et al. Diabetic neuropathies in brain are induced by deficiency of BDNF. Neu-
rotoxicol. Teratol. 2002, 24, 695-701.

Bennett, G.J. Pathophysiology and animal models of cancer-related painful peripheral neuropathy. Oncolo-

41


https://doi.org/10.1016/0304-3959(88)90209-6

Trends in Inmunotherapy | Volume 09 | Issue 01

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

gist 2010, 15,9-12.

Xie, W.-R,, Deng, H.,, Li, H,, et al. Robust increase of cutaneous sensitivity, cytokine production and sympa-
thetic sprouting in rats with localized inflammatory irritation of the spinal ganglia. Neuroscience 2006, 142,
809-822.

Jimenez-Andrade, ].M., Herrera, M.B., Ghilardi, ].R,, et al. Vascularization of the dorsal root ganglia and pe-
ripheral nerve of the mouse: implications for chemical-induced peripheral sensory neuropathies. Mol. Pain
2008, 4, 1744-8069.

Krishnan, A.V, Kiernan, M.C. Uremic neuropathy: clinical features and new pathophysiological insights. Mus-
cle Nerve 2007, 35, 273-290.

Kumar, A, Kaur, H,, Singh, A. Neuropathic pain models caused by damage to central or peripheral nervous
system. Pharmacol. Rep. 2018, 70, 206-16.

Tsuda, M. New approach for investigating neuropathic allodynia by optogenetics. Pain 2019, 160, S53-S58.
Savastano, L.E., Laurito, S.R,, Fitt, M.R,, et al. Sciatic nerve injury: a simple and subtle model for investigating
many aspects of nervous system damage and recovery. J. Neurosci. Methods 2014, 227, 166-180.

Gabay, E., Tal, M. Pain behavior and nerve electrophysiology in the CCI model of neuropathic pain. Pain 2004,
110, 354-360.

Andersen, M.L., Tufik, S. Sleep patterns over 21-day period in rats with chronic constriction of sciatic nerve.
Brain Res. 2003, 984, 84-92.

Hofmann, H.A,, De Vry, ]., Siegling, A., et al. Pharmacological sensitivity and gene expression analysis of the
tibial nerve injury model of neuropathic pain. Eur. J. Pharmacol 2003, 470, 17-25.

Erichsen, H.K., Blackburn-Munro, G. Pharmacological characterisation of the spared nerve injury model of
neuropathic pain. Pain 2002, 98, 151-161.

Chung, AW.Y, Yeung, K.A., Chum, E., et al. Diabetes modulates capacitative calcium entry and expression
of transient receptor potential canonical channels in human saphenous vein. Eur. J. Pharmacol. 2009, 613,
114-118.

Lindenlaub, T.,, Sommer, C. Partial sciatic nerve transection as a model of neuropathic pain: a qualitative and
quantitative neuropathological study. Pain 2000, 89, 97-106.

Rodrigues-Filho, R,, Santos, A.R.S, Bertelli, J.A,, et al. Avulsion injury of the rat brachial plexus triggers hy-
peralgesia and allodynia in the hindpaws: a new model for the study of neuropathic pain. Brain Res. 2003,
982,186-194.

Quintao, N.L.M, Balz, D., Santos, A.R.S, et al. Long-lasting neuropathic pain induced by brachial plexus injury
in mice: role triggered by the pro-inflammatory cytokine, tumour necrosis factor a. Neuropharmacology
2006, 50, 614-620.

Koka, R., Hadlock, T.A. Quantification of functional recovery following rat sciatic nerve transection. Exp.
Neurol. 2001, 168, 192-195.

Lee, S.E., Kim, J.-H. Involvement of substance P and calcitonin gene-related peptide in development and
maintenance of neuropathic pain from spinal nerve injury model of rat. Neurosci. Res. 2007, 58, 245-249.
Lindia, J.A., McGowan, E., Jochnowitz, N., et al. Induction of CX3CL1 expression in astrocytes and CX3CR1 in
microglia in the spinal cord of a rat model of neuropathic pain. J. Pain 2005, 6, 434-438.

Willenbring, S., DeLeo, ]J.A.,, Coombs, D.W. Differential behavioral outcomes in the sciatic cryoneurolysis
model of neuropathic pain in rats. Pain 2004, 58, 135-40.

Dalziel, R.G., Bingham, S., Sutton, D., et al. Allodynia in rats infected with varicella zoster virus—a small
animal model for post-herpetic neuralgia. Brain Res. Brain Res. Rev. 2004, 46, 234-242.

Guedon, J.-M.G., Yee, M.B., Zhang, M., et al. Neuronal changes induced by varicella zoster virus in a rat model
of postherpetic neuralgia. Virology 2015, 482, 167-180.

Myers, M.G., Connelly, B.L. Animal models of varicella. J. Infect. Dis. 1992, 166, S48-S50.

Salas, M.M,, Clifford, ].L., Hayden, ].R., et al. Local resiniferatoxin induces long-lasting analgesia in a rat model
of full-thickness thermal injury. Pain Med. 2017, 18, 2453-2465.

Hsieh, Y.-L., Chiang, H., Tseng, T.-]., et al. Enhancement of cutaneous nerve regeneration by 4-methylcatechol
in resiniferatoxin-induced neuropathy. J. Neuropathol. Exp. Neurol. 2008, 67, 93-104.

Lin, C.-L., Chang, C.-H,, Chang, Y.-S,, et al. Treatment with methyl-f3-cyclodextrin prevents mechanical allody-
nia in resiniferatoxin neuropathy in a mouse model. Biol. Open 2019, 8, bio039511.

Sokolovska, J.,, Rumaks, ]., Karajeva, N., et al. The influence of mildronate on peripheral neuropathy and some
characteristics of glucose and lipid metabolism in a rat streptozotocin-induced diabetes mellitus model.
Biomeditsinskaya Khimiya 2011, 57, 490-500.

42



Trends in Inmunotherapy | Volume 09 | Issue 01

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Akbarzadeh, A., Norouzian, D., Mehrabi, M.R,, et al. Induction of diabetes by streptozotocin in rats. Indian J.
Clin. Biochem. 2007, 22, 60-64.

Ward, D.T, Yau, S.K., Mee, A.P, et al. Functional, molecular, and biochemical characterization of
streptozotocin-induced diabetes. J. Am. Soc. Nephrol. 2001, 12, 779-90.

Xu, Y, Jiang, Z., Chen, X. Mechanisms underlying paclitaxel-induced neuropathic pain: Channels, inflamma-
tion and immune regulations. Eur. J. Pharmacol. 2022, 933,175288.

Griffiths, L.A., Duggett, N.A,, Pitcher, A.L, et al. Evoked and ongoing pain-like behaviors in a rat model of
paclitaxel-induced peripheral neuropathy. Pain Res. Manag. 2018, 2018,8217613.

Duggett, N.A., Griffiths, L.A., McKenna, O.E,, et al. Oxidative stress in the development, maintenance and
resolution of paclitaxel-induced painful neuropathy. Neuroscience 2016, 333, 13-26.

Julian, T, Glascow, N., Syeed, R., et al. Alcohol-related peripheral neuropathy: a systematic review and meta-
analysis. J. Neurol. 2019, 266, 2907-2919.

Tiwari, V,, Kuhad, A., Chopra, K. Tocotrienol ameliorates behavioral and biochemical alterations in the rat
model of alcoholic neuropathy. Pain 2009, 145, 129-136.

Patil, S.R., Kumar, L., Kohli, G., et al. Validated, H.P.L.C method for concurrent determination of antipyrine,
carbamazepine, furosemide, and phenytoin and its application in assessment of drug permeability through
Caco-2 cell monolayers. Sci. Pharm. 2012, 80, 89-100.

Munawar, N., Oriowo, M.A,, Masocha, W. Antihyperalgesic activities of endocannabinoids in a mouse model
of antiretroviral-induced neuropathic pain. Front. Pharmacol. 2017, 8, 136.

Joseph, EK, Chen, X, Khasar, S.G., et al. Novel mechanism of enhanced nociception in a model of AIDS
therapy-induced painful peripheral neuropathy in the rat. Pain 2004, 107, 147-158.

Spooner, G.R., Desai, H.B., Angel, ].F, et al. Using pyridoxine to treat carpal tunnel syndrome: randomized
control trial. Can. Fam. Physician 2012, 39, 2122.

Wang, Z.-B., Gan, Q., Rupert, R.L., et al. Thiamine, pyridoxine, cyanocobalamin, and their combination inhibit
thermal, but not mechanical hyperalgesia in rats with primary sensory neuron injury. Pain. 2005, 114, 266-
277.

Hasannejad, F, Ansar, M.M., Rostampour, M., et al. Improvement of pyridoxine-induced peripheral neu-
ropathy by Cichorium intybus hydroalcoholic extract through the GABAergic system. J. Physiol. Sci. 2019,
69, 465-476.

Sullivan, K.A., Hayes, ].M., Wiggin, T.D,, et al. Mouse models of diabetic neuropathy. Neurobiol. Dis. 2007, 28,
276-285.

Whuarin-Bierman, L., Zahnd, G.R., Kaufmann, F, et al. Hyperalgesia in spontaneous and experimental animal
models of diabetic neuropathy. Diabetologia 1987, 30, 653-658.

Bolzan, A.D., Bianchi, M.S. Genotoxicity of streptozotocin. Mutat. Res./Rev. Mutat. Res. 2002, 512, 121-134.

Islam, M.S. Animal models of diabetic neuropathy: progress since the 1960s. J. Diabetes Res. 2013, 2013,
149452,

Shaikh, A.S., Somani, R.S.. Animal models and biomarkers of neuropathy in diabetic rodents. Indian J. Phar-
macol. 2010, 42, 129-134.

Deeds, M.C., Anderson, .M., Armstrong, A.S., et al. Single-dose streptozotocin-induced diabetes: considera-
tions for study design in islet transplantation models. Lab. Anim. 2011, 45, 131-40.

Jimenez-Andrade, ].M., Mantyh, W.G., Bloom, A.P, et al. Bone cancer pain. Ann. N. Y. Acad. Sci. 2010, 1198,
173-81.

Zhou, Y.-Q, Liu, Z, Liu, H.-Q, et al. Targeting glia for bone cancer pain. Expert Opin. Ther. Tar. 2016, 20,
1365-1374.

Parker, R,, Stein, D.J., Jelsma, ]. Pain in people living with HIV/AIDS: a systematic review. J. Int. AIDS Soc.
2014, 17,18719.

Pardo, C.A., McArthur, ].C,, Griffin, J.C. HIV neuropathy: insights into the pathology of HIV peripheral nerve
disease. J. Peripher. Nerv. Syst. 2001, 6, 21-27.

Wallace, V.C.J., Blackbeard, ]., Segerdahl, A.R., et al. Characterization of rodent models of HIV-gp120 and
antiretroviral-associated neuropathic pain. Brain 2007, 130, 2688-702.

Jefferys, ].G.R., Brismar, T. Analysis of peripheral nerve function in streptozotocin diabetic rats. J. Neurol. Sci.
2000, 48, 435-444.

Tegneér, R., Brismar, T. Experimental uremic neuropathy: Part 1. Decreased nerve conduction velocity in rats.
J. Neurol. Sci. 1984, 65, 29-36.

Chattopadhyay, M., Zhou, Z., Hao, S., et al. Reduction of voltage-gated sodium channel protein in DRG by

43



Trends in Inmunotherapy | Volume 09 | Issue 01

117.

118.
119.
120.
121.
122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

vector-mediated miRNA reduces pain in rats with painful diabetic neuropathy. Mol. Pain 2012, 8, 17.

Song, X.-S., Huang, Z.-]., Song, X.-]. Thiamine suppresses thermal hyperalgesia, inhibits hyperexcitability, and
lessens alterations of sodium currents in injured dorsal root ganglion neurons in rats. Anesthesiology. 2009,
110, 387-400.

Sterling, M., Davis, K.D. Introduction to the biennial review of pain. Pain 2024, 165, S1-S2.

Sills, G.J. The mechanisms of action of gabapentin and pregabalin. Curr. Opin. Pharmacol. 2006, 6, 108-113.
Kawano, T, Zoga, V., Kimura, M,, et al. Nitric oxide activates ATP-sensitive potassium channels in mammalian
sensory neurons: action by direct S-nitrosylation. Mol. Pain 2009, 5, 12.

Li, Y, Zhang, L., Wy, Y, et al. Cannabinoids-induced peripheral analgesia depends on activation of BK chan-
nels. Brain Res. 2019, 1711, 23-28.

Liu, C.-Y, Lu, Z.-Y, Li, N,, et al. The role of large-conductance, calcium-activated potassium channels in a rat
model of trigeminal neuropathic pain. Cephalalgia 2015, 35, 16-35.

Deuis, J.R., Lim, Y.L.,, Rodrigues de Sousa, S., et al. Analgesic effects of clinically used compounds in novel
mouse models of polyneuropathy induced by oxaliplatin and cisplatin. Neuro-Oncology 2014, 16, 1324-
1332.

Sandner, P, Stasch, ].P. Anti-fibrotic effects of soluble guanylate cyclase stimulators and activators: A review
of the preclinical evidence. Respir. Med. 2017, 122, S1-S9.

Santos-Nogueira, E., Redondo Castro, E., Mancuso, R., et al. Randall-Selitto test: a new approach for the
detection of neuropathic pain after spinal cord injury. J. Neurotrauma 2012, 29, 898-904.

Sahoo, S.K, Panda, S. Raphanus sativus Linn. a new antinociceptive for diabetic neuropathy in rats deter-
mined by Randall-Selitto approach. Asian J. Pharm. Clin. Res. 2019, 12, 529-534.

Jaggi, A.S., Singh, N. Differential effect of spironolactone in chronic constriction injury and vincristine-
induced neuropathic pain in rats. Eur. J. Pharmacol. 2010, 648, 102-109.

Irwin, S., Bennett, D.R.,, Hendershot, L.C., et al. The effects of morphine, methadone and meperidine on some
reflex responses of spinal animals to nociceptive stimulation. J. Pharmacol. Exp. Ther. 1951, 101, 132-143.
D’Amour, FE., Smith, D.L. A method for determining loss of pain sensation. J. Pharmacol. Exp. Ther. 1941, 72,
74-79.

Espejo, E.F, Mir, D. Structure of the rat’s behaviour in the hot plate test. Behav. Brain Res. 1993, 56,171-176.
Hargreaves, K., Dubner, R., Brown, F, et al. A new and sensitive method for measuring thermal nociception
in cutaneous hyperalgesia. Pain 1988, 32, 77-81.

Cheah, M., Fawcett, ].W,, Andrews, M.R.. Assessment of thermal pain sensation in rats and mice using the
Hargreaves test. Bio-protocol 2017, 7, e2506.

Colburn, R.W, Lubin, M.L,, Stone, D.J,, et al. Attenuated cold sensitivity in TRPM8 null mice. Neuron 2007,
54,379-386.

Yamamoto, K., Tsuboi, M., Kambe, T, et al. Oxaliplatin administration increases expression of the voltage-
dependent calcium channel a268-1 subunit in the rat spinal cord. J. Pharmacol. Sci. 2016, 130, 117-122.
Hara, K., Haranishi, Y., Terada, T. Intrathecally administered perampanel alleviates neuropathic and inflam-
matory pain in rats. Eur. J. Pharmacol. 2020, 872, 172949.

Deuis, ].R.,, Dvorakova, L.S., Vetter, I. Methods used to evaluate pain behaviors in rodents. Front. Mol. Neurosci.
2017,10, 284.

Bennett, G.J. What is spontaneous pain and who has it? J. Pain 2012, 13,921-929.

Wibbenmeyer, L., Sevier, A, Liao, ]., et al. Evaluation of the usefulness of two established pain assessment
tools in a burn population. J. Burn Care Res. 2011, 32, 52-60.

Sotocina, S.G., Sorge, R.E., Zaloum, A, et al. The Rat Grimace Scale: a partially automated method for quan-
tifying pain in the laboratory rat via facial expressions. Mol. Pain 2011, 7, 55.

Jirkof, P, Cesarovic, N., Rettich, A., et al. Burrowing behavior as an indicator of post-laparotomy. Front. Behav.
Neurosci. 2010, 4, 165.

Copyright © 2025 by the author(s). Published by UK Scientific Publishing Limited. This is an open access article

under the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Publisher’s Note: The views, opinions, and information presented in all publications are the sole responsibility of the respective
authors and contributors, and do not necessarily reflect the views of UK Scientific Publishing Limited and/or its editors. UK
Scientific Publishing Limited and/or its editors hereby disclaim any liability for any harm or damage to individuals or property
arising from the implementation of ideas, methods, instructions, or products mentioned in the content.

44



	Introduction
	Mechanism Involved in the Development of NP
	Animal Models of Neuropathic Pain (NP)
	Surgical Models
	Non-Viral Model of NP
	Diabetic Neuropathy-Induced Models of NP
	Drug-Induced NP Models: Chemotherapeutic Agents (Paclitaxel, Oxaliplatin, Vincristine, Cisplatin):
	Chronic Alcohol Consumption Induced NP 
	Anti-HIV Drugs Induced NP (Nucleoside Reverse Transcriptase Inhibitors Like Zalcitabine, Indinavir, Didanosine, and Stavudine)
	Pyridoxine-Induced NP
	Disease Induced NP Models
	Uremic Peripheral Neuropathy
	Optogenetic Model: Investigating Neuropathic Allodynia and Ion Channels Involved in NP
	Tools and Techniques of Investigation of NP


	Conclusions

