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ABSTRACT 
 

INVESTIGATING THE ROLE OF NLRP3 INFLAMMASOME IN CHEMOTHERAPY-

INDUCED PERIPHERAL NEUROPATHY 

By Urszula Osinska Warncke, Ph.D. 
 

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy at Virginia Commonwealth University. 

 
Virginia Commonwealth University, 2022. 

 
Director: M. Imad Damaj, Ph.D., Professor,  

Department of Pharmacology and Toxicology 
 
 Paclitaxel and oxaliplatin are commonly used antineoplastic drugs that cause chemotherapy-

induce peripheral neuropathy (CIPN) in up to 90% of patients. The sensory symptoms of CIPN 

include numbness, loss of proprioception, tingling, spontaneous burning, shooting or electric 

shock-like pain, mechanical and thermal allodynia, and cold hypersensitivity among others. 

Affected patients struggle with daily activities, have a low quality of life, and might stop cancer 

treatment. Unfortunately, there are no effective prophylactic or therapeutic treatments for these 

side effects. Many studies point to the involvement of inflammation as a major contributor of CIPN 

pathology. We investigated the effects of genetic (NLRP3 KO and ASC KO) and pharmacological 

(JC124 compound) inhibitions of NLRP3 inflammasome activation in CIPN-associated sensory 

changes in mice treated with paclitaxel (Aim 1) and oxaliplatin (Aim 2). The findings of Aim 1 

show involvement NLRP3 inflammasome activation and the potential of NLRP3 inflammasome 

inhibition as a pharmaceutical intervention in PIPN. We observed protective effects of NLRP3 

inflammasome inhibition from induction of mechanical and cold hypertensives in NLRP3 KO, 

ASC KO and C57BL/6J treated with 8 mg/kg cumulative dose paclitaxel. Further subjecting of 
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NLRP3 KO mice to a second treatment of paclitaxel (16 mg/kg total) showed sex differences 

where male had a significantly deceased mechanical threshold. In contrast, both sexes of NLRP3 

KO and JC124-co-treated C57BL/6J mice administered 16 mg/kg cumulative dose paclitaxel as 

one wave displayed a delayed onset of mechanical hypersensitivity. We also were able to observe 

elevated levels of IL-1β levels in spinal cords of mice treated with 32 mg/kg paclitaxel. In Aim 2, 

we investigated the role of NLRP3 inflammasome activation in oxaliplatin-induced peripheral 

neuropathy (OIPN). First, we characterized OIPN in two different strains of mice (C57BL/6J and 

Balb/cJ) treated with a low (3mg/kg cumulative) and high (30mg/kg cumulative) dose of 

oxaliplatin. We observed distinct dose-, sex-, strain-, and time-dependent differences. We utilized 

the low-dose schedule to assess the prophylactic approach to OIPN via inhibition of NLRP3 

inflammasome activation measured by mechanical hypersensitivity. We were not able to observe 

any protection in NLRP3 KO mice, therefore further testing was halted. The results of these two 

aims suggest that, depending on the class of the chemotherapeutic agent, activation of NLRP3 

inflammasome might play a distinct role in chemotherapy-induced peripheral neuropathy.



   1 

CHAPTER ONE 

GENERAL INTRODUCTION 
 

1.1.  Chemotherapy-Induced Peripheral Neuropathy (CIPN) 

 The advancements in early diagnosis and improvement of antineoplastic drugs had led to an 

increase in cancer patients' survival rate in the last decade (Arnold et al., 2019). However, 

chemotherapeutics can induce many disabling and adverse effects, one of which is chemotherapy-

induced peripheral neuropathy (CIPN) (Balayssac et al., 2011). There are several classes of 

chemotherapy agents available, including vinca alkaloids (vincristine, vinblastine), thalidomide, 

bortezomib, platinum compounds (cisplatin, carboplatin, oxaliplatin), and taxanes (paclitaxel, 

docetaxel). This dissertation work investigated the role of NLRP3 inflammasome in the initiation 

of CIPN employed two of the most commonly used antineoplastic drugs, paclitaxel and oxaliplatin. 

1.1.1 Paclitaxel- and Oxaliplatin-Induced Peripheral Neuropathy: Disease Symptoms and 

Prevalence  

 Paclitaxel is an anticancer drug widely used as a first-line and adjuvant therapy for solid 

tumor malignancies of breasts, ovaries, prostate, stomach, head, and neck non-small-cell lung 

cancers (Roser Velasco & Bruna, 2015). Listed by the World Health Organization as one of the 

essential medications (World Health Organization, 2017). The main anticancer activity of 

paclitaxel derives from its binding to the N-terminal 31 amino acids of the beta-tubulin polymers 

leading to malformation of the mitotic spindle apparatus, chromosome segregation, and defective 

cell division (Rao et al., 1994). Stabilization of the microtubule polymerization interrupts axonal 

transport, which leads to cancer cell apoptosis (Wozniak et al., 2016). Other paclitaxel’s tumor-

suppressive mechanisms of action include increasing generation of nicotinamide adenine 
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dinucleotide phosphate via reactive oxygen species and increased levels of interleukin-10 via an 

immunomodulatory effect on type 2 helper T-cell (Th2) profile (Hadzic et al., 2010; Panis et al., 

2012). In addition to involvement in cell division, microtubules act as scaffolding structures for 

molecular motor transport of nutrients and neurotransmitters and play an essential role in neuron 

outgrowth by directing the growth cone and filopodia (G. J. Bennett et al., 2011). Systemic 

administration of paclitaxel and rapid uptake of the drug by most tissues warrants its effects on a 

variety cells, such as peripheral nerves. However, only a very low level of paclitaxel was detected 

in spinal cord and other parts of the central nervous system after repeated administration, but a 

high concentration of paclitaxel was found in dorsal root ganglia (DRG), possibly due to the dense 

vascularization of the tissue by highly permeable capillaries (Cavaletti et al., 2000). The 

accumulation of paclitaxel in the peripheral nervous system imposes a greater risk for damage to 

these tissues. Notably, paclitaxel had been shown to cause changes in the axonal microtubules of 

sensory neurons resulting in disruption of intracellular calcium regulation, axonal transport, 

mitochondrial function, neuropeptide secretion, macrophage activation in dorsal root ganglia and 

peripheral nerves, and activation of microglial within the spinal cord (Amraoui et al., 2020; 

Bobylev et al., 2015; Ferrini et al., 2013; L. Li et al., 2019; Pease-Raissi et al., 2017; Peters et al., 

2007). 

  Paclitaxel-induced peripheral neuropathy (PIPN) is a clinical manifestation of the drug’s 

damage to the peripheral nerves. The first phase of PIPN can present itself within 4 days post-

infusion as an acute muscle and joint pain syndrome: myalgia and arthralgia. Moreover, acute pain 

syndrome occurs in up to 70% of paclitaxel-treated patients and is predictive of developing 

debilitating chronic CIPN (Reeves et al., 2012; Saibil et al., 2010). The incident rate of CIPN 

among paclitaxel-treated patients continues to be as high as 87% (Banach et al., 2017). Sensory 
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symptoms of PIPN are primarily distributed in the feet and hands and present a characteristic 

"stocking and glove" neuropathy. These individuals experience numbness, loss of proprioception 

sense, tingling, spontaneous burning, shooting or electric school-like pain, mechanical and thermal 

allodynia that can persist for many years after cessation of the treatment (Park et al., 2013). Thus, 

the development of dose-dependent paclitaxel-induced comorbidities continues to severely affect 

patients’ daily activities and quality of life (Argyriou et al., 2013). 

 Another frequently used antineoplastic agent is oxaliplatin. This third-generation platinum-

based compound is used as a standard treatment for esophageal, liver, pancreatic, gastric, 

gastroesophageal, and colorectal cancers (Aschele et al., 2005; Dieras et al., 2002; Hall et al., 2019; 

Haller et al., 2011). Its tumor modulating properties arise from forming intra-strand and inter-

strand cross-links with nuclear and mitochondrial DNA. The downstream effect of the alkylation 

results in cell apoptosis via halted DNA replication, RNA transcription, and altered mitochondrial 

functions (Canta et al., 2015; Ray et al., 2019; Riddell, 2018). Other notable changes include 

increased oxidative stress, activation of the immune system, and subsequent release of 

proinflammatory cytokines (Raymond et al., 1998; Tesniere et al., 2010). Like paclitaxel, the 

toxicity of oxaliplatin affects numerous types of cells and cell processes. Platinum compounds 

have been shown to accumulate in dorsal root ganglia and trigeminal ganglion neurons, causing 

selective loss of peripheral sensory axons and excitability of peripheral neurons (Kokotis et al., 

2016; Zajaczkowską et al., 2019). Consequently, these changes manifest clinically as oxaliplatin-

induced peripheral neuropathy (OIPN).  

 The incidence of OIPN varies between 65-98% of patients and is biphasic. The acute onset, 

frequently defined as transient, appears hours post-first infusion. It is predominantly characterized 

by cold hypersensitivity and resolves within a week (Gebremedhn et al., 2018). Other acute 
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symptoms may include cold-triggered paresthesia and dysesthesia, muscle fasciculation, and 

cramps. Repeated administration of the drug leads to chronic sensory neuropathy in 50-80% of 

patients, and is characterized by allodynia, numbness, sensory ataxia, and dysesthesia in the distal 

extremities and perioral regions (Kokotis et al., 2016; Park et al., 2011). Despite cessation of 

treatments, some patients report the development of new or progressive worsening of sensory 

symptoms, a phenomenon known as coasting (Staff et al., 2017). Neurological assessment of long-

term outcomes shows that the severity of sensory impairments is significantly correlated with the 

cumulative dose of oxaliplatin. Moderate to severe neurotoxicity affects about 40% of patients 

more than two years after finishing their treatment (Park & Koltzenburg, 2012b). 

1.1.2 Management of CIPN Symptoms in Patients 

 The possibility of developing CIPN increases with older age and in the presence of 

comorbidities such as diabetes, hypothyroidism, renal insufficiency, obesity, alcohol abuse, and 

preexisting neuropathy (Molassiotis et al., 2019). Moreover, the severity of chemotherapy-induced 

peripheral neuropathy is dependent on the class of antineoplastic agent, dosing schedule, and 

cumulative dose (Miaskowski et al., 2017). Patients receiving either paclitaxel or oxaliplatin are 

at an increased risk of suffering from debilitating side effects (Staff et al., 2017). Typical 

managements of symptoms focus on subduing neuropathic pain via pharmacological treatments 

such as antiepileptic agents, antidepressants, including selective serotonin and norepinephrine 

reuptake inhibitors (SNRIs), tricyclic antidepressants, a compounded topical gel containing 

baclofen amitriptyline HCL and ketamine, and opioids. Currently, no prophylactic measures are 

available for CIPN, while sensory symptoms treatments show low efficacy index. The American 

Society of Clinical Oncological (ASCO) Practice Guideline recommends duloxetine as the only 

drug for managing neuropathic pain (Hershman, Lacchetti, & Loprinzi, 2014). Duloxetine, a 
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serotonin-norepinephrine reuptake inhibitor, has proven mild efficacy in decreasing pain rating, 

and its adverse side effects lead to cessation of the treatment in 10-33% of CIPN patients 

(Hershman, Lacchetti, Dworkin, et al., 2014; Hirayama et al., 2015; Otake et al., 2015). Moreover, 

The ASCO reports reveal that the main medicines used for neurotoxic peripheral neuropathies are 

gabapentin and pregabalin, despite no clear evidence of their efficacy and the lack of ASCO 

recommendations (Gewandter et al., 2020; Selvy et al., 2021). Therefore, the search for alternative 

means of preventing and treating CIPN is ongoing.  

1.2.  Chemotherapy-Induced Peripheral Neuropathy (CIPN) in Animal Models 

 Although the precise cause of anticancer therapeutics-evoked peripheral neuropathy is yet 

to be elucidated, our current understanding of this disease's multifaceted nature comes from in 

vitro and in vivo studies. Animal models play a crucial role in predicting human response to 

therapeutics, studying disease pathogenesis, mechanisms, and potential treatments. Most pre-

clinical CIPN studies employ rodents, such as rats and mice, in favor of their small size and 

easiness of handling, fast reproduction rates, and similarity to human pathology and physiology 

(Currie et al., 2019b; Radaelli et al., 2018). Many of these animal studies show neuropathological 

changes resembling those seen in human patients suffering from CIPN (Höke, 2012). Depending 

on the modulatory effects of antineoplastic drugs, clinical features associated with their 

neurotoxicity range from pure sensory to sensory-motor neuropathies (Argyriou et al., 2012). The 

outcome measures assess various symptoms associated with peripheral neuropathy, such as evoked 

and reflexive pain-like tests, sensory-motor coordination, sensory and motor nerve conduction, 

histological analyses; and affective-like behavioral changes (Bruna et al., 2020).  

 A systematic review of the literature indicates that the most commonly used strains of rats 

and mice were Sprague Dawley and C57BL/6, respectively. Heterogeneity of design factors such 
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as sex, species and sub-species, therapeutic intervention and dosing schedule, route of 

administration, and outcome measures account for the variability of results (Currie et al., 2019b). 

However, no substantial difference was observed between mice and rats in terms of clinical signs 

and histopathologic characteristics  (Eldridge et al., 2020). In pre-clinical animal studies, systemic 

administration of anticancer drug predominates intraperitoneally (i.p.), and to a lesser degree, via 

an intravenous route, while in the clinic neurotoxic antineoplastic therapies are used intravenously 

(Bruna et al., 2020). The i.p. drug delivery is preferred because it is both safer for the animals and 

is a simpler method to learn for laboratory staff. Another difference between CIPN in patients and 

animal models is testing of the symptoms. Data from animal models usually represent the acute 

phase of the disease (Currie et al., 2019), whereas CIPN is commonly reported as a chronic 

condition in humans (Currie et al., 2019b; Hershman et al., 2011; Kidwell et al., 2012). Regarding 

dose equivalency, dose conversion factors show dosage relevance for both oxaliplatin and 

paclitaxel in animal studies. The highest recommended singe infusion of oxaliplatin and paclitaxel 

for patients is 110 mg/m2 (2.97 mg/kg) and 157 mg/m2 (4.73 mg/kg), respectively (Liston & Davis, 

2017). The total human equivalent dose (THED) of antineoplastic agents varies between these rats 

and mice due to their differential species neurotoxic profiles. In terms of daily dosing, oxaliplatin 

dosing ranges 2-6 mg/kg/day, and total 2-16 mg/kg (0.32-2.6 mg/kg THED) in rats, while mice 

receive 0.04 -10.0 mg/kg/day or cumulative 3.0-30.0 mg/kg (0.24-2.4 mg/kg THED). Paclitaxel 

treatment varies 0.5-32 mg/kg/day, and the total dosage 8-80 mg/kg (1.3-12.9 mg/kg THED) in 

rats, while mice receive 2-18 mg/kg/day or cumulative 4-38.0 mg/kg (0.33-3.1 mg/kg THED) 

(Freireich et al., 1966; Polomano et al., 2001; U. S. Food and Drug Administration & Center for 

Drug Evaluation and Research, 2005). 
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1.2.1. Evaluation of CIPN Sensory, Electrophysiological, and Morphological Changes  

 Evaluation of chemotherapy-induced peripheral neuropathy in humans relies both on self-

reported and objective measures (Yoshida et al., 2019). Notably, tools such as “CIPN20 quality-

of-life measures”, “Total Neuropathy Score clinical version”, and “National Cancer Institute-

Common Toxicity Criteria” are utilized by clinicians to determine the degree of sensory, 

autonomic and motor impairments (Cavaletti et al., 2013). Complete translatability of such tools 

into in vivo rodent models of neuropathy is hindered by anthropomorphic nature of reporting many 

of these symptoms. Therefore, preclinical CIPN studies rely mainly on evoked pain-like behaviors, 

such as mechanical, cold, and thermal hypersensitivities; where animals withdraw from 

nociceptive stimuli (Deuis et al., 2017).  

 Von Frey and the Randall-Selitto tests assess evoked nociceptive responses. The most 

common method for aversive behavior via a mechanical stimulation is using manual von Frey 

filament. Testing set up requires placement of animals in small elevated chambers with a mesh 

floor. Next, after rodent acclimated to the new environment, a monofilament is applied 

perpendicularly to the ventral side of the midplantar hind paw. Positive responses are counted 

when an animal briskly withdrawals, licks or shakes the affected paw when stimulated. There are 

three von Frey approaches to filament application and determination of mechanical sensitivity. 

The “up-down” von Frey method measures the mechanical force necessary to produce 50% 

withdrawal threshold. The initial filament corresponds to 50% of predicted withdrawal threshold. 

If a positive response is observed, the subsequent filament is lower, however, if no response is 

observed then the next filament would be higher. This approach continues until four sequential 

measurements are taken following the initial change in direction. The statistical formula used to 

calculate the LD50 can be found in Dixon 1980 (Dixon, 1980). In the “ascending approach”, 
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filaments are applied in sequence, with the sequence scaling from smallest force to largest force. 

If less than 2 responses are observed over 5 measurements, the next highest filament is applied. 

Depending on the predetermined acceptance criteria, if the observed response is between 20%- 

40% then the previous filament is designated as the threshold, and the testing is aborted (Minett et 

al., 2011; Scholz et al., 2005). The third von Frey method is the “percentages approach.” Paws are 

probed with increasing force, and 5 to 10 measurements are taken per each filament. Upon 

completion of testing, results to be converted to a percent value. An automated version of the von 

Frey filaments is an electronic von Frey system, also known as Dynamic Plantar Aesthesiometer 

(DPA). The DPA automatically identifies and records latency time, and the force at the time of 

paw withdrawal. Unlike manual von Frey filament, the DPA utilizes a single rigid filament to elicit 

nocifensive response. Typically, 3-4 applications of a continual scale pressure suffice to determine 

mechanical threshold (Deuis et al., 2015). In the Randall-Selitto test, a clamp-like handheld tool 

with an internal cone-shaped probe is applied to an area on interest (paw, tail, etc.) while a rodent 

is restrained. An increasing mechanical pressure is administered until it results in pain-like 

responses via vocalization or withdrawal of the tested area (Randall & Selitto, 1957). While von 

Frey filament and Randal-Selitto offer measurement of mechanical threshold, the differences in 

applications and probe design might impact the type of receptor activation, low- and high-

threshold mechanoreceptor in addition with nociceptor (Deuis et al., 2017).  

 Changes in temperature perception is common symptoms in CIPN patients, especially 

presence of cold allodynia in patients treated with oxaliplatin (N. Attal et al., 2009). Thus, 

investigating such alterations in animal models increases the translatability of pre-clinical studies. 

There are four approaches to evaluating cold-elicited noxious and innocuous behaviors in rodents. 

In the acetone evaporation procedure rodents are placed on elevated wire mesh and allowed 
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acclimation. A drop of acetone is applied to a plantar side of a paw by dabbing or spraying (Lindsey 

et al., 2000). Aversive responses can be recorded as the total reaction time, reaction latency 

recorded, or serenity of nocifensive behaviors (Brenner et al., 2012; Decosterd & Woolf, 2000). 

The innocuous evaporative temperature produced by acetone application fluctuates depending on 

ambient temperature and ranges between 15°C and 21°C (Colburn et al., 2007; Leith et al., 2010). 

Testing rodents’ response to a noxious cold stimulus necessitates lower temperature. Introduced 

by Brenner et al., the cold plantar assay achieves cold simulation of plantar paw surface in 5°C to 

12 °C range by placing a pellet of packed dry or wet ice against a glass platform. The time it takes 

for the paw to be withdrawn is recorded. Both the acetone evaporative test and the cold plantar 

assay allow for unilateral testing which enables comparison to contralateral side and reduces cold-

stimulus associated animal distress. One of the fastest methods for evaluating behavioral reactions 

to both noxious and innocuous cold temperatures in rodents is the cold plate test. Nociceptive 

behaviors such as paw shaking or licking, guarding of an affected paw, and jumping are noted as 

either endpoints or the total response time in a given time interval (Deuis et al., 2013; Zimmermann 

et al., 2013). Cold plate assay protocols vary in terms of testing temperature which typically ranges 

from -5°C to 15°C, duration, and plate static or dynamic cooling program (Allchorne et al., 2005; 

Descoeur et al., 2011; Jasmin et al., 1998).  

 Thermal sensitivity alternations associated with anti-cancer therapeutics in rodents can be 

determined by numerous methods. Radiant heat assay, also known as Hargreaves test, utilizes 

infrared light as heat source which is delivered to a hind paw through a glass pane. The thermal 

emitter is linked to a timer that records response latency. The level of thermal emission and 

maximum exposure time can be adjusted to reflect typical response depending on the species and 

strain (Hargreaves et al., 1988). The hot plate test provides a broader assesses of heat-induced 
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nociceptive behavior by utilizes a Hot Plate Analgesia Meter. This method, first described by Eddy 

and Leimbach in 1953, simultaneous exposes all paws to a hot surface typically between 50°C and 

56°C (Eddy & Leimbach, 1953). Aversive reactions include responses like licking and shaking of 

paws, and a flight response (jumping) from an open-ended animal enclosure (Langford & Mogil, 

2008). Measuring nerve degeneration in rodents has been tested via changes to thermal sensitivity 

of the tail. In the tail-flick test, light beam is concentrated on the tip of a rodent’s tail until animal 

presents pain-like response and withdraws its tail by a flick (D’amour & Smith, 1941). 

 An another functional sensory assay is the pinprick test. It allows for assessment of skin 

innervation though determining recovery of pain sensitivity in models of neuropathic pain. Like 

in von Frey test, awake animals are places on a mesh and allowed acclimation. A blunt needle is 

applied a few times to the skin of projection territory of the affected nerve. Graded positive 

responses are then summed up for each delimitated region (Cobianchi et al., 2014; X. Navarro et 

al., 1995). It is important to note that sensory algesimetry results are indicative of a reduced 

withdrawal threshold, and not directly of pain, which is a subjective sensation. Moreover, the 

major difference in assessing neuropathy outcomes between human and animal is loss and gain in 

sensory function. 

 While reflexive testing has become prevalent in research involving rodent CIPN models, 

other methods of assessment emerged. Electrophysiological tests are objective and clinically 

validated measures that quantify sensory and motor nerve activity in normal and diseased states. 

Thus, this test serves clinicians for diagnostic and therapeutic decision-making purposes via 

detection of severity and localization of the pathological changes to the axon or Schwann cells 

(Xavier Navarro & Udina, 2009). Application of this technique in peripheral neuropathy animal 

models enables correlation of discoveries in basic experimentations with clinical data. Hence, 
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rodent models of acquired and hereditary neuropathies are indispensable part of parsing out the 

mechanisms and development of therapeutic advances. The main sites for performing motor and 

sensory nerve conduction in rodents are the sciatic and caudal nerves, while stimulating saphenous, 

sural, and digital nerves provide solely sensory readings for the assessment of myelinated 

cutaneous afferent fibers. However, misdirected regenerated sensory nerve fibers connecting with 

motor nerve fibers might produce mix inflated compound nerve action potential (Brushart, 2011; 

Madison et al., 1996). Nerve conduction (NC) is recorded with electrophysiological systems 

composed of electrodes, an amplifier and stimulator connected to an oscilloscope or a computer 

(Gitter & Stolov, 1995; Liem et al., 1987). Such recordings can be obtained directly from an 

exposed or dissected nerve of interest by stimulation with short and incrementally increased 

intensity electrical pulses until a maximal response is recorded (Govbakh et al., 2019). A less 

invasive nerve conduction technique can be performed with subcutaneous insertion of needle 

electrodes in restrained anesthetized or awake animals (Osuchowski et al., 2009). Low-invasive 

electrophysiological assessments are preferred as they allow for longitudinal assessment of nerve 

changes (Xavier Navarro & Udina, 2009). As such, CIPN pre-clinical models revealed a 

significant decrease in sensory nerve action potential amplitude in mice treated with paclitaxel, 

bortezomib and cisplatin at mid and late time pointes, while the nerve conduction velocity (NCV) 

was augmented at middle time point in paclitaxel and cisplatin groups. Only cisplatin-treated mice 

showed continues reduction of NCV during late time point evaluation (Boehmerle et al., 2014).  

 Decreased nerve conduction velocity and amplitude can be attributed to morphological and 

structural alterations in myelin sheath and axonal compartments. Morphometric assessment of 

myelin sheath thickness, axonal nerve fiber count and perimeter, Wallerian degeneration and 

macrophage infiltration provide a more comprehensive insight into functional and morphological 
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changes in peripheral nerves pathological process of CIPN and the predominant cause of the 

neuropathy (Argyriou et al., 2012; Gómez et al., 1996). These changes can be observed by 

histopathological examination of tissues such as nerves of interest, typically sciatic nerve and its 

tributaries, or skin innervations; dorsal root ganglia, and spinal cord. Tissues can be preserved by 

cardiac perfusion, local immersion of tissues in fixatives, or embedding in freezing medium 

(Avraham et al., 2021; Kasukurthi et al., 2009; Sleigh et al., 2016). Microscopic examinations of 

sciatic nerve from mice showed reduction in the mean axon diameter post paclitaxel- and 

vincristine treatments and increase in bortezomib-treated animals. Moreover, cisplatin 

administration increased the mean g-ratio (the relationship between the inner axonal diameter to 

the total outer diameter) which is indicative of mild hypomyelination (Boehmerle et al., 2014). 

Other studies showed alterations in organelles of axons and Schwann cells such as loss of 

mitochondrial membrane, swelling and vacuolization of mitochondria suggesting mitochondrial 

dysfunction (Bruna et al., 2010; Sarah J.L. Flatters & Bennett, 2006; Imai et al., 2017; X. Wang et 

al., 2012). 

 The detrimental effect of chemotherapeutics on DRG shows drug class-specific outcomes. 

For instance, DRG derived from ixabepilone-treated mice showed morphologic alterations in 

perinuclear area and cytoplasm of satellite cells, such as cytoplasmic inclusions, vacuolization and 

swelling. While paclitaxel induced similar changes, proximal axons were also affected. In 

comparison, eribulin mesylate regimen caused mainly vacuolation of nerve cells (Wozniak et al., 

2011). Additional measures of alteration caused by anticancer drugs include their effect on DRG 

neuron cell body, nuclear and nucleolar size and eccentricity, and changes to different functional 

populations of neurons (Barajon et al., 1996; Bruna et al., 2010; Joseph et al., 2008; Pover & 

Coggeshall, 1991). Lastly, immunohistochemical examination of skin innervation is a technique 
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used pre- and clinically (Lauria et al., 2010; X. Navarro et al., 1995). It utilizes staining of the pan-

axonal marker protein gene product (PGP) 9.5 (also known as ubiquitin C-terminal hydrolase 1 or 

UCHL-1) to assess innervation of unmyelinated, small myelinated and the endings of large 

myelinated fibers of sensory and sympathetic neurons within the epidermis and dermis layers 

(Kennedy & Wendelschafer-Crabb, 1993). In rodent CIPN studies, PGP9.5 is used to quantifies 

the density of the unmyelinated intraepidermal nerve fibers (Eldridge et al., 2020; Warncke et al., 

2021). 

1.2.2. CIPN Behavioral Changes   

 Chemotherapy-induced peripheral neuropathy affects patients’ somatosensory system, 

emotional and mental health. These negative health outcomes can often lead to disturbance of 

activities of daily living, depression, anxiety, sleep disorders, and memory and attention 

impairments (Mols et al., 2014). To mimic clinical manifestations of CIPN, researchers often use 

assays that approximate human emotional pain-associated responses in rodent models. Anxiety-

like behaviors can be accessed via light/dark test, open field test and novelty suppressed feeding 

and open field test. A number of these assays was utilized throughout this dissertation work.  

 The light/dark box test exploits the innate conflict between the aversion to brightly lighted 

areas and spontaneous exploratory activity. The expected response of normal control animals is to 

explore the light compartment for longer period (Crawley & Goodwin, 1980). The novelty 

suppressed feeding test assesses a rodent’s aversion to eating in a novel environment which can be 

a new cage placed under a bright light (Bodnoff et al., 1988). The open field test also integrates 

rodents’ aversions to large, brightly lit, open and unfamiliar environments (Choleris et al., 2001; 

Seibenhener & Wooten, 2015).  
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 For depressive-like behaviors in mice, researchers utilize a forced swim test. For instance, 

Toma et al (2017) assessed mice for immobility as a sign of anxiety in water during the last 4 

minutes of a 6-minutes water immersion (Toma et al., 2017a). Immobility was counted when an 

upright floating positioned mouse made small movements to keep its head above water and did 

not cause water displacements. Anhedonia, a major symptom of clinical depression can be 

measured in mice via the wheel running and sucrose drinking tests (Cooper et al., 2018; Thompson 

& Grant, 1971). Lastly, the nesting procedure approximates activities of daily living (Negus et al., 

2015; Niu et al., 2021). The last three assays are described in more detail in chapter 3. 

1.2.3. Potential Mechanisms of Paclitaxel- and Oxaliplatin-Induced Peripheral Neuropathy 

 Morphometric studies of central and peripheral nervous systems show a verity of 

abnormalities induced by chemotherapies. Although oxaliplatin and paclitaxel belong to different 

classes of antineoplastic drugs, there are many common potential pathways attributing to 

development of CIPN phenotypes resulting from these treatments (Yamamoto & Egashira, 2021). 

Oxaliplatin’s distinctive cold hypersensitivity is caused by its metabolite oxalate, while the 

anticancer properties are attributed to dichloro (1,2-diaminocyclohexane)platinum (II) (Pt 

(DACH)Cl2). Oxaliplatin-induced peripheral neuropathy (OIPN) stems from neurodegeneration, 

oxidative stress, and altered expression level and/or function of ion channels (Sakurai et al., 2009). 

Paclitaxel, a microtubule targeting agent prevents proper formation of the mitotic spindle assembly 

which leads to arresting cancer cells at the G2-M phase of the cell cycle (Jordan et al., 1993; Yvon 

et al., 1999). The therapeutics agent disrupts axonal morphology, ion channels functions, and 

evokes inflammatory events. Together, the principal neurotoxic events shared between oxaliplatin 

and paclitaxel are (1) mitotoxicity, (2) functional impairments of ion channels, (3) triggered 
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immunological mechanisms via activation of satellite glial cells (Eldridge et al., 2020; Ferrier et 

al., 2013; Grisold et al., 2012; Park et al., 2013).  

 Paclitaxel has been shown to cause prominent abnormalities in axonal mitochondria, and 

release calcium by opening the mitochondrial permeability transition pore (mPTP) (Eldridge et al., 

2020; Kidd et al., 2002). Increased levels of reactive oxidant such as peroxynitrite have been long 

implicated in PIPN pathogenesis. Increased peroxynitrite production is mediated by two 

mechanisms. The first involves activating nitric oxide synthase and NADPH oxidase to create the 

precursors of peroxynitrite, nitric oxide and superoxide. The second mechanism includes 

inactivating manganese superoxide dismutase, a catalytic enzyme which degrades peroxynitrite 

(Salvemini et al., 2012). The number of swollen and vacuolated mitochondria of A- and C-primary 

afferent sensory nerve fibers were considerably increased in paclitaxel-treated than control rats, 

37.3 and 152%, respectively (W. H. Xiao et al., 2011). Moreover, paclitaxel indirectly causes 

sensitization of TRVP1 ion channels in DRG primary sensory neurons via increasing levels of 

9,10-epoxy-12Z-octadecenoic acid and expression of the cytochrome-P450-epoxygenase CYP2J6. 

This further leads to sensitization of TRPV1 ion channels and elevated frequency of spontaneous 

excitatory postsynaptic currents in spinal cord manifested as mechanical and thermal 

hypersensitivity (Sisignano et al., 2016). Voltage gated T-type Ca2+, Nav1.7, TRP vanilloid 4 and 

transient receptor potential ankyrin 1 channels have been also implicated in PIPN pathophysiology 

(Alessandri-Haber et al., 2004; Boehmerle et al., 2018; Y. Chen et al., 2011; Costa et al., 2018; 

Hara et al., 2013). Genetic and pharmacological inhibition of organic anion-transporting 

polypeptide 1B2 (OATP1B2) protects mice from developing sensory hypersensitivity, hence it is 

highly spectated that accumulation of paclitaxel in mouse DRG occurs (Leblanc et al., 2018). 

Uptake of paclitaxel in DRG sensory neurons induces dephosphorylation of axonal inositol 1,4,5-
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trisphosphate receptor 1 (IP3R1) which in turn disrupts Ca2+ signaling and causing activation of 

calpain proteases (Pease-Raissi et al., 2017). 

 Neuroinflammation plays an important role in CIPN. In the peripheral nervous system, 

satellite glial cells (SGC) coupling was increased two-fold in DRG dissected from paclitaxel-

treated rats (Warwick & Hanani, 2013). In addition, chronic pain state and decreasing pain 

threshold are associated with inflammatory cytokines such as tumor necrosis factor-α (TNF- α), 

interleukin-1β, IL-17 and/or other cytokines and glial transmitters released by paclitaxel-activated 

macrophages and SGC (Ledeboer et al., 2007; H. Luo et al., 2019; Peters et al., 2007). As noted 

earlier, morphological changers due to paclitaxel treatment were observed in Schwann cells of 

sciatic nerve. Imani et al proposed disruption in communication and dedifferentiation of Schwann 

cells into immature state as a potential mechanism of CIPN (Imai et al., 2017).   

  Elevation of pro-inflammatory cytokines and chemokines was observed in spinal dorsal 

horn presenting involvement of the central nervous system (CNS) in development and 

maintenance CIPN. Paclitaxel’s limited ability to cross the blood-brain barriers suggests its 

indirect involvement in the spinal cord observed changes. Two mechanisms that provide an 

explanation of this phenomenon are activation of microglia and astrocytes within lamina III–IV of 

the lumbar spinal cord through degeneration of central terminals of injured primary afferent fibers 

or release of factors from injured neurons (Glantz et al., 1995; Watkins et al., 2001). Other 

mediators implicated in biomolecular signaling pathway of paclitaxel-induced peripheral 

neuropathy include lysophosphatidic acid (LPA) and sphingosine 1-phosphate (S1P) through 

LPA1/LPA3 and S1PR1 receptors, respectively (Uchida et al., 2014). The proposed 

neuroinflammatory pathway of ceramide and S1P formation in the spinal dorsal horn of S1P 

receptor subtype 1 encompass activation of NFκB, ERK and p38, and pro-inflammatory and 
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neuroexcitatory cytokines such as TNF-α and IL-1β (Janes et al., 2014). Taken together, the 

complexity of PIPN induction and maintenance derives from a multitude of key 

neuroinflammatory and neuroexcitatory mechanisms.  

 Accumulation of Pt and oxaliplatin occurs via organic cation transporter 2 (OCT2) and 

organic cation/carnitine transporters OCTN1 and OCTN2 (Sprowl et al., 2013). Oxaliplatin-

derived Pt in DRG results in functional deficit of mitochondria, induces oxidative stress, and 

activation of nuclear factor-erythroid-2-related factor 2 (Nrf2) signaling, which plays a crucial role 

in mitochondrial function (Wen Hua Xiao & Bennett, 2012; Yang et al., 2018). Moreover, sciatic 

nerve mitochondria respiratory chain complex I/II show reduced activity evident by decreased 

O2 consumption and ATP production, increased lipid peroxidation, carbonylated proteins and 

DNA oxidation (Di Cesare Mannelli et al., 2012; Huaien Zheng et al., 2011). Hypomyelination 

observed in in the sciatic nerve of oxaliplatin treated animals is possibly linked to changes in the 

miR-15b, β-secretase 1, and cleaved neuregulin 1 pathways (Kawashiri et al., 2012). Oxalate, a 

labile oxalate ligand leaving group, chelates extracellular Ca2+ ions causing an increase in sodium 

conductance, neuronal depolarization and hyperexcitability (Deuis et al., 2013). Like paclitaxel, 

oxaliplatin treatment was shown to upregulate expression of transient receptor potential melastatin 

8 (TRPM8) and transient receptor potential ankyrin 1 (TRPA1) via a nuclear factor of activated T-

cell (NFAT)-dependent mechanism and inhibition of prolyl hydroxylase, respectively (Kawashiri 

et al., 2012; Nassini et al., 2011) TRPA1 is a polymodal cold and pain nociceptor. Hydroxylation 

of the N-terminal ankyrin repeat of TRPA1 and acidification of cytosolic milieu through ROS 

leads to increased sensitivity of the channel in dorsal root ganglia neurons (Miyake et al., 2016). 

Moreover, oxaliplatin reduces expression of TREK1 and TRAAK potassium channels and 
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increases the expression of hyperpolarization-activated channels (HCNs) leading to nociceptor 

over-excitability (Descoeur et al., 2011; Resta et al., 2018; Riva et al., 2018). 

 The main mechanism of oxaliplatin-induced peripheral neuropathy is Pt-induced ROS 

generation which caused cellular dysregulation (Hu et al., 2021). Notably, platination of nuclear 

and mitochondrial DNA, and production of ROS in DRG are attributed to mitochondrial 

respiratory chain complex I-III dysfunction, imbalance of endogenous ROS and cellular 

antioxidant system, and efflux of mitochondrial Ca2+ to cytosol  (Agnes et al., 2021; Leo et al., 

2020). Activation of inositol 1,4,5-trisphosphate receptors (IP3R) by ROS opens the permeability 

transition pore which leads to release of Ca2+. Altered permeability of mitochondria causes further 

release more ROS (Csordás & Hajnóczky, 2009; Kiselyov & Muallem, 2016). Like paclitaxel, 

oxaliplatin has limited permeability across the blood-brain barrier (BBB). Nonetheless, central 

nervous system dysfunctions have been reported. In the spinal cord, oxaliplatin-induced expression 

and activation of N-methyl-d-aspartate receptor (NMDAR) leads to phosphorylation of 

Ca2+/calmodulin dependent protein kinase II (CaMKII) (Mihara et al., 2011; Shirahama et al., 

2012). CaMKII activation in the spinal cord might contribute to the development of oxaliplatin-

induced CIPN persistent pain and inflammation (Dai et al., 2005; F. Luo et al., 2008; Yamamoto 

et al., 2017). Neuroinflammation has been implicated in many types of neuropathy, hence any 

disruption in the homeostasis between neuronal and glial cells might contribute to CIPN symptoms 

(Myers et al., 2006). Indeed, Janes K et al reported that rats-treated with oxaliplatin presented 

mechano-hypersensitivity which was associated with the hyperactivation of astrocytes, elevated 

pro-inflammatory TNF and IL-1β, and reduced anti-inflammatory/neuroprotective cytokines IL-

10 and IL-4 in the dorsal horn of the spinal cord (Janes et al., 2015). 
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1.3. NLRP3 Inflammasome 

1.3.1. Overview of NLRP3 Inflammasome: Structure and Function 

 The term inflammasome was coined nearly 20 years ago. It encompasses a family of 

inducible high molecular protein complexes involved in the proteolytic maturation of 

proinflammatory cytokines (Martinon et al., 2002). As a key component of the innate immune 

system, inflammasomes play an integral role in response to pathogens or noxious stimuli. Upon 

stimulation, heterogeneous groups of the protein complex assemble in the cytosol and serve as a 

platform to activate proinflammatory proteases: caspase-1, caspase-8, caspase-11 (in mice) and 

caspase-4/5 (in humans) (Heilig & Broz, 2018; Rathinam & Fitzgerald, 2016). Congregation of 

inflammasome complexes is contingent on cytosolic sensing of pathogen-associated molecular 

patterns (PAMP) and endogenous danger-associated molecular patterns (DAMP). Activation via 

DAMPs occurs in a sterile environment due to release of danger signals from damaged or dying 

cells (Latz et al., 2013). Some inflammasomes detect these patterns indirectly by changes in the 

cell's homeostatic environment, while others identify these patterns directly. The immune system's 

ability to initiate antimicrobial and inflammatory responses while preventing overt tissue damage 

depends on highly regulated assembly and signaling. Therefore, as it might be expected, there are 

several receptor proteins confirmed to assemble inflammasomes, including the nucleotide-binding 

oligomerization domain (NOD), leucine-rich repeat (LRR)-containing protein (NLR) family 

members (NLRP1, NLRP3, and NLRC4); the proteins absent in melanoma 2 (AIM2), and Pyrin 

(Broz & Dixit, 2016). Other less established pattern recognition receptors that promote caspase-1 

activation include NLRP6, NLRP7, NLRP12, retinoic acid-inducible gene I (RIG-I), and 

interferon-inducible protein 16 (IFI16) (Broz & Monack, 2013; Vladimer et al., 2013).    
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 The NLRP3 inflammasome is a macromolecular assembly of NLRP3, ASC, and Caspase-1 

proteins. NLRP3 contains N-terminal pyrin domain (PYD), a central NACHT, and a C-terminal 

leucine-rich region (LRR). NACHT domain is composed of four subdomains NLP family 

apoptosis inhibitor protein (NAIP), class II major histocompatibility complex transactivator 

(CIITA), heterokaryon incompatibility protein from Podospora anserinea (HET-E) and telomerase 

protein component 1 (Koonin & Aravind, 2000). The NACHT domain possesses ATPase activity 

through which the NLPR3 protein self-associate (Duncan et al., 2007). The PYD domain is 

composed of six anti-parallel helices with a central hydrophobic core, and five connecting loops 

(Bae & Park, 2011). The hydrophobic interaction of NLRP3-PYD domain with ASC-PYD domain 

initiates inflammasome oligomerization (Oroz et al., 2016). The LLR domain partakes in 

recognition of stimuli and oligomerization of the NLRP3 inflammasome (Martinon, 2008). ASC 

is an adaptor protein composed of containing an N-terminal PYD and a C-terminal caspase 

activation and recruitment domain (CARD). NALP3 and Caspase-1 are associate by the CARD 

domains of each unit (Bae & Park, 2011; Shiohara et al., 2002). Caspase-1 is present in cytosol as 

procaspase-1 which contains pro-domain CARD and a catalytic domain made of p20 and p10 

subunits. Formation of the inflammasome complex is required for proximity-induced 

autoproteolytic activation of procaspase-1 to yield active caspase-1 (Schroder & Tschopp, 2010). 

Experiments showed that the spatial distribution of each of the inflammasome components differs 

such that NLRP3 is associated with the endoplasmic reticulum, ASC is expressed in in the nucleus 

of epithelial and immune cells and redistributed to the cytoplasm upon stimulation; and pro-

caspase-1 is typically found in the cytosol but traffics extensively to numerous intracellular 

organelles including mitochondria, nucleus, and extracellular space (Misawa et al., 2013; Luqiao 

Wang et al., 2016; R. Zhou et al., 2011). The proposed cellular site of NLRP3 and ASC interaction 
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is the mitochondria-associated endoplasmic reticulum membrane structure, however it might be 

cell specific.  

 Activation of the NLRP3 inflammasome is a tightly orchestrated system that occurs on a 

transcriptional, post-translational, and structural level (Bauernfeind et al., 2009; Juliana et al., 

2012). It involves processes such as ubiquitination, deubiquitination, phosphorylation, 

dephosphorylation, sumoylation, and desumoylation (Seok et al., 2021). For instance, 

dephosphorylation and deubiquitination of NLRP3 LRR domain by PTPN22 and BRCC3, 

respectively, are required for the inflammasome assembly and activation (Py et al., 2013; Spalinger 

et al., 2016). Moreover, binding between NIMA-related kinase 7 (NEK7) and NLRP3 via 

interaction of NEK7 C-lobe interact with the LRR and NACHT domains positively regulates 

activation of the inflammasome (Niu et al., 2021). The pattern recognition receptor NLRP3 can be 

activated by numerous molecular stimuli such as lipopolysaccharide, bacteria-derived nucleic 

acids, pore-forming bacterial toxins, extracellular ATP, potassium efflux, ROS, lysosomal 

damage, and various metabolic crystals, lethal toxins, flagellin/rod proteins, muramyl dipeptide 

(MDP), M2 protein, virus-derived RNA or DNA, fungus-derived β-glucans, hypha mannan, 

zymosan, and protozoon-derived, self-derived glucose; β-amyloid, hyaluronan, cholesterol 

crystals, monosodium urate (MSU) crystals, calcium pyrophosphate dihydrate (CPPD) crystals, 

environment-derived alum, asbestos, silica, alloy particles, UV radiation, and skin irritants (Davis 

et al., 2011). The non-specificity of the receptor suggests an indirect activation of the 

inflammasome (Kelley et al., 2019). Depending on the DAMP or PAMP, one of the three NLRP3 

inflammasome activation pathways can occur: canonical (classical), non-canonical, and alternative 

(Li Wang & Hauenstein, 2020). 



   22 

 The canonical pathway is a two-step process that requires priming and activation. During 

the priming event, pattern recognition receptors become activated by signaling molecules such as 

cytokines DAMPs or PAMPs. This leads to the transcriptional upregulation of NLRP3 and pro-

IL-1β and via activation of nuclear factor-κB (Bauernfeind et al., 2009). For instance, binding of 

lipopolysaccharide to Toll-like receptor (TLR) 4 triggers stabilization of hypoxia-inducible factor 

1α (HIF1α) and an increase in IL1B gene transcription in mouse macrophages. Moreover, caspase-

8 and FADD (Fas-associated protein with death domain) are required for induction of NLRP3 of 

the priming step. The interaction between Caspase-8 with the IKK complex is an essential to NF-

κB activation, induction of NF-κB transcription and translocation (Lemmers et al., 2007). 

Secondly, priming involves post-translational modifications of NLRP3. MyD88-IRAK4-IRAK1 

signaling axis was required for early TLR and NLRP3 signal dependent inflammasome activation 

(Fernandes-Alnemri et al., 2013). In addition to dephosphorylation, the LRR domain undergoes 

ubiquitination by Pellino2 as a part of NLRP3 priming (Humphries et al., 2018).  

 In the second step of the canonical pathway, NLRP3 recruits ASC and procaspase-1, which 

results in caspase-1 activation and processing of cytoplasmic targets, including the pro-

inflammatory cytokines IL-1β and IL-18. The activation signals include extracellular ATP, pore-

forming toxins, viral RNA, and particulate matter, phosphatidylinositol-4-phosphate, ROS, and 

cathepsins (Kelley et al., 2019). Oligomerization of NLRP3 is mediated through NEK7 interaction 

with LRR and NACHT domains, and homotypic interactions between NACHT domains (He, 

Zeng, et al., 2016). Formed NLRP3 oligomers recruit ASC through PYD-PYD interactions which 

results in nucleation of helical ASC filaments known as an ASC speck (A. Lu et al., 2014; Schmidt 

et al., 2016). The organized ASC scaffold recruits pro-caspase-1 via CARD-CARD interactions 

allowing for heterodimerization, self-cleavage and activation of caspase-1 (Li Wang & 
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Hauenstein, 2020). Active caspase-1 converts pro-IL-1B and pro-IL-18 into their bioactive 

cytokine forms and cleaves gasdermin D (GsdmD) into two N- and C-terminal halves. The 

membrane pores created by GsdmDNterm are involved in cytokine secretion and facilitate cell-

death by pyroptosis (Dinarello, 2009; Yang et al., 2018). 

 The non-canonical activation does not require the priming step. It was proposed that the non-

canonical activation of NLRP3 inflammasome is triggered by cytosolic sensing of 

lipopolysaccharides (LPS) independently of TLR4 (Kayagaki et al., 2013). Murine caspase-11 

(human orthologs caspase-4/5) receptor senses LPS via CARD domain causing oligomerization 

and activation of the caspases (Kayagaki et al., 2011). Oligomerized murine caspasep-11 or human 

caspase-4/5 cleaves GsdmD allowing for formation of GsdmD membrane pores which leads to 

potassium efflux and subsequently the autocrine activation of the NLRP3 inflammasome. This 

event leads to release of bioactive IL-1 β and IL-18, and pyroptosis (Kayagaki et al., 2015; Shi et 

al., 2014). The alternative pathway was observed in human and porcine monocytes, and murine 

bone marrow–derived and splenic dendritic cells (Gaidt et al., 2016; He, Hara, et al., 2016). It is 

suggested that LPS activates the priming step through TLR4-MyD88 pathway causing production 

of NLPR3 and pro-IL-1β. Additionally, LPS-stimulated TLR4 causes activation of NLRP3 

inflammasome through RIP1-FADD-caspase-8 pathway without changes to K+ and ATP 

concentrations. Although the TLR4 ligands-stimulated cells secreted nature pro-inflammatory 

cytokines it occurred without formation of ASC speck.  

 

1.3.2. Role of NLRP3 Inflammasome in the Neuroinflammation, Pain and Neuropathy   

 IL-1β and IL-18, the products of NLRP3 inflammasome activation, play crucial roles in the 

CNS and may contribute to neuronal injury and cell death, such that several cell types in the brain 
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express their cognate receptors (Allan et al., 2005). Likewise, expression of the inflammasome 

components was observed in microglia, perivascular CNS macrophages, neurons, astrocytes, 

oligodendrocytes, and endothelial cells (Freeman et al., 2017; Gong et al., 2018; Kawana et al., 

2013; McKenzie et al., 2018). IL-1β induces the proliferation, activation, and differentiation of 

immune cells and facilitates phagocytosis, degranulation, and oxidative burst activity, while IL-18 

is an inducer of IFN-γ and is involved in the activation and differentiation of various T-cell 

populations (Ghayur et al., 1997; P. Li et al., 1995; A. Lu et al., 2016). Chronic inflammatory state 

induced by pro-longed inflammasomes activation leads to neuronal dysfunction and eventually 

neurodegeneration, a condition reported in traumatic brain injury and stroke, autoimmune-

mediated injury multiple sclerosis (MS), Alzheimer's disease, amyotrophic lateral sclerosis, 

Parkinson's disease, and prion disease (Voet et al., 2019).  

 The role of inflammasomes activation in MS is evident in elevated expression of caspase-1, 

IL-18, and IL-1β; and increased ATP and uric acid (inflammasome activating DAMPs) in 

peripheral blood mononuclear cells and cerebrospinal fluid of patients affected by the disease 

(Inoue & Shinohara, 2013; Mamik & Power, 2017). Although microglia are involved in phagocytic 

removal of Aβ deposits, accumulation of this NLRP3 inflammasome inducer promotes production 

of IL-1 β and IL-18 (Sarlus & Heneka, 2017). The inflammatory environment attributed in part to 

microgliosis can also influence other CNS cells, cause synaptic dysfunction, and neuronal damage 

(Voet et al., 2019). Moreover, released IL-1β exerts its action on spinal neurons and astrocytes. 

Microglia are a major source of inflammasomes of the brain-resident immune cells. Scattered 

throughout the brain, microglia continuously survey the brain parenchyma for pathogens, debris. 

Moreover, they initiate immune responses, secrete inflammatory mediators, control of brain ion 

homeostasis (calcium) and growth factor supply (insulin-like growth factor-1) promoting nerve 
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cell functionality; regulating neural networks by synapse elimination or stabilization, thereby 

ensuring neuronal survival within such networks, vascularization, and myelination (Graeber, 2010; 

Q. Li & Barres, 2018; Nimmerjahn et al., 2005). When activated, microglial cells interact with 

neurons, astrocytes and endothelial cells, form an inflammatory network via soluble factors and 

cell-to-cell contact which can lead to prompting initial inflammatory responses, recruitment of 

other inflammatory cells, opening of the blood-brain barrier, and invasion of peripheral immune 

cells (Spittau, 2017; Streit, 2002). For instance, the mechanism of multiple sclerosis incorporates 

compromised BBB and infiltration of microglia, astrocytes and peripheral immune cells promoting 

chronic inflammatory response that lead to inflammation, demyelination, and neurodegeneration 

(Baecher-Allan et al., 2018). 

 The cross-talk of microglia, astrocytes, presynaptic (glutamatergic) terminal, and 

postsynaptic terminal forms the quad-synapse. Both immune cells respond to extracellular 

glutamate, while astrocytes release calcium-wave-driven ATP and activation of purinergic 

receptors (e.g. P2Y12 and P2Y6) of microglia (Macht, 2016). Glutamate is an important excitatory 

neurotransmitter involved in induction and the maintenance of central sensitization of the pain 

pathway. High concentrations of the neurotransmitter are toxic and disruption of the glutamate 

pathway is linked to chronic pain (Latremoliere & Woolf, 2009). Astrocytes are involved in 

maintaining proper concentration of glutamate by converting it to glutamine and shuttling it back 

to neurons (Chung et al., 2015). 

 Resulting from a tissue injury, acute pain sensitivity in the peripheral nervous systems could 

evolve to a persistent and irreversible pathological pain such as neuropathy. Interestingly, primary 

nociceptors are involved in acute and chronic pain conditions. Central sensitization refers to a 

pathological state of increased responsiveness of spinal cord pain-transmission neurons and an 
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activity in non-nociceptive primary sensory fibers. Whereas, peripheral sensitization results from 

lowering of nociceptor activation thresholds due to products of local tissue damage and 

inflammation such as prostaglandins, TNF-α, IL-1β, and nerve growth factor (Julius & Basbaum, 

2001). Evidence suggests that IL-1β, one of the end products of NLRP3 inflammasome activation, 

modulates the faction of neuronal receptors and ion channels transient such as receptor potential 

and voltage-gated channels, N-methyl-D-aspartate and gamma-aminobutyric acid (GABA) 

receptors (Starobova, Mueller, et al., 2020). 

 The role of NLRP3 inflammasome in CIPN has gained more interest in the recent years due 

to research indicating a crucial involvement of IL-1β in sensitization of nociceptors and pain 

induction (Binshtok AM et al., 2008). Elevated levels of the pro-inflammatory cytokine were 

observed in pain-related conditions such as complex regional pain syndrome, neuropathic pain, 

MS, and fibromyalgia (Cordero et al., 2014; Helyes et al., 2019; Starobova, Nadar, et al., 2020; 

Vanitallie, 2010). In a multiple sclerosis mouse model, administration of MCC950 (an NLRP3 

antagonist) successfully relieved mechanical allodynia in the hind limbs (Khan et al., 2018). 

Similarly, mice with spinal cord injury treated with an endogenous NLRP3 inflammasome 

inhibitor D-β-hydroxybutyrate presented significant alleviation of mechanical and thermal 

hypersensitivities and reduction of IL-1β and IL-18 protein expression levels in the spinal cord 

(Qian et al., 2017; Youm et al., 2015). Increased expressions of NLRP3, caspase-1, and IL-1β were 

also observed in a rat model of paclitaxel-induced neuropathy model. Administration of phenyl N-

tert-butylnitrone attenuated mitochondrial damage and production of reactive oxygen species in 

sciatic nerve and lowered mechanical hypersensitivity (Jia et al., 2017). Spinal cords from 

oxaliplatin-treated rats had elevated expression of NLRP3 and caspase-1. Moreover, intrathecal 

injection of MCC950, a potent and specific inhibitor of the NLRP3, significantly alleviated 
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neuropathic pain-like symptoms in rats intraperitoneally treated with a cumulative 10 mg/kg 

oxaliplatin (Wahlman et al., 2018). Liu et al investigated the role of NLRP3 inflammasome in 

bortezomib-induced peripheral neuropathy. They observed increased expression of NLRP3 

expression in DRG neurons and infiltrating macrophages after bortezomib treatment in mice. They 

also observed that intrathecal injection of NLRP3 siRNA prevented the mechanical 

hypersensitivity induced by bortezomib treatment (Liu et al., 2018).  

 The premise of this dissertation stems from a hypothesis that paclitaxel and oxaliplatin 

induce activation of the NLRP3 inflammasome by various processes causing release of IL-1β 

which results in chemotherapy-induced peripheral neuropathy. Thus, targeting NLRP3 

inflammasome could be a potential treatment for CIPN. There are limited published studies 

investigating the role of NLRP3 inflammasome on changes in pain-like behavior in rodent models 

of oxaliplatin- and paclitaxel-induced peripheral neuropathy. This dissertation work investigated 

whether genetic and pharmacological intervention of disrupting NLRP3 inflammasome assembly 

would protect mice from developing neuropathic pain-like symptoms in mouse models of OIPN 

and CIPN. 

 

1.4. Dissertation Aims 

 Aim 1: To investigate the role of NLRP3 inflammasome in paclitaxel-induced 

peripheral neuropathy. The impact of NLRP3 inflammasome protein function inhibition on the 

development of PIPN using ASC KO and NLRP3 functional KO mice. In addition, we used 

compound Jc-124 as a pharmacological approach of selective blocking of NLRP3 inflammasome 

activation in PIPN mouse model. We assessed activation of NLRP3 inflammasome in the lumbar 

4-6 spinal cord, a region important in pain modulation, by measuring levels of IL-1β, and co-
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localization of NLRP3 with ASC protein or NLRP3 with Caspase-1 in mice treated with three 

doses of paclitaxel. We hypothesized that paclitaxel will increase levels of IL-1β in a dose 

dependent manner and blocking NLRP3 inflammasome activation via genetic or pharmacological 

approach will protect mice from developing mechanical and cold hypersensitivity. 

  Aim 2: To investigate the role of NLRP3 inflammasome in oxaliplatin-induced 

peripheral neuropathy. First, we established OIPN mouse model by subjecting two C57BL/6J 

and Balb/cJ mice to two doses of oxaliplatin. We performed a battery of behavioral test, measured 

changes in nerve conductance and IENF density to determine differences caused by the anti-cancer 

drug in each strain. Secondly, we subjected ASC KO and NLRP3 functional KO mice to the lower 

dose of oxaliplatin to investigate if blocking NLRP3 inflammasome activation will protect the 

mice from oxaliplatin-induced peripheral neuropathy as measured by von Frey. We planned on 

performing additional experiments in C57BL/6J mice confirm that the lack of mechanical 

hypersensitivity was due disruption of NLRP3 inflammasome activation, however, data showed 

otherwise. We hypothesized that inhibition of NLRP3 inflammasome will protect mice from 

developing oxaliplatin-induced peripheral neuropathy.  

 Overarching hypothesis: NLRP3 inflammasome activation drives chemotherapy-induced 

peripheral neuropathy in non-specific anti-neoplastic drug manner.  

Completion of these aims will help to establish the roles of the NLRP3 inflammasome in 

paclitaxel- and oxaliplatin-induced peripheral neuropathy thus revealing a potential target for 

therapeutic intervention. 
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CHAPTER TWO 

THE ROLE OF NLRP3 INFLAMMASOME INHIBITION IN PACLITAXEL-INDUCED 
PERIPHERAL NEUROPATHY MOUSE MODEL 

 
2.1. Introduction 

 
 Chemotherapy-induced peripheral neuropathy (CIPN) is one of the major dose-limiting side 

effects of several anticancer drugs, including paclitaxel (Banach et al., 2017). These symptoms 

include mechanical and cold allodynia, numbness, tingling, painful burning sensations and a 

decrease in the density of intraepidermal nerve fibers (Seretny et al., 2014). Although paclitaxel 

increases overall survival of breast, lung, and ovarian cancer patients, paclitaxel-associated CIPN 

can occur acutely and chronically, and persist after termination of chemotherapy severely affecting 

the life quality of the patients (Beijers et al., 2014; Saibil et al., 2010; Urits et al., 2018). Efficacious 

prophylactic or therapeutic treatments for CIPN are currently not available, therefore there is a 

great need to identify potential mechanisms and new treatment targets of CIPN. 

 Canonical NLRP3 inflammasome processes involve oligomerization of an innate immune 

pattern recognition receptor NLRP3 and its signaling adaptor ASC upon sensing danger-associated 

molecular patterns (DAMPS), that triggers recruitment of the cysteine protease caspase-1 to form 

a complex termed the inflammasome (F. Lu et al., 2020). Subsequently, autoproteolysis of caspase-

1 results in cleavage and activation of the pro-inflammatory cytokines IL-1β and IL-18, and 

GSDM-D (Evavold et al., 2018; Mulvihill et al., 2018). The importance of NLRP3 inflammasome 

complexes as major mediators of inflammatory pathways in neuropathic pain has recently emerged. 

Cancer cells and antineoplastic drugs can trigger release of DAMPs from host or cancer cells 

(Donnelly et al., 2020). As such, NLRP3 and IL-1β expression level elevated in mouse 
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macrophages treated with paclitaxel and dorsal root ganglia of rats treated with paclitaxel (Deuis 

et al., 2014; Zeng et al., 2019).  

 Accordingly, we hypothesized that based on the evidence, NLRP3 inflammasome plays an 

important role in paclitaxel-induced peripheral neuropathic pain. The studies in this chapter 

investigated the role of NLRP3 inflammasome on the onset of mechanical and cold hypersensitivity 

in mice treated with paclitaxel. NLRP3 KO and ASC KO were subjected to intraperitoneal 

injections of two doses of paclitaxel. We evaluated whether JC124, a selective NLRP3 

inflammasome inhibitor, would protect C57BL/6J male and female mice from various paclitaxel 

doses. Lastly, spinal cord dorsal horn areas of mice treated with various doses of paclitaxel were 

assessed for changes in IL-1β. 
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2.2. Materials and Methods 
 

Animals 
 

All experiments were approved by the Institutional Animal Care and Use Committee at 

Virginia Commonwealth University under the National Institutes of Health Guidelines for the Care 

and Use of Laboratory Animals. Adult C57BL/6J mice were supplied from the Jackson Laboratory 

(Bar Harbor, ME) and housed in an AAALAC-accredited facility in climate-controlled room on a 

12 hours light/dark cycle (lights on 07:00hrs) with ad libitum access to food (Envigo, Teklad LM-

485 mouse/rat sterilizable diet, cat # 7012, WI, USA) and water. C57BL/6J-NLRP3m1Btlr/Mmucd 

(Mutant Mouse Research and Resource Center at Univ. of California, Davis) mice were 

backcrossed onto the C57BL/6J genetic background mice. The NLRP3 knock-out is a functional 

loss-of-function protein induced by N-ethyl-N-nitrosourea. A resultant single point mutation of T 

to G transversion at position 3187 in exon 9 of 10 total exons of the Nlrp3 transcript causes a 

cysteine to tryptophan substitution at residue 987 of the NLRP3 protein (Hua Huang et al., 2019). 

ASC null mice have a neomycin-disrupted allele (Mariathasan et al., 2004). NLRP3−/− and ASC−/−  

mice were each intercrossed to generate mutant and control mice germline transmission and 

confirmed by PCR of tail genomic DNA. NLRP3m1Btlr (NLRP3−/−) and ASC−/− strains will be 

referenced throughout this dissertation as NLRP3 KO and ASC KO, respectively. Mice were ages 

10–22 weeks at the beginning of each experiment. 

 

Experimental Protocol 
  

 Experiments were carried out with the approval of Institutional Animal Care and Use 

Committee of Virginia Commonwealth University, in accordance with the National Institutes of 

Health Guidelines for the Care and Use of Laboratory Animals. Paclitaxel (NDC 70860-200-50) 
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was diluted in 1:1:18 volume ratio solution (vehicle) composed of ethanol, kolliphor (Sigma-

Aldrich), and distilled water, respectively. Paclitaxel-treated mice were subjected to one of three 

regimens: low dose, medium dose, and high dose. Each regimen consisted of four intraperitoneal 

(i.p.) injections administered in a volume of 10 ml/kg body weight on days 0, 2, 4 and 6. The 

cumulative dose totaled 8 mg/kg, 16 mg/kg, and 32 mg/kg for low dose (Pac 2), medium dose (Pac 

4), and high dose (Pac 8), respectively. NLRP3 and ASC mice were challenged with a second 

regimen of the low dose paclitaxel on days 37, 39, 41 and 43. The control group received the 1:1:18 

solution at a volume of 10 ml/kg, i.p., of the same injection regimen (Figure 1A). We used JC124 

(4-[2-(5-chloro-2-methoxy benzamide)ethyl]benzsulfamide), a compound synthesized and 

supplied by Dr. Shijun Zhang; as a mean of pharmacological of NLRP3 inflammasome. JC124 was 

dissolved in DMSO and then further diluted in PEG-400 and administered at the dose of 100 mg/kg 

according to published studies (Kuwar et al., 2019; Toldo et al., 2019). C57BL/6J mice received a 

daily intraperitoneal (i.p.) injection of the drug or vehicle for 10 consecutive days. JC124 or its 

vehicle was injected 30 min prior to paclitaxel. Control mice received an equal volume of the 

vehicle solution (10% DMSO in PEG-400). Body weight and overall well-being were monitored 

for any signs of drug toxicity. C57BL/6J mice designated for histological studies were sacrificed 

on day 7 by carbon dioxide overdose followed by decapitation.  

 
         

 
 
 
Figure 1. Paclitaxel dosing 
schedule. NLRP3 and ASC 
strain mice were administered 
different regimen of paclitaxel 
(A). Pharmacological inhibition 
of NLRP3 inflammasome with 
JC124 compound in mice co-
treated with paclitaxel (B).
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Mechanical Hypersensitivity 

Mechanical hypersensitivity thresholds were measured with manual von Frey filaments 

according to the methods of Chaplan et al. (Chaplan et al., 1994). Male and female mice were tested 

at different times. Each mouse was placed in a Plexiglas chamber on an elevated mesh and allowed 

to acclimate for at least 30 min. Mechanical force (expressed in grams) was applied in increasing 

amounts to the ventral surface of the hind paw until a paw withdrawal response was demonstrated. 

The rate of in-house mice breeding was variable; therefore, two cohorts of each genotype were 

tested and data was pooled. Mice were tested at baseline (before paclitaxel treatment), one day post 

last paclitaxel injection, and then weekly. The number of animals tested is summarized in Table 1.  

Mouse allocation Number of animals per paclitaxel dose 
Strain Sex Vehicle 2 mg/kg 4 mg/kg 8 mg/kg 

NLRP3 WT 
Male 11 10 13 - 
Female 10 11 11 - 

NLRP3 KO 
Male 9 10 12 - 

Female 10 14 11 - 

ASC WT 
Male 10 10 5 - 
Female 3 4 3 - 

ASC KO 
Male 9 9 4 - 
Female 4 5 4 - 

C57BL/6J 
Male Veh = 11 

JC124 = 6 
Veh = 6 
JC124 = 6  

Veh = 5 
JC124 = 5 

Veh = 5 
JC124 = 5 

Female Veh = 5 
JC124 = 5 

Veh = 5 
JC124 = 5 - - 

 
Table 1. Summary of the number of mice in each treatment group assessed for mechanical   
hypersensitivity with von Frey test.  

 
 

Cold Hypersensitivity (Acetone Test) 

The acetone test was performed by habituating mice in Plexiglas chambers on mesh metal 

flooring for at least 30 min. After mice became calm, 20 µL of acetone (Fisher Bioscience) was 

sprayed onto the ventral surface of the hind paw from a 200 µL pipette (Eppendorf). Total time 
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lifting, licking, or clutching each paw was recorded over the course of 60 s. The number of tested 

animals is summarized in Table 2.  

Mice allocation Number of animals per paclitaxel dose 

Strain Sex Vehicle 2 mg/kg 4 mg/kg 

NLRP3 WT 
Male 4 4 - 

Female 6 7 - 

NLRP3 KO 
Male 6 6 - 

Female 6 7 - 

ASC WT 
Male 10 10 5 

Female 3 4 3 

ASC KO 
Male 9 9 4 

Female 4 5 4 
 

Table 2. Summary of the number of mice in each treatment group assessed for cold hypersensitivity 
with acetone test.  

 

Immunofluorescence  

 Spinal cord L4-L6 regions were removed, immersion fixed in 4% (v/v) formaldehyde in PBS 

(Sigma Aldrich) and kept at 4°C for at least 48 prior to processing. Spinal cords regions were 

embedded with paraffin and 10-micron thick sections were mounted on glass slides. Staining for 

NLRP3 inflammasome components was performed on Leica Bond RX and imaged with Vectra 

Polaris automated imaging system at 40X. Prior to primary antibody incubation, sections 

underwent EDTA-based antigen retrieval, washing with Bond Wash solution (Leica Biosystems 

Cat# AR9590), and 20-minute blocking with 5% normal goat serum. Antibodies were diluted in 

the blocking solution as follows: 1:100 goat anti-NLRP3 goat (ab4207, Abcam), 1:200 rabbit anti-

ASC (AL177, Adipogen), 1:1000 donkey anti-goat AF594, and 1:2000 goat anti-rabbit AF750. 

Sections were incubated with a primary antibody for 60 minutes, washed with Bond Wash solution, 

incubated with a secondary antibody for 60 minutes, washed with distilled water, and 
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counterstained with DAPI. Images were previewed in Phenochart 1.1.0 (PerkinElmer Inc.) and the 

percentage of the positively stained cells was analyzed using inForm Tissue Analysis Software.  

 

Immunoperoxidase 

 Spinal cord sections were dewaxed by incubation at 70°C for 3 minutes, dewaxed by three 

immersions in histoclear for 10 min each before rehydration with 100, 95, and 70% ethanol and 

dH2O for 5 min each. Heat induced antigen retrieval in 95°C sodium citrate (0.01M, pH 6.0) was 

performed for 10 minutes. After sides cooled, sections were washed in PBS for 5 min three times 

and subjected to quenching in 3% H2O2 in methanol. Sections were incubated with a blocking 

solution (2.5% horse serum and 1% Triton-X in PBS) for 30 minutes to prevent any non-specific 

staining. Slides were incubated with the primary anti-IL-1β overnight at 4°C (1:200; AF-401-NA 

R & D Systems, USA) in a humidity chamber. After washing the slices 3x10 min with PBS, pre-

diluted Sav-HRP (PK-7800, Vector Laboratories) conjugates were applied to the sections on the 

slides and incubated in a humidified chamber at room temperature for 30 mins. After washing the 

slides in PBS, freshly prepared 3, 3´-diaminobenzidine (DAB) solution (25 mg/100 ml of 0.0003% 

hydrogen peroxide in PBS) was added on slides for 5 min at room temperature, followed by 

washing in dH2O and addition of hematoxylin. Slides were dehydrated and mounted with mounting 

medium. Images were taken in brightfield with an 10X objective (Nikon) and analyzed for the 

percentage of the positive staining using inForm Tissue Analysis Software. Each treatment group 

included tissues from mice of both sexes. Sections from the following number of mice were used: 

vehicle, males n = 4 and females n = 3; Pac 2, males n = 3 and females n = 3; Pac 4 and Pac 8, 

males n = 5 and females n = 3. The immunofluorescence (IF) and immunoperoxidase (IP) analyses 
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aimed to assess NLRP3 inflammasome activation and IL-1β production, respectively, induced by 

paclitaxel treatments in the spinal dorsal horns.  

 

Statistical Analyses 

 The data were analyzed with GraphPad Prism software, version 8 (GraphPad Software, Inc., 

La Jolla, CA) and expressed as mean ± SEM. Repeated experimental designs were analyzed via 

three-way ANOVA with ‘treatment’ and ‘genotype’ or ‘sex’ as between-groups factors and ‘time 

in weeks’ as the within-group factor and followed by Tukey’s post-hoc test. Two-way ANOVA 

was used to analyze Area Under the Curve (AUC) of cold hypersensitivity (genotype and 

treatment), JC124 effect on body weight and mechanical threshold changes (time x dose), and with 

Sidak’s multiple comparisons test. Differences were considered significant when p < 0.05.  

 

2.3. Results 
 

Sex- and Dose-dependent Onset of Mechanical Hypersensitivity in NLRP3 KO mice  

   We began with a set of experiments to elucidate the role of NLRP3 inflammasome in the 

pathophysiology of PIPN by subjecting NLRP3 KO and their NLRP3 WT littermates to different 

schedules and doses of paclitaxel. A three-way ANOVA analyses showed a significant interaction 

between genotype x treatment x time [F (8, 288) = 3.263, P = 0.0014] and [F (8, 336) = 2.454, P 

= 0.0136] in male and female mice, respectively, treated with 2 mg/kg of paclitaxel. The low dose 

of paclitaxel administered to NLRP3 WT mice caused a significant decrease in mechanical 

threshold compared to NLRP KO mice (Figure 1B-C). Three weeks post last paclitaxel injection 

the threshold returned to baseline levels. The second wave of 2 mg/kg of paclitaxel triggered 

mechanical hypersensitivity which was observed in male NLRP3 WT and NLRP3 KO mice for 
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the remainder of testing. However, female NLRP3 KO showed a reduced mechanical threshold 

at week 7 only. NLRP3 WT female mice showed comparable results to NLRP3 WT male mice. 

We compared mice of the same genotypic background to determine possible sex differences. A 

three-way ANOVA analyses indicated significant differences in the NLRP3 KO strain (F (8, 320) = 

4.318, P < 0.0001), driven by distinct changes observed at weeks 6, 7, and 9 (P = 0.3656, P = 

0.0477, and P = 0.0002 respectively). No differences in the WT strain were noted (F (8, 304) = 

0.7031, P = 0.6888, Figure 2B-C). The same cumulative dose of paclitaxel (16 mg/kg) was 

administered  

 

 
 
Figure 2. Induction of mechanical hypersensitivity by low and mid dose of paclitaxel in NLRP3 
strain of mice. Baseline mechanical thresholds were assessed before the paclitaxel treatment (week 0) and 
then monitored after completion of each regimen (A). Male and female mice treated with 2 mg/kg 
paclitaxel received two waves of injections days 0-6 and 37-43 (B-C). The 4 mg/kg regimen was 
administered in male and female mice between days 0-6 and tested weekly (D-E). Values are expressed as 
mean ± SEM. Results were compared using three-way ANOVA (Treatment, Time as RM) for each strain 
and for each sex followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 indicates times at 
which NLRP3 WT paclitaxel-treated mice were statistically different from NLRP3 WT vehicle group. $p 
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< 0.05, $$p < 0.01 and $$$p < 0.001 indicate times at which NLRP3 KO paclitaxel-treated mice were 
statistically different from NLRP3 KO vehicle group.  
 
as four injections of 4 mg/kg. Data indicates a delayed onset of mechanical hypersensitivity in 

NLRP3 KO male and female mice at week 4 (males: F (8, 288) = 3.263, P = 0.0014, females F (8, 336) 

= 2.454, P = 0.0136). In comparison, mechanical hypersensitivity in NLRP3 WT mice was 

observed at week 1, one day after the last paclitaxel injection (Figure 2D-E). 

 
 
Sex- and Dose-dependent Onset of Mechanical Hypersensitivity in ASC KO mice 

   The next experiment implemented the same dosing schedules of paclitaxel in ASC strain 

mice to further confirm if preventing NLRP3 inflammasome oligomerization and consequent 

activation of caspase-1 would ameliorate mechanical CIPN symptoms in mice. ASC WT male mice 

exhibited a similar pattern of CIPN development and recovery to NLRP3 WT male mice treated 

with the same low dose of paclitaxel. ASC KO female mice treated with one wave of 2 mg/kg of 

paclitaxel displayed full protection from development of mechanical hypersensitivity compared 

with the paclitaxel-treated ASC WT female mice (F (8, 96) = 4.708, P < 0.0001, Figure 3B). 

Comparable results were observed in ASC KO male mice, however, a decrease in mechanical 

below 1g was evident at week 2 (F (8, 272) = 2.107, P = 0.0354, Figure 3A). Compared with ASC 

KO female mice, ASC KO male mice treated with a second wave of 2 mg/kg of paclitaxel displayed 

significant mechanical hypersensitivity (F (8, 184) = 2.264, P = 0.0245). ASC WT mice treated with 

the low dose of paclitaxel did not recover from established CIPN. The mid regimen of paclitaxel 

(4 mg/kg per injection) was sufficient to induce long lasting decrease in mechanical threshold in 

ASC WT male and female mice (Figure 3C-D). In contrast, deletion of ASC protein was sufficient 

to provide mild protection from CIPN. 

 



   39 

 
Figure 3. Induction of mechanical hypersensitivity by low and mid dose of paclitaxel in ASC strain 
mice. Mechanical thresholds were assessed at baseline (week 0) before the paclitaxel treatment and then 
monitored after completion of each regimen (A). Male and female mice treated with 2 mg/kg paclitaxel 
received two waves of injections on days 0-6 and 37-43 (B-C). The 4 mg/kg regimen was administered in 
male and female mice between days 0-6 and tested weekly (D-E). Values are expressed as mean ± SEM. 
Results were compared using three-way ANOVA (Treatment, Time as RM) for each strain and for each 
sex followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 indicates times at which ASC 
WT paclitaxel-treated mice were statistically different from ASC WT vehicle group. $p < 0.05 and $$p < 
0.01 indicate times at which ASC KO Pac-treated group vs from ASC KO control group.  
 
 

Genetic Interference of NLRP3 Inflammasome Oligomerization Protects Mice From Developing 

Cold Hypersensitivity.  

   A characteristic paw withdrawal response to a cold stimulus in paclitaxel-treated mice was 

reported previously in our lab (Toma et al., 2017a). As such, we sought to investigate whether 

NLRP3 inflammasome dysregulation would protect mice from developing cold hyperalgesia. 

Hypersensitivity to acetone cooling sensation was significantly observed in NLRP3 WT mice after 

each 2 mg/kg paclitaxel wave of injections, while the response time of paclitaxel-treated NLRP3 

KO males resembled their control group (F (7, 112) = 2.797, P = 0.0101; Figure 4A). A three-way 
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ANOVA of results obtained from female mice did not find the ‘genotype x treatment x time’ 

interaction statistically significant. However, NLRP3 WT females demonstrated an observable 

change in magnitude of cold hypersensitivity compared to NLRP3 KO females (Figure 4B). 

Transformed cold sensitivity data into AUC revealed a significant interaction between treatment 

and genotype (F (1, 172) = 299.1, P < 0.0001) and revealed that paclitaxel-treated NLRP3 WT mice 

indeed differed from NLRP3 WT control group (P = 0.0101, data not shown). Consistent with 

NLRP3 strain, ASC WT male and female treated with the low dose of paclitaxel had a greater 

magnitude of cold hypersensitivity (male F (7, 238) = 2.544, P = 0.0152; female F (7, 84) = 4.612, P = 

0.002). ASC KO male and females showed comparable response time to their respective vehicle-

treated groups (Figure 4C-D). Additionally, no aberrations were observed in ASC KO female mice 

treated with the mid-paclitaxel dose (Figure 4E-F). ASC WT female mice which were 

administered the 16 mg/kg cumulative paclitaxel regimen displayed a significant difference in the 

cold test response in comparison to the ASC WT control group. A three-way ANOVA analysis of 

ASC males treated with the mid dose paclitaxel was not significant, however, AUC of total 

response time revealed a significant interaction between treatment and genotype (F (4, 40) = 10.83, 

P < 0.0001) and showed that paclitaxel-treated ASC WT group differed from ASC WT control 

group (P < 0.00001, data not shown). Within strain comparisons revealed a stronger response to 

cold stimulus in Pac 2 treated ASC WT females than ASC WT males (F (7, 161) = 2.651, P = 0.0128; 

week 6 P = 0.0007, week 7 P = 0.0154). 

 



   41 

 

Figure 4. Induction of cold hypersensitivity with paclitaxel in WT mice. Two waves of 2 mg/kg paclitaxel 
injections were administered to NLRP3 (A-B) and ASC (C-D) mice on days 0-6 and 37-43. The 4 mg/kg 
regimen was administered to NLRP3 strain mice between days 0-6 and tested weekly (E-F). Values are 
expressed as mean ± SEM. Results were compared using three-way ANOVA (Treatment, Time as RM) for 
each strain and for each sex followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 indicate 
statistical different between Veh-NLRP3 WT and Pac-treated NLRP3 WT mice. 
 

JC124 Prevents Mice from Low-Dose Paclitaxel-Induced Mechanical Hypersensitivity 

   We assessed general body conditions of mice receiving the JC124 compound and compared 

them to the vehicle-treated group. Figure 5 shows that co-administration of JC124 or its vehicle 

did not cause a statistically significant change in body weight in male and female C57BL/6J mice. 

The highest dose of paclitaxel (8 mg/kg) significantly altered body weight in males co-treated 

with the vehicle solution for JC124 on day 4 (F (15, 115) = 11.30, P < 0.0001). Two-way ANOVA 
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analysis (dose x time) confirmed that administration of JC124 to vehicle-treated mice did not 

change the mechanical threshold of male nor female mice (males: F (5, 75) = 1.473, P = 0.2086; 

females: F (4, 32) = 0.7917, P = 0.5393). As anticipated, paclitaxel treatment caused a decrease in 

mechanical threshold of male and female mice (Figure 6A and 6C). JC124 treatment prevented 

development of mechanical hypersensitivity in male and female C57BL/6J mice treated with 2 

mg/kg of paclitaxel (Figure 6B and 6D). The inflammasome inhibitor delayed onset of 

mechanical hypersensitivity caused by 4 mg/kg of paclitaxel, however, was not effective against 

the high dose of the chemotherapeutic in C57BL/6J male mice. 

 

Figure 5. The effect of JC124 co-treated with paclitaxel on body weight. Percent body weight change 
changes from baseline in male C57BL/6J mice co-treated with paclitaxel (or its vehicle) and 10%DMSO in 
PEG-400 (A), C57BL/6J male mice co-treated with JC124 and paclitaxel (or its vehicle) (B), C57BL/6J 
female mice co-treated with vehicle for JC124 and paclitaxel (or its vehicle) (C), C57BL/6J female mice co-
treated with JC124 and paclitaxel (or its vehicle) (D). Baseline measurements were taken before 
vehicle/JC124 treatment on day -3. Data expressed as mean ± SEM. Results were compared using two-way 
ANOVA and followed by Tukey’s post hoc test. *p < 0.05 and compared to vehicle-treated mice. 
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Figure 6. Prevention of CIPN in mice with NLRP3 inflammasome inhibitor. Mechanical 
hypersensitivity was assessed with von Frey assay in male C57BL/6J mice co-treated with paclitaxel (or its 
vehicle) and 10%DMSO in PEG-400 (A), C57BL/6J male mice co-treated with JC124 and paclitaxel (or its 
vehicle), C57BL/6J female mice co-treated with vehicle for JC124 and paclitaxel (or its vehicle) (C), 
C57BL/6J female mice co-treated with JC124 and paclitaxel (or its vehicle) (D). Values expressed as mean 
± SEM.  
 
 
IL-1β Levels Are Significantly Elevated in Spinal Cord Tissue of Mice Treated with High Dose 

Paclitaxel.  

 
 The percent of cells with positive IL-1β staining in the dorsal horn of spinal sections was 

compared between sexes in each group. Two-way ANOVA did not show difference between sexes; 

therefore, data was combined per treatment group. One-way ANOVA test revealed significant 

differences between the treatment groups (F (3, 27) = 3.546, P = 0.0276, Figure 7B) while Tukey’s 

test revealed a significant increase of IL-1β in the Pac 8 group compared to the control (P = 0.0174). 

These results suggested that the active IL-1β was increased in the dorsal horn in response to 

paclitaxel.  
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 A                      B 

 
 
 

Figure 7. High dose of paclitaxel increased level of IL-1β in dorsal horns of spinal cords. A) 
Representative bright field images of L4-L6 spinal cord section from male C57BL/6J mice treated with 
paclitaxel. Images taken at 4X and 20X (small sections). B) Percentage of positive IL-1β-stained cells in 
male and female C57BL/6J mice. The overall effect of paclitaxel treatment was identified by one-way 
ANOVA analysis followed with post-hoc Tukey’s multiple comparisons test, * p < 0.05. 
 
 
NLRP3 Inflammasome Immunostaining Results 

 Immunohistochemistry was performed to confirm whether NLRP3 inflammasome 

activation was present in L4-6 spinal cord sections after paclitaxel treatment. Exemplary images of 

sections stained for ASC and NLRP3 proteins from vehicle- and paclitaxel-treated groups are 

shown in Figure 8. Sections stained for ASC protein showed green specs through tissue sections 

in all experimental groups. No specs were present on a slide of the control group that was subjected 

to the staining protocol with the omission of NLRP3 or ASC primary antibodies (images not 

shown). As ASC is a cytosolic protein, presence of fluorescence outside the cell might be indicative 

of the primary antibody non-specific binding. NLRP3 staining did not produce distinctive signal 

for the protein. High background autofluorescence was present in staining of both proteins. This 
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data is not conclusive as we were not able to detect a distinctive and typical signal for either protein 

possibly due to poor performance of the primary antibodies. 

 

 
Figure 8. Immunohistochemistry images of L4-6 spinal cord sections. Tissue stained for NLRP3 (red), 
ASC (green), and DAPI (blue) in a vehicle and paclitaxel-treated male mice one day after the last injection 
of paclitaxel. Images taken at 20X magnification.  
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2.4. Discussion 

 
   Paclitaxel-induced peripheral neuropathy is a debilitating side effect that affects patients’ 

quality of life. Presently, there are no effective prophylactic or therapeutic treatments available for 

CIPN. The precise pathology of paclitaxel-induced peripheral neuropathy is yet to be delineated, 

however, evidence suggests significant contribution of neuro-inflammation through triggering 

production of proinflammatory cytokines such as IL-1β which enhances neuropathic pain. 

Accordingly, researchers have been exploring different avenues of blocking production of IL-1β to 

ameliorate paclitaxel-induced nociception. We hypothesized that inhibition of NLRP3 

inflammasome aggregation in mice treated with paclitaxel would prevent development of CIPN by 

diminishing levels of IL-1β. 

   Present work demonstrates that NLRP3 inflammasome plays an important role in the 

development of peripheral neuropathy induced by paclitaxel. Moreover, blocking NLRP3 

inflammasome oligomerization via genetic knockout of the NLRP3 or ASC protein, and with a 

selective NLRP3 inflammasome inhibitor JC124 prevent the development of mechanical 

hypersensitivity and cold hypersensitivity in a paclitaxel-dose dependent manner. In addition, 

repeated administration of JC124 did not induce deleterious effects on the body weight. Finally, 

administration of paclitaxel correlated with dose-dependent increase of IL-1β in the dorsal horn of 

the spinal cord.  

 Release of cytokines after paclitaxel treatment has been documented in clinical as well as in 

pre-clinical models of PIPN (X. M. Wang et al., 2012). Canonical inflammasome activation 

requires a priming signal, such as ligands for Toll-like receptors, which leads to increased 

expression of NLRP3 and pro–IL-1β through NF-κB signaling (Kelley et al., 2019). Paclitaxel has 

been shown to directly prime macrophages promoting activation of caspase-1 through 
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inflammasome-activating signals (Son et al., 2019). Pre-treatment of bone marrow-derived 

macrophages and J774A.1 linage macrophages with paclitaxel enhanced ATP- or nigericin-

induced NLRP3 inflammasome activation of downstream molecules in a paclitaxel-dose-

dependent manner. This was evident by release of cleaved caspase-1 and mature IL-1β, greater 

formation of ASC speck and increased gasdermin D cleavage (Zeng et al., 2019). Rats treated with 

a cumulative 8 mg/kg paclitaxel of the same injection schedule showed elevated levels of IL-1B 

gene expression, mRNA and protein levels in spinal cords and DRGs (Jia et al., 2017; 

Kuyrukluyıldız et al., 2016). However, our results indicated a statistically significant increase of 

IL-1β-positive cells in the spinal cord dorsal horns of mice treated with a 32 mg/kg cumulative 

paclitaxel regimen. This discrepancy could stem from different methods of measuring the pro-

inflammatory cytokine and between species differences. Furthermore, our method did not 

distinguish pro–IL-1β from and secreted mature IL-1β. We were unable to determine whether 

NLRP3 and ASC protein assemble in spinal dorsal horn in a paclitaxel-dose dependent manner due 

to poor performance of the primary antibodies. However, literature indicates a direct correlation 

between formation of ASC specks and paclitaxel treatment. In vitro experiments on primary murine 

macrophages treated with paclitaxel showed oligomerization of ASC and protein-protein 

interaction between NLRP3 and ASC in presence of a second signaling molecule such as ATP, 

nigericin, or efflux of K+ (Son et al., 2019; Zeng et al., 2019). Moreover, Mia Jia et al 2017 reported 

an increased number of macrophages expressing NLRP3 protein by performing 

immunohistochemistry staining of L4-6 DRGs and sciatic nerve derived from rats treated with a 

cumulative 10 mg/kg paclitaxel.  

  Our data demonstrated that the activation of NLRP3 inflammasome was correlated with 

paclitaxel treatment-induced mechanical hypersensitivity. Overall, the literature indicates no sex 
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differences and a dose-dependent paclitaxel-induced mechanical hypersensitivity (Paton et al., 

2022; Yan et al., 2015). Our group also previously observed mechanical hypersensitivity in the 

wild type mice using the same 8 mg/kg cumulative paclitaxel treatment regimen (Toma et al., 

2017b). Using the same treatment schedule in a functional knock out of NLRP3 protein or global 

knockout of ASC gene had no effect on development of mechanical hypersensitivity mice. 

Moreover, JC124 treatment prevented paclitaxel-induced mechanical sensitivity in C57BL/6J male 

and female mice treated with the same dose of paclitaxel although the last JC124 injection was 

given 30 minutes prior to last paclitaxel infusion. Rats administered with the same paclitaxel 

paradigm demonstrated a short lasting but significant decrease in the pain threshold after a single 

administration of 100mg/kg anakinra, a competitive inhibitor of IL-1 receptors (Kuyrukluyıldız et 

al., 2016). Subjecting mice to another low-dose regimen of paclitaxel revealed sex differences in 

our knock out mice. Males of ASC KO and NLRP3 KO genotypes displayed a significant decrease 

in mechanical threshold that resembled their respective WT groups. However, female KO mice 

showed more resistance to developing nociceptive responses to mechanical stimuli. In comparison, 

development of mechanical hypersensitivity in KO males and females dosed with a cumulative 16 

mg/kg as 4 injections of 4 mg/kg responded was comparable as seen in the wild-type mice. This 

highlights the importance of using appropriate chemotherapeutics regimen when investigating the 

pathology and its possible sex differences, particularly because paclitaxel is commonly used for 

the treatment of breast and ovarian cancers (D. Zhang et al., 2014). It has been noted in the clinic 

that neuropathic pain is more prevalent in women than in men (Fillingim et al., 2009). Taken 

together, NLRP3 inflammasome plays an important role in development of paclitaxel-induced 

mechanical hypersensitivity and has a distinct impact in female mice. Possible causes of sex 

differences that contributed to this observation will be discussed in the Chapter 4: Discussion.  
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 Consistent with literature, wild-type mice treated with paclitaxel developed mechanical and 

cold hypersensitivity (Deng et al., 2015; Naji-Esfahani et al., 2016; Slivicki et al., 2016). The total 

response time to acetone of ASC KO and NLRP3 KO mice subjected to paclitaxel was comparable 

to their respective vehicle-treated group. While we did not assess cold hypersensitivity in the Pac 

4 NLRP3 KO male and female groups, we predict the same response would be observed as in the 

Pac 4-treated ASC KO mice. Sex differences were observed for paclitaxel-induced cold 

hypersensitivity in ASC WT mice treated with two waves on the low-dose paclitaxel. In a mouse 

model of PIPN, Naji-Esfahani et al. injected 2 mg/kg paclitaxel for five consecutive days in NMRI 

mice, a significant sex difference was observed in cold sensitivity suggesting a critical role of 

genetic background and paclitaxel regimen differences (Naji-Esfahani et al., 2016). A potential 

explanation of the mechanism by which IL-1β mediates PIPN associated cold sensitivity came from 

Hee Lim Jun et al 2009 work. It was deduced that activation of NF-κB via the PC-PLC/PKC 

signaling leads to an increase in IL-1β that successively activates paracrine MCP-1/CCR2 signaling 

between DRG neurons (Youm et al., 2015). However, a 3 mg/kg total dose of IL-1ra i.p. 

administered to rats 31 days after the last dose of paclitaxel was not efficacious to reduce the 

duration of cold-stimulated responses (Al-Mazidi et al., 2018). This could be attributed to the 

differences in the experimental design where an established PIPN and associated changes on a 

molecular level.  
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CHAPTER THREE 

THE ROLE OF NLRP3 INFLAMMASOME INHIBITION IN OXALIPLATIN-INDUCED 
PERIPHERAL NEUROPATHY MOUSE MODEL 

 
3.1. Establishing a mouse model of OIPN 

 
3.1.1. Introduction 

 Oxaliplatin is a platinum-based chemotherapeutic agent used against digestive tract tumors, 

esophageal, liver, pancreatic, and colorectal cancers (CRC) (Aschele et al., 2005; Dieras et al., 

2002; Javle & Hsueh, 2010; Mascarenhas et al., 2013). Despite its high efficacy at fighting cancer, 

this drug is considered one of the most neurotoxic chemotherapeutics, where approximately 90% 

of patients develop acute neuropathy symptoms which appear hours after infusion (Argyriou et al., 

2013). The feature characteristics of oxaliplatin-induced peripheral neuropathy (OIPN) are cold 

hypersensitivity, allodynia, pain, sensory ataxia, and dysesthesia in the distal extremities and 

perioral regions (Nakagawa & Kaneko, 2017). The negative impact of OIPN on continuation of 

treatment can be substantial leading to treatment delay, dose reduction, or cessation (Ruzzo et al., 

2019). In a small clinical study, 40% of colorectal cancer patients treated with oxaliplatin aborted 

their treatment due to neurotoxicity (B. K. Bennett et al., 2012). Moreover, due to oxaliplatin 

cumulative toxicity, up to half of patients treated with this chemotherapeutic progress to chronic 

peripheral neuropathy, which can persist for years after discontinuation of the therapy (Beijers et 

al., 2014; Höke & Ray, 2014; Ta et al., 2009a; Tofthagen, 2010). 

With the expanding medical use of oxaliplatin, an increasing number of patients are at risk 

of developing OIPN and other signs of neurotoxicity that burden their quality of life. Such signs 

include fatigue, distress, anxiety, and depression. Emotional distress reported in colorectal cancer 

patients treated with 6 cycles of oxaliplatin resulted from inability to cope with neuropathic 

symptoms and impairment of performing activities of daily living (Kanda et al., 2017). 
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Additionally, Bonhof and colleagues reported that CRC survivors with high chemotherapy-induced 

peripheral neuropathy scores experienced more anxiety, depressive symptoms, and fatigue than 

survivors with lesser neuropathic scores (Bonhof et al., 2019). Overall, the prevalence of depression 

and anxiety in cancer patients is 58% and 11.5%, respectively (Massie, 2004; Mehnert et al., 2014). 

Other affective disturbances associated with pain involve reduced appetite, anhedonia, disruptions 

to sleep cycles, and impaired social interactions (Massie, 2004). 

To this day, there are no effective preventative measures or treatments against OIPN. The 

population of patients with neuropathies is rising and the search for new therapeutics that could 

significantly improve the quality of life and tolerance of cancer medications is continuing. In that 

regard, the use of animal models allows for studying variables influencing the progression of 

neuropathy and recovery, and evaluation of new preventive and therapeutic approaches for OIPN. 

However, studying OIPN in animal models has its own challenges. The majority of chemotherapy-

induced peripheral neuropathy studies in rodents are heterogeneous in nature with respect to strain, 

sex, dosage, route of administration, duration of treatment, and outcome measures which hinder 

comparison between studies (Mehnert et al., 2014). Genetic diversity among different strains of 

rodents can influence responses to pain and neuropathy assays (Fiore & Austin, 2016). 

Additionally, the use of a single strain of inbred mice might not provide sufficient evidence for 

drug efficacy in clinical settings. As such, a recent study that looked at the susceptibility of different 

mouse strains (BALB-c, C57BL/6, DBA/2J, A/J, FVB and CD1 from Envigo) to OIPN-associated 

phenotypes  found that morphometric, electrophysiological, and cold hypersensitivity measures are 

strain-dependent (Bruna et al., 2020).  

Assessing complex OIPN pain phenotypes in rodents is challenging due to is multimodality 

in the sensory, behavioral, and cognitive aspects in human (Lacroix-Fralish & Mogi, 2009; 
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Marmiroli et al., 2017b). In that regard, relying upon stimulus-evoked assessment of pain 

sensitivity in animals might be insufficient for moving preclinical findings into clinical settings. In 

order to study intensity and relief of chemo-induced neuropathy, it is important to test additional 

endpoints which are relevant to human conditions and experiences. We recently reported that 

paclitaxel treatment in mice induced alterations in some affective-related behaviors which include 

nest building, burrowing, wheel running, anxiety- (light/dark box test), depression-, and anhedonia- 

(sucrose preference test) like behaviors (Nadine Attal et al., 2011). 

 The primary objective of this study was to provide a more comprehensive and systematic 

characterization of oxaliplatin-induced peripheral and painful neuropathy in mice. To accomplish 

this goal, both sexes of the two widely used strains of mice, C57BL/6J and BALB/cJ, were 

subjected to intraperitoneal injections of two doses of oxaliplatin (Finnerup et al., 2016). While 

most studies focus on measuring evoked sensory changes, we investigated the impact of the 

antineoplastic agent on several behavioral measures. Moreover, we evaluated two clinically 

relevant neuropathy markers, nerve conduction and intraepidermal nerve fiber density, in 

C57BL/6J and BALB/cJ male and female mice. This study aims to bridge the gaps in the literature 

between different experimental parameters in chemotherapy treatment, strain, sex, and dose, using 

a battery of assays in two inbred mouse strains frequently used in cancer research. 

3.1.2. Methods 
 
Animals 

Experiments were performed on adult male and female C57BL/6J and BALB/cJ mice. All 

mice were supplied from The Jackson Laboratory (Bar Harbor, ME). Mice were 12 weeks old at 

the beginning of the experiments. C57BL/6J mice were group-housed, with the exception of a 

separate cohort of mice which was single-housed to perform nesting and sucrose preference studies. 
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BALB/cJ male mice were housed one or two per cage due to excessive fighting. Animals were 

housed in a climate-controlled room on a 12 hours light/dark cycle (lights on 07:00 hrs) with ad 

libitum access to chow (Envigo, Teklad LM-485 mouse/rat sterilizable diet, cat # 7012, WI, USA) 

and water. Cages contained compressed cotton nestlets and cardboard tunnels for enrichment items. 

All studies were approved by the Institutional Animal Care and Use Committee of Virginia 

Commonwealth University and followed the National Institutes of Health Guidelines for the Care 

and Use of Laboratory Animals. 

Mice were handled for 1 week and habituated to the room prior to testing. Baseline 

nociception and affect-like behavior measurements were established. Experiments were performed 

during the light cycle by blinded female experimenters. To increase scientific rigor, behavioral and 

electrophysiological changes were measured in several cohorts of mice to reduce the stress 

associated with frequent testing and handling. 

 
Drugs and induction of OIPN 

 Pharmaceutical grade oxaliplatin (5 mg/ml, Accord, NDC 16729-332-05) was prepared daily 

in a vehicle of sterile 5% dextrose solution (Hospira, Lake Forest, IL). Animals received 

intraperitoneal (i.p.) injections of vehicle, low-dose (0.3 mg/kg) or high-dose oxaliplatin (3 mg/kg) 

for 5 consecutive days, followed by 5 days of rest, followed by a second cycle of five daily 

injections, as per the method of Ta et al (Ta et al., 2009b). The total cumulative doses of oxaliplatin 

over the course of 10 injections was 3 mg/kg for the low-dose regimen and 30 mg/kg for the high-

dose regimen. The low and high dosage of the drug were selected based on the literature evidence 

which indicate their effectiveness in inducing neuropathic pain without unspecific systemic 

toxicity. Moreover, the high dose used in this study is relevant to clinical dosing. Human equivalent 

dose conversion factors were applied to show dosage relevance for oxaliplatin. The highest 
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recommended dose of oxaliplatin patients is 110 mg/m2 (2.97 mg/kg) (24). The total human 

equivalent dose (THED) of oxaliplatin daily dosing ranges in mice 0.04 -10.0 mg/kg/day, and the 

cumulative 3.0-30.0 mg/kg (0.24-2.4 mg/kg THED) (25-27). Our calculation shows that 30 mg/kg 

of oxaliplatin is equivalent to 1,110 mg/m2 in humans. Both strains and sexes received vehicle, 

low-dose oxaliplatin, and high-dose oxaliplatin.  

 
General Experimental Design 

The first wave of five injections were considered week 0. The five-day rest period between 

the first and second wave of treatment was designated as the first week of testing (week 1). The 

3rd week of testing began 24 hours following the 10th injection. Week 3 and subsequent testing 

intervals span for 7 days. If two tests were performed on the same day, the least stressful test 

occurred first to minimize the influence of one test on the successive test. No more than two tests 

were performed per day. A larger number of animals was assigned to the high-dose groups to 

account for potential severe adverse effects from the treatment. Therefore, the number of mice 

tested was variable across treatment groups and time points. The experimental timeline of 

behavioral tests, nerve conduction, and humane endpoints are summarized in Figure 1. 

 

 

Figure 1. Experimental testing schedule. Weeks 1 and 2 spanned 5-day intervals. Starting at week 3, testing 
week span for 7 days. LDB: light/dark boxes; WR: wheel running; NC: caudal nerve conduction. 
 

Assessments of Stimulus-Evoked Nociceptive Behaviors 
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Mechanical Hypersensitivity (von Frey Test) 

Mechanical hypersensitivity thresholds were determined using manual von Frey filaments 

according to the methods of Chaplan et al., 1994. Shortly, each animal was placed in a Plexiglas 

chamber on an elevated mesh and acclimated for at least 30 min. Mechanical force was applied in 

increasing amounts to the ventral surface of the hind paw until the subject demonstrated a paw 

withdrawal response whereby the force is expressed in grams. The following number of mice were 

used in the von Frey test: C57BL/6J, males n = 17 and females n = 11; male BALB/cJ vehicle and 

low-dose n = 7, high dose n = 9; female BALB/cJ n = 10 females per group.  All mice were tested 

at baseline, and weeks 1, 3, 4, 7 and 10 of the study. 

 
Cold Hypersensitivity (Acetone Test) 

Similar to the von Frey test, the acetone test was performed by habituating C57BL/6J mice 

in Plexiglas chambers on mesh metal flooring for at least 30 min. 20 µL of acetone (Fisher 

Bioscience) was projected onto the ventral surface of the hind paw from a 200 µL pipette 

(Eppendorf). Total time lifting, licking, or clutching each paw was recorded over the course of 60 

s. C57BL/6J male mice (n = 8 per group) and female mice (n = 8 per group) were tested on weeks 

1, 3, 4, 7, and 10. Cold hypersensitivity was not obtained in BALB/cJ mice due to hypermobility 

of the animals on the mesh which led to an inability of the tester to perform rigorous testing.   

 
Assessments of Spontaneous Behaviors 

Locomotor Activity (Locomotor) 

Mice were individually placed into Omnitech (Columbus, OH) photocell activity cages (28 

× 16.5 cm). Photocell beams interruptions, which assess walking and rearing, were recorded for 30 

min. Data are expressed as the average number of beam breaks. Two groups (Group 1 and Group 
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2) of C57BL/6J animals were tested at different time points. Group 1 (n = 9 males/group, n = 6 

females/group) was assayed at baseline, and week 1, 3, and 5, while Group 2 (n = 8 males/group, 

n=8 females/group) testing occurred at baseline and week 4, 7, and 10.  BALB/cJ males (n = 7-9) 

and females (n = 10) locomotor activity were assessed at baseline and week 1, 3, and 5. 

 
Voluntary Wheel Running (WR) 

Mice were placed in free-standing running wheels (68 cm circumference) with the ability 

to spin in either direction. After a 5 min acclimation period to the wheels, the wheels were latched 

allowing for unidirectional spinning for a 2-hour session. Rotations were converted to distance 

traveled by multiplying the number of rotations by the wheel circumference. Data are expressed as 

the average distance traveled (m). The mice in this voluntary wheel running study were the same 

subjects as the locomotor activity cohorts, undergoing the same baseline and weekly testing 

schedule (on different days of the week than locomotor activity).  

 
Light/dark box (LDB) Test 

The light/dark box test was used to assess anxiety-like symptoms. This assay is based on a 

conflict between rodents’ natural aversion to brightly-illuminated areas and their spontaneous 

exploratory activity (Crawley & Goodwin, 1980). In brief, the LDB apparatus consisted of a small, 

enclosed dim “dark” box (36 × 10 × 34 cm) with an opening (6 × 6 cm) leading to a larger, brightly 

illuminated “light” box (36 × 21 × 34 cm). The mice were acclimated to the testing room for 30 

min prior to testing. Mice were placed in the light compartment and allowed to explore the 

apparatus for 5 minutes. The total time (s) spent in the light compartment was recorded via a video 

monitoring system and measured by ANY-MAZE software (Stoelting Co., Wood Dale, IL). To 

assess spontaneous exploratory behavior at different time points in C57BL/6J mice without 
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habituation to the LDB apparatus, Cohort 1 (n = 9 sex/group) was tested at baseline and week 3, 

while Cohort 2 (n = 8 sex/group) was tested at week 4 and 7.  BALB/cJ males (n = 7-9) and females 

(n = 10) were tested at baseline and week 3 and 5. 

 

Two-Bottle Choice Test (Sucrose Preference Test) 

The sucrose preference test theoretically assesses anhedonia-like behavior (30).  Mice were 

housed individually with ad libitum access to food. Mice were presented with two sipper tubes, 

one containing normal drinking water and the other containing 3% sucrose solution (w/v, Sucrose 

≥ 99.5% (GC) Sigma, United States, cat# S7903). The total volume consumed from each tube was 

measured after 24 hrs. The position of both sipper tubes was switched for each drinking session to 

avoid place preference. Sucrose preference was calculated as a percentage of 3% sucrose volume 

consumed over the total fluid intake, multiplied by 100%. Preference is reported as the average per 

group. Measurements were collected daily during the first course of 5 injections, then after 10th 

injection, followed by weekly testing. Sucrose preference was measured in a separate cohort of 

vehicle-treated and high-dose oxaliplatin-treated C57BL/6J mice (n=10 group/sex). Due to a severe 

eye infection and tail injuries, one low-dose and one high-dose oxaliplatin BALB/cJ male mice 

were euthanized, resulting in sample sizes of n = 4-6. Female BALB/cJ mice sample size was 

6/group. 

 
Nesting 

The nesting test assesses the impact of spontaneous nociception on activities of daily living. 

The assay was adapted as previously described by Oliver et al. with some modifications (Oliver et 

al., 2018). Briefly, the test was performed on individually-housed mice. All previous nesting 

material and enrichment items were removed from the home cage prior to conducting the nesting 
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assay. For each cage, two compressed cotton nestlets were cut in half, for a total of 4 rectangular 

pieces of equal size placed in each cage corner. The mice were allowed 120 min to nest in a quiet 

room. Nest quality was scored between 1 (no nestlet consolidation) and 5 (complete nestlet 

consolidation). The nesting assay was conducted in the same subjects as the sucrose preference 

test. The test was performed weekly for 5 consecutive weeks. Data are expressed as the average 

nesting score per group.  

 
Burrowing Test 

Like the nesting test, the burrowing test is another means of assessing voluntary 

spontaneous behaviors necessary for survival. The burrowing test was performed as previously 

described with some modification (Luedtke et al., 2014; Sherwin et al., 2004). Long gray PCV 

tubes (20 cm long x 7 cm in diameter) with an upright tilt of ~10º and sealed bottom ends were 

filled with approximately 180 grams of clean corncob bedding. Tubes were placed in rat cages (37 

cm × 26 cm × 19 cm, L×W×H), with the tube opening facing towards the wall. Rat cages contained 

clean corncob bedding on the floor but lacked food and water. Mice were placed in the rate cages 

for 30 min sessions. Data are represented as the average amount of bedding displaced (g).  Subjects 

from the sucrose preference test used in burrowing experiments at baseline and week 3 and 5. 

 
Assessment of Peripheral Nerves 

Immunohistochemistry and Quantification of Intra-Epidermal Nerve Fibers (IENFs) 

Mouse hind paws were removed and placed in freshly prepared PLP fixative at 4°C for 24 

hrs (McLean & Nakane, 1974). The glabrous skin on the ventral surface of the hind paws was 

excised and submerged in 30% (w/v) sucrose at 4°C overnight. The tissues were embedded in 

Optimal Cutting Temperature embedding medium for frozen tissues (ThermoFisher Scientific) and 
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sectioned at 25 µm on a cryostat. Sections were immersed in cold acetone (-20°C) for 20 minutes, 

washed with PBS, and incubated at room temperature for 45 min in blocking solution (5% normal 

goat serum and 0.3% Triton X-100 in PBS). Sections were incubated with a 1:200 dilution of the 

primary rabbit anti-mouse polyclonal PGP9.5 antibody (ProteinTech, cat# 14730-1-AP, IL, USA) 

overnight at 4°C in a humidified chamber. Following three PBS washes, sections received a second 

blocking step and then incubated for 2 hours at room temperature with a 1:300 dilution of goat anti-

rabbit IgG (H+L) secondary antibody conjugated with Alexa Fluor® 594 (Life Technologies, cat# 

A11037, OR, USA). Sections were mounted with Vectashield (Vector Laboratories, Burlingame, 

CA, USA) and examined using a Zeiss Axio Imager A1 – Fluorescence microscope (Carl Zeiss, 

AG, Germany). The IENFs of each paw section were counted under 63X magnification in a blinded 

fashion, and the density of fibers was calculated as fibers/mm. The mean of IENF density (n= 

6/sex/group) was calculated from six mice. 

 
Caudal Nerve Conduction (NC) 

Nerve conduction velocity (NCV) and sensory nerve action potential amplitudes (SNAP) 

of the caudal nerve were recorded with PowerLab 4/35 electromyography system (AD Instruments, 

Inc, CO, USA). This test measures amplitude and latency of the evoked response, which are used 

to calculate nerve conduction velocity. The protocol was adapted from Marmiroli et al. (Marmiroli 

et al., 2017a). Anesthesia was induced in a chamber with 4% isoflurane carried in oxygen and 

maintained with 2.5% isoflurane by nose cone during the nerve conduction procedure. Needle 

recording electrodes (cathode and anode) were inserted 5 mm distal from the base of the tail, with 

the stimulating electrodes 5.0 cm apart from the recording points (distance measured from cathode 

to cathode). There was a ground electrode between the stimulation and recording electrodes. The 

nerve was stimulated with single square-wave pulses of 0.1 ms duration at 7 mA, with a repeat rate 
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of 1 Hz. The neurophysiological measures were conducted under standard conditions in a 

temperature-controlled room. NCV was calculated by dividing the distance between the recording 

and stimulating electrodes (0.05 m) by the latency between the stimulus artifact and the onset of 

the first peak of the elicited action potential latency of the sensory nerve action potential. NCV 

(m/s) and SNAP (µV) were measured one week after the 10th injection (week 4). C57BL/6J mice 

(n = 8 males/group, n = 8 females/group) and one cohort of BALB/cJ mice (n = 7-8 males/group, 

n = 10 females/group) were used for these measurements.  

 
Statistical Analyses 

 The data analyses were carried out with GraphPad Prism software, version 8 (GraphPad 

Software, Inc., La Jolla, CA) and the data are expressed as mean ± SEM. Statistical analyses were 

performed as unpaired t tests to compare behaviors of vehicle- and oxaliplatin-treated mice at a 

single time point, one-way (treatment) or two-way (time x treatment) analysis of variance 

(ANOVA) with repeated measures or mix effect analysis. When appropriate, Dunnett’s or Tukey’s 

post-hoc comparison tests were performed. Nesting test scores were analyzed by employing Mann-

Whitney test with correction for multiple comparison using the Hold-Sidak method. A three-way 

ANOVA with repeated measures was performed to investigate a) differences between sexes of 

each mouse strain, and b) strain differences of same sex between both strain. Time and treatment 

were common factors for each comparison. p< 0.05 was considered statistically significant. 

3.1.3. Results 
 
Oxaliplatin Has Strain- and Sex-Dependent Effects on body Weight 

Oxaliplatin induced strain- and sex-dependent effects on weight change. Oxaliplatin had 

transient effects of body weight in C57BL/6J mice (Figure 2). Vehicle and low-dose treated male 

C57BL/6J mice steadily gained weight over time. The high-dose oxaliplatin regimen caused a 
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robust weight loss and slowed weight gain, as compared to vehicle controls (F (12, 234) = 3.615, P < 

0.0001, Figure 2A). Tukey’s multiple comparisons test identified significant weight loss on week 

1, 2, and 3, with gradual weight gain starting at week 4. The high dose oxaliplatin-treated male 

C57BL/6J mice returned to baseline weights by week 7 and continued to have stunted weight gain 

through 10 weeks (P < 0.0001) compared to vehicle-treated animals. Likewise, female C57BL/6J 

mice treated with the high dose of oxaliplatin lost 6 % their body weight during the injection 

periods, which was a statistically significant change (F (12, 234) = 2.743, P = 0.0017), however, they 

returned to their baseline measures one week after the last injection and caught up with vehicle 

controls by week 7. The low-dose treated females showed nearly identical profile of body weight 

gain as the vehicle group (Figure 2B). High-dose oxaliplatin treatment induced a more profound 

body weight reduction in male C57BL/6J than female C57BL/6J or male BALB/cJ mice (F (1, 52) = 

6.360, P = 0.0148; F (1, 41) = 21.39, P < 0.0001; respectively; Supplementary Table 1A-B). 

Overall, comparable to C57BL/6J mice, vehicle-treated BALB/cJ mice steadily gained weight over 

the course of the study. Similarly, low dose oxaliplatin did not affect body weight in male nor 

female BALB/cJ mice. The high-dose oxaliplatin treatment significantly reduced body weight in 

male BALB/cJ mice after the second wave of injections (week 3), as compared to vehicle controls 

(F (10, 105) = 2.525, P = 0.02, Figure 2C). This effect on body weight was transient as the BALB/cJ 

male mice rapidly regained weight and had body weights indistinguishable from vehicle controls 

by week 5.  While the high-dose oxaliplatin regimen did not cause weight loss in female BALB/cJ 

mice, it stunted their weight gain, as compared to vehicle controls (F (12, 162) = 3.438, P = 0.0002). 

Tukey’s multiple comparisons test identified significant effects of high-dose oxaliplatin on 

preventing weight gain in female BALB/cJ mice at week 3 and week 4, though these oxaliplatin-  

treated mice caught up to vehicle controls by week 5 (Figure 2D).  
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Assessments of Stimulus-Evoked Nociceptive Behaviors 

 Oxaliplatin Induces Long-term and Dose-dependent Mechanical Hypersensitivity  

We tested the effects of two doses of oxaliplatin on the time-course of stimulus-evoked 

nociception-related behaviors. No significant difference in mechanical threshold was observed 

between groups at baseline. Both doses of oxaliplatin caused a comparable long-term mechanical 

hypersensitivity in both sexes of both strains of mice (Supplementary Table 1A-B). Five 

injections of 3.0 mg/kg oxaliplatin reduced mechanical thresholds in all subjects, regardless of sex 

or strain. Further, all subjects treated with 10 injections of oxaliplatin (low-dose and high-dose) 

mechanical hypersensitivity for up to 10 weeks. Male C57BL/6J mice treated with low and high 

dose of oxaliplatin developed significant mechanical hypersensitivity F (10, 240) = 10.52, P < 0 .0001;  

 

Figure 2. The effect of oxaliplatin on body weight changes from baseline over the course of a 10-week 
observation period. C57BL/6J males (n = 14/group) (A) C57BL/6J females (n = 14/group) (B) BALB/cJ 
males (n = 7-9/group) (C) BALB/cJ females (n = 10/group) (D). Filled points indicate times at which body 
weight was statistically different from vehicle. Values are expressed as mean ± SEM. Results were compared 
using two-way ANOVA (Treatment, Time as RM) for each strain and for each sex followed by Tukey’s post 
hoc test, p < 0.05.   
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Figure 3A), however, the low-dose treated males showed significant difference from the high-dose 

group at week 11 (P = 0.0105). Female C57BL/6J mice developed mechanical hypersensitivity 

following high-dose oxaliplatin treatment (F (10, 155) = 5.896, P < 0.0001; Fig. 3B). Interestingly, 

administration of the low dose regimen did not decrease the mechanical threshold at week 1-time 

point. No difference was found between the low- and high-dose treatments at weeks 3 through 10. 

BALB/cJ males treated with the low- or high-dose oxaliplatin were significantly different from the 

control vehicle group after the first 5 injections and remained hypersensitive until the end of 

experiment (F (10, 105) = 5.797, P < 0.0001; Figure 3C).  Likewise, the mechanical threshold of 

BALB/cJ females subjected to both the low- and high doses of oxaliplatin reached significantly 

reduced mechanical threshold at week 1 and remained low until the end of the experiment (F (10, 

125) = 8.335, P < 0.0001; Figure 3D).  

 
Oxaliplatin Induces Cold Hypersensitivity in C57BL/6J Mice 

 Cold hypersensitivity is a hallmark of oxaliplatin-induced neuropathy, and it that can be 

measured in rodents via acetone test. A dose-dependent effect on the time course of cold 

hypersensitivity was observed in male C57BL/6J mice (n = 8 per group; F (10, 105) = 3.852, P = 

0.0002). The low-dose of oxaliplatin treatment significantly increased the duration of acetone- 

elicited behaviors as compared to vehicle control at week 3 only (P < 0.0001; Figure 3E). The 

high-dose group showed an increased in responses to acetone at weeks 1,3, and 4 (P = 0.024, P = 

0.0005, and P < 0.0001, respectively). Corresponding results were found in female C57BL/6J mice 

(Figure 3F). The low dose significantly increased response time in female C57BL/6J mice after 

the first and second week of injections (n = 8 per group; F (10, 105) = 4.011, P = 0.0001; P < 0.0001, 

P = 0.0012), while the high dose of oxaliplatin prolonged the duration of acetone-elicited behaviors 
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until week 4 (P = 0.041). Excess locomotion activity of male and female BALB/cJ on the elevated 

mesh hindered performing the acetone test, hence no data is available.  

 

Figure 3. Induction of mechanical and cold hypersensitivity by low and high dose of oxaliplatin. 
Development of mechanical hypersensitive was monitored after each regimen of oxaliplatin (5 injections of 
0.3 or 3 mg/kg) with the von Frey test in C57BL/6J males (n = 17/group) (A), C57BL/6J females (n = 
11/group) (B), BALB/cJ males (n = 7-9/group) (C), BALB/cJ females (n = 10/group) (D). Similarly, cold 
hypersensitivity was tested on the same week in in C57BL/6J males (n = 8/group) (E), C57BL/6J females (n 
= 8/group) (F). Values are expressed as mean ± SEM. Results were compared using two-way ANOVA 
(Treatment, Time as RM) for each strain and for each sex followed by Tukey’s post hoc test, p < 0.05. Filled 
points indicate times at which mechanical hypersensitivity was statistically different from vehicle. * p < 0.05 
high vs low dose. 
 

Oxaliplatin Has Strain-, Sex-, and Assay-dependent Effects on Spontaneous Behaviors 

Oxaliplatin Reduces Locomotor Activity in C75BL/6J Male Mice 

The high dose of oxaliplatin significantly reduced locomotor activity in male C57BL/6J 

mice (F (12, 134) = 1.915, P = 0.0377). Decreases in locomotor activity were observed after 

completion the first and second regimens as compared to vehicle controls. This reduction was still 

observed one week post last injection of the drug (Figure 4A). Although, there was a significant 
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effect of time {F time (6, 114) = 13.67, P < 0.0001}, and dose {F dose (2, 45) = 4.75, P = 0.0134}, 

with no significant interaction between time and dose {F interaction (12, 114) = 1.506, P = 0.1218} in 

female C57BL/6J mice, as revealed by two-way ANOVA analysis. In addition, the Tukey post hoc 

analysis indicated a decrease in the number of beam breaks in female C57BL/6J mice as compared 

to vehicle controls at week 4 (P = 0.0053, Figure 4B). In contrast, no alterations in the locomotor 

activity were observed in BALB/cJ males and females after administration of the two doses of 

oxaliplatin till week 5 of testing. Strain comparison indicated a significant difference between 

female C57BL/6J and female BALB/cJ mice treated the high dose of oxaliplatin (F (1, 104) = 7.881, 

P = 0.006, Supplementary Table 1B).  

 
Figure 4. High dose of oxaliplatin reduce spontaneous locomotor activity in C57BL/6J mice. One 
regimen of the high dose of oxaliplatin was sufficient to reduce locomotor activity in C57BL/6J males (n = 
8-10/group) (A) which continued one week after the treatment. C57BL/6J females (n = 6-8/group). (B) 
showed lower activity after two regimens. No alteration in motor coordination was obsessed in BALB/cJ 
males (n = 7-9/group) (C) nor females (n = 10/group) (D). Overall effects of oxaliplatin treatment were 
identified by two-way or mixed-analysis model ANOVA (Treatment, Time as RM) for each strain and for 
each sex with post-hoc Tukey’s multiple comparisons test, * p < 0.05. 
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Oxaliplatin Does Not Affect Voluntary Wheel Running 

Oxaliplatin treatment did not significantly change voluntary wheel running at any of the 

investigated time points. Male C57BL/6J mice treated with high-dose oxaliplatin were trending 

towards a decreased in wheel running, however, with no significant interaction between time and 

dose {F interaction (12, 138) = 1.382, P = 0.1813} as revealed by two-way ANOVA 

analysis.  Irrespectively of treatment, strain, or sex, animals ran more over time with repeated 

exposure to the running wheels (Figure 5). 

 

Figure 5. Oxaliplatin has no effect on voluntary wheel running in mice. C57BL/6J males (n = 8-
10/group) (A), C57BL/6J females (n = 6-8/group) (B), BALB/cJ males (n = 7-9/group) (C), BALB/cJ 
females (n = 10/group) (D). Values are expressed as mean ± SEM. Results were analyzed using two-way or 
mixed-analysis model ANOVA (Treatment, Time as RM) for each strain and for each sex followed by 
Tukey’s post hoc test, p < 0.05. 
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Oxaliplatin Reduces Exploration of Light/dark Boxes in Female C57BL/6J Mice 

The high-dose oxaliplatin treatment significantly decreased the time spent in the light 

compartment of the LDB apparatus only in female C57BL/6J mice at the 4-week time point, as 

compared to the vehicle controls (F (6, 51) = 2.641, P = 0.021; veh vs high dose, P = 0.0021). This 

effect was transient and by week 7 these animals matched their control group. No effects of 

oxaliplatin on LDB performance were observed in female BALB/cJ mice (Figure 6D). For 

BALB/cJ males, there was a trend towards elevated time spent in the light compartment (Figure 

6C) with significant effect of dose {F dose (2, 21) = 6.479, P = 0.0064} and no significant interaction  

 
 

Figure 6. Decrease in time spend in the light area after oxaliplatin exposure. Anxiety-like behavior was 
assessed in C57BL/6J males (Cohort 1, BL and week 3, n = 9/group; Cohort 2, week 4 and week 7, n = 
8/group) (A),  C57BL/6J females (Cohort 1, BL and week 3, n = 9/group; Cohort 2, week 4 and week 7, n = 
8/group) (B),  BALB/cJ males (n = 7-9/group) (C),  BALB/cJ females (n = 10/group) (D). Values are 
expressed as mean ± SEM. Overall effects of oxaliplatin treatment were identified by two-way mixed-
analysis model ANOVA (Treatment, Time as RM) for each strain and for each sex ANOVA with post-hoc 
Tukey’s multiple comparisons test, ** p < 0.001. 

 



   68 

between time and dose {F interaction (4, 42) = 1.591, P = 0.1944} as revealed by two-way ANOVA 

analysis. Tukey’s multiple comparison test indicated a significant increase in the time spent in the 

light chamber in male BALB/cJ mice as compared to vehicle controls at week 5 (P = 0.025). 

Testing of BALB/cJ mice was discontinued after week 5 due to equipment malfunction. 

Oxaliplatin Induces Aversion to 3% Sucrose Solution in the Two-Bottle Choice Test 

The first 5 injections of high dose oxaliplatin caused a significant drop of sucrose preference 

in both C57BL/6J and BALB/cJ mice compared to their control groups. C57BL/6J males showed 

a significant deficit in sucrose preference below on day 5 and 15 (F (10, 105) = 4.591, P < 0.0001; P 

= 0.0001 and P = 0.0037, respectively). No statistically significant difference was observed in the 

C57BL/6J males beyond that time point, and the preference recovered to the vehicle group.  The 

mean preference for sucrose in the female C57BL/6J group treated with a high-dose of oxaliplatin 

was also reduced to 40% after the 5th injection and persisted for two more weeks (F (10, 110) = 

43.703, P = 0.0003, Figure 7B). Notably, the reduction in sucrose preference by oxaliplatin was 

more pronounced and lasted much longer in male BALB/cJ than male C57BL/6J mice (F (1, 27) = 

25.00, P < 0.0001, Supplementary Table 1B). Male BALB/cJ mice showed significantly 

diminished sucrose preference compared to control mice on day 1, 5, 15, 24, 32, 43, 57 and 64 (F 

(16, 96) = 1.795, P = 0.0426) at the high dose of oxaliplatin (Figure 7C). Similarly, BALB/cJ females 

showed significantly diminished sucrose preference compared to control mice on day 1, 5, 24, 32 

and 43 (F (18, 135) = 2.116, P = 0.0082) upon receiving the high dose regimen of oxaliplatin (Figure 

7B). The low-dose of oxaliplatin did not cause significance decrease in sucrose preference in both 

BALB/cJ male and female mice (Figure 7). High-dose oxaliplatin treated male C57BL/6J mice 

decreased their fluid intake until 35 days post first administration of the drug while the low-dose 

treated male C57BL6J mice consumed less fluid on day 1, 24, and 35 (F (10, 105) = 3.033, P = 
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0.00021; Fig 7E). Although, female C57BL/6J mice subjected to the low dose oxaliplatin 

consumed comparable fluids to the control group, the high dose-treated females reduced drinking 

on days 1, 5, 15 and 25 (F (10, 110) = 3.238, P = 0.0011; Fig 7F). Fluid consumption behavior was 

not altered by either does of oxaliplatin in BALB/cJ mice (Fig 7G-H). 

 

Oxaliplatin Does Not Change Nesting Behavior 

The effect of oxaliplatin on innate behavior was measured in the nest-building tests. The 

test was administered in the vehicle and high-dose treated C57BL/cJ mice. Neither males nor 

females C57BL/6J treated with oxaliplatin performed differently than their control groups after 

completion of each treatment regimen. Similarly, BALB/cJ mice treated with low or high dosage 

of oxaliplatin were unaffected in their nesting behavior (Figure 8A-D). 

 

Figure 7. Differential pattern of 3% sucrose solution preference among oxaliplatin-treated animals. 
Preference was tested in a two-bottle choice test in C57BL/6J males (n = 4-10/group) (A), C57BL/6J females 
(n = 4-10/group) (B), BALB/cJ males (n = 4-6/group) (C), and BALB/cJ females (n = 10/group) (D). The 
total fluid intake is summarized in C57BL/6J males (n = 4-10/group) (E), C57BL/6J females (n = 4-10/group) 
F), BALB/cJ males (n = 4-6/group) (G), and BALB/cJ females (n = 10/group) (H). Values are expressed as 
mean ± SEM. Results were compared using two-way ANOVA (Treatment, Time as RM) for each strain and 
for each sex followed by Tukey’s post hoc test, p < 0.05. Filled points indicate times at mechanical 
hypersensitivity was statistically different from vehicle. 
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Oxaliplatin Does Not Change Burrowing Behavior 

Oxaliplatin did not alter burrowing activity in C57BL/6J mice when observed after 

completion of the first and second treatment regimens (F (1, 18) = 0.00171, P = 0.9674, males; F (1, 

18) = 0.7891, P = 0.0.3861, females; Figure 8E-F). Comparably, oxaliplatin treatment had no effect 

on bedding displacement in either sex of BALB/cJ mice at week 3 (F (2, 11) = 0.4666, P = 0.6390, 

males; F (2, 27) = 0.9337, P = 0.4054, females; Figure 8G-H) 

 

 

Figure 8. Oxaliplatin has no effect on burrowing and nesting behavior in mice. Nest consolidation after 
2 hours in C57BL/6J males (n = 10/group) (A), C57BL/6J females (n = 10/group) (B), BALB/cJ males (n = 
4-6/group) (C), and BALB/cJ females (n = 6/group) (D). Burrowing assessment is depicted for C57BL/6J 
males (n = 10/group) (E), C57BL/6J females (n = 10/group) (F), BALB/cJ males (n = 4-6/group) (G), 
BALB/cJ females (n = 6/group) (H).  

 

Oxaliplatin Has Sex- and Strain-dependent Effects on Caudal Nerve Conductance  

Caudal NCV and SNAP of male and female C57BL/6 and BALB/cJ were measured to 

determine the functional effect of oxaliplatin on peripheral sensory nerves at baseline (pretreatment 

and 4 and 7 weeks post-treatment). First, we determined sex and strain differences in nerve 
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conduction amplitude and velocity at baseline. The SNAP and NCV of male and female C57BL/6J 

mice was statistically different, while male BALB/cJ mice had a lower SNAP and higher NCV 

than female BALB/cJ mice (F (3, 96) = 13.25, P < 0.0001; P = 0.0233, P < 0.0001). Moreover, strain 

differences in the nerve conduction amplitude differed between both sexes (Supplementary 

Figure 1B). Male and female C57BL/6J mice had a significantly higher amplitudes than male and 

female BALB/cJ mice, respectively (Supplementary Figure 1A: P < 0.0001 male C57BL/6J vs 

BALB/cJ; Supplementary Figure 1B: P = 0.0233 female C57BL/6J vs female BALB/cJ), and the 

baseline NCV of male C57BL/6J was lower than male BALB/cJ mice (P < 0.0001)  One-way 

ANOVA revealed a significant impact of high-dose oxaliplatin on SNAP in BALB/cJ females 

compared to vehicle group at week 4 (F(4, 54)  = 2.888, P = 0.001, Figure 9D). No significant 

changes were observed in nerve conduction velocities post oxaliplatin treatment (Figure 9E-H). 

 

 

Figure 9. Electrophysiological analysis of the caudal sensory nerves. Electrophysiological analysis of the 
caudal sensory nerves. One-week post completion of oxaliplatin or vehicle treatment, sensory nerve 
conduction amplitude A,B,C,D) and velocity (E,F,G,H) were measured in C57BL/6J males and females (n 
= 8/group) and BALB/cJ males and females (n = 7–10/group). Values are expressed as mean ± SEM. Overall 
effect of oxaliplatin treatment per sex of each strain was identified using two-way ANOVA and post-hoc 
Tuckey’s test (***p < 0.001).  
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Oxaliplatin Treatment Reduces Intraepidermal Nerve Fiber Density in the Ventral Surface of the 

Hind Paw  

The density of IENFs was evaluation in hind paw samples after completion of behavioral 

testing at week 11. Both doses of oxaliplatin significantly reduced IENF density in male C57BL/6J 

mice, as compared to vehicle control (One-way ANOVA: F (2, 16) = 7.311, P = 0.0035, low vs veh 

P = 0.0035, high vs veh P = 0.0298). Comparably, C57BL/6J females presented a similar pattern 

of the nerve fiber loss (One-way ANOVA: F (2, 15) = 9.437, P = 0.0022, low vs vehicle P = 0.0015, 

high vs vehicle P = 0.0132; Figure 10A). A dose-related decrease of IENF density was observed 

in female BABL/cJ mice where only the high-dose treated mice demonstrated reductions in the 

density of IENFs when compared to vehicle-treated group (One-way ANOVA: F (2, 15) = 14.3, P = 

0.0003; Figure 10B). However, BALB/cJ males treated with the anti-tumor drug had similar 

density of IENF to the control group. Representative foot pad sections from stained for PGP9.5 

protein show the variation in IENFs density following oxaliplatin treatment (Figure 10C).  

 

Figure 10. Reduction of intraepidermal nerve fiber density in the hind paw at week 11. Figure (A) 
shows C57BL/6J males and females (n = 6/group), while changes to IENF density in BALB/cJ males and 
females (n = 6/group) are shown in (B). Representative fluorescence microscopic images of IENF taken at 
40X (C). Values are expressed as mean ± SEM. Overall effects of oxaliplatin treatment per sex of each strain 
were identified using one-way ANOVA Treatment) for each strain and for each sex, and post-hoc Dunnet's 
test (* p < 0.05; ** p < 0.001; *** p < 0.0001).  
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3.1.4. Discussion  

Oxaliplatin is a platinum-based chemotherapeutic agent widely used for colorectal cancer 

therapy and other gastrointestinal tumors, but its use is associated with various adverse effects, 

including OIPN (Beijers et al., 2014; Saltz et al., 2008). Clinically, OIPN appears in two distinct 

forms: an acute and transient neuropathy that develops in almost 90% of patients within hours of 

infusion that can last up to 7 days, and in 40-80% of patients develop a chronic dose-limiting 

cumulative sensory neuropathy (Argyriou et al., 2013). OIPN is also associated with functional 

impairment and affective disorders (depression and anxiety) induced by the drug, reducing the 

quality of life for many cancer patients (Avan et al., 2018; Currie et al., 2019b; Oh & Cho, 

2020). Pre-clinical models play a pivotal role in understanding the pathophysiology of OIPN and 

in testing potential therapies. Unfortunately, this translational effort has not been very successful, 

and no effective preventive treatment exists. In addition, pharmacological management of OIPN 

related pain remains very challenging. Possible reasons for this could include limitations and 

inconsistencies in the experimental design of animal studies, such as the use of single dosing 

regimen, different testing times post treatment, the lack of testing in both sexes, and the genetic 

background of animals. In addition, the use of outcome measures and behavioral endpoints other 

than sensory gain, that are translatable to the human pain-related experiences is not common 

(Currie et al., 2019a). 

In consideration of the aforementioned factors, this study examined alterations in the 

nociceptive, behavioral, and morphological aspects of OIPN in both sexes of C57BL/6J and 

BALB/cJ mice. The impact of oxaliplatin on affective-like behaviors was measured at multiple 

time points via battery of testing, which included light/dark boxes, sucrose preference, wheel 

running, nesting, and burrowing. Overall, our results demonstrate that C57BL/6J mice seem more 



   74 

sensitive to oxaliplatin-induced behavioral changes compared to BALB/cJ mice, with the exception 

of change in preference for sucrose solution. In addition, oxaliplatin had sex-, dose-, and strain-

dependent effects on caudal nerve conduction and IENF degeneration. Furthermore, none of the 

low-dose regimen treated mice showed changes in affective-like behaviors. 

Sensory nociceptive changes in rodents are routinely assessed via cold and mechanical 

hypersensitivity. Administration of 5 injections of the low oxaliplatin dose triggered mechanical 

hypersensitivity at week 1 in male and female BALB/cJ mice. In contrast, male C57BL/6J but not 

female C57BL/6J mice developed mechanical hypersensitivity at week 1. Regardless of sex or 

strain, all mice exhibited mechanical hypersensitivity after completion of the high-dose regimen of 

oxaliplatin. Treatment with the low and high doses of oxaliplatin produced significant mechanical 

hypersensitivity that persisted throughout the observation period of 10 weeks. In the same OIPN 

model, Ta and colleagues reported mechanical hypersensitivity lasted until week 6 of the 

experimental timeline in male C57BL/6J mice treated with the high dose of oxaliplatin (Ta et al., 

2009b). However, in Ta’s et al. measurements were carried out with electronic filaments, while we 

used manual filaments. In regard to cold and mechanical hypersensitivity, the literature on 

oxaliplatin-induced peripheral neuropathy shows heterogeneity in terms of experimental set up, 

dose, and route of administration (Pozzi et al., 2020; Renn et al., 2011).  

 Cold-sensitive sensory symptoms is a main clinical feature of OIPN (Kang et al., 2020). In 

line with clinical and animal data, our results show time- and dose-dependent cold hypersensitivity 

in both sexes of C57BL/6J mice. Male C57BL/6J mice showed an increase in response to acetone 

after the first week of high-dose oxaliplatin treatment that persisted for at least one week after 

cessation of the treatment regimen. Similarly, Meade et al. demonstrated that oxaliplatin causes 

cold hypersensitivity in male and female C57BL/6J mice (Meade et al., 2021). Administration of 
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cumulative 3mg/kg of oxaliplatin spread over 15 days resulted in cold hypersensitivity that lasted 

for 1 week after last injection. Interesting, a single bolus of 3 mg/kg i.p. induced cold 

hypersensitivity in the acetone test that persisted for 3 weeks in male C57BL/6 mice (Andoh et al., 

2019). One research group demonstrated that BALB/c mice treated with intravenous oxaliplatin 

may have greater cold hypersensitivity than C57BL/6 mice in the cold plate test (Marmiroli et al., 

2017a). However, we were not able to assess cold hypersensitivity with the acetone test in female 

and male BALB/cJ mice due to excessive hyperactivity on the mesh testing apparatus. 

 Degeneration of intraepidermal nerve fibers has been implicated in neuropathic pain in 

preclinical and clinical studies (Meyer et al., 2011; Park & Koltzenburg, 2012a; Topp et al., 2000). 

IENFs are free nerve endings originate from unmyelinated and thinly myelinated nociceptors 

within the dermis. They play and important role in transmission of peripheral pain (Boyette-Davis 

& Dougherty, 2011). Various classes of chemotherapeutics have been shown to cause structural 

changes and degradation of unmyelinated nerve fibers, suggesting a common etiology of CIPN (G. 

J. Bennett et al., 2011; H. Zheng et al., 2012). With respect to IENF changes, we observed that 

C57BL/6J mice showed differential degeneration of IENF compared to BALB/cJ mice as both the 

low and high oxaliplatin doses caused a significant reduction of IENF density in C57BL/6J mice 8 

weeks after cessation of treatment. BALB/cJ mice showed sex-dependent decrease of the fibers’ 

density: only the female BALB/cJ mice treated with the high dose of oxaliplatin had a significant 

degeneration of nerve fibers. In contrast to our findings, the work of Marmiroli et al. shows that 

BALB/c mice are more susceptible to the effects of intravenous treatment with 28 mg/kg 

oxaliplatin on IENF than C57BL/6, one-week post treatment completion (Marmiroli et al., 2017b). 

The discrepancy between these results could be explained by difference in timing of tissue 

collection, route of administration, and C57BL/6 substrain differences that could affect these 
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results (Taylor, 1972). Indeed, we and others recently reported that C57BL/6J and C57BL/6N 

substrains differ in their responses in acute and tonic pain models (Bryant et al., 2019; Ulker et al., 

2020; Wotton et al., 2020).   

 Preclinical research on chemotherapy-induced peripheral neuropathy points to involvement 

of pro-inflammatory cytokines in modulation of peripheral nerve damage. Upon treatment with 

chemotherapy, tumor necrosis factor alpha (TNFα), IL-1 β and IL-6,  and interferons alpha and 

gamma are all elevated (Basu & Sodhi, 1992; Gan et al., 1992; Ni et al., 2020; O’Brien et al., 1994). 

These cytokines contribute greatly to both pain and damage to neuron and supporting cells. Taken 

together, this suggest that neuropathies affect not just the peripheral nerves, but also the 

homeostasis of the skin. The innate immune response in C57BL/6 and BALB/c has been shown to 

differ. Upon with macrophage-activating lipopeptide-2 or lipopolysaccharide, macrophages 

derived from female C57BL/6 mice produced higher levels of TNF-alpha and interleukin than 

macrophages female BALB/c mice macrophages (Watanabe et al., 2004). Additionally, 

proinflammatory cytokine production is sexually dimorphic and variable depending on the genetic 

background of mice (Everhardt Queen et al., 2016). Underlying differences in immunological 

responses between the two strains might explain this phenomenon. Further, it is possible that sub-

strain genetic variations might play an important role in the degree of degradation of IENF due to 

oxaliplatin treatment. Presence of mechanical hypersensitivity, despite loss of IENF, might be 

mediated by hyperactive and/or sensitized nociceptive fibers sensitized resulting from the release 

of chemical mediators of inflammation (Baral et al., 2019).    

 Oxaliplatin highly impacts peripheral sensory neurons (Carozzi et al., 2015). To measure 

alterations in peripheral nerve function and potential degradation of the myelinated fibers, the 

amplitude and velocity of the sensory caudal nerve conductions were measured. Our results 
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indicate that the SNAP was significantly affected by the high dose of oxaliplatin in female 

BALB/cJ mice only. Similarly, 28 mg/kg intravenous oxaliplatin reduced the action potential 

amplitude in tails of female BALB/c mice (Renn et al., 2011). Platinum compounds, such as 

oxaliplatin,  irreversibly bind to DNA thus inducing damage and apoptosis of primary sensory 

neurons (R. Velasco & Bruna, 2010). While sensory nerve conduction examines large-fiber 

neuropathy, skin innervation is a parameter of small-fiber sensory neuropath (Sumner et al., 2003). 

CIPN patients diagnosed with loss of IENF can have normal nerve conduction results (Devigili et 

al., 2008; Løseth et al., 2008). Correspondingly, in our study, C57BL/6J mice showed reduced 

mechanical hypersensitivity and IENF density but no changes in the caudal sensory nerve 

amplitude. The results of a quantitative analysis by Marmiroli and colleagues reports significant 

reduction of DRG neuronal structures upon oxaliplatin treatment (Marmiroli et al., 2017b). 

However, DRG from oxaliplatin-treated C57BL6 mice did not different from their naïve controls. 

This further confirms that oxaliplatin impairment of neurophysiological morphology and functions 

is distinctive among different strains of mice.  

 Body weight can be an indication of rodent welfare. Male C57BL/6J mice treated with high-

dose regimen of oxaliplatin lost more weight and took longer to return to baseline body weights 

than female C57BL/6J or male BALB/cJ mice (Supplementary Table 1A-B). The high dose of 

oxaliplatin caused a significant decrease in BALB/cJ females one week post last administration of 

the antineoplastic agent. Reduction of body weights or slower body gain due to platinum-based 

chemotherapeutics, such as oxaliplatin, was noted by others in male rats and C57BL/6J mice and 

BALB/c mice (Feather et al., 2018; Jamieson et al., 2005; Le Bricon et al., 1995). It has been shown 

that male C57BL/6J mice treated with the same treatment regimen of oxaliplatin experienced 

skeletal myopathy (Sorensen et al., 2017). Both male and female C57BL/6J mice decreased their 
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spontaneous locomotor activity. A similar finding was observed in male C57BL/6J mice with 

reduced locomotor activity (Ta et al., 2009a). The changes in body weight and locomotor 

disturbances indicate that BALB/cJ mice are less sensitive to oxaliplatin-induced toxicity.  

 Pain is a complex phenomenon that has both sensory and emotional components (Raja et al., 

2020). Additionally, reflexive reactions to nociceptive stimuli do not necessarily indicate the 

experience of spontaneous pain in humans (Finnerup et al., 2016). According to epidemiological 

studies, the prevalence of depression may be as high as 85% in patients suffering from chronic pain 

(Bair et al., 2003; Williams et al., 2003), and around 30% for patients suffering from neuropathic 

pain (Gustorff et al., 2008). Individuals diagnosed with depression report increased frequency and 

severity of acute pain. Furthermore, the magnitude and duration of acute pain has indicated higher 

level of anxiety and depression in people (Michaelides & Zis, 2019). Pre-clinical models of nerve 

injury induced by mechanical, chemotherapeutic, or inflammatory insults saw changes in affective 

behavior suggestive of a depression-like state(Jesse et al., 2010; Okun et al., 2016; Toma et al., 

2017a). Correspondingly, it has been reported that male C57BL/6J mice treated single i.p. dose of 

6 mg/kg oxaliplatin showed an increased immobility time in forced swim test, suggesting that 

oxaliplatin can induce depressive-like behavior in rodents (Micov et al., 2020). 

 In our study, the low dose of oxaliplatin did not affect the behavioral assays measured at the 

tested time points in mice in both mouse strains. The high-dose of oxaliplatin had some impact on 

female C57BL/6J. We show that female C57BL/6J treated with high-dose of oxaliplatin spent 

significantly more time in the dark side, indicating an increase in anxiety-like behavior. This is first 

study to report testing anxiety-like behavior via light/dark box in mice treated with oxaliplatin. 

Anxiety-like behavior was measured and observed in a paclitaxel-induced peripheral neuropathy 

model. Repeated administration of the chemotherapeutic drug in C57BL/6J males caused a long-
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lasting mechanical hypersensitivity and anxiety-like phenotype, as observed 9 weeks post treatment 

(Toma et al., 2017a). Two studies examining the impact of oxaliplatin on neurotoxicity in male 

Swiss mice and male Sprague-Dawley rats demonstrated reduction of time spent in the open arms 

and the percent of open arm entries in an elevated plus-maze assay, indicative of anxiety-like state 

(Reis et al., 2020; X. Zhou et al., 2020). Moreover, male C56BL/6J mice treated with oxaliplatin 

took a longer time to reach the center in a novelty suppressed feeding test; however, no difference 

in elevated plus maze were observed (Hache et al., 2015; Kerckhove et al., 2019). In a spared nerve 

injury model, female mice were identified as more susceptible to anxiety-like behavior (Sieberg et 

al., 2018). Conversely, oxaliplatin did not alter wheel running, nesting nor burrowing behaviors. 

These assays have been shown to reflect motivation and innate behaviors that are used to assess 

general well-being of rodents. While BALB/c and C57BL/6 mice are the most commonly used 

strain in anxiety and biomedical studies (Johnson, 2012), the literature is inconsistent on which 

stain is more anxious (Ennaceur & Chazot, 2016). Male BALB/cJ mice exhibited elevated time 

spent in the light compartment. This could have been attributed to freezing behavior, a sign of 

anxiety-like behavior. The general activity of these animals was not affected, as indicated by 

locomotor activity test results, however between-strain analysis identified significant difference 

between female C57BL/6J and BALB/cJ mice treated with high dose of oxaliplatin 

(Supplementary Table 1B). Overall, detection of behavioral depression of mice treated with 

oxaliplatin might be dependent on the assay. Characteristic phenotypical differences exist across 

mouse strain and they should be considered when selecting strain and sex of the rodents.  

 A large and long-term deficit was observed after oxaliplatin administration in the sucrose 

preference test. Rodents show a natural preference for the sweet taste (Valenstein et al., 1967), and 

a deficit in sucrose preference has been shown to be sensitive to different animal models of 
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depression (Harkin et al., 2002; Willner et al., 1992). We observed a decreased preference for a 3% 

sucrose solution in both C57BL/6J and BALB/cJ mice treated with the high-dose oxaliplatin 

regimen. Oxaliplatin treatment produced a longer-lasting reduction of sucrose preference in 

BALB/cJ males than C57BL/6J males, even though both had significant mechanical 

hypersensitivity for the duration of the study (Supplementary Table 1B). The decrease in sucrose 

seen in C57BL/6J males and female mice at the higher dose regimen of oxaliplatin may be the 

consequence of a general decrease in drinking behavior. It should be noted that a significant 

decrease in body weight was noted in these oxaliplatin-treated mice. Future studies assessing 

quinine and saccharine preference will be useful to understand if oxaliplatin’s effects on sucrose 

preference in C57BL/6J mice are not due to sensory loss. Total fluid intake was not altered in 

BALB/cJ mice undergoing the high-dose oxaliplatin regimen. It is possible that the sucrose 

preference deficit seen reflects taste alteration by oxaliplatin in mice. In the clinic, about 12% of 

patients receiving oxaliplatin report alteration in taste (90). However, in a pre-clinical paclitaxel-

induced CIPN model, Toma et al., 2017 reported a transient reduction sucrose preference in 

C57BL/6J males accompanied by time-dependent changes in other affect-like behaviors. The 

aversion to sucrose preference was proposed to be mediated by kappa opioid receptor (KOR) 

signaling dysregulation, as the selective KOR antagonist norbinaltorphimine was able to reversible 

sucrose preference deficit (Meade et al., 2020). Another explanation for changes in sucrose 

preference is gustatory alteration induced by oxaliplatin. However, in our recent study, C57BL/6J 

and BALB/cJ mice subjected to the same high-dose oxaliplatin schedule consumed similarly 

number of sucrose pellets as the vehicle control group (Meade et al., 2021).  

 In this study, we looked at the differences in the development of oxaliplatin-induced 

neuropathy in male and female mice. The specific alterations in affect-like behaviors, IENF 



   81 

density, and nerve conduction amplitude show different profiles of C57BL/6J and BALB/cJ mice. 

However, these changes are not uniform across strains indicating strain differences as well. A three-

way ANOVA with repeated measures was performed to investigate the interaction between sex, 

treatment, and time (Supplementary Table 1A). A significant difference in percent body weight 

of female and male was observed in C57BL/6J mice treated with the high dose of oxaliplatin and 

their control vehicle. We were not able to determine whether the cause of the body weight loss in 

C57BL/6J mice was caused by a decrease in fluid intake or reduction of lean and fat tissue mass as 

suggested (80). Regarding sex differences between male and female BALB/cJ mice, two behavioral 

assays showed trending statistical tendencies. BALB/cJ males tended to spent more time in the 

light compartment than the female BALB/cJ mice (F (1, 95) = 2.774, P = 0.0991; Supplementary 

Table 1A). The second trending difference between male and female BALB/cJ mice treated with 

the high dose of oxaliplatin was alteration in in IENF density (F (1, 20) = 3.549, P = 0.0742). While 

BALB/cJ females exhibited a significant reduction of IENF, male BALB/cJ mice had comparable 

IEND to their control group. One possible explanation of these sex differences is the role of 

hormonal mechanisms of OIPN. These differences can also be due to genetic and neuroimmune 

mechanisms of OIPN processing in male and female mice such as the release of pronociceptive 

substances substance P and calcitonin gene-related peptide, as well as exposure to pro-

inflammatory cytokines released by infiltrating and resident immune cells (Carozzi et al., 2015).  

 This study has some limitations. While the primary aim of this study was to compare our 

results to literature on rodent studies using the same route of administration, oxaliplatin delivery 

method via intraperitoneal injections poses some translational limitations. The absorption, 

distribution, metabolism, or excretion of chemotherapeutic agents have been shown to influence 

the development of CIPN in human patients (Cliff et al., 2017; Lee et al., 2013). Moreover, a 
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pharmacokinetics study in rats showed significant differences in the AUC for peritoneal fluid and 

plasma drug concentrations after 90 minutes post treatment with 5 mg/kg of oxaliplatin (Pestieau 

et al., 2001). A future study assessing pharmacokinetics of oxaliplatin via intraperitoneal and 

intravenous routes of administration in C57BL/6J and BALB/cJ would be beneficial and could 

explain some of the observed differences. Additionally, it is plausible that the early time point 

behavioral alterations are associated with loss of IENF, hence, it would be useful to assess IENF 

density at week 3 or 5.  

 

CONCLUSIONS 

 We demonstrated that affective-like behaviors in male and female C57BL/6J and BALB/cJ 

mice were differentially and dose-dependently affected by oxaliplatin. We demonstrate that the 

low and high treatments of oxaliplatin induced a long-lasting mechanical hypersensitivity which 

did not largely correlate with deficit in affect-like behaviors. The remaining portion of this chapter 

is dedicated to investigating whether the effect of NLRP3 inflammasome assembly inhibition seen 

in Chapter 2 would extend to the above mentioned oxaliplatin-induced peripheral neuropathy 

mouse model.  
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Supplementary Figure 1. Baseline Electrophysiological analysis of the caudal sensory nerves. 
Sensory nerve conduction amplitude(A) and velocity (B) were measured in C57BL/6J males and females 
(n = 8/group), and BALB/cJ males and females (n = 7-10/group) respectively. Values are expressed as 
mean ± SEM. Overall effects of oxaliplatin treatment per sex of each strain were identified using one-way 
ANOVA (Treatment) for each strain and for each sex, and post-hoc Tuckey's test (* p < 0.05, *** 
p < 0.0001).  
 
 

 

Supplementary Table 1. A three-way ANOVA with repeated measures was performed to investigate 
the interaction between a) sex x treatment x time; and b) strain x treatment x time.  
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3.2. Role of NLRP3 Inflammasome in OIPN 
 
3.2.1. Introduction  
 
 Cancer patients and survivors often suffer from adverse side effects of chemotherapy. Not 

only does chemotherapy-induced peripheral neuropathy reduce the quality of life, it may also 

impact cancer treatment (Oh & Cho, 2020; Pachman et al., 2016). Oxaliplatin is a third-generation 

platinum derivative used for the treatment of colorectal cancers (Deuis et al., 2017). The majority 

of patients treated with oxaliplatin report at least one symptom of acute neurotoxicity, such as cold 

hypersensitivity. About two-thirds of patients experience oxaliplatin-induced peripheral 

neuropathy (OIPN) long after completing their cancer treatment due to changes in sensory 

perception like mechanical hypersensitivity, allodynia, numbness and paresthesia, depression-like 

behavior, anxiety-like behavior, and preferential damage of peripheral sensory fibers and dorsal 

root ganglia - including pain (Hache et al., 2015; Marmiroli et al., 2017b). Currently, there are no 

effective prophylaxis or treatment options for OIPN (Hershman, Lacchetti, & Loprinzi, 2014).  

 Sensory changes and chronic pain state in neuropathy caused by antineoplastic encompasses 

pathologies of the peripheral and central nervous systems (Vichaya et al., 2015). The specific 

mechanism of CIPN caused by oxaliplatin is yet to be elucidated, however, a wide array of 

proposed molecular processes incorporate neuro-inflammatory components (Fumagalli et al., 

2021). One of these CIPN pathologies points to a change in sensory capacity via altered neuronal 

excitability caused by cytokines, which is further supported by the presence receptors for cytokines 

on neurons in peripheral sensory afferents and spinal cord dorsal horn (Ohtori et al., 2004). 

Proinflammatory cytokines such as TNFα, IL-1 β and IL-6 can stimulate the production of a range 

of neuroexcitatory elements (Hucho & Levine, 2007). In a rat model of OIPN, elevated levels of 
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IL-1β and TNF-α in the spinal cords correlated with decreased mechanical hypersensitivity 3 weeks 

post treatment cessation (Janes et al., 2015).  

 Inflammasomes are cytoplasmic multiprotein complexes that assemble in response to cellular 

distress and promote maturation and secretion of IL-1β and IL-18 (Schroder & Tschopp, 2010). 

Upregulation of NLRP3 (nucleotide oligomerization domain-like receptor pyrin domain–

containing 3) inflammasome response has been shown in numerous neurodegenerative diseases 

and sensory syndromes of different inflammatory pathologies, and it has been reviewed in section 

1.3.2 of this dissertation. Recent research has made it increasingly evident that the NLRP3 

inflammasome may also play a crucial role in neuropathic pain attributed to anticancer drugs of 

different classes (R. Chen et al., 2021). Oxaliplatin might be indirectly involved in activation of 

the NLRP3 inflammasome signaling pathway through a convergent mechanism, a cellular event 

such as decreased K+ concentration, generation of reactive oxygen species, and extracellular ATP 

(Mariathasan et al., 2004; Pétrilli et al., 2007; Sutterwala et al., 2014). 

 In line with our results with paclitaxel in Chapter 2, we sought to investigate the contribution 

of the NLRP3 inflammasome in development of CIPN in mice treated with a different class of 

antineoplastic drug. We hypothesize that inhibition of NLRP3 inflammasome assembly would 

protect mice from developing mechanical hypersensitivity by oxaliplatin as seen with paclitaxel. 
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3.2.2. Methods 
 
Animals  
 

The Institutional Animal Care and Use Committee at Virginia Commonwealth University 

approved all experiments, under the National Institutes of Health Guidelines for the Care and Use 

of Laboratory Animals. NLRP3 KO mice were bred in-house on C57BL/6J background mice 

supplied from The Jackson Laboratory (Bar Harbor, ME). NLRP3 gene KO indicates the protein 

functional loss-of function due to a point mutation as described in chapter 2. Adult mice were 

between 10-22 weeks old at the beginning of the experiments. Animals were housed in a climate-

controlled room on a 12 hours light/dark cycle (lights on 07:00hrs) with free access to water and 

chow (Envigo, Teklad LM-485 mouse/rat sterilizable diet, cat # 7012, WI, USA).  

 

Treatment 
 
 Oxaliplatin-induced peripheral neuropathy in mice was conducted according to methods 

previously published in our laboratory (Warncke et al., 2021). In brief, pharmaceutical grade 

oxaliplatin (5 mg/ml, Accord, NDC 16729-332-05) was dissolved in a vehicle (Veh) of sterile 5% 

dextrose solution (Hospira, Lake Forest, IL) fresh prior to each injection. The dose of 0.3 mg/kg 

oxaliplatin or its vehicle was administered intraperitoneally daily on days 0-4, and then again 10-

14 for a total cumulative dose of 3 mg/kg. Animals were divided into the following groups: vehicle-

treated NLRP3 WT (4 male and 4 female mice), vehicle-treated NLRP3 KO (4 male and 5 female 

mice), oxaliplatin-treated NLRP3 WT (4 male and 4 female mice), and oxaliplatin-treated NLRP3 

KO (5 male and 5 female mice). 
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Mechanical sensitivity 
 
 Mechanical sensitivity thresholds were determined using von Frey filaments as described by 

Chaplan et al. (1994). All mice were tested at baseline, and weeks 1 (day 5), 2 (day 15), 4 (day 22), 

5 (day 29) and 8 (day 51) of the study. The mechanical threshold is expressed as log10 (10 £ force 

in [mg]). 

 

Cold sensitivity 

 Cold sensitivity was assessed with the acetone test the following day after von Frey assay. 

After a habituation period in Plexiglas chambers on mesh metal flooring, the ventral surface of 

each paw was sprayed with 20 µL of acetone (Fisher Bioscience) as described in the early section 

of this chapter.  

 

Statistical analysis  
 
 The statistical analyses were carried out in GraphPad Prism software, version 9 (GraphPad 

Software, Inc., La Jolla, CA) and the data are expressed as mean ± SEM. Two-way (time x 

treatment) analysis of variance (ANOVA) with Sidak comparison tests was executed to verify 

treatment effect in each strain and sex. A three-way ANOVA with multiple comparison correction 

was performed to investigate a) differences between sexes of each mouse strain, b) strain 

differences of same sex between both strain, and c) strain differences of sex-combined mice. Time 

and treatment were common factors for each comparison. Additionally, two-way ANOVAs 

(treatment × genotype) were performed of the area under curve (AUC) for cold sensitivity test. paw 

withdrawal thresholds. Tukey’s tests were used to delineate main effects. Statistical differences 

were reported when p< 0.05. 
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3.2.3.  Results 

NLRP3 protein loss-of-function Does Not Protect Mice from Developing Mechanical 

Hypersensitivity  

The effects of a low dose of oxaliplatin regimen (3 mg/kg cumulative) on the time-course 

of stimulus-evoked nociception-related behaviors in NLRP3 knockout male and female mice was 

examined. No significant difference in mechanical threshold was observed between groups at 

baseline. First, we looked at the treatment effect in NLRP3 WT male mice to confirm that the low 

dose of oxaliplatin produced predicted onset of mechanical hypersensitivity. Indeed, a two-way 

ANOVA revealed a statistically significant interaction between treatment and time (F (5, 30) = 3.05, 

P = 0.0242) confirming that the low dose of oxaliplatin is sufficient to induce long term mechanical 

hypersensitivity (Figure 11A). Similar results were observed in NLRP3 KO male mice (treatment 

x time; F (5, 35) = 8.736, P < 0.0001). Female mice were evaluated accordingly. Data shows 

comparable results of oxaliplatin causing statistically significant change in mechanical 

hypersensitivity over time in NLRP3 WT (F (5, 35) = 8.263, P < 0.0001) and KO (F (5, 40) = 4.835, P 

= 0.0015) female mice (Figure 11B). The results indicate no difference between both genotypes. 

 Lastly, we evaluated male and female mice of the same strain to determine possible sex-

driven differences. A three-way ANOVA did not reveal significant interaction of treatment x time 

x sex, therefore, data from male and female mice of the same strain and treatment were combined 

increasing the number of animals. The protective role of NLRP3 inflammasome activation 

inhibition on development of mechanical hypersensitivity was assessed by performing a three-way 

ANOVA test (treatment x genotype x time) in the male (F (5, 65) = 0.7299, P = 0.6036) and female 

(F (5, 75) = 1.048, P = 0.3960) mice. The results indicate no difference between both genotypes 

treated as visualized in Figure 11C. Two-way ANOVA of within strain analyses showed that 
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oxaliplatin treatment significantly reduced mechanical threshold of male (WT: F (5, 30) = 3.050, P = 

0.0242, KO: F (5, 35) = 8.736, P < 0.0001) and female (WT: F (5, 35) = 8.263, P < 0.00001, KO: F (5, 

40) = 4.835, P = 0.0015) mice as measured from week 1 and it persisted through testing.  Overall, 

oxaliplatin caused a comparable long-term mechanical hypersensitivity in both sexes of both strains 

of mice. 

 

 

Figure 11. NLRP3 knockout does not protect mice from developing oxaliplatin-induced mechanical 
hypersensitivity. Development of mechanical hypersensitive was monitored after each regimen of 
oxaliplatin (5 injections of 0.3 mg/kg) until week 8 with the von Frey test in NLRP3 KO male (n = 4-
5/group), NLRP3 WT male (n = 4/group) (A), NLRP3 KO female (n = 5/group), and NLRP3 WT female (n 
= 4-5/group) (B). Treatment groups were assigned as follows: vehicle treated NLRP3 WT (Veh-WT), 
vehicle treated NLRP3 KO (Veh-KO), oxaliplatin treated NLRP3 WT (Oxa-WT), and oxaliplatin treated 
NLRP3 KO (Oxa-KO).Values are expressed as mean ± SEM. Results were compared using two-way 
ANOVA (Treatment, Time as RM) for each strain and for each sex followed by Tukey’s post hoc test (A-
B), and three-way ANOVA followed by Sidak’s post hoc test (C). P < 0.05 was considered significant. 
Asterisks indicate times at which mechanical hypersensitivity was statistically different from vehicle. * p < 
0.05, ** p < 0.01, ***p < 0.005, **** p < 0.0001. 

 

Low-dose Oxaliplatin and Development of Cold Hypersensitivity in Mice  

No significant difference in response time to acetone cooling sensation was observed 

between groups at baseline. Males and females were assessed separately. Oxaliplatin treatment was 

insufficient to notably increase the duration of acetone-elicited behaviors as compared to vehicle 

control in both male and female mice when examined with a three-way ANOVA analysis of the 

male (F (5, 65) = 0.4502, P = 0.8116) and female (F (5, 75) = 2.231, P = 0.0598) mice (Figure 12A-B). 
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Data was analyzed with AUC due to a small sample size and large within treatment group 

variability and revealed greater mechanical hypersensitivity in oxaliplatin-treated male and female 

NLRP3 WT mice compared to NLRP3 KO mice (Figure 12C-D).  

 

 

 
Figure 12. Induction of cold hypersensitivity in oxaliplatin-treated mice. Development of cold 
hypersensitivity was monitored after each regimen of oxaliplatin (5 injections of 0.3 mg/kg) until week 8 
with the cold acetone test in NLRP3 KO male (n = 4-5/group), NLRP3 WT male (n = 4/group) (A), NLRP3 
KO female (n = 5/group), and NLRP3 WT female (n = 4-5/group) (B). AUC analysis of paw withdrawal 
threshold of data between weeks 0-8 depict a greater mechanical hypersensitivity in NLRP3 WT male (C) 
and female (D) mice treated with paclitaxel. Values are expressed as mean ± SEM. Results were compared 
using two-way ANOVA (Treatment, x Genotype as RM) for each for each sex followed by Tukey’s post 
hoc test (C-D). P < 0.05 was considered significant, ***p < 0.0001. 
 
 
  



   91 

3.2.4. Discussion 
 
 Chemotherapy-induced peripheral neuropathy is a complex disease that involves  many 

mechanisms including neuro-inflammatory factors (Fumagalli et al., 2021). In vivo and in vitro 

oxaliplatin studies show elevated expression level of IL-1β, one of the most prominent 

inflammatory mediators in DRG, spinal cords, macrophages and sciatic nerves (Miguel et al., 

2019). We sought to investigate whether inhibition of NLPR3 inflammasome, a complex involved 

in production of active IL-1β and IL-18, protects mice from developing CIPN. The present study 

demonstrates the effect of NLRP3 protein loss-of-function on the development of mechanical 

hypersensitivity after oxaliplatin administration in mice. Our results indicate comparable changes 

induced by oxaliplatin treatment on mechanical hypersensitivity in both NLRP3 KO and NLRP3 

WT mice. Moreover, application of a cold stimulus in oxaliplatin-treated mice evoked a greater 

response total response time in WT mice.  

 The low-dose oxaliplatin regimen oxaliplatin was selected based on literature and our 

laboratory results showing that the cumulative dose of 3.0 mg/kg is effective in inducing 

neuropathic mechanical hypersensitivity without systemic toxicity as described in the first part of 

chapter 3 (Warncke et al., 2021). We planned to investigate the effectiveness of NLRP3 

inflammasome assembly disruption ASC KO mice, and utilize higher doses of the 

chemotherapeutic and in NLRP3 KO and ASC KO mice. However, to our surprise, NLPR3 KO 

mice treated with the lowest experimental dose of oxaliplatin developed mechanical 

hypersensitivity similarly to the NLRP3 WT mice, hence, further testing was terminated. Research 

involving NRP3 inflammasome in OIPN is limited, yet, some of the results show positive 

association between blocking NLRP3 inflammasome oligomerization and development of 

mechanical hypersensitivity. The discrepancy between results and the literature might stem from 
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differences in the experimental set up, strains and species of animals tested. The NLRP3 KO 

(C57BL/6J-Nlrp3m1Btlr/Mmucd) mice used in our experiment express a functional knockout of the 

NLRP3 protein due to T to G transversion found at position 3187 of the Nlrp3 transcript. This 

single nucleotide polymorphism results in a cysteine to tryptophan substitution at residue 987 

(C987W) of the leucine-rich repeat domain of the NLRP3 protein. The LLR domain is involved in 

interaction between NLRP3 and NEK7 (Hua Huang et al., 2019). In the inactive form, the LRR 

domain is bound to the NOD domain of the NLRP3 (Ye & Ting, 2008). Mutations in the LLR 

domain have been shown to be critical in NEK7 recruitment and phosphorylation of NLRP3 (Niu 

et al., 2021). However, Iva Hafner-Bratkovič et al. showed that truncated NLRP3 (1–965 aa) on 

the C-terminal LRR failed to respond to nigericin (Hafner-Bratkovič et al., 2018). Described as a 

“probably benign” mutation, C987W substitution was sufficient to reduce levels of IL-1β in 

peritoneal macrophages isolated from C57BL/6J-Nlrp3m1Btlr/Mmucd homozygous mice when 

treated with LPS and nigericin (Sharif et al., 2019). Based on these results we presumed that the 

functional knock out of Nlrp3 gene yields consistent changes in all cells that express the protein. 

However, we did not assess the concentration of IL-1β in tissues from oxaliplatin-treated NLRP3 

WT nor NLRP3 KO mice. In this study, mice were subjected to 10 injections of a 0.3mg/kg 

oxaliplatin spanning 15 days. The cumulative dose of oxaliplatin utilized in our study was lower 

than the doses used in mouse and rat oxaliplatin models in the compared above-mentioned studies. 

A possible explanation for the observed decrease in mechanical hypersensitivity could be explained 

by oxaliplatin-induced changes in peripheral nerves which leads to hyperexcitability. As noted in 

section 3.1, the intraepidermal nerve fiber density in C57BL/6J mice treated with the same 

oxaliplatin regimen was significantly decreased weeks after the treatment. The difference in 

oxaliplatin-dosing regimen might impact the site and magnitude of damage.  
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 Inflammation plays an important role in chemotherapeutic tumor suppression; however, 

prolonged inflammation can lead to tumor survival through neovascularization and contribute to 

development of CIPN (Greten & Grivennikov, 2019). Elevated levels of pro-inflammatory 

cytokines, such as TNFα, IL-1 β and IL-6, interferon alpha (IFN-α) interferon gamma (IFN-γ) in 

DRG have been associated with modulation of peripheral nerve damage and development of 

mechanical hypersensitivity in preclinical models of CIPN (Ni et al., 2020). Notably, a cumulative 

6 mg/kg dose of oxaliplatin increased GFAP, IL-1β, TNFα, and Iba-1 mRNA levels in L3-L5 DRG 

and L4-L5 segments spinal cord in rats, indicating glial activation in peripheral and central nervous 

system (Miguel et al., 2019). IL-1β has been attributed to the progression of pain and inflammation 

from acute to chronic. Binshtok et al showed that IL-1β can induce pain by activating and 

increasing excitability of nociceptors, while others indicated its role in peripheral or central 

sensitization (Binshtok AM et al., 2008; Helyes et al., 2019).  

 Conversion of precursor IL-1β into mature form is tightly regulated at several levels due to 

its pleiotropic role in immunity and inflammation (Stehlik, 2009). One important mechanism 

underlying such regulation is mediated via NLRP3 inflammasome. Growing evidence suggests that 

activation of NLRP3 inflammasome and subsequent conversion of IL-1β by caspase-1, is an 

important pathological pathway mediating chemotherapy-induced peripheral neuropathy (Jia et al., 

2017). Several studies have examined NLRP3 expression and involvement in oxaliplatin-induced 

peripheral neuropathy with conflicting reports. Pharmacological blockage of NLRP3 

inflammasome assembly with MCC950, a selective NLRP3 inhibitor, significantly attenuated 

oxaliplatin-induced mechanical hypersensitivity in rats (Wahlman et al., 2018). Additionally, 

Wahlman et al. also reported increased level of expression of NLRP3 and maturation of caspase-1 

and correlated neuropathic pain-like responses in rats to increased adenosine kinase in the dorsal 
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horn of the spinal cord and the dysregulation of adenosine A3AR signaling. Inhibition of ADK 

with MRS5698 or activating A3AR with a selective A3AR agonist resulted in NLRP3 activation, 

IL-1β production, and development of mechanical hypersensitivity. In a study examining the effect 

of blocking Connexin43 (Cx43) hemichannels with Peptide5 to diminish ATP accumulation in the 

extracellular space and subsequent formation of NLRP3 inflammasome, 20mg/kg of oxaliplatin 

significantly increased Cx43 protein in murine spinal cords 7 days after the last injection. However, 

NLRP3 expression was not affected by oxaliplatin and a concurrent treatment with Peptide5 did 

not improve mechanical hypersensitivity in C57BL/6J mice (Tonkin et al., 2018). In a study that 

looked at blocking the priming and activation steps of the NLRP3 inflammasome, mice with 

homozygous depletion of TLR4 or caspase-1/11 and treated with a total of 40 mg/kg oxaliplatin 

showed resistance to mechanical hypersensitivity as well as diminished and no upregulation of IL-

1β in spinal cords, respectively (Agnes et al., 2021). As IL-1β can directly act on nociceptors and 

increase their excitability, treatment with an IL-1 receptor antagonist (IL-1Ra) could diminish 

symptoms of OIPN (Binshtok AM et al., 2008). Our results indicate that dysregulation of NLRP3 

protein was insufficient to prevent development of mechanical hypersensitivity in mice treated with 

a low dose of oxaliplatin. Data from one group shows the lack of efficacy of anakinra, a clinically 

available IL-1Ra, on decreasing mechanical allodynia in rats intraplantarly injected with oxaliplatin 

(Starobova et al., 2021). DRG from rats treated with oxaliplatin presented significantly elevated 

level of NF-κB (Ni et al., 2020). An in vitro study showed that oxaliplatin treatment did not 

stimulate IL-1β release from LPS-primed murine bone marrow-derived dendritic cells 

(Antonopoulos et al., 2013). Therefore, the association of oxaliplatin and NLRP3 inflammasome 

OIPN is not direct.  
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CHAPTER FOUR 

GENERAL DISCUSSION 
 

4.1. Study Overview and Major Findings 

 Oxaliplatin and paclitaxel treatments can lead to axon degeneration, altered neuronal 

excitability, oxidative stress, apoptotic signaling, calcium dysregulation, and involvement of 

proinflammatory signaling, such as IL-1β in the peripheral and central nervous system. These 

changes can present themselves in 10-100% of patients as paresthesia, numbness, burning pain, 

and allodynia. Together, these symptoms are known as a sensory-predominant syndrome called 

chemotherapy-induced peripheral neuropathy (Ramnarine et al., 2016). CIPN sensory symptoms 

can be accompanied by distress, anxiety, depression, sleep disturbance, and cognitive deficits, and 

last  years after cessation of chemotherapy, decreasing the quality of life (Colloca et al., 2017; 

Poupon et al., 2015; H. Zhang et al., 2013). Debilitating CIPN symptoms caused by a cumulative 

dose neurotoxicity may impact the oncological prognosis through dose reduction or complete 

discontinuation of the chemotherapy. Unfortunately, no prophylactic or efficacious therapeutic 

treatments are available for this toxicity (Majithia et al., 2016). Our work addresses a huge unmet 

medical need while filling a major gap in our understanding of the role of NLRP3 inflammasome 

in chronic neuropathic pain associated with CIPN.  

 The overall objective of the present project was to investigate the role of NLRP3 

inflammasome in paclitaxel and oxaliplatin mouse models of CIPN and evaluate this mechanism 

as a potential treatment strategy. Emerging evidence suggests neuroinflammation is an important 

element in the development of CIPN. In Aim 1 of this dissertation, we demonstrated that 

mechanical and cold hypersensitivity developed in a paclitaxel-dose dependent manner in wild type 

mice, as anticipated. Inhibition of NLRP3 inflammasome oligomerization via genetic approach 



   96 

through a global ASC protein knockout or a functional knockout of NLRP3 protein was protective 

against the low dose of paclitaxel (cumulative 8 mg/kg) treatment. Additional cycles of the low 

dose treatment revealed a sex-dependent pattern of protection against mechanical hypersensitivity 

in female ASC KO and NLRP3 KO mice. Delayed onset of mechanical hypersensitivity was 

recorded in both sexes of the knockout strains when a higher dose (one wave of 16 mg/kg 

cumulative) of paclitaxel was administered, as compared to wild type mice. Pharmacological 

inhibition of NLRP3 inflammasome with JC124 also showed similar protection of paclitaxel-dose 

CIPN dependent in C57BL/6J mice. However, when tested in male mice, prophylacticly treated 

JC124 was not sufficient against the high paclitaxel regimen (32 mg/kg) treatment. 

Immunoperoxidase showed increased IL-1β staining in the L4-L6 spinal cord region of C57BL6J 

males, supporting the claim that paclitaxel can induce proinflammatory signaling. In Aim 2, we 

characterized oxaliplatin-induced peripheral neuropathy model in two commonly used strains of 

mice. We observed strain-, sex-, and oxaliplatin dose-dependent changes in the IENF density, 

sensory and behavioral and aspects of OIPN. The low dose regimen of oxaliplatin (3 mg/kg 

cumulative) was sufficient to induce persistent mechanical hypersensitivity and reduce IENF 

density without altering affective-like behaviors in C57BL/6J mice, rendering it a suitable 

paradigm for investigating the role of NLRP3 inflammasome in oxaliplatin-induced CIPN. 

Contrary to our expectations, NLRP3 KO male and female mice treated with a low oxaliplatin dose 

developed mechanical hypersensitivity that closely resembled the NLRP3 WT mice profile. 

Overall, our data suggest that NLRP3 inflammasome may play role in CIPN in a chemotherapy 

drug class specific manner. 

4.2. Establishing a Mouse Model of Oxaliplatin-Induced Peripheral Neuropathy 
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 Animal models allow researchers to investigate and identify CIPN pathophysiological 

mechanisms in a body system which can lead to the development of therapies. In Chapter 3 of this 

dissertation, we characterize a OIPN mouse model in C57BL/6J and Balb/cJ mice of both sexes. 

Administration of oxaliplatin to mice at cumulative doses of 3 and 30 mg/kg i.p. induced 

mechanical and cold hypersensitivity, measured by von Frey and acetone tests, respectively. 

Alterations in the nociceptive, behavioral, and morphological features of OIPN were measured at 

multiple time points via battery of testing when appropriate. Comparison of the two mouse strains 

demonstrated that C57BL/6J mice show more oxaliplatin-induced behavioral changes than 

BALB/cJ mice, except for change in preference for sucrose solution. Moreover, oxaliplatin affected 

caudal nerve conduction and IENF degeneration in a sex-, dose-, and strain-dependent manner. The 

low-dose regimen of oxaliplatin induced mechanical and cold hypersensitivity, and decreased 

IENF in C57BL/6J male and female mice, without showing disturbance in affective-like behaviors. 

It was imperative to characterize any changes in behavior, sensory responses and peripheral nerves 

morphology of C57BL/6J mice as this strain was used as genetic background for backcrossing ASC 

KO and NLRP3 KO mice. Previous work in our lab paclitaxel identified differences in the 

development of neuropathy and affective behaviors in C57BL/6J mice treated with various doses 

of paclitaxel (Toma et al 2017). Information obtained from characterizing OIPN and PIPN in our 

lab allowed for selecting appropriate paclitaxel and oxaliplatin treatment regimen for investigating 

the role of NLRP3 inflammasome in CIPN.  

 

4.3. Differential Role of NLRP3 Inflammasome Inhibition in CIPN Induced by Paclitaxel 

and Oxaliplatin 
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 While paclitaxel and oxaliplatin induce common CIPN sensory symptoms, they differ in anti-

tumor mechanisms. Paclitaxel can be used alone or as an adjuvant therapy for different types of 

solid tumors such as lung, breast, ovarian, head, and neck cancers (Jauhari et al., 2008). The 

anticancer effects of paclitaxel are mediated by polymerization of tubulin which leads to distortion 

of the microtubules and prevents their depolymerization. Resulting cell cycle arrest division leads 

to apoptosis and cell death (Mekhail & Markman, 2002). Oxaliplatin is commonly used in 

combination with fluorouracil and leucovorin, referred to as FOLFOX regimen (Hong et al., 2019; 

Simpson et al., 2003). Oxaliplatin forms intrastrand DNA adducts that disrupts DNA replication 

and transcription (Arango et al., 2004). The shared neurotoxic events between oxaliplatin and 

paclitaxel are mitotoxicity, functional impairments of ion channels, and triggered immunological 

mechanisms via activation of satellite glial cells (Eldridge et al., 2020; Ferrier et al., 2013; Grisold 

et al., 2012; Park et al., 2013). Paclitaxel and oxaliplatin treatments have been implicated in 

elevated levels of IL-1β through the NLRP3 inflammasome pathway. Oxaliplatin’s capacity to 

stimulate NLRP3 inflammasome oligomerization is possibly indirect and in response to elicited 

cell death damage associated molecular patterns, such as ATP released from the dying cell 

(Stojanovska et al., 2019). Tumor cells treated with oxaliplatin are capable of activating the NLRP3 

inflammasome in dendritic cells evident in secretion of IL-1β (Ghiringhelli et al., 2009). However, 

an in vitro study showed that addition of oxaliplatin to LPS-primed murine bone marrow-derived 

dendritic cells did not induce IL-1β release (Antonopoulos et al., 2013). This suggests that 

oxaliplatin alone is insufficient to trigger maturation of IL-1β via the NLRP3 inflammasome 

pathway, such that it does not act as a signaling molecule. In contrast, Son s. et al showed that pre-

treatment of bone marrow-derived macrophages with paclitaxel induced robust activation of 

caspase-1 when challenged with ATP or  nigericin(Son et al., 2019).  
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 The persistence of mechanical and cold hypersensitivity after oxaliplatin treatment in NLRP3 

KO mice can be explained by neuronal damage that precedes establishment of the inflammatory 

processes. Transcriptomic analysis of dorsal root ganglia extracted from C57BL/6J mice 72 hours 

post a single high dose of oxaliplatin (40 mg/kg) revealed a shift in differentially expressed genes 

(DEG) that highly regulate genes which are associated with DNA and RNA processing, and 

biological processes of neuronal damage. In contrast, treatment with vincristine, a microtubule 

interfering compound, regulated majority of DEGs that overlap with immune system-associated 

processes and no neuronal processes or DNA and RNA processing (Starobova et al., 2021). 

4.4. Sex-Dependent Differences in CIPN Prevention via NLRP3 Inflammasome Inhibition 

 In this study we demonstrated that sex plays an important role in onset of mechanical 

hypersensitivity observed post paclitaxel treatment. Female ASC KO and NLRP3 KO mice showed 

resistance to developing mechanical hypersensitivity when challenged with two waves of low-dose 

paclitaxel treatment. This observation was paclitaxel-dose dependent, suggesting that higher doses 

of the chemotherapeutic might mask subtle but important sensory alterations when investigating 

potential mechanism and targets of PIPN. Epidemiological studies indicate a higher rate of chronic 

pain in females, and hormones such as estradiol, progesterone, and testosterone significantly impact 

immune response (E. J. BartleyR. B. Fillingim). (75). Estrogen, progesterone, and testosterone 

receptors are expressed on T cells, B cells, macrophages, dendritic cells, neutrophils, natural killer 

cells, and neuronal cells (neuronal cells ref) (76). Sex hormones affect the immune system in 

various ways during injury or disease states, thus, it is possible that the immune response to 

chemotherapy-induced injury differs between males and females. 

 Paclitaxel primes NLRP3 inflammasome via TLR4 receptor. Interestingly, Sorge et al. 

revealed that male mice require microglia and TLR4, while female mice require T cells to mediate 
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chronic neuropathic pain induced by spared nerve injury (Sorge et al., 2011, 2015). In the periphery, 

estrogen suppresses release of histamine by mast cells which results in fewer neutrophils 

recruitment to a site of injury in females, and reduces the number of macrophages (Atkins et al., 

1993; Pease-Raissi et al., 2017). High levels of estrogen and testosterone promote M2 (anti-

inflammatory) and M (proinflammatory) phenotype of macrophages, respectively, driving a higher 

expression of TLR4 and NLRP3 in males. However, it has been shown that more tissue-resident 

immune cells and prolonged cytokine levels in females than males (Cheng et al., 2019; Jaillon et 

al., 2019; Martinez & Gordon, 2014). In a post-operative pain model, a global deletion of NLRP3 

reduced levels of IL-1β and mechanical sensitization in male mice only. Deletion of NLRP3 from 

sensory neurons had a lower impact on incision-induced mechanical hypersensitivity in males than 

females, indicating sensory neuron-restricted NLRP3 pain responses (Cowie et al., 2019). 

4.5. Limitations and Future Directions 

 Studies conducted in this dissertation project revealed that inhibition of NLRP3 

inflammasome had sex-, chemotherapy dose-, and chemotherapy drug-dependent effect on 

development of CIPN. The exact cause of these effects are unknown, however future studies could 

explain such observations. Because were not able to assess NLRP3 inflammasome activation in the 

DRG and spinal cord after paclitaxel treatment, it would be imperative to optimize the staining 

protocol and possibly acquire different primary ASC and NLRP3 antibodies that show more 

specificity. Further, to investigate which cell types participate in NLRP3 inflammasome dependent 

CIPN, spinal cord and DRG sections could be double immuno-stained stained for NLRP3 and ASC 

protein with markers for neurons (NeuN), astrocytes (GFAP), and microglia (Iba1). This 

information might help elucidate observed sex- and chemo-specific differences as activation of 

glial cells (astrocytes and microglia) in the CNS, DRG-surrounding Schwann and satellite glial 
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cell, infiltration of macrophages and T-cells in the PNS, have been shown in a rat model of PIPN 

(Zhang et al., 2016). Rats treated with paclitaxel showed microglial activation occurs in the dorsal 

horn of the spinal cord and  activation of NLRP3 inflammasome in sciatic nerve and DRG, 

therefore it’s probable that the primary source of released IL-1β is microglial (Jia et al., 2017; 

Peters et al., 2007).  

 Sex hormones can significantly affect the immune responses and drive pain and sensitization 

through different mechanisms  (Jaillon et al., 2019). In a post-operative pain model, Cowie et al 

showed expression and activation of NLRP3 in neuronal cells contributes to pain sensation. In that 

regard, cell-specific knockout of NLRP3 could be investigated by creating and breeding NLRP3 

conditional knockout mice (NLRP3AdvCre+) to be expressed in glial or neuronal cells only. To 

explore possible sex hormones contributions, the experiment could be repeated with 

gonadectomized mice or mice supplemented with hormone replacement. This will provide more 

insight into cell-specific involvement role of NLRP3 in development of CIPN and a potential 

treatment target. 

 Our results indicate that oxaliplatin-induced mechanical hypersensitivity might be mediated 

by additional or other mechanisms than NLRP3 inflammasome-dependent maturation of IL-1β, as 

oxaliplatin-treated NLRP3 KO mice were not protected from developing OIPN. Assessment of 

levels of IL-1β and IL-18 in ASC KO and NLRP3 KO mice treated with oxaliplatin might provide 

important information on the proinflammatory cytokines profile in spinal cords, DRG or skin foot 

pads through the canonical NLRP3 inflammasome pathway. Further, changes in the peripheral 

intraepidermal nerve fibers density are a hallmark of CIPN. It might be informational to evaluate 

IENF of paw skin from NLRP3 KO and ASC KO mice treated with various doses of paclitaxel and 

oxaliplatin to assess changes in peripheral nerve fiber density whether in relation to a) the observed 
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mechanical and cold hypersensitivity, and b) observed sex differences of paclitaxel-induced 

mechanical hypersensitive in ASC KO and NLRP3 KO mice. IL-1B. In addition to sensory 

alterations,  paclitaxel and oxaliplatin cause changes in affect-like behaviors in mice,  while  (Toma 

et al., 2017a; Warncke et al., 2021).   

 It is important to note that the NLRP3 inhibitor JC124 was effective at preventing 

development of CIPN when the low-dose paclitaxel regimen was used. The male mice treated with 

the mid-dose of Pac presented delayed onset of mechanical hypersensitivity. Future in vivo studies 

with NLRP3 inhibitors could evaluate their optimal treatment schedule and doses, and effectiveness 

at reversing CIPN. To add a translational value of JC124, it would be important to confirm that the 

NLRP3 inflammasome inhibitor will not promote tumor cell growth or attenuate the anti-neoplastic 

actions of chemotherapy via in vitro studies. For practical and ethical reasons, the vast majority of 

pre-clinical CIPN studies utilize cancer free animals (Gadgil et al., 2019). Exploring potential CIPN 

treatments in tumor-bearing animals comes with challenges such as accelerated neoplastic growth 

and tumor-induced changes such as onset of neuropathy (S. J.L. Flatters et al., 2017). In a murine 

breast carcinoma model of cancer-induced nociception, Balb/c female mice began to experience 

reduction in mechanical threshold on day 10 after inoculation with 4T1 cells. Mechanical 

hypersensitivity was observed on day 15 and lasted throughout the study until day 30 when the 

animals were sacrificed (de Almeida et al., 2019). Although most CIPN patients have or previously 

experienced cancer, chemotherapy is often administered after surgical removal of a tumor to 

eradicate possible micro-metastases. Therefore, modeling of chemotherapy-induced peripheral 

neuropathy via chemotherapy administration alone is an acceptable approach (S. J.L. Flatters et al., 

2017). 
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