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Introduction

Neuropathic pain is a well-described side-effect of cancer chemotherapy [88]. The 

prevalence of painful chemotherapy-induced peripheral neuropathy (CIPN), which is 

chemotherapy agent-dependent, is highest for platinum-based chemotherapy (70–100%) [12; 

56; 88]. Oxaliplatin, a third-generation platinum used to treat solid tumors [9; 14], exerts its 

antineoplastic effect through the formation of platinum-DNA adducts [39]. Interestingly, 

oxaliplatin has a side-effect profile that differs from cisplatin and carboplatin [14] in that it 

causes two phases of neuropathic pain, an early acute-phase of intense pain, which 

transforms into a long-lasting painful chronic distal sensory neuropathy, the late phase [17; 

40; 41; 70]. The early phase of oxaliplatin CIPN, unique among the platinum-based 

compounds, is predictive of the severity of the chronic or late phase [17; 78].
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Stressful life events influence the pathogenesis of a variety of diseases by promoting 

adaptation through hypothalamic-pituitary-adrenal (HPA) and sympathoadrenal 

neuroendocrine stress axes [16]. And, unalleviated pain causes stress and, as clinical data 

suggest, stress and pain interact bi-directionally [8; 37; 59], with stress heightening 

sensitivity, or exacerbating pain as a result of neuronal plasticity, to produce changes in 

nociceptor signaling [15; 33; 45; 50]. The diagnosis and treatment of cancer are both 

stressful and, importantly, the patient’s perceptions of stress and their use of coping 

strategies impact CIPN [18; 59; 86]. Early-life stress, especially related to preterm birth, is 

also a risk factor for CIPN in adulthood [24; 27; 59]. Thus, differences in stress 

responsiveness or in cumulative life stress exposure can impact vulnerability to the 

neurotoxic effects of cancer chemotherapy [18; 24].

In this study, we employed a preclinical model of painful peripheral neuropathy induced by 

oxaliplatin, which reproduces both its early and late phases [24; 25; 40; 41], to evaluate the 

impact of stress on oxaliplatin-induced neuropathic pain (hyperalgesia). Also, given the 

well-established sex differences in both stress and pain, including in models of CIPN [24; 

59], sexual dimorphism in the role of the major neuroendocrine stress axes in oxaliplatin 

CIPN was addressed.

Methods

Animals

Sprague–Dawley rats were purchased from Charles River Laboratories (Hollister, CA, 

USA). Primiparous timed-pregnant female rats were used for early-life stress protocols. 

Dams were housed with their litter in standard cages on postnatal days 0–1. On postnatal 

day 2, litters were assigned to neonatal limited bedding (NLB), neonatal handling (NH) or 

standard rearing conditions (control animals). For experimental protocols using adults, male 

and female Sprague Dawley rats were 8 weeks old. Animals were housed in same sex, 3 per 

cage, under a 12 h light/dark cycle in a temperature- and humidity-controlled animal care 

facility at the University of California, San Francisco (UCSF). Food and water were 

available ad libitum. Experimental protocols were approved by the UCSF Institutional 

Animal Care and Use Committee (IACUC), adhered to the guidelines of the American 

Association of Laboratory Animal Care (AALAC), the National Institutes of Health (NIH), 

and the Committee for Research and Ethical Issues of the International Association for the 

Study of Pain (IASP), for the use of animals in research. Every effort was made to minimize 

the number of animals used and their suffering.

Testing mechanical nociceptive threshold

Mechanical nociceptive threshold was measured using an Ugo Basile Analgesymeter® 

(Randall-Selitto paw-withdrawal test; Stoelting, Chicago, IL, USA), which applies a linearly 

increasing mechanical force to the dorsum of the rat’s hind paw, as previously described [65; 

77]. Rats were placed in cylindrical acrylic restrainers designed to minimize restraint stress, 

and allow extension of their hind legs from lateral ports in the cylinder during the 

assessment of nociceptive thresholds. To acclimatize rats to the testing procedure, they were 

placed in a restrainer for 1 hour prior to starting an experiment and for 30 minutes prior to 
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experimental manipulations. Nociceptive threshold was defined as the force, in grams, at 

which the rat withdrew its paw. Baseline paw-pressure nociceptive threshold was defined as 

the mean of 3 readings taken before test agents were injected.

Oxaliplatin CIPN model

To reproduce the two phase model of CIPN [40], oxaliplatin (Sigma-Aldrich, St. Louis, MO) 

was dissolved in sterile saline and the volume adjusted to 1 mg/ml for a single intravenous 

administration of 2 mg/kg [25; 40; 41]. Using this protocol, which recapitulates key clinical 

features of oxaliplatin CIPN, we have distinguished an initial intense phase, marked by an 

acute onset that lasted approximately one week (≤7 days) after oxaliplatin administration, 

followed by a mechanistically distinct chronic phase (≥ 14 days) that persisted for the 

duration of the 28-day testing period [25; 40; 41]. For the purposes of the present study, we 

use the terms early (≤7 days) and late (≥ 14 days) to define the two phases.

Adrenalectomy

Under 3% isoflurane anesthesia, rats underwent surgical excision of both adrenal glands. 

After shaving their abdomen, anesthetized rats were placed on a thermal blanket and their 

skin swabbed with povidone iodine solution. To provide peri-operative analgesia, rats were 

given meloxicam (5 mg/kg, s.c.) and bupivacaine (5–8 mg/kg, i.d.) was infiltrated into the 

skin preoperatively, in the area to be incised. Two flank wall incisions were made, and each 

adrenal gland visualized and excised; 5–0 silk suture was used to separately close the 

abdominal wall and skin incisions. To maintain normal plasma corticosterone levels during 

the experimental period (∼35 days), adrenalectomized rats were supplied with corticosterone 

(25 μg/ml, ad libitum) and 0.45% NaCl in their drinking water. This procedure simulates the 

phasic (circadian) corticosterone rhythm; normalizes basal levels of adrenocorticotropic 

hormone (ACTH) and catecholamines [47; 80]; and, prevents the weight loss observed in 

adrenalectomized rats that do not receive corticosterone replacement [2]. Control animals 

had sham adrenalectomy, in which the adrenal glands were located and manipulated, but not 

excised.

Antisense (AS)-oligodeoxynucleotide (ODN) targeting β2-adrenergic and glucocorticoid 
receptor mRNAs

To investigate whether catecholamines or glucocorticoids, by acting at β₂-adrenergic 

(ADRB2) or glucocorticoid (GR) receptors, respectively, on sensory neurons, play a role in 

oxaliplatin-induced hyperalgesia, an antisense-oligodeoxynucleotide (AS-ODN) for 

ADRB2, or GR mRNA [21] was administered intrathecally. ODNs were synthesized by Life 

Technologies (Carlsbad, CA, USA). The AS-ODN sequence for ADRB2, 5′-AAA GGC 

AGA AGG ATG TGC-3′ is directed against a unique region of rat ADRB2 mRNA 

(GeneBank accession number NM_012492). The mismatch-ODN (MM-ODN) sequence 5′-
ATA GCC TGA TGG AAG TCC-3′ was designed by mismatching six bases (denoted by 

bold letters) of the antisense sequence. The AS-ODN sequence for GR was 5′-TGG AGT 

CCA TTG GCA AAT-3′ and its control, a MM-ODN of the same sequence, with five bases 

switched, denoted by bold letters was 5′-TGA AGT TCA GTG TCA ACT-3′. We have 

validated ADRB2 and GR AS-ODNs actions by Western blotting, demonstrating a decrease 
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in the expression of ADRB2 and GR in the rat [21; 44]. Before use, antisense and mismatch 

ODNs were lyophilized and reconstituted to a concentration of 4 μg/μl in 0.9% NaCl, 

immediately prior to administration. To administer ODNs, rats were briefly anaesthetized 

with 2.5% isoflurane and a 30-gauge hypodermic needle was inserted into the subarachnoid 

space, on the midline, between the L4 and L5 vertebrae. ODNs (80 μg/20 μl) were injected 

intrathecally. The intrathecal site of injection was confirmed by observation of a tail flick, a 

reflex that is evoked by subarachnoid space access and bolus injection [58]. This robust and 

reproducible method for intrathecal ODN administration [72], as a direct communication 

between the subarachnoid space and dorsal root ganglion (DRG) in rats [42] facilitates 

access of ODN into cell bodies in DRG [48].

Chronic administration of epinephrine and corticosterone

To evaluate whether stress levels of epinephrine and corticosterone affect oxaliplatin-

induced hyperalgesia, we administered epinephrine, corticosterone, or their combination, 

over the testing period. Chronic administration of stress levels of epinephrine was performed 

by implanting Alzet® mini-osmotic pumps (model 2004; Durect, Cupertino, CA, USA) 

filled with epinephrine, to deliver epinephrine systemically at a rate of 5.4 μg/0.25 μl/h, 

which produces plasma levels of 720 ± 67 pg/mL [45; 46] in rats. Corticosterone was 

administered as a slow-release pellet of 100 mg of fused corticosterone, which produces a 

plasma corticosterone level of 32.64 ± 2.82 μg⁄dL [74; 75]. The mini-osmotic pumps or 

pellets were implanted subcutaneously in the interscapular region. Oxaliplatin (2 mg/kg) was 

injected intravenously one day after rats were submited to hormone implants.

Unpredictable sound stress

Exposure to unpredictable sound stress occurred on days 1, 3, and 4, using a protocol 

initially developed by Singh and colleagues [69] and used in our laboratory [6; 46; 75]. 

Briefly, groups of three adult rats were placed in a 12×15×9.5-inch wire mesh cage, 25 cm 

from a loudspeaker, inside of 22×22×28-inch sound-insulated box. Sound pulses were 

emitted as pure tones, at three frequencies (11, 15, and 19 kHz) and amplitudes varied from 

20 to 110 dB, independently for each frequency. The sound exposure protocol was initiated 

after placing rats in the wire mesh cage and terminated 30 min later. Over the 30 min period, 

a 5− or 10−s tone was presented every minute, at random times during the minute. Sham 

stressed animals were placed in the sound chamber for 30 minutes over 4 days, but without 

exposure to the sound stimulus. After sound stress or sham treatment, rats were returned to 

their home cages. To evaluate the neuroplastic changes produced by stress, animals received 

oxaliplatin 14 days after the last exposure to the sham or sound stress protocol [44]. This 

protocol does not alone produce changes in cutaneous nociceptive threshold [44–46].

Neonatal limited bedding (NLB)

To generate early life-stress, we used a well-established NLB protocol [31] previously used 

by us [33]. Briefly, beginning on postnatal day 2, dams and their pups were placed in cages 

fitted with a stainless steel mesh bottom, raised ~2.5 cm above the home cage floor, to allow 

collection of urine and feces. The nesting/bedding material consisted of one sheet of paper 

towel (~25 × 33 cm). Dams and their litters were left undisturbed during postnatal days 2–9. 

From postnatal day 10 until weaning, dams and their litters were housed in standard cages, 
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with standard bedding. On postnatal day 21, pups were weaned and same sex rats were 

housed 3 per cage.

Neonatal handling (NH)

To generate resilience in adult rats, we used the well-established NH model developed by 

Levine and colleagues [49; 51], and previously used by us [5; 7]. The NH protocol involves 

removing dams from their litters, and gently handling, touching and stroking pups for 15 

mins, after which dams and their litters are returned to their home cage. This procedure was 

conducted daily from postnatal days 2 to 9. On postnatal day 21, pups were weaned and 

same sex rats housed 3 per cage.

Data analysis

In all experiments, the dependent variable was change in paw-withdrawal threshold, 

expressed as percentage change from baseline. To compare the hyperalgesia induced by 

oxaliplatin in the different experimental groups, a two-way repeated-measures analysis of 

variance (ANOVA) with Bonferroni post hoc contrast was used, as described in the figure 

legends. Prism 8.0 (GraphPad Software, Inc, San Diego, CA) was used for the graphics and 

to perform statistical analyses. A p value of < 0.05 was considered statistically significant. 

Data are presented as means ± standard errors of the mean.

Results

Oxaliplatin induces hyperalgesia in male and female rats

We have previously demonstrated that systemic administration of oxaliplatin produces a 

decrease in mechanical nociceptive threshold in male rats that manifests in a time-dependent 

manner [25; 40; 41]. Given the well-described sex differences in pain [13; 24; 35], we 

evaluated the development and time-course of mechanical hyperalgesia induced by 

intravenous administration of a single dose of oxaliplatin (2 mg/kg, i.v.), in adult male and 

female rats (Fig. 1). When compared with vehicle (saline), oxaliplatin produced a rapid 

onset (detected by 30 minutes) mechanical hyperalgesia, peaking by 24 hours in females and 

7 days in males, with both reaching a similar peak level (34–38% decrease in mechanical 

nociceptive threshold). In both sexes, mechanical hyperalgesia was sustained for at least 4 

weeks, with only a small decrease observed in males at day 28 post-oxaliplatin (an 18% and 

26% decrease in mechanical threshold in males and females, respectively). Therefore, the 

development of oxaliplatin CIPN was not dependent on the sex of the rat.

Effect of adrenalectomy

To evaluate the involvement of neuroendocrine stress axes in oxaliplatin-induced 

hyperalgesia, we administered oxaliplatin to adrenalectomized (AdX) rats, a surgical 

procedure that eliminates the source of the final common mediators for both the 

sympathoadrenal and hypothalamic‐pituitary‐adrenal (HPA) stress axes, catecholamines and 

corticosteroids, respectively. Oxaliplatin did not produce hyperalgesia in ADx male or 

female rats, at any time-point (Fig. 2A and B), suggesting that the contribution of 

neuroendocrine stress axes in oxaliplatin CIPN is driven by adrenal-derived stress hormones, 
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epinephrine and corticosterone. Importantly, adrenalectomy alone did not affect mechanical 

nociceptive threshold in either sex (Fig. 2).

Effect of β₂-adrenergic (ADRB2) receptor knockdown

To assess whether catecholamines acting at ADRB2 play a role in oxaliplatin-induced 

hyperalgesia, AS- or MM-ODN against ADRB2 mRNA (80 μg/20 μl) was administered 

intrathecally, daily for 10 days (Fig. 3). Two treatment protocols were employed: prevention, 

to determine whether knock‐down of ADRB2 would delay or prevent the development of 

oxaliplatin‐induced hyperalgesia, and reversal, to determine whether the AS-ODN could 

attenuate already established oxaliplatin‐induced hyperalgesia.

In the prevention protocol (Fig. 3A and 3B), when the intrathecal administration of ODNs 

was started 3 days before intravenous (i.v.) administration of oxaliplatin (2 mg/kg), ADRB2 

AS-ODN markedly attenuated oxaliplatin-induced hyperalgesia during the early (≤ 7 days) 

and late (≥ 14 days) phase of CIPN, in male rats (Fig. 3A). Even though the last intrathecal 

injection of ADRB2 AS-ODN was on day 6, on day 14 the hyperalgesia induced by 

oxaliplatin was still attenuated. In contrast, ADRB2 AS-ODN treatment did not prevent 

oxaliplatin-induced hyperalgesia in female rats (Fig. 3B).

In the reversal protocol, when ODNs were administered intrathecally, starting 3 days after 

i.v. oxaliplatin, ADRB2 AS-ODN was able to reverse oxaliplatin-induced hyperalgesia, 

measured on days 7, 14 and 21, in males (Fig. 3C). Thus, the knockdown of ADRB2 

reverses the early and late phase of oxaliplatin-induced CIPN in males. Of note, no 

difference between ADRB2 AS- and MM-treated groups was observed on day 28, 

presumably due to loss of the effect of the ADRB2 AS-ODN, since the last administration of 

ODN was on day 12. Furthermore, ADRB2 AS-ODN did not reverse already established 

oxaliplatin‐induced hyperalgesia in females, suggesting that the catecholamine driven 

ADRB2 pathway does not contribute to oxaliplatin-induced CIPN in females (Fig. 3D). 

These results support the suggestion of a sexual dimorphism in the involvement of the 

sympathoadrenal stress axis in oxaliplatin CIPN.

Effect of glucocorticoid receptor (GR) knockdown

To evaluate the contribution of glucocorticoids, via action at GR, in oxaliplatin-induced 

hyperalgesia, AS- or MM-ODN against GR mRNA (80 μg/20 μl) was administered 

intrathecally, in prevention and reversal protocols, daily for 10 days (Fig. 4). In the 

prevention protocol (Fig. 4A and 4B), AS- or MM-ODN targeting GR mRNA was started 3 

days prior to intravenous oxaliplatin (2 mg/kg) and the treatment continued for a week. 

Using this protocol, oxaliplatin-induced hyperalgesia was significantly attenuated in both 

sexes. In males (Fig. 4A), the involvement of GR was evident in the early phase (≤7 days) of 

oxaliplatin-induced CIPN, since the reduction in hyperalgesia was observed at 30 min, 24 

hours, and 7 days after oxaliplatin injection. In contrast, in females, the GR AS-ODN effect 

was observed in both early (≤7 days) and late (≥ 14 days) phases of oxaliplatin-induced 

hyperalgesia (Fig. 4B). AS-ODN-treatment markedly attenuated the magnitude of 

oxaliplatin-induced hyperalgesia, until day 21. In addition to a role in the initiation of 

oxaliplatin-induced CIPN, GR activity was required to maintain oxaliplatin-induced 
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hyperalgesia, in both sexes (Fig. 4C and 4D). To assess this role of GR, the AS- or MM-

ODN targeting GR mRNA was injected in a reversal protocol, when the oxaliplatin-induced 

hyperalgesia was already established (day 3). Using this protocol (ODN administered daily, 

from day 3 to day 12), oxaliplatin-induced hyperalgesia was significantly attenuated in both 

sexes. Hyperalgesia returned by day 28 in males, and by day 21 in females, likely due to 

return of GR expression. Thus, ongoing GR signaling is essential to maintain, as well as 

initiate oxaliplatin CIPN, in box sexes.

Effect of unpredictable sound stress and administration of stress hormones

To examine whether stress hormones in adult rats affects oxaliplatin CIPN, rats were 

submitted to the continuous exposure of stress levels of epinephrine, corticosterone, or their 

combination (Fig. 5A and 5B). Epinephrine-containing osmotic minipumps, as well as 

corticosterone fused pellets, were implanted in the interscapular region of rats 24h prior to 

the administration of oxaliplatin. Due to a rapid attainment of stress levels of epinephrine 

and corticosterone in implanted rats, these experiments were carried out 24h after the 

minipumps and/or pellets being implanted [44]. Male rats exposed to stress plasma levels of 

epinephrine or the combination of epinephrine and corticosterone, exhibited enhanced 

oxaliplatin-induced hyperalgesia in both phases of oxaliplatin CIPN (Fig. 5A). A further 

increase in oxaliplatin-induced hyperalgesia, albeit not statistically significant, occurred in 

the group exposed to the combination of hormones. Moreover, in corticosterone-exposed 

rats, the exacerbation of oxaliplatin-induced hyperalgesia was more robust in the early phase 

of oxaliplatin CIPN, in males (Fig. 5A). In females, only the continuous exposure to 

systemic corticosterone exacerbated oxaliplatin CIPN, since the combination of 

corticosterone and epinephrine similarly enhanced hyperalgesia (Fig. 5B). These effects 

were observed in both phases. Thus, enhancement of oxaliplatin-induced hyperalgesia by 

stress is glucocorticoid dependent in females (Fig. 5B). The exposure of control animals to 

stress hormones alone did not affect nociceptive threshold at any time point (data not show).

To support the suggestion that stress enhances oxaliplatin CIPN, we next used unpredictable 

sound stress, a protocol that triggers the adrenal glands to release stress hormones [44; 45; 

75]. Because activation of neuroendocrine stress axes and neuroplastic changes in primary 

afferent nociceptors are fully established 14 days after the last exposure to the sound stress 

[6; 44; 45], we injected oxaliplatin in male and female rats, at this time-point. When males 

were exposed to sound stress, oxaliplatin-induced hyperalgesia was markedly increased in 

the early (≤7 days) and late (≥ 14 days) phases of oxaliplatin CIPN (Fig. 5C). By contrast, 

we observed a small, albeit significant, increase in oxaliplatin-induced hyperalgesia in 

females, only in the early phase (≤7 days) of oxaliplatin CIPN (Fig. 5D). Together, our data 

support the suggestion that stress is able to aggravate oxaliplatin CIPN, with a sexual 

dimorphism in the neuroendocrine stress axes mediating the exacerbation.

Effect of early life stress

Early postnatal life is a critical period for setting neuroendocrine stress axis responsiveness 

in adults [26; 52] and the exposure to early-life adversity determines the vulnerability to 

later stressful events [4; 33]. To understand how early life stress, a clinical risk factor for 

CIPN [59], affects oxaliplatin CIPN, we used two well-established, contrasting early-life 
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interventions that produce a stress-sensitive (NLB protocol) and a stress-resilient (NH 

protocol) phenotype in adult rats. While the NLB protocol did not affect the magnitude of 

oxaliplatin-induced hyperalgesia in adult males (Fig. 6A), in females it significantly 

enhanced the magnitude of oxaliplatin-induced hyperalgesia in both the early (≤7 days) and 

late (≥ 14 days) phase of oxaliplatin CIPN (Fig. 6B). Whereas the NH protocol fully 

attenuated oxaliplatin-induced hyperalgesia in males, in both phases, in females, its 

protective effect was marked in the early phase and, albeit statistically significant, small in 

the late phase of oxaliplatin CIPN (Fig. 6C and 6D). Thus, NH-induced protection exhibits 

sex differences in the late phase of oxaliplatin CIPN with females having less protection. 

These data provide evidence that early life stress impacts the development of oxaliplatin 

CIPN in adult rats, in a sex-dependent manner.

Discussion

Given that CIPN occurs in 38 – 90% [59; 64] of the ~16.9 million cancer survivors in United 

States [60], there is an urgent need to better understand its underlying mechanisms. Due to 

the link between psychological stress and CIPN [24; 59; 64], we evaluated the contribution 

of the sympathoadrenal and HPA neuroendocrine stress axes to oxaliplatin CIPN.

Stress plays a substantial role in increasing the symptom burden of oncology patients [59]. A 

diagnosis of cancer and associated treatments can lead to symptoms of stress in up to a third 

of patients receiving chemotherapy [63], due to illness, prospect of early death and financial 

burden arising from cost of treatment and potential inability to work [3; 59; 54; 59; 86]. 

Using a preclinical model of oxaliplatin CIPN to provide insights into neurotoxic 

mechanisms that initiate and maintain CIPN, we first compared the magnitude and time-

course of oxaliplatin-induced hyperalgesia, between male and female rats, to further allow 

us to explore the effect of stress on CIPN. With regard to sex differences in oxaliplatin 

CIPN, our results are consistent with previous preclinical and clinical studies supporting the 

suggestion that while female rats exhibited faster onset to peak hyperalgesia than males, the 

overall severity of oxaliplatin CIPN is not sexually dimorphic [10; 34; 38; 81; 82].

As the adrenal gland is the major source of stress hormones and the role of neuroendocrine 

stress axes in models of neuropathic pain is supported by our prior studies, [21; 24; 76] we 

administered oxaliplatin to adrenalectomized rats. Oxaliplatin-induced hyperalgesia was 

markedly attenuated in both male and female adrenalectomized rats. To further address the 

action of key neuroendocrine stress mediators, catecholamines (epinephrine and 

norepinephrine) and glucocorticoids, at their cognate receptors on nociceptors, we 

downregulated expression of ADRB2 and GR in sensory neurons by administering AS-ODN 

intrathecally in both prevention and reversal protocols. Knockdown of ADRB2 markedly 

attenuated oxaliplatin-induced hyperalgesia in males, but not in females, in both prevention 

and reversal protocols. On the other hand, AS-ODN targeting GR markedly attenuated 

oxaliplatin-induced hyperalgesia in both sexes, in both protocols. The mechanisms 

underlying the sexual dimorphism in the contribution of ADRB2 and GR receptors in CIPN 

are currently unknown. However, with respect to the sympathoadrenal stress axis, male rats 

normally exhibit greater epinephrine-induced hyperalgesia, even at lower doses [20; 46]. 

Furthermore, in males, but not in females, epinephrine acts on ADRB2 to stimulate protein 
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kinase C-epsilon and ERK 1/2, kinases that modulate nociceptor function in cultured DRG 

neurons [36]. This sexual dimorphism in ADRB2 signaling could contribute to the sexual 

dimorphism in the role of ADRB2 in CIPN. Also, the release of glucocorticoids in females 

is more rapid and intense, while de-escalation of HPA axis drive is slower [45]. In this 

regard, even residual receptor expression after antisense knockdown may be sufficient to 

maintain oxaliplatin-induced hyperalgesia in females, if mediated by increased 

corticosterone levels. Of note, while the nociceptor is the only cell that is exposed both to 

mechanical stimulation and to intrathecal antisense ODN, and CIPN pain is thought to be 

due to nociceptor hyperexcitability [40], we cannot exclude a contribution of an effect of 

antisense on cells in the spinal cord.

To evaluate the effect of stress on oxaliplatin CIPN, we submitted adult rats to intense 

unpredictable sound stress, which produces a persistent increase in epinephrine and 

corticosterone [44]. Males and females were differentially affected by sound stress, with 

CIPN markedly increased in males with only a small increase in females. Our findings are in 

agreement with a previous report showing that males are more sensitive to acoustic stress, 

measured by its greater corticosterone response [11], cardiovascular changes [71] and brain 

c-Fos expression [23], a molecule involved in the signal transduction of sympathetic activity 

[64; 74] and linked to sexual dimorphism [36].

Stress resilience differs between the sexes [32], and these differences are affected by early 

postnatal experience [27]. Human and rodent studies have reported that adults who 

experienced early-life stress, such as being born prematurely, have altered neuroendocrine 

stress reactivity [27] and pain threshold [33; 84], and have an increased risk for developing 

CIPN [59]. In fact, disruption of rodent maternal behavior, by limiting available bedding 

material [neonatal limited bedding (NLB) protocol] to disrupt dams’ nesting and maternal 

care, produces a life-long enhanced neuroendocrine response to stress [61], as well as 

enhanced hyperalgesia induced by inflammatory mediators, in male rats [33]. We observed 

that the NLB protocol increases oxaliplatin-induced hyperalgesia, only in females, 

supporting the suggestion that the sex dependent differences in oxaliplatin CIPN phenotype 

may result, at least in part, from different neuroendocrine stress pathways impacted by early-

life stress. These long-lasting changes in neuroendocrine stress axis function may be 

triggered by epigenetic mechanisms that translate early-life stress conditions into long-

lasting changes in gene expression, particularly in key neuronal genes of HPA axis function 

such FKBP5 [53], NR3C1, NR4C1 and BNDF [19; 68], leading to changes underpinning 

stress-related behaviors in the adult [68]. The smaller HPA axis response of males could be 

due to its active suppression by the sympathoadrenal axis during the early postnatal period 

[33; 83]. Alternatively, male- and female-typical brain circuitry is normally initiated during 

tightly regulated hormone-sensitive periods of development, when the sexes are exposed to 

different patterns of gonadal hormones secretion [85]. In rats and mice, the postnatal 

testosterone surge plays a critical role in programming the development of HPA axis 

function [85], with the HPA axis being less responsive to androgens in adulthood [5; 55]. 

Indeed, neonatal orchiectomy increases corticosterone response to stress, whereas sex 

hormone replacement in adults does not reverse this change [55]. In line with this, rat pups 

submitted to the NH protocol had significantly less oxaliplatin-induced hyperalgesia, in both 

sexes, with a greater effect of NH in male rats. Interestingly, the NH protocol increases the 
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capacity of rodent’s neuroendocrine response to adapt to adversity, trauma, threat, or other 

stressors [27; 28; 66], and produces a protective effect against chronic pain in the adult, 

especially in male rats, probably due to the need of androgens for the expression of NH-

induced effects [5; 24; 29]. Sexual dimorphism in NH rats may be related to the finding that 

it promotes increased maternal care, thought to be responsible for the development of 

resilience, and that greater maternal behavior is directed to male pups, which may explain 

why NH attenuates stress-induced increases in corticosterone levels in male but not female 

rats [57].

In view of the fact that oxaliplatin CIPN can ultimately progress to sensory neuron loss, 

secondary to the neuronal accumulation of platinum [73], and pain may be an early 

manifestation of a process that ultimately leads to cell death [41], our findings raise the 

intriguing possibility that mechanisms involved in cell death may be involved in painful 

CIPN. In support of this hypothesis, concentration of oxaliplatin in DRG is correlated with 

the magnitude of mechanical hyperalgesia [62]. Organic cation transporter 2 (OCT2), 

present in DRGs, serves as an initial regulator for accumulation of platinum-based agents 

[73]. Of note, OCT transporters are corticosterone and epinephrine sensitive [30]. Therefore, 

the regulation of OCT2 function by neuroendocrine stress axis mediators may increase the 

amount of oxaliplatin in DRG, thereby increasing the severity of CIPN.

Despite shared mechanisms by cytostatic chemotherapeutic agents to sensitize nociceptors 

[17], we previously demonstrated a distinct mechanism for the impact of stress in 

exacerbating paclitaxel CIPN in rats [24]. In contrast to our present findings with oxaliplatin, 

the sympathoadrenal axis has a critical role for paclitaxel CIPN in both sexes, while the HPA 

axis contributes only in male rats [24]. Mechanisms underlying differences in the role of 

neuroendocrine stress axis in oxaliplatin vs paclitaxel CIPN, in male and female rats, have 

yet to be elucidated. Differences in administration schedule (oxaliplatin, single injection, vs 
paclitaxel 4 injections over 8 days) may play a role, but there are important differences in 

mechanisms of action of these two chemotherapeutic agents. While both oxaliplatin and 

paclitaxel produce bilaterally symmetric, painful sensory peripheral neuropathy and 

mechanical hyperalgesia [87], acute paclitaxel increases [43], while oxaliplatin decreases 

[67], voltage-gated calcium channel current in DRG neurons. Furthermore, paclitaxel, but 

not oxaliplatin, increases substance P release from DRGs [79]. And, although HPA function 

and corticosterone [22], as well as epinephrine, [1] affect nociceptor function in a calcium 

channel-dependent manner, future studies are needed to determine whether these 

chemotherapeutic agents activate the HPA and/or sympathoadrenal neuroendocrine stress 

axes and the mechanistic differences in their activation in male and female rats.

Together, our findings raise the possibility that assessment and management of stress is 

critically important to the development of patient-specific therapeutic approaches to prevent 

or treat CIPN, which may differ between specific classes of chemotherapeutic agents and 

sex, including by platinum- and taxane-based [24] chemotherapy agents.
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Figure 1. Comparison of oxaliplatin-induced hyperalgesia in male and female rats.
Oxaliplatin (2 mg/kg) or saline (i.v.) was administered to male and female rats, and 

mechanical nociceptive threshold evaluated before, and 30 min and 1, 7, 14, 21, and 28 days 

after administration of oxaliplatin. Oxaliplatin was administered on day 0. Results are 

presented as change in mechanical paw-withdrawal threshold, expressed as percentage 

change from baseline. In males and females, oxaliplatin decreased mechanical nociceptive 

threshold (i.e. produced hyperalgesia), observed 30 min after injection and persisting until 

day 28. Data from male rats is shown as mean ± SEM, ####P<0,0001, ###P<0,001, #P<0,001: 
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oxaliplatin vs saline (n=6 paws per group). Data from female rats is shown as mean ± SEM, 

****P<0,0001, ***P<0,001, **P<0,01: oxaliplatin vs saline. Treatment F (3, 120) = 98.00, 

Time F (5,120) = 0.9645, Interaction F (15,120) = 1.639, using two-way repeated measures 

ANOVA followed by Bonferroni post hoc test (n=6 paws per group). No difference in 

magnitude of the hyperalgesia was observed between male and female oxaliplatin-treated 

rats.
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Figure 2. Effect of adrenalectomy on oxaliplatin-induced hyperalgesia.
Male and female rats were submitted to bilateral adrenalectomy and one week later, 

oxaliplatin (2 mg/kg, i.v.) was administered (day 0). Mechanical nociceptive threshold was 

evaluated before oxaliplatin injection and again 30 min, 1, 7, 14, 21 and 28 days after 

oxaliplatin. (A) When the magnitude of oxaliplatin-induced hyperalgesia was evaluated in 

adrenalectomized (Adx) male rats, a marked attenuation was observed compared to the 

adrenal intact oxaliplatin-treated group. Data shown as mean ± SEM, Time F (5, 120) = 2.871, 

Treatment F (3, 120) = 84.02, Interaction F (15, 120) = 1.042, ****P<0,0001, ***P<0,001: 
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intact oxaliplatin vs intact saline; ####P<0,0001, ###P<0,001, ##P<0,01: Adx oxaliplatin vs 
intact oxaliplatin, using 2-way repeated measures ANOVA followed by Bonferroni post hoc 
test, (n=6 paws per group). No differences in the magnitude of the hyperalgesia between the 

adrenal intact saline-treated group and Adx-saline group was observed in male rats. (B) 

When the magnitude of oxaliplatin-induced hyperalgesia was evaluated in Adx female rats, a 

marked attenuation was observed compared to the adrenal intact oxaliplatin-treated group. 

Data shown as mean ± SEM, Time F (5, 120) = 3.102, Treatment F (3, 120) = 79.29, Interaction 

F (15, 120) = 1.516, ****P<0,0001, **P<0,001: intact oxaliplatin vs intact saline; 
####P<0,0001, ##P<0,001, #P<0,001: Adx oxaliplatin vs intact oxaliplatin, using 2-way 

repeated measures ANOVA followed by Bonferroni post hoc tests (n=6 paws per group). No 

differences in the magnitude of the hyperalgesia between intact saline group and Adx-saline 

group was observed in female rats.
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Figure 3. Role of β2-adrenergic receptor (ADRB2) in oxaliplatin-induced hyperalgesia.
Male and female rats were treated with intrathecal injections of ODN AS or MM to ADRB2 

mRNA, for 10 consecutive days (80 μg/day, 20 μl) in prevention (A and B) or reversal (C 
and D) protocols. Prevention protocol: oxaliplatin (2 mg/kg, i.v.) was administered 

approximately 17 hours after the third daily intrathecal injection of ADRB2 ODN (day 0). 

Mechanical nociceptive threshold was evaluated before ODN treatment was started and 

again on days 0 (30 min), 1, 7, 14, 21, and 28 days after oxaliplatin. (A) The magnitude of 

oxaliplatin-induced hyperalgesia was significantly attenuated in males treated with ADRB2 
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AS-ODN, when it was compared with the ADRB2 MM-ODN-treated group. Data shown as 

mean ± SEM, Treatment F (1,60) = 139.7, Time F (5, 60) = 2.634, Interaction F (5,60) = 8.180, 

****P<0,0001, ***P<0,001: ADRB2 AS-ODN vs ADRB2 AS-MM (n=6 paws per group). 

(B) The magnitude of oxaliplatin-induced hyperalgesia was not affected by ADRB2 AS-

ODN in the prevention protocol, in females. Data shown as mean ± SEM, Treatment F (1,60) 

= 6.620, Time F (5,60) = 2.452, Interaction F (5,60) = 1.498, ADRB2 AS-ODN vs ADRB2 

AS-MM (n=6 paws per group). Reversal protocol: intrathecal treatment with ADRB2 AS- or 

MM-ODN started 3 days after intravenous administration of oxaliplatin (2 mg/kg). 

Mechanical nociceptive threshold was evaluated before oxaliplatin administration and again 

30 min, 1, 7, 14, 21, and 28 days later (n=6 paws per group). (C) Oxaliplatin-induced 

hyperalgesia was significantly reversed in males treated with ADRB2 AS-ODN, when 

compared with the ADRB2 MM-ODN-treated group. Data shown as means ± SEM, 

Treatment F (1,60) =33.76, Time (5,60) = 2.318, Interaction F (5,60) = 4.256, ****P<0,0001, 

***P<0,001, **P<0,01: ADRB2 AS-ODN vs ADRB2 AS-MM (n=6 paws per group). (D) 

The magnitude of oxaliplatin-induced hyperalgesia was not affected by ADRB2 AS-ODN in 

the reversal protocol, in females. Data shown as means ± SEM, Treatment F (1,60) = 6.293, 

Time (5,60) = 8.433, Interaction F (5,60) = 0.1567 (n=6 paws per group). Two-way repeated 

measures ANOVA followed by Bonferroni post hoc tests were used to compare antisense 

and mismatch groups over time.
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Figure 4. Role of glucocorticoid receptor (GR) in oxaliplatin-induced hyperalgesia.
Male and female rats were treated with intrathecal injections of AS-ODN or MM-ODN 

against GR mRNA, for 10 consecutive days (80 μg/day, 20 μl) in the prevention or reversal 
protocol. Prevention protocol (A and B): oxaliplatin (2 mg/kg, i.v.) was administered 

approximately 17 hours after the third intrathecal injection of GR ODN (day 0). Mechanical 

nociceptive threshold was evaluated before ODN treatment was started and again 30 min and 

1, 7, 14, 21, and 28 days after administration of oxaliplatin. (A) The magnitude of 

oxaliplatin-induced hyperalgesia was significantly attenuated in males treated with ADRB2 
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AS-ODN, compared with the ADRB2 MM-ODN-treated group. Data shown as mean ± 

SEM, Treatment F (1,60) = 39.75, Time F (5,60) = 0.5798, Interaction F (5,60) = 9.021, 

****P<0,0001: GR AS-ODN vs GR AS-MM (n=6 paws per group). (B) The magnitude of 

oxaliplatin-induced hyperalgesia was significantly attenuated in females treated with 

ADRB2 AS-ODN, compared with the ADRB2 MM-ODN-treated group. Data shown as 

mean ± SEM, Treatment F (1,60) = 112.9, Time F (5,60) = 2.813, Interaction F (6.70) = 5.133, 

****P<0,0001, ***P<0,001: GR AS-ODN vs GR AS-MM (n=6 paws per group). Reversal 
protocol (C and D): intrathecal treatment with GR AS- or MM-ODN started 3 days after 

intravenous administration of oxaliplatin (2 mg/kg). Mechanical nociceptive threshold was 

evaluated before oxaliplatin administration, and again 30 min and 1, 7, 14, 21 and 28 days 

later. (C) The magnitude of oxaliplatin-induced hyperalgesia was significantly reversed in 

males treated with GR AS-ODN, compared to the GR MM-ODN-treated group. Data shown 

as mean ± SEM, Treatment F (1,60) = 33.83, Time F (5,60)= 5.483, Interaction F (5,60) = 

2.929, ****P<0,0001, **P<0,01, *P<0,05: GR AS-ODN vs ADRB2 GR-MM (n=6 paws per 

group). (D) The magnitude of oxaliplatin-induced hyperalgesia was significantly reversed in 

males treated with GR AS-ODN, compared to the GR MM-ODN-treated group. Data shown 

as mean ± SEM, Treatment F (1,60) = 28.94, Time (5,60), Interaction (5,60) = 4.069, 

****P<0,0001, ***P<0,001: GR AS-ODN vs GR AS-MM (n=6 paws per group). Two-way 

repeated measures ANOVA followed by Bonferroni post hoc tests were used to compare 

antisense and mismatch groups over time.
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Figure 5. Effect of chronic administration of stress hormones and unpredictable sound stress on 
oxaliplatin-induced hyperalgesia.
Male and female rats were submitted to stress levels of epinephrine (osmotic minipumps 

filled with 5.4 μg/0.25 μL/h of epinephrine), corticosterone (100 mg in pellets), or their 

combination or exposed to unpredictable sound stress on days 1, 3, and 4. Stress hormone 

exposure protocol: (A and B): surgery for the implantation of epinephrine-containing 

osmotic minipumps or corticosterone fused pellets in the interscapular space was performed 

24h before intravenous administration of oxaliplatin (2 mg/kg) (day 0). (A) In male rats, 
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exposed to epinephrine or the combination of epinephrine and corticosterone, the magnitude 

of oxaliplatin-induced hyperalgesia was increased in both phases of oxaliplatin CIPN. Rats 

exposed to corticosterone alone, exhibited an increase in the magnitude of oxaliplatin-

induced hyperalgesia at 30 min and 1 (early phase) and 21 (late phase) days after oxaliplatin 

administration. Data shown as mean ± SEM Treatment F (3,120) = 86.39; Time (5, 120) = 

13.42; Interaction (15, 120) =1.221, ****P<0,0001: epinephrine or epinephrine 

+corticosterone vs oxaliplatin; **P<0,01, *P<0,05: epinephrine+ corticosterone vs 
oxaliplatin; ####P<0,0001, #P<0,05: corticosterone vs oxaliplatin, using two-way repeated 

measures ANOVA followed by Bonferroni post hoc test (n=6 paws per group). (B) When 

female rats were exposed to corticosterone alone or the combination of corticosterone and 

epinephrine, an increase in the magnitude of oxaliplatin-induced hyperalgesia was observed. 

The magnitude of oxaliplatin-induced hyperalgesia was not affected by epinephrine 

exposure. Data shown as mean ± SEM Treatment F (3,120) = 51.27; Time (5, 120) = 3.397; 

Interaction (15, 120) =1.007, ####P<0,0001, ##P<0,01: corticosterone vs oxaliplatin or 

corticosterone plus epinephrine vs oxaliplatin; #P<0,05: corticosterone plus epinephrine vs 

oxaliplatin, using two-way repeated measures ANOVA followed by Bonferroni post hoc test 

(n=6 paws per group). For the sound stress protocol (C and D): oxaliplatin (2 mg/kg, i.v.) 

was administered (day 0) 14 days after the last exposure to sound stress. Mechanical 

nociceptive threshold was evaluated before and again 30 min and 1, 7, 14, 21 and 28 days 

after oxaliplatin. (C) In male rats exposed to sound stress, the magnitude of oxaliplatin-

induced hyperalgesia was increased at 30 min and 1, 7, 14 and 21 days after oxaliplatin 

administration. Data shown as mean ± SEM, Treatment F (1,48) = 81, Time F (5,48) = 18.05, 

Interaction (5,48) = 6.293, ****P<0,0001, ***P<0,001, **P<0,001: sound stress oxaliplatin 

vs sham stress oxaliplatin, (n=6 paws per group), using two-way repeated measures ANOVA 

followed by Bonferroni post hoc tests (n=6 paws per group). (D) The magnitude of 

oxaliplatin-induced hyperalgesia was increased in female rats exposed to sound stress at 30 

min and 1, 7 and 14 days after oxaliplatin administration. Data shown as mean ± SEM, 

Treatment F (1,60) = 20.6, Time F (5,60) = 15.71, Interaction (5,60) = 2.367, *P<0,05: sound 

stress oxaliplatin vs sham stress oxaliplatin, using two-way repeated measures ANOVA 

followed by Bonferroni post hoc tests (n=6 paws per group).
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Figure 6. Effect of neonatal limited bedding (NLB) and neonatal handling (NH) on oxaliplatin-
induced hyperalgesia.
Rats were exposed neonatally to either NLB (stress, upper panels, A and B) or NH 

(resilience, lower panels, C and D) protocols and, approximately 8 weeks later oxaliplatin (2 

mg/kg, i.v.) (day 0) was administered. Mechanical nociceptive threshold was evaluated 

before and again 30 min and 1, 7, 14, 21 and 28 days after oxaliplatin. (A) The magnitude of 

oxaliplatin-induced hyperalgesia in NLB male rats did not differ when it was compared with 

control adult rats that received oxaliplatin. Data shown as mean ± SEM, Treatment F (1,60) = 
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5.97, Time F (5,60) = 6.306, Interaction F (5,60) =1.747, using 2-way repeated measures 

ANOVA followed by Bonferroni post hoc test (n=6 paws per group). (B) The magnitude of 

oxaliplatin-induced hyperalgesia was significantly enhanced in female rats submitted to the 

NLB protocol, when compared with control adult rats that received oxaliplatin. Data shown 

as mean ± SEM, Treatment F (1,60) = 167.6, Time F (5,60) = 4.55, Interaction F (5,60) = 2.159, 

****P<0,0001, *P<0,05: NLB, oxaliplatin vs oxaliplatin, using two-way repeated measures 

ANOVA followed by Bonferroni post hoc test (n=6 paws per group). (C) Male rats 

submitted to the NH protocol showed significant attenuation in oxaliplatin-induced 

hyperalgesia when compared with control adult rats that received oxaliplatin. Data shown as 

mean ± SEM, Treatment (1,60) = 279.7, Time F (5,60) = 0.8117, Interaction F (5,60) = 3.681, 

****P<0,0001, ***P<0,001: NH, oxaliplatin vs oxaliplatin, using 2-way repeated measures 

ANOVA followed by Bonferroni post hoc test (n=6 paws per group). (D) Female rats 

submitted to the NH protocol showed a marked attenuation in oxaliplatin-induced 

hyperalgesia when compared with control adult rats that received oxaliplatin. Data shown as 

mean ± SEM, Treatment (1,60) = 89.65, Time F (5,60) = 1.862, Interaction F (5,60) = 1.68, 

****P<0,0001, ***P<0,001, **P<0,01, *P<0,05 : NH, oxaliplatin vs oxaliplatin, using 2-

way repeated measures ANOVA followed by Bonferroni post hoc test (n=6 paws per group).
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