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Abstract

We have previously shown that intradermal injection of high molecular weight hyaluronan 

(500–1200 kDa) produces localized anti-hyperalgesia in preclinical models of inflammatory 

and neuropathic pain. In the present experiments we studied the therapeutic effect of topical 

hyaluronan, when combined with each of 3 transdermal drug delivery enhancers (dimethyl 

sulfoxide [DMSO], protamine or terpene), in preclinical models of inflammatory and neuropathic 

pain. Topical application of 500–1200 kDa hyaluronan (the molecular weight range used 

in our previous studies employing intradermal administration), dissolved in 75% DMSO in 

saline, markedly reduced prostaglandin E2 (PGE2) hyperalgesia, in male and female rats. 

While topical 500–1200 kDa hyaluronan in DMSO vehicle dose-dependently also markedly 

attenuated oxaliplatin and paclitaxel chemotherapy-induced painful peripheral neuropathy (CIPN) 

in male rats, it lacked efficacy in females. However, following ovariectomy or intrathecal 

administration of an oligodeoxynucleotide (ODN) antisense to G-protein coupled estrogen 

receptor (GPR30) mRNA, CIPN in female rats was now attenuated by topical hyaluronan. 

While topical co-administration of 150–300, 300–500 or 1500–1750 kDa hyaluronan with DMSO, 

also attenuated CIPN, a slightly lower molecular weight hyaluronan (70–120 kDa) did not. The 

topical administration of a combination of hyaluronan with two other transdermal drug delivery 

enhancers, protamine and terpene, also attenuated CIPN hyperalgesia, an effect that was more 

prolonged than with DMSO vehicle. Repeated administration of topical hyaluronan prolonged the 

duration of anti-hyperalgesia. Our results support the use of topical hyaluronan, combined with 

*Author to whom correspondence should be sent: Jon D. Levine, M.D., Ph.D., University of California, San Francisco, 513 
Parnassus Avenue, San Francisco, CA 94143-0440, Phone: 476-5108, Fax: 476-6305, Jon.Levine@ucsf.edu. 

Conflict of Interest: The authors declare no competing financial interests.

The data presented in this study are available from the corresponding author upon reasonable request.

HHS Public Access
Author manuscript
Pain. Author manuscript; available in PMC 2024 December 01.

Published in final edited form as:
Pain. 2023 December 01; 164(12): 2653–2664. doi:10.1097/j.pain.0000000000002993.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chemically diverse non-toxic skin penetration enhancers, to induce marked anti-hyperalgesia in 

preclinical models of inflammatory and neuropathic pain.

SUMMARY

When combined with transdermal drug delivery enhancers, topical hyaluronan can induce marked 

anti-hyperalgesia for inflammatory and neuropathic pain.
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INTRODUCTION

Intra-articular injection of high molecular weight hyaluronan is widely used to treat 

knee osteoarthritis pain [3; 23; 28; 44; 74]. While it is generally thought to attenuate 

osteoarthritis pain by its viscoelastic/cushioning properties [25], high molecular weight 

hyaluronan has been shown to have anti-inflammatory and immunosuppressant effects [26; 

39; 46; 52; 78]. For these effects high molecular weight hyaluronan signals via plasma 

membrane receptors, best characterized for cluster of differentiation 44 (CD44), considered 

the cognate hyaluronan receptor [72; 75; 76], which is present in nociceptors [13; 34; 

36]. We previously demonstrated that both attenuation of nociceptor CD44, by intrathecal 

(i.t.) administration of an oligodeoxynucleotide (ODN) antisense to CD44 mRNA, or 

the intradermal administration of a CD44 receptor antagonist, decrease anti-hyperalgesia 

induced by intradermal injection of 500–1200 kDa hyaluronan [13; 34], providing support 

that anti-hyperalgesia induced by high molecular weight hyaluronan is mediated by its 

action at CD44 on nociceptors.

Neuropathic pain, a major side effect of several classes of cancer chemotherapy drugs [80], 

commonly referred to as chemotherapy-induced painful peripheral neuropathy (CIPN), is a 

debilitating condition for which there is currently no US Food and Drug Administration 

(FDA) approved treatment. CIPN is estimated to occur in ~40% [50; 60] of the ~17 

million cancer survivors in the United States [51], emphasizing the magnitude of this 

problem, and bringing an urgency to understanding its underlying mechanisms, in order 

to develop effective treatment. CIPN prevalence is chemotherapy agent-dependent, being 

highest (70%–100%) for platinum-based chemotherapy drugs [10; 48; 80]. Oxaliplatin, a 

third-generation platinum, and paclitaxel, a first-line taxane, both produce neuropathic pain 

[17] [33] that can persist for months after completion of chemotherapy [47; 57]. Patients 

receiving bortezomib, a proteasome inhibitor used for the treatment of multiple myeloma 

and certain types of lymphoma [80], also frequently develop neuropathic pain (CIPN), 

which may last for months or even years after completion of treatment [32].

Since high molecular weight hyaluronan is poorly skin penetrant [73], in the present 

experiments we evaluated the anti-hyperalgesic effect of topical hyaluronan combined with 
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three chemically diverse transdermal drug delivery enhancers, dimethyl sulfoxide (DMSO) 

[77], protamine [73] and terpene [21]. We report that the addition of transdermal drug 

delivery enhancers allows topical hyaluronan to attenuate inflammatory and neuropathic 

pain. We also establish the molecular weight range of hyaluronan and concentration range of 

a transdermal drug delivery enhancer required.

METHODS

Experimental animals

Experiments were performed on 220–400 g male and female Sprague-Dawley rats, 

purchased from Charles River Laboratories (Hollister, CA, USA). Rats were housed three 

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

care facility at the University of California, San Francisco. Food and water were available 

to rats, ad libitum. Experimental protocols were approved by the University of California, 

San Francisco, Institutional Animal Care and Use Committee, and adhered to the National 

Institutes of Health Guidelines for the care and use of laboratory animals.

Measurement of nociceptive threshold

Mechanical nociceptive threshold was quantified with an Ugo Basile Analgesymeter 

(Stoelting, Wood Dale, IL, USA), used to perform the Randall-Selitto paw-withdrawal test 

[62; 69; 70]. To perform this test, rats were placed in cylindrical acrylic restrainers that 

had lateral ports, which allow access to the hind paw for nociceptive threshold testing, as 

described previously [7]. Rats were acclimatized to the testing procedure by placing them in 

restrainers for 1 h per day for 3 consecutive days, and for 30–40 min prior to experiments 

[7].

Mechanical nociceptive threshold is defined as the force, in grams, applied by the plinth, 

to the dorsum of the hindpaw, at which a rat withdraws its paw. Baseline paw-withdrawal 

threshold is defined as the mean of three readings taken before administration of test 

agents. To minimize experimenter bias, individuals conducting experiments were blinded to 

experimental treatments. Each experiment was performed on a different group of rats. Data 

are presented as mechanical nociceptive threshold, in grams (g), or percentage change from 

preintervention baseline.

Drugs

The following drugs were used in this study: 500–1200 kDa hyaluronan purchased from 

Tocris (Minneapolis, MN, USA); 70–120 kDa, 150–300 kDa, 300–500 kDa, and 1500–1750 

kDa hyaluronan, paclitaxel, oxaliplatin, prostaglandin (PGE2), Cremophor EL, dimethyl 

sulfoxide (DMSO) and Ginkgo terpene lactones (here referred to as terpene) purchased 

from Sigma-Aldrich (St. Louis, MO, USA); bortezomib, purchased from LC Laboratories 

(Woburn, MA, USA); and, protamine sulfate from Thermo Fisher Scientific (Waltham, MA, 

USA).

Hyaluronans were initially dissolved in distilled water (dH2O) at a concentration of 10 

μg/μL, stock solution, and further diluted by adding DMSO with three final concentrations 
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of hyaluronan (1, 2 and 4 μg/μL), protamine or terpene; unless otherwise stated, the 

final concentration of DMSO used in experiments was 75%. The DMSO vehicle used to 

treat control groups was 75% DMSO in 0.9% saline. In one experiment, 500–1200 kDa 

hyaluronan was administered topically in 0.9% saline vehicle. PGE2 was dissolved in 0.9% 

saline at the same final concentration that we previously injected intradermally (100 ng/5 

μL) [35]. In the experiments in which hyaluronan was dissolved in protamine vehicle, 

protamine was first dissolved in distilled water (dH2O), to a concentration of 5 μg/μL, and 

stock solution of hyaluronan was combined with protamine at the final concentration of 2 

μg/μL, in a volume of 30 μL, for topical administration. Terpene was first dissolved in dH2O, 

2 μg/μL; then hyaluronan was dissolved in stock solution of terpene to its final concentration 

of 2 μg/μL, in a volume of 30 μL, for topical administration.

Oxaliplatin CIPN:

Oxaliplatin was freshly dissolved in 0.9% saline to a concentration of 2 mg/mL just prior to 

its intravenous (i.v.) tail vein administration (1 mL/kg) to rats that were briefly anesthetized 

with isoflurane (2.5% in O2).

Paclitaxel CIPN:

Paclitaxel was dissolved in Cremophor EL and ethanol (1:1) [1; 6; 20; 22] and diluted 

in 0.9% saline to a concentration of 1 mg/mL, just prior to its intraperitoneal (i.p.) 

administration (1 mg/kg, i.p.) [19; 42] every other day for a total of 4 doses to rats briefly 

anesthetized with isoflurane (2.5% in O2).

Bortezomib CIPN:

Bortezomib was dissolved in 3% DMSO and 97% saline, and then diluted in 0.9% saline, 

to a concentration of 1 mg/mL, just prior to intravenous (0.2 mg/kg, i.v.) administration (1 

mL/kg), to rats briefly anesthetized with isoflurane (2.5% in O2), every other day for a total 

of 4 doses.

Hyaluronans (30 μL) were administered topically on the dorsum of the hind paw, dispensed 

from a P200 pipette (Gilson, Middleton, WI, USA) with a plastic pipette tip, and then spread 

manually.

Antisense oligodeoxynucleotides (ODNs)

The roles of nociceptor CD44 and GPR30 in high molecular weight hyaluronan-induced 

anti-hyperalgesia were assessed by intrathecal (i.t.) administration of ODN antisense against 

unique regions of the rat mRNA sequences for CD44 and GPR30, respectively.

Antisense ODN sequences used in these experiments were:

• CD44 ODN antisense: 5’-GAA AAG GGT CGC GGG GG-3’ (GenBank 

accession number NM_012924.2)

• GPR30 ODN antisense: 5′-ATG TTC AGA GAG GTC CCC AG-3′ (GenBank 

accession number NM_133573)
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Mismatch ODN, corresponding to the antisense sequence with mismatched bases (denoted 

by bold letters), have no sequence homologies in the rat gene database.

Mismatch ODN sequences were:

• CD44 ODN mismatch: 5’-CCC CCG CGA CCC TTT TC-3’

• GPR30 ODN mismatch: 5′-AGG TCC AGA AAG ATG CCA AG-3′

We have previously shown that these two antisense ODN sequences, when compared to 

rats treated with mismatch ODN, synthesized by Life Technologies (Carlsbad, CA, USA), 

decrease CD44 [13] and GPR30 [4] protein in rat dorsal root ganglia.

Before use, ODNs were reconstituted in nuclease-free 0.9% saline and then administered 

by the intrathecal (i.t.) route. As described previously [2], rats were transiently anesthetized 

with isoflurane (2.5% in O2) and 120 μg of ODN, in a volume of 20 μL, injected i.t., using 

a syringe (300 units/μL) attached to a 29-gauge hypodermic needle that was inserted into 

the subarachnoid space, between the L4 and L5 vertebrae. The i.t. site of the injectate was 

confirmed by a sudden flick of the rat’s tail, a reflex evoked by subarachnoid space access 

and bolus i.t. injection [49]. Animals regained consciousness approximately 2 minutes after 

i.t. injection of antisense or mismatch ODN. The use of antisense ODN, administered i.t., to 

attenuate the expression of proteins essential for their role in nociceptor sensitization, is well 

supported by previous studies, by others [55; 61; 65; 67; 68], as well as our group [5; 7; 8; 

11; 34–36; 59].

Ovariectomy

Ovariectomy was performed on 23–26 day old (i.e., prepubertal) female rats that were used 

for behavioral experiments 3 weeks later (i.e., as adults) [41]. Animals were anesthetized 

with isoflurane (3% in oxygen) and received preoperative meloxicam (~5 mg/kg, s.c.) and 

bupivacaine (~0.1 mg/kg s.c. at the incision site) for perioperative pain control. Briefly, 

ovaries were accessed through bilateral cutaneous followed by peritoneal incisions. Ovaries 

were located and their vascular bundles ligatured with 5–0 silk suture (Perma-Hand Silk® 

Ethicon, Johnson & Johnson, Somerville, NJ). Ovaries were then excised, and the peritoneal 

and cutaneous incisions closed with 5–0 silk suture.

Statistical analysis

Data from behavioral experiments are presented as mechanical nociceptive threshold in 

grams or percentage change from pre intervention baseline threshold. Experiments were 

performed with experimenters blinded to experimental groups. Repeated-measures one-way 

and two-way ANOVAs or Student’s t-test was used for data analysis. Prism 9.3 (GraphPad 

Software) was used to generate graphics and to perform statistical analyses; P<0.05 is 

considered statistically significant. Data are presented as mean ± SEM.
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RESULTS

Hyaluronan combined with DMSO applied topically produces anti-hyperalgesia for 
inflammatory pain

When PGE2 (100 ng) was injected intradermally at the site of nociceptive threshold testing 

on the dorsum of the hind paw, in male and female rats, it produced robust mechanical 

hyperalgesia; and, when 500–1200 kDa hyaluronan (2 μg/μL, 30 μL) dissolved in DMSO 

was administered topically, PGE2 hyperalgesia was reversed, in both male (FIG. 1A) 

and female (FIG. 1B) rats. Of note, topical administration of 500–1200 kDa hyaluronan 

combined with DMSO, produced anti-hyperalgesia of similar magnitude to that produced by 

intradermal injection of hyaluronan dissolved in saline vehicle [13].

Topical hyaluronan produces dose-dependent anti-hyperalgesia for neuropathic pain

We next evaluated the anti-hyperalgesia induced by topical 500–1200 kDa hyaluronan, in 

DMSO vehicle, in preclinical models of neuropathic pain, and its dose dependence, in male 

rats with oxaliplatin CIPN. Rats that received oxaliplatin (1 mL/kg, i.v.) developed long-

lasting hyperalgesia (FIG. 2A). Seven days after oxaliplatin administration rats received 

500–1200 kDa hyaluronan in DMSO, at one of three concentrations (1, 2 or 4 μg/μL), 

each in a volume of 30 μL, applied topically on the dorsum of the hind paw, at the site 

of nociceptive threshold testing. Topical administration of 2 and 4 μg/μL of 500–1200 

kDa hyaluronan attenuates CIPN hyperalgesia 30 and 60 min after application. The anti-

hyperalgesic effect of 2 and 4 μg/μL 500–1200 kDa hyaluronan dissipated by 120 min 

after application (FIG. 2A). When 500–1200 kDa hyaluronan (2 μg/μL) was dissolved in 

saline vehicle, (i.e., 0.9% saline, without DMSO) and applied topically, it did not attenuate 

oxaliplatin CIPN hyperalgesia (FIG. 2B).

We next compared the anti-hyperalgesia induced by 500–1200 kDa hyaluronan in male 

and female rats with CIPN induced by paclitaxel, oxaliplatin or bortezomib. To generate 

oxaliplatin CIPN, male (FIG. 3A) rats received oxaliplatin (2 mg/kg, i.v.). Seven days later, 

at which time rats demonstrated robust mechanical hyperalgesia, they were treated with 

500–1200 kDa hyaluronan (2 μg/μL, 30 μL) or DMSO vehicle, administered topically on 

the dorsum of the hind paw. In male rats with oxaliplatin CIPN, 500–1200 kDa hyaluronan 

induced anti-hyperalgesia (FIG. 3A). A separate group of male rats (FIG. 3B) were treated 

with paclitaxel, every other day for 4 days. Seven days after the first dose of paclitaxel, 

they received 500–1200 kDa hyaluronan (2 μg/μL, 30 μL) or DMSO vehicle, administered 

topically on the dorsum of the hind paw. An additional group of male rats (FIG. 3C) 

received bortezomib (0.2 mg/kg, i.v., every other day for a total of 4 doses). Approximately 

24 h after the last dose of bortezomib, 500–1200 kDa hyaluronan (2 μg/μL, 30 μL) or 

DMSO vehicle was applied at the site of nociceptive threshold testing. Anti-hyperalgesia 

induced by topical administration of 500–1200 kDa hyaluronan was observed in male rats 

with CIPN. However, in female rats topical administration of 500–1200 kDa hyaluronan, in 

DMSO vehicle, did not attenuate hyperalgesia induced by oxaliplatin (FIG. 3D), paclitaxel 

(FIG. 3E) or bortezomib (FIG. 3F).
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To determine if there is a sex hormone-dependence to the lack of effect of topical 500–1200 

kDa hyaluronan in female rats with CIPN, we performed ovariectomy 3 weeks prior to 

treating female rats with paclitaxel (FIG. 4A) or oxaliplatin (FIG. 4B). In ovariectomized 

female rats 500–1200 kDa hyaluronan induced anti-hyperalgesia of similar magnitude to 

that observed in gonad intact male rats with paclitaxel- and oxaliplatin-induced CIPN. To 

determine if this effect of sex hormones on hyaluronan-induced anti-hyperalgesia for CIPN 

was due to their action on sensory neurons, female rats with paclitaxel (FIG. 4C) and 

oxaliplatin (FIG. 4D) CIPN were treated i.t. with ODN antisense to GPR30 mRNA for 

3 consecutive days. As for ovariectomized rats, oxaliplatin and paclitaxel CIPN in female 

rats that received GPR30 antisense, also demonstrated 500–1200 kDa hyaluronan-induced 

anti-hyperalgesia (FIG. 4C and 4D).

DMSO concentration influences hyaluronan-induced anti-hyperalgesia

We next determined the lower end of the concentration range of DMSO necessary for it to 

facilitate topical hyaluronan induced anti-hyperalgesia in rats with CIPN (FIG. 5). Down to a 

concentration of 20% DMSO, 500–1200 kDa hyaluronan produced robust anti-hyperalgesia 

in rats with oxaliplatin CIPN (FIG. 5A). However, when the DMSO concentration was 

lowered to 15%, 500–1200kDa hyaluronan no longer produced significant anti-hyperalgesia. 

To better visualize the difference in the DMSO concentration we show an area under curve 

(AUC) 30 and 60min after topical application (FIG. 5B).

Repeated administration of hyaluronan prolong the duration of anti-hyperalgesia

The anti-hyperalgesia for oxaliplatin (FIG. 6A) and paclitaxel (FIG. 6B) CIPN, produced by 

500–1200 kDa hyaluronan in male rats dissipated by 120 minutes. When reapplied at the 

same site, however, hyaluronan treatment produced longer lasting anti-hyperalgesia, in rats 

with oxaliplatin (FIG. 6A) or paclitaxel (FIG. 6B) CIPN, an effect still present 180 minutes 

after the second administration.

Hyaluronan anti-hyperalgesia depends on its molecular weight

We have previously shown that while intradermal injection of 500–1200 kDa high molecular 

weight hyaluronan induces anti-hyperalgesia [12–16; 36], low molecular weight hyaluronan 

(~1.2 kDa) induces hyperalgesia [13; 14; 34; 36]. Therefore, we next evaluated the 

range of molecular weights of topical hyaluronan that combined with DMSO produce 

anti-hyperalgesia. In separate groups of rats experiencing oxaliplatin CIPN, we administered 

different molecular weight ranges of hyaluronan: 70–120 kDa, 150–300 kDa, 300–500 kDa, 

500–1200 kDa, or 1500–1750 kDa. Except for 70–120 kDa hyaluronan, which did not 

attenuate CIPN hyperalgesia, all the higher molecular weight ranges of hyaluronan tested 

produced robust anti-hyperalgesia, of similar magnitude and duration (FIG. 7A).

Efficacy of other transdermal drug delivery enhancers

Since DMSO alone has been reported to have physiological effects [77], to demonstrate 

the requirement of a transdermal drug delivery enhancer for topical hyaluronan to produce 

anti-hyperalgesia, male rats with oxaliplatin CIPN received a combination of hyaluronan 

with protamine (another skin penetration enhancement molecule [73]) administered topically 
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on the dorsum of the hind paw, at the site of nociceptive threshold testing. Topical 

administration of hyaluronan combined with protamine, but not protamine alone, produced 

robust anti-hyperalgesia (FIG. 7B). As a further test that transdermal drug delivery 

enhancers, as a class, facilitate anti-hyperalgesia by topical hyaluronan, a combination of 

hyaluronan and terpene was administered topically on the dorsum of the hind paw, at the 

same site. Topical administration of hyaluronan combined with terpene, but not terpene 

alone, also produced anti-hyperalgesia (FIG. 7C). Of note, the duration of hyaluronan 

anti-hyperalgesia, when it was administered with protamine or terpene vehicle was much 

longer than when administered in DMSO vehicle.

Since hyaluronan in protamine vehicle produced longer anti-hyperalgesia, and DMSO 

showed longer lasting anti-hyperalgesia after the second administration, we determined if 

hyaluronan combined with protamine, when reapplied at the same site, produces longer 

lasting anti-hyperalgesia. The second topical administration of hyaluronan combined with 

protamine also produced prolonged anti-hyperalgesia (FIG. 7D), lasting 5 hours.

Anti-hyperalgesia induced by topical hyaluronan is CD44 receptor dependent

We have previously shown that the anti-hyperalgesia induced by intradermal injection of 

500–1200 kDa hyaluronan was nociceptor CD44 dependent [12–14; 34; 36]. Here we 

determined if the anti-hyperalgesia induced by topical 500–1200 kDa hyaluronan in CIPN is 

also nociceptor CD44 dependent. Male rats received oxaliplatin (2 mg/kg, i.v.) (FIG. 8A) or 

paclitaxel (1 mg/kg, i.p., 4 doses every other day) (FIG. 8B). Four days after oxaliplatin or 

the first injection of paclitaxel, rats received i.t. injections of ODN antisense or mismatch to 

CD44 mRNA, for 3 consecutive days. On the fourth day, approximately 24 h after the last 

administration of ODN, topical 500–1200 kDa hyaluronan (2 μg/μL, 30 μL) was applied on 

the dorsum of the hind paw. In male rats with CIPN, induced by oxaliplatin or paclitaxel, 

the anti-hyperalgesia induced by 500–1200 kDa hyaluronan was markedly attenuated in rats 

treated intrathecally with ODN antisense to CD44 mRNA (FIG. 8A and 8B).

DISCUSSION

A general concern with systemic drug administration is their large number of associated 

adverse effects on diverse organ systems, some quite serious [56; 63]. These adverse 

effects can, in some circumstances, be abrogated by using topical/local administration [45]. 

However, efficacy of topical drug administration may be limited by poor permeation from 

the site of drug application [73; 79]. In the present experiments we tested the hypothesis that 

topical drug formulations containing transdermal permeation enhancers may be of potential 

clinical importance [73].

While the topical route of administration may allow some drugs to access dermal tissues, 

the skin’s surface contains a lamellar structure, the stratum corneum, which forms a 

major barrier to deep penetration by many topical drugs [53; 54]. Composed of dead 

corneocytes, embedded in an intercellular lipid matrix consisting of ceramides, free fatty 

acids, cholesterol, and cholesteryl esters [54; 58], the stratum corneum is poorly penetrated 

by large and hydrophilic molecules such as high molecular weight hyaluronan.
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Intradermal injection of high molecular weight hyaluronan, which bypasses the stratum 
corneum barrier to uptake of topically applied drugs, attenuates PGE2-induced hyperalgesia, 

in female and male rats [13], and hyperalgesia in preclinical models of CIPN, induced by 

paclitaxel and oxaliplatin, in male and gonadectomized, but not gonad intact, female rats 

[16]. In the present study we observed that when combined with the classical transdermal 

permeability enhancer DMSO, topical administration of high molecular weight hyaluronan 

attenuates PGE2-induced hyperalgesia. To evaluate the potential for the use of topical 

high molecular weight hyaluronan in the treatment of neuropathic pain, we induced CIPN 

oxaliplatin, paclitaxel or bortezomib, representatives of three important classes of cancer 

chemotherapy, which are thought to induce CIPN by different mechanisms [18; 24; 37; 

71]. Topical high molecular weight hyaluronan, when co-administered with DMSO, robustly 

attenuated oxaliplatin, paclitaxel and bortezomib CIPN in male, but not female, rats. This 

anti-hyperalgesia, in rats with CIPN, is dependent on the action of hyaluronan at CD44, the 

cognate hyaluronan receptor [9; 34; 66], which is found on nociceptors, as male rats treated 

intrathecally with ODN antisense against CD44 mRNA, have decreased high molecular 

weight hyaluronan-induced anti-hyperalgesia [12; 13; 36].

To evaluate the role of sex hormones in the inability of high molecular weight hyaluronan 

to induce anti-hyperalgesia in female rats with CIPN, we studied ovariectomized female 

rats and female rats treated intrathecally with ODN antisense against GPR30, a G-protein 

coupled estrogen receptor [38] found in DRG neurons [29]. In both groups, topical high 

molecular weight hyaluronan now robustly attenuated paclitaxel and oxaliplatin CIPN, 

supporting the suggestion that female sex hormones act at GPR30 on nociceptors to suppress 

the ability of high molecular weight hyaluronan to suppress CIPN, in female rats. However, 

since many female oncology patients are post-menopausal, and thus have low estrogen 

levels, topical high molecular weight hyaluronan may be effective for the treatment of CIPN 

in these patients. Why hyaluronan attenuates inflammatory but not neuropathic pain in 

gonad intact female rats, is currently being investigated.

Following its initial administration, the anti-hyperalgesic effect of topical high molecular 

weight hyaluronan in DMSO vehicle lasted approximately 60 minutes. However, 

its subsequent application, produced substantially longer lasting anti-hyperalgesia, a 

prolongation that persisted following additional administration (data not shown). This 

prolongation of anti-hyperalgesia was also observed when protamine or terpene were 

used as the transdermal drug enhancer. These results support the suggestion that repeated 

application does not produce tolerance to the therapeutic effect of topical hyaluronan, but 

rather prolonged anti-hyperalgesia.

Since different weight ranges of high molecular weight hyaluronan are used clinically 

[43], to identify the molecular weight range effective in producing anti-hyperalgesia with 

topically administered hyaluronan combined with a transdermal drug delivery enhancer, 

we studied 4 different molecular weight ranges, in addition to the weight range we 

previously administered intradermally (500–1,200 kDa, [12–16; 34; 36]). Hyaluronan of 

higher molecular weight (1,500–1,750 kDa) produced a similar anti-hyperalgesic response. 

However, a somewhat lower molecular weight range (70–120 kDa) did not induce 

anti-hyperalgesia. Why this slightly lower molecular weight range fails to produce anti-
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hyperalgesia remains to be determined. While we have shown previously that even lower 

molecular weight hyaluronan induces hyperalgesia [14; 34] hyaluronan in the 70–120 kDa 

range did not produce hyperalgesia.

High molecular weight hyaluronan dissolved in saline does not penetrate the skin [73]; the 

stratum corneum preventing the transdermal absorption of poorly permeable polar and/or 

high molecular weight compounds [30; 81]. Here we show that to produce anti-hyperalgesia 

for inflammatory and neuropathic pain, topical high molecular weight hyaluronan requires 

the addition of a dermal penetration enhancer. It should be noted that DMSO, a classic 

transdermal transport enhancer may, alone, have physiological effects; for example, as 

topically administered DMSO has been used to treat systemic inflammation in veterinary 

medical practice [27; 64; 77]. However, in our study, DMSO alone has no effect on 

hyperalgesia in rats with CIPN; nor was high molecular weight hyaluronan dissolved in 

saline (0.9% of NaCl) able to induce anti-hyperalgesia. Taken together, these observations 

support our hypothesis that the combination of high molecular weight hyaluronan, of a 

restricted molecular weight range, and a transdermal drug delivery enhancer, of a minimum 

concentration is required for topical hyaluronan to produce anti-hyperalgesia.

To better understand the contribution of transdermal drug delivery enhancers to topical 

hyaluronan-induced anti-hyperalgesia, we tested different percentages of DMSO in 

combination with high molecular weight hyaluronan. High molecular weight hyaluronan 

combined with a concentration of DMSO greater than 20% was necessary to produce 

anti-hyperalgesia that was of similar magnitude to that produced by intradermal injection of 

hyaluronan, in saline vehicle [12–16; 34; 36].

Finally, we found that two other, chemically dissimilar, transdermal drug delivery enhancers, 

protamine [73] and terpene [21], when combined with high molecular weight hyaluronan, 

also produced anti-hyperalgesia. Of note, duration of the anti-hyperalgesia induced by 

hyaluronan in combination with these other two transdermal drug delivery enhancers was 

dramatically longer than produced by high molecular hyaluronan with DMSO; and repeat 

administration produced prolongation of anti-hyperalgesia. While additional experiments 

will be required to determine the mechanistic basis of the longer anti-hyperalgesia duration 

produced when hyaluronan is combined with protamine and terpene, as well as the 

prolongation of anti-hyperalgesia induced by repeated topical administration of hyaluronan, 

the finding of the present experiments strongly support the suggestion that tolerance to the 

anti-hyperalgesic effect of topical hyaluronan would not be a limitation to its clinical use.

Since the topical administration of high molecular weight hyaluronan, when combined with 

a transdermal permeability enhancer, induced anti-hyperalgesia in rats with inflammatory 

and neuropathic hyperalgesia, we suggest that hyaluronan combined with transdermal 

drug delivery enhancers may provide a treatment for acute and chronic inflammatory and 

neuropathic pain. Their combination could potentially also enhance the efficacy of intra-

articular injection of hyaluronan, in patients with arthritis, where its use in current therapy 

is designed to remain in the joint space, to produce its therapeutic effect by acting as a 

viscoelastic cushion [25; 31; 40], or at other sites in the body where greater spread from the 

injection site would reach additional sensitized nociceptors. For example, in patients with 
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arthritis, the addition of a transdermal delivery enhancer would allow hyaluronan to act on 

sensitized nociceptors deeper in the synovium, more remotely from its intra-articular site of 

administration.
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Figure 1. Topical co-administration of 500–1200 kDa hyaluronan (HA) with DMSO inhibits 
prostaglandin E2 (PGE2) hyperalgesia in male and female rats
PGE2 was injected intradermally (100 ng/5 μL, i.d.) at the site of nociceptive threshold 

testing on the dorsum of one hind paw of male and female rats followed, 5min later, by 

500–1200 kDa hyaluronan (2 μg/μL in a volume of 30 μL), or its DMSO vehicle (30 μL), 

was applied topically at the same site. Mechanical nociceptive threshold was measured 

before and again 30 and 60 min after PGE2 administration. A. Topical administration of 

high molecular weight hyaluronan 500–1200 kDa hyaluronan in DMSO vehicle attenuated 

PGE2-induced hyperalgesia in male rats (repeated measures one-way ANOVA, 30 min: 

Treatment F(1.35,6.75)=40.11, P=0.0003, Tukey’s multiple comparison test PGE2 alone vs. 

PGE2 + hyaluronan P=0.0003, PGE2 + hyaluronan vs PGE2 + DMSO vehicle P=0.0014; 60 

min: Treatment F(1.84,9.2)=40.15, P<0.0001, Tukey’s multiple comparison test PGE2 alone 

vs. PGE2 + hyaluronan P=0.0009, PGE2 + hyaluronan vs PGE2 + DMSO vehicle P=0.0039). 

B. Topical administration of 500–1200 kDa hyaluronan in DMSO vehicle also attenuated 

PGE2-induced hyperalgesia in female rats (repeated measures one-way ANOVA, 30 min: 

Treatment F(1.85,9.26)=60.23, P<0.0001, Tukey’s multiple comparison test PGE2 alone vs. 

PGE2 + hyaluronan P=0.0005, PGE2 + hyaluronan vs PGE2 + vehicle P=0.0011; 60 min: 

Treatment F(1.39,6.93)=29.87, P=0.0006, Tukey’s multiple comparison test PGE2 alone vs. 

PGE2 + hyaluronan P=0.004, PGE2 + hyaluronan vs PGE2 + DMSO vehicle P=0.0004). n=6 

per group.
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Figure 2. Dose-response relationship for topical hyaluronan-induced anti-hyperalgesia in rats 
with chemotherapy-induced peripheral neuropathy (CIPN)
A. Male rats received oxaliplatin (2 mg/kg, i.v.) on day 0. On day 7, at which time 

oxaliplatin-induced hyperalgesia was established, three different doses of 500–1200 kDa 

hyaluronan, at (1, 2 or 4 μg/μL) or DMSO vehicle, each in a volume of 30 μL, was 

administered topically on the dorsum of one hind paw, at the site of nociceptive threshold 

testing. Mechanical nociceptive threshold was evaluated before and 7 days after oxaliplatin 

administration, and then again 10, 30, 60 and 120 min after 500–1200 kDa topical 
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hyaluronan (in DMSO vehicle). Oxaliplatin decreased mechanical nociceptive threshold 

(i.e., produced hyperalgesia) (paired Student’s t-test, t(23)=15.62, P<0.0001), and topical 

administration of 500–1200 kDa hyaluronan in DMSO vehicle dose-dependently attenuated 

oxaliplatin-induced hyperalgesia (Two-way repeated measures ANOVA, dose F(3,20=10.08), 

P=0.0003). n=6 per group.

B. Male rats received oxaliplatin (2 mg/kg, i.v.) on day 0. On day 7 after oxaliplatin 

administration, 500–1200 kDa hyaluronan (2 μg/μL in a volume of 30 μL) dissolved in 

0.9% saline (without DMSO), or vehicle (0.9% saline, 30 μL) alone, was administered 

topically on the dorsum of one hind paw, at the site of nociceptive threshold testing. 

Mechanical nociceptive threshold was evaluated before oxaliplatin and 7 days after 

oxaliplatin administration, and then again 30, 60 and 120 min after topical administration 

of hyaluronan. Oxaliplatin decreased mechanical nociceptive threshold (i.e., produced 

hyperalgesia) (paired Student’s t-test, t(11)=14.65, P<0.0001). Topical administration of 

500–1200 kDa hyaluronan dissolved in saline, without DMSO, did not attenuate oxaliplatin-

induced hyperalgesia (Two-way repeated measures ANOVA, dose F(1,10)=0.11, P=0.75). 

n=6 per group.
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Figure 3. Topical hyaluronan-induced anti-hyperalgesia for CIPN is sexually dimorphic
Male and female rats received oxaliplatin (2 mg/kg, i.v.) on day 0. On day 7, 500–1200 

kDa hyaluronan (2 μg/μL in a volume of 30 μL) or its DMSO vehicle alone (30 μL) was 

topically applied to the dorsum of the hind paw, at the site of nociceptive threshold testing. 

Additional groups of male and female rats received paclitaxel (1 mg/kg, i.p.), every other 

day for a total of 4 doses (days 0, 2, 4 and 6). On day 7, approximately 24 h after the last 

dose of paclitaxel, hyaluronan (2 μg/μL in a volume of 30 μL) or its DMSO vehicle (30 μL) 

was applied topically on the dorsum of one hind paw, at the site of nociceptive threshold 

testing. Finally, an additional group of rats received bortezomib (0.2 mg/kg, i.v., every other 

day for a total of 4 doses). On day 7, approximately 24 h after the last dose of bortezomib, 

500–1200 kDa hyaluronan (2 μg/μL in a volume of 30 μL) or its DMSO vehicle (30 μL) 

was applied topically on the dorsum of the hind paw, at the site of nociceptive threshold 

testing. Mechanical nociceptive threshold was evaluated before administration of oxaliplatin, 

paclitaxel or bortezomib and 7 days after, and then again 30, 60 and 120 min after topical 

administration of hyaluronan.

A. Oxaliplatin decreased mechanical nociceptive threshold (i.e., produced hyperalgesia) 

in male rats. Topical administration of 500–1200 kDa hyaluronan attenuated oxaliplatin-
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induced hyperalgesia (Two-way repeated measures ANOVA, dose F(1,10)=24.98, P=0.0005) 

(results in this figure are reproduced from FIG. 2A, for comparison).

B. Paclitaxel decreased mechanical nociceptive threshold (i.e., produced hyperalgesia) in 

male rats. Topical administration of 500–1200 kDa hyaluronan attenuated the hyperalgesia 

induced by paclitaxel (Two-way repeated measures ANOVA, dose F(1,10)=78.74, P<0.0001).

C. Bortezomib decreased mechanical nociceptive threshold (i.e., produced hyperalgesia) in 

male rats. Topical administration of hyaluronan attenuated bortezomib-induced hyperalgesia 

(Two-way repeated measures ANOVA, dose F(1,10)=39.39, P<0.0001).

D. In female rats, oxaliplatin-induced hyperalgesia was not attenuated by topical 

administration of 500–1200 kDa hyaluronan (Two-way repeated measures ANOVA, dose 

F(1,10)=0.039, P=0.8464). n=6 per group.

E. In female rats, paclitaxel-induced hyperalgesia was not attenuated by topical 

administration of 500–1200 kDa hyaluronan (Two-way repeated measures ANOVA, dose 

F(1,10)=0.004, P=0.9503). n=6 per group.

F. In female rats, bortezomib-induced hyperalgesia was not attenuated by topical 

administration of 500–1200 kDa hyaluronan (Two-way repeated measures ANOVA, dose 

F(1,10)=1.41, P=0.2471). n=6 per group.
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Figure 4. In female rats hyaluronan-induced anti-hyperalgesia is nociceptor GPER dependent
A. A group of female rats underwent surgical ovariectomy 3 weeks prior to receiving 

oxaliplatin (2 mg/kg, i.v.), administered on day 0. On day 7 they received 500–1200 kDa 

hyaluronan (2 μg/μL in a volume of 30 μL) or DMSO vehicle (30 μL), administered 

topically on the dorsum of the hind paw, at the site of nociceptive threshold testing. 

Mechanical nociceptive threshold was evaluated before and 7 days after oxaliplatin, 

and then again 30, 60 and 120 min after topical hyaluronan. Oxaliplatin decreased 

mechanical nociceptive threshold, measured 7 days after its administration. On day 7, 

topical administration of 500–1200 kDa hyaluronan attenuated the hyperalgesia induced 
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by oxaliplatin in ovariectomized (Two-way repeated measures ANOVA, dose F(1,10)=37.75, 

P=0.0001), but not gonad intact, female rats (Fig. 3C). n= 6 per group.

B. Another group of female rats underwent ovariectomy 3 weeks prior to receiving a first 

dose of paclitaxel (1 mg/kg, i.p.). Paclitaxel was administered every other day for a total of 4 

doses (days 0, 2, 4 and 6). Seven days after the first dose of paclitaxel, rats were treated with 

500–1200 kDa hyaluronan (2 μg/μL in a volume of 30 μL) or its DMSO vehicle (30 μL), 

applied topically on the dorsum of the hind paw, at the site of nociceptive threshold testing. 

Mechanical nociceptive threshold was evaluated before and 7 days after the first dose of 

paclitaxel, and then again 30, 60 and 120 min after topical hyaluronan. Paclitaxel decreased 

mechanical nociceptive threshold, measured 7 days after its first dose, in ovariectomized and 

gonad-intact female rats. Topical 500–1200 kDa hyaluronan attenuated the hyperalgesia 

induced by paclitaxel in gonadectomized (Two-way repeated measures ANOVA, dose 

F(1,10)=66.27, P<0.0001) but not gonad intact female rats (Fig. 3D). n= 6 per group.

C. Female rats received oxaliplatin (2 mg/kg, i.v.) on day 0. Four days later, they were 

treated i.t. with ODN antisense or mismatch (120 μg/20 μL, i.t.) for GPR30 mRNA, daily for 

3 consecutive days. On day 7, approximately 24 h after the last dose of ODN, 500–1200 kDa 

hyaluronan (2 μg/μL in a volume of 30 μL) or its DMSO vehicle (30 μL) was administered 

topically on the dorsum of the hind paw, at the site of nociceptive threshold testing. 

Mechanical nociceptive threshold was evaluated before oxaliplatin, 3 and 7 days after its 

administration, and then again 30, 60 and 120 min after topical hyaluronan. Oxaliplatin 

decreased mechanical nociceptive threshold in both GPR30 antisense- and mismatch-ODN 

treated rats. However, 500–1200 kDa hyaluronan attenuated the hyperalgesia induced 

by oxaliplatin only in the GPR30 antisense-treated group (Two-way repeated measures 

ANOVA, dose F(1,10)=24.83, P=0.0006). n= 6 per group.

D. Another group of female rats received paclitaxel (1 mg/kg, i.p. every other day for 

a total of 4 doses). Starting four days after the 1st dose of paclitaxel, rats were treated 

with antisense or mismatch ODN for GPR30 mRNA (120 μg/20 μL, i.t.), daily for 3 

consecutive days. On day 7, approximately 24 h after the last dose of ODN and the last 

dose of paclitaxel, 500–1200 kDa hyaluronan (2 μg/μL in a volume of 30 μL) or its DMSO 

vehicle (30 μL) was administered topically on the dorsum of the hind paw, at the site 

of nociceptive threshold testing. Mechanical nociceptive threshold was evaluated before 

paclitaxel, 3 and 7 days after the first administration of paclitaxel, and then again 30, 

60 and 120 min after topical 500–1200 kDa hyaluronan. Paclitaxel decreased mechanical 

nociceptive threshold in both GPR30 antisense- (one-way repeated measures ANOVA 

F(1.53,7.63) P<0.0001) and mismatch-treated groups (one-way repeated measures ANOVA 

F(1.13,5.65) P=0.0002). However, 500–1200 kDa hyaluronan only attenuated the paclitaxel-

induced hyperalgesia in the GPR30 antisense-treated group (Two-way repeated measures 

ANOVA, dose F(1,10)=15.51, P=0.0028). n= 6 per group.
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Figure 5. Steep DMSO concentration dependence for hyaluronan-induced anti-hyperalgesia
A. Male rats received oxaliplatin (2 mg/kg, i.v.) on day 0. On day 7, 500–1200 kDa 

hyaluronan (2 μg/μL in a volume of 30 μL) in six different percentages of DMSO (75%, 

50%, 25%, 20%, 15% and 5% DMSO) or DMSO vehicle (30 μL) was administered topically 

on the dorsum of the hind paw at the site of nociceptive threshold testing. Mechanical 

nociceptive threshold was evaluated before oxaliplatin and 7 days after its administration, 

and then again 30, 60 and 120 min after topical hyaluronan. Results are presented as 

mechanical nociceptive threshold in grams. Oxaliplatin decreased mechanical nociceptive 
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threshold (i.e., produced hyperalgesia; paired Student’s t-test, baseline versus post-

oxaliplatin before hyaluronan, for each group: Vehicle P=0.003956). Topical administration 

of hyaluronan in 75%, 50%, 25% and 20% produced anti-hyperalgesia (75% of DMSO 

P<0.0001, 50% of DMSO P<0.0001, 25% of DMSO P<0.0001, 20% of DMSO P<0.0001). 

However, topical administration of hyaluronan in 15% or 5% of DMSO did not produce 

significant anti-hyperalgesia (15% of DMSO P>0.99, 5% of DMSO P=0.99). Two-way 

repeated measures ANOVA, F(24.140)=13.01, P<0.0001. Dunnet’s multiple comparison post-

hoc test. n=6 per group.

B. Area Under Curve (AUC) representation of 30 and 60 min data in FIG. 5A.
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Figure 6. Repeated administration of high molecular weight hyaluronan prolongs anti-
hyperalgesia
A. Male rats received oxaliplatin (2 mg/kg, i.v.) on day 0. On day 7, 500–1200 kDa 

hyaluronan (2 μg/μL in a volume of 30 μL) or DMSO vehicle (30 μL) was administered 

topically on the dorsum of the hind paw, at the site of nociceptive threshold testing. Once 

the anti-hyperalgesic effect of hyaluronan wore off, hyaluronan was again administered, 

at the same site. Mechanical nociceptive threshold was evaluated before oxaliplatin, 7 

days after its administration, 30, 60 and 120 min after the first topical administration of 

500–1200 kDa hyaluronan, and then again 30, 60, 120, 180 and 240 min after the second 

topical administration of hyaluronan. Rats treated with oxaliplatin showed a prolongation 

of hyaluronan-induced anti-hyperalgesia after a second administration (two-way repeated 

measures ANOVA, F(1,5)=138.0, P<0.0001). n= 6 per group.

B. Male rats received paclitaxel (1 mg/kg, i.p. every other day for a total of 4 doses). On day 

7 hyaluronan (2 μg/μL in a volume of 30 μL) or DMSO vehicle (30 μL) was administered 

topically on the dorsum of the hind paw, at the site of nociceptive threshold testing. 

Once the anti-hyperalgesic effect of hyaluronan wore off, another dose of hyaluronan was 

administered at the site of nociceptive threshold testing. Mechanical nociceptive threshold 

was evaluated before paclitaxel, 7 days after its first administration, 30, 60 and 120 min 

after the first topical administration of hyaluronan, and then again 30, 60, 120, 180 and 240 

min after the second topical administration of hyaluronan. Paclitaxel-treated rats showed 

a prolongation of 500–1200 kDa hyaluronan-induced anti-hyperalgesia after the second 

administration, (two-way repeated measures ANOVA, F(1,5)=29.0, P=0.003). n= 6 per group.
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Figure 7. Effect of hyaluronan molecular weight, and use of other transdermal drug delivery 
enhancers on topical hyaluronan-induced anti-hyperalgesia
A. Male rats received oxaliplatin (2 mg/kg, i.v.) on day 0. On day 7, hyaluronan of 5 

different molecular weight ranges (75–120, 150–300, 300–500, 500–1200, and 1500–1750 

kDa), was administered, on the dorsum of the hind paw, at the site of nociceptive threshold 

testing, in separate groups of rats. Mechanical nociceptive threshold was evaluated before, 7 

days after administration of oxaliplatin, and then again 10, 30, 60 and 120 min after topical 

hyaluronan or DMSO vehicle. Oxaliplatin decreased mechanical nociceptive threshold 

(i.e., produced hyperalgesia, paired Student’s t-test, baseline versus post-oxaliplatin, before 

hyaluronan, for each group: Vehicle P=0.003956). Topical administration of all molecular 

weight ranges of hyaluronan, except 70–120 kDa which did not produce anti-hyperalgesia, 

produced robust anti-hyperalgesia, of similar magnitude (70–120 kDa P=0.000526, 150–

300 kDa P=0.000122, 300–500 kDa P=0.000009, 500–1200 kDa P=0.000169, 1500–

1750 kDa P=0.000026). The anti-hyperalgesia induced by all molecular weight ranges 

of hyaluronan was significant 60 min post-administration (two-way repeated measures 

ANOVA, F(5,30)=20.60, P<0.0001). n= 6 per group.

B. Male rats received oxaliplatin (2 mg/kg, i.v.) on day 0. On day 7 after oxaliplatin 

hyaluronan combined with protamine (2 μg/μL in a volume of 30 μL) or protamine alone 

as a control (30 μL) was administered topically on the dorsum of the hind paw, at the site 

of nociceptive threshold testing. Mechanical nociceptive threshold was evaluated before, 

7 days after administration of oxaliplatin, and then again 10, 30, 60 and 120 min after 

topical application of hyaluronan. Compared with protamine alone, topical administration 

of hyaluronan combined with protamine produced robust anti-hyperalgesia lasting 120 min 

post-administration (two-way repeated measures ANOVA, F(4,40)=24.50, P<0.0001). n= 6 

per group.

C. Male rats received oxaliplatin (2 mg/kg, i.v.) on day 0. On day 7 after oxaliplatin 

hyaluronan combined with terpene (2 μg/μL in a volume of 30 μL) or terpene alone as 
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a control (30 μL) was administered topically on the dorsum of the hind paw, at the site 

of nociceptive threshold testing. Mechanical nociceptive threshold was evaluated before, 

7 days after administration of oxaliplatin, and then again 10, 30, 60 and 120 min after 

topical application of hyaluronan. Compared with terpene alone, topical administration of 

hyaluronan combined with terpene produced anti-hyperalgesia (two-way repeated measures 

ANOVA, F(4,40)=41.02, P<0.0001). n= 6 per group.

D. Male rats received paclitaxel (1 mg/kg, i.p. every other day for a total of 4 doses). 

On day 7 hyaluronan combined with protamine (2 μg/μL in a volume of 30 μL) or 

protamine alone as a control (30 μL) was administered topically on the dorsum of the 

hind paw, at the site of nociceptive threshold testing in the end of the day. On day 8, 

another dose of hyaluronan was administered at the site of nociceptive threshold testing. 

Mechanical nociceptive threshold was evaluated before paclitaxel, 7 and 8 days after its 

administration, and then again 30, 60, 120, 180, 240, 300 and 360 min after the second 

topical administration of hyaluronan. Paclitaxel-treated rats showed a prolongation of 500–

1200 kDa hyaluronan-induced anti-hyperalgesia after the second administration, (two-way 

repeated measures ANOVA, F(9,90)=21.12, P<0.0001). n= 6 per group.
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Figure 8. CD44 dependence of topical hyaluronan-induced anti-hyperalgesia
A. Male rats received oxaliplatin (2 mg/kg, i.v.) on day 0. Starting four days later they 

were treated intrathecally (i.t.) with ODN antisense or mismatch for CD44 mRNA (120 

μg/20 μL, i.t.), daily for 3 days. On day 7, approximately 24 h after the last dose of ODN, 

500–1200 kDa hyaluronan (2 μg/μL in a volume of 30 μL) or its DMSO vehicle (30 μL) was 

administered topically on the dorsum of the hind paw, at the site of nociceptive threshold 

testing. Mechanical nociceptive threshold was evaluated before oxaliplatin and 7 days after 

its administration, and then again 30, 60 and 120 min after topical hyaluronan. Results are 

presented as mechanical nociceptive threshold in grams. Oxaliplatin decreased mechanical 

nociceptive threshold, measured 4 days after its administration, in both CD44 antisense- 

(one-way repeated measures ANOVA F(1.00,5.01)=41.13, P=0.0014) and mismatch- (one-way 

repeated measures ANOVA F(1.30,6.51)=48.95, P=0.0002) treated groups. However, 500–

1200 kDa hyaluronan only attenuated the hyperalgesia induced by oxaliplatin in the CD44 

mismatch-treated group (two-way repeated measures ANOVA F(1,10)=40.72, P<0.0001). n= 

6 per group.

B. Male rats received paclitaxel (1 mg/kg, i.p., every other day for a total of 4 doses). Four 

days after the first paclitaxel injection, rats were treated with ODN antisense or mismatch 

(120 μg/20 μL, i.t.) for CD44 mRNA, daily for 3 consecutive days. On day 7, approximately 

24 h after the last ODN dose, and the last administration of paclitaxel, hyaluronan (2 μg/μL 

in a volume of 30 μL) or DMSO vehicle (30 μL) was applied topically on the dorsum of 

the hind paw, at the site of nociceptive threshold testing. Mechanical nociceptive threshold 

was evaluated before paclitaxel, 7 days after its administration, and then again 30, 60 and 

120 min after topical 500–1200 kDa hyaluronan. Hyaluronan attenuated the hyperalgesia 
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induced by paclitaxel only in the CD44 mismatch-treated group (two-way repeated measures 

ANOVA F(1,10)=54.02, P<0.0001). n= 6 per group.
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