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in High Molecular Weight Hyaluronan (HMWH)-induced Anti
hyperalgesia

Ivan J. M. Bonet1,2, Dionéia Araldi1,2, Paul G. Green1,2,3, Jon D. Levine1,2,4,*

1Departments of Medicine and Oral & Maxillofacial Surgery, San Francisco, USA

2UCSF Pain and Addiction Research Center, University of California at San Francisco, San 
Francisco, USA

3Departments of Preventative and Restorative Dental Sciences, University of California at San 
Francisco, San Francisco, USA

4Departments of Medicine, University of California at San Francisco, San Francisco, USA

Abstract

High molecular weight hyaluronan (HMWH), a prominent component of the extracellular matrix 

binds to and signals via multiple receptors, including cluster of differentiation 44 (CD44), 

and toll-like receptor 4 (TLR4). We tested the hypothesis that, in the setting of inflammation, 

HMWH acts at TLR4 to attenuate hyperalgesia. We found that the attenuation of prostaglandin 

E2 (PGE2)-induced hyperalgesia by HMWH was attenuated by a TLR4 antagonist (NBP2–26245), 

but only in male and ovariectomized female rats. In this study we sought to evaluated the role 

of the TLR4 signaling pathway in anti-hyperalgesia induced by HMWH in male rats. Decreasing 

expression of TLR4 in nociceptors, by intrathecal administration of an oligodeoxynucleotide 

(ODN) antisense to TLR4 mRNA, also attenuated HMWH-induced anti-hyperalgesia, in male 

and ovariectomized female rats. Estrogen replacement in ovariectomized females reconstituted 

the gonad-intact phenotype. The administration of an inhibitor of myeloid differentiation factor 

88 (MyD88), a TLR4 second messenger, attenuated HMWH-induced anti-hyperalgesia, while an 

inhibitor of the MyD88-independent TLR4 signaling pathway did not. Since it has previously been 

shown that HMWH-induced anti-hyperalgesia is also mediated, in part by CD44 we evaluated the 

effect of the combination of ODN antisense to TLR4 and CD44 mRNA. This treatment completely 

reversed HMWH-induced anti-hyperalgesia in male rats. Our results demonstrate a sex hormone

dependent, sexually dimorphic involvement of TLR4 in HMWH-induced anti-hyperalgesia, that is 

MyD88 dependent.
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INTRODUCTION

Hyaluronan (HA), a negatively charged linear disaccharide polymer, is an integral 

component of the extracellular matrix 44, 46 that plays a role in several physiological 

processes. High molecular weight hyaluronan (HMWH) has been used extensively to 

treat osteoarthritis pain 3, 16, 19, 29, 47 and has been shown to have anti-inflammatory and 

immunosuppressive effects 17, 25, 30, 34, 51. We have shown that HMWH is anti-hyperalgesic 

against several pro-inflammatory mediators and in chemotherapy-induced neuropathic pain 
10, 21, 23. Evidence supports the suggestion that HMWH-induced anti-hyperalgesia is due to 

its effect on nociceptors 9, 15, 18, 21, 23, 26. While recent studies have increased our knowledge 

of how HMWH signals via plasma membrane receptors, including cluster of differentiation 

44 (CD44), receptor for HA-mediated motility (RHAMM), and toll-like receptor 4 (TLR4) 
9, 23, 44, 48, 49, and that HMWH reduces the excitability of the transient receptor potential 

vanilloid subtype 1 (TRPV1) ion channel, by stabilizing its closed state 15, 18, many details 

of the mechanism by which HMWH produces anti-hyperalgesia remain to be elucidated.

While CD44 is generally considered to be the cognate HA receptor 12, 13, and has been 

proposed to mediate effects of HA on nociceptors 21, we have recently provide evidence 

that TLR4 is involved in the anti-hyperalgesia induced by HMWH, in male rats 9. This 

observations led us to test the hypothesis that TLR4 signaling pathways are involved in the 

attenuation of nociceptor sensitization by HMWH. In the current study, we provide support 

for sex hormone-dependence for the role of TLR4, in the anti-hyperalgesia induced by 

HMWH, and provide insight into its downstream signaling pathway.

METHODS

Animals

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

River Laboratories, Hollister, CA, USA). Experimental animals 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 ad 
libitum. Experimental protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of California, San Francisco, and adhered to the 

National Institutes of Health guidelines for the care and use of laboratory animals.

Measuring nociceptive threshold

Mechanical nociceptive threshold was quantified using an Ugo Basile Analgesymeter 

(Stoelting, Wood Dale, IL, USA). This device applies a linearly increasing mechanical force 

to the dorsum of a rat’s hindpaw 38, 42, 43. Rats were placed in acrylic cylindrical restrainers, 

with lateral ports to allow access to the leg and hind paw, as described previously 5. Rats 

Bonet et al. Page 2

J Pain. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were acclimatized to the restrainers over a 3-day period to habituate them to the testing 

procedure. Mechanical nociceptive threshold is defined as the force in grams at which a rat 

withdrew its paw. Baseline threshold is defined as the mean of three readings taken before 

injection of test agents. Each experiment was performed on a different group of rats. Data 

are presented as mean ± SEM percentage change from baseline nociceptive threshold.

Drugs

The following drugs were used in the present experiments: high molecular weight 

hyaluronan (HMWH) [hyaluronic acid sodium salt from Streptococcus pyogenes], 

from Calbiochem (San Diego, CA, USA); prostaglandin E2 (PGE2), ST2825 (a 

myeloid differentiation factor 88 [MyD88] inhibitor), BX-795 (an IRF3 inhibitor), 

dihydrotestosterone and 17β-estradiol all from Sigma-Aldrich (Saint Louis, MO, USA); 

and NBP2–26245 (a TLR4 receptor antagonist) from GenScript (Piscataway, NJ, USA).

PGE2 was dissolved in absolute ethanol to a concentration of 1 μg/μL, and immediately 

before experiments further diluted in 0.9% saline to the concentration used in each 

experiment. The ethanol concentration of the final PGE2 solution was ~2%, a concentration 

previously shown to not affect mechanical nociceptive threshold 22. HMWH, was dissolved 

in distilled water to a concentration of 1 μg/μL, and further diluted in 0.9% saline to the 

concentration used in each experiment. Aliquots containing 1 μg/μL of BX-795 and ST2825, 

dissolved in 100% dimethyl sulfoxide (DMSO), were diluted in 0.9% NaCl containing 10% 

DMSO to a concentration of 0.2 μg/μL.

All intradermal administered drugs were in a volume of 5 μL (when injected alone) or 3 μL 

each (when two or more drugs were co-injected), on the dorsum of the hind paw, using a 

30-gauge hypodermic needle attached to a 50 μL Hamilton syringe by a segment of PE-10 

polyethylene tubing (Becton Dickinson, Franklin Lakes, NJ, USA). The administration 

of BX-795 and ST2825 was preceded by a hypotonic shock (1 μL of distilled water, 

separated by a bubble of air to avoid mixing in the same syringe), distilled water produces 

hypo-osmotic shock, allowing drugs to penetrate the cell plasma membrane, to get these two 

reagents inside the submicron diameter nociceptor nerve terminal 11, 14.

Oligodeoxynucleotides (ODN) antisense to CD44 and toll-like receptor 4 (TLR4) mRNA

The role of CD44 and TLR4 in the anti-nociceptive effects of HMWH, were assessed in 

male and female rats treated intrathecally with ODN antisense to each receptor’s mRNA. 

ODN antisense was directed against a unique region of the rat mRNA sequence for each 

receptor. ODN antisense sequences were:

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

accession number NM_012924.2)

• TLR4 ODN antisense: 5’-AGG AAG TGA GAG TGC CAA CC-3’ (GenBank 

accession number NM_019178.1)

ODN mismatch sequences correspond to the antisense sequence with mismatched bases 

(denoted by bold letters). ODN mismatch sequences:

Bonet et al. Page 3

J Pain. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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

• TLR4 ODN mismatch: 5’-ACG ATG CGA GAG AGT CAC CG-3’

ODNs were synthesized by Life Technologies (Carlsbad, CA, USA), and have been 

previously shown to produce a decrease in CD44 and TLR4 protein 5, 9. Before use, ODNs 

were reconstituted in nuclease-free 0.9% NaCl and then administered intrathecally, for 3 

consecutive days 5. As described previously 2, rats were anesthetized with isoflurane (2.5% 

in O2) and ODN (120 μg in 20 μL) injected intrathecally using a 300 μl syringe attached 

to a 29-gauge hypodermic needle that was inserted into the subarachnoid space between 

the L4 and L5 vertebrae. The intrathecal site of injection was confirmed by a sudden flick 

of the rat’s tail, a reflex that is evoked by subarachnoid space access and bolus intrathecal 

injection 33. Animals regained consciousness approximately 2 minutes after the injection 

and termination of anesthesia. The use of ODN antisense administered intrathecally to 

attenuate the expression of proteins essential for nociceptor sensitization is well supported 

by previous studies, by others 35, 37, 39–41 as well as our group 4–6, 8, 21–23, 36.

Gonadectomy

Gonadectomy, was performed on 22–25 day old male and female rats (i.e., before sexual 

maturation); gonadectomized rats were used for experiments 3 weeks later (i.e., as adults) 
27. For this surgery, 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. infiltrated at 

incision site) for pain control.

Ovariectomy: Briefly, ovaries were accessed by means of bilateral cutaneous and 

peritoneal incisions. Once ovaries were located, their vascular bundles were ligatured with 

4–0 silk suture (Perma-Hand Silk® Ethicon, Johnson & Johnson, Somerville, NJ), and they 

were excised; the peritoneal and cutaneous incisions was then closed with 5–0 silk suture 

(Ethicon, Johnson & Johnson, Somerville, NJ). In some rats, we also implanted 10 mm long 

segments of Silastic tubing filled with crystalline 17β-estradiol, as previously described 28, 

to replace 17β estradiol in gonadectomized female rats.

Orchiectomy: A single cutaneous incision was made through the scrotal skin and 

underlying tunica to expose the testes; their vascular bundles were identified and tied off 

with 5–0 silk suture and severed; the testes were then removed. The cutaneous incision was 

closed with 5–0 silk suture. In some gonadectomized rats we also performed sex hormone 

reconstitution with dihydrotestosterone 28.

Statistical analysis

The dependent variable in behavioral experiments was percentage change from baseline 

mechanical paw-withdrawal threshold. We used 186 male and 96 female rats. In each 

experiment only one hind paw per rat was used. The behavioral experiments were performed 

with the experimenter blinded to experimental group. One-way ANOVA followed by 

Bonferroni’s post hoc comparisons test, or Student’s t-test, was used to analyze data, as 

appropriate, described in each figure legend. Prism 8.0 (GraphPad Software) was used 
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for the graphics and to perform statistical analyses; P<0.05 was considered statistically 

significant. Data are presented as mean ± SEM.

RESULTS

TLR4 dependence of HMWH-induced anti-hyperalgesia

To test the hypothesis that HMWH-induced anti-hyperalgesia is TLR4 dependent in male 

rats, male (Fig. 1A), female (Fig. 1B) and ovariectomized female (Fig. 1C) rats received an 

intradermal injection of PGE2 (100 ng, i.d.) followed by a TLR4 antagonist (NBP2–26245, 

1 μg, i.d.), all injected at the site of nociceptive testing, and then 5 min later HMWH 

(1 μg, i.d.) was injected. Male rats receiving the TLR4 antagonist showed attenuation of 

HMWH-induced anti PGE2 hyperalgesia. While in female rats, the TLR4 antagonist did not 

attenuate HMWH-induced anti-hyperalgesia, in ovariectomized female rats it significantly 

attenuated HMWH-induced anti-hyperalgesia.

TLR4 signaling pathway mediating HMWH-induced anti-hyperalgesia

Since HA can signal via TLR4 32, we screened for a role of TLR4 second messenger 

pathways in HMWH-induced anti-hyperalgesia. TLR4 has two well-described second 

messenger signaling pathways, MyD88-dependent and MyD88-independent. To test the 

hypothesis that HMWH signals through the MyD88-dependent pathway, to induce anti

hyperalgesia, male rats were treated intradermally with PGE2 (100 ng, i.d.), followed 5 min 

later by a MyD88 inhibitor (ST2825, 1 μg, i.d.) and then, 5 min later by HMWH (1 μg, i.d.); 

all injections were performed at the site of nociceptive testing, on the dorsum of the hind 

paw. Male rats treated with the MyD88 inhibitor showed attenuation of HMWH-induced 

anti-hyperalgesia (Fig. 2).

The MyD88-independent TLR4 pathway involves TIR-domain-containing adaptor inducing 

interferon-β (TRIF) and the recruitment of the TRIF-related Adaptor Molecule (TRAM). 

To determine if the MyD88-independent pathway also mediates the TLR4-dependent 

contribution to HMWH-induced anti-hyperalgesia, we administered PGE2 (100 ng, i.d.), 

followed 5 min later by an inhibitor of IRF3, a component of the MyD88-independent 

signaling pathway (BX-795, 1 μg, i.d.), and then 5 min later HMWH (1 μg, i.d.). Male 

rats treated with the IRF3 inhibitor did not show attenuation of HMWH-induced anti

hyperalgesia (Fig. 3).

Role of sex hormones in TLR4 dependence

We compared the effect of ODN antisense to TLR4 mRNA on HMWH anti-hyperalgesia in 

gonad-intact and gonadectomized male and female rats, with or without same sex hormone 

replacement (Fig. 4). In TLR4 antisense-treated rats, we administered PGE2 (100 ng, i.d.), 

followed 10 min later by HMWH (1 μg, i.d.). TLR4 ODN antisense attenuated HMWH

induced anti-hyperalgesia in gonad-intact male (Fig. 4A), but not in gonad-intact female rats 

(Fig. 4B). Orchiectomized male rats treated with TLR4 ODN antisense still demonstrated 

attenuation of HMWH-induced anti-hyperalgesia (Fig. 4A), while ovariectomized female 

rats now demonstrated attenuation of HMWH-induced anti-hyperalgesia (Fig. 4B). Next, 

the group of ovariectomized female rats were replaced with 17β-estradiol, and the group 
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of orchiectomized male were treated with dihydrotestosterone. In orchiectomized male rats 

treated with dihydrotestosterone, TLR4 ODN antisense attenuated HMWH anti-hyperalgesia 

(Fig. 4A). And, in hormone-replaced ovariectomized female rats, HMWH-induced anti

hyperalgesia was again not attenuated by ODN antisense to TLR4 mRNA (Fig. 4B).

Effect of combining TLR4 and CD44 antisense

Since both TLR4 and CD44 antisense partially attenuate HMWH anti-hyperalgesia, in male 

rats, we administered the combination of TLR4 plus CD44 ODN antisense. Male rats that 

received both TLR4 and CD44 ODN antisense showed almost complete reversal of the 

anti-hyperalgesia induced by HMWH (Fig. 5).

DISCUSSION

We have previously demonstrated that HMWH attenuates PGE2-induced hyperalgesia 

in female and male rats and that while HMWH-induced anti-hyperalgesia was CD44

dependent in both sexes, TLR4 dependence was only observed in males 9. Our current 

finding that decreasing expression or pharmacological antagonism of TLR4 attenuates 

HMWH-induced anti-hyperalgesia in male but not in female rats, provides further support 

that the sexually dimorphic HMWH-induced anti-hyperalgesia, is dependent, at least in part, 

on the TLR4 present in nociceptors 7.

While HMWH does not alone affect mechanical nociceptive threshold in the naïve control 

rat, it reverses nociceptor sensitization induced by diverse pronociceptive mediators (e.g. 

PGE2, epinephrine, TNFα, and interleukin-6 23), supporting the suggestion that HMWH 

is acting to reverse nociceptor sensitization. The fact that in male but not in female rats 

HMWH-induced anti-hyperalgesia is partially dependent on TLR4 could be due, at least in 

part, to sex differences in downstream signaling 20, 24, and the sensitivity of TLR4 to sex 

hormones (e.g. reduction in TLR4 expression by estrogen 53).

While it has previously been shown that HA can signal via TLR4 to mediate HMWH

induced anti-hyperalgesia in male rats 32, little is currently known about the second 

messenger signaling pathway in nociceptors that mediates this contribution of TLR4 to 

HMWH anti-hyperalgesia. TLR4 has two well-established second messenger signaling 

pathways, referred to as MyD88-dependent and MyD88-independent 1. In the present 

study, we found that administration of a MyD88 inhibitor reduced HMWH-induced anti

hyperalgesia. The MyD88-independent TLR4 signaling pathway 31, which involves the 

TRAM-TRIF complex, leads to activation of IRF3 52. We found that treatment with 

an IRF3 inhibitor did not attenuate HMWH-induced anti-hyperalgesia, supporting the 

suggestion that the MyD88-dependent but not the MyD88-independent pathway plays a 

role in HMWH anti-hyperalgesia. The attenuation of HMWH-induced anti-hyperalgesia by 

blocking MyD88 could be due to interactions between CD44 and TLR4 45.

In the present study, we demonstrated that sexual dimorphism in HMWH-induced anti

hyperalgesia is female sex hormone-dependent. Thus, while in gonad-intact females, 

ODN antisense against TLR4 mRNA did not attenuate HMWH-induced hyperalgesia, in 

ovariectomized females, it did. To test the hypothesis that this effect of ovariectomy is due 
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to an estrogen-dependent mechanism, we replaced estrogen in ovariectomized female rats, 

by administering 17β-estradiol. Ovariectomized female rats with 17β-estradiol replacement 

showed a similar lack of response to TLR4 ODN antisense as observed in gonad-intact 

females. Gonad-intact, orchiectomized or orchiectomized treated with dihydrotestosterone 

males, all showed attenuation of HMWH-induced anti-hyperalgesia when treated with ODN 

antisense against TLR4 mRNA. These results support the suggestion that sex differences in 

HMWH-induced anti-hyperalgesia are female but not male sex hormone-dependent.

The co-administration of ODN antisense against both CD44 and TLR4 mRNA eliminated 

HMWH-induced anti-hyperalgesia in male rats, supporting additive roles of CD44 and 

TLR4 in mediating HMWH-induced anti-hyperalgesia. Knockdown of TLR4 may decrease 

expression or function of CD44 in DRG, as demonstrated in mesenchymal stem cells 50, and 

affect the ability of HMWH to exert its anti-hyperalgesic effect.

In conclusion, in this study we demonstrate an estrogen-dependent sexual dimorphism in 

the role of TLR4 in HMWH anti-hyperalgesia, with a TLR4 dependence in male, but not 

in female rats. That TLR4-mediated HMWH-induced anti-hyperalgesia signals via MyD88 

pathways opens a novel line of research into molecular targets for the treatment of pain 

produced by nociceptor sensitization.
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Perspective

The role of TLR4 in anti-hyperalgesia induced by HMWH is a sexually dimorphic, TLR4 

dependent inhibition of inflammatory hyperalgesia that provides a novel molecular target 

for the treatment of inflammatory pain.
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Highlights

• Involvement of TLR4 in HMWH-induced anti-hyperalgesia is sexually 

dimorphic.

• HMWH anti-hyperalgesia is TLR4-dependent only in male rats.

• TLR4 dependence of HMWH anti-hyperalgesia is MyD88 mediated.
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Figure 1. TLR4 antagonist attenuates HMWH-induced anti-hyperalgesia in male but not female 
rats.
Male, female or ovariectomized female rats were injected with PGE2 (100 ng/ 3 μL, i.d.) 

followed 5 min later by vehicle (3 μL, i.d.) or TLR4 receptor antagonist (NBP2–26245, 

1 μg/ 3 μL, i.d.) and then 5 min later by HMWH (1 μg/3 μL, i.d.), all at the site of 

nociceptive testing on the dorsum of the hind paw. One group of rats received a single 

injection of TLR4 receptor antagonist (NBP2–26245, 1 μg/3 μL, i.d.) to confirm that it did 

not produce hyperalgesia by itself, and another group received PGE2 (100 ng/ 3 μL, i.d.) 

followed 5 min later by TLR4 receptor antagonist (NBP2–26245, 1 μg/ 3 μL, i.d.) to show 

that TLR4 receptor antagonist did not affect PGE2-induced hyperalgesia (dotted and black 
bars, respectively). Mechanical nociceptive threshold was measured 40 min after injection of 

PGE2.
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A. Percent reduction from baseline (top panel) in male rats: Intradermal HMWH attenuates 

PGE2-induced hyperalgesia (F(2,15)= 43.65, ****p<0.0001, when PGE2 was compared 

to PGE2 + HMWH-treated group; one-way ANOVA followed by Bonferroni’s post hoc 
comparisons test). The anti-hyperalgesic effect of HMWH for PGE2-induced hyperalgesia 

was attenuated by the TLR4 antagonist in male rats (**p=0.0045, when HMWH-induced 

anti-hyperalgesia was compared between vehicle- and TLR4 antagonist-treated groups at 

40 min after PGE2; one-way ANOVA followed by Bonferroni’s post hoc comparisons 

test). Mechanical nociceptive threshold (bottom panel) in male rats: Intradermal HMWH 

attenuates PGE2-induced hyperalgesia (F(2,15)= 25.42, ****p<0.0001, when PGE2- was 

compared to PGE2 + HMWH-treated group; one-way ANOVA followed by Bonferroni’s 

post hoc comparisons test). Anti-hyperalgesic effect of HMWH was attenuated by the TLR4 

antagonist (**p=0.01, when HMWH-induced anti-hyperalgesia was compared between 

vehicle- and TLR4 antagonist-treated groups at 40 min after PGE2; one-way ANOVA 

followed by Bonferroni’s post hoc comparisons test). n=6 per group.

B. Percent reduction from baseline (top panel) in female rats: Intradermal PGE2-induced 

hyperalgesia was attenuated by HMWH, injected at the same site (F(2,15)= 43.65, 

****p<0.0001, when PGE2 and PGE2 + HMWH-treated groups were compared 40 min after 

PGE2; one-way ANOVA followed by Bonferroni’s post hoc comparisons test). When the 

TLR4 antagonist was injected before HMWH, it did not affect the anti-hyperalgesic effect of 

HMWH for PGE2-induced hyperalgesia (ns, p>0.9, when HMWH-induced anti-hyperalgesia 

was compared between the vehicle- and TLR4 antagonist-treated groups at 40 min after 

PGE2; one-way ANOVA followed by Bonferroni’s post hoc comparisons test). Mechanical 

nociceptive threshold (bottom panel) in female rats: HMWH attenuated PGE2-induced 

hyperalgesia (F(2,15)= 46.52, ****p<0.0001, when PGE2 and PGE2 + HMWH-treated 

groups were compared 40 min after PGE2; one-way ANOVA followed by Bonferroni’s 

post hoc comparisons test). No attenuation of the anti-hyperalgesic effect of HMWH was 

observed in the group of female rats treated with the TLR4 antagonist (ns, p=0.67, when 

HMWH-induced anti-hyperalgesia was compared between vehicle- and TLR4 antagonist

treated groups at 40 min after PGE2; one-way ANOVA followed by Bonferroni’s post hoc 
comparisons test). n=6 per group.

C. Percent reduction from baseline (top panel) in ovariectomized females: Intradermal 

HMWH attenuates PGE2-induced hyperalgesia in ovariectomized female rats (F(2,15)= 

83.20, ****p<0.0001, when PGE2 and PGE2 + HMWH-treated groups were compared 40 

min after PGE2; one-way ANOVA followed by Bonferroni’s post hoc comparisons test). An 

attenuation of the anti-hyperalgesic effect of HMWH, for PGE2-induced hyperalgesia, was 

observed in the ovariectomized female rats treated with the TLR4 antagonist (***p=0.0006, 

when HMWH-induced anti-hyperalgesia was compared between vehicle- and TLR4 

antagonist-treated groups at 40 min after PGE2; one-way ANOVA followed by Bonferroni’s 

post hoc comparisons test). Nociceptive threshold (bottom panel) in ovariectomized female 

rats: HMWH attenuates PGE2-induced hyperalgesia (F(2,15)= 18.10, ****p<0.0001, when 

PGE2 and PGE2 + HMWH-treated groups were compared 40 min after PGE2; one-way 

ANOVA followed by Bonferroni’s post hoc comparisons test). Attenuation of the HMWH

induced anti-hyperalgesia was observed in the ovariectomized female rats treated with 

the TLR4 receptor antagonist (**p=0.0034, when HMWH-induced anti-hyperalgesia was 
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compared between vehicle- and TLR4 antagonist-treated groups at 40 min after PGE2; 

one-way ANOVA followed by Bonferroni’s post hoc comparisons test). n=6 per group.
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Figure 2. MyD88 inhibitor attenuates HMWH-induced anti-hyperalgesia in male rats.
Male rats received PGE2 (100 ng/ 3 μL, i.d.) followed 5 min later by vehicle (3 μL, i.d.) 

or a MyD88 inhibitor (ST2825, 1 μg/ 3 μL, i.d.), and then 5 min later by HMWH (1 

μg/ 3 μL, i.d.). Mechanical nociceptive threshold was measured 40 min after intradermal 

PGE2. An additional group of rats received MyD88 inhibitor (1 μg/ 3 μL, i.d.) to confirm 

that it did not affect nociceptive threshold by itself (dotted bar), and another group of rats 

received PGE2 (100 ng/ 3 μL, i.d.) followed 5 min later by MyD88 inhibitor (1 μg/ 3 μL, 

i.d.) to show that it did not affect PGE2-induced hyperalgesia (black bar). Percent reduction 

from baseline (left panel): Intradermal administration of HMWH attenuate PGE2-induced 

hyperalgesia (F(2,15)= 35.30, ****p<0.0001, when PGE2- and PGE2 + HMWH-treated 

groups were compared 40 min after PGE2; one-way ANOVA followed by Bonferroni’s 

post hoc comparisons test). The anti-hyperalgesic effect of HMWH was attenuated by 

the MyD88 inhibitor (**p=0.0048, when HMWH-induced anti-hyperalgesia was compared 

between vehicle- and MyD88 inhibitor-treated groups at 40 min after PGE2; one-way 

ANOVA followed by Bonferroni’s post hoc comparisons test). Mechanical nociceptive 

threshold (right panel): Intradermal HMWH attenuated PGE2-induced hyperalgesia (F(2,15)= 

70.50, ****p<0.0001, when PGE2- and PGE2 + HMWH-treated groups were compared 

40 min after PGE2; one-way ANOVA followed by Bonferroni’s post hoc comparisons 

test). The anti-hyperalgesic effect of HMWH was attenuated by the MyD88 inhibitor 

(***p=0.0002, when HMWH-induced anti-hyperalgesia was compared between vehicle- 

and MyD88 inhibitor-treated groups at 40 min after PGE2; one-way ANOVA followed by 

Bonferroni’s post hoc comparisons test). n=6 per group.
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Figure 3. IRF3 inhibitor does not attenuate HMWH induced anti-hyperalgesia in male rats.
Male rats were injected with PGE2 (100 ng/ 3 μL, i.d.) followed, 5 min later by vehicle (3 

μL, i.d.) or an IRF3 inhibitor (BX-795, 1 μg/ 3 μL, i.d.), and then 5 min later by HMWH 

(1 μg/ 3 μL, i.d.). Mechanical nociceptive threshold was measured 40 min after intradermal 

PGE2. One group of rats was treated with a single injection of the IRF3 inhibitor (1 μg/ 

3 μL, i.d.) to confirm that this inhibitor alone did not affect nociceptive threshold (dotted 
bar), and another group of rats received PGE2 (100 ng/ 3 μL, i.d.) followed 5 min later by 

IRF3 inhibitor (1 μg/ 3 μL, i.d.) to show that it did not affect PGE2-induced hyperalgesia 

(black bar). Percent reduction from baseline (left panel): Intradermal administration of 

HMWH attenuates PGE2-induced hyperalgesia (F(2,15)= 45.55, ****p<0.0001, when PGE2- 

and PGE2, + HMWH-treated groups were compared 40 min after PGE2; one-way ANOVA 

followed by Bonferroni’s post hoc comparisons test). The IRF3 inhibitor did not affect the 

anti-hyperalgesic effect of HMWH (ns, p>0.9, when HMWH-induced anti-hyperalgesia was 

compared between vehicle- and IRF3 inhibitor-treated groups at 40 min after PGE2; one

way ANOVA followed by Bonferroni’s post hoc comparisons test). Mechanical nociceptive 

threshold (right panel): PGE2-induced hyperalgesia was attenuated by intradermal HMWH 

(F(2,15)= 88.25, ****p<0.0001, when the PGE2 and PGE2 + HMWH-treated groups 

were compared 40 min after PGE2; one-way ANOVA followed by Bonferroni’s post-hoc 

comparisons test). The IRF3 inhibitor did not affect the anti-hyperalgesic effect of HMWH 

(ns, p>0.9, when HWMH-induced anti-hyperalgesia was compared between vehicle- and 

IRF3 inhibitor-treated groups at 40 min after PGE2; one-way ANOVA followed by 

Bonferroni’s post hoc comparisons test). n=6 per group.
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Figure 4. Involvement of TLR4 in HMWH-induced anti-hyperalgesia in female rats is sex 
hormone dependent.
A. Gonad intact, orchiectomized, and orchiectomized dihydrotestosterone treated male rats 

were injected with ODN antisense or mismatch (120 μg/ 20 μl, i.t.) for TLR4 mRNA, 

daily for 3 consecutive days. On the fourth day, approximately 17 h after the last ODN 

administration, PGE2 (100 ng/ 5 μL, i.d.) was injected at the site of nociceptive testing, 

intradermally, followed 10 min later by HMWH (1 μg/ 5 μL, i.d.) injected at the same 

site. Mechanical nociceptive threshold was evaluated 40 min after PGE2. Percent reduction 

from baseline (top panel): The anti-hyperalgesic effect of HMWH on PGE2-induced 

hyperalgesia was attenuated by ODN antisense to TLR4 mRNA (gonad intact groups, t(10)= 
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2.638, *p=0.0248; orchiectomized groups, t(10)= 4.678, ***p=0.0009; orchiectomized + 

dihydrotestosterone, t(10)= 4.200, ***p=0.0018, when the respective mismatch and antisense 

groups were compared 40 min after PGE2; unpaired Student’s t-test). Nociceptive threshold 

(bottom panel): Anti-hyperalgesic effect of HMWH was attenuated by ODN antisense to 

TLR4 mRNA (gonad intact groups, t(10)= 3.980, **p=0.0026; orchiectomized groups, t(10)= 

3.343, **p=0.0075; orchiectomized + dihydrotestosterone, t(10)= 4.200, ***p=0.0001, when 

the respective mismatch and antisense groups were compared 40 min after PGE2; unpaired 

Student’s t-test). n=6 per group.

B. Gonad intact, ovariectomized and 17-β estradiol replaced ovariectomized female rats 

were injected with ODN antisense or mismatch (120 μg/ 20 μl, i.t.) for TLR4 mRNA, daily 

for 3 consecutive days. On the fourth day, approximately 17 h after the last intrathecal 

administration of ODNs, PGE2 (100 ng/ 5 μL, i.d.) was injected intradermally, followed 

10 min later by HMWH (1 μg/ 5 μL, i.d.), at the same site. Mechanical nociceptive 

threshold was evaluated 40 min after PGE2. Percent reduction from baseline (top panel): 
The anti-hyperalgesic effect of HMWH on PGE2-induced hyperalgesia was not affected by 

TLR4 ODN antisense in gonad-intact and 17-β estradiol-replaced ovariectomized female 

rats (gonad intact groups, t(10)= 0.1773, p=0.8628; ovariectomized + 17-β estradiol, t(10)= 

0.6999, p=0.4999, when the respective mismatch and antisense groups are compared 40 

min after PGE2; unpaired Student’s t-test). However, ovariectomized female rats show 

an attenuation of HWMH-induced anti-hyperalgesia by intrathecal TLR4 ODN antisense 

(ovariectomized groups, t(10)= 3.562, *p=0.0261; when the respective sense and antisense 

groups are compared 40 min after PGE2; unpaired Student’s t-test). Nociceptive threshold 

(bottom panel): TLR4 ODN antisense did not affect the anti-hyperalgesic effect of HMWH 

in gonad-intact and ovariectomized + 17-β estradiol females (gonad intact groups, t(10)= 

0.5633, p=0.5856; ovariectomized + 17-β estradiol, t(10)= 0.8145, p=0.4343, when the 

respective mismatch and antisense groups are compared 40 min after PGE2; unpaired 

Student’s t-test). However, in ovariectomized female rats the intrathecal treatment with 

TLR4 ODN antisense attenuates HWMH-induced anti-hyperalgesia (ovariectomized group, 

t(10)= 2.412, *p=0.0366; when mismatch and antisense groups are compared 40 min after 

PGE2; unpaired Student’s t-test). n=6 per group.
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Figure 5. Reversal of PGE2 hyperalgesia by HMWH is markedly attenuated by the combination 
of CD44 and TLR4 antisense in male rats.
Male rats were injected with the combination of ODN antisense or mismatch (120 μg/20 

μl/each, i.t.) for TLR4 and CD44 mRNA, daily for 3 consecutive days. On the fourth day, 

approximately 17 h after the last intrathecal administration of ODN, PGE2 (100 ng/5 μL, 

i.d.) was injected intradermally, followed 10 min later by HMWH (1 μg/ 5 μL, i.d.) at the 

same site. Mechanical nociceptive threshold was evaluated 40 min after intradermal PGE2. 

Percent reduction from baseline (left panel): Intradermal HMWH attenuates PGE2-induced 

hyperalgesia (F(2,15)= 74.12, ****p<0.0001, when the PGE2- and PGE2 + HMWH-treated 

groups were compared 40 min after PGE2; one-way ANOVA followed by Bonferroni’s post 
hoc comparisons test). Intrathecal treatment with the combination of CD44 + TLR4 ODN 

antisense reverses the HMWH-induced anti-hyperalgesia (****p<0.0001, when HMWH

induced anti-hyperalgesia was compared between CD44 + TLR4 mismatch- and CD44 

+ TLR4 antisense-treated groups at 40 min after PGE2; one-way ANOVA followed 

by Bonferroni’s post hoc comparisons test). Nociceptive threshold (rigth panel): PGE2

induced hyperalgesia was attenuated by HMWH (F(2,15)= 108.3, ****p<0.0001, when the 

PGE2- and PGE2 + HMWH-treated groups were compared 40 min after PGE2; one-way 

ANOVA followed by Bonferroni’s post hoc comparisons test). The combination of CD44 + 

TLR4 ODN antisense reverses the HMWH-induced anti-hyperalgesia (****p<0.0001, when 

HMWH-induced anti-hyperalgesia was compared between CD44 + TLR4 mismatch- and 

CD44 + TLR4 antisense-treated groups at 40 min after PGE2; one-way ANOVA followed by 

Bonferroni’s post-hoc comparisons test). n=6 per group.
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