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Abstract

Intradermal administration of low molecular weight hyaluronan (LMWAH) in the hindpaw induced
dose-dependent (0.1, 1, or 10 ug) mechanical hyperalgesia, of similar magnitude in male and
female rats. However, the duration of LMWH hyperalgesia was greater in females. This sexual
dimorphism was eliminated by bilateral ovariectomy, and by intrathecal administration of an
oligodeoxynucleotide (ODN) antisense to the G-protein-coupled estrogen receptor (GPR30)
MRNA, in females, indicating estrogen dependence. To assess the receptors at which LMWH acts
to induce hyperalgesia, LMWH was administered to groups of male and female rats that had been
pretreated with ODN antisense (or mismatch) to the mRNA for one of three hyaluronan receptors,
cluster of differentiation 44 (CD44), toll-like receptor 4 (TLR4) or receptor for HA-mediated
motility (RHAMM). While LMWH-induced hyperalgesia was attenuated in both male and female
rats pretreated with ODN antisense for CD44 and TLR4 mRNA, RHAMM antisense pretreatment
only attenuated LMWH-induced hyperalgesia in males. ODN antisense for RHAMM, however,
attenuated LMWH-induced hyperalgesia in female rats treated with ODN antisense to GPR30, as
well as in ovariectomized females. LMWH-induced hyperalgesia was significantly attenuated by
pretreatment with high molecular weight hyaluronan (HMWH) in male, but not in female rats.
Following gonadectomy or treatment with ODN antisense to GPR30 expression in females,
HMWH produced similar attenuation of LMWH-induced hyperalgesia to that seen in males. These
experiments identify nociceptors at which LMWH acts to produce mechanical hyperalgesia,
establishes estrogen dependence in the role of RHAMM in female rats, and establishes estrogen-
dependence in the inhibition of LMWH-induced hyperalgesia by HMWH.

INTRODUCTION

The extracellular matrix (ECM), a complex of glycoproteins and glycosaminoglycans, is an
important constituent of the cellular microenvironment. Beyond providing structural support
[85], ECM is involved in cell signaling [42], integrating mechanical and chemical signals

"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.

The authors report no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bonet et al.

Page 2

[35,37], including in nociceptors [26,34] via its interaction with integrins, cluster of
differentiation 44 (CD44), toll-like receptor 4 (TLR4) and cytoskeleton [22,46,49,61]. The
glycosaminoglycan hyaluronan, a ubiquitous component of the ECM, is synthesized as a
high molecular weight polymer (high molecular weight hyaluronan [HMWH]). However,
under pathological conditions (e.g. inflammation, oxidative stress, and trauma) HMWH is
degraded by hyaluronidases and reactive oxygen species, to low molecular weight
hyaluronan (LMWH) fragments [58,75] as small as oligosaccharides [19]. Both HMWH and
LMWH bind to and signal via multiple membrane receptors, including CD44, receptor for
HA-mediated motility (RHAMM) and TLR4 [71,83,87]. Of note, LMWH and HMWH of
the sizes used in this study have different interactions with CD44, with, for example, only
HMWH able to induced CD44 clustering [13], while LMWH inhibits this clustering, leading
to activation of different signaling pathways [51,89].

Pain mechanisms are sexually dimorphic. Women have a greater prevalence of chronic pain
disorders [47,53,57] and experience more postoperative pain [21,55,78]. Sexual dimorphism
in pain mechanisms, including in nociceptor function have been reported [20,47,52,57],
some of which are sex hormone-dependent [11,40,88]. We have demonstrated sexual
dimorphism in nociceptor function [6,8,23,24,41,45], with cutaneous and muscle mechanical
nociceptive thresholds having a similar sexual dimorphism [33]. Both estrogen and
inflammation increased excitability of temporomandibular joint neurons [27], and
inflammation altered nociceptor activity [20] to a greater extent in female rats. Therefore, in
the present experiments we have evaluated for sex differences in the nociceptive effects of
hyaluronan.

We have previously shown that in male rats LMWH induces mechanical hyperalgesia that is
attenuated by both a CD44 receptor antagonist [22] and intrathecal administration of an
oligodeoxynucleotide (ODN) antisense to CD44 mRNA [25]. In the current study, we
compared the nociceptive effects of LMWH and the contribution of CD44, TLR4 and
RHAMM, in male and female rats.

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, same sex, 3
per cage, under a 12 h light/dark cycle, in a temperature- and humidity-controlled room in
the animal care facility at the University of California, San Francisco. Food and water were
available ad /ibitum. Experimental protocols, designed to minimize the number of animals
used and their suffering, were approved by the UCSF Institutional Animal Care and Use
Committee, and adhered to the National Institutes of Health Guidelines for the care and use
of laboratory animals.

Nociceptive threshold testing

Mechanical nociceptive threshold was quantified using an Ugo Basile Analgesymeter
(Stoelting, Wood Dale, IL, USA), to perform the Randall-Selitto paw-withdrawal test [66].
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This analgesymeter applies a linearly increasing mechanical force to the dorsum of the rat’s
hindpaw, as previously described [80,81]. Nociceptive threshold is defined as the force in
grams at which the rat withdraws its paw. Baseline paw-pressure threshold was defined as
the mean of three readings taken before a test agent was injected. Only one paw per rat was
used for drug administration and nociceptive threshold testing. Each experiment was
performed on a different group of rats by individuals blind to experimental treatments. Data
are presented as mean (£SEM) change from baseline nociceptive threshold.

Drug administration

The following drugs were used in this study: HMWH (hyaluronan sodium salt from
Streptococcus pyogenes), from Calbiochem (San Diego, CA, USA); LMWH (hyaluronic
acid sodium salt from Streptococcus equi), 17p-estradiol and prostaglandin E; (PGE5) from
Sigma-Aldrich (Millipore Sigma, Darmstadt, Germany). Drug doses were selected based on
our previous studies [22,26,44] and pilot experiments. The PGE, stock solution was made in
absolute ethanol, at a concentration of 1 pg/uL, and further diluted with 0.9% NaCl (1:50,
final concentration 0.2 pg/uL) immediately before experiments. The ethanol concentration of
the final PGE, solution was ~2%, a concentration that we have previously shown does not
affect mechanical nociceptive threshold [24]. HMWH and LMWH were dissolved in
distilled water to a concentration of 1 pg/uL and, at the time of the experiment, were further
diluted in 0.9% NaCl to the desired concentration. All drugs were administered
intradermally, in a volume of 5 L, on the dorsum of the hindpaw, using a 30-gauge beveled
hypodermic needle attached by a short length of polyethylene (PE-10) tubing to a 50-pL
micro-syringe (Hamilton, Reno, NV, USA).

Gonadectomy

Gonadectomy was performed on male and female rats at 3 weeks of age (ie, prepubertal),
and animals were used for behavioral experiments 3 weeks later (ie, as adults) [31]. For
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. was injected at the incision
site) for pain control.

Ovariectomy.—Briefly, ovaries were accessed by means of bilateral cutaneous and
peritoneal incisions. Once located, ovaries and their vascular bundles were ligatured with 4—
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
(Perma-Hand Silk® Ethicon, Johnson & Johnson, Somerville, NJ). In some rats, we
implanted 10 mm long segments of Silastic tubing filled with crystalline 17p-estradiol, as
previously described [32] to provide chronic administration of 17p-estradiol to
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 tied off with 5-0 silk
suture, and the testes removed. The cutaneous incision was closed with 5-0 silk suture.
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Oligodeoxynucleotide antisense to G-protein-coupled estrogen receptor (GPR30) mRNA

To investigate the role of nociceptor G-protein coupled estrogen receptor, GPR30, in sexual
dimorphic effects of HMWH and LMWH, female rats were treated with an ODN antisense
for GPR30 mRNA [4,50]. The sequence for GPR30 antisense ODN, 5”-ATG TTC AGA
GAG GTC CCC AG-3’ (Invitrogen Life Technologies, Carlsbad, CA, USA), is directed
against a unique region of the rat GPR30 mRNA sequence (GeneBank accession number
NM_133573). A mismatch ODN sequence, 5'-AGG TCC AGA AAG ATG CCA AG-3’,
for GPR30 mRNA was a scrambled version of the antisense sequence that has the same base
pairs and GC ratio, in randomized order, with little or no homology to any mRNA sequences
posted at GenBank.

To assess the role of CD44, TLR4 and RHAMM in the mechanical hyperalgesia induced by
LMWH, male and female rats were treated with ODNSs antisense to mRNA for each of these
HA receptors. The antisense ODN sequence to CD44 mRNA, 5’-GAA AAG GGT CGC
GGG GG-3’, synthesized by Invitrogen, was directed against a unique region of rat CD44
mRNA, previously shown [13] to decrease CD44 protein expression (GenBank accession
number NM_012924). The mismatch ODN sequence 5’-CCC CCG CGA CCCTTT
TC-3’, was used as the antisense ODN control. A search of the National Center for
Biotechnology Information database for Rattus norvegicus identified no other homologous
sequences. The antisense ODN sequence for TLR4, 5’-AGG AAG TGA GAG TGC CAA
CC-3’, is directed against a unique region of rat TLR4 (UniProtKB database entry
Q9QX05). The mismatch ODN sequence, 5'-ACG ATG CGA GAG AGT CAC CG-3’
corresponds to the antisense sequence with 7 mismatched bases (denoted by bold letters).
The antisense ODN sequence for RHAMM, 5’-ACC TGG AGA TGG AGC ACA AC-3’, is
directed against a unique region of rat RHAMM (UniProtKB database entry QOWUFT7); the
mismatch ODN sequence, 5’-GCC TGA AGA TAG ACG ACA AT-3’ for RHAMM,
corresponds to the antisense sequence with 7 bases mismatched. We have previously
demonstrated that antisense ODN reduces the expression of CD44, TLR4 and RHAMM in
rat dorsal root ganglia (DRG) [7,13].

Before use, ODNs were reconstituted in nuclease-free 0.9% NaCl and then administered
intrathecally at a dose of 6 pg/uL in a volume of 20 pL, daily for 3 consecutive days. As
described previously [3] rats were anesthetized with isoflurane (2.5% in O,) and 120 ug of
ODN, in a volume of 20 pL injected using a 100 pL microsyringe (Hamilton, Reno NV,
USA) attached to a 30-gauge 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 bolus injection into the subarachnoid space [54].
Animals regained consciousness approximately 1 min after intrathecal injections. The use of
antisense ODNSs, administered intrathecally to attenuate the expression of proteins, essential
for their role in nociceptor sensitization, is well supported by previous studies, by others
[64,77], as well as our group [5,9,12,24]. Of note, in experiments in which rats received
antisense for both GPR30 and RHAMM, antisense for GPR30 was administered 6 h after
antisense for RHAMM.
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Statistical analysis.

RESULTS

In all behavioral experiments, the dependent variable is percentage change from baseline
mechanical nociceptive paw withdrawal threshold. Prism 8.3 (GraphPad Software) was used
for graphics and data was analyzed using repeated-measures two-way ANOVA, followed by
Holm-Sidak multiple comparison test; P<0.05 is considered statistically significant. Data are
presented as mean + SEM.

1. LMWHe-induces sexually dimorphic dose-dependent hyperalgesia

We compared the dose-dependence and time course of LMWH-induced mechanical
hyperalgesia in male and female rats. LMWH (0.1, 1, or 10 ug) was administered
intradermally on the dorsum of the hindpaw, in a volume of 5 L, and mechanical
nociceptive threshold evaluated 5, 10, 15, 20 and 30 min later. LMWH produced robust,
dose-dependent, mechanical hyperalgesia in male (Fig 1A) and female rats (Fig 1B). Over
the first 30 min there was no significant difference between males and females, in the
magnitude of hyperalgesia, at any dose. However, when nociceptive threshold was evaluated
over 24 h after administration, in separate groups of rats, the duration of hyperalgesia
induced by LMWH (1 ug) was significantly longer in females (Fig 1C). To test if the
prolonged hyperalgesia in females is sex hormone-dependent, LMWH was administered to
castrated male and female rats. In ovariectomized female rats, when compared to intact
females, hyperalgesia was now significantly attenuated (Fig 1C). LMWH-induced
hyperalgesia was not different in orchiectomized compared to gonad intact male rats (Fig
1C).

2. Receptors mediating LMWH-induced hyperalgesia

To evaluate the role of CD44, TLR4 and RHAMM in LMWH hyperalgesia, separate groups
of female and male rats were treated with antisense or mismatch ODNs targeting mRNA for
CDA44 (Fig 2), TLR4 (Fig 3), or RHAMM (Fig 4), daily for 3 consecutive days.
Approximately 24 h after the 3™ injection of ODNs, LMWH was injected intradermally, on
the dorsum of the hind paw, and mechanical nociceptive threshold evaluated over the
subsequent 24 h.

LMWH-induced hyperalgesia was attenuated in both male and female rats pretreated with
antisense ODN for CD44 (Fig 2) or TLR4 (Fig 3), while treatment with antisense ODN for
RHAMM attenuated LMWH-induced hyperalgesia in males (Fig 4A), but not females (Fig
4B). To test the hypothesis that the observed sexual dimorphism in the contribution of
RHAMM is sex hormone-dependent, the experiment was repeated in additional groups of
female rats: one group ovariectomized 2 weeks prior, one group ovariectomized 2 weeks
prior with replacement of 17p-estradiol, and groups treated with antisense (or mismatch) to
GPR30. In females that received GPR30 antisense ODN, as well as in ovariectomized
females (Fig 5), LMWH-induced hyperalgesia was now significantly attenuated by
RHAMM antisense ODN. Ovariectomized female rats received 17p-estradiol replacement
show similar response to gonad intact females (Fig 5A).
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3. Sexual dimorphism in the attenuation of LMWH-induced hyperalgesia by HMWH

We have previously shown that intradermal HMWH (1 pg) is anti-hyperalgesic against by
(and that of other pronociceptive mediators) LMWH-induced hyperalgesia, in male rats
[13,25]. In the current study we compared the effect of HMWH anti-hyperalgesia against
LMWHe-induced hyperalgesia in female and male rats. When HMWH (1 ug) was
administered 10 min before LMWH (1 ug), LMWH-induced hyperalgesia was significantly
attenuated in male (Fig 6A), but not in female (Fig 6B) rats. To test the hypothesis that this
sexual dimorphism is also dependent on female sex steroids, the experiment was repeated in
female rats that had undergone ovariectomy 2 weeks prior. In contrast to gonad-intact
females, LMWH-induced hyperalgesia was significantly attenuated by HMWH in
ovariectomized females (Fig 7A). To test the hypothesis that this effect is dependent on the
action of estradiol at GPR30, present on nociceptors, gonad-intact female rats were treated
with antisense ODN targeting GPR30 mRNA to decrease expression of GPR30 in
nociceptors, as previously described [4]. In antisense ODN-treated females, administration
of HMWH now prevented LMWH-induced hyperalgesia (Fig 7B), to a degree similar to that
seen in males.

DISCUSSION

The ECM plays an important role in the pathophysiology of diverse clinical conditions
[76,79,86], including those characterized by acute and chronic pain associated with tissue
[59,82] or nerve [65] injury. Hyaluronan (HA), predominantly HMWH, is the main non-
protein component of the ECM, in healthy tissue. High levels of LMWH, generated from
HMWH in the setting of inflammatory diseases, such as arthritis [17,60,91], produces
marked mechanical hyperalgesia and nociceptor sensitization that can be attenuated by
HMWH [13,22,25]. Since several inflammatory diseases are more common in one sex (e.g.
rheumatoid arthritis in females and ankylosing spondylitis in males [48]), and many of these
conditions are frequently reported as being greater in females [1,30,43,] in the present study,
we examined the hypothesis that the pronociceptive effect of LMWH, LMWH-induced
hyperalgesia, and the anti-hyperalgesic effect of HMWH for LMWH-induced hyperalgesia
are sexually dimorphic. While HMWH anti-hyperalgesia for LMWH-induced mechanical
hyperalgesia, was sexually dimorphic, we previously observed that HMWH anti-
hyperalgesia, for prostaglandin E,-induced mechanical hyperalgesia, is not sexually
dimorphic [13]. Thus, the sexual dimorphism for both LMWH hyperalgesia and HMWH
anti-hyperalgesia, is likely due to sexual dimorphism in hyaluronan receptors and
downstream second messenger signaling pathways shared by both LWMH and HMWH. Our
findings also support the suggestion that LMWH hyperalgesia and HMWH anti-hyperalgesia
are female sex hormone-dependent, mediated by action of estradiol at GPR30 on
nociceptors.

In the present experiments we demonstrated that LMWH induces dose- and time-dependent
mechanical hyperalgesia in female and male rats, and that there is a marked sexual
dimorphism in its duration. In female rats LMWH-induced hyperalgesia is still maximal 4 h
after administration, while in males, nociceptive threshold returned to baseline 2 h after
LMWH administration. Intrathecal antisense ODN treatment against CD44 mRNA markedly
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attenuated the magnitude of LMWH hyperalgesia in both male and female rats, and the
duration of LMWH hyperalgesia in female rats. Antisense ODN knockdown of nociceptor
TLR4 also attenuated LMWH hyperalgesia in both male and female rats. Unlike antisense
knockdown of nociceptor CD44 and TLR4, we observed sexual dimorphism for antisense
knockdown of RHAMM, where LMWH hyperalgesia was attenuated only in males. In
addition, we observed sexual dimorphism for HMWH anti-LMWH hyperalgesia, with anti-
hyperalgesia observed only in males. That these sex differences are dependent on female sex
hormones, is supported by our observation that ovariectomy or antisense ODN knockdown
of GPR30 expression, on nociceptors, both produced a switch in phenotype in females to
one similar to that in males, for the duration of LMWH-induced hyperalgesia, the
contribution of RHAMM to LMWH-induced hyperalgesia, and HMWH anti-hyperalgesia.
The underlying mechanism of the sex hormone dependence in the contribution of RHAMM
to the pharmacological effects of LMWH and HMWH remains to be elucidated.

We have suggested that LMWH and HMWH can act at nociceptor receptors to produce pro-
and anti-hyperalgesic effects, respectively [13,25]. Mechanisms underlying the sexual
dimorphism in LMWH-induced hyperalgesia, and HMWH anti-LMWH-induced
hyperalgesia, are here demonstrated to be female sex hormone-dependent. While details of
the mechanisms underlying these sex differences remain to be determined, they may be
related to interactions of GPR30 with hyaluronan receptors. Of note, in this regard,
knockdown of GPR30 in fibroblasts decreases CD44 expression [38], while GPR30
activation decreases TLR4 expression in macrophages [67]. Estradiol also alters the
response of TLR4 to its ligands, in ectocervical epithelial cells [69]; and, dermal RHAMM
expression is estradiol-dependent [68]. Degradation of HMWH to LMWH in the setting of
pathophysiological processes, such as tissue injury [18,84], inflammation [10,17], and
cancer [70,73], leads to generation of LMWH, which may contribute to pain associated with
these clinical conditions. Further insight into the different effects of LMWH and HMWH
has been provided by the observation that HMWH, but not LMWH, signaling is dependent
on lipid rafts [13,89] leading to activation of different signaling pathways [51,89]. CD44
translocation into lipid rafts is required for HMWH signaling via CD44 [56,90], while
disrupting lipid rafts [28,29,36] suppresses HMWH-induced CD44 clustering and the
subsequent activation of downstream signaling pathways [14,15]. Our experiments confirm
distinct functions of low and high molecular weight forms of hyaluronan in the nervous
system, interacting with many receptors to produce different effects, as suggested by
previous reports [13,16,25,62,63,72].

In addition to increased levels of LMWH in several pain conditions, a gene expression study
in female mice showed a selective increase in expression of hyaluronan receptors in DRG:
increased CD44, but not RHAMM, in the spared nerve injury neuropathic pain model, and a
significant increased RHAMM, but not CD44, expression in the complete Freund’s adjuvant
inflammatory pain model [59]. The regulation of hyaluronan receptors and their second
messenger signaling pathways by inflammation and other pathological states remains to be
elucidated. Since inflammation stimulates the secretion of hyaluronidase, expressed in the
nervous system [2,74] and by resident cells [39], which degrades hyaluronan, generating
products that can act at cell surface receptors known to be on DRG neurons [10,17,19,75,83]
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to produce a wide range of effects [39,63,72,89], the hyperalgesia resulting from LMWH, is
most likely via a direct effect at the nociceptor.

The results of the present experiments support the suggestion that LMWH and HMWH play
arole in diverse clinical pain states. Studies of the mechanisms responsible for the sexual
dimorphism in the hyperalgesic effect of LMWH and anti-hyperalgesic effects of HMWH
against LMWH-induced hyperalgesia could lead to the development of novel approaches for
the treatment of inflammatory and neuropathic pain.
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Figure 1. Dose- and time-dependence of LMWH-induced hyperalgesia.

Different groups of male (A) and female (B) rats received an intradermal injection of one of
three doses of LMWH (0.1, 1, 10 pg/5 L), on the dorsum of the hind paw. Mechanical
nociceptive threshold was then measured 5, 10, 15, 20 and 30 min after the injection of
LMWH. Measurement of mechanical nociceptive threshold showed that LMWH produced
robust mechanical hyperalgesia in male (A. Significant effect of Time F4 60=50.19,
<0.0001, Dose F5 15=12.28, p=0.0007 and their Interaction Fg g0=2.908, £=0.0083. Two-
way ANOVA followed Holm-Sidak multiple comparisons test showed significant differences
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at 10 mins for 0.1 vs. 1 pg **p=0.0081; at 15 mins for 0.1 vs. 1 ug ***p=0.0004; and 0.1 vs.
10 pug, ***p=0.0004; and at 30 mins for 0.1 vs. 10 pg ***p=0.0002), and female (B.
Significant effect of Time F47,=68.75, p<0.0001, Dose F; 18=25.94, p<0.0001, but not their
Interaction Fg 7,=1.641, P=1.641. Two-way ANOVA followed Holm-Sidak multiple
comparison test showed that significant differences at 5 min for 1 vs. 10 ug *p=0.0184; at 10
mins for 0.1 vs. 10 pug ***p=0.0007, at 15 mins for 0.1 vs. 10 ug ***£=0.0001 and 1 vs. 10
ug **p=0.0045; and at 20 and 30 mins for 0.1 vs. 10 pg **p=0.0016 and **p=0.0022,
respectively) rats.

Sex differences. Repeated measures ANOVA showed that at a dose of 0.1 pg of LMWH
while there was a significant effect of Time (F4 44=28.63, p<0.0001), there was no
significant effect of Sex (F1 11=0.9382, p=0.3536) or Sex X Time Interaction (F4 44=1.441,
£=0.2365); at 1 pg, there was a significant effect of Time (F4 44=46.26, p<0.0001), and Sex
(F1,11=5.522 p=0.0385) but no significant Interaction (F4 44=0.4066, p=0.8029); and at 10
Mg, there was a significant effect of Time (F4 3,=32.38, £<0.0001), but no significant effect
of Sex (F1 g=1.849, p=0.2017) or their Interaction (F4,3,=5.515, p=0.0017). =6 for each
Male group, n=7 for each Female group. Over the first 30 min there was no significant
difference between males and females, in the magnitude of hyperalgesia, at any dose.

C. Time course of LMWH-induced hyperalgesia. Different groups of male, female,
orchiectomized male, and ovariectomized female rats received an intradermal injection of
LMWH (1 pg/5 pL), on the dorsum of the hind paw. Mechanical nociceptive threshold was
evaluated before and then 5, 10, 15, 20 and 30 min, and 1, 2, 4, 8 and 24 h after intradermal
LMWH. While LMWH hyperalgesia was no longer present in males, 2 h after
administration, it was still present in intact females 4h after administration (F(s 25=19.38,
*p<0.0250, when the female-group was compared with male-, ovariectomized female- and
orchiectomized male- group respectively 1 h after intradermal LMWH; ****p<0.0001, when
the female-group was compared with male- and orchiectomized male-group and
***=0.0002, when the ovariectomized female-group was compared with orchiectomized
male-group 2 h after intradermal LMWH; ****p<0.0001, when the female-group was
compared with male-, ovariectomized female- and orchiectomized male-group and 4 h after
intradermal LMWH; two-way repeated-measures ANOVA followed by Holm-Sidak multiple
comparison test) /7=6 per group.

Pain. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bonet et al.

A Male

3
% 407 LMWH —{ CD44 mismatch 40
_GE) —— CD44 antisense
o 30 30
=
a
8 20 20
g
c 10 *k 10;
s *okokok
° 0 *% :& 0
3
¢ -10° -10/
X

0 5101520 30 "1 2 4 8 24

time (min) time (h)

Page 16
B Female
LMWH —O— CD44 mismatch
i —@— CD44 antisense

(I) 5 1015 20 3|0 12 4 8 24

time (min) time (h)

Figure 2. Role of CD44 in LMWH-induced hyperalgesiain male and femalerats.
Male and female rats received intrathecal injections of antisense (120 pg/20 pL) or mismatch

(120 pg/20 pL) ODN against CD44 mRNA, once a day for three consecutive days. On the
fourth day, 24 h after the last intrathecal administration of ODNs, LMWH (1 ug/5 pL) was
injected intradermally, on the dorsum of the hind paw, and mechanical nociceptive threshold
evaluated 5, 10, 15, 20, 25, and 30 min later. An additional group of male and female rats
received intrathecal ODN treatment against CD44 mRNA, LMWH injected intradermally,
and mechanical nociceptive threshold evaluated 1, 2, 4, 8 and 24 h after LMWH.

A. Males. On the fourth day, at which time the mechanical nociceptive threshold was not
significantly different from mismatch controls (t(5)=0.0000; £>0.9999; for antisense ODN
male group and t(s)=1.000; p=0.3632 to mismatch ODN male group, when the mechanical
nociceptive threshold is compared before the 15t and approximately 24 h after the 3'd
intrathecal injection of ODNs; paired Student’s t test), LMWH-induced hyperalgesia was
significantly attenuated 15, 20 and 30 min and 1 h after its injection, in the group of male
rats treated with CD44 antisense ODN, compared to male rats treated with CD44 mismatch
ODN (F(1,10=20.31, *p=0.0373, **p=0.0042, ****p<0.0001 and ***p=0.0002; when the
LMWHe-induced hyperalgesia is compared between CD44 antisense ODN- and mismatch
ODN-treated groups 15, 20, 30 min and 1 h after intradermal LMWH, respectively; two-way
repeated-measures ANOVA followed by Holm-Sidak multiple comparison test). 7=6 per

group.

B. Females: In female rats, at a time at which the mechanical nociceptive threshold was not
significantly different from mismatch controls (t(s)=2.236; p=0.0756; for antisense ODN
female group and t(5)=0.0000; £>0.9999 to mismatch ODN female group; paired Student’s t
test) rats treated with CD44 antisense ODN or mismatch ODN, LMWH-induced
hyperalgesia was significantly attenuated, 10, 15, 20, 30 min and 1, 2 and 4 h later, in the
CD44 antisense ODN treated group (F(1,10)=48.63, *p=0.0210, when the LMWH-induced
hyperalgesia is compared between CD44 antisense ODN- and CD44 mismatch ODN treated
groups 10 and 15 min after intradermal LMWH; **p=0.0047, when the LMWH-induced
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hyperalgesia is compared between CD44 antisense ODN- and CD44 mismatch ODN-treated
groups 20 and 30 min after intradermal LMWH,**** p<0.0001; when the LMWH-induced
hyperalgesia is compared between CD44 antisense ODN- and CD44 mismatch ODN-treated
groups 1, 2 and 4 h after intradermal LMWH; two-way repeated-measures ANOVA followed
by Holm-Sidék multiple comparison test). 7=6 per group.
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Figure 3. Roleof TLR4 in LMWH-induced hyperalgesia.
Male and female rats received intrathecal injections of antisense (120 pg/20 pL) or mismatch

(120 pg/20 pL) ODN for TLR4 mRNA, once a day for three consecutive days. On the fourth
day, 24 h after the last intrathecal administration of ODN, LMWH (1 pg/5 pL) was injected
intradermally, on the dorsum of the hind paw, and mechanical nociceptive threshold
evaluated 5, 10, 15, 20, 25, and 30 min after injection of LMWH. An additional group of
male and female rats received the same intrathecal ODN treatment against TLR4 mRNA and
LMWH intradermally, and mechanical nociceptive threshold evaluated 1, 2, 4, 8 and 24 h
after LMWH.

A. Males. In male rats treated with TLR4 ODN, pre-ODN baseline mechanical nociceptive
threshold was not significantly different from threshold in mismatch controls (t(5)=1.865;
p=0.1212; for antisense ODN male group and t(5=1.000; p=0.3632 to mismatch ODN male
group; paired Student’s t test), hyperalgesia induced by i.d. LMWH was significantly
attenuated at the 15-30 min time points, in male rats treated with TLR4 antisense ODN
(F(1,10=2.103, **p=0.0030, when the LMWH-induced hyperalgesia is compared between
TLR4 antisense ODN- and TLR4 mismatch ODN-treated groups 15 min after intradermal
LMWH; *p=0.0154, when the LMWH-induced hyperalgesia is compared between TLR4
antisense ODN- and TLR4 mismatch ODN-treated groups 20 and 30 min after intradermal
LMWH, respectively; two-way repeated-measures ANOVA followed by Holm-Sidak
multiple comparison test). 7=6 per group.

B. Females: In female rats, treated with antisense ODN for TLR4 mRNA, pre-ODN baseline
mechanical nociceptive threshold was not significantly different from the threshold in
mismatch controls (t(5)=0.8771; p=0.4206; to antisense ODN female group and t(5)=1.234;
p=0.2722 to mismatch ODN female group; paired Student’s t test). In the TLR4 antisense
ODN-treated group, LMWH-induced hyperalgesia was also significantly attenuated 15-25
min later (F(y,10)=48.63, **p=0.0068, when the LMWH-induced hyperalgesia is compared
between TLR4 antisense ODN- and TLR4 mismatch ODN-treated groups 15 min after
intradermal LMWH; *p=0.0135, when the LMWH-induced hyperalgesia is compared
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between TLR4 antisense ODN- and TLR4 mismatch ODN-treated groups 20 after
intradermal LMWH; ***p=0.0003, when the LMWH-induced hyperalgesia is compared
between TLR4 antisense ODN- and TLR4 mismatch ODN-treated group 30 after
intradermal LMWH; **p=0.0070; when the LMWH-induced hyperalgesia is compared
between TLR4 antisense ODN- and TLR4 mismatch ODN-treated groups 1 and 2 h after
intradermal LMWH; ***p=0.0001; when the LMWH-induced hyperalgesia is compared
between TLR4 antisense ODN- and TLR4 mismatch ODN-treated groups 4 h after
intradermal LMWH; two-way repeated-measures ANOVA followed by Holm-Sidak multiple
comparison test). /77=6 per group.
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Figure 4. Role of RHAMM in LMWH-induced hyperalgesia.
Male and female rats received intrathecal injections of antisense (120 pg/20 pL) or mismatch

(120 pg/20 pL) ODN against RHAMM mRNA, once a day for three consecutive days. On
the fourth day, after the last intrathecal administration of ODN, LMWH (1 pg/5 pL) was
injected intradermally, on the dorsum of the hind paw, and mechanical nociceptive threshold
evaluated 5, 10, 15, 20, 25, and 30 min later. An additional group of male and female rats
received the same intrathecal ODN treatment against RHAMM mRNA, LMWH injected
intradermally, and mechanical nociceptive threshold evaluated 1, 2, 4, 8 and 24 h after
LMWH.

A. Males. While pre-ODN baseline mechanical nociceptive threshold was not significantly
different in male rats treated with antisense or mismatch ODN for RHAMM mRNA
(t5)=2.445; p=0.0583; for the antisense ODN male group and t(s)=1.732; p=0.1438 for the
mismatch ODN male group; paired Student’s #test), in male rats treated with RHAMM
antisense ODN, the hyperalgesia induced by intradermal LMWH was significantly
attenuated when measured 20-25 min later (F(y,10)=4.270, **p=0.0042, when the LMWH-
induced hyperalgesia is compared between RHAMM antisense ODN- and RHAMM
mismatch ODN-treated groups 20 min after intradermal LMWH; *p=0.0488, when the
LMWH-induced hyperalgesia is compared between RHAMM antisense ODN- and
RHAMM mismatch ODN-treated groups 30 min after intradermal LMWH, respectively;
two-way repeated-measures ANOVA followed by Holm-Sidék multiple comparison test).
=6 per group.

B. Females: In female rats treated with antisense or mismatch ODN for RHAMM mRNA,
pre-ODN baseline mechanical nociceptive thresholds were not significantly different
(t(5=1.291; p=0.2532; for the antisense ODN female group and t(5=0.5222; p=0.6238 for
the mismatch ODN female group; paired Student’s #test). In groups treated with RHAMM
antisense or mismatch ODN, LMWH-induced hyperalgesia was present at all time points
(F(1,10=0.6706, p=0.4319; two-way repeated-measures ANOVA followed by Holm-Sidéak
multiple comparison test). Our findings support the suggestion that in both male and female
rats LMWH-induced hyperalgesia is dependent on CD44 and TLR4. However, the
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hyperalgesia induced by LMWH is dependent on RHAMM in male rats, but not females.
/=6 paws per group.
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Figure5. Sex differencein LMWH-induced hyperalgesia.
A. Ovariectomy. Groups of female rats underwent ovariectomy, and one group of rats also

received 17p-estradiol replacement, 14 days prior to intrathecal injection of antisense (120
ug/20 pL) or mismatch (120 pg/20 uL) ODN for RHAMM mRNA, once a day for three
consecutive days. On the fourth day, after the last intrathecal administration of ODN,
LMWH (1 pg/5 pL) was injected intradermally, on the dorsum of the hind paw, and
mechanical nociceptive threshold evaluated 5, 10, 15, 20, and 30 min later. The magnitude
of the mechanical hyperalgesia in ovariectomized female rats was attenuated in those treated
with RHAMM antisense ODN, compared to those treated with its mismatch ODN, while
ovariectomized females with 17p-estradiol replacement showed a similar response to the
gonad intact female group. (F(3 20)=17.93, *p=0.0182, when the LMWH-induced
hyperalgesia is compared between RHAMM antisense ODN- and RHAMM mismatch
ODN-, 17pB-estradiol plus RHAMM antisense ODN- and 17p-estradiol plus RHAMM
mismatch ODN-treated groups 15 min after intradermal LMWH; ***p=0.0008, when the
LMWH-induced hyperalgesia is compared between RHAMM antisense ODN- and
RHAMM mismatch ODN-, 17p-estradiol plus RHAMM antisense ODN- and 17p-estradiol
plus RHAMM mismatch ODN-treated groups 20 min after intradermal LMWH;
**p=0.0024, when the LMWH-induced hyperalgesia is compared between RHAMM
antisense ODN- and RHAMM mismatch ODN-, 17p-estradiol plus RHAMM antisense
ODN- and 17p-estradiol plus RHAMM mismatch ODN-treated groups 30 min after
intradermal LMWH; two-way repeated-measures ANOVA followed by Holm-Sidak multiple
comparison test). /7=6 paws per group.

B. GPR30 ODN-treatment. Female rats were treated daily with spinal intrathecal injections
of antisense or mismatch ODN (120 pug/20 ul) to GPR30 and RHAMM mRNA, for 3
consecutive days. On the fourth day, LMWH (1 ug/5 pL) was injected intradermally, on the
dorsum of the hind paw, and the magnitude of mechanical nociceptive threshold, evaluated
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over 30 min. LMWHe-induced hyperalgesia was significantly attenuated in rats that received
antisense to both GPR30 and to RHAMM mRNA (F(3 20)=6.789, **p=0.0094, when the
LMWHe-induced hyperalgesia is compared between GPR30 antisense ODN + RHAMM
antisense ODN- and others-treated groups 20 and 30 min after intradermal LMWH; two-way
repeated-measures ANOVA followed by Holm-Sidak multiple comparison test). Antisense
ODN to GPR30 alone did not affect the magnitude of LMWH-induced hyperalgesia (data
not shown). /=6 paws per group.
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Figure 6. Attenuation of LMWH hyperalgesia by HMWH.
Male and female rats received HMWH (1 pg/5 pL) or vehicle (5 pL) intradermally, on the

dorsum of the hind paw, 10 min after LMWH (1 pg/5 uL) was injected in the same site.
Mechanical nociceptive threshold was evaluated over the 30 min after LMWH
administration.

A. Male: HMWH significantly attenuated LMWH-induced hyperalgesia in males
(F(1,10=33.54, *p=0.0103, when the LMWH-induced hyperalgesia is compared between
HMWH- and vehicle-treated groups 10 min after intradermal LMWH; **p=0.0040, when
the LMWH-induced hyperalgesia is compared between HMWH- and vehicle-treated groups
15 and 30 min after intradermal LMWH; ***p=0.0001, when the LMWH-induced
hyperalgesia is compared between HMWH- and vehicle-treated groups 20 min after
intradermal LMWH; two-way repeated-measures ANOVA followed by Holm-Sidak multiple
comparison test). /7=6 paws per group.

B. Female: HMWH did not significantly attenuate LMWH-induced hyperalgesia in females
(F(1,12)=0.6400, p=0.440, when the LMWH-induced hyperalgesia is compared between
HMWH- and vehicle-treated groups after intradermal LMWH; two-way repeated-measures
ANOVA followed by Holm-Sidak multiple comparison test). /=6 paws per group.
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Figure 7. HMWH attenuatesLMWH hyperalgesia in ovariectomized femaleratsand in female
ratstreated with ODN antisense to GPR30 mRNA.

A. Ovariectomy. Female rats underwent ovariectomy 14 days prior to administration of
HMWH (1 pg/5 uL) or vehicle (5 uL), injected intradermally on the dorsum of the hind paw,
10 min after LMWH (1 pg/5 pL) was injected in the same site. Magnitude of mechanical
hyperalgesia, evaluated over 30 min after intradermal LMWH, in ovariectomized females
was attenuated by HMWH (in contrast to intact females (see Figure 2)) (F(z,10)=33.37,
**=0.0073, when the LMWH-induced hyperalgesia is compared between HMWH- and
vehicle-treated groups 10 min after intradermal LMWH; *p=0.0143, when the LMWH-
induced hyperalgesia is compared between HMWH- and vehicle-treated groups 15 min after
intradermal LMWH; **p=0.0018, when the LMWH-induced hyperalgesia is compared
between HMWH- and vehicle-treated groups 20 min after intradermal LMWH,;
***=0.0003, when the LMWH-induced hyperalgesia is compared between HMWH- and
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vehicle-treated groups 30 min after intradermal LMWH; two-way repeated-measures
ANOVA followed by Holm-Sidak multiple comparison test). 7/=6 paws per group.

B. GPR30 ODN-treated. Female rats were treated daily with spinal intrathecal injections of
antisense or mismatch ODN (120 pg/20 pL) to GPR30 mRNA, for 3 consecutive days. On
the fourth day, HMWH (1 pg/5 uL) was injected intradermally, on the dorsum of the hind
paw, and 10 min later, LMWH (1 pg/5 uL) was injected in the same site. The magnitude of
mechanical hyperalgesia, evaluated over 30 min after intradermal LMWH, was significantly
attenuated in rats treated with antisense, compared to mismatch, GPR30 ODN
(F(z,10=33.59, **p=0.0071, when the LMWH-induced hyperalgesia is compared between
GPR30 antisense ODN- and GPR30 mismatch ODN treated groups 10 and 30 min after
intradermal LMWH; *p=0.0142, when the LMWH-induced hyperalgesia is compared
between GPR30 antisense ODN and GPR30 mismatch ODN treated groups 15 min after
intradermal LMWH; ***#p<0.0001, when the LMWH-induced hyperalgesia is compared
between GPR30 antisense ODN- and GPR30 mismatch ODN-treated groups 20 min after
intradermal LMWH; two-way repeated-measures ANOVA followed by Holm-Sidak multiple
comparison test). /7=6 paws per group.

C. Ovariectomy plus 178-estradiol. A group of female rats that underwent ovariectomy
received 17p-estradiol replacement, 14 days prior to administration of HMWH (1 pg/5 pL)
or vehicle (5 pL), injected intradermally on the dorsum of the hind paw, 10 min after
LMWH (1 pg/5 pL) was injected in the same site. The magnitude of mechanical
hyperalgesia was evaluated over 30 min after intradermal LMWH. Ovariectomized females
with 17B-estradiol replacement show similar response to gonad intact female group, HMWH
did not attenuate LMWH hyperalgesia (F(z, 10y=1.471, p=0.2531; two-way repeated-
measures ANOVA followed by Holm-Sidak multiple comparison test). /=6 paws per group.
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