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INTRODUCTION

Intra-articular injection of high molecule weight hyaluronan (HMWH), used extensively in
the treatment of patients with osteoarthritis [3; 33; 41; 54; 94], thought to attenuate pain by
its viscoelastic/cushioning properties [35], has also been shown to have anti-inflammatory
and immunosuppressant effects [36; 49; 57; 68; 100]. HMWH binds to and signals via
plasma membrane receptors, best characterized for cluster of differentiation 44 (CD44),
considered to be the cognate hyaluronan receptor [93; 97; 98], which is present on
nociceptors [9; 43; 85]. We have previously demonstrated that attenuation of nociceptor
CD44 expression on, by intrathecal administration of an oligodeoxynucleotide antisense to
CD44 mRNA, or inhibition by intradermal administration of a CD44 receptor antagonist,
decreases HMWH-induced anti-hyperalgesia [13; 43].

Neuropathic pain is a well-described side effect of several forms of cancer chemotherapy
[102], chemotherapy-induced peripheral neuropathy (CIPN), for which there are currently
few therapeutic options. The prevalence of CIPN is chemotherapy agent-dependent, being
particularly high for platinum-based chemotherapy (70%-100%) [10; 64; 102]. Oxaliplatin,
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a third-generation platinum-based chemotherapy drug used to treat solid tumors [56],
produces neuropathic pain in approximately 90% of patients [20]. And, paclitaxel, a first-
line taxane chemotherapy widely used for the treatment of ovarian, breast, lung, cervical,
pancreatic, and other solid tumors [17; 27; 32; 77; 88; 99] also induces cytotoxicity, by
promoting stabilization of tubulin polymers, resulting in microtubule dysfunction [8; 24; 25;
79] producing neuropathic pain [39; 47; 78; 83] that can persist for months after completion
of chemotherapy [59].

The response to hyaluronic acid (HA), mediated by CD44, has been shown to be related

to its molecular weight [61; 62; 70; 80; 91; 95] with LMWH producing hyperalgesia while
HMWH produces anti-hyperalgesia [14; 43]. We previously demonstrated that HMWH
markedly attenuates mechanical hyperalgesia induced by LMWH [43], and chemotherapy-
induced neuropathic pain (CIPN) produced by paclitaxel [45]. And, we have recently shown
that blocking signaling pathways downstream of CD44, including PI13K, attenuates HMWH-
induced anti-hyperalgesia in preclinical models of inflammatory pain [13; 43]. Elucidating
the mechanism by which HMWH attenuates nociceptor sensitization could help identify
novel therapeutic targets.

In the present experiments we focus on signaling pathways downstream of CD44 in
HMWH-induced anti-hyperalgesia, in preclinical models of oxaliplatin- and paclitaxel-
induced painful peripheral neuropathy, to evaluate the second messengers mediating HMWH
induced anti-hyperalgesia.

METHODS

Animals

Experiments were performed on 220-400 g female and male Sprague-Dawley rats (Charles
River Laboratories, Hollister, CA, USA). Animals were housed three per cage, under a
12-hour 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 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.

Measuring nociceptive threshold

Mechanical nociceptive threshold was quantified using an Ugo Basile Analgesymeter
(Stoelting, Wood Dale, IL, USA), to perform the Randall-Selitto paw-withdrawal test [76;
89; 90]. This device applies a linearly increasing mechanical force to the dorsum of the rat's
hindpaw. Rats were placed in cylindrical acrylic restrainers with lateral ports to allow access
to the hind paw, as described previously [6], to acclimatize them to the testing procedure.

Mechanical nociceptive threshold is defined as the force in grams at which a rat withdraws
its paw. Baseline threshold is defined as the mean of three readings taken before injection
of test agents. To minimize experimenter bias, individuals conducting the behavioral
experiments were blinded to experimental treatments; each experiment was performed on
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a different group of rats. Data are presented as mechanical nociceptive threshold in grams

(9).

The following drugs were used in this study: high molecular weight hyaluronan (HMWH)
[hyaluronic acid sodium salt from Streptococcus pyogenes], and AS605240 (a PI3K~y
inhibitor) from Tocris (Minneapolis, MN, USA), and U73122 (a phospholipase C inhibitor),
Y27632 (a ROK inhibitor) and the cancer chemotherapeutic agents paclitaxel and oxaliplatin
from Sigma-Aldrich (St. Louis, MO).

Aliquots of HMWH, dissolved in distilled water to a concentration of 1 pug/uL, were further
diluted in saline to the concentration used in each experiment. Stock solutions containing 1
po/uL of AS605240, U73122 and Y27632 were made in 100% dimethyl sulfoxide (DMSO),
and further diluted in 0.9% NaCl containing 1% DMSO to their final concentration.

Oxaliplatin and paclitaxel chemotherapy induced neuropathy: Oxaliplatin was freshly
dissolved in normal saline at a concentration of 2 mg/mL just prior to intravenous (i.v.)
administration (1 mL/kg), via a tail vein, in rats briefly anesthetized with isoflurane (2.5% in
0,). Paclitaxel was dissolved in absolute ethanol and polyethoxylated castor oil (Cremophor
EL; 1:1; Sigma-Aldrich) [1; 5; 26; 31] and diluted in saline, to a concentration of 1

mg/mL, just prior to intraperitoneal (i.p.) injection [24; 53]. Paclitaxel (1 mg/kg, i.p.) was
administered, every other day for a total of 4 doses, in rats anesthetized with isoflurane
(2.5% in Oy).

Drugs were administered intradermally, in a volume of 5 L (when injected alone) or 3

pL each (when two or more drugs were injected), on the dorsum of the hind paw, using a
30-gauge hypodermic needle attached to a 50 uL Hamilton syringe by a segment of PE-10
polyethylene tubing (Becton Dickinson - Franklin Lakes, NJ, USA). The administration of
AS605240 was preceded by a hypotonic shock (1 pL of distilled water, separated by an

air bubble, to avoid mixing in the segment of PE-10 tubing), to transiently enhance cell
permeability, to get these reagents inside the nerve terminal [16; 22].

Oligodeoxynucleotide (ODN) antisense.

The role of PI3Ky, CD44 and GPR30 was assessed by intrathecal treatement with ODN
antisense against a unique region of the rat mMRNA sequence.
Antisense (AS) ODN sequence:

. PI3Ky ODN antisense: 5’-AAA AGT TGC AGT CCA GGA GTT-3’ (GenBank
accession number NM_133399.3)

. 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 sequences corresponding to the antisense sequence with some bases
mismatched (denoted by bold letters), had no sequence homology in the rat gene database.

Mismatch (MM) ODN sequences:
. P13Ky ODN mismatch: 5’-AAA CGT AGC ATT CCT CGA GAT-3’
. CD44 ODN mismatch: 5’-CCC CCG CGA CCC TTT TC-3’
. GPR30 ODN mismatch 5-AGG TCC AGA AAG ATG CCA AG-3’

These ODN antisense sequences, synthesized by Life Technologies (Carlsbad, CA, USA),
have previously been shown to produce a decrease in PI3K+y [37], CD44 [13] and GPR30
[4] protein in rat DRG. Before use, ODNSs are reconstituted in nuclease-free 0.9% NaCl
and then administered intrathecally. As described previously [2], rats were anesthetized
with isoflurane (2.5% in O5) and 120 pg of ODN, in a volume of 20 uL, injected
intrathecally (i.t.) using a syringe (300 units/uL) attached to a 29-gauge hypodermic needle,
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 [65]. Animals regained
consciousness approximately 2 minutes after i.t. injections. The use of antisense ODN
administered intrathecally, to attenuate the expression of proteins essential for their role in
nociceptor sensitization, is well supported by previous studies by others [69; 75; 82; 86; 87],
as well as our group [6; 7; 11; 43-45; 71].

Gonadectomy

Ovariectomy was performed on female rats at 3 weeks of age (i.e., prepubertal), and

animals were used for behavioral experiments 3 weeks later (i.e., as adults) [50]. 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. injected at the incision site) for
pain control. Briefly, ovaries were accessed by means of bilateral cutaneous and peritoneal
incisions. Once located, 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).

Statistical analysis

We used 90 male and 36 female rats. In each rat only one hind paw was used. In

behavioral experiments, data are presented as mechanical nociceptive threshold. The
behavioral experiments were performed with the experimenter blinded to experimental
group. Repeated-measures one-way ANOVA followed by Bonferroni’s post hoc multiple
comparisons test or Student's £test was used to analyze data. Prism 8.0 (GraphPad Software)
was used for the graphics and to perform statistical analyses; P<0.05was considered
statistically significant. Data are presented as mean + SEM.
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RESULTS
HMWH-induces anti-hyperalgesia in male rats with CIPN

We have previously shown that HMWH induces anti-hypealgesia in models of inflammatory
pain [43] and CIPN [45]. Here we evaluate HMWH anti-hyperalgesia in male and female
rats (FIG. 1) with paclitaxel and oxaliplatin CIPN. For oxaliplatin CIPN, male (FIG. 1A)
and female (FIG. 1B) rats received an intravenous injection of oxaliplatin (1 mL/kg; i.v.).
Seven days later, they received HMWH (1 ug) or vehicle, injected intradermally (i.d.) on the
dorsum of the hind paw, at the site of nociceptive testing. In male rats with oxaliplatin CIPN,
but not females, HMWH induces anti-hyperalgesia. Separate groups of male (FIG. 1C) and
female (FIG. 1D) rats were treated with paclitaxel, every other day for 4 days. Seven days
after the first dose of paclitaxel, rats received HMWH (1 ug, i.d.) or vehicle (i.d.). The
anti-hyperalgesia induced by administration of HMWH in paclitaxel-induced CIPN was only
observed in male rats.

To evaluate the role of sex hormones in sexual dimorphism in the inhibition of CIPN
hyperalgesia by HMWH, the experiment was repeated in a group of female rats
ovariectomized 2 weeks prior, and then treated with oxaliplatin (FIG. 2A) or paclitaxel
(FIG. 2B). In ovariectomized female rats HMWH now induced anti-hyperalgesia, of similar
magnitude to the response observed in gonad intact male rats. To further explore the role of
sex hormones in the sexually dimorphic effect of HMWH in rats treated with oxaliplatin
(FIG. 2C) and paclitaxel (FIG. 2D) CIPN, female rats were treated intrathecally with

ODN antisense to GPR30 mRNA for 3 consecutive days. Female rats that received GPR30
antisense also demonstrated HMWH-induced anti-hyperalgesia.

CD44 antisense attenuates HMWH-induced anti-hyperalgesia

We have previously shown that HMWH-induced anti-hyperalgesia in models of
inflammatory pain is CD44 dependent [12-14; 43; 45]. In the present experiments we tested
whether HMWH-induced anti-hyperalgesia is CD44-dependent in CIPN. Male rats received
a single intravenous injection of oxaliplatin (FIG. 3A) or an intraperitoneal injection of
paclitaxel every other day for 4 doses (FIG. 3B). Four days after oxaliplatin or after the first
paclitaxel injection, rats received intrathecal 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, HMWH (1 pg, i.d.) was injected intradermally, on the dorsum of the
hind paw. HMWH induces anti-hyperalgesia in both oxaliplatin- and paclitaxel-treated male
rats that is attenuated by CD44 antisense (FIG. 3A and 3B).

Second messengers mediating HMWH-induced anti-hyperalgesia

We have previously demonstrated involvement of second messengers downstream of CD44
by which HWMH signals to inhibit PGE, hyperalgesia, involving ROK, PLC and PI3Ky
[13; 15]. To test the hypothesis that HMWH also signals through this pathway to induce
anti-hyperalgesia for CIPN, we first treated male rats with oxaliplatin or paclitaxel CIPN
with a ROK inhibitor (Y27632, 1 ug, i.d.) and then, 10 min later HMWH (1 pg, i.d.), at the
same site on the dorsum of the hind paw. Rats treated with the ROK inhibitor demonstrated
attenuation of HMWH-induced anti-hyperalgesia (FIG. 4).
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RhoA activates ROK which, in turn, phosphorylates PLCe and PLC-y1 [18]. To determine
if PLC is also involved in HMWH-induced anti-hyperalgesia for CIPN, we treated groups
of male rats with oxaliplatin and paclitaxel, and then a PLC inhibitor (U73122, 1 ug, i.d.),
followed 10 min later by HMWH, at the same site. In both the oxaliplatin and paclitaxel
CIPN rats treated with the PLC inhibitor, HMWH-induced anti-hyperalgesia was attenuated
(FIG. 5).

Finally, to determine if HMWH anti-hyperalgesia for CIPN is PI3Ky dependent, groups of
rats treated with oxaliplatin or paclitaxel received intrathecal injection of ODN antisense or
mismatch to PI3BKy mRNA, for 3 consecutive days. On the fourth day, approximately 24

h after the last administration of ODN, HMWH was injected intradermally, on the dorsum
of the hind paw. Attenuation of HMWH-induced anti-hyperalgesia was observed in both
oxaliplatin- and paclitaxel-treated rats that received ODN antisense to PI3Ky mRNA (FIG.
6A and 6B). Additional groups of male rats treated with oxaliplatin or paclitaxel received
an intradermal injection of a PI3K-y inhibitor (AS605240, 3 ug, i.d.), and then 10 min later
HMWH was injected at the same site on the dorsum of the hindpaw. Rats receiving the
PI13K-y inhibitor also showed attenuation of HMWH-induced anti-hyperalgesia, of similar
magnitude to that produced by PI3K+y antisense (FIG. 7A and 7B).

DISCUSSION

CIPN occurs in over 38% [66; 73] of the 16.9 million cancer survivors in the United

States [67], bringing an urgency to understanding its mechanisms and developing effective
treatments. We have previously demonstrated that HMWH attenuates hyperalgesia induced
by PGE,, in female and male rats. This anti-hyperalgesia is dependent on the action of
HMWH at CD44, the cognate hyaluronan receptor. In contrast, a contribution of toll-like
receptor 4 (TLR4) to HMWHe-induced anti-hyperalgesia was only observed in male rats
[12]. And while we previously found that HMWH attenuates CIPN [45], currently little is
known about underlying mechanisms.

To elucidate the mechanism underlying HMWH-induced anti-hyperalgesia in CIPN, we
first evaluated the effect of HMWH in rats treated with oxaliplatin and paclitaxel, which
are thought to induce CIPN by different mechanisms [21; 34; 46; 92]. Intradermal
administration of HMWH attenuated oxaliplatin and paclitaxel CIPN in male rats, but

not in females. We next evaluated the role of sex hormones in the failure of HMWH

to induce anti-hyperalgesia for CIPN in females. In ovariectomized female rats and rats
treated with antisense ODN against GPR30, a G-protein coupled estrogen receptor [48]
found in DRG neurons [42], HMWH now attenuates paclitaxel and oxaliplatin CIPN. Of
note, since many female oncology patients are post-menopausal, with low estrogen levels,
treatment with HMWH may be effective in these patients. Deletion of estrogen receptor a
(ERa), but not ER, blocks a rapid modulation of P2X receptor in small-diameter DRG
neurons by estrogen [28], and deletion of ERa in TRPV1* nociceptors abolishes pain in
females [63], demonstrating a role of ERa in primary afferent neurons. Whether ERa and/or
ERB signaling also contributes to sex hormone regulation of HMWH effects in nociceptors
remains to be examined.
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We have previously demonstrated that intrathecal administration of TLR4 antisense
attenuates HMWH-induced anti PGE,-hyperalgesia, in male but no in female rats [12].
Spinal TLR4 mediates inflammatory and neuropathic hyperalgesia in male, but not in female
mice, and while expression levels of TLR4 are not different in male and female mice,
testosterone induces a switch to TLR4-dependence in female mice [84]. Since estrogen can
act at GPR30 to reduce TLR4 mRNA and protein [104], these observations support the
suggestion that the response of CIPN to HMWH in female rats may be, at least in part,
TLR4-dependent, an effect that is suppressed by female sex hormones.

Treatment with CD44 antisense attenuates HMWH-induced anti-hyperalgesia in rats with
both oxaliplatin and paclitaxel CIPN, supporting the suggestion that HMWH acts at CD44,
the cognate HMWH receptor, which is present on nociceptors [9; 43; 85], to produce
anti-hyperalgesia [12; 13; 45]. Importantly, since HMWH does not change mechanical
nociceptive threshold in naive control rats, it is acting specifically to reverse nociceptor
sensitization [13; 15]. CD44 signals via RhoA and Racl [18], and HMWH-induced anti-
PGE; hyperalgesia is RhoA and Racl dependent [13]. RhoA and Racl can, in turn,
phosphorylate PLCe and PLC+y1 [18], to activate PI3K [18]. Different PI3K isoforms

can execute distinct, and sometimes opposing functions [96]; and multiple PI13K isoforms
are present in DRG neurons [29; 60]. We have previously demonstrated that HMWH-
induced anti-hyperalgesia is reversed by inhibition of the gamma isoform of PI3K, PI3K<y
[15]. PI3Ky is expressed in small- and medium-diameter sensory neurons, which are
predominantly C- and As-fibers [37; 58; 60; 74] and it has been suggested that PI3K~y

is involved in the peripheral action of opioids on nociceptors, to induce peripheral
antinociception [37; 38]. In the current study, we evaluated the role of PI3Ky in HMWH-
induced anti-hyperalgesia in rats with CIPN. We found that intrathecal administration of
ODN antisense to PI3K+y and intradermal administration of a PI3K+y selective inhibitor
(AS605240), administered adjacent to the nociceptor peripheral terminal, both markedly
attenuate HMWH-induced anti-hyperalgesia. The anti-hyperalgesia effect of HMWH is
mediated by its action at CD44 receptors and downstream signaling via PI3Ky in
nociceptors [12; 13; 23; 40; 45]; while signaling pathways in nociceptors activated by
hyaluronan had not been evaluated, in other cell types (e.g. fibroblasts, chondrocytes, tumor
cell lines, immune cells) hyaluronan is well-established to signal via RhoA, PLC and PI3K~y
[19; 55; 81; 103]. Thus, PI3K<y in nociceptors produces pro- and anti-hyperalgesic effects
[15; 52]. whether this is due the subcellular compartmentalization or presence of PI3Ky in
different nociceptor populations remains to be elucidated.

HMWH has been shown to reduce the excitability of the transient receptor potential
vanilloid subtype 1 (TRPV1) ion channel, by stabilizing its closed state [23; 40]. PI3K
might also induce heat hyperalgesia by ERK dependent regulation of TRPV1 activity [106],
and capsaicin responses were greatly reduced in neurons from p85a. (regulatory subunit of
PI13K) null mice, suggesting that PI3K and MAPK but not the PLC, pathways underlie the
acute sensitization of TRPV1 [105]. While recent studies have also increased our knowledge
of how HMWH signals via other plasma membrane receptors such as the receptor for
HA-mediated motility (RHAMM), and toll-like receptor 4 (TLR4) [12; 13; 45; 93; 97; 98]
the contribution of these receptors to the sexually dimorphic effect of MHWH remains

to be explored. In the central and peripheral nervous system, PI13K signaling can mediate
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mechanical and thermal hyperalgesia induced by nerve injury, incision, or inflammation [30;
74; 101]. The specific isoform involved is unknown, as only a non-selective PI3K inhibitor
was used to attenuate mechanical allodynia [51; 72]. Our results, showing an attenuation in
HMWH-induced anti-hyperalgesia by inhibiting PI3K~y signaling, is in agreement with the
prior demonstration that PI3K-y, in sensory neurons, can mediate p-opioid receptor agonist-
induced anti-hyperalgesia [37; 38; 58]. While the intradermal injection of the selective
PI13K-y inhibitor at the peripheral terminal of the nociceptor did not alone affect CIPN,

ODN antisense for PI3K+y, which impacts PI3Ky at the central as well as the peripheral
terminal of the nociceptor, affected mechanical nociceptive threshold in CIPN and decreased
HMWH-induced anti-hyperalgesia.

In the present study we demonstrate sexual dimorphism in HMWH-induced anti-
hyperalgesia in rats with CIPN induced by two neurotoxic chemotherapeutic drugs that

are thought to induce CIPN by different mechanisms, with a sex hormone-dependent lack of
HMWH-induced anti-hyperalgesia in female rats. In rats with CIPN HMWH acts at CD44
on the nociceptor plasma membrane to induce anti-hyperalgesia, mediated by a RhoA, PLC
and PI13K+y (FIG. 8), opening a novel line of research into molecular targets for the treatment
of chronic neuropathic pain produced by chemotherapy agents.
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Figure 1. HMWH induces anti-hyperalgesia in male rats with oxaliplatin- and paclitaxel-induced
CIPN

A. Male rats received oxaliplatin (2 mg/kg, i.v.) on day 0. On day 7 after oxaliplatin
administration, HMWH was injected (1 pg/ 5 pL, i.d.) on the dorsum of the hind paw at

the site of nociceptive threshold testing. Mechanical nociceptive threshold was evaluated
before oxaliplatin and 30 min, and 7 days after its administration, and 30 min after HMWH.
Oxaliplatin decreases mechanical nociceptive threshold (i.e., produces hyperalgesia) in
male rats. Intradermal administration of HMWH attenuates the hyperalgesia induced by
oxaliplatin, in male rats (F3 30)= 18.37, ****p<0.0001, when CIPN, HMWH was compared
to CIPN, vehicle-treated group; two-way ANOVA followed by Bonferroni’s post hoc
comparisons test).

B. Male 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, HMWH (1

ug/ 5 L) was injected intradermally (i.d.) on the dorsum of one hind paw. Mechanical
nociceptive threshold was evaluated before the 15t paclitaxel injection and 1, 3, 5 and 7

days after, and then 30 min after HMWH. Paclitaxel decreases mechanical nociceptive
threshold (i.e., produces hyperalgesia) in male rats. Intradermal administration of HMWH
attenuates the hyperalgesia induced by paclitaxel (Fs 50)= 8.60, ****p<0.0001, when CIPN,
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HMWH-treated group was compared to the CIPN, vehicle-treated group; two-way ANOVA
followed by Bonferroni’s post hoc comparisons test).

C. Female rats received oxaliplatin (2 mg/kg, i.v.) on day 0. On day 7 after oxaliplatin
administration, HMWH was injected (1 pg/ 5 pL, i.d.) on the dorsum of the hind paw, at the
site of nociceptive threshold testing. Mechanical nociceptive threshold was evaluated before
oxaliplatin and 30 min, and 7 days after its administration, and then 30 min after HMWH.
Oxaliplatin decreases mechanical nociceptive threshold (i.e., produces hyperalgesia) in
male rats. Intradermal administration of HMWH attenuates the hyperalgesia induced by
oxaliplatin, in male rats. In female rats, oxaliplatin also decreases mechanical nociceptive
threshold. However, in females HMWH does not attenuate oxaliplatin-induced hyperalgesia
(F3,30)= 0.06, p=0.98, when CIPN treated with HMWH was compared to the CIPN vehicle-
treated group; two-way ANOVA followed by Bonferroni’s post hoc comparisons test). n=6
per group.

D. 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, HMWH
(1 pg/ 5 pL) was injected intradermally (i.d.) on the dorsum of one hind paw. Mechanical
nociceptive threshold was evaluated before the 15t paclitaxel injection and 1, 3, 5 and 7
days after, and then 30 min after HMWH. Administration of paclitaxel decreases mechanical
nociceptive threshold in female rats. However, HMWH does not attenuate the hyperalgesia
induced by paclitaxel in females (F s 50y= 0.80, p=0.56, when CIPN, HMWH-treated group
was compared to CIPN, vehicle-treated group; two-way ANOVA followed by Bonferroni’s
post hoc comparisons test). Results in all figures are presented as mechanical nociceptive
threshold in grams. n=6 per group.
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Figure 2. HMWH-induced anti-hyperalgesia in females is sex hormone dependent
A. Female rats underwent ovariectomy 14 days prior to receiving oxaliplatin (2 mg/kg,

i.v.), onday 0. On day 7, HMWH (1 pg/ 5 L, i.d.) was injected on the dorsum of the

hind paw. Mechanical nociceptive threshold was evaluated before oxaliplatin and 30 min,
and 7 days after, and again 30 min after HMWH. Intradermal administration of HMWH
attenuates the hyperalgesia induced by oxaliplatin in ovariectomized female rats (F(3 30)=
17.04, ****p<0.0001, when CIPN treated with HMWH was compared to the CIPN vehicle-
treated group; two-way ANOVA followed by Bonferroni’s post hoc comparisons test). n=6
per group.

B. Another group of female rats underwent ovariectomy 14 days prior to receiving paclitaxel
(1 mg/kg, i.p.), every other day for a total of 4 doses (days 0, 2, 4 and 6). Seven days

later, rats were treated with HMWH (1 pg/ 5 L, i.d.) on the dorsum of the hind paw.
Mechanical nociceptive threshold was evaluated before paclitaxel, and on days 1, 3, 5 and

7 after, and then 30 min after HMWH. Intradermal administration of HMWH attenuates

the hyperalgesia induced by paclitaxel in ovariectomized rats (Fs 50)= 9.61, ****p<0.0001,
when CIPN treated with HMWH was compared to the CIPN vehicle-treated group; two-way
ANOVA followed by Bonferroni’s post Aoc comparisons test). n= 6 per group.
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C. Female rats received oxaliplatin (2 mg/kg, i.v.) on day 0. Four days later, they were
treated with an oligodeoxynucleotide (ODN) antisense or mismatch (120 pg/ 20 pL, i.t.)

for GPR30 mRNA, daily for 3 consecutive days. On day 7, approximately 24 h after the
last dose of ODN, HMWH (1 pg/ 5 pL, i.d.) was injected on the dorsum of the hind paw.
Mechanical nociceptive threshold was evaluated before oxaliplatin and 30 min, 4 and 7
days after its administration, and then 30 min after HMWH. Oxaliplatin similarly decreases
mechanical nociceptive threshold in both GPR30 antisense- and mismatch-treated rats.
Intradermal administration of HMWH attenuates the hyperalgesia induced by oxaliplatin

in the GPR30 antisense-treated group (F(4,40)= 15.99, ****p<0.0001, when CIPN treated
with HMWH was compared to the CIPN vehicle-treated group; two-way ANOVA followed
by Bonferroni’s post hoc comparisons test). n= 6 per group.

D. Female rats received paclitaxel, administered intraperitoneally (1 mg/kg, i.p.) every other
day for a total of 4 doses (days 0, 2, 4 and 6). Four days after the 15t paclitaxel injection,
rats were treated with antisense or mismatch ODN antisense for GPR30 mRNA (120 pg/ 20
uL, i.t.), daily for 3 consecutive days. On day 7, approximately 24 h after the last ODN dose
and the last dose of paclitaxel, HMWH (1 pg/ 5 pL, i.d.) was injected on the dorsum of the
hind paw. Mechanical nociceptive threshold was evaluated before paclitaxel, and on day 1,
3, 5 and 7 after its administration, and then 30 min after HMWH. In both GPR30 antisense-
and mismatch-treated groups, paclitaxel decreases mechanical nociceptive threshold. In the
group treated with ODN antisense to GPR30 mRNA, intradermal administration of HMWH
attenuates the hyperalgesia induced by paclitaxel (F(s s0)= 8.75, ****p<0.0001, when CIPN
treated with HMWH was compared to the CIPN vehicle-treated group; two-way ANOVA
followed by Bonferroni’s post hoc comparisons test). n= 6 per group.
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Figure 3. HMWH-induced anti-hyperalgesia is attenuated by ODN antisense to CD44 mRNA
A. Male rats received oxaliplatin (2 mg/kg, i.v.) or saline (i.v.) on day 0. Four days

later, they were treated with an ODN antisense or mismatch for CD44 mRNA (120 pg/

20 pL, i.t.), daily for 3 days. On day 7, approximately 24 h after the last intrathecal
administration of ODN, HMWH was injected (1 pg/ 5 uL, i.d.). Mechanical nociceptive
threshold was evaluated on day 0, and on day 4 and 7 after administration of oxaliplatin,
and then 30 min after HMWH. Results are presented as mechanical nociceptive threshold in
grams. Oxaliplatin decreased mechanical nociceptive threshold (i.e., produced hyperalgesia),
measured 4 days after intravenous injection (F7 35)= 97.99, ****p<0.0001; two-way
ANOVA followed by Bonferroni’s post hoc comparisons test), in both CD44 antisense-

and mismatch-treated groups. HMWH attenuates the hyperalgesia induced by oxaliplatin
(F(7,35)= 97.99, ****p<0.0001; two-way ANOVA followed by Bonferroni’s post hoc
comparisons test) only in the CD44 mismatch-treated group. n= 6 per group.

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

(days 0, 2, 4 and 6). Four days after the 15t paclitaxel injection, rats were treated with

an oligodeoxynucleotide (ODN) antisense or mismatch (120 pg/ 20 pL, i.t.) for CD44
MRNA, daily for 3 consecutive days. On day 7, approximately 24 h after the last dose

of ODN, and the last intraperitoneal injection of paclitaxel, HMWH was injected (1 pg/

5 uL, i.d.). Mechanical nociceptive threshold was evaluated on day 0, and 4 and 7 days
after oxaliplatin, and then 30 min after HMWH. Paclitaxel decreased mechanical nociceptive
threshold (i.e., produced hyperalgesia), measured 4 days (F7 35)= 52.53, ****p<0.0001;
two-way ANOVA followed by Bonferroni’s post hoc comparisons test) after its first dose,
in both CD44 antisense- and mismatch-treated groups. HMWH attenuates the hyperalgesia
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induced by paclitaxel in the CD44 mismatch-treated group (F(7,35)= 52.53, *p=0.0107;
two-way ANOVA followed by Bonferroni’s post hoc comparisons test). n= 6 per group.
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Figure 4. HMWH anti-hyperalgesia is attenuated by a RhoA inhibitor
A. Male rats received oxaliplatin (2 mg/kg, i.v.) or saline (i.v.) on day 0. On day 7, a

ROK inhibitor (a component of RhoA signaling pathway) (Y27632, 1 ug/ 5 uL, i.d.) or
vehicle (5 pL, i.d.) was injected. Ten minutes later, rats received an injection of HMWH (1
ug/5 pL, i.d.) or vehicle (5 pL, i.d.) and mechanical nociceptive threshold was evaluated

on day 0 and 7 days after administration of oxaliplatin, and then again 30 min after
intradermal HMWH or vehicle. Results are presented as mechanical nociceptive threshold,
in grams. Oxaliplatin decreased mechanical nociceptive threshold measured 7 days after its
administration (Fg 40)= 106.85, ****p<0.0001; two-way ANOVA followed by Bonferroni’s
post hoc comparisons test). Anti-hyperalgesia induced by HMWH was attenuated by the
ROK inhibitor (Fg 40)= 106.85, ****p<0.0001; two-way ANOVA followed by Bonferroni’s
post hoc comparisons test). n= 6 per group.

B. Paclitaxel was administered intraperitoneally (1 mg/kg, i.p.), in male rats, 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, a RhoA inhibitor (Y27632, 1 pg/ 5 pL, i.d.) or vehicle (5 pL,

i.d.) was injected. Ten minutes later, rats received an injection of HMWH (1 pg/5 pL,

i.d.) or vehicle (5 pL, i.d.) and mechanical nociceptive threshold evaluated on days 0

and 7 after the 15t paclitaxel injection, and then again 30 min after HMWH or vehicle.
Paclitaxel decreases mechanical nociceptive threshold on day 7 after its first dose (F g 40)=
118.45, ****p<0.0001; two-way ANOVA followed by Bonferroni’s post hoc comparisons
test). Intradermal administration of RhoA the inhibitor attenuates HMWH-induced anti-
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hyperalgesia (F(g 40)= 118.45, ****p=0.0010; two-way ANOVA followed by Bonferroni’s
post hoc comparisons test). n= 6 per group.
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Figure 5. HMWH anti-hyperalgesia is attenuated by a PLC inhibitor
A. Male rats received oxaliplatin (2 mg/kg, i.v.) or saline (i.v.) on day 0. On day 8, a PLC

inhibitor (U73122, 1 ug/ 5 yL, i.d.) or vehicle (5 uL, i.d.) was injected. Ten minutes later,
rats received an injection of HMWH (1 pg/5 pL, i.d.) or vehicle (5 L, i.d.) and mechanical
nociceptive threshold evaluated on day 0, and 7 days after oxaliplatin, and then again

30 min after HMWH or vehicle. Oxaliplatin decreased mechanical nociceptive threshold
after administration on day 7 (F (g 40)= 104.79, ****p<0.0001; two-way ANOVA followed
by Bonferroni’s post hoc comparisons test). Anti-hyperalgesia induced by HMWH was
attenuated by the PLC inhibitor (Fg 40)= 104.79, ****p<0.0001; two-way ANOVA followed
by Bonferroni’s post hoc comparisons test). n= 6 per group.

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

of 4 doses (on days 0, 2, 4 and 6). On day 7, approximately 24 h after the last dose of
paclitaxel, a PLC inhibitor (U73122, 1 pg/ 5 pL, i.d.) or vehicle (5 pL, i.d.) was injected.
Ten minutes later, rats received an injection of HMWH (1 pg/5 pL, i.d.) or vehicle (5

uL, i.d.). Mechanical nociceptive threshold was evaluated on day 0 and on day 7 after

the 15t dose of paclitaxel, and then again 30 min after HMWH or vehicle. Paclitaxel

induced mechanical hyperalgesia on day 7 (F(g 40)= 84.20, ****p<0.0001; two-way ANOVA
followed by Bonferroni’s post hoc comparisons test). Intradermal administration of the PLC
inhibitor also attenuated HMWH-induced anti-hyperalgesia (Fg 40)= 84.20, **p=0.0028;
two-way ANOVA followed by Bonferroni’s post Aoc comparisons test). n= 6 per group.
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Figure 6. HMWH anti-hyperalgesia is attenuated by ODN antisense to PI3Ky mRNA

A. Male rats received oxaliplatin (2 mg/kg, i.v.) or saline (i.v.) on day 0. Four days later
they were treated with an oligodeoxynucleotide (ODN) antisense or mismatch (120 pg/ 20
uL, i.t.) for PI3Ky mRNA, daily for 3 consecutive days. On day 7, approximately 24 h
after the last dose of ODN, HMWH (1 ug/ 5 pL, i.d.) was injected. Mechanical nociceptive
threshold was evaluated on days 0, 4 and 7 after administration of oxaliplatin and 30

min after HMWH. Oxaliplatin decreased mechanical nociceptive threshold (i.e., produced
hyperalgesia), observed 4 days after intravenous injection in both PI3K+y antisense- and
mismatch-treated groups (F(7,35)= 103.47, ****p<0.0001; two-way ANOVA followed by
Bonferroni’s post hoc comparisons test). Intradermal administration of HMWH does not
attenuate the hyperalgesia induced by oxaliplatin in PI3K+y antisense-treated rats (F7 35)=
103.47, ****p<0.0001; two-way ANOVA followed by Bonferroni’s post hoc comparisons

test).

n= 6 per group.

B. Male rats received paclitaxel (1 mg/kg, i.p.) every other day for a total of 4 doses
(days 0, 2, 4 and 6). Four days after the 15t dose of paclitaxel, rats were treated with an
oligodeoxynucleotide (ODN) antisense or mismatch (120 pg/ 20 pL, i.t.) against PI3K-y
MRNA, daily for 3 consecutive days. On day 7, approximately 24 h after the last injection
of ODN, and paclitaxel, HMWH (1 pg/ 5 pL, i.d.) was injected. Mechanical nociceptive
threshold was evaluated on day 0 and days 4 and 7 after administration of oxaliplatin,
and again 30 min after HMWH. Paclitaxel decreases mechanical nociceptive threshold
(i.e., produces hyperalgesia), measured on day 4 (F(7,35)= 54.74, ****p<0.0001; two-way
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ANOVA followed by Bonferroni’s post hoc comparisons test), in both PI3K-y antisense- and
mismatch-treated groups. However, HMWH does not attenuate the hyperalgesia induced by
paclitaxel in PI3Ky antisense-treated rats (F(7 35)= 54.74, ****p<0.0001; two-way ANOVA
followed by Bonferroni’s post hoc comparisons test). n= 6 per group.
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Figure 7. HMWH anti-hyperalgesia is attenuated by a PI3K+y inhibitor
A. Male rats received oxaliplatin (2 mg/kg, i.v.) or saline (i.v.) on day 0. On day 7, a

PI3K-y inhibitor (AS605240, 1 pg/ 5 pL, i.d.) or vehicle (5 pL, i.d.) was injected. Ten
minutes later, rats received an injection of HMWH (1 pg/5 uL, i.d.) or vehicle (5 uL, i.d.);
mechanical nociceptive threshold was evaluated on days 0 and 7 after administration of
oxaliplatin, and again 30 min after intradermal HMWH or vehicle. Oxaliplatin decreased
mechanical nociceptive threshold on day 7 (F(g 40)= 61.33, ****p<0.0001; two-way ANOVA
followed by Bonferroni’s post hoc comparisons test). HMWH-induced anti-hyperalgesia
was attenuated in the rats treated with the PI3Kry inhibitor (Fg 40)= 61.33, ****p<0.0001;
two-way ANOVA followed by Bonferroni’s post hoc comparisons test). n=6 per group.
B. Male 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, a PI3Ky
inhibitor (AS605240, 1 ug/ 5 uL, i.d.) or vehicle (5 pL, i.d.) was injected. Ten minutes
later, rats received an injection of HMWH (1 pg/5 pL, i.d.) or vehicle (5 pL, i.d.) and
mechanical nociceptive threshold was evaluated on day 0 and day 7 after the 15t dose of
paclitaxel, and then again 30 min after HMWH or vehicle. The PI3Ky inhibitor attenuates
HMWH anti-hyperalgesia (Fg 40)= 79.37, ****p<0.0001; two-way ANOVA followed by
Bonferroni’s post hoc comparisons test). n= 6 per group.

Pain. Author manuscript; available in PMC 2023 September 01.

o
®
@

12)
o
@
%

=




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Page 27

Oxaliplatin
N\ /+

gonadectomized

Neuronal
sensitization

(P ®
ROK =+ PLCe | @ 7\ CIPN-Hyperalgesia

)

DRG neuron

Figure 8. HMWH-induced anti-hyperalgesia signaling pathway
In male and gonadectomized female rats, oxaliplatin and paclitaxel induces CIPN-

hyperalgesia that is reversed by HMWH, which binds to CD44 to induce its clustering in
cell membrane lipid rafts and initiate signaling in downstream second messenger pathways.
After binding to CD44, HMWH can signal via RhoA and Racl, which in turn, activate
ROK and PKN, respectively, leading to phosphorylation of PLCe and PLCy1, respectively.
Binding of HMWH to CD44 also stimulates RhoA, which activates ROK to phosphorylate
PLCe, increasing serine/threonine phosphorylation of the adaptor protein, Gab-1 and leading
to activation of PI3K-y. Abbreviations: CD44, cluster of differentiation 44 (hyaluronan
receptor); Gab1, scaffold protein; HMWH, high molecular weight hyaluronan; PI13Kvy,
phosphatidylinositol (PI) 3-kinase gamma; PKN, fatty acid-activated serine/threonine
kinase; PLCe, phospholipase C epsilon; PLCy1, phospholipase Cy1; Racl, Rho family

of GTPases; RhoA, Rho family of GTPases; ROK, Rho-associated kinase.
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