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Introduction

Persistent skeletal muscle pain is an extremely common, disabling and costly condition, 

which still lacks safe and effective treatment. Although regular exercise can provide relief 

for chronic muscle pain conditions such as fibromyalgia [8,29,38] and myofascial pain [10], 

unaccustomed exercise may produce intense muscle pain [4,24] (for a review, see [37]). 

Indeed, muscle pain due to exertion is a major cause of limited compliance in exercise 

therapy, leading to a dropout rate of up to 44% in patients with fibromyalgia [8]. Thus, 

unraveling the mechanisms modulating muscle pain after exercise could not only clarify its 

physiological basis but also reveal new targets for the treatment of chronic muscle pain 

syndromes.

Exposure to strenuous eccentric exercise typically produces an intense and persistent 

mechanical hyperalgesia known as delayed onset muscle soreness (DOMS). Subsequent re-

exposure to eccentric exercise, however, produces the so-called repeated bout effect (RBE), 

evidenced as a significant reduction in the intensity and duration of DOMS [23,30,37]. 

While the mechanism underlying the RBE has been elusive, recent studies indicate that 

exercise increases muscle and blood levels of interleukin 10 (IL-10) [9,18], an anti-

inflammatory cytokine with well-established antinociceptive properties [41]. Local IL-10 

acts on a number of different cell populations, including macrophages, neutrophils and 

skeletal muscle fibers, orchestrating muscle growth and regeneration after injury [16]. These 

IL-10 effects depend on its interaction with a heterodimer receptor complex, constituted by 
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the high affinity subunit 1 (IL-10R1, also called subunit alpha) which is necessary for the 

binding of IL-10 [28,53], and the low-affinity IL-10 receptor 2 (IL-10R2, also called subunit 

beta and previously referred to as CRFB4), which is essential for IL-10 induced signal 

transduction events [25,53]. Interestingly, IL-10R1/subunit alpha, is expressed in dorsal root 

ganglia (DRG) [46] and intrathecal administration of recombinant IL-10 or adenoviral 

vectors containing IL-10 cDNA attenuates increased excitability of DRG neurons and 

abnormal nociceptive behavior in diverse neuropathic pain models [26,33,34,46,55]. 

Moreover, local and systemic administration of IL-10 attenuates muscle pain due to exercise 

[9] or to intramuscular injections of acidic saline [27] and inhibits increased muscle 

hyperalgesia due to exercise in IL-10 (−/−) mice [9]. It is however unknown as to whether 

IL-10 also contributes to blunted muscle hyperalgesia observed in RBE. Furthermore, 

whether IL-10 directly acts on muscle nociceptors to produce its antinociceptive effect 

remains to be established. Here we explored the hypothesis that blunted muscle pain to 

eccentric exercise observed in the RBE depends on a local effect of IL-10, acting on its 

receptor expressed by muscle nociceptors.

Materials and Methods

Animals

Adult male Sprague-Dawley (Crl:CD, Charles River, Hollister, CA) rats (n = 71) weighing 

250–400 g were used in these experiments. They were housed in the Laboratory Animal 

Resource Center at UCSF, under environmentally controlled conditions (lights on 7 am to 7 

pm; room temperature 21–23°C) with food and water available ad libitum. Animal care and 

use conformed to NIH guidelines; the University of California San Francisco Institutional 

Animal Care and Use Committee approved all experimental protocols.

Eccentric exercise

The method used to eccentrically exercise the rat hind limb was described in detail 

previously [4]. Briefly, rats were anesthetized with 2.5% isoflurane (Henry Schein Animal 

Health, Dublin, OH) and placed in supine position, on a heating pad (to maintain body 

temperature at 37°C), and the right hind paw affixed to the foot bracket of the exercise 

apparatus (Model RU-72, NEC Medical Systems, Tokyo, Japan) with surgical paper tape 

(Micropore® 3M), such that the angle of both the knee and ankle joints were ~90° (the paw 

30° from vertical). After clipping and disinfecting the skin on the calf, the gastrocnemius 

muscle was stimulated via subcutaneous needle-type electrodes (25 G × 5/8″, Becton, 

Dickinson & Co., Franklin Lakes, NJ), attached to a Model DPS-07 stimulator (Dia Medical 

System Inc, Tokyo, Japan) that delivered trains of rectangular pulses (100 Hz, 700 ms, 3 V) 

every 3 seconds, to give a total of 300 contractions. During each of these stimulus-induced 

contractions of the gastrocnemius muscle, an electromotor system rotated the foot to 

produce extension of the gastrocnemius muscle. In order to study the RBE, rats were 

submitted to 2 different protocols. In the first protocol (RBE5) rats were exposed to 

eccentric exercise or a sham procedure, and 5 days later (i.e., after recovery to baseline) the 

same hind limb was again submitted to the same eccentric exercise procedure. In the second 

protocol (RBE12) rats were exposed to eccentric exercise or a sham procedure and 12 days 

later (one week after baseline recovery) the same hind limb was submitted to the eccentric 
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exercise protocol. The sham (control) procedure consisted in shaving and disinfecting the 

calf area, placing needle electrodes, and keeping the rats in the same anesthesia regimen 

used for eccentric exercise procedure, without electrically stimulating or lengthening the leg.

Measurement of hyperalgesia

Mechanical nociceptive threshold was quantified using a Chatillon® digital force transducer 

(model DFI2, Amtek Inc., Largo, FL). Rats were lightly restrained in a cylindrical acrylic 

restrainer that allows for easy access to the hind limb, and a 6 mm diameter probe attached 

to the force transducer applied to the gastrocnemius muscle, to deliver an increasing 

compression force. The nociceptive threshold was defined as the force, in miliNewtons 

(mN), at which the rat withdrew its hind leg. Baseline withdrawal threshold was defined as 

the mean of 2 readings taken at 5 min intervals. Rats were assigned randomly to each 

experimental group and behavioral readings were taken blind to the treatment.

Intrathecal oligodeoxynucleotide administration

To assess the role of IL-10 in eccentric exercise induced muscle hyperalgesia and RBE, the 

expression of its cognate receptor (IL-10R1/subunit alpha) on muscle nociceptors was 

attenuated by intrathecal (i.t.) injection of antisense (AS) oligodeoxynucleotides (ODN) 

directed against IL-10R1 mRNA. This approach has been shown to produce a reversible 

inhibition of the expression of several proteins involved in pain processing in DRG neurons 

(for a review see [49]) and to modulate a number of behavioral nociceptive responses, 

including mechanical hyperalgesia in skeletal muscle [2–4,13,17]. The AS ODN sequence, 

5′-TTG TCC CGT AGA TGA AGC CGT TGC-3′, was directed against a unique sequence 

in rat IL-10R1 mRNA. The corresponding NCBI GenBank accession number and ODN 

position within the cDNA sequence are NM_057193 and 461–484. The mismatch (MM) 

ODN sequence, 5′-ATG TCG TGT AAC TGA AGC CGT AGA-3′, corresponds to the 

IL-10R1 AS sequence with 7 mismatched bases (denoted by bold letters). A nucleotide 

BLAST search was performed to confirm that the mRNA sequence targeted by the antisense 

ODN, or its MM control, were not homologous to any other sequences in the rat database. 

Rats received daily i.t. injections (40 μg/20 μl), with ODN either AS or MM to IL-10R1 

mRNA, for 5 consecutive days. The AS and MM ODNs were synthesized by Invitrogen 

(Carlsbad, CA). To perform i.t. injections rats were anaesthetized with 2.5% isoflurane in 

97.5% O2. A 29-gauge hypodermic needle was then inserted into the subarachnoid space on 

the midline, between the L4 and L5 vertebrae. Proper i.t. injection was confirmed by 

observation of a tail-flick [32].

Tissue harvesting and Western blot analysis

Changes in IL-10R1 expression in lumbar DRGs were evaluated by Western blot analysis as 

previously described [13]. Briefly, rats were euthanized by exsanguination, while under deep 

isoflurane anesthesia, 24 h after the last i.t. injection of AS or MM ODN. The L4 and L5 

DRGs were quickly dissected bilaterally and immediately transferred to cold 

homogenization buffer [150 mM NaCl, 10 mM ethylenediaminetetraacetic acid, 2% sodium 

dodecyl sulfate (SDS), 50 mM Tris-HCl, pH 7.4], supplemented with a 2x protease inhibitor 

cocktail (Roche Diagnostics, Indianapolis, IN). DRGs were homogenized manually and 
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proteins solubilized by incubation in an Eppendorf Thermomixer (Eppendorf AG, Hamburg, 

Germany) for 4 h at 25°C and 1400 rpm. Proteins were then extracted by centrifugation for 

15 min at 4oC and 14,000 rpm in an Eppendorf tabletop centrifuge, and the protein 

concentration of the samples determined using a micro BCA Protein Assay Kit (Thermo 

Fisher, Waltham, MA) with bovine serum albumin (BSA) as the standard. Mixtures of 40 μg 

of protein per sample were denatured by heating at 90°C for 10 min in sample buffer [3% 

SDS, 10% (v/v) glycerol, 5% (v/v) β-mercaptoethanol, 0.025% bromophenol blue, 62.5 mM 

Tris-HCl, pH 6.8) and electrophoresed on a 4% to 15% precast polyacrylamide gel (Biorad, 

Hercules, CA) in 25 mM Tris containing 192 mM glycine and 0.1% SDS. Proteins were then 

transferred to a nitrocellulose membrane using the semidry method (transfer time, 1 h at 10 

V). The nitrocellulose membranes were saturated by shaking in antibody dilution buffer [5% 

BSA in Tris-buffered saline containing 0.1% Tween 20 (TBST)] for 1 h at room temperature 

(RT), cut in half at ~50 kDa and incubated with either rabbit anti-IL-10R1 (sc-985, 1:500, 

Santa Cruz Biotechnology, Santa Cruz, CA), or rabbit anti-β-actin (ab8227, 1:1000, Abcam, 

Cambridge, MA) antibodies in antibody dilution buffer, at 4°C overnight. After washing 

with TBST (3 times at RT, 15 min each), the IL-10R1 blot was probed with a biotinylated 

goat anti-rabbit antibody (111-065-003, 1:2500, Jackson Immunoresearch Laboratories Inc., 

West Grove, PA) for 2 h at RT, whereas the β-actin blot was probed with a horseradish 

peroxidase conjugated anti-rabbit antibody (NA934V, 1:2500, GE Healthcare, Piscataway, 

NJ) for 2 h at RT. Blots were washed with TBST (3 times at RT, 15 min each) and the 

IL-10R1 blot was then probed with a streptavidin-peroxidase polymer (S2438, 1:5000, 

Sigma-Aldrich, St. Louis, MO) for 1.5 h while shaking at RT. After washing with TBST (3 

times at RT, 15 min each), immunoreactivity was visualized using the ultrasensitive West 

femto chemiluminescence detection system (Thermo Fisher). Results were analyzed using 

computer-assisted densitometry and levels of IL-10R1 immunoreactivity were normalized 

with respect to the β-actin control levels in each sample. The percentage decrease in 

IL-10R1 expression was calculated as: [normalized density for AS/normalized density for 

MM × 100]-100.

Measurement of IL-10 levels in the gastrocnemius muscle

Naïve (control) rats, or rats submitted to the RBE12 protocol, were deeply anaesthetized 

with 5% isoflurane in 95% O2 and euthanized by exsanguination. The exercised (or control) 

gastrocnemius muscle was quickly dissected, placed in cold homogenization buffer (100 

mM Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 0.5% 

sodium deoxycholate) containing a protease inhibitor cocktail (Roche Diagnostics, 

Indianapolis, IN) and homogenized with the aid of a hand-held tissue blender. The proteins 

of the homogenate were extracted by centrifugation at 14,000 g for 15 min at 4°C and the 

protein concentration was determined using the micro BCA Protein Assay Kit (Pierce, 

Rockford, IL) with BSA as the standard. The IL-10 levels in muscle tissue extracts were 

measured by ELISA (rat IL-10 R1000, Quantikine® ELISA, R&D Systems, Minneapolis, 

MN), according to the manufacturer's instructions. All measurements were performed in 

duplicate and data are presented as pg of IL-10 per mg of protein.

Alvarez et al. Page 4

Pain. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical analysis

Group data are expressed as mean ± SEM of n independent observations. Statistical 

comparisons were made using GraphPad Prism 6.0 statistical software (GraphPad Software, 

Inc., La Jolla, CA, USA). Comparisons between treatments were made by means of 

Student’s t-test or two-way repeated measures analysis of variance (ANOVA) followed by 

Bonferroni’s multiple comparisons test. P < 0.05 was considered statistically significant.

Results

Attenuated hyperalgesia produced by repeated bouts of eccentric exercise

Comparison between experimental groups (RBE5 single [control] and double EE; RBE12 

single [control] and double EE) by two-way repeated measures ANOVA showed a 

significant effect for treatment (F3,20 =9.340, P = 0.0005), time (F6,120 =362.2, P < 0.0001), 

and interaction (F18,120 =80.78, P < 0.0001). Bonferroni’s multiple comparisons post-hoc 

test showed that in RBE5 protocol, after first bout of eccentric exercise, significant 

differences in mechanical nociceptive threshold were observed between treatments, on days 

1 (−38.2 ± 1.1% exercised group [1590.2 ± 24.1 mN] vs −5.8 ± 2.2% control group [2433.8 

± 62.8 mN]; P < 0.001) and 3 (−28.3 ± 3% exercised group [1845.5 ± 70.6 mN] vs −0.8 

± 1.1% control group [2562.7 ± 28.5 mN]; P < 0.001) after eccentric exercise (n=6/group, 

Fig. 1A). No significant differences were observed at day 5 after eccentric exercise (−2.1 

± 1.7% exercised group [2518.7 ± 29.8 mN] vs 3.1 ± 0.9%, control group [2664.3 ± 21.1 

mN]; P > 0.05, Fig. 1A). Similar responses were observed in rats submitted to RBE12 

protocol after first bout of eccentric exercise, with significant differences on days 1 (−39.5 

± 0.9% exercised group [1539 ± 20.5 mN] vs −0.5 ± 0.5% control group [2541.5 ± 11 mN]; 

P < 0.001) and 3 (−26.2 ± 2% exercised group [1878.5 ± 45.4 mN] vs −0.2 ± 0.4% control 

group [2550.3 ± 15.9 mN], P < 0.001), but not at day 5 (1.1 ± 0.8% exercised group [2571.2 

± 9.7 mN] vs 0.8 ± 0.4% control [2575.7 ± 8.5 mN]; P > 0.05) after eccentric exercise (n=6/

group; Fig. 1B).

Bonferroni’s post-hoc analysis also showed that exposure to a second bout of eccentric 

exercise, 5 days after first treatment (RBE5 protocol), produced significant differences in 

nociceptive threshold between rats previously submitted to the sham (control) procedure or 

eccentric exercise. These differences were observed on days 1 (−38.5 ± 1.6% single 

eccentric exercise group [1589.3 ± 42.6 mN] vs −23.5 ± 2.7% double eccentric exercise 

group [1968.7 ± 71.7 mN], P < 0.001) and 3 (−33.2 ± 1%, single eccentric exercise [1727.7 

± 27.4 mN] vs −21.1 ± 3.6% double eccentric exercise group [2032.7 ± 98.2 mN], P < 0.01), 

but not on day 5 (−4.2 ± 0.7% single eccentric exercise [2475.5 ± 12.1 mN] vs −1.9 ± 0.9% 

double eccentric exercise [2525.3 ± 22.8 mN], P > 0.05) after last bout of eccentric exercise 

(Fig. 1A). Similarly, experimental groups submitted to eccentric exercise 12 days after initial 

treatment (RBE12 protocol) produced significant differences in nociceptive threshold 

between rats previously submitted to the sham (control) procedure or eccentric exercise on 

days 1 (−40.2 ± 1.0% single eccentric exercise group [1526.8 ± 24.2 mN] vs −16.1 ± 1.3% 

double eccentric exercise [2135.8 ± 37.6 mN], P < 0.001), 3 (−31.8 ± 1.3% single eccentric 

exercise group [1741.3 ± 32.4 mN] vs −16.7 ± 2.2% double eccentric exercise group [2119 

± 52.3 mN], P < 0.001), and 5 (−7.7 ± 0.8% single eccentric exercise group [2357.3 ± 20.6 
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mN] vs −0.9 ± 0.8% double eccentric exercise group [2521.7 ± 20.4 mN], P < 0.05) after 

last bout of eccentric exercise (Fig. 1B). Furthermore, comparison of nociceptive thresholds 

between rats submitted to double eccentric exercise in RBE5 and RBE12 protocols showed a 

significant difference at day 1 (P < 0.05), but not at days 3 or 5 (P > 0.05), after last bout of 

eccentric exercise. Therefore, given the greater antinociceptive effect of the RBE12 protocol, 

it was used to explore the involvement of IL-10 and its canonical receptor in the RBE 

phenomenon (see below).

Antisense knockdown of IL-10R1 expression in nociceptors

In order to determine whether IL-10 acting on nociceptors is involved in the repeated bout 

effect, we designed an AS ODN targeting IL-10R1 mRNA. Western blot analysis of L4–L5 

DRG extracts from rats submitted to 5 consecutive days of i.t. AS ODN treatment 

demonstrated a significant decrease in IL-10R1 expression (−22.9 ± 5.3%, Student's t-test, n 

= 5 rats/group, P < 0.05, Fig. 2A) when compared to the MM ODN treated group. 

Comparison of IL-10R1 protein expression, normalized to the reference protein β-actin, also 

showed a significant difference between rats treated with AS ODN (13.2 ± 1.2 arbitrary 

units, a.u.) or MM ODN (17.6 ± 1.7 a.u., P < 0.05, Fig. 2B). These results indicate that i.t. 

AS ODN treatment produces significant knockdown of IL-10R1 in L4–L5 DRGs, which 

contain the somas of the sensory neurons that innervate the gastrocnemius muscle.

Knockdown of nociceptor IL-10R1 does not affect baseline muscle nociception

We next determined whether IL-10R1 plays a role in the maintenance of baseline 

mechanical nociceptive threshold. Baseline nociceptive threshold values were similar in rats 

to be subsequently treated with AS (2586 ± 17.6 mN, n=6) or MM (2576.3 ± 15.3 mN, n=6, 

P > 0.05, Fig. 3A). The daily i.t. ODN treatment for 5 days, did not significantly affect 

nociceptive threshold in rats injected with AS (2582.5 ± 20.1 mN, P > 0.05, Fig. 3A) or MM 

(2581.8 ± 20.3 mN, P > 0.05, Fig. 3A).

Knockdown of IL-10R1 in muscle nociceptors disrupts RBE analgesia

To evaluate the relative contribution of IL-10 in the attenuated hyperalgesia induced by 

repeated exposure to eccentric exercise, the expression of its canonical receptor was knocked 

down by AS ODN treatment from day 8 to day 12 (corresponding to day 0 after second bout 

of eccentric exercise) after the first bout of eccentric exercise, for a total of 5 days (Fig. 

3B,C).

Comparison between experimental groups (AS ODN group vs MM ODN [control] group) 

by two-way repeated measures ANOVA showed a significant effect for treatment (F1,60 

=347.4, P = 0.0001), time (F5,60 =103.3, P < 0.0001), and interaction (F5,60 =24.05, P < 

0.0001). Bonferroni’s multiple comparisons post-hoc test revealed no significant differences 

in nociceptive threshold to a first bout of eccentric exercise (Fig 3B) or immediately before 

starting ODN treatment (AS group [2498 ± 24.9 mN] vs MM group [2535.8 ± 12.6 mN]; 

n=6/group, P > 0.05, Fig 3C). However, on day 12 after exposure to the first bout of 

eccentric exercise, a significant change in nociceptive threshold was observed in rats 

receiving AS ODN (−24.7 ± 1.6% [1880.2 ± 52.7 mN]) vs MM ODN-treated rats (0.8 

± 1.1% [2555 ± 29.5 mN], P < 0.001, Fig 3C). Significant differences were also observed on 
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days 1 (−44.5 ± 1.7% AS group [1386 ± 43.3 mN] vs −15.7 ± 2.5% MM group [2136.7 

± 55.1 mN], P < 0.001), 3 (−40.4 ± 2.1% AS group [1491 ± 61.2 mN] vs −15.9 ± 3.1% MM 

group [2131.8 ± 69.8 mN], P < 0.001), and 5 (−32.3 ± 1% AS group [1692.5 ± 33.9 mN] vs 
−6.8 ± 2.8% MM group [2362.3 ± 63.4 mN], P < 0.001) after the second bout of eccentric 

exercise (Fig. 3C). No differences were observed on day 8 after the second bout of eccentric 

exercise (−3.6 ± 0.8% AS group [2407.3 ± 26.9 mN] vs 0.2 ± 1.1% MM group [2541.7 

± 24.1 mN], P > 0.05)

Increased IL-10 muscle levels after repeated bouts of eccentric exercise

To assess whether repeated exposure to eccentric exercise modify IL-10 levels in the 

exercised muscle we measured this cytokine in naïve (control) rats (n=6) and in rats 

submitted to the RBE12 protocol (n=6) (Fig. 4). Twenty-four hours after last exposure to 

eccentric exercise, Student’s t test revealed significant difference in IL-10 muscle levels 

between naïve rats (0.04 ± 0.01 pg/mg protein) and rats submitted to double eccentric 

exercise (0.1 ± 0.03 pg/mg protein; P = 0.0259, Fig. 4).

Discussion

Re-exposure to eccentric exercise produces a marked attenuation in DOMS [23,30,37], one 

of the most common types of muscle pain. This protective adaptation, together with a 

reduction in the force loss, attenuated histological damage, less muscle swelling and release 

of muscle fiber-specific proteins (e.g., creatine kinase, lactate dehydrogenase, myoglobin) 

into the blood, is known as the RBE [23,30,37]. Although RBE is a well-established 

phenomenon, its underlying mechanism remains poorly understood. The present results 

suggest that blunted muscle pain to eccentric exercise observed in RBE depends on IL-10 

acting on its high affinity receptor IL-10R1 expressed by muscle nociceptors.

1. Eccentric exercise-induced muscle hyperalgesia and RBE

As previously reported [4,36,50], rats exposed to a protocol of strenuous eccentric exercise 

exhibited persistent mechanical hyperalgesia reminiscent of DOMS. A number of well-

established proalgesic mediators are locally released in muscle after eccentric exercise and 

thus likely involved in DOMS, including pro-inflammatory cytokines [4], trophic factors 

[2,35,36] and prostanoids [12]. Importantly, after recovery from this hyperalgesia, rats 

exhibited attenuated muscle pain upon exposure to a second bout of eccentric exercise. This 

effect was anti-hyperalgesic rather than analgesic, since it did not increase nociceptive 

threshold above the initial baseline. These observations are in line with a recent report 

demonstrating complete inhibition of muscle mechanical hyperalgesia in rats exposed to a 

second bout of eccentric exercise [52].

One day after the last eccentric exercise, we observed that rats with 12 days between 

eccentric exercise bouts displayed significantly less hyperalgesia than rats with a delay of 5 

days. Time course studies have shown that significant tissue injury is still present even if 

DOMS is no longer present [37]. Moreover, since a single bout of eccentric exercise may 

induce microscopic changes indicative of muscle injury noticeable for up to 9 days in rats 

[5], it is likely that full expression of the antihyperalgesic effect of RBE would occur after 
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full recovery from the first bout of eccentric exercise. Growing evidence shows that several 

types of muscle injury, including eccentric exercise, trigger a time-dependent change in the 

phenotype of local macrophages [1,45,54], from classically activated (pro-inflammatory) 

macrophages (M1), to alternatively activated macrophages (M2), which display anti-

inflammatory features and are necessary for myogenesis and complete tissue repair/

regeneration at resolution stages [1,45,54]. Importantly, M2 macrophages present in skeletal 

muscle produce and release IL-10 [16,51], which can in turn act on a number of different 

cell types involved in local responses to muscle injury [51]. This is consistent with our 

finding of increased IL-10 levels in the gastrocnemius muscle submitted to the RBE 

protocol. In good agreement with these observations, the protective effect of RBE on muscle 

pain (i.e., attenuated DOMS) is absent when exposure to a second bout of eccentric exercise 

occurs 2 days after an initial injury [39], and daily re-exposure to eccentric exercise for 3 

days after initial bout does not produce a protective effect on DOMS but rather aggravates 

symptoms, in humans [14]. A similar lack of RBE is observed in rats upon daily re-exposure 

to eccentric exercise for up to 2 weeks [19]. Thus, the enhanced anti-hyperalgesic effect of 

RBE observed after a longer bout-to-bout interval (i.e., RBE12) is likely due to a more 

advanced stage of recovery of tissue injury induced by the first bout, with a higher number 

of local macrophages displaying the M2 phenotype at the moment of the second bout of 

eccentric exercise. This is consistent with our observation that, even at late stages of 

recovery from an initial bout of eccentric exercise, there is latent hyperalgesia that is masked 

by local IL-10 acting on muscle nociceptors (see below).

2. Role of IL-10 in nociceptive baseline, recovery from eccentric exercise and RBE

We observed that AS treatment was devoid of effect in control (not exposed to eccentric 

exercise) rats. This is consistent with the lack of changes on baseline mechanical nociceptive 

threshold in skin [47] or muscle [15] in IL-10 knockout mice, or after administration of 

IL-10R blocking antibodies to control mice [27]. Conversely, administration of systemic 

recombinant IL-10 [27] or intrathecal viral vectors encoding IL-10 [33,34] do not change 

baseline nociceptive mechanical threshold in control rodents, nor the mechanosensitivity of 

C-fibers from mice recorded in vitro [22]. Hence, the latent mechanical hyperalgesia 

unveiled by knockdown of IL-10R1 was unexpected since it occurred at a time point after 

eccentric exercise when nociceptive threshold is recovered [4,36,50]. Therefore, the 

physiological recovery of nociceptive threshold after eccentric exercise appears not to be 

merely due to a decrease in local proalgesic mediators from muscle injury but to an ongoing 

antinocicepive effect of local IL-10 acting on muscle nociceptors. Of note, local production 

of IL-10 by M2 macrophages during the resolution phase of muscle injury is critical to 

regulate the termination of the inflammatory response and to achieve complete tissue 

regeneration [16,45,51].

While the mechanism of the RBE is poorly understood, our results point to a critical 

contribution of IL-10. Indeed, we observed increased IL-10 levels in the gastrocnemius 

muscle after repeated eccentric exercise. Consistent with this finding, repeated muscular 

exercise, in different schedules of regularity and intensity, reduces DOMS [23,37,48] and 

increases local and circulating IL-10 levels [21,48], This functional relationship between 

exercise and IL-10 levels appears to also underlie the antinociceptive effect of exercise on 
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muscle pain induced by injections of acidic saline [27] or pain due to nerve injury [18]. 

Conversely, increased muscle pain after strenuous swimming has been observed in IL-10 

knockout mice compared to wild type littermates [9]. Furthermore, systemic or contralateral 

intramuscular injections of recombinant IL-10 inhibit acidic saline-induced muscle 

hyperalgesia in mice [27]. This fits well with the fact that RBE is also observed when first 

and second bouts of eccentric exercise are applied to different limbs [11,23,37], suggesting a 

role of a diffusible antinociceptive mediator, such as IL-10.

3. RBE analgesia depends on IL-10 acting at nociceptor IL-10R1

Since only sensory neurons innervating skeletal muscle were exposed to both eccentric 

exercise-induced muscle injury and knockdown of IL-10R1, the effect of AS ODN is likely 

due to a disruption of the interaction of endogenous IL-10 with its receptor on the 

nociceptor. This is an important finding given that IL-10 acts on a number of different cell 

populations present at the site of muscle injury [6,16,40,51], making them potential players 

in the expression of RBE. Indeed, although previous studies have shown that endogenous 

IL-10 attenuates muscle hyperalgesia after exercise [9] or insults such as intramuscular 

acidic saline [27], they do not clarify whether such an action is due to an effect on immune 

resident or infiltrating cells, satellite cells, muscle fibers or a combined effect. Similarly, 

systemic neutralizing antibodies directed against IL-10 [27] may prevent its inhibitory effect 

on muscle pain by acting on many target cells.

We specifically targeted the IL-10R1/subunit alpha for knockdown because of its main role 

in the binding of IL-10 and the assembling of the IL-10R receptor complex [6,25,53]. 

Besides its contribution to the IL-10R complex, IL-10R2 (beta subunit) also associates with 

IL-20 R alpha, IL-22 R alpha or IL-28 R alpha to form the receptor complexes for IL-22, 

IL-26, IL-28, and IL-29 [53], making it unsuitable as specific target for our experimental 

knockdown approach. Importantly, IL-10R1 is widely expressed in sensory neurons from 

L4–L5 DRGs [46], which innervate the gastrocnemius muscle [7], where it is co-expressed 

with the marker of neuronal identity NeuN, but not with the satellite cell marker glial 

fibrillary acidic protein, indicating that in DRGs it is strictly expressed by sensory neurons 

[46]. In vitro studies have shown that recombinant IL-10 reduces the increased tetrodotoxin 

sensitive (TTX-S) and tetrodotoxin resistant (TTX-S) sodium currents induced by exposure 

of DRG neurons to tumor necrosis alpha (TNFα) or after peripheral nerve injury [46]. A 

potential mechanism of the antihyperalgesic effect of IL-10 is the downregulation of mRNA 

and protein expression of alpha subunits of voltage-dependent sodium channels contributing 

to TTX-S (Nav1.6) and TTX-R (Nav1.8) currents [46] expressed in sensory neurons 

innervating the gastrocnemius muscle [42–44]. These observations are in good agreement 

with the inhibitory effect of IL-10 on the mechanical hyperalgesia induced by algogens such 

as bradykinin, TNFα, and interleukin 6 [41], which also produce muscle mechanical 

hyperalgesia and/or sensitize muscle nociceptors upon local administration [17,20,31,36] 

and likely contribute to eccentric-exercise induced mechanical hyperalgesia [4,36].

Conclusions

In summary, our results provide evidence for the involvement of IL-10 in the attenuation of 

muscle hyperalgesia typically observed in the RBE. Although RBE depends on the length of 
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the interval between exercise bouts, it is not merely due to reduced levels of nociceptive 

mediators produced after the second bout of eccentric exercise. Finally, these data indicate 

that IL-10 produces its antihyperalgesic effect by acting locally on muscle nociceptors. 

These findings underline the importance that IL-10 plays in the control of pain due to 

exercise and could help to tailor exercise-based therapies for the clinical management of 

chronic muscle pain.

Acknowledgments

Authors thank Marie Kern for excellent technical assistance. This work was support by a grant from the National 
Institutes of Health (NIH) AR063312. Authors report no conflicts of interest.

References

1. Allen J, Sun Y, Woods JA. Exercise and the Regulation of Inflammatory Responses. Prog Mol Biol 
Transl Sci. 2015; 135:337–354. [PubMed: 26477921] 

2. Alvarez P, Chen X, Bogen O, Green PG, Levine JD. IB4(+) nociceptors mediate persistent muscle 
pain induced by GDNF. J Neurophysiol. 2012; 108:2545–2553. [PubMed: 22914655] 

3. Alvarez P, Ferrari LF, Levine JD. Muscle pain in models of chemotherapy-induced and alcohol-
induced peripheral neuropathy. Ann Neurol. 2011; 70:101–109. [PubMed: 21786301] 

4. Alvarez P, Levine JD, Green PG. Eccentric exercise induces chronic alterations in musculoskeletal 
nociception in the rat. Eur J Neurosci. 2010; 32:819–825. [PubMed: 20726881] 

5. Armstrong RB, Ogilvie RW, Schwane JA. Eccentric exercise-induced injury to rat skeletal muscle. J 
Appl Physiol Respir Environ Exerc Physiol. 1983; 54:80–93. [PubMed: 6826426] 

6. Asadullah K, Sterry W, Volk HD. Interleukin-10 therapy--review of a new approach. Pharmacol Rev. 
2003; 55:241–269. [PubMed: 12773629] 

7. Baron R, Jänig W, Kollmann W. Sympathetic and afferent somata projecting in hindlimb nerves and 
the anatomical organization of the lumbar sympathetic nervous system of the rat. J Comp Neurol. 
1988; 275:460–468. [PubMed: 3225349] 

8. Bidonde J, Busch AJ, Webber SC, Schachter CL, Danyliw A, Overend TJ, Richards RS, Rader T. 
Aquatic exercise training for fibromyalgia. Cochrane Database Syst Rev. 2014:CD011336. 
[PubMed: 25350761] 

9. Borghi SM, Pinho-Ribeiro FA, Zarpelon AC, Cunha TM, Alves-Filho JC, Ferreira SH, Cunha FQ, 
Casagrande R, Verri WA. Interleukin-10 limits intense acute swimming-induced muscle mechanical 
hyperalgesia in mice. Exp Physiol. 2015; 100:531–544. [PubMed: 25711612] 

10. Chan YC, Wang TJ, Chang CC, Chen LC, Chu HY, Lin SP, Chang ST. Short-term effects of self-
massage combined with home exercise on pain, daily activity, and autonomic function in patients 
with myofascial pain dysfunction syndrome. J Phys Ther Sci. 2015; 27:217–221. [PubMed: 
25642077] 

11. Chen TC, Chen HL, Lin MJ, Yu HI, Nosaka K. Contralateral Repeated Bout Effect of Eccentric 
Exercise of the Elbow Flexors. Med Sci Sports Exerc. 2016; 48:2030–2039. [PubMed: 27187096] 

12. Conceição MS, Libardi CA, Nogueira FR, Bonganha V, Gáspari AF, Chacon-Mikahil MP, 
Cavaglieri CR, Madruga VA. Effects of eccentric exercise on systemic concentrations of pro- and 
anti-inflammatory cytokines and prostaglandin (E2): comparison between young and 
postmenopausal women. Eur J Appl Physiol. 2012; 112:3205–3213. [PubMed: 22227852] 

13. Conner LB, Alvarez P, Bogen O, Levine JD. Role of Kv4.3 in Vibration-Induced Muscle Pain in 
the Rat. J Pain. 2016; 17:444–450. [PubMed: 26721612] 

14. Cornish SM, Johnson ST. Systemic cytokine response to three bouts of eccentric exercise. Results 
Immunol. 2014; 4:23–29. [PubMed: 24809007] 

15. da Silva MD, Bobinski F, Sato KL, Kolker SJ, Sluka KA, Santos AR. IL-10 cytokine released from 
M2 macrophages is crucial for analgesic and anti-inflammatory effects of acupuncture in a model 
of inflammatory muscle pain. Mol Neurobiol. 2015; 51:19–31. [PubMed: 24961568] 

Alvarez et al. Page 10

Pain. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16. Deng B, Wehling-Henricks M, Villalta SA, Wang Y, Tidball JG. IL-10 triggers changes in 
macrophage phenotype that promote muscle growth and regeneration. J Immunol. 2012; 
189:3669–3680. [PubMed: 22933625] 

17. Dina OA, Green PG, Levine JD. Role of interleukin-6 in chronic muscle hyperalgesic priming. 
Neuroscience. 2008; 152:521–525. [PubMed: 18280048] 

18. Grace PM, Fabisiak TJ, Green-Fulgham SM, Anderson ND, Strand KA, Kwilasz AJ, Galer EL, 
Walker FR, Greenwood BN, Maier SF, Fleshner M, Watkins LR. Prior voluntary wheel running 
attenuates neuropathic pain. Pain. 2016; 157:2012–2023. [PubMed: 27355182] 

19. Hayashi K, Ozaki N, Kawakita K, Itoh K, Mizumura K, Furukawa K, Yasui M, Hori K, Yi SQ, 
Yamaguchi T, Sugiura Y. Involvement of NGF in the rat model of persistent muscle pain 
associated with taut band. J Pain. 2011; 12:1059–1068. [PubMed: 21719352] 

20. Hendrich J, Alvarez P, Joseph EK, Chen X, Bogen O, Levine JD. Electrophysiological correlates of 
hyperalgesic priming in vitro and in vivo. Pain. 2013; 154:2207–2215. [PubMed: 23831864] 

21. Hirose L, Nosaka K, Newton M, Laveder A, Kano M, Peake J, Suzuki K. Changes in inflammatory 
mediators following eccentric exercise of the elbow flexors. Exerc Immunol Rev. 2004; 10:75–90. 
[PubMed: 15633588] 

22. Hughes PA, Harrington AM, Castro J, Liebregts T, Adam B, Grasby DJ, Isaacs NJ, Maldeniya L, 
Martin CM, Persson J, Andrews JM, Holtmann G, Blackshaw LA, Brierley SM. Sensory neuro-
immune interactions differ between irritable bowel syndrome subtypes. Gut. 2013; 62:1456–1465. 
[PubMed: 22767422] 

23. Hyldahl RD, Chen TC, Nosaka K. Mechanisms and Mediators of the Skeletal Muscle Repeated 
Bout Effect. Exerc Sport Sci Rev. 2016

24. Kanda K, Sugama K, Hayashida H, Sakuma J, Kawakami Y, Miura S, Yoshioka H, Mori Y, Suzuki 
K. Eccentric exercise-induced delayed-onset muscle soreness and changes in markers of muscle 
damage and inflammation. Exerc Immunol Rev. 2013; 19:72–85. [PubMed: 23977721] 

25. Kotenko SV, Krause CD, Izotova LS, Pollack BP, Wu W, Pestka S. Identification and functional 
characterization of a second chain of the interleukin-10 receptor complex. EMBO J. 1997; 
16:5894–5903. [PubMed: 9312047] 

26. Ledeboer A, Jekich BM, Sloane EM, Mahoney JH, Langer SJ, Milligan ED, Martin D, Maier SF, 
Johnson KW, Leinwand LA, Chavez RA, Watkins LR. Intrathecal interleukin-10 gene therapy 
attenuates paclitaxel-induced mechanical allodynia and proinflammatory cytokine expression in 
dorsal root ganglia in rats. Brain Behav Immun. 2007; 21:686–698. [PubMed: 17174526] 

27. Leung A, Gregory NS, Allen LA, Sluka KA. Regular physical activity prevents chronic pain by 
altering resident muscle macrophage phenotype and increasing interleukin-10 in mice. Pain. 2016; 
157:70–79. [PubMed: 26230740] 

28. Liu Y, Wei SH, Ho AS, de Waal Malefyt R, Moore KW. Expression cloning and characterization of 
a human IL-10 receptor. J Immunol. 1994; 152:1821–1829. [PubMed: 8120391] 

29. Mannerkorpi K. Exercise in fibromyalgia. Curr Opin Rheumatol. 2005; 17:190–194. [PubMed: 
15711234] 

30. McHugh MP. Recent advances in the understanding of the repeated bout effect: the protective 
effect against muscle damage from a single bout of eccentric exercise. Scand J Med Sci Sports. 
2003; 13:88–97. [PubMed: 12641640] 

31. Mense S. Sensitization of group IV muscle receptors to bradykinin by 5-hydroxytryptamine and 
prostaglandin E2. Brain Res. 1981; 225:95–105. [PubMed: 6271342] 

32. Mestre C, Pélissier T, Fialip J, Wilcox G, Eschalier A. A method to perform direct transcutaneous 
intrathecal injection in rats. J Pharmacol Toxicol Methods. 1994; 32:197–200. [PubMed: 7881133] 

33. Milligan ED, Langer SJ, Sloane EM, He L, Wieseler-Frank J, O’Connor K, Martin D, Forsayeth 
JR, Maier SF, Johnson K, Chavez RA, Leinwand LA, Watkins LR. Controlling pathological pain 
by adenovirally driven spinal production of the anti-inflammatory cytokine, interleukin-10. Eur J 
Neurosci. 2005; 21:2136–2148. [PubMed: 15869510] 

34. Milligan ED, Sloane EM, Langer SJ, Cruz PE, Chacur M, Spataro L, Wieseler-Frank J, Hammack 
SE, Maier SF, Flotte TR, Forsayeth JR, Leinwand LA, Chavez R, Watkins LR. Controlling 
neuropathic pain by adeno-associated virus driven production of the anti-inflammatory cytokine, 
interleukin-10. Mol Pain. 2005; 1:9. [PubMed: 15813997] 

Alvarez et al. Page 11

Pain. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Murase S, Terazawa E, Hirate K, Yamanaka H, Kanda H, Noguchi K, Ota H, Queme F, Taguchi T, 
Mizumura K. Upregulated glial cell line-derived neurotrophic factor through cyclooxygenase-2 
activation in the muscle is required for mechanical hyperalgesia after exercise in rats. J Physiol. 
2013; 591:3035–3048. [PubMed: 23587883] 

36. Murase S, Terazawa E, Queme F, Ota H, Matsuda T, Hirate K, Kozaki Y, Katanosaka K, Taguchi T, 
Urai H, Mizumura K. Bradykinin and nerve growth factor play pivotal roles in muscular 
mechanical hyperalgesia after exercise (delayed-onset muscle soreness). J Neurosci. 2010; 
30:3752–3761. [PubMed: 20220009] 

37. Nosaka, K. Muscle Soreness and Damage and the Repeated-Bout Effect. In: Tiidus, PM., editor. 
Skeletal muscle damage and repair. Champaign, IL: Human Kinetics; 2008. p. 59-76.

38. Ortega E, García JJ, Bote ME, Martín-Cordero L, Escalante Y, Saavedra JM, Northoff H, Giraldo 
E. Exercise in fibromyalgia and related inflammatory disorders: known effects and unknown 
chances. Exerc Immunol Rev. 2009; 15:42–65. [PubMed: 19957871] 

39. Paddon-Jones D, Muthalib M, Jenkins D. The effects of a repeated bout of eccentric exercise on 
indices of muscle damage and delayed onset muscle soreness. J Sci Med Sport. 2000; 3:35–43. 
[PubMed: 10839227] 

40. Paulsen G, Mikkelsen UR, Raastad T, Peake JM. Leucocytes, cytokines and satellite cells: what 
role do they play in muscle damage and regeneration following eccentric exercise. Exerc Immunol 
Rev. 2012; 18:42–97. [PubMed: 22876722] 

41. Poole S, Cunha FQ, Selkirk S, Lorenzetti BB, Ferreira SH. Cytokine-mediated inflammatory 
hyperalgesia limited by interleukin-10. Br J Pharmacol. 1995; 115:684–688. [PubMed: 7582491] 

42. Ramachandra R, Elmslie KS. EXPRESS: Voltage-dependent sodium (NaV) channels in group IV 
sensory afferents. Mol Pain. 2016; 12

43. Ramachandra R, McGrew SY, Baxter JC, Howard JR, Elmslie KS. NaV1.8 channels are expressed 
in large, as well as small, diameter sensory afferent neurons. Channels (Austin). 2013; 7:34–37. 
[PubMed: 23064159] 

44. Ramachandra R, McGrew SY, Baxter JC, Kiveric E, Elmslie KS. Tetrodotoxin-resistant voltage-
dependent sodium channels in identified muscle afferent neurons. J Neurophysiol. 2012; 
108:2230–2241. [PubMed: 22855776] 

45. Sciorati C, Rigamonti E, Manfredi AA, Rovere-Querini P. Cell death, clearance and immunity in 
the skeletal muscle. Cell Death Differ. 2016; 23:927–937. [PubMed: 26868912] 

46. Shen KF, Zhu HQ, Wei XH, Wang J, Li YY, Pang RP, Liu XG. Interleukin-10 down-regulates 
voltage gated sodium channels in rat dorsal root ganglion neurons. Exp Neurol. 2013; 247:466–
475. [PubMed: 23357618] 

47. Siqueira Mietto B, Kroner A, Girolami EI, Santos-Nogueira E, Zhang J, David S. Role of IL-10 in 
Resolution of Inflammation and Functional Recovery after Peripheral Nerve Injury. J Neurosci. 
2015; 35:16431–16442. [PubMed: 26674868] 

48. Smith LL, McKune AJ, Semple SJ, Sibanda E, Steel H, Anderson R. Changes in serum cytokines 
after repeated bouts of downhill running. Appl Physiol Nutr Metab. 2007; 32:233–240. [PubMed: 
17486164] 

49. Stone LS, Vulchanova L. The pain of antisense: in vivo application of antisense oligonucleotides 
for functional genomics in pain and analgesia. Adv Drug Deliv Rev. 2003; 55:1081–1112. 
[PubMed: 12935946] 

50. Taguchi T, Matsuda T, Tamura R, Sato J, Mizumura K. Muscular mechanical hyperalgesia revealed 
by behavioural pain test and c-Fos expression in the spinal dorsal horn after eccentric contraction 
in rats. J Physiol. 2005; 564:259–268. [PubMed: 15677691] 

51. Tidball JG, Villalta SA. Regulatory interactions between muscle and the immune system during 
muscle regeneration. Am J Physiol Regul Integr Comp Physiol. 2010; 298:R1173–87. [PubMed: 
20219869] 

52. Urai H, Murase S, Mizumura K. Decreased nerve growth factor upregulation is a mechanism for 
reduced mechanical hyperalgesia after the second bout of exercise in rats. Scand J Med Sci Sports. 
2013; 23:e96–101. [PubMed: 23134144] 

53. Walter MR. The molecular basis of IL-10 function: from receptor structure to the onset of 
signaling. Curr Top Microbiol Immunol. 2014; 380:191–212. [PubMed: 25004819] 

Alvarez et al. Page 12

Pain. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



54. Yu SH, Huang CY, Lee SD, Hsu MF, Wang RY, Kao CL, Kuo CH. Decreased eccentric exercise-
induced macrophage infiltration in skeletal muscle after supplementation with a class of ginseng-
derived steroids. PLoS One. 2014; 9:e114649. [PubMed: 25500579] 

55. Zheng W, Huang W, Liu S, Levitt RC, Candiotti KA, Lubarsky DA, Hao S. IL-10 mediated by 
herpes simplex virus vector reduces neuropathic pain induced by HIV gp120 combined with ddC 
in rats. Mol Pain. 2014; 10:49. [PubMed: 25078297] 

Alvarez et al. Page 13

Pain. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Effect of single and repeated exposure to eccentric exercise
The RBE was studied by evaluating the effect of repeated exposure to bouts of eccentric 

exercise and 2 different length intervals between these bouts (5 or 12 days) on muscle 

mechanical nociceptive threshold. A. After assessment of baseline nociceptive threshold (0), 

rats were submitted to eccentric exercise (double EE, open symbols, n=6) or sham procedure 

(single EE, solid symbols, n=6). Five days later, both groups were exposed to a bout of 

eccentric exercise (EE). B. A similar approach was used to study RBE after an interval of 12 

days between bouts of eccentric exercise. *P < 0.05; ***P < 0.001.
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Figure 2. Effect of AS/MM ODN treatment directed against IL-10R1 mRNA on protein 
expression of IL-10R1 in L4 and L5 DRG neurons
A. Western blot analysis of DRG extracts from rats injected i.t. daily with 40 μg of AS or 

MM ODNs for 5 consecutive days revealed significant down-regulation of IL-10R1 (see 

results section for details). The calculated molecular weight of IL-10R1 is 63 kDA 

(according to UniProtKB database entry G3V830). β-actin was used as a housekeeping gene 

product in this analysis, which has a calculated molecular weight of ~42 kDa (according to 

UniProtKB database entry P60771). B. Comparison of the protein expression by Western 

blotting demonstrated a significant decrease in IL-10R1 immunoreactivity (arbitrary units, 

a.u.) of DRG extracts from rats treated with AS ODN compared to MM ODN treated group. 

*P < 0.05
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Figure 3. Effect of intrathecal treatment with AS/MM ODN directed against IL-10R1 mRNA on 
muscle nociceptive threshold
(A) Effect of AS/MM ODN (40 μg/20 μl, i.t.) injections for 5 days on muscle mechanical 

nociceptive threshold in naïve rats. Bars were plotted from readings taken before (Pre) and 

after (Post) ODN treatment. B. Effect of a first bout of eccentric exercise (EE) on muscle 

mechanical nociceptive threshold in rats to be submitted to AS or MM ODN treatment. C. 
Effect of daily AS/MM ODN (40 μg/20 μl) i.t. injections (starting on day 8 after first bout of 

EE) on muscle mechanical nociceptive threshold in rats submitted to a first bout of EE 12 

days prior. The effect of this treatment on RBE12 was also evaluated on days 1 to 8 after 

second bout of EE. ***P < 0.001.
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Figure 4. Effect of repeated exposure to eccentric exercise on IL-10 levels in the gastrocnemius 
muscle
The right gastrocnemius muscle was sampled in control rats (n=6, Naïve) and rats submitted 

to double bout of eccentric exercise (n=6, RBE). The IL-10 levels were assessed by ELISA 

from muscle samples (in duplicate) obtained 24 h after last exposure to EE. *P < 0.05
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