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Abstract
Many persistent pain states (pain lasting for hours, days, or longer) are poorly treated because of
the limitations of existing therapies. Analgesics such as nonsteroidal anti-inflammatory drugs and
opioids often provide incomplete pain relief and prolonged use results in the development of
severe side effects. Identification of the key mediators of various types of pain could improve such
therapies. Here, we tested the hypothesis that hitherto unrecognized cytokines and chemokines
might act as mediators in inflammatory pain. We used ultraviolet B (UVB) irradiation to induce
persistent, abnormal sensitivity to pain in humans and rats. The expression of more than 90
different inflammatory mediators was measured in treated skin at the peak of UVB-induced
hypersensitivity with custom-made polymerase chain reaction arrays. There was a significant
positive correlation in the overall expression profiles between the two species. The expression of
several genes [interleukin-1β (IL-1β), IL-6, and cyclooxygenase-2 (COX-2)], previously shown to
contribute to pain hypersensitivity, was significantly increased after UVB exposure, and there was
dysregulation of several chemokines (CCL2, CCL3, CCL4, CCL7, CCL11, CXCL1, CXCL2,
CXCL4, CXCL7, and CXCL8). Among the genes measured, CXCL5 was induced to the greatest
extent by UVB treatment in human skin; when injected into the skin of rats, CXCL5 recapitulated
the mechanical hypersensitivity caused by UVB irradiation. This hypersensitivity was associated
with the infiltration of neutrophils and macrophages into the dermis, and neutralizing the effects of
CXCL5 attenuated the abnormal pain-like behavior. Our findings demonstrate that the chemokine
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CXCL5 is a peripheral mediator of UVB-induced inflammatory pain, likely in humans as well as
rats.

INTRODUCTION
During inflammation, molecules such as hydrogen ions, purines, lipids (for example,
prostanoids), and immune-related agents (cytokines and chemokines) can sensitize
nociceptors (pain-sensitive cells), typically by the phosphorylation of various intracellular
kinases, and evoke hyperalgesia or increased sensitivity to noxious stimuli (1). Resident or
infiltrating inflammatory cells such as macrophages, neutrophils, lymphocytes, and mast
cells can release a wide range of cytokines and chemokines, such as interleukin-1β (IL-1β),
tumor necrosis factor–α (TNFα), and nerve growth factor (NGF) (2, 3), which induce and
maintain pain-related hypersensitivity. In the skin, keratinocytes release cytokines after
injury and during inflammation (4, 5). Cytokines and chemokines are important in recruiting
different types of immune cells and can themselves directly influence transduction
mechanisms in nociceptors (6–8).

Despite this understanding, there are still few drugs for inflammatory pain that have made
the transition from bench to bedside. One issue that has been blamed for this poor
conversion rate is the over-dependency of the drug discovery process on animal models, in
which factors such as species, strain, and sex influence the ability of models to predict
analgesia in human patients (9). Experiments on healthy human volunteers in which a
defined injurious stimulus is followed by assessment of sensory processing can help to
bridge this gap (10). In human studies, nociceptors can be activated directly by agents
applied to skin, including adenosine triphosphate (ATP) (11), capsaicin or mustard oil (12),
thermal burn (13), freeze injury (14), or histamine or cowhage (15).

Also, inflammation from a UVB burn produces a robust dose-dependent hypersensitivity to
thermal and mechanical stimulation in man and rodents, which peaks between 24 and 48
hours after irradiation (16–19). UVB-induced hypersensitivity is confined to the irradiated
area in both species and does not depend on N-methyl-D-aspartate (NMDA) receptor
recruitment (20). After a UVB burn, rat primary afferent nociceptors do not develop
spontaneous activity, but heat-insensitive C fibers show an enhanced response to
suprathreshold mechanical stimuli, and heat-sensitive C fibers develop an increased
response to noxious heat. These findings suggest that this extra-responsive pain state is
induced by mediators acting peripherally (16, 17, 20). UVB irradiation increases the
expression of inflammatory mediators such as IL-1β, IL-6, and IL-10 in vivo (21, 22).
Additionally, irradiation of cells in vitro, such as mast cells, which are abundant in the skin,
can up-regulate the mRNA for the major inflammatory chemokine CXCL8 (23). We used
UVB irradiation as a stimulus to compare mediator expression in human and rat skin in a
systematic fashion and to identify peripheral mediators of hyperalgesia. With custom-made
polymerase chain reaction (PCR) array cards, we measured transcripts from more than 90
different putative inflammatory mediators at the peak of pain-related hypersensitivity in
human and rat UVB-irradiated skin.

RESULTS
UVB irradiation causes sensory changes in human and rat skin

To compare the expression of cytokines and chemokines during UVB-induced inflammation
in human and rat skin, we chose a level of irradiation known to result in increased blood
flow as well as in mechanical and thermal pain-related hypersensitivity (16, 17). We
selected a time point of 40 hours after irradiation because sensory changes are known to

Dawes et al. Page 2

Sci Transl Med. Author manuscript; available in PMC 2011 December 07.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



peak between 1 and 2 days. In human forearm skin, three minimal erythema doses (MEDs)
of UVB applied to an area of 10 mm2 caused a significant increase in blood flow to the
irradiated area [230.1 ± 29.2 arbitrary units (AUs)] compared to a nonirradiated control skin
site (14.4 ± 3.2 AU) (Fig. 1A). In rats, the plantar surface of the hindlimb was irradiated
with UVB (1000 mJ/cm2), also producing a significant increase in blood flow (169.7 ± 25.8
AU) when compared to the contralateral limb’s nonirradiated skin surface (39.3 ± 4.4 AU)
(Fig. 1B). A clear mechanical and thermal hyperalgesia was observed in both human and rat
skin irradiated with UVB. The mean 50% pain threshold to mechanical stimulation was
found to be 17.6 ± 5.8 g in control skin from human volunteers. This was significantly
reduced to 1.4 ± 0.3 g (Fig. 1C) within the irradiated area. Mean heat pain thresholds were
also significantly reduced to 40.1 ± 0.5°C from 47.2 ± 0.7°C in nonirradiated skin (Fig. 1E).
In rats, UVB irradiation caused a significant drop in mechanical withdrawal thresholds from
11.2 ± 1.5 g in the contralateral nonirradiated skin to 4.1 ± 0.5 g in irradiated skin (Fig. 1D).
Thermal withdrawal latencies were also significantly reduced from 14 ± 0.5 s on the control
side to 7.4 ± 0.6 s in the irradiated site (Fig. 1F). Despite the use of general anesthetics in the
rats, which may have delayed the inflammatory process (24), the cardinal signs of
inflammation were present, and these results demonstrate similarity in mechanical and
thermal hypersensitivity between the human and rat when equivalent doses of UVB are used
(16, 17).

UVB irradiation regulates inflammatory mediators
We designed custom-made Taqman array cards to determine the expression of a large
number of the inflammatory mediators (mainly chemokines and cytokines) in UVB-treated
rat and human skin 40 hours after irradiation. Wherever possible, rat and human orthologs of
the mediators were included to enable direct comparison between species. All data from rat
and human cards are shown in tables S1 and S2, respectively. Data are displayed as a fold
change (FC) in the relative expression of the transcript in UVB, setting the value from
control skin as 1.0. Table 1 shows the top 20 up-regulated transcripts, ranked by FC, in rat
and human, most of which were statistically significant when compared to control. A
number of transcripts with a known role in inflammatory hyperalgesia were up-regulated in
both species. For example, IL-1β and the enzyme cyclooxygenase-2 (COX-2) were both
significantly up-regulated {rat: 5.0 (1.3 to 18.7) [FC (±1 SD range)], 4.6 (2.0 to 10.6),
human: 10.3 (5.9 to 17.8), 5.3 (3.0 to 9.5), respectively} in both species. A number of other
mediators exhibited even larger increases; many of these were chemokines (7 of the top 10
in Table 1). Of particular interest was the chemokine CXCL5, the top up-regulated transcript
in both species [rat: 51.3 (20.5 to 128.2), human: 82.5 (45.4 to 150.0)]. This chemokine has
not previously been implicated in nociceptive processing but is elevated in certain chronic
pain syndromes (25). Using the more readily available rat tissue, we confirmed both the up-
regulation and significance levels for a number of the top up-regulated mediators (fig. S1)
using conventional quantitative PCR (qPCR). The results with conventional qPCR were
highly consistent with those obtained with Taqman array PCR, hence validating our array
data.

UVB-induced gene changes are correlated in human and rat
Seventy-three of the 92 different target transcripts detected were represented on Taqman
array cards for the two species. Using an average of their FC in a log2 format, we plotted
UVB-induced gene changes from the human and rat against each other. Calculation of the
Pearson’s correlation coefficient (r = 0.435) determined that there was an overall positive
correlation between the two sets of data (Fig. 2). In addition, this relationship was significant
(P = 0.00012), suggesting that the inflammatory process induced by UVB irradiation and
required for the development of thermal and mechanical hypersensitivity was similar in both
species. The concordance between the two models is further emphasized by comparison of
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the FC values from the mediators that showed the top transcriptional changes (Table 1).
Nevertheless, there were some genes (Fig. 2, triangles) that showed differential regulation in
human and rat (CCL20, IL-1α, IL-20, and iNOS). When the distribution of the difference
between the human and rat FC value for each gene was plotted, these four genes were
situated 2 SDs away from the norm and therefore could be potential outliers. Without these
four genes, there is positive shift in the Pearson’s correlation coefficient, to r = 0.69. Human
volunteers consisted of both males and females, whereas only male rats were used for the
PCR array. Because females have a higher incidence of some inflammatory diseases, we
compared inflammatory mediator expression between genders and found a strong positive
and significant correlation (r = 0.88, P < 0.001) (fig. S2), justifying our direct comparison of
the human data with the rat data.

The chemokine CXCL5 causes mechanical pain-related hypersensitivity and induces
infiltration of neutrophils and macrophages

CXCL5 expression was up-regulated at the peak of UVB-induced hypersensitivity in both
species 40 hours after UVB treatment. In addition, the nonsteroidal anti-inflammatory drug
(NSAID) piroxicam significantly attenuated the increased CXCL5 expression in the rat
UVB model (fig. S3). We know that UVB-induced hypersensitivity is susceptible to NSAID
treatment (16, 26), and therefore, we next investigated the possible algogenic, or pain-
producing, role of this chemokine. Intraplantar injection of CXCL5 caused a dose-dependent
reduction in mechanical pain thresholds at 0.5 (5.1 ± 1.2 g) and 6 (5.7 ± 0.9 g) hours after
treatment when compared to vehicle control (10.4 ± 1.4 g and 11.9 ± 1.2 g, respectively)
(Fig. 3A). Mechanical thresholds returned to baseline levels by 24 hours. In the same
animals, there was no significant alteration in thermal withdrawal latencies at any dose (Fig.
3B) compared to vehicle-treated animals.

CXCL5, like all chemokines, can cause chemoattraction of certain immune cells, in
particular neutrophils (27). Therefore, we investigated whether its ability to induce pain-
related mechanical hypersensitivity was associated with cellular infiltration into the skin. A
hematoxylin-eosin (H&E) stain revealed the presence of both monocytes and
polymorphonuclear (PMN) cells within the dermis 6 hours after injection of the chemokine
(Fig. 3, C and D).

Using an antibody against IBA1, a marker of cells from the monocyte lineage and hence
macrophages (28), we found intense staining in rat skin 6 hours after CXCL5 treatment
compared to vehicle (Fig. 3, E and F). With qPCR, we found that the increase in IBA1
staining was accompanied by a significant increase in the relative expression of IBA1
mRNA in CXCL5-treated skin (2.7 ± 0.5) compared to control (1.0 ± 0.1) (Fig. 3I). Low
levels of CD3, a pan T cell marker, were detected in rat skin after vehicle and CXCL5
treatment (Fig. 3, G and H), and no difference was measured using qPCR (Fig. 3J). To
measure the levels of neutrophils using qPCR, we used primers against the granulocyte
colony-stimulating factor receptor (G-CSFR). This receptor is primarily found on
myeloblasts and mature neutrophils (29) and therefore, in skin, is a good marker of
infiltrating PMN cells that have matured. In agreement with the H&E staining results, we
found a significant increase in G-CSFR mRNA relative expression of 16.3 ± 2.9 compared
to vehicle-treated skin (Fig. 3K). CXCL5 acts largely through the G protein (heterotrimeric
guanine nucleotide–binding protein)–coupled receptor CXCR2 (26). This receptor is found
primarily on neutrophils, but can also be expressed on macrophages and mast cells (30).
After CXCL5 treatment, we also saw a significant increase in CXCR2 mRNA (Fig. 3L),
possibly from infiltrating cells attracted by CXCL5, suggesting that this chemokine is acting
in a receptor-specific manner.
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UVB-induced hypersensitivity and CXCL5 expression peak at 48 hours
UVB irradiation causes a prolonged inflammatory pain state with pain-related
hypersensitivity in the rat lasting for 10 to 14 days (16). Thresholds to mechanical
stimulation were significantly reduced 24 and 48 hours after irradiation when compared to
naïve animals but had returned to normal by 10 days after irradiation (Fig. 4A). In the same
animals, we saw a significant reduction in withdrawal latency to a heat stimulus 24 and 48
hours after UVB treatment when compared to naïve animals; withdrawal latency returned to
normal by 10 days (Fig. 4B). We next measured the expression of CXCL5 in the irradiated
skin taken from these animals. Compared to mRNA levels in naïve skin and in agreement
with the Taqman array data (Table 1), CXCL5 was significantly up-regulated most
prominently 48 hours after irradiation, with a relative mRNA expression of 339.6 ± 171.6
versus control (1.0 ± 0.3) (Fig. 4C). There was also more but nonsignificant expression at 24
hours (7.4 ± 2.4) versus control. We also measured protein levels when CXCL5 mRNA
expression was at its peak. In nonirradiated skin, CXCL5 protein was not detected; however,
48 hours after UVB treatment, a significant amount was seen in the inflamed skin (Fig. 4D).
At the peak of pain-related hypersensitivity and CXCL5 expression (48 hours), we also
measured macrophage, neutrophil, and T cell makers. Compared to control, 48 hours after
UVB treatment, skin showed a significant increase in IBA1 (2.8 ± 0.7) and G-CSFR (32.7 ±
11.1) relative mRNA expression, similar to that seen after CXCL5 treatment alone (Fig. 4, E
and G). We also see a small increase in CXCR2 expression (1.46 ± 0.25) compared to
control (1.0 ± 0.1). However, this was not significant. Again, no differences were measured
in the mRNA expression of CD3 (Fig. 4F), suggesting a lack of T cell influence in UVB-
induced inflammation. Because we used both genders in the human group and because the
inflammatory response, particularly with regard to neutrophil attraction, shows sex
differences (31), we repeated these experiments in female rats. As in male rats, females
showed a significant hypersensitivity 48 hours after UVB treatment. This was accompanied
by significant increases in CXCL5, IBA1, and G-CSFR relative mRNA expression,
indicating a comparable inflammatory response in female rats (fig. S4, A to D).

Neutralization of CXCL5 attenuates UVB-induced mechanical hypersensitivity and
decreases the number of infiltrating cells

We next tested whether and to what extent CXCL5 contributes to the mechanical
hypersensitivity caused by UVB treatment. In irradiated rats, repeated doses of a
neutralizing antibody against CXCL5 significantly attenuated the reduced mechanical
withdrawal thresholds 30 hours after UVB irradiation (6.0 ± 0.8 g) when compared to the
group receiving a control immunoglobulin G (IgG) antibody (3.6 ± 0.7 g) (Fig. 5A), whereas
no difference between groups was observed for thermal hypersensitivity at any time point
(Fig. 5B). The neutralization of CXCL5 in the irradiated paw did not alter withdrawal
thresholds or change the expression of IBA1 and G-CSFR at the early 8-hour time point
(Fig. 5, C and D). Thirty hours after UVB irradiation, however, the attenuation of UVB-
induced mechanical hypersensitivity was associated with a reduction in infiltrating
macrophages and neutrophils. IBA1 staining was reduced in irradiated rat skin treated with
the CXCL5 antibody compared to those treated with the IgG antibody (Fig. 5, I and K). This
reduction was significant when measured by qPCR (Fig. 5E). Again, very few cells were
positively stained for CD3 (Fig. 5, J and L), and no difference was measured in CD3 mRNA
expression (Fig. 5F). Significant reductions in G-CSFR relative mRNA expression and
CXCR2 were also measured after local neutralization of CXCL5 (Fig. 5, G and H).

CXCL5 triggers calcium responses and increases migration in macrophages in vitro
All chemokines bind to G protein–coupled receptors, which when activated cause changes in
intracellular calcium levels (32). We found that CXCL5 caused a calcium response in
cultured macrophages (Fig. 6, A to D). At a dose of 100 nM, CXCL5 activated 43.3 ± 5% of
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the macrophages, significantly more than vehicle (0%) (Fig. 6E). An example of this
response is shown in Fig. 6F. CXCL5 (10 nM) did not have an effect on calcium
concentrations (Fig. 6E). No response was seen in sensory neurons cultured from the dorsal
root ganglia (DRG) (Fig. 6G), suggesting that CXCL5 does not directly activate this cell
type.

CXCL5 promote chemotaxis of neutrophils (33, 34); however, its chemotactic effects on
macrophages have not been examined. Using a Boyden chamber, in which cells cross a
concentration gradient through a porous filter, we found that a significantly increased
percentage of macrophages migrated toward wells containing 1 nM (1392.7 ± 133%) and 10
nM (1142.9 ± 239%) CXCL5 over those containing control solution (100%) (Fig. 7A). The
cells in control and CXCL5 (10 nM)–treated wells are shown in Fig. 7, B and C. To assess
whether CXCL5 is a chemotactic or a chemokinetic factor, we used a checkerboard analysis
(35). When the concentration of the chemokine was equal in both upper and lower wells, we
noted enhanced migration as a result of increased motility in a nondirectional manner, a
process termed chemokinesis. However, when there was a concentration gradient between
the upper and lower chambers, migration was significantly higher, indicating that CXCL5 is
a true chemotactic factor for macrophages (Fig. 7D).

DISCUSSION
Quantified doses of UVB irradiation applied to small patches of skin induce a marked
hyperalgesia with a parallel time course and magnitude in rats and humans (16–19). The
mechanism of UVB-induced hyperalgesia is not definitively established, but a major
component is the peripheral sensitization of nociceptive afferent terminals in the irradiated
skin (20). The mediators driving this peripheral sensitization are themselves not defined, but
anti-inflammatory drugs reduce the sensory sequelae of UVB irradiation (16, 21, 26).

First, we used PCR to characterize the expression of inflammatory mediators in rat and
human. PCR arrays are sensitive enough to assess the expression of a large number of
transcripts in small tissue samples, samples of a size that can be realistically obtainable in a
clinical setting from a range of patient groups. Our arrays assessed the expression of a broad
range of inflammatory mediators with a particular emphasis on cytokines and chemokines.
At the peak of UVB-induced hypersensitivity (40 hours), in both humans and rats, a number
of chemokines and cytokines were transcriptionally up-regulated. Angst et al. (21) used
microdialysis to assay the protein levels of a more restricted number of putative mediators
24 hours after UVB irradiation in human skin. As in our study, they found elevated levels of
IL-6, IL-8, IL-10, G-CSF, and CCL4, and no change in TNFα and NGF. In contrast to our
results, however, they did not find a significant increase in CCL2 or IL-1β.

Our second aim was to increase the likelihood that our results could be translated to the
clinic. Pain mechanisms have in the past largely been explored in animal models, some of
which have an uncertain relationship to chronic pain states in patients, which has hampered
clinical translation. Although there have been several efforts to introduce animal models
with greater face validity [for example, chemotherapy agent–induced neuropathies in
rodents (36, 37)], there are still uncertainties about translatability across species. Our data
demonstrate that after UVB irradiation, humans and rodents show transcriptional up-
regulation of similar genes. This significant correlation of gene expression between species
was not necessarily expected because the immune response has been thought to be more
species-specific than other mechanisms. We categorized the response of inflammatory
mediators to UVB irradiation. One group showed little alteration by UVB, changing less
than twofold and comprising about 50 to 60% of transcripts studied. A second group of
about 15 factors was moderately up-regulated in both species and included several
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previously identified genes with known roles in pain modulation such as CCL2, CCL3,
COX-2, and IL-1β. A small number of factors were markedly up-regulated in both species
by UVB treatment, and these are CXCL5, CXCL2, IL-24, and IL-6. Four factors were
regulated in a discordant manner between species.

The degree of correlation in gene expression suggested a similar underlying biological
response, at least in terms of inflammatory mediators, in humans and rats at the peak of
UVB-induced hypersensitivity. These other persistent pain states in humans may also share
mechanisms with rodents, which would facilitate the development of treatments. One
example is osteoarthritis (OA) in which most pain arises from peripheral tissues (38), driven
by peripheral mediators. These mediators are unidentified, and although the animal models
of OA show joint damage and sensory abnormalities, it is still notclear whether they do so
by releasing the same mediators that drive OA pain in patients. The approach we describe
here may help to identify the clinically relevant factors.

The highly up-regulated transcripts by UVB have not been previously described as potential
pain mediators. This group consisted mainly of chemokines: CCL4, CCL7, CCL11, CXCL2,
CXCL5, and CXCL7, as well as the cytokine IL-24. The chemokine family has more than
50 members, and our data support the notion that this family contains a relatively
unexplored group of promising pain mediators. Two chemokines, CCL2 and CX3CL1, have
been extensively studied in chronic pain, either due to their actions on glia cells (39–41) or
in the case of CCL2 also via neuronal interactions (42, 43). Other chemokines act
peripherally. For example, the individual intraplantar injection of several chemokines
(CCL2, CCL22, CCL5, CXCL1, CXCL8, and CXCL12) induces pain-related
hypersensitivity in normal rats (7, 44, 45). A number of these previously described pro-
nociceptive chemokines were significantly up-regulated in our UVB model (CCL2, CXCL1,
and CXCL8).

Our data on UVB-induced mechanical hypersensitivity points to a previously unrecognized
role for the chemokine CXCL5. CXCL5, also known as epithelial-derived neutrophil-
activating peptide-78 in humans and lipopolysaccharide-induced CXC chemokine (LIX) in
rodents, is involved in the recruitment and activation of leukocytes during inflammatory
conditions (27). For example, this chemokine is elevated in the knee joints of arthritic
patients and contributes to neutrophil recruitment (46). CXCL5 is one of a subclass of CXC
chemokines that carry a glutamate-leucine-arginine (ELR) motif and act mainly via the
CXCR2 receptor, although it may also act through other receptors (47, 48). The CXCR2
receptor is present on neutrophils, monocytes, and endothelial cells and is important in
neutrophil chemoattraction and monocyte arrest during inflammation (27). CXCL5 can be
expressed by cells of the epidermis such as keratinocytes (49), as well as infiltrating
monocytes (50), and it is plausible that both of these cell types contribute to the increased
expression of CXCL5 after UVB irradiation. The non-selective COX inhibitor piroxicam,
like all NSAIDs, reduces inflammation in general and consequently has analgesic properties.
At the peak of pain-related hypersensitivity, 48 hours after UVB treatment, the expression of
CXCL5 mRNA was at its highest and could be partially ameliorated by piroxicam treatment.
In addition, we also detected a significant level of CXCL5 protein at this time point. When
injected into the plantar surface of the rat paw, CXCL5 evoked a mechanical but not thermal
pain-related hypersensitivity. This hypersensitivity was associated with an infiltration of
macrophages and neutrophils into the dermis. CXCL5 is a chemotactic agent for neutrophils
(33, 34). Our data show that CXCL5 potently attracts cultured peritoneal macrophages and
elicits sizeable calcium responses in these cells.

Irradiating the skin with UVB causes damage to DNA and apoptosis of epidermal cells (51).
In mice, the subsequent inflammation results in recruitment of neutrophils and macrophages
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into the dermis (52, 53). We found that blocking the action of CXCL5 in the UVB-treated
rodent significantly reduced the levels of macrophages and neutrophils in the skin at the
time of maximal mechanical hypersensitivity. CXCL5 is therefore likely to contribute to the
sensory changes evoked by UVB irradiation through the recruitment of inflammatory cells
and the subsequent release of pro-algesic mediators. Both neutrophils and macrophages have
been implicated in the development of abnormal pain states (54–57). Reduction of
neutrophil recruitment attenuates pain-related hypersensitivity in some laboratory models of
inflammation, for instance, in those associated with carrageenan and zymosan treatment (58,
59). Other chemokines with the ability to attract neutrophils such as CXCL1, CXCL2, and
CXCL8 (in humans) were also significantly up-regulated after UVB treatment. These
molecules may also have contributed to the infiltration of PMN cells and the subsequent
sensory changes measured after UVB irradiation in our experiments. Pain-related
hypersensitivity arising from nerve ligation or transection in rodents is partially dependent
on macrophage recruitment (54, 60). Other chemokines with the ability to attract
macrophages such as CCL2, CCL3, and CCL7 were also up-regulated in UVB-treated skin,
suggesting that this cell type may also contribute to UVB-induced hypersensitivity.

CXCL8 and CXCL1 are other members of the CXC chemokine family with ELR motifs that
can induce pain-related hypersensitivity when injected peripherally (44, 61). Both of these
agents can act through the CXCR2 receptor. Antagonism of this receptor can attenuate pain-
related hypersensitivity in a number of experimental pain states in rodents. These include the
collagen-induced arthritis model; inflammatory pain arising from carrageenan, complete
Freund’s adjuvant (CFA), or zymosan injection; and neuropathic-like pain as a result of
partial nerve injury (55, 62). Attenuation of the hypersensitivity in these models, by CXCR2
blockade, is often associated with a decreased neutrophil infiltration.

There is a significant increase in mechanical pain-related hypersensitivity 0.5 hour after
CXCL5 application that is not associated with leukocyte infiltration. CXCL5 therefore may
act either directly on nociceptive terminals or via other resident cells expressing CXCR2.
We have not been able to demonstrate direct effects of CXCL5 on dissociated cultured DRG
neurons using calcium imaging, although there are some data suggesting that CXCR2
receptors are expressed in DRG cells (63). CXCL5 is, however, known to amplify the
inflammatory cascade in endothelial cells by activating nuclear factor κB(NF-κB) and
increasing the expression of multiple proinflammatory mediators (64). CXCR2 receptors can
also be expressed on mast cells and tissue-resident macrophages, and when activated with
CXCL5, these cells can quickly release pro-algesic factors such as TNFα (30). The injection
of CXCL1 and another ELR member, CXCL2 (both up-regulated in this study by UVB),
does not evoke thermal or mechan cal pain-related hypersensitivity despite PMN cell
recruitment (65), suggesting that the pro-algesic properties of CXCL5 may be mediated
through its action on resident or infiltrating macrophages.

Our studies demonstrate the utility of experimental pain models in animals and humans to
understand pathophysiological mechanisms likely to be relevant in man. They underline the
importance of inflammatory mediators, in particular thechemokines, in the development of
abnormal pain states, emphasizing their significance as targets for the development of new
analgesics.

MATERIALS AND METHODS
Animals

Experiments were performed with male Wistar rats (~250 g, Harlan) in accordance to the
UK Home Office regulations. Food and water were available ad libitum, and animals were
housed under standard conditions with a 12-hour light/dark cycle.
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Volunteers
A total of 10 healthy volunteers (6 male and 4 female) were used for the study. All
volunteers had skin of either type II or III (66) as established via an initial screen.
Individuals with known skin hypersensitivity and dermatological conditions such as eczema
or dermatitis were excluded from all experiments. All participants were asked to refrain
from analgesics and anti-inflammatory or anti-histamine medication for 4 hours before
irradiation and until all testing was completed. Caffeine or nicotine was forbidden for 1 hour
before psychophysical testing. This study was approved by the Ethics Committee of King’s
College London, and informed consent was obtained in writing from all participants.

UVB irradiation
Rats were anesthetized with a combination of medetomidine (Domitor, 0.25 mg/kg) and
ketamine (Vetalar, 60 mg/kg) given intraperitoneally. When completely anesthetized, rats
were covered, exposing only the plantar surface of the hind paw or the depilated lower limb,
and placed under TL01 fluorescent bulbs with a maximum wavelength of 311 nm. The
irradiance output was measured with a photometer (IL1400A with SEL240/UVB-1/TD
filter, ABLE Instruments and Controls) placed at the distance of the exposed skin. This
reading was used to calculate the time needed to deliver UVB (1000 mJ/cm2). After the
procedure and at least 45 min after anesthetization, animals were given a subcutaneous
injection of atipamezole hydrochloride (1 mg/kg).

Volunteers received UVB irradiation at three times MED to an area of 10 mm2 volar
forearm using the TL01 fluorescent bulbs. The time to reach this dose was calculated from
an initial screening protocol in which 1 MED was defined as the time needed to produce
uniform reddening of the area 24 hours after irradiation. This involved irradiating 6 × 1 cm2

patches of volar forearm skin with varying doses, beginning at 307.5 mJ/cm2 and increasing
the dose by 1.25 mJ/cm2 every square.

Behavioral testing
Mechanical hyperalgesia was assessed with the up-down method (67)by measuring
withdrawal responses to a range of calibrated Von Frey hairs applied to the plantar surface
of the rat hind paw. Thermal hyperalgesia was assessed by applying a radiant heat source to
the same area and measuring the latency to withdrawal (68). For all behavioral experiments,
rats were acclimatized for 1 week and baseline readings were acquired. All behavior was
performed with the experimenter blind to treatment.

Psychophysical testing in humans
Mechanical pain thresholds were assessed in human volunteers by applying a range of
calibrated Von Frey hairs of incremental force to the UVB-treated volar forearm skin 40
hours after irradiation. The subject was asked to rate each stimulus as painful or not painful,
and the up-down method was again applied to calculate their 50% withdrawal threshold.
Heat pain threshold was derived as the arithmetic mean of three consecutive measurements
with a thermal sensory analyzer (TSA 2001-II, MEDOC) thermode held against the skin
(69). Thresholds were obtained with ramped stimuli (0.5°C/s), which terminated when the
subject pressed a button to indicate first percept of pain. Temperature of the thermode
ramped down to baseline temperature of 32°C (center of neutral range) at a rate of ~5°C/s
and remained at 32°C during 10-s interstimulus interval. The contact area of the thermode
was 10 mm2. A maximal cut-off temperature of 50°C was used whereby the TSA would
automatically return to baseline temperature. Thermal testing was first demonstrated over an
area that was not used for testing during the experiment.
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Blood flow analysis
In both species, blood flow to irradiated and unirradiated sites was measured with a laser
Doppler flow meter (Moor-LAB, Moor Instruments). Rats were anesthetized and a Doppler
probe was placed on the skin surface of the depilated lower limb. In humans, a similar probe
was placed on the skin surface of the volar forearm. In both cases, the average flux was
calculated over a period of 15 s.

Tissue preparation and RNA extraction
Tissue samples, from irradiated and unirradiated skin, were taken with a biopsy punch (3.0
mm, Stiefel) and immediately frozen in liquid nitrogen. In rats, samples were taken from
depilated hairy skin of the lower hindlimb. Three-millimeter punch biopsies were taken from
control and irradiated skin in human volunteers. Skin samples were homogenized, and total
RNA was obtained with a “hybrid” method of phenol extraction (Trizol, Invitrogen) and
column purification (RNeasy, Qiagen). This helped to achieve the extraction of high-quality
RNA without a significant drop in yield (all 260:280 A ratios were in the range of 1.94 to
2.13). All samples were deoxyribonuclease (DNase) (Qiagen)–treated to prevent genomic
contamination. This was confirmed with a RNA 6000 Nano Chip (Agilent) to ensure
sufficient RNA integrity. RNA was subsequently synthesized into complementary DNA
(cDNA) with the SuperScript II reverse transcriptase kit (Invitrogen) and following the
manufacturer’sprotocol.

Taqman array setup and quantitative real-time PCR
Taqman array cards were custom-made and designed with the Applied Biosystems Web site
(70). Both human and rat 384-well cards were based on microfluidic technology and
contained 4 sets of 96 different primer pairs, which included four housekeeping genes
[glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 18S, β-actin, and β2-
microglobulin]. Each cDNA sample was diluted with PCR-grade water and added in a 1:1
ratio to Taqman Universal master mix, producing a final concentration of 1 ng/μl. Samples
were fed into the appropriate loading ports (1 μl for each well) and prepared according to
the manufacturer’s guidelines. Cards were placed into a 7900HT Fast Real-Time PCR
system (Applied Biosystems), and cDNA samples were subjected to 40 cycles of
amplification. Expression of each transcript was measured with the ΔΔCt (cycling time)
method (71) normalized to the geometric mean of the four housekeeping genes with the R
package NormqPCR (https://r-forge.r-project.org/projects/qpcr/). Relative changes in
transcript levels are presented as fold change (FC = UVB/Control). Where transcript
numbers were undetermined for a given detector in less than 50% of samples, the average Ct
value was calculated with the remaining data values. Where transcript numbers were
undetermined in more than 50% of transcripts for a given sample type (that is, case or
control), the sample was given a default Ct of 38. If this occurred in both, no FC value was
calculated.

For validation of UVB-induced gene changes and relative changes in the expression of cell
markers, individual qPCR was performed with the Corbett Rotor-Gene 6000. Samples were
processed in duplicate and amplified with the Roche LightCycler Master Mix containing
SYBR Green for the detection of real-time changes. The efficiency of all primers was in the
range of 0.8 to 1.2. Transcript levels were measured again with the ΔΔCt method
normalized against GAPDH. Relative mRNA expression is presented as the amount of
transcript in the treatment group compared to control. Primer pairs were designed with the
Primer Blast software (72), except for CD3 (73), andare shown in Table 2.
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Detection of CXCL5 protein by enzyme-linked immunosorbent assay
We used the Rat CXCL5/LIX DuoSet ELISA (enzyme-linked immunosorbent assay) kit
(detection range: 62.5 to 4000 pg/ml, DY543, R&D Systems) to detect the presence of
CXCL5 protein in rat skin. Protein was extracted from depilated hairy skin by mechanical
homogenization in NP-40 lysis buffer [20 mM tris (pH 8), 137 mM NaCl, 10% glycerol, 1%
NP-40, 2 mM EDTA, 20 μM leupeptin, 5 mM sodium fluoride, 1 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor
cocktail]. Recombinant rat CXCL5/LIX standards and protein lysate (5 mg/ml) were run in
duplicate according to the manufacturer’s instructions. Samples were read at 450 nm with
wavelength correction at 540 nm. A reading within the range of the standard curve was
considered positive and quantified. Protein was extracted from the ipsilateral and
contralateral hairy skin of male Wistar rats 48 hours after being irradiated with UVB light
(1000 mJ/cm2).

Histology
Rats were transaortically perfused with cold physiological saline, and the plantar skin, to the
depth of the hypodermis, was removed and placed in 4% paraformaldehyde overnight. The
tissue was embedded in paraffin and 6-μm sections were cut. The presence of inflammatory
cells was determined with the counterstain H&E. Other sections were incubated with
primary antibodies against ionized calcium-binding adaptor molecule 1 (IBA1, Wako,
1:1000) and CD3 (DakoCytomation, 1:3000) to detect the presence of macrophages and T
cells, respectively. Briefly, sections were dewaxed and hydrated with a serial alcohol
dilution. Endogenous peroxidases were inhibited with 3% H2O2, and the mounted sections
were washed in buffer. Once blocked, sections were incubated with primary antibody for 2
hours. After further wash steps, sections were incubated with a goat anti-rabbit biotinylated
secondary antibody (Vector Laboratories, 1:300) for 30 min. Specific binding of the primary
antibody was revealed with the Vectastain ABC kit (Vector Laboratories) with
diaminobenzidine (DAB).

Drug treatment
Animals were randomized into treatment groups and received intraplantar injections of
vehicle [phosphate-buffered saline (PBS), 0.1% bovine serum albumin (BSA)] and 0.1, 1, or
3 μg of recombinant rat CXCL5/LIX (R&D Systems), respectively, in a volume of 50 μl
using a 0.3-ml insulin syringe (Terumo). Mechanical and thermal thresholds were measured
in the treated skin at 0.5, 3, 6, and 24 hours after chemokine injection.

To evaluate the effects of a CXCL5 antibody on UVB irradiation, rats received a dose of
UVB (1000 mJ/cm2) to the plantar surface of the left hind paw. Immediately after
irradiation, an intraplantar injection of either a function blocking goat anti-rat CXCL5/LIX
antibody (R&D Systems) or normal goat IgG (R&D Systems) was given at a dose of 10 μg
in 50 μl. Further antibody treatment was given directly after assessment of mechanical
thresholds. Behavior was carried out 8, 20, and 30 hours after UVB. The area of skin
receiving treatment was taken for RNA extraction and histological assessment.

In vitro assays
Macrophage culture—Adult rats were killed with CO2, and 20 to 50 ml of sterile Hanks’
balanced salt solution (HBSS) was injected into the peritoneal cavity. After 5 min, the buffer
was retrieved from the cavity and spun to obtain a cell pellet. Cells were resuspended in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and
incubated at 37°C.
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Calcium imaging—For calcium imaging, cultured macrophages were incubated for 60 to
90 min at 37°C with 2 μM Ca2+ indicator Fura2-AM (Invitrogen) in HBSS. Cells were
transferred to a perfusion system attached to an inverted microscope (Nikon) equipped with
a monochromator (Photon Technology). Recordings were carried out with a standardized
protocol. Average Ca2+ concentration–based fluorescent ratios (340/380-nm excitation)
were taken over the first 2 min of each run under continuous perfusion (3 ml/min) with
HBSS buffer solution (containing 10 mM Hepes, pH 7.4) and defined as the baseline level.
A single manual application of CXCL5 was followed by 3 min without continuous
perfusion. After a 2-min washout period, 25 μM ATP (Sigma) or 20 mM KCl was used as a
positive control to define viable macrophages or dorsal root ganglion (DRG) neurons,
respectively. DRG neurons were cultured as previously described (74). HBSS perfusion
buffer for recordings with DRG neurons contained 10 mM Hepes and 15 mM glucose. All
experiments were conducted at room temperature. Ratiometric changes of the 340/380-nm
wavelengths after manual application were normalized to the averaged baseline ratio. To be
defined as a responder, cells needed a ratio change greater than 20% from baseline and a
positive response to the application of ATP (macrophages) or KCl (DRG neurons).

Chemotaxis—To assess chemotactic ability, we used the Boyden chamber (Neuroprobe).
Briefly, varying concentrations of CXCL5, diluted in serum-free DMEM, were placed into
the lower wells. Macrophages were suspended in serum-free DMEM and placed into the
relevant top wells (50,000 per well). A polycarbonate filter containing 5-μm pores was used
to separate the wells. After 3 hours in the incubator at 37°C, the membrane was removed
and cells from the top were wiped away. Cells that had migrated to the chemokine side were
stained with RapiDiffII (Biostain Ready Reagents), membranes were cover-slipped, and
cells were counted.

Statistical analysis
For Taqman array cards, statistical significance was calculated by running t tests in R (two-
sided, Welch’s t test) on the ΔCt values. To control for multiple hypothesis testing, we
adjusted the P values using the false discovery rate (FDR) correction as proposed by
Benjamini and Hochberg (75). All other statistical analysis was carried out with the
SigmaStat software. Where the data were not normally distributed and had unequal variance,
nonparametric tests were used.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
UVB-induced sensory changes in human and rat skin 40 hours after UVB irradiation. (A and
B) Three MEDs and UVB (1000 m J/cm2) to human and rat skin, respectively, caused a
significant increase in blood flow to the irradiated area when compared to control skin sites.
(C to F) In the same area, UVB irradiation caused a significant reduction in thresholds to
mechanical (C and D) and thermal (E and F) stimulation in human and rat skin, respectively
(paired t test or Wilcoxon signed-rank test (depending on data distribution). n = 10 (A, C,
and E). n = 8 (B, D, and F).**P < 0.01; ***P < 0.001. All data are presented as the means ±
SEM. AU, arbitrary unit.
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Fig. 2.
Correlation of UVB-induced chemokine and cytokine expression in the human and rat.
Human and rat gene expression after UVB irradiation was plotted against each other. The
Pearson’s correlation coefficient, r = 0.435, showed that there is a positive relationship
between the two data sets. This relationship is also significant with P < 0.001. Potential
outliers (▲, see Results). n = 73.
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Fig. 3.
The chemokine CXCL5 causes mechanical pain-related hypersensitivity and induces an
infiltration of neutrophils and macrophages. (A) When compared to control rats, intraplantar
injection of CXCL5 (3 μg) produced a significant reduction in paw withdrawal thresholds to
mechanical stimulation at 0.5 and 6 hours after treatment. No significant changes were
measured in mechanical thresholds at doses of 0.1 and 1 μg. (B) In the same animals, no
change was observed in withdrawal latencies to thermal stimulation at any dose [**P <
0.001; *P < 0.05, two-way repeated-measures analysis of variance (ANOVA); vehicle, 0.1
μg, 1 μg (n = 11), and 3 μg (n = 6)].(C and D) Plantar skin preparations stained with H&E
showed a marked inflammatory cell infiltrate within the dermis 6 hours after intraplantar
injection of CXCL5 (3 μg). A representative section at low magnification is shown in (C)
(scale bar, 200 μm). In (D), a high-magnification section is shown (scale bar, 25 μm) and
infiltrating cells, both monocytes (red arrows) and PMNs (blue arrows), are indicated. (E
and F) A low level of macrophages (as shown by IBA1 staining) is seen in the dermis of
control animals (E), which markedly increases at 6 hours after CXCL5 (3 μg) injections (F)
(scale bar, 200 μm). (I) The increase in IBA1 expression after CXCL5 injections was
confirmed with qPCR compared to mRNA expression in vehicle-treated skin. (G and H)
Immunopositive CD3 cells (a marker of lymphocytes) were detected at low levels in control
skin (G) and did not change after CXCL5 treatment (H). (J) There was no difference in the
mRNA levels of CD3 in treated versus control animals. (K and L) The mRNA of the
neutrophil marker G-CSFR (K) and the cognate receptor for CXCL5, CXCR2 (L), were
significantly up-regulated in the chemokine-treated skin compared to control [*P < 0.05;
**P < 0.01, Mann-Whitney rank sum test or t test (depending on data distribution); n = 3 to
5]. All data are presented as means ± SEM.
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Fig. 4.
Time course of CXCL5 expression and pain-related hypersensitivity in the rodent UVB
model. (A and B) UVB irradiation caused a significant reduction in mechanical (A) and
thermal thresholds (B) at 24 and 48 hours after treatment. Mechanical thresholds were also
reduced 8 hours after UVB treatment. (C) CXCL5 mRNA expression measured at 0, 4, 8,
24, and 48 hours and 10 days after UVB (1000 m J/cm2). Compared to 0 hours, CXCL5
expression significantly increased at 48 hours (y axis has a logarithmic scale). No difference
was measured at other time points (Kruskal-Wallis one-way ANOVA on ranks, n = 4 to 5).
(D) Expression of CXCL5 protein was measured with a specific ELISA. Control skin
samples contained nondetectable levels of CXCL5. However, 48 hours after UVB
irradiation, CXCL5 was significantly increased (n = 4 per group, Mann-Whitney rank sum
test, P = 0.029). (E to H) UVB irradiation increased the expression of IBA1 (E) and G-
CSFR (G), but not CXCR2 (H) or CD3 (F) [*P < 0.05; **P < 0.01; ***P < 0.001, Mann-
Whitney rank sum test or t test (depending on data distribution); n = 5 to 7]. All data are
presented as means ± SEM.
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Fig. 5.
CXCL5 contribution to UVB-induced pain-related hypersensitivity. (A and B) Animals
received either a functional blocking CXCL5 antibody (Ab, 10 μg) or a control nonimmune
IgG (10 μg) immediately after UVB irradiation, and again at 10 and 20 hours [shown by
arrows in (A) and (B)]. Antibody neutralization of CXCL5 significantly attenuated the
reduction in mechanical thresholds 30 hours after UVB (1000 mJ/cm2) (A). However,
neutralization of this chemokine did not have an effect on thermal thresholds after UVB
irradiation (B) (two-way repeated-measures ANOVA, n = 11). (C and D) At 8 hours after
UVB irradiation, there was no change in infiltrating cell markers between treated and
control animals. IBA1 mRNA expression was similar between CXCL5 antibody and the
control IgG groups (C). Also, G-CSFR mRNA expression showed no change between
groups (D). (E to H) At 30 hours after UVB irradiation, a time point at which the CXCL5-
neutralizing antibody is effective in decreasing hypersensitivity behaviors, there was a
significant reduction in IBA1 (E), G-CSFR (G), and CXCR2 mRNA expression (H) in
animals treated with CXCL5-neutralizing antibody. No difference was found in CD3 mRNA
expression (F) (*P < 0.05, t test; n = 4 to 6) (I to L) IBA1 staining in irradiated skin was
reduced in animals treated with the CXCL5 antibody (K) versus vehicle (I). Low levels of
CD3 staining were similarly detected in both groups (J and L) (scale bar, 200 μm). All data
are presented as means ± SEM.
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Fig. 6.
Exposure of macrophages to CXCL5 produced an increase in intracellular Ca2+

concentration ([Ca2+]i). (A to D) Macrophages in which application of ATP (25 μM)
produced a change in [Ca2+]i [as seen in (D)] were included in the analysis (thus excluding
dead or nonfunctional cells). CXCL5 at a dose of 100 nM increased [Ca2+]i in a number of
cells as indicated by the red arrows (C). (E) The percentage of cells responding to 100 nM
CXCL5 was significantly larger than after vehicle treatment (E) (Kruskal-Wallis one-way
ANOVA on ranks, n = 3 to 6 independent experiments with at least 100 cells per
concentration, data are presented as mean% ± SEM). (F and G) Representative response
traces of a single cell for macrophages (F) and DRG neurons (G).
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Fig. 7.
CXCL5 attracts cultured peritoneal macrophages. (A) When compared to control, 1 and 10
nM CXCL5 significantly increased the migration of macrophages (Kruskal-Wallis one-way
ANOVA on ranks, n = 3 to 5).(B and C) Counterstained filters show cells in a control well
(B) and a well containing CXCL5 (10 ng/ml) (C). (D) To test whether CXCL5 induces
migration through a gradient (chemotaxis) or solely random nondirectional migration
(chemokinesis), we used the checkerboard analysis. In a Boyden chamber, cells were
suspended in increasing concentrations of CXCL5 and allowed to migrate toward increasing
concentrations of CXCL5 in the lower wells. The gray boxes show the results obtained when
the same concentration was used in both wells (no gradient). When there is an increasing
gradient, migration is further enhanced, indicating that CXCL5 induces directional
chemoattraction on macrophages (Kruskal-Wallis one-way ANOVA on ranks, n = 3 to 5).
Significant migration across a gradient versus migration when the concentration is the same.
*P < 0.05 compared to 0 versus 0 nM; +P < 0.05 compared to 1 versus 1 nM; #P < 0.05
compared to 10 versus 10 nM. All data are presented as the means ± SEM.

Dawes et al. Page 23

Sci Transl Med. Author manuscript; available in PMC 2011 December 07.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Dawes et al. Page 24

Table 1

Increase in expression of the top 20 inflammatory mediators in UVB-treated skin. Transcript levels of more
than 90 inflammatory mediators were measured in irradiated and nonirradiated skin at the peak of sensory
changes with custom-made Taqman array cards in both the human and rat model. The level of significance
was determined by t tests comparing irradiated versus control skin for each species. Because of multiple
testing, P values were adjusted with the FDR. FC = UVB/Control. Data are expressed as mean FC ± SD (n =
8). ND, not detected; CXCL, chemokine (C-X-C motif) ligand; CCL, chemokine (C-C motif) ligand; IL,
interleukin; G-CSF, granulocyte colony-stimulating factor; KGF, keratinocyte growth factor; COX-2,
cyclooxygenase-2.

Gene name FC in rat FC in human

CXCL5 51.3 (20.5 to 128.2)*† 82.5 (45.4 to 150.0)*

iNOS 34.3 (3.1 to 385.1)‡ −1.1 (−2.2 to 1.8)

IL−24 32.7 (8.3 to 128.8)*† 63.7 (44.5 to 91.3)*

CXCL2 24.6 (3.1 to 198.4)§† 12.0 (8.0 to 18.0)*

CCL4 15.4 (6.6 to 35.8)* 2.5 (1.4 to 4.5)‡

IL-6 14.8 (4.1 to 53.9)§† 54.7 (30.3 to 99.0)*

CCL2 14.6 (5.3 to 40.6)* 5.1 (3.8 to 7.0)*

CCL7 14.2 (6.2 to 32.6)*† 13.8 (4.2 to 44.8)*

CXCL7 14.0 (2.8 to 70.5)§ 4.0 (1.8 to 8.6)

CCL11 11.6 (5.9 to 22.9)*† 4.2 (1.1 to 16.6)

IL-10 10.7 (5.4 to 21.2)* 8.0 (4.1 to 15.8)*

IL-3 9.0 (3.4 to 23.3)§ ND

G-CSF 7.1 (−1.2 to 62.2) 25.0 (10.7 to 58.5)*

IL-19 6.2 (3.0 to 12.6)§ ND

CCL3 6.0 (2.9 to 18.9)§ 16.6 (10.7 to 25.7)*

CXCL4 6.0 (3.9 to 9.2)* 2.1 (−1.1 to 5.0)

KGF 5.8 (3.2 to 10.5)* 4.3 (2.9 to 6.5)*

CXCL1 5.4 (1.9 to 15.5)§ 18.9 (12.6 to 28.4)*

IL-1 β 5.0 (1.3 to 18.7)‡ 10.3 (5.9 to 17.8)*

COX-2 4.6 (2.0 to 10.6)§ 5.3 (3.0 to 9.5)*

*
P < 0.001.

†
Validated with individual qPCR.

‡
P < 0.05.

§
P < 0.01. Mean FC (±1 SD range).
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Table 2

Primer sequences used in individual qPCR.

Gene Direction Sequence (5′ > 3′)

GAPDH
Forward ATGGGAAGCTGGTCATCAAC

Reverse CCACAGTCTTCTGAGTGGCA

IBA1
Forward TCCCCACCTAAGGCCACCAGC

Reverse CGTCTCCTCGGAGCCACTGGA

CD3
Forward TTGAAGAACGAGCAGCTGTATCA

Reverse CGGCTGTACTGGGCATCAT

CXCL2
Forward CACCTCCACACTGTGATAGAGATTGG

Reverse ATAACAGTCGTCCCGCCCTTCT

CXCL5
Forward GCATTTCTGCTGCTGTTCACACT

Reverse GGTTAAGCAAACACAGCGTAGCT

CCL7
Forward CTCCAAAGCCCTGAAGACAG

Reverse GTTCCTACCCCTTAGGACCG

CCL11
Forward CTGCTGCTTTACCATGACCA

Reverse GACCCACTTTTTCTTGGGGT

IL6
Forward TCTCTCCGCAAGAGACTTCC

Reverse CCGGACTTGTGAAGTAGGGA

IL24
Forward TCTGCAGAATGTCTCGGATG

Reverse AGGAAGTTATCCGGATTGGC

G-CSFR
Forward GGAGGGCTGCGGGCAAATCA

Reverse GGGACCCGTCAGGCAGGTGA

CXCR2
Forward GGCCATCGTCCACGCCACAA

Reverse AAGATGACCCGCATGGCCCG
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