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Introduction

Pain associated with inflammation is an important clinical issue and can persist long after
resolution of inflammation [20;34]. Peripheral inflammation increases the response to
painful stimuli via direct actions of inflammatory mediators such as interleukin-1p (IL-1p)
on primary sensory neurons [1;12;34]. This peripheral sensitization rapidly but transiently
increases excitability of primary nociceptors and leads to a transient increase in the response
to noxious stimulation [12]. Modulation of inflammatory hyperalgesia also takes place at the
level of the spinal cord, and glial cells have been implicated in this process [6;23]. However,
the neurobiological mechanisms underlying inflammation-associated pain have only begun
to be unraveled. Very little is currently known about the intra- and intercellular pathways
that contribute to resolution of inflammatory hyperalgesia. G protein coupled receptor
kinase 2 (GRK2) belongs to a family of seven G protein coupled receptor kinases [28;32].
GRK?2 phosphorylates agonist-activated G-protein-coupled receptors (GPCRs), leading to
receptor desensitization and internalization [32;39]. GRK2 can also interact with elements of
several intracellular signalling pathways, including Akt, MEK1/2, phosphoinositide-3 kinase
(P13-kinase) and p38 MAPK, as well as various cytoskeletal elements [27;33]. These two
pathways allow GRK2 to regulate intracellular signaling not only in response to GPCR
activation but also independently of GPCRs. An example of this last mechanism is the
enhanced in vitro cytokine response of macrophages or microglia from GRK2*/~ mice
following Toll-like receptor (TLR)4 stimulation [25;27]. During the past several years, we
have developed evidence for a role of GRK2 in regulating chronic pain. At the correlational
level, we established that GRK2 in neurons of the spinal cord dorsal horn is reduced in two
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models of neuropathic pain, i.e. chronic constriction injury in rats and partial spinal nerve
transection in mice [15;16]. In addition, GRK2 levels are reduced in microglia/macrophages
isolated from the lumbar spinal cord in the L5 spinal transection model of neuropathic pain
in rats [7]. Moreover, thermal hyperalgesia induced by transient inflammatory stimuli, such
as carrageenan, the GPCR-binding chemokine CCL3 or the pro-inflammatory cytokine
IL-1p, is markedly prolonged in GRK2*/~ mice that express only 40-60% of normal GRK2
levels [7]. These data strongly suggest GRK2 to be a crucial molecule in actively
suppressing events that are associated with thermal prolonged hyperalgesia.

The aim of experiments reported here was to test the hypothesis that reduced GRK2 in
microglia/macrophages is critical for prolonging the duration of inflammatory pain and to
investigate the underlying mechanisms. We first determined whether ongoing inflammation
changes GRK2 expression in spinal cord microglia/macrophages. Subsequently, we
investigated whether and how reduced GRK2 in microglia/macrophages regulates the
duration of hyperalgesia induced by a single peripheral injection of IL-1p. For this purpose,
we compared mice heterozygous for deletion of GRK2 only in microglia/macrophage
generated using CRE-Lox technology and littermate controls. As a control, we used mice
with low GRK2 specifically in primary sensory neurons or in astrocytes.

Materials and Methods

Animals

Female C57BI/6 mice (12-14 weeks) heterozygous for targeted deletion of the GRK2 gene
(GRK2*/7) and their WT littermates were used [7;14]. In addition, mice with cell-specific
reduction of GRK2 were generated using CRE-Lox technology; GFAP-GRK2*, LysM-
GRK2*, Nay1.8-GRK2"* and control GFAP-GRK2**, LysMGRK2*/* or Na,1.8-
GRK2*/* offspring were generated by breeding heterozygous GFAP-CRE (Jackson
laboratories, Bar Harbor, ME, USA), homozygous LysM-CRE (Jackson laboratories) or
homozygous Na,1.8-CRE transgenic mice [35] with heterozygous GRK2-Lox mice
(GRK2f*) [21]. Heterozygous floxed GRK?2 mice were used to obtain a similar reduction in
GRK2 levels as in GRK2*/~ mice. LysM-GRK2f mice were generated by breeding LysM-
GRK2* with homozygous GRK2-Lox mice. Mice were genotyped by PCR analysis on
genomic DNA. Mice were bred and maintained in the animal facility of the University of
Utrecht (The Netherlands). All experiments were performed in accordance with international
guidelines and approved by the experimental animal committee of University Medical
Center Utrecht.

Carrageenan paw inflammation, spinal microglia/macrophage isolation and
immunohistochemical staining

Mice received an intraplantar injection of 20 ul A-carrageenan (2 % (w/v), Sigma-Aldrich,
St. Louis, MO, USA) in saline in both hind paws. At day 6 after carrageenan, mice were
sacrificed and spinal cord lumbar enlargements of 4 mice were pooled. Spinal cords were
ground briefly using a glass Potter in 4 ml ice-cold Hanks’ balanced salt solution (HBSS,
Gibco, Carlshad, CA, USA), containing 15 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (Gibco) and 0.5% glucose (Sigma-Aldrich). Suspensions were passed
through a 70-um cell strainer (BD Biosciences, Alphen aan de Rijn, The Netherlands), cells
were centrifuged at 400g for 7 min. at 10°C and resuspended in 75% Percoll (GE
Healthcare, Uppsala, Sweden) in HBSS. A density gradient consisting of 4 ml cells in 75%
Percoll, 3 ml 50% Percoll, 3 ml 35% Percoll, and 2 ml dPBS (Gibco) was centrifuged
(1000g for 20 min. at 10°C). Cells at the 50/75% interface were collected, washed in ice-
cold DPBS, and resuspended in DPBS containing 1% Bovine Serum Albumin. Cells were
rapidly centrifuged onto a microscope slide using a cytospin centrifuge.
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Cells were fixed in acetone at —20°C for 5 minutes. Slides were blocked in PBS containing
0.1% saponin and 2% BSA and 2% normal goat serum and incubated with rabbit-anti-GRK2
(1:100, Santa Cruz Biotechnology, Santa Cruz, CA) and rat-anti-CD11b (1:200, BD
Biosciences). The specificity of GRK2 staining was controlled by using primary anti-GRK2
antibody blocked with a GRK2 blocking peptide (Santa Cruz Biotechnology). Specificity of
CD11b staining was controlled by using isotype control antibody. Staining was visualized
using alexa488-conjugated goat-anti-rabbit antibody and alexa594-conjugated goat-anti-
mouse (1:200, Invitrogen, Paisley, UK) and slides were stained with Dapi (Sigma-Aldrich).
Using this procedure, more than 95% of the isolated cells were CD11b positive. Cells were
photographed with a Zeiss Apotome Microscope (Zeiss, Oberkochen, Germany) and GRK2
levels in CD11b+ cells were analysed with ImageJ software.

IL-1B-induced hyperalgesia

Mice received an intraplantar injection in the hind paw of 5 ul recombinant mice I1L-1p (200
ng/ml or 20 ng/ml; Peprotech, Rocky Hill, NJ, USA) diluted in saline. Heat withdrawal
latency times were determined using the Hargreaves (1ITC Life Science, Woodland Hills,
CA) test as described [10]. Intensity of the light beam was chosen to induce a heat
withdrawal latency time of approximately 8 s at baseline. Mechanical allodynia was
measured with von Frey hairs (Stoelting, Wood Dale, USA) and the 50% paw withdrawal
thresholds were calculated as described [3]. Baseline withdrawal latencies were determined
on three consecutive days. On the third day, mice received an intraplantar injection of 1L-1p.
Intraplantar injection of saline did not induce detectable hyperalgesia in any of the
genotypes. All behavioral experiments were performed by an experimentator blinded to
treatment and in a randomised set up.

Drug administration

Intrathecal (i.t) injections were performed as described by Hylden and Wilcox [13] under
light isoflurane/O, anesthesia. The following drugs were injected i.t. in a volume of 5 pl:
minocycline (30 pg in PBS [7;36]; Sigma-Aldrich), mouse recombinant fractalkine (1 ng in
saline [5]; R&D systems, Minneapolis, MN, USA), rabbit ant-rat CX3CR1 (1 pg in saline
[5]; Torrey Pines Biolabs, NJ, USA) or normal rabbit IgG (1 pg in saline; Upstate,
Millipore, MA, USA), p38 inhibitor SB239063 (5 g in 10% DMSO in saline [2]; Sigma-
Aldrich), PI3kinase inhibitor LY294002 (5 ug in saline [40]; Sigma-Aldrich), IL-1ra (10 ng
in saline [17]; R&D systems).

Intraperitoneal administrations of minocycline (50 mg/kg [30]) were performed at day 1 and
day 2 after intraplantar IL-1f injection.

Immunohistochemistry spinal cord slices and paw biopsies

Two days after intraplantar IL-1 mice were deeply anesthetized with sodium pentobarbital
(50 mg/kg, i.p.), and perfused intracardially with saline followed by 4% paraformaldehyde
in PBS. Spinal cords were removed, post-fixed in 4% paraformaldehyde for 6 hours at 4°C,
equilibrated in 30% sucrose, and mounted in OCT compound (Optimal Cutting Temperature
compound; Sakura, Zoeterwoude, The Netherlands). Transverse spinal cord sections (10
um) of thoracic segments T8-T10 and lumbar segments L2-L4 were cut using a cryostat.
Sections were blocked in 5% normal goat serum (NGS) and 0.1% Triton X-100 in PBS.
Sections were then incubated overnight at 4°C with 1:200 rabbit anti-1ba-1 (Wako Pure
Chemical Industries, Japan) and binding was visualized using alexa488-conjugated goat-
anti-rabbit antibody (1:200; Invitrogen). Slides were analysed for 1ba-1* cells with a Leica
TCS-NT confocal microscope.
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Paw biopsies were fixed in 4% paraformaldehyde, embedded in paraffin, blocked with 5%
NGS in PBS/0.5% TritonX. Sections were incubated with 1:200 rabbit anti-1ba-1 (Wako)
monoclonal antibody followed by incubation with 1:200 goat-anti-rabbit biotin (Vector
Laboratories, Burlingame, CA, USA). Staining was visualized using Vectastatin ABC kit
(Vector Laboratories) and diaminobenzamidine (DAB) (Sigma-Aldrich).

Primary microglia and macrophage isolation

To control for effective cell-specific deletion or reduction of GRK2 expression, we analysed
GRK2 protein levels in peritoneal macrophages and primary microglia. Macrophages were
collected from the peritoneal cavity after intraperitoneal injection of 3 ml RPMI-1640
(Gibco) using CD11b micro beads and a MACS column (Miltenyi Biotec, Bergisch
Gladbach, Germany). Mixed primary cultures of cortical astrocytes and microglia were
obtained from one day-old mice. Cortices were dissected after removal of meninges and
blood vessels, minced and incubated with 0.25% trypsin for 15 min. in Grey’s balanced salt
solution containing 100 U/ml penicillin, 100 ug/ml streptomycin and 30 mM D(+)-glucose.
Cells were dissociated and cultured in poly-L-ornithine (15 pug/ml) coated culture flasks in
DMEM/Ham’s F10 (1:1) supplemented with 10% FCS, 2 mM glutamine and antibiotics as
stated above. After 10-12 days, flasks were shaken for 3 h at 37°C to collect microglia.

Total cell lysates were prepared in RIPA buffer (20 mM HEPES pH 7.5, 1% Triton X-100,
150 mM NaCl, 10 mM EDTA and protease inhibitors (Sigma-Aldrich)) for 30 min. at 4°C
followed by 15 min. centrifugation at 13,000 rpm.

Western Blotting

Protein concentrations of the total cell lysates were determined using a protein assay
(Bradford assay, Bio-Rad, Alphen a/d Rijn, The Netherlands). Protein samples (20 ug) were
separated by 10% SDS-PAGE and transferred to nitrocellulose membranes (Hybond-C,
Amersham Biosciences, Roosendaal, The Netherlands). Membranes were stained with 1:300
rabbit anti-GRK2 or 1:2000 goat anti-p-actin (both Santa Cruz Biotechnology), followed by
incubation with 1:5000 donkey anti rabbit-HRP (Amersham Biosciences) or 1:5000 donkey-
anti-goat-HRP (Santa Cruz Biotechnology). Specific bands were visualised by
chemiluminescence (ECL, Amersham Biosciences) with X-ray film exposure. Films were
scanned with a GS-700 Imaging Densitometer and analyzed with Quantity One Software
(Bio-Rad).

Real-time RT-PCR

Total RNA was isolated from thoracic and lumbar spinal cord or paw biopsies with Trizol
(Invitrogen). One nug of total RNA was used to synthesize cDNA with SuperScript Reverse
Transcriptase (Invitrogen). The real-time PCR reaction was performed with iQ5 Real-Time
PCR Detection System (Bio-Rad) using the following primers: CatS forward:
CggCgTCTCATCTgggAAAA(, reverse: gAgCACCCATCCgACACAAY, Fractalkine
forward: gCgAgTgACTACTAgQgAg, reverse: gATTCgTgAggTCATCTTg, CX3CR1
forward: TJTCCACCTCCTTCCCTgAA, reverse: TCQCCCAAATAACAQQCC, IL-1B
forward: CAACCAACAAQTgATATTCTCCATQ, reverse:
gATCCACACTCTCCAgCTQCA. Data were normalized for GAPDH expression. GAPDH
forward: TJAAgCAggCATCTgAggg, reverse CQJAAggTggAAgAgTIggAg.

MPO-activity

MPO-activity in paw biopsies was determined as described before [8]. Briefly, frozen paw
biopsies were homogenized in 50 mM HEPES buffer (pH 8.0) using a Potter homogenizer.
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Homogenates were centrifuged for 30 min at 10,000 g at 4°C, pellets were used to determine
myeloperoxidase (MPO) activity.

Statistical Analysis

Results

All data are presented as mean + SEM. Two-way ANOVA with Bonferroni post-tests was
used to analyze the effect of time or location and genotype.

GRK2 levels are decreased in spinal cord microglia/macrophages during inflammatory
hyperalgesia

The first question we addressed is whether ongoing peripheral inflammation is associated
with changes in GRK2 expression in spinal cord microglia/macrophages. The rationale to
perform these experiments was to determine whether GRK2 in spinal cord microglia/
macrophages is reduced under pathophysiological conditions. To answer this question, we
used the high dose carrageenan model of paw inflammation [12]. WT mice received an
intraplantar injection of carrageenan at a dose that induces prolonged inflammation and
hyperalgesia (20 ul, 2% [11]). At 6 days after intraplantar carrageenan, thermal sensitivity
(heat withdrawal latency at baseline 8.5 + 0.2 s) was increased indicating ongoing
hyperalgesia (decrease in heat withdrawal latency; vehicle 1.34 + 2.14%; carrageenan: 39.33
+2.92%, n = 12 per group; p<0.01) and paw thickness (baseline 1.47 + 0.02 mm) was
increased (vehicle: 0.94 + 5.72%, carrageenan: 48.69 + 8.37%, n = 4 per group; p<0.001)
indicative of ongoing inflammatory activity. At this time point, mice were sacrificed and
microglia/macrophages were isolated from lumbar spinal cord to determine the level of
GRK2 protein by immunohistochemistry. We used this approach because our earlier studies
showed that GRK2 levels in microglia/macrophages cannot be determined reliably in tissue
sections due the high level of expression of GRK2 in spinal cord neurons that masks the
microglial/macrophage signal [15;16]. As is shown in figure 1, GRK2 protein level in
microglia/macrophages isolated from lumbar spinal cord of carrageenan-treated mice was
reduced by approximately 40% as compared to microglia/macrophages from spinal cord of
saline-treated controls. These findings indicate that ongoing peripheral inflammation and the
associated ongoing hyperalgesia co-occur with a reduction in GRK2 protein levels in spinal
cord microglia/macrophages. In the next set of experiments we focussed on the effect of
reduced GRK2 in microglia/macrophages on hyperalgesia induced by the cytokine IL-1p.

IL-1B-induced hyperalgesia and mechanical allodynia are prolonged in GRK2-deficient

mice

Homozygous GRK2 knockout mice die in utero and therefore we used GRK2*/~ mice and
WT littermate controls to determine the contribution of GRK2 to the regulation of
hyperalgesia. We have shown before that the level of GRK2 in tissues from \heterozygous
GRK2*~ mice is reduced by 40-60% [7;15;25]. The cytokine interleukin-1p was used to
induce hyperalgesia because this cytokine is known to induce transient hyperalgesia in WT
animals [1].

As expected, IL-1B-induced hyperalgesia was transient in WT mice and completely
disappeared within one day (Fig. 2a). In GRK2*/~ mice, the acute phase of hyperalgesia was
similar to that observed in control mice until 6 h after IL-1p. However, the hyperalgesic
response of GRK2*/~ mice lasted significantly longer than that of WT mice. Baseline
thermal sensitivity was not affected by reduced GRK?2 [7]. To investigate whether the lack
of effect of low GRK2 on acute hyperalgesia during the first 6 h after intraplantar IL-1p was
due to a ceiling effect, a lower dose of IL-1f (0.1 ng/paw) was injected intraplantarly. Also
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at this lower dose, the magnitude of acute hyperalgesia was similar in WT and GRK2*/~
mice (Fig. 2b).

Next, we compared IL-1B-induced hyperalgesia in LysM-GRK2* mice with a ~40 %
reduction in GRK2 only in microglia/macrophages (Fig 3a) and littermate control LysM-
GRK2** mice. The course of IL-1p-induced hyperalgesia was similar in mice with reduced
GRK2 only in microglia/macrophages (Fig. 3b) and in mice with reduced GRK2 in all cells
(Fig. 2a), indicating that GRK2 in microglia/macrophages is critical for determining the
duration of hyperalgesia in this model. Baseline thermal sensitivity was not affected by low
GRK2 in microglia/macrophages (heat withdrawal latency LysM-GRK2/* mice 8.1+ 0.1s
vs. control LysM-GRK2** mice 8.2 + 0.2 s; n = 22). To determine whether a gene dosage
effect of GRK2 exists, we generated homozygous LysM-GRK2f mice. GRK2 expression in
microglia or peritoneal macrophages from LysM-GRK2f mice was decreased by >95%
compared to LysM-GRK2*/* controls (Fig. 3a). The residual GRK2 expression in LysM-
GRK2f that was observed in Western blot analysis might be due to incomplete removal of
the floxed genes in some cells. Residual GRK2 expression may also be derived from
contaminating astrocytes in the microglial preparation or lymphocytes in the macrophage
enriched fraction. The data in figure 3c demonstrate that the magnitude and duration of
IL-1pB-induced hyperalgesia was similar in mice heterozygous or homozygous for deletion of
GRK2 in LysM-positive cells. Low GRK2 in microglia/macrophages also affects
mechanical allodynia as determined using von Frey hairs. In control LysM-GRK2*/* mice,
intraplantar injection of IL-1B induces a transient increase in sensitivity to mechanical
stimulation (Fig. 3d). At one day after intraplantar IL-1B, mechanical sensitivity in control
mice has returned to baseline levels (Fig. 3d), whereas LysM-GRK2* mice continue to
display mechanical allodynia until at least 12 days after the intraplantar injection of IL-1p.

Neutrophil influx into the paw was determined by measuring MPO activity (Fig. 3e) and
macrophage influx was determined by expression of CX3CR1 mRNA (Fig. 3f) and Iba-1-
staining (Fig. 3g) in paw biopsies of LysM-GRK2* and LysM-GRK2*/* mice. The findings
indicate that the genotype-related differences in IL-1p-induced thermal hyperalgesia and
allodynia are not caused by genotype-related differences in the influx of neutrophils and
macrophages into the paw (Fig 3e-g).

Contribution of GRK2 in astrocytes and primary sensory neurons to IL-1B-induced
hyperalgesia

We also examined the effect of reduction of GRK2 in GFAP-positive astrocytes. Previously,
we showed that the level of GRK2 in astrocytes from GFAP-GRK2* mice was
approximately 60% lower than in WT control mice [7] The data in figure 4a demonstrate
that changes in astrocyte GRK2 did not affect the course of intraplantar IL-1p-induced
hyperalgesia. Similarly, the reduction of GRK2 in Na,1.8-positive peripheral sensory
neurons that occurs in Nay1.8-GRK27* mice [7] had no effect on IL-1p-induced
hyperalgesia (Fig. 4b).

Spinal cord microglial/macrophage activation plays a key role in IL-1B-induced chronic
hyperalgesia in GRK2-deficient mice

Next, we determined whether ongoing hyperalgesia in mice with low GRK2 in microglia/
macrophages was associated with signs of ongoing activation of these cells in the spinal
cord. We observed an increased number of lumbar but not thoracic spinal cord Iba-1*
microglia/macrophages with an activated phenotype in LysM-GRK2%* mice compared to
control LysM-GRK2*/* mice at day two after intraplantar IL-1p (Fig. 5a). As a measure of
spinal cord microglial/macrophage activity, we also analyzed mRNA expression of the
fractalkine receptor CX3CR1, the fractalkine releasing enzyme cathepsin S [5] and IL-1
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that are all expressed by microglia/macrophages. The data in figure 5b—e indicate that 1L-1j,
cathepsin S and CX3CR1 mRNA expression were all significantly increased in lumbar
spinal cord of GRK2*/~ mice as compared to WT mice. No changes were observed in
thoracic spinal cord that was analyzed as a control. In contrast, MRNA expression for
fractalkine that is produced by neurons was not affected by low GRK2.

To determine whether ongoing microglial/macrophage activity was required for maintaining
hyperalgesia in GRK2*/~ mice, we used the inhibitor of microglial/macrophage activation
minocycline [30;36]. We examined whether we could reverse ongoing thermal hyperalgesia
in mice with reduced GRK2 by treatment with minocycline at day one and two after
intraplantar IL-1p. The data in figure 6 demonstrate that this treatment reversed the ongoing
hyperalgesia in GRK2*/~ mice. Minocycline treatment at these time points did not have any
effect on thermal sensitivity in WT mice that had returned already to baseline. These data
indicate that ongoing spinal cord microglial/macrophage activity is required to maintain the
hyperalgesic state that developed in GRK2*/~ mice after a single intraplantar injection of
IL-1B.

Spinal cord pathways contributing to ongoing IL-1B-hyperalgesia in GRK2- deficient mice

The data in figure 5 indicate that ongoing hyperalgesia in GRK2-deficient mice was
associated with increased spinal cord expression of the fractalkine releasing enzyme
cathepsin S and upregulation of the fractalkine receptor CX3CR1 that was detectable at two
days after IL-1P. To determine the contribution of fractalkine signaling to ongoing
hyperalgesia in LysM-GRK2* mice, mice were treated with a neutralizing antibody against
CX3CR1 at day two after intraplantar IL-1p. Intrathecal injection of anti-CX3CR1 (1 pg/
mouse) during the prolonged phase of IL-1p hyperalgesia blocked ongoing hyperalgesia in
LysM-GRK2* mice as determined from 1 h after anti-CX3CR1 injection. The same dose of
normal rabbit IgG did not have any effect and anti-CX3CR1 did not affect thermal
sensitivity in control LysM-GRK2*/* mice (Fig. 7a).

Activation of CX3CR1 on microglia is thought to activate p38 leading to increased
production of pro-inflammatory cytokines such as IL-13 and subsequent central sensitization
via a direct effect on sensory neurons. The possible contribution of this pathway was tested
by intrathecal injection of the p38 inhibitor SB239063 at day two after intraplantar IL-1p.
This treatment reversed ongoing thermal hyperalgesia in mice with low GRK2 in microglia/
macrophages (Fig. 7b). Intrathecal SB239063 at day 2 after IL-1p did not affect thermal
sensitivity in control LysM-GRK2*/* mice.

The phosphatidylinostitol-3 kinase (PI3kinase) pathway can also be triggered by soluble and
membrane-bound fractalkine, leading to modulation of microglial/macrophage activity
[19;31]. However, intrathecal administration of the PI3kinase inhibitor LY 294002 at day
two after intraplantar IL-1p injection did not have any effect on ongoing hyperalgesia in
LysM-GRK2* mice (Fig. 7c).

As mentioned above, fractalkine signaling to microglial p38 is thought to enhance IL-1-
release leading to neuronal sensitization and hyperalgesia. To examine the contribution of
ongoing spinal cord IL-1-signaling to the prolonged hyperalgesia that we observed in LysM-
GRK2* after intraplantar IL-1pB, we used the IL-1 antagonist IL-1ra. Intrathecal
administration of IL-1ra at day two after intraplantar IL-1p reversed ongoing hyperalgesia in
LysM-GRK2* mice (Fig. 7d) within 1 h after administration.

No effect of intrathecal IL-1ra was observed in control LysM-GRK2*/* mice.
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Contribution of early spinal cord microglial/macrophage activity

To address the question whether early spinal cord microglial activity contributed to the
transition from acute to prolonged IL-1p hyperalgesia in GRK2-deficient mice, we now
administered minocycline (30 ug) intrathecally at 60 minutes before intraplantar IL-1pB. This
pre-treatment did not have any effect on acute IL-1p hyperalgesia at 1 to 4 h after
intraplantar IL-1p injection in either genotype. However, hyperalgesia at 6 h and 8 h after
IL-1B injection was significantly reduced by pre-emptive minocycline treatment to the same
extent in WT and GRK2*/~ mice. Moreover, in GRK2*/~ mice the development of the
chronic phase of hyperalgesia was completely prevented by minocycline pre-treatment (Fig.
8).

Contribution of fractalkine signalling to prolonged hyperalgesia in response to intraplantar

IL-18

The fractalkine receptor CX3CR1 is a member of the G protein-coupled receptor family and
in the spinal cord CX3CR1 is mainly expressed on microglia/macrophages. GRK?2 regulates
a wide array of GPCRs via desensitization of these receptors. Although it is not known
whether CX3CRL1 is a substrate for this kinase, low GRK2 may contribute to transition from
acute to prolonged IL-1pB-hyperalgesia by facilitating fractalkine signalling as a result of
impaired CX3CR1 desensitization. To determine whether mice with low GRK2 in
microglia/macrophages are more sensitive to fractalkine-induced hyperalgesia, we compared
the effect of intrathecal administration of fractalkine on thermal sensitivity in LysM-
GRK2* and control LysM-GRK2*/* mice. In line with data in the literature [5;24],
intrathecal injection of fractalkine (1 ng/mouse) in WT mice induced hyperalgesia that was
first detectable at 2 h after fractalkine injection (Fig. 9a). During the first 6 h after injection,
fractalkine-induced hyperalgesia was identical in LysM-GRK2* and control LysM-
GRK2** mice. Also at lower doses of fractalkine (10-100 pg/mouse), acute hyperalgesia in
control and LysM-GRK2f* mice was indistinguishable (data not shown). Notably, however,
fractalkine-induced hyperalgesia did become chronic in mice with reduced GRK2 in
microglia/macrophages, whereas it was only transient in control LysM-GRK2*/* littermates
(Fig. 9a).

Next, we investigated whether the transition from acute to prolonged peripheral IL-1p-
induced hyperalgesia is dependent on spinal cord fractalkine signaling. Mice received an
intraplantar injection of IL-1f and we examined the effect of intrathecal injection of anti-
CX3CR1 before or at 4 h after intraplantar IL-13. As is shown in figure 8b/c, this early
administration of anti-CX3CR1 did not have any effect on IL-1p-induced hyperalgesia in
LysM-GRK2** mice or LysM-GRK27* mice (Fig 9b, c), suggesting that fractalkine
signalling is not involved in the transition from acute to chronic hyperalgesia.

Discussion

The present study assessed the contribution of GRK2 in microglia/macrophages to the
neurobiology of inflammation-induced hyperalgesia using mice with low GRK2 only in
microglia/macrophages that were generated using CRE-Lox technology. The level of
microglia/macrophage GRK2 appeared to play a crucial role in determining duration of
hyperalgesia. Thermal hyperalgesia or mechanical allodynia induced by one single
intraplantar injection of IL-1p lasted at least 8 days in LysM-GRK27* mice whereas in WT
LysM-GRK2** mice IL-1p hyperalgesia and allodynia resolved within 24 h. These
genotype-related differences in the duration of hyperalgesia and allodynia were not
associated with genotype differences in the influx of neutrophils or macrophages. Prolonged
thermal hyperalgesia in GRK2-deficient mice was dependent on ongoing microglial/
macrophage activity, fractalkine signaling, p38 activity and IL-1p signaling in the spinal
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cord. We propose that normal levels of microglial/macrophage GRK2 are important to
ensure adequate termination of the activity of spinal cord microglia/macrophages and
resolution of hyperalgesia. The pathophysiological relevance of these findings is
strengthened by the recent finding that spinal cord microglia/macrophage GRK?2 is reduced
by ~35% in a rat model of chronic neuropathic pain [7] and in a model of ongoing
inflammatory pain as is shown here.

The maximal effect of low microglial/macrophage GRK2 on prolongation of IL-1B-induced
hyperalgesia was already obtained in heterozygous LysM-GRK27* mice with a 40-60%
reduction in microglial/macrophage GRK2. The only previous study using mice
homozygous for cell-specific deletion of GRK2 showed that neither partial nor total GRK
deletion in cardiac myocytes had any consequences for the end point investigated (cardiac
development) [29]. Therefore, we do not know whether the lack of gene dosage effect is
specific for microglial/macrophage GRK2 or represents a general phenomenon. We
previously described a similar lack of gene dosage effect for GRK6; experimental colitis
was prolonged to the same extent in mice that were heterozygous or homozygous for
deletion of GRK® [8].

IL-1p acts directly on peripheral sensory neurons to increase excitability leading to a rapid
increase in thermal sensitivity [1;22] via enhancement of TTX-resistant sodium currents [1].
Consistent with direct sensitization of sensory neurons by IL-1p, we show that intrathecal
administration of the microglial/macrophage inhibitor minocycline did not affect
hyperalgesia during the first 4 h after intraplantar IL-1f. However, this treatment reduced
hyperalgesia as determined at 6-8 h after IL-1p and this effect was irrespective of genotype.
These findings indicate that spinal cord microglial/macrophage activity contributes to the
late phase of acute IL-1B-induced hyperalgesia, a process which is not altered by lowering
GRK2. In addition, the acute phase of hyperalgesia after activation of spinal microglia by
intrathecal administration of fractalkine was indistinguishable in LysM-GRK2*/* and LysM-
GRK2f* mice. Moreover, spinal cord fractalkine signaling was not required for the initial
activation of microglia/macrophages in our model, since early inhibition of fractalkine
signaling by administration of anti-CX3CR1 before or at 4 h after intraplantar IL-1 did not
affect the course of hyperalgesia. These findings imply that although microglial/macrophage
activity is contributing to hyperalgesia at 6-8 h after IL-1p, fractalkine signaling is not yet
involved in microglial/macrophage activation. Moreover, GRK2-deficiency does not affect
the initial hyperalgesic response to fractalkine stimulation of microglia/macrophages.

It is well established that spinal cord microglia/macrophage activity contributes to chronic
hyperalgesia in response to complete Freund’s adjuvant or carrageenan models of chronic
inflammation-induced hyperalgesia [4;6;23]. What is not known, however, is which factors
contribute to terminating spinal cord microglial/macrophage activity after resolution of
peripheral inflammation. In WT mice microglial/macrophage-dependent central
sensitization is a self-limiting process as hyperalgesia completely resolves within 12-24 h
after intraplantar IL-1p or 3 days after intrathecal fractalkine. In contrast, mice with low
GRK2 in microglia/macrophages hyperalgesia did not resolve until 7-8 days after
intraplantar IL-1p or 8-10 days after intrathecal fractalkine. The prolonged phase of
hyperalgesia in GRK2-deficient mice was reversed by minocycline treatment at 24-48 h
after intraplantar IL-1p, indicating that low GRK2 facilitates ongoing microglial/
macrophage activity. The prolonged hyperalgesic state in GRK2-deficient mice is dependent
on spinal cord fractalkine signaling, since intrathecal administration of anti-CX3CR1 at 2
days after intraplantar IL-1f attenuated ongoing hyperalgesia. Activation of CX3CR1 on
microglia/macrophages is thought to lead to activation of p38 and release of pro-
inflammatory cytokines including IL-1p [5]. We propose that in LysM-GRK2* mice the
prolonged hyperalgesia in response to peripheral IL-1f is maintained via a loop involving
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fractalkine signaling, p38 activation and IL-1f production. This hypothesis is based on our
findings that inhibition of either fractalkine signaling, p38 activity or IL-1f signaling
attenuated the ongoing hyperalgesic response in GRK2-deficient mice. The model of IL-1p-
induced hyperalgesia that we used here is acute and transient in WT animals. However, we
show that a ~50% reduction in GRK2 in microglia/macrophages is sufficient to markedly
prolong IL-1B-hyperalgesia and allodynia. Thus, our data strongly underline the importance
of microglia/macrophages in determination of duration of hyperalgesia and allodynia and
identify a central role for GRK?2 in this process. Fractalkine signaling not only contributes to
microglial activity, but may also serve to keep cerebral microglia in a quiescent state via a
P13kinase dependent pathway [19]. Since inhibition of spinal cord PI3kinase activity did not
have any effect in our model of peripheral inflammatory hyperalgesia, spinal cord
fractalkine signaling probably does not serve to suppress spinal cord microglial activation in
this model. This may be due to site specific differences in mechanisms operative in brain
versus spinal cord microglia.

We previously showed that acute hyperalgesia induced by the GPCR binding chemokine
CCL3 as determined within the first 3 h after intraplantar injection was more pronounced in
GRK2*/~ than in WT mice. Increased acute CCL3 hyperalgesia was also observed in mice
deficient for GRK2 only in peripheral sensory neurons [7]. In contrast, our present data
show that IL-1p hyperalgesia was completely normal in mice with low GRK2 only in
peripheral sensory neurons. CCL3 signals via CCR1 and CCR5 and these receptors are
sensitive to GRK2 dependent desensitization [7;26;37]. IL-1pB signaling is mediated by
receptors that are not GPCR. This might explain why IL-1B-hyperalgesia is not affected by
low GRK2 in primary sensory neurons. However, IL-1B-induced sensitization of peripheral
sensory neurons is mediated via a p38 dependent pathway [1] and GRK2 can regulate p38
activation. Direct interaction of GRK2 with p38 can result in phosphorylation of Thr-123 in
the docking groove which reduces binding of upstream kinases like MKKG6 as well as down
stream targets [27]. GRK2 has been shown to reduce LPS-induced cytokine production by
microglia/macrophages via this mechanism [7;25;27]. However, since a ~50% reduction in
GRK2 was not sufficient to enhance IL-1p-induced acute hyperalgesia, a possible
interaction between GRK2 and p38 in peripheral sensory neurons does not appear to
contribute to regulation of acute IL-1B hyperalgesia.

Previously, we described that spinal cord neuronal GRK2 was reduced in rat or mouse
models of neuropathic pain [15;16]. Moreover, our recent data showed that GRK2 levels in
microglia/macrophages isolated from ispilateral lumbar spinal cord of rats at day 14 after L5
spinal nerve transection were decreased by ~35% as compared to cells from contralateral
spinal cord or from sham control rats [7]. Here we show that the high dose carrageenan paw
inflammation model of prolonged hyperalgesia is also associated with reduced spinal cord
microglial/macrophage GRK2. Thus, in vivo, in models of chronic pain, spinal microglial/
macrophage GRK2 levels are reduced. Our findings that reduced microglial/macrophage
GRK2 prolongs hyperalgesia indicate that the reduced levels of GRK2 that occur in these
cells may well contribute to the chronic pain that develops in these models of chronic
inflammation. In vitro, culture of various cell types with inflammatory mediators including
cytokines can decrease GRK2 levels [9;18]. Clinically, we have shown that GRK2 protein
levels in peripheral blood mononuclear cells from patients with rheumatoid arthritis or
multiple sclerosis was reduced as compared to healthy controls [18;38]. These observations
indicate that in humans GRK2 can be down regulated in immune cells during chronic
inflammation. It is unclear however, whether painful inflammatory conditions in humans are
also associated with reduced GRK2 in spinal cord microglia/macrophages and this question
is subject of our current investigations.
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Collectively, our data indicate that inflammatory hyperalgesia is associated with reduced
spinal cord microglial/macrophage GRK2. The pathophysiological significance of low
GRK2 in these cells is attested by our finding that peripheral IL-1p-induced hyperalgesia
was markedly prolonged in mice with reduced microglial/macrophage GRK2. We propose
that the ongoing hyperalgesia observed in mice with low GRK2 is maintained via a positive
feedback loop that involves fractalkine signaling, p38 activation, I1L-1 release and ongoing
microglial/macrophage activity in the spinal cord. Taken together our data indicate that
microglial/macrophage GRK2 may be crucial for resolution of inflammatory hyperalgesia.
Future studies should aim at determining the mechanism how spinal cord microglia/
macrophage activity is terminated in the context of inflammatory pain.
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Figure 1. GRK2 levels in spinal microglia/macrophages during inflammatory hyperalgesia

(a) GRK2 expression in microglia/macrophages isolated from lumbar spinal cord at 6 days
after intraplantar carrageenan or saline administration was compared by
immunofluorescence analysis. Representative pictures of GRK2, CD-11b and DAPI-staining
of isolated microglia/macrophages. (b) GRK2 expression was quantified in approximately
60 cells per group on three different slides each containing microglia/macrophages from
spinal cord of 4 mice per group. Data are expressed as mean SEM. *** p < 0.001.
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Figure 2. GRK2 regulates duration of peripheral IL-1f-induced hyperalgesia

Percentage decrease in heat withdrawal latency in WT and GRK2*/~ mice (a) after
intraplantar IL-1p at a dose of 1 ng (n = 8) (b) 4 hours after intraplantar injection of 0
(saline), 0.1 or 1 ng IL-1B (n = 8). Data are expressed as mean = SEM. * p<0.05, ** p<0.01,
*** n<0.001.
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Figure 3. Gene dosage effect and cellular specificity of the effect of low GRK2 on thermal
hyperalgesia and mechanical allodynia
(a) GRK2 expression in primary microglia and in CD11b* peritoneal macrophages from
LysM-GRK2** (WT), LysM-GRK27* and LysM-GRK2ff mice was determined by
Western blot analysis. (b) Percentage decrease in heat withdrawal latency after intraplantar
IL-1p (1 ng) injection in control LysM-GRK2*/* (WT) and LysM-GRK2* mice (n = 8) (c)
Change in heat withdrawal latency in control LysM-GRK2*"* (WT) (n = 18), heterozygous
LysM-GRK2* (n = 12) and homozygous LysM-GRK2f mice (n = 14) after intraplantar
injection of 1 ng IL-1p. (d) Decrease in 50% threshold for withdrawal in response to
mechanical stimulation after intraplantar IL-1p (1 ng) in LysM-GRK2** (WT) and LysM-
GRK2* mice (n = 8). (e) MPO-content of paw biopsies as a measure of neutrophil
infiltration at 2 days after intraplantar IL-1p injection (n = 8). (f-g) As a measure of
macrophage infiltration after intraplantar IL-1p adminstration, samples were analyzed for (f)
CX3CR1 mRNA expression in paw biopsies at 0, 6 and 48 hours after injection of IL-1 (n
=6) (g) Iba-1 staining in paw biopsies at 2 days after injection of IL-1p. Data are expressed
as mean = SEM. * p<0.05, ** p<0.01, *** p<0.001.
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Figure 4. Contribution of GRK2 in astrocytes and primary sensory neurons to IL-1g-induced
hyperalgesia

Percentage decrease in heat withdrawal latency after intraplantar IL-1p (1 ng) in (a) control
GFAP-GRK2** (WT) and GFAP-GRK2* mice (n = 8) (b) control Na,1.8-GRK2*/* (WT)
and Na,1.8-GRK2"* mice (n = 8).
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Figure 5. Spinal cord microglia/macrophage activity

(a) LysM-GRK2** (WT) and LysM-GRK2* mice received an intraplantar injection of
IL-1p or saline. At two days after injection, spinal cord was collected and frozen sections of
lumbar spinal cord (L2-L4) and as a control thoracic spinal cord (T8-T10) were stained
with Iba-1 to visualize microglia/macrophages. Representative example of morphology of
Iba-1-positive cells in the dorsal horn (see drawing for exact location) of one out of three
mice per group is displayed. (b—d) WT (white bars) and GRK2*/~ mice (grey bars) received
an intraplantar injection of IL-1f (1ng) and lumbar and as a control thoracic spinal cord was
collected two days later. Samples were analysed for mRNA encoding (b) IL-1B; (c)
Cathepsine S; (d) CX3CR1,; and (e) fractalkine. n = 10 per group. * p<0.05
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Figure 6. Effect of minocycline treatment at day one and two after intraplantar IL-1p on
hyperalgesia

WT and GRK2*/~ mice received an intraplantar injection of IL-1p (1 ng) and the percentage
decrease in heat withdrawal latency was determined. At one and two days after IL-1p,
minocycline (50 mg/kg) or vehicle was administered (n = 4 per group). Data are expressed
as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001 vs. vehicle.
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Figure 7. Factors contributing to ongoing hyperalgesia in GRK2-deficient mice

LysM-GRK2* mice received an intraplantar injection of IL-1p and the percentage decrease
in heat withdrawal latency was determined. At day 2 after intraplantar IL-1p, mice received
an intrathecal injection of (a) aCX3CR1 (1 ug/mouse) or rabbit 1gG (1 pg/mouse) (n = 6 per
group) (b) p38 inhibitor SB239063 (5 png/mouse; n = 8) or vehicle (n = 4) (c) PI3 kinase
inhibitor LY294002 (5 pg/mouse) or vehicle (n = 4 per group) (d) IL-1ra (10 ng/mouse; n =
6) or vehicle (n = 4). Heat sensitivity in IL-1p-treated LysM-GRK2*/* (WT) mice had
already returned to baseline at day 2 after injection and was not affected by any of the
treatments (data not shown). The inhibitors did not affect heat sensitivity in naive mice of
either genotype. Data are expressed as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001 vs.
vehicle or control IgG.
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Figure 8. Contribution of early spinal cord microglial/macrophage activity to IL-1g-induced
hyperalgesia

WT and GRK2*/~ mice (n = 8 per group) received an intrathecal injection of minocycline
(30 ug) or vehicle 60 min. prior to intraplantar IL-1p and the percentage change in heat
withdrawal latency was determined. Data are expressed as mean + SEM. * p<0.05, **
p<0.01, *** p<0.001 for GRK2*/~ mice/minocycline vs. GRK2*/~ mice/vehicle. ## p<0.01
for both genotypes with minocycline vs. saline.
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Figure 9. Contribution of fractalkine to prolonged IL-1g-induced hyperalgesia in GRK2-
deficient mice

(a) Mice received an intrathecal injection of fractalkine (1 ng) and the percentage decrease
in heat withdrawal latency was determined in LysM-GRK2*/* (WT) and in LysM-GRK2f*
mice (n = 8 per group). (b—c) Mice received and intraplantar injection of IL-1p. The effect
of intrathecal administration of anti-CX3CR1 (1 ug/mouse) or rabbit IgG (1 pg/mouse) (b)
before or (c) 4 hours after intraplantar IL-13 administration on hyperalgesia in LysM-
GRK2** (WT) and LysM-GRK2f* mice (n = 4 per group) was determined. Data are
expressed as mean = SEM. *** p<0.001.
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