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a b s t r a c t

Recent studies have highlighted the involvement of the kynurenine pathway in the pathology of
neurodegenerative diseases, but the role of this system in neuropathic pain requires further extensive
research. Therefore, the aim of our study was to examine the role of kynurenine 3-monooxygenase
(Kmo), an enzyme that is important in this pathway, in a rat model of neuropathy after chronic
constriction injury (CCI) to the sciatic nerve. For the first time, we demonstrated that the injury-induced
increase in the Kmo mRNA levels in the spinal cord and the dorsal root ganglia (DRG) was reduced by
chronic administration of the microglial inhibitor minocycline and that this effect paralleled a decrease in
the intensity of neuropathy. Further, minocycline administration alleviated the lipopolysaccharide (LPS)-
induced upregulation of Kmo mRNA expression in microglial cell cultures. Moreover, we demonstrated
that not only indirect inhibition of Kmo using minocycline but also direct inhibition using Kmo inhibitors
(Ro61-6048 and JM6) decreased neuropathic pain intensity on the third and the seventh days after CCI.
Chronic Ro61-6048 administration diminished the protein levels of IBA-1, IL-6, IL-1beta and NOS2 in the
spinal cord and/or the DRG. Both Kmo inhibitors potentiated the analgesic properties of morphine. In
summary, our data suggest that in neuropathic pain model, inhibiting Kmo function significantly reduces
pain symptoms and enhances the effectiveness of morphine. The results of our studies show that the
kynurenine pathway is an important mediator of neuropathic pain pathology and indicate that Kmo
represents a novel pharmacological target for the treatment of neuropathy.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The involvement of the kynurenine system in the pathology of
neurodegenerative diseases (i.e., Huntington's disease, migraines
and multiple sclerosis) has been demonstrated, but the importance
of this pathway in neuropathic pain is poorly understood and re-
quires extensive research. Recently, Wilson et al. (2014) stressed
that kynurenine 3-monooxygenase (Kmo), a member of the
kynurenine pathway, is a particularly important enzyme in neu-
rodegeneration. Kmo facilitates the formation of anthranilic acid, 3-
hydroxyanthranilic acid and 3-hydroxykynurenine, and these suc-
cessive processes lead to an increase in the level of quinolinic acid
(QUIN). QUIN is a selective, endogenous N-methyl-D-aspartate
(NMDA) receptor agonist that contributes to neurodegenerative
processes (Behan and Stone, 2000; Schwarcz et al., 2012). It is well
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known that NMDA receptor antagonists relieve neuropathic pain
(Collins et al., 2010). Therefore, QUIN, as the final product of Kmo
activity, is highly likely to affect neuropathic pain. Previous studies
have shown that Ro61-8048, a Kmo inhibitor, displays neuro-
protective activity in models of cerebral hypoxia (Moroni et al.,
2005). Moreover, Zwilling et al. (2011) have shown that Kmo in-
hibitors (Ro61-8048 and JM6) exerted similar therapeutic effects in
mouse models of Huntington's and Alzheimer's diseases; however
comparable studies of nociceptive transmission are lacking.

In our recently published studies using microarray methods, we
showed for the first time that upregulation of the Kmo gene par-
alleled that of a microglial activation marker during neuropathic
pain. Moreover, we showed in these models that intraperitoneal
(i.p.) administration of minocycline (a microglial inhibitor)
decreased pain and Kmo mRNA expression in the spinal cord
(Rojewska et al., 2014b). Interestingly, the kynurenine pathway has
previously been shown to be predominantly active in macrophages
and microglia (Guillemin et al., 2003). These cells play a crucial role
in the development of allodynia and hyperalgesia in animal models
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of neuropathic pain (Milligan and Watkins, 2009; Rojewska,
2014a,c; Mika et al., 2009, 2013). Minocycline inhibits microglial
activation; consequently, it is able to downregulate proin-
flammatory factors (e.g., NOS2, IL-6 and IL-18) in the spinal cord
and/or the dorsal root ganglia (DRG) (Rojewska et al., 2014c;
Makuch et al., 2013).

It remains unclear how Kmo inhibitors influence the develop-
ment of neuropathic pain. Therefore, our studies were designed to
address this issue. Using qRT-PCR, we assessed how chronic i.p. or
intrathecal (i.t.) administration of minocycline influenced the nerve
injury-induced increase in the Kmo mRNA levels in the spinal cord
and the DRG. Furthermore, we evaluated whether i.t. administra-
tion of the Kmo enzyme inhibitor Ro61-8048 or its prodrug JM6
influences pain development and the levels of glia-released pro-
nociceptive factors (i.e., IL-1beta, IL-6 and NOS2) in a rat model of
neuropathic pain. Moreover, we examined whether Kmo inhibitors
(i.e., Ro61-6048 and JM6) influence the analgesic properties of
morphine in this model. The objective of our in vitro studies was to
determine whether the Kmo mRNA level changes in primary
microglial or astroglial cell cultures treated with lipopolysaccharide
(LPS) and how minocycline influences such changes.

2. Materials and methods

2.1. Animals

Our experiments were performed using male Wistar rats
(weighing from 300 g to 350 g) from Charles River (Hamburg,
Germany). The animals were housed in cages lined with sawdust
under a 12-h dark/light cycle and were provided with free access to
food and water. All efforts were made to minimize animal suffering
and to reduce the number of animals used. All experiments fol-
lowed the recommendations of the International Association of
Studies on Pain (Zimmermann, 1983) and were approved by the
Local Bioethics Committee of the Institute of Pharmacology (Kra-
kow, Poland).

2.2. Intrathecal catheter placement

Rats were anesthetized via i.p. injection of pentobarbital (60mg/
kg), and their heads were fixed on a stereotaxic table (David Kopf
Instruments, Tujunga, CA, USA). A surgical incisionwas made in the
atlanto-occipital membrane according to the method of Yaksh and
Rudy (1976). A 7.8-cm-long catheter (PE 10; Intramedic; Clay
Adams; Becton, Dickinson and Company; Rutherford, NJ, USA) was
slowly introduced into the subarachnoid space of the spinal cord to
the lumbar enlargement (L4eL5). After placement, the catheters
were slowly flushed with sterile water and closed.

2.3. Neuropathic pain model (chronic constriction injury, CCI)

Five days after the intrathecal catheter insertion, CCI was per-
formed according to the method of Bennett and Xie (1988). The
operation was performed under sodium pentobarbital anesthesia
(60 mg/kg; i.p.). Four ligatures (4-0 silk) were tied loosely around
the nerve of the right hind paw distal to the sciatic notch with 1-
mm intervals between the ligatures. After surgery, all animals
developed sustained allodynia and hyperalgesia in the injured hind
paw.

2.4. Drug administration

The following substances were used:minocycline hydrochloride
(Sigma, Schnelldorf, Germany), Ro61-8048 (Tocris, Janki/Warsaw,
Poland) and JM6 (Merck Millipore, Warsaw, Poland). Before the
drug injections, the baseline behaviors of the animals were deter-
mined using von Frey and cold plate tests. The behavioral tests were
conducted 30 min after a single i.t. injection of Ro61-8048 or JM6 at
a dose of 10, 20, 40, 80, or 120 mg. For the chronic treatment, the
drugs were injected i.t. at the selected dose (20 mg for Ro61-8048
and JM6 or 60 mg for minocycline hydrochloride) according to the
following scheme: preemptively 16 h and 1 h following CCI and
then once daily for 7 days. This injection schedule is referred to as
“repeated administration” throughout this article. Alternatively,
minocycline hydrochloride (30 mg/kg; i.p.) was injected 16 h pre-
ceding and 1 h following CCI and then administered twice daily for
7 days. The doses and the schedule of minocycline administration
were used as described previously (Mika et al., 2007; Rojewska
et al., 2014c). The control groups received vehicle (injection of
water or dimethyl sulfoxide, DMSO) according to the same
schedule. For injection, minocycline hydrochloride was dissolved in
water, and the Kmo inhibitors were dissolved in DMSO. All drugs
were administered via i.t. injection of a volume of 5 ml, and the drug
injections were followed by an injection of 10 ml of water to flush
the catheter. The DMSO-treated, Ro61-8048-treated and JM6-
treated rats received a single i.t. injection of morphine (10 mg/
5 ml) on day 7 post-CCI, and 30 min afterward, the von Frey test and
the cold plate test were repeated.

2.5. Behavioral tests

2.5.1. Tactile allodynia (von Frey test)
A von Frey apparatus (Dynamic Plantar Aesthesiometer, Cat. No.

37400, Ugo Basile, Varese, Italy) was used to assess mechanical
allodynia. Five minutes before the experiment, each rat was placed
in a plastic cage with a wire net floor to promote behavioral ac-
commodation. The weight of the von Frey stimuli used in our ex-
periments was up to 26 g. The mid-plantar ipsilateral and
contralateral hind paw areas were tested, and measurements were
recorded automatically as described previously (Makuch et al.,
2013; Rojewska et al., 2014a). No significantly different contralat-
eral hind paw reactions were observed between the rats subjected
to CCI and the naive rats. Allodynia was assessed 30 min after the
final drug administration.

2.5.2. Hyperalgesia (cold plate test)
Cold hyperalgesia was assessed using the cold plate test (Cold/

Hot Plate Analgesia Meter, Cat. No. 05044, Columbus Instruments,
Columbus, OH, USA) as previously described (Makuch et al., 2013;
Mika et al., 2007). The rats were placed on a cold stainless steel
plate maintained at 5 �C, and the latency to lift or shake the injured
hind paw was measured. The cut-off latency was 30 s.

2.6. Microglial cell cultures and treatments

Primary cultures of microglia and astroglia were prepared from
1-day-old Wistar rats according to the procedure described by
Zawadzka and Kaminska (2005). Cells were isolated from the ce-
rebral cortex and then plated in a poly-L-lysine-coated 75 cm2

culture flask at a density of 3 � 105 cells/cm2 in high-glucose
GlutaMax DMEM (Gibco, Grand Island, NY, USA) supplemented
with 10% heat-inactivated fetal bovine serum, 0.1 mg/ml strepto-
mycin and 100 U/ml penicillin (Gibco, Grand Island, NY, USA). The
cultures were maintained at 37 �C in 5% CO2. On the fourth day of
culture, the culture medium was replaced. On the ninth day, the
culture was gently shaken and centrifuged to recover the loosely
adherent microglia. Then, the medium was replaced, and on the
twelfth day, the microglia were recovered again. Once again, the
culture medium was replaced, and the culture was gently shaken
on a rotary shaker at 37 �C for 24 h (200 rpm) to remove the
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remaining non-adherent cells. The medium was removed, and the
resulting astrocytes were plated on culture plates and cultured for
three days. Then, the astrocytes were trypsinized (0.005% trypsin
EDTA solution, SigmaeAldrich, Saint Louis, MO, USA). Microglia and
astrocytes were seeded at a final density of 2 � 105 cells/perwell in
24-well plates for analysis of the mRNA levels in the cultures after
incubation for 48 h. Primary microglial and astrocyte cell cultures
were treated with minocycline (20 mM) for 30 min before admin-
istration of LPS (100 ng/ml) (SigmaeAldrich, Saint Louis, MO, USA)
for 24 h. To identify astrocytes in vitro, we stained the cultures for
the astrocyte marker glial fibrillary acidic protein (GFAP; more than
95% of the cells were positive for GFAP; SC-166 458, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA). Furthermore, to identify
the microglia in the cultures, we stained for the microglial marker
ionized calcium-binding adapter molecule 1 (IBA-1, more than 95%
of the cells were positive for IBA-1; SC-327 225, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA). The homogeneity of our
cultures was similar to that reported by Zawadzka and Kaminska
(2005).

2.7. Biochemical tests

2.7.1. Collection of tissues and cells for RNA isolation
Ipsilateral, dorsal lumbar spinal cord segments (L4eL6) and DRG

(L4eL6) were collected for biochemical analysis on the 3rd, 7th or
14th day after CCI. After the final administration of chronic Ro61-
8048 treatment on day 7 after CCI (4 h and 6 h after drug admin-
istration for quantitative reverse transcriptase polymerase chain
reaction [qRT-PCR] and western blot analysis, respectively), the rats
were decapitated, and tissue was collected. The samples were
placed in individual tubes containing the tissue storage reagent
RNAlater (Qiagen Inc., Valencia, CA, USA), frozen on dry ice, and
stored at �70 �C until RNA extraction. Cell samples were collected
using TRIzol reagent. Total RNA was extracted according to the
method of Chomczynski and Sacchi (1987) with modifications us-
ing TRIzol reagent (Invitrogen).

According to the manufacturer's instructions, the RNA concen-
tration was determined using a NanoDrop ND-1000 Spectrometer
(NanoDrop Technologies), and the RNA quality was determined via
chip-based capillary electrophoresis using an RNA 6000 Nano
LabChip Kit and an Agilent 2100 Bioanalyzer (Agilent).

2.7.2. Quantitative reverse transcriptase polymerase chain reaction
(qRT-PCR)

Reverse transcription (RT) was performed using 1000 ng of total
RNA as a template along with Omniscript reverse transcriptase
(Qiagen) and oligo(dT16) primers. The reactions were incubated at
37 �C for 60min. RT reactions were performed in the presence of an
RNase inhibitor (rRNAsin, Promega) and an oligo (dT16) primers
(Qiagen, Inc.). cDNA was diluted 1:10 in H2O. qRT-PCR was per-
formed using Assay-On-Demand TaqMan probes according to the
manufacturer's protocol (Applied Biosystems), and the procedures
were conducted using an iCycler real-time PCR thermal cycler
(Bio-Rad, Hercules, CA, USA). In our experiments, we used the
following TaqMan primers and probes: Rn01423590_m1 (CD40,
CD40 molecule), Mm01253033_m1 (Gfap, glial fibrillary acidic
protein), Rn00580432_m1 (IL-1beta, interleukin 1 beta),
Rn00561420_m1 (IL-6, interleukin 6), Rn00561646_m1 (NOS2, ni-
tric oxide synthase 2), and Rn00665313_m1 (Kmo, kynurenine 3-
monooxygenase). The threshold cycle values were calculated
automatically by iCycler IQ 3.0a software using the default pa-
rameters. The abundance of RNA was calculated as 2�(threshold cycle).

The expression of the hypoxanthine guanine phosphoribosyl
transferase 1 (Hprt1 - Rn01527838_g1) transcript, which was stable
following drug treatment, was calculated to relative to the control
(naive) levels to account for variation in cDNA amounts. In previous
studies, we demonstrated that the HPRT transcript levels do not
significantly change in rats subjected to CCI (Mika et al., 2008;
Rojewska et al., 2014a,b); thus, HPRT served as an adequate
housekeeping gene.

2.7.3. Western blot
Tissue lysates were collected in RIPA buffer containing a prote-

ase inhibitor cocktail and were cleared via centrifugation
(14,000� g for 30 min at 4 �C). Samples containing 20 mg of protein
were heated in loading buffer (50 mM TriseHCl, 2% SDS, 2% b-
mercaptoethanol, 4% glycerol and 0.1% bromophenol blue) for
5 min at 98 �C and were resolved on 10e20% or 4e20% Criterion™
TGX™ pre-cast polyacrylamide gels. Following gel electrophoresis,
the proteins were transferred to Immun-Blot PVDF membranes
(Bio-Rad) via semi-dry transfer (30 min, 25 V). The membranes
were blocked for 1 h at room temperature using 5% non-fat drymilk
(Bio-Rad) in Tris-buffered saline containing 0.1% Tween-20 (TBST),
washed in TBST, and incubated overnight at 4 �C in primary anti-
bodies (rabbit polyclonal anti-IBA-1 (Millipore); rabbit polyclonal
anti-IL-1beta (Abcam), 1:1000; rabbit polyclonal anti-IL-6 (Invi-
trogen), 1:1000; rabbit polyclonal anti-NOS2 (Santa Cruz), 1:500;
rabbit polyclonal anti-Kmo (Proteintech), 1:500; rabbit polyclonal
anti-GFAP (Novus Biologicals), 1:5000; and mouse polyclonal anti-
GAPDH (Millipore), 1:5000, as a loading control). Then, the mem-
branes were incubated for 1 h in horseradish peroxidase-
conjugated anti-rabbit or anti-mouse secondary antibodies. Both
primary and secondary antibodies were diluted in solutions from
the SignalBoost Immunoreaction Enhancer Kit (Merck Millipore).
The membranes were washed 2 � 2 min and 3 � 5 min with TBST.
Immunocomplexes were detected using an Immun-Star HRP
Chemiluminescent Substrate Kit (BioRad) and were visualized us-
ing a Fujifilm LAS-4000 FluorImager system. The relative levels of
immunoreactivity were quantified using Fujifilm MultiGauge
software.

2.8. Immunocytochemistry

Morphological changes in microglia and astroglia were deter-
mined via immunocytochemistry using commercially available
antibodies against IBA-1 and GFAP. Unstimulated and LPS-
stimulated (for 24 h) microglia and astrocytes were cultured on
sterile cover slips in 6-well plates (1 � 106 cells/well). The cells
were fixed for 20min in 4% paraformaldehyde (Sigma Aldrich, Saint
Louis, MO, USA). Then, the cells were permeabilized with 0.1%
Triton™ X-100 (Sigma Aldrich, Saint Louis, MO, USA) in PBS for
30min at room temperature, washedwith PBS and blockedwith 5%
goat serum in PBS. The microglial and astroglial cells were incu-
bated in primary antibodies (rabbit anti-IBA-1 (Proteintech), 1:500,
and mouse anti-GFAP (Santa Cruz Biotechnology, Inc.), 1:500,
respectively) overnight at 4 �C. After washing with PBS, the
microglia and the astroglia were incubated for 2e3 h in a
fluorophore-conjugated secondary antibody: Alexa Fluor 555 goat
anti-rabbit or Alexa Fluor 488 goat anti-mouse (Molecular Probes)
diluted 1:500 in 5% normal donkey serum (NDS). Then, the cells
were washed with PBS and coverslipped using Aquatex mounting
medium (Merck, Darmstadt, Germany). Morphological changes
after LPS administration were evaluated by visualizing microglia
and astrocytes under the 40� objective of a Zeiss microscope (Zeiss,
Germany).

2.9. Statistical analyses

The means ± SEM of the behavioral data are presented in grams
or seconds, and each group, including the naive groups, contained



Fig. 1. qRT-PCR (A-C and G-I) and Western blot (D-F and J-L) analysis of the mRNA and protein levels of Kmo (A, D, G, J), CD40, IBA-1 (B, E, H, K) and Gfap (C, F, I, L) in the ipsilateral
dorsal spinal cord (L4-L6) and DRG (L4-L6) on days 3, 7 and 14 after CCI in rats. The data are shown as the mean fold-changes in expression relative to the control (naïve, N)
levels ± SEM (4e9 samples per group). Inter-group differences were analyzed using Bonferroni's test for multiple comparisons. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate
significant differences compared to the naïve group.
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6e14 rats. The inter-group differences were analyzed via one-way
analysis of variance (ANOVA) followed by Bonferroni's test for
multiple comparisons.

The results of qRT-PCR (Figs. 1, 3 and 5; 4e9 samples) and
Western blot (Figs. 1 and 5; 4e7 samples) analyses are presented as
fold-changes in expression relative to the levels in the control
group (naive rats); these values were calculated for the ipsilateral
spinal cords and DRG of the CCI-exposed rats. The qRT-PCR data are
presented as the means ± SEM and represent the normalized av-
erages derived from the threshold cycle obtained via qRT-PCR. The
results of the experiments were evaluated via one-way ANOVA. The
inter-group differences were analyzed via ANOVA followed by
Bonferroni's test for multiple comparisons.

The results from the primary microglial and astroglial cultures
are presented as the fold-change in expression relative to the levels
in the control (vehicle-treated) group of non-stimulated cells. The
data are presented as the means ± SEM. The inter-group differences
were analyzed via ANOVA followed by Bonferroni's test formultiple
comparisons.

All graphs were prepared using GraphPad Prism software
(version 5.0).

3. Results

3.1. Changes in Kmo gene expression e in vivo and in vitro studies

3.1.1. Quantification of the mRNA and protein levels of KMO, CD40/
IBA-1 and GFAP in the spinal cord and DRG over time after CCI

On days 3 and 7, strong, significant upregulation of Kmo mRNA
expression (1 ± 0.1 vs. 3.3 ± 0.04 and 1 ± 0.1 vs. 4.13 ± 0.6,
respectively) was observed in the spinal cord of rats subjected to
CCI compared with naive rats. No change in Kmo mRNA expression
in the spinal cord was observed on day 14 after CCI (Fig. 1A). CCI led
to significant upregulation of Kmo mRNA in the DRG at 7 and 14
days after CCI (1 ± 0.1 vs. 10.1 ± 0.9 and 1 ± 0.1 vs. 5.15 ± 0.4,
respectively) (Fig. 1G). Based on Western blot analysis, the protein
level of KMO in the spinal cord was increased on days 3, 7 and 14
after CCI compared with naïve treatment (1 ± 0.03 vs. 1.5 ± 0.1,
1 ± 0.03 vs.1.4 ± 0.1 and 1 ± 0.03 vs.1.6 ± 0.1, respectively) (Fig. 1D).
In the DRG (Fig. 1J), upregulation of the KMO protein was observed
on days 7 and 14 after CCI (1 ± 0.1 vs. 1.5 ± 0.1 and 1 ± 0.1 vs.
1.4 ± 0.1, respectively).

The CD40mRNA level in the spinal cord was elevated after CCI at
all examined time points. The following changes in CD40 mRNA
expression were found in the spinal cord on days 3, 7 and 14:
1 ± 0.07 vs. 3.7 ± 0.3, 1 ± 0.07 vs. 3.7 ± 0.2 and 1 ± 0.07 vs. 2.3 ± 0.2,
respectively (Fig. 1B). In the DRG, upregulation of CD40 mRNA was
detected on days 7 and 14 after CCI relative to the CD40mRNA level
after naive treatment (1 ± 0.1 vs.1.5 ± 0.08 and 1 ± 0.1 vs.1.3 ± 0.08,
respectively) (Fig. 1H). An increase in IBA-1epositive cells was
observed on days 7 and 14 in the spinal cord (1 ± 0.1 vs. 3.9 ± 0.2
and 1 ± 0.1 vs. 2.8 ± 0.2, respectively) (Fig. 1E) and in the DRG
(1 ± 0.1 vs. 1.6 ± 0.1 and 1 ± 0.1 vs. 1.5 ± 0.1, respectively) of CCI-
treated rats compared with naive rats (Fig. 1K).

In both the spinal cord and the DRG, the Gfap mRNA level was
significantly increased on day 3 after CCI (1 ± 0.1 vs. 2.5 ± 0.2 and
1± 0.1 vs. 4.7± 0.4, respectively). Additionally, on days 7 and 14, the
GfapmRNA level was elevated (but was lower than the level on day
3) in both examined structures (Fig. 1C and I). At the protein level,
we observed an increase in GFAPepositive cells after CCI compared
with naïve treatment based onWestern blot analysis (Fig. 1F and L).
This increase in GFAPepositive cells was observed on days 7 and 14
after CCI in the spinal cord (1 ± 0.1 vs. 2.2 ± 0.2 and 1 ± 0.1 vs.
2.1 ± 0.2, respectively) (Fig. 1F) and on days 3, 7 and 14 after CCI in
the DRG (1 ± 0.1 vs. 1.8 ± 0.1, 1 ± 0.1 vs. 2.0 ± 0.1 and 1 ± 0.1 vs.
1.8 ± 0.1, respectively) (Fig. 1L).

3.1.2. Study of minocycline influence of the Kmo expression in
primary microglial and astroglial cell cultures

Our immunocytochemical analyses (Fig. 2A and C) demon-
strated that the morphology of microglia was altered from a
ramified (V/-, vehicle-treated non-stimulated) to an amoeboid
appearance after treatment with LPS for 24 h. In astroglia, no
changes inmorphologywere observed after LPS treatment (Fig. 2C).
The Kmo mRNA levels were significantly increased in microglia at
24 h after LPS treatment (Fig. 2B). However, minocycline signifi-
cantly reduced the Kmo mRNA levels in the primary microglial
cultures after LPS stimulation. The KmomRNA level in astroglia was
not affected by LPS or minocycline injection (Fig. 2D).

3.1.3. The influence of repeated i.t. or i.p. administration of
minocycline on allodynia and Kmo mRNA expression in the spinal
cord and the DRG on day 7 after CCI

In the von Frey test, strong allodynia in the paw ipsilateral to the
injury was observed on day seven after CCI. At this time point, the
ipsilateral paw responded to a stimulus of 11.0 ± 0.4 g, whereas
naive rats first responded to a stimulus of 26.0 ± 0.7 g (Fig. 3A).
Repeated i.p. administration of minocycline significantly attenuated
this allodynia, as demonstrated by an increase in the response
threshold from 12.04 ± 0.5 g to 17.1 ± 0.7 g (Fig. 3A). Furthermore,
repeated i.t. administration of minocycline decreased allodynia in
rats subjected to CCI, as demonstrated by an increase in the
response threshold from 11.04 ± 0.4 g to 16.8 ± 0.4 g (Fig. 3D).

Repeated i.p. administration of minocycline significantly
decreased the KmomRNA levels in the spinal cord (from 3.9 ± 0.5 to
1.4 ± 0.3) (Fig. 3B) and in the DRG (from 10.9 ± 1.20 to 4.4 ± 0.6)
(Fig. 3C). Similar results were observed after i.t. administration of
minocycline: minocycline attenuated the injury-induced increase
in the Kmo mRNA level in the spinal cord and the DRG (from
4.9 ± 1.4 to 0.35 ± 0.2 and from 4.3 ± 0.9 to 0.9 ± 0.18, respectively)
(Fig. 3E and F).

3.2. Behavioral and biochemical effects of inhibiting Kmo
expression

3.2.1. The influence of a single i.t. administration of Ro61-8048 or
JM6 at different doses on allodynia and hyperalgesia on day 7 after
CCI

The effect of single i.t. administration of Ro61-8048 or JM6
(10 mg, 20 mg, 40 mg, 80 mg or 120 mg) was measured using von Frey
and cold plate tests. Ro61-8048 at 20 mg, 40 mg, 80 mg and 120 mg
decreased CCI-induced allodynia and hyperalgesia. Moreover,
administration of JM6 at a dose of 40 mg, 80 mg or 120 mg reduced
the symptoms of neuropathic pain after CCI, as demonstrated by
the results on the cold plate test, and JM6 treatment at the highest
doses reduced pain symptoms, as demonstrated by the results on
the von Frey test, compared with vehicle treatment (Table 1).

3.2.2. The influence of repeated i.t. administration of the Kmo
inhibitors Ro61-8048 and JM6 at selected doses on allodynia and
hyperalgesia on days 3 and 7 after CCI

The effect of repeated administration of a Kmo inhibitor, i.e.,
Ro61-8048 or JM6 (both at a dose of 20 mg), was studied in CCI-
treated rats (Fig. 4A and B). The naive animals reacted to the me-
chanical stimulus at aweight of 25.6 ± 0.2 g on the von Frey test and
responded to low temperature after 29.15 ± 0.5 s on the cold plate
test. After CCI, all rats exhibited strong allodynia in the paw ipsi-
lateral to the injury (as demonstrated by the von Frey test results on
days 3 and 7 after CCI: 12.4 ± 0.5 g and 14.9 ± 0.4 g, respectively)
(Fig. 4A), and all rats exhibited potent hyperalgesia (as



Fig. 2. Images of immunofluorescence staining for markers of microglia (IBA-1; A) and astroglia (GFAP; C) are presented. Primary microglial (B) and astroglial (D) cell cultures were
treated with vehicle (V) or minocycline (MC; 20 mM) 30 min before the administration of lipopolysaccharide (LPS; 100 ng/ml). At 24 h after LPS stimulation, the Kmo mRNA level was
analyzed. The qRT-PCR data are presented as the means ± SEM and represent the normalized averages from the analyses of three experiments. **p < 0.01 and ***p < 0.001 indicate
significant differences compared to non-stimulated cells (V/-); ##p < 0.01 indicates a significant difference between the V/þ and MC/þ groups. Abbreviations: V/- (control, V-
treated non-stimulated cells); V/þ (V-treated LPS-stimulated cells); MC/þ (MC-treated LPS-stimulated cells). The scale bar for all microphotographs is 10 mm.

Fig. 3. Effects of repeated minocycline (MC) administration (A, 30 mg/kg i.p.; D, 60 mg i.t.) on allodynia (A, D) and on the mRNA levels of Kmo in the dorsal lumbar (L4eL6) spinal
cord (B, E) and DRG (C, F) 7 days after CCI. The behavioral results are presented as the means ± SEM (8e14 rats per group). The biochemical data are presented as the mean fold-
changes in expression relative to the control (naïve group) levels ± SEM (4e9 samples per group). Inter-group differences were analyzed via one-way ANOVA followed by Bon-
ferroni's test for multiple comparisons. ***p < 0.001 indicates a difference compared to the naïve group; ###p < 0.001 indicates a difference compared to the VeCCI group.
Abbreviations: N (naïve group); VeCCI (V-treated CCI-exposed group); MC-CCI (MC-treated CCI-exposed group).

E. Rojewska et al. / Neuropharmacology 102 (2016) 80e91 85



Fig. 4. The effect of i.t. administration of a Kmo inhibitor, either Ro61-8048 or JM6, at a
dose of 20 mg on allodynia (von Frey test; A) and hyperalgesia (cold plate test; B) in rats
on days 3 and 7 after CCI. Both Kmo inhibitors significantly reduced allodynia and
hyperalgesia. The results are presented as the means ± SEM (6e14 rats per group).
Inter-group differences were analyzed via one-way ANOVA followed by Bonferroni's
test for multiple comparisons. ***p < 0.001 indicates a difference compared to the
naïve group; ##p < 0.01 and ###p < 0.001 indicate differences compared to the V-
treated CCI-exposed group. Abbreviations: N (naïve group); VeCCI (DMSO-treated CCI-
exposed group); Ro (Ro61-8048-treated CCI-exposed group).
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demonstrated by the response latency on the cold plate test:
9.2 ± 0.7 s and 10.4 ± 0.6 s, respectively (Fig. 4B). Both Ro61-8048
and JM6 diminished pain symptoms on day 3 after CCI (Fig. 4A and
B). On day 7 after CCI, injection of Ro61-8048 or JM6 reduced
allodynia (21.9 ± 1.0 g and 20.1 ± 0.6 g, respectively) and hyper-
algesia (18.7 ± 2.4 s and 23.5 ± 1.6 s, respectively) (Fig. 4A and B).

3.2.3. The influence of repeated i.t. administration of Ro61-8048 on
the CD-40, IL-6, IL-1beta and NOS2 mRNA and protein levels in the
spinal cord and the DRG on day 7 after CCI

In rats subjected to CCI, CD40 mRNA expression in the spinal
cord was upregulated (1.0 ± 0.1 vs. 7.1 ± 0.3) compared with that in
naive rats (Fig. 5A). Ro61-8048 decreased the relative level of CD40
mRNA in the spinal cord after CCI from 7.1 ± 0.3 to 5.1 ± 0.3.
Additionally, in the DRG, the CD40 mRNA levels were significantly
increased from 1.0 ± 0.01 in naïve rats to 9.1 ± 2.3 (Fig. 5I) in rats
subjected to CCI. Similarly, Ro61-8048 significantly decreased the
CD40 mRNA levels in the DRG after CCI from 9.1 ± 2.3 to 2.9 ± 0.3
(Fig. 5I).

Based onWestern blot analysis, in the spinal cord, IBA-1 protein
was upregulated from 1.0 ± 0.05 in naïve animals to 3.0 ± 0.3 in CCI-
treated animals (Fig. 5E). Ro61-8048 decreased the level of this
microglial activation marker after CCI from 3.0 ± 0.28 to 2.2 ± 0.15
(Fig. 5E). In the DRG, the IBA-1 protein levels were significantly
higher in CCI-treated rats than in naïve rats (2.7 ± 0.2 vs. 1.0 ± 0.1)
(Fig. 5M). Ro61-8048 decreased the IBA-1 protein levels in the DRG
after CCI from 2.7 ± 0.2 to 1.3 ± 0.1 (Fig. 5M).

The IL-6mRNA level in the spinal cord was strongly upregulated
in CCI-treated rats compared with naive rats (31.2 ± 3.8 vs. 1 ± 0.2)
(Fig. 5 B). Repeated treatment with Ro61-8048 significantly
decreased the relative level of IL-6mRNA in the spinal cord after CCI
from 31.2 ± 3.8 to 3.1 ± 1.6 (Fig. 5B). In the DRG, IL-6 mRNA
expression was upregulated in CCI rats compared with naive rats
(186.7 ± 13.1 vs. 1 ± 0.07). Ro61-8048 significantly decreased the
relative level of IL-6mRNA in the DRG after CCI from 186.7 ± 13.1 to
87.5 ± 15.9 (Fig. 5J).

The IL-6 protein level in the spinal cord was increased in CCI rats
compared to naive animals (1.2 ± 0.5 vs. 1 ± 0.04). Chronic
administration of Ro61-8048 reduced the IL-6 protein level in the
spinal cord after CCI from 1.2 ± 0.5 to 1.0 ± 0.1 (Fig. 5F). Further-
more, the IL-6 protein level was upregulated in the DRG from
1.0 ± 0.1 after naïve treatment to 1.7 ± 0.06 after CCI (Fig. 5N). After
Ro61-8048 injection, we observed a reduction in the protein level
of IL-6 in the DRG (Fig. 5N).

The expression of IL-1beta mRNA was upregulated from
1.0 ± 0.09 to 45.6 ± 1.6 in the spinal cord (Fig. 5C) and from 1.0 ± 0.1
to 51.07 ± 10.8 in the DRG (Fig. 5K) in the CCI-treated rats relative to
the naive rats. Ro61-8048 did not influence the mRNA levels of IL-
1beta in the spinal cord, but Ro61-8048 significantly decreased the
IL-1beta mRNA levels in the DRG after CCI from 51.07 ± 10.8 to
16.6 ± 3.4 (Fig. 5K).

Seven days after CCI, based on Western blot analysis, we
detected an increased protein level of IL-1beta in the spinal cord
(from 1.02 ± 0.02 to 1.25 ± 0.06) and in the DRG (from 1.02 ± 0.1 to
1.65 ± 0.2) relative to the IL-1beta protein levels after naive treat-
ment (Fig. 5G and O). Ro61-8048 administration did not influence
the protein levels of IL-1beta in the spinal cord (Fig. 5G) but did
decrease the IL-1beta mRNA levels in the DRG after CCI from
1.65 ± 0.2 to 0.9 ± 0.04 (Fig. 5O).

The relative NOS2 mRNA expression level was increased in the
spinal cord from 1 ± 0.1 to 145.2 ± 19.3 (Fig. 5D) and in the DRG
from 1 ± 0.4 to 2547.04 ± 736.7 in the CCI rats compared with the
naive rats (Fig. 5L). Ro61-8048 decreased the relative levels of NOS2
mRNA after CCI in the spinal cord from 145.2 ± 19.3 to 7.8 ± 0.9 and
in the DRG from 2547.04 ± 736.7 to 64.55 ± 17.4 (Fig. 5D and L).

Based on Western blot analysis, in the spinal cord, NOS2 protein
was upregulated from 1.0 ± 0.1 to 2.2 ± 0.1 in CCI-treated animals
compared with naïve animals (Fig. 5H). Ro61-8048 decreased the
level of NOS2 in the spinal cord after CCI from 2.2 ± 0.1 to 1.3 ± 0.2
(Fig. 5H). In the DRG, the NOS2 protein levels were higher in CCI-
treated rats than in naïve rats (1.8 ± 0.1 vs. 1.0 ± 0.1) (Fig. 5P).
Ro61-8048 decreased the NOS2 protein levels in the DRG after CCI
from 1.8 ± 0.1 to 1.1 ± 0.1 (Fig. 5P).

3.2.4. The influence of repeated i.t. administration of Ro61-8048 or
JM6 on the effect of a single dose of morphine on day 7 after CCI

Behavioral tests were conducted 30 min (von Frey test) and
35 min (cold plate test) after i.t. administration of Ro61-8048
(10 mg), JM6 (10 mg) or vehicle (DMSO) and were repeated 30 min
(von Frey test) and 35min (cold plate test) after a single i.t. injection
of morphine (10 mg). Repeated treatment with Ro61-8048 signifi-
cantly attenuated mechanical allodynia from 14.2 ± 1.0 g to
21.1 ± 0.9 g (Fig. 6A) and cold hyperalgesia from 10.4 ± 0.7 s to
24.0 ± 0.9 s (Fig. 6B). Ro61-8048 enhanced the response to
morphine, as demonstrated by the results on the von Frey test



Fig. 5. The effects of repeated administration of Ro61-8048 on the mRNA and protein levels of CD40, IBA-1 (A, E, I, M), IL-6 (B, F, J, N), IL-1beta (C, G, K, O), NOS2 (D, H, L, P) in the
spinal cord and the DRG on day 7 after CCI. The data are shown as the mean fold-changes in expression relative to the control (naïve group) levels ± SEM (4e9 samples for each
group). Inter-group differences were analyzed via one-way ANOVA followed by Bonferroni's test for multiple comparisons. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate differences
compared to the naïve group; #p < 0.05, ##p < 0.01 and ###p < 0.001 indicate differences compared to the V-treated CCI-exposed group. Abbreviations: N (naïve group); VeCCI
(DMSO-treated CCI-exposed group); Ro (Ro61-8048-treated CCI-exposed group).
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Table 1
The effect of a single intrathecal administration of a kynurenine 3-monooxygenase
(Kmo) inhibitor (Ro61-8048 or JM6) at a dose ranging from 10 to 120 mg on allodynia
and hyperalgesia on day 7 after CCI. The results are presented as the means ± SEM
(6e14 rats per group). The inter-group differences were analyzed via one-way
ANOVA followed by Bonferroni's test for multiple comparisons. ##p < 0.01 and
###p < 0.001 indicate differences compared to the vehicle-treated CCI-exposed rats.
Abbreviations: V, vehicle; Ro, Ro61-8048; JM6, prodrug for Ro-61-8048.

Treatment Von Frey Cold plate

Vehicle 13.8 ± 0.8 10.5 ± 1.1
Ro61-8048 [mg/5 ml; i.t.]
10 15.9 ± 1.3 8.5 ± 1.8
20 19.7 ± 1.2### 16.9 ± 0.9###

40 18.2 ± 0.8## 16.50 ± 3.1###

80 19.1 ± 1.0### 16.8 ± 2.4###

120 21.6 ± 1.4### 22.7 ± 1.8###

JM6 [mg/5 ml; i.t.]
10 14.6 ± 1.0 13.9 ± 1.8
20 14.0 ± 1.0 16.3 ± 0.7
40 17.3 ± 0.9## 18.3 ± 2.2##

80 19.6 ± 1.4## 18.8 ± 1.9##

120 20.0 ± 0.9## 20.6 ± 1.9###
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(20.0 ± 0.6 g vs. 25.2 ± 0.7 g, Fig. 6A) and the cold plate test
(18.1 ± 2.3 s vs. 29.4 ± 0.3 s, Fig. 6B). Similarly, repeated adminis-
tration of JM6 attenuated mechanical allodynia from 14.2 ± 1.0 g to
20.1 ± 0.6 g (Fig. 6A) and cold hyperalgesia from 10.4 ± 0.7 s to
23.5 ± 0.6 s (Fig. 6B). Furthermore, JM6 enhanced the response to
morphine, as demonstrated by the results on the von Frey test
(20.0 ± 0.6 g vs. 25.0 ± 0.3 g) and the cold plate test (18.1 ± 2.3 s vs.
28.5 ± 1.0 s) (Fig. 6A and B).

4. Discussion

Our results showed that pharmacological inhibition of Kmo
diminished the symptoms of neuropathic pain and enhanced the
effectiveness of morphine in a neuropathic pain model. We
observed reductions in the KmomRNA levels in the spinal cord and
the DRG, as well as decreases in pain symptoms, after chronic i.p. or
i.t. administration of minocycline. Moreover, treatment with a Kmo
inhibitor (Ro61-6048 or JM6) reduced allodynia and hyperalgesia in
CCI-treated rats to a greater extent than treatment with minocy-
cline. Our biochemical studies showed that seven days after sciatic
nerve injury, chronic Ro61-6048 administration reduced the CD-40
mRNA and IBA-1 protein levels in the spinal cord and the DRG.
Furthermore, themRNA and protein levels of pronociceptive factors
in the spinal cord (i.e., IL-6 and NOS2) and the DRG (i.e., IL-1beta, IL-
6 and NOS2) were reduced after Ro61-6048 treatment. Most
importantly, both Kmo inhibitors (Ro61-6048 and JM6) appeared to
not only decrease neuropathic pain symptoms but also potentiate
the analgesic properties of morphine in a neuropathic pain model.

The molecular mechanisms underlying neuropathy are contin-
uously under investigation to create newopportunities to attenuate
neuropathic pain. One drug that exerts beneficial effects against
neuropathic pain development is minocycline (Ledeboer et al.,
2005; Mika et al., 2007, 2010; Ragavendra et al., 2003). Our previ-
ous gene profiling studies (Rojewska et al., 2014b) revealed a set of
genes that were modulated by minocycline in rats subjected to CCI.
As shown in our studies, the levels of 93 out of the 22,500 evaluated
transcripts were changed upon sciatic nerve injury; of these, 54
transcripts were not affected by multiple administrations of min-
ocycline, whereas 39 transcripts displayed strong modulation by
recurrent minocycline treatment (Rojewska et al., 2014b). This
experiment attracted our attention to Kmo, which showed
increased expression in association with neuropathy and was
decreased in the spinal cord following i.p. administration of min-
ocycline (Rojewska et al., 2014b). In the present study, based on
qRT-PCR, not only i.p. but also i.t. administration of minocycline
reduced the Kmo mRNA levels in the spinal cord and the DRG. Kmo
inhibition may be one therapeutically relevant method of protect-
ing injured neurons from further neurotoxicity. However, to our
knowledge, the effect of Kmo inhibition on neuronal survival has
not been studied under conditions of neuropathic pain. Kmo is an
enzyme that plays an important role in the kynurenine pathway
(Giorgini et al., 2013); the role of Kmo in neuropathy was not
previously considered. Studies of neurodegenerative processes
revealed that overexpression of Kmo enhances the production of
QUIN, which exerts cytotoxic effects (Behan and Stone, 2000;
Campbell et al., 2014; Schwarcz et al., 2012). Reduced Kmo activ-
ity promotes the production of kynurenic acid (KYNA), which dis-
plays neuroprotective properties. Conversely, R€over et al. (1997)
and Vasquez et al. (2000) suggested that QUIN is an agonist of
NMDA receptors and, therefore, is neurotoxic. Moreover, Saito et al.
(1993) and Reinhard et al. (1994) showed that the cerebral QUIN
concentrations are dramatically increased under pathological
conditions and that this increase is accompanied by brain inflam-
mation. Based on formalin tests, i.t. administration of KYNA pro-
duced dose-dependent analgesic effects in rats (Kristensen et al.,
1993; Chapman and Dickenson, 1995; Ohshiro et al., 2008) and
mice (Nasstrom et al., 1992). The results of many studies confirmed
that Kmo inhibitors display neuroprotective properties (Carpenedo
et al., 2002; Moroni et al., 2003). Inhibiting Kmo reduces the levels
of toxic metabolites of the kynurenine pathway (3-HKA and QUIN),
thus preventing neuronal damage via both inflammatory and
neurological processes (Chiarugi et al., 2001). Some authors have
previously shown that in the R6/2 genetic mouse model of Hun-
tington's disease, peripheral blockade of Kmo reduced the loss of
synapses and the activation of microglia while improving survival
(Zwilling et al., 2011). Our studies were the first to show that sciatic
nerve ligation led to increased Kmo mRNA levels; this increase was
prevented by minocycline treatment. Thus, Kmo inhibition under
conditions of neuropathy may be one strategy to interrupt injury-
induced neurotoxicity, which ultimately leads to the development
of neuropathic pain. Administering Kmo inhibitors may protect
neurons from the spread of neurodegeneration and may serve as a
highly therapeutically relevant treatment in the future. Previous
studies have confirmed that Ro61-8048 displays neuroprotective
activity in animal models of cerebral hypoxia (R€over et al., 1997;
Moroni et al., 2005) and dyskinesia (Gregoire et al., 2008), in
Huntington's and Alzheimer's diseases (Chin et al., 2005), and
following cerebral ischemia (Cozzi et al., 1999). Interestingly, our
results suggest that in neuropathic pain, even a single injection of
Ro61-8048 or JM6 decreased allodynia and hyperalgesia; this
finding confirmed the important role of Kmo in the kynurenine
pathway. Interestingly, we also found that Ro61-8048 potentiated
the analgesic properties of morphine. In our opinion, Ro61-8048,
which is already used to treat neurodegenerative diseases in
humans (Campbell et al., 2014), may be a promising drug for the
treatment of neuropathic pain.

In 2011, Zwilling et al. published a report regarding the use of
JM6 (an oral pro-drug of Ro61-8048), a novel Kmo inhibitor that
displays similar activity to Ro61-8048. Experiments conducted in a
murine model of Huntington's disease (Zwilling et al., 2011)
revealed increased microglial activation (Simmons et al., 2007),
which was ameliorated by JM6 administration. As shown in recent
reports, administration of JM6 also reduced microglial activation
and neuronal damage in APPtg mice, a model of Alzheimer's dis-
ease (Chin et al., 2005). Moreover, in an experimental cerebral
hypoxia model, Moroni et al. (2005) demonstrated that Kmo in-
hibitors reduced pyramidal cell damage, probably by inhibiting the
synthesis of 3-HK and QUIN. Zwilling et al. (2011) proposed that
KMO acts as a mediator between the nervous system and the



Fig. 6. The effect of Ro61-8048 or JM6 on the analgesic effects of morphine on day 7
after CCI. Ro61-8048 or JM6 (10 mg, i.t.) was repeatedly administered to rats subjected
to CCI. Rats treated with vehicle, Ro61-8048 or JM6 received a single i.t. injection of
morphine (M, 10 mg). Behavioral tests were conducted 30 min (von Frey test; A) and
35 min (cold plate test; B) after vehicle, Ro61-8048 or JM6 administration and were
repeated 30 min (von Frey test; A) and 35 min (cold plate test; B) after a single
morphine injection. The data are presented as the means ± SEM (6e14 rats per group).
Inter-group differences were analyzed via one-way ANOVA followed by Bonferroni's
test for multiple comparisons. ***p < 0.001 indicates a difference compared to the
naïve group; ###p < 0.001 indicates a difference compared to the V-treated CCI-
exposed group; ^̂ p < 0.01 and ^̂ ^p < 0.001 indicate differences compared to the
morphine-treated CCI-exposed group; &p < 0.05 and &&&p < 0.001 indicate a sig-
nificant difference between the Ro61-8048- or JM-6-treated CCI-exposed group and
the morphine-treated CCI-exposed group.
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immune system, and this suggestion is in agreement with our
present results.

In 2006, Ryu et al. studied the role of Kmo in a model of Hun-
tington's disease induced via the administration of QUIN to the
striatum; this process activated microglia and increased the
expression of pronociceptive factors, such as IL-1beta, IL-6, TNFa,
COX-2 andNOS2. In our experiments, we showed that on day 7 after
CCI, Ro61-8048 administration reduced the mRNA levels of CD-40
and of proinflammatory factors such as IL-6 and NOS2 in the spinal
cord. Based on Western blot, Ro61-8048 diminished the protein
levels of IBA-1, IL-6, IL-1beta and NOS2 in the spinal cord. Addi-
tionally, Ro61-8048 injection decreased the protein levels of IL-
1beta in the DRG. Other authors also reported that QUIN
enhanced microglial activation and cytokine production (Croitoru-
Lamoury et al., 2003; Guillemin, 2003). Ryu et al. (2006) demon-
strated thatminocycline suppresses the QUIN-induced activation of
microglia and astroglia and expression of the pronociceptive factors
COX-2 and NOS2. However, emerging evidence indicates that the
Kmo branch of the pathway may be induced by proinflammatory
stimuli. In 1997, Heyes et al. demonstrated that Kmo enzyme ac-
tivity was increased in colonies of macrophages stimulated by IFN-
g. In our primary culture studies of glial cells, we showed that Kmo
mRNA expression was strongly upregulated by LPS stimulation in
microglia but not astroglia. Moreover, minocycline decreased the
LPS-induced enhancement of Kmo expression.

We previously reported (Rojewska et al., 2014b) that after CCI,
the gene expression of T-cell (Cd3g, Cd3e, Cd3d, Cd4, and Cd8), B-cell
(Cd19) and NK cell (Cd335) markers in the spinal cord was un-
changed; however, Cd40was highly upregulated, and its expression
was decreased by minocycline, similar to the effects of minocycline
on Kmo. Our primary cell culture experiments confirmed that Kmo
is expressed in microglia and that Kmo is highly upregulated after
LPS stimulation. Based on biochemical studies of the spinal cord
and previously described data, we reasoned that minocycline re-
verses LPS-induced microglial activation and decreases Kmo mRNA
expression in primary microglial cells. Thus, we hypothesized that
under conditions of neuropathic pain, the primary source of Kmo is
microglia.

Injury-induced activation of neurodegenerative processes may
cause the well-known phenomenon of diminishing efficacy of
morphine against neuropathic pain (McQuay, 2002; Porreca et al.,
1998). The mechanisms underlying the decreasing analgesic po-
tency of morphine against neuropathic pain have been intensively
studied (Mika, 2008; Ossipov et al., 1995; Porreca et al., 1998;
Przewlocki and Przewlocka, 2005; Speth et al., 2002). One hy-
pothesis indicates that the disturbed balance between algesic and
analgesic factor production by glial cells, especially microglia,
might be responsible for the decreasing effectiveness of morphine
under conditions of neuropathic pain (Raghavendra et al., 2002,
2003). Researchers showed that IL-1beta and IL-6 produced by
microglia had opposing effects on morphine efficacy (Johnston and
Westbrook, 2005; Raghavendra et al., 2002, 2003). These results are
in agreement with our results showing that microglial inhibitors
enhanced the efficacy of morphine against neuropathic pain.
Further evidence has shown that inhibiting glial activation
improved the efficacy of opioids, which are used in clinical settings
for the treatment of neuropathic pain. In our present experiments,
we showed that Ro61-6048 reduced Kmo gene expression and
microglial activation in the spinal cord and decreased the levels of
pronociceptive factors in both the spinal cord (IL-6 and NOS2) and
the DRG (IL-1beta, IL-6 and NOS2). Therefore, Kmo inhibition may
serve as a new strategy to potentiate the analgesic properties of
morphine in a similar manner to minocycline (Mika et al., 2007).

5. Conclusion

We observed that pharmacological inhibition of Kmo decreased
neuropathic pain. Kmo inhibitors reduced the mRNA expression of
CD40 and concurrently reduced the levels of the pronociceptive
factors IL-1beta, IL-6 and NOS2 in the spinal cord and/or the DRG.
Furthermore, we demonstrated that Ro61-6048 decreased the
protein levels of IBA-1, IL-6 and NOS2 in the spinal cord as well as
IBA-1, IL-6, IL-1beta and NOS2 in the DRG. Most importantly, two
Kmo inhibitors (i.e., Ro61-6048 and JM6) potentiated the analgesic
properties of morphine under conditions of neuropathic pain.
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Therefore, inhibiting Kmo may decrease the negative effects of
nerve damage, thus enhancing the effects of analgesics and
consequently improving neuropathic pain therapy. Our results are
supported by preclinical evidence that administering Kmo in-
hibitors counteracted the effects of neuroinflammation in various
neurodegenerative diseases (Campbell et al., 2014; Wilson et al.,
2014). Therefore, our results appear to be promising for the
development of future neuropathic pain treatments.
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