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Intrathecal curcumin attenuates
pain hypersensitivity
and decreases spinal
“wmaiures neuUroinflammation in rat model of
" monoarthritis
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Curcumin is a major component of turmeric and reportedly has anti-inflammatory and anti-oxidant
effects. Neuroinflammation has been recognized to play an important role in the pathogenesis

of various diseases in the central nervous system. Here we investigated the anti-nociceptive and
anti-neuroinflammatory effect of curcumin on arthritic pain in rats. We found that repeated oral
treatment with curcumin, either before or after complete Freund’s adjuvant (CFA) injection, dose-
dependently attenuated CFA-induced mechanical allodynia and thermal hyperalgesia, but had

no effect on joint edema. Repeated intrathecal injection of curcumin reversed CFA-induced pain
hypersensitivity. Furthermore, such a curcumin treatment reduced CFA-induced activation of glial
cells and production of inflammatory mediators [interleukin-103 (IL-13), monocyte chemoattractant
protein-1 (MCP-1), and monocyte inflammatory protein-1 (MIP-1c)] in the spinal cord. Curcumin

also decreased lipopolysaccharide-induced production of IL-13, tumor necrosis factor-o,, MCP-1, and
MIP-1c in cultured astrocytes and microglia. Our results suggest that intrathecal curcumin attenuates
arthritic pain by inhibiting glial activation and the production of inflammatory mediators in the spinal
cord, suggesting a new application of curcumin for the treatment of arthritic pain.

Curcumin is a major bioactive component of turmeric and has been used as an oral and topical medi-
cation to treat a wide variety of ailments, including pain, rheumatoid arthritis, and cancer?. Emerging
experimental evidence indicates that curcumin has analgesic effect on both acute inflammatory
pain and chronic neuropathic pain. For example, acute systemic treatment with curcumin reduced
formalin-induced defensive behaviors® and acetic acid-induced visceral nociception®. Repeated systemic
treatment with curcumin alleviated neuropathic pain induced by sciatic nerve injury®, streptozotocin®,
and cisplatin’. Curcumin also reduced paw inflammation in collagen-induced arthritis®. Inflammation
of the joint is one of the major causes of chronic pain®, and whether curcumin has analgesic effect on
articular inflammatory pain and the underlying mechanisms remain unclear.

Curcumin has been demonstrated to have a variety of biological activities, including anti-inflammatory,
anti-oxidant, and anti-tumor actions!®!!. In vitro studies showed that curcumin inhibits the produc-
tion of proinflammatory cytokines [e.g. interleukin-1(3 (IL-1(3), tumor necrosis factor-a (TNF-a)], and
chemokines [e.g. monocyte chemoattractant protein-1 (MCP-1), monocyte inflammatory protein-1
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(MIP-1a)] stimulated by lipopolysaccharide (LPS) in astrocytes, monocytes, or alveolar macrophages'>'.

Curcumin is also a potent inhibitor of the mitogen-activated protein kinases (MAPKs) and NF-kB!#-16,
which are critical in the transcriptional regulation of proinflammatory cytokine gene expression and are
also important for the maintenance of chronic pain!”!%.

Neuroinflammation has been demonstrated to play a pivotal role in the pathogenesis of chronic
pain'®-2L. In response to peripheral inflammation, glial cells (astrocytes and microglia) are activated and
produce multiple inflammatory mediators such as proinflammatory cytokines and chemokines!®?-%,
which are involved in the regulation of synaptic transmission?-%. Inhibition of neuroinflammation that
is mediated by glial cells attenuates inflammatory or neuropathic pain'®-*'. Whether curcumin can reg-
ulate the activity of glial cells and reduce the inflammation in the spinal cord in the setting of arthritic
pain condition remains to be determined.

Complete Freund’s adjuvant (CFA) is frequently used to model arthritic disease, since it recapitu-
lates many of the features of human rheumatoid arthritis?**. In this study, we investigated the role of
systemic or intrathecal treatment with curcumin on arthritic pain in the CFA-induced rat ankle joint
monoarthritis (MA) model. We also explored the possible analgesic mechanisms of spinal injection of
curcumin by assaying the activation of spinal glial cells and the production of inflammatory mediators
both in vivo and in vitro.

Results

Systemic pre-treatment with curcumin attenuates CFA-induced mechanical allodynia and
thermal hyperalgesia. As it has been reported previously®, intra-articular injection of CFA induced
pain hypersensitivity and joint inflammation (Fig. 1), but injection of normal saline did not induce
pain (data not shown). To examine the anti-nociceptive effect of curcumin, different doses of cur-
cumin or vehicle was delivered by oral gavage daily for 10 consecutive days. Curcumin treatment was
started 24 h before CFA injection. As shown in Fig. 1, repeated treatment with curcumin effectively and
dose-dependently alleviated CFA-induced pain hypersensitivity. For mechanical allodynia (Fig. 1A), an
analysis by two-way ANOVA revealed a significant effect of Treatment (F; ,,y=44.50 and P < 0.0001),
Time (F,) 5,0=114.9 and P < 0.0001), and Time x Treatment interaction (Fs; ,,0=7.710 and P < 0.0001).
The Bonferroni post hoc tests showed that curcumin at a dose of 200 mg/kg did not affect PWT in the
first 2 days. However, an attenuation of mechanical allodynia appeared at 3 days and persisted until 9
days after CFA injection. Curcumin at 100mg/kg reduced CFA-induced mechanical allodynia from 7
days to 9 days after CFA injection (Fig. 1A). Curcumin also attenuated CFA-induced thermal hyperalge-
sia (Fig. 1B, Treatment, F; ,,,=106.2 and P < 0.0001; Time, F|; ,,,=57.23 and P < 0.0001; Interaction,
Fi3,200="7.739 and P < 0.0001). The Bonferroni post hoc tests showed that curcumin at a dose of 200 mg/
kg reversed CFA-induced thermal hyperalgesia from 2 days to 9 days after CFA injection. Curcumin at
the dose of 100 mg/kg also diminished CFA-induced heat hyperalgesia from 3 days to 9 days (Fig. 1B).
The lowest dose of curcumin (50 mg/kg) did not significantly change mechanical allodynia or heat hyper-
algesia at any time point (Fig. 1A,B). All the three doses of curcumin did not affect the ankle joint
edema (Fig. 1C). The overall condition and body weight were comparable among all the groups (data
not shown).

Systemic post-treatment with curcumin reverses CFA-induced mechanical allodynia and
thermal hyperalgesia. We next evaluated the effect of curcumin on the alleviation of pain in estab-
lished arthritis. We began curcumin treatment at 3 days after CFA injection when mechanical allodynia
and thermal hyperalgesia were already fully developed and continued to treat daily for 10 consecu-
tive days. Curcumin had a significant effect on mechanical allodynia (Fig. 2A, Treatment, F; ,,0=50.28
and P <0.0001; Time, F), ,,,=62.95 and P<0.0001; Interaction, Fsq ,4=5.764 and P < 0.0001).
Furthermore, curcumin at a dose of 200 mg/kg attenuated mechanical allodynia from 5 days to 13 days
after CFA injection. Curcumin at the dose of 100 mg/kg attenuated mechanical allodynia from 7 days
to 13 days (Fig. 2A). For heat hyperalgesia (Fig. 2B), two-way ANOVA also showed significantly effects
of treatment (F; ,4,=121.0 and P < 0.0001), time (F,, ,4=61.18 and P < 0.0001) and interaction (Fs
240="7.707 and P < 0.0001). The Bonferroni post hoc tests showed that curcumin (200 mg/kg) attenuated
heat hyperalgesia from 4 days to 13 days after CFA injection (Fig. 2B). Treatment with curcumin did not
change the ankle joint edema (Fig. 2C).

Intrathecal post-treatment with curcumin reverses CFA-induced mechanical allodynia and
heat hyperalgesia. To investigate possible mechanisms of curcumin in the spinal cord, we deliv-
ered it by intrathecal injection. Curcumin was given daily for 3 consecutive days, starting from 3 days
after CFA. Pain behavior was assessed at 1h, 3h, and 6h after each injection. Curcumin showed a sig-
nificant effect on mechanical allodynia (Fig. 3A, Treatment, F, ;;=122.8 and P <0.0001; Time, F,;
16s=80.56 and P < 0.0001; Interaction, Fj, ;¢s=16.7 and P < 0.0001) and heat hyperalgesia (Fig. 3B,
Treatment, F, ,;=211.1 and P < 0.0001; Time, F; 1,3=63.21 and P < 0.0001; Interaction, F,, ;3= 9.696
and P < 0.0001). The Bonferroni post hoc tests showed that the first injection of curcumin at a dose of
1 mg transiently reduced mechanical allodynia and heat hyperalgesia with the effect appearing at 1h and
vanished by 3h. The second injection reversed mechanical allodynia and heat hyperalgesia from 1h to
3h, whereas the third injection reversed mechanical allodynia and heat hyperalgesia for more than 6h,
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Figure 1. Systemic pre-treatment with curcumin attenuates CFA-induced mechanical allodynia and heat
hyperalgesia. Rats were repeatedly injected with curcumin, started from 1 day before CFA injection, for 10
consecutive days. Curcumin dose-dependently attenuated mechanical allodynia (A) and heat hyperalgesia
(B). However, CFA-induced paw edema was not significantly changed by curcumin (C). * P < 0.05, **

P <0.01, ** P < 0.001, vs. vehicle, two-way ANOVA followed by Bonferroni test. n= 6 rats per group

indicating that the effect of curcumin over time is cumulative. Curcumin at 0.1 mg had no effect on either
mechanical or thermal sensitivity of MA rats (Fig. 3A,B).

MA induces activation of glial cells and upregulation of proinflammatory cytokines and
chemokines in the spinal cord. It is increasingly recognized that non-neuronal cells such as glial
cells play a critical role in the pathogenesis of chronic pain®***. To investigate whether glial activation is
involved in CFA-induced inflammatory pain, we checked the mRNA expression of the astrocytic marker
GFAP, and the microglial marker CD11b in the spinal cord at different time points after CFA injection.
As shown in Fig. 4, the expression of GFAP was increased from 1 day and maintained for more than 21
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Figure 2. Systemic post-treatment with curcumin reverses CFA-induced mechanical allodynia and heat
hyperalgesia. Rats were repeatedly injected with curcumin, started from 3 days after CFA injection, for

10 consecutive days. Curcumin dose-dependently reduced established mechanical allodynia (A) and heat
hyperalgesia (B), but did not affect paw edema (C). ** P < 0.01, *** P < 0.001, vs. vehicle, two-way ANOVA
followed by Bonferroni test. n= 6 rats per group.

days after CFA (P < 0.001, one-way ANOVA, Fig. 4A); the expression of CD11b was also increased from
1 day, but maintained for 10 days after CFA injection (P < 0.001, one-way ANOVA, Fig. 4B).

Previous evidence has demonstrated that glial cells release a variety of mediators including proin-
flammatory cytokines and chemokines that contribute to the pathogenesis of pain®*-3. We checked the
mRNA expression of TNF-a, IL-13, MCP-1, and MIP-1a.. The mRNA of TNF-a was increased only at
1 day after CFA injection (P < 0.05, vs. control, Fig. 4C). IL-13 mRNA was increased at 1 day, 10 days,
and 21 days after CFA injection (P < 0.01 or P < 0.001, vs. control, Fig. 4D). The chemokine MCP-1 was
increased at 10 days after CFA injection (P < 0.01, vs. control, Fig. 4E). The expression of MIP-1cw was
increased at 1 day, 3 days and 10 days after CFA injection (P < 0.05 or P < 0.01, or P < 0.001, vs. control,
Fig. 4F). These results suggest that CFA-induced inflammatory pain is associated with activation of glial
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Figure 3. Intrathecal injection of curcumin reverses CFA-induced mechanical allodynia and heat
hyperalgesia. Rats were repeatedly injected with curcumin intrathecally, started from 3 days after CFA
injection, for 3 consecutive days. Curcumin at the dose of 1 mg reversed mechanical allodynia (A) and
diminished heat hyperalgesia (B), whereas low dose (0.1 mg) did not show any effect. ** P < 0.01, ***
P < 0.001, vs. vehicle, two-way ANOVA followed by Bonferroni test. n= 6 rats per group.

cells (astrocytes and microglia) and the upregulation of proinflammatory cytokines and chemokines in
the spinal cord.

Intrathecal curcumin decreases CFA-induced activation of glial cells and upregulation of
proinflammatory cytokines and chemokines in the spinal cord. To investigate whether the
anti-nociceptive effect of curcumin is associated with suppression of glial activation and downregulation
of inflammatory mediators in the spinal cord, we checked GFAP, CD11b, IL-13, MCP-1 and MIP-1c
expression in the spinal cord at 6h after the last injection at day 5. RT-PCR results showed that, com-
pared with control animals, GFAP mRNA (Fig. 5A) and CD11b mRNA (Fig. 5B) were significantly
increased in animals injected with vehicle. Curcumin treatment decreased GFAP mRNA expression
(P <0.05, vs. vehicle, Fig. 5A) and CD11b mRNA expression in the spinal cord (P < 0.05, vs. vehicle,
Fig. 5B). Curcumin also significantly decreased IL-13 (P < 0.05, vs. vehicle, Fig. 5C), MCP-1 (P < 0.05,
vs. vehicle, Fig. 5D), and MIP-1a (P < 0.05, vs. vehicle, Fig. 5E) mRNA levels in the spinal cord of MA
rats.

We further examined the expression of GFAP and IBA-1 (another microglial marker) expression by
immunofluorescence (IF) staining. In control animals, a few GFAP-positive astrocytes and IBA-1-positive
microglia were seen (Fig. 5E]). In the vehicle group, GFAP-IF was significantly increased and a large
number of GFAP-positive astrocytes exhibited intense immunoreactivity and appeared hypertrophic with
thick processes (Fig. 5G). Curcumin treatment decreased CFA-induced GFAP-IF upregulation in the
spinal cord (P < 0.001, vs. vehicle, Fig. 5H,I). Similarly, IBA-1-IF was markedly increased in the vehicle
group and the microglial processes were shortened and thickened (Fig. 5K). The CFA-induced activa-
tion of microglia was markedly reduced in spinal cord dorsal horn after curcumin treatment (P < 0.01,
vs. vehicle, Fig. 5L,M). These results suggest that intrathecal curcumin attenuates activation of glia and
expression of inflammatory mediators in the spinal cord in MA rats.
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Figure 4. MA induces glial activation and upregulation of proinflammatory cytokines and chemokines in
the spinal cord. MA increased the mRNA expression of the astrocytic marker GFAP (A), the microglial

marker CD11b (B), TNF-a (C), IL-18 (D), MCP-1 (E), and MIP-1a (F) in the spinal cord. * P < 0.05, **
P <0.01, ** P < 0.001, vs. control. One-way ANOVA followed by Bonferroni post hoc test. n=>5 rats per

group.

Curcumin decreases production of inflammatory mediators in primary cultured astrocytes
and microglia. To further verify the effect of curcumin on the expression of inflammatory media-
tors (IL-13, TNF-o, MCP-1, and MIP-1a) in glial cells, we employed primarily cultures of astrocytes
and microglia. To mimic the neuroinflammation in vitro, we incubated the cells with LPS (1 pg/ml). As
shown in Fig. 6, the cytokines (Fig. 6A) and chemokines (Fig. 6B) were constitutively expressed in astro-
cytes. LPS incubation for 3h dramatically increased the expression of these cytokines and chemokines.
Pretreatment with curcumin at the dose of 10p.M for 30 min only decreased MCP-1 mRNA expression
(Fig. 6B). The dose at 25pM reduced LPS-induced mRNA upregulation of IL-13 (P < 0.01, vs. vehicle,
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Figure 5. Intrathecal curcumin decreases glial activation and expression of inflammatory mediators in the
spinal cord. Curcumin treatment decreased CFA-induced mRNA upregulation of GFAP (A), CD11b (B),
IL-13 (C), MCP-1 (D), and MIP-1« (E) in the spinal cord. (F-H) Immunostaining showed that astrocytes
appeared to be in a resting state in control animals (F), appeared larger and had more processes in vehicle-
treated animals (G), and recovered in curcumin-treated animals (H). (I) The GFAP immunofluorescence
intensity was decreased by curcumin (Cur), compared to vehicle (Veh). (J-L) Immunostaining showed

that microglia appeared to be in a resting state in control animals (J), appeared larger and had more
processes in vehicle-treated animals (K), and recovered in curcumin-treated animals (L). (M) The IBA-1
immunofluorescence intensity was decreased by curcumin. * P < 0.05, *** P < 0.001, compared with control.
## P < 0.01, ### P < 0.001, compared with vehicle. One-way ANOVA followed by Bonferroni post hoc test.
n=>5 rats per group.

Fig. 6A), MCP-1 (P < 0.001, vs. vehicle, Fig. 6B), and MIP-1a (P < 0.05, vs. vehicle, Fig. 6B), whereas
TNF-a expression was not affected (Fig. 6A).

We then examined the effect of curcumin on the production of inflammatory mediators in microglia.
LPS dramatically increased IL-13 and TNF-« expression by more than 100-fold (Fig. 6C). LPS also
significantly increased the mRNA expression of MCP-1 and MIP-1a by more than 60-fold (Fig. 6D).
Pretreatment with curcumin (25pM) dramatically decreased the upregulation of IL-13, TNF-o,, MCP-1
and MIP-1« (Fig. 6C,D).

Discussion
In this study, we investigated the anti-nociceptive and anti-neuroinflammatory effect of curcumin on
CFA-induced pain hypersensitivity. Our results demonstrated that repeated treatment with curcumin
orally, starting either before or after CFA injection, attenuated CFA-induced pain hypersensitivity in a
dose-dependent manner. Furthermore, intrathecal injection of curcumin attenuated CFA-induced pain
hypersensitivity and decreased the activation of spinal glial cells (astrocytes and microglia). The same
treatment of curcumin also reduced CFA-induced production of proinflammatory cytokine (IL-13) and
chemokines (MCP-1 and MIP-1a) in the spinal cord. In vitro studies further showed the inhibitory
effects of curcumin on the expression of inflammatory mediators in cultured astrocytes and microglia.
Taken together, our data suggest that intrathecal curcumin may attenuate chronic inflammatory pain
potentially via inhibiting the activation of glial cells and production of proinflammatory cytokines and
chemokines in the spinal cord.

Previous studies have demonstrated that systemic administration of curcumin attenuated inflamma-
tory pain*’ and neuropathic pain®”’. Although a single treatment of curcumin alleviated acute pain
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Figure 6. Curcumin decreases lipopolysaccharide (LPS)-induced upregulation of inflammatory mediators in
cultured astrocytes and microglia. Cells were treated with different doses of curcumin or vehicle for 30 min,
followed by incubation with LPS (1 pg/ml) for 3h. Curcumin at the dose of 25uM decreased LPS-induced
upregulation of IL-13 (A), MCP-1 (B) and MIP-1a (B) in astrocytes. Curcumin at the dose of 25puM also
decreased production of proinflammatory cytokines (C) and chemokines (D) in microglia. * P < 0.05, **

P <0.01, ** P < 0.001, compared to control. # P < 0.05, ## P < 0.01, ### P < 0.001, compared to vehicle.
n=23 for each treatment. Cur, curcumin; veh, vehicle.

induced by formalin or acidic acid®*, only repetitive treatment of curcumin attenuated chronic pain®-%.
In agreement with these reports, our current study showed that both pre-treatment and post-treatment
with curcumin attenuated CFA-induced mechanical allodynia and heat hyperalgesia. Moreover, cur-
cumin had a greater better effect on heat hyperalgesia. However, repetitive treatment with curcumin had
no effect on joint edema, indicating that the analgesic effect of systemic curcumin is mainly mediated
through a central effect.

Indeed, previous studies showed that curcumin is well absorbed, has good tissue penetration, and
readily crosses the blood-brain-barrier*!. Systemic administration of curcumin was associated with the
suppression of brain nitrite®, spinal COX-2%, TNF-a and TNF receptor 1# in rats with neuropathic
pain, supporting that systemic curcumin may have central effect. In this study, our data showed that the
first single intrathecal injection of curcumin transiently alleviated CFA-induced pain hypersensitivity,
whereas repetitive injection showed prolonged analgesic effect. Intrathecal administration of curcumin
also decreased formalin-induced flinching responses®. The findings provide direct evidence for spinal
effect of curcumin, and therefore raise the possibility of curcumin as a novel analgesic for spinal delivery.

Non-neuronal cells such as immune cells and glial cells have been implicated in the pathogenesis of
chronic pain®**. Both astrocytes and microglia were activated in the spinal cord following peripheral
nerve injury or tissue inflammation. The activated glial cells contribute to the enhancement and mainte-
nance of chronic pain by releasing neuromodulators, such as growth factors, proinflammatory cytokines
and chemokines®**. Behavioral studies showed that blockade of the activation of spinal cord microglia
and astrocytes prevents or delays the development of pain hypersensitivity*>=*. In this study, we found
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that the astrocytic marker GFAP mRNA was rapidly (1 d) and persistently (>21d) increased in the spinal
cord after MA, whereas the microglial marker CD11b mRNA was increased from 1 day to 10 days, but
not at 21 days. Immunostaining further support the activation of microglia and astrocytes in the spinal
cord at 5 days after MA. In agreement with our results, Sun et al showed that astrocytes and microglia
were activated in the spinal cord at 3 days after CFA-induced MA*8. Interestingly, intrathecal curcumin
inhibited astrocytic and microglial activation in the spinal cord. A recent study showed that systemic cur-
cumin inhibited the activation of astrocytes in the spinal dorsal horn in neuropathic pain*. Additionally,
curcumin also showed a significant reduction of GFAP in brain in an animal model for Alzheimer’s dis-
ease® and a reduction of CD11b in injured brain tissue®. These data suggest that curcumin is involved
in the regulation of glial function in the central nervous system.

Previous results demonstrated that curcumin inhibits LPS-induced MCP-1 expression in astrocy-
toma cells'?, osteoblastic cells®’, blood monocytes and alveolar macrophage'. Curcumin also reduced
the release of various inflammatory mediators (IL-1(3, IL-6, TNF-a, and MCP-1) in transwell co-culture
of neurons and microglia®. Here we found that a high dose of curcumin significantly decreased the
expression of IL-13, TNF-a, MCP-1, and MIP-1« in both primary astrocytes and primary microglia,
suggesting the anti-inflammatory effect of cucurmin on glial cells.

Evidence suggests that proinflammatory cytokines and chemokines are mainly produced by glial cells
in the spinal cord. For example, TNF-« is dominantly expressed in microglia®’, whereas MCP-1 and
IL-1(3 are mainly expressed in astrocytes in the spinal cord?***. Our in vivo data showed that CFA induced
upregulation of several cytokines and chemokines in the spinal cord, with different time courses. Notably,
TNF-o and MCP-1 were increased at 1 day or 10 days after MA, respectively, whereas the increase for
MIP-1aw and IL-13 persisted for more than 10 days or 21 days, respectively, suggesting that they may
have distinct roles in different phases of inflammatory pain. Intrathecal injection of curcumin markedly
inhibited the mRNA upregulation of IL-13, MCP-1, and MIP-1« in the spinal cord at 5 days. Consistent
with our results, curcumin decreased spinal TNF-a and TNFRI protein in diabetic neuropathic pain*.
It also reduced the expression of IL-13, IL-6, TNF-«, and MCP-1 in brain after experimental traumatic
brain injury®. These data support the inhibitory role of curcumin on the production of inflammatory
mediators in the central nervous system.

It has been demonstrated that inhibition of TNF-a, IL-13, MCP-1, or MIP-1c decreased pain hyper-
sensitivity in neuropathic pain and inflammatory pain®*%*-¢. Several inflammatory mediators were
shown to be involved in central sensitization. For example, TNF-o and MCP-1 enhance excitatory syn-
aptic transmission, and IL-13 enhances excitatory synaptic transmission and decreases inhibitory syn-
aptic transmission in dorsal horn neurons®?, suggesting that they directly regulate neuronal activity.
TNF-a and IL-13 can also further activate spinal astrocytes through the receptors TNFR1 and IL-1R,
respectively”. Besides the inhibition of glial activation and production of inflammatory mediators, cur-
cumin may also exert an anti-nociceptive effect through modulatory effects on brainstem adrenergic
and serotonergic systems®®, on spinal antioxidant enzymes®, or on transient receptor potential vanilloid
1 channel function in nociceptive neurons®.

In conclusion, our present study demonstrated that repetitive treatment with curcumin (orally or
intrathecally) significantly attenuated CFA-induced pain hypersensitivity. Especially, intrathecal injec-
tion of curcumin showed more rapid and potent analgesic effect than systemic injection. Furthermore,
our in vivo and in vitro data indicate that the analgesic effect of intrathecal curcumin may be pro-
duced by inhibition of the activation of astrocytes and microglia and the corresponding production of
glial-derived inflammatory mediators in the spinal cord. Collectively, our results provide a novel impli-
cation of anti-nociceptive mechanism of curcumin.

Methods

Animals. Male Sprague-Dawley rats (200-250g, Experimental Animal Center, Nantong University,
China) were used for experiments. These rats were housed under controlled conditions with a 12:12h
light/dark cycle with food and water available ad libitum. Animal experiments were all conducted
according to protocols approved by Animal Care and Use Committee of Nantong University. Prior to
experimental manipulation, rats were allowed to acclimate to the housing facilities for at least 3 days.

Induction of monoarthritis (MA). MA was induced by an injection of CFA (Sigma-Aldrich, St.
Louis, MO) into the unilateral ankle articular cavity*®. For the injection, rats were anesthetized with
isoflurane (RWD Life Science, Shenzhen, China). The right leg of the rat was held and the fossa of the
lateral malleolus of the fibula was located. A 28 gauge needle was inserted vertically to penetrate the skin,
and insert into the articular cavity from the gap between the tibiofibular and tarsus bone until a distinct
loss of resistance was felt. CFA (50]) was injected into the joint. The volume of right ankle joint and
the hindpaw was measured using the plethysmometer (Ugo Basile, Italy).

Drug treatments. For oral administration (via gavage, p.o.), the treatment with curcumin
(Sigma-Aldrich) began 1 day before or 3 days after CFA injection. Curcumin was dissolved in peanut
oil and administrated daily for 10 days with a volume of 10ml/kg each time. The oral doses of 50, 100,
200 mg/kg were chosen based on a previous report®. For intrathecal injection, the treatment with cur-
cumin began 3 days after CFA injection. Curcumin was dissolved in dimethyl sulfoxide (DMSO) and
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administered intrathecally in a 20pl solution volume and continued daily for 3 days. Intrathecal injec-
tions were performed as described previously*. In brief, animals were anesthetized with isoflurane, and
the injection was made with a 30-gauge needle in the L4 and L5 intervertebral space to deliver the drug
to the cerebral spinal fluid. Immediately after the needle entry into subarachnoid space, a brisk tail flick
could be observed.

Behavioral Analysis. Mechanical allodynia was determined using a series of calibrated von Frey hairs
(Stoelting, Wood Dale, IL) and expressed as hindpaw withdrawal threshold (PWT). Rats were placed in
boxes on an elevated metal mesh floor and allowed 30 min for habituation before examination. Von Frey
hairs were applied to the central region of the plantar surface of one hindpaw in ascending order (1.4,
2, 4,6, 8, 10, 15, and 26g). The 50% paw withdrawal threshold was determined using Dixon’s up-down
method®. Heat hyperalgesia was assessed by measuring paw withdrawal latency (PWL) in response to
a radiant heat source. Animals were put in plastic boxes and allowed 30 min for habituation. PWL was
tested using Hargreaves apparatus (IITC Life Science Inc., Woodland Hills, CA). The radiant heat inten-
sity was adjusted so that basal PWL is between 10 and 14s, with a cutoff of 20s to prevent tissue damage.

Cell culture and treatment. Primary microglial and astrocytes cultures were prepared from cerebral
cortexes of neonatal rats (postnatal day 1, P1)'. The cerebral hemispheres were isolated and transferred
to ice-cold HanK’s buffer, and the meninges were carefully removed. Tissues were then minced into 1 mm
pieces, triturated, filtered through a 100pum nylon screen, and collected by centrifugation at 3000g for
5min. For astrocytes culture, the cell pellets were resuspended in a medium containing 10% fetal bovine
serum (FBS) in low-glucose Dulbecco’s Modified Eagle’s Medium (DMEM). After filtration through a
10 pm screen, the cells were plated into six-well plates at a density of 2.5 x 10° cells/cm?, and cultured
for 10-12d. Once the cells were grown to 95% confluence, 0.15mM dibutyryl cAMP (Sigma) was added
to induce differentiation. The cells can be used 3 days later. For microglial culture, the cell pellets were
dispersed with a pipette and resuspended in a medium containing 10% FBS in high-glucose DMEM.
After trituration, the cells were filtered through a 10pm screen, plated into 75cm? flasks. After 12-14
days, the flasks were shaken on a rotary shaker at 220 rpm for 4h. The resulting cell suspension, rich in
microglia, was placed in culture dishes in which the cells adhered after 30 min at 37°C.

When the cells were ready, they were incubated with lipopolysaccharide (LPS) for 3h. The treatment
of the curcumin (10uM and 25uM) !? was started 30 min prior to LPS treatment. After the treatments,
the cells were collected for real-time PCR.

Real-time quantitative PCR. Animals were rapidly killed after deep anesthesia with isoflurane.
The L, ; spinal segments were quickly removed and directly homogenized in Trizol reagent (Invitrogen,
Carlsbad, CA). One microgram of total RNA was reverse transcribed using a mixture of random primers
according to the manufacturer’s protocol (TaKaRa, Japan). The cDNA was amplified using the following
primers: GFAP (forward): 5-GAC CGC TTT GCT AGC TAC ATC G-3' and (reverse): 5'-GGT TTC
ATC TTG GAG CTT CTG C-3; CD11b (forward): 5-AGA GTG TGA TCC AGC TTG GTG AAA-
3’ and (reverse): 5'-AGT TTT TGT CCT TCC ATT CAG-3/; TNF-a (forward): 5'-GGG TGA TCG
GTC CCA ACA-3' and (reverse): 5-TGG GCT ACG GGC TTG TCA-3'; IL-13 (forward): 5-CAA
AAA TGC CTC GTG CTG TCT-3 and (reverse): 5-TGT ACA AAG CTC ATG GAG AAT ACC A-3/;
MCP-1 (forward): 5'-TGC TGC TAC TCA TTC ACT GGC-3’ and (reverse): 5'-CCT TAT TGG GGT
CAG CAC AG-3’; MIP-1« (forward): 5'-CCA CTG CCC TTG CTG TTC TT-3’ and (reverse): 5'- GCA
AAG GCT GCT GGT TTC AA-3'; GAPDH (forward): 5'-TCC TAC CCC CAA TGT ATC CG-3' and
(reverse): 5'-CCT TTA GTG GGC CCT CGG-3'. The SYBR Premix Ex Taq™1I kit (Takara) was used for
all PCR reactions, which were run on a Rotor-Gene 6000 RT-PCR machine (Hamburg, Germany). The
PCR amplifications were performed at 95°C for 30s, followed by 40 cycles at 95°C for 55, 56 °C for 30s,
and 72°C for 30s. The melting curves were performed to validate the utility and specificity of each PCR
product. Quantification was performed by normalizing Ct (cycle threshold) values with GAPDH Ct and
analyzed with the 2742¢T method.

Immunohistochemistry. After defined survival times, rats were anesthetized by Chloral Hydrate
(300 mg/kg, i.p.) and perfused through the ascending aorta with saline followed by 4% paraformalde-
hyde in 0.1M phosphate buffer (PB, pH 7.4). The L, ; segments of spinal cord were then removed,
post-fixed in the same fixative overnight at 4°C, and immersed from 10% to 30% gradient sucrose in PB
for 24-48h at 4°C for cryoprotection. Spinal cord sections (30 um, free floating) were cut in a cryostat
and processed for immunofluorescence as we described previously®. The sections were first blocked
with 2% goat serum for 2h at room temperature, then incubated overnight at 4°C with the following
primary antibodies: GFAP antibody (mouse, 1:6,000; Millipore, Billerica, MA), IBA-1 antibody (rabbit,
1:3000, Wako, Tokyo, Japan). Following three 15min rinses in 0.01 M PBS, The sections were then incu-
bated for 2h at room temperature with Cy3- or FITC-conjugated secondary antibodies (1:1,000, Jackson
ImmunoResearch), then washed in PBS. The stained sections were examined with a Leica fluorescence
microscope, and images were captured with a CCD Spot camera.
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Data analysis. Data are expressed as the mean+ SEM. Behavioral data were analyzed by two-way
ANOVA (Time X Treatment) followed by Bonferroni post hoc test. For the analysis of GFAP or IBA-1
immunoreactivity, the images of the spinal cord dorsal horn were captured, the laminae I-IV of the spinal
cord section (6 sections for each animal) were outlined, and a numerical value of the intensity was cal-
culated with a computer-assisted imaging analysis system (Image J). The intensity of the background was
subtracted in each section and the GFAP or IBA-1 intensity was expressed as fold increase compared to
control. Immunostaining and RT-PCR data were analyzed by one-way ANOVA followed by Bonferroni
post hoc test. Differences with P < 0.05 were considered statistically significant.
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