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Abstract 

Interleukin (IL)-1β and IL-18 play critical roles in the induction of chronic pain 

hypersensitivity. Their inactive forms are activated by caspase-1. However, little is 

known about the mechanism underlying the activation of pro-caspase-1. There is 

increasing evidence that cathepsin B (CatB), a typical lysosomal cysteine protease, is 

involved in the pro-caspase-1 activation and the subsequent maturation of IL-1β and 

IL-18. In this context, CatB is considered to be an important molecular target to 

control chronic pain. However, no information is currently available about the role of 

CatB in chronic pain hypersensitivity. We herein show that CatB-deficiency or the 

intrathecal administration of CA-074Me, a specific CatB inhibitor, significantly 

inhibited the induction of complete Freund’s adjuvant-induced tactile allodynia in 

mice without affecting peripheral inflammation. In contrast, CatB-deficiency did not 

affect the nerve injury-induced tactile allodynia. Furthermore, CatB-deficiency or 

CA-074Me treatment significantly inhibited the maturation and secretion of IL-1β and 

IL-18 by cultured microglia following treatment with the neuroactive glycoprotein 

chromogranin A (CGA), but not with ATP. Moreover, the IL-1β expression in spinal 

microglia and the induction of tactile allodynia following the intrathecal 

administration of CGA depended on CatB, whereas those induced by the intrathecal 

administration of ATP or lysophosphatidic acid were CatB-independent. These results 

strongly suggest that CatB is an essential enzyme for the induction of chronic 

inflammatory pain through its activation of pro-caspase-1, which subsequently 

induces the maturation and secretion of IL-1β and IL-18 by spinal microglia. 

Therefore, CatB-specific inhibitors may represent a useful new strategy for treating 

inflammation-associated pain. 
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Introduction 

Pain is an essential sense that allows an organism to avoid a dangerous environment, 

and helps promote wound healing, by helping the organism avoid any contact with 

pain-inducing stimuli. However, the increase in pain sensitivity can be long lasting, 

and may become pathological chronic pain after nerve injury (neuropathic pain) or in 

the case of inflammatory diseases, such as rheumatoid arthritis (inflammatory pain). 

Emerging data suggest that the hyperactivation of spinal microglia contributes to both 

neuropathic (Watkins et al., 2001; Tsuda et al., 2003; 2005; Scholz and Woolf 2007) 

and inflammatory pain (Svensson et al., 2003; Raghavendra et al., 2004; Hua et al., 

2005). Interleukin-1β (IL-1β) is well accepted as a key pain-related molecule in both 

neuropathic and inflammatory pain (Sweizer et al., 2001; Kawasaki et al., 2008; Ren 

and Torres, 2009; Samad et al., 2001). 

 Increasing evidence suggests that different mechanisms underlie the proteolytic 

cleavage of pro-IL-1β in inflammatory and neuropathic pain. Furthermore, the 

consequences of the production of mature IL-1β (mIL-1β) may also be different in 

these two types of chronic pain models. Caspase-1, an intracellular cysteine protease, 

is essential for the proteolytic processing of pro-IL-1β to its mature form in the 

development of complete Freund’s adjuvant (CFA)-induced inflammatory pain 

(Samad et al., 2001). The resultant mIL-1β subsequently induces the expression of 

cyclooxygenase-2 (COX-2) in the spinal dorsal horn, leading to the release of 

prostaglandin E2 (PGE2), which is a key molecule involved in tactile allodynia and 

mechanical hyperalgesia in inflammatory pain (Samad et al., 2001; Lee et al., 2004; 

Vardeh et al., 2009). In contrast, matrix metalloproteinase subtypes, but not caspase-1, 

were suggested to be responsible for the proteolytic cleavage of pro-IL-1β (Kawasaki 

et al., 2008) in nerve injury-induced neuropathic pain, and this did not involve the 

expression of COX-2 in the spinal dorsal horn (Broom et al., 2004).  

   Recently, cathepsin B (CatB), a typical cysteine lysosomal protease, has been 

suggested to promote the processing and secretion of mIL-1β through the activation 
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of pro-caspase-1. Several lines of evidence suggest that leakage of CatB from the 

lysosomes to the cytoplasm triggers the activation of the NOD-like receptor (NLR) 

family pyrin domain-containing 3 (NLRP3) inflammasome after phagocytosis of 

fibrillar amyloid-β (Aβ) by microglia (Halle et al., 2008). The activated NLRP3 

inflammasome then activates pro-caspase-1 to promote the processing and secretion 

of the IL-1 family members, mIL-1β and mIL-18 (Halle et al., 2008; Stutz et al., 

2009; Tschopp et al., 2010). The NLRP3 inflammasome is known to consist of the 

NLR family member, NLRP3, the adaptor protein, ASC, and the effector protein, 

pro-caspase-1. However, other studies have suggested that CatB is directly involved 

in the proteolytic cleavage of pro-caspase-1 and the subsequent processing of 

pro-IL-1β in the endosomal/lysosomal system (Schotte et al., 1998; Hentze et al., 

2003; Terada et al., 2010). CatB has been demonstrated to be involved in the 

production of mIL-1β, which is a key pain-related molecule (Samad et al., 2001; 

Sweitzer et al., 2001; Kawasaki et al., 2008; Ren and Torres, 2009). We thus 

hypothesized that CatB is involved in the generation of chronic pain. To confirm this 

hypothesis, we examined the effects of genetic CatB deficiency and a specific CatB 

inhibitor on the pain behaviors and the processing of IL-1 family members using 

mouse models of inflammatory and neuropathic pain. 
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Materials and Methods  

 Animals. Heterozygous mice of C57BL/6 background were kept in a specific 

pathogen-free condition at Kyushu University Faculty of Dental Sciences. The 

selection of cathepsin B-deficient (CatB-/-) mice from their littermates obtained by 

heterozygous coupling was performed by examining the template genomic DNA 

isolated from tail biopsies, using CatB-exon 4-specific PCR with primers of MCB11 

(5’-GGTTGCGTTCGGTGAGG-3’) and MCBGT (5’-AACAAGAGCCGCAGGAGC 

-3’) (Koike et al., 2003; Sun et al., 2010). The heterozygous mice that were used as 

control animals in the present study showed no pathological phenotypes when 

examined by histological, immunocytochemical and biochemical methods.  

 Construction of the pain model. All procedures were performed under the 

guidelines of Kyushu University. For the inflammatory pain model, male wild-type 

(+/+) mice and CatB-/- mice with 5 weeks old were injected with CFA (heat-killed 

Mycobacterium butyricum were well suspended in mineral oil, 10 mg/ml, 20 µl) into 

one of the footpads or saline (mineral oil, 20 µl) into the other footpads under 

enflurane/O2. The paw diameter was measured using a micrometer caliper (Thermo 

Fisher Scientific Inc. Japan). For the neuropathic pain model, mice were anesthetized 

with sodium pentobarbital (50 mg/kg, i.p.). Sterile procedures were used throughout 

the surgery to prevent infection and to minimize the influence of inflammation. The 

back of each animal was shaved and cleaned with benzalkonium chloride. A 1 cm 

incision was made in the middle lumber region (L4 to L5). The L5 transverse process 

was identified (Rigaud et al., 2008) and carefully removed with bone ronguers. The 

L4 ventral ramus was carefully isolated and freed from the adjacent nerve, and then 

the L4 nerve was transected. Sham-operated mice were subjected removable of the L5 

transverse process. The incision was washed with saline and closed. Intrathecal 

administration was performed using a 25 µl Hamilton syringe with a 30 gauge needle 

according to the methods (Hayashi et al., 2011). 

 Drug administration. Wild-type mice were administered intrathecally (between 
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the lumbar (L)4 and L5 vertebrae) with CA-074Me (2 µM, 20 µM, 200 µM, 5 µl) 1 h 

before CFA- injection into the hind paw. Wild-type mice and CatB-/- mice were 

intrathecal administration between the L4 and L5 of chromogranin A (CGA, 10 nM, 

5µl), a neuroactive glycoprotein widely distributed in the secretory granules of 

neurons and endocrine tissues, ATP (100 nM, 10µl) or lysophosphatidic acid (LPA, 

200 µM, 5 µl) (n=6) using a 30G×1/2-inch needle under enflurane/O2. 

 Measurement of mechanical and thermal hyperalgesia. Wild-type and CatB-/- 

mice were habituated to the testing environment for 3 days. Mice were tested for 

mechanical hypersensitivity of the footpads from 1 day before until 14 days after CFA 

injection or L4 spinal nerve injury every day. The room temperature remained stable 

at 23°C. The mice were placed in an acrylic cylinder (6 cm diameter) with wire mesh 

floors and allowed to habituate to the environment for 1 h before testing.        

 Mechanical allodynia was assessed by measuring the PWT using von Frey 

filaments (0.02–2.0 g; North Coast Medical, Morgan Hill, California, USA), which 

were applied to the mid-plantar surface of the footpads 6 times (1-2 s each). The 50% 

PWT values were calculated using the up-down method. The paw withdrawal 

threshold was measured on both the right and the left paw for then the intrathecal 

administration of CGA (10 nM, 5 µl), ATP (100 nM, 10 µl) or LPA (200 µM, 5 µl) 

with the wild-type and CatB-/- mice, and the mean was calculated (Chaplan et al., 

1994, Hayashi et al., 2011). 

 Thermal hyperalgesia was determined by measuring the latency in seconds of a 

withdrawal response to radiant heat applied to the center of the plantar surface of the 

hindpaw (Plantar text, Ugo Basile, Comerio, Italy). Mice were placed on an elevated 

glass platform and allowed to habituate for 1 h. The thermal stimulus with a radiant 

heat source (infrared intensity of 50) was applied three times on each paw, and 

consecutive applications of radiant heat were separated by at least 3 min. A cutoff 

time of 15 s was imposed to prevent tissue damage. The latency of response for each 

hindpaw was defined as the average of the three trials. A decrease in withdrawal 
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latency was defined as heat hyperalgesia (Hargreaves et al., 1988).  

 Motor activities. The motor activities of wild-type and CatB-/- mice were 

measured using cylinder and rotarod tests. The cylinder and rotarod tests were 

conducted according to the methods previously described methods (Hayashi et al., 

2008). 

 Immunohistochemistry. The sections of footpads were obtained from wild-type 

and CatB-/- mice obtained 3 days after intraplantar injection of CFA. Animals were 

anesthetized deeply with sodium pentobarbital (50 mg/kg, i.p.) and perfused 

intracardially with 20 ml of PBS, pH 7.35, followed by 100 ml of 4% (w/v) 

paraformaldehyde in phosphate buffer, pH 6.9. The sections were hydrated and 

treated with 0.3% H2O2 in methanol, and then were treated with 10% normal donkey 

serum for 2 h at 24°C. The sections were incubated with the rat anti-CD4 (1:500; 

Santa Cruz, CA); rat anti-CD11b (1:500; Serotec, UK) antibodies in a humidified 

chamber overnight at 4°C. After washing with cold PBS, the sections were incubated 

with biotinylated-anti-rat secondary antibodies (1:200; Jackson Immunoresearch Lab. 

Inc., West Grove, PA) for 2 h, and finally with peroxidase-conjugated streptavidin 

(1:300; Dako Japan, Kyoto, Japan) for 1 min at 24°C. The peroxidase was developed 

using 3,30-diaminobenzidine (DAB substrate kit, Vector Lab. Inc., Burlingame, CA), 

and then it was counterstained with Mayer’s hematoxylin. The number of the positive 

cells in the footpads was counted under a 20×objective lens (3 sections/mouse, n=3) 

 Double-immunofluorescent staining. The samples of the lumbar (L) 4-5 spinal 

cords or dorsal root ganglion (DRG, L4-L5) from wild-type and CatB-/- mice which 

were obtained 3 days after intraplantar injection of CFA, intrathecal injection of 

CGA (10 nM, 5 µl), ATP (100 nM, 10 µl), LPA (200 µM, 5 µl) or saline. The 

samples were cry oprotected for 2 days in 30% sucrose in PBS and then were 

embedded in an optimal cutting temperature compound (Sakura Finetechnical Co., 

Ltd., Tokyo, Japan). Serial coronal frozen sections (14 µm) of the samples for 

double-immunofluorescent staining were prepared as previously reported (Hayashi et 
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al., 2008). The sections were then incubated with antibodies: rabbit anti-Iba1 

(1:1000; Wako Pure Chemicals Industries, Osaka, Japan) with goat anti-CatB (1:100; 

Santa Cruz, CA); rabbit anti-Iba1 (1:1000) with goat anti-cleaved IL-1β (m118, 

1:100; Santa Cruz, CA), which recognizes only the cleaved IL-1β corresponding to 

the mature form of IL-1β; rabbit anti-phospho-p38 MAPK (pp38, 1:100; Cell 

Signaling Technology Inc.) with rat anti-F4/80 (1:800; AbD Serotec, UK); mouse 

anti-NeuN (1:1000 Chemicon international, Billerica, MA) with goat anti-COX-2 

(1:100; Santa Cruz) or mouse anti-NeuN (1:1000; Santa Cruz) with rabbit anti-CGA 

(1:500; Abcam, Japan) at 4°C overnight. After washing them with PBS, the sections 

were incubated with donkey anti-rabbit Cy3 (1:500; Jackson Immunoresearch, West 

Grove, PA) and donkey anti-goat Alexa 488 (1:500; Jackson Immunoresearch), 

donkey anti-rat Cy3 (1:500; Jackson Immunoresearch) and donkey anti-rabbit Alexa 

488 (1:500; Jackson Immunoresearch); donkey anti-mouse Cy3 (1:500; Jackson 

Immunoresearch) and donkey anti-goat Alexa 488 (1:500; Jackson Immunoresearch) 

or donkey anti-mouse Cy3 (1:500; Jackson Immunoresearch) and donkey anti-rabbit 

Alexa 488 (1:500; Jackson Immunoresearch) at 4°C overnight. The sections were 

mounted in the anti-fading medium, Vectashield (Vector Laboratories). The 

fluorescence images were observed using a confocal laser-scanning microscope 

(CLSM; LSM510META, Carl Zeiss, Jena, Germany). The immunofluorescence (IF) 

intensity of CGA in DRG neurons was measured as the average pixel intensity 

within NeuN-positive cells for CGA immunoreactivity.  

 Quantitative morphological analyses of microglia. Images were processed using 

the Image J software program (National Institutes of Health, Bethesda, MD, USA). 

Confocal Z stuck images (63×objective fields) were captured from the L4 spinal 

dorsal horn. The measurements of the somata of spinal microglia were quantified after 

outlining them using the Image J software program. The morphological analyses of 

spinal microglia were performed on Z-projections of confocal images. Spinal 

microglial processes were traced and then reconstructed as single spinal microglial 
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images using the plugin Simple Neurite Tracer software program, and semi-automated 

tracing of dendrites in the 3D image data (Cardona et al., 2010), which were used to 

calculate the total length of spinal microglial processes. The topological skeletonized 

images of single spinal microglia were converted from a binarized image of spinal 

microglia using the skeletonize function.  

 Microglial cell culture. The c-myc-immortalized mouse microglial cell line, MG6 

(KIREN Cell Bank, Tsukuba, Japan), was maintained in Dulbecco's modified Eagle's 

medium containing 10% fetal bovine serum (ICN Biomedicals, Inc.) supplemented 

with 100 µM α-mercaptoethanol, 10 µg/ml insulin, 100 µg/ml streptomycin and 100 

U/ml penicillin (BD Falcon, Franklin Lakes, NJ) (Nakamichi et al., 2006; Takenouchi 

et al., 2010). Primary cultured microglia were isolated from the mixed primary cell 

cultures from the cerebral cortex of 3-day-old wild-type or CatB-/- mice according to 

the previously described methods (Sastradipura et al., 1998; Terada et al., 2010). 

 Electrophoresis and immunoblotting. MG6 and the primary cultured microglia 

were cultured at a density of 5×105 cells/ml. After treatment with 10 nM CGA 24 h 

(Peptide Institute, Osaka, Japan); 5 mM ATP (Sigma) for 2 h after primed by LPS 

(100 ng/ml) for 1 h (Sigma) or LPA 10 µM for 24 h (Sigma) in the presence or 

absence of YVAD-fluoromethylketone (z-YVAD-fmk, Calbiochem, San Diego, CA) 

or CA-074Me (Peptide Institute) for 1 h before adding CGA, ATP or LPA. The 

cytosolic and cell culture supernatants were collected at the various time points. The 

paw, spinal cord and DRG tissues were harvested at 3 days after CFA or saline 

injection. The samples were electrophoresed in 15%, 7.5% or 12% 

SDS-polyacrylamide gels, and the proteins on SDS gels were transferred 

electrophoretically to nitrocellulose membranes. Following the blocking, the 

membranes were incubated at 4°C overnight under gentle agitation with each primary 

antibody: goat anti-IL-1β (R-20, 1:1000; Santa Cruz, CA), which recognizes both pro 

and mature forms of IL-1β, goat anti-cleaved IL-1β (m118, 1:1000; Santa Cruz, CA), 

which recognizes only the cleaved IL-1β corresponding to the mature form of IL-1β, 
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rat anti-IL-18 (1:1000; Medical Biological Laboratories, Japan), mouse 

anti-pro-IL-18 (1:1000; Medical Biological Laboratories, Japan), anti-COX-2 

(1:1000; Santa Cruz, CA), goat anti-CatB (1:1000; Santa Cruz, CA), rat 

anti-caspase-11(1:1000; Novus USA), rabbit anti-CGA (1:1000; Abcam, Japan), 

anti-Iba1(1:1000; Abcam, Japan) or mouse anti-actin (1:1000; Abcam, Japan) 

antibody. After washing, the membranes were incubated with horseradish peroxidase 

(HRP)-labeled anti-goat (1:1000, R&D Systems, Mineapolis, MN); anti-rat (1:1000, 

Beckman Coulter); anti-mouse (1:1000, GE Healthcare, UK) or anti-rabbit (1:1000, 

GE Healthcare, UK) antibody for 2 h at 24°C, then the protein bands were detected 

by an enhanced chemiluminescence detection system (ECK kit, Amersham Pharmacia 

Biotech) using an image analyzer (LAS-1000, Fuji Photo Film, Tokyo, Japan).  

 NLRP3 knockdown with small interfering RNAs (siRNAs). MG6 microglia were 

seeded on 24 well plates (7×104 cells/well) in the standard MG6 culture medium 

DMEM (without antibiotics). After 12 h, the cells were transfected with 30 nM siRNA 

targeted to NLRP3 mRNA (Applied Biosystems, Foster City, CA) or with 30 nM 

negative control siRNA (Applied Biosystems, Foster City, CA), using the 

Lipofectamine RNAiMAX reagent (Invitrogen, Japan) according to the 

manufacturer’s instructions. After 48 h of incubation with the siRNA, the cells were 

washed with PBS and incubated in serum-free DMEM with 10 nM CGA for 24 h or 1 

mM ATP for 2 h. MG6 microglia were primed with LPS (100 ng/ml) for 1 h before 

treatment with ATP. Finally, the cultured medium was collected and the amounts of 

IL-1β were measured using an IL-1β ELISA kits (R&D, Minneapolis, MN, USA). 

The absorbance at 450 nm was recorded using a microplate reader (Bio-Rad 

Laboratories, Hercules, CA, USA). 

 Real-time quantitative RT–PCR analysis. The mRNA isolated from the cells 

treated with siRNA targeted to NLRP3 mRNA or the negative control was subjected 

to real-time quantitative RT-PCR. The total RNA from MG6 microglia was extracted 

with the Purelink RNA microkit (Invitrogen, Japan) according to the manufacturer's 
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instructions. A total of 500 ng of extracted total RNA was reverse transcribed to 

cDNA using the High Capacity RNA-to-cDNA Master Mix (Applied Biosystems, 

Foster City, CA). The thermal cycling was held at 50°C for 2 min, and then at 95°C 

for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The cDNA 

was amplified in duplicate using TaqMan Universal PCR Master Mix (Applied 

Biosystems, Foster City, CA) with an Applied Biosystems 7500/7500Fast Real-Time 

PCR System, Foster City, CA,). The data were evaluated using the 7500 software 

program (version 2.0, Applied Biosystems). The primer sequences used were as 

follows: NLRP3: 5’-UCUCAAGUCUAAGCACCAATT-3’ and 

5’-UUGGUGCUUAGACUUGAGAAG -3’. For data normalization, an endogenous 

control (actin) was assessed to control for the cDNA input and the relative units were 

calculated by a comparative Ct method. All real-time RT–PCR experiments were 

repeated three times, and the results are presented as the means of the ratios±SEM. 

 Fluorescence imaging of lysosomes and CatB. MG6 microglia were stained with 

the cell-permeable fluorescently labeled CatB substrate z-Arg-Argcresyl violet (CV- 

Cathepsin B Detection Kit by BIOMOL, Plymouth Meeting, PA) or with Hoechst 

stain with 5 µM acridine orange according to the manufacturer’s instructions 

(CV-Cathepsin B Detection Kit AK-125 by BIOMOL, Plymouth Meeting, PA). The 

coverslips containing the stained live cells were then mounted in a drop of PBS and 

observed under a fluorescence microscope (Olympus BX-41, Tokyo, Japan).  

Data analysis. The data are represented as the means±SEM. The statistical 

analyses were performed using a one-way or two-way analysis of variance (ANOVA) 

with a post hoc Tukey’s test using the GraphPad Prism software package. A value of p 

< 0.05 was considered to indicate statistical significance (GraphPad Software Inc., 

San Diego, CA, USA).  
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Results 

CatB-deficiency reduces the CFA-induced long-lasting tactile allodynia 

We first explored whether CatB-deficiency influences the nociceptive signaling 

using CFA-induced inflammatory and nerve injury-induced neuropathic models. 

Intraplantar injection of CFA (20 µl) into the footpad produced an increase in paw 

diameter, and there were no significant differences in the mean paw diameter of 

wild-type and CatB-/- mice (Fig. 1A), which paralleled the comparable infiltration of 

inflammatory cells into the ipsilateral footpads in both genetic groups which detecting 

by CD11b-positive macrophages and CD4-positive helper T cells (Figs. 1B, C). 

Infiltration of these cells was not observed in the hindpaw from naïve animals of 

either wild-type or CatB-/- mice (data not shown). Furthermore, CFA significantly 

increased the mean protein levels of mIL-1β and COX-2 in the ipsilateral paw in both 

genetic groups (Figs. 1D, E). The mean protein level of mIL-1β in the hindpaw from 

naïve animals of both genetic groups was very low and comparable to that in the 

contralateral side of CFA-injected animals. There was no significant difference of the 

mean protein level of mIL-1β in the hindpaw of both genetic groups (data not shown), 

indicating that CatB-deficiency did not influence on basic expression of mIL-1β in the 

hindpaw. These observations strongly suggest that CatB-deficiency dose not affect the 

CFA-induced inflammation at the peripheral level. On the other hand, 

CatB-deficiency significantly attenuated the CFA-induced pain behaviors. It was 

observed that CFA-injection caused long-lasting tactile allodynia from 3 days after the 

injection in wild-type mice. In contrast, CatB-deficiency significantly attenuated the 

CFA-induced tactile allodynia (Fig. 2A). To examine effect of pharmacological 

blockade of CatB activity on CFA-induced tactile allodynia, CA-074Me, a specific 

inhibitor of CatB, was intrathecally administered in wild-type mice. A single 

intrathecal administration of CA-074Me significantly attenuated CFA-induced tactile 

allodynia with the concentration of 200 µM (Fig. 2B), but not by the concentration of 

either 2 µM or 20 µM (data not shown). Intrathecal administration of 200 µM 
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CA-074Me (5 µl) may be diluted to the final concentration of approximately 50 µM 

before reaching the spinal dorsal horn, because the volume of the cerebrospinal fluid 

in mice is estimated to be approximately 20 µl. Therefore, intrathecal administration 

of 200 µM CA-074Me (5 µl) inhibited the CFA-induced tactile allodynia through 

inhibition of enzymatic activity of CatB without significant unspecific effects. Of note, 

neither the CatB-deficiency nor the intrathecal injection of CA-074Me with the 

concentration of 200 µM showed any motor disturbances when they were examined 

using the cylinder and rotarod tests (data not shown). Furthermore, CatB-deficiency 

significantly attenuated the CFA-induced thermal hyperalgesia (Fig. 2C). In contrast, 

CatB-deficiency had no significant effect on the nerve injury-induced tactile allodynia 

(Fig. 2D). It was also noted that sham-operated mice did not show the reduction of 

paw withdrawal threshold (data not shown). These results were surprising, because 

the protein levels of CatB in the ipsilateral spinal dorsal horn were significantly 

increased in both pain models (Figs. 2E, F). It was also noted that there was no clear 

band corresponding to CatB in the spinal dorsal horn of CatB-/- mice (Figs. 2E, F). 

These results further suggest that CatB is involved in CFA-induced inflammatory pain, 

but not in the nerve injury-induced neuropathic pain at the spinal cord level.  

 

 

 

 

 

 

 

13 
 



 

Figure 1. The peripheral inflammatory level in wild-type and CatB-/- mice. A, The 

similar mean value of paw diameters was shown in the wild-type (+/+) and CatB-/- 

mice at 3 days after CFA-injection (10 mg/ml, 20 µl). B, Infiltration of 

CD11b-positive macrophages and CD4-positive helper T cells in the footpads of 

wild-type (+/+) and CatB-/- mice at 3 days after CFA-injection. Scale bar, 20 µm. C, 

The mean number of CD11b- and CD4-positive cells infiltrated in the foodpads at 3 

days after CFA-injection. Each column and bar represents the means ± SEM (n=3, 

each). D, Immunoblots showing the expression of proIL-1β, mIL-1β and COX-2 in 

the footpads of wild-type (+/+) and CatB-/- mice at 3 days after CFA-injection. E, The 

quantitative analyses of immunoblots in (D). Each column and bar represents the 

means ± SEM (n=3, each). ***P<0.001, two-way ANOVA test (contralateral side vs 

ipsilateral side). 
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Figure 2. The effects of CatB-deficiency on pain hypersensitivity. A, The inhibitory effects of 

CatB-deficiency on CFA-induced tactile allodynia. B, The inhibitory effects of intrathecal 

CA-074Me (CA, 200 µM) administration on CFA-induced tactile allodynia. C, The inhibitory 

effects of CatB-deficiency on the CFA-induced thermal hyperalgesia. D, No significant effect of 

CatB-deficiency on the nerve injury-induced tactile allodynia was observed. Each symbol and bar 

represents the means ± SEM (n=6, each). **P<0.01, ***P<0.001, two-way ANOVA test 

(contralateral side vs ipsilateral side); †††P<0.001, two-way ANOVA test (ipsilateral side of +/+ 

vs ipsilateral side of CatB-/- mice). E, Immunoblots showing the expression of CatB in wild-type 

(+/+) mice following CFA-injection or nerve-injure in the spinal dorsal horn, but not in CatB-/- 

mice. F, The quantitative analyses of immunoblots in (E). Each column and bar represents the 

means ± SEM (n=3, each). ***P<0.001, two-way ANOVA test (contralateral vs ipsilateral side). 
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CatB-deficiency reduces the CFA-induced production of IL-1 family members in 

hyperactivated spinal microglia 

Although IL-1β has been demonstrated to be a key pain-related molecule in both pain 

models (Samad et al., 2001; Sweitzer et al., 2001; Kawasaki et al., 2008; Ren and 

Torres, 2009), increasing evidence suggests that there are CatB-dependent and 

CatB-independent mechanisms responsible for the production of mIL1-β by 

microglia/macrophages (Halle et al., 2008; Terada et al., 2010). To address the 

question why CatB plays a pivotal role in the induction of CFA-induced inflammatory 

pain but not in the nerve injury-induced neuropathic pain, we examined the possibility 

that CatB deficiency affects the production of mIL-1β in spinal microglia following 

CFA injection, but not after the nerve injury. In wild-type mice, the mean protein 

levels of mIL-1β and mIL-18 but not pro-IL-1β and pro-IL-18 in the ipsilateral spinal 

dorsal horn were significantly increased at 3 days after CFA injection (Figs. 3A, B). 

The mean protein level of COX-2, which is a key enzyme required for prostaglandin 

E2 production during inflammatory states, was also significantly increased in the 

ipsilateral spinal dorsal horn of wild-type mice after CFA-injection (Figs. 3A, B). On 

the other hand, the mean protein levels of mIL-1β, mIL-18 and their inactive forms 

were not changed in the ipsilateral spinal dorsal horn of CatB-/- mice even after 

CFA-injection (Figs. 3A, B). The mean protein level of COX-2 was increased in the 

ipsilateral spinal dorsal horn of CatB-/- mice after CFA-injection, but the difference 

did not reach a statistical significance (Figs. 3A, B). The mean protein levels of 

mIL-1β and IL-18 in the spinal dorsal horn from naïve animals of both genetic groups 

were very low and comparable to those in the contralateral side of CFA-injected 

animals. There was no significant difference of the mean protein levels of either 

mIL-1β or IL-18 in the spinal dorsal horn of both genetic groups (data not shown), 

indicating that CatB-deficiency did not influenced on basic expression of mIL-1β and 

mIL-18 in the spinal dorsal horn. In contrast, the mean protein levels of mIL-1β and 

mIL-18, but not their inactive forms, were significantly increased in the ipsilateral 
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spinal dorsal horn of both genetic groups at 3 days after nerve-injury (Figs. 3C, D). Of 

interest, we observed that the increased CatB and mIL-1β were mainly localized in 

microglia (Figs. 3E, F), while COX-2 was detected exclusively in neurons (Fig. 3G), 

of the ipsilateral spinal dorsal horn of wild-type mice after CFA-injection. 

 Hyperactivation of microglia in the spinal dorsal horn was examined in wild-type 

and CatB-/- mice after CFA-injection. The morphological changes of microglia in the 

spinal dorsal horn of the wild-type and CatB-/- mice were quantitatively analyzed at 3 

days after CFA-injection. As shown in Fig. 4A, CLSM images for Iba1 were traced as 

stack images and then reconstructed as skeletonized images of spinal microglia. These 

skeletonized images of spinal microglia revealed a significant enlargement of cell 

bodies (Fig. 4B) and shortening of their processes (Fig. 4C) in the ipsilateral spinal 

dorsal horn of both genetic groups. It was noted that morphological hyperactivation of 

ipsilateral spinal microglia was significantly lower in CatB-/- mice than wild-type 

mice (Figs. 4B, C). Furthermore, the mean protein level of Iba1 was significantly 

increased in the ipsilateral spinal dorsal horn of both genetic groups after 

CFA-injection (Figs. 4D, E), whereas the mean protein level of Iba1 in the ipsilateral 

dorsal spinal cord of CatB-/- mice was significantly smaller than that of wild-type 

mice. No pp38-positive microglia were observed in the spinal dorsal horn of either 

wild-type or CatB-/- mice (data not shown). At 3 days after CFA-injection, 

pp38-positive microglia were significantly increased in the spinal dorsal horn of both 

genetic groups (Fig. 4F). It was also noted that the mean number of pp38-positive 

microglia in the spinal dorsal horn of CatB-/- mice (22.0±4.0 cells/0.04 mm2, n=5) 

was significantly smaller than that of wild-type mice (46.0±5.6 cells/0.04 mm2, n=5, 

P<0.01, Student’s t-test). Therefore, it is considered that CFA-injection induces the 

hyperactivation of spinal microglia in both genetic groups. It was also noted that the 

extent of microglial hyperactivation in CatB-/- mice was significantly lower than that 

in wild-type mice. Therefore, the CFA-induced production of mIL-1β and mIL-18 by 

hyperactivated spinal microglia depends on the enzymatic activity of CatB, whereas 
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the nerve injury-induced production of mIL-1β and mIL-18 by hyperactivated spinal 

microglia is CatB-independent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

18 
 



 
Figure 3. The differential requirements for CatB during the production of mIL-1β and 

mIL-18 in spinal dorsal horn after CFA-injection or nerve-injury. A, The immunoblot 

showing the expression of proIL-1β, mIL-1β, proIL-18, mIL-18 and COX-2 in the 

spinal dorsal horn of wild-type (+/+) and CatB-/- mice at day 3 after CFA-injection 

(10 mg/ml, 20 µl). B, The quantitative analyses of immunoblots in (A). Each column 

and bar represents the means ± SEM (n=3, each). ***P<0.001, two-way ANOVA test 

(contralateral side vs ipsilateral side); †††P<0.001, two-way ANOVA (ipsilateral side 

of +/+ vs ipsilateral side of CatB-/- mice). C, Immunoblot showing the expression of 

19 
 



proIL-1β, mIL-1β, pro-IL-18, mIL-18 in the spinal dorsal horn of wild-type (+/+) and 

CatB-/- mice at day 3 after nerve-injury. D, The quantitative analyses of immunoblots 

in (C). Each column and bar represents the means ± SEM (n=3, each). ***P<0.001, 

two-way ANOVA test, (ipsilateral side vs contralateral side). E-G, The 

immunofluorescent CLSM images and the merged images for Iba1 (red) and CatB 

(green) (E); Iba1 (red) and mIL-1β (green) (F); NeuN (red) and COX-2 (green) (G) in 

the spinal dorsal horn of wild-type mice at day 3 after CFA-injection. Scale bar, 50 

µm. 
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Figure 4. The morphological analyses of spinal microglia in the spinal dorsal horn of wild-type 

and CatB-/-mice at 3 days after CFA injection. A, 2D-stack images of single spinal microglia were 

traced from CLSM images of Iba1-positive microglia in the contralateral and ipsilateral spinal 

dorsal horn of wild-type (left column) and CatB-/- mice (right column). The skeletal images 

showing the topological staining skeletonized were reconstructed from 2D-stack images of single 

spinal microglia. Scale bar, 10µm. B, The mean size of microglial cell bodies in wild-type (+/+) 

and CatB-/- mice subjected to CFA injection. Each column and vertical bar represents the mean ± 

SEM (n= 60 –75 cells from 4 animals). The asterisks indicate statistically significant differences 

between values (***p<0.001, two-way ANOVA test). C, The mean length of microglial process in 

CFA-treated wild-type (+/+) and CatB-/- mice subjected to CFA injection. Each column and 

vertical bar represents the mean ± SEM (n=50–65 cells from 4 mice). The asterisks indicate a 

statistically significant difference between the values (**p<0.01, ***p<0.001, two-way ANOVA 

test). D, The immunoblot showing Iba1 expression in the spinal dorsal horn of wild-type (+/+) and 

CatB-/- mice after CFA injection. E, The quantitative analyses of immunoblots in C. Each column 

and vertical bar represents the means± SEM (n=3, each). The asterisks indicate statistically 

significant differences between values (***p<0.001, two-way ANOVA test). F, The IM CLSM 

images for F4/80 (red) and pp38 (green) in the spinal dorsal horn of the wild-type (+/+) mice and 

CatB-/-mice at 3 days after CFA injection. Scale bar, 50µm. 
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CatB is required for the production of mIL-1β and mIL-18 by CGA-treated 

microglia 

In general, ligands that are associated with phagocytic receptors, such as fibrillar Aβ, 

utilize a CatB-dependent pathway for the production of mIL-1β (Halle et al., 2008). 

CGA, a neuroactive glycoprotein, is known to be a potent microglial activator 

(Kingham et al., 1999; Terada et al., 2010) and is significantly elevated in subjects 

with inflammatory diseases, such as rheumatoid arthritis (Di Comite et al., 2009). ATP 

and LPA are also known as endogenous microglial activators that are involved in the 

induction of neuropathic pain (Tsuda et al., 2003; Inoue et al., 2004; Coull et al., 

2005; Donnelly-Robertsw et al., 2007; Fujita et al., 2008). ATP utilizes a 

CatB-independent pathway for the IL-1β production (Halle et al., 2008), while no 

information is available for a requirement of CatB in LPA-induced IL-1β production 

pathway. In this study, CatB was found to be necessary for the induction of 

inflammatory pain but not in neuropathic pain, whereas spinal microglia expressed 

mIL-1β in both chronic pain models. These findings suggest that inflammatory and 

neuropathic pain utilize CatB-dependent and CatB–independent mechanisms for the 

mIL-1β production in spinal microglia, respectively. To explore causative factors that 

are involved in hyperactivation of spinal microglia and the subsequent induction of 

inflammatory pain, we have examined the CatB-dependency for the production of 

mIL-1β and mIL-18 in microglia by pain-related endogenous microglial activators, 

including CGA, ATP and LPA. We found that CA-074Me (50 µM) as well as 

z-YVAD-fmk (50 µM), a specific inhibitor of caspase-1, significantly attenuated the 

CGA-induced production of mIL-1β and mIL-18 without affecting the production of 

their inactive forms in MG6 microglia (Figs. 5A, B). In contrast, CA-074Me did not 

affect either ATP- or LPA-induced production of mIL-1β and mIL-18 in MG6 

microglia (Figs. 5C-F). On the other hand, z-YVAD-fmk strongly inhibited ATP- or 

LPA-induced production of both mIL-1β and mIL-18 without affecting the pro-IL-18 

production (Figs. 5C-F). Furthermore, mIL-18 was produced and secreted by 
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CGA-treated primary cultured microglia prepared from wide-type mice (Figs. 6A,C). 

However, mIL-18 was not produced by CGA-treated primary cultured microglia 

prepared from CatB-/- mice (Figs. 6A,C), which agreed with our previous data 

showing that there was a specific lack of mIL-1β in CGA-treated primary cultured 

microglia from CatB-/- mice (Terada et al., 2010). Moreover, the proteolytic 

activation of pro-caspase-11 was induced in MG6 microglia following treatment with 

CGA (10 nM) (Figs. 6D, E). However, the pro-caspase-11 activation was significantly 

inhibited by either z-YVAD-fmk (YVAD, 50 µM) or CA-074Me (Figs. 6D,E).  
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Figure 5. CatB-dependent and CatB–independent mechanisms underlying the 

production of mIL-1β and mIL-18 from microglia following treatment with CGA, 

ATP and LPA. A, The requirement for CatB in the production of mIL-1β and mIL-18 

by MG6 microglia following treatment with CGA (10 nM) for 24 h. z-YVAD-fmk 

(YVAD, 50 µM) or CA-074Me (CA, 50 µM) was applied 2 h before treatment with 

CGA. B, The quantitative analyses of immunoblots in (A). Each column and vertical 
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bar represents the means ± SEM (n=3, each). ***P<0.001, two-way ANOVA test 

(CGA-treated cells vs untreated cells); †††P<0.001, two-way ANOVA test (inhibitors, 

YVAD or CA, with CGA-treated cells vs CGA-treated cells). C, No requirement for 

CatB in the production of mIL-1β and mIL-18 by MG6 microglia following treatment 

with ATP (1 mM) for 2 h after priming with LPS (100 ng/ml) for 1 h. z-YVAD-fmk 

(YVAD, 50 µM) or CA-074Me (CA, 50 µM) was applied 2 h before treatment with 

ATP. D, The quantitative analyses of immunoblots in (C). Each column and vertical 

bar represents the means ± SEM (n=3, each). ***P<0.001, two-way ANOVA test 

(ATP-treated cells vs untreated cells); †††P<0.001, two-way ANOVA test (YVAD vs 

ATP-treated cells). E, No requirement for CatB in the production of mIL-1β or 

mIL-18 by MG6 microglia following treatment with LPA (10 µM) for 24h. 

z-YVAD-fmk (YVAD, 50 µM) or CA-074Me (CA, 50 µM) was applied 2 h before 

treatment with LPA. F, The quantitative analyses of immunoblots in (E). Each 

column and vertical bar represents the means ± SEM (n=3, each). ***P<0.001, 

two-way ANOVA test (LPA-treated cells vs untreated cells). 
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Figure 6. CatB dependent mechanisms underlying the production of mIL-18 from 

primary cultured microglia following treatment with CGA. A, The immunoblots 

showing mIL-18 in cell lysates and the culture medium of wild-type (+/+) and CatB-/- 

primary cultured microglia after treatment with CGA (10 nM) for 24 h. z-YVAD-fmk 

(YVAD, 50 µM) or CA-074Me (CA, 50 µM) was applied 2 h before treatment with 

CGA. B, C, The quantitative analyses of immunoblots in wild-type (+/+) primary 

cultured microglia (B), and CatB-/- primary cultured microglia (C). Each column and 

vertical bar represents the means ± SEM (n=3, each) ***P<0.001, two-way ANOVA 
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test (CGA-treated cells vs untreated cells); †††P<0.001, two-way ANOVA test (CA vs 

CGA-treated cells). D, Immunoblot showing the proteolytic activation of 

pro-caspase-11 in MG6 microglia following treatment with CGA (10 nM) for 24 h. 

z-YVAD-fmk (YVAD, 50 µM) or CA-074Me (CA, 50 µM) was applied 2 h before 

treatment with CGA. E, The quantitative analyses of immunoblots in (D). Each 

column and vertical bar represents the means ± SEM (n=3, each). ***P<0.001, 

two-way ANOVA test (CGA-treated cells vs untreated cells). 
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Lysosomal destabilization and the NLRP3 inflammasome are not involved in the 

by GGA-induced IL-1β secretion by microglia. 

These observations indicate that the CGA-induced production of mIL-1β and mIL-18 

by microglia is CatB-dependent, whereas their ATP-induced production is 

CatB-independent. These findings prompted us to investigate how CatB is involved in 

the production of mIL-1β and mIL-18 in response to CGA. Some evidence suggested 

that the leakage of CatB into the cytoplasm was responsible for the activation of the 

NLRP3 inflammasome, which promotes the proteolytic cleavage of pro-caspase-1 for 

the production of mIL-1β. Our previous observations, however, indicated that CatB 

was localized in LAMP-1-positive enlarged lysosomes, without any sign of its 

cytosolic leakage in CGA-treated primary cultured microglia (Terada et al., 2010). We 

therefore examined whether CGA could induce the lysosomal destabilization and 

leakage of CatB in microglia using two different reagents. One was an 

acidity-dependent acridine orange, and the other was a cell-permeable 

fluorescently-labeled CatB substrate, z-Arg-Arg-cresyl violet, the fluorescent cresyl 

violet group of which was designed to be dequenched upon cleavage of one or both of 

the arginines by CatB. The punctuate acridine orange aggregates were observed in 

both untreated and CGA-treated MG6 microglia (Fig. 7A). The enzymatic activity of 

CatB was also visible as punctuate bright signals in MG6 microglia, even after 

treatment with CGA (Fig. 7A). On the other hand, Leu-Leu-OMe, which is known to 

induce lysosomal damage (Thiele and Lipsky, 1985; 1990), markedly reduced the 

fluorescent signals for both acridine orange and CatB activity in MG6 microglia (Fig. 

5A). We further examined the requirement of the NLRP3 inflammasome during the 

IL-1β production by CGA-treated MG6 microglia using siRNAs. The expression of 

the NLRP3 receptor, a crucial component of the NLRP3 inflammasome, was reduced 

by 77% in MG6 microglia using a combination of two NLRP3-targeted siRNAs (Fig. 

7B). We found that silencing the NLRP3 gene did not significantly reduce the IL-1β 

production by MG6 microglia following treatment with CGA (Fig. 7C). In contrast, 
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silencing of the NLRP3 gene completely abolished the IL-1β production by MG6 

microglia following treatment with ATP (Fig. 7D). These observations clearly 

demonstrate that the CGA-induced IL-1β production is dependent on CatB, and that it 

does not result from its leakage into the cytoplasm. However, this function is 

considered to be independent of the NLRP3 inflammasome.  
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Figure 7.  Lysosomal destabilization and NLRP3 inflammasome are not involved in 

the CGA-induced production of IL-1β by microglia. A, There was no change in the 

staining pattern of acridine orange or z-Arg-Arg-cresyl violet following treatment 

with CGA. On the other hand, leu-leu-OMe quenched the orange fluorescent emission 

of acridine orange and the red fluorescent emission of z-Arg-Arg-cresyl violet. Scale 

bar, 10 µm. B, The reduction of the NLRP3 mRNA expression levels using siRNA. 

Neg: negative control siRNA. Each column and vertical bar represents the means ± 

SEM (n=3, each). The asterisks indicate statistically significant differences between 

the values (***P<0.001, two-way ANOVA test). C, D, The effects of NLRP3 

silencing using siRNAs on the secretion of IL-1β from MG6 microglia following 

treatment with 10 nM CGA for 24 h (C) or 1 mM ATP for 2 h (D). MG6 microglia 

were primed with LPS (100 ng/ml) for 1 h before treatment with ATP. Each column 

and vertical bar represents the means ± SEM (n=3, each). The asterisks indicate a 

statistically significant difference between values (***P<0.001, two-way ANOVA 

test).  
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The differential dependency on CatB for the production of mIL-1β by spinal 

microglia, and the generation of tactile allodynia induced by CGA or ATP. 

We further investigated whether the intrathecal injection of CGA, ATP or LPA could 

mimic the change in the pain threshold and production of mIL-1β by spinal microglia 

in wild-type and CatB-/- mice. A single intrathecal administration of CGA (10 nM, 5 

µl) caused tactile allodynia in wild-type mice (Figs. 8A-C). In contrast, allodynia was 

significantly attenuated in the CGA-administered CatB-/- mice (Fig. 8A). After 

intrathecal administration of CGA, the mean protein level of mIL-1β in the spinal 

dorsal horn of CatB-/- mice was significantly lower than that of wild-type mice (Figs. 

8D, E). On the other hand, a single intrathecal administration of ATP (100 nM, 10 µl) 

or LPA (200 µM, 5 µl) induced tactile allodynia in both genetic groups to the similar 

extent (Figs. 8B, C). Furthermore, there was no significant difference in the mean 

protein level of mIL-1β in the spinal dorsal horn of wild-type and CatB-/- mice after 

intrathecal administration of either ATP or LPA (Figs. 8D, E). Furthermore, 

mIL-1β-positive microglia were hardly detectable in the spinal dorsal horn of 

CGA-administered CatB-/- mice. In contrast, many mIL-1β-positive microglia were 

observed in the spinal dorsal horn expressed of ATP- or LPS-administered CatB-/- 

mice (Fig. 8F). Therefore, CGA could mimic the CFA injection-induced inflammatory 

pain, suggesting that CGA may work as the endogenous microglial activator in the 

spinal dorsal horn after CFA-injection. 

 To examine this possibility, expression of CGA was finally examined in both the 

spinal dorsal horn and the in dorsal root ganglion (DRG). To analyze the specificity of 

ant-CGA antibody used in the present study, immunoblotting analyses of CGA were 

first conducted. Soluble extracts of the spinal dorsal horn from both genetic groups 

showed two bands with apparent molecular mass of 75 and 68 kDa, which 

corresponded to the naïve full-length CGA and a major proteolytic product, 

respectively (Fig. 9A), thus indicating specificity of the immunoreaction of the 

anti-CGA antibody. No significant difference in the mean level of each protein band 

was observed between the ipsilateral and contralateral spinal dorsal horn of 
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CFA-injected mice (Figs. 9A, B). In the spinal dorsal horn, immunoreactivity of CGA 

was occasionally found in the varicose fibers or spherical terminal boutons (data not 

shown). We further conducted immunohistochemical analyses to elucidate the cellular 

localization of CGA in DRG, because it is considered that CGA may be secreted from 

the varicose axons and/or axon terminals of DRG neurons in the spinal dorsal horn. 

Immunoreactivity for CGA was observed in the perinuclear vesicles in DRG neurons 

of both genetic groups (Fig. 9C, the first and third columns). After CFA injection, the 

mean IF intensity of CGA in DRG neurons of the ipsilateral side was significantly 

larger than that in the contralateral side of both wild-type mice (ipsilaeral: 10.4±3.7, 

contralateral: 4.8 ± 1.9, n=30, P<0.01, one-way ANOVA) and CatB-/- mice 

(ipsilateral: 10.0±2.6, contralateral: 4.7±2.7, n=30, P<0.01, one-way ANOVA) (Fig. 

9C, the second and fourth columns). The specificity of the immunoreaction of CGA 

was also tested by omitting the anti-CGA antibody. No specific immunostaining was 

observed in these sections (data not shown). 
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Figure 8. The differential requirements for CatB in the induction of tactile allodynia and the 

mIL-1β production by spinal microglia following a single intrathecal administration of CGA, ATP 

or LPA. A, The requirement for CatB in tactile allodynia induced by intrathecal administration of 

CGA (10 nM, 5µl). B, No requirement for CatB in tactile allodynia induced by intrathecal 

administration of ATP (100 nM, 10µl). C, No requirement for CatB in the mechanical allodynia 

induced by intrathecal administration of LPA (200 µM, 5µl). Each column and vertical bar 

represents the means ± SEM (n=6, each). ***P<0.001, two-way ANOVA (+/+ vs CatB-/- mice). D, 

Immunoblots showing proIL-1β expression in the spinal dorsal horn of wild-type (+/+) and 

CatB-/- mice at 3 days after intrathecal administration of CGA, ATP or LPA. E, The quantitative 

analyses of immunoblots in (D). Each column and vertical bar represents the means ± SEM of 

three independent experiments (n=3, each; two-way ANOVA test, **P<0.01, +/+ vs CatB-/- mice 

following intrathecal administration of CGA). F, The immunofluorescent CLSM images for Iba1 

(red) and mIL-1β (green) in the spinal dorsal horn of CatB-/- mice at 3 days after intrathecal 

administration of CGA, ATP or LPA. Scale bar, 20 µm. 
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Figure 9. The expression of CGA in the DRG and the spinal dorsal horn during 

CFA-induced pain hypersensitivity. A, Immunoblot showing the CGA expression in 

the spinal dorsal horn of wild-type (+/+) and CatB-/- mice at 3 days after 

CFA-injection. B, The quantitative analyses of immunoblots in (A). Each column and 

vertical bar represents the means ± SEM (n=3, each). C, The immunofluorescent 

CLSM images for NeuN (red) and CGA (green) in the DRG of +/+ and CatB-/- mice 

at 3 days after CFA-injection. Scale bar, 20 µm. 
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Discussion 

We investigated the possible involvement of CatB in the induction of chronic pain, 

because CatB plays an essential role in the microglial production of mIL-1β, which is 

an accepted pain-related molecule known to be key for both neuropathic and 

inflammatory pain (Samad et al., 2001; Sweitzer et al., 2001; Kawasaki et al., 2008; 

Ren and Torres, 2009). We herein showed for the first time that inhibition of CatB 

activity, either through genetic deletion or via a pharmacological inhibitor 

significantly reduced the CFA-induced long-lasting tactile allodynia without affecting 

the CFA-induced paw inflammation. In agreement with the significant reduction of 

CFA-induced pain hypersensitivity, the production of both mIL-1β and mIL-18 was 

significantly reduced in the spinal micoglia of CatB-/- mice, indicating that 

inflammatory pain is dependent on the production of spinal mIL-1β and mIL-18, as 

has been suggested in previous studies (Guo et al., 2007; Shan et al., 2007; Verri et al., 

2007; Fiorentino et al., 2008). Furthermore, a significant reduction of COX-2 was also 

observed in the spinal dorsal horn neurons of CFA-injected CatB-/- mice. This result 

is considered to be a consequence of the impaired CatB-dependent production of 

mIL-1β by spinal microglia in CatB-/- mice, because IL-1β is a major inducer of 

COX-2, which augments the processing of nociceptive stimuli through the production 

of PGE2 during inflammatory pain (Samad et al., 2001; Lee et al., 2004; Vardeh et al., 

2009). Therefore, it may be concluded that microglial CatB has an essential role in the 

induction and maintenance of the CFA-induced inflammatory pain.  

 It has been considered that the microglial hyperactivation is involved in 

CFA-induced pain hypersensitivity, because treatment with minocycline completely 

prevented the development of CFA-induced allodynia (Shan et al., 2007). However, 

little information has been available about the endogenous activators of microglia in 

the spinal cord during inflammatory pain. CGA, a neuroactive glycoprotein, is known 

to be a potent endogenous microglial activator (Kingham et al., 1999). CGA is 

released, together with the co-stored hormones and peptides, in the extracellular 
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environment and then in circulation. It is also known that the circulating CGA level is 

upregulated in subjects with chronic inflammatory pain diseases, such as rheumatoid 

arthritis (Di Comite et al., 2009). Furthermore, we have previously reported that CGA 

markedly induced the production of pro-CatB and its subsequent proteolytic 

maturation in cultured microglia (Terada et al., 2010). In the present study, 

immunoreactivity for CGA was found in the perinuclear vesicles of DRG neurons. 

Immunoblot analyses showed relative strong bands corresponding to CGA were 

observed in the spinal dorsal horn, whereas immunorecativity for CGA was only 

occasionally observed in varicose fibers or spherical terminal boutons. Furthermore, 

the mean IF intensity of CGA in DRG  neurons was significantly increased in both 

genetic groups after CFA-injection. More importantly, a single intrathecal injection of 

CGA induced long-lasting tactile allodynia and the production of mIL-β by spinal 

microglia. These observations strongly suggest that CGA is a candidate activator of 

microglia, which is responsible for the induction of inflammatory pain.  

 The activation of caspase-1 in the spinal cord was demonstrated to cause an 

increase in the IL-1β production and thereby to promote COX-2-dependent 

inflammatory hypernociception (Lee et al., 2004). Our present and previous (Terada et 

al., 2010) studies demonstrated that CGA activates microglia to release the mature 

forms of IL-1β and IL-18 in a CatB-dependent manner. A specific inhibitor of 

caspase-1, z-YVAD-fmk, significantly attenuated the production of both mIL-1β and 

mIL-18 following treatment with CGA, thus indicating that caspase-1 is necessary for 

their CGA-induced production by microglia. Although caspase-1 is an intracellular 

enzyme that is essential for the maturation of the inactive forms of IL-1β and IL-18 

(Dinarello 1998; Fantuzzi and Dinarello, 1999), the mechanism underlying the 

activation of pro-caspase-1 is still a matter of controversy. Recently, fibrillar Aβ, 

silica and cholesterol crystals have been reported to induce lysosomal destabilization, 

which causes CatB leakage into the cytoplasm in macrophages and microglia (Halle et 

al., 2008; Hornung et al., 2008; Duewell et al., 2010). The cytosolic leakage of CatB 
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in turn leads to the proteolytic cleavage of an unidentified substrate, which activates 

the NLRP3 inflammasomes (Halle et al., 2008; Stutz et al., 2009; Tschopp and 

Schroder, 2010). In the current study, CGA was not found to induce the lysosomal 

destabilization or CatB leakage into the cytoplasm in microglia. Furthermore, the 

silencing of the NLRP3 gene did not affect the IL-1β production by microglia 

following treatment with CGA. Therefore, the activation of pro-caspase-1 in 

microglia following treatment with CGA depends on neither the cytosolic leakage of 

CatB nor the subsequent activation of NLRP3 inflammasomes.  

 We have previously reported that immunoreactivities for mL-1β and caspase-1 

were colocalized in CatB-containing enlarged lysosomes (Terada et al., 2010). These 

CatB-containing enlarged lysosomes are considered to be phagolysosomes formed by 

the fusion between scavenger receptor class-A (SR-A)-mediated phagosomes and 

primary lysosomes, because CGA is reported to activate microglia through binding to 

SR-A (Hopper et al., 2009). Therefore, the inactive forms of caspase-1, IL-1β and 

IL-18 in the cytoplasm may be trapped in the CatB-containing phagolysosome during 

their formation triggered by CGA. There have been some reports suggesting that CatB 

is directly associated with the proteolytic cleavage of pro-caspase-1 in the 

endosomal/lysosomal system. Although CatB can efficiently cleave pro-caspase-11 in 

a cell-free system even at neutral pH, it cleaves pro-caspase-1 only at an acidic pH 

(Vancompernolle et al., 1998). Furthermore, CatB was directly involved in the 

proteolytic cleavage of pro-casapase-1 in THP-1 monocytic cells after stimulation 

with the microbial toxin, nigericin (Hentze et al., 2003). However, the sizes of the 

cleaved fragments of pro-caspase-1 generated by CatB digestion (37 and 40 kDa) are 

different from the active fragments that are produced by caspase-1 self-processing (10 

and 20 kDa). It is possible that the fragments of pro-caspase-1 resulting from the 

cleavage by CatB may be further cleaved to the active fragments by self-processing. It 

should also be considered whether CatB is indirectly involved in the activation of 

pro-caspase-1 though its direct activation of pro-caspase-11, because caspase-11 is 

37 
 



known to play a crucial role in the activation of pro-caspase-1 (Schotte et al., 1998; 

Kang et al., 2000). Moreover, we previously demonstrated that CatB and caspase-1 

were colocalized, and that CA-074Me markedly inhibited the caspase-1 expression in 

CGA-stimulated microglia (Terada et al., 2010) indicating that CatB might be directly 

involved in caspase-1 activation. Taken together, these findings indicate that CatB is 

responsible for the CGA-induced proteolytic processing of pro-casapase-1 to its 

mature form in the phagolysosomes of microglia, which contain inactive forms of 

IL-1β and IL-18. However, a possibility that CatB is indirectly involved in the 

activation of caspase-1 through the proteolytic maturation of caspase-11 cannot be 

totally ruled out, because CA-074Me also significantly inhibited the expression of 

caspase-11 in CGA-stimulated microglia in the present study. 

 Surprisingly, CatB-deficiency had no effect on nerve injury-induced neuropathic 

pain, despite the fact that the production of mIL-1β by spinal microglia also plays a 

pivotal role in the induction of neuropathic pain. In the present study, CatB was also 

increased in the spinal dorsal horn of nerve-injured mice to a similar degree as that 

observed in the CFA-injected mice. The mature forms of IL-1β and IL-18 were also 

induced in the nerve injured mice, confirming that neuropathic pain is also dependent 

on spinal mIL-1β and mIL-18 (Scholz and Woolf, 2007; Kawasaki et al., 2008; 

Miyoshi et al., 2008). However, the nerve injury-induced production of both 

mIL-1β and mIL-18 in the spinal dorsal horn was not affected by CatB-deficiency. 

ATP is accepted as a major mediator of neuropathic pain, because the extracellular 

ATP levels are elevated in the dorsal root ganglia (Matsuka et al., 2008; Kanno et al., 

2010) and numerous of ATP receptors, including P2X4, P2X7 and P2Y12, are activated 

in microglia to mediate neuropathic pain (Tsuda et al., 2003; Guo et al., 2007; Jarvis 

2010). Interestingly, intrathecal injection of ATP-activated microglia in the spinal cord 

is sufficient to induce allodynia (Tsuda et al., 2003). Our observations indicated that 

z-YVAD-fmk, but not CA-074Me, significantly attenuated the ATP-induced 

production of mIL-1β and mIL-18, and that the silencing of the NLRP3 gene 
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significantly attenuated the production of mIL-1β by ATP-treated microglia, providing 

further evidence that the NLRP3 inflammasome is essential for the ATP-induced 

caspase-1 dependent production of mIL-1β and mIL-18 (Mariathasan et al., 2006). 

Furthermore, a single intrathecal ATP injection induced allodynia and increased the 

production of mIL-β by spinal microglia in both wild-type and CatB-/- mice. 

However, it has been reported that caspase-1 is not necessary for the nerve 

injury-induced production of mIL-1β in spinal microglia (Kawasaki et al., 2008). 

These observations strongly suggest that ATP is not a primary trigger of mIL-β 

secretion from spinal microglia after nerve injury, because the enzymatic activity of 

caspase-1 is necessary for the ATP-induced production of mIL-1β by cultured 

microglia.  

 Chronic pain, including arthritis pain, is an increasing burden for the society, and 

affects an estimated 20% of the population (Suter et al., 2007). Inflammatory pain is 

generally treated with non-steroidal anti-inflammatory drugs (NSAIDs), COX-2 

inhibitors and opioids, but all of these treatments are limited due to the occurrence of 

side effects. Opioids cause respiratory depression, constipation, dependence, tolerance, 

and addiction, and there are serious cardiovascular effects associated with the 

long-term use of COX-2 inhibitors (Funk and FitzGerald, 2007). NSAIDs increase the 

risk of heart failure and enteropathy especially in the elderly, thus further increasing 

the healthcare costs in the older population (Triantafyllou et al., 2010; Mangoni et al., 

2010). The observed role of CatB in inflammatory pain suggests that CatB-specific 

inhibitors may represent a useful new strategy for treating inflammation-associated 

pain, such as arthritic pain and postoperative pain.  
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Schematic diagram to the role in inflammatory pain of cathepsin B 

 

 

 
 

The observed role of CatB in inflammatory pain suggests that 

CatB-specific inhibitors may represent a useful new strategy for treating 

inflammation-associated pain, such as arthritic pain and postoperative 

pain.  
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