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Abstract
Matrix metalloproteinases (MMPs) have been implicated in the modulation of synaptic plasticity,
glial activation and long-term potentiation in the CNS. Here we demonstrate for the first time a
mechanism for the regulation of nociceptive processing by spinal MMP-3 during peripheral
inflammation. We first determined by western blotting that the catalytic (active) form of MMP-3
(cMMP-3) is increased in lumbar spinal cord following peripheral inflammation in rats. The
peripheral inflammation induced thermal hyperalgesia and tactile hypersensitivity was transiently
(2–3 hours) attenuated by intrathecal (IT) pretreatment with either an MMP-3 inhibitor (NNGH),
or a broad spectrum MMP inhibitor (GM6001). In addition, IT delivery of cMMP-3 evoked
hypersensitivity whereas the pro (enzymatically inactive) form of MMP-3 did not. This suggests a
pro-algesic effect of spinal MMP-3 mediated by an enzymatic mechanism. This cMMP-3 induced
hypersensitivity is concurrent with increased TNF in the spinal cord. The hypersensitivity
behavior is prevented intrathecal etanercept (TNF blockade). Treatment with cMMP-3 resulted in
an increase in TNF release from spinal primary microglial, but not astrocyte cultures. These
findings thus present direct evidence implicating MMP-3 in the coordination of spinal nociceptive
processing via a spinal TNF dependent mechanism.
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1
Matrix metalloproteinases (MMPs) are zinc dependent endopeptidases, which have been
widely investigated regarding their dynamic role in the processing of extra cellular matrix
(ECM) protein (Ganea et al., 2007). Activation of matrix metalloproteinases during
inflammation and injury have been implicated (Agrawal et al., 2008b) in a variety of
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neurologic diseases including multiple sclerosis (Gijbels et al., 1993), spinal cord injury
(Noble et al., 2002), cerebral ischemia (Rosenberg et al., 1996), and neuropathic pain
(Shubayev and Myers, 2000). Pain-like behavior and hypersensitivity result, in part, from
the release of inflammatory mediators, which activate and sensitize peripheral and central
nociceptive components (McMahon et al., 2005). Here, we demonstrate for the first time the
role of MMP-3 in mediating spinal nociceptive processing through a TNF dependent
pathway activated by peripheral inflammation.

Constitutive RNA expression of MMP-2, 3, 7, 9, and 13 have been demonstrated in the
spinal cord (Clements et al., 1997). The expression of particular MMPs and related
regulatory enzymes such as tissue inhibitors of metalloproteinase (TIMPs) in microglia,
astrocytes or neurons are differentially regulated during the initiation of neurological
pathologies (Yong et al., 2001). Such differential regulation correlates with enhanced spinal
secretion of cytokines including TNF, IL-1β, and IL-10. These cytokines have been
implicated in spinal sensitization (Nuttall et al., 2007). MMP-3 is of particular interest as it
lies upstream in the pro to catalytically active MMP cascade. MMP-3 will activate, for
example, proMMP-9 (Ogata et al., 1992), which in turn has been demonstrated to activate
microglia and regulate onset of neuropathic pain in an IL-1β dependent manner (Shubayev
and Myers, 2004; Kawasaki et al., 2008). In addition, MMP-3 activates other key
nociceptive linkages including nerve growth factor and brain derived neurotrophic factor
(Lee et al., 2001), osteopontin (Agnihotri et al., 2001), and IL-1β (Schonbeck et al., 1998),
which can regulate neuronal and non-neuronal cell excitability (Cauwe et al., 2007).

Recent work from our laboratory and that of others indicates that generation and
maintenance of enhanced pain states after peripheral injury often involves activation of
spinal non-neuronal cells such as microglia and astrocytes (Milligan and Watkins, 2009).
Intrathecal minocycline pretreatment will attenuate glial activation and pain hypersensitivity
arising from tissue injury (Hua et al., 2005) and reduce MMP activity (Duivenvoorden et al.,
1997; Vidal et al., 2007). Given the enzymatic activation by MMP-3 of known pro-
nociceptive mediators, the aim of this study was to investigate spinal catalytic MMP-3
activity via pharmacological blockade during peripheral inflammation induced
hypersensitivity and explore catalytic MMP-3 regulation of TNF release during non-
neuronal cell signaling.

2. Experimental Procedures
2.1 Animals

All experiments were carried out according to protocols approved by the Institutional
Animal Care and Use Committee of the University of California, San Diego. Male rats
(250–350 g; Harlan, Holtzman Sprague Dawley) were housed in individual cages at room
temperature and maintained on a 12 hour light/dark cycle. Testing was performed during the
light cycle. Food and water were available ad libitum.

2.2 Intrathecal catheter implantation
For intrathecal (IT) bolus drug delivery, lumbar catheters were surgically implanted into the
IT space using a modification of a previously described protocol (Malkmus and Yaksh,
2004). Briefly, animals were anesthetized, secured in a stereotaxic head holder, the cisternal
membrane exposed and an incision made through which a single lumen 8.5 cm polyethylene
catheter (PE-5) was inserted ending at the L3–L4 spinal segments. The other end of the
catheter was fused to a piece of PE-10 tubing and externalized. Rats were allowed to recover
for five to six days before experimentation.
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2.3 Behavioral tests
To assess the thermally evoked paw withdrawal response, a Hargreaves-type testing device
was used (UARDG, Department of Anesthesiology, La Jolla, CA). Rats are placed
individually in plexiglass cubicles on a glass surface (maintained at 25 °C) and a thermal
stimulus below the glass surface regulates a timer. Latency was defined as the time required
for the paw briskly withdrawal as detected by motion sensors controlling the timer and
terminating the stimulus (Dirig et al., 1997).

Mechanical sensitivity was assessed using von Frey hairs with hair values ranging from 3.61
g to 15 g and the up–down method was applied as previously described (Chaplan et al.,
1994). The 50% withdrawal threshold (force of the von Frey hair to which an animal reacts
to 50% of the presentations) was recorded.

Data were also presented as a hyperalgesic index, which represents the area under the time
effect curve after stimulation. The formula is [(baseline latency − post-drug latency) × 100
(baseline latency)−1]×min, where latency is expressed in seconds. Decreased values indicate
analgesic efficacy. For post-treatments, hyperalgesic index values were calculated using the
value at the time point before drug delivery as the baseline value.

2.4 Drugs and drug delivery
Local inflammation was induced with 100 µl of 2% carrageenan in saline (lambda, Sigma-
Aldrich) injected subcutaneously into the plantar surface of the hind paw. Intrathecally
delivered drugs were prepared in a final volume of 10 µL and followed by a 10 µL saline
flush. The following drugs and their doses were employed in vivo: GM6001, (N-[(2R)-2-
(Hydroxamidocarbonylmethyl)-4-methylpentanoyl]-L-tryptophan Methylamide)
(Calbiochem, 0.01 µg, 0.1 µg or 1 µg); NNGH (N-Isobutyl-N-(4-methoxyphenylsulfonyl)-
glycylhydroxamic Acid), (Calbiochem, 2.5 µg or 7.5 µg); PY-2 (synthesized in the
laboratory of S.M. Cohen, Dept of Chemistry and Biochemistry, UCSD (Agrawal et al.,
2008a), 0.3 µg, 1 µg, or 3 µg); Etanercept (Amgen, 100 µg); cMMP-3 and proMMP-3 (EMD
biosciences, 1 pmol). GM6001, NNGH, and PY-2 were prepared in 3% DMSO, which was
also used as the respective vehicle. The vehicle for the inhibitors is consistent; therefore the
3% DMSO control groups were combined so as to reduce the number of animals used.
Etanercept, cMMP-3, and proMMP-3 were prepared in saline, which was also used as the
vehicle. Etanercept was delivered as a 1 hour pretreatment. GM6001, NNGH, and PY-2
were delivered as 30 minute pretreatments in all experiments, except where delivered as a
post-treatment at 105 minutes after carrageenan. In vitro the following drugs and their doses
were employed: GM6001 (7.5 µg/mL), NNGH (7.5 µg/mL), LPS (Sigma, 100 ng/mL),
cMMP-3 (400 ng/mL). The experimenter was blinded to drug treatments during all
behavioral testing.

2.5 Western blotting
Rats were anesthetized in 4% isoflurane, decapitated, and spinal cords hydroextruded. 1.5
cm of the spinal cord lumbar enlargement was collected in 3% SDS lysis buffer (50 mM
Tris, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 3% SDS pH 7.4) containing protease
and phosphatase inhibitors and homogenized by sonication. 30 µg of protein were loaded
with 0.1 M DTT and 1xLDS loading buffer (Invitrogen) and separated on a 4–12% Bis-Tris
gel (Invitrogen). Proteins were transferred to a 0.45µm nitrocellulose membrane
(Invitrogen), and blocked with 5% non-fat milk. Blots were incubated in anti-MMP-3
(Sigma; 1:500) or β-actin (Sigma; 1:100,000) followed by anti-rabbit/ anti-mouse secondary
HRP conjugated antibody (Cell Signaling), for 1 hour at room temperature in 5% non-fat
milk. Blots were developed using femto (anti-MMP-3) or pico (anti-β-actin) sensitive
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enhanced chemiluminescent detection system (SuperSignal Pierce). Western blots were
scanned and quantified by densitometry using ImageQuant (Molecular Dynamics).

2.6 Tissue Preparation and Immunohistochemistry
Naïve rats were anesthetized with 0.5 mL Euthasol (Virbac), perfused intracardially with
0.9% NaCl followed by 4% paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer
(PBS), and spinal cords post fixed in 4% PFA overnight and cryoprotected in sucrose.

Floating sections (30 µm) were blocked (5% normal serum, 0.2% Triton X-100 in PBS) for
1 hour at room temperature before incubating with anti-MMP-3 (1:50; Sigma), and anti
Iba-1 (1:500; Abcam), or anti GFAP (1:1000; Sigma) for 72 hours at 4 °C. MMP-3 was
amplified with a biotinylated anti-rabbit secondary (1:250; Vector) and an Alexa 488 avidin
conjugate. All other primaries were visualized using the appropriate secondary linked to
Alexa 555 (1: 5000; Molecular Probes). The anti-MMP-3 antibody has been characterized
and deposited in the protein atlas database (Ponten et al., 2008). Sections were mounted and
cover slipped (prolong gold antifade medium; Invitrogen).

Staining and visualization procedures were performed as described for floating sections. All
images were captured with a Leica TCS SP5 confocal imaging system and processed using
Adobe Photoshop CS2 software.

2.7 TNF ELISA
Rats were deeply anesthetized with 4% isoflurane, decapitated, and spinal cords
hydroextruded. 1.5 cm of the spinal cord lumbar enlargement (approximately L2–L7) was
collected in a modified RIPA buffer containing protease and phosphatase inhibitors and
homogenized by sonication, and centrifuged for 12,000×g for 15 minutes at 4 °C. The
supernatant was collected and total protein was established using the Bradford method. 1000
µg of total protein in a volume of 100 µl was added to each well and TNF levels were
quantified according to manufacturer’s instructions using an ELISA kit (BD Biosciences).
TNF content in the spinal cord samples was expressed as pg/mL of spinal cord extract.

2.8 Cell culture
Purified cultures of rat spinal microglia and astrocytes were prepared using a method
described previously with some modifications (Hua et al., 2005). One- to three-day-old
Holtzman Sprague-Dawley rat pups were anaesthetized, the spinal cords ejected,
mechanically triturated, centrifuged at 215 g for 5 minutes, re-suspended in DMEM
containing 10% fetal bovine serum (FBS; Gibco), 1% penicillin/streptomycin (P/S; Gibco),
plated in a flask previously coated with poly l-lysine (Sigma) and maintained at 37 °C in a
humidified 5% CO2 incubator. On day 14, microglia were removed by shaking for 2 hours at
37 °C, centrifuged at 215 g for 5 minutes and plated onto 96-well plates at 40,000 cells/well
and allowed to adhere for 24 hours.

Mother cultures were shook a second time and cells were determined to be astrocytes,
trypsanized, centrifuged at 215×g for 5 minutes, re-suspended in DMEM with 10% FBS and
1% P/S, and plated until they reached 70–80% confluence.

2.9 Statistics
All the data are presented as mean ± S.E.M. Statistics were performed using Student's t-tests
or one-way ANOVA with multiple post hoc comparisons made using the Bonferroni tests
(Prism Statistical Software, San Diego, CA, USA) except for TNF ELISAs, which were
evaluated by Dunnett’s multiple comparison test using the vehicle as the control value.
Critical values corresponding to p < 0.05 were deemed statistically significant.
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3. Results
3.1 Inhibition of spinal MMP-3 reduces inflammation-induced thermal and tactile
hypersensitivity

3.1.1 Carregeenan thermal hyperalgesia and tactile allodynia—Carrageenan
injected into the ipsilateral hind paw of male Holtzman rats elicited a time-dependent
increase in the thickness of the injected paw (not shown) and decrease in the thermal latency
of the inflamed paw with no significant changes in the response latency of the non-injected
contralateral paw. Thus, in animals receiving intrathecal (IT) injections of vehicle (3%
DMSO), the baseline thermal escape latency of the ipsilateral paw decreased from 11.4
seconds ± 0.7 to 3.2 seconds ± 0.6 between baseline and 2 hours, (p < 0.05 vs. baseline;
Figure 1A, B, C). In a separate group of animals, we showed that in addition to decreased
thermal latencies, intraplantar carrageenan also produced a time-dependent decrease in the
tactile threshold of the inflamed paw. Thus, the tactile threshold of the ipsilateral paw in IT
3% DMSO vehicle treated rats decreased from the baseline 15 g to 2.1 g ± 0.5 at 2 hours (p
< 0.05, Figure 2A).

3.1.2 IT MMP-3 inhibition and pretreatment—To define the role of endogenous spinal
MMP-3 during inflammation evoked thermal hyperalgesia, rats received an IT pretreatment
(30 minutes in advance of intraplantar carrageenan) of several agents known to inhibit
MMP-3 enzymatic activity. Here, IT pretreatment delivery of GM6001, a broad spectrum
MMP inhibitor (Figure 1A), NNGH, a semi-selective MMP-3 inhibitor (Figure 1B), or
PY-2, a semi-selective MMP-3 inhibitor (Figure 1C) resulted in an attenuation of the onset
of intraplantar carrageenan evoked thermal hyperalgesia. When the data for the ipsilateral,
inflamed paw, are presented according to the hyperalgesic index, a dose dependent anti-
nociceptive effect as compared to a 3% DMSO vehicle is observed with: GM6001 (Figure
1D: 0.01 µg; p < 0.05, 0.1 µg; p < 0.01, 1 µg; p < 0.001) and NNGH (Figure 1E: 2.5 µg; not
significant, 7.5 µg; p < 0.001). For PY-2 all doses display a significant reduction as
compared to vehicle control (0.3 µg; p < 0.001, 1 µg; p < 0.01, 3 µg; p < 0.05).

To define the role of endogenous spinal MMP-3 during inflammation evoked tactile
allodynia, the most efficacious doses of GM6001, NNGH, and PY-2, as determined during
the dose response thermal hypersensitivity experiments, were delivered as 30 minute IT
pretreatments. These doses delayed the onset of carrageenan induced tactile allodynia for
GM6001 (1 µg; p < 0.001), NNGH (7.5 µg; p < 0.001) and PY-2 (1 µg; p < 0.01) as
compared to the 3% DMSO vehicle (Figure 2A and 2B). None of the IT inhibitors or the
vehicle at the doses employed in this pretreatment series caused any sedation or signs of
motor dysfunction (e.g. rats displayed normal spontaneous symmetrical ambulation, hind
paw placing and stepping, pinnae and blink reflexes).

3.2 IT MMP-3 inhibition and post-treatment
At 105 min after intraplantar carrageenan injection we delivered IT the efficacious doses of
GM6001 (1 µg), NNGH (7.5 µg), and PY-2 (1 µg) and recorded the changes in thermal
thresholds in rats from 120–240 minutes (Figure 3A) to determine if MMP inhibition altered
hypersensitivity after initiation of peripheral inflammation. To determine the effect of post-
treatments upon the hyperalgesic index, baseline values were set according to 90 minute
values and the area under the curve from 120–240 minutes was calculated. Post-treatment
with the MMP-3 specific inhibitors NNGH and PY-2 indicate no significant improvements
in thermal thresholds as compared to 3% DMSO vehicle. IT GM6001 post-treatment
demonstrated a transient increase in thermal thresholds at 180min following carrageenan
(Figure 3A; p < 0.05 vs 3% DMSO), however, calculation of the hyperalgesic index showed
no significant anti-hyperalgesic effects in thermal thresholds as compared to 3% DMSO
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vehicle. Given that GM6001 also inhibits MMP-1(Grobelny et al., 1992), MMP-2, MMP-8,
and MMP-9 (Knight et al., 1992); the post-treatment efficacy of GM6001 but not NNGH or
PY-2 is likely the result of broad spectrum MMP inhibition, rather than MMP-3 specific
inhibition.

3.3 Peripheral inflammation increases spinal MMP-3 protein expression
The pharmacological behavioral data suggested that catalytically active spinal MMP-3 was
mediating the inflammation evoked hyperalgesia. To characterize spinal MMP-3 activation,
protein levels were measured by western blotting for the pro form and the catalytically
active forms of MMP-3 in the lumbar spinal cord (L4–L6) following intraplantar
carrageenan (Figure 4A). There was indeed a significant increase in catalytic MMP-3, 2 and
4 hours post-injection (p < 0.05, Figure 5B) and in proMMP-3, 2 hours after the intraplantar
carrageenan (p < 0.05; Figure 5C) as compared to naïve animals. This increase in the
catalytically active MMP-3 cleavage product coincides with the time at which the
carrageenan induced hyperalgesia and allodynia, attenuated by spinal MMP-3 inhibition,
were observed.

3.4 MMP-3 is expressed in spinal astrocytes and microglia
We next investigated the distribution and cellular location of MMP-3 in the rat spinal cord
by immunohistochemistry. MMP-3 immunoreactivity was seen in all laminae in the dorsal
and ventral horn. As shown in Figure 5, cells co-labeled with antibodies against MMP-3 and
with antibodies against protein markers for astrocytes (GFAP), and microglia (Iba1).

3.5 Spinal administration of catalytic MMP-3 (cMMP-3) causes thermal hyperalgesia and
tactile allodynia

Given the delay in peripheral inflammation induced hypersensitivity onset following spinal
MMP-3 inhibition and the appearance of increased spinal cMMP-3, we next sought to
determine if exogenous cMMP-3 or proMMP-3 delivered intrathecally would mimic the
pro-algesic actions of the peripheral inflammation. Rats were injected IT with cMMP-3 (1
pmol), proMMP-3 (1 pmol) or saline and evaluated for changes in thermal and tactile
thresholds. 30 minutes after IT injection of cMMP-3, the thermal escape latency dropped
from baseline 10.8 seconds ± 0.9 to 6.6 seconds ± 0.2 (p < 0.05; Figure 6A) and remained
significantly decreased for 90 minutes, whereas neither the pro form of MMP-3 (1 pmol) nor
the saline control had any effect. Changes are presented according to the hyperalgesic index
in Figure 6B, indicating a significant increase in pain-like behavior following catalytic but
not proMMP-3 or saline intrathecal delivery (p < 0.05). Similarly, 30 minutes after IT
cMMP-3 the tactile threshold dropped from baseline 14.5 g ±0.5 to 7.2 g ±1.2 (p < 0.001;
Figure 6C) and remained decreased for 60 minutes, with no changes in tactile threshold
following IT saline or proMMP-3. Changes presented according to the hyperalgesic index in
Figure 6D show a significant increase in pain-like behavior following catalytic but not after
IT proMMP-3 or saline (p < 0.01). An increase in nociceptive behavior by the spinal
application of catalytic MMP-3 but not the unprocessed pro form indicates an enzymatic
role for this protein in the spinal nociceptive processing.

The specificity of the IT cMMP-3 action was further defined by pretreatment with MMP and
MMP-3 inhibitors. Pretreatment (30 minutes) with IT GM6001 (1 µg) or IT NNGH (7.5 µg)
abrogated the IT cMMP-3 induced thermal hypersensitivity (Figure 6E). At no time point
was there a significant difference between baseline thresholds and thresholds 30 or 60
minutes after IT cMMP-3 when rats were pretreated with GM6001 or NNGH. Changes
presented according to the hyperalgesic index in Figure 6F show a significant increase in
pain-like behavior in the four hours after IT cMMP-3, which is attenuated by NNGH or
GM6001 pretreatment (p < 0.01).
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3.6 IT cMMP-3 but not pro-MMP-3 increases spinal TNF concentrations
MMP-3 application increases TNF levels in vitro in microglial cell cultures (Kim et al.,
2005). Given that TNF is a potent pro-inflammatory cytokine and produces enhanced
nociception after IT delivery (Junger and Sorkin, 2000; Svensson et al., 2005), we
investigated if MMP-3 could induce TNF levels in vivo in the spinal cord following
intrathecal delivery. Following IT saline or IT proMMP-3, TNF levels were not different 30
minutes after injection 295 pg/mL +/− 7 vs. 311 pg/mL +/− 35. In contrast, at 30 minutes
after injection, IT cMMP-3 significantly increased spinal cord TNF concentration 423 pg/
mL +/− 22 (Figure 7A; p < 0.01 vs. saline, p < 0.05 vs. proMMP-3). At later times,
measured out to 4 hour, TNF levels were numerically greater than either the saline or
proMMP-3 groups, but these differences did not reach statistical significance.

3.7 Thermal hyperalgesia and tactile allodynia evoked by IT cMMP-3 is mediated by TNF
To functionally assess the role of TNF in cMMP-3 mediated nociception, we examined the
spinal effect of etanercept, a TNF sequestering molecule, on IT cMMP-3 induced
hyperalgesia. As before, IT cMMP-3 produced a significant reduction in thermal threshold
at 30 minutes and the effect persisted for 90 minutes, which was prevented by a 1 hour
pretreatment with IT etanercept (Figure 7B). This data is also presented according to the
hyperalgesic index, indicating a pretreatment (1 hour) with IT etanercept effectively
prevented an IT cMMP-3 induced thermal hyperalgesia (p < 0.001, Figure 7C). Rats
pretreated with etanercept and subsequently received cMMP-3 showed no difference from
control (saline) animals (p > 0.05 at any time point).

3.8 Peripheral inflammation induces spinal TNF, which is regulated by MMPs
To further establish the relationship between spinal MMP-3 activity and spinal TNF
production we measured by TNF ELISA the concentrations of TNF in the lumbar spinal
cord from groups of rats receiving IT pretreatments (30 minutes in advance of the
intraplantar carrageenan) with: IT 3% DMSO (vehicle control); IT 1 µg GM6001, or IT 7.5
µg NNGH. Animals were then randomly assigned to undergo tissue harvest at 30 minutes,
120 minutes, or 240 minutes after intraplantar carrageenan injection. Spinal TNF
concentrations in control animals 512 pg/mL +/− 127 were increased in a time dependent
fashion after intraplantar carrageenan, reaching statistical significance, 1062 pg/mL +/− 208
at 120 minutes after injection (Figure 8; p < 0.05) and continuing to rise through 240
minutes to 2579 pg/mL +/− 117 (Figure 8; p < 0.001). These intraplantar inflammation
induced increases in spinal TNF concentrations were significantly reduced at the 120 minute
time point by pretreatment with IT GM6001 (316 pg/mL +/− 61; p < 0.01) and by IT NNGH
(532 pg/mL +/− 209; p < 0.05). By 4.5 hours after drug delivery, the inhibitory effects of IT
GM6001 (2320 pg/mL +/− 342) or NNGH (206 pg/mL +/− 241) were lost. These spinal
TNF concentrations did not differ from those observed in the vehicle control animals at this
time (2579 pg/mL +/− 117). This attenuation of the time dependent increase in spinal TNF
levels corresponds with the IT GM6001, NNGH, and PY-2 regulated behavioral attenuation
of thermal and tactile hypersensitivity demonstrated in the intraplantar carrageenan treated
animal.

3.9 cMMP-3 evoked TNF release from microglia, but not astrocytes
Considerable work has demonstrated that stimulated astrocytes and microglia display
increased extracellular concentrations of TNF (Sawada et al., 1989). Given the role of TNF
in the spinal MMP-3 actions, we examined whether cMMP-3 would initiate TNF release
from primary spinal microglia and astrocyte cultures. The addition of cMMP-3 to microglia
cultures resulted in a prominent increase in TNF as compared to media controls 4.5 pg/mL ±
2.6 vs. cMMP-3 application 296.5 pg/mL ± 84.2 at four hours (Figure 9A; p < 0.01). In
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contrast, application of cMMP-3 did not, at any time point, induce significant release of
TNF from astrocytes as compared to media control values (Figure 9B; p > 0.05). This lack
of effect in astrocytes stands in contrast to the effect of the TLR4 agonist, LPS (100 ng/mL),
which induced a significant increase in TNF released from microglia (p < 0.01) and from
astrocytes (p < 0.05) at all time points (Figure 9A and 9B). This increase in TNF release
from microglia is blocked by pretreatment with GM6001 (31.6 pg/mL ± 12.4, p > 0.05 vs.
media control) or with NNGH (40.3 pg/mL ± 2.8, p > 0.05 vs. media control).

4. Discussion
Matrix metalloproteinases are a diverse class of zinc-dependent enzymes, which are
recognized to play an important regulatory role in the organization and remodeling of
extracellular matrix proteins. The present studies emphasize a novel role for catalytically
active MMP-3, showing it to be a key component in a spinal cascade initiated by peripheral
inflammation and resulting in thermal hyperalgesia and tactile allodynia. We hypothesize
that the peripheral inflammation leads to an increase in spinal cMMP-3 resulting in release
of TNF, likely from non-neuronal cells to evoke a facilitated state of dorsal horn processing.
Convergent data supporting this hypothesis will be considered below.

4.1 The facilitated state is initiated by the catalytically active form of MMP-3
In the present study, IT MMP-3 resulted in a potent and reversible tactile allodynia and
thermal hyperalgesia. Thus, i) IT delivery of exogenous cMMP-3, but not proMMP-3
initiated a short latencied and reversible thermal hyperalgesia and tactile allodynia; ii) the
cMMP-3, but not proMMP-3 resulted in increased spinal TNF in vivo and iii) the effects of
the cMMP-3 on TNF concentrations were blocked by MMP and MMP-3 inhibitors GM6001
and NNGH, respectively.

These MMP-3 specific inhibitors exert their actions by binding at the enzymatically active
site (Grobelny et al., 1992; MacPherson et al., 1997; Romero-Perez et al., 2009), thus
providing further confirmation that it is the catalytically active form that is responsible for
the endogenous and exogenous actions.

4.2 Peripheral inflammation leads to a significant elevation of spinal cMMP-3
In agreement with other reports, western blotting and imunohistochemistry indicate that
MMP-3 is constitutively expressed in spinal cord (Pagenstecher et al., 1998; Nuttall et al.,
2007; Gawlak et al., 2009) and differentially regulated during inflammatory CNS diseases
including multiple sclerosis, stroke, and neuropathic pain (as reviewed in (Agrawal et al.,
2008b). In the present work there was a significant increase in MMP-3 protein expression in
the spinal cord at 2 hours following peripheral inflammation. This observation is consistent
with previous work that demonstrated MMP-3 up-regulation by signaling pathways
including MAPK and PI3K/AKT (Ito et al., 2007). Inhibition of these pathways will
diminish expression of MMPs (Qiu et al., 2004; Prast et al., 2008) and attenuate post-
inflammation hyperalgesia (Choi et al., 2010; Svensson et al., 2003).

Conversion of proMMP-3 to its active form (cMMP-3) can occur through cleavage by a
variety of extracellular serine protease systems including those for plasmin/plasminogen
(Chakraborti et al., 2003). Tissue type plasminogen is induced in vivo in spinal astrocytes
after injury and its blockade is associated with a loss of hyperalgesia (Kozai et al., 2007).
Future investigation of the upstream regulatory mechanisms for MMP-3 cleavage during
acute peripheral inflammation would be of great scientific interest.
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4.3 Endogenous spinal cMMP-3 mediates inflammation evoked hyperalgesia
Intrathecal delivery of a broad spectrum MMP and two MMP-3 preferring inhibitors
resulted in an attenuation in the onset of the tactile and thermal hypersensitivity otherwise
observed following peripheral inflammation. While reports indicate that GM6001 has off
target effects including inactivation of TNF-alpha converting enzyme (TACE) (Jacobsen et
al., 2008), which would itself lead to decreased TNF, the consistent results obtained by two
structurally diverse inhibitors : NNGH and PY-2, provides strong evidence for the
contributions of MMP-3 in this series of experiments. NNGH shows little inhibition of
TACE but does have modest inhibitory effects against MMP-12 (Bertini et al., 2005) and
MMP-10 (Bertini et al., 2004). PY-2 is a semi-selective MMP-3 inhibitor, which also
inhibits MMP-8 and -12, but has little efficacy against MMP-1, 2, 7, 9, and 13 (Agrawal et
al., 2008a). In vitro PY-2 has greater specificity against MMP-3 (0.13 µM NNGH vs. 0.077
µM PY-2 Ki) (Agrawal et al., 2008a) with no inhibitory effects against TACE. The block of
the thermal and tactile hyperalgesia onset afforded by an IT pretreatment with either MMP-3
inhibitors suggests MMP-3 specificity. The post-treatment efficacy of GM6001 but not
NNGH or PY-2 is likely the result of broad spectrum MMP inhibition, not MMP-3 specific
inhibition. While there has been little work regarding the role of MMPs in maintenance of
inflammatory pain, current post-treatment data in neuropathic pain models utilizing an IT
MMP-2 specific inhibitor and an IT endogenous inhibitor of MMP-2 (TIMP2) suggests an
MMP-2 specific maintenance mechanism is more likely (Kawasaki et al., 2008). The
ineffectiveness of post-treatment MMP-3 specific inhibition suggests a prominent role for
MMP-3 during the initiation of carrageenan-induced hyperalgesia and allodynia, but not
during the maintenance.

4.4 Extracellular cMMP-3 initiates a facilitatory state though the release of TNF
In the spinal cord, IT cMMP-3 resulted in a prominent increase in spinal TNF
concentrations. The time course of TNF release paralleled the temporal profile of the pain-
like behavior observed with the same doses of IT cMMP-3. The functional significance of
this increase is evidenced by the block of the IT cMMP-3 evoked hyperalgesia by the spinal
pretreatment of etanercept (a TNF sequestering protein). These observations are consistent
with previous reports that intrathecal TNF evokes a significant hyperalgesic state mediated
by TNF receptor 1 (TNFR1) (Reeve et al., 2000; Schafers et al., 2004; Youn et al., 2008).
Activation of these spinal TNF receptors will activate kinases, which, through
phosphorylation of voltage sensitive channels (Czeschik et al., 2008), NMDA ionophores
(Chao et al., 1995) and AMPA ionophore trafficking to the neuronal membrane (Stellwagen
et al., 2005) will lead to an enhanced excitability of dorsal horn neurons. This enhanced
excitability is believed to underlie the hyperalgesic and allodynic states (Zhang et al., 2010).
These results emphasize the likely role of downstream TNF release in mediating the cascade
initiated by both exogenous and endogenous spinal cMMP-3. Moreover, these early effects
upon spinal TNF concentrations were blocked by MMP-3 inhibitors at spinal doses that
were shown to prevent the ITcMMP-3 induced hyperalgesia.

4.5 Non-Neuronal Cells
Spinal immunohistochemistry demonstrates the presence of MMP-3 immunoreactivity in
both astrocytes and microglia in accordance with previous reports (Pagenstecher et al., 1998;
Nuttall et al., 2007; Gawlak et al., 2009). Manipulation of spinal microglial and astrocyte
function will influence development and maintenance of acute and chronic pain conditions
(Watkins and Maier, 2003; Marchand et al., 2005; Tsuda et al., 2005). To further consider
this mechanism, we undertook work with primary spinal cell cultures to determine the
effects of cMMP-3 on these subpopulations. The primary spinal cell culture work provided
two unexpected observations. The first was that cMMP-3 served to release TNF from
microglia, but not astrocytes. Release of TNF by cMMP-3 from myeloid derived
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macrophages (Steenport et al., 2009) and microglia (Kim et al., 2005) has been previously
reported, but this is the first description of a microglia but not astrocyte specific effect.
Consistent with the in vivo work, TNF release from microglia was produced by the catalytic
form and was blocked by cMMP-3 inhibitors previously shown to be active in vivo.
Secondly, the cMMP-3 effects in microglia were evident only after four hours, a finding in
contrast to the robust and early onset in increased spinal TNF observed after IT cMMP-3 in
vivo. Although the interpretation of these results must be tempered by the fact that the work
involves primary cell cultures from neonatal rats, these two results stand in contrast to the
parallel observations in the present studies that the TLR4 agonist LPS resulted in an
immediate increase in TNF release from both astrocytes and microglia, indicating that these
actions of the cMMP-3 were peculiar to this exogenous agent and not the culture system.
Our unexpected results show that cMMP-3 has a distinct effect upon microglia vs. astrocytes
and suggests that, while both astrocytes and microglia express MMP-3 and both are capable
of releasing TNF, the two cell types have a distinct response to exogenous cMMP-3. These
results raise the speculative hypothesis that cMMP-3 exerts its actions in a cell specific
regulated manner. It further suggests that the net effects of the exogenous agent are not the
result of a simple cleavage of TNF from the cell membrane, in accordance with previous
biochemical data (Mohan et al., 2002). The observed delay in TNF release within the cell
culture system reflects upon the distinction between homogenous cell types vs. the intact
organ system where complex interactions invariably occur. Therefore, caution must be
employed when attributing these finding to the animal system.

4.6 Concluding Overview
These results indicate the constitutive presence of MMP-3 and a functional role of
exogenous cMMP-3 and endogenous cMMP-3 in initiating a facilitated state of nociceptive
processing in the spinal cord. Our novel observations regarding cMMP-3-induced TNF
release in the spinal lumbar region, prompts the hypothesis that cMMP-3 could be released
and serve in a paracrine capacity in the activation of non-neuronal cells and may function in
a capacity to initiate and sustain a facilitated pain state similar to other enzyme agonists
including secretory PLA2 (Farooqui and Horrocks, 2004) or proteases acting though the
proteinase activated receptors (PARs) (Vergnolle et al., 2001; Bunnett, 2006) to regulate at
the spinal level the response following tissue injury and inflammation. cMMP-3 may also
directly cleave TNF in a manner similar to TACE, though this mechanism would suggest
that cMMP-3 would have an effect in all TNF-expressing cell systems, a characteristic that
is not supported by the astrocyte cell culture data. While the specific target for the enzymatic
activity of cMMP-3 remains to be elucidated, this novel role for cMMP-3 as a factor in the
initiation of pro-inflammatory cytokine release and in the facilitatory cascades in the dorsal
horn relevant to spinal pain processing are clearly delineated by these present studies.

Highlights

• IT MMP antagonism attenuates peripheral inflammation induced pain-like
behavior

• IT MMP-3 induces pain-like behavior

• Spinal MMP-3 action requires TNF activity
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Abbreviations used

IT intrathecal

MMP-3 matrix metalloproteinase 3

cMMP-3 catalytic MMP-3

NNGH N-Isobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid

GM6001 N-[(2R)-2-(Hydroxamidocarbonylmethyl)-4-methylpentanoyl]-L
tryptophanmethylamide

TNF tumor necrosis factor

LPS lipopolysaccharide

DMSO dimethyl sulfoxide

APMA p-aminophenylmercuric acetate
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Figure 1.
Spinal MMP inhibition delays onset of thermal hyperalgesia following peripheral
inflammation in a dose dependent manner. A 30 minute IT pretreatment delayed thermal
hyperalgesia onset compared to a 3% DMSO vehicle treatment for (A) 3 hours with
GM6001 (1 µg; p < 0.05), which are graphed (D) according to the hyperalgesic index; for
(B) 2.5 hours with NNGH (7.5 µg; p < 0.05), which are graphed (E) according to the
hyperalgesic index; and for (C) 2 hours with PY-2 (1 µg; p < 0.05), which are graphed (F)
according to the hyperalgesic index. 3% DMSO control groups were combined for all
inhibitors tested and plotted accordingly. n = 6 rats for all groups. (* = p < 0.05, ** = p <
0.01, *** = p < 0.001)
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Figure 2.
Spinal MMP inhibition delays onset of tactile allodynia following peripheral inflammation.
(A) A 30 minute IT pretreatment with GM6001 (1 µg), NNGH (7.5 µg), or PY-2 (1 µg)
significantly delayed the onset of tactile allodynia through 150 minutes (p < 0.05) vs. 3%
DMSO vehicle, which is graphed (B) according to the hyperalgesic index. n = 6 rats for all
groups. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001)
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Figure 3.
A post treatment with NNGH (7.5 µg) or PY-2 (1 µg) at 105 minutes after carrageenan
administration had no significant effect upon thermal hyperalgesia. (A) A post treatment
with GM6001 (1 µg) increased thermal thresholds 180 minutes after carrageenan injection (p
< 0.01). Graphed (B) according to the hyperalgesic index IT post treatment of GM6001,
NNGH, and PY-2 had no significant effect upon the hyperalgesic index on the inflamed
paw. n = 5–7 rats for all groups. (* = p < 0.05, ** = p < 0.01).
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Figure 4.
cMMP-3 increased in the lumbar spinal cord following peripheral inflammation. (A) The
L4–L6 region of the spinal cord was blotted against MMP-3 following peripheral
inflammation (B) cMMP-3 increased significantly in the spinal cord of rats 2 and 4 hours
and (C) proMMP-3 increased significantly in the spinal cord of rats 2 hours following
induction of peripheral inflammation as determined by densitometry (p < 0.05) and
normalized to β-actin. Densitometric results shown are the average of three independent
experiments. * = p < 0.05.
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Figure 5.
MMP-3 co-labeled with the markers for astrocytes, microglia, and neurons in the spinal
cord. MMP-3 (green) co-stained in (A) with the microglia marker Iba-1 (red) and in (B) with
the astrocyte marker GFAP (red). (C) Is a negative control slide for staining. All slides are
representative slices from the L4–L6 lumbar section of the superficial dorsal horn in naïve
rats. Scale bars are 25 and 50 µm respectively. Inset scale bars are 10 and 15 µm
respectively.
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Figure 6.
IT cMMP-3 reduced thermal and tactile thresholds. (A) IT cMMP-3 (1 pmol), but not
proMMP-3 (1 pmol) induced thermal hyperalgesia 30, 60, and 90 minutes after delivery (p <
0.05) vs. saline vehicle, which is graphed (B) according to the hyperalgesic index. (C) IT
cMMP-3 (1 pmol), but not proMMP-3 (1 pmol) induced tactile allodynia 30 and 60 minutes
after delivery (p <0.05) vs. saline vehicle, which is graphed (D) according to the
hyperalgesic index. (E) IT cMMP-3 induced thermal hyperalgesia is attenuated by IT
GM6001 or NNGH pretreatment, which is graphed (F) according to the hyperalgesic index.
n = 4–8 rats. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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Figure 7.
IT cMMP-3 reduced thermal and tactile thresholds is TNF dependent. (A) IT cMMP-3 will
significantly increase spinal TNF levels as compared to saline and proMMP-3 injections 30
minutes but not 60 minutes, 120 minutes, or 240 minutes after delivery. (B) A 60 minute IT
pretreatment with etanercept (100 µg) prevented IT cMMP-3 induced thermal hyperalgesia
at 30, 60, and 90 minutes vs. control, which is graphed (C) according to the hyperalgesic
index. n = 5–6 rats for all behavior groups. n = 4 rats for TNF ELISA groups. * = p < 0.05,
** = p < 0.01, *** = p < 0.001.
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Figure 8.
Peripheral inflammation increases spinal TNF levels, which are reduced by 30 minute
pretreatment with MMP inhibitors. Carrageenan injection significantly increases TNF in the
spinal cord 120 and 240 minutes after injection (p < 0.05 vs. t = 0). This increase in TNF is
blocked by IT pretreatment with GM6001 (1 µg; p < 0.01) or NNGH (7.5µg; p < 0.05) at
120 minutes but not 240 minutes after carrageenan. n = 4 rats; * = p < 0.05 vs. 3% DMSO,
** = p < 0.01 vs. 3% DMSO, # = p < 0.05 vs. t = 0, ### = p < 0.001 vs. t = 0.
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Figure 9.
cMMP-3 induced TNF release from microglia but not astrocytes. (A) Primary spinal
microglia were treated for 1 or 4 hours with cMMP-3 (400 ng/mL) in both the presence and
absence of either GM6001 (7.5 µg/mL) or NNGH (7.5 µg/mL). cMMP-3 induced significant
TNF release at 4 hours (p < 0.01) vs. media and was prevented by pretreatment with GM001
and NNGH. (B) Treatment of primary spinal astrocytes with cMMP-3 did not induce an
increase in TNF release (p > 0.05) at any time. LPS (10 ng/mL), induced TNF released in
microglia and astrocytes at all time points (p < 0.05) vs. media control. Results are the
average of 3–4 independent experiments.
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