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Abstract
Accumulating evidence indicates that activation of spinal cord astrocytes contributes importantly
to nerve injury and inflammation-induced persistent pain and chronic opioid-induced
antinociceptive tolerance. Phosphorylation of extracellular signal-regulated kinase (pERK) and
induction of interleukin-1 beta (IL-1β) in spinal astrocytes have been implicated in astrocytes-
mediated pain. Tissue plasminogen activator (tPA) is a serine protease that has been extensively
used to treat stroke. We examined the potential involvement of tPA in chronic opioid-induced
antinociceptive tolerance and activation of spinal astrocytes using tPA knockout (tPA−/−) mice and
astrocyte cultures. tPA−/− mice exhibited unaltered nociceptive pain and morphine-induced acute
analgesia. However, the antinociceptive tolerance, induced by chronic morphine (10 mg/kg/day,
s.c.), is abrogated in tPA−/− mice. Chronic morphine induces tPA expression in GFAP-expressing
spinal cord astrocytes. Chronic morphine also increases IL-1β expression in GFAP-expressing
astrocytes, which is abolished in tPA-deficient mice. In cultured astrocytes, morphine treatment
increases tPA, IL-1β, and pERK expression, and the increased IL-1β and pERK expression is
abolished in tPA-deficient astrocytes. tPA is also sufficient to induce IL-1β and pERK expression
in astrocyte cultures. Intrathecal injection of tPA results in up-regulation of GFAP and pERK in
spinal astrocytes but not up-regulation of IBA-1 in spinal microglia. Finally, intrathecal tPA elicits
persistent mechanical allodynia, which is inhibited by the astroglial toxin alpha-amino adipate and
the MEK (ERK kinase) inhibitor U0126. Collectively, these data suggest an important role of tPA
in regulating astrocytic signaling, pain hypersensitivity, and morphine tolerance.
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INTRODUCTION
Mounting evidence suggests that spinal cord astrocytes play an important role in the genesis
of persistent pain (Gao and Ji, 2010b; Gwak et al., 2012; Milligan and Watkins, 2009; Ren
and Dubner, 2010; Svensson and Brodin, 2010). Spinal cord astrocytes are persistently
activated in neuropathic and inflammatory pain conditions (Garrison et al., 1994; Garrison et
al., 1991; Hulsebosch et al., 2009; Raghavendra et al., 2004; Shi et al., 2012; Zhang and De
Koninck, 2006). Upon activation, spinal astrocytes produce proinflammatory cytokines (e.g.,
IL-1β) and chemokines (e.g., CCL2), leading to central sensitization and enhanced pain
states (Gao et al., 2009; Kawasaki et al., 2008b; Ren and Dubner, 2010). Of interest, spinal
cord astrocytes are also activated after chronic opioid treatment, and this activation is
associated with the development of anti-nociceptive tolerance, one of the side-effects of
opioid therapy (Chen et al., 2012; DeLeo et al., 2004; Raghavendra et al., 2002; Song and
Zhao, 2001; Watkins et al., 2005). Chronic but not acute morphine treatment increases IL-1β
levels in the spinal cord (Berta et al., 2012; Johnston et al., 2004). Further, IL-1β has been
shown to antagonize acute morphine-induced analgesia and promote chronic morphine-
induced antinociceptive tolerance (Berta et al., 2012; Hutchinson et al., 2008).

The upstream mechanisms controlling the astrocyte activation and IL-1β expression are not
fully understood. Proinflammatory cytokines (e.g., TNF-α, IL-18) (Chen et al., 2012; Gao et
al., 2010b; Miyoshi et al., 2008), growth factors (e.g., FGF-2) (Ji et al., 2006), calcitonin
gene-related peptide (Wang et al., 2009), and protein kinases [e.g., ERK and c-Jun N-
terminal kinase (JNK)] (Gao et al., 2010a; Zhuang et al., 2005; Zhuang et al., 2006) were
implicated in the activation of spinal cord astrocytes. Accumulating evidence suggests that
proteases, such as matrix metalloprotease-2 (MMP-2) are also critical for glial activation and
neuropathic pain sensitization (Clark et al., 2007; Ji et al., 2009). Tissue plasminogen
activator (tPA) is an extracellular serine protease that has been widely used to treat stroke by
breaking down the blood clot (Wang et al., 2003). tPA is induced as an immediate-early
gene during seizure, kindling, and long-term potentiation (Qian et al., 1993) and modulates
long-term potentiation (LTP) and synaptic growth in the hippocampus (Baranes et al., 1998).
tPA promotes axon regrowth after spinal cord injury (Bukhari et al., 2011), regulates
morphine-induced hyperlocomotion (Nagai et al., 2005), reinforcing (Yan et al., 2007), and
rewarding actions (Bahi and Dreyer, 2008; Nagai et al., 2004), and enhances nerve injury-
induced neuropathic pain (Kozai et al., 2007).

In this study, we investigated the role of tPA in chronic morphine-induced antinociceptive
tolerance and spinal cord astrocyte activation. Our data demonstrated that morphine
tolerance and IL-1β induction in spinal cord astrocytes were diminished in tPA knockout
mice, although nociceptive pain and acute morphine analgesia were intact in these mice. Our
results also showed that intrathecal injection of tPA resulted in ERK phosphorylation in
astrocytes and ERK-dependent mechanical allodynia.

EXPERIMENTAL PROCEDURES
Animals

Adult male mice (25–35 g, 8–12 weeks old) were used for behavioral and biochemical
studies. tPA−/− mice and the same background C57B/6 wild-type mice were obtained from
Jackson Laboratories. These mice are viable, have normal sizes, and show no obvious
developmental deficits. All experiments were performed according to the guidelines of the
National Institutes of Health and the International Association for the Study of Pain. All
animal procedures were approved by the Institutional Animal Care and Use Committee of
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Harvard Medical School and Duke University. All mice were housed in cages with food and
water ad libitum in a temperature and light-controlled (12 hour light-dark cycle) room.

Drugs and administration
Morphine was purchased from Hospira, freshly prepared in saline, and subcutaneously
administered at the dose of 10 mg/kg for 3 to 10 days. We also purchased tPA from Feldan,
the astrocyte toxin L-α-aminoadipate (L-2-AA) and the MEK inhibitor U0126 from Sigma.
tPA, α-aminoadipate, and U0126 were administered via intrathecal route to cerebral-spinal
fluid. For intrathecal injection, a lumbar puncture was made at L5–L6 level with a 30 gauge
needle under a brief isoflurane anesthesia (Hylden and Wilcox, 1980).

Behavior testing
Animals were habituated to the testing environment daily for at least two days before
baseline testing. For testing mechanical sensitivity, animals were put in boxes on an elevated
metal mesh floor and allowed 30 min for habituation before examination. The plantar
surface of each hindpaw was stimulated with a series of von Frey hairs with logarithmically
incrementing stiffness (0.02–2.56 grams, Stoelting), presented perpendicular to the plantar
surface. The 50% paw withdrawal threshold was determined using Dixon's up-down method
(Chaplan et al., 1994). For testing heat sensitivity, animals were put in plastic boxes and
allowed 30 min for habituation before examination. Heat sensitivity was tested by radiant
heat using Hargreaves apparatus (IITC Life Science Inc.) (Hargreaves et al., 1988) and
expressed as paw withdrawal latency (PWL). The radiant heat intensity was adjusted so that
PWL is between 9–12 seconds, with a cut-off of 20 seconds to prevent tissue damage.

Morphine analgesia was evaluated by tail-flick in hot water (Stone et al., 1997). Briefly, tail-
flick test was performed by gently holding the mouse wrapped with a terry towel and kept
tail exposed. Then one third of the length of the tail was immersed into the 52°C hot water,
and the response latency was recorded after removal of the whole tail from the water. A
maximum cut-off value of 10 seconds was set to avoid thermal injury. The observers were
unaware of the genotype.

Quantitative RT-PCR (qPCR)
Two hours after the 3rd, 5th, and 7th daily morphine or vehicle (saline) injection, animals
were terminally anesthetized with isoflurane. The spinal cord segments (L4–L5, dorsal part)
were rapidly removed. Total RNA was extracted using RNeasy Plus Mini kit (Qiagen).
Quantity and quality of the eluted RNA samples were verified by NanoDrop
spectrophotometer (ThermoFisherScientific). A total of 1 μg of RNA was reverse-
transcribed using QuantiTect Reverse Transcription Kit according to the protocol of the
manufacturer (Qiagen). Specific primers for tPA, GFAP and IL-1β as well as
glyceraldehyde3-phosphate dehydrogenase (GAPDH, housekeeping gene) were obtained
from Sigma and the sequences of the primers were described in Table 1. We performed
mRNA analyses using the Mini Opticon Real-Time PCR system (Bio-Rad,Hercules,CA)
according to the protocol described in our previous publications (Liu et al., 2012). The
relative level of the target mRNA was quantified and normalized to GAPDH and expressed
as fold changes.

Western blotting
Two hours after the 5th daily morphine or vehicle (saline) injection, animals were terminally
anesthetized with isoflurane and transcardially perfused with phosphate balanced saline
(PBS). DRGs and spinal cord segments (L4-L5, dorsal part) were rapidly removed. Tissues
and cell cultures were homogenized in a lysis buffer containing a cocktail of proteinase
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inhibitors and phosphatase inhibitors. The protein concentrations were determined by BCA
Protein Assay (Pierce). For western blot analysis 30 μg of proteins from tissues or cell
cultures were loaded for each lane and separated on SDS-PAGE gel (4–15%, Bio-Rad).
After the transfer, the blots were incubated overnight at 4°C with polyclonal antibody
against tPA (rabbit, 1:10000, Molecular Innovations), IL-1β (rabbit, 1:500, Chemicon), or
phosphoERK (pERK, rabbit, 1:500, Cell Signaling). For loading control, the blots were
probed with GAPDH antibody (rabbit, 1:20000, Sigma).

Immunohistochemistry
Two hours after the 5th daily morphine or vehicle injection, animals were terminally
anesthetized with isoflurane and perfused through the ascending aorta with saline followed
by 4% paraformaldehyde with 1.5% picric acid in 0.16 M PB, and the spinal cords were
removed and postfixed in the same fixative overnight. Spinal cord sections (free-floating,
L4-L5, 30 μm) were cut in a cryostat and processed for immunofluorescence. All the
sections were blocked with 2% goat serum, and incubated over night at 4°C with the
following primary antibodies (prepared in 2% goat serum): anti-tPA (rabbit, 1:10000,
Molecular Innovations), anti-GFAP (glial fibrillary acidic protein, mouse, 1:1000,
Chemicon), anti-IBA-1 (ionized calcium binding adapter molecule 1, rabbit, 1:1000, Wako),
anti-NeuN (mouse, 1:2000, Chemicon), anti-IL-1β (rabbit, 1:500, Chemicon), or anti-
phosphoERK (pERK, rabbit, 1:500, Cell Signaling). The sections were then incubated for 1
h at room temperature with Cy3- or FITC-conjugated (1:400, Jackson immunolab) or
Alexa488-conjugated (1:400, Molecular probe) secondary antibody in 1% goat serum. For
double immunofluorescence, sections were incubated with a mixture of polyclonal and
monoclonal primary antibodies followed by a mixture of FITC- and CY3-congugated
secondary antibodies (Zhuang et al., 2005). The stained sections were examined with a
Nikon fluorescence microscope, and images were captured with a CCD Spot camera and
analyzed with NIH Image software or Adobe PhotoShop. Some spinal cord sections were
also examined under a Zeiss LSM 510 inverted confocal microscope.

Astrocyte cultures
To get high quality and large quantity of astrocytes, we prepared astrocyte cultures from
cerebral cortexes of neonatal (P2) WT and tPA−/− mice, as we previously described (Gao et
al., 2010b). After dissection, the cerebral hemispheres were transferred to ice-cold Hank's
buffer and the meninges were carefully removed. Tissues were then minced into ~1 mm
pieces, triturated, filtered through a 100 μm nylon screen, and collected by centrifugation at
~3000g for 5 min. The cell pellets were broken with a pipette and resuspended in a medium
containing 15% fetal bovine serum (FBS) in low glucose Dulbecco's Modified Eagle's
Medium (DMEM). After trituration, the cells were filtered through a 10 μm screen and then
plated onto 6-well plates at a density of 2.5 × 105 cells/ml, and cultured for 10–12 days. The
medium was replaced twice a week, first with 15% FBS, then with 10% FBS. Once the cells
were grown to about 95% confluence, 0.15 mM dibutyryl cAMP (Sigma) was added to
induce differentiation. Three days later, the cells were treated with morphine (100 μM) for
five days or tPA (50 ng/ml) for one day. Cells were then collected and processed for
Western blotting.

Quantification and statistical analysis
The density of the specific bands from Western blot gels was measured with a computer-
assisted imaging analysis system (Image J, NIH). To quantify immunoreactive cells in the
spinal cord, 5 nonadjacent spinal cord sections were randomly selected from the L4-L5
spinal cord segment. The intensity of tPA, GFAP, IBA-1, and pERK staining in the
superficial dorsal horn (laminae I–III) was also measured with Image J. To determine the
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degree of double labeling, the number of GFAP/IL-1β double-labeled cells in the dorsal
horn (laminae I–III) was also counted.

All the data were expressed as mean ± SEM. Differences between groups were compared
using student t-test or ANOVA, followed by Newman-Keuls test. The criterion for statistical
significance was P<0.05.

RESULTS
Chronic morphine-induced tolerance but not acute morphine-induced analgesia is
abrogated in mice lacking tPA

We first investigated whether baseline pain sensitivity is altered in tPA knockout mice
(tPA−/−, C57B/6 background). Compared to the wild-type (WT, C57B/6) control mice,
tPA−/− mice showed normal thermal pain sensitivity, as assessed by paw withdrawal latency
(Hargreaves test, P>0.05, Student's t-test, n=5 mice, Fig. 1A), and unaltered mechanical pain
sensitivity, as evaluated by paw withdrawal threshold (Von Frey hair test, P>0.05, Student's
t-test, n=5 mice, Fig. 1A). Neither did tPA−/− mice exhibit any deficits in gross anatomy and
motor function (data not shown).

We next tested morphine-induced acute analgesia in WT and tPA−/− mice. Subcutaneous
morphine injection (10 mg/kg, s.c.) induced marked analgesia in WT mice, as determined by
tail flick latency in the hot water tail immersion test (Fig. 1B). Notably, morphine-induced
acute analgesia was unaltered in tPA−/− mice (Fig. 1B, P>0.05, Student's t-test, n=5 mice).

We further compared chronic morphine-induced antinociceptive tolerance in WT and tPA−/−

mice. Subcutaneous morphine injections (10 mg/kg, s.c., once a day for 5 days) induced
marked antinociceptive tolerance, which was evident on day 5 and maintained on day 10
(Fig. 1C). Of note, this tolerance on day 5 and 7 was significantly attenuated in tPA−/− mice
(Fig. 1C, P<0.05, Student's t-test, n=6 mice). These data suggest that tPA is essential for the
development of chronic morphine-induced antinociceptive tolerance.

Chronic morphine induces tPA expression in spinal cord astrocytes
We investigated the tPA expression in the dorsal root ganglia (DRGs) and spinal cords after
chronic morphine exposure (5 daily injections, 10 mg/kg, s.c.). Western blotting analysis
revealed no change in tPA expression in DRGs (Fig. 2A, P>0.05, t-test, n=5 mice) but a
significant increase in tPA expression in the spinal cord dorsal horn (Fig. 2B, 1.47±0.14 fold
of control; t-test P<0.05, n=5 mice). Immunohistochemistry also showed a significant tPA
increase in the superficial dorsal horn (Fig. 2C, 1.29±0.07 fold of control, P<0.05, t-test,
n=5).

Previous studies showed spinal tPA up-regulation in central terminals of primary afferents
and astrocytes after peripheral nerve injury (Kozai et al., 2007; Yamanaka et al., 2004). To
determine the cellular localization of tPA in the spinal cord after chronic morphine, we
performed double staining for tPA and GFAP, a marker of astrocytes. We found that tPA
was largely colocalized with GFAP (Fig. 2D). There are also some tPA single-labeled dots
(GFAP-negative), possibly derived from primary afferents of DRG neurons (Fig. 2D).

To determine the correlation of tPA expression and astrocyte activation (e.g., GFAP and
IL-1β expression) to the development of morphine-induced tolerance, we performed qPCR
from the spinal cord samples collected 3, 5, and 7 days after daily morphine treatment. Of
note, morphine treatment significantly increased tPA, GFAP, and IL-1β mRNA expression
on day 5 when morphine tolerance began to develop (Fig. 1C, Fig. 2E). Like antinociceptive
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tolerance, morphine-induced up-regulation of tPA, GFAP, and IL-1β mRNA expression was
maintained on day 7 (Fig. 2E).

Chronic morphine-induced IL-1β expression in spinal astrocytes is abolished in tPA−/−
mice

Chronic morphine treatment increased GFAP expression in the dorsal horn of WT mice
(Fig. 3A, B). However, this increase was not reduced in tPA−/− mice (Fig. 3A, B). Chronic
morphine also increased GFAP immunofluorescence in the dorsal horn of both WT and
tPA−/− mice (Fig. 3C, D, E). Thus, GFAP expression is not well correlated with morphine-
induced antinociceptive tolerance.

We next examined morphine-induced IL-1β expression in the spinal cord. Double staining
revealed a significant increase of IL-1β in GFAP-expressing astrocytes after chronic
morphine (Fig. 3D and F, 1.89±0.07 fold of control, P<0.05). Importantly, chronic
morphine-induced IL-1β expression was eliminated in tPA−/− mice (Fig. 3D and F,
1.12±0.12 fold of control, P<0.05). Thus, tPA is required for chronic opioid-induced IL-1β
expression in spinal astrocytes.

tPA induces IL-1β and pERK expression in astrocyte cultures following chronic morphine
We investigated whether chronic morphine would directly impact astrocyte signaling in
vitro. Incubation of astrocyte cultures with morphine (100 μM, 5 days) significantly
increased tPA expression (P<0.05, t-test, Fig. 4A). The morphine treatment also increased
the expression of pERK and IL-1β (Fig. 4B, C) in astrocyte cultures. Interestingly, both
increases in pERK and IL-1β expression by morphine were abolished in tPA-deficient
astrocytes (Fig. 4B, C). Furthermore, incubation of astrocyte cultures with recombinant tPA
(50 ng/ml, 1 day) significantly increased the expression of pERK and IL-1β (Fig. 4D).
Together, these in vitro data suggest that tPA is both sufficient and necessary for chronic
morphine-induced pERK and IL-1β expression in astrocytes.

Spinal injection of tPA induces persistent mechanical allodynia via ERK and astrocyte
activation

Intrathecal injection of the recombinant tPA (10 μg, i.t.) elicited robust mechanical
allodynia, a reduction in paw withdrawal threshold; this allodynia maintained on day 5 but
recovered on day 9 after the tPA injection (Fig. 5A). In contrast, intrathecal tPA failed to
induce heat hyperalgesia, a reduction in paw withdrawal latency, in all the time points we
tested (Fig. 5B).

Next, we tested whether spinal tPA injection also results in glial reaction, by examining the
expression of IBA-1 (microglial marker), GFAP, and pERK in the spinal cord.
Immunohistochemistry revealed significant increases in GFAP and pERK but not IBA-1
immunoreactivity in the dorsal horn (Fig. 6A–D). Moreover, confocal images demonstrated
colocalization of pERK with GFAP in the superficial dorsal horn (Fig. 6E), indicating that
tPA induces pERK in astrocytes.

To test whether tPA induces mechanical allodynia via astrocyte signaling, we intrathecally
injected an astroglial toxin, L-2-alpha aminoadipate (L-2-AA), which has been shown to
inhibit inflammatory and neuropathic pain (Gao and Ji, 2010a; Zhuang et al., 2006).
Intrathecal L-2-AA (50 nmol) reduced tPA-induced mechanical allodynia (Fig. 7A). tPA-
induced mechanical allodynia was further suppressed by the ERK kinase (MEK) inhibitor
U0126 (5 μg, i.t., Fig. 7B).
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DISCUSSION
Accumulating evidence suggests a role of tPA in enhancing neuropathic pain (Kozai et al.,
2007; Yamanaka et al., 2004; Yamanaka et al., 2005). First, axotomy induced tPA
expression in DRG neurons and spinal cord (Yamanaka et al., 2004). Second, axotomy also
increased tPA inhibitor expression in DRG neurons (Yamanaka et al., 2005). Third, dorsal
root injury induced tPA in DRG neurons and spinal cord astrocytes (Kozai et al., 2007).
Fourth, intrathecal injection of a tPA inhibitor attenuated neuropathic pain (Kozai et al.,
2007). In this study, we have provided several lines of evidence to support an essential role
of tPA in chronic morphine-induced antinociceptive tolerance. First, nociceptive pain and
morphine-induced acute analgesia were intact in tPA−/− mice. Second, chronic opioid
increased tPA expression in the spinal cord dorsal horn, which was correlated with the
development of morphine tolerance. Third, chronic morphine-induced tolerance was largely
diminished in tPA−/− mice.

A previous study reported that dorsal root injury induced tPA expression in spinal astrocytes
(Kozai et al., 2007). Consistently, we found tPA induction in spinal cord astrocytes after
chronic morphine exposure. Since tPA is also expressed in DRG neurons (Yamanaka et al.,
2004), some tPA-single-labeled dots in the dorsal horn may be derived from primary
afferents (Fig. 2D). Unlike nerve injury, chronic morphine treatment did not up-regulate tPA
in DRGs (Yamanaka et al., 2004) (Fig. 2A). Furthermore, chronic morphine induced tPA
expression in cultured astrocytes, suggesting a direct modulation of tPA by morphine in
astrocytes, although we should not exclude the possibility that morphine may also stimulate
neurons or microglia for the secondary activation of astrocytes. Of interest intrathecal tPA
only induced astrocytic reaction (GFAP up-regulation) but not microglial reaction (IBA-1
up-regulation) in the spinal cord (Fig. 6A–C). Since astrocyte-derived tPA causes astrocyte
activation, tPA should act on astrocytes via autocrine or paracrine signaling, as
demonstrated for bFGF (FGF-2) and MMP-2 (Ji et al., 2006; Kawasaki et al., 2008a).
Consistently, intrathecal tPA-induced mechanical allodynia was reduced by an astrocyte
toxin (Fig. 7A). Although our data supported an importance of astrocyte signaling in the
development and maintenance of morphine tolerance, we also recognize a well
demonstrated role of spinal microglia in the development of opioid tolerance (Horvath and
DeLeo, 2009; Song and Zhao, 2001; Zhou et al., 2010). Chronic opioid was shown to
activate p38 MAPK in spinal microglia for eliciting antinociceptive tolerance (Cui et al.,
2006; Ji, 2010; Wang et al., 2009; Wen et al., 2011). By contrast, microglia P2X4 signaling
was recently shown to modulate chronic opioid-induced hyperalgesia but not tolerance
(Ferrini et al., 2013).

Our findings indicated that tPA might produce pronociceptive actions via IL-1β signaling in
astrocytes. Although IL-1β antagonist or knockdown via intrathecal route potentiated acute
morphine-induced analgesia, acute morphine only increases IL-1β expression in DRG
satellite glial cells but not in spinal cord cells (Berta et al., 2012; Hutchinson et al., 2008;
Johnston et al., 2004). Deletion or inhibition of IL-1β also inhibited morphine tolerance
(DeLeo et al., 2004; Shavit et al., 2005). Furthermore, genetic polymorphism of IL-1R
antagonist contributed to the variation in postoperative morphine consumption (Bessler et
al., 2006). Inflammation and bone cancer induced IL-1β expression in spinal cord astrocytes
(Zhang et al., 2008; Zhang et al., 2005). Our in vivo and in vitro data showed that chronic
morphine also increased IL-1β expression in astrocytes. Furthermore, chronic morphine-
induced IL-1β expression was abolished in tPA−/− mice (Fig. 3D,F). Upon release from
astrocytes, IL-1β may act on surrounding dorsal horn neurons to enhance excitatory synaptic
transmission and suppress inhibitory synaptic transmission (Kawasaki et al., 2008b), in part
through increasing the phosphorylation of NMDA receptors (Guo et al., 2007; Zhang et al.,
2008).
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Our findings further showed that tPA enhanced pain via ERK activation in astrocytes.
Chronic morphine increased pERK expression in astrocytes, and this increase was abolished
in tPA−/− mice (Fig 4B, C). tPA also increased pERK and IL-1β expression in astrocyte
cultures (Fig. 4D). In parallel, administration of exogenous tPA via intrathecal route
increased ERK activation in spinal astrocytes (Fig. 6E). Notably, tPA-induced mechanical
allodynia was inhibited by ERK inhibition (Fig. 7B). pERK induction in spinal cord
astrocytes after nerve injury is critical for IL-1β expression. In turn, IL-1β also induces
pERK in astrocytes (Kawasaki et al., 2008a). Consistently, chronic morphine also induced
pERK in rat spinal cord astrocytes, leading to IL-1β expression (Wang et al., 2009). Further,
intrathecal inhibition of ERK was shown to suppress morphine tolerance (Chen and
Sommer, 2009; Wang et al., 2009).

While our data support a role of tPA in modulating astrocyte activation and persistent pain
(in a few days), we should not exclude an acute role (in a few hours) of tPA in modulating
neural plasticity. Indeed, intrathecal injection of tPA induced rapid mechanical allodynia at
one hour (Fig. 5A) when astrocyte activation (pERK and GFAP induction) may not occur.
tPA has been shown to be rapidly induced during long-term potentiation (Qian et al., 1993)
and contribute to LTP and synaptic growth in the hippocampus (Baranes et al., 1998).
Further, tPA was shown to convert the precursor proBDNF to the mature BDNF via
activating the extracellular protease plasmin, and this conversion is critical for late-phase
LTP (Pang et al., 2004). Given an important role of BDNF in inducing spinal cord neural
plasticity and pain hypersensitivity (Fukuoka et al., 2001; Mannion et al., 1999), tPA may
also module acute pain via BDNF activation.

In conclusion, our findings revealed a novel role of tPA in astrocyte signaling for the
development of morphine tolerance and generation of pain hypersensitivity, via ERK
activation and IL-1β induction in astrocytes. Targeting tPA signaling may open a new
avenue for improving opioid analgesia and alleviating chronic pain.
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Highlights

• tPA is induced in spinal cord astrocytes after chronic morphine.

• Morphine tolerance is abrogated in tPA knockout mice.

• Spinal tPA injection induces persistent pain and astrocyte activation.

• tPA induces ERK activation and IL-1β expression in astrocytes

Berta et al. Page 13

Neuroscience. Author manuscript; available in PMC 2014 September 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. tPA−/− mice display normal nociceptive pain, unaltered acute morphine analgesia, but
diminished morphine tolerance
(A) Heat and mechanical sensitivity in WT and tPA−/− mice. n=5 mice. Heat and mechanical
pain sensitivity was measured by radiant heat (Hargreaves) and von Frey hairs, respectively.
(B) Acute morphine (10 mg/kg, s.c.)-induced analgesia in WT and tPA−/− mice. n=5 mice.
Morphine analgesia was determined by tail flick latency in the hot water immersion test. (C)
Chronic morphine (10 mg/kg, s.c., daily for 10 days)-induced antinociceptive tolerance in
WT and tPA−/− mice. *P<0.05, compared with WT mice at the same time point, n=6 mice, t-
test. Morphine analgesia was determined by tail flick latency at 30 min after the daily
morphine injection.
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Figure 2. Chronic morphine treatment induces tPA expression in spinal cord astrocytes
(A, B) Western blotting showing tPA expression in the DRG and spinal cord dorsal horn
following chronic morphine exposure (5 d). Low panels, intensity of tPA bands. *P<0.05,
compared to control (Saline), t-test, n=5 mice. (C) Immunohistochemistry showing chronic
morphine-induced tPA increase in the superficial dorsal horn. Low panel, intensity of tPA
staining in the superficial dorsal horn. *P<0.05, t-test, compared to control (Saline), n=5
mice. Scale bar, 100 μm. (D) Confocal images showing colocalization of tPA and GFAP
after chronic morphine. Scale bars, 100 μm (low magnification image) and 25 μm (high
magnification images). (E) Real-time qRT-PCR analysis showing time courses of tPA,
GFAP and IL-1β mRNA expression in the dorsal horn, before and 3, 5 and 7 days after
chronic morphine exposure. *P<0.05, compared to control (Ctrl), t-test, n=4 mice. Spinal
cord (dorsal part) and DRG tissues were collected 2 h after the 3th, 5th, or 7th daily morphine
injection (10 mg/kg, s.c.).

Berta et al. Page 15

Neuroscience. Author manuscript; available in PMC 2014 September 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Chronic morphine induces IL-1β expression in spinal cord astrocytes via tPA
(A) Western blot showing GFAP expression in the spinal cord dorsal horn of WT and
tPA−/− mice following chronic morphine exposure (5 d). (B) Quantification of the GFAP
bands. *P<0.05, compared to control (Saline), t-test, n=5 mice. (C) GFAP immunostaining
in the dorsal horn of WT and tPA−/− mice after chronic morphine treatment. The boxes are
enlarged in D. Scale, 100 μM. (D) GFAP and IL-1β double staining in the dorsal horn of
WT and tPA−/− mice after chronic morphine treatment. Arrows indicate the double-labeled
cells. The cell indicated by blue arrow is enlarged in the small insert. Note that chronic
morphine induces IL-1β expression in astrocytes. Scale, 25 μM. (E) Intensity of GFAP
staining in the superficial dorsal horn (laminae I–III). *P<0.05, compared to WT control,
ANOVA, n=5 mice. (F) Number of IL-1β/GFAP double-labeled cells in the superficial
dorsal horn (laminae I–III). *P<0.05, compared to WT control, #P<0.05, compared to
morphine WT group, ANOVA, n=5 mice.
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Figure 4. Chronic morphine induces IL-1β and pERK expression in astrocyte cultures via tPA
(A) Western blot showing tPA expression following chronic morphine treatment (100 μM, 5
days) in astrocyte cultures from WT mice. The line under the gel indicates the two parts are
from the same gel but not adjacent. Right panel, intensity of tPA bands. *P<0.05, compared
to Control (saline), t-test, n=4 cultures. (B) Western blots showing pERK and IL-1β
expression in astrocytes from WT (left blot) and tPA−/− (right blot) mice before and after
morphine treatment. (C) Intensity of pERK (p42/44) and IL-1β bands in astrocytes from WT
(left graph) and tPA−/− (right graph) mice before and after morphine treatment. Morphine
increases pERK and IL-1β expression in wild-type but not tPA-deficient astrocytes.
*P<0.05, compared to control; #P<0.05; n=4 cultures. (D) tPA (50 ng/ml, 1 day) induces
pERK and IL-1β expression in WT astrocytes. *P<0.05, compared with control, n=4
cultures.
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Figure 5. Intrathecal injection of tPA elicits persistent mechanical allodynia
(A) A single intrathecal injection of tPA (10 μg) induces rapid and persistent mechanical
allodynia, as assessed by von Frey hairs. *P<0.05, vs. PBS control, t-test. n=4–7 mice. (B)
Intrathecal injection of tPA (10 μg) does not produce heat hyperalgesia, as measured by
radiant heat test (Hargreaves). P>0.05, vs. vehicle control, t-test, n=4–7 mice.
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Figure 6. Intrathecal injection of tPA induces pERK in astrocytes of the spinal cord dorsal horn
(A) Immunofluorescence of IBA-1, GFAP, and pERK in the dorsal horn 2 days after
intrathecal injection of tPA (10 μg) and saline. The white boxes are enlarged in the panels
below. Scale bars, 100 μm. (B–D) Intensity of immunofluorescence of IBA-1 (B), GFAP
(C) and pERK (D) in the superficial dorsal horn (laminae I-III) 2 days after intrathecal tPA
(10 μg) and vehicle. *P<0.05, vs. vehicle control, t-test. n=5 mice. (E) Confocal images
showing the double staining of pERK and GFAP in the superficial dorsal horn 2 days after
intrathecal tPA (10 μg). Arrows indicate the double-labeled cells. Scale, 25 μm.
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Figure 7. tPA-induced mechanical allodynia is attenuated by intrathecal inhibition of astrocytes
and ERK
(A, B) Partial reversal of intrathecal tPA (10 μg)-induced mechanical allodynia by
intrathecal injection of the astrocyte toxin L-2-AA (A) and the MEK (ERK kinase) inhibitor
U0126 (B). *P<0.05, vs. saline control, t-test. n=5 mice.
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Table-1

Sequences of primers for qRT-PCR.

Target Gene Forward Primers Reverse Primers Genbank No.

tPA ATGAAGGACCGAAAGCTGAC ACCCCTCCACAAAGGAATCT NM_008872

GFAP GAATCTGGAGGAGGAGAT GCCACTGCCTCGTATTGAGT NM_010277

IL-1β TTGTGGCTGTGGAGAAGCTGT AACGTCACACACCAGCAGGTT NM_008361

GAPDH TCCATGACAACTTTGGCATTG CAGTCTTCTGGGTGGCAGTGA XM001473623
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