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Increasing evidence indicates that the pathogenesis of neuropathic pain is mediated through spinal cord
microglia activation. The intracellular protease caspase-6 (CASP6) is known to regulate neuronal apoptosis
and axonal degeneration; however, the contribution of microglia and CASP6 in modulating synaptic trans-
mission and pain is unclear. Here, we found that CASP6 is expressed specifically in C-fiber axonal terminals
in the superficial spinal cord dorsal horn. Animals exposed to intraplantar formalin or bradykinin injection
exhibited CASP6 activation in the dorsal horn. Casp6-null mice had normal baseline pain, but impaired inflam-
matory pain responses. Furthermore, formalin-induced second-phase pain was suppressed by spinal injection
of CASP6 inhibitor or CASP6-neutralizing antibody, as well as perisciatic nerve injection of CASP6 siRNA.
Recombinant CASP6 (rCASP6) induced marked TNF-a release in microglial cultures, and most microglia
within the spinal cord expressed Tnfa. Spinal injection of rCASP6 elicited TNF-o production and microglia-
dependent pain hypersensitivity. Evaluation of excitatory postsynaptic currents (EPSCs) revealed that rCASP6
rapidly increased synaptic transmission in spinal cord slices via TNF-a release. Interestingly, the microglial
inhibitor minocycline suppressed rCASP6 but not TNF-o-induced synaptic potentiation. Finally, rCASP6-
activated microglial culture medium increased EPSCs in spinal cord slices via TNF-o. Together, these data
suggest that CASP6 released from axonal terminals regulates microglial TNF-c. secretion, synaptic plasticity,

and inflammatory pain.

Introduction

Tissue injury results in pain hypersensitivity, as a result of periph-
eral sensitization (sensitization of primary sensory neurons)
(1, 2) and central sensitization (sensitization of spinal cord and
brain neurons) (3-6). Spinal cord long-term potentiation (LTP)
(7, 8) could be regarded as a unique form of central sensitization
(3). A growing body of evidence indicates that microglial cells in
the spinal cord play an important role in the development of cen-
tral sensitization and neuropathic pain via neuron-glial interac-
tions (9-14). Peripheral nerve injury induces marked microglial
reaction and microgliosis, such as proliferation, morphological
changes, and upregulation of microglial markers (e.g., IBAL,
CD11b) (14). Nerve injury causes upregulation of the ATP recep-
tor P2X4 and activation of p38 MAPK in spinal cord microglia,
which drives neuropathic pain via releasing brain-derived neu-
rotrophic factor (BNDF) (15-18). BDNF was shown to suppress
inhibitory synaptic transmission in lamina I spinal cord projec-
tion neurons via downregulation of the K*-Cl- co-transporter
KCC2, impairing Cl- homeostasis in lamina I neurons (16, 19).
Despite a prominent role of microglia in neuropathic pain, there
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are several outstanding questions regarding how microglia con-
trol pain and synaptic transmission.

First, it is not well understood whether microglia can regulate
inflammatory pain, in which axonal degeneration and microglial
reaction are not so evident (14). In P2x4-deficient mice neuro-
pathic pain is blunted, whereas inflammatory pain is only dimin-
ished (20). Second, it generally is believed that spinal cord primary
afferents release signal molecules (e.g., ATP and chemokines) to
activate microglia, but ATP and chemokines (e.g., CCL2) can be
released from multiple cell types in the spinal cord, including
astrocytes (12, 21). The unique signal molecules from primary
afferents as rapid activators of microglia remain to be identified.
Finally, spinal cord synaptic plasticity and central sensitization
occur within minutes following intense/repetitive C-fiber stimu-
lation (3). Do microglia play a role in acute synaptic plasticity, in
the absence of transcriptional regulation?

Caspases are a family of intracellular cysteine proteases and are
well known for their roles in regulating apoptosis and neurodegen-
eration (22). Among different caspases, CASP6 is of particular inter-
est because it is localized in axons and involved in axonal degen-
eration (23-25). Thus, CASP6 is implicated strongly in Alzheimer’s
disease (AD) (26, 27). CASP6 activity is associated intimately with
AD pathology and memory decline in aged individuals (28). Recent
studies also demonstrated a non-apoptotic role of caspases. For
example, caspase-3 induces long-term depression and AMPA recep-
tor internalization in hippocampal neurons (29). Caspase-1 and -3
have been implicated in neuropathic pain, by regulating IL-18 and
neuronal apoptosis, respectively (30, 31). It is virtually unknown
whether CASP6 can modulate synaptic transmission and pain.
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Figure 1

Localization of CASP6 in central terminals of primary afferents in the superficial
dorsal horn of the spinal cord. (A) CASP6 immunoreactivity in the spinal cord dor-
sal horn. Scale bar: 100 um. (B) Confocal images of double immunofluorescence
showing colocalization of CASP6 and CGRP in axonal terminals of the superficial
dorsal horn. Scale bar: 20 um. (C) Ablation of the TRPV1-expressing primary affer-
ents with RTX (10 mg/kg, i.p., daily for 3 days) abolishes CASP6 immunostaining
but not IB4 staining in the superficial dorsal horn. Scale bar: 100 um. (D) Absence
of CASP6 immunostaining in the dorsal horn of Casp6-- mice. Scale bar: 100 um.

(E) CASP6 immunostaining in DRGs of WT and Casp6-- mice. Scale bar: 50 um.

In this study, we evaluated how extracellular and secreted CASP6
could regulate microglial signaling in inflammatory pain condi-
tions. We found unique localization of CASP6 in spinal cord
axonal terminals of C-fiber primary afferents and revealed a non-
neurodegenerative role of extracellular CASP6 in pain control. In
particular, we demonstrated that extracellular CASP6 could direct-
ly modulate spinal cord synaptic transmission and inflammatory
pain via releasing TNF-o from microglia. Our findings also sug-
gest an acute action of microglia in regulating synaptic plasticity
following noxious stimulation and acute inflammation.

Results

CASPG6 is localized in spinal cord central terminals of primary afferents
and upregulated after acute inflammation. As a first step to address
whether endogenous CASP6 plays a role in pain, we conducted
immunohistochemistry to examine CASP6 expression in the
spinal cord. Interestingly, we observed CASP6 immunoreactivity
only in the superficial dorsal horn (laminae I and II) of the
spinal cord, where nociceptive input (unmyelinated C-fibers
and myelinated Ad-fibers) terminates (Figure 1A) (1). Double
immunofluorescence revealed colocalization of CASP6 with calci-
tonin gene-related peptide (CGRP) in axonal terminals (Figure 1B),
suggesting that CASP6 is expressed specifically in the central ter-
minals of peptidergic primary afferents.

Transient receptor potential subtype vanilloid-1 (TRPV1)
is expressed in peptidergic primary afferents in mouse spinal
cord (1). Ablation of the TRPV1-expressing primary afferents
with resiniferatoxin (RTX) abolished CASP6 immunostaining
but had no effect on IB4 staining in the superficial dorsal horn
(Figure 1C). These data support a primary afferent origin of
spinal CASP6. CASP6 immunostaining in the spinal cord was
absent in Casp6~/~ mice (Figure 1D), confirming the specificity of
the antibody. As expected, CASP6 also was found in small-sized
neurons of dorsal root ganglia (DRGs) of WT, but not Casp6~/-,
mice (Figure 1E).
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We further examined the regulation of CASP6 in inflammatory
pain. Intraplantar injection of diluted formalin (5%) elicited a rapid
(within 30 minutes) increase in CASP6 immunoreactivity in CGRP-
expressing primary afferents in the medial superficial dorsal horn
ipsilateral to the injection (Figure 2A). Interestingly, the primary
afferent terminals coexpressing CASP6 and CGRP exhibited close
contacts with microglial cell bodies and processes in the spinal cord
dorsal horn of Cx3crI-GFP mice, in which all CX3CR1-expressing
microglia are labeled with green fluorescence (Figure 2B). Western
blot analysis revealed that compared with vehicle, formalin increased
the active form of CASP6 (aCASP6, ~10 and 20 kDa) in the dorsal
horn at 30 minutes (Figure 2, C and D), without changing pro-CASP6
(pCASP6, =35 kDa, Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI72230DS1). Spi-
nal upregulation of aCASP6 also was induced by intraplantar injec-
tion of bradykinin, a well-known inflammatory mediator and pain
inducer (Figure 2, C and D). Furthermore, CASP6 levels in CSF were
increased significantly after inflammation (Figure 2, E and F), sug-
gesting a possible secretion of CASP6 after inflammation.

Endogenous CASPG is essential for the genesis of inflammatory pain. We
investigated whether pain sensitivity in normal and inflammatory
conditions is altered in Casp67/- mice. Compared with WT mice,
Casp6-/- mice had normal baseline pain, including normal heat
pain sensitivity in a tail immersion test (Figure 3A) and normal
mechanical pain sensitivity in a Randall-Selitto test (Figure 3B).
Casp6/~ mice also displayed normal motor coordination in a
rotarod test (Figure 3C). Intraplantar formalin injection induced
typical biphasic spontaneous pain in WT mice. Notably, the
second-phase pain (10-45 minutes), but not the first-phase pain
(1-10 minutes), was diminished in Casp6~/- mice (Figure 3, D and
E). Furthermore, pharmacological inhibition of CASP6 by spinal
(intrathecal [i.t.]) injection of the CASP6 inhibitor Z-V-E(OMe)-I-
D(OMe)-FMK (ZVEID, 1-10 ug) reduced the second-phase pain in
a dose-dependent manner (Figure 3F). Because the peptide inhibi-
tor of CASP6 is cell-permeable and therefore cannot determine
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Upregulation of CASP6 in the spinal cord and CSF after acute inflammation. (A) Double staining of CASP6 and CGRP in the ipsilateral and
contralateral dorsal horn 30 minutes after formalin injection. Scale bar: 100 um. (B) Triple staining of CASP6, CGRP, and CX3CR1 (GFP) in
the ipsilateral dorsal horn 30 minutes after formalin injection. Note close contacts between CASP/CGRP-expressing axonal terminals and
microglial cell body and processes. Scale bar: 10 um. (C and D) Western blot analysis showing the bands of active CASP6 (aCASP6, ~20 and
10 kDa) 30 minutes after the formalin (5%) injection and 15 minutes after bradykinin (300 ng) injection. (D) Intensity of aCASP6 bands. *P < 0.05,
n = 3-4 mice. (E and F) Western blotting analysis showing increase of aCASP6 in the CSF. The positive control band of rCASP# is indicated.

(F) Intensity of aCASP6 bands. *P < 0.05, n = 5 rats.

the intracellular versus extracellular actions of CASP6, we tested a
CASP6-neutralizing antibody that should only target extracellular
CASP6. Compared with the control serum, i.t. CASP6-neutralizing
antibody specifically reduced the formalin-evoked second-phase
pain (Figure 3G). Together, our data suggest an active role of
endogenous and extracellular CASP6 in the genesis of acute
inflammatory pain.

Given the fact that Casp6 deletion and spinal CASP6 inhibition
only affected the second-phase pain in the formalin test, which is
thought to be mediated by spinal cord mechanisms (central sen-
sitization) (3, 32), we postulated that CASP6 induces inflamma-
tory pain via central sensitization. This hypothesis was validated
further in the capsaicin test. Intraplantar injection of capsaicin
elicited primary and secondary mechanical allodynia in WT mice,
but only the secondary mechanical allodynia, which is mediated
by central sensitization (33, 34), was attenuated in Casp6~/~ mice
(Supplemental Figure 2, A and B).

Next, we tested whether CASP6 derived from primary affer-
ents would drive inflammatory pain by knocking down CASP6
expression selectively in DRG neurons. To this end, we delivered

The Journal of Clinical Investigation

http://www.jci.org

CASP6-targeting siRNA to the sciatic nerve. Perisciatic injec-
tion of fluorescence-labeled siRNA resulted in uptake of siRNA
in DRG neurons as a result of axonal transport from the sciatic
nerve to DRGs (Supplemental Figure 3A). Notably, siRNA uptake
by DRG neurons was potentiated greatly by mixing siRNA with
a short peptide derived from rabies virus glycoprotein (RVG-9R)
that enables siRNA binding to neurons and enhances knockdown
efficiency of siRNA (Supplemental Figure 3B) (35). Perisciatic
delivery of CASP6 siRNA, mixed with the RVG peptide, effectively
suppressed the formalin-induced second-phase pain (Figure 3H).
The siRNA treatment also selectively reduced Casp6 expression,
without affecting the expression of Caspl and Casp3 in DRGs
(Figure 3I) and the neuronal injury marker activating transcrip-
tion factor 3 (A#f3) (Supplemental Figure 3C). These results sup-
port an active role of CASP6 derived from primary afferent neu-
rons in driving inflammatory pain.

Like capsaicin (36), intraplantar formalin caused degeneration of
nerve fibers/axons in the skin as revealed by induction of ATF3 in
DRG neurons 3 days after the injection (Supplemental Figure 4),
although formalin also was known to induce acute inflammation
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Number 3



research article

Tail-immersion Randall-Selitto

=y
N

O wr 250

B Casp6~- 200

160
120
80
40
0 0

-
o

200
150
100

Tail flick latency (s)

50

Tail withdrawal threshold (g)
Latency to fall (s)

O N A O ©

48°C 52°C

-
(7]
= o

O Vehicle
O zVEID 51

O Vehicle
HQ; W aCASP6 Ab
3ug
10 png)

@ zZVEID

W ZVED 600 -

500 - *
400 A
300 1
200 -
100 -

0
1st 2nd 1st 2nd

600 -
500 +
400 A
300 A
200 A *
100 A

Duration of licking/flinching (s)
*

Duration of licking/flinching (s)

Duration of licking/flinching (s)

Phase Phase

Figure 3

Rotarod

O Scramble siRNA
B CASP6 siRNA

800 1

600

400 A

200 A

300
250
200
150

700 1

*
600
500
400 A
300
200
100

qst 2nd

Phase

o wt
B Casp6--

-
o o
o o

o
o

Duration of licking/flicking (s) ©@
Duration of licking/flicking (s) M

0 15 30 45
Time after formalin
injection (min)

Casp6 Casp1 Casp3

*

-
[$,]
-
(%))
-
(9]

0.5 -

mRNA expression level

(Fold of scramble)
o N
o o

|+
5
o N

o o ¢

0.0 4 0.0 4 0.0 4

1ot ond 6@@ ézb é@z éz‘b {\& K
& oK & o8 & X

Phase S ) =)

@ Qb

Formalin-induced second-phase inflammatory pain is reduced after deletion of Casp6, spinal inhibition of CASP6 with inhibitor or neutralizing
antibody, or DRG knockdown of Casp6 with specific siRNA. (A—C) Casp6-- mice exhibit normal thermal pain (A, tail immersion test), mechanical
pain (B, Randall-Selitto test), and motor function (C, rotarod test). n = 6 mice. (D) Time course (0—45 minutes) of formalin-induced spontaneous
pain in WT and Casp6-- mice. *P < 0.05, compared with WT mice, n = 6-8 mice. (E) Formalin-induced first-phase (1—10 minutes) and second-
phase nociceptive responses (10-45 minutes) in WT and Casp6-- mice. *P < 0.05, n = 6—8 mice. (F) Spinal injection of the CASP6 inhibitor
ZVEID (i.t., 1-10 ug) reduces the second-phase pain. *P < 0.05, compared with vehicle (10% DMSO), n = 5—6 mice. (G) Spinal injection of
CASP6-neutralizing antibody (i.t., 1 ug) reduces the second-phase pain. *P < 0.05, n = 5-7 mice. (H and l) Perisciatic delivery of Casp6 siRNA
(2 ug, 6 ul, mixed with the RVG peptide) suppresses the formalin-induced second-phase pain (H) and reduces the expression of Casp6 but not
Casp1 and Casp3 in DRGs (l). Scramble siRNA served as control siRNA. *P < 0.05, n = 5-8 mice.

pain via direct activation of TRPA1 (37). To determine a nonde-
generative role of CASP6, we tested additional models of acute
and persistent inflammatory pain induced by intraplantar injec-
tion of irritative chemicals. Bradykinin induced rapid and transient
spontaneous pain in WT mice, and this pain in the second phase
(5-30 minutes), but not in the initial phase (0-5 minutes), was dimin-
ished in Casp6/- mice (Figure 4A). Carrageenan induced persistent
mechanical allodynia and heat hyperalgesia for more than 24 hours
in WT mice, and both were diminished in Casp6-/- mice (Figure 4,
B and C). However, carrageenan-induced paw edema was not altered
in Casp67/- mice (Figure 4D). CFA produced persistent inflamma-
tory pain for more than 7 days, but Casp67/- mice only showed mild
reduction in mechanical allodynia and no reduction in heat hyper-
algesia (Figure 4, E and F), possibly because of the compensation of
CASP1 and CASP3 in these knockout mice (Supplemental Figure 5).
Notably, CASP6 neutralization was still able to reduce CFA-induced
allodynia and hyperalgesia in WT, but not in Casp67/-, mice (Figure 4,
G and H), suggesting a specific role of CASP6 in sustained inflamma-
tory pain, especially mechanical allodynia.

Exogenous CASP6 induces TNF-o. release in microglial cultures. To
determine the mechanisms by which CASP6 regulates inflamma-
tory pain, we investigated whether and how CASP6 would cause
the release of TNF-a, which is synthesized by microglia and con-
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tributes to inflammatory pain and central sensitization (38). Stim-
ulation of primary cultures of microglia with recombinant CASP6
(rCASP6, 5 U/ml, 5 U = 0.5 ug) induced a substantial increase
(30- to 50-fold) in TNF-a expression (Figure 5A). By contrast, the
same treatment did not induce TNF-a. expression in primary cul-
tures of astrocytes and DRGs (Figure 5A), indicating that TNF-o
is produced primarily by microglia in vitro. rCASPG6 also elicited a
profound and dose-dependent TNF-o. release in microglial culture
medium (Figure 5B and Supplemental Figure 6A). This release was
dose-dependently inhibited by the CASP6-neutralizing antibody,
validating the specificity and efficacy of the antibody (Figure 5C).
By comparison, rCASP3 failed to evoke TNF-a. release (Supple-
mental Figure 6B). rCASP6 had mild effects on IL-6 release and
no effects on IL-1p release (Figure 5B) and did not cause cell loss
of microglia (Supplemental Figure 6, C and D). Western blot
analysis revealed that rCASP6 increased the expression of both the
membrane-bound TNF-a. (precursor, 26 kDa) and the secreted
TNF-o (17 kDa), with a much greater increase in secreted TNF-a
(Figure 5D and Supplemental Figure 6E), suggesting an important
role of rCASPG6 in eliciting TNF-a secretion.

We next assessed the signaling transduction pathways involved
in the rCASP6-evoked TNF-a release in microglia. rCASP6
induced marked phosphorylation of the MAP kinases ERK and p38
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CASP6 contributes to the development of inflammatory pain induced by intraplantar bradykinin, carrageenan, and CFA. (A) Bradykinin-induced

spontaneous pain in the second phase (5-30 minutes), but not the first

phase (0-5 minutes), is reduced in Casp6- mice. *P < 0.05, n = 7-8

mice. (B and C) Carrageenan-induced mechanical allodynia (B) and heat hyperalgesia (C) are reduced in Casp6-- mice. *P < 0.05, compared

with WT mice, n = 5 mice. (D) Carrageenan-induced paw edema (measu

red as paw volume) is unaltered in Casp6-- mice; n = 5 mice. (E and F)

CFA-induced mechanical allodynia (E) but not heat hyperalgesia (F) is partially and transiently reduced in Casp6-/- mice. *P < 0.05, compared
with WT mice, n = 5 mice. (G and H) Reversal of CFA-induced mechanical allodynia and heat hyperalgesia by CASP6-neutralizing antibody
(1 ug, i.t.) in WT mice. *P < 0.05, n = 5 mice. Note that the CASP6 antibody does not affect inflammatory pain in Casp6-- mice.

(Figure 5D and Supplemental Figure 6E). Treatment of microglia
with inhibitor of p38 (§B203580) or ERK kinase (MEK, U0126),
but not inhibitors of JNK (SP600125) and PI3K (LY294002), sup-
pressed the rCASP6-induced TNF-a. release (Figure SE), confirm-
ing an important role of p38 and ERK in CASP6-triggered TNF-a
release. IL-1R-associated kinase-M (IRAK-M) was shown to reg-
ulate TNF-a release in leukocytes following CASP6-mediated
cleavage (39). rCASPG6 also caused cleavage of IRAK-M in microg-
lial cultures (Supplemental Figure 6F). Thus, rCASP6 may trigger
TNF-a release via the cleavage of IRAK-M.

TNF-a. is expressed by spinal cord microglia and upregulated after
acute inflammation. Given the lack of ideal TNF-a antibodies for
immunohistochemistry, we conducted single-cell PCR analysis
to check Tnfa expression in microglia, astrocytes, and neurons
in lamina II of spinal cord slices. Figure 6A shows a GFP-labeled
microglial cell (CX3CR1") that was sucked into a glass pipette
for single cell analysis. Individual astrocytes also were picked up
from Gfap-GFP mice. After the reverse transcription, the cDNAs
from microglia, astrocytes, and neurons were amplified for 40 and
35 cycles in the first- and second-round PCR, respectively. Nota-
bly, the majority of microglia (9 of 10) expressed Tnfa. As expect-
ed, microglia also expressed the microglial marker Ibal (positive
control), but not the astrocyte marker Gfap (negative control)
(Figure 6B). However, astrocytes and neurons did not show posi-
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tive Tnfa bands (Figure 6, C and D). After additional amplification
(45 cycles in the second-round PCR), some astrocytes (2 of 5) but
not neurons also showed Tnfa expression (Figure 6, C and D). Of
interest, formalin induced a rapid TNF-o. upregulation in the dor-
sal horn at 30 minutes (Figure 6E), in agreement with a prominent
role of this cytokine in the formalin-induced inflammatory pain
(38). The formalin-induced upregulation of TNF-o was abolished
in Casp67/- mice (Figure 6E).

Exogenous CASPG induces pain hypersensitivity via microglial and
TNF-o.signaling. We tested the hypothesis that CASP6 would evoke
pain via release of TNF-o. Spinal (i.t.) injection of rCASP6 (S unit,
5 U= 0.5 ng) elicited rapid (<30 minutes) mechanical allodynia
(Figure 7A), and the duration of this allodynia was dose dependent
(Supplemental Figure 7A). By contrast, i.t. rCASP3 (S U) failed to
elicit allodynia (Figure 7A), despite CASP3 being implicated in spi-
nal cord neuronal apoptosis and neuropathic pain (30, 31). Thus,
extracelluar CASP6 and CASP3 could have distinct bioactivity. Of
interest, in double knockout (DKO) mice lacking both TNF recep-
tor type-1 and type-2 (Tnfrr1/2 DKO), the rCASP6-evoked mechani-
cal allodynia was abrogated (Figure 7B). Intrathecal rCASP6 also
induced rapid and transient heat hyperalgesia in WT but not
Tnfrl/2 DKO mice (Supplemental Figure 7B). Furthermore, i.t.
rCASP6 increased TNF-a expression in the spinal dorsal horn but
not in DRGs (Figure 7C).
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Figure 5

rCASP6 induces TNF-a release in microglial cultures via MAPK activation. (A) TNF-a expression, revealed by ELISA analysis, in primary cultures
of microglia, astrocytes, and DRG neurons after stimulation of rCASP6 (5 U/ml, 3 hours). *P < 0.05, n = 4 cultures. (B) Release of TNF-a, IL-1p,
and IL-6 (ELISA analysis) in microglial culture medium after stimulation of rCASP6 (5 U/ml, 3 hours). *P < 0.05, compared with control, n = 4
cultures. (C) Dose-dependent inhibition of rCASP6-induced (5 U/ml, 3 hours) TNF-a release by CASP6-neutralizing antibody in microglial cul-
tures. *P < 0.05, compared with control; #P < 0.05; compared with rCASP6, n = 3 cultures. (D) Expression of pERK, p-p38, and TNF-a, revealed
by Western blot analysis, in microglial cultures after rCASP6 (5 U/ml, 3 hours) treatment. All the bands are from the same gel (Supplemental
Figure 6E). Note a robust increase in the secreted form of TNF-a (17 kDa). (E) Effects of the MAPK inhibitor SB203580, U0126, and SP600125
(50 uM) and the PI3K inhibitor LY294002 (50 uM) on rCASP6-induced TNF-a release in microglial cultures. *P < 0.05, compared with vehicle

(1% DMSO), n = 4 cultures.

Because microglia are a major source of spinal TNF-o. (Figure 6B)
(40), we examined a possible contribution of spinal microglia to
CASPG6-evoked allodynia. Pretreatment with minocycline, a microg-
lial inhibitor that has been shown to inhibit neuropathic and post-
operative pain (41, 42), reduced the rCASP6-evoked mechanical
allodynia (Figure 7D). Intrathecal injection of minocycline, p38
inhibitor, or anti-TNF-a antibody also suppressed the formalin-
induced second-phase pain (Supplemental Figure 8, A-C), support-
ing a role of microglia in acute inflammatory pain. Notably, spinal
rCASP6 treatment did not produce signs of axonal degeneration, as
we found no loss of peptidergic axons (CGRP*) and non-peptider-
gic axons labeled with IB4 and thiamine monophosphatase (TMP)
in the dorsal horn (Supplemental Figure 9, A-C). By comparison,
nerve injury induced a significant loss of axons in the dorsal horn
(Supplemental Figure 9D). Collectively, these results indicate that
spinal administration of exogenous rCASP6, but not rCASP3, is
sufficient to induce pain hypersensitivity via TNF-a and microglial
signaling in the absence of neurodegeneration.
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Spinal injection of CASP6-activated microglia is sufficient to elicit pain
via TNF-a.. We examined whether i.t. injection of rCASP6-activated
microglia would alter pain sensitivity via TNF-a. release. Microglia
were stimulated with rCASP6 and then washed three times with
PBS and collected for i.t. injection. Compared with nonactivated
microglia, injection of rCASP6-activated microglia caused robust
mechanical allodynia that lasted for more than 24 hours (Figure 7E),
and this allodynia was reduced transiently by i.t. injection of the
TNF-a-neutralizing antibody (Figure 7F). Therefore, rCASP6-
activated microglia can cause pain hypersensitivity via TNF-o release.

Exogenous CASP6 enhances spinal cord synaptic transmission via
TNF-a. signaling. To determine the synaptic mechanisms by
which CASP6 elicits persistent pain, we recorded spontane-
ous EPSCs (sEPSCs) in lamina ITo neurons. These neurons are
predominantly excitatory, receive input from C-fibers, respond
to capsaicin and TNF-a (43), and exhibit marked changes
after inflammation (see below). They also form synapses with
NK-1-expressing lamina I projection neurons (44), which
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Tnfa is expressed in spinal microglia and upregulated after inflammation. (A) A microglial cell is sucked into a glass pipette. Scale bar: 5 um.
(B-D) Single-cell PCR analysis showing the expression of Tnfa, Iba1, and Gfap in 10 microglia, 5 astrocytes, and 5 neurons in lamina Il of spinal
cord slices. Note that 90% of microglia express Tnfa, and all microglia express Iba7 but not Gfap. Asterisks indicate positive bands. M, markers
for DNA sizes; N, negative control; Gapdh, positive control. The cDNAs were amplified for 40 and 35 cycles in the first- and second-round PCR,
respectively. The Tnfa cDNAs from astrocytes and neurons were amplified further for an additional 10 cycles (45 cycles in total) in the second-
round PCR. (E) ELISA analysis showing TNF-a. levels in the ipsilateral (Ipsi) and contralateral (Contra) dorsal horn of WT and Casp6-- mice

30 minutes after the formalin injection. *P < 0.05, n = 6 mice.

are indispensable for the generation of persistent pain (45).
Perfusion of spinal cord slices with rCASP6 (5 U/ml) imme-
diately, within 1 minute, increased the frequency of sEPSCs
(Figure 8, A and B). Lamina Ilo neurons responded to both
rCASP6 and TNF-a by showing increases in the frequency but
not the amplitude of sEPSCs (Figure 8, A and B). Consistently,
rCASP6 and TNF-a also increased the frequency of miniature
EPSCs (mEPSCs) in the presence of 1 uM TTX, and the frequen-
cy was increased from 3.3 + 0.9 to 5.0 + 0.8 Hz (P < 0.05, paired
t test, n = 7 neurons). Together, these results suggest a presynap-
tic regulation of CASP6 and TNF-a, by releasing glutamate from
primary afferent terminals. By comparison, rCASP3 (5§ U/ml)
had no effects on sEPSC frequency and amplitude (Figure 8C).
Importantly, rCAPS6 failed to increase sEPSC frequency in
Tnfrl/2 DKO mice (Figure 8, D and E). rCASP6 and TNF-a fur-
ther potentiated evoked synaptic transmission (eEPSCs) follow-
ing electrical stimulation of the dorsal root entry zone in spinal
cord slices (Figure 8F).
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Endogenous CASP6 contributes to spinal cord synaptic plasticity and
LTP following inflammation and tetanic stimulation. Given the impor-
tance of spinal cord synaptic plasticity for persistent pain (3), we
examined whether endogenous CASP6 would modulate spinal
cord synaptic transmission in WT and Casp6/- mice. Neither
the frequency nor the amplitude of sEPSCs in lamina II neu-
rons changed in Casp6~/- mice (Figure 9, A and B), indicating that
CASP6 is not required for basal synaptic transmission in the dor-
sal horn. Interestingly, CFA inflammation increased the sEPSC
frequency in lamina Ilo neurons of WT mice, indicating that
inflammation-induced synaptic plasticity is retained in spinal cord
slices ex vivo. The inflammation-induced sEPSC increases were
reduced in Casp6~/- mice and also were suppressed by the CASP6
inhibitor ZVEID in WT mice (Figure 9, A and B).

Next, we investigated whether CASP6 plays a role in inducing
spinal cord LTP in vivo, which requires TNFR and contributes to
persistent pain (7). Tetanic stimulation of the sciatic nerve elicited
robust LTP of C-fiber-evoked field potential in the dorsal horn of
Volume 124 March 2014

Number 3

179



research article

A B c
15 - O Vehicle 15 owr
' @ rCASP3 ' W Tnfr1/2 DKO 40 20
_ B rCASP6 _ = >*
[ S 3
2210 G &5 30 15
53 53 Ss
£ 0o £ 0o O ® 20 10
£% = 35
D 0.5 - 0 0.5 4 W=
2 = 2= =5 10 5
o S S
o o ~ g
0.0 = 0 0
oo 0.0 4 o © o ©
BL 05h 1h 3h 24h BL 1h 3h 1d 2d 6d L s L&
RO S
Time after injection Time after rCASP6 injection
DRG Dorsal
D E o . F Horn
O Vehicle O Microglia + Vehicle
15 - B Minocycline 15 - B Microglia + rCASP6 15
s s .
o) (2] o)
o S35 107 g3 10
T = T = T =
£ O £ O £ O
T4 34 T4
=2 =2 os = %os
T = T = RES
o o o
0.0 A 0.0
BL 1h 3h 24h BL 24h 1h 3h 24h
Time after Time after T|rpe aflt‘er T|mAeb§ft§r 'ENF-a
rCASP6 injection microglia injection microglia injection
injection
Figure 7

Intrathecal injection of rCASP6 induces mechanical allodynia via microglial and TNF-a signaling. (A) Intrathecal rCASP6 but not rCASP3
(5 V) elicits persistent mechanical allodynia. *P < 0.05 versus vehicle (PBS), n = 6-8 mice. (B) rCASP6-induced (i.t., 5 U) mechanical allodynia
is abrogated in Tnfr double knockout (7nfr1/2 DKO) mice. *P < 0.05, n = 7 mice. (C) rCASPS6 (i.t., 5 U, 3 hours) increases TNF-a levels in spinal
cord but not DRG tissues. *P < 0.05, n = 4 mice. (D) rCASP6-induced (i.t., 5 U) mechanical allodynia is reduced by minocycline pretreatment
(i.t., 50 ug). *P < 0.05, n = 5 mice. (E) Spinal (i.t.) injection of rCASP6-stimulated microglia, but not control microglia, induces mechanical allodynia.
*P < 0.05, n =5-7 mice. (F) Transient reversal of mechanical allodynia following injection of rCASP6-stimulated microglia by i.t. TNF-a—neutralizing

antibody (5 ug). *P < 0.05, n = 5-7 mice.

anesthetized WT mice, but not in Casp67/- mice (Figure 9C). More-
over, spinal injection of ZVEID (10 ug, i.t.), given 2 hours after the
LTP induction, also reversed spinal LTP (Figure 9D). Thus, CASP6
is required for both the induction and expression/maintenance
of spinal LTP. Like Casp6 deletion, CASP6 inhibition with ZVEID
(10 ug/ml = 15 uM) had no effects on baseline sEPSCs (Figure 9E).
However, ZVEID partially suppressed the capsaicin-induced sEPSC
increases (Figure 9F) and dorsal root stimulation-induced eEPSCs
in spinal cord slices (Figure 9, G and H), indicating a unique role
of CASP6 in noxious stimulation-induced synaptic activity. ZVEID
did not impact sEPSCs and eEPSCs in Casp6~/- mice (Figure 9, A, B,
G, and H), confirming its selectivity for CASP6.

rCASPG6 modulates spinal cord synaptic plasticity via microglial signaling.
To determine whether microglial signaling is required for
rCASP6-evoked enhancement of synaptic transmission, we treat-
ed spinal cord slices with the microglial inhibitor minocycline, at
a very low concentration (50 nM), which was shown to block the
microglial activator LPS-evoked rapid enhancement (within min-
utes) in EPSCs in a brain slice without altering basal EPSCs (46).
The rCASP6-induced increase in SEPSC frequency was blocked by
minocycline (Figure 10, A and B). The capsaicin-induced sEPSC
frequency increase also was suppressed by minocycline (Figure 10,
A and B). In contrast, minocycline affected neither basal sEPSCs
nor a TNF-o—evoked sEPSC frequency increase (Figure 10, Aand B).
This result suggests that minocycline acts upstream of TNF-o..
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We also tested whether minocycline would affect evoked synaptic
transmission. Surprisingly, minocycline (50 nM) significantly inhib-
ited a capsaicin-induced sEPSC frequency increase (Figure 10B).
In the presence of minocycline, rCASP6 failed to increase the eEP-
SCs following dorsal root stimulation (Figure 10C). It is likely
that persistent activation of C-fibers by capsaicin and dorsal root
stimulation could release CASP6 to trigger microglia-mediated
synaptic plasticity.

Finally, we evaluated whether rCASP6-activated microglial cul-
ture medium would enhance EPSCs. We stimulated microglia with
rCASP6 for 3 hours, removed rCASP6 by PBS washing, and collect-
ed the fresh culture medium 3 hours later. Exposure of spinal cord
slices to the rCASP6-activated microglial culture medium (AMM)
was sufficient to increase sEPSC frequency, and this increase by
AMM was reversed by the TNF-o—neutralizing antibody (Figure
10, D and E). It is suggested that the rCASP6-activated microglia
elicit synaptic plasticity by releasing TNF-a.

Discussion
Caspases were regarded as intracellular proteases that regulate
neuronal apoptosis (22). Unlike other caspases, CASPG6 is expressed
in axons and contributes to axonal degeneration and AD (23-25).
We provided several lines of evidence to support an extracellular
and non-degenerative role of CASP6 in modulating acute synap-
tic plasticity and pain hypersensitivity. First, spinal injection of
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rCASP6 induced rapid (within 30 minutes) mechanical and ther-
mal pain hypersensitivity without causing axonal degeneration.
Second, superfusion of spinal cord slices with rCAPS6 immedi-
ately (within 1 minute) increased sEPSC and eEPSC in spinal cord
slices. Third, CASPG6 is upregulated in the spinal cord dorsal horn
and CSF after acute inflammation. Fourth, the secreted CASP6 is
essential for the generation of inflammatory pain, because spinal
injection of the CASP6 neutralizing antibody effectively blocked
formalin and CFA-induced inflammatory pain. Although CASP3 is
known to regulate neuropathic pain and long-term depression (29),
extracellular rCASP3 failed to elicit pain and modulate sEPSCs,
indicating distinct roles of intracellular versus extracellular
CASP3. It is conceivable to postulate that rapid nondegenerative
actions of rCASP6 may be triggered by extracellular signaling of
CASPG6, although we should not exclude the well-demonstrated
neurodegenerative role of intracellular CASP6 in chronic condi-
tions, such as nerve injury-induced neuropathic pain.

Our results also revealed an acute role of microglial cells in
regulating synaptic plasticity and inflammatory pain via possible
axonal-microglial interactions (Supplemental Figure 10). CASP6 is
specifically localized in CGRP-expressing primary afferent terminals
in the superficial dorsal horn and further upregulated in these ter-
minals after inflammation. These central terminals also coexpress
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the C-fiber marker TRPV1, because CASP6 immunostaining was
eliminated completely by the TRPV1 agonist RTX. Further, spi-
nal CASP6 is upregulated in CSF after acute inflammation. Thus,
it is conceivable that CASPG6 release from axonal terminals serves
as a novel activator of microglia in the spinal cord to evoke central
sensitization and inflammatory pain. Of interest, central sensiti-
zation-driven inflammatory pain, such as formalin- and bradyki-
nin-evoked second-phase spontaneous pain and capsaicin-elicited
secondary mechanical allodynia, was reduced in Casp6/- mice. In
parallel, minocycline not only inhibited the formalin-induced sec-
ond-phase pain but also suppressed i.t. rCASP6-induced allodynia
and hyperalgesia. Interestingly, rCASP6-induced spinal synaptic
changes in both sEPSCs and eEPSCs largely were blocked by mino-
cycline, which also was shown to block EPSC increases following
LPS-induced microglial activation in brain slices (46). To further
confirm that rCASP6 increases synaptic transmission via microglial
signaling, we demonstrated that the culture medium of rCASP6-
stimulated microglia was sufficient to increase SEPSCs. This syn-
aptic modulation by CASP6 also was paralleled with behavioral
change: spinal injection of rCASP6-activated microglia produced
robust pain hypersensitivity.

Mechanistically, we identified TNF-a, which is produced by
the majority (90%) of spinal cord microglia, as a key microglial
Volume 124 March 2014 1181
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Endogenous CASP6 is essential for inducing spinal cord synaptic plasticity in spinal cord slices and LTP in spinal cord of anesthetized mice. (A)
Traces of SEPSCs in lamina Ilo neurons of spinal cord slices of WT and Casp6~- mice before and after CFA inflammation (1 day). (B) Frequency
of SEPSCs in WT and Casp6-- mice before and after CFA inflammation and the effects of the CASP6 inhibitor ZVEID. Note the impairment of
CFA-induced sEPSC but not the basal sSEPSC increases in Casp6-- mice. Also note the inhibition of SEPSCs after CFA inflammation by ZVEID
in WT but not Casp6~- mice. *P < 0.05, n = 5-6 neurons. (C) Tetanic stimulation (100 Hz, 1 second, 4 trains, 10 second interval) induces LTP
of C-fiber—evoked field potentials in the dorsal horn of anesthetized WT mice but not in Casp6-— mice. *P < 0.05 (2-way ANOVA, n = 5 mice).
(D) Reversal of LTP of C-fiber—evoked field potentials in the dorsal horn of anesthetized mice by the CASP6 inhibitor (10 ug, i.t.), administered
2 hours after LTP induction. *P < 0.05 (2-way ANOVA, n = 5 mice). (E) Traces of SEPSCs before and after capsaicin (CAP) treatment (0.5 uM)
and the effects of ZVEID (10 ug/ml). (F) Frequency and amplitude of SEPSCs recorded in E. *P < 0.05, n = 5-6 neurons. (G) Traces of eEPSCs
following dorsal root stimulation and the effects of the CASP6 inhibitor in WT and Casp6-- mice. (H) Amplitude of eEPSCs. Note that the CASP6
inhibitor loses its effects in Casp6-- mice. *P < 0.05, n = 5-15 neurons.
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rCASP6 and rCASP6-activated microglia enhance EPSCs in lamina llo neurons of spinal cord slices via microglial and TNF-a signaling.
(A) Traces of sEPSCs in lamina llo neurons of spinal cord slices before and after treatment with rCASP6 (5 U/ml), TNF-a (10 ng/ml), and
minocycline (50 nM). (B) Frequency of sSEPSCs and the effects of rCASP6, TNF-a, capsaicin (0.5 uM), and minocycline. Note that minocycline
suppresses the sEPSC increase induced by rCASP6 and capsaicin, but not TNF-a.. *P < 0.05, n = 6—8 neurons. (C) Traces of eEPSCs following
dorsal root stimulation in the presence of minocycline (50 nM) and minocycline plus rCASP6 (5 U/ml). Right panel: Amplitude of eEPSCs. Note
that rCASP6 fails to increase eEPSCs after minocycline treatment. n = 5 neurons. (D) Traces of SEPSCs following incubation of slices with AMM.
The microglial cultures were preactivated by rCASP6 (5 U/ml) for 3 hours and washed with PBS, and the culture medium was collected 3 hours
later. Note that the sEPSC frequency increase by AMM is reversed by the TNF-a—neutralizing antibody (1 ug/ml). (E) Frequency and amplitude
of sSEPSC as shown in E. *P < 0.05, n = 5 neurons.
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signaling molecule in mediating the effects of CASP6 on synap-
tic transmission and pain. Strikingly, stimulation of microglia
with rCASP6 (but not rCASP3) triggered a substantial release
of TNF-a (but not IL-1p), associated with robust upregulation
of the secreted 17 kDa TNF-a. Behaviorally, TNF receptors
(R1/R2) were essential for the rCASP6-induced mechanical allo-
dynia. TNF-a release also was necessary for eliciting mechani-
cal allodynia following i.t. injection of the rCASP6-activated
microglia. In the spinal cord, TNF-a was upregulated after i.t.
rCASP6 treatment, and the formalin-induced TNF-a increase was
abolished in Casp6~/~ mice. Together, these lines of evidence reveal
TNF-o as a critical microglial mediator to trigger pain hypersensi-
tivity following CASP6-induced microglia activation.

Our data further demonstrated that both exogenous and
endogenous CASP6 could modulate acute spinal cord synaptic
plasticity via release of TNF-a.. Superfusion of spinal cord slices
with rCASP6 and TNF-a immediately increased sEPSC frequency
in lamina IT neurons, and the rCASP6-induced increase was abol-
ished completely in Tnfrl/2 DKO mice. Our results also suggest
that microglia-released TNF-a mediates the effects of CASP6
on synaptic transmission, because a sSEPSC increase following
stimulation of rCASP6-activated microglial culture medium was
reversed by the TNF-a neutralization. Glia-derived TNF-a has
been shown to modulate synaptic scaling in cortical neurons (47).
How does TNF-a alter synaptic transmission in the spinal cord?
We recently demonstrated that TNF-a increased sEPSC frequency
via activation of TRPV1 in C-type primary afferent terminals
that synapse to lamina Ilo excitatory neurons (43), which in
turn synapse to lamina I projection neurons (44). Aside from
presynaptic effects, TNF-a also acts on postsynaptic dorsal horn
neurons to increase the activity of AMPA and NMDA receptors
(38, 48). TNF-a. also may regulate inhibitory synaptic transmis-
sion in the spinal cord via disinhibition (49). TNF-ois required for
the induction of spinal LTP and inflammatory pain (43, 50, 51).
In addition to direct modulation of synaptic transmission,
TNF-a further stimulates glial cells to release proinflamma-
tory mediators to enhance synaptic transmission and LTP (50).
Endogenous CASP6 and TNF-a have effects similar to those of
exogenous CASP6 and TNF-a on synaptic transmission and
inflammation pain. Thus, spinal LTP and inflammatory pain are
abrogated after deletion of Casp6 or Tnfr and inhibition of CASP6
and TNF-a (38, 43, 50), and inflammation-induced spinal synap-
tic plasticity (SEPSC increase) also was impaired by CASP6 inhi-
bition and deletion.

In nerve injury-induced neuropathic pain, microglial BDNF
suppresses inhibitory synaptic transmission via transcriptional
modulation of KCC2 (16). In inflammatory pain, CASP6-elicited
microglial TNF-o could immediately increase excitatory synaptic
transmission via translational modulation. The microglial inhibi-
tor minocycline may have nonselective effects on neuronal activi-
ty and synaptic transmission at high concentrations (20-100 uM)
(50,52, 53). However, at the low concentration (50 nM) we tested,
minocycline does not change basal sSEPSCs (46), nor did it affect
TNF-o-elicited sEPSC increase (Figure 10, A and B), which argues
against direct actions of minocycline on synapses at this very low
concentration. Notably, minocycline blocked the rCASP6-elicited
changes in sEPSCs and eEPSCs. Furthermore, minocycline inhib-
ited a capsaicin-induced sEPSC increase. Thus, it is possible that
C-fiber activation by capsaicin or dorsal root stimulation results
in release of CASP6 from primary afferent terminals. Collectively,
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our findings suggest an active role of microglia in regulating per-
sistently nociceptive activity-induced acute synaptic plasticity via
the CASP6/TNF-a pathway (Supplemental Figure 10).

In summary, we revealed what we believe to be a previously
unrecognized extracellular role of CASP6 in modulating spinal
cord synaptic transmission and inflammatory pain, in sharp con-
trast to a traditional role of intracellular CASP6 in inducing axo-
nal degeneration and neuronal apoptosis. Based on the unique
distribution of CASP6 in spinal cord axonal terminals of C-fibers,
we propose a novel form of axonal-microglial interaction in the
spinal cord for the induction of inflammatory pain (Supplemen-
tal Figure 10). Inflammation causes axonal CASP6 release to
trigger TNF-a. release from microglial cells, leading to enhanced
synaptic transmission and pain states. Both CASP6-induced
spinal cord synaptic plasticity and pain hypersensitivity require
TNF-a. Future studies are warranted to further the investigation
of axonal CASP6 by generating conditional knockout mice to
delete CASPG6 selectively in nociceptor neurons. Apart from the
well-demonstrated chronic role of microglia in regulating neuro-
pathic pain and chronic opioid-induced hyperalgesia (15, 16, 54),
we have demonstrated an acute role of microglia in modulat-
ing synaptic plasticity and inflammatory/nociceptive pain that
occurs after persistent nociceptive input following inflamma-
tion or intense noxious stimulation. Thus, targeting the CASP6/
TNF-a pathway may offer a new approach for the management
of inflammatory pain by modulating rapid changes in spinal cord
microglia. Additionally, given the well-known role of CASP6 in
axonal degeneration, targeting CASP6 also may alleviate neuro-
pathic pain by protecting against neuropathy.

Methods
Details are provided in the Supplemental Methods.

Reagents. We purchased recombinant full-length active caspase-6 protein
(rCASP6) from Abcam and Enzo Life Sciences, rCASP3 from Enzo Life Sci-
ence, and VEID-fmk (CASP6 inhibitor) and TNF-o from R&D Systems.
CASP6- and TNF-a-neutralizing antibodies were obtained from Imgenex
and R&D Systems, respectively. Specific siRNA against CASP6 was from
Dharmacon, and RVG peptide was synthesized by Invitrogen.

Animals. Knockout mice lacking Casp6 (Casp67/-), Tnfrla/1b (Tnfrl/2
DKO), Cx3cr1/GFP, and Gfap/GFP mice, as well as C57BL/6 background
WT control mice, were purchased from the Jackson Laboratory. Casp67/~
and Tnfrl/2 DKO mice were viable and showed no developmental defects.
Neonatal mice were used to prepare primary cultures of microglia and
astrocytes. Young mice (4-7 weeks) were used for electrophysiologi-
cal studies in spinal cord slices to obtain high-quality recordings. Adult
C57BL/6 and CD1 mice (male, 8-10 weeks) were used for behavioral and
pharmacological studies. To produce inflammatory pain, diluted capsaicin
(1 ug/ul, 5 ul), formalin (5%, 20 ul), bradykinin (300 ng, 10 ul), carrageenan
(1.5 %, 20 ul), or CFA (1 mg/ml, 20 ul) was injected into the plantar surface
of a hindpaw. For i.t. injection, spinal cord puncture was made with a 30G
needle between the LS and L6 level to deliver reagents (10 ul) to the CSF
(55). Adult rats (200-220 g, Charles River) also were used for the CSF col-
lection. For perisciatic injection, Casp6 siRNA (2 pg, 6 ul, mixed with RVG
peptide; molar ratio siRNA/RVG = 1:10) or control siRNA (scrambled) was
injected 48 hours prior to the behavioral test.

Behavioral testing. Animals were habituated to the testing environment
for at least 2 days before the testing. All the behaviors were tested in a
blinded manner. We assessed formalin- and bradykinin-evoked spontane-
ous inflammatory pain by measuring the time (seconds) mice spent licking
or flinching the affected paw every 5 minutes for 45 minutes. For testing
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mechanical sensitivity, hindpaws were stimulated with a series of von Frey
hairs with logarithmically increasing stiffness (0.02-2.56 g, Stoelting), pre-
sented perpendicularly to the central plantar surface. Thermal sensitivity
was tested using a Hargreaves radiant heat apparatus and expressed as paw
withdrawal latency.

Spinal cord slice preparation and patch clamp recordings. As we previously
reported (43), the L4-L5 lumbar spinal cord segment was removed
from mice under urethane anesthesia (1.5-2.0 g/kg, i.p.) and kept in
pre-oxygenated ice-cold Krebs solution. Transverse slices (400-600 um)
were cut on a vibrating microslicer. The slices were perfused with Krebs
solution at 36°C for 1-3 hours prior to the experiment. The whole cell
patch-clamp recordings were made from lamina Ilo neurons in volt-
age-clamp mode. After establishing the whole-cell configuration, neu-
rons were held at =70 mV to record sEPSCs. mEPSCs were recorded in
some neurons in the presence of 1 uM TTX. The resistance of a typical
patch pipette is 5-10 MQ. Membrane currents were amplified with an
Axopatch 200B amplifier (Axon Instruments) in voltage-clamp mode.
Signals were filtered at 2 kHz and digitized at 5 kHz. Data were stored
with a personal computer using pCLAMP 10 software and analyzed
with Mini Analysis (Synaptosoft Inc.). To measure eEPSCs in lamina
IIo neurons, dorsal root enter zone was stimulated through a concen-
tric bipolar electrode (FHC) with an isolated current stimulator. Test
pulses of 0.1 ms with intensity of 3 mA were given at 30 second intervals
and monosynaptic C-fiber responses were recorded. Synaptic strength
was quantified by the peak amplitudes of eEPSCs. The mean amplitude
of 4-5 EPSCs evoked by test stimuli prior to conditioning stimulation
served as control.

Spinal cord LTP recordings in anesthetized mice. As we reported previously (43),
mice were anesthetized with urethane (1.5 g/kg, i.p.), and a laminectomy
was performed at vertebrae T13-L1 to expose the lumbar enlargement. Fol-
lowing electrical stimulation of the sciatic nerve, the field potentials were
recorded in the ipsilateral L4-LS spinal cord segments with glass micro-
electrodes, 100-300 um from the surface of the cord. After recording stable
responses following test stimuli (2x C-fiber threshold, 0.5 ms, every S min-
utes) for more than 40 minutes, conditioning tetanic stimulation (5x C-fiber
threshold, 100 Hz, 1 second duration, 4 trains, and 10 second interval) was
delivered to the sciatic nerve for inducing LTP of C-fiber-evoked field poten-
tials. For i.t. drug delivery, a PES catheter was inserted via lumbar puncture.

Primary cultures of microglia. Microglia cultures were prepared from cere-
bral cortexes and spinal cords of 2-day-old postnatal mice. Tissues were
then minced into approximately 1 mm pieces, triturated, filtered through
a 100 um nylon screen, and collected by centrifugation at approximately
3,000 g for 5§ minutes. The cell pellets were dissociated with a pipette and
resuspended in medium containing 10% fetal bovine serum in high-glucose
DMEM. After trituration, the cells were filtered through a 10 wm screen,
plated into T75 flasks, and cultured for 3 weeks. The mixed glia were shaken
for 4 hours, and the floating cells were collected and subcultured at a den-
sity of 2.5 x 105 cells/ml. After 1 day of plating, the medium was changed to
discharge all non-adherent cells. This method resulted in greater than 95%
purity of microglia, as assessed by IBA1 and DAPI staining.

Immunohistochemistry. After appropriate survival times, animals were deeply
anesthetized with isoflurane and perfused through the ascending aorta with
PBS, followed by 4% paraformaldehyde with 1.5% picric acid in 0.16 M phos-
phate buffer. Spinal cord sections (30 um, free-floating) and DRG sections
(12 um) were cut in a cryostat and incubated overnight at 4°C with the anti-
CASPé6 (rabbit, 1:200 to 1:1,000; Cell Signaling Technology) and anti-CGRP
(goat, 1:200; Abcam) antibodies, followed by Cy3- or FITC-conjugated sec-
ondary antibodies (1:400; Jackson ImmunoResearch Laboratories Inc.) or
FITC-conjugated IB4 (10 ug/ml; Sigma-Aldrich). Sections were examined
under a Nikon fluorescence microscope and Zeiss confocal microscope.
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ELISA. For in vitro experiments, culture medium and cells were col-
lected separately after treatment. For in vivo experiments, animals were
transcardially perfused with PBS, and DRG and spinal cord tissues were
collected. Cells or tissues were homogenized in a lysis buffer containing
protease and phosphatase inhibitors. Protein concentrations were deter-
mined by BCA Protein Assay (Pierce). Mouse ELISA kits (TNF-a, IL-1f,
and IL-6) were purchased from R&D Systems. For each assay, 50 ug pro-
teins or 50 ul of culture medium were used, and the standard curve was
included in each experiment.

Western blot. Protein samples were prepared in the same way as for
ELISA analysis, and 20-50 pg of proteins were loaded for each lane
and separated by SDS-PAGE gel (4%-15%; Bio-Rad). After the trans-
fer, the blots were incubated overnight at 4°C with polyclonal anti-
body against total CASP6 (1:1,000, rabbit; Cell Signaling Technology),
aCASP6 (active/cleaved, 1:2,000, rabbit; Imgenex), TNF-o. (1:500, rab-
bit; Millipore), p-p38 or pERK (1:500, rabbit; Cell Signaling Technol-
ogy), and B-tubulin (B-TUB, loading control, 1:5,000, mouse; Millipore)
and GAPDH (loading control, 1:10,000, mouse, Millipore). These blots
were incubated further with HRP-conjugated secondary antibody and
developed in ECL solution. Specific bands were evaluated by apparent
molecular sizes. The intensity of the selected bands was analyzed using
NIH Image] software.

Quantitative real-time RT-PCR. Tissues or cells were isolated rapidly in
RNase-free conditions. Total RNAs were extracted using RNeasy Plus Mini
kit (QIAGEN). RNAs (0.5-1 ug) were reverse-transcribed using SuperScript
III RT (Invitrogen). The sequences of the primers are described in Sup-
plemental Table 1. Quantitative PCR amplification reactions contained
the same amount of RT product in a final volume of 15 ul. The thermal
cycling conditions comprised 3 minutes of polymerase activation at 95°C,
45 cycles of 10 second denaturation at 95°C, and 30 second annealing
and extension at 60°C, and a DNA melting curve was included to test the
amplicon specificity.

Single-cell RT-PCR. As previously described (56), single-cell (GFP-labeled
microglial cell and astrocyte or non-labeled neuron) in Ilo of spinal cord
slices was aspirated into a patch pipette with a tip diameter of 5-10 um,
gently put into a reaction tube containing RT reagents, and incubated
for 1 hour at 50°C. The cDNA product was used in a separate PCR. The
sequences of the outer and inner primers used for single-cell PCR are
described in Supplemental Table 2. The first round of PCR was performed
in 50 ul of PCR buffer containing 0.2 uM outer primers and amplified for
40 cycles. The reaction was completed with 7 minutes of final elongation.
For the second round of amplification, the reaction buffer (20 ul) con-
tained 0.2 uM “inner” primers and 5 pl of the first-round PCR products,
which were amplified for 35 cycles and 45 cycles (only for TNF-a. cDNAs
from microglia and astrocytes). GAPDH was used as a positive control. A
negative control was obtained from pipettes that did not harvest any cell
contents, but were submerged in the bath solution. The PCR products were
displayed on ethidium bromide-stained 1.5% agarose gels.

Statistics. All data were expressed as mean + SEM. For electrophysiology
in spinal cord slices, cells that showed greater than 5% changes from the
baseline levels during drug perfusion were regarded as responding ones.
We collected the baseline recordings for 2 minutes and the recordings in
the first 2 minutes of drug treatment for statistical analysis using paired
or unpaired 2-tailed Student’s ¢ test. LTP data were tested using 2-way
ANOVA. Behavioral data were analyzed using Student’s ¢ test (2 groups)
or 1-way ANOVA followed by post-hoc Bonferroni test. The criterion for
statistical significance was P < 0.05.

Study approval. All the animal procedures were approved by the Institu-
tional Animal Care and Use Committees of Duke University and Harvard
Medical School.
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