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Long-term treatments to ameliorate peripheral neuropathic pain that includes mechanical allodynia are limited. While glial

to neuropathic mechanical allodynia.

Introduction

Chronic pain and long-term memory share very similar mecha-
nisms that involve neural circuit remodeling and synaptic plastic-
ity as a key model (1, 2). The formation of new synaptic connec-
tions in the adult cortex underlies the transition from short-term
to long-term memory (3, 4). Such circuit and synaptic plasticity
has been documented in a number of cortical regions associated
with nociception including the medial prefrontal cortex (5, 6), the
anterior cingulate cortex (7, 8) and the primary somatosensory (S1)
cortex (9, 10), and these changes may be required for a shift from
acute to chronic pain.

The excitatory neural circuits in the S1 cortex primarily process
behaviorally relevant somatosensory information such as the loca-
tion and intensity of touch or pain (11, 12). Direct manipulation of
the S1 cortex modulates the neuronal activity evoked by innocu-
ous and noxious peripheral stimulation in downstream brain areas
associated with pain signaling including the thalamus and anterior
cingulate cortex (9, 13). Such S1 cortex manipulation can temporar-
ily relieve neuropathic pain in humans and animals (14-16). This

Conflict of interest: The authors have declared that no conflict of interest exists.
Submitted: May 18, 2015; Accepted: February 25, 2016.
Reference information: J Clin Invest. 2016;126(5):1983-1997. doi:10.1172/)C182859.

activation and altered nociceptive transmission within the spinal cord are associated with the pathogenesis of mechanical
allodynia, changes in cortical circuits also accompany peripheral nerve injury and may represent additional therapeutic
targets. Dendritic spine plasticity in the S1 cortex appears within days following nerve injury; however, the underlying cellular
mechanisms of this plasticity and whether it has a causal relationship to allodynia remain unsolved. Furthermore, it is not
known whether glial activation occurs within the S1 cortex following injury or whether it contributes to this S1synaptic
plasticity. Using in vivo 2-photon imaging with genetic and pharmacological manipulations of murine models, we have shown
that sciatic nerve ligation induces a re-emergence of immature metabotropic glutamate receptor 5 (mGIuR5) signaling in S1
astroglia, which elicits spontaneous somatic Ca* transients, synaptogenic thrombospondin 1 (TSP-1) release, and synapse
formation. This S1 astrocyte reactivation was evident only during the first week after injury and correlated with the temporal
changes in S1extracellular glutamate levels and dendritic spine turnover. Blocking the astrocytic mGluR5-signaling pathway
suppressed mechanical allodynia, while activating this pathway in the absence of any peripheral injury induced long-lasting
(>1 month) allodynia. We conclude that reawakened astrocytes are a key trigger for S1 circuit rewiring and that this contributes

suggests that the S1 cortex might play a role as a “central processing
unit” within the brain networks that mediate and /or sustain chronic
neuropathic pain. Our recent studies (10, 17) on S1 postsynaptic
dendritic spines, on which the majority of excitatory inputs synapse
(18), demonstrated an acute and transient increase in spine turn-
over following peripheral nerve injury. Specifically, new spines were
markedly formed in the early post-injury phase (~1 week), and these
became persistent and substantially larger during the later post-
injury phase (~2 weeks). In contrast, new spines that were generated
before nerve injury became smaller or disappeared altogether fol-
lowing injury (10). These structural synaptic changes were associ-
ated with both an increased S1 cortex excitability and mechanical
allodynia. These observations led to the proposal that the early and
transient increase in S1 spine turnover might be important for the
chronic changes in neuropathic pain behavior, akin to the dendritic
spine plasticity in learning and memory (10, 19, 20). To evaluate and
realize the potential of such S1 structural synaptic remodeling as a
novel therapeutic target for neuropathic mechanical allodynia, it
is critical to first determine whether these structural changes may
be causative for mechanical allodynia and, second, to elucidate the
underlying cellular mechanisms of such S1 cortex plasticity.

Glial cells are known to make important contributions to func-
tional and structural neuronal plasticity. Astrocytes, a major type
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of glia, respond to neuronal activity with increases in intracellular
Ca?" (21, 22) and can directly influence synaptic connectivity by
releasing synaptogenic molecules (23). This is particularly impor-
tant in the developing nervous system when extensive neural cir-
cuit remodeling occurs. Hence, we hypothesize that S1 astrocytes
may show functional changes following peripheral nerve injury
that induces a modification of synaptic connections, resulting
in mechanical hypersensitivity in neuropathic pain. Our results
implicate a causal role of cortical astrocytes and S1 structural syn-
aptic plasticity in mechanical allodynia and point to potential new
targets for the mitigation of debilitating allodynia.

Results

Somatic Ca** transients in contralateral SI cortex astrocytes following
peripheral nerve injury contribute to mechanical allodynia. Using in
vivo 2-photon microscopic imaging, we examined basal somatic
Ca? activity in astrocytes in the contralateral (left) S1 cortex of liv-
ing adult mice following a partial ligation of the right sciatic nerve
(PSL injury) (Figure 1, A and B). The frequency of basal astrocytic
Ca* transients (defined as a change in fluorescence intensity rela-
tive to baseline [AF/F ] >15%) and the proportion of “active astro-
cytes” that showed 1 or more Ca* transients during the 10-minute
recording period were markedly increased when measured during
the first week after injury (3-6 days), before partially returning to
baseline approximately 2 weeks (12-15 days) after injury (Figure
1, B-D, and Supplemental Videos 1 and 2; supplemental material
available online with this article; doi:10.1172/JC182859DS1). The
amplitude of Ca?" transients was unchanged during both of these
phases (Figure 1D), suggesting that there was an increase in the
induction of S1 astrocytic Ca®* transients rather than an increase in
the extent of intracellular Ca*". The increase in Ca** transients of S1
astrocytes was temporarily well matched to both the increase in S1
dendritic spine turnover and to the period during which mechani-
cal allodynia develops, all of which occur during the first week after
injury (ref. 10 and see also Figure 1C). We also quantified the S1
synaptic density, i.e., the number of colocalized presynaptic VGlutl
and postsynaptic PSD-95 puncta (24), in sham control and PSL
injury groups. The results showed that synaptic density in the PSL
group was significantly higher than that in the sham group (165.7%
*11.3% increase in the PSL group, normalized to sham, Figure 1E).
This increase in synaptic density is likely due to a marked increase
in PSD-95 (154.3% * 8.1% increase, normalized to sham) and a
mild increase in VGlutl puncta (120.8% * 8.0% increase, normal-
ized to sham), which matches well with our previous data showing
a strong increase in dendritic spines (10) and a modest increase in
axonal boutons (17) following PSL injury. These results indicate
that the observed dendritic spine changes may contribute to the
increase in new synapse formation after PSL injury.

To examine the behavioral consequences of the increased
astrocytic Ca?* activity, we used inositol-1,4,5-trisphosphate
receptor type 2-KO (Itpr27-, herein referred to as IP,R2-KO) mice
(25). IP,R2 is selectively expressed in astrocytes, and astrocyte
somatic Ca* transients are absent in these mice, while IP,R2 is
not expressed in neurons, and neuronal Ca* transients are unaf-
fected (26-28). We also confirmed a lack of S1 astrocytic Ca?*
transients following PSL in IP,R2-KO mice (Supplemental Figure
1A), while frequent Ca*" transients were still observed in S1 neu-

jci.org  Volume126  Number5  May 2016

The Journal of Clinical Investigation

rons (Supplemental Video 3). Mechanical allodynia for up to at
least 1 month following PSL injury was significantly reduced in
IP,R2-KO mice (Figure 1F). There were no significant differences
in motor function, as assessed by the rotarod test, between WT
and IP,R2-KO mice, either before or after PSL injury (Supple-
mental Figure 1B). Somatosensory-evoked potentials recorded
in the S1 cortex were increased following PSL injury (Supplemen-
tal Figure 1C), as observed in our previous study (10), and such
enhanced S1 neuronal excitability was absent in IP,R2-KO mice
(Supplemental Figure 1C). Topical infusion of 1,2-bis(o-amino-
phenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA-AM, a Ca*
chelator) into the cortical surface can also be used to selectively
inhibit astrocytic Ca?" transients (29), as, in the intact cortex, the
AM-based Ca* indicators selectively load into astrocytes but not
neurons (28, 30). To apply BAPTA-AM less invasively over a pro-
longed period, we used the noninflammatory, sustained (~6 days)
Elvax drug delivery system (for the specificity of Elvax drug deliv-
ery, see Supplemental Figure 1, D and E). Such local S1 infusion
of BAPTA-AM blocked the increase in astrocytic Ca®* transients
following PSL injury (Supplemental Figure 2A), without changing
neuronal Ca?* activity (Supplemental Figure 2B). Elvax-mediated
infusion of BAPTA-AM also significantly attenuated mechanical
allodynia for at least 1 month (Figure 1F). Similarly, Elvax-medi-
ated infusion of an astrocyte metabolism inhibitor, fluoroacetate,
which also selectively suppressed astrocytic Ca? transients (data
not shown), alleviated mechanical allodynia (Figure 1F). Thus,
both genetic and pharmacological approaches demonstrate that
spontaneous astrocyte somatic Ca* transients in the S1 cortex
emerge in the first week following PSL injury, and preventing these
Ca? transients markedly reduces chronic mechanical allodynia.

Manipulation of somatic Ca* transientsin S1astrocytes modulates
structural synaptic plasticity. The peak in spontaneous S1 astrocytic
Ca* transients in the first week after PSL injury coincides with the
peak in synapse remodeling following PSL (as measured by spine
turnover; Figure 1C). This suggests a possible causal relationship
between the two. Thus, we investigated the effects of stimulating
astrocytic Ca? transients in naive mice (Figure 2A) using repeated
in vivo 2-photon photolysis of caged Ca?" 1-(4,5-dimethoxy-2-
nitrophenyl)-1,2-diaminoethane-N,N,N’,N’-tetraacetic acid (DMNP-
EDTA). We used the thyIGFP-M mouse line, as these mice express
EGFP in a small subset of layer V pyramidal neurons (31), enabling
easy identification of dendritic spines. Our protocol involved
evoking somatic Ca?* elevations every 5 minutes, while repeatedly
imaging the same apical dendrites every 30 minutes (Figure 2B
and see also Methods). This modest frequency of evoked somatic
Ca? transients in S1 astrocytes was still sufficient to induce an
acute and significant increase in spine turnover (formation and
retraction/elimination) in dendritic segments adjacent to the
stimulated astrocytes as compared with that observed in remote
dendritic segments (Figure 2C and see also Supplemental Figure
3 for quantification).

In the converse experiment, we repeatedly imaged the same
dendrites in S1 cortex before and 3 days after PSL injury and com-
pared the extent of spine turnover in control mice and in mice that
received Elvax-mediated local BAPTA-AM infusion (Figure 3A and
see also Methods). As we previously reported (10), and as shown in
Figure 1C, PSL injury induced a rapid increase in the rate of spine
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Figure 1. Increased numbers of astrocytic Ca* transients in S1 cortex following PSL injury and their contribution to mechanical allodynia. (A) In vivo
2-photon Ca%* imaging of astrocytes (yellow staining) in S1cortex layer |, loaded with OGB-1-AM (Ca*  indicator, green) and SR101 (astrocyte marker,
red). Scale bar: 30 um. (B) Representative images of S1astrocytes (dashed circles) and corresponding Ca?* transients in control (blue rectangle shown
in A), PSL-early (3-6 days after PSL injury) and PSL-late (12-15 days after PSL injury) groups. Arrows indicate individual transients (AF/F_ >15%). (C)
Frequency of astrocytic Ca** transients (red), spine turnover rate (n = 550 spines/15 dendrites/6 mice, blue), and mechanical threshold (n = 6 mice,
black). Spine turnover and mechanical threshold data are from our previous study (10) conducted under the same conditions, with additional data from
1 mouse included. Ca? transients were quantified in active astrocytes. Con, sham-operated mice (n = 41 cells/3 mice); Early (n = 130 cells/3 mice); Late
(n =71 cells/4 mice). ***P < 0.001 versus control, by Kruskal-Wallis test. (D) Left: Proportion of active astrocytes that showed 1 or more Ca** events
during a 10-minute recording period in sham control, PSL-early, and PSL-late mice. n = 10-13 imaged planes/group. **P < 0.01, by Kruskal-Wallis test.
Right: Corresponding mean amplitudes of Ca?* transients. NS, P > 0.05, by Kruskal-Wallis test. (E) Top: Representative confocal images of synapses
(arrowheads) indicated by colocalization of presynaptic (VGlut1, green) and postsynaptic (PSD-95, red) markers in the sham and PSL injury groups.
Scale bar: 5 pm. Bottom: Quantitative analysis demonstrates that PSL injury significantly increased the number of colocalized synaptic puncta. n =12
image stacks/4 mice per group. ***P < 0.001 versus sham control, by unpaired t test. (F) Mean mechanical thresholds 0-27 days following PSL injury
in control (n =10), IP,R2-KO (7), BAPTA-AM (5), and fluoroacetate-treated (4) mice. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control, by 1-way
ANOVA. Error bars represent the mean + SEM.
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Figure 2. Activation of 51 astrocytic Ca* induces spine turnover. (A) Photolysis of caged Ca?* (DMNP-EDTA) within an astrocyte soma was done by 730-
nm 2-photon laser stimulation (10 mW, 50-ms duration, Tornado mode, Olympus). This brief uncaging induced a prolonged (>1 minute) astrocytic Ca*
transient (solid arrowheads; yellow) approximately 20 seconds after the stimulation. Simultaneous imaging (0.5 Hz, 900-nm 2-photon laser scanning)
was done after dye loading (Ca** dye [0GB-1-AM, green] and astrocyte marker [SR107, red]) in a naive mouse. Note that the unstimulated astrocytes (open
arrowheads) show no Ca?* changes. Scale bar: 10 um. (B) Timeline of the experimental protocol for in vivo 2-photon Ca?** uncaging (from DMNP-EDTA) and
repeated dendrite (Dend) imaging. (C) Left: Z-projection images of apical dendrites (green, GFP) and astrocytes (red, SR101). Scale bar: 10 um. Yellow oval
in lower rotated image indicates the focal point for in vivo intra-astrocyte 2-photon Ca** uncaging. Center and right: Magnified dendrite images before (0
minutes) and 90 minutes after Ca?* uncaging. Repeated astrocytic Ca?* uncaging (5-minute intervals) induced spine formation and elimination in adjacent
dendritic segments (blue squares), but not in more remote dendritic segments (upper left of center and right images). Scale bar: 3 um.

formation and elimination as compared with that seen in sham-
operated controls, and this was also apparent when saline was topi-
cally applied (via Elvax) to the S1 cortex (Figure 3, B and C). In con-
trast, local application of BAPTA-AM to inhibit S1 astrocytic Ca**
transients prevented this PSL injury-induced increase in the spine
turnover rate (Figure 3, Band C). The effects of BAPTA-AM on spine
elimination (not significant; P > 0.05, PSL-BAPTA-AM vs. sham-
saline or PSL-saline) was more modest than the apparent block of
PSL injury-induced spine formation (P < 0.01, PSL-BAPTA-AM vs.
PSL-saline) (Figure 3C). Taken together, these results suggest that
an increase in somatic Ca* transients in S1 astrocytes is sufficient
and necessary to induce the structural synaptic plasticity in S1 corti-
cal dendrites that occurs after peripheral nerve injury.
Ca?*-dependent release of TSP-1 from S1 cortex astrocytes follow-
ing PSL injury induces synaptic rewiring and mechanical allodynia.
We next sought to identify a potential molecular mechanism
that causally links astrocytic Ca®* activity, spine plasticity, and
mechanical allodynia. Given that spine formation seemed more
dependent on astrocytic Ca* signaling than did spine elimination
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(Figure 3C), we focused on the thrombospondins 1 and 2 (TSP-
1/2), which are astrocyte-secreted soluble proteins that induce
excitatory synapse formation during neuronal development or fol-
lowing cortical damage (32, 33). Indeed, TSP-1 levels in whole S1
cortex tissue extracts and in dialysates of S1 cortex extracellular
fluid were both significantly increased in the early phase of PSL
injury-induced mechanical allodynia, before returning to baseline
levels during the late phase (Figure 4, A and B). Interestingly, this
increase in TSP-1 was not seen in the IP,R2-KO mice (Figure 4A),
indicating its dependence on astrocytic Ca** signaling. TSP-2 was
not detected at either time point, nor was it detected in control
conditions before PSL injury, whereas high levels of TSP-2 protein
(1,657.54 + 98.04 pg/mg protein, n = 4) were detected in the P8
mouse cortex that was used as a positive control (34). TSP-4 pro-
tein levels were not significantly increased after PSL injury (sham,
4.38 £1.84 vs. PSL, 5.88 £ 1.79 ng/mg protein; n = 7-8 mice/group;
P=0.28, Mann-Whitney U test).

FISH for Tspl mRNA combined with IHC for GFAP (astrocyte
marker) showed that the expression levels of TspI mRNA in astro-
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Figure 3. Inactivation of S1 astrocytic Ca* inhibits spine turnover. (A) Repeated in vivo 2-photon imaging of the same dendrites before and 3 days after
drug infusion into S1cortex. Schematic procedure (top) and representative images (bottom) used for repeated imaging of the same apical dendrites of
layer V pyramidal neurons in S1 cortex, before and 3 days after Elvax drug application. (B) Images of the same S1 cortex apical dendrite before and 3 days
after PSL injury, with local sustained (Elvax) delivery of saline or BAPTA-AM. Arrowheads indicate spine formation (red) and elimination (blue). Scale bar:
2 um. (C) Spine formation (left) and elimination (right) rates in saline sham-operated (n = 24 dendrites/3 mice), PSL-injured (n = 17 dendrites/3 mice), and
BAPTA-AM PSL-injured groups (n = 20 dendrites/3 mice). **P < 0.01 and ***P < 0.001, by 1-way ANOVA. Error bars represent the mean + SEM.

cytes (GFAP*) were significantly increased in the PSL injury group
as compared with levels in the sham control group (Figure 4C). In
contrast, Tsp] mRNA expression levels in other cells (GFAP") were
not significantly different between the 2 groups (Figure 4C). Immu-
nofluorescence labeling also indicated that TSP-1 immunoreactiv-
ity in astrocytes, but not in other cells (GFAP"), was significantly
increased following PSL injury (Figure 4D). Although a very recent
study showed that microglia promote learning-related synaptogen-
esis via brain-derived neurotropic factor (BDNF) signaling (35),
microglia showed no TSP-1 expression in our study (Supplemental
Figure 4A). Our preliminary screen of the BDNF-signaling inhibitor
K252a by infusion into S1 cortex showed no effect on mechanical
allodynia. Moreover, microglial activation has not been observed in
supraspinal regions following peripheral nerve injury (36).

Elvax-mediated infusion of the neuronal TSP receptor (o,5-1)
antagonist gabapentin (32) into the S1 cortex suppressed the
increase in the spine formation rate after PSL injury (Figure 5A)
and markedly attenuated mechanical allodynia 7, 14, and 27
days after injury (Figure 5B). Gabapentin did not affect the PSL-
induced increase in spontaneous astrocytic Ca?* transients (Sup-
plemental Figure 4B), indicating that its action is downstream
of astrocytic Ca?*. siRNA knockdown of TSP-1 expression in the
S1 cortex also significantly inhibited PSL injury-induced spine
formation (Figure 5C) and alleviated mechanical allodynia for
at least 1 month (Figure 5B). As expected, both TSP-1 siRNA and
gabapentin were less efficacious against the PSL injury-induced
increase in the spine elimination rate (Figure 5, A and C). Remark-
ably, a single injection of TSP-1 into the S1 cortex of naive (nonin-
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Figure 4. Astrocytic Ca*-dependent upregulation of TSP-1in S1 cortex following PSL injury. (A) TSP-1 protein levels in 51 cortex measured with ELISA

in P8 positive control, sham control, PSL-early, and PSL-late mice. n = 3-4 mice/group. *P < 0.05 versus sham control or PSL-late mice, by 1-way ANOVA.
Inset graph: 51 cortex TSP-1levels in sham and PSL-early IP,R2-KO mice (n = 3/group). No significant difference was observed between groups (P > 0.05,
by unpaired t test). (B) Extracellular TSP-1levels in S1 cortex following PSL injury measured with ELISA using in vivo microdialysate samples. Extracellular
TSP-1levels significantly increased following PSL injury, peaked at 3 to 6 days after injury, and subsequently decreased to baseline levels (n = 6 mice/
group). *P < 0.05 and **P < 0.01 versus pre-injury levels, by 1-way ANOVA. (C) Top: Representative FISH images of TspT mRNA (red) and immunohis-
tochemical staining of astrocytes (GFAP, green) with DAPI staining (blue). Scale bars: 10 um and 5 um (magnified images). Solid arrowheads indicate
representative GFAP* and Tsp? mRNA* cells. Open arrowheads indicate representative GFAP* and Tsp? mRNA- cells. Arrows indicate representative GFAP-
and TspT mRNA* cells. Bottom: Proportion of Tsp7 mRNA* cells in GFAP* and GFAP- cells normalized to the proportion in the sham group. n =15 image
sections/5 mice for sham and 12 sections/4 mice for the PSL-injured group (3 sections/mouse). ***P < 0.001 and NS (P > 0.05), by Mann-Whitney U test.
(D) Immunofluorescence images of S1 cortex showing greater colocalization of astrocytes (GFAP, red) and TSP-1 (green) in PSL-injured mice (bottom) com-
pared with sham controls (top). Scale bar: 20 um. Dashed squares were expanded and separated (for GFAP, TSP-1, and merge) and are shown in the bottom
images. Bottom graphs: Proportion of TSP-1immunoreactivity (IR) colocalized with GFAP* astrocytes (n = 48 cells from 3 mice/group; ***P < 0.001, by
unpaired t test) or with GFAP- cells (n = 75 cells from 3 mice from the sham control group, 97 cells from 3 mice from the PSL-injured group; NS, P > 0.05, by

1988

unpaired t test). Error bars represent the mean + SEM.

jured) mice significantly increased new spine formation 1 day after
the injection and induced a mechanical hypersensitivity that was
apparent 1 day after injection and sustained for at least 1 month
(Figure 5D). This allodynic effect was significantly inhibited by
coinjection of gabapentin (500 mg/kg, i.p.; TSP-1 alone, n = 6 vs.
TSP-1 plus gabapentin, n = 3 [percentage of maximum pain score]:
10.8% * 2.0% vs. 13.3% *+ 1.7% at O days, P = 0.451; 53.3% * 6.4%
vs. 23.3% £ 10.9% at 3 days, *P = 0.038; 60.0% + 5.9% vs. 40.0%
+2.9% at 7 days, P = 0.058; 65.0% * 5.2% vs. 31.4% *+ 4.4% at 14
days, **P = 0.004, by unpaired ¢ test), while injection of heat-inac-
tivated TSP-1had no effect (Supplemental Figure 4C), both results
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confirming the specificity of the TSP-1 effect. Hence, these data
strongly suggest that Ca*-dependent release of TSP-1 from S1
astrocytes following PSL injury induces spine plasticity and subse-
quent mechanical allodynia.

Increased mGIuRS signaling in mature S1 astrocytes following PSL
injury causes Ca**-dependent TSP-1 release and subsequent mechani-
cal allodynia. Finally, we sought to identify the mechanism linking
PSL injury to the enhanced S1 astrocytic Ca* transients that then
induce TSP-1 release, spine plasticity, and mechanical allodynia.
We hypothesized that the enhanced peripheral afferent activ-
ity and excitatory signaling in the ascending pathway after nerve
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Figure 5. TSP-1released from S1astrocytes following PSL injury promotes synaptic rewiring and sustained mechanical allodynia. (A) Images of the
same S1 apical dendrite before and 3 days after PSL injury with sustained (Elvax) saline or gabapentin application. Arrowheads indicate spine formation
(red) and elimination (blue). Scale bar: 2 um. Graphs: Spine formation (top) and elimination (bottom) rates in saline-administered, sham-operated mice

(n = 24 dendrites/3 mice), PSL-injured mice (n = 17 dendrites/3 mice), and gabapentin-infused, PSL-injured mice (n = 21 dendrites/3 mice). **P < 0.01

and ***P < 0.001, by 1-way ANOVA. (B) Mean mechanical thresholds following PSL injury in control (n = 7), gabapentin-infused (n = 5), and TSP-1 siRNA-
injected (n = 6) mice. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control, by 1-way ANOVA. (C) Western blots demonstrate selective knockdown of TSP-1
expression in S1 cortex following TSP-1siRNA injection. As for positive control of TSP-1, recombinant human TSP-1 (hTSP-1) was loaded (left band). Graphs:
Quantitative analysis of Western blots (n = 4). **P < 0.01, by unpaired t test. Spine formation (left) and elimination (right) rates in control siRNA-injected
mice (siControl, n = 11 dendrites/3 mice) and TSP-1siRNA-injected mice (siTSP-1, n = 8 dendrites/2 mice). **P < 0.01, by unpaired t test. (D) Single injection
of TSP-1 protein (n = 6 mice), but not PBS (n = 6), into S1 cortex induced mechanical hypersensitivity that lasted at least 4 weeks. **P < 0.01 and

***P < 0.001, by unpaired t test. Images of the same S1 apical dendrite in naive mice before and 1 day after an injection of PBS (upper panels) or TSP-1
(lower panels). Arrowheads indicate spine formation. Scale bar: 2 um. Inset graph: Spine formation rates in PBS-injected (n = 8 dendrites/3 mice) and
TSP-1-injected (n = 9 dendrites/3 mice) mice. **P < 0.01, by unpaired t test. Error bars represent the mean + SEM.

injury (10, 37, 38) may be precipitating factors. In vivo microdialysis
showed that extracellular glutamate levels in the S1 cortex were sig-
nificantly increased following PSLinjury, peaking 3 days after injury
before subsequently returning to baseline levels (Figure 6A). We
therefore investigated whether astrocytic glutamate receptors may
be responsible for the Ca*-dependent release of TSP-1. Initially,
we used cultures of cortical astrocytes and found that application of
glutamate (100 uM) significantly increased TSP-1 protein expres-
sion (Figure 6B) and its release into the extracellular space (Figure
6C). BAPTA-AM blocked this increased TSP-1 expression (Figure
6B), indicating the dependence of TSP-1 expression on intracellu-
lar Ca*. The glutamate-induced increase in TSP-1 expression was
also blocked by mGluR antagonists and specifically by a-methyl-4-
carboxyphenylglycine (MCPG), the nonselective group I/II mGluR

antagonist, and by 2-methyl-6-(phenylethynyl)-pyridine (MPEP),
the mGIuR5 antagonist (Figure 6B). In contrast, 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX, an o-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid [AMPA] receptor antagonist) or MK-801
(an NMDA receptor antagonist) had no effect (Figure 6B). MPEP
also abolished the glutamate-evoked release of TSP-1 (Figure 6C).
Local application of MPEP also blocked the mGluR5-mediated
increase in TSP-1 expression in the S1 cortex in vivo following PSL
injury (Figure 6D). Immunoelectron microscopic imaging showed
that mGIuR5 expression in glia was upregulated following PSL
injury (Figure 6E).

A recent study (39) reported that mGluR5-mediated astro-
cyte somatic Ca* responses to glutamatergic transmission and
mGIuR5 expression levels were both downregulated during mouse
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Figure 6. Increased extracellular glutamate and astrocytic mGIuRS5 signaling in S1 cortex following PSL injury mediates Ca**-dependent TSP-1 release.
(A) Extracellular glutamate levels in S1 cortex transiently increased after PSL injury (n = 5 mice/group), but not after sham operation (n = 3 mice).

*P < 0.05 and **P < 0.01 versus pre-injury, by 1-way ANOVA. (B) 100 uM glutamate-mediated increases in TSP-1 expression in cultured cortical astrocytes,
as measured with Western blots, were inhibited by the mGIuR5 antagonists MCPG and MPEP and by BAPTA-AM, but were unaffected by AMPA and NMDA
antagonists (CNQX and MK-801). *P < 0.05 versus control; *P < 0.05 versus glutamate, by Kruskal-Wallis test. Note that the MCPG and MPEP data were
run on separate gels, as indicated by the vertical lines. (C) Levels of extracellular TSP-1released from cultured cortical astrocytes as measured by ELISA.
Glutamate application significantly increased TSP-1release, which was blocked by MPEP. **P < 0.01, by Kruskal-Wallis test. (D) Local MPEP infusion in vivo
blocked the increase in TSP-1levels in the S1cortex following PSL injury. Representative Western blots demonstrated a significant increase in S1cortex
TSP-1levels following PSL injury, which was inhibited by MPEP administration into S1cortex (n = 4 mice/group). **P < 0.01, by 1-way ANOVA. Error bars

in A-D represent the mean + SEM. (E) Representative electron micrographs of contralateral (left) S1cortex (layer 1) labeled for mGIuRS5 in PSL-injured and
sham control mice. Immunogold labeling for mGIuR5 was found both in neuronal compartments (dend., dendrite; sp., spine) and glia, with the frequency

of glia labeling increasing after PSL injury.

development, with only very small levels found in the cortex of
adult mice. In contrast, the somatic Ca* responses of astrocytes
to ATP remained intact during development (with a tendency to
increase in the adult cortex as compared with that observed in
the cortex of pups). Consistently, mature astrocytes in S1 cortical
slices from sham-operated control mice showed only rare somatic
Ca? responses to bath application of (S)-3,5-dihydroxyphenylgly-
cine (DHPG, a group I mGluR agonist) (Figure 7A). In contrast, in
slices isolated from PSL-injured mice (3-6 days after injury), the
proportion of astrocytes responding to DHPG was significantly
increased (Figure 7A). The astrocytic response to ATP was sim-
ilar in sham control and PSL-injured mice (with a tendency to
decrease in PSL-injured mice). Similarly, the proportion of astro-
cytes that showed somatic Ca® transients in response to topical
application of DHPG to S1 cortex in vivo was markedly increased
after PSL injury (Figure 7B). These results indicate an upregula-
tion of S1 astrocytic mGIluR5 signaling in the first week follow-
ing peripheral nerve injury. Blocking mGIuRS5 signaling in the S1
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cortex by Elvax-mediated local MPEP application significantly
suppressed mechanical allodynia for at least 1 month (Figure 7C).
The antiallodynic effect of MPEP application was evident 2 days
after PSL injury (Supplemental Figure 5A). The PSL-induced spine
turnover increase was also prevented by MPEP application (spine
turnover rate: PSL-MPEP, 11.11% *+ 1.08% vs. PSL-saline, 20.85%
*+1.57%, n=16-17 dendrites/3 mice/group, P < 0.001, by unpaired
t test). These findings suggest that upregulated mGluRS5 signaling
in S1 astrocytes following peripheral nerve injury induces somatic
Ca? transients and TSP-1 release, events that ultimately result in
sustained mechanical allodynia (Supplemental Figure 6).

Discussion

Peripheral nerve injury triggers neuroplastic changes along the
somatosensory nervous system, from the peripheral sensory affer-
ents to the spinal cord, thalamus, and cortex, leading to chronic
neuropathic pain, a debilitating disease with poor therapeutic
prognosis (37). The role of neural circuits in the cortex in this
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Figure 7. Reawakened mGIuRS5 signaling in S1 astrocytes following PSL mediates Ca* activation and long-lasting mechanical allodynia. (A) Proportion
of S1astrocytes in acute brain slices showing Ca?* transients (left panel: representative Ca?* traces) in response to puff application of ATP (100 and 500
uM) or DHPG (group 1 mGluR agonist, 50 and 200 uM). *P < 0.05, by Mann-Whitney U test. n = 6 (ATP, sham), 3 (ATP, PSL), 6 (DHPG, sham), or 7 (DHPG,
PSL) brain sections from 2 to 4 mice/group. (B) Proportion of S1astrocytes in vivo showing Ca% responses to local aCSF or DHPG application. n = 83 cells/3
mice (sham) or 132 cells/4 (PSL-injured) mice. **P < 0.01, by Scheffe's F test. Representative in vivo images are shown. (C) Mean mechanical thresholds
following PSL injury in MPEP- (n = 6) or saline-treated (n = 5) mice. ***P < 0.001, by unpaired t test. Error bars represent the mean + SEM.

chronic pain behavior has been regarded as a passive reflection of
the events occurring in the spinal cord (1). However, whole-brain
imaging studies in patients with chronic neuropathic pain clearly
identifies a range of plastic changes at the supraspinal level that
include alterations of somatotopic maps, cortical thickness, and
excitability in the S1 cortex (15, 40-42). Such anatomical and
functional changes in the connectivity between the “pain matrix”
cortical regions are reliable predictors for the severity of periph-
eral neuropathic pain (43, 44). Our results extend this to show
that changes in cortical neural circuits are not simply passive
reflections of ongoing altered afferent input from the spinal areas,
but actively contribute to neuropathic mechanical allodynia. By
revealing some of the underlying mechanisms, our study suggests
that cortical changes may move beyond their utility as just diag-
nostic tools and serve as potential targets for therapeutics.

An important role of glial activation and the subsequent mod-
ification of neuronal activity in the pathogenesis of neuropathic
pain have been extensively reported for the spinal cord (45, 46). In
contrast, few studies have investigated the potential role of corti-
cal glia-neuron crosstalk in chronic pain, perhaps partly due to the
difficulty in revealing causality and mechanisms at a site so distant
from the initial insult in the periphery. Previous histological stud-
ies, to our knowledge, have failed to show any distinct activation
of glia (i.e., microglia and astrocytes) in the S1 cortex following
peripheral nerve injury. Using in vivo 2-photon Ca? imaging in
live animals, we demonstrate here that S1 cortical astrocytes are
acutely and functionally activated following nerve injury. Further-

more, the consistency of multiple approaches to blocking signal-
ing from these activated S1 astrocytes to attenuate neuropathic
mechanical allodynia and the induction of spine formation and
mechanical allodynia by activation of astrocytic signaling in the
absence of injury together reveal that the astrocyte-dependent
new synaptic connections in S1 cortex substantially mediate sus-
tained mechanical allodynia. This mechanism is probably specific
to mechanical allodynia, since blockade of S1 astrocyte-induced
synaptic plasticity had more minimal effects on thermal allodynia
(data not shown).

Our findings also recall the structural synaptic plasticity impli-
cated in long-term memory formation (4, 47). While changes in
the efficacy of existing synapses contribute to short-term memory,
new synaptic connections in the cortex are required for persistent
memory storage (3, 4). We and others have previously focused on
amplified excitatory transmission in the S1 cortex and anterior cin-
gulate cortex following peripheral injury, the suppression of which
temporarily relieves mechanical allodynia (9, 48). While chronic
pain may include components of increased efficacy of preexisting
connections, the structural synaptic plasticity we report here may
also play a key role in mediating sustained mechanical hypersen-
sitivity in neuropathic pain.

Close interactions between neurons and glia play a key role in
information processing and diseases in the CNS (23, 45, 46, 49).
Astrocytes form a structural network surrounding neurons and
synapses and functionally maintain the homeostasis of ions and
transmitters (23). They are not electrically excitable, but have a
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range of important signaling pathways including group I mGluR-
mediated somatic Ca* oscillations and TSP-1/2 release capacity
during development, when neural circuits are forming. These
signaling pathways are typically downregulated in the adult brain
(23, 39). Here, we show that peripheral nerve damage results in a
re-emergence of mGIuRS5 signaling in S1 cortical astrocytes and
suggest that this re-emergent mGluR5 pathway defines a critical
period of the S1 circuit plasticity that is associated with enhanced
astrocytic Ca* activity and TSP-1 release and that enables neu-
ropathic mechanical allodynia to become entrenched. Thus, we
provide the evidence that cortical astrocytes are converted to
an active, immature phenotype despite a lack of direct injury in
the mature brain. This reawakened immature signaling in astro-
cytes reflects an abnormal pathological state of the S1 cortex in
nerve-injured mice, as a number of other aspects of neuronal
signaling revert back to the immature phenotype upon neuronal
injury or stress. Hence, we propose that peripheral neuropathic
pain represents, at least in part, an outcome of brain pathology
(1). In this regard, it should be noted that an intrathecal injection
of TSP-4 induced a reversible acute mechanical hypersensitivity
(~1 week’s duration) through spinal neuron sensitization (50),
whereas an injection of TSP-1 into S1 cortex in our current study
resulted in long-lasting mechanical allodynia (>1 month’s dura-
tion). This suggests that cortical plasticity can cause more sus-
tained enhanced nociceptive signaling. However, our results do
not refute a role for the well-documented mechanisms outside of
the S1 cortex (e.g., peripheral/spinal sensitization) that contrib-
uting to allodynia. There might be development of some cortex-
dependent allodynia beginning approximately 2 days after nerve
injury, with earlier allodynia (day 1) likely due to spinal cord and/
or peripheral changes (Supplemental Figure 5A). Just how periph-
eral and spinal changes may combine or interact with cortical
plasticity in the development and maintenance of chronic allo-
dynia will be important to resolve.

It should, however, be recognized that interactions between
neurons and astrocytes are bidirectional. Astrocytes respond to
sensory inputs or synaptic activity with intracellular Ca?* rises and
remodeling of perisynaptic astrocytic processes, resulting in the
release of neuroactive substances that may not only acutely affect
synaptic and neuronal activity, but may also result in slower and
more chronic aspects of neuronal plasticity (23, 51-55). Indeed,
slower astrocyte-neuron interaction is more consistent with the
temporal dynamics of astrocytic Ca* waves, which are much slower
than the rapid time course of synaptic transmission (53). Astrocytes
secrete a number of molecules that are not defined as gliotransmit-
ters but that nevertheless directly modulate synaptic structures and
thereby synaptic function (23) on a slower time scale. We focused
on one class of these, the TSPs, because (a) they bind to synaptic
a,8-1 receptors to induce excitatory synaptogenesis in vitro and in
vivo; (b) gabapentin, which inhibits this synaptogenic action by
antagonizing TSP binding to o,3-1, is effective against neuropathic
pain (32); (c) dendritic spine malformations and reduced synaptic
density in Down syndrome brain are directly linked to deficits in
astrocytic TSP-1 protein expressions (56); and (d) astrocytes near
the injured neuronal cell bodies release TSPs to cause functional
and structural synaptic plasticity in vitro and in vivo (50, 55). We
found that TSP-1 release from S1 astrocytes is markedly increased
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in the early post-injury phase, which is dependent on mGIuR5-
mediated astrocytic Ca?* signaling, before subsequently declining
during the late post-injury phase. Inhibition of TSP-1 transcription
or binding to neuronal a,3-1 by siRNA or gabapentin, respectively,
substantially suppressed new spine formation and mechanical
allodynia following PSL injury. These results indicate that TSP-11is
a molecular factor that causally links enhanced S1 astrocytic Ca*,
synaptic rewiring, and neuropathic pain.

In summary, our findings identify a sequence of events in the
somatosensory cortex, a remote region not directly affected by the
injured periphery and spinal cord, that contribute to mechanical
hypersensitivity in neuropathic pain. Our proposed mechanistic
model is summarized schematically in Supplemental Figure 6.
Peripheral nerve injury results in afferent nerve hyperactivity (10,
37,38) that increases extracellular glutamate levels in the S1 cortex
to activate mGluR5s and initiate cell signaling that results in astro-
cytic Ca* transients. Elevation of astrocytic Ca?* levels then causes
the release of TSP-1, which activates the neuronal a,3-1 receptor to
induce new synaptic connections, possibly connecting innocuous
S1 neural circuits to noxious circuits. Such maladaptive synaptic
rewiring may contribute to the enhanced response of S1 circuits
to intracortical stimuli and to innocuous tactile stimuli (9, 10),
resulting in sustained mechanical allodynia. Blocking either nerve
injury-induced early S1 astrocytic Ca* activation (e.g., by MPEP,
IP,R2-KO, BAPTA-AM, or fluoroacetate) or subsequent neuronal
synaptic rewiring (e.g., by TSP-1siRNA or gabapentin) prevents the
full development of mechanical allodynia. Thus, appreciation of
these astrocyte-mediated changes in cortical synaptic connections
requires a paradigm shift in our understanding of neuropathic pain
pathophysiology, one that may result in novel therapeutic strate-
gies to treat debilitating neuropathic mechanical allodynia.

Methods
Allmice were housed in cages (3-4 mice per cage) with ad libitum access
to food and water. After the cranial window implantation, however, the
mice were single caged to avoid any possible damage to the glass win-
dow. The room was maintained on a 12-hour light/12-hour dark cycle.
PSL injury and behavioral testing. Under isoflurane anesthesia
(2.0%), the right sciatic nerve of 3-month-old male C57BL/6 mice was
exposed at the upper-thigh level and one-third to one-half of the diam-
eter of the nerve was ligated with a 9-0 suture (57). In sham-operated
mice, the nerve was exposed but left intact. For assessment of tactile
allodynia, the mice were habituated for 30 minutes in a transparent
plastic box with a wire mesh floor before pressing a set of 8 calibrated
von Frey hairs (ranging from 0.07 xg to 4.0 xg of bending force) per-
pendicularly against the plantar surface of the hind paw until slight
buckling was observed. The 50% paw withdrawal threshold was deter-
mined by the up-down method (58). IP,R2-KO mice (Itpr27") and their
littermate WT mice (*/*) showed no different baseline mechanical
sensitivity as compared with normal C57BL/6 mice. Thus, the behav-
ioral data from both the IP,R2*/* littermates and C57BL/6 control mice
were pooled to form a control group (Figure 1F). The experimenters
were blinded to genotyping and nerve injury. In a different set of
experiments, we measured the hind-paw withdrawal response sen-
sitivity (percentage of maximum pain score) as described previously
(59). Briefly, the mice were brought into the behavior room 1 hour
before the test session to allow them to habituate to the environment.
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To quantify the sensitivity to a tactile stimulus, von Frey filaments
were applied to the plantar surface of the hind paw, and the paw with-
drawal response was evaluated by scoring as follows: 0, no response;
1, a withdrawal response away from the stimulus with slight flinching
and/or licking; and 2, an intense withdrawal response away from the
stimulus with brisk flinching and/or licking. One trial involved 10 fil-
ament applications separated by 3 to 4 seconds, and the response to
each application was scored as 0, 1, or 2. The total score for each trial
was summed, giving a range of scores of O to 20. The time course of
mechanical allodynia following PSL injury as measured using both
methods was almost the same (Figure 1C and Supplemental Figure
4C). The behavioral tests were performed during the daytime.

Open-skull chronic cranial window implantation and long-term in
vivo 2-photon imaging of spine dynamics. To implant the cranial window
for chronic imaging (60), 2-month-old male C57BL/6 mice express-
ing EGFP under the control of the Thyl promoter in a small subset of
cortical neurons (GFP-M line mice) (31) were anesthetized with an i.p.
injection of ketamine (0.13 mg/g) and xylazine (0.01 mg/g), and body
temperature was maintained at 37°C using a heating pad. Dexametha-
sone (0.04 ml at 2 mg/ml) was administered s.c. prior to surgery to
prevent cerebral edema. Following scalp incision and cleaning, a cir-
cular craniotomy (2-3 mm in diameter) was performed on the skull
above the hind-limb area of the left S1 cortex (0.5 mm posterior and
1.5 mm lateral from the bregma) and covered with a glass coverslip.

In vivo imaging experiments (at 3-day intervals) began 3-4 weeks
after the cranial window implantation. Isoflurane anesthesia (1.5%)
was used during each imaging session, which typically lasted 30 to
40 minutes. In the first imaging session, the position of the S1 hind-
paw area was functionally determined using intrinsic optical signal
imaging as described previously (10). A Ti:sapphire laser (Mai Tai HP;
Spectra-Physics) was tuned to the excitation wavelength for GFP (950
nm). Low-magnification image stacks (512 x 512 pixels, 0.41 pm/pixel,
250-400 optical planes, 2- to -2.5-um z step) of fluorescently labeled
cells inside the identified S1region were collected on the second imag-
ing session using a FVIOOOMPE laser scanning microscope and a
water-immersion objective lens (x60; NA 0.9; Olympus) and matched
to the blood vessel pattern on the brain surface to enable subsequent
relocation of the imaged region. High-magnification, long-term time-
lapse imaging (512 x 512 pixels, 0.08 pm/pixel, 15-30 optical planes,
0.5-um z step) of spine dynamics began on the third session and con-
tinued for 2 to 3 weeks.

MetaMorph (Molecular Devices) and Image] software (NIH) were
used to analyze individual spines on the same dendritic segments from
3D image stacks. Analysis was performed by an experimenter was
blinded to the experimental conditions. As described previously (10),
all types of dendritic protrusions were included in the analysis, except
for the spines on dendritic branch tips. The rates of spine formation
and elimination were determined as the percentages of spine gain and
loss, respectively, between 2 successive imaging sessions, relative to
the total number of spines in the former session. Spine turnover was
defined as the total sum of gained and lost spines over a 3-day period,
divided by twice the total number of initial spines. The spine turn-
over change in the S1 hind-paw area following PSL injury was region
specific, because little change was found in the barrel somatosensory
cortex (Supplemental Figure 5B).

Dye loading and in vivo 2-photon Ca?* imaging. Dye loading and
Ca? imaging of S1 astrocytes were performed through a small open-
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skull cranial window under continuous visual guidance with a 2-pho-
ton microscope, with modification of the Stosiek et al. protocol (61).
Briefly, a total of 0.8 mM Oregon Green 488 BAPTA-1-AM (OGB-1-
AM) was dissolved in DMSO with 20% pluronic acid (Invitrogen) and
mixed in artificial CSF containing SR101 (Sigma-Aldrich). A standard
patch-clamp pipette was filled with this solution and inserted into S1
cortex toadepth of 10 to 100 um from the pial surface during urethane
anesthesia (1.9 g/kg, i.p.) with atropine (0.4 mg/kg, i.p.). The dye solu-
tion was then pressure ejected (5-10 psi; IM-300; Narishige) from the
pipette for 1 minute. After loading, the pipette was withdrawn and the
cranial window sealed with a glass coverslip. Ca?" fluorescence in S1
astrocytes and/or neurons was imaged using the FV1000MPE (Olym-
pus), AIR MP* (Nikon), or LSM 7 MP (Zeiss) 2-photon microscope with
the Mai Tai DeepSee (Spectra-Physics) Ti:sapphire laser (power: under
10 mW) at an excitation wavelength of 800 to 850 nm. Excitation light
was focused using a water-immersion objective (x60, NA 0.9, Olym-
pus; 25x, NA1.1, Nikon). Time-lapse images of S1 astrocytic Ca?* fluo-
rescence were recorded at 0.5 Hz for 10 minutes. The baseline fluores-
cence intensity of F was obtained by averaging the lower two-thirds
of the fluorescence intensity values for each astrocyte. A Ca* transient
(event) was defined as a fluorescence intensity change above 15% of
the baseline value. The amplitude of the Ca?* fluorescence signal was
calculated as AF/F (AF =F-F).

Preparation and implantation of Elvax drug solutions. As described
previously (62), beads (100 mg) of Elvax (DuPont) were dissolved
in dichloromethane (100 mg/ml) and mixed with 10 ul DMSO con-
taining 2% fast green and 10 pl solution containing either 20 mM
BAPTA-AM, 100 mM fluoroacetate, 50 mM gabapentin, 5 mM MPEP,
1 mM SR101, or 0.9% normal saline. After stirring until homoge-
nous, the Elvax solution was plated on a glass dish, frozen quickly,
kept at -70°C for 1 hour, and then placed at -20°C overnight to allow
the dichloromethane to evaporate. Final concentrations of the drugs
in Elvax were approximately 2 mM (BAPTA-AM), 10 mM (fluoroac-
etate), 5 mM (gabapentin), 500 uM (MPEP) and 100 uM (SR101). A
small piece of drug-soaked Elvax (2 mm x 2 mm) was placed on the
dura matter through an open-skull cranial window. The implantation
of Elvax containing saline or the above drugs did not cause deficits
in general motor behaviors. The estimated duration of drug delivery
using Elvax is approximately 6 days (10).

Drug and siRNA delivery into S1 cortex and repeated dendrite imag-
ing. Under ketamine (0.13 mg/g) and xylzine (0.01 mg/g) anesthesia,
an open cranial window was made over the left S1 hind-limb area of
3-month-old male M-line mice after scalp incision and lightly sealed
with a glass coverslip using a 3M Vetbond. Several apical dendrites of
layer V pyramidal neurons were then randomly selected by the experi-
menter, who was unaware of the subsequent experimental conditions,
and imaged at high magnification (512 x 512 pixels, 0.08 pum/pixel,
15-30 optical planes, 0.5-um z step). Then, the coverslip was removed,
and a piece of drug-soaked Elvax was placed on the dura. The margin
of the cranial window that was not covered with the Elvax was sealed
with Kwik-Sil (World Precision Instruments), and the incised scalp
was sutured. Three days after the first imaging session, the scalp was
incised again and the Elvax and Kwik-Sil removed. The cranial win-
dow was then sealed with a coverslip, and high-magnification imaging
of the same dendrites was performed (Figure 3A). For repeated den-
drite imaging before and 3 days after siRNA injection, the same proto-
colwas used, except that instead of Elvax implantation, approximately
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0.5 ul TSP-1 or control siRNA was injected into S1 cortex using a glass
patch-clamp micropipette. Mouse TSP-1 siRNA (catalog sc-36666;
Santa Cruz Biotechnology Inc.) and control siRNA (catalog sc-36869;
Santa Cruz Biotechnology Inc.) were prepared in a 20-uM solution
and injected using the siRNA delivery reagent jetSI (10 mM; Polyplus
Transfection) according to the manufacturer’s in vivo transfection
protocol described previously (63).

In vivo 2-photon Ca?* uncaging and repeated dendrite imaging. For
2-photon photolysis of Ca** within an astrocyte soma and simultane-
ous repeated imaging of dendrites, the Twin Scanner FV1000MPE
microscope (Olympus) with 2 independent 2-photon lasers (Spectra
Physics) were used. M-line mice were anesthetized with urethane (1.9
g/kg) and atropine (0.4 mg/kg, i.p.). An open craniotomy was per-
formed over the left S1 hind-limb region, and OGB-1-AM was loaded
by a bolus injection into layer I. The dura was then removed and
caged Ca** (DMNP-EDTA, 2 mM) and SR101 (100 uM) were topically
infused over the cortical surface for 20 minutes. Two-thirds of the
cranial window was sealed with a glass coverslip, and DMNP-EDTA
was topically applied through the remaining exposed region every 30
minutes. Photolysis of caged Ca** was done at 5-minute intervals using
730 nm 2-photon laser stimulation (10 mW, 50-ms duration; Tor-
nado mode; Olympus) focused within an astrocyte soma (Figure 2).
The same laser stimulation without DMNP-EDTA application did not
induce astrocytic Ca* transients. Excessive Ca*" uncaging with 1- or
2-minute stimulation intervals induced morphological changes of
the stimulated astrocytes, and hence the more mild activation proto-
col was used. Two-photon (900 nm) time-lapse, high-magnification
imaging of the same dendritic segments was performed at 30-minute
intervals between the uncaging procedures (Figure 2). To avoid possi-
ble damage to dendritic structures by penetration of the glass pipette
into the S1 cortex, the Ca? dye was bolus injected into a region remote
from the area of imaging and uncaging. Prior to acquisition of exper-
imental data, we confirmed the success of the uncaging protocol by
photostimulating (730 nm) the center of an astrocyte soma, loaded
with OGB-1-AM and SR101, and observing the simultaneous Ca*
fluorescence response (900 nm, 0.5 Hz) (Figure 2A).

ELISA, IHC, and microdialysis. For ELISA, brain samples contain-
ing S1 layer I were micropunched and homogenized in ice-cold TBS
with protease inhibitors. The homogenates were centrifuged for 10
minutes at 12,000 xg and 4°C, and the supernatants were transferred
into EP tubes and stored at -80°C until use. TSP levels were measured
using the mouse ELISA Kkits (catalog SEA611Mu for TSP-1; catalog
SED822Mu for TSP-2; and catalog SED824Mu for TSP-4; USCN Life
Science) according to the manufacturer’s protocol. Cortices from P8
mice that are known to express high TSP-1/2 levels (34) were used as
a positive control.

For THC, mice were perfused with 4% paraformaldehyde, and
brains were excised and incubated with 4% paraformaldehyde for 24
hours before freezing in an embedding compound on dry ice. Frozen
brains were cut with a cryostat (CM 1100; Leica) at 30 pum thickness.
Sections were incubated overnight at 4°C with the primary Abs mouse
anti-TSP-1 (1:50; catalog MA5-13398; Thermo Fisher Scientific); rab-
bit anti-GFAP (1:1,000; catalog AB5804; EMD Millipore); rabbit anti-
Ibal (1:1,000; catalog 019-19741; Wako); rabbit anti-PSD-95 (1:500;
catalog 51-6900; Invitrogen); and guinea pig anti-VGlutl (1:2,500;
AB230175; EMD Millipore), and then washed with PBS and further
incubated for 3 hours at room temperature with the secondary Abs
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Alexa Fluor 488-, Alexa Fluor 546-, and Alexa Fluor 594-conjugated
mouse/guinea pig and rabbit IgGs (all from Invitrogen). Immuno-
fluorescence images were obtained using a confocal microscope with
FLUOVIEW (Olympus). The number of colocalized synaptic puncta
(VGlutl/PSD-95) was quantified as previously described (24). Briefly,
5-um-thick confocal Z-stacks (optical section depth of 0.33 pum; 15
sections/Z-stack; imaged area measuring 11,272 pm?) of the synaptic
zone in S1 cortex were imaged. Maximum projections of 3 consecutive
optical sections were generated from the original Z-stack. The number
of pre-, post-, and colocalized synaptic puncta was quantified by using
the Puncta Analyzer plugin (developed by Barry Wark and provided
by Cagla Eroglu) for Image] software. Three image stacks per mouse
(n =4 mice/group) were used for analyses.

For in vivo microdialysis, a probe (CXI-2-1; Eicom) was inserted
into S1 cortex and perfused with artificial cerebrospinal fluid (aCSF)
of the following composition: 125 mM NaCl, 5 mM KCl, 10 mM glu-
cose, 10 mM HEPES, 2 mM CaCl,, and 2 mM MgSO, (pH 7.4). Perfu-
sion was performed continuously at a flow rate of 1.5 ul/minute, with
the perfusate collected for 105 minutes. The concentration of extra-
cellular glutamate was measured by using the Amplex Red Glutamic
Acid/Glutamate Oxidase Assay Kit (Invitrogen) according to the
manufacturer’s protocol.

Cell culture and Western blotting. Cortical astrocytes were prepared
and cultured as described previously (64), with minor modifications.
Cortical astrocytes were dissected from neonatal C57BL/6 mice, and
cell digestion was done with 0.025% trypsin-EDTA. To purify astro-
cytes from cortical cultures, the cells were subjected to 24 hours of
continuous shaking 10-14 days after plating to remove detached cells.
For Western blotting, cells were seeded on 6-well cell culture plates at
a density of 1 x 10° cells per well.

After glutamate stimulation with or without drugs, astrocytes were
lysed, resolved with 10% SDS-PAGE gels, and transferred to PVDF
membranes. The membranes were blocked for 1 hour in Tris-buffered
saline containing 0.1% Tween-20 (TBS/T) and 5% BSA at room temper-
ature. The membranes were then incubated overnight at 4°C with the
primary Ab mouse anti-TSP-1 (1:50; Thermo Fisher Scientific), which
was diluted with the immunoreaction enhancer solution Can Get Signal
Solution 1 (TOYOBO). After TBS/T washes, the membranes were incu-
bated for 1 hour at room temperature with HRP-conjugated anti-mouse
AD (1:20,000; Amersham Pharmacia Biotech), which was diluted with
Can Get Signal solution 2 (TOYOBO). The membranes were washed
with TBS/T, and the proteins were visualized by chemiluminescence.

Ca?* imaging in brain slice. Coronal slices (300 pm) that included
the S1 cortex hind-limb area were cut from 5-week-old male mice in
a solution containing 87 mM NaCl, 25 mM NaHCO,, 2.5 mM KCl,
1.25 mM NaH,PO,, 25 mM D-glucose, 75 mM sucrose, 7 mM MgCL,,
and 0.5 mM CacCl, saturated with 95% O, and 5% CO,. Slices were
incubated at approximately 34°C for 30 minutes and subsequently
stored at room temperature in aCSF composed of 126 mM NaCl, 2.5
mM KCI, 1.3 mM MgCl,, 10 mM D-glucose, 2.4 mM CaCl,, 1.24 mM
NaH,PO,, and 26 mM NaHCO,. Fluo-4 AM (3 ul, 2 mM in DMSO; Life
Technologies) was dropped onto slices in a 1-ml aCSF bath containing
0.02% Pluronic F-127 (Life Technologies). The slices were incubated
with 6 uM (final concentration) Fluo-4 AM for 60 minutes and then
transferred to dye-free aCSF for 30 minutes. A Fluo-4-loaded slice
was transferred to a submerged recording chamber superfused at a
rate of 2 to 3 ml/minute with aCSF. Cells were imaged using a micro-
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scope (BX51WI; Olympus) with a water-immersion objective (x40,
NA 0.8; Olympus), a CSU-10 laser scanner unit (Yokogawa), and an
electron-multiplying charge-coupled device (EMCCD) camera (iXon;
Andor) with excitation and emission wavelengths of 488 and 568 nm,
respectively. Astrocytes were selected from S1 layer I, typically 30-40
pm from the slice surface. Agonists were filled into micropipettes (tip
diameter ~2 pm) connected to a Pneumatic Picopump (World Preci-
sion Instruments) and delivered with a pressure pulse (4 psi, 500 ms).
Agonists were dissolved in HEPES solution containing 136 mM NacCl,
2.5 mM KCl, 1.3 mM MgCl,, 2.4 mM CaCl,, 1.24 mM NaH,PO,, 10
mM HEPES, and 10 mM glucose (pH 7.4). In some experiments, 100
uM Alexa Fluor 568 (Life Technologies) was applied to visualize the
delivery. Ca* transients were measured by plotting the intensity of the
regions of interest (ROI) over time, after a background ROI intensity
had been subtracted. Data were analyzed using Origin 8 (OriginLab),
Image], and GraphPad InStat 3.10 (GraphPad Software).

Immunogold electron microscopic imaging. Ultrastructural inves-
tigation of mGIuR5 expression in S1 cortex was carried out using
pre-embedding immunogold electron microscopy as described pre-
viously (65), with some modifications. Deeply anesthetized PSL and
sham control mice were transcardially perfused with 25 mM PBS (pH
7.4) for 1 minute, followed by perfusion for 12 minutes with 50 ml of
a fixative solution of 4% paraformaldehyde, 0.05% glutaraldehyde,
and 15% saturated picric acid, all made up in 0.1 M phosphate buffer
(PB) (pH 7.4). Coronal sections of S1 cortical region were cut with a
microslicer (Linear 7 Pro; Dosaka) at 60 pm thickness. These sections
were cryoprotected with 30% sucrose in PB and freeze thawed with
liquid nitrogen several times, blocked for 1 hour in TBS (pH 7.4) con-
taining 10% normal goat serum (NGS) and then incubated with anti-
mGluR5 guinea pig Ab (1 pg/ml, FRONTIER INSTITUTE Co.) made
up in TBS containing 1% normal goat serum (NGS) overnight at 4°C.
After washing, the sections were incubated with 1.4 nm gold-coupled
anti-guinea pig secondary Ab (Nanoprobes Inc.) diluted in TBS at a
ratio of 1:100 overnight at 4°C. After washing, the sections were post-
fixed in 1% glutaraldehyde for 10 minutes, followed by enhancement
of the immunogold signal using a GoldEnhance EM kit (Nanoprobes).
Sections were then postfixed with 1% osmium tetroxide for 40 min-
utes, en-bloc counterstained with 1% uranyl acetate for 30 minutes,
and dehydrated in graded ethanol series, followed by propylene oxide.
The sections were infiltrated overnight at room temperature in Dur-
cupan resin (Sigma-Aldrich) and transferred to glass slides for flat
embedding. After resin curing at 60°C, the trimmed tissues from the
ROI (layers I to II/1IT of S1 on the left hemisphere) were re-embedded
in Durcupan resin blocks for ultrathin sectioning. Serial ultrathin sec-
tions (70 nm thickness) were cut within 5 pum from the section surface
and were collected in pioloform-coated single-slot copper grids. At
least 3 ribbons of serial sections containing 10 sections were collected
for each group, and serial ultramicroscopic images were captured at
well-labeled areas by a CCD camera (Gatan) connected to a JEM1011
transmission electron microscope (JEOL Company).

For individual immunogolds in a randomly selected section within
a section ribbon, labeled profiles were judged to be dendrites, spines,
presynapses (axons, terminals), or glia (soma, processes) on the basis
of the ultrastructural features observed in 2 to 3 neighboring sections
for both sides. The frequency of individual immunogolds found in the
4 categories was calculated in each ribbon, and the average and SEM
of the frequencies from more than 3 section ribbons were determined
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for all experimental groups. Labeling specificity for mGluR5 by the Ab
was confirmed by pre-embedding immunolabeling with blank stain-
ing in mGluR5 KO brain (66).

Combined FISH and IHC. ISH for Tspl mRNA was performed
using a ViewRNA ISH Tissue kit (Affymetrix) following glial fibrillary
acidic protein (GFAP) immunostaining. Briefly, 10% neutral-buffered
formalin fixed 12-um brain cryosections were mounted on glass slides
and dehydrated in 50%, 70%, and 100% ethanol each time for 10
minutes at room temperature. The slides were then incubated with
protease for 20 minutes at 40°C and fixed in 10% neutral-buffered for-
malin for 5 minutes at room temperature. Hybridization was carried
out with a Tsp]l mRNA-targeting probe set (VB1-16195; Affymetrix)
for 3 hours at 40°C. After signal amplification, tissues were incubated
in fast red solution. Then, slides were incubated overnight with anti-
GFAP primary Ab (1:500; catalog MAB3402; EMD Millipore) and
then washed 3 times and further incubated for 1 hour at room tem-
perature with Alexa Fluor 488-conjugated secondary Ab (1:200; Invit-
rogen) for astrocyte fluorescence staining. Mounting medium with
DAPI (VECTASHIELD; Vector Laboratories) was used for covering
the slides. Immunofluorescence images were obtained using a confo-
cal microscope with LSM5 PASCAL (Zeiss).

Statistics. Data are presented as mean * SEM. Statistical tests
were performed using a 2-tailed, unpaired ¢ test (2 variables) or 1-way
ANOVA, followed by a Dunnett’s multiple comparisons test (=3 vari-
ables). If the data did not meet the assumption of normal distribution,
nonparametric tests were used, including the Mann-Whitney U (2
variables) or Kruskal-Wallis test, followed by a Dunn’s multiple com-
parisons test (=3 variables). In all cases, a P value of less than 0.05 was
considered statistically significant. Sample sizes were determined by
considering those typically used in similar studies as well as by the vari-
ation and mean of the samples. No specific randomization methods
were used to assign animals to the experimental groups. We excluded
animals from the analysis when they showed any abnormality (e.g.,
poor general condition, small body size, low body weight, brain dam-
age during the craniotomy) prior to or during the experiments.

Study approval. All animal experiments were approved by the Ani-
mal Research Committee of the National Institute for Physiological
Sciences and the Animal Care Committee of the University of Yama-
nashi. Every effort was made to minimize the number of animals used
and their suffering.
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