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N E U R O S C I E N C E

Pain induces stable, active microcircuits 
in the somatosensory cortex that provide  
a therapeutic target
Takuya Okada1,2, Daisuke Kato3, Yuki Nomura2, Norihiko Obata2, Xiangyu Quan4, 
Akihito Morinaga1,3, Hajime Yano5, Zhongtian Guo1,3, Yuki Aoyama1,3,  
Yoshihisa Tachibana1, Andrew J. Moorhouse6, Osamu Matoba4, Tetsuya Takiguchi5, 
Satoshi Mizobuchi2, Hiroaki Wake1,3,7*

Sustained neuropathic pain from injury or inflammation remains a major burden for society. Rodent pain models 
have informed some cellular mechanisms increasing neuronal excitability within the spinal cord and primary 
somatosensory cortex (S1), but how activity patterns within these circuits change during pain remains unclear. 
We have applied multiphoton in vivo imaging and holographic stimulation to examine single S1 neuron activity 
patterns and connectivity during sustained pain. Following pain induction, there is an increase in synchronized 
neuronal activity and connectivity within S1, indicating the formation of pain circuits. Artificially increasing neu-
ronal activity and synchrony using DREADDs reduced pain thresholds. The expression of N-type voltage-dependent 
Ca2+ channel subunits in S1 was increased after pain induction, and locally blocking these channels reduced both 
the synchrony and allodynia associated with inflammatory pain. Targeting these S1 pain circuits, via inhibiting 
N-type Ca2+ channels or other approaches, may provide ways to reduce inflammatory pain.

INTRODUCTION
Pain is an essential perception that allows us to escape from and avoid 
potentially damaging stimuli. However, sustained, neuropathic pain 
is debilitating and remains a substantial burden on society. A 2011 
commissioned government report estimated more than 100 million 
Americans suffering chronic pain costing about 600 billion U.S. dollars 
in direct health care costs and lost productivity (1). This and other 
commissions have recommended further research to improve the 
understanding of the causative neural mechanisms and identifying 
new therapeutic targets (1, 2). Patients with chronic pain perceive 
strong pain against non-noxious tactile stimuli (allodynia) as well as 
spontaneous pain and enhanced responses to noxious stimuli (hyper-
sensitivity). A wealth of studies has revealed changes at the circuit 
and molecular level in pain circuits that are associated and even 
causative for allodynia and hypersensitivity. In the dorsal horn of 
the spinal cord, neural circuit plasticity results in enhanced afferent 
responses and/or efferent outputs (3) resulting from activation of 
transient receptor potential channels (4, 5), purinergic receptors (6, 7), 
and/or activation of microglia to release neurotrophic factors (8, 9) 
and a subsequent loss of chloride homeostasis (10). Structural changes 
in dorsal horn neurons (11, 12) and loss of descending inhibitory 
inputs have also been associated with chronic pain (13–15). More 
recently, structural and functional plasticity in cortical regions associated 

with nociception has also been reported to contribute to, or be asso-
ciated with, chronic pain states. This includes increased excitability 
or synapse remodeling in the primary (S1) and secondary (S2) so-
matosensory cortex (16, 17), insula, and anterior cingulate cortex 
(18, 19) after chronic pain induction. The increased recognition of 
the role of neural circuit plasticity in cortical regions represents a 
significant step forward in understanding the sustained pain. The 
subjective response to pain in both acute and chronic states is strongly 
modulated by emotional, cognitive, homeostatic states (20), em-
phasizing the important contributions of cortical associations in 
pain processing.

Despite these mechanistic insights, no studies have yet tracked 
individual neurons in cortical circuits during sustained pain. Such 
information can answer basic questions about whether all neurons 
increase their activity or not during sustained pain, how pain changes 
interactions or connections between neurons, and, if these do change, 
whether specific activity patterns, or microcircuits, form during sus-
tained pain. Such large-scale analysis has been invaluable for map-
ping out neural circuit plasticity and function during, for example, 
learning processes where specific circuit activity patterns or neural 
engrams emerge (21, 22). Using in vivo two-photon Ca2+ imaging 
in awake mice, we have examined individual neuron activity patterns 
within the S1 cortex during the development of sustained postoper-
ative pain (23) and inflammatory pain (24). We show that S1 layer 
2/3 (L2/3) neurons undergo a prolonged period of increased basal 
activity during sustained pain states that is associated with an in-
crease in synchronization or coupling between neuron pairs. Fur-
thermore, using chemogenic and pharmacological approaches, we 
demonstrate that this increased neuronal synchronicity is a critical 
variable for the induction of sustained pain behaviors. Furthermore, 
blocking N-type Ca2+ channels in the cortex prevents both the neu-
ral activity changes and the development of allodynia. Our data 
trace single neural activity during sustained pain and demonstrate 
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the importance of local circuit networks in pain behaviors. These 
cortical networks provide the basis for investigating new therapeutic 
targets to treat pain.

RESULTS
Mapping out S1 neuronal responses to thermal stimulation 
in both WT and pain model mice
We used the hind paw incision acute postoperative pain model (23) 
and complete Freund’s adjuvant (CFA) hind paw injection as an in-
flammatory pain model (24), both in 6- to 8-week-old C57BL6 male 
mice. Both pain models induce a transient mechanical and thermal 
allodynia that can last for about 5 to 10 days and which we define as 
sustained pain. For 5 days after surgical incision, postoperative pain 
was evident as a significantly lower withdrawal threshold to hind paw 
stimulation with von Frey filaments (fig. S1A) and by a reduced la-
tency for paw withdrawal in response to thermal stimulation (50° to 
54.5°C; fig. S1B) (25). The inflammatory pain model showed more 
persistent behavioral changes; we observed significant decreases in 
both the hind paw mechanical withdrawal thresholds, and the ther-
mal stimuli induced withdrawal latency for up to 10 days after the 
CFA injection (fig. S1, C and D).

To examine how neuronal activity changes in response to these 
pain stimuli, we conducted in vivo two-photon Ca2+ imaging of L2/3 
neurons in the contralateral primary sensory cortex of the hindlimb 
paw area (S1HL) (Fig. 1, A and B) in mice with prior injection of 
an adeno-associated virus (AAV) carrying the GCaMP6f gene into 
the contralateral S1HL (Fig. 1A). We used the synapsin promotor, 
where GCaMP6f is mainly expressed in excitatory neurons (see also 
below). Many GCaMP6f-expressing neurons showed Ca2+ transients 
before, during, and after thermal stimulation (15 s at 50°C; Fig. 1, C 
and D; note that mice could escape from the thermal stimuli). We 
defined three time periods for analysis: 0 to 150 s of prestimulation 
as the baseline control, 0 to 30 s during the thermal stimulation, and 
for 120 s after returning temperature back to control levels. The cor-
relation coefficient (C.C.) and power of Ca2+ transients (pCa2+; see 
Materials and Methods for definitions) were compared for each of 
these three time periods, in control mice and at 3 days after CFA 
injection into the right hind paw. The C.C. was increased by ther-
mal stimulation of the right paw, for both control and CFA-injected 
mice indicating an increase in synchronization among S1HL neu-
rons (Fig. 1, E to G and J). Consistent with the CFA-injected mice 
being in a hypersensitive state (see also Fig. 2 below), the mice with-
drew their paw from the hot plate with a reduced latency (Fig. 1S 
versus Fig. 1V; see below) and displayed an increase in the absolute 
values of C.C. both during the “pre-” baseline period and during the 
stimulus, although the relative extent of increase was similar (fig. S1, 
F and G). The power (pCa2+) and the frequency of Ca2+ transients 
were also significantly increased during the thermal stimulation as 
compared to prestimulation values, for both mouse groups. The in-
crease in pCa2+ and C.C. during the acute thermal stimulation also 
occurred with a reduced latency in the CFA mice as compared to 
the control mice (fig. S1H). After thermal stimulation, the C.C. and 
frequency of Ca2+ transients decreased, but not completely back to 
the baseline level (i.e., prestimulation); pCa2+ did not decrease after 
thermal stimulation (Fig. 1, G to I and J to L). Using a sliding win-
dow analysis to measure the time course of changes in C.C. and pCa2+ 
in control (Fig. 1, M and N) and in post-CFA mice (Fig. 1, O and P) 
also confirmed a significant increase during thermal stimulation. 

For both control and CFA-injected mice, the extent of thermal- 
induced increase in both pCa2+ and in the frequency of Ca2+ tran-
sients was inversely correlated with the baseline values, suggesting 
that neurons with lower baseline activity showed a higher relative 
response to the thermal stimulation (Fig. 1, Q, R, T, and U). Hence, 
thermal activity induces a clear increase in activity and synchronicity 
during and after a thermal stimulus across CFA and control mice 
and shows that neurons with low basal activity are enhanced rela-
tively more. The strong inverse correlation between C.C. and the 
hindlimb paw escape latency during acute thermal stimulation also 
supports that neuronal synchronicity is associated with pain responses 
(Fig. 1, S and V). As the thermal stimulation induces a withdrawal 
response and sometimes more continuous paw shaking, we moni-
tored mice to separate imaging periods into moving and resting ep-
ochs and compare the Ca2+ transients within these time periods. We 
did not detect any effect of movement on our measured C.C. and 
pCa2+ (fig. S1, I and J).

Tracking neuronal activity in individual neurons during 
the progression of persistent pain
We next focused on the levels of spontaneous activity within the 
neuronal population in wild-type (WT) mice and in the two pain 
model mice and combined chronic imaging and behavior (fig. S2, A 
and B). We measured and quantified the frequency and pCa2+ of 
Ca2+ transients in single neurons and the correlation among the ac-
tivities in single neurons within the neuronal population (the C.C.), 
using both the CFA injection model (Fig. 2, A to J) and the hind 
paw incision model (fig. S3, A to J). We first determined the nature 
of the neurons visualized with GCaMP6f expression driven by syn-
apsin promotor (fig. S4, A to C). A small proportion of neurons with 
GCaMP6f fluorescence also subsequently stained positive for parv-
albumin (PV; 5.6% of all GCaMP6f+ neurons). The averaged in-
tensity of fluorescence in these PV-positive inhibitory neurons 
was only about half of that in non-PV+ excitatory neurons (PV− 
neurons, 1.000 ± 0.032; PV+ neurons, 0.585 ± 0.073). We suggest 
that the population response dynamics in our imaging data described 
below are largely related to excitatory neurons. As indicated above, 
injection of CFA into the right hind paw causes a persistent (10 to 
14 days) decrease in mechanical withdrawal threshold and latency 
(fig. S1, A to D). During this period of hypersensitivity, there were 
marked increases in the proportion of neurons in the contralateral 
S1 whose activity became correlated (Fig. 2, A to E). The mean C.C. of 
neuronal pairs significantly increased from about 0.23 before CFA 
injection to between 0.25 and 0.30 at 3, 7, and 14 days postoperation 
(POD; Fig. 2E). This same pattern of changes in C.C. was seen if we 
decreased the Ca2+ transient detection baseline (fig. S10, B and C). 
About 45% of neurons showed an increase in their extent of correlation 
at POD3 (cf about 15% showing a decrease), and by 28 days after 
injection (POD28), equal number of neurons (26 and 23%) showed 
increases or decreases in C.C. relative to Pre, with about half the neu-
rons (51%) showing no change (Fig. 2F). The pCa2+ of spontaneous 
transients in individual neurons also significantly and transiently in-
creased following CFA injection (Fig. 2G), with the relative proportion 
of neurons increasing their pCa2+ modestly becoming more frequent 
(up to 62%) after CFA injection, before returning to more balanced 
proportions (46% decrease, 54% increase) at POD28 (Fig. 2H). There 
was no change in the frequency of spontaneous Ca2+ transients at 
POD3, POD7, POD14, and POD28 after CFA injection (Fig. 2I). 
Approximately equal proportions of neurons (49 to 56%) increased 
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Fig. 1. Populational neuronal activity occurred both in WT and inflammatory pain model with the thermal stimulation. (A) Scheme for virus injection. (B) Light 
microscopic (top; scale bar, 500 m) and two-photon images (bottom; scale bar, 100 m) through a cranial window. (C and D) Experimental protocol (C) and rep-
resentative calcium traces from four typical neurons (D) in response to 15 s, 50°C thermal stimulation applied to the footpad pink shaded area in (D). (E and F) Repre-
sentative examples of correlation between Ca2+ activity in pairs of individual neurons in control and CFA mice and the effects of thermal stimulation. (G to I) C.C. of 
paired neurons (n = 14,257 pairs per five mice) and pCa2+ and frequency of Ca2+ transients (n = 372 neurons per five mice) in control mice. (J to L) C.C. (n = 12,847 pairs 
per five mice) and pCa2+ and frequency of Ca2+ transients (n = 357 neurons per five mice) in inflammatory pain model (CFA) mice. N.S., not significant; ***P < 0.001; 
paired t test. Violin plots show median (black lines) and data distributions. (M to P) Time course of changes in C.C. and pCa2+ in control [blue, mean; light blue,  
±SEM; n = 5 mice, (M) P < 0.001, (N) P = 0.115; one-way analysis of variance (ANOVA)] and in CFA mice [green, mean; light green, ±SEM; n = 5 mice, (O) P = 0.009, (P) 
P = 0.089; one-way ANOVA]. (Q, R, T, and U) Scatterplots of relative changes in pCa2+ and frequency of Ca2+ transients induced by thermal stimulation, plotted 
against the resting pCa2+, in control mice (orange, Stim/Pre; blue, Post/Pre; n = 5 mice) and in CFA mice (pink, Stim/Pre; green, Post/Pre; n = 5 mice, Pearson’s correla-
tion test). (S and V) Correlations between C.C. and the withdrawal response latency during thermal stimulation, in control mice and in CFA mice (n = 5 mice each, 
Pearson’s correlation test).
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or decreased Ca2+ transient frequency at POD3, POD7, POD14, and 
POD28 after CFA injection (Fig. 2J). A similar pattern of changes in 
C.C., pCa2+, and frequency of Ca2+ transients was seen after paw 
incision, although the extent of changes was generally shorter, re-
turning toward control levels by 7 days after paw incision, paralleling 
the shorter behavioral hypersensitivity (fig. S1). The C.C. of contra-
lateral neurons increased at POD1, POD3, and POD7 with an in-
creased proportion of neurons increasing their C.C. most marked at 
POD1 and POD3 after paw incision (fig. S3, A to F). Similarly, the 
mean spontaneous pCa2+ was increased at POD1 and POD3 after 
paw incision (fig. S3, G and H) while there were no changes in the 
frequency of spontaneous Ca2+ transients (fig. S3, I and J).

In summary, both pain-inducing models showed marked increases 
in the extent and number of neurons whose activity was correlated 
and with stronger Ca2+ transients, with the duration of these effects 
correlating to the time course of behavioral hypersensitivity. In con-
trol mice, either devoid of any injury or following saline injection, 
there were no changes in C.C., pCa2+, or Ca2+ transient frequency 
(fig. S5, A to H). The C.C. and pCa2+ in the ipsilateral S1 was actu-
ally reduced following CFA injection (fig. S5, I to L), consistent with 
previous work (26) and likely reflecting stronger cross-hemispheric 
inhibition secondary to enhanced ipsilateral S1 activity. To further 
verify that the changes we observed in synchronicity were in excit-
atory neurons, we also used the calmodulin kinase II  (CaMKII) 

promoter for the expression of GCaMP6f. The data were the same 
as seen when using the synapsin promoter, with C.C. and pCa2+ being 
significantly increased on POD3 after CFA injection (fig. S6, A to D).

Last, we examined whether inhibitory neurons in the contralateral 
S1 also showed changes after CFA injection, using a Cre-dependent 
GCaMP6f AAV to measure Ca2+ in PV+ inhibitory neurons (Fig. 3A). 
The C.C of these inhibitory neurons transiently decreased at POD3 
and POD7 after CFA injection, while the pCa2+ and frequency did 
not change over the 14 days period of behavioral hypersensitivity 
(Fig. 3, B to D). Hence, while excitatory neurons increase the extent of 
their correlated firing and the amplitude of their Ca2+ transients, in-
hibitory neurons decrease their correlation over this same period.

Basal characteristics of the neurons involved in the increased 
spontaneous activity following pain
The single-neuron activity tracking during postinjury or inflammation 
pain hypersensitivity revealed a proportion of neurons whose con-
nections and strength appeared to increase. We therefore examined 
whether this was a particular subpopulation of S1 neurons that dif-
ferentially responded to CFA injection and paw incision. We strati-
fied neurons based on their basal, pre-injury activity levels and 
plotted the relative increase in pCa2+ (using the ratio of pCa2+ post-
pain to pCa2+ pre-pain, “ratio of power”) against the basal averaged 
level of pCa2+ (“pre-power”) for each neuron (Fig. 4A and fig. S7). 
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Fig. 2. Tracking neuronal activity in individual neurons during the progression of persistent pain. (A) Schematic diagram showing virus injection. WT mice were 
injected with AAV1-hSyn-GCaMP6f into the hindlimb region of primary somatosensory cortex (S1HL) to enable in vivo Ca2+ imaging of S1HL neurons. Responses from the 
same neurons were traced pre- and post-CFA injection (pre and days 3, 7, 14, and 28). Scale bar, 100 m. (B) Representative calcium traces from four typical neurons, traced 
at different times before and after CFA injection. (C and D) Representative examples of C.C. (color coded) for specific neuronal pairs as indicated by connected lines in (C), from 
pre- to post-CFA injection. (E, G, and I) C.C. of paired neurons, pCa2+, and frequency of Ca2+ transients (n = 643 pairs, 97 neurons per seven mice) before and at specified 
times post-CFA. *P < 0.05, **P < 0.01, and ***P < 0.001; paired t test. (F, H, and J) Pie charts of the distribution of changes in C.C., pCa2+, and frequency of Ca2+ transients at 
times before and after CFA using the same dataset as in panels (E), (G), and (I). An increase or decrease in C.C. was defined if the difference was greater than 0.1.
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There was an inverse correlation for both pain models seen after 
injury, with the slope of this relationship steeper for the more severe 
CFA model (Fig. 3A). This suggests that the neurons with weak ac-
tivity levels are more likely to show a large relative increase follow-
ing incision (fig. S7) or CFA-induced inflammation (Fig. 4A). The 
increase in C.C. of paired S1 neurons was seen for all neuronal groups 
when we stratified them into those with either low- or high-basal 
C.C. at day 3 after CFA injection (Fig. 4B). Together, this indicates 
that, although neurons with weaker basal responses show greater 
relative increases after inflammatory or surgical injury, the increase 
in synchrony between pairs of neurons is seen across all neurons 
regardless of initial activity strength. To further examine the con-
tribution of C.C. to the pain behavior, we plotted the averaged 

C.C. at different times after CFA with mechanical threshold and 
withdrawal response latency and found a strong negative correla-
tion between these values, suggesting that each incremental in-
crease in C.C. is associated with an incremental increase in pain 
behavior (Fig. 4C).

Direct evidence for increase in functional connections within 
L2/3 neurons in the primary sensory cortex after 
pain induction
To more directly examine the functional connectivity within L2/3 
neurons in S1 during the period of sustained pain, we generated 
holographic patterns of optogenetic stimulation using a spatial light 
modulator (SLM) and combined this holographic stimulation with 
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two-photon imaging (Fig. 5A). We stimulated a single neuron and 
simultaneously quantified the responses of surrounding neurons in 
the contralateral S1HL (Fig. 5, B to E). To do this, we coexpressed 
both GCaMP6m with the red-shifted channel rhodopsin variant 
ChRmine using AAV injection (27). We defined a stimulation-evoked 
response as a Ca2+ transient with a peak time within 1 s after holo-
graphic stimulation (Fig. 5B, bottom left). We confirmed that evoked 
responses were detected above basal rates of spontaneous activity by 
showing that the C.C. following stimulation was significantly higher 
than the C.C. due to spontaneous activity measured before the stim-
ulation period (Fig. 5B, bottom right). We then stimulated a target 
neuron and measured GCaMP6m responses in the stimulated and 
in surrounding neurons to define functional connectivity (Fig. 5B). 
The number of surrounding neurons responding to stimulation was 
small before the CFA injection that transiently increased on POD3 
of CFA injection with the same activation protocol and that recov-
ered to the basal level by POD7 (Fig. 5, C and D). This result was 
similar when all data were grouped (Fig. 5C) or when we quantified 

for individual mice at the cellular level over the 4 weeks of imaging 
(Fig. 5D). Similarly, when we plotted the proportion of stimulated 
cells that could evoke responses in adjacent cells at the individual 
mouse level, we also saw a transient but significant increase in con-
nectivity (Fig. 5E). These results demonstrate directly that CFA injec-
tion resulted in increased functional local connectivity. This increase 
in connectivity, seen in this small sample of neurons with supra-
threshold responses to a single stimulus applied to an adjacent neu-
ron, was less sustained than observed across the larger and dispersed 
population responding spontaneously (as measured by increases in 
C.C.; Fig. 2E). Although these are quite different measures of con-
nectivity to compare, it may be that enhanced connectivity at each 
neuron pair in the S1 neural circuits is additive.

Chemogenic activation or inhibition of L2/3 neurons in S1 
can modify pain behaviors
Paw inflammation and surgical injury presumably lead to the in-
creased activity and connectivity in S1 secondary to concurrent 
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enhanced spinal and peripheral activity. To probe whether the in-
crease in S1 activity (pCa2+ power and synchronicity) per se may be 
causally linked to pain sensation, we used a chemogenic approach 
to selectively activate S1 neurons in the absence of injury. We used 
the hM3Dq designer receptor, a modified human M3 muscarinic 
(hM3) receptor activated by the inert clozapine metabolite clozapine 
N-oxide (CNO) that subsequently engages the Gq signaling path-
way to increase neuronal activity. AAV-coded hM3Dq was com-
bined with mCherry to identify transfected neurons following 
injection into the S1 hind paw area, and this was co-injected with 
the AAV encoding GCaMP6f to measure Ca2+ responses 
(Fig. 6, A and B).

In S1 L2/3 neurons expressing both GCaMP6f and hM3Dq, bas-
al activity was recorded for an hour under resting conditions, and 
then a single CNO dose (5 mg/kg) was injected intraperitoneally, 
resulting in activation of S1 L2/3 neurons (Fig. 6, C and D). The 
synchrony of neuronal activation, the pCa2+, and the frequency of 
Ca2+ transients were all strongly enhanced following CNO-induced 
activation (Fig. 6, E  to G). Although the extent of the increase in 
pCa2+ and C.C. was similar to that observed by pain stimuli, the pat-
terns of activation differed in that there were positive correlations 

between the basal parameters and those seen post-CNO activation 
(Fig. 6, G to I). A single injection of CNO also resulted in a decreased 
mechanical threshold for paw withdrawal tested using von Frey hairs 
and a decreased escape latency in the hot plate test (Fig. 6J). Nota-
bly, these behavioral changes were observed at the same time period 
as when the neuronal responses were altered. CNO injection with-
out hM3Dq expression did not affect pCa2+ and C.C. or behavior 
(fig. S8, A and B). We next examined the behavioral effects of chronic 
CNO injections over seven consecutive days, performing the von 
Frey and hot plate tests at the same time (≈1 hour) after each CNO 
injection and for another 7 days after the CNO injections were fin-
ished (Fig. 7A). Notably, we found a significant reduction in the hind 
paw withdrawal threshold (Fig. 7B) and in the response latency to 
the thermal stimulus (Fig. 7C), which was sustained for up to a week 
after CNO injections ceased. We also imaged Ca2+ events before, at 
the end of 7 days of CNO administration, and 7 days later after 
stopping CNO (Fig. 7, D to G). C.C., pCa2+, and frequency of Ca2+ 
transients were all significantly increased at 7 days and returned to 
baseline 1 week later. Therefore, the increased synchronicity and pCa2+ 
of the S1 neuronal responses are correlated, suggesting their contri-
bution to the sustained changes in pain behavior, even in the 
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absence of any peripheral damage. As a control, CNO administra-
tion to mice expressing only the tdTomato construct showed no 
changes in Ca2+ transients or pain behavior upon CNO administration 
(Fig. 7, B and C, and fig. S8, A and B). Furthermore, we still observed 
the CNO- induced increases in C.C. when Ca2+ transients were digi-
tized, to eliminate any impacts of changes in Ca2+ event duration 
that may have otherwise contributed to C.C. (fig. S8C).

Increase N-type Ca2+ channel expression 
with the pain induction
The results above indicate that selectively modulating S1 neural ac-
tivity could modulate pain sensation, so we next sought to identify 
a molecular target that may contribute to this effect. Previous stud-
ies have suggested that L-, N-, and P/Q-type Ca2+ channel antago-
nists are effective drugs for chronic pain (28, 29), which led us to 
focus on whether a specific Ca2+ channel may be involved. We used 
fluorescence-activated cell sorting (FACS) to detect any changes in 
Ca2+ channel subunits in c-Fos+, NeuN+ cells (neurons) isolated 
from the contralateral S1 of control and CFA-injected mice (Fig. 8A). 
The population of c-Fos+ neurons was increased in the CFA inflam-
matory pain model, validating our selection approach. An array of 
voltage-gated Ca2+ channel subunits was detected in this c-Fos+ 
population. We found, however, that those responsible for N-type 
Ca2+ channel currents [Cav2.1-Allophycocyanin (APC)] and P/Q-
type Ca2+ channel currents (Cav2.2-APC) were specifically increased 
in S1 neurons from the CFA-injected mice, while the L-type Ca2+ 
channel current subunits were not significantly different from con-
trol (Fig. 8B). The ratio of the mean fluorescence intensity (MFI) of 
Cav2.2  in NeuN, c-Fos double-positive neurons was also signifi-
cantly increased compared with control, while the MFI for Cav2.1 
was not different from control, suggesting increased expression of 
Cav2.2 after CFA (Fig. 8C). The increase in these Ca2+ channel sub-
units did not generalize to other channels, with no increases in some 

potassium and sodium channel subunits (Kv1.1, Kir6.2, Nav1.1, and 
Nav1.6; fig. S9, A to C).

To further examine whether Cav2.2-APC overexpression has func-
tional consequences, we administered a selective N-type Ca2+ channel 
antagonist (PD173212) via intraventricular injection and examined 
its effects on neuronal activity (Fig. 9A) and pain sensation in mice 
following CFA injection. Spontaneous neuronal activity was decreased 
following PD173212 injections (Fig. 9, B and C, and movie S1), and 
subsequent quantification showed that the pCa2+ and C.C. of neu-
rons were significantly reduced when compared with that in CFA 
mice (Fig. 9D). Consistently, the mechanical threshold for pain sen-
sation and the response latency were increased with the intraven-
tricular application of PD173212 (Fig. 9E and movie S2). Last, we 
implanted the slow release vehicle Elvax containing PD173212 on 
to the cortical surface in S1 to examine the effects of prolonged Cav2.2 
channel block (Fig. 9F). Elvax containing PD173212 when applied 
on S1 significantly increased mechanical threshold and response 
latency compared with the CFA without PD173212 (Fig. 9G). In con-
trast, application of the same Elvax-PD173212 had no effect on pain 
thresholds on to the cortical surface in V1 as an area of unrelated 
pain. Although the absolute changes in C.C. and pain behaviors in-
duced by PD173212 were modest, the changes in C.C. were similarly 
negative correlated with changes in pain behavior (fig. S10A), as we 
observed with CFA treatment (Fig. 4C).

DISCUSSION
Although the detection of pain is triggered by neuronal activity con-
veying sensory signals through the peripheral and spinal nociceptive 
pathways (30, 31), perception of the features and severity of pain 
involves additional central processing. Human magnetic resonance 
imaging (MRI) and other studies over the past decade have recog-
nized a “pain matrix,” where cortical and subcortical structures are 
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activated during nociceptive stimuli and, furthermore, can partici-
pate in modulating the perception of pain (32–34). The extent to 
which all these discrete neural substrates contribute to the transition 
to chronic pain is not clear. Peripheral and spinal changes in chron-
ic pain have been well documented, including altered nociceptors 

responses, increased excitability in spinal networks, and activation 
of glial cells (35, 36). MRI of patients with chronic pain has, more 
recently, identified, changes in the connectivity among central path-
ways in the pain matrix (37) and increased excitability of central circuits 
in preclinical rodent models (38, 39). For example, astrocyte-mediated 
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growth of dendritic spines in S1 accompanies the initial phase of the 
transition to persistent allodynia following sciatic nerve injury (40). 
The current work broadens the evidence that changes in S1 accom-
pany sustained pain. Single neurons in S1 showed enhanced synchro-
nization and pCa2+ during spontaneous periods of activity following 
both surgical excision and inflammatory peripheral injury models, 
and single neurons showed greater functional synaptic connectivity 
to surrounding neurons in the days following these acute injuries. 
The behavioral characteristics of pain—mechanical allodynia and 
thermal hypersensitivity—could be reproduced by selective chemo-
genic activation of cortical activity patterns. Notably, this behavior-
al hypersensitivity was apparent with chemogenic stimulation of 
S1  in the absence of any peripheral injury, as was also previously 
observed when S1 astrocytes were selectively activated to induce 
spine plasticity (40) and has also been seen with sustained optoge-
netic activation of the midcingulate cortex (41). Therefore, evidence 
is building that changes in cortical circuits, in themselves, can be 
causative for chronic hypersensitivity, although whether this en-
hanced S1 circuit connectivity also leads to changes in spinal or oth-
er central circuits will be important to resolve. Of additional interest 
is whether the enhanced S1 circuit activity we observed here predis-
poses to greater stress or emotional regulation of pain via interactions 
with the prefrontal cortex and/or insular cortex [e.g., (42)].

We initially considered that greater basal neuronal activity may 
in itself predispose to increased synchronicity. However, the basal 
frequency of Ca2+ transients in S1 neurons was not increased fol-
lowing pain nor was there an increase in the amplitude of the sensory- 
evoked S1 responses (although they did occur faster). Furthermore, 
increases in C.C. occurred even when Ca2+ levels were thresholded 
as a single event, minimizing any effects on C.C. due to increases in 
Ca2+ event amplitude or duration. Last, the correlation only existed 
between pain and C.C. and not, for example, with Ca2+ event fre-
quency or with power. Hence, we propose an increase in synchro-
nously active excitatory neurons during sustained pain. Responses 
in inhibitory neurons during sustained inflammatory pain were dif-
ferent. We did not see major changes in PV interneuron activity, as 
observed in the nerve constriction model of chronic pain (16). We 
did, however, observe a transient decrease in C.C. in PV neurons con-
sistent with the reduced connectivity observed using autofluorescent 
imaging in S1HL cortex in a different inflammatory pain (EAE) model 
(16, 43). We also did not see global increases in neuronal firing as 
proposed for CFA inflammatory pain (39), but different GABAergic 
neuronal phenotypes will respond differently during chronic pain 
(16). More subtle changes in excitation and inhibition, combined 
with altered functional synaptic wiring, are likely to determine the 
increase in synchronicity during pain. Neurons with low basal ac-
tivity were more likely to increase their responses following pain 
induction, yet neurons that increased their synchronous firing were 
found among populations of both low and high basal activities. Hence, 
it appears that there is some specific pattern of increased activity, 
consistent with the formation of synchronized neural circuits in the 
S1 following peripheral injuries. This is akin to formation of specific 
circuits, or engrams, that accompany forms of learning and/or ad-
dictive behaviors; sustained pain shares a number of features simi-
lar to addiction and learned behaviors (21, 44).

Our results indicate functional up-regulation of Cav 2.2 in cortical 
neurons with inflammatory pain, and ventricular injection or topi-
cal cortical infusion of a selective N-type Ca2+ channel blocker ef-
fectively reduced mechanical hypersensitivity. N-type Ca2+ channel 

blockers have emerged as some of the more recent effective treat-
ments for neuropathic pain (45). Pregabalin binds to voltage-gated 
Ca2+ channel accessory binding proteins, while Ziconotide, derived 
from structurally related cone shell toxins, directly binds the pore- 
forming a-subunit. The mechanism of action is based on targeting 
spinal circuits that become enhanced in pain states. Intrathecal ad-
ministration of Ziconotide or related N-type Ca2+ channel antagonists 
is effective in restoring pain thresholds in both rat models of acute 
and chronic pain (46) and in patients with chronic severe pain 
(47, 48). However, the central side effect profile of Ziconotide limits 
its systemic use, although better tolerated derivatives may evolve 
(45, 47). The current research suggests an alternate cortical target 
for chronic pain therapy, and the particular importance of identify-
ing the mechanisms mediating the cortical up-regulation of N-type 
Ca2+ channel subunits can be identified.

In conclusion, our studies have identified the development of syn-
chronized circuits in the S1 cortex associated with the development 
of pain hypersensitivity following peripheral injury. Increased basal 
activity and synchronicity of cortical neurons in itself could trigger 
pain hypersensitivity, while targeting S1 circuit hyperactivity could 
reduce the enhanced pain sensation in the inflammatory pain model. 
Manipulation of cortical circuits involved in the generation of pain 
sensation could provide treatment pathways for intractable post-
operative and neuropathic pain, and our results suggest an N-type 
voltage-dependent Ca2+ channel up-regulation in cortical circuits 
as one such molecular target.

MATERIALS AND METHODS
Animals
Experimental protocols were approved by the Animal Care and Use 
Committees of Kobe University Graduate School of Medicine and 
Nagoya University Graduate School of Medicine. We used male mice 
for all experiments to avoid potential variability arising due to the 
estrus cycles. All of the animals in this study were given free access 
to food and water and housed under 12 hours of light/dark cycle. We 
used C57BL/6 (WT) mice and PV-Cre mice (C57BL/6 background) 
(49). We used two mouse models as follows: One had an incision of 
the hind paw as a postoperative pain model (23) and the other re-
ceived an injection of 40 l of CFA (Sigma-Aldrich, F5881) into the 
hind paw as an inflammatory pain model (24).

Surgery and AAV injection
The first surgery was performed in mice at 6 to 8 weeks of age. Under 
anesthesia with ketamine [74 mg/kg, intraperitoneally (i.p.)] and 
xylazine (10 mg/kg, i.p.), the skin was disinfected with 70% (w/v) 
ethanol, the skull was exposed and cleaned, and a custom-made head 
plate was firmly attached to the skull by dental cement (G-CEM 
ONE; GC, Tokyo, Japan). The surface of the intact skull was subse-
quently coated with an acrylic-based dental adhesive resin cement 
(Super Bond; Sun Medical, Shiga, Japan) to avoid drying. This head 
plate allowed us to securely attach the mouse to a stainless frame to 
enable both the circular craniotomy and subsequent two-photon 
imaging in the awake state. The circular craniotomy (2.5 mm in 
diameter) was performed 1 or 2 days after plate attachment under 
isoflurane (1%) anesthesia, as previously described (50), and was 
over the contralateral hind paw area of the primary somatosensory 
cortex (S1, centered at 0.5 mm posterior and 1.5 mm lateral from 
bregma). After the craniotomy, to visualize neuronal activity in 
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L2/3 excitatory neurons or PV neurons of the S1, a total of 1 l of 
recombinant AAV encoding the synapsin promoter driven calcium 
indicator protein GCaMP6f was pressure injected at three sites in 
the L2/3 (at a depth of 150 to 200 m below the cortical surface) 
using a glass pipette (tip diameter, 10 m). The specific AAV vector 
solutions were AAV1-hSyn-GCaMP6f-WPRE-SV40 [Penn Vector 
Core; 9.0 × 1012 vector genomes/ml, diluted 1:1 in phosphate-buffered 
saline (PBS)], AAV1-CaMKII-GCaMP6f-WPRE-SV40 (3.0 × 1012 vec-
tor genomes/ml, diluted 1:1 in PBS), or AAV1-CAG-flex-GCaMP6f-
WPRE-SV40 (Addgene; 1.0 × 1013 vector genomes/ml, diluted 1:1 in 
PBS). After injections, the brain surface was covered with 2% (w/v) 
agarose L (Nippon Gene, Tokyo, Japan) in saline and with a glass 
window composed of two coverslips (2 and 4.5  mm in diameter, 
respectively; Matsunami Glass, Osaka, Japan) joined with ultraviolet 
curable adhesive (NOR-61, Norland). The edges of the cranial win-
dow were sealed with a combination of dental cement and dental 
adhesive resin cement (Super Bond; Sun Medical, Shiga, Japan). 
Mice were subsequently housed individually, and imaging experi-
ments started around 3 to 4 weeks after the surgical treatments (i.e., 
9 to 12 weeks old).

Two-photon imaging
Two-photon images were acquired from the left S1 using a laser scan-
ning system (LSM 7 MP system; Carl Zeiss, Oberkochen, Germany) 
with two types of water immersion objective lenses [10×, numerical 
aperture (N.A.) 0.5; 20×, N.A. 1.0; Carl Zeiss] and a Ti:sapphire la-
ser (Mai Tai HP; Spectra-Physics, Santa Clara, CA) operating at a 
950-nm wavelength. The imaged fields were 848.54 m × 848.54 m 
(original scan) or 565.69 m × 565.69 m (1.5× digital zoom), at a 
depth of 150 to 200 m below the cortical surface. The pixel size was 
1.657 or 1.104 m (1.5× digital zoom). Frame duration was 390 or 
300 ms (heat stimulation experiment). Continuous 1000-frame im-
aging was repeated for each imaging field. In fig. S1 (I and J), we 
monitored mice to visually separate imaging periods into moving 
and resting epochs with a charge-coupled device (CCD) camera 
recording.

In vivo two-photon imaging with holographic stimulation
To use holographic light patterns for activation of a specific, single 
neuron within a small three-dimensional (3D) volume of the S1 cortex, 
while simultaneously imaging Ca2+ transients across a wide field using 
two-photon imaging based on C2 plus (Nikon, Japan), two different 
excitation light beams (one is for imaging and the other is for holo-
graphic stimulation) used a Ti:sapphire laser (Coherence, Santa Clara, 
CA) tuned to 920 and 1040 nm, respectively (Fig. 5A). A digital ho-
logram generates multispots to activate ChRmine and sequentially 
stimulate a single identified cell. We used a phase-mode SLM (Santec 
SLM-200) to display the digital hologram and illuminated this using 
a Ti:sapphire laser (1040-nm fixed wavelength; Coherent, Santa 
Clara, CA) in combination with a beam expander (L1 and L2) and 
relay lenses (L3 and L4) to match the size of generated SLM holo-
gram to the exit pupil of the water immersion objective lens (16×, 
N.A. 0.8; Nikon). A 5× beam expansion magnitude was chosen to 
couple the 2-mm laser input beam to the 9.6 mm × 15.36 mm effec-
tive area of the SLM field. A /2 half wave plate was used to adjust 
the polarization direction to the optic axis of SLM, and a small car-
bon steel beam block was placed at an intermediate plane to sup-
press the residual light component that is not effectively modulated 
by the SLM. To generate controlled foci, we carefully calibrated the 

coordinates of holographic and imaging planes using the affine 
transformation (51), with a registration error typically within 2 m 
on the sample. We also adopted the Gerchberg-Saxton algorithm to 
generate the desired shape and size (52). We used the MATLAB 
platform to calculate and project the phase distribution to the 
SLM. Two-photon images (512 × 512 pixels, 2 Hz, 2× digital zoom) 
were acquired from the left S1HL (L2/3) using a custom-made laser 
scanning system based on C2 plus (Nikon, Japan) with a 16× objec-
tive (N.A. 0.8; Nikon) and a mode-locked Ti:sapphire laser (Coher-
ence, Santa Clara, CA) tuned to 920 nm. Images consisted of a 10-s 
baseline period followed by five times of 50-ms duration of holo-
graphic stimuli (1040 nm) presented at 0.125 Hz and accompanied 
by simultaneous imaging. Ca2+ transient responses, when present, 
were evoked by this holographic stimulation and with their peak 
appearing within 1 s (two frames) after stimulation (Fig. 5B). For 
the detection and analysis of Ca2+ transients, baseline fluorescence 
was defined as the mean of the baseline fluorescence intensity histo-
gram obtained during baseline imaging period (F0). Ca2+ transients 
were defined as F/F0 (F = F − F0), where F is the instantaneous 
fluorescent signal and where F exceeded 2 SDs of the baseline flu-
orescence (F0).

Withdrawal threshold test
Using von Frey filaments (Neuroscience Co., Japan), we examined 
the nociceptive threshold of the hind paw to mechanical stimulus. 
Animals were placed in a box with a wire grid floor and habituated 
to the environment for 10 to 15 min. Filaments were applied in ei-
ther ascending or descending strengths (Dixon’s up-down method), 
and each filament was applied X times/only once for a maximum of 
2 s. Paw withdrawal during the stimulation was considered a positive 
response, and the 50% response withdrawal threshold was calculated 
as the strength of filament that gave (53).

To evaluate thermal withdrawal thresholds, we used the hot plate 
test (plate temperature was set to 50° to 54.5°C). We defined the 
response latency as the time required for the appearance of the first 
escape response—licking, shaking, or jumping. A maximal cutoff of 
30 s was used to prevent tissue damage (25). To quantify acute neu-
ral responses to thermal stimulation (Fig. 1), mice were secured in 
the imaging system and a small Peltier heat plate (UDH-300; UNIQUE 
MEDICAL, Tokyo, Japan) was applied to the right hind paw foot-
pad while simultaneously imaging neural activity. The plate was 
rapidly and transiently heated to 50°C for 15 s, and responses were 
quantified during the heating ramp stage (Fig. 1D and fig. S1E). This 
transient heating evoked a reflex paw withdrawal escape response, 
whose timing was measured by simultaneously recording with a 
CCD camera. Only a single heating trial was recorded in each mouse.

Chemogenic manipulation
For chemogenic activation of S1 L2/3 excitatory neurons (54, 55), 
AAVs encoding GCaMP (AAV1-hSyn-GCaMP6f-WPRE-SV40; 
9.0 × 1012 vector genomes/ml; Penn Vector Core) and encoding the 
hM3D DREADD (designer receptors exclusively activated by de-
signer drugs) [AAV8-hSyn-hM3D(Gq)-mCherry; 2.0 × 1012 vector 
genomes/ml; Addgene] were diluted in PBS solution and injected at 
three sites in L2/3 of S1. CNO (Sigma-Aldrich) was used to acti-
vate these DREADDS and was dissolved in a saline stock solution of 
(0.5 mg/ml). In Fig.  6C, Ca2+ imaging of excitatory neurons was 
performed during a quiet resting state without CNO, and the same 
region was again imaged from 1 hour after CNO intraperitoneal 
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injection (5 mg/kg). Withdrawal threshold tests were also assessed 
before and 1 hour after CNO injection. In Fig. 7 (A to G), the same 
dose of CNO was injected daily over a week (a total of seven injec-
tions). Daily CNO injections were spaced 24 hours apart, and with-
drawal thresholds were evaluated 30 min before each CNO injection. 
For the virus-injected control experiment, we used AAV1- CaMKII 
0.4-Cre (Penn Vector Core; 2.94  ×  1013 vector genomes/ml) and 
AAV1-CAG-flex-tdTomato (Penn Vector Core; 7.6  ×  1012 vector 
genomes/ml).

Image analysis
Images were analyzed using ImageJ (National Institutes of Health) 
and MATLAB (MathWorks, Natick, MA) software packages. Movies 
and 3D images were corrected for focal plane displacement using 
ImageJ plugin TurboReg and StackReg (56). To estimate S1 neuro-
nal activity, regions of interest (ROIs) in L2/3 were determined us-
ing an automated algorithm (http://github.com/simonsfoundation/
CaImAn) that defines an ROI as a discrete region showing a change 
in fluorescence at some stage during the analysis. Completely silent 
neurons (and/or those not expressing GCaMP6f) will not be detect-
ed using our approach. For the detection and analysis of calcium 
transients, baseline fluorescence was defined as the 35th percentile 
of the total fluorescence intensity histogram obtained during all im-
aging period (F0). Ca2+ transient was defined as F/F0 (F = F − F0), 
where F is the instantaneous fluorescent signal and where F ex-
ceeded 2 SDs of the baseline fluorescence (F0) (57, 58). We used an 
F0 set at the 35th percentile of the total fluorescence distribution, 
except when we reanalyzed the results of Fig. 2 with F0 set to the 
15th percentile (which gave us similar results to F0 set at the 35th 
percentile; fig. S10, B and C). The frequency of Ca2+ transients was 
calculated as the ratio of the total number of transients over the im-
aging period (s). The power of each Ca2+ transients (F/F0) was 
subsequently computed using the mean squared amplitude of the 
Ca2+ during the transient as follows

   P  x   =   1 ─ T     ∑ 
i=1

  
T
     x i  

2   

where xi(1 ≤ i ≤ T) represents the Ca2+ level at each time during the 
transient of length, T.

C.C. between the activities of two neurons over time was mea-
sured using the cosine instead of the Pearson’s correlation, which is 
commonly used, because the Pearson’s correlation does not correctly 
measure correlation if time interval without two neurons firing is 
long. The Pearson’s C.C., rp, between two Ca2+ transients of length 
T, xi and yi (1 ≤ i ≤ T), in two ROIs in the imaging field, is given by

   r  p   =   
 ∑ i=1  T   ( x  i   −    x   ) ( y  i   −    y  )   ──────────────────   

 √ 
____________

   ∑ i=1  T     ( x  i   −    x  )   2     √ 
____________

   ∑ i=1  T     ( y  i   −    y  )   2   
    

where x and y represent the averaged Ca2+ fluorescence in two ROIs. 
In the above equation, each Ca2+ transient is centered; that is, each 
average is subtracted from the corresponding Ca2+ transient. Since 
the Ca2+ transients are basically positive during neuronal firing and 
around zero without neuronal firing, the centered Ca2+ transients 
become negative in the case without neuronal firing. Thus, the 
Pearson’s correlation becomes large if the interval without two 

neurons firing is long, although neurons do not fire almost simulta-
neously. In this study, the correlation between neurons was mea-
sured using the following equation without centering

   r  c   =   
 ∑ i=1  T     x  i    y  i   ───────────  

 √ 
_

  ∑ i=1  T     x i  
2     √ 
_

  ∑ i=1  T     y i  
2   
    

As rc can be regarded as the cosine of the angle between two 
T-dimensional vectors whose elements correspond to xi and yi, it is 
called the cosine correlation. rc is in the range from −1 to 1. The cosine 
correlation becomes positively large if two neurons fire simultane-
ously and close to zero if either neuron does not fire. In addition, rc 
can be negative due to the negative values of noise or oscillatory 
components in the Ca2+ transients.

Immunohistochemistry
Immunohistochemistry was performed to validate the expression of 
AAV1-hSyn-GCaMP6f, AAV8-hSyn-hM3D(Gq)-mCherry, and the 
proportion of PV neurons in the population of GCaMP6f-positive 
neurons driven by synapsin promotor. Animals were deeply anes-
thetized with ketamine and xylazine and transcardially perfused with 
4% paraformaldehyde solution in PBS. Fixed brains were extracted 
from the skull and equilibrated in 30% sucrose solution in PBS. The 
brains were cut into 30-m-thick sections using a microtome (Leica 
Microsystems, Wetzlar, Germany). After blocking and permeabili-
zation for 1 hour in 5% bovine serum albumin and 0.5% Triton 
X-100 in PBS, the slices were incubated at 4°C overnight with pri-
mary antibody diluted in PBS. After PBS wash, slices were subsequently 
incubated with secondary antibody in PBS at room temperature for 
3 hours. Slices were mounted on glass slides in Fluoromount-G 
(Southern Biotech, Birmingham, AL). Fixed tissue was imaged us-
ing a Zeiss LSM510 Meta confocal microscope (Carl Zeiss) with a 
20× objective (N.A. 1.0; Carl Zeiss). The following antibodies were 
used for staining: anti-PV antibody (1:500; ab11427, Abcam) and 
goat anti-rabbit Alexa Fluor 647 (1:500; A-21245, Thermo Fisher 
Scientific).

Flow cytometry
Animals were anesthetized with ketamine and xylazine and tran-
scardially perfused with PBS. Fresh brain tissues (size of 1 mm × 
1 mm × 1 mm) in the contralateral hind paw region of primary so-
matosensory cortex were dissected from control mice and inflam-
matory pain model mice (3 days after injection of CFA into the right 
hind paw) while on ice. After fine mincing of dissected tissue, the 
samples were transferred to centrifuge tubes and centrifuged by 2000g 
for 5 min at 4°C. After removing the supernatant, a papain dissoci-
ation enzyme solution containing also collagenase and deoxyribo-
nuclease (Worthington Biochemical Corporation, #LK003170) was 
added, and the tubes were rotated again for 30 min at 37°C. The su-
pernatant was again removed, and the remaining pellet was washed 
with FACS buffer (containing 5% fetal bovine serum in PBS). This 
procedure was repeated three times. The final pellet was fixed by 2% 
paraformaldehyde for 10 min, washed with FACS buffer two to 
three times, and processed by blocking solution (5% goat serum) 
and permeabilizing agent (0.5% Triton X-100 in PBS) for 60 min. 
The processed material was filtered through a 40-m cell strainer 
and divided into several microtubes. Each sample was incubated 
with primary antibodies at room temperature for 1 hour in FACS 
buffer. After washing with the FACS buffer, the samples were 

http://github.com/simonsfoundation
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subsequently incubated in secondary antibodies at room temperature 
for 1 hour in FACS buffer. The following antibodies were used for 
staining: anti-chicken NeuN (1:200; ab134014, Abcam), anti-rabbit 
c-Fos (1:200; #3168266, Millipore), anti-mouse c-Fos (1:200; ab208942, 
Abcam), anti-mouse Cav1.1 (1:200; GTX22862, GeneTex), anti-rabbit 
Cav1.2 (1:200; GTX54754, GeneTex), anti-mouse Cav1.3 (1:200; ab85491, 
Abcam), anti-mouse Cav2 (1:200; GTX22864, GeneTex), anti- 
rabbit Cav2.1 (1:200; GTX54753, GeneTex), anti-rabbit Cav2.2 (1:200; 
PA5-77296, Thermo Fisher Scientific), anti-rabbit Kv1.1 (1:200; 
ab177481, Abcam), anti-rabbit Kir6.2 (1:200; ab79171, Abcam), anti- 
rabbit Nav1.1 (1:200; ab24820, Abcam), anti-rabbit Nav1.6 (1:200; 
ab65166, Abcam), goat anti-chicken Phycoerythrin (PE) (1:200; 
ab72482, Abcam), goat anti-rabbit Alexa Fluor 405 (1:400; A-31556, 
Thermo Fisher Scientific), goat anti-mouse Alexa Fluor 405 (1:400; 
A-31553, Thermo Fisher Scientific), goat anti-rabbit APC (1:400; 
A-10931, Thermo Fisher Scientific), and goat anti-mouse APC 
(1:400; A-865, Thermo Fisher Scientific). Samples were run through 
a BD FACSVerse automated cell counter (BD Biosciences), and data 
were analyzed with FlowJo software (FlowJo LLC).

Elvax application of N-type Ca2+ channel blocker
Elvax is a noninflammatory polymer used for the slow release of drug 
into tissues, including brain. As described previously (59), Elvax 
beads (DuPont; 20 mg) were dissolved in dichloromethane (200 l) 
and mixed with 5 l of dimethyl sulfoxide (DMSO) containing 100 mM 
PD173212 (N-type Ca2+ channel blocker; ab141832, Abcam). The 
mixture was stirred with a vortex mixer for 1 hour after which the 
solution was placed on a glass dish and kept at −70°C overnight and 
then at −20°C for another night to allow the dichloromethane to 
evaporate. The final concentration of PD173212 adsorbed into the 
Elvax was approximately 2.5 mM. A small piece of drug-soaked Elvax 
(2 mm × 2 mm) was placed on the dura matter through an open-
skull cranial window. The drug-soaked Elvax was left on the dura 
matter for 2 weeks while behavioral measurements were obtained.

Intraventricular drug injection
For the intraventricular injection of PD173212 (N-type Ca2+ chan-
nel blocker), we implanted a guide (CXG-8; Eicom, Kyoto, Japan) 
and dummy cannula (CXD-8; Eicom) into the right lateral ventricle 
following cranial window surgery. Thirty minutes before imaging 
and/or behavior, we gave a single injection of PD173212 (1 l; 1 g/l 
in DMSO) into the ventricle via an injection cannula (CXMI-8; Eicom) 
attached to an electrically driven pump (UMP3; WPI, Sarasota, FL).

Data analysis and statistics
Data were analyzed using GraphPad Prism 8 statistical software 
(GraphPad Software Inc., La Jolla, CA). All data are presented as the 
means ± SEM. Unpaired and paired t tests, Pearson’s correlation test, 
and analysis of variance (ANOVA) followed by Bonferroni post hoc 
tests were used to test for statistical significance.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/12/eabd8261/DC1

View/request a protocol for this paper from Bio-protocol.
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