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SUMMARY

Satellite glial cells (SGCs) of dorsal root ganglia (DRGs) are activated in a variety of chronic 

pain conditions; however, their mediation roles in pain remain elusive. Here, we take advantage 

of proteolipid protein (PLP)/creERT-driven recombination in the periphery mainly occurring in 

SGCs of DRGs to assess the role of SGCs in the regulation of chronic mechanical hypersensitivity 

and pain-like responses in two organs, the distal colon and hindpaw, to test generality. We 

show that PLP/creERT-driven hM3Dq activation increases, and PLP/creERT-driven TrkB.T1 

deletion attenuates, colon and hindpaw chronic mechanical hypersensitivity, positively associating 

with calcitonin gene-related peptide (CGRP) expression in DRGs and phospho-cAMP response 

element-binding protein (CREB) expression in the dorsal horn of the spinal cord. Activation 

of Plp1+ DRG cells also increases the number of small DRG neurons expressing Piezo2 and 

acquiring mechanosensitivity and leads to peripheral organ neurogenic inflammation. These 

findings unravel a role and mechanism of Plp1+ cells, mainly SGCs, in the facilitation of chronic 

mechanical pain and suggest therapeutic targets for pain mitigation.
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In brief

Tiwari et al. reveal that Plp1+ satellite glial cells (SGCs) of dorsal root ganglia facilitate chronic 

colonic and somatic mechanical pain, in which activated SGCs release mediators to activate 

neurons that sense pain.

INTRODUCTION

Since the discovery of satellite glial cells (SGCs) of the spinal ganglia more than half 

a century ago,1,2 their roles in pain have recently drawn immense attention due to their 

proximity to pain-sensing neurons in dorsal root ganglia (DRGs).3 SGCs represent the 

largest glial subtype in DRGs and ensheath sensory neuron somata with a small gap (about 

20 nm) between the glial and neuronal membrane, similar to the manner at synapses 

(a 20–40 nm gap), endowing efficient crosstalk between SGCs and sensory neurons.3–8 

The modulatory role of SGCs on sensory neuron activity and thereby pain regulation is 

governed by mechanisms including but not limited to gap-junction-mediated intercellular 

calcium (Ca2+) waves and paracrine action of gliotransmitter release.9,10 For example, 

purinergic ligand 3′-O-(4-Benzoyl)benzoyl-ATP (BzATP) that acts on P2X7R in SGCs 

can transactivate small-size, presumably nociceptive, DRG neurons through Ca2+-gated 

pannexin1-mediated ATP paracrine action.10 In several pain modalities resulting from nerve 

injury or inflammation, the activity of SGCs is increased, manifested by the upregulation 

of the astrocytic marker glial fibrillary acidic protein (GFAP), connexin 43 (Cx43), and 
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intracellular signaling molecules in DRGs.11–17 The reduction of Cx43 expression by RNA 

interference or carbenoxolone or genetic deletion attenuates nerve injury or inflammation-

induced somatic pain.16,18,19

Proteolipid protein 1 (Plp1), which resides on the X chromosome, is also expressed in 

SGCs as well as in Schwann cells and enteric glia.20–22 However, Plp1 is not expressed 

by astrocytes, sympathetic glia, or neurons of DRGs of rodents and/or human.6,20,21,23 

Recent studies using Plp1/creERT-driven genetic manipulation of Plp1-expressing (Plp1+) 

glia demonstrate that optogenetic activation of Plp1+ glia residing in the hindpaw of mice 

evokes sensory nerve electrical activity and animal painful behavior,24 and Plp1/creERT-

driven conditional deletion of Cx43 from SGCs blocks sensory neuron intercellular crosstalk 

and reduces complete Freund’s adjuvant (CFA)-induced mechanical pain in the paw.16 

These studies suggest a role of Plp1+ glia in facilitating somatic hypersensitivity. In terms of 

gastrointestinal (GI) physiology, PLP/creERT-guided enteric glia ablation increases total GI 

transit times in female mice but not male mice.25 Along the GI tract, Plp1 expression is the 

highest in the duodenum and successively decreases anally toward the colon, with a marked 

reduction of Plp1 expression levels in the colon during development post-natally from post-

natal day (P)2 to P88.26 PLP/creERT-driven tdTomato expression in the colon is evident but 

very scarce.22 The present work reveals consistent results that PLP/creERT-driven mCherry 

expression or PLP/creERT-targeted TrkB.T1 conditional deletion mainly occurs in SGCs of 

DRGs with considerable low levels in the distal colon. With these unique features, we used 

PLP/creERT-guided genetic manipulation to examine the role of SGCs in the regulation of 

colonic function.

Acute pain has a protective role, while chronic pain is devastating, with up to 25% of the 

population having visceral pain at any one time. Previous studies show acute and transient 

analgesic effects, which peak at 30 min–1 h and diminish at 2 h post-activation of GFAP+ 

cells and spinal astrocytes,27,28 while optogenetic activation of spinal astrocytes evokes 

long-lasting (more than 1 day) somatic hypersensitivity and pain.29 The present study was 

undertaken to utilize PLP/creERT to examine whether SGCs also have roles in chronic pain 

in the colon and hindpaw in mice.

RESULTS

Chemogenetic activation of Plp1+ cells evoked chronic somatic and colonic mechanical 
hypersensitivity

We generated Plp1;hM3Dq;mCherry mice by breeding PLP/creERT mice with RC::L-

hM3Dq mice (Figure S1A), which were further subjected to tamoxifen treatment to induce 

PLP/creERT-based recombination (Figure S1B). We divided these mice into three groups: 

(1) Plp1+;mCherry;hM3Dq mice (designated as Plp1;hM3Dq) that received clozapine 

N-oxide (CNO) treatment and were assigned as the “CNO” group, (2) Plp1;hM3Dq 

mice that received vehicle treatment and were assigned as the “vehicle” group, and (3) 

Plp1−;mCherry;hM3Dq mice (designated as neg;hM3Dq) that received CNO treatment and 

were assigned as the “CNO-off” group (Figure S1C). During the same time block, we 

treated these mice with either CNO (2 mg/kg body weight) or vehicle intraperitoneally 

(i.p.). A previous study showed that optogenetic activation of Plp1+ hindpaw cells rapidly 
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evoked painful behavior in mice.24 We were curious whether painful behavior persisted after 

systemic activation of Plp1+ cells. We found that hindpaw mechanical hypersensitivity was 

evident 1 day post-CNO treatment of the CNO male group (left shift of responsive curves), 

but not the female group, when compared to vehicle or CNO-off target controls (Figures 1A 

and 1B, day 1). The hindpaw thermal sensitivity stayed unchanged among all groups (Figure 

1C, day 1). In the subsequent 2 days following drug treatment (CNO, 1 mg/kg body weight, 

i.p.), the results were the same: only mechanical hypersensitivity was detected in the CNO 

male group (Figures 1A–1C). Of note, the mechanical pain threshold (3 responses out of 5 

von Frey filament stimulations) was decreased from a 0.4 g average on day 1 to a 0.16 g 

average on day 3, suggesting that chronic activation of Plp1+ cells exacerbated mechanical 

painful sensation.

On the last day (day 3), we performed a gait assay, which showed that the CNO group 

of male mice demonstrated shorter stride length and more erratic steps when compared 

to control mice (Figure 1D). CNO treatment did not affect the stride patterns in female 

Plp1;hM3Dq mice (Figure 1E). We also measured colonic mechanical sensitivity using 

colonometry that we developed,30,31 which showed that CNO treatment of Plp1;hM3Dq 

male mice induced colonic mechanical hypersensitivity manifested as increases in the 

amplitudes of intracolonic pressures (Figure 2A) and decreases in the lengths of fecal 

pellets (Figure 2B) when compared to controls. Colonic mechanical sensitivity in female 

mice stayed the same in all groups (Figure 2C). Calcitonin gene-related peptide (CGRP) 

was involved in a variety of chronic pain developments including visceral hypersensitivity, 

chronic somatic pain, and migraine and was increased in DRG neurons in pain.32,33 

Following CNO treatment of Plp1;hM3Dq mice, CGRP expression was increased in DRG 

neurons of male mice, but not female mice, when compared to respective vehicle or 

off-target controls (Figures 2D and S2A), consistent with the sex-differential behavioral 

outcomes.

PLP/creERT-driven mCherry expression was highly present in SGCs of DRG

We examined the efficiency of tamoxifen-induced PLP/creERT-driven mCherry expression, 

which showed distinct levels of mCherry in DRGs of male and female mice. Specifically, 

the number of DRG neurons wrapped by mCherry-expressing SGCs was much higher in 

male mice than in female mice (Figures 2E and 2F). A separate and independent analysis 

(starting from tamoxifen treatment by a different experimenter) using flow cytometry to sort 

mCherry-expressing SGCs also demonstrated a higher number of mCherry-expressing SGCs 

in male than female Plp1;hM3Dq mice (Figures 2G and 2H). Tumor necrosis factor alpha 

(TNF-α), one of the SGC gliotransmitters34 that was released into Plp1;hM3Dq SGC culture 

medium after CNO (10 μM) treatment overnight (Figure S2B) thus serving as an indicator 

of SGC activation, also expressed at a higher level in DRGs after CNO treatment of male 

Plp1;hM3Dq mice but not female mice (Figure 2I). These findings suggested that Plp1+ 

SGCs in male mice had higher numbers and activity than in female mice, consistent with 

Plp1+ cell-facilitated sex-differential mechanical hypersensitivity.

PLP/creERT-driven hM3Dq activation in the paw skin of male mice (Figure 3A) can also 

contribute to evoked somatic mechanical pain.24 Consistent with previous findings,22,26 the 
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distal colon of male mice did not contain much PLP/creERT-driven mCherry expression 

that was visible in the region of enteric plexuses (Figures 3A and S2C). A previous study 

reported that PLP/creERT-driven enteric glia ablation did not change GI transit times or the 

propagation frequency of colonic migrating motor complexes (CMMCs) in male mice,25 

likely due to the low levels of Plp1 expression in the distal colon of male mice.22,26 Thus, 

the PLP/creERT line provided a unique model to study the role of SGCs in the regulation 

of colonic function due to its robust expression in SGCs compared to the colon (Figure 

3B). Although several studies suggested that Plp1 was highly expressed in peripheral glia 

of mature mice,6,20,21,23 some cells in the spinal cord, but not as many as the SGCs 

of DRGs, also expressed PLP/creERT-driven mCherry (Figure S2D). The urinary bladder 

demonstrated strong mCherry expression (Figure S2E), suggesting efficient PLP/creERT-

driven recombination in peripheral organs after tamoxifen treatment.

Genetic inhibition of SGCs attenuated chronic colonic mechanical hypersensitivity

In a variety of chronic pain states, brain-derived neurotrophic factor (BDNF) was 

upregulated in DRGs,35–38 and TrkB.T1, as a BDNF high-affinity receptor, was highly 

expressed in SGCs of DRGs that were characterized by in situ hybridization (Figure S3A). 

Moreover, TrkB.T1 mediated BDNF-induced TNF-α release from cultured SGCs (Figure 

3C) as well as BDNF-evoked Ca2+ activity in SGCs of DRGs (Figure 3D), two biological 

parameters that were also regulated in SGCs by Plp1;hM3Dq-driven Gq-mediated action 

after CNO treatment (Figures 2I, S2B, and S4A. Therefore, we sought to delete TrkB.T1 

from SGCs to achieve an inhibition of SGC activity. To do so, we crossed PLP/creERT mice 

with floxed TrkB.T1 mice, which generated heterozygotes in the first generation (Figure 

S3B). We continued backcrossing with homozygous floxed TrkB.T1 mice to generate 

conditional TrkB.T1 homozygous deletion (Plp1+/−;TrkB.T1fl/fl) and genetic background 

control mice (Plp1−/−;TrkB.T1fl/fl) for experiments (Figure S3C). To ensure that we had 

achieved effective TrkB.T1 deletion from SGCs after tamoxifen treatment, we performed 

tissue-specific genotyping, which showed that Plp1+/−;TrkB.T1fl/fl mice had TrkB.T1 

deleted robustly from DRGs, with much less deletion in the distal colon (designated as 

TrkB.T1cKO-SGC mice [cKO, conditional knockout]), while Plp1−/−;TrkB.T1fl/fl mice did 

not show TrkB.T1 deletion from any of the tissues examined (designated as TrkB.T1intact 

mice) (Figure S3D). These results were consistent with the PLP/creERT-driven mCherry 

expression levels in these tissues/organs showing the strongest recombination in SGCs of 

DRGs and a lesser extent of recombination in the distal colon. Taking advantage of these 

features, we utilized TrkB.T1cKO-SGC mice to examine whether SGCs had a role in colonic 

mechanosensing and hypersensitivity, although it did not completely preclude the role of 

enteric glia.

The baseline colonic mechanical sensitivity between TrkB.T1cKO-SGC and TrkB.T1intact 

male mice stayed the same (Figures 3F and 3G), suggesting that the absence of TrkB.T1 

from SGCs did not disturb colonic sensory homeostasis. Similarly, PLP/creERT-driven 

enteric glia ablation did not change GI transit times or CMMC frequency in male mice.25 

We and others have established that colitis induced by 2,4,6-trinitrobenzene sulfonic 

acid resulted in colonic mechanical pain in male mice measured on day 7.15,30,39 This 

phenomenon was also seen in TrkB.T1intact male mice (Figures 3F and 3G). However, 
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in TrkB.T1cKO-SGC male mice, colitis-induced colonic hypersensitivity was significantly 

attenuated, although not completely suppressed, when compared to colitic TrkB.T1intact 

male mice (Figures 3F and 3G). Colonic mechanical sensitivity in female TrkB.T1cKO-SGC 

and TrkB.T1intact mice had no difference (Figures 3H and 3I). Moreover, colitis-induced 

TNF-α upregulation in DRGs was suppressed, in part, by TrkB.T1cKO-SGC in male mice but 

not in female mice (Figure 3I). Of note, colitis-induced TNF-α upregulation in DRGs could 

also emanate from other cells such as macrophages, which would not be reduced by SGC 

inhibition. This aligned with the partial inhibition of TNF-α levels in DRGs when SGCs 

were inhibited by TrkB.T1cKO-SGC.

Activation of SGCs upregulated Piezo2 in DRG neurons, explaining SGC-facilitated 
mechanical hypersensitivity

Piezo2 is a mechanotransducer that was implicated to participate in colonic and somatic 

mechanical pain.30,40–44 We therefore examined whether activation of SGCs can regulate 

Piezo2 expression and/or activity in DRG neurons. Using DRG explants from Plp1;ChR2-

YFP (channelrhodopsin2-yellow fluorescent protein) mice, we treated one DRG with a 

fiber-coupled light-emitting diode (LED) at 470 nm blue light (Thorlabs) (Figure 4A) 

according to our published protocol,30 and the contralateral DRG served as control (Figures 

4B and 4C). On the second day, we found that photostimulation increased the number of 

DRG neurons expressing Piezo2 (Figures 4B–4D), with a higher number of DRG neurons 

that simultaneously contained Piezo2 and were surrounded by Plp1+ SGCs (cells indicated 

by yellow arrows in Figure 4C′′ and summarized in Figure 4E). We measured the diameter 

of Piezo2+ DRG neurons from the same number of DRG sections of untreated (1,362 

neurons were measured) and LED-treated (2,361 neurons were measured) DRGs, showing 

that the upregulation of Piezo2 by PLP/creERT-driven optogenetics mainly occurred in small 

DRG neurons (Figure 4F). Activation of Plp1+ SGCs also increased Piezo2 mRNA levels 

in DRGs (Figure 4G). Interestingly, activation of Plp1+ SGCs did not change either the 

mRNA or protein levels of the transient receptor potential vanilloid 1 (TRPV1) (Figures 

S5A–S5C). This could explain why Plp1+ SGCs participated in the regulation of mechanical 

but not thermal hypersensitivity, as found in our experiments (Figure 1) and others showing 

that PLP/creERT-driven Cx43 conditional deletion from SGCs reduced mechanical but not 

thermal hyperalgesia after CFA treatment of the hindpaw.16

We next chemically activated SGCs by formoterol, the specific agonist of beta (β)2 

adrenergic receptor that was expressed exclusively in SGCs measured in DRG.15 We treated 

DRG explants from Nav1.8;YFP mice with formoterol (10 μM) overnight and performed 

Piezo2 immunohistochemistry of DRG sections. Nav1.8;YFP mice were used to mark the 

nociceptors by Nav1.8;YFP. We found that activation of SGCs by formoterol increased the 

number of DRG neurons expressing Piezo2 (Figures 4H–4J), some of which co-expressed 

Nav1.8 (Figure 4K), suggesting an upregulation of Piezo2 in Nav1.8+ nociceptive neurons 

by SGC activation.

To measure the mechanosensitivity of DRG neurons, we dissected DRGs freshly for 

primary culture of enzymatically disassociated DRG neurons and examined DRG neuron 

responsiveness to mechanical stimulation using our recently established poking-voltage 
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imaging coupling technique.30 The DRG neuron culture was obtained from Plp1;hM3Dq 

mice that received intrathecal (i.t.) injection of CNO (3 uL of 26 uM solution) and were 

sacrificed the second day after CNO treatment. As a comparison, DRG neuron cultures 

from Plp1;hM3Dq mice that received CNO i.p. injection and underwent behavioral tests as 

described above as well as control mice were also assessed. We incubated DRG neurons 

with a voltage-sensitive dye, Di-8-ANEPPS (Figure 4L), and randomly chose dissociated 

small to medium DRG single neurons from the bright-field view. The selected DRG neuron 

was poked by a tip-polished glass micropipette in a manner that the micropipette tip was 

pushed forward in a micrometer increment; simultaneously, the changes in the intensity of 

Di-8-ANEPPS fluorescence were recorded in a time-lapse rate of 1 kHz (Figure 4M). We 

found that CNO (i.t.) treatment of Plp1;hM3Dq mice resulted in 55 out of 78 successfully 

poked DRG neurons (an average of 70.5% from 4 mice) being mechanically responsive 

(designated as responders), CNO (i.p.) treatment of Plp1;hM3Dq mice resulted in 54 out of 

69 successfully poked neurons (an average of 78.2% from 5 mice) being responders, and 

vehicle (i.p.)-treated Plp1;hM3Dq mice had 22 out of 64 successfully poked neurons (an 

average of 34.4% from 5 mice) being responders (Figure 4N). We measured the area of the 

soma of successfully poked DRG neurons and clustered them into a different range to check 

size-based distribution corresponding to their mechanical responsiveness. We found that 

the number of mechanosensitive DRG neurons (responders) was much higher in small-size 

neurons (e.g., smaller than 6,000 mm2 of freshly cultured neurons) from CNO-treated 

Plp1;hM3Dq mice when compared to control (Figure 4O), consistent with Piezo2 protein 

upregulation in nociceptive neurons.

Experiments from the above three distinct approaches, i.e., optogenetically, chemically, 

or chemogenetically activating SGCs, showed that SGC activation increased the number 

and activity of small-size and/or Nav1.8+ nociceptive DRG neurons expressing Piezo2, 

explaining the role of SGCs in the regulation of mechanical hypersensitivity.

SGC-to-DRG neuron crosstalk

A previous study reported that BzATP activated SGCs rapidly, followed by a delayed (about 

2 min) activation of small-size DRG neurons, which was mediated by a paracrine action of 

ATP.10 Gliotransmitters are crucial in mediating SGC-to-sensory neuron paracrine crosstalk. 

We therefore used SGC-conditional medium (CM) (Figure S2B) to stimulate cultured DRG 

neurons to examine whether gliotransmitters from activated SGCs had roles in activating 

Piezo2+ DRG neurons and/or regulated Piezo2 expression to provide additional evidence 

on SGC regulation of DRG mechanosensory neurons (Figures 5A and 5B). We visualized 

Piezo2+ DRG neurons in culture by using DRGs from Piezo2;YFP mice and applied SGC-

CM, off-target CM, or untreated CM for single-neuron Ca2+ imaging (Figures 5C–5E), in 

which SGC-CM elicited Ca2+ signals in a higher percentage of Piezo2;YFP+ DRG neurons 

when compared to untreated CM or off-target CM (Figure 5D). SGC-CM also increased 

the activity of some Piezo2− DRG neurons (Figure 5E, indicated by arrows). SGC-CM 

treatment of wild-type DRG explants increased the expression levels of Piezo2 in DRG 

neurons when compared to control (Figure 5F).
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Following three paradigms of treatment, i.e., SGC-CM treatment of wild-type DRG explants 

(Figure 5G), CNO treatment of DRG explants from Plp1;hM3Dq mice (Figures 5H and 

5I), or optogenetic activation of SGCs in DRG explants of Plp1;ChR2 mice (Figures S5D–

S5F), CGRP expression was increased in DRG neurons. The number of CGRP+ neurons 

that were wrapped by Plp+ mCherry was increased after CNO treatment of Plp1;hM3Dq 

DRG explants ex vivo (Figures 5H and 5I) or intact Plp1;hM3Dq mice in vivo (Figures 

5J and 5K). Using “SGC-DRG neuron unit” culture from Plp1;hM3Dq;mCherry mice, 

we found that CNO treatment rapidly evoked Ca2+ transients only in SGCs expressing 

hM3Dq;mCherry (Figures S4A–S4C and 5L) within the first minute of recording, 

suggesting that CNO specifically acted on SGCs in DRGs from Plp1;hM3Dq mice. 

Extending the recording time of Ca2+ imaging after CNO stimulation of SGC-neuron unit 

culture, we found that the activation of SGCs led to intracellular Ca2+ elevation in adjacent 

DRG neurons (Figures S4C and 5L) in an average time lapse of 86.18 ± 11.64 s (Figure 

S4D), suggesting a crosstalk from SGCs to adjacent DRG neurons that may explain the 

upregulation of Piezo2 and CGRP in DRG neurons adjacent to Plp1+ SGCs after SGC 

activation. Since TNF-α levels were elevated and released into the SGC culture medium 

after SGC activation (Figures 2I, S2B, 3C, and 3I), we stimulated cultured DRG neurons 

from Piezo2;GCaMP mice with TNF-α (1 ng/mL), which increased GCaMP intensity in 

a subpopulation of Piezo2+ DRG neurons (Figures S4E and S4F). Of note, a smaller 

percentage of Piezo2+ DRG neurons were activated by TNF-α (8.1% ± 1.1%) when 

compared to SGC-CM (12.8% ± 1.4%) treatment, suggesting additional gliotransmitters, 

e.g., ATP,10 in SGC-to-DRG neuron crosstalk.

Previous studies showed that astrocytes/SGCs demonstrated acute and transient 

antinociceptive action that peaked 30–60 min and diminished at 2 h post-glial 

activation.27,28 However, at 1 h post-activation of SGCs, the expression level of Piezo2, 

CGRP, or TRPV1 was not affected in DRGs (Figure S4G), suggesting that acute action of 

SGCs on DRG neurons did not involve the upregulation of pain-related neuronal markers 

(e.g., CGRP and Piezo2). Using either PLP/creERT;hM3Dq to drive SGC activation in 

the present study or GFAP-hM3Dq to drive SGC activation27 showed consistent results 

that at 2 h after CNO treatment, mechanical sensitivity/hypersensitivity (colonic sensitivity 

in Plp1;hM3Dq mice vs. somatic sensitivity in GFAP-hM3Dq mice) was not affected 

(Figure 6A). A study using optogenetic activation of spinal GFAP+ astrocytes showed 

long-lasting somatic hypersensitivity that peaked on day 1 and was back to normal on day 

7.29 Combined with the present study, it appeared that the activation of these astrocytic 

glia (SGCs and astrocytes) had biphasic action that posed an antinociceptive effect rapidly 

and transiently,27,28 which diminished at about 2 h and then kicked on long-lasting pro-

nociceptive action.29 Consistent with CNO (i.p.) treatment of Plp1;hM3Dq mice, the second 

day after i.t. injection of CNO to Plp1;hM3Dq mice, not only was the mechanosensitivity 

of DRG neurons upregulated (Figures 4N and 4O) but also colonic and hindpaw mechanical 

sensitivity was elevated when compared to sham control (Figures 6B and 6C).

PLP/creERT-regulated neurogenic inflammation and spinal central sensitization

Both CNO (i.p.) and CNO (i.t.) treatment of Plp1;hM3Dq mice induced neurogenic 

inflammation of the peripheral organs (Figures 6D–6F and S6A–S6C) and CGRP central 
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release to the spinal cord (Figures 6G and S6H). Specifically, CNO (i.p. 1 dose for 1 day) 

treatment of Plp1;hM3Dq male mice achieved a similar degree of colonic inflammation 

compared to CNO (i.t., 1 dose for 1 day) treatment of Plp1;hM3Dq mice, manifested as ~ 

2-fold increases in the thickness of the muscular wall of the distal colon (Figures S6A–S6C). 

CNO (i.p., 3 doses for 3 days) treatment of Plp1;hM3Dq mice achieved a greater degree of 

colonic inflammation when compared to a single dose of CNO injection, measured as about 

3.5-fold increases in the thickness of the muscular wall of the distal colon (Figure 6D). Of 

note, CNO injected systemically can be rapidly diffused into plasma and maintain substrate 

activity in cerebrospinal fluid within 30 min for up to 24 h.45 Therefore, we did not preclude 

the effects of CNO on Plp1+ enteric glia after either route of injection. CNO treatment of 

Plp1;hM3Dq mice (i.p., 3 doses) also caused severe inflammatory infiltration in the skin 

of the hindpaw with increased numbers of neutrophils (Figure 6E) and inflammation of the 

urinary bladder showing as severe hypertrophy with increased suburothelial edema (Figure 

6F), which could be combined effects from the activation of SGCs and Plp1+ cells in these 

organs.

Pain is accompanied by CGRP central release to the spinal cord, where CGRP acts on 

receptors to participate in spinal central sensitization, a hallmark of chronic pain.33 In all 

three paradigms (Figures S6D–S6F) that we used to activate different glial populations but 

all included SGCs, which were CNO (i.p.) treatment of Plp1;hM3Dq mice that activated 

SGCs and Schwann cells (Figure S6D), CNO (i.t.) treatment of Plp1;hM3Dq mice that 

focused on SGCs in DRGs (Figure S6E), and CNO (i.p.) treatment of GFAP;hM3Dq mice 

that activated SGCs and astrocytes (Figure S6F), we found increased intensity of CGRP 

fibers in the dorsal horn of the spinal cord (Figures 6G and S6H), suggesting a concept that 

SGC-mediated mechanical pain may involve spinal central sensitization. To further test this 

notion, we examined the levels of CGRP in the spinal cord of TrkB.T1cKO-SGC mice with 

colitis since TrkB.T1cKO-SGC attenuated colonic hypersensitivity (Figure 3). Consistent with 

our previous work,15 colitis increased CGRP levels in the dorsal horn of the spinal cord 

in TrkB.T1intact mice, with enhanced intensity of CGRP fibers extending to deep laminae 

(Figure 7A). TrkB.T1cKO-SGC reduced the intensity of CGRP nerve fibers in the spinal cord 

under the condition of colitis (Figure 7A). These results suggested that SGCs mediated 

colitis-induced CGRP release in the spinal cord, which was consistent with the result that 

direct activation of SGCs increased CGRP expression in DRG neurons and CGRP release to 

the spinal cord in CNO-treated Plp1;hM3Dq mice.

Spinal central sensitization is a hallmark of chronic pain, which can be manifested by the 

upregulation of the activated (phosphorylation) form of cAMP response element-binding 

protein (CREB) and N-methyl-D-aspartate receptor (NMDAR) and regulated by CGRP.33 

In TrkB.T1intact and TrkB.T1cKO-SGC mice with or without colitis, we found that colitis 

induced phospho (p)-CREB upregulation in the dorsal horn, which was attenuated by 

TrkB.T1cKO-SGC (Figures 7B and 7C). Chemogenetic activation of SGCs (i.t. or i.p.) also 

promoted p-CREB expression in the dorsal horn (Figures 7D and 7E). These data aligned 

well to demonstrate a mediation role of SGCs in facilitating p-CREB expression in the 

spinal cord dorsal horn, where chronic pain signals are processed.

Tiwari et al. Page 9

Cell Rep. Author manuscript; available in PMC 2024 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chemogenetic activation of SGCs (i.t. or i.p.) increased p-NMDAR expression in the dorsal 

horn of the spinal cord (Figures 7F, 7G, and S7A), providing additional molecular readout 

in the chronic pain pathway that suggested a facilitation role of SGCs in driving spinal 

central sensitization. Post-colitis induction, the expression of p-NMDAR was upregulated in 

the spinal cord at both the dorsal horn and ventral horn, not only in the colon-innervating 

thoracolumbar spinal segments but also in the upper thoracic spinal cord that did not 

receive direct colonic sensory inputs (Figures S7B–S7D), suggesting a spread of neuronal 

activity along the spinal cord. Colitis-increased p-NMDAR expression in the spinal cord in 

TrkB.T1intact mice was partially attenuated by TrkB.T1cKO-SGC (Figures S7B–S7D).

Viscero-somatic cross-organ sensitization was manifested by spinal central sensitization. 

Therefore, changes in hindpaw sensitivity, in addition to spinal neural activity, in colitis 

can be additional functional assessments of the role of SGCs in mediating chronic pain. In 

TrkB.T1cKO-SGC and TrkB.T1inatct mice with or without colitis, we found that TrkB.T1cKO-

SGC did not change the somatic basal mechanical sensitivity (Figure 7H) but reduced, 

at least in part, colitis-induced hindpaw referred mechanical pain (Figure 7I). However, 

TrkB.T1cKO-SGC did not have any effects on hindpaw thermal sensitivity at baseline and 

in inflammation (Figure 7J). In stark contrast, chemogenetic activation of GFAP+ glia 

(SGCs and astrocytes) increased hindpaw mechanical (Figure 7K) and thermal (Figure 

7L) sensitivity measured on the second day post-CNO treatment (i.p. 2 mg/kg body 

weight) to assess the chronic effects on somatic sensitivity, consistent with a previous 

study showing that optogenetic activation of spinal astrocytes induced long-lasting (up 

to 7 days) mechanical hypersensitivity and thermal hyperalgesia peaked on day 1 post-

photostimulation.29 Combined with the results from us and others,16,29 these data suggested 

that SGCs were prone to mediate chronic mechanical hypersensitivity but not thermal pain, 

while thermal hypersensitivity was likely mediated by astrocytes but not SGCs.

DISCUSSION

By combining a variety of in vivo and ex vivo approaches, we have identified the functional 

role of SGCs of DRGs in the mediation of chronic visceral and somatic mechanical 

pain. We show that the underlying mechanisms by which activated SGCs augment 

chronic mechanical pain are by increasing the number of DRG neurons expressing Piezo2 

and mechanosensitivity that are small nociceptive neurons, as well as inducing CGRP 

upregulation in DRGs and subsequent CGRP release to induce neurogenic inflammation 

and spinal central sensitization. A paracrine crosstalk from SGCs to DRG neurons mediated 

by gliotransmitters plays a role in SGC-mediated Piezo2 and CGRP upregulation in DRG 

neurons. Our study also reveals that PLP/creERT-driven TrkB.T1 deletion mainly occurs in 

SGCs and is very scarce in the distal colon; thus, this unique mouse line, TrkB.T1cKO-SGC, 

can be used to study the role of SGCs in colonic pain circuits. Interestingly, TrkB.T1cKO-SGC 

reduces, at least in part, colitis-induced spinal neuron activation and hindpaw mechanical 

pain, suggesting an undescribed phenomenon of peripheral glia in the regulation of 

central activity. Finally, inhibition of SGCs does not affect baseline mechanical or thermal 

sensitivity, suggesting that SGCs are dispensable in maintaining basal sensory homeostasis, 

albeit crucial in chronic mechanical pain development. Therefore, SGCs could serve as 

targets for pain treatment with minimized adverse effects.
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The interaction of SGCs and sensory neurons is well documented,46–48 and the importance 

of SGCs in pain processing has just begun to be recognized, such as that SGCs can 

respond to peripheral insults15 and their activation is associated with a variety of pain 

modalities.3 Here, we utilize three approaches to activate SGCs in intact mice (Figures S6D 

and S6E) for molecular and functional studies. Systemic activation of Plp1+ glia (SGCs and 

Schwann cells) leads to colonic and hindpaw mechanical pain but no changes in hindpaw 

thermal sensitivity. Systemic activation of GFAP+ glia (SGCs and astrocytes) results in 

mechanical and thermal hypersensitivity. The common cells activated in Plp1;hM3Dq mice 

and GFAP;hM3Dq mice are SGCs, and the common behavioral outcomes are mechanical 

hypersensitivity. We also use i.t. injection of CNO to Plp1;hM3Dq mice, which results in 

elevated colonic and hindpaw mechanical sensitivity. Using PLP/creERT-driven TrkB.T1 

conditional deletion that inhibits the activity of SGCs, we find that colitis-induced visceral 

and somatic hypersensitivity are attenuated. TrkB.T1 in DRGs is expressed in SGCs 

and mediates BDNF-induced SGC activation. TrkB.T1 in GFAP+ SGCs and astrocytes 

also participates in chronic somatic pain.49 In resiniferatoxin (RTX)-induced mechanical 

allodynia, TrkB.T1 was increased in DRGs, and TrkB/T1 inhibitor ANA-12 blocked RTX-

induced mechanical pain and sensory neuron activity.50 The present study shows that SGCs 

deficient in TrkB.T1 block BDNF-evoked Ca2+ activity in SGCs and reduce BDNF-induced 

TNF-α release from SGCs, suggesting the effectiveness of TrkB.T1 conditional deletion 

in the blockade of SGC activities and subsequent SGC-to-neuron crosstalk and mechanical 

hypersensitivity.

Piezo2 is newly identified as a mechanotransducer to mediate colonic and somatic 

mechanical pain.30,40,41,44 In DRGs, Piezo2 is expressed in various sizes of DRG neurons 

including the large neurons responsible for proprioception, low-threshold mechanoreceptors 

essential for touch sensation, and small-diameter neurons participating in pain.51–59 Here, 

we show that chemogenetic or optogenetic activation of SGCs increases Piezo2 expression 

in and mechanosensitivity of nociceptive neurons. In contrast, activation of SGCs fails to 

change the expression level of TRPV1, further proving that SGCs have a lesser role in 

the development of thermal hypersensitivity. CGRP is an excitatory neurotransmitter and 

a potent factor in the development of pain60 that is produced in nociceptive neurons to 

promote pain sensation by central release to the spinal cord for the generation of spinal 

central sensitization and by peripheral release to evoke neurogenic inflammation. CGRP 

expression in DRG neurons is also upregulated after the chemogenetic or optogenetic 

activation of SGCs. Concomitantly, enhanced CGRP intensity in the spinal dorsal horn 

and inflammatory infiltration of the distal colon, hindpaw, and urinary bladder are identified 

after chemogenetic activation of SGCs. Increased Ca2+ activity in small-size DRG neurons, 

likely including peptidergic neurons, after SGC activation10 can be a strong driving factor 

for the dense core vesicles to release CGRP. Pain-associated CGRP upregulation in the 

spinal cord is also attenuated by genetic inhibition of SGCs, subsequently inhibiting p-

CREB in the dorsal horn. These findings further support a role of SGCs in the pain process, 

which involves SGC-neuron crosstalk leading to CGRP upregulation in and release from 

DRG neurons and subsequent CGRP central and peripheral action.

Glial cells surround or have close proximity to neurons to supply nutrients to and modulate 

the activity of neuronal soma.46,61 At the basal physiological level, glial cells such as 
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astrocytes are normally quiescent,62,63 but they can rapidly respond to neuronal activation 

during disease states62–64 and exaggerate pain.65 Recent studies targeting SGCs and 

astrocytes in the spinal cord in the acute phase of somatic hypersensitivity demonstrate 

analgesic effects, which completely diminished at 2 h post-treatment.27,28 In the chronic 

phase, the present study targeting SGCs and another study activating spinal astrocytes 

show the pronociceptive action of these glial cells.29 The transition from acute transient 

antinociception to chronic long-lasting pro-nociception governed by SGCs/astrocytes is 

interesting and important, with not much known about the underlying mechanisms. 

Signaling crosstalk between glial cells and sensory neurons, e.g., SGCs to neuronal soma 

and astrocytes to axon terminals, is documented to be rapid. Subsequent to Ca2+ elevation, 

sensory neuroplasticity such as Ca2+-mediated gene transcription and subsequent protein 

translation may play a role in chronic pain.

Limitations of the study

Among the popular markers that are selected for SGCs, Plp1 is identified to be strongly 

expressed in peripheral glia.6,20–23 Therefore, utilization of the PLP/creERT line minimizes 

the effects on central glia, which is beneficial in the clinical intervention of pain with 

less central adverse effects. Although the present study shows that PLP/creERT-driven 

recombination in the periphery mainly occurs in DRGs, the tested organs also express 

detectable levels of Plp1. Thus, our results do not preclude the role of Plp1+ cells in the 

peripheral organs in driving the observed changes. The term of SGCs used in the present 

study to represent Plp1+ cells in DRG is (1) due to strong Plp1 expression in SGCs and (2) 

for simplicity in description.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—Communications regarding information presented in this paper can be 

directed to Liya Qiao (liya.qiao@vcuhealth.org).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• Source data that were used to generate graphs in the paper are available upon 

request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this work 

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Adult mice (2–3 months) with Black 6 background were used. Plp1; hM3Dq and neg; 

hM3Dq mice were generated by crossing PLP/creERT mice (JAX Stock # 005975) 
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with RC::L-hM3Dq mice (JAX Stock # 026943) followed by genotypic screening and 

tamoxifen treatment. GFAP; hM3Dq mice were generated by crossing GFAP-Cre mice 

(JAX Stock # 012886) with RC::L-hM3Dq mice. Plp1; ChR2 mice were generated by 

crossing PLP/creERT mice with Ai32 mice (JAX Stock # 012569, B6) followed by 

genotypic screening and tamoxifen treatment. Piezo2; YFP mice were generated by crossing 

Piezo2-EGFP-IRES-Cre mice (Piezo2-Cre, JAX Stock # 027719) with Ai32 mice or R26-

LSL-Gi-DREADD (JAX Stock # 026219) mice. Nav1.8; YFP mice were generated by 

crossing Nav1.8-Cre+/+ mice (a line that was created by Dr. John Wood, Wolfson Inst. 

UK)66 with Ai32 mice. Piezo2; tdTomato; GCaMP mice were generated by crossing 

Piezo2-Cre mice with PC-G5-tdT mice (JAX Stock # 024477). TrkB.T1 knockout mice 

were provided by Dr. Lino Tessarollo, NIH). Mice with inducible conditional TrkB.T1 

deletion from Plp1-expressing glia (TrkB.T1cKO) were generated by using PLP/creERT mice 

and floxed TrkB.T1 (TrkB.T1fl/fl) mice which were then selected each step for needed 

genotypes followed by tamoxifen treatment and tissue-specific genotying to check for 

effectiveness of TrkB.T1 deletion from specific tissues. The genetic control for TrkB.T1cKO 

mice were their littermates (TrkB.T1intact) that were genotyped as Plp1 negative, floxed 

TrkB.T1 positive, and no tamoxifen-induced TrkB.T1 deletion in examined tissues. The 

sequences of primers for genotyping Nav1.8-Cre (13Salt and Cre 5a) and wildtype 

(13Salt and 12A) alleles were: 13Salt: GGAATGGGATGGAGCTTCTTAC; 12A: TTAC 

CCGGTGT GTGCTGTAGAAAG; CRE 5a: CAAATGTTGCTGGATAGTT TTTACTGCC. 

The sequences of primers for genotyping floxed TrkB.T1 were TrkBT1-5s: 5′-CCAGCTA 

TTGAGTAATGAATGAGTC-3’; TrkBT1-2: 5′-CTACCCATCCAGTGGGATCTT-3’; and 

TrkBT1-4a: 5′-CCACCGCGGTGGTACCATAACTTCG-3’. The rest of the genotyping 

utilized sequences of primers provided The Jackson Laboratory. All primers used for 

genotyping and other PCR were produced by Integrated DNA Technologies, Inc. (IDT: 

Coralville, Iowa).

Male and female mice were housed separately as 2–5 mice/per cage to ensure adequate 

social environment. Standard husbandry conditions with 12:12-h light cycles were provided. 

Animals had free access to regular food/water. For the part where sex was not specified, 

male mice were used. All experimental protocols involving animal use were approved 

by Virginia Commonwealth University Institutional Animal Care and Use Committee 

(IACUC). Animal care was in accordance with the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC) guidelines.

METHOD DETAILS

Drug administration—Tamoxifen was injected at a dose of 75 mg/kg bodyweight 

intraperitoneally (i.p.) once per day for consecutive 5 days according to a protocol provided 

by The Jackson Laboratory. Animals were used during the 2–3-week window post the 

last dose of tamoxifen injection. Tamoxifen-induced Cre recombination was examined 

postmortem to ensure Cre-based reporter (mCherry or YFP) gene expression or tissue-

specific deletion of gene of target. Clozapine-N-oxide (CNO) was administered at 2 mg/kg 

bodyweight (i.p.) for the first day and 1 mg/kg bodyweight (i.p.) for subsequent days as 

one dose per day. CNO stock (prepared in DMSO) was diluted into saline for a total of 20 

mL for injection (i.p.). Vehicle control contained the same amount of DMSO diluted into 
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the same amount of saline and injected (i.p.) in the same manner as CNO injection. The 

CNO or vehicle treatment (i.p.) was given in the afternoon, and the behavioral recordings 

were taken the following morning. Intrathecal (i.t.) injection of CNO was performed at 

a single dose of 3 μL of 26 μM solution according to our previous experience.30 Sham 

control contained the same amount of DMSO and performed at the same manner as CNO 

(i.t.) injection. An insulin syringe was used to inject drug (i.t.) to a vertebra gap at the 

lower lumbar position in conscious or lightly anesthetized mice. Tail flick was observed to 

validate positive injections. Colonic inflammation was induced by intracolonic instillation 

of 2,4,6-trinitrobenzene sulfonic acid (TNBS) at a dose of 75 μL of 12.5 μg/μL solution 

in 30% EtOH. The same amount of 30% EtOH as vehicle was used in control animals. A 

PE-50 catheter was used to deliver TNBS or vehicle to the distal colon through the anus. The 

mouse tail was lifted for 1 min after drug installation to avoid drug leakage from the anus. 

After drug administration, all animals were observed for 20 min or until when their normal 

activity was resumed.

DRG ex vivo explant, in vitro single cell, and SGC-neuron unit culture—DRG 

explants were freshly dissected out and matched by spinal segments for experimental 

comparison. The freshly dissected DRG pairs were immediately cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) for 2–4 h (fasting). One of the DRG explant of each 

pair was then randomly chosen for treatment by CNO (10 μM), SGC conditional medium 

(SGC-CM) or optogenetics using fiber coupled light-emitting diode (LED) @ 470 nm blue 

light (Thorlabs, Inc.). The contralateral DRG served as control. After overnight incubation, 

DRGs were subjected to immunohistochemistry or qPCR.

For single cell (neuron or SGCs) culture, freshly dissected DRGs were subject to enzymatic 

digestion in DMEM containing 2 mg/mL collagenase at 37°C and the duration of enzymatic 

process was 45 min. For SGC-neuron unit co-culture, the total duration of enzymatic 

process was 25 min. After centrifugation, cells were washed three times with DMEM 

and re-suspended into DMEM containing 5% fetal bovine serum (FBS) and seeded into 

culture plates. SGC culture was seeded into plastic culture plates and neurons in the culture 

were removed by splitting and washing. Agonists (10 μM CNO to Plp1; hM3Dq sample 

or 50 ng/mL BDNF to wildtype sample) were added to SGC culture for overnight and 

culture medium was collected as conditional medium (CM). For some of the BDNF-treated 

samples, lentiviral particles that carried either scramble sequence (C-LT: Forward: CGC 

GTA TAC CCC GTC CAA GCC TCG CAT TGA ATT CAA GAG ATT CAA TGC GAG 

GCT TGG ACT TTT TGG AAA T; Reserve: CGA TTT CCA AAA AGT CCA AGC CTC 

GCA TTG AAT CTC TTG AAT TCA ATG CGA GGC TTG GAC GGG GTA TA) or 

shRNA of TrkB.T1 (T1shLT: Forward: CGC GTA TAC CCC CAT AAG ATC CCC CTG 

GAT GTT CAA GAG ACA TCC AGG GGG ATC TTA TGT TTT TGG AAA T; Reverse: 

CGA TTT CCA AAA ACA TAA GAT CCC CCT GGA TGT CTC TTG AAC ATC CAG 

GGG GAT CTT ATG GGG GTA TA) were added to SGC culture one day prior to BDNF 

treatment. For slot blot, culture medium or cell homogenates were subject to slot blot 

apparatus (Bio-Rad) followed by standard immunoblotting procedures. DRG single neuron 

culture or SGC-neuron unit culture were seeded into Poly-L-Lysine (0.01% overnight) 

coated glass-bottom 96 wells plates, or onto coverslips for live cell optical imaging.
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Immunohistochemistry—After fixation, DRGs and the spinal cord were incubated in 

25% sucrose overnight at 4°C for cryoprotection. DRGs were sectioned at 12 μm thickness 

and the spinal cord at 20 μm thickness. The tissue sections were processed for on-slide 

immunostaining. Sections were incubated in primary antibodies diluted in PBST (0.3% 

Triton X-100 in 0.1 M PBS, pH 7.4) containing 5% normal donkey serum overnight at 

room temperature followed by incubation with fluorescence-conjugated species-specific 

secondary antibody for 2 h. The primary antibodies used were rabbit anti-Piezo2 (1:500, 

Novus Biologicals LLC, Cat# NBP1-78624), rabbit pAb to CGRP (1:1000, Abcam, Cat# 

AB47027), goat pAb to CGRP (1:2000, Abcam, Cat# AB36001), rabbit anti-p-CREB 

(1:500, Cell Signaling, Cat# 9198), rabbit anti-p-NMDA receptor (1:500, Cell Signaling, 

Cat#5355S), and rabbit anti-TRPV1 (1:1000, Millipore Sigma, Cat# SAB5700857). The 

secondary antibodies used were donkey anti rabbit (Cy3) (1:500, Jackson Immuno research, 

Cat# 711-165-152), donkey anti-goat 594 (1:500, Life Technologies, Cat# A11058), donkey 

anti-rabbit 594 (1:500, Life Technologies, A21207), and AMCA-conjugated AffiniPure 

donkey anti-goat (1:200, Jackson ImmunoResearch, Cat# 705-155-003). Immunostaining 

in the absence of primary or secondary antibody was assessed for background evaluation. 

The specificity of the primary antibodies used were validated in our previous studies30,33,67 

or by manufactures. Slides were coverslipped with Citifluor (Citifluor Ltd., London). The 

processed sections were visualized under a Nikon or Zeiss fluorescent microscope.

Single cell calcium or voltage imaging—Cells were fasted for 2–4 h prior to imaging. 

For calcium imaging, cells were loaded with Fluo4-AM (2 μM) or Rhod-2 (2 μM) 30 

min prior to stimulation with desired agonists including CNO (10 μM), C21 (1 mM), 

SGC conditional medium, or BDNF (10 ng/mL). Intracellular calcium levels were recorded 

by time-lapse capturing of dye intensity at a frame rate of 1 frame/per second (s). For 

voltage imaging, DRG neurons were pre-loaded with voltage sensor Di-8-ANEPPS (10 

μM, Invitrogen) for 20 min and subjected to mechanical stimulation via glass micropipette 

poking driven by a piezo-driven micromanipulator with the polished glass microprobe tip 

toward the DRG neuron surface at an 80-degree angle. The voltage changes were detected 

by alteration in fluorescence intensity that was recorded at a frame rate of 1 kHz (1 

frame/per ms).30

Total RNA extraction and quantitative real-time PCR—The RNAqueous Total 

RNA Isolation Kit (Thermo Fisher Scientific) was used to extract RNA from DRGs 

followed by reverse transcription using a cDNA synthesis kit High Capacity cDNA 

Reverse Transcription (Applied Biosystems). Quantitative real-time PCR (qPCR) was 

then performed using SYBR Green as indicator on StepOnePlus Systems (Applied 

Biosystems). Dissociation curve post-PCR reaction was monitored to verify the 

specificity of the qPCR reactions. The level of target mRNA was normalized against 

the expression of the internal control β-actin and was calculated with ΔCt method 

and expressed as fold changes (2−ΔΔCt fold). The primers used for qPCR was 

for Piezo2, CGRP, TRPV1, TNFα, and IL-6 as genes of interest. These primers 

are Piezo2: GTGGTATGCAACCCAGTACCC and GGCCATTCTCTATGGGCAGG; 

CGRP: GGACTTGGAGACAAACCACCA and GAGAGCAACCAGAGAGGAACTACA; 

TRPV1: CCGGCTTTTTGGGAAGGGT and GAGACAGGTAGGTCCATCCAC; TNFα: 
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CAGGCGGTGCCTATGTCTC and CGATCACCCCG AAGTTCAGTAG; β-actin: 

GGCTGTATTCCCCTCCATCG and CCAGTTGGTAACAATGCCATGT.

Colonometry and colonometrogram analysis—Colonic mechanical sensitivity in 

free-moving mice was measured by colonometry.30,31 Specially, a three-way connector 

was used to couple a syringe infusion pump, a pressure transducer, and a polyethylene 

(PE)-50 intracolonic catheter that was inserted into the distal colon with the catheter tip 

2.5 cm away from the anus. A rate of 1.2 mL/h saline infusion was used throughout for 

both male and female mice. The pressure transducer was connected to a bridge amplifier 

and a computer recording system (AD Instrument, Milford, MA) for data acquisition and 

analysis via LabChart 8 Pro and Reader. The colonic mechanosensitivity was presented by 

changes in the amplitude of intracolonic pressures (AICP) as results of colonic stretch-reflex 

contraction.

Somatic mechanical and thermal sensitivity assays—Mice were placed 

individually into plexiglass chambers placed above a mesh stand (IITC Life Science Inc., 

CA) to allow for acclimation to the environment for 30 min. When animal had all four paws 

resting on the floor, a von Frey filament was applied perpendicularly to the plantar surface 

of the hindpaw from underneath of the mesh floor. The mice were each consecutively tested 

for a filament size, and this was repeated five times before moving on to a filament size of 

higher force. The tests were blinded to minimize bias. A positive response was considered 

when a withdrawal behavior (paw licking, shaking, or withdrawal) was noted during or 

immediately after application. Three positive responses out of the five stimulations were 

considered as painful responses. Pain threshold was determined by the weight of von Frey 

filament that evoked three positive responses.

Thermal sensitivity was measured by a hot plate assay. Mice were placed in a clear 

plexiglass cylinder placed on a temperature-controlled metal plate heated to 52°C. Acute 

nociception was measured in terms of latency of the animal to show signs of and/or either 

lifting or licking of the hindpaw, at which point the animal was removed. Each test was not 

exceeded beyond 30 s to avoid tissue damage.

Gait assay and stride analysis—The hindpaws of mice were gently brushed with 

water-based dyes and animals were dropped into one end of a chamber with a dimension of 

50 cm (L) × 5.5 cm (W) × 15.5 cm (H) for freely walking toward the other end. The paw 

prints were captured by inks onto regular printing papers placed underneath the chamber. 

The stride length was defined as distance between the adjacent same toe prints. The stride 

length from the same animal was averaged as one number to be included in the statistical 

analysis. All procedures and analysis styles stayed the same among all experimental animals.

In situ hybridization—DRG sections (10 mm thickness) were mounted onto poly-L-

lysine-coated slides and postfixed in 4% paraformaldehyde for 10 min. After treatment 

with acetic anhydride (0.25% v/v) and proteinase K (10 μg/mL) and subsequent 

dehydration in a graded series of ethanol (70% for 1 min, 80% for 1 min, 95% 

for 1 min × 2, 100% for 1 min × 2), tissues were incubated in buffer containing 

50% formamide, 5xSSC, 500 μg/mL yeast tRNA, 0.1% Tween 20 (pH = 6.0 adjusted 
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by citric acid) and RNA probes that were generated by in vitro transcription. The 

primers for PCR of cDNA of interests as templates for generating RNA probes 

were that TrkB.T1 Forward GCCGAGCTCCGCCAGTCTGTTCCTTCTGT and Reverse 

CGGGGTACCACAGTG GGTCAACAAGCCAA. PCR was performed using a DIG 

Probe Synthesis Kit (Roche Diagnostics). PCR products were incorporated into cloning 

vector pSP73 (Promega Corporation) for cDNA cloning and amplification, and in vitro 
transcription. After hybridization, the slides were processed with anti-DIG antibody.

Flow cytometry—DRGs were digested in digestion media (DMEM, 10 mM HEPES, 

5 mg/mL BSA, 100 μg/mL DNase 1) containing 1.6 mg/mL collagenase Type 4 for 30 

min at 37°C. After digestion, cells were filtered through a 40 μm strainer, centrifuged, 

and washed with FACS buffer (10% fetal bovine serum (FBS), 1 mM EDTA in PBS). 

Following resuspension in FACS buffer, dead cells were excluded by using live/dead cells 

labeling Zombie aqua kit (Biolegend # 423101) as described previously.30 DRGs from Plp1; 

hM3Dq mice were directly applied for cell sorting and the amount of SGCs were detected 

by transgenetically expressed mCherry. Cell sorting was performed on a BD Fortessa cell 

analyzer followed by data analysis using FlowJo software.

Hematoxylin and Eosin (H&E) stain—The distal colon (10 mm thickness) and urinary 

bladder (10 μm thickness) were sectioned transversely and the plantar tissue of the 

hindpaw (7 μm) was sectioned sagittally to include all layers. Tissues were fixed with 

4% paraformaldehyde at room temperature for 30 min. Slides were stained with an H&E 

staining kit according to the protocol provided by the manufacture (Richard-AllanScientific, 

Kalamazoo, MI). The sections were examined with a Nikon brightfield microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Immunostaining—The positively stained neurons in DRG that showed visible nucleus 

were measured for diameters and counted with a built-in software in a blind fashion to 

minimize any potential bias. Data from multiple sections of a given DRG were pooled 

and averaged as one data point. The section areas that contained neuronal soma, avoiding 

the areas that had extensive nerve fibers, were measured for normalizing the expression 

levels of protein of interest, which was presented as number of positive neurons per unit 

area. To avoid double counting, we chose every third section in the serial cutting for each 

specific antibody analysis. The positively stained neurons in the spinal cord were counted 

and presented as number of neurons per section. Data from all spinal cord sections for a 

protein of interest from a single animal were averaged and presented as one data point.

Data and statistical analysis—We used Imaging J, LabChart 8, FlowJo, Zeiss ZEN 

pro, Nikon NIS-ELEMENTS-BR, and NIS-ELEMENTS-ADVANCED for data analysis. We 

used GraphPad Prism 9 for statistical analysis. The results from each study were presented 

as mean ± SEM. One-way ANOVA, two-way ANOVA, or t test were performed according 

to specific experimental design and the number of variables. Detailed statistical approaches 

were described in Figure legends. Differences between means at a level of p ≤ 0.05 were 

considered to be significant.
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Highlights

• Activation of SGCs facilitates colonic and hindpaw mechanical 

hypersensitivity

• SGC inhibition attenuates, in part, chronic colonic and somatic mechanical 

pain

• A paracrine action from SGCs to sensory neurons upregulates Piezo2 and 

CGRP

• SGC regulation involves neurogenic inflammation and spinal central 

sensitization
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Figure 1. Sex-differential changes in somatic pain following CNO treatment of Plp1;hM3Dq 
mice.
(A) Experimental design of chemogenetic activation of tamoxifen-induced Plp1-Cre-

expressing glia.

(B) Assays of von Frey filament stimulation of the plantar surface of hindpaw for 

examination of somatic mechanical responses in male and female mice. Two-way ANOVA 

with Tukey’s multiple comparison test. CNO-treated neg;hM3Dq mice: n = 4 male and 

n = 5 female; vehicle-treated Plp1;hM3Dq mice (vehicle) n = 6 male and n = 5 female; 

CNO-treated Plp1;hM3Dq mice (CNO): n = 9 male and n = 10 female. **p = 0.0013 and 

****p < 0.0001.
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(C) Thermal sensitivity is examined by hot plate assay (CNO-off target: male n = 4, female 

n = 5; vehicle treated: male n = 6, female n = 5; CNO treated: male n = 9, female n = 7). 

One-way ANOVA with Tukey’s multiple comparison test.

(D) Gait assay of male mice (CNO-off target: n = 4; vehicle treated: n = 5; CNO treated: n = 

6). One-way ANOVA with Tukey’s multiple comparison test.

(E) Gait assay of female mice (CNO-off target: n = 8; vehicle treated: n = 5; CNO treated: n 
= 7). One-way ANOVA with Tukey’s multiple comparison test. Bar: 2 cm.

All data are presented as mean ± SEM.

See also Figure S1.
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Figure 2. Assessments of colonic mechanical hypersensitivity and molecular changes in DRGs in 
both sexes following CNO treatment of Plp1;hM3Dq mice.
(A) Colonometrical recording of male mice (n = 6 CNO-treated Plp1;hM3Dq mice; n 
= 4 off-target control; n = 5 vehicle control). One-way ANOVA with Dunn’s multiple 

comparisons test.

(B) Fecal length from male mice (CNO-treated Plp1;hM3Dq mice: n = 4; vehicle-treated 

Plp1;hM3Dq mice: n = 4; unpaired two-tailed t test).

(C) Colonometrical recording of female Plp1;hM3Dq mice (n = 6 CNO; n = 7 off-target 

control; n = 6 vehicle control). One-way ANOVA with Dunn’s multiple comparisons test.
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(D) CGRP expression in DRGs of female mice from different treatment groups: n = 4 CNO-

treated neg;hM3Dq mice (CNO-off); n = 5 vehicle-treated Plp1;hM3Dq mice (vehicle); 

n = 7 CNO-treated Plp1;hM3Dq mice (CNO). One-way ANOVA with Tukey’s multiple 

comparison test.

(E) PLP/creERT-driven mCherry expression in DRGs showing mCherry expression in 

SGCs. Bar: 80 μm.

(F) Number of DRG neurons surrounded by SGCs that contain PLP/creERT-driven mCherry 

expression (male: n = 6; female n = 5). Unpaired two-tailed t test.

(G and H) Flow cytometry measurement of PLP/creERT-driven mCherry expression in 

DRGs (male n = 4, female n = 5). Unpaired two-tailed t test.

(I) Real-time PCR assessment of the mRNA levels of TNF-α in DRGs of male Plp1;hM3Dq 

mice (n = 4 control, n = 4 CNO treatment, unpaired two-tailed t test) and female 

Plp1;hM3Dq mice (n = 6 control, n = 5 CNO treatment; unpaired two-tailed t test).

All data are presented as mean ± SEM.

See also Figure S1 and S2.

Tiwari et al. Page 26

Cell Rep. Author manuscript; available in PMC 2024 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Effects of genetic inhibition of SGCs on colonic mechanical hypersensitivity.
(A) PLP/creERT-driven mCherry expression in the plantar of hindpaw and distal colon 

(representative sections are from 7 mice). Bar: 200 μm.

(B) Diagram demonstrates the role of Plp1+ SGCs as a major driving force in colonic 

hypersensitivity.

(C) BDNF-induced TNF-α release from cultured SGCs is blocked by lentiviral particles 

carrying TrkB.T1 short hairpin RNA (shRNA; T1shLT) but not control lentiviral particles 
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(C-LTs), noting that T1shLT pre-treatment reduces TrkB.T1, but not β-actin, expression 

levels in SGC cell bodies. Results are from slot blot assays.

(D) BDNF stimulation of cultured DRG neuron-SGC units from wildtype mice to elicit Ca2+ 

transient in SGCs (indicated by yellow arrows) and neurons (indicated by white arrow). Bar: 

50 μm.

(E) TrkB.T1 deletion from SGCs blocks BDNF-induced Ca2+ activity in SGCs but not 

neurons (indicated by white arrows). Bar: 50 μm.

(F and G) Colonometrical recording of TrkB.T1intact and TrkB.T1cKO-SGC male mice with 

or without colitis (baseline: n = 4 TrkB.T1intact, n = 5 TrkB.T1cKO-SGC; colitic pain: n = 4 

TrkB.T1intact, n = 5 TrkB.T1cKO-SGC; one-way ANOVA with Tukey’s multiple comparison 

test).

(H) Colonometrical recording of TrkB.T1intact (n = 5) and TrkB.T1cKO-SGC (n = 6) female 

mice with colitis (day 7, unpaired two-tailed t test).

(I) Inhibition of SGCs reduces colitis-evoked TNF-α upregulation in DRGs of male mice 

but not female mice (male: n = 5 TrkB.T1intact control, n = 4 TrkB.T1intact colitis, n = 4 

TrkB.T1cKO-SGC colitis; female: n = 7 TrkB.T1intact control, n = 6 TrkB.T1intact colitis, n = 5 

TrkB.T1cKO-SGC colitis; one-way ANOVA with Tukey’s multiple comparison test).

All data are presented as mean ± SEM.

See also Figures S2 and S3.
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Figure 4. Piezo2 expression in and mechanosensitivity of DRG neurons following optogenetic or 
chemogenetic activation of SGCs.
(A) Ex vivo experiments to activate SGCs by optogenetics.

(B and B′′) DRG sections show PLP/creERT-driven ChR2-YFP expression in SGCs (B) and 

Piezo2 immunoreactivity in DRG neurons (B′) that have few co-expressions of Piezo2 and 

YFP (B′′) in untreated DRG explants.

(C and C′′) Stimulation with LED@470 nm results in more neurons expressing Piezo2 with 

YFP+ SGC wrapping (C′′, indicated by yellow arrows). Bar: 80 μm.
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(D) The number of DRG neurons expressing Piezo2 comparing between control and 

following SGC activation (n = 8, paired two-tailed t test).

(E) The number of DRG neurons that have Piezo2 and are wrapped by YFP+ SGCs 

comparing between control and following SGC activation (n = 5, paired two-tailed t test).

(F) Diameter-based distribution of Piezo2+ DRG neurons comparing between control and 

following SGC activation (n = 6, two-way ANOVA with Šídák’s multiple comparisons test).

(G) The relative Piezo2 mRNA levels in DRG explants with or without activation of SGCs. 

n = 5, paired two-tailed t test.

(H and I) Co-expression of Nav1.8;YFP and Piezo2 in DRG neurons before and after 

formoterol treatment. Bar: 100 μm.

(J) The number of DRG neurons expressing Piezo2 (n = 5, paired two-tailed t test).

(K) The number of DRG neurons co-expressing Piezo2 and Nav1.8;YFP (n = 5, paired 

two-tailed t test).

(L) DRG neurons that are positively responding to glass pipette poking (top, responders) or 

have no responses to poking (bottom, nonresponders). Bar: 40 μm.

(M) Di-8-ANEPPS fluorescent intensity curve comparing between responders and 

nonresponders.

(N) The percentage of responders from DRGs of Plp1;hM3Dq mice that receive CNO (i.t.) 

or CNO (i.p.) treatment compared to control mice (n = 4–5, one-way ANOVA with Tukey’s 

multiple comparison test).

(O) Activation of SGCs by either i.t. CNO or i.p. CNO increases the mechanosensitivity of 

small-diameter DRG neurons when compared to control.

See also Figures S4 and S5.
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Figure 5. Assessments of paracrine interaction from SGCs to DRG neurons.
(A) Cultured SGCs from Plp1;hM3Dq mice treated with CNO or cultured SGCs from 

neg;hM3Dq mice treated with CNO (CNO-off target) to produce conditionalmedium (CM). 

Bar: 10 μm.

(B) Diagram to show application of SGC-CM to cultured DRG neurons.

(C and D) CNO-CM elicits Ca2+ transients in Piezo2+ DRG neurons (n = 5 CNO-off-treated 

wells, n = 5 basal CM-treated wells, and n = 11 CNO-CM-treated wells from 3 independent 

experiments). One-way ANOVA with Tukey’s multiple comparison test. Bar: 200 μm.
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(E) CNO-CM stimulates activation of Piezo2− DRG neurons. Bar: 100 μm.

(F) Piezo2 expression after CNO-CM treatment of DRG explants (n = 5, paired two-tailed t 

test). Bar: 80 μm.

(G) CGRP expression after CNO-CM treatment of DRG explants (n = 5, paired two-tailed t 

test). Bar: 80 μm.

(H and I) CNO treatment of DRG explants from Plp1;hM3Dq mice increases CGRP 

upregulation in DRG neurons adjacent to Plp1+ SGCs (indicated by arrows, n = 7, two-way 

ANOVA with Šídák’s multiple comparisons test). Bar: 80 mm.

(J and K) CNO (i.p.) treatment of Plp1;hM3Dq mice (n = 7) increases CGRP upregulation 

in DRG neurons adjacent to Plp1+ SGCs (indicated by arrows) when compared to those 

from vehicle-treated Plp1;hM3Dq mice (n = 5). Two-way ANOVA with Šídák’s multiple 

comparisons test. Bar: 40 μm. All data are presented as mean ± SEM.

(L) Representative curves of SGC-to-DRG neuron crosstalk examined by Ca2+ imaging, 

noting a delayed activation of DRG neurons after CNO activation of SGCs in SGC-neuron 

unit culture from Plp1;hM3Dq mice.

See also Figure S4.
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Figure 6. Assessments of peripheral organ neurogenic inflammation after CNO treatment of 
Plp1;hM3Dq mice.
(A) Colonometrical recording of Plp1;hM3Dq mice following intrathecal (i.t.) injection of 

CNO or sham.

(B) A time-dependent change in colonic mechanical sensitivity after CNO (i.t.) treatment of 

Plp1;hM3Dq male mice when compared to sham control (n = 5 sham, n = 5 for 2 h, and n = 

5 for 1 day post-CNO treatment). One-way ANOVA with Tukey’s multiple comparison test.

(C) CNO (i.t.) treatment of Plp1;hM3Dq male mice (n = 5) increases hindpaw mechanical 

sensitivity when compared to sham control (n = 7). Two-way ANOVA with Šídák’s multiple 

comparisons test. ****p < 0.0001.

(D) CNO (i.p.) treatment of Plp1;hM3Dq mice (n = 5) causes inflammation in the distal 

colon when compared to vehicle-treated control (n = 5). Unpaired two-tailed t test. 

Microscopic examination of H&E stain shows thickening of the muscular wall (indicated 

by yellow bars) after CNO treatment of Plp1;hM3Dq mice. Bar: 500 μm.
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(E) CNO (i.p.) treatment of Plp1;hM3Dq mice (n = 4) causes inflammation in the hindpaw 

when compared to vehicle-treated control (n = 4). Unpaired two-tailed t test. Neutrophils are 

indicated by yellow arrows. Bar: 80 μm.

(F) CNO (i.p.) treatment of Plp1;hM3Dq mice (n = 6) causes inflammation in the urinary 

bladder when compared to vehicle-treated control (n = 5). Bar: 500 μm.

Unpaired two-tailed t test.

(G) CNO (i.p.) treatment of Plp1;hM3Dq mice evokes CGRP fiber intensity in the dorsal 

horn of the spinal cord extending to deep laminae when compared tovehicle-treated control 

(representative graphs are from n = 3 mice for both treatment). Bar: 100 μm.

All data are presented as mean ± SEM.

See also Figure S6.
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Figure 7. Assess the role of SGCs in the regulation of spinal cord activity.
(A) CGRP fiber sprouting to the spinal cord and the expression of p-NMDAR in the dorsal 

horn. Bar: 50 μm.

(B and C) The expression of p-CREB in the spinal cord of TrkB.T1intact (n = 11 for control 

and n = 9 for colitis) and TrkB.T1cKO-SGC (n = 8) mice with or without colitis. One-way 

ANOVA with Tukey’s multiple comparisons test.
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(D and E) The expression of p-CREB in the spinal dorsal horn after CNO treatment (i.t. or 

i.p.) of Plp1;hM3Dq mice. Bar: 50 μm (n = 4–6, one-way ANOVA with Tukey’s multiple 

comparisons test).

(F and G) The expression of p-NMDAR in the dorsal horn after CNO treatment (i.t. or 

i.p.) of Plp1;hM3Dq mice. Bar: 50 mm (n = 4–6, one-way ANOVA with Tukey’s multiple 

comparisons test).

(H) Effect of TrkB.T1cKO-SGC on baseline somatic mechanical sensitivity (n = 10 

TrkB.T1intact; n = 12 TrkB.T1cKO-SGC). Two-way ANOVA with Šídák’s multiple 

comparisons test.

(I) TrkB.T1cKO-SGC attenuates colitis-induced mechanical pain (n = 6 TrkB.T1intact vehicle; 

n = 5 TrkB.T1intact colitis; n = 6 TrkB.T1cKO-SGC colitis). Two-way ANOVA with Šídák’s 

multiple comparisons test. ****p < 0.0001 and ***p < 0.001.

(J) Thermal sensitivity in TrkB.T1intact and TrkB.T1cKO-SGC mice with or without colitis 

(TrkB.T1intact vehicle: n = 20; TrkB.T1cKO-SGC vehicle: n = 19; TrkB.T1intact colitis: n = 16; 

TrkB.T1cKO-SGC colitis: n = 8). One-way ANOVA with Tukey’s multiple comparison test.

(K) CNO treatment of GFAP;hM3Dq mice evokes hindpaw mechanical pain (n = 4 control, 

n = 4 CNO treatment; two-way ANOVA with Šídák’s multiple comparisons test; ****p < 

0.0001).

(L) CNO treatment of GFAP;hM3Dq mice evokes hindpaw thermal hypersensitivity (n = 4 

control, n = 4 CNO treatment; unpaired two-tailed t test).

All data are presented as mean ± SEM.

See also Figures S6 and S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PIEZO2 Antibody Novus Biologicals Cat# NBP1-78624; RRID:AB_11005294

Anti-CGRP antibody Abcam Cat# AB47027; RRID:AB_1141573

Anti-CGRP antibody Abcam Cat# AB36001; RRID:AB_725807

Phospho-CREB (Ser133) 
(87G3) Rabbit mAb

Cell Signaling Technology Cat# 9198; RRID:AB_2561044

Phospho-NMDAR2B 
(Ser1284) Antibody

Cell Signaling Technology Cat# 5355; RRID:AB_10922589

Anti-TRPV1 (VR1) Antibody Alomone Labs Cat# ACC-030; RRID:AB_2313819

Cy™3 AffiniPure™ Donkey 
Anti-Rabbit IgG (H + L)

Jackson ImmunoResearch 
Labs

Cat# 711-165-152; RRID:AB_2307443

Donkey anti-Goat IgG, Alexa 
Fluor™ 594

Thermo Fisher Scientific Cat# A-11058; RRID:AB_2534105

AMCA-AffiniPure Donkey 
Anti-Goat IgG (H + L)

Jackson ImmunoResearch 
Labs Cat# 705-155-003; RRID:AB_2340408

mCherry (E5D8F) Rabbit mAb Cell Signaling Technology Cat# 43590; RRID:AB_2799246

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma-Aldrich Cat#T5648

Poly-L-Lysine Millipore Sigma Cat#P6282

BDNF Thermo Fisher Scientific Cat#PHC7074

Clozapine-N-oxide Tocris Bioscience Cat#4936

Fluo-4, AM Invitrogen Cat#F14201

Rhod-2, AM Invitrogen Cat#R1244

Di-8-ANEPPS Thermo Fisher Scientific Cat#D3167

TNBS Sigma-Aldrich Cat#92822

Tumor Necrosis Factor-α 
human

Sigma-Aldrich Cat#H8916

Critical commercial assays

H&E staining kit Epredia Cat#999001

Experimental models: Organisms/strains

C57BL/6J mice Jackson Lab Stock # 000664

Plp1-CreERT mice Jackson Lab Stock # 005975

RC::L-hM3Dq mice Jackson Lab Stock # 026943

GFAP-Cre mice Jackson Lab Stock #012886

Ai32 mice Jackson Lab Stock #012569

PC-G5-tdT mice Jackson Lab Stock # 024477

Piezo2-EGFP-IRES-Cre mice Jackson Lab Stock# 027719

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER

Piezo2 qPCR Integrated DNA Technologies, 
Inc.

GTGGTATGCAACCCAGTACCC and GGCCATTCTCTATGGGCAGG

CGRPqPCR Integrated DNA Technologies, 
Inc.

GGACTTGGAGACAAACCACCA
and GAGAGCAACCAGAGAGGAACTACA

TRPV1 qPCR Integrated DNA Technologies, 
Inc.

CCGGCTTTTTGGGAAGGGT and GAGACAGGTAGGTCCATCCAC

TNFα qPCR Integrated DNA Technologies, 
Inc.

CAGGCGGTGCCTATGTCTC and CGATCACCCCGAAGTTCAGTAG

Beta actin qPCR Integrated DNA Technologies, 
Inc.

GGCTGTATTCCCCTCCATCG and CCAGTTGGTAACAATGCCATGT

Nav1.8-Cre genotyping Integrated DNA Technologies, 
Inc.

13Salt: GGAATGGGATGGAGCTTCTTAC;
12A: TTACCCGGTGTGTGCTGTAGAAAG;
CRE 5a: CAAATGTTGCTGGATAGTT TTTACTGCC.

floxed TrkB.T1 Integrated DNA Technologies, 
Inc.

TrkBT1-5s: 5’-CCAGCTATTGAGTAATGAATGAGTC-3’; TrkBT1-2: 
5’-CTACCCATCCAGTGGGATCTT-3’; and TrkBT1-4a: 5’-
CCACCGCGGTGGTACCATAACTTCG-3’.

TrkB.T1 shRNA Integrated DNA Technologies, 
Inc.

Forward: CGC GTA TAC CCC CAT AAG ATC CCC CTG GAT GTT 
CAA GAG ACA TCC AGG GGG ATC TTA TGT TTT TGG AAA T; 
Reverse: CGA TTT CCA AAA ACA TAA GAT CCC CCT GGA TGT 
CTC TTG AAC ATC CAG GGG GAT CTT ATG GGG GTA TA

shRNA scramble sequence Integrated DNA Technologies, 
Inc.

CGC GTA TAC CCC GTC CAA GCC TCG CAT TGA ATT CAA GAG 
ATT CAA TGC GAG GCT TGG ACT TTT TGG AAA T; Reserve: CGA 
TTT CCA AAA AGT CCA AGC CTC GCA TTG AAT CTC TTG AAT 
TCA ATG CGA GGC TTG GAC GGG GTA TA

TrkB.T1 RNA probe for In situ 
hybridization

Integrated DNA Technologies, 
Inc.

Forward GCCGAGCTCCGCCAGTCTGTTCCTTCTGT and Reverse 
CGGGGTACCACAGTGGGTCAACAAGCCAA.

Software and algorithms

GraphPad Prism 9 GraphStats https://www.graphpad.com/

ImageJ/FIJI Public software https://imagej.nih.gov/ij/

FlowJo v10.6.2 BD Biosciences https://www.flowjo.com/solutions/flowjo/downloads/previous-versions

LabChart 8 ADInstruments https://www.adinstruments.com/

NIS Elements Advanced 
Version 5.30

Nikon Instruments Inc. https://www.microscope.healthcare.nikon.com/

Imager.Z1 with ZEN pro 
software

Zeiss https://www.zeiss.com/microscopy/en/products/software/zeiss-zen.html
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