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B2 adrenergic receptor mediates noradrenergic action to induce
CREB phosphorylation in satellite glial cells of dorsal root
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Abstract

Sympathoneuronal outflow into dorsal root ganglia (DRG) is suggested to be involved in
sympathetically maintained chronic pain, which is mediated by norepinephrine (NE) action

on DRG cells. The present study combined in vitro and in vivo approaches to identify the

cell types of DRG that received NE action and examined cell-type specific expression of
adrenergic receptors (ARs) in DRG. Using DRG explants, we identified that NE acted on
satellite glial cells (SGCs) to induce the phosphorylation of cAMP response element-binding
(CREB). Using primarily cultured SGCs, we identified that beta (8)2AR but not alpha (a)AR nor
other BAR isoforms mediated NE-induced CREB phosphorylation and CRE-promoted luciferase
transcriptional activity. Using fluorescence in situ hybridization and affinity purification of mRNA
from specific cell types, we identified that B2AR was expressed by SGCs but not DRG neurons.
We further examined B2AR expression and CREB phosphorylation in vivo in a model of colitis
in which sympathetic nerve sprouting in DRG was observed. We found that B2AR expression
and CREB phosphorylation were increased in SGCs of thoracolumbar DRG on day 7 following
colitis induction. Inhibition but not augmentation of B2AR reduced colitis- induced calcitonin
gene-related peptide (CGRP) release into the spinal cord dorsal horn and colonic pain responses
to colorectal distention. Prolonged activation of B2AR in naive DRG increased CGRP expression
in DRG neurons. These findings provide molecular basis of sympathetic modulation of sensory
activity and chronic pain that involves 2AR-mediated signaling in SGCs of DRG.
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INTRODUCTION

The sympathetic nervous system, traditionally identified in fight-flight response, is
increasingly recognized for its role in modulation of pain [8; 21; 39]. In response to
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inflammation or nerve injury, the unmyelinated postganglionic sympathetic nerve fibers
that use norepinephrine (NE) as their neurotransmitters pass the gray rami communicans
to sprout into dorsal root ganglia (DRG) [35; 60]. A localized sympathectomy that cuts
the sympathetic postganglionic axons in gray rami reduces mechanical hypersensitivity

in neuropathic pain [53; 62]. Inhibition of sympathoneuronal outflow with either surgical
sympathectomy or pharmacological intervention also blocks the development of chronic
visceral hypersensitivity [21]. The sympathetic nerve fibers interact with sensory neurons
by forming a basket-like structure [60; 61] and are coupled to satellite glial cells (SGCs)
[60], a major non-neuronal cell type that forms a thin sheet around sensory neurons with
synapse-like gaps (about 20 nm) [40; 46]. The activity of SGCs is regulated by paracrine
factors within the sensory ganglia and bi-directionally interact with sensory neurons [44].
The close contact of SGCs to sympathetic fibers in chronic pain may endow noradrenergic
regulation of SGCs in DRG. In basal physiological states, the glial cells including SGCs are
normally quiescent however they can be activated during disease states [18; 47] such as in
exaggerated pain [51], and could be regulated by noradrenergic signals.

All adrenergic receptors (ARs) are found to be expressed in DRG [4; 12; 33; 34]. The alpha
(a)1ARs couple to Gq to facilitate rapid, robust Ca2* release [14; 52]. The beta (B)ARs

are primarily coupled to Gs protein to activate adenylyl cyclase to evoke cAMP-dependent
signaling cascades such as activation of protein kinase A (PKA) [36] and small Ca2*
transients [14], together they may lead to activation of the CAMP-response element binding
protein (CREB) [14; 19; 55]. p2AR-mediated activation of the cCAMP-PKA-CREB cascade
further promotes B2AR transcription, forming an autoregulation loop [13]. These studies on
AR-mediated signaling are performed in HEK 293 cells and other cell types [14; 17; 19]
and not much information is available on AR-mediated NE action in DRG and especially in
SGCs.

Our previous study demonstrates sympathetic fiber sprouting into DRG during chronic
visceral hypersensitivity post resolution of 2,4,6- trinitrobenzenesulfonic acid (TNBS) -
induced colitis [60]. The present study is undertaken to identify the cell types and adrenergic
receptors in DRG that respond to sympathoneuronal input. Using this animal model in
combination with in vitro culture and genetic approaches, we reveal that B2AR is expressed
by SGCs but not DRG neurons to respond to NE. B2AR has been suggested to participate in
sympathetically engaged chronic pain, including neuropathic pain resulting from diabetes or
nerve injury [3; 10; 11; 64], stress-induced itch hypersensitivity [42], and visceral pain [66].
Activation of endogenous B2AR by inhibiting catechol-O-methyltransferase also enhances
inflammatory somatic pain sensitivity [12; 38]. Moreover, BAR pan inhibitor propranolol
has prophylactic therapy for joint pain [26], fibromyalgia [24], and migraine headache [2].
The identification of B2AR in SGCs of DRG provides molecular basis for sympathetically
regulated B2AR-mediated chronic pain process.

METHODS

Experimental animals

Adult male Sprague-Dawley rats (180-200 g) were purchased from Harlan Sprague Dawley,
Inc. (Indianapolis, IN). Genetically modified C57BL/6 mice (22-25 g) were purchased from

Pain. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 3

the Jackson Laboratory and bred in house. Mice were kept 2-5 per cage to ensure adequate
social environment and numbered by ear clips. Standard husbandry conditions with 12:12-h
light cycles and free access to regular food/water were provided. All experimental protocols
involving animal use were approved by the 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. All experiments were
performed in rats except those specifically indicated when using transgenic mice.

Induction of colonic inflammation

Intracolonic installation of TNBS (Sigma-Aldrich, St. Louis, MO) was used to induce
colonic inflammation and visceral hypersensitivity as described in our previous publication
[49]. Under anesthesia (2 % isoflurane), rats were treated by a single dose of TNBS (90
mg/kg of 60 mg/mL in 50 % EtOH solution) through a transanal polyethylene (PE)-50
catheter. TNBS was infused to 6 cm inside from the anus. The animal tail was lifted for 1
min after TNBS installation to avoid drug leakage from the anus. The same amount of EtOH
was used as vehicle treatment in control animals. TNBS induced a long-lasting visceral
hypersensitivity during and after colonic inflammation was resolved [16; 23; 49; 67].

Tissue preparation

Freshly isolated DRGs were used in a variety of preparations. The thoracolumbar T13-L2
DRGs were chosen to align with the in vivo animal model of colitis-induced visceral
hypersensitivity in which increased sympathetic fiber sprouting in T13-L2 DRGs was
identified [60]. For immunohistochemistry and in situ hybridization, DRGs were post-
fixed in 4 % paraformaldehyde (Sigma-Aldrich). For real-time PCR, DRGs were freshly
homogenized in mMRNA extraction buffer. For cell culture, DRGs were subjected to
enzymatic digestion.

DRG explant culture

The segmentally matched DRG pairs were used for comparison between drug treatment
and control. As described in our previous study [59], freshly dissected DRG pairs were
immediately cultured in Dulbecco’s Modified Eagle Medium (DMEM) for 2—4 hours
(fasting). One of the DRG explant of each pair was randomly chosen for treatment by a
specific drug such as NE. The contralateral DRG served as control. After a designated time
period of incubation, the DRGs were subjected to further biochemical analysis.

Immunohistochemistry

After fixation, DRGs and the spinal cord were incubated in 25 % sucrose overnight at

4 °C for cryoprotection. Rat DRGs were sectioned at 20 um thickness and mouse DRGs

at 10 pm thickness. The spinal cord was at 25 pm 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 (1:500, Molecular Probes, Eugene, OR) for 2 h. Slides
were coverslipped with Citifluor (Citifluor Ltd., London). Immunostaining in the absence
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of primary or secondary antibody was assessed for background evaluation. The specificity
of the primary antibodies used were also validated in our previous studies using western
blot or pre-absorption assay [43; 59]. The processed sections were visualized under a Zeiss
fluorescent microscope.

Enzymatic isolation for SGC culture

Adult DRGs were disassociated by 4 mg/mL collagenase in DMEM at 32 °C for 1 hour
followed by 0.25 % Gibco™ Trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA)

at room temperature for 5 min. Tissue/cells were pipetted up-and-down to completely
disassociate the cells. After centrifugation, cells were re-suspended into DMEM containing
10% fetal bovine serum (FBS) for culture. After 4-6 hours glial cells but not neurons
attached to the bottom of the dish. Neurons were removed after changing into fresh culture
medium. The glial cells from DRG were mainly SGCs [30; 54] and were validated for their
expression of glial fibrillary acidic protein (GFAP) but not neuronal marker protein gene
product (PGP)9.5.

Cell-type specific mMRNA extraction

Translating ribosome affinity purification (TRAP) technique [22; 24] was used to

extract mRNA from specific cell types. Specifically, GFAP;EGFP::L10a mice were
generated by crossing GFAP-Cre mice (JAX Stock # 012886) with EGFP::L10a mice

(JAX Stock #024750) for extraction of mMRNA from GFAP-expressing SGCs of DRG.
Piezo2;EGFP::L10a mice were generated by crossing Piezo2-EGFP-IRES-Cre (JAX Stock
#027719) and EGFP::L10a mice for mRNA extraction from Piezo2-expressing DRG
neurons. Nav1.8;EGFP::L10a mice were generated by crossing Nav1.8-Cre mice (a line that
was created by Dr. John Wood, Wolfson Inst. UK) [9] with EGFP::L10a mice for mRNA
extraction from Nav1.8-expressing DRG neurons. For cell type-specific mRNA extraction,
freshly isolated DRGs from Cre-driven EGFP::L10a mice were homogenized according

to published protocols [22; 24] and subject to immunoprecipitation of the GFP::L10a-
mRNA complex using a specific GFP antibody (1:100, Thermo Fisher Scientific). The
immunoprecipitates were re-suspended in RNA extraction buffer. The mRNA was extracted
using RNAqueous™ Total RNA Isolation Kit. The mMRNA extracts were validated by PCR
for their expression of GFAP (SGCs) or PGP9.5 (neurons).

Total RNA extraction, conventional PCR and real-time PCR

Total RNA from DRG was extracted using a RNAqueous™ Total RNA Isolation Kit
(Thermo Fisher Scientific). RNA concentration was determined spectrophotometrically.
cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). The products of conventional PCR were detected by agarose gel
electrophoresis. Realtime PCR was performed using SYBR Green as indicator on
StepOnePlus™ Systems (Applied Biosystems). Dissociation curve post-PCR reaction
was monitored to verify the specificity of the real-time PCR reaction. The level

of target mRNA was normalized against the expression of the internal control

B-actin and was calculated with ACt method and expressed as fold changes

(2-8ACt fold). The primers used for conventional PCR in rats and mice were

listed in Table 1. Real-time PCR was performed in rat tissues for tumor necrosis
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factor alpha (TNFa.), interleukin 6 (IL-6), 2AR, and GFAP. Their primers

are TNFa: AGCCCGTAGCCCACGTCGTA and ATGCCATTGGCCAGG AGGGC;
IL-6: TGTTGACAGCCACTGCCTTCCC and ACTGGTCTGTTGTGGGTGGTATCC T;
B2AR: GTTATCGTCCTGGCCATCGT and AAGTCCAGAACTCGCACCAG; GFAP:
ATG GAGCTCAATGACCGCTT and ATCTTGGAGCTTCTGCCTCAG,; and p-actin:
CAGGGTGT GATGGTGGGTATGG and AGTTGGTGACAATGCCGTGTTC.

In situ hybridization

DRG sections (10 um thickness) were mounted onto poly-L-lysine-coated slides and
fixed in 4 % paraformaldehyde for 10 min. Slides were subsequently treated by acetic
anhydride (0.25 % v/v) and proteinase K (10 ug/mL) followed by dehydration in a
graded series of ethanol (70 % for 1 min, 80 % for 1 min, 95 % for 1 min x 2,

100 % for 1 min x 2) prior to hybridization in buffer containing 50 % formamide,
5xSSC, 500 ug/mL yeast tRNA, 0.1% Tween-20 (pH=6.0 adjusted by citric acid) and
RNA probes. Adapted from published methods [7], the complementary RNA (cCRNA,
antisense) probes for fluorescence in situ hybridization (FISH) were generated by in
vitro transcription using FISH Tag™ RNA Green Kit, with Alexa Fluor™ 488 dye
(Thermo Fisher Scientific). The sense strain of RNA was used as negative control.

The primers for PCR of cDNA of interests as templates for generating FISH RNA
probes were that rat B2AR Forward GCCGAGCTCTGTCCACGTCATCCGGGCCA
and Reverse CGGGGTACCGTCCTGTCAGG GAGGGGCCG; rat glutamine
synthetase (GS) Forward GCCGAGCTCTGGACCCCAAGGACC CTATT and Reverse
CGGGGTACCCAATCCGGGGAATGCGGATA. The cloning vector pSP73 (Promega
Corporation) via restriction enzymatic sites Sacl and Kpnl was used for cDNA cloning
and amplification, and in vitro transcription. After hybridization, the slides were visualized
on a Zeiss fluorescent microscope.

Western blot

The supernatant of protein extracts was separated on a 10 % SDS-PAGE gel and transferred
to a nitrocellulose membrane. The membrane was blocked with 5 % milk in Tris-buffered
saline for 1 hour and then incubated with specific primary antibodies. After washing,

the membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary
antibody. The bands were identified by ECL-exposed films that were then digitized and
performed for densitometric quantification using ImageJ. The expression level of the protein
of interest in control samples from each independent experiment was considered as 1, and
the relative expression level of the protein of interest in experimental samples was adjusted
as a ratio to control.

Luciferase assay to examine CREB transcriptional activity

The plasmid pCRE-MetLuc2-Reporter Vector (Clontech Laboratories, Inc.) was transfected
into cultured SGCs or HEK 293 cells using Invitrogen™ Lipofectamine™ LTX Reagent
(ThermoFisher Scientific). To transfect SGCs, the plasmid and transfection reagent were
mixed with enzymatically isolated DRG cells prior to initial plating. Transfection of HEK
293 cells followed standard protocol in which confluent HEK 293 culture was trypsinized
and mixed with plasmid and transfection reagent. Transfected cells were seeded evenly
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into experimental wells. Upon ligand stimulation, the level of luciferase secreted into the
culture medium was determined by Ready-To-Glow™ Secreted Luciferase Reporter Assay
(Clontech Laboratories, Inc.).

Drug treatment

Drugs used for in vitro studies included forskolin (1 uM), NE (25 pM), serotonin (5-HT:

10 uM) in presence of pargyline (1 mM), formoterol (1 uM), pan a inhibitor phentolamine
(40 uM), pan B inhibitor propranolol (40 puM), B1 inhibitor CGP20712 (10 pM), B2 inhibitor
IC1118551 (20 pM), and B3 inhibitor SR59230A (20 uM). The dosage of forskolin, NE and
5-HT were chosen according to our preliminary dose-responsive studies (e.g., for NE, we
tested concentrations of 0.5 uM, 1 uM, 10 pM, 25 pM, 50 uM, and 100 pM, and chose

the minimum concentration that produced highest p-CREB expression in DRG glial cells
measured by immunostaining). The dosage of inhibitors to adrenergic receptors were chosen
according to their IC50 and previous publications [19]. The inhibitors were applied 30 min
prior to NE treatment. For in vivo studies, IC1118551 or formoterol was injected on the
same day when colitis was induced via either intravenous (1C1118551:1 umole (277 ug)/kg;
formoterol: 10 pg/kg) or intrathecal (1C1118551: 30 ug/30 pL/animal; formoterol: 1 pug/30
pL/animal) routine. All injections were performed under 2.5 % isoflurane. The intrathecal
injection was conducted by inserting the needle (27-gauge) of a 50 uL Hamilton syringe
beween the L5 and L6 vertebrae. The placement of the needle to be delivered was checked
by tail flick movement. The dosage of drugs was chosen according to and slightly modified
from previous studies for their effectiveness in similar applications [5; 32; 63]. Due to the
long-lasting act of formoterol, a single dose of formoterol was injected. A second dose of
IC1118551 was injected on day 3 following colitis induction.

Measurement of colonic pain

Colonic pain responses was assessed by observing abdominal withdrawal reflex (AWR)
during colorectal distension (CRD) as described previously by us and others [1; 49]. Briefly,
a mini-distention balloon was placed into the descending colon under light anesthesia (1.5-2
% isoflurane). The balloon catheter was securely fixed onto the rat tail with tapes. The rat
was then placed in an acrylic cage and allowed to wake up and adapt to the environment for
30 min. CRD balloon catheter was connected to a portable sphygmomanometer to gradually
induce a constant pressure 40 mmHg or 60 mmHg. The CRD was performed three times

at 3-min intervals for each rat with each measurement lasting 20 s under each designated
pressure. The AWR scores were recorded as 0: no behavioral response to CRD; 1: immobile
during the CRD; 2: a mild abdominal muscle contraction but no lifting of the abdomen;

3: a strong abdominal muscle contraction and lifting of the abdomen, but no lifting of the
pelvic structure; and 4: body arching and lifting of the pelvic structure. The assessments
were performed in a blind manner.

Hematoxylin and eosin (H&E) stain

The distal colon was sectioned transversely at a thickness of 7 um and 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-Allan-Scientific,
Kalamazoo, Ml,). The sections were examined with a Nikon brightfield microscope. The
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histology score was graded to reflect the severity of the colonic inflammation (1, no
inflammation; 2, very low inflammation; 3, low level of infiltration; 4, high level of
infiltration and vascular density; 5, transmural infiltrations, loss of goblet cells, and high
vascular density). The thickness of the muscular wall, the width of the submucosal space,
the depth of the mucosal layer and the average width of the crypts were also measured
independently with the built-in measurement software.

Data analysis

RESULTS

At least 3 independent experiments were performed for all levels of assessments. GraphPad
Prism 5 was used for data analysis. The processed data were presented as mean £ SEM.
When comparison was made between two groups, unpaired #test was used. For comparison
among 3 or more groups, One-way ANOVA with Newman-Keuls Multiple Comparison Test
was used. p < 0.05 was considered significant.

NE increased CREB phosphorylation in satellite glial cells of DRG

To identify what type of cells the sympathoneuronal outflow acted on within the DRG,

we used DRG explant culture and treated them with NE. DRG explant culture ensured

the integrity of DRG structures and was also easily manipulated by exogenous drugs.

We examined whether and where NE regulated CREB phosphorylation in DRG. To our
surprise, we found that NE (10 min treatment) increased the level of p-CREB mainly in
perineuronal cells, morphologically resembling SGCs (compare Figure 1A to 1B; Figure 1C
for higher magnification, perineuronal cells were indicated by arrows). As a comparison,
5-HT (10 min treatment) increased p-CREB in both perineuronal cells (Figure 1D, indicated
by arrows) and DRG neurons (Figure 1D, indicated by vee arrow). We further treated mouse
DRG explants with NE. Mouse DRGs were obtained from GFAP reporter mice that were
generated by crossing GFAP-Cre mice with Ai27D mice (JAX Stock # 012567) therefore
GFAP-expressing SGCs were labeled by tdTomato (Figure 1E, red cells). NE treatment of
mouse DRG also increased perineuronal expression of p-CREB (Figure 1F, green cells),
similar as in rat DRG (compare to Figure 1B, 1C). Merge (Figure 1G) of photographs of
GFAP;tdTomato (Figure 1E) and p-CREB (Figure 1F) revealed that NE-induced p-CREB
expression was localized in GFAP-expressing SGCs (Figure 1H, arrows indicated p-CREB
in SGCs). Western blot confirmed that both NE and 5-HT increased p-CREB levels in DRG
by 1.86- and 2.45-fold, respectively (Figure 11-J).

We next used cultured SGCs in which majority of the cells expressed GFAP
immunoreactivity (Figure 2A: GFAP shows as red cytoplasmic stain indicated by arrow
(inset); cells were counterstained with 4”,6-diamidino-2-phenylindole (DAPI) to show
nucleus). The cultured SGCs also expressed GFAP mRNA but not PGP9.5 mRNA (Figure
2B: a whole DRG was used as positive control and AC7B (gene for beta (B)-actin) was
used as internal control), suggesting no contamination of DRG neurons in the culture. After
treating these cells with NE for 5 min, we found robust increment of p-CREB in the nucleus
of cultured SGCs (Figure 2C-D, indicated by arrows). For quantification, we stained SGC
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culture with DAPI (Figure 2E) and assessed that the percentage of DAPI-identified cells that
expressed p-CREB was markedly up-regulated by NE (Figure 2F).

B2AR mediated NE-induced CREB phosphorylation in SGCs

Using conventional PCR, we found that all adrenergic receptors were present in whole
DRG but only some of them in cultured SGCs (Figure 3). To characterize which adrenergic
receptors mediated NE-induced CREB phosphorylation in SGCs, we treated the cultured
SGCs with NE in presence or absence of specific inhibitors of adrenergic receptors. We
found that NE-induced p-CREB up-regulation was not affected by pan-aAR inhibitor (Phe:
phentolamine) but was blocked by pan-BAR inhibitor (Pro: propranolol) (Figure 4A-B).
We next identified the subtypes of BAR that mediated NE-induced p-CREB up-regulation
in SGCs by applying specific antagonists for 1, B2, or p3 prior to NE treatment. We
found that NE-induced p-CREB up-regulation was not affected by B1AR inhibitor (CGP:
CGP20712) nor by B3AR inhibitor (SR: SR59230A) while it was blocked by B2AR
inhibitor (ICI: IC1118551) (Figure 4C-D). These results suggest that B2AR mediated NE-
induced p-CREB up-regulation in SGCs. We therefore treated the cultured SGCs with B2AR
agonist formoterol (Form) and found that direct activation of B2AR also increased p-CREB
expression in SGCs (Figure 4E-F).

In measuring CREB transcriptional activity in SGCs via luciferase assay, we found that
NE-induced a very mild (1.37-fold) increase in CREB activity (Figure 4G). We then turned
to HEK 293 cells that contained endogenous B2AR [12] and were routinely used for plasmid
transfection when the transfection efficiency was low in primarily cultured cells (i.e., SGCs).
We found that NE increased CREB activity in HEK 293 cells by 2.32-fold (Figure 4G).

The adenylyl cyclase activator forskolin (FSK) that bypassed the receptors to act on the
cAMP/PKA pathway also increased CREB transcriptional activity in SGCs and HEK 293
cells. Consistent to NE treatment, a bigger increase of luciferase activity in HEK 293 cells
than in SGCs was stimulated by FSK (Figure 4G). Using HEK 293 cells, we also found that
NE-induced CREB transcriptional activity was inhibited by f2AR antagonist (Figure 4H:
ICI+NE). HEK 293 cells also contained low amount of a AR [11]. However, NE-induced
CREB activity in HEK 293 cells was not inhibited by pan-a AR inhibitor (Figure 4H:
Phe+NE). Consistently, B2AR agonist formoterol also induced robust CREB activity in
HEK 293 cells (Figure 41).

B2AR was expressed by SGCs but not neurons of DRG

To confirm the expression of B2AR in DRG SGCs, we performed FISH to detect B2AR
transcripts (Adrb2) in DRG. We found that Adrb2 was exclusively expressed by cells that
surrounded DRG neurons (Figure 5A-B, green cells indicated by arrows), morphologically
resembling SGCs that were identified by their molecular marker GS (encoded by GLUL) in
FISH (Figure 5C). Using TRAP techniques in transgenic mice [22; 24], we isolated mMRNA
from specific cell types of DRG that expressed either GFAP, Nav1.8, or Piezo2 (Figure

5D). We found that Adrb2 mRNA was expressed specifically in GFAP-expressing SGCs but
not in Nav1.8- or Piezo2-expressing DRG neurons (Figure 5E, ACTB was used as internal
control).
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B2AR and p-CREB were up-regulated in SGCs in vivo in colitis

We previously showed that the level of tyrosine hydroxylase (TH), a rate limiting enzyme
in NE synthesis [27], was persistently increased in thoracolumbar DRGs on day 7 and day
21 post colitis induction, which was demonstrated as sympathetic nerve sprouting around
SGCs [60]. We therefore investigated whether the B2AR/p-CREB axis changed in vivo

in DRG SGCs post colitis induction. On day 7 post TNBS treatment, the expression of
p-CREB in thoracolumbar DRG was not only increased in DRG neurons (Figure 6A-B,
indicated by green arrows) as we reported previously [23; 59], but also was there an apparent
increase in p-CREB in SGCs (compare Figure 6B to A, indicated by yellow arrows). The
p-CREB immunoreactivity (Figure 6C, red stain indicted by white arrows) was present in
the nucleus of S-100 positive cells (Figure 6C, green stain, yellow arrow indicated an SGC
without p-CREB) that surrounded DRG neurons. Concomitantly, we found that the level
of AdrbZ2was also increased in thoracolumbar whole DRG as well as in SGCs on day 7
post colitis induction (Figure 6D). In these studies, the mRNA from SGCs was extracted
via TRAP-based affinity purification of mMRNA from GFAP-expressing DRG cells. The
levels of Adrb2 mRNA in DRG neurons (TRAP-based mRNA extracts from Nav1.8- or
Piezo2-expressing DRG neurons) with or without colitis were not detectable (The ct values
for Adrb2in real-time PCR measurement were >40). The total RNA and mRNA extracts
from SGCs were subject to examination of GFAP levels which showed an upregulation in
whole DRG and in SGCs on day 7 following TNBS treatment when compared to control
(Figure 6F).

B2AR regulated colonic inflammation and visceral hypersensitivity

Since B2AR was up-regulated in SGCs in colitis, we sought to examine the functional

role of B2AR in colitis and colitis-induced visceral hypersensitivity by augmenting or
inhibiting B2AR in vivo. We first tested the effects of systemic p2AR modulation by
intravenous injection of B2AR agonist formoterol or f2AR antagonist 1C1118551. We found
that formoterol (Form) exacerbated while 1C1118551 (ICI) reduced colonic inflammation
examined on day 7 post TNBS treatment, which was determined by macroscopic
examination (Figure 7A) and histology (Figure 7B). The thickness of the muscular layer
and the mucosal layer were measured to confirm the effects of B2AR inhibition but not
augmentation on blocking the development of colonic inflammation (Figure 7C). p2AR
inhibition also reduced the levels of pro-inflammatory cytokines in the colon that was
evoked by colitis (Figure 7D). In the measurement of visceral hypersensitivity, we found
that systemic B2AR inhibition but not augmentation also reduced colonic pain in response to
noxious CRD (40 mmHg and 60 mmHg: Figure 7E) stimulation. In DRG, B2AR inhibition
reduced colitis-evoked up-regulation of GFAPand Adrb2 mRNA (Figure 7F), suggesting
that inhibition of B2AR reduced the activity of SGCs during colitis.

We next performed intrathecal injection of formoterol or ICI1118551 to colitic animals in
order to more specifically target cells in the primary afferent pathways including SGCs. We
found that colitis on day 7 induced calcitonin gene-related peptide (CGRP) upregulation in
the region of the spinal cord dorsal horn (compare Figure 8A to 8B), which was not affected
by formoterol (compare Figure 8C to 8B) but was attenuated by IC1118551 (compare Figure
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8D to 8B, summarized in Figure 8E). Using slot blot, we confirmed that 2AR antagonist
but not agonist reduced colitis-evoked CGRP release into the spinal cord (Figure 8F-G).

CGRP is generated by nociceptive neurons and its release to the spinal cord causes spinal
central sensitization [28], a hallmark of pain [45]. In colitis, B2AR could be expressed by
accumulated macrophages in DRG or cells in the spinal cord. To examine whether B2AR
in SGCs had a role in inducing CGRP expression in DRG neurons, we used DRG explants
from naive animals in which the level of macrophages was scarce [44] and f2AR was
identified in SGCs (Figure 5). We treated the DRG explants with formoterol overnight (16
hours) and examined CGRP expression (Figure 9). We found that CGRP expression was
up-regulated by formoterol in both rat (Figure 9A-C) and mouse (Figure 9D-F) DRGs.
Since we used the mouse DRGs from GFAP reporter mice and B2AR was expressed in
GFAP-expressing SGCs, we characterized the CGRP expression in DRG neurons that were
adjacent to GFAP-expressing SGCs and found an upregulation of CGRP in these neurons
(Figure 9G-I).

DISCUSSION

In searching for the cell types and receptors that mediate sympathoneuronal outflow

in DRG, we demonstrate that B2AR is exclusively expressed in SGCs of DRG and
mediates NE-induced CREB activity. Using DRG explants, we unexpectedly found that
NE increased CREB phosphorylation mainly in SGCs surrounding DRG neurons. Using
primarily cultured SGCs and HEK 293 cells, we revealed that B2AR was the only adrenergic
receptor that mediated NE-induced CREB phosphorylation and transcriptional activity. In
combination of FISH and affinity purification of mRNA from specific cell types, we
identified B2AR to be exclusively expressed by SGCs in DRG but not DRG neurons that
participate in pain processes. We took advantage of an in vivo colitic model in which
sympathetic nerve fiber sprouting was prolongedly increased in thoracolumbar DRG and
was surrounding SGCs [60] and found that B2AR and p-CREB were also up-regulated

in SGCs of thoracolumbar DRG at the time point (day 7) when TH was up-regulated

by colitis. Concomitantly the expression of GFAP was increased in thoracolumbar DRG

on day 7 post colitis induction, which was suppressed by inhibition of B2AR. Inhibition

of B2AR in vivo also reduced colitis-induced colonic pain responses to noxious CRD
stimulation and attenuated colitis-facilitated CGRP release to the spinal cord on day 7

of colitis. CGRP expression in DRG neurons is evoked by treatment of naive DRG
explants with B2AR specific agonist formoterol. These data suggest that 2AR in SGCs of
DRG receives noradrenergic signals and participates in sympathetically maintained chronic
visceral hypersensitivity.

It is well characterized that chronic pain is accompanied with sympathetic nerve

sprouting into DRG [60]. Several recent studies using localized microsympathectomy to
block sympathetic fibers entering the spinal nerves and sprouting into DRG reveal its
effectiveness in reducing pain [53; 62]. The molecular process within DRG in response

to sympathoneuronal outflow has not been investigated. Our lab is routinely using DRG
explant culture to examine paracrine actions among different types of cells within DRG [49;
59; 65]. When we treat DRG explants with NE, the neurotransmitter used by postganglionic
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sympathetic fibers, it reveals an interesting phenomenon that NE increases p-CREB mainly
in SGCs that are identified by GFAP expression. To rule out this is not an artifact, we treat
DRG explants with a different monoamine, 5-HT, which increases p-CREB in both DRG
neurons and SGCs. These results suggest that SGCs are the primary cell types in DRG

to receive noradrenergic signals. In our previous study in examining sympathetic sprouting
into DRG in colitis, we find that sympathetic nerve fibers wraps around SGCs [60]. An
interesting observation in colitis is that p-CREB is also highly expressed by SGCs at the
time point when TH is up-regulated. This suggests that SGCs are an integral component in
sympathetic regulation of sensory activity in which NE promotes p-CREB upregulation and
subsequent Cre-promoted transcriptional activity. Indeed, in cultured SGCs in the present
study and in cultured cortical astrocytes by others, the phosphorylation and activity of CREB
are evoked by NE treatment [6; 41].

We next move to characterize the adrenergic receptor(s) that participate in NE-CREB axis
in SGCs of DRG. Using primary SGC culture and HEK 293 cell line in combination with
specific inhibitors, we reveal B2AR in mediation of NE-induced CREB phosphorylation
and transcriptional activity. The role of B2AR in p-CREB upregulation in SGCs is also
confirmed by using p2AR agonist formoterol. B2AR couples to Gs protein and activates
adenylyl cyclase to stimulate cAMP-dependent pathway. Direct activation of adenylyl
cyclase by FSK also increases CREB activity in SGCs and HEK 293 cells; this is consistent
to those in cultured astrocytes in which FSK increases CREB activity [6; 41] suggesting a
cAMP-dependent CREB activation [25]. It is noted that SGCs also contain other adrenergic
receptors such as a1lAR and B3AR although they do not mediate NE-induced CREB
activity. aAR is coupled to Gq protein and mediates Ca?* mobilization. Our unpublished
data (reported by us in an abstract format, not included in the present study) shows that NE
treatment of SGCs evokes intracellular Ca2* transients. While in cultured astrocytes, NE-
induced CREB transcriptional activity is not Ca2* dependent [6]. Interestingly, NE-induced
CREB activity in astrocytes is independent of BAR or PKA regardless that FSK promotes
CREB activity in astrocytes [6]. The reasons behind the discrepancy in the receptors and
signaling pathways that mediate NE-induced CREB activity between SGCs and astrocytes
are unknown, but it may reflect cell type specificity.

The most surprising result in the present study is that B2AR is not expressed by DRG
neurons. In FISH experiment, B2AR transcripts are only present in SGCs. The cell type-
specific MRNA extraction approach confirms that B2AR transcripts are identified in GFAP-
expressing DRG cells but not Piezo2- or Nav1.8- expressing DRG neurons that are key
players in pain processes. In a previous study, B2AR exogenous agonist terbutaline also
activates SGCs in DRG/SGCs co-culture [4]. It is noted that B2AR exogenous agonist such
as terbutaline and isoproterenol may function differently from B2AR endogenous ligand NE.
For example, terbutaline at a high concentration (100 uM) increases Ca2* levels in SGCs [4].
Isoproterenol also induces robust CaZ* release from stores in an cAMP/PKA-independent
fashion [19] in HEK 293 cells where endogenous B2AR is found [15]. However, B2AR-
mediated NE action involves the cAMP/PKA pathway but not Ca2* [14]. One interesting
feature about B2AR is its bidirectional function resulting from Gs-to-Gi switch in response
to exogenous agonists to lead to desensitization [15; 17; 57]. The paradoxical effects of
B2AR complicate its functional role in vivo which could be pro-inflammatory and anti-
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inflammatory, and is disease condition- and immune cell type-dependent [20; 37; 48; 50].

In the early stage of rheumatoid arthritis (RA) activation of B2AR has beneficial effects in
reducing inflammation, while in chronic stage of RA B2AR stimulation promotes production
of pro-inflammatory cytokines to maintain the inflammatory process [58].

Sympathetic fiber sprouting to DRG is often seen during the chronic but not acute state [31;
35]. Pharmacological studies have suggested B2AR in modulation of pain process, while
information obtained so far are not consistent. In general, it is shown that chronic treatment
with B2AR agonists is beneficial in neuropathic pain [3; 11], however, B2AR antagonism is
effective in reducing other types of sensory hypersensitivity including visceral pain and itch
[42; 56; 66]. It is not clear whether chronic f2AR agonists treatment would cause f2AR
desensitization in vivo. Prolonged B2AR agonist treatment of airway smooth muscles down
regulate B2AR expression through cCAMP/PKA/CREB mediated miRNA let-7f expression
to suppress P2AR expression [29]. It is noted that in addition to SGCs and astrocytes that
express B2AR, immune cells are also major carrier of B2AR in response to stress and
inflammation [58]. Although macrophages in naive DRGs are very low, TNBS treatment
can evoke macrophages accumulating around DRG neurons [44]. At this moment we have
no data on whether macrophages in DRG during colitis also express p2AR, however, using
naive DRG explants in which macrophages are very scarce we find that activation of p2AR
which is expressed by SGCs facilitates CGRP expression in DRG neurons. These findings
suggest that inhibition of B2AR in colitis that reduces GFAP expression in DRG and
attenuates CGRP release into the spinal cord may involve, at least in part, B2AR in SGCs,
although this does not preclude a role of 2AR in DRG macrophages and cells in the spinal
cord in visceral hypersensitivity. Interestingly, B2AR inhibitor also reduced p2AR levels in
DRG during colitis, suggesting that B2AR-induced autoregulation loop [13] also occurred in
Vivo.

In summary, B2AR has been suggested to participate in chronic pain and its expression in
DRG is now identified in SGCs to mediate NE-induced CREB activation. Since B2AR is not
expressed in DRG neurons, sympathetically maintained chronic pain may involve SGCs to
integrate the sympathetic nervous system and sensory neurons. Target of SGCs for treating
chronic pain could be a potential therapeutic approach.
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Figure 1. NE increased CREB phosphorylation in satellite glial cells of DRG.
DRG explants were divided by pairs as control (A) or NE (B) treatment. The expression of

p-CREB was examined by immunostaining and was shown to be increased in perineuronal
cells by NE (C: indicted by arrows). 5-HT treatment increased p-CREB in both DRG
neurons (D: indicated by short arrow) and perineuronal cells (D: indicated by long arrows).
DRG explants from GFAP;tdTomato mice showed SGCs were labeled by tdTomato (E, red
cells). NE-induced p-CREB expression in perineuronal cells of mouse DRG (F: green cells)
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was shown to be in GFAP-expressing cells (G-H: indicated by arrows). Western blot (1)
confirmed p-CREB up-regulation in DRG by both NE and 5-HT (J). n=3-4. p<0.001.
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Figure 2. NE increased CREB phosphorylation in primarily cultured SGCs.
SGC single cell culture was characterized to express GFAP immunoreactivity (A, red stain

and counterstained by DAPI), GFAP mRNA (B) but not PGP9.5 mRNA (B). Cell culture
was evenly split and divided as control (C) and NE treatment (D). The expression of p-
CREB (C-E, indicated by white arrows) was normalized as the percentage of DAPI-stained
cells (E, blue stain, green arrow indicated a cell that did not have p-CREB) that expressed

p-CREB (F). n=8. p<0.0001.
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Figure 3. Expression of adrenergic receptorsin SGCs.
Cultured SGCs were processed for total RNA extraction followed by PCR. A whole

DRG was processed simultaneously. The expression of adrenergic receptor subtypes was
examined by PCR. The cultured SGCs were validated to be neuron-free (see Figure 2B).
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Figure 4. NE-induced p-CREB in SGCswas mediated by p2AR.
Primarily cultured SGCs were treated with NE in presence or absence of pan a inhibitor

(Phe) or pan B inhibitor (Pro) and were subject to p-CREB western blot (A). NE-induced
p-CREB up-regulation was attenuated by B inhibitor but not a inhibitor (B). Cultured SGCs
were also treated with NE in presence or absence of 1 (CGP), p2 (ICl), or B3 (SR)
inhibitor and were subject to p-CREB western blot (C). NE-induced p-CREB up-regulation
was attenuated by B2 inhibitor but not B1 or B3 inhibitor (D). Formoterol (Form) treatment
of cultured SGCs also increased p-CREB expression examined by western blot (E, F).
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Luciferase assay showed that NE and FSK increased Cre-dependent transcriptional activity
(CREB activity) in both SGCs and HEK 293 cells (G), and NE-induced CREB activity
examined in HEK 293 cells was blocked by B2 inhibitor (ICI) bot not a inhibitor (H).
Formoterol (Form) treatment of HEK 293 cells also increased CREB transcriptional activity
(1). n>3. p<0.01 (**) or 0.001 (***).
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Figure5. Expression of B2AR in SGCs.
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FISH analysis showed that B2AR transcripts (Adrb2) was present in SGCs (A, B showed
higher magnification, SGCs were indicated by arrows). The GS transcripts (GLUL) in
SGCs were characterized (C) as positive control. The GFAP;TRAP, Nav1.8;TRAP, and
Piezo2; TRAP mice were generated for cell-type specific mMRNA extraction (D) and Adrb2
was detected in GFAP-expressing cells but not Nav1.8- or Piezo2- expressing cells (E). The
MRNA extracts were validated by GFAP or PGP9.5 expression (E).
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Figure 6. Up-regulation of B2AR and p-CREB in SGCsin colitis.
Immunostaining of thoracolumbar DRG showed that p-CREB expression was not only

increased in DRG neurons (A-B, indicated by green arrows) but also in SGCs (A-B,
indicated by yellow arrows) following TNBS treatment. Co-stain of p-CREB with S-100
showed presence of p-CREB in the nucleus of SGCs (C, indicated by white arrows) and
not all SGCs had p-CREB (C, indicated by yellow arrow). TNBS colitis also increased the
expression of B2AR (Adrb2) (D) and GFAP (E) in whole DRG and SGCs. n>3. p<0.05.
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Figure 7. B2AR regulated colonic inflammation, visceral hyper sensitivity, and activity of SGCs of
DRG.

TNBS-induced colonic inflammation was characterized by macroscopic examination (A),
H & E stain (B), analysis of colonic structures (C), and expression of pro-inflammatory
factors in the colon (D). TNBS-induced visceral hypersensitivity was characterized by
painful behavior in response to noxious CRD at 40 mmHg or 60 mmHg (E). TNBS-induced
and B2AR-mediated SGC activity was characterized by the expression of GFAP (F). B2AR
inhibitor also suppressed B2AR levels in DRG (F). The activity of B2AR was modulated by
its agonist (Form) or antagonist (ICI). n>3. p<0.05 (*), 0.01 (**), or 0.001 (***).
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Figure 8. B2AR regulated CGRP release to the spinal cord.

TNBS-induced CGRP release to the spinal cord was characterized by immunostaining (A-D)
showing that f2AR inhibition but not activation blocked CGRP release (E). CGRP levels in
the spinal cord were also characterized by slot blot (F) showing that TNBS evoked CGRP

increase which was blocked by B2AR inhibition but not activation (G). n=3. p<0.01.
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Figure 9. B2AR regulated CGRP expression in DRG neurons.
Naive rat DRGs (A, B) were treated by formoterol and showed upregulation of

in DRG neurons (C). Naive mouse DRG (D, E) were treated by formoterol and
upregulation of CGRP in DRG neurons (F). Upregulation of CGRP was adjace
expressing SGCs (G-I, red cells were SGCs and green cells were CGRP expres
Calibration bar = 80 um in A and B, and 40 um in D, E, G and H. n>3. p< 0.01
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Table 1.

Primers used for PCR and real-time PCR.

Primers used for PCR in rat

alA Forward CACCCAGAGGAGGGGCGTCA

alA Reverse CGGGAAGAAAGACCCAATGGGCA

alB Forward ATCGCTCTCCCGCTTGGCTC

alB Reverse GGTCGGTCGTGGTGTCGCAG

alD Forward TGCCTCTGGGCTCTCTGTTCCC

al D Reverse TCTCTGTAGCGGCCCGAGCA

a2A Forward AAAGCGCCCCAGAACCTCTT

a2A Reverse ATGAGTGGCGGGAAGGAGAT

a2B Forward AGTCAGTTCTGTGCGTCCTG

a2B Reverse GTAGCCACTAGGATGTCGGC

a2C Forward ATCGTTTTCACCGTGGTGGG

a2C Reverse CATTCTCTGTGGTCGGGGAC

B1 Forward GCTCTGGACTTCGGTAGACG

B1 Reverse CCCAGCCAGTTGAAGAAGAC

B2 Forward GGAACGGGACGAAGCGTGGG

B2 Reverse GCTTGCTTGTGGGTGGCACG

B3 Forward GGGAGCTGGGCCGTTTTCCG

B3 Reverse GCCATCAAACCTGTTGAGCGGTG

GFAP Forward TTGCGCGGCACGAACGAGTC

GFAP Reverse ACTGACCGAGCCGTGGGCAT

PGP9.5 Forward CCCTCACGGCCCAGCATGAAAA

PGP9.5 Reverse GAGCCACTGCGGAGAAGCGG

B-actin Forward AGCCATGTACGTAGCCATCC

B-actin Reverse CAGTGAGGCCAGGATAGAGC

Primers used for PCR in mice

B-actin Forward CGCAGCCACTGTCGAGTC

B-actin Reverse AAGGTCTCAAACATGATCTGGGT

GFAP Forward CCCTGGCTCGTGTGGATTT

GFAP Reverse GACCGATACCACTCCTCTGTC

PGP9.5 Forward GATGCTGAACAAAGTGTTGGC

PGP9.5 Reverse GGAGTTTCCGATGGTCTGCTT

B2AR Forward GGGAACGACAGCGACTTCTT

B2AR Reverse GCCAGGACGATAACCGACAT
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