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SUMMARY

Mechanisms resulting in abdominal pain include altered neuro-immune interactions in the gastrointestinal
tract, but the signaling processes that link immune activation with visceral hypersensitivity are unresolved.
We hypothesized that enteric glia link the neural and immune systems of the gut and that communication between enteric glia and immune cells modulates the development of visceral hypersensitivity. To this end, we
manipulated a major mechanism of glial intercellular communication that requires connexin-43 and assessed
the effects on acute and chronic inflammation, visceral hypersensitivity, and immune responses. Deleting
connexin-43 in glia protected against the development of visceral hypersensitivity following chronic colitis.
Mechanistically, the protective effects of glial manipulation were mediated by disrupting the glial-mediated
activation of macrophages through the macrophage colony-stimulating factor. Collectively, our data identified enteric glia as a critical link between gastrointestinal neural and immune systems that could be harnessed by therapies to ameliorate abdominal pain.

INTRODUCTION
Abdominal pain is the leading gastrointestinal (GI) symptom in
the United States and is the dominant symptom of bowel disorders such as irritable bowel syndrome (IBS) and inflammatory
bowel disease (IBD) (Chang et al., 2018; Lee et al., 2017a; Mearin
et al., 2016; Peery et al., 2015; Rodrı́guez-Fandiño et al., 2017).
Nociceptor sensitivity is the most important factor that gates
the transmission of noxious information from the intestine to
the brain, and processes that alter nociceptor sensitivity in the
periphery play a fundamental role in the generation of abdominal
pain and the transition from acute to chronic pain (Brierley and
Linden, 2014). Therefore, neuronal plasticity involving the sensitization of sensory nerve fibers in the intestine, known as visceral
hypersensitivity, has emerged as a widely accepted mechanism
underpinning abdominal pain (Simrén et al., 2018).
Non-neuronal cells such as immune and glial cells play active
roles in the pathogenesis and resolution of chronic somatic and
visceral pain (Ji et al., 2016). These cells contribute to neuroinflammation and data from human genomics and preclinical animal

studies suggest that neuroinflammation is a key process that contributes to visceral hypersensitivity in the intestine (Videlock et al.,
2018). However, the mechanisms that link neuroinflammation with
immune responses and visceral hypersensitivity are unresolved.
Sensory neurons densely innervate the enteric nervous system
where they intermingle with enteric glia. Enteric glia are a unique
type of peripheral neuroglia that modulate neuron activity in the
intestine and bridge neuro-immune interactions (Chow and Gul and Gulbransen, 2017a). Importantly,
bransen, 2017; Grubi
sic
communication between nociceptors and enteric glia drives neuroinflammation in the mouse intestine (Delvalle et al., 2018), and
activated glial cells contribute to visceral hypersensitivity in mouse
models of IBS (Xu et al., 2018). These observations suggest that
enteric glia could play a significant role in processes that modify
visceral perception (Morales-Soto and Gulbransen, 2019).
Given that immune cells including macrophages, neutrophils,
mast cells, and lymphocytes also modulate the activity of sensory
neurons (Chavan et al., 2017), we hypothesized that interactions
between enteric glia and immune cells contribute to nociceptor
sensitization during inflammation. We addressed this question
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Figure 1. Connexin-43 Deletion in Enteric Glia Does Not Affect the Overall Severity of Acute or Chronic Colitis
(A) Schematic depicting that Cx43 hemichannels regulate the release of glial mediators.
(B) Schematic depicting the tamoxifen-induced deletion of the Cx43 encoding gene in Sox10CreERT2;Cx43f/f mice.
(C) Quantification of body weight as a measure of colitis severity in control and Sox10CreERT2;Cx43f/f mice. Tamoxifen citrate was administered via diet beginning
2 weeks before the induction of inflammation and throughout the experiment (long horizontal line). Colonic inflammation was induced by 2% dextran sodium
sulfate (DSS) in drinking water for 1 week (acute) or intermittently (1 week on/1 off) for 3 rounds (chronic) (short horizontal lines). Experiments were performed at
two time points, 3 days after the first course of DSS and a week after the final DSS treatment, to assess the effects of acute and chronic inflammation (arrows).
Data are shown as mean ± SEM, n = 5–8 mice.

(legend continued on next page)
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by ablating glial intercellular communication mediated by connexin-43 (Cx43) and studied the effects on visceral sensitivity
and immune responses following acute and chronic intestinal
inflammation. Our data show that visceral hypersensitivity after
chronic inflammation is reduced in animals lacking enteric glial
Cx43. This effect is not mediated by modifying the overt inflammatory response but, instead, involves an impaired ability of enteric
glia to activate muscularis macrophages via the production of
macrophage colony-stimulating factor (M-CSF). In vitro experiments with mouse and human enteric glia show that enteric glia
produce M-CSF in response to pro-inflammatory stimuli and that
this mechanism requires functional glial Cx43 hemichannels for
downstream activation of protein kinase C (PKC) and tumor necrosis factor (TNF)-alpha converting enzyme (TACE), an enzyme that
cleaves membrane-bound M-CSF. Together, these data highlight
a mechanism whereby enteric glia influence visceral sensitivity
through interactions with muscularis macrophages. Targeting
the mechanisms involved could benefit the development of therapies to address visceral pain.
RESULTS
Deleting Connexin-43 in Enteric Glia Does Not Affect the
Severity of Colitis
In prior work, we identified Cx43 as a major molecular mediator of
intercellular communication used by enteric glia (Figure 1A;
McClain et al., 2014) and found that deleting Cx43 in enteric
glia reduces neuroinflammation in the context of colitis (Brown
et al., 2016). Based on these data, we hypothesized that glial mediators released in a Cx43-dependent manner are important to
recruit and/or activate immune cells that subsequently drive neuroplastic changes in nociceptors. To this end, we deleted glial
Cx43 in Sox10CreERT2;Cx43f/f mice and assessed the effects on
intestinal inflammation driven by acute and chronic dextran sodium sulfate (DSS, 2%) models of colitis (Figures 1B and 1C).
DSS disrupts epithelial barrier function and drives inflammation
through innate immune mechanisms (Kiesler et al., 2015). Despite
the prominent role of glial Cx43 signaling in enteric reflexes that

coordinate gut motility and secretomotor responses (Grubi
sic
and Gulbransen, 2017a, 2017b; McClain et al., 2014), deleting
glial Cx43 did not alter the overall severity of colitis as reflected
by changes in body weight and macroscopic damage (p >
0.1635 and 0.2146, respectively, two-way ANOVA for genotype;
Figures 1C and 1D). Likewise, pathological damage to the mucosa and submucosal layers was not altered in mutant mice
(4.8 ± 0.5 damage score [control] versus 5.3 ± 0.4 damage score
[Sox10CreERT2;Cx43f/f] and 7.2 ± 0.3 damage score [control]
versus 7.7 ± 0.2 damage score [Sox10CreERT2;Cx43f/f] in acute
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and chronic DSS treatments, respectively; p = 0.1699, two-way
ANOVA for genotype [Figures 1E and 1F]), and we did not observe
overt damage to the muscularis and myenteric plexus (Figure 1E).
Indeed, all groups had comparable cellular composition in the
myenteric plexus (Figure 1G), and the density of myenteric neurons and glial cells were similar in all experimental groups
(2,152 ± 204 neurons and 2,401 ± 130 glia per mm2 for acute
treatment; Figure 1H). Therefore, the potential inflammatory
driving force for neuroplastic changes in visceral sensory neurons
is similar in Sox10CreERT2;Cx43f/f mice and control littermates.
This was important because it allowed us to study changes in
visceral hypersensitivity driven by cell signaling events rather
than a gross modification of local or systemic inflammation.
Glial Cx43 Deletion Protects against the Development of
Visceral Hypersensitivity following Chronic DSS Colitis
We assessed visceral sensitivity by recording visceromotor responses (VMRs) to colorectal distensions (CRDs) (Figures 2A
and 2B; Larauche et al., 2010) in healthy and DSS-treated mice
(Boué et al., 2014; Lapointe et al., 2015; Reiss et al., 2017; Scanzi
et al., 2016). Acute inflammation caused hyperalgesia and
increased the magnitude of VMRs to noxious pressures in all animals (Figures 2C and 2D). Neither baseline visceral sensitivity
nor the development of acute hyperalgesia required glial Cx43
signaling because neither was affected in Sox10CreERT2;Cx43f/f
mice (p = 0.1127 and 0.6614, two-way ANOVA for genotype, Figures 2C and 2D). In contrast, visceral pain following chronic DSS
required glial Cx43 signaling, and heightened VMRs were absent
in mice lacking glial Cx43 (p = 0.025, two-way ANOVA for genotype, Figures 2C and 2D). These changes are not due to differences in inflammation-induced fibrosis because compliance
measurements were comparable (p > 0.4447, two-way ANOVA
for genotype) in all groups (Figure 2E). Thus, glial intercellular
communication through Cx43 plays an important role in the transition to chronic visceral hypersensitivity following inflammation.
CRD primarily tests the sensitivity of mechanosensitive spinal afferents that innervate the seromuscular layer of the mouse colon
(Brierley et al., 2018; Feng et al., 2012). Given that the mild colitis
driven by our relatively low-dose DSS model was not sufficient to
induce significant neurodegeneration in the myenteric plexus
(Figures 1G and 1H), we speculated that the observed effects
of glial Cx43 signaling could be mediated through neuro-immune
signaling rather than direct effects of glia on neuroplasticity.
Glial Cx43 Regulates M-CSF Expression during
Intestinal Inflammation
We began to assess the potential effects of glial Cx43 signaling
on immune responses by assessing serum levels of

(D) Macroscopic tissue damage scores at the acute (left) and chronic (right) time points were comparable between the Sox10CreERT2;Cx43f/f and their control
littermates. ***p < 0.001; ****p < 0.0001; 2-way ANOVA. Data are shown as mean ± SEM, n = 5–8 mice.
(E) Representative images of hematoxylin-and-eosin-stained colon cross-sections of control (top) and Sox10CreERT2;Cx43f/f mice (bottom) treated with water
(left), acute DSS (middle), and chronic DSS (right). Scale bar, 100 mm.
(F) Blinded evaluation of histological staining. See Table S2 for details about histological disease activity scoring. ****p < 0.0001; 2-way ANOVA. Data are shown
as mean ± SEM, n = 3–10 mice.
(G and H) The density of myenteric neurons and glial cells is comparable between Sox10CreERT2;Cx43f/f and control mice treated with water or mild acute and
chronic DSS models. (G) Representative images of immunolabeling for myenteric neurons (HuC/D, blue) and glia (s100b, gray). Scale bar, 100 mm. (H) Neuronal
(top) and glial (bottom) density (cells per ganglionic area) in acute (left) or chronic (right) DSS mice. Hu labeling was used to assess neuron numbers, and s100b
was used to identify glial cells and determine the ganglionic area. Data are shown as mean ± SEM, n = 3–6 mice.
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Figure 2. Cx43 Deletion in Enteric Glia Protects against the Development of Visceral Hypersensitivity following Chronic DSS Colitis
(A) Model of the pressure probe and distension balloon used to record visceromotor responses (VMRs) to colorectal distensions in mice.
(B) Representative pressure recordings (top, magenta) in response to distention of the colorectum (bottom, green).
(C) Smoothed representative traces of VMRs in control (blue) and Sox10CreERT2;Cx43f/f mice (red) treated with water (top row), acute DSS (middle row), or chronic
DSS (bottom row). The area under the curve (AUC) was used to quantify the VMRs in (D).
(D and E) VMR (D) and compliance (E) measurements in Sox10CreERT2;Cx43f/f mice (red) and their control littermates (blue) after treatments with water (left), acute
DSS (middle), and chronic DSS (left). *p = 0.025; ****p < 0.0001; 2-way ANOVA. Data are shown as mean ± SEM, n = 5–8 mice. (D) Water-treated Sox10CreERT2
;Cx43f/f animals and their control littermates had comparable basal VMRs and exhibited similar increases following acute DSS. Mice lacking glial Cx43 do
not exhibit heightened VMRs following chronic DSS colitis. (E) Compliance measurements were equal in all groups.

inflammatory mediators. Serum granulocyte-colony stimulating
factor (G-CSF) was significantly increased following acute and
chronic inflammation but was not modulated by deleting glial
Cx43 (Figure S1). Overall, deleting glial Cx43 had little effect on
systemic cytokines/chemokines. Therefore, we focused our efforts on assessing local levels of cytokines and chemokines in
the colon (Figure 3A). Several of the 31 cytokines and chemokines assessed were significantly modified by acute and/or
chronic DSS colitis. However, only M-CSF was regulated by
both inflammation and glial Cx43 signaling as indicated by a fail-
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ure to increase colonic M-CSF levels during DSS colitis in mice
lacking glial Cx43 (Figure 3B). Deleting glial Cx43 also diminished
macrophage inflammatory protein (MIP)-1a, eotaxin, and interleukin-2 (IL-2) in both healthy and DSS-treated animals, and
several other inflammatory mediators were specifically affected
by DSS treatment (increased levels of G-CSF, IL-17, IP-10,
MIG, and RANTES; decreased levels of IL-2) or by deleting glial
Cx43 (IL-7, IL-9). Based on these data, M-CSF emerged as the
most likely candidate underlying the effects of glial Cx43
signaling on visceral hypersensitivity.
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Figure 3. Glial Cx43 Regulates M-CSF Expression during Intestinal Inflammation
(A and B) Quantification of local cytokine and chemokine production within the mouse colon by a 31-Plex Mouse Cytokine/Chemokine Array. (A) Heatmap
showing average relative protein expression after acute (left) or chronic (right) inflammation. (B) Summary data from multiplex arrays showing quantification of
M-CSF. Glial Cx43 signaling regulates M-CSF expression during acute colitis. g, genotype; t, treatment; i, interaction; 2-way ANOVA (p < 0.05). *p < 0.05; 2-way
ANOVA. Data are shown as mean ± SD, n = 3–7 mice. Granulocyte-colony stimulating factor (G-CSF) was also significantly increased in the sera of DSS-treated
animals but was not regulated by glial Cx43 (Figure S1). Transcriptomics data show that mouse enteric glia express M-CSF (Figure S2).
(C) Representative images showing immunolabeling for M-CSF in human myenteric ganglia in colon samples from individuals with Crohn disease and control
colon samples from patients that underwent resections for bowel trauma, volvulus, or intestinal bleeding. Dotted lines demarcate the borders of myenteric
ganglia, which was defined by PGP9.5 labeling (neurons, blue). Arrows and arrowheads point to glia (GFAP immunolabeling, green) and neurons, respectively.
Note that GFAP labeling is increased in Crohn disease samples indicating reactive gliosis. Scale bar, 50 mm.
(D) Quantification of M-CSF labeling in myenteric ganglia from controls without abdominal pain and individuals with Crohn (CD) causing low to high levels of
abdominal pain. **p = 0.0016; unpaired Student’s t test with Welch’s correction. Data are shown as mean ± SD, n = 14 and 27 ganglia from 4 and 5 subjects (2
males and 2 or 3 females in each group).

(legend continued on next page)
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M-CSF is a chemokine that drives macrophage recruitment
and/or differentiation. Thus, we hypothesized that enteric glia
contribute to macrophage activation by producing M-CSF. Glial
transcriptome data support this hypothesis by showing that
enteric glia express M-CSF and other inflammatory mediators
important for macrophage recruitment and activation (Figure S2;
Delvalle et al., 2018). To understand how M-CSF expression is
regulated during inflammation, we performed immunolabeling
experiments with specimens from healthy and inflamed mice,
and humans with or without Crohn disease (Figure 3C). M-CSF
labeling in the myenteric plexus was localized to both neurons
and glial cells. M-CSF immunoreactivity in myenteric ganglia
from individuals with Crohn disease (316 ± 16 intensity units
[IUs]) was significantly higher (p = 0.0016, unpaired Student’s t
test with Welch’s correction) in comparison to healthy controls
(248 ± 12 IUs, Figure 3D). In agreement with these changes in human IBD samples, M-CSF immunoreactivity in mouse myenteric
ganglia increased during colitis (Figure 3E). Importantly, mice
lacking glial Cx43 exhibited lower M-CSF expression (p =
0.0144, two-way ANOVA with Tukey post hoc test) during the
transition from acute to chronic DSS colitis (1,138 ± 95 IUs
[acute] versus 461 ± 89 IUs [chronic], Figure 3F). Together, these
results support the concept that glial Cx43 signaling regulates
M-CSF production in the enteric nervous system during chronic
intestinal inflammation.
Glial Connexin-43 Signaling Regulates Muscularis
Macrophage Activation in the Mouse Colon
Given that glial Cx43 regulates M-CSF, and M-CSF regulates
macrophage migration and activity, we tested the hypothesis
that glial Cx43 signaling regulates muscularis macrophage
phenotype. Immunolabeling data show that enteric glia form
the cellular interface between the enteric nervous system and
muscularis macrophages (Figure 4A; Videos S1 and S2). This
tight anatomical relationship suggests a high potential for cellular
crosstalk. To understand how intercellular glial-macrophage
communication might affect the activation of glia and macrophages during inflammation, we assessed the expression of
glial fibrillary acidic protein (GFAP) and CD68, two markers
that reflect reactive gliosis (von Boyen et al., 2004) and pro-inflammatory macrophages (Cipriani et al., 2016), respectively
(Figure 4B). GFAP expression was increased to a similar extent
in Sox10CreERT2;Cx43f/f mice and their control littermates during
acute DSS colitis. Likewise, GFAP expression normalized during
chronic inflammation regardless of genotype. CD68 expression
surrounding the myenteric plexus increased in control mice
during the chronic phase of inflammation (Figure 4C). However,
mice lacking glial Cx43 failed to show an increase in CD68
during both acute and chronic phases of colitis (Figure 4C).
These findings indicate that glial Cx43 is not required for
changes in GFAP associated with reactive gliosis but is required
for the activation and/or recruitment of proinflammatory macrophages. Comparable levels of markers of tissue-resident macro-

Article
phages (F4/80+; p = 0.3861, unpaired t test with Welch’s correction) and newly recruited macrophages (CCR2+; p = 0.1905,
Mann Whitney U test) were present in Sox10CreERT2;Cx43f/f and
control mice (Figures 4D and 4E), suggesting that changes in
CD68 reflect the activation of resident macrophages rather
than an increase in macrophage numbers by recruitment.
CD68 labels multiple populations of phagocytic cells such as
dendritic cells, neutrophils, basophils, mast cells, activated
T cells, and a proportion of mature B cells (Naeim, 2008). Therefore, we assessed the colocalization of F4/80 with CCR2 and
CD68 (Figure S4) to differentiate macrophage CD68 expression
from expression in other potential cell types. We observed less
than 5% of overlap between F4/80 and CCR2 in all mice supporting the ability of these labels to identify distinct subsets of macrophages. Half of all CD68 labeling (52% ± 5%) colocalized with
F4/80, a marker of tissue-resident macrophages. Deleting glial
Cx43 reduced colocalization between CD68 and F4/80 to 29%
± 5% (p = 0.0124, unpaired t test with Welch’s correction) but
did not significantly affect CD68 labeling that was not colocalized
to F4/80 (p = 0.1549, unpaired t test with Welch’s correction).
Together, these results support the conclusion that enteric glia
regulate muscularis macrophage activation during colitis
through Cx43-dependent signaling.
Enteric Glia Are the Primary Source of M-CSF in the
Myenteric Plexus and Regulate Muscularis Macrophage
Activation through Cx43-Dependent M-CSF Release
Our data to this point show that glial Cx43 signaling regulates MCSF production and muscularis macrophage activation during
colitis. To link these mechanisms, we conducted in vitro experiments where we assessed the relative contribution of glia to MCSF production in the myenteric plexus, the necessity of M-CSF
in muscularis macrophage activation, and the dependence
on glial Cx43. Enteric neurons (Muller et al., 2014) and
glia have the potential to produce M-CSF, but the relative
contributions of the two cell types are not known. To address
this issue, we began by using flow cytometry to assess the
relative proportions of neurons, glia, and nonneuronal cells that
express M-CSF at the level of the myenteric plexus. Myenteric
plexus whole mounts were isolated from the colons of healthy
Sox10CreERT2;Cx43f/f and control mice, and cell suspensions
were prepared following stimulation with the proinflammatory
cytokine IL-1b (Figures 5A–5E). M-CSF labeling was performed
on non-permeabilized cells to assess the expression of cell-surface, membrane-bound M-CSF. Only 10% ± 1% of the cells expressing the membrane-bound form of M-CSF were identified as
neurons based on colabeling with the pan-neuronal marker Hu
(Figure 5D). In contrast, 35% ± 3% were positively identified as
glia based on colabeling with the glial marker GFAP (Figure 5D).
Deleting glial Cx43 or treating cells with IL-1b did not affect the
proportions of cells expressing M-CSF (9% ± 1% to 11% ±
1% and 36% ± 1% to 38% ± 2%, respectively). Hence, enteric
glia are the major source of biologically active M-CSF in the

(E and F) Immunolabeling for M-CSF in Sox10CreERT2;Cx43f/f mice and control littermates treated with water, acute DSS, or chronic DSS. Representative images
(E) and quantification (F) of M-CSF immunoreactivity (ir., magenta) within the MP, expressed in intensity units (IUs). GFAP (glia, green) was used to identify
myenteric ganglia. Scale bar, 25 mm. *p = 0.0144; 2-way ANOVA, Tukey’s post hoc test. Data are shown as mean ± SD, n = 3–4 mice. Controls for the specificity of
the M-CSF antibody were performed in both mouse and human tissues (Figure S3).
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Figure 4. Enteric Glia Regulate Muscularis Macrophage Activation in the Mouse Colon through Cx43-Dependent Signaling
(A) Representative images of immunolabeling for enteric glia (labeled with glial fibrillary acidic protein [GFAP, green]) and muscularis macrophages (labeled with
major histocompatibility complex II [MHC-II, magenta]) in the myenteric plexus of the mouse colon. Original images and reconstructions are in the top and bottom
rows, respectively. Scale bars, 10 mm.
(B) Representative images showing glial (GFAP, green) and macrophage (CD68, magenta) activation in the myenteric plexus of the mouse colon following acute
(B0 ) or chronic (B0 0 ) DSS colitis. Scale bars, 100 mm.
(C) Quantification of GFAP (top) and CD68 (bottom) immunolabeling. Immunoreactivity is normalized to water-treated control littermates. *p < 0.05; 2-way
ANOVA. Data are shown as mean ± SEM, n = 3–6 mice.
(D and E) Effects of deleting glial Cx43 on the abundance of resident and newly recruited macrophages. (D) Representative images showing labeling for glia
(GFAP), tissue-resident macrophages (F4/80), and newly recruited macrophages (CCR2) in the myenteric plexus of control (top) and Sox10CreERT2;Cx43f/f mice
(bottom) following chronic DSS colitis. Scale bar, 50 mm. (E) Quantification of immunolabeling for F4/80 (left) and CCR2 (right) in Sox10CreERT2;Cx43f/f and controls.
Welch’s t test (p = 0.386) and Mann–Whitney U test (p = 0.191). Data are shown as mean ± SEM (left) and median ± interquartile range (right), n = 3–5 mice. F4/80
and CCR2 label distinct populations of macrophages, while F4/80 and CD68 co-label muscularis macrophages (Figure S4).
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Figure 5. Enteric Glia Are the Primary Source of M-CSF in the Myenteric Plexus and Regulate Muscularis Macrophage Activation through
Cx43-Dependent M-CSF Release
(A–D) Flow cytometry on cells dissociated from the muscular layer of colons harvested from healthy Sox10CreERT2;Cx43f/f mice and their respective controls. Half
of each preparation was stimulated overnight with IL-1b (10 ng/mL). (A) The gating strategy for live cells was set using fluorescence minus one (FMO) control. This
gate was applied to single-cell events (Figure S5A). (B) Gating strategies for neuronal marker HuC/D (Hu+), glial marker GFAP (GFAP+), and membrane M-CSF
(mM-CSF+) were adjusted according to their respective FMO and secondary antibody (2 ab)-only controls. Figures S5B–S5D has dot plots of a fully stained
sample and the controls. (C) Proportions of single live cells that are mM-CSF+, Hu+, or GFAP+ or co-express mM-CSF with HuC/D or GFAP. (D) Proportions of
mM-CSF+ cells that co-express HuC/D (z10%), GFAP (z40%) or no neuron nor glial markers (z50%).
(E) Quantification of the proportions of enteric neurons (Hu+) and enteric glia (GFAP+) that express mM-CSF (20 and 60%, respectively). Deleting glial Cx43 or
treating cells with IL-1b did not affect the proportions of cells expressing M-CSF. Data are shown as mean ± SD, n = 3 control and 5 Sox10CreERT2;Cx43f/f mice.
(F–H) Effects of IL-1b (10 ng/mL), 43Gap26 (100 mM), and anti-M-CSF blocking antibodies (5 mg/mL) on macrophage reactivity in isolated samples of myenteric
plexus. (F) Schematic showing drugs site of action: IL-1b binds to the IL-1 receptor, 43Gap26 blocks Cx43 hemichannels, and anti-M-CSF antibody neutralizes
M-CSF. (G) Representative images of immunolabeling for glial cells (GFAP, green) and markers of macrophage activation (MHCII, magenta; CD68, cyan) in

(legend continued on next page)
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mouse colon myenteric plexus while neurons play a comparatively minor role under our experimental conditions.
Given that glia are the predominant source of M-CSF in the
myenteric plexus (Figure 5D) and glial Cx43 signaling is required
for macrophage activation (Figure 4) and M-CSF production (Figure 3) during colitis, we tested whether glial Cx43-dependent MCSF production is required for muscularis macrophage activation in whole-mount preparations of myenteric plexus. Myenteric
glia were stimulated with the proinflammatory cytokine IL-1b to
drive proinflammatory responses and subsets of preparations
were co-incubated with 43Gap26, a Cx43 mimetic peptide that
blocks Cx43 hemichannels, anti-M-CSF blocking antibodies,
or both 43Gap26 and anti-M-CSF (Figure 5F). Macrophage activation was monitored by assessing MHCII and CD68 expression,
which are markers of antigen presentation and phagocytosis,
respectively (Figure 5G). 43Gap26 and anti-M-CSF antibodies
did not affect basal MHCII expression (p = 0.8023, two-way
ANOVA with Tukey post hoc test; Figure 5H, top). IL-1b stimulation increased MHCII expression by 35% ± 8% (p = 0.0434, twoway ANOVA with Sidak post hoc test), and the increase in MHCII
required both Cx43 and M-CSF as it was fully blocked by
43Gap26 and anti-M-CSF antibodies, with the combination having no additional effect (p = 0.0428, two-way ANOVA with Tukey
post hoc test) (Figure 5H, top). CD68 expression was more variable and many comparisons did not reach statistical significance (Figure 5H, bottom). However, the effects of IL-1b stimulation and 43Gap26 tended to affect CD68 expression similarly
as MHCII expression (p < 0.0678, two-way ANOVA). Anti-MCSF antibodies used alone or in combination with 43Gap26
tended to increase baseline CD68 expression (p < 0.0594,
two-way ANOVA) to a similar extent as IL-1b (54%–74%),
implying that the antibodies induced a Cx43-independent increase in phagocytic activity. Taken together, our results show
that Cx43 hemichannels and M-CSF are required for muscularis
macrophage activation, and the lack of additive effects suggests
that both Cx43 hemichannels and M-CSF are parts of the same
glial signaling pathway.
Glial M-CSF Production Is Regulated by Cx43, PKC, and
TACE
To provide additional support for the concept that enteric glia
produce M-CSF through Cx43-dependent mechanisms, we
conducted in vitro experiments with primary cultures of mouse
and human enteric glia where we measured glial M-CSF production and enzymatic activity in the M-CSF molecular production
pathway. Cx43 hemichannels have a pore size of approximately
2 nm and can pass molecules that are less than 1 kDa (Harris,
2001). M-CSF is significantly larger, ranging between 44 and
86 kDa (Cosman et al., 1988), so it is unlikely that M-CSF is
directly released through Cx43 hemichannels. Basal M-CSF
release is regulated at the post-transcriptional level by processes at the cell surface where the protein is cleaved by
TACE (Horiuchi et al., 2007). Thus, it is more likely that Cx43

hemichannels indirectly regulate the proteolytic cleavage of MCSF because glial Cx43 hemichannels mediate intracellular calcium levels in enteric glia (McClain et al., 2014) and PKC mediates TACE activity (Horiuchi and Toyama, 2008). To directly
test this hypothesis, we isolated enteric glia from mouse colon
myenteric plexus and assessed PKC and TACE activation driven
by IL-1b in the presence or absence of 43Gap26 (Figures 6A–
6D). IL-1b stimulation increased PKC activity in cell lysates to
255% ± 99% (mean ± SD) of untreated controls and 43Gap26
abolished this effect (p = 0.0008 and p = 0.6256, respectively,
ANOVA followed by Dunnett’s multiple comparisons test; Figure 6C). TACE activity was assessed in live-cell suspensions to
specifically assess the activity of TACE at the cell membrane
where it mediates cleavage the of the membrane-bound MCSF. Membrane-associated TACE activity was increased to
175% ± 103% (mean ± SD) of untreated controls when cells
were treated with IL-1b alone and this effect was blocked by
co-incubated with 43Gap26 (p = 0.0342 and p = 0.5649, respectively, ANOVA followed by Dunnett’s multiple comparisons test;
Figure 6D). Together, these results show that Cx43 hemichannels are required for IL-1b to activate key elements of M-CSF
production such as PKC and TACE in enteric glia.
To directly test whether enteric glia release M-CSF in a Cx43dependent manner in humans, we cultured human enteric glial
cells purified from resected samples from individuals with Crohn
disease (Figures 6E–6G). As in our mouse samples, we used
IL-1b to stimulate proinflammatory reactions in human glia (Figure 6E). IL-1b stimulation induced a 5-fold increase in glial
M-CSF production (p = 0.0097, ANOVA followed by Dunnett’s
multiple comparisons test; Figure 6G). Blocking Cx43 channels
with 43Gap26 did not have a significant effect on IL-1b-stimulated M-CSF release (Figure 6G). These data show that human
enteric glia produce M-CSF in response to pro-inflammatory
stimuli. However, glial M-CSF production becomes insensitive
to Cx43 hemichannel blockade in individuals with chronic
intestinal disease. To understand why this occurs, we assessed
how intestinal inflammation affects glia connexin expression in
mice and humans (Figure S6). Our data show that proinflammatory stimuli significantly alter glial connexin gene profiles. Importantly, changes in Cx26 and Cx30 could reduce the efficacy
of 43Gap26 following inflammation.
DISCUSSION
Bidirectional communication between astrocytes and microglia
is a well-defined mechanism in the central nervous system that
determines the functional fate of both cell types (Jha et al.,
2019). For example, astrocyte-derived M-CSF regulates microglial maturation and differentiation in the developing human brain
(Liu et al., 1994), and inhibiting astrocyte-to-microglia signaling
mediated by M-CSF prevents central sensitization and mechanical hypersensitivity in chronic post-ischemic pain models (Tang
et al., 2018). Our data suggest that analogous mechanisms are

samples of colon myenteric plexus that were stimulated in vitro with IL-1b (+ IL-1b) in the presence or absence (control) of 43Gap26 (+ 43Gap26), rat anti-M-CSF
blocking antibodies (+ anti-M-CSF), or both (+ 43Gap26 & anti-M-CSF). Scale bar, 100 mm. (H) Quantification of MHCII (top) and CD68 (bottom) labeling,
normalized to the untreated controls. Dotted lines show average responses from unstimulated (blue) and IL-1b-stimulated controls (red). We analyzed the data
with 2-way ANOVA. Data are shown as mean ± SEM, n = 7 mice; each data point is an average of 4 fields of view (FOV, 593 3 444 mm).
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Figure 6. Glial M-CSF Production Is Regulated by Cx43, PKC, and TACE
Data from in vitro experiments with a primary mouse (A–D) and human (E–G) enteric glia.
(A) Primary cultures of mouse enteric glia were derived from the colon myenteric plexus. Schematic showing proposed mechanisms underlying IL-1b-induced
M-CSF release. IL-1R, IL-1 receptor; Cx43, Cx43 hemichannel; 43Gap26, Cx43 mimetic peptide that binds to extracellular loops of Cx43 and blocks Cx43
hemichannels; [Ca2+, increase in cytosolic calcium; PKC, protein kinase C; MAPK, a mitogen-activated protein kinase; TACE, tumor necrosis factor a-converting
enzyme; mM-CSF and sM-CSF, membrane-bound and soluble M-CSF.
(B) Representative images of mouse enteric glia cultures labeled with markers of enteric glia (GFAP, green, and s100b, magenta) and counterstained with the
nuclear marker DAPI (blue). Scale bar, 100 mm.
(C and D) Quantification of PKC and TACE activity in primary cultures of mouse enteric glia stimulated overnight with IL-1b (+ IL-1b, 1 ng/mL) in the presence or
absence of 43Gap26 ±43Gap26, 100 mM). (C) PKC activity in cell lysates was normalized to total protein concentration in the cell lysate and to mean of untreated
controls. (D) TACE activity in live-cell suspensions was normalized to cell density and to untreated controls that originated from the same colon. *p = 0.0342;
***p = 0.0008; ANOVA followed by Dunnett’s multiple comparisons test. Data are shown as mean ± SD, n = 6 and 11–13 mice, respectively.
(E) Human enteric glial cells were cultured from segments of the intestine harvested from individuals undergoing resections for Crohn disease. Cultured glia were
incubated with IL-1b to stimulate the production of proinflammatory cytokines, and a subset of cultures was co-incubated with 43Gap26.
(F) Representative images of human enteric glia derived from the distal colon. Images show labeling for s100b (glia, green) and DAPI (nuclei, blue) in samples
where the primary anti-s100b antibody was omitted (left) or fully stained (right). Scale bar, 100 mm.
(G) Quantification of M-CSF in supernatants from human enteric glial cultures after IL-1b stimulation (+ IL-1b, 1 ng/mL) and co-incubation with 43Gap26
(+ 43Gap26, 100 mM). Raw M-CSF concentrations were normalized to cell density and to untreated controls that originated from the same culture. *p = 0.0103;
**p = 0.0097; ANOVA followed by Dunnett’s multiple comparisons test. Data are shown as mean ± SD, n = 3–4 patients (duplicate cultures derived from involved
or noninvolved regions). Besides, proinflammatory signals change the expression of connexin genes in mouse and human enteric glia (Figure S6).

functional in the intestine, that these mechanisms are important
for dictating glial and macrophage phenotype, and that they influence the function of neurons innervating the intestine. Muscularis macrophages and enteric glia are often compared to micro-
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glia and astrocytes based on their similar functions and gene
expression profiles. Muscularis macrophages express microglia-specific genes and transcription factors that are not expressed by other subsets of tissue macrophages (Verheijden

ll
Article

OPEN ACCESS

Figure 7. Proposed Mechanisms Whereby
Enteric Glia Regulate Visceral Pain through
M-CSF Signaling with Macrophages
Schematic illustrating signaling mechanisms between enteric glia and macrophages identified in
this study. Proinflammatory stimuli such as IL-1b
induce glial reactivity and signaling through connexin-43 (Cx43) hemichannels. Cx43 hemichannels
mediate calcium (Ca2+) responses in enteric glia
(McClain et al., 2014). Glial activity increases
signaling through protein kinase C (PKC) and activates tumor necrosis factor a converting enzyme
(TACE), possibly via mitogen-activated protein kinase (MAPK) (Horiuchi and Toyama, 2008). Glial
Cx43-dependent TACE activation results in proteolytic cleavage of cell membrane M-CSF (mMCSF), increased release of soluble M-CSF (sMCSF), and, in turn, macrophage activation. M-CSF
produced by neurons and interstitial cells of Cajal
could also contribute to macrophage activation.
Data shown in this study provide evidence that interactions between enteric glia and macrophages
contribute to the development of persistent hypersensitivity of visceral afferents in the intestines.

et al., 2015) and enteric glia express traditional astrocytic
markers and exhibit similar functional relationships with neurons
(Gulbransen and Sharkey, 2012). However, intestinal macrophages and glia are unique cell types with distinct develop and Gulbranmental origins and transcriptional profiles (Grubi
sic
sen, 2017a; Rao et al., 2015; Verheijden et al., 2015).
Our data show that enteric glia regulate muscularis macrophage activation through Cx43-dependent M-CSF release.
Proinflammatory signals stimulate glial M-CSF release through
Cx43 hemichannel signaling, cytosolic PKC activity, and cell
membrane TACE, an enzyme that cleaves M-CSF from the cell
surface (Figure 7). Murine astrocytes also produce M-CSF
upon stimulation with proinflammatory stimuli such as IL-1b,
TNF-alpha, and lipopolysaccharides that regulate the expression of the M-CSF gene at the posttranscriptional level (Frei
et al., 1992). In enteric glia, Cx43 hemichannels likely couple to
PKC through intracellular Ca2+ signaling since Cx43 hemichannels regulate glial Ca2+ responses (McClain et al., 2014) and
enteric glia express PKC isoforms such as PKCa and PKCbI
that require Ca2+ for activation (Furness et al., 2006; Poole
et al., 2003). The observation that 43Gap26 and anti-M-CSFneutralizing antibodies are equally as effective, but not additive,
in blocking the effects of IL-1b on macrophage activation sup-

ports the conclusion that glial Cx43dependent M-CSF release regulates
macrophage activation. Surprisingly, antiM-CSF-neutralizing antibodies blocked
the increase in antigen presentation driven
by IL-1b but stimulated phagocytosis in a
Cx43-independent manner. Cells attempting to clear immune complexes (Mantovani
et al., 1972) formed by soluble M-CSF and
the blocking antibody may explain this
observation, but identifying the exact
mechanism will require future work. Cx43 hemichannels interact
with diverse cellular components such as cytoskeletal proteins,
scaffolding proteins, protein kinases, and phosphatases
involved in Cx43 channel-independent functions (Olk et al.,
2009) that could also play a role in posttranslational processing
and intracellular M-CSF trafficking. Soluble M-CSF is generally
released by proteolytic cleavage from the cell surface and other
forms of M-CSF, such as membrane and extracellular matrixbound, have more complex posttranslational processing (Pixley
and Stanley, 2004). These multiple forms of M-CSF have diverse
biological effects on macrophage phenotypes in addition to their
distinct mechanisms of posttranslational processing, intracellular trafficking, and release (Liao et al., 2016).
Human and murine enteric glia both produce M-CSF, but the
specific mechanisms involved in its secretion may differ depending on species, experimental condition, and/or disease state. For
example, the production of M-CSF by human enteric glia in culture was not affected by the Cx43 mimetic peptide 43Gap26,
while the production of M-CSF by enteric glia in mice was dependent upon Cx43 expression and function. One possible explanation for this difference is that deleting the Cx43 gene in mice affects both channel-dependent and -independent functions of
Cx43, while 43Gap26 only affects channel-dependent functions.
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This explanation seems unlikely because 43Gap26 also blocked
macrophage activation in isolated preparations of mouse intestine and PKC and TACE activation in cultured murine enteric
glia. More likely possibilities include differences in connexin
channel expression and function that occur during chronic disease and/or cell-culture conditions. Intestinal inflammation alters
the expression profile of connexin channels expressed by glia in
mice (Delvalle et al., 2018) and humans (Figure S6), and other
connexin isoforms would not be sensitive to blockade by
43Gap26. Inflammation can also induce the formation of heteromeric hemichannels that would render Cx43 insensitive to
43Gap26 (Koval et al., 2014). The loss of sensitivity to Cx43 modulation in glia from diseased individuals is an important observation because this could direct the timing and design of treatments targeting enteric glia. Understanding the mechanisms
involved more fully will undoubtedly be an area of focus in future
studies.
Our results show that glia-macrophage communication contributes to visceral nociceptor sensitization during chronic colitis
(Figure S7). Glial Cx43 regulates colonic M-CSF production during acute intestinal inflammation and muscularis macrophage
activation and visceral hypersensitivity following chronic colitis.
These acute and chronic changes are linked by unique M-CSF
signaling processes and their effects on macrophage functions.
Unlike most immune mediators, M-CSF is constantly released
during steady-state conditions (Seitz et al., 1994). M-CSF is
important for macrophage homeostasis and regulates survival,
proliferation, migration, and activation (Pixley and Stanley,
2004). These processes depend on the context and concentration of M-CSF. For instance, low concentrations of M-CSF support macrophage survival but do not induce significant proliferation (Tushinski et al., 1982). Macrophages also degrade M-CSF
in a signaling feedback loop (Bartocci et al., 1987; Tushinski
et al., 1982), and higher numbers of macrophages require
more M-CSF for basic survival. Acute DSS colitis causes an increase in M-CSF expression (Zwicker et al., 2015), and the number of macrophages is increased with a delay of several days after the treatment (Hall et al., 2011). The activity of macrophages,
however, is only significantly increased after chronic inflammation (Bento et al., 2012). Thus, glial M-CSF production during
acute colitis could regulate macrophage activity in chronic
inflammation and consequently transition to chronic visceral
sensitivity. These data, however, do not rule out the possibility
that enteric glia could influence visceral sensitivity through multiple other mechanisms during other circumstances. For
example, enteric glia could modulate nociceptors by releasing
neuromodulators such as ATP and IL-1b (Binshtok et al., 2008;
Brown et al., 2016; Cook and McCleskey, 2002; Murakami
et al., 2009). Glial factors may also influence the expression
and/or function of nociceptive channels such as transient receptor potential ankyrin 1, vanilloid 1 and 4 (TRPA1, TRPV1, TRPV4),
purinergic P2X3 receptors, tetrodotoxin-insensitive sodium
channels Nav1.8 and Nav1.9, and T-type calcium channels
Cav3.2 (Beyak et al., 2004; Brierley et al., 2008, 2009; Brierley
and Linden, 2014; Cenac et al., 2010; De Schepper et al.,
2008; Hockley et al., 2014; Lapointe et al., 2015; Scanzi et al.,
2016; Wynn et al., 2004). Additionally, growth factors such as
nerve growth factor (NGF), brain-derived neurotrophic factor
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(BDNF), and glia-derived neurotrophic factor (GDNF) are
secreted by glia in response to proinflammatory cytokines (Delvalle et al., 2018; von Boyen et al., 2006) and could modify nociceptor sensitivity (Dubin et al., 2012; Prato et al., 2017; Wangzhou et al., 2020).
Macrophage maturation is defective in IBD and IBS (Baillie
et al., 2017; Rodrı́guez-Fandiño et al., 2017), and strategies
that modulate this process could have broad therapeutic relevance. M-CSF influences several essential functions of macrophages including survival, proliferation, chemotaxis, and activation (Pixley and Stanley, 2004). Multiple cell types in the intestinal
muscularis contribute to M-CSF production including neurons
(Muller et al., 2014), Interstitial cells of Cajal (Breland et al.,
2019; Lee et al., 2017b; Avetisyan et al., 2018), and, as shown
here, glia. Interstitial cells of Cajal-derived M-CSF provides an
important migratory signal for muscularis macrophages in the
developing gut (Avetisyan et al., 2018), and neuronal M-CSF regulates certain immune responses (Muller et al., 2014). Our data
show that most M-CSF produced in the muscularis is derived
from cells outside the enteric nervous system, potentially Interstitial cells of Cajal. However, the M-CSF which is produced
within the enteric nervous system is mainly derived from glia.
This conclusion is based on the flow cytometry data showing
that glia express the biologically active, cell-surface form of MCSF to a far greater extent than neurons. Thus, manipulating glial
M-CSF may have therapeutic relevance. One approach to perturb glial M-CSF would be to reduce glial Cx43 expression
through the use of antisense oligodeoxynucleotides (Becker
et al., 2016). However, careful cellular targeting would be necessary because Interstitial cells of Cajal and smooth muscle cells
utilize gap junctions composed of Cx43 for cell-cell coupling
that is necessary for motor function (Cousins et al., 2003; Döring
et al., 2007). Targeting M-CSF itself may also provide therapeutic
benefit, and, in support, neutralizing antibodies and inhibitors of
M-CSF and M-CSF receptors are under consideration as potential therapies in cancer-associated pain (Cannarile et al., 2017).
Of course, this approach reduces all M-CSF regardless of
cellular origin, and it is still unclear how M-CSF derived from neurons and Interstitial cells of Cajal affects visceral hypersensitivity.
Glial cells modulate pain sensations at multiple points along
the gut-brain axis, and some of the mechanisms we describe
here for enteric glia are shared among these other populations
of glia. For example, spinal microglia are activated by M-CSF
and G-CSF and enhance painful stimuli (Basso et al., 2017;
Guan et al., 2016). It is unlikely that these mechanisms contribute
to reduced visceral hypersensitivity in our study since serum
levels of these chemokines were not significantly affected by
either inflammation or deletion of glial Cx43. Cx43 does play
an important role in mechanisms whereby astrocytes and satellite glia modulate pain sensations in the central nervous system
and dorsal root ganglia (Ji et al., 2013). We avoided modulating
Cx43 in these cell types by using the Sox10 promoter to specifically target peripheral glia. Changes to Cx43 expression in satellite glial cells could contribute to the analgesic effects we
observed here (Britsch et al., 2001; Retamal et al., 2017), but
this scenario is unlikely since Sox10CreERT2;Cx43f/f animals
exhibit VMRs comparable to control littermates at baseline conditions and during acute inflammation.
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Our study specifically focused on interactions between enteric
glia and macrophages, but we do not rule out the possibility that
interactions between enteric glia and other classes of immune
cells play important roles in inflammatory responses, neuroinflammation, or the modification of visceral sensitivity. For
example, mast cells regulate visceral hypersensitivity in IBS
(Boeckxstaens, 2018; Lee and Lee, 2016), and enteric glia express receptors for mediators released by activated mast cells
such as histamine (Kimball and Mulholland, 1996) and proteases
(Garrido et al., 2002). Also, enteric glia express immune mediators that regulate many types of immune cells (Delvalle et al.,
2018) including mast cells, antigen-presenting cells, and lymphocytes. Glia-lymphocyte interactions could play a particularly
important role in the induction and maintenance of chronic pain
because Th1/Th17 cells promote intestinal inflammation and
colonic tissue damage but have simultaneous opioid-mediated
analgesic activity, thereby reducing abdominal pain (Boué
et al., 2014).
In conclusion, our results highlight mechanisms of communication between enteric glia and muscularis macrophages that
contribute to the development of visceral pain (Figure 7). These
findings provide an insight into the cellular mechanisms that control neuroimmune interactions in the intestine that could ultimately benefit the treatment of visceral hypersensitivity in functional GI disorders.

B

d

Isolation of glial cells from human intestinal surgical
specimens, purification and primary cultures of human
enteric glia
B Immunochemical identification of glial cells in primary
cultures of human enteric glia
B Quantification of M-CSF from supernatants of cultured
human enteric glia
B RNA isolation from primary human enteric glia and
NanoString nCounter Gene Expression Assay of
selected connexins
QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.
celrep.2020.108100.
ACKNOWLEDGMENTS
This work was supported by a Crohn’s and Colitis Foundation Research
Fellowship Award (577598) to V.G., National Institutes of Health (NIH)
R01DK103723, R01DK120862, and Crohn’s and Colitis Foundation Senior
Research Award (327058) to B.D.G., NIH R01DK113943 to F.L.C., a grant
from Helmsley Charitable Trust (281574.5069091.0010), and salary support
from R01 DK108894 to S.C.R. We acknowledge the University of California
Los Angeles Translational Pathology Core laboratory for preparation of
paraffin-embedded sections for immunohistochemical studies.
AUTHOR CONTRIBUTIONS

STAR+METHODS
Detailed methods are provided in the online version of this paper
and include the following:
d
d

d

d

KEY RESOURCES TABLE
RESOURCE AVAILABILITY
B Lead Contact
B Materials Availability
B Data and Code Availability
EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Animals
B Human Tissue
METHOD DETAILS
B Dextran Sodium Sulfate (DSS) Induced Colitis
B Slide and whole-mount immunohistochemistry (IHC)
B Image Acquisition and Analysis
B Chemicals and Reagents
B Histology
B Cytokine/ chemokine multiplex array
B Visceromotor Responses (VMR) to Colorectal Distention (CRD)
B In situ activation of myenteric glia
B Isolation of myenteric plexus cells for flow cytometry
and primary cultures
B Flow cytometry
B Primary cultures of mouse enteric glia
B Immunocytochemical identification of glial cells in primary cultures of mouse enteric glia
B PKC activity assay
B TACE activity assay

Overall project conceptualization and design were developed by V.G. and
B.D.G. Experiments and analyses were performed by V.G., J.L.M., D.E.F.,
I.G., P.R., D.P.P., and F.L.C. Human samples were provided by E.C., O.A.A.,
R.E.W., and S.C.R. The manuscript was written by V.G., J.L.M., D.F., P.R.,
and B.D.G., and edited by all authors.
DECLARATION OF INTERESTS
The authors declare no competing interests.
Received: August 15, 2019
Revised: July 2, 2020
Accepted: August 11, 2020
Published: September 8, 2020
REFERENCES
Avetisyan, M., Rood, J.E., Huerta Lopez, S., Sengupta, R., Wright-Jin, E.,
Dougherty, J.D., Behrens, E.M., and Heuckeroth, R.O. (2018). Muscularis
macrophage development in the absence of an enteric nervous system.
Proc. Natl. Acad. Sci. USA 115, 4696–4701.
Baillie, J.K., Arner, E., Daub, C., De Hoon, M., Itoh, M., Kawaji, H., Lassmann,
T., Carninci, P., Forrest, A.R., Hayashizaki, Y., et al.; FANTOM Consortium
(2017). Analysis of the human monocyte-derived macrophage transcriptome
and response to lipopolysaccharide provides new insights into genetic aetiology of inflammatory bowel disease. PLoS Genet. 13, e1006641.
Bartocci, A., Mastrogiannis, D.S., Migliorati, G., Stockert, R.J., Wolkoff, A.W.,
and Stanley, E.R. (1987). Macrophages specifically regulate the concentration
of their own growth factor in the circulation. Proc. Natl. Acad. Sci. USA 84,
6179–6183.
Basso, L., Lapointe, T.K., Iftinca, M., Marsters, C., Hollenberg, M.D., Kurrasch,
D.M., and Altier, C. (2017). Granulocyte-colony-stimulating factor (G-CSF)
signaling in spinal microglia drives visceral sensitization following colitis.
Proc. Natl. Acad. Sci. USA 114, 11235–11240.

Cell Reports 32, 108100, September 8, 2020 13

ll
OPEN ACCESS

Becker, D.L., Phillips, A.R., Duft, B.J., Kim, Y., and Green, C.R. (2016). Translating connexin biology into therapeutics. Semin. Cell Dev. Biol. 50, 49–58.
Bento, A.F., Leite, D.F., Marcon, R., Claudino, R.F., Dutra, R.C., Cola, M., Martini, A.C., and Calixto, J.B. (2012). Evaluation of chemical mediators and
cellular response during acute and chronic gut inflammatory response induced
by dextran sodium sulfate in mice. Biochem. Pharmacol. 84, 1459–1469.
Beyak, M.J., Ramji, N., Krol, K.M., Kawaja, M.D., and Vanner, S.J. (2004). Two
TTX-resistant Na+ currents in mouse colonic dorsal root ganglia neurons and
their role in colitis-induced hyperexcitability. Am. J. Physiol. Gastrointest. Liver
Physiol. 287, G845–G855.
Binshtok, A.M., Wang, H., Zimmermann, K., Amaya, F., Vardeh, D., Shi, L.,
Brenner, G.J., Ji, R.R., Bean, B.P., Woolf, C.J., and Samad, T.A. (2008). Nociceptors are interleukin-1beta sensors. J. Neurosci. 28, 14062–14073.
Boeckxstaens, G.E. (2018). The Emerging Role of Mast Cells in Irritable Bowel
Syndrome. Gastroenterol. Hepatol. (N. Y.) 14, 250–252.
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RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Brian
Gulbransen (gulbrans@msu.edu).
Materials Availability
This study did not generate new unique reagents.
Data and Code Availability
The cytokine/chemokine multiplex data generated during this study are available in Table S3. The data for Figures S2 and S6A were
sourced from a published (Delvalle et al., 2018) and publicly available dataset ‘‘Next generation sequencing of distal colon glial cells
with DNBS-induced inflammation and neurokinin-2 receptor antagonism utilizing RiboTag mice’’ (Database: GSE114780).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals
All experimental protocols were approved by the Institutional Animal Care and Use Committees (IACUC) at Michigan State University
(MSU), USA, and by the Monash Institute of Pharmaceutical Sciences Animal Ethics Committee at Monash University, Australia. Mice
of both sexes were used at 8-12 weeks of age and data were pooled together because there were no significant sex differences in
 and Gulbransen, 2017b; McClain et al., 2014). Mice were maintained in a
prior work on enteric glial Cx43 (Brown et al., 2016; Grubi
si c
temperature-controlled environment (Innovive, San Diego, CA; Innocage system with ALPHA-dri bedding) on a 12-hour light: dark
cycle with access to acidified water and food ad libitum.
Transgenic mice were generated on the C57BL/6 genetic background. Sox10CreERT2 transgenic mice were a gift from Dr. Vassilis
Pachnis (The Francis Crick Institute, London, England) (Laranjeira et al., 2011). The Sox10 line is well characterized and selectively
 and Gulbransen, 2017b; McClain and Gulbransen, 2017). Transgenic mice with an
targets enteric glia (Delvalle et al., 2018; Grubi
si c
inducible and conditional deletion of Cx43 in neural crest cells marked by SRY-box-containing gene 10 (Sox10)-expressing glia
(Sox10::CreERT2+//Cx43f/f; hereafter referred to as Sox10CreERT2;Cx43f/f) were generated in-house by crossing Sox10CreERT2+/
mice with Cx43f/f mice (B6.129S7-Gja1tm1Dlg/J; Jackson Laboratory; RRID: IMSR_JAX:008039). While Cx43 is widely expressed
in the gut, our prior data show that this targeting strategy selectively deletes glial Cx43 and does not affect Cx43 in other cell types
 and Gulbransen, 2017b). Littermates not expressing Cre were used as background controls (hereafter referred to as con(Grubisic
trol). Cre recombinase activity was started 2 weeks before experiments and induced throughout the study by feeding animals tamoxifen citrate in the chow (400 mg/kg). All mice (including controls) were fed with a tamoxifen diet for the same duration to control for the
potential effects of tamoxifen. Genotyping was performed by Transnetyx, Inc (Cordova, TN).
Human Tissue
Experimental protocols involving human tissues were approved by the Institutional Review Boards at Michigan State University (IRB#
LEGACY02-780S), University of California, Los Angeles (IRB# 11-002504), and the College of Medicine at the Ohio State University
(IRB# 2012H0231 and 2017H0441).
Fresh samples of human jejunum were collected from individuals undergoing Roux-en-Y gastric bypass surgery for weight loss as
previously described (Fried et al., 2017). Human jejunum samples were fixed overnight in Zamboni’s fixative at 4 C, microdissected for whole-mount preparations of longitudinal muscle-myenteric plexus (LMMP) and processed by whole-mount
immunohistochemistry.
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Specimens of the human colon were collected from individuals undergoing resections for Crohn’s disease with low to high visceral
pain status or from patients undergoing resections for bowel trauma, volvulus, intestinal bleeding or diverticulitis without the pain
status that served as controls. Samples were formalin-fixed, paraffin-embedded, and cut in serial 5 mm thick sections for immunohistochemical studies.
Human enteric glial cells were isolated from samples of ileum collected from three individuals (two males and one female) with
Crohn’s disease (two regions were collected from each patient: an inflammation involved region and noninvolved region) and
from an inflammation involved region in ileum from a female patient with Crohn’s disease.
METHOD DETAILS
Dextran Sodium Sulfate (DSS) Induced Colitis
Acute colitis was induced by adding 2% DSS (colitis grade, M.W. 36-50 kDa; MP Biomedical, Solon, OH) to drinking water (2% w/v)
for 7 days. Chronic DSS colitis was induced by intermittent exposure to 2% DSS (1 week on/ 1 off) for 3 intervals. Mice were euthanized 3 days and 7 days after final DSS treatment for acute and chronic time-points, respectively. Macroscopic damage was assessed as described previously (Storr et al., 2009).
Slide and whole-mount immunohistochemistry (IHC)
Paraffin-embedded slides were first deparaffinized by two 10 min incubations with 100% Xylene and one 5 min incubation with
Xylene-ethanol (1:1) solution. Slides were gradually hydrated by 5 min incubations in 100% (twice), 95%, 75%, and 50% ethanol,
rinsed in distilled water, and boiled (95-100 C) for 20 min in an antigen retrieval buffer (pH 6.0) composed of 10 mM citrate buffer,
0.05% Tween 20 and 2 mM EDTA. Immunolabeling on slides was performed as described below.
Whole-mount preparations of myenteric plexus were prepared by microdissection from mouse distal colon or fresh human jejunum
fixed overnight in Zamboni’s fixative or 4% paraformaldehyde at 4 C. Immunolabeling was conducted as described elsewhere (Gulbransen et al., 2012) and is summarized below.
Antibody details are supplied in Table S1. Briefly, slides and whole mounts were rinsed three times (10 min each) in phosphatebuffered saline (PBS) or PBS containing 0.1% Triton X-100 (PBST) followed by a 30 or 60 min incubation in blocking solution [containing 4% normal goat serum (or 5% normal horse serum), 0.1 or 0.4% Triton X-100 and 1% bovine serum albumin]. Primary antibodies were applied overnight at room temperature (RT) or for 48 hours at 4 C before being rinsed three times with PBS. Secondary
antibodies were applied for 1 or 2 hours at RT. Whole mounts were rinsed with 0.1 M phosphate buffer and mounted on slides with
bicarbonate-buffered glycerol (consisting of a 1:3 mixture of 142.8 mM sodium bicarbonate and 56.6 mM carbonate to glycerol) or
ProLong Diamond anti-fade mounting media (ThermoFisher).
The immunolabeling protocol was modified in a subset of experiments to account for primary antibodies that were raised in the
same host (rat anti-CD68 and either rat anti-MHCII or rat anti-F4/80). In this case, a 6-step sequential protocol was used as described
elsewhere (https://www.jacksonimmuno.com/technical/products/protocols/double-labeling-same-species-primary/example-c).
Briefly, after blocking with normal goat serum, samples were 1) incubated with one of the rat primary antibodies overnight at RT;
2) stained with the secondary conjugated goat anti-rat antibody for 2 h at RT; 3) blocked with rat serum solution (4% rat normal serum,
1% BSA, 0.4% Triton X-100) for 1 h at RT; 4) blocked with donkey anti-rat fab fragments diluted 1:50 in donkey serum solution (4%
donkey normal serum, 1% BSA, 0.4% Triton X-100) overnight at RT; 5) incubated the preparations with the other of the rat primary
antibodies overnight at RT; 2) stained with the secondary conjugated donkey anti-rat antibody for 2 h at RT. Each step was followed
by rinsing three times with PBS.
Image Acquisition and Analysis
Epifluorescence images were acquired through the 20x [(PlanApo, 0.75 numerical aperture (n.a.)] and 40x (PlanFluor, 0.75 n.a.) objectives of an upright epifluorescence microscope (Nikon Eclipse Ni, Melville, NY) with a Retiga 2000R camera (QImaging, Surrey, BC,
Canada) controlled by QCapture Pro 7.0 (QImaging). Confocal images were acquired through the 40x (UPLFL, 1.3 n.a.) and 60x (PlanApochromat, 1.42 n.a.) oil immersion objectives of an inverted Olympus Fluoview FV1000 microscope (Olympus, Center Valley, PA),
or by Leica TCS SP8 laser-scanning confocal microscope using an HC PLAN APO 63x oil immersion objective (1.4 n.a.).
Epifluorescence images were analyzed offline using ImageJ software (National Institutes of Health, Bethesda, MD). Cell counts
were performed using the cell counter plug-in of ImageJ software. Enteric neuron and glial cell numbers are presented as ganglionic
packing density, calculated by counting the number of HuC/D-immunoreactive neurons or s100b-immunoreactive glia within the
defined ganglionic area. Mean gray values of glial fibrillary acidic protein (GFAP), CD68, and macrophage colony-stimulating factor
(M-CSF) fluorescence were measured within a defined ganglionic area following background subtraction. Cell counts and ganglionic
expression data analysis were performed on a minimum of 10 ganglia per animal and averaged to obtain a value for that animal. N
values represent the number of animals in each experiment and data is expressed as percent water control or mean intensity units
(IU). Confocal images were processed by MetaMorph 7.0 software (Molecular Devices, LLC, San Jose, CA, United States.). A subset
of confocal images was first deconvolved using Huygens Professional software (v17.10, Scientific Volume Imaging, the Netherlands,
https://svi.nl/). Deconvolution of the Z stacks was carried out using the following settings: number of iterations = 200, signal to noise
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ratio (SNR) = 10, quality change threshold = 0.01. Calculated PSFs of each captured channel were used in all deconvolution processing. The deconvolved images were subsequently rendered using Imaris v9.1.2.
Chemicals and Reagents
Unless otherwise stated, chemicals and reagents for this study were purchased from Sigma-Aldrich (St. Louis, MO).
Histology
Sections of the distal colon were fixed overnight in Zamboni’s fixative at 4 C. Tissue was washed with PBS until cleared. Hematoxylin
and Eosin (H&E) staining was performed on paraffin-embedded cross-sections of the distal colon by the Investigative Histopathology
Laboratory at MSU. A disease activity score was performed in a blinded fashion and modified from previous work (Kim et al., 2012;
Wirtz et al., 2017). Criteria for disease activity scoring are identified in Table S2.
Cytokine/ chemokine multiplex array
Mouse colon tissue samples were homogenized on ice using a tissue grinder in a buffer (pH 7.5) containing: Tris/Tris-HCl (25 mM),
NaCl (130 mM), KCl (2.7 mM), Tween 20 (5% v/v), and a protease inhibitor cocktail tablet (Sigma S8820). The samples were sonicated
with 10 pulses of 1 s intervals and centrifuged at 10,000 x g for 10 minutes at 4 C. Supernatant protein concentrations were measured
on a NanoDrop Lite Spectrophotometer (ThermoFisher Scientific) and samples were adjusted to have the same concentration. An
aliquot of each sample was further diluted (2-4x) and coded. Mouse 31-Plex Cytokine Array / Chemokine Array was run blindly by
Eve Technologies Corp. (Calgary, AB, Canada), and analytes with concentration less than 1 pg/ml were excluded from further analysis. Raw data are available in Table S3.
Visceromotor Responses (VMR) to Colorectal Distention (CRD)
VMR recordings were performed as described and validated elsewhere (Larauche et al., 2010). Briefly, mice were anesthetized using
isoflurane inhalation (2.5% and 1.5% in O2 for induction and maintenance, respectively) and a balloon-pressure sensor was inserted
into the colon approximately 1 cm from the rectum. The balloon-pressure sensor consisted of a balloon (1 cm width x 2 cm length)
secured 1 cm distal from the tip of a pressure transducer catheter (SPR-524 Mikro-Tip catheter; Millar Instruments, Houston, TX,
USA). Each balloon was connected to a barostat and the pressure transducer was connected to a preamplifier (model 600; Millar
Instruments, Houston, TX, USA). The CRD protocol consisted of a series of three consecutive graded phasic distention periods at
a constant pressure of 15, 30, 45, and 60 mm Hg with a 10 s stimulus duration and a 4-minute interstimulus interval. VMR from these
trials were recorded and analyzed in a blinded fashion using LabChart 7 software (ADInstruments, Colorado Springs CO).
In situ activation of myenteric glia
Whole-mounts of myenteric plexus (8 preparations per mouse) were prepared from the distal colon on ice-cold DMEM/Nutrient
Mixture F-12 (Life Technologies) supplemented with L-glutamine and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES).
Media was exchanged after 1 h and antibiotics (penicillin 100 U/mL and streptomycin 100 mg/mL) were added before placing preparation in an incubator (37 C in a 95% O2 / 5% CO2). Subsets of preparations (2 preparations per subset) received 43Gap26 (100 mM),
rat anti-M-CSF blocking antibodies (5 mg/ml, Bio-Techne Ltd, MAB4161), both 43Gap26 and antibodies, or vehicle. After a 1 h incubation, IL-1b (10 ng/ml) was added to half of the preparations and all samples were incubated overnight at 37 C. Samples were fixed
with 4% paraformaldehyde (1 h, RT) the following day, stained for GFAP, CD68, and MHCII (Novus, NBP2-21789), imaged and
analyzed as described above.
Isolation of myenteric plexus cells for flow cytometry and primary cultures
Whole-mount sheets of myenteric plexus from the mouse colon were prepared as previously described (Smith et al., 2013). Briefly,
colons were flushed with ice-cold DMEM/Nutrient Mixture F-12 (Life Technologies) supplemented with L-glutamine and HEPES, the
remaining mesentery was removed, and colons were cut in half to yield two 3-4 cm segments. The segments were individually placed
on plastic rods (z2 mm in diameter) and cotton swabs wetted with the ice-cold DMEM were used to remove the myenteric plexus
and longitudinal muscle layers.
Preparations were rinsed twice with HBSS substituted with HEPES (10 mM) and digested in 2.5 mL of HBSS/HEPES buffer
€ nsch units/ml) and DNase I (100 Kuntz units/ml) for 30 min at 37 C with occasional mixing.
substituted with Liberase TM (0.13 Wu
A gentleMACS Dissociator and gentleMACS C Tubes were used for cell dissociation. The enzyme reaction was stopped by an
ice-cold complete medium composed of DMEM/Nutrient Mixture F-12 supplemented with L-glutamine and HEPES, penicillin and
streptomycin (100 U/mL and 100 mg/mL), and 10% fetal bovine serum (FBS, Denville Scientific, Inc). Cell suspensions were filtered
through a 100 mm cell strainer before culturing or additionally filtered through a 40 mm cell strainer before flow cytometry.
Flow cytometry
Cell suspensions were spun down (10 min at 350 x g and 4 C), resuspended and aliquoted in 1.5 mL centrifuge tubes containing 1 mL
of PBS at RT. Cells were resuspended in 100 ul PBS containing Zombie NIR Fixable Viability dye (diluted 1:500) for 15 min at RT, then
washed with 1 mL of PBS and spun down at 400 x g for 5 min at RT (following washing/centrifugation steps had the same conditions).
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Cells were fixed in 4% PFA for 15 min at RT and washed/spun twice before the addition of flow cytometry buffer (FCB, 1% bovine
serum albumin in PBS) containing TruStain FcX PLUS (1:100) for 15 min @ RT. Rabbit anti-M-CSF antibodies (1:50, Bioss) were
added and incubating overnight at 4 C. Cells were washed twice with PBS and then with PBST (0.1% Triton X-100 in PBS) for
10 min at RT and spun. FCB containing 0.1% Triton X-100 and TruStain FcX PLUS (1:100) was added for 15 min @ RT before adding
chicken anti-GFAP (1:100, Aves) and biotin mouse anti-HuC/D (1:50) antibodies and incubating overnight at 4 C. Cells were washed
twice with PBST before adding FCB containing 0.1% Triton X-100, donkey anti-rat Alexa 647 (1:200), goat anti-chicken Alexa 488
(1:200), and streptavidin DyLight 405 (1:500) for 1 h at RT. Cells were washed once with PBST and once with FCB before resuspension in 300 ml of FCB and analyzed on a BD LSR II [Becton Dickinson (BD) Biosciences, San Jose, CA] run by BD FACSDiva v8.0.1.
Compensation was performed using unstained and single stained (compatible primary and secondary antibody) cells. Each fully
stained sample was run in duplicate acquiring 20,000 events. Fluorescence minus one (FMO) controls and cells stained with only
one of each of the secondary antibodies were run for proper gating. Post hoc analysis was performed using FCS Express 7 Research
Edition (Win64) v7.01.0018. After gating for single live cells (Figure S5; Figure 5A), gatings for M-CSF+, Hu+, or GFAP+ cells were set
to include < 1% of pertained FMO or secondary antibody only controls (Figure 5B).
Primary cultures of mouse enteric glia
Enteric glia were isolated and cultured using a modification of protocols described elsewhere (Smith et al., 2013). Enteric glia were
isolated as described above and plated in 24-well plates on coverslips coated with poly D-Lysine (100 mg/ml) and laminin (25 mg/ml).
Cell suspensions were initially seeded in the complete medium and plates were placed in an incubator (37 C, 95% O2 / 5% CO2). New
media composed of DMEM/Nutrient Mixture F-12 supplemented with L-glutamine and HEPES, and substituted with antibiotics (penicillin 100 U/mL and streptomycin 100 mg/mL), GIBCO N-2 Supplement (0.2%), GIBCO G-5 Supplement (0.2%), and mouse NGF-b
(0.05%) was exchanged every 2 days. Cells reached 50%–80% confluency with 2 weeks. Experimental drugs including 43Gap26
(100 mM), IL-1b (1 ng/ml), 43Gap26 and IL-1b, or vehicle were added to media the day before collection for protein kinase C
(PKC) and tumor necrosis factor a-converting enzyme (TACE) activity assays.
Immunocytochemical identification of glial cells in primary cultures of mouse enteric glia
Cultures of primary mouse enteric glia were seeded onto coated glass coverslips and reached 50%–80% confluency by 2 weeks.
Cells were rinsed twice with Hank’s balanced salt solution (HBSS) and fixed with freshly prepared 4% (w/v) paraformaldehyde for
20 min at RT. Coverslips were rinsed three times with PBS and cells were permeabilized with PBST for 10 min at RT. Cells were incubated in blocking solution (4% normal goat serum, 0.1% Triton X-100, and 1% bovine serum albumin) for 30 min at RT. Primary antibodies were applied for 2-3 hours at RT before being rinsed three times with PBS. Secondary antibodies were applied for 1-2 hours
at RT. Coverslips were rinsed twice with PBS and once with 0.1 M phosphate buffer and mounted on slides with DAPI FluoromountG (SouthernBiotech, 0100-20).
PKC activity assay
Lysis buffer, made from Tris-buffered saline, Nonidet P 40 Substitute (1%), and SIGMAFAST Protease Inhibitors (used per instructions), was added to each well and plates were placed on ice for 10 min. Cells were scraped and lysate collected in prechilled tubes.
Cell lysates were centrifuged at 13,000 x g for 15 min at 4 C and clear supernatants were transferred to new prechilled tubes, snapfrozen on dry ice, and stored at 80 C. Cell lysates were thawed on ice and assessed using a PKC Kinase Activity Assay Kit (used per
instructions). An aliquot of each lysate was also assayed with a Bicinchoninic Acid (BCA) Kit for Protein Determination (used per instructions). Sample absorbance (optical density 450 nm or 562 nm, respectively) was recorded using an Infinite M1000 PRO microplate reader (Tecan Group Ltd, Männedorf, Switzerland) run by i-controlTM microplate reader software (Tecan), v1.6.19.2. Raw background-subtracted PKC activity values were normalized to total protein concentration.
TACE activity assay
Accutase was added to each well and plates were incubated at 37 C for 10 minutes to detach cells. Cells were dislodged, placed in
tubes, and centrifuged for 5 min at 400 x g at RT. The pellet was resuspended and a SensoLyte  520 TACE (a - Secretase) Activity
Assay Kit was used to assess TACE activity (per instructions). After adding the TACE substrate solution into each well, the plate was
mixed and sample fluorescence intensity was immediately recorded by an Infinite M1000 PRO microplate reader (Tecan) using i-controlTM microplate reader software v1.6.19.2 (Tecan) or Synergy H1 microplate reader (BioTek Instruments, Inc., Winooski, Vermont,
USA) using Gen5 software (BioTek Instruments, Inc.). Excitation/emission wavelengths were 490/520 nm. An aliquot of live cell suspension was used for manual cell counting on a hemocytometer to determine cell density. Raw TACE activity values were normalized
to the cell density and to untreated controls that originated from the same colon.
Isolation of glial cells from human intestinal surgical specimens, purification and primary cultures of human enteric
glia
The procedure was described in detail elsewhere (Liñan-Rico et al., 2016). Briefly, tissue collection was carried out by a surgeon; it
was immersed immediately in ice-cold oxygenated Krebs solution and promptly transported to the research facilities within 15 minutes in coordination with the clinical research team and pathology. For isolating myenteric ganglia, tissue was pinned luminal side
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facing up in a Sylgard lined Petri dish under a stereoscopic microscope and the mucosa, submucosa, and most of the circular muscle
were dissected away using scissors, and then flipped over to remove longitudinal muscle by dissection. Myenteric plexus tissue was
minced (0.1–0.2 cm2 pieces) and dissociated in an enzyme solution (0.125 mg/ml Liberase, 0.5 mg/ml Amphotericin B) prepared in
Dulbecco’s modified Eagle’s medium (DMEM)-F12, for 60 minutes at 37 C with agitation. Ganglia were removed from the enzymatic
solution by spinning down, and re-suspending in a mixture of DMEM-F12, bovine serum albumin 0.1%, and DNase 50 mg/mL. This
solution, containing the ganglia, was transferred to a 100-mm culture dish and isolated single ganglia free of smooth muscle or other
tissue components were collected with a micropipette while visualized under a stereoscopic microscope and plated into wells of a
24-well culture plate and kept in DMEM-F12 (1:1) medium containing 10% FBS and a mixture of antibiotics (penicillin 100 U/mL,
streptomycin 100 mg/mL, and amphotericin B 0.25 mg/mL) at 37 C in an atmosphere of 5% CO2 and 95% humidity. After cells reach
semi-confluence in 3 to 4 weeks, human enteric glia were enriched and purified by eliminating/separating fibroblasts, smooth muscle, and other cells. Glial cell enrichment and purification were achieved by labeling the isolated cells with magnetic microbeads
linked to anti-specific antigen, D7-Fib, and passing them through a magnetic bead separation column following the manufacturer
instructions (Miltenyi Biotec Inc., San Diego, CA). This purification protocol was performed twice (P1 and P2) to reach a cell enrichment of up to 10,000 fold.
After reaching confluency, the glial cells were cultured for 24 h in 10% FBS media. After 24h the media was exchanged with fresh
0.1% FBS media and collected after 24 h and immediately frozen at 80 C (24 h control supernatants). The glial cultures were then
incubated for 1 h in 0% FBS media and this was also collected and immediately frozen down (1 h control supernatants). The glial cells
were allowed to recover overnight in 10% FBS media. After the recovery period, the glial cells were incubated with 1 ng/ml of IL-1b in
regular cell medium for 6 h and fresh 0.1% FBS media was exchanged and collected for another 24 h (24 h IL-1b stimulated supernatants). This media was exchanged for 0% FBS media and incubated another hour and collected and frozen (1 hr IL-1b stimulated
supernatant). The same induction and supernatant collection procedures were performed on subsets of human glia subcultures preincubated with a 100 mM of Cx43 mimetic peptide 43Gap26. Cultured cells were counted after the final supernatant collection.
Immunochemical identification of glial cells in primary cultures of human enteric glia
We harvested single ganglia, isolated and cultured glial cells using an approach that yields preparations with > 95% purity (Liñan-Rico
et al., 2016). To confirm the identity of glial cells in the cultures, we used immunohistochemistry. Human enteric glia were fixed in 4%
paraformaldehyde for 15 minutes at room temperature, rinsed 3 times with cold phosphate-buffered saline (PBS) 0.1 M, and placed
at 4 C until further processing. Cells were treated with 0.5% Triton X-100, 10% normal donkey serum in PBS to permeabilize the cells
and block nonspecific antibody binding for one hour at room temperature. The primary antibody was diluted in PBS, 0.5% Triton X100, and 1% normal donkey serum, and were incubated with cells overnight (18–24 h) at 4 C. The next day, preparations were rinsed
3 times in 0.1M PBS and incubated 2 hours at room temperature in secondary antibody diluted in PBS, 0.5% Triton X-100, and 1%
normal donkey serum. Polyclonal rabbit anti-S100b antibody (1:200 dil., Abcam, Cambridge, MA), mouse monoclonal anti-a smooth
muscle/epithelial actin antibody (1:50–1:500 dil., cat #ab18147; Abcam), rabbit anti-GFAP antibody (1:500 dil., cat #z0334; DAKO,
Carpinteria, CA), monoclonal mouse anti-fibroblast / epithelial cell antibody (1:100– 1:500 dil., cat #NB600–777; Novus Biologicals,
Littleton, CO) and monoclonal mouse anti-HuC/D antibody (1:50 dil., cat #A21271; ThermoFisher, Cambridge, MA) were used for
analysis. Alexa Fluor 488 or 568 donkey anti-mouse or anti-rabbit secondary antibodies were used at a dilution of 1:400 (Cambridge,
MA). The omission of primary antibodies was used to test for background staining of the secondary antibodies. Pre-absorption of
primary antisera with immunogenic peptides abolished immunoreactivity. Data confirmed previous reports by Turco et al. (2014)
and are not shown, except for illustrating that all cells express s100b immunoreactivity.
Quantification of M-CSF from supernatants of cultured human enteric glia
Frozen supernatants were first thawed and purified/concentrated using prewashed Amicon Ultra-2 mL columns (pore size 10 KDa;
UFC201024, MilliporeSigma, Burlington, MA) at the maximum recommended centrifuge speed for 30 min at room temperature. Each
concentrate was diluted with Assay Diluent B of the human M-CSF ELISA kit (ELH-MCSF-1, RayBio, Peachtree Corners, GA) and
run in duplicates. Absorbance was measured on the Infinite M1000 PRO microplate reader (wavelength 450 nm; Tecan Group Ltd,
Mannedorf, Switzerland) using i-controlTM microplate reader software (Tecan, version 1.6.19.2). Raw concentrations, obtained from
the human M-CSF standard dilution curve, were adjusted for the concentration factor and total cell number.
RNA isolation from primary human enteric glia and NanoString nCounter Gene Expression Assay of selected
connexins
Cells were lysed in TRIZOL (Life Technologies) and frozen at 80 C. Total RNA isolation was done using the TRIZOL method and after
the separation of aqueous and organic phases, an RNA kit (NORGEN Biotek Corp., Ontario, Canada) was used to purify and increase
the concentration of the RNA. Gene expression analysis was done using the Nanostring nCounter Analysis System (Nanostring Technologies, Seattle, WA).
Agilent RNA 6000 Nano Chip was used to evaluate the RNA quality. NanoString nCounter technology is based on direct detection
of target molecules using color-coded molecular barcodes, providing a digital simultaneous quantification of the number of target
molecules. Total RNA (200ng) was hybridized overnight with nCounter Reporter (20 mL) probes in hybridization buffer and excess
of nCounter Capture probes (5 mL) at 650C for 16-20 hours. The hybridization mixture containing target/probe complexes was
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allowed to bind to magnetic beads containing complementary sequences on the capture probe. After each target found a probe pair,
excess probes were washed, followed by a sequential binding to sequences on the reporter probe. Biotinylated capture probe-bond
samples were immobilized and recovered on a streptavidin-coated cartridge. The abundance of specific target molecules was then
quantified using the nCounter digital analyzer. Individual fluorescent barcodes and target molecules present in each sample were
recorded with a CCD camera by performing a high-density scan (600 fields of view). Images were processed internally into a digital
format and were normalized using the NanoString nSolver Software analysis tool. Counts were normalized for all target RNAs in all
samples based on the positive control RNA, to account for differences in hybridization efficiency and posthybridization processing
including purification and immobilization. The average was normalized by background counts for each sample obtained from the
average of the 8 negative control counts. Subsequently, a normalization of mRNA content was performed based on internal reference
housekeeping genes using nSolver software (NanoString Technologies). Nanostring probes for selected connexin and housekeeping
genes are in Table S4.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data were analyzed using Prism 7 (GraphPad Software, San Diego, CA) and are shown as mean ± standard error of the mean (SEM)
unless stated otherwise such as mean ± standard deviation (SD), mean ± range, and median ± 95% confidence interval. Sample sizes
were determined from previous experimental data using a power of 0.8 and a significance level of 0.05. The DSS-treated group was
assigned by splitting the same genotype and sex littermates into two cohorts and treating one of them with DSS. The DSS-treated
cohort had an extra member if the total of the same genotype and sex littermates was an odd number. Male and female data were
pooled and tested for normality using D’Agostino and Pearson or Shapiro-Wilk tests. Outliers were excluded using the ROUT method
(Q = 5%). Data were analyzed by two-way analysis of variance (ANOVA) followed by a Tukey, Bonferroni, or Sidak post hoc tests or
when applicable a two-tailed Welch’s t test and ANOVA followed by Dunnett’s multiple comparisons test. A P value of less than 0.05
was considered significantly different from the null hypothesis. Statistical details of experiments such as the statistical tests used, the
exact value of n, what n represents (e.g., number of animals, number of cells, or number of patients, etc.), the definition of center and
dispersion/precision measures (e.g., mean ± SD) can be found in the figure legends, figures, and Results.
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