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Abstract

Background & Aims—In the enteric nervous system, neurotransmitters initiate changes in Ca2*
(Ca?* responses) in glia, but it is not clear how this process affects intestinal function. We
investigated whether Ca2*-mediated responses in enteric glial are required to maintain
gastrointestinal function.

Methods—We used in situ Ca?* imaging to monitor glial Ca* responses, which were
manipulated with pharmacologic agents or via glia-specific disruption of the gene encoding
connexin-43 (Cx43) (hGFAP::creERT2*/~/Cx43"f mice). Gastrointestinal function was assessed
based on pellet output, total gut transit, colonic bead expulsion, and muscle tension recordings.
Proteins were localized and quantified by immunohistochemistry, immunoblot, and reverse
transcription PCR analyses.
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Results—Ca2* responses in enteric glia of mice were mediated by Cx43 hemichannels. Cx43
immunoreactivity was confined to enteric glia within the myenteric plexus of the mouse colon; the
Cx43 inhibitors carbenoxolone and 43Gap26 inhibited the ability of enteric glia to propagate Ca%*

responses.

In vivo attenuation of CaZ* responses in the enteric glial network slowed gut transit

overall and delayed colonic transit—these changes are also observed during normal aging. Altered

motility w

ith increasing age was associated with reduced glial Ca?*-mediated responses and

changes in glial expression of Cx43 mRNA and protein.
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INTRODUCTION

METHODS

Animals

The enteric nervous system (ENS) acts as the principal regulator of gastrointestinal
functions. Its functional output is mainly considered a product of integration between
neurons but recent evidence may implicate involvement of enteric glia (EG) in this process’.
EG surround neuron cell bodies and processes and “listen” to neuronal conversations?.
Specifically, purines released from neurons in the myenteric plexus (MP) recruit Ca2*
responses in the surrounding EG, in vitro3 and in situ?, including during physiological
patterns of gut motility*. However, the physiological significance of glial Ca%* responses is
still highly contested® and evidence demonstrating any role of glial Ca?* responses in
gastrointestinal physiology is currently lacking.

Experimental models that specifically ablate EG® or poison them with metabolic toxins®
suggest that functional EG are necessary for the maintenance of gastrointestinal function.
However, these bold approaches lack the ability to specifically affect particular glial
functions.

As indicted above, the importance of glial Ca2* responses in normal gut physiology is
unknown. We hypothesized that EG Ca2* responses are necessary to maintain the fidelity of
gastrointestinal function. In the present study, we found that EG express a cell surface
hemichannel composed of connexin-43 (Cx43) that is necessary for the propagation of Ca*
responses among glia. Consequently, we investigated how glial CaZ* responses influence
gut motility and intestinal transit by using an inducible, glial-specific Cx43 knock-out
mouse model that blunts the ability of EG to initiate intracellular Ca%* responses. We find
that selectively hampering EG Ca?* responses slows gut transit, creating a similar phenotype
as observed during normal aging. Indeed, we also found that glial Ca2* responses are
subdued in parallel with a slowing of motility across normal adult life in mice, associated
with changes in Cx43 expression/transcription. Our results suggest that EG Ca?* responses
play an essential role in the enteric regulation of gut function.

C57BI/6 mice of both genders, unless otherwise stated, were used (Harlan Laboratories, Inc.,
Indianapolis, IN). Mice were maintained in a temperature-controlled environment on a 12:12
hour light:dark cycle, with ad libitum access to food and water. Experimental protocols were
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approved by Institutional Animal Care and Use Committees at Michigan State University
and University of Alabama at Birmingham.

Transgenic mice were generated on C57BI/6 genetic background. The inducible and
conditional knock-out (i-cKO) Cx43 mouse model (i.e. hGFAP::creERT2*/~/Cx43f) was
generated by crossing two parental lines: (i) line with floxed exon 2 of Cx43 (Cx437"9, and
(ii) hGFAP::creERT2*/~ line that utilizes a human glial fibrillary acidic protein (GFAP)
promoter to drive the expression of a fusion protein between Cre recombinase and the
mutated estrogen receptor (ERT2) responsive to the active 4-hydroxy of tamoxifenl0.
Additionally, we crossed the Cre reporter line Rosa26/CAG::STOPf/fl::tdTomato®! (The
Jackson Laboratory, stock number 007914) with the hGFAP::creERT2*/~ line or with the
ickO animals, resulting in double (hnGFAP::CreERT2+/~/tdTomato*/~) and triple
(hGFAP::CreERT2+/-/Cx43f/tdTomato*/~) transgenic animals, respectively. To induce
knock-out of Cx43 from EG of male mice at 3 months of age (m.o.a). we used following
induction protocols: (i) animals were fed with tamoxifen citrate (400 mg/kg) for 6 weeks'2
and then 2 weeks with normal food before the in vivo experiments; (ii) to confirm reduction
of Cx43 by immunohistochemistry animals were injected with tamoxifen free base (1 mg
per 10 g of body weight; Sigma, Cat. No. T5648) twice a day for five days1? or fed with
tamoxifen citrate (400 mg/kg) for 2 weeks. Of note, the treatments we used require
tamoxifen conversion to the active 4-hydroxy form in the liver and leads to recombination in
astroglia regardless of their location. Genotyping was performed in house and commercially
(Transnetyx, Inc, Cordova, TN).

Ca?* imaging

Whole-mount preparations of the MP from mouse colons were processed as described
elsewherel3, Images were acquired every 1-2 s through the 40X water immersion objective
[LUMPIan N, 0.8 numerical aperture (n.a.)] of an upright Olympus BX51WI fixed stage
microscope (Olympus, Center Valley, PA) using 1Q2 software and a Neo sSCMOS camera
(Andor, South Windsor, CT). Whole-mounts were continually perfused with buffer solution
(~37°C) at 2-3 mL min1,

Whole-mount immunohistochemistry

Whole-mount preparations of the colonic MP were subjected to immunohistochemistry as
described previously!3. Antibody details are supplied in Supplementary Table 1. Images
were acquired through the 40X (PlanFluor, 0.75 n.a.) objective of an upright epifluorescence
microscope (Nikon Eclipse Ni, Melville, NY) with a Retiga 2000R camera (QImaging)
controlled by QCapture Pro 7.0 (QImaging) or the 20X and 60X objectives (PlanApo N,
0.85 and 1.42 n.a., oil, respectively) of a FluoView FV 300 (Olympus) confocal laser
scanning microscope. Mean fluorescence intensity was measured using ImageJ (NIH) from
a minimum of 10 ganglia per animal.

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

Total mMRNA was isolated from colons following removal of mucosa and submucosal plexus
using TRIzol® Reagent (Invitrogen) and reverse transcribed (Superscript® First-Strand
Synthesis Kit, Invitrogen) following the manufacturer's protocol. Quantitative PCR was
performed using a Tagman gene expression assay for mouse Cx43 in a 7500 Real-time PCR
System (Applied Biosystems, Foster City, CA). Fold changes from 2 m.o.a. animals were
calculated using the 2-AACT method!#; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used for normalization.
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Western blot

After removing the mucosa and submucosa, colons were placed into RIPA buffer,
containing a cocktail of protease inhibitors, snap frozen on dry ice and homogenized. Protein
concentration was measured using a BCA protein assay kit (Bio-Rad, Hercules, CA).
Aliquots containing ~40 g of protein were resolved in 8% SDS-PAGE under reducing
conditions and transferred to a nitrocellulose membrane. The membrane was blocked with
1% BSA in PBS for 1 hour and incubated with primary antibody overnight at 4°C. After
washing, the membrane was incubated with secondary antibody before imaging on a Li-Cor
Odyssey (Li-Cor, Lincoln, NE). Band intensity was analyzed using Image Studio (Li-Cor)
and expressed as a ratio of f-actin.

Colon bead assay

Distal colonic transit time was measured using glass beads (2 mm in diameter) as described
previously®.

Pellet production

Fecal pellet output was measured!® at zeitgeber +3 for 1h and fluid content was calculated?®.

Whole gut transit

Whole intestinal transit time was determined as previously described!’.

Contractility studies

Solutions

RESULTS

We performed colon contractility studies as previously described!3. Briefly, isometric
contractions were recorded from segments of distal colon under 1 g passive tension with a
force transducer (Grass Instruments, Quincy, MA) and responses charted with Labscribe
(iworx, Dover, NH). Responses were normalized to an initial carbachol-stimulated
contraction. Electrical field stimulation (EFS; 20 V, 5-40 Hz) and (10 Hz, 10-40V) was
applied through platinum concentric electrodes to evoke neurogenic contractions/
relaxations. Maximum relaxations were stimulated by sodium nitroprusside (SNP, 10 pM)
and tetrodotoxin (TTX, 0.3 pM) was used to confirm EFS-evoked responses were
neurogenic.

Modified Krebs buffer contained (in mmol/L): 121 NaCl, 5.9 KCl, 2.5 CaCl,, 1.2 MgCl,,
1.2 NaH,POy4, 10 HEPES, 21.2 NaHCOs3, 1 pyruvic acid, 8 glucose (pH adjusted to 7.4 with
NaOH). 3 pmol/L nicardipine and 1 pmol/L scopolamine were added to inhibit muscle
contractions during Ca2* imaging and whole-mount dissections.

Enteric glia express connexin-43

Propagation of CaZ* responses between EG depends on their ATP release through
hemichannels!8. Given that Cx43 hemichannels are the most prominent form expressed by
astrocytes and participate in purine release!®-21, we hypothesized that Cx43 hemichannels
are responsible for propagated Ca?* responses between EG. Because Cx43 expression
within the ENS is uncharacterized, we began by evaluating the distribution of Cx43 within
the MP. We found that Cx43 is distributed throughout the mouse colon MP and localizes to
the cell bodies and processes of EG (Fig. 1A-A”). Cx43-immunoreactive plaques colocalize
with GFAP-immunoreactive glial processes and are distributed across most, if not all
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myenteric glia. Thus, the pattern of Cx43 immunoreactivity and localization to EG within
the MP is consistent with the localization of Cx43 on astrocytes in the CNS2223,

The above approach could not discount the possibility that enteric neurons also express
Cx43. To determine the breadth of Cx43 expression throughout the ENS, we used an
inducible and conditional knock out (i-cKO), hGFAP::CreERT2+/~/Cx43f mouse model°
(see also material and methods). Tamoxifen administration to i-cKO animals selectively
knocks out Cx43 gene in GFAP positive EG. We also crossed i-cKO with a reporter line
where Cre recombinase drives expression of tdTomato to facilitate the assessment of the
efficiency and specificity of Cre-mediated recombination (triple cross line denoted as
hGFAP::CreERT2+/-/Cx43f/tdTomato*/"). As controls, we used hGFAP::CreERT2+/~/
tdTomato*/~ mice to rule out confounding effects of transgene expression or tamoxifen
treatment. Induction of Cre recombinase with tamoxifen in hGFAP::CreERT2*/~/tdTomato*/~
mice drove robust expression of tdTomato in myenteric glia of the mouse colon
(Supplementary Fig. 1) and immunolabeling for Cx43 remained comparable to wild type in
both intensity and distribution (Fig. 1B-B”). In contrast, tamoxifen treatment induced a loss
of Cx43 immunoreactivity within the MP in hGFAP::CreERT2*/-/Cx43fjtdTomato*/~ mice
without overtly altering glial morphology (Fig. 1C-C”). From these results, we conclude that
Cx43 is expressed predominantly, if not exclusively, by EG within the mouse MP and that
our transgenic mouse strategy efficiently removes EG Cx43.

Purine-evoked enteric glial network responses require connexin-43

We next tested if EG Cx43 hemichannels are necessary for propagated Ca2* responses
among EG (Fig. 2a). We began by directly assessing how the pharmacological inhibition of
Cx43 with carbenoxolone (CBX; 50 M) affects the ability of glia to respond to purines and
propagate Ca?* responses. Stimulation of glial P21 receptors with the agonist ADP (100
M) elicited robust Ca?* responses (average peak AF/F = 0.9825 + 0.1; Fig. 2B, E) in an
average of 20 £ 2 glia per myenteric ganglion (Fig. 2B, D). CBX reduced the number of
responding glia per ganglion by 60% (8 £ 2 glia per myenteric ganglion) (Fig. 2B, D). Peak
Ca?* responses in glia still exhibiting responses in the presence of CBX were reduced by
75% (Fig. 2E).

Although CBX at 50 M is relatively selective for Cx4324, unintended effects mediated by
modulation of other channels are possible. Consequently, we repeated the above
experiments with a selective, small molecule mimetic peptide inhibitor of Cx43
hemichannels (43Gap26; 20 1M40). Similar to CBX, 43Gap26 significantly reduced both
the number of glia per ganglion responding to ADP by 85% (3 * 1 glia per ganglion; Fig.
2C-C’ and D) and peak CaZ* responses in those glia by 56% (Fig. 2E). Importantly, glial
responses in the presence of 43Gap26 were not significantly different from those in the
presence of CBX. Thus, Cx43 hemichannels are necessary for propagated Ca2* responses
through the EG network initiated by exogenous agonists.

Purine-evoked enteric glial network responses require connexin-43

To determine if Cx43 is required for glial responses initiated by endogenous agonists, we
stimulated enteric neuron—to—glia communication with the neuronal P2X7 selective agonist
BzATP (100 M) and monitored glial Ca%* responses (generated neuron released purines) in
the presence or absence of CBX. As we previously described3, BzATP elicited robust Ca*
responses in enteric neurons followed by Ca2* responses in the surrounding EG (Fig. 3B).
Blockade of Cx43 channels with CBX did not affect the ability of enteric neurons to respond
to BzATP (Fig. 3B’) but attenuated subsequent glial responses by 91.4 + 4% (Fig. 3B). The
remaining minority of responsive glia, however, failed to recruit Ca2* responses in
surrounding glia (Fig. 3C). These results suggest that Cx43 function is necessary for the
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propagation of responses through the EG network initiated by endogenous
neurotransmitters.

Selective ablation of glial connexin-43 alters gastrointestinal motility

We hypothesize that glial Ca2* responses modulate mechanisms that control gut motility.
Given that inhibition of Cx43 hemichannels limited glial Ca2* responses, we hypothesized
that selectively ablating glial Cx43, and thus Ca2* responses, would impair gut function. We
tested our hypothesis by assessing in vivo gut function in our i-cKO mouse line
(hGFAP::CreERT2+/~/Cx43f) Whole gut transit time tended to be prolonged in mice
following excision of Cx43 from EG, but on average, this trend was not significant (Fig.
4A). Specifically assessing colonic function with the colon bead assay revealed a significant
delay in colonic transit time in mice lacking glial Cx43 (Fig. 4A). Likewise, the number and
total wet mass of endogenous fecal pellets produced per hour was not significantly altered in
mice lacking glial Cx43 (data not shown) but fecal pellets produced contained significantly
less fecal matter and an elevated fluid content (Fig. 4B).

To more accurately assess colonic function, we performed isometric muscle strip recordings
in i-cKO mice. In these experiments we utilized mice hemizygous for floxed Cx43
(hGFAP::CreERT2+/=/Cx43Wh to induce a partial glial defect while circumventing possible
compensatory actions by glia. EFS evoked biphasic muscle responses characterized by an
initial relaxation followed by contraction in colons from both control and i-cKO mice. The
amplitude of both relaxations and contractions were significantly diminished in mice with
reduced levels of glial Cx43 (Fig. 4C, D). Carbachol (1-100 1M) produced concentration-
dependent increases in the contractile force in mice of both genotypes yet the amplitude of
contractions to carbachol were rightward shifted in the i-cKO mice (7.9 £ 0.7 mN vs. 16 £ 2
mN at 10 uM and 9.1 £ 1 mN vs. 17 £ 2 mN at 30 pM; n=5). Relaxations induced by the
nitric oxide (NO) donor SNP (10 pM) measured after treatment with carbachol (30 pM)
were similar in both i-cKO and controls. These results indicate that Ca2* responses through
the EG network mediated by Cx43 are necessary to maintain the normal fidelity of gut
motility and that a loss of glial Cx43 impairs both excitatory and inhibitory neuromuscular
transmission in the mouse colon.

Selective ablation of glial connexin-43 mirrors functional gastrointestinal changes with

age

The above selective ablation of glial Cx43 in adulthood resulted in a phenotype highly
reminiscent of functional changes in gut motility with advancing age2°26. Thus, we
hypothesized that glial alterations contribute to the slowing of motility in aging adult mice.

In agreement with previous findings in humans2® and rats2, we find that gastrointestinal
motility declines throughout adulthood in mice. Whole gut transit and latency of colonic
bead expulsion (Fig. 4E) were both prolonged in 12 m.o.a. mice compared to 2 m.o.a. mice
and fecal pellet output declined between 5 — 12 m.o.a. (Fig. 4F). Thus, our results suggest
that a loss of glial Cx43 produces similar functional changes in gastrointestinal transit as
observed in aging.

Slowing of gut transit with age is associated with a decline in enteric glial
Ca?* responses

Because limiting glial Ca2* responses produced a similar functional deficit in gut motility as
observed during aging, we postulated that altered glial Ca2* responses are a contributing
mechanism underlying functional gastrointestinal changes with age. We tested this notion by
assessing the maintenance of glial Ca2* responses across adult lifespan initiated by directly
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or indirectly challenging EG, either by ADP (100 pM) or by stimulating enteric neuron—to—
glia transmission with BzATP (100 j1M), respectively, in tissue from 2 and 12 m.o.a.
animals. When compared to 2 m.o.a. animals (Fig. 5B), fewer number of EG mobilized Ca2*
in response to ADP in 12 m.o.a. animals (Fig. 5A-B) and peak Ca2* responses in those glia
exhibiting responses were reduced by 81 + 11% (Fig. 5C). In contrast, similar numbers of
enteric neurons responded to ADP with small Ca2* responses in both 2 and 12 m.o.a.
animals (Fig. 5B), but peak neuron Ca?* responses to ADP were reduced by 73 + 11% (Fig.
5C) in 12 m.o.a. animals.

To assess if glial Ca2* responses initiated by endogenous purines are altered during
adulthood, we stimulated purine release from enteric neurons with BzATP13 and examined
glial CaZ* responses. Glial CaZ* responses to the BzATP stimulus were rare in 12 m.o.a.
animals (Fig. 6A) and peak Ca2* responses were reduced by 81 + 12% (Fig. 6B). The 82%
reduction in the number of glia responding is far greater than the 21% reduction in glial
packing density within ganglia observed over the same time period (Fig. 6C). Therefore,
reduced glial numbers cannot account for the reduction in glial responsiveness.

Interestingly, the number of neurons responding to BZATP in 12 m.o.a. animals was reduced
to 44% (Fig. 6A). Fewer enteric neurons may respond because humans?’ and experimental
animals?® experience an age related decline in preponderance of myenteric neurons.
Consistent with this notion, the packing density of enteric neurons declined by 25% in 12
m.o.a. mice (Fig. 6C).

Expression and localization of crucial signaling components involved in the neuronal
generation of ATP and the extracellular conversion of ATP to ADP, including P2X7
receptors, pannexin-1 and NTPDase2 and NTPDase3 were comparable between 2 to 12
m.o.a. suggesting that evoked responses in neurons maintain the potential to activate glial
Ca?* responses (Supplementary Fig. 2).

In all, these observations suggest that altered glia mechanisms limit purine—initiated Ca2*
responses through the EG network of the mouse colon in adult life and that these changes
parallel functional changes in gut motility.

connexin-43 expression is altered by aging

Our results indicate that altered Cx43 function limits EG Ca2* responses (Figs. 2-3) and that
glial CaZ* responses decline with advancing age (Figs. 5-6). Thus, we hypothesized that
glial Cx43 expression is altered during aging. Mean immunofluorescence intensity (Fig. 7A)
and protein expression (Fig. 7B-B”) of Cx43 remained relatively stable between 2-12 m.o.a.
(Fig. 7A-B) but immunoreactivity for Cx43 increased in variability at 5 m.o.a. (Fig. 7A’-
A’”). Analysis by rtPCR revealed a near doubling of Cx43 mRNA expression in 12 m.o.a.
animals as compared to 2 m.o.a. animals (Fig. 7C). Taken together, these data indicate that
glial expression of Cx43 becomes dysregulated with age.

DISCUSSION

Our observations provide the first evidence that EG Ca?* responses regulate gastrointestinal
function. We found that Cx43 expression is confined to EG within the ENS of the mouse
colon and our data show that Cx43 is required for EG to propagate Ca* responses. Further,
our data show that blunting glial Ca2* responses by interfering with Cx43 hemichannels
slows colonic transit. Thus, our data support the hypothesis that Ca2* signaling amongst EG
acts to regulate gastrointestinal motility.
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EG are increasingly recognized as active participants within enteric circuits. Hence, it has
been demonstrated that neuronal activity initiates glial Ca2* responses?, which can occur
during physiological patterns of ENS activity that underlie gut motility4. Our present data
suggest that these glial CaZ* responses do in fact play an essential role in modulating
gastrointestinal motility and that a loss of glial communication impairs colonic function.
Similar to aging mice, Cx43 i-cKO mice had no significant reduction in the number of
pellets and wet mass produced per hour. However, we found that the composition of fecal
pellets in Cx43 i-cKO mice is significantly altered. Pellets from these mice contain less
matter and higher fluid content (Fig. 4B). This result is in contrast to the retarded colonic
transit of i-cKO animals (Fig. 4A), which would provide more time for water removal. This
novel finding suggests that enteric glia at the level of the submucosal plexus are necessary
for the coordination of water reabsorption/secretion in the colon.

We find that the ability of endogenous and exogenous purines to initiate Ca* responses in
EG declines concomitantly with a slowing of colonic transit in adult life. Our observations
suggest that Cx43 dysregulation contributes to limited glial Ca* responses with age. Our
results support previous findings showing that Cx43 function declines with age in
astrocytes??, In our hands, inhibition of Cx43 in 2 m.o.a. animals recapitulates the limited
glial signaling observed in 12 m.o.a. animals by constraining the number of responding glia
and diminishing the peak Ca?* responses of glia. Further, our analyses of Cx43 mRNA and
protein expression suggest that Cx43 expression is altered with advancing age in the adult
gut. Of note, Cx43 gene, Gjal, mutations lead to oculodigitodental dysplasia syndrome;
patients have variable bowel disturbances°, which is expected as some mutations lead to a
decreas% l(relevant in the proposed study), while others to an increase in the activity of Cx43
channel*.

Many bioactive molecules exert effects on Cx43 function and/or expression32. Our current
data suggest that post-translational modifications of Cx43 may contribute to low function
with age because we found no overall change in Cx43 protein expression. Alternatively,
increased Cx43 internalization and degradation could explain our results as we observed
elevated Cx43 mRNA expression with no change in protein. However, the present
expression data should be interpreted with caution as expression of Cx43 by intestinal
smooth muscle cells may mask subtle changes specific to glia33. Our current functional data
demonstrates that even a partial defect in glial Cx43 is sufficient to induce organ
dysfunction because an excision of one copy of glial Cx43 resulted in abnormal colonic
contractility. Thus, our current methods of assessing Cx43 expression in tissue may lack the
sensitivity needed to observe small, cell-type-specific alterations in Cx43 expression within
glia, which appears to be more accurately reflected by Ca2* imaging.

While the factors that alter glial Cx43 in adult life are currently unclear, we speculate that
glial changes reflect an increasingly pro-inflammatory environment in the gut wall3*. Cx43
expression32 and function3® are modulated by inflammation36:37 and inflammatory stimuli
differentially regulate Cx43 expression in astrocytes depending on the type, duration and
distance from the inflammatory stimulus38. Inflammation34 and oxidative stress3? increase
with age in the gastrointestinal tract while neuron survival declines®?. Increasing
inflammatory mediators#1:42 and excitotoxic neuron death344 downregulate Cx43 in
astrocytes and may act to alter Cx43 expression or function in EG.

Downregulation of purinergic receptors in astrocytes during adulthood reduces their ability
to initiate Ca2* responses®®. Our data does not support a similar situation in the ENS.
Specifically, inhibiting Cx43 function in 2 m.o.a. mice restricted the population of
responding glia to a similar size as observed in 12 m.o.a. animals. We interpret this finding
as indicating that only a limited number of EG are normally responsive to external P2Y1
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agonists. Because the size of this population of “initial responders” did not change with age,
we speculate that constrained glial responses result from an impairment to propagate
responses to surrounding cells rather than the ability of P21 responsive cells to respond.

Exactly how EG Ca2* responses influence gastrointestinal function through Cx43 is
currently unknown but glial effects are likely mediated through modulation of enteric
neuron activity. Although the role of astroglial Ca2* responses is still highly contested in the
CNS®46, Ca2*—dependent mechanisms in astrocytes*” and astrocytic gliotransmitter release
through Cx43 hemichannels*8 are known to modulate neural network function. Given that
intracellular Ca2* responses in astrocytes trigger ATP release through Cx43
hemichannels!®21 and ATP is a potent modulator of enteric neuron activity®, we speculate
that EG—mediated neuromodulation may occur via glial purine release. We aim to address
this hypothesis in future work.

In summary, our work shows that EG Cx43 hemichannels are necessary for intercellular
communication between EG. Further, our data provide the first evidence that interfering
with EG communication alters gastrointestinal function and we propose that altered glial
signaling may contribute to gastrointestinal motility disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

EG express Cx43. (A) GFAP (green) and Cx43 (magenta) immunoreactivity (ir) in the
mouse colon myenteric plexus (scale bar = 20 pm). (A’=A”) Panels at right show enlarged
view of boxed areas in A. Note connexin-43—ir puncta in near vicinity of (A”) of or
colocalized with (A”) GFAP—ir EG (arrows). Images are representative of labeling in a
minimum of 4 animals. Tamoxifen treatment induces tdTomato reporter expression in EG
(red, B*) without altering Cx43-ir (green, B) in the hGFAP::CreERTZ*/~/tdTomato*/~
reporter mouse. (B””) Overlay of B-B”. (C) Cx43-ir (green) is diminished following
tamoxifen—-mediated specific glial ablation of Cx43 in hGFAP::CreERT2+/~/Cx43f/f/
tdTomato™’~ mice. (C’) tdTomato reporter expression in EG (red). (C”) Overlay of C-C’. B
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and C are presented using the same fluorescence dynamic scale (a linear green scale ranging

100-300 fluorescence intensity units). Scale bar in C” = 10 um and applies to B-C”.
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Figure 2.

Purine—evoked Ca%* waves between EG depend on Cx43. (A) Model of purine—evoked Ca?*
responses through the EG network. (B) Representative traces of Ca2* response evoked by
ADP (30 s, 100 uM) in the presence or absence of the Cx43 antagonist, carbenoxolone
(CBX; 50 uM; blue shaded area) in 21 EG within a myenteric ganglion (gray traces, average
in green). Note that CBX limits the number of responding glia and on average, the Ca2*
response is lost. Glial responses recover upon washout of drug. (C) Representative CaZ*
response evoked by ADP in 13 EG within a myenteric ganglion (gray traces, average in
green) in the presence or absence of the specific Cx43 mimetic peptide, 43Gap26 (20 pM).
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Effect of CBX and 43Gap26 on (D) the number of glia responding to ADP per ganglion and
(E) peak glial Ca2* responses (n=5-14, ***P=.0001, ANOVA).
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Figure 3.

EG Ca2* waves evoked by enteric neuron-to—glia communication depend on Cx43. (A)
Model depicting how pharmacological activation of enteric neurons initiates Ca2* responses
in EG. (B) Representative traces of average Ca2* response in glia (green traces) and neurons
(blue traces) within a myenteric ganglion following stimulation of enteric neuron-to—glia
communication with the P2X7 agonist, BzZATP (100 .M). Note that both neurons and glia
respond in control (solid traces) but glial responses are lost when Cx43 is inhibited with
CBX (50 pM; dashed traces). (C) Representative Ca2* wave evoked through 12 glia within a
myenteric ganglion (gray traces, average in green) by stimulating enteric neuron—glia
communication with BzATP in the presence or absence of CBX.
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Figure4.

Specific deletion of glial Cx43 impairs gastrointestinal transit to a similar extent as
physiological aging. Whole gut and colonic transit times (A; n=6-8, median * interquartile
range, *P=.0097, Mann-Whitney U-Test), fecal pellet composition analysis (B; n=8-9, mean
+ SEM, *P<0.05, Student's t-test) and isometric muscle tension recordings (summary data
on left for contractions in C, relaxations in D; representative traces at right show the effect
of 20 Hz (500 milliamps) EFS on contractile and relaxation responses; n=5, *P<0.05, two-
way ANOVA) measured in tamoxifen—treated background (Backgr: pooled WT and Cx43f)
and inducible and conditional, glial-specific, Cx43 knockout (i-cKO) mice. Whole gut and
colonic transit (E; n=3-8, mean + SEM, **P=.0041, two-tailed t test and *P=.0011, Mann-

Gastroenterology. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McClain et al.

Page 19

Whitney U-Test, respectively) and endogenous fecal pellet output (F; n=4, mean + SEM,
P=.793, two-way ANOVA) measured in mice at from 2-12 m.o.a.
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Figurebs.

Pugrine—evoked Ca2* waves between EG are lost with aging. (A) Representative Ca%*
response evoked by ADP in 9 EG (gray traces, average in green) within a myenteric
ganglion from a 12 m.o.a. mouse. (B) Quantification of the number of neurons (blue) or glia
(green) responding per myenteric ganglion to ADP in 2 (light shaded bars) and 12 m.o.a.
mice (dark shaded bars; n = 6, mean £ SEM; ****P<,0001 between 2 and 12 m.o.a. glia,
P=.1018 between 2 and 12 m.o0.a. neurons, two-tailed t test). (C) Quantification of peak Ca?*
responses initiated by ADP in neurons (blue) or glia (green) in 2 (light shaded bars) and 12
(dark shaded bars) m.o.a. mice (n = 6, mean = SEM; *P=.011 between 2 and 12 m.o.a. glia,
*P=.0352 between 2 and 12 m.o.a. neurons, two-tailed t test).
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Figure®6.

EG Ca?* waves evoked by enteric neuron—to—glia communication are lost with aging. (A)
Numbers of neurons (blue) or glia (green) responding per myenteric ganglion to BzZATP
(100 uM) at 2 (light shaded bars) and 12 (dark shaded bars) m.o.a. (h = 6, mean £ SEM;
****P<.0001 between 2 and 12 m.o.a. glia, **P=.0068 between 2 and 12 m.o.a. neurons,
two-tailed t test). (B) Peak Ca?* response magnitude initiated by ADP in neurons (blue) or
glia (green) at 2 (light shaded bars) and 12 (dark shaded bars) m.o.a. (n = 6, mean + SEM,;
*P=.0136 between 2 and 12 m.o.a. glia, *P=.0219 between 2 and 12 m.o.a. neurons, two-
tailed t test). (C) Neuron (blue) and glial (green) packing density within myenteric ganglia
with age (n = 4, mean + SEM; glia ***P=.0007, neurons ***P=,0006, ANOVA).
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Figure7.

Cx43 expression with age. (A) Mean Cx43-ir intensity with age (n = 4, mean + SEM). (A’-
A’") Representative ganglia showing variable Cx43-ir (transformed to heatmap images to
depict intensity, arbitrary fluorescence units [AFU]) at 5 m.o.a. (scale bar = 60 pm). (B)
Representative Western blots of Cx43 and B-actin (loading control) from the colons of 2 and
15 m.o.a. mice. (B’) Cx43 protein expression at 2 and 15 m.o.a. expressed as the ratio of
Cx43 to p-actin (mean £ SEM). (C) Cx43 mRNA levels (normalized to GAPDH) at 2, 5 and
12 m.o.a. (n = 4, mean + SEM, ANOVA, *P<.5).
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