',\' frontiers
in Physiology

ORIGINAL RESEARCH
published: 02 August 2021
doi: 10.3389/fphys.2021.652714

OPEN ACCESS

Edited by:
De-Pei Li,
University of Missouri, United States

Reviewed by:

Jaime Pei Pei Foong,

The University of Melbourne, Australia
Marlene M. Hao,

The University of Melbourne, Australia

*Correspondence:
Joseph F. Margiotta
Joseph.Margiotta@utoledo.edu

Specialty section:

This article was submitted to
Autonomic Neuroscience,

a section of the journal
Frontiers in Physiology

Received: 13 January 2021
Accepted: 28 June 2021
Published: 02 August 2021

Citation:

Margiotta JF, Smith-Edwards KM,
Nestor-Kalinoski A, Davis BM,
Albers KM and Howard MdJ (2021)
Synaptic Components, Function
and Modulation Characterized by
GCaMP6f Ca?* Imaging in Mouse
Cholinergic Myenteric Ganglion
Neurons. Front. Physiol. 12:652714.
doi: 10.3389/fphys.2021.652714

Check for
updates

Synaptic Components, Function and
Modulation Characterized by
GCaMP6f Ca2t Imaging in Mouse
Cholinergic Myenteric Ganglion
Neurons

Joseph F. Margiotta’*, Kristen M. Smith-Edwards?, Andrea Nestor-Kalinoski?,
Brian M. Davis?, Kathryn M. Albers? and Marthe J. Howard’

" Department of Neurosciences, College of Medicine and Life Sciences, University of Toledo, Toledo, OH, United States,
2 Department of Neurobiology, University of Pittsburgh School of Medicine, Pittsburgh, PA, United States, ° Department
of Surgery, College of Medicine and Life Sciences, University of Toledo, Toledo, OH, United States

The peristaltic contraction and relaxation of intestinal circular and longitudinal smooth
muscles is controlled by synaptic circuit elements that impinge upon phenotypically
diverse neurons in the myenteric plexus. While electrophysiological studies provide
useful information concerning the properties of such synaptic circuits, they typically
involve tissue disruption and do not correlate circuit activity with biochemically
defined neuronal phenotypes. To overcome these limitations, mice were engineered
to express the sensitive, fast Ca®t indicator GCaMP6f selectively in neurons that
express the acetylcholine (ACh) biosynthetic enzyme choline acetyltransfarse (ChAT)
thereby allowing rapid activity-driven changes in Ca* fluorescence to be observed
without disrupting intrinsic connections, solely in cholinergic myenteric ganglion (MG)
neurons. Experiments with selective receptor agonists and antagonists reveal that
most mouse colonic cholinergic (i.e., GCaMP&fT/ChAT+) MG neurons express nicotinic
ACh receptors (NAChRs), particularly the ganglionic subtype containing a3 and p4
subunits, and most express ionotropic serotonin receptors (5-HT3Rs). Cholinergic MG
neurons also display small, spontaneous Ca®* transients occurring at ~ 0.2 Hz.
Experiments with inhibitors of Na™ channel dependent impulses, presynaptic Ca+
channels and postsynaptic receptor function reveal that the Ca?™* transients arise from
impulse-driven presynaptic activity and subsequent activation of postsynaptic NnAChRs
or 5-HT3Rs. Electrical stimulation of axonal connectives to MG evoked Ca?t responses
in the neurons that similarly depended on NnAChRs or/and 5-HT3Rs. Responses to
single connective shocks had peak amplitudes and rise and decay times that were
indistinguishable from the spontaneous Ca?™* transients and the largest fraction had
brief synaptic delays consistent with activation by monosynaptic inputs. These results
indicate that the spontaneous Ca?* transients and stimulus evoked Ca?* responses in
MG neurons originate in circuits involving fast chemical synaptic transmission mediated
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by nAChRs or/and 5-HT3Rs. Experiments with an a7-nAChR agonist and antagonist,
and with pituitary adenylate cyclase activating polypeptide (PACAP) reveal that the same
synaptic circuits display extensive capacity for presynaptic modulation. Our use of non-
invasive GCaMP6f/ChAT Ca?* imaging in colon segments with intrinsic connections
preserved, reveals an abundance of direct and modulatory synaptic influences on

cholinergic MG neurons.

Keywords: mouse, myenteric, synapse, nicotinic acetylcholine receptor (nAChR), ionotropic serotonin receptor

(5-HT3R)

INTRODUCTION

The enteric nervous system (ENS) generates circuit activity that
produces peristalsis via rhythmic contraction and relaxation of
intestinal circular and longitudinal smooth muscles (Costa et al,,
2000). To do so, relevant synaptic circuits in the myenteric
plexus (MP) integrate and modulate activity from inputs both
outside the ENS and from intrinsic sensory neurons and
interneurons to control the output of circular and longitudinal
myenteric motor neurons (Gwynne and Bornstein, 2007; Furness
et al, 2014). Myenteric ganglion (MG) neurons display an
array of structural, functional, and biochemical phenotypes
with the latter biochemical code exemplified by expression of
diverse neurotransmitters. Acetylcholine (ACh) is the major
neurotransmitter in MG and intrinsic motor and primary
sensory neurons, as well as intrinsic ascending interneurons and
some descending interneurons all synthesize ACh, utilizing the
cholinergic enzyme choline acetyltransferase (ChAT) (Galligan
et al., 2000; Lomax and Furness, 2000; Furness, 2012). Moreover,
electrophysiological studies using guinea pig or mouse intestinal
ex vivo preparations have shown that fast cholinergic synaptic
signaling involving ACh release from presynaptic neuron
terminals to activate ionotropic (i.e., nicotinic) ACh receptors
(nAChRs) on postsynaptic neurons is a primary means of
neurotransmission in MG (Galligan and North, 2004; Gwynne
and Bornstein, 2007; reviewed by Foong et al., 2015). Such
studies provide detailed information about the function of
MG synapses and their component receptors, but prevailing
electrophysiological approaches involve stripping away circular
and mucosal plexus layers to attain electrode access, thereby
disrupting intrinsic connections and limiting conclusions to the
most accessible neurons receiving the most localized inputs.

Cell imaging based on fluorescent membrane-permeable
or genetically-encoded Ca?" indicators (GECIs) presents
an alternative for assessing synaptic transmission in whole
tissues that has notable advantages over electrophysiology. The
unstripped, intact intestinal segments used for imaging preserve
intrinsic synaptic connections and are sufficiently thin to allow
optical detection of evoked and spontaneous neuronal Ca’*
signals. Moreover, available mice strains make it possible to
co-express GECIs with phenotypic enzymes, allowing GECI
distribution and subsequent interrogation confined to neurons
having a specific neurotransmitter phenotype. Disadvantages
are that intracellular Ca?>* indicators provide an indirect assay
of transmembrane potential or current because they reflect
both Ca?" influx and release from intracellular stores. On

and off rates of Ca?* binding also result in much slower
temporal resolution than provided by electrophysiology. These
disadvantages are mitigated, albeit not entirely, by the advent of
sensitive, fast-kinetics GECIs typified by GCaMP6f (Chen et al.,
2013). Notably, in studies of hippocampal and visual cortex layer
2/3 pyramidal neurons that combined electrophysiological and
imaging approaches, transient GCaMP6f Ca?* signals could be
correlated with membrane potential changes, and did so with
temporal resolution sufficient to align 1:1 with single local field
potentials and action potentials, respectively (Chen et al., 2013;
Li et al., 20192). In accord with its utility, GCaMP Ca?" imaging
has been employed previously to assess the role of nAChRs
in stimulus evoked synaptic transmission in the mouse colon
(Foong et al., 2015; Li et al., 2019b). Moreover, and contrasting
with electrophysiological results from MG neurons in stripped
intestinal preparations (Stebbing and Bornstein, 1996; Fung
et al,, 2018; but see Nurgali et al., 2004) GCaMP imaging reveals
spontaneous Ca?* transients attributable to nAChR-mediated
synaptic activity in MG neurons in unstripped colon preparations
(Hennig et al., 2015; Smith-Edwards et al., 2019, 2020). Only
Hennig et al. (2015) focused on cholinergic (ChAT™) neurons,
however, and a slower GECI (GCaMP3) was employed, obviating
a full analysis of the Ca?* transients’ receptor dependence and
their links to endogenous synaptic transmission.

Here, we used GCaMP6f to characterize synaptic receptors
as well as spontaneous and evoked synaptic activity in colonic
cholinergic MG neurons by engineering mice to confine
its expression to cholinergic (ChAT™) neurons. Our results
reveal that 69% of cholinergic (i.e., ChATT/GCaMP6ft) MG
neurons from intact colon segments possess functional nAChRs
particularly the ganglionic subtype containing o3 and P4
subunits, and a similar fraction possess functional ionotropic
serotonin type 3 receptors (5-HT3Rs). The neurons also display
spontaneous and nerve-stimulated Ca?" transients indicative
of considerable intrinsic and readily evoked synaptic activity,
mediated in both cases by nAChRs or/and 5-HT3Rs. In addition,
such activity can be modulated by altering neurotransmitter
release with a7-nAChR or pituitary adenylate cyclase-activating
polypeptide (PACAP) receptor agonists. Our results, using mouse
colon segments with most intrinsic connections preserved, reveal
abundant and diverse synaptic interactions affecting cholinergic
MG neurons. While confined to the ENS, the results further
indicate that GECIs can be used in semi-intact preparations to
probe the function and modulation of synapses on genetically
targeted neurons throughout the nervous system.

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 652714


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Margiotta et al.

Mechanisms Underlying Synaptic Activity in Mouse Myenteric Ganglia

MATERIALS AND METHODS

Generation of Mice Expressing

Genetically-Encoded Ca?* Indicators

Male and female mice aged 3-6 months were studied. For
nearly all experiments, mouse strains were cross-bred to express
GCaMPeéf, selectively in cholinergic enteric neurons. To do
so mice that contain a floxed-STOP GCaMP6f construct
within the ROSA26 locus (Ai95, RRID:Addgene 61579;
RRID:IMSR_JAX:028865) were crossed with mice that express
Cre recombinase under control of the choline acetyltransferase
(ChAT) promoter (ChAT-IRES-Cre, RRID:IMSR_JAX:006410).
For some experiments involving electrical stimulation of MG
connectives and nAChR/5-HT3R co-expression, mice cross-bred
to express GCaMP6s in cells expressing E2a, an upstream
activator of neural lineage genes, were used. To do so, mice
containing a floxed-STOP-GCaMP6s sequence in the Rosa26
locus (Ai96 mice, RRID:IMSR_JAX:028866) were crossed with
E2a-+/E2a-Cre mice (RRID:IMSR_JAX:003724).

Imaging Ca?* Signals From Cholinergic
Myenteric Neurons in Mouse Proximal

Colon

Excised proximal colon segments were opened along the
mesenteric border and pinned mucosal side down onto a Sylgard
surface (Dow Chemical) lining a glass coverslip attached to the
bottom of a plastic imaging chamber containing Krebs solution
(in mM: 118 NaCl, 4.7 KCI, 1.2 MgSO4, 2.5 CaCly, 1.2 mM
KH,POy, 25 NaHCO3, and 11 glucose). The explant segments
were examined at 20-22°C in Krebs solution alone (Control) or
in Krebs solution containing test reagents (e.g., antagonists; Test).
The solutions were kept in separate refillable, height-adjustable
60 ml syringes and bubbled with Carbogen (95% 0,/5% CO,)
to oxygenate and achieve pH 7.4. A control or test solution was
selected by opening a stopcock valve attached to the relevant
syringe and the solution gravity-fed via Silastic tubing (1.02 mm
ID, Dow Corning) to a four-input, one-output port manifold
(MP-4 Series, Warner Instruments) and thence to the chamber
at 1-2 ml/min. GCaMP positive neurons were detected by their
basal Ca?* fluorescence using an Olympus BX-51 microscope
fitted with an Olympus UMPlanFL 20 x/0.5 NA water-immersion
objective and epifluorescence optics consisting of a 470 nm 3W
LED source (Mightex Systems, BLS-LCS-0470-03-22) control
module (Mightex Systems, BIOLed BLS-I004-US) and an
appropriate 470-490 nm excitation and 520 nm emission filter
cube set (Olympus, U-MNB2). E2at/GCaMP6s™ myenteric
neurons were distinguished from other cell types based on the
following characteristics: (1) spatial location within myenteric
ganglia, (2) cell body shape and size, and (3) the latency and
upstroke rate of response to electrical stimulation (Boesmans
et al., 2013; Smith-Edwards et al., 2019, 2020).

Evoked and spontaneous changes in the intensity of
GCaMP-mediated Ca?* fluorescence were acquired in
12-bit images using a 1.44 Megapixel CMOS camera capable
of capturing at up to 80 frames/s (Prime 95B, Teledyne
Photometrics) controlled by MetaMorph software (Version

7.10.1.161, Molecular Devices). Image stacks of 400-1800
frames were processed, and when necessary motion-corrected,
using Fiji software (Version 2.0.0-rc-65/1.52a) (Schindelin
et al., 2012). The stacks were segmented by drawing regions of
interest (ROIs) around an area of representative background
fluorescence (Fp), and around MG neuron somas that (1)
displayed basal levels of GCaMP-mediated Ca?* fluorescence
intensity (F) and (2) displayed detectable F elevation in
response to applied agonist or that displayed spontaneous,
transient increases in F. The mean F values of ROIs in each
frame were acquired and exported to Excel (Microsoft, 2016)
spreadsheets where the time-dependent, background-subtracted
and normalized changes in specific neuronal Ca* fluorescence
[(F — Fo)/Fo = AF/F] were calculated for each neuron per frame
(typically 15 neurons in 1800 frames at 40 Hz) and used for
subsequent analyses. The net amplitudes of peak AF/Fy increases
induced by agonists or evoked by electrical stimulation (A4 peqk
or Ag pek) were obtained from the records by subtracting
basal from peak AF/Fy values (A pesk Or Ag peak = Peak
AF/Fy — Basal AF/Fy).

The functional repertoire of accessible ionotropic
neurotransmitter receptors on cholinergic MG neurons was
assessed from Ajp peyx responses evoked by fast application of
ionotropic receptor agonists and their inhibition by incubation
with selective antagonists. Agonists were dissolved in Krebs
solution and focally applied by pressure microperfusion
(5 psi, 10 s; via Picospritzer II; Parker Instrumentation
Corp.) from blunt glass micropipettes (5-10 wm diameter)
positioned within 50 wm of an adjacent MG. Dimethylphenyl-
piperazinium (DMPP, 10 wM) was used to assay functional
nicotinic  acetylcholine receptors (nAChRs) because it
potently activates nAChRs on MG neurons (Zhou et al,
2002). Functional ionotropic serotonin (5-HT) responses were
evoked by applying 5-hydroxytryptamine (5-HT, 10 pM) in
the same fashion. To verify receptor specificity, test Krebs
solutions containing nAChR or 5-HT3R selective antagonists
were applied by the perfusion system to colon segments
for pre-incubation times indicated in the text, followed by
re-testing with agonist as above. The nAChR channel blocking
antagonist hexamethonium (Hex, 100 pM) and the competitive
antagonist D-tubocurarine (dTC, 100 pM) were used singly
or in combination to inhibit nAChR function, and SR16584
(40 mM) used to selectively inhibit function of the ganglionic
nAChR subtype, containing a3 and 4 subunits. The dependence
of 5-HT responses on ionotropic receptors was validated using
Ondansetron (10-20 wM) an antagonist specific for 5-HT3Rs
(Machu, 2011).

The frequency and amplitude of spontaneous Ca?™" transients
(Fs and Agpex) were obtained from the Microsoft Excel
AF/F, data values using a PeakCaller script (Artimovich et al.,
2017) run under Matlab (R2018b). Because antagonists reduced
Ca’?T transient frequency to low levels, PeakCaller scored
the residual tiny spikes as valid events. Thus, all PeakCaller
event lists were filtered in Excel to include only criterion
events having Ag pe,x amplitudes >0.015, and decay half times
>100 ms. Fs values (events/s; Hz) were obtained by dividing
the number of the resulting criterion-level events for each
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neuron by the record length (usually 30-45 s). The kinetics
of Ca?T transients were determined from selected temporally
isolated transients displayed graphically in Excel. To do so,
the time and amplitude of a Ca?*t transient (Ag peak = Peak
AF/Fy _ Basal AF/Fy) were first identified. The event rise
half-time (TR 1/2) was then calculated from the net time required
for AF/Fy to rise from 2 to 4 SD above baseline to 50%
of Agpesk and then the decay-half time (Tp,1/;) calculated
from the net time required to fall from Agpex by 50%.
Standard pharmacological tests were conducted to determine
the activity and synaptic dependence of the Ca’* transients.
To determine whether the Ca?T transients required Na™
dependent action potentials, tetrodotoxin (TTX, 1 pM) and/or
lidocaine (Lido, 2 mM) were applied to block voltage gated Na™
channels. To determine whether the Ca?™ transients arose from
synaptic activity, pre- and postsynaptic function was perturbed.
Presynaptic function was inhibited using w-conotoxin-MVIIC
(0-CTx) a selective blocker of P/Q- and N-type Ca?* channels
(Cay2.1 and Cay2.2, respectively) prevalent on presynaptic
terminals (Wu and Saggau, 1995; McDonough et al, 1996)
and responsible for initiating neurotransmitter release (Mochida,
2018). Postsynaptic function was perturbed using selective
antagonists of ionotropic AChRs (Hex and dTC) and 5-HT3
neurotransmitter receptors (Ondansetron or LY278584) as
described above.

To probe for synaptic inputs onto cholinergic MG neurons,
single current pulses (1500 (LA, 100-200 ps) or pulse trains (20
at 10 Hz) were delivered to MP inter-ganglionic connectives
from a digital constant-current stimulator (Multichannel
Systems STG 4000) and applied via a focal concentric bipolar
electrode (550 pwm OD, CBJR]J75, FHC Inc.) positioned 5-6 mm
oral to the imaging site, and the evoked Ca?* responses
acquired at 80 Hz. As described above for spontaneous Ca’*
transients, the responses evoked by connective stimulation
were evaluated for net peak amplitude (Ag pex) and, in cases
of responses evoked by single pulses, for rise and decay
half-times (Tr;1/2 and Tp,i/2). The synaptic dependence
of the stimulus evoked responses was tested using selective
antagonists for presynaptic Ca?* channels or postsynaptic
ionotropic neurotransmitter receptors as described above.
Single stimulus trials were used to infer whether such evoked

synaptic responses reflected activation of mono- versus
polysynaptic pathways, and based on calculating overall
response latency determined from the time elapsed between
stimulus application and onset of initial response, with initial
response defined as 2-4x SD above pre-stimulus AF/Fy.
Estimates of synaptic transmission delay times were obtained
by subtracting the conduction time required for impulses
to travel from stimulation to recording site from the overall
response latency, with conduction time determined from the
measured distance between stimulating electrode and imaging
site (5-6 mm) and the previously determined conduction
velocity (0.55 mm/ms) of a longitudinally projecting axon action
potential (Stebbing and Bornstein, 1996).

Statistics and Drug Testing

The effects of test drugs on response parameters (i.e., A peaks
Ag peak> Fss Trj1/2, and Tp, 1/2) were assessed by comparing
values obtained from cells incubated with the drug (Test) relative
to those obtained from the same cells prior to drug treatment
(Control). Except where noted, N > 2 explants were assessed for
each drug treatment. The values obtained for control and test
conditions were considered significantly different if p < 0.05,
with p determined using Students paired two-tailed f-test
(Prism 4; GraphPad Software, San Diego, CA, United States).
Test drugs (with their abbreviations, concentrations, minimum
pre-incubation times, targets, and actions thereupon) are listed
in Table 1.

RNA Detection and Immunostaining

Methods

mRNAs encoding nAChR subunits were detected with an
RNAscope in-situ hybridization assay (ACD Biotechne)
using the manufacturer’s ready-made probes for mammalian
a7- and 03-nAChR  subunits (465161-C2 and 449191,
respectively) applied to fresh-frozen colon tissue sections
(14 wm) with appropriate controls for specificity employed. The
method provided by the manufacturer was followed for fresh
frozen fluorescent visualization of tagged probes. All sections
were co-labeled with DAPI to visualize cell nuclei and overall
tissue morphology. Images were acquired on a Leica TCS SP5

TABLE 1 | Test drugs were applied to colon explants in Krebs solution either by the perfusion system! or by pipetting them directly into the chamber?.

Incubation time (min) Target and drug action

Drug Abbreviation Final concentration in Krebs
D-tubocurarine’ dTC 100 uM
Hexamethonium' Hex 100 pM
SR16584! SR 40 pM
Ondansetron’ Ondansetron 20 uM
LY2785841 LY278584 10 uM
Methyllycaconiting’ MLA 50 nM
Tetrodotoxin' TTX 1 uM
Lidocaine' Lido 2mM
w-conotoxin-MVIIC? w-CTx 100-200 nM
Pituitary adenylate cyclase PACAP 100 nM

activating polypeptide?

10-15 nNAChR antagonist
10-15 NAChR antagonist
10-15 a3B4-nAChR antagonist
10-15 5-HT3R antagonist
20 5-HT3R antagonist
60 a7-nAChR antagonist
15 Na* channel blocker
15 Na*t channel inhibitor
60 P/Q and N-type Ca?* channel blocker
5 PAC1R, VPACR agonist
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laser scanning confocal microscope at 20x magnification as
described below.

Immunostaining was performed on colon explant
whole-mounts as reported previously (Hendershot et al,
2008; Lei and Howard, 2011). Briefly, intact colons were
flushed, and fixed in 4% paraformaldehyde freshly prepared
in Dulbecco’s phosphate buffered saline (DPBS) for 1-2 h
at RT or overnight at 4°C. Following extensive washing in
DPBS, tissue samples were incubated in a buffer containing
0.IM Tris, 1.5% NaCl, 0.5% TX-100 (INTX, 3 x 30 min)
blocked in TNTX containing 20% horse serum (TNTXHS,
2 x 1 h with shaking) followed by rinsing in TNTX. Primary
antibodies were applied in TNTXHS for 48 h at 4°C with
rocking. Neurons expressing 5-HT were identified by co-labeling
with neuron-specific HuC/D antibody (ANNA-1; 1:20,000. Gift
from Dr. VA Lennon, The Mayo Clinic) and 5-HT specific
antibody (Immunostar, 20080, 1:1000). Following washing
in TNTXHS (3 x 1 h), and washing in TNTX (3 x 10 min)
secondary antibody was applied in TNTXHS for 48 h at 4°C
with rocking. Following washing in TNTX (6 x 10 min) tissues
were mounted in Fluoromount-G (Thermo Fisher Scientific,
Waltham, MA, United States) and visualized using a Leica TCS
SP5 laser scanning confocal microscope (Leica Microsystems,
Bannockburn, IL, United States) equipped with continuous-wave
solid state lasers (458, 488, 514, 561, and 633 nm) and a titanium-
sapphire tunable (705-980 nm) multiphoton laser (Coherent,
Santa Clara, CA, United States). Images were acquired at
512 x 512 resolution in the XYZ planes as a single field of view
or as tile scans (XYZS) in 1 pm steps with 20x (NA 0.70),
40x (NA 1.25), or 63x (NA 1.4) objectives using an automated
scanning stage. To minimize spectral overlap in the emission
spectrum, images were acquired with the LAS AF software in
sequential scan mode.

RESULTS

Cholinergic MG Neurons Express
Functional nAChRs and 5-HT3;Rs

Ganglionic nAChRs are crucial components of autonomic
synapses. To probe for functional nAChRs, cholinergic
ChAT*/GCaMP6ft MG neurons, identified by basal
fluorescence indicative of resting Ca>* levels, were challenged
with DMPP. Focal pressure application of DMPP increased
neuronal Ca?t fluorescence (AF/Fy) in all ChATt/GCaMP6f+
colon explants (N = 15) doing so in 69% of cholinergic MG
neurons within the field of view (Figures 1A-D). The DMPP
responses detected by GCaMP6f featured rapid increases in
neuronal Ca?* fluorescence, reaching net agonist-induced
peak amplitude A peax = 0.85, representing a 135% increase
above basal AF/Fy, usually within 5 s. Treatment with nAChR
antagonists inhibited subsequent DMPP responses. The
nAChR channel blocker hexamethonium (Hex, 100 wM), the
competitive nAChR antagonist D-tubocurarine (dTC, 100 wM)
or a combination of the two (Hex/dTC) each inhibited the
DMPP response in 100% of neurons tested, causing 71, 90,
or 87% respective reductions in DMPP-evoked A pepx when

compared to paired control neurons tested prior to antagonist
treatment. Prominent ganglionic nAChR subtypes on MG
and other autonomic neurons contain a3 and P4 subunits
(Mandelzys et al., 1994; Nai et al., 2003; Galligan and North,
2004; Gwynne and Bornstein, 2007; Foong et al., 2015). Such
receptors are termed a3Pp4*-nAChRs (Lukas et al, 1999)
with the asterisk indicating they may also contain a5 and
B2 subunits (Vernallis et al, 1993; Mandelzys et al., 1994;
Nai et al., 2003). Treatment with SR16584 (SR, 40 wM) an
antagonist selective for nAChRs containing a3 and 4 subunits
(Zaveri et al,, 2010) inhibited subsequent DMPP responses
in 95% of neurons tested, reducing DMPP-evoked Ap peak
by 67% overall. Taken together, these results indicate that
nAChRs underlie the DMPP response of MG neurons, with
the majority of the response mediated by a3p4*-nAChRs.
Because 5-HT3Rs like nAChRs, are Na'/Ca?*-permeable
excitatory ionotropic receptors, and known to be present on
MG neurons (Mawe et al, 1986; Zhou and Galligan, 1999;
Galligan et al,, 2000; Glatzle et al., 2002) we tested whether
they could be detected with GCaMP6f Ca?* imaging. Similar
to the response incidence for DMPP, 62% of MG neurons
from ChATT/GCaMP6f" colon explants responded to 5-HT
(Figures 1E-H) in this case resulting in Ay pe,x responses of
1.66 that were 274% above basal AF/Fy. The 5-HT induced
responses reflect activation of 5-HT3Rs. Pre-incubation and
testing in Ondansetron (20 M) a potent 5-HT3R-selective
antagonist (Machu, 2011) inhibited 5-HT induced responses
in 100% of neurons tested, reducing Ay pex by 92%. These
results demonstrate that most cholinergic MG neurons express
nAChRs, with the majority of the response to DMPP represented
by a3p4*-nAChRs, and that most also express 5-HT3Rs, thereby
indicating that a sizeable fraction of the neurons likely express
both receptor types.

Cholinergic MG Neurons Display
Spontaneous Ca?* Transients

Spontaneous fast-onset, slow decay Ca?* transients have been
detected previously in neurons and attributed to single action
potentials and even subthreshold synaptic activity (Chen et al.,
2013; Li et al., 2019a). Such Ca?* transients were detected
in virtually all intact ChAT™/GCaMP6f" colon explants (96%,
N = 23) and observed in approximately 25% of cholinergic MG
neuron somas, occurring both in clusters and as temporally
isolated events (Figure 2 and Supplementary Figure 1). On a
per neuron basis, the spontaneous Ca’™ transients occurred at an
average frequency (Fs) of 0.24 Hz, and the mean net peak AF/F
amplitude of temporally isolated Ca?™ transients (Ag peak) was
0.11, a level 8x or 16x smaller than that of the global cellular
responses to DMPP or 5-HT, respectively (Figure 1). Temporally
isolated Ca’" transients were amenable to kinetic analyses,
displaying mean half-rise times (T 1/) of 67 ms and half-decay
times (Tp,1/2) of 546 ms. The observed T 1/, is consistent with
previous values obtained for GCaMP6f-mediated Ca?* transients
induced by single action potentials in mammalian cortical neuron
somas (45-100 ms; see Figure 1 and Supplementary Table 3
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after versus before drug treatment (p < 0.05, Student’s paired t-test).

FIGURE 1 | Most cholinergic MG neurons express functional NAChRs and 5-HT3Rs. (A-D) nAChRs. (A) Panels depict neuronal GCaMP6éf Ca?t fluorescence
increases from basal levels (top panel) to peak levels (bottom panel) associated with DMPP application. Panels depict two MG, each containing several
GCaMP6ft/ChAT+ neurons. Scale bar at bottom represents 40 um. (B) Time course of Ca?* fluorescence changes in 13 of the neuron somas depicted in A black
traces) in response to focally applied DMPP (black bar; 20 M, 20 psi). Inverted triangles above the traces depict the timing of net peak AF/Fq responses (Aa peak)-
The response average from these neurons and that of the same neurons after incubation with hexamethonium (Hex, 100 M) are depicted by the blue and red
traces, respectively. (C) Global summary of DMPP responses. A total of 69 4+ 6% of cholinergic MG neurons tested from N = 15 explants responded to 10 uM
DMPP, doing so with an average net peak AF/Fo amplitude (Aa peak) Of 0.85 + 0.04 (n = 321) representing a 135 + 18% increase above basal AF/Fo.

(D) Pharmacology of DMPP responses. Incubation with generic NnAChR antagonists Hex (100 uM), dTC (100 M) or their combination (Hex/dTC), or with SR16584
(40 nM) an antagonist selective for a3, p4-containing NAChRs for 10-15 min reduced Aa peax doing so, respectively, to 29 + 6% (n = 15), 10 + 3% (1 = 15), or

183 £ 2% (n =29), or 33 + 4% (n = 75) of levels obtained from the same neurons before antagonist application (black bars, Control). (E=H). 5-HTgRs. The fields in
(E) each depict two myenteric ganglia containing several GCaMP6f/ChAT+ neurons. Neuronal Ca2™ fluorescence increases from basal levels (top) to high levels
following exposure to 10 WM 5-HT (bottom). Scale bar at bottom represents 40 pm. (F) Time course of GCaMP6f Ca?+ fluorescence responses to focally applied
5-HT (black bar, 10 wM, 20 psi) in 13 of the neurons depicted in (A) (black traces). Inverted triangles above the traces depict the timing of A peax. The response
average from these neurons and that of the same neurons after incubation with Ondansetron (20 wM; 10-15 min) are depicted by the blue and orange traces,
respectively. (G) Global summary of 5-HT responses. A total of 62 4+ 6% of cholinergic MG neurons tested from N = 3 explants responded to 5-HT, doing so with an
average Aa peak Of 1.66 & 0.12 (n = 60) representing a 274 + 34% increase above basal AF/Fq. (H) Pharmacology of 5-HT responses. Incubation with the
5-HT3R-selective antagonist Ondansetron (20 wM; 10-15 min) reduced Ag peak (Orange bar) doing so to 8 4 2% (n = 45) of levels obtained from the same neurons
before antagonist application (black bar, Control). Asterisks in this and subsequent figures indicate a significant difference between values for n neuron pairs obtained
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in Chen et al, 2013). The observed Tp i/, however, is 2.7-
3.8 times longer than that reported for single action potential
induced Ca?™ transients in the same cortical neurons (142-
200 ms). Because the higher buffering capacity and larger size
of MG neurons can account for most of this discrepancy (see
section “Discussion”) these results indicate that GCaMPé6f is
sufficiently sensitive to report changes in intracellular Ca?* that
result from signals on the order of single action potentials in
cholinergic MG neurons.

Pharmacological tests were conducted to identify cellular
processes underlying the spontaneous Ca?™ transients in

ChAT*/GCaMP6ft MG neurons (Figure 3). A requirement
for action potentials was assessed first, initially using TTX to
inhibit voltage-gated Na™ channel-dependent action potentials
(Figure 3A). In paired comparisons made before and after
treatment, TTX application (2 wM, 15 min) reduced the
frequency of Ca?* transients (Fs) by 61% without detectably
affecting the amplitudes (Ag peak) or kinetics (TR, 1,2 and Tp,1/2)
of residual events (data not shown). The ability of TTX to reduce
Ca?* transient Fg without affecting Ag peak wWould be expected
if the toxin blocked TTX-sensitive Na channels on presynaptic
axonal inputs to cholinergic MG neurons while having less of an
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FIGURE 2 | Properties of spontaneous Ca?* transients displayed by cholinergic MG neurons. (A) Single frame image of ChAT*/GCaMP6ft neurons within two MG
(see accompanying time-lapse Video in Supplementary Figure 1.). ROls drawn around 15 neuron somas chosen for analysis are indicated in red. (B) Traces show
three representative types of Ca2™ transient activity from neurons labeled 1, 2, and 3 in (A) that displayed transients that were isolated (1) moderately clustered (2),
or tight clustered (3). Calibration bars: vertical = 0.1 net AF/Fg, horizontal = 5 s. (C) Overall characteristics of the spontaneous Ca2* transients. Spontaneous Ca?+
transient frequency (Fs) was 0.240 4 0.011 Hz (n = 220 from N = 14 explants). Ca?* transient net peak amplitude (As,peak = Peak AF/Fo — Basal AF/Fg) was

0.111 4 0.007 evaluated using temporally isolated Ca?* transients selected at random (n = 95; N = 7). (D) For the same neurons where As, Peak Was determined,
Ca?™ transient kinetics were assessed from the event rise and decay half-times (T| R1/2 =67 £5msand Tp 1,2 = 546 £ 23 ms) measured from traces displayed and
analyzed in Excel (Microsoft, 2016) as described in section “Materials and Methods.”

effect on somatic Na™ channels, some of which are known to
be TTX-resistant and sustain Ca?* influx (Rugiero et al., 2003;
Mao, 2006) an outcome that would leave Ag pe,x unaffected. If
such a mechanism applied, blocking both TTX-sensitive and
-resistant Na™ channel dependent impulses would be expected
to drastically reduce both Fs and Ag peak. The local anesthetic
lidocaine (Lido) is a pan-selective Na¥ channel inhibitor that
blocks TTX-resistant Na currents (Scholz et al., 1998) and
combining the two inhibitors (T'TX/Lido) to target TTX-sensitive
and -resistant Na' channels resulted in a nearly complete
blockade of Ca?™ transients, lowering Fs by 96% and reducing
As peak of the few remaining Ca’ ™ transients by 60% (Figure 3B).
Taken together, these findings indicate that the spontaneous

Ca’* transients in cholinergic MG neurons require Na™ channel
dependent impulses occurring in axonal presynaptic inputs that
lead to action potentials in postsynaptic somas.

Spontaneous Ca?* Transients in
Cholinergic MG Neurons Reflect

Ongoing Synaptic Activity

The TTX experiments suggest that the abundant spontaneous
Ca’*t transients observed in cholinergic MG neuron somas
arise from synaptic interactions that are preserved in intact
ex vivo preparations. In stripped preparations, by contrast,
intracellular recordings from MG neurons reveal limited
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FIGURE 3 | Spontaneous Ca®* transients depend on impulse-driven synaptic transmission mediated by nAChRs and 5-HTgRs. The results depict Fg and As peak
measurements from neuron pairs in ChAT+/GCaMP6ft MG explants tested before (Control) and after treatment with antagonists (as indicated). Bar graphs depict Fg
(Ieft) and Ag peak (right) averages while the superimposed dot plots and connecting lines depict their values from individual neurons before and after treatment. In the
legend and text changes in Fg and Ag peax are presented as a per cent difference between values for test and control group neurons within a field. Note that Ag peak
is represented for neurons from only those records where Fg > 0. (A, B) Ca?* transients depend on impulses requiring voltage-gated Na* channels.

(A) Tetrodotoxin (TTX; 1 WM, 15 min) reduced Fg by 61 £ 7% (n = 15; N = 1) without affecting Ag peak. (B) Combining TTX with 2 mM Lidocaine (TTX/Lido, 15 min)
to also block TTX-resistant Nat channels nearly abolished the Ca?™ transients resulting in a 96 + 2% reduction in Fs (n = 27; N = 2) that was accompanied by a
60 = 18% reduction in Ag peak Of the few remaining Ca®* transients. (C) Ca®* transients depend on presynaptic voltage-gated Ca* channel activity necessary for
neurotransmitter release. Treatment with w-CTx (0.1-0.2 uM; 1 h) reduced Fg by 62 £ 7% (n = 30; N = 2) without affecting Ag peax. In a separate explant, the
response of 15 neurons to DMPP (10 uM) applied as in Figure 1 was unaffected by »-CTx treatment (inset). (D-F) Most Ca2* transients depend on nAChR
activation. (D) Hex (100-200 M, 15 min) reduced Fg by 42 £ 9% (n = 52; N = 3) without affecting Ag peax. (E) Combining 100 wM mHex with 100 uM dTC
(Hex/dTC, 15 min) had nearly identical effects, reducing Fs by 51 & 13% (n = 29; N = 1) without affecting Ag peax. (F) Treatment with SR16584 (40 M, 15 min) to
selectively target a3p4*-nAChRs, potently inhibited the MG neuron Ca?* transients reducing Fg to zero in 35 of 50 neurons (85 + 5% reduction overall; n = 50,

N = 3) and having no effect on residual Ag peax in 7 of 15 neurons while reducing As peax in the remaining 8 neurons by 64%. (G,H) Most Ca?* transients also
depend on 5-HT3R activation. Ondansetron (20 wM; 10-20 min) reduced Fg by 70 4= 10% and Ag peax by 54 + 4% (n = 51; N = 4) while in one experiment
Ly278584 (10 1uM; 20 min) reduced Fg by 67 + 15% while nominally reducing As peak by 14 & 25% (n = 15).

instances of spontaneous excitatory postsynaptic potentials both pre- and postsynaptic function were probed. A requirement
(EPSPs) (Fung et al, 2018). To determine whether the for presynaptic activity was assessed using w-conotoxin-MVIIC
spontaneous Ca’* transients in ChAT'/GCaMP6f" MG (-CTx) a neurotoxin that targets and blocks voltage-gated
neurons result from synaptic activity, mechanisms supporting P/Q-and N-type Ca’?* channels (Cay2.1 and Cay2.2,
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FIGURE 4 | Ca?* responses evoked by MG connective stimulation depend on presynaptic voltage-gated Ca?* channel activity and activation of postsynaptic
nAChRs or/and 5-HTgRs. (A) Time course of Ca™ fluorescence changes in 13 neuron somas (black traces) evoked by a train of 20 stimuli (1500 kA, 10 Hz; 20x
stimulation) delivered at the inverted black triangle. Purple triangles above the traces depict the timing of peak responses (Ag peak). The response average from these
neurons and that of the same neurons after incubation with Hex (100 WM, 15 min) are depicted by the blue and red traces, respectively. (B) Summary of responses
to 20x stimulation. 20x stimulation evoked an average peak responses of Ag peak = 0.41 4 0.02 with an average time to peak response of 1.29 + 0.06 s (1 = 175,
N = 4). (C) 20x response pharmacology. Ag peak Values for neurons treated with antagonists are presented relative to those obtained from the same neurons
assayed before incubation in drug. Treatment with w-CTx (0.1-0.2 M; 60 min) to block presynaptic voltage-gated Ca?* channels (green bar), Hex/dTC (100 pM
each; 15 min) to block NAChRs (salmon bar), or Ondansetron (20 wM; 15 min) to block 5-HT3Rs (orange bar) significantly reduced Ag peak to levels that were 32 + 7,
35 + 3, or 68 + 4%, respectively, of those obtained from the same neurons assessed before antagonist application (gray bars, Control; p < 0.05 for each). For
w-CTx, Hex, and Ondansetron the corresponding replicates were n = 15, 168, and 196 and N = 1, 4, and 3. (D) Time course of Ca?™ fluorescence changes in nine
neuron somas (black traces) evoked by a single 1500 pA stimulus (1x stimulation) delivered at the inverted black triangle. Purple triangles above the traces depict
the timing of peak responses (Ag peak). The response average from these neurons and that of the same neurons after incubation with Hex (100 wM; 15 min) are
depicted by the blue and red traces, respectively. (E) Summary of responses to 1x stimulation. Left: Ag peax values obtained in response to 1x stimulation
(0.091 4+ 0.013, n = 42; N = 2) were indistinguishable from those associated with spontaneous Ca?* transients (Figure 2; p > 0.05). Right: The latency to AE Peak
was 0.268 4 0.031 s (n = 42; N = 2). The responses to 1x stimulation displayed rise and decay time kinetic parameters (T 1,2 = 0.063 4 0.005 s and
Tp,1/2 = 0.5663 £ 0.039 s; n = 30; N = 2) values not significantly different from those for the spontaneous Ca?*t transients (Figure 2; p > 0.05). (F) Pharmacology.
Treatment with Hex or Hex/dTC (Hex/dTC, 100 M each; 15 min) to block nAChRs (salmon bar) significantly reduced Ag peax to 38 £ 8% (1 = 31; N = 2) while
application of Ondansetron to block 5-HT3Rs reduced Ag peax to 62 & 7% (n = 48; N = 3) both relative to the same neurons assessed before antagonist application
(gray bars, Control). (G) Differential effects of antagonists on Ag peak responses in subsets of MG neurons. Antagonist effects on Ca?™ responses to 1x stimulation
between treated and control neuron pairs were subdivided as block (>=70% reduction of Ag peak, red) inhibition (69-30% reduction, orange) or negligible (<29%
reduction, green) and expressed as the per cent of neurons in each category (n = 48, N = 3). Left: effect of Hex/dTC. Middle and right: effect of Ondansetron,
followed in the same cells by Ondansetron and Hex/dTC. (H) Transition of individual neurons in (G) that were unaffected (green) or inhibited (orange) by Ondansetron,
to inhibited or blocked (red) following treatment with Ondansetron and Hex/dTC. Note that some neurons inhibited or blocked by Ondansetron remained so after
(Continued)
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FIGURE 4 | Continued

5-HT3R only) and to both agonists (33 + 6% both receptor types).

treatment with both antagonists. (I) Proximal colon MG neurons can express functional a3*B4-nAChRs but not 5-HT3zRs, 5-HT3Rs but not «3*84-nAChRs, or both
receptor types. DMPP or 5-HT were applied sequentially to MG neurons within a given field to activate a3*84-nAChRs or 5-HT3Rs, respectively. Results are plotted
as the per cent of responsive neurons (n = 364, N = 4) that were sensitive to DMPP but not 5-HT (46 + 9% a3*84-nAChR only) to 5-HT but not DMPP (21 + 6%

respectively) that are prevalent on presynaptic terminals
(Wu and Saggau, 1995; McDonough et al., 1996) and responsible
for initiating neurotransmitter release (Mochida, 2018).
Consistent with an all-or-none presynaptic action, w-CTx
reduced ChATT/GCaMP6f" MG neuron Ca?™ transient Fg by
63% and had no effect on Ca>™ transient Ag peak relative to the
same neurons tested prior to toxin treatment (Figure 3C). The
action of ®-CTx was specific for presynaptic Ca?* channels in the
sense that the same toxin incubation paradigm did not alter the
DMPP-induced response in somas (as in Figure 1) where L-type
Ca?t channels (Cayl.1-1.4) are prominent (Hell etal., 1993;
Simon et al., 2003) and expected to be activated by DMPP-
induced depolarization. Because most cholinergic MG neurons
display robust responses to nAChR activation (Figure 1) and
nAChRs are known to mediate fast transmission in myenteric
ganglia (Galligan and North, 2004; Gwynne and Bornstein, 2007;
Foong et al., 2015) initial tests to determine if postsynaptic
ionotropic receptor function was required for the Ca’*
transients were conducted using nAChR inhibitors (Figures 3D-
F). Treatment with Hex alone or with Hex in combination
with dTC (Hex/dTC) reduced Ca?* transient Fg by 42 or 47%,
respectively, in both cases without affecting Ag peax of residual
events. The a3p4*-AChR selective antagonist SR16584 strongly
inhibited the Ca?™ transients, reducing Fs to zero in most cases
and by 85% overall, while reducing Ag peax in the few residual
events by 38% overall. The ability of nAChR antagonists to reduce
Fs while having no or, in the case of SR16584, a lesser effect on
Ag peak indicates that nAChR inhibition causes a large fraction
of the Ca?* transients to become undetectable, consistent with
the ability of the antagonists to drastically inhibit the DMPP
response. Taken together the use of antagonists to probe pre-
and postsynaptic functions indicate that the Ca?T transients in
ChAT*/GCaMP6ft MG neurons arise from presynaptic activity,
and that a substantial fraction are dependent on postsynaptic
a3p4*-nAChR activation.

Because Hex/dTC spared many and SR16584 spared some of
the Ca transients (Figures 3E, F) the possibility was examined
that the events unaffected by the nAChR antagonists reflect
synaptic activation of receptors other than nAChRs. Since
functional 5-HT3Rs were detected on cholinergic MG neurons
(Figure 1) their relevance to the Ca?t transients was explored
using selective antagonists (Figures 3G,H). When compared
to the same neurons assayed before and after antagonist
treatment, application of Ondansetron reduced Fs by 70%
and in one experiment LY278584 did so by 67%. While the
nAChR antagonists failed to affect amplitude, Ondansetron
also reduced Ag pey of residual Ca** transients doing so by
54% whereas LY278584 nominally reduced Agpex by 14% in
the few remaining unaffected neurons. The different effects of
Ondansetron and LY278584 on A pe,x may reflect different

potencies of these antagonists. Nevertheless, the ability of
both 5-HT3R antagonists to drastically reduce Fs and that
of Ondansetron to also reduce Agpex is consistent with
postsynaptic 5-HT3R inhibition where most Ca?* transients
disappear and a few persist at reduced size. Taken together,
the preceding results with w-CTx and ionotropic serotonin
and acetylcholine receptor antagonists indicate that the Ca?™
transients routinely observed in cholinergic MG neurons
in unstripped, intact colon explants reflect a dependence
on synaptic transmission mediated by nAChRs, particularly
a3p4*-nAChRs, by 5-HT3Rs, or by combined activation of
both receptor types.

The nAChR and 5-HT3R Dependent Ca?*
Transients in Cholinergic MG Neurons
Reflect Activation of Poly- and
Mono-Synaptic Circuits Mediated by
Either and Both Receptor Types

To determine if evoked Ca?* responses and the spontaneous
Ca’" transients share similar synaptic mechanisms, and whether
the evoked responses are consistent with functional transmission
mediated by poly- and/or monosynaptic inputs, current pulses
were applied to MG connectives (Figure 4). Single stimuli or
stimulus trains (1500 wA, 100-200 ws; 1x or 20x) delivered
to connectives 5-6 mm oral to a MG reliably evoked sharp
onset AF/Fy Ca?™T increases in cholinergic MG neurons. In all
ChAT™/GCaMP6f™ colon explants 20x stimulation evoked such
events, doing so in 97% of randomly selected ChAT*/GCaMP6f*
neurons with an average evoked net peak response (A peak) of
0.41 (Figures 4A, B). Consistent with expectations that inputs
to MG neurons would converge and responses to stimulus
trains would summate over time, the Af pey responses to
20x stimulation (Figure 4C) were four times larger than the
spontaneous Ca?t transients (Figure 2) and displayed wide
variability in times-to-peak (ranging from 0.3 to 3.7 s). In order to
better resolve individual evoked synaptic responses, single stimuli
were applied (Figures 4D-G). In 71% of ChAT'/GCaMP6f"
neurons 1x stimulation evoked abrupt increases in Ca®*
fluorescence that closely resembled the spontaneous Ca’*
transients. In particular, responses evoked by 1x stimulation
having fast rise, slow decay changes in Ca?™ fluorescence
had a mean peak amplitude of Afpex = 0.09, a value not
significantly different from that of spontaneous Ca?* transients
(Ag,peak = 0.11, Figure 2; p > 0.05) and temporally isolated
responses displayed respective Tr 1/ and Tp,1/» values of 53
and 563 ms, that were also not significantly different from those
of the spontaneous Ca?* transients (Figure 2; 67 and 546 ms;
p > 0.05 for both).
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As was the case for the spontaneous Ca2* transients, the
responses evoked by MG connective stimulation, required
synaptic transmission. First, like the Ca2* transients, the evoked
Ag peak responses were sensitive to inhibition of presynaptic
Ca’t channels, with o-CTx reducing the responses to 20x
stimulation by 68% compared to those of the same neurons
tested prior to toxin treatment (Figure 4C). Second, MG neuron
responses evoked by connective stimulation were reduced after
treatment with nAChR or/and 5-HT3R antagonists. In both
ChAT*/GCaMP6ft and E2a*/GCaMP6s™ neurons, average
Ag peak Tesponse values to 20 stimulation were reduced by 65%
compared to paired controls following nAChR inhibition with
Hex/dTC, while 5-HT3R inhibition with Ondansetron caused
a smaller 32% reduction (Figure 4C). Average paired response
values to 1x stimulation were similarly affected with nAChR
inhibition causing a more potent 62% reduction in Ag pek
compared to the 32% reduction following 5-HT3R inhibition
(Figures 4D, F). Inspection of individual response pairs revealed
that antagonizing a single receptor type resulted in non-uniform
inhibition with stimulus evoked responses blocked in some
neuron pairs (i.e., Ag peak ~ 0) and inhibited, or unaffected in
others (Figure 4G). Applying these criteria to 1x stimulation
reveals that treatment with Hex/dTC blocked evoked responses
in 65% of MG neuron pairs, inhibited responses in 25% and had
little or no detectable effect in 10%. By contrast, Ondansetron
blocked Ag pek responses evoked by 1x stimulation in only
31% of MG neuron pairs while inhibiting responses in 42% and
having no detectable effect in 27%. Subsequent co-application
of both Ondansetron and Hex/dTC to the same neurons
initially exposed to Ondansetron alone altered the distribution,
increasing response block to 81% of MG neuron pairs, with 19%
showing mild inhibition and none unaffected (Figure 4G). The
50% increase in neurons showing response block is consistent
with the additional blockade of a large fraction of neurons
expressing nAChRs and supports the conclusion that most
MG neurons display stimulus evoked synaptic Ca?* responses
that are mediated by nAChRs, with a subpopulation displaying
responses mediated by 5-HT3Rs. In addition, the transition of
individual neurons from inhibited and unaffected to blocked
following the application of both antagonists indicates that
evoked Ca?*t responses are mediated by both nAChRs and
5-HT3Rs in a subset of MG neurons (Figure 4H). Consistent
with this idea, puffer application of DMPP then 5-HT or
vice versa demonstrated that MG neurons express functional
receptors of either or both type (Figure 4I). Thus, for proximal
colon MG neurons sensitive to either agonist, 46% displayed
A4 peak Ca’®* responses mediated solely by nAChRs, 21%
displayed responses mediated solely by 5-HT3Rs, and 33%
had responses mediated by both receptor types. In accord
with the functional relevance of a3p4*-nAChRs and 5-HT3Rs
demonstrated by the preceding results, RNAscope in situ
hybridization studies revealed mRNA for a3-nAChR subunit
in MG neurons, and immuno-labeling experiments revealed
punctate 5-HT immunoreactivity on MG neurons consistent
with a presynaptic localization (Supplementary Figures 2A, B).

Response latencies were next assessed to determine if the
AF/Fy Ca?* responses evoked in cholinergic MG neurons by
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FIGURE 5 | Mono- and poly-synaptic pathways underlie stimulus evoked
Ca?* responses in cholinergic MG neurons. (A-D). Individual records
depicting expanded time courses of Ca?™ fluorescence changes sampled at
80 Hz in four GCaMP6f+/ChAT* neurons from a MG following one 1500 pA
stimulus. The time elapsed from stimulus application (inverted black triangles
at 200 ms) to response onset [2x SD of pre-stimulus AF/Fg (response
latency)] was determined for each neuron as described in the text. Synaptic
delay times were calculated by subtracting the time required for impulse
conduction to the recording site [based on a conduction velocity of

0.55 mm/ms (Stebbing and Bornstein, 1996)] from the response latency and
were on average 17.7 £ 3.3 ms (n = 29; N = 2) and 1.5, 15.0, 27.5, and

65.0 ms, respectively, for the neurons depicted in (A-D). (E) Consistent with
the prevalence of monosynaptic inputs, synaptic delay times <4 ms were
most common. Histogram depicts the frequency distribution of synaptic delay
times for 29 neurons with colors matching records in (A-D). Note that the
largest fraction of the entries (38%) correspond to synaptic delay times <4 ms
while only 10, 7, and 3% correspond to 15, 27, and 65 ms synaptic delay
times, respectively.
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1x connective stimulation arise from activation of mono- or
poly-synaptic circuits, or both (Figure 5). For each stimulus, the
response latency was measured as the time elapsed between its
application and a AF/Fj increase 2-4x SD above pre-stimulus
levels. Using this criterion, the average response latency to 1x
stimulation was 28 ms (n = 29). To estimate synaptic delay times,
the time required for action potentials initiated in presynaptic
axons to travel from the site of the stimulating electrode to
the center of the microscope field (5-6 mm) was calculated
from the conduction velocity for longitudinally projecting mouse
myenteric axons (0.55 mm/ms) (Stebbing and Bornstein, 1996)
and subtracted from overall response latency values. Synaptic
delay times obtained in this fashion had a mean value of
17.7 £ 3.3 ms, with individual times broadly distributed from
1.5 to 65.0 ms (e.g., Figures 5A-D). A previous estimate of the
delay time for fast synapses impinging on MG neurons was 1.9 ms
(Stebbing and Bornstein, 1996) a value consistent with measured
monosynaptic delays at the neuromuscular junction (0.5-4.0 ms)
(Katz and Miledi, 1965) and central synapses (1.0-3.0 ms)
(Goyal and Chaudhury, 2013). The range of synaptic delays
estimated here indicates that both mono and poly-synaptic inputs
underlie responses in cholinergic MG neurons evoked by single
longitudinal input stimuli. Because nearly 40% of synaptic delays
ranged from 1.5 to 4.0 ms (Figure 5E) however, monosynaptic
inputs can account for the largest fraction of the responses.

Modulation of Spontaneously Active

Myenteric Circuits

Activation of ionotropic a7-nAChRs and neuropeptide-activated
G-protein coupled receptors (GPCRs) can potently modulate
synaptic function. At central and autonomic synapses where
transmission is mediated by non-N-Methyl-D-aspartate
glutamate receptors (non-NMDARs) and «3B4*-nAChRs,
respectively, nicotine acting via highly Ca?t permeable
presynaptic a7-nAChRs (Séguéla et al, 1993) elevates Ca®*
in presynaptic terminals, thereby enhancing neurotransmitter
release and increasing the frequency (but not the amplitude)
of excitatory postsynaptic currents (EPSCs) (McGehee et al.,
1995; Gray et al., 1996; McGehee and Role, 1996). Because
in situ hybridization studies demonstrated the presence of
a7-nAChR subunit transcripts in MG tissue (Supplementary
Figure 2C) a modulatory role for a7-nAChRs at synapses
on cholinergic MG neurons was tested (Figure 6). To do so,
ChAT™/GCaMP6f" colon explants were challenged with the
a7-nAChR specific agonist, 3-(2,4-dimethoxybenzylidene)-
anabaseine dihydrochloride (GTS-21) (Briggs et al, 1997
Meyer et al., 1997; Naietal.,2003) during the acquisition of
spontaneous Ca’™ transients (Figure 6A). Consistent with a
presynaptic site of action, GTS-21 application increased the
frequency of GCaMP6f-mediated Ca?™ transients (Fs) by
125% when compared to the same neurons assayed prior to
treatment (Figure 6B) and did so without detectably altering
their amplitudes (As peqr). The increase in Fs was short-lived,
being evident only within the period of GTS-21 application.
GTS-21 acted specifically on a7-nAChRs because it failed
to increase Fs when colon explants were pre-treated with

methyllycaconitine (MLA) an a7-selective antagonist (Ward
et al., 1990; Figure 6C). The ability of GTS-21 to modulate Ca?™
transient Fs was consistent with a presynaptic site of action,
specifically by targeting a7-nAChRs present on presynaptic
inputs to cholinergic MG neurons rather than on somatic
a7-nAChRs. First, although a7-nAChRs have high permeability
to Ca’", displaying a Ca’T/Na™ permeability ratio of ~20
(Séguéla et al., 1993) they desensitize rapidly and have extremely
brief channel open times (McNerney et al., 2000; Nai et al., 2003;
Corradi and Bouzat, 2016) making it unlikely that they would
produce a depolarization sufficient to evoke somatic signals
detectable by GCaMP6f. Second, in accord with the failure of
GTS-21 to increase Ag pek as seen here, or EPSC amplitudes
as reported previously (McGehee et al., 1995) GTS-21 typically
evoked only small increases in net AF/Fy whereas neurons from
the same explants responded to DMPP with robust responses
(Figure 6D).

Pituitary adenylate cyclase activating polypeptide (PACAP)
and vasoactive intestinal peptide (VIP) belong to a family of
homologous neuropeptides that bind to specific GPCRs and
both have broad expression and functional relevance in the GI
tract (reviewed by Reglodi et al., 2018). Relevant to autonomic
synapses, PACAP is released from preganglionic terminals,
activates high-affinity PACAP GPCRs (PAC;Rs) and enhances
short-term nAChR mediated synaptic function within minutes
(Pugh et al., 2009; Jayakar et al., 2014). Because PACAP and
PACRs are present in MP neurons and fibers (Portbury et al.,
1995; Miampamba et al., 2002) the ability of PACAP to modulate
spontaneous synaptic Ca>* transients in cholinergic MG neurons
was tested (Figure 6E). After 5 min exposure to PACAP, Ca’*
transient Fs nearly doubled. Unlike the short-lived modulation
caused by a7-nAChR activation, however, the increase in Fs
caused by PACAP remained elevated, compared to the same
neurons assessed prior to PACAP application, for at least 60 min
as anticipated for a GPCR mediated regulation. Despite its ability
to enhance Fg, PACAP treatment had no detectable effect on
Ca’* transient amplitudes throughout the 60 min test period.

DISCUSSION

Targeted GCaMP6f Ca®t imaging reveals abundant, diverse,
and modifiable synaptic activity displayed by cholinergic MG
neurons in the intact mouse colon. GCaMP6f is well suited
for detecting evoked and spontaneous neuronal activity in a
multi-layered tissue such as the mouse intestine because of its
high resting fluorescence, Ca* sensitivity, and kinetic properties
(Chen et al., 2013) and because a mouse strain containing
a floxed-STOP GCaMP6f construct is commercially available.
While new and improved GECIs such as GCaMP8f and XCaMP-
Gf are being developed, side-by-side comparisons of sensitivity
and kinetics indicate that GCaMP6f detects single neuron spikes
with comparable fidelity and linearity (Inoue et al., 2019).!

Puffer application of DMPP evoked robust GCaMP6f
Ca?" responses in all proximal mouse colon segments

'https://www.janelia.org/jgcamp8-calcium-indicators#cultured_neuron
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FIGURE 6 | Modulation of synapse-dependent spontaneous Ca2* transients. (A-D) Modulation by a7-nAChR activation. (A) Ca®* transient frequency (Fs) in
cholinergic myenteric neurons increases during perfusion with GTS-21, an a7-nAChR selective agonist. Exemplar 3D plot showing Ca2*+ AF/Fg transients in 15
neurons before and during puffer application of GTS-21 (10 wM; 5 psi). (B) «7-nAChR activation by GTS-21 selectively increases Ca®™ transient frequency. Data
presented as in Figure 3. Overall, GTS-21 increased Ca?™ transient Fg by 126 & 25% (left) in neurons exposed to GTS-21 compared to Fg in the same neurons
prior to GTS-21 exposure (1 = 72; N = 5), whereas GTS-21 exposure failed to detectably change Ca? ™ transient As peak (fight; p = 0.24). (C) The a7-nAChR
selective antagonist MLA blocks GTS-21 induced modulation. Pre-incubation with MLA (50 nM, 1 h) had no detectable effect on Fg, but blocked the ability of
GTS-21 to increase Fg (left; n = 16; N = 2). Prior to MLA application, GTS-21 increased Fg by 232 + 90% in the same neurons (right). (D) Indicative of a presynaptic
site of action, GTS-21 induced very small peak increases in AF/Fq (Ag peak) (N = 56; N = 4) compared to DMPP responses assessed in the same explants (n = 30).
(E) Ca2™ transient modulation by PACAP. Ca?* transient frequency (Fs) and amplitude (As.peak) are plotted versus time in 100 nM PACAP as a per cent of their
values before PACAP exposure (17-38 transients from 15 neurons). Chamber perfusion was turned off during PACAP exposure. Note the persistent ~90% elevation
of Fg after 5, 30, and 60 min in PACAP (p < 0.05 for each) without a detectable change in Ag peak-

tested (Figures 1A-D) doing so in 69% of cholinergic (i.e.,
ChAT*/GCaMP6ft) MG neurons. Pharmacological tests
indicated that the DMPP responses were reduced by ~70%
after treatment with the generic nAChR inhibitor, Hex or
with the a3p4*-specific nAChR inhibitor, SR16584 and to
a somewhat greater extent (X90%) after treatment with the
generic nAChR inhibitor dTC (alone or in combination with
Hex). These results indicate that a3p4"-nAChRs represent
the bulk of nAChRs on cholinergic MG neurons in the adult
mouse colon, consistent with previous electrophysiological
studies underscoring the importance of cholinergic signaling
via ganglionic a3p4*-nAChRs in mouse and guinea pig MP
neurons (Nurgali et al, 2003; Galligan and North, 2004;
Gwynne and Bornstein, 2007). A previous study in mouse gut
where a3 and p4-nAChR subunits predominate, showed that
SR16584 inhibited the DMPP response of adult MG neurons
in duodenum to a lesser extent than did Hex (Foong et al.,

2015) suggesting that the distribution of a3p4*-nAChRs on
the neurons differs between small and large intestine. Other
electrophysiological studies have shown that 5-HT induces
excitatory responses in guinea pig enteric neurons that are
indicative of permeability to cations including Ca’* and
mediated by 5-HT3Rs (Mawe et al, 1986; Derkach et al,
1989; Yang, 1990; Galligan et al., 2000). Consistent with these
observations we found that 5-HT application evoked large Ca?*
AF/Fq responses in 62% cholinergic MG neurons that were
attributable to 5-HT3Rs (Figures 1E-H). In proximal colon
explants from E2a™/GCaMP6s™t mice, sequential application of
DMPP and 5-HT revealed that one third of MG neurons as a
whole co-express functional nAChRs and 5-HT3Rs. Consistent
with previous studies indicating that ~50% of neurons in mouse
proximal colon are ChAT+ (Li et al., 2019b) our recent findings
indicate that ~60% of mouse proximal colon MG neurons are
ChAT+ (Nestor-Kalinoski et al., in review) making it likely that
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a3p4*-nAChRs and 5-HT3Rs are co-expressed in a substantial
fraction of cholinergic MG neurons.

In addition to sensitivity to DMPP and 5-HT, cholinergic
MG neurons in nearly all intact unstimulated colon segments
displayed spontaneous activity in the form of Ca?* transients
(Figure 2). Consistent with their identification as discrete
synapse-driven events, the Ca?™ transients featured rapid rise
and slower decay times (TR 1,2 and Tp,1/2, respectively). While
the observed Tg 1,2 (67 ms) is consistent with previous values
obtained for GCaMP6f-mediated Ca?™ transients induced by
single action potentials in mammalian cortical neuron somas,
the observed Tp /2 (546 ms) is 2.7-3.8 times longer (Chen
et al., 2013). Two factors that would reduce the rate of Ca2t
extrusion and hence explain the larger Tp 1/, associated with MG
neurons are a higher endogenous buffering capacity and, because
extrusion scales with the membrane surface area (Cornelisse
et al., 2007; Badura et al., 2014) a smaller surface to volume
ratio (SVR). Indeed, soma size considerations predict that MG
neurons will have a 2.5x smaller SVR relative to cortical
neurons (~25 pwm and ~10 pm soma diameters, respectively).
Moreover, Ca?™ buffering capacity and cell geometry have
been shown previously to influence the decay of Ca®* signals
induced by single action potentials in dendrites where a threefold
higher endogenous buffering capacity and > twofold smaller
SVR in large diameter dendritic shafts compared to smaller
spines both contribute to the larger Tp 1/, of Ca’" decay in
dendritic shafts (Cornelisse et al., 2007). Taken together these
considerations indicate that GCaMP6f is sufficiently sensitive
to report Ca?™ fluctuations resulting from single MG neuron
action potentials that trigger Ca®™ influx via voltage-gated Ca®*
channels. GCaMP6f may also be able to detect subthreshold
synaptic activity, as was previously shown in hippocampal and
somatosensory neurons (Peron et al., 2015; Li et al, 2019a).
Because a major fraction of fast excitatory synaptic transmission
between enteric neurons is mediated by nAChRs (Galligan and
North, 2004; Gwynne and Bornstein, 2007; Foong et al., 2015)
which are highly permeable to Ca?* as well as Nat (Fucile,
2004) the Ca*>* transients may also reflect sub-threshold EPSPs
that result from synaptic activation of nAChRs and other Ca?*
permeable ionotropic receptors.

A series of pharmacological experiments with TTX and
Lido to block neuronal action potentials, w-CTx to block
presynaptic Ca’™ channel dependent neurotransmitter release,
and postsynaptic receptor antagonists revealed that the
spontaneous Ca’" transients arose from synaptic activity
intrinsic to the colon segment (Figure 3). We surmise that
many of the synaptic interactions present in vivo are preserved
in the intact colon segments used here, thereby increasing the
likelihood of spontaneous synaptic events. In accord with this
consideration and the importance of nAChRs in mediating fast
synaptic transmission to MG neurons, nAChR antagonists (Hex,
Hex/dTC, and SR16584) all reduced Ca®* transient frequency
(Fs) and did so without affecting the amplitude (Ag peak) of the
spared events except in rare cases following SR16584 treatment.
As mentioned in section “Results,” these findings are consistent
with an “all-or-none” phenomenon where the antagonists drive
synaptic responses below the GCaMP6f detection levels, but

for some events the nAChR antagonists have no effect, leaving
their amplitudes unchanged suggesting they are mediated by
other receptor types. In this regard, 5-HT3Rs were also found to
contribute to the spontaneous Ca’>™ transients because selective
antagonists (LY278584 and Ondansetron) both reduced Fs.
Interestingly, Ondansetron also reduced Ag pe,x suggesting it
induces an incomplete block of some 5-HT3Rs, or reduces the
amplitude of transients mediated by 5-HT3Rs and other receptor
types. It is worth noting that some of the spontaneous Ca?™
transients may represent subthreshold Ca?* entry via nAChRs
and 5-HT3Rs since both display significant Ca?* permeability
(Yang, 1990; Fucile, 2004).

Connective stimulation revealed further evidence for MG
synaptic transmission mediated by two postsynaptic receptor
types (Figure 4). 20x connective stimulation evoked synaptic
Ag peak responses in cholinergic MG neurons, requiring w-Ctx
sensitive presynaptic Ca?" channels and depending, in most
cases, on postsynaptic nAChRs or/and 5-HT3Rs. Experiments
using 1x stimulation confirmed these observations, revealing a
similar dependence on nAChRs, or/and 5-HT3Rs. Moreover, the
Ca’* responses evoked by 1x stimulation displayed amplitudes,
half-rise and half-decay times that were indistinguishable from
those of the spontaneous Ca?* transients (compare Figure 4E
with Figures 2C, D) supporting the conclusion that the Ca?™
transients arise from ongoing synaptic activity generated by
nAChRs, specifically a3p4*-nAChRs. Since Hex/dTC blocked
Ag peak Tesponses evoked by 1x connective stimulation in a
significantly larger fraction of MG neurons than did Ondansetron
(65 versus 31%, p < 0.05) our results indicate that, while
5-HT3Rs participate, nAChRs and specifically a384*-nAChRs,
play a predominant role in synaptic responses to connective
stimulation. In addition, the migration of inhibited and
unaffected MG neurons following Ondansetron treatment to
the blocked population after exposure to both Ondansetron and
Hex/dTC suggests that both nAChRs and 5-HT3Rs participate
in stimulus evoked responses in a subset of MG neurons.
Results from agonist co-application experiments support this
interpretation, as do previous studies in guinea pig and rat
demonstrating that ganglionic connective stimulation evokes fast
EPSPs mediated solely by nAChRs in 25-100% of MG neurons,
and by both nAChRs and 5-HT3Rs in smaller sub-populations
(Browning and Lees, 1996; Zhou and Galligan, 1999).

Because a few evoked events survive after treatment with
nAChR or/and 5-HT3R antagonists, our findings further indicate
that other postsynaptic ionotropic receptors contribute to
the Ca?T transients in mouse colon. Guinea pig sensory
MG neurons express functional ionotropic y-aminobutyric
acid receptors; GABA application produces excitatory inward
currents (reversing polarity at +4 mV) that are blocked by
the GABAAR antagonist bicuculline (Zhou and Galligan, 2000).
Similarly, we found that a minor fraction (*15%) of mouse
cholinergic MG neurons displayed Ca* increases in response
to puffer-applied GABA that were inhibited by bicuculline
(Supplementary Figures 3A, B). It is unlikely, however, that
GABaRs underlie or influence either the spontaneous or
stimulus evoked Ca’' transients because bicuculline failed
to affect the amplitude or frequency of the spontaneous
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transients, or the amplitude of responses evoked by connective
stimulation (Supplementary Figures 3C, D). Mouse MG
neurons also display Ca’?™ responses to glutamate detected
by GCaMP3 that are mediated by ionotropic NMDARs
and not by a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptors (AMPARs). Despite the presence of functional
NMDARs, however, the selective antagonist APV had no effect
on fast Ca’* transients in MG neurons evoked by 20x or
1x stimulation (Swaminathan et al, 2019). These findings
indicate that the evoked Ca®* responses and the spontaneous
Ca’* transients observed in cholinergic MG neurons depend
on similar synaptic transmission mechanisms as seen by a
requirement for activation of presynaptic Ca?* channels and
by a shared dependence on postsynaptic nAChRs or/and 5-
HT3Rs, but likely without involvement of GABA,, NMDA, or
AMPA receptors. Whether purinergic (P2X) receptors contribute
to evoked synaptic responses in mouse colon remains an open
question. In guinea pig ileum 67% of S-type MG motor and
interneurons (most of which are cholinergic), display fast EPSPs
mediated by nAChRs and P2X receptors, but such responses are
much less abundant in the colon (Galligan et al., 2000) and were
not investigated here.

Calculating the delay times of Ca?* responses evoked by
1x stimulation provided additional insights concerning the
synaptic pathways leading to MG neuron activation (Figure 5).
The first step involved measuring the time elapsed between
stimulus application and response onset, defined as a two to
fourfold increase in basal AF/Fy. By next subtracting the time
required for impulse propagation to the MG estimates of synaptic
delay were obtained. Such estimates depend on knowing the
conduction velocity of axons projecting longitudinally from
the stimulation site to the MG. Our reliance on a previously
published conduction velocity value of 0.55 mm/ms is reasonable
because it is based on longitudinally projecting MP axons
and because the authors used intracellular methods to conduct
their measurements (Stebbing and Bornstein, 1996). While
synaptic delay times were broadly distributed from 1.9 to
65 ms, the largest fraction were <4 ms, values consistent with
monosynaptic transmission (Katz and Miledi, 1965; Goyal and
Chaudhury, 2013) and indicative of direct inputs to MG neurons
from nearby ganglia.

In addition to its utility in assessing the properties of synapses
on cholinergic MG neurons, GCaMP6f Ca’" imaging can
identify regulatory influences on such synapses. a7-nAChR and
PACAP agonists were chosen as potential regulators because of
their demonstrated actions at synapses in autonomic ganglia and
brain (McGehee et al., 1995; Gray et al., 1996; McGehee and
Role, 1996; Pugh et al., 2009; Jayakar et al., 2014). In addition,
a7-nAChR subunit protein (Obaid et al., 2005) and transcripts
(Supplementary Figure 2C) are detected in MG, and PACAP
and PAC;Rs are present in MP neurons and fibers (Portbury
et al., 1995; Miampamba et al., 2002). The acute modulation of
Fs by GTS-21 (Figures 6A-D) required a7-nAChR activation
because GTS-21 is an a7-nAChR selective agonist (Briggs et al.,
1997; Meyer et al., 1997; Nai et al., 2003) and because the
GTS-21 induced increase in Fg was blocked by the a7-nAChR
selective antagonist MLA. GTS-21 appeared to act on presynaptic

terminals rather than on somatic a7-nAChRs because a7-nAChR
antagonists (MLA and a-bungarotoxin) previously failed to
block ACh induced responses in MG neuron somas (Zhou
et al, 2002) and in our studies GTS-21 failed to evoke
appreciable somatic Ca®* signals while inducing robust increases
in Fs. Moreover, a7-nAChRs display an immunolabeling pattern
consistent with expression on presynaptic terminals in MG
(Obaid et al., 2005). The increase in Fs due to presynaptic a7-
nAChHR activation is consistent with enhanced neurotransmitter
release demonstrated in brain and sympathetic ganglia (McGehee
et al, 1995; Gray et al, 1996; McGehee and Role, 1996)
and suggested for enteric neurons (Obaid et al, 2005) and
may serve to increase the reliability of synaptic transmission
(Chang and Berg, 1999). Contrasting with the short-lived
actions of GTS-21, PACAP induced increases in Ca’* transient
Fs remained evident for at least 60 min. Such persistence
is consistent with a GPCR mediated signaling pathway that
activates effectors having extended actions on downstream
synaptic targets. Studies with parasympathetic neurons indicate
that PACAP acting via PAC;Rs triggers a cascade of intracellular
changes involving cyclic AMP/protein kinase A and neuronal
nitric oxide synthase effectors, thereby enhancing quantal ACh
release from presynaptic terminals to increase the frequency
of spontaneous synaptic currents by >200% and increase their
amplitudes by ~40% (Pugh et al., 2009; Jayakar et al., 2014).
The PACAP-induced increase in Ca?* transient Fg seen here is
consistent with an effect on presynaptic processes that enhance
transmitter release at MG synapses. In the amygdala, PACAP
causes rapid, persistent enhancement of excitatory transmission
to neurons in the central lateral nucleus via protein kinase A
dependent signaling, but does so by a postsynaptic mechanism
featuring a ~30% increase in evoked AMPAR mediated EPSC
amplitude (Cho et al., 2012). It remains possible that PACAP
induces a comparable 30-40% increase in MG neuron synaptic
responses that is not reflected in a detectable increase in Ca®*
transient Ag peak.

CONCLUSION

In summary, our results reveal that targeted GCaMP6f Ca®™
imaging can be used to assess the components, function and
modulation of synapses on cholinergic MG neurons. The
advantage of GCaMP6 Ca?™ imaging is its utility in assessing
intact neural circuits such as the colonic MP, an approach
that reveals abundant and diverse synaptic interactions. While
based on myenteric neurons, the results further indicate that
GECIs can be used to probe the function and modulation
of synapses targeted at specific classes of neurons throughout
the nervous system.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 652714


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Margiotta et al.

Mechanisms Underlying Synaptic Activity in Mouse Myenteric Ganglia

ETHICS STATEMENT

The animal study was reviewed and approved by the University of
Toledo Institutional Animal Care and Use Committee (IACUC).

AUTHOR CONTRIBUTIONS

JM directed the project, conducted the imaging experiments
using GCaMP6f expressed in ChAT+ mice, analyzed the results,
wrote the manuscript, and corresponded with the journal staff.
KS-E conducted the imaging experiments using GCaMP6s
expressed in E2a mice and analyzed the results. AN-K conducted
the confocal imaging studies to document the presence of
nAChR subunits and serotonin. BD provided intellectual input
and advised KS-E. KA conducted RNA-scope experiments.
MH secured NIH funding and conducted RNA-scope and

REFERENCES

Artimovich, E., Jackson, R. K., Kilander, M. B. C,, Lin, Y.-C., and Nestor, M. W.
(2017). PeakCaller: an automated graphical interface for the quantification of
intracellular calcium obtained by high-content screening. BMC Neurosci. 18:72.
doi: 10.1186/512868-017-0391-y

Badura, A., Sun, X. R,, Giovannucci, A., Lynch, L. A., and Wang, S. S.-H. (2014).
Fast calcium sensor proteins for monitoring neural activity. Neurophotonics
1:025008. doi: 10.1117/1.NPh.1.2.025008

Boesmans, W., Martens, M. A., Weltens, N., Hao, M. M., Tack, J., Cirillo, C., et al.
(2013). Imaging neuron-glia interactions in the enteric nervous system. Front.
Cell. Neurosci. 7:183. doi: 10.3389/fncel.2013.00183

Briggs, C. A., Anderson, D. J., Brioni, J. D., Buccafusco, J. J., Buckley, M. J.,
Campbell, J. E., et al. (1997). Functional characterization of the novel neuronal
nicotinic acetylcholine receptor ligand GTS-21 in vitro and in vivo. Pharmacol.
Biochem. Behav. 57, 231-241. doi: 10.1016/s0091-3057(96)00354- 1

Browning, K. N, and Lees, G. M. (1996). Myenteric neurons of the
rat descending colon: electrophysiological and correlated morphological
properties. Neuroscience 73, 1029-1047. doi: 10.1016/0306-4522(96)00118-2

Chang, K. T., and Berg, D. K. (1999). Nicotinic acetylcholine receptors containing
alpha7 subunits are required for reliable synaptic transmission in situ.
J. Neurosci. 19, 3701-3710. doi: 10.1523/jneurosci.19-10-03701.1999

Chen, T.-W., Wardill, T. ], Sun, Y., Pulver, S. R., Renninger, S. L., Baohan, A., et al.
(2013). Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature
499, 295-300. doi: 10.1038/nature12354

Cho, J.-H., Zushida, K., Shumyatsky, G. P., Carlezon, W. A., Meloni, E. G,
and Bolshakov, V. Y. (2012). Pituitary adenylate cyclase-activating polypeptide
induces postsynaptically expressed potentiation in the intra-amygdala circuit. J.
Neurosci. 32, 14165-14177. doi: 10.1523/J]NEUROSCI.1402-12.2012

Cornelisse, L. N., van Elburg, R. A. J., Meredith, R. M., Yuste, R., and Mansvelder,
H. D. (2007). High speed two-photon imaging of calcium dynamics in dendritic
spines: consequences for spine calcium kinetics and buffer capacity. PLoS One
2:¢1073. doi: 10.1371/journal.pone.0001073

Corradi, J., and Bouzat, C. (2016). Understanding the bases of function and
modulation of o7 nicotinic receptors: implications for drug discovery. Mol.
Pharmacol. 90, 288-299. doi: 10.1124/mol.116.104240

Costa, M., Brookes, S. J., and Hennig, G. W. (2000). Anatomy and physiology
of the enteric nervous system. Gut 47(Suppl. 4):iv15-9- discussion iv26. doi:
10.1136/gut.47.suppl_4.ivl5

Derkach, V., Surprenant, A., and North, R. A. (1989). 5-HT3 receptors are
membrane ion channels. Nature 339, 706-709. doi: 10.1038/339706a0

Foong, J. P. P, Hirst, C. S., Hao, M. M., McKeown, S. J., Boesmans, W.,
Young, H. M,, et al. (2015). Changes in nicotinic neurotransmission during
enteric nervous system development. J. Neurosci. 35, 7106-7115. doi: 10.1523/
JNEUROSCI.4175-14.2015

immunolabeling experiments. All authors contributed to the
article and approved the submitted version.

FUNDING

Funding was provided to MH by the NIH Common Fund
Program, “Stimulating Peripheral Activity to Relieve Conditions,
SPARC” OT20D023859 and U18EB021790.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2021.652714/full#supplementary- material

Fucile, S. (2004). Ca2+ permeability of nicotinic acetylcholine receptors. Cell
Calcium 35, 1-8. doi: 10.1016/j.ceca.2003.08.006

Fung, C., Koussoulas, K., Unterweger, P., Allen, A. M., Bornstein, J. C., and Foong,
J. P. P. (2018). Cholinergic submucosal neurons display increased excitability
following in vivo cholera toxin exposure in mouse ileum. Front. Physiol. 9:290.
doi: 10.3389/fphys.2018.00260

Furness, J. B. (2012). The enteric nervous system and neurogastroenterology. Nat.
Rev. Gastroenterol. Hepatol. 9, 286-294. doi: 10.1038/nrgastro.2012.32

Furness, J. B., Callaghan, B. P., Rivera, L. R,, and Cho, H.-J. (2014). The enteric
nervous system and gastrointestinal innervation: integrated local and central
control. Adv. Exp. Med. Biol. 817, 39-71. doi: 10.1007/978-1-4939-0897-4_3

Galligan, J. J., LePard, K. J., Schneider, D. A., and Zhou, X. (2000). Multiple
mechanisms of fast excitatory synaptic transmission in the enteric nervous
system. J. Auton. Nerv. Syst. 81, 97-103. doi: 10.1016/s0165-1838(00)00130-2

Galligan, J. J., and North, R. A. (2004). Pharmacology and function of
nicotinic acetylcholine and P2X receptors in the enteric nervous system.
Neurogastroenterol. Motil. 16(Suppl. 1), 64-70. doi: 10.1111/j.1743-3150.2004.
00478.x

Glatzle, J., Sternini, C., Robin, C,, Zittel, T. T., Wong, H., Reeve, J. R., et al. (2002).
Expression of 5-HT3 receptors in the rat gastrointestinal tract. YGAST 123,
217-226. doi: 10.1053/gast.2002.34245

Goyal, R. K., and Chaudhury, A. (2013). Structure activity relationship of synaptic
and junctional neurotransmission. Autonomic Neurosci. Basic Clin. 176, 11-31.
doi: 10.1016/j.autneu.2013.02.012

Gray, R., Rajan, A. S., Radcliffe, K. A., Yakehiro, M., and Dani, J. A. (1996).
Hippocampal synaptic transmission enhanced by low concentrations of
nicotine. Nature 383, 713-716. doi: 10.1038/383713a0

Gwynne, R. M., and Bornstein, J. C. (2007). Synaptic transmission at functionally
identified synapses in the enteric nervous system: roles for both ionotropic
and metabotropic receptors. Curr. Neuropharmacol. 5, 1-17. doi: 10.2174/
157015907780077141

Hell, J. W., Westenbroek, R. E., Warner, C., Ahlijanian, M. K., Prystay, W., Gilbert,
M. M., etal. (1993). Identification and differential subcellular localization of the
neuronal class C and class D L-type calcium channel alpha 1 subunits. J. Cell
Biol. 123, 949-962. doi: 10.1083/jcb.123.4.949

Hendershot, T. J., Liu, H., Clouthier, D. E., Shepherd, I. T., Coppola, E., Studer,
M., et al. (2008). Conditional deletion of Hand2 reveals critical functions in
neurogenesis and cell type-specific gene expression for development of neural
crest-derived noradrenergic sympathetic ganglion neurons. Dev. Biol. 319,
179-191. doi: 10.1016/j.ydbio.2008.03.036

Hennig, G. W., Gould, T. W., Koh, S. D., Corrigan, R. D., Heredia, D. J., Shonnard,
M. C,, et al. (2015). Use of genetically encoded calcium indicators (GECIs)
combined with advanced motion tracking techniques to examine the behavior
of neurons and glia in the enteric nervous system of the intact murine colon.
Front. Cell. Neurosci. 9:13819. doi: 10.1523/J]NEUROSCI.4469-11.2012

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 652714


https://www.frontiersin.org/articles/10.3389/fphys.2021.652714/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2021.652714/full#supplementary-material
https://doi.org/10.1186/s12868-017-0391-y
https://doi.org/10.1117/1.NPh.1.2.025008
https://doi.org/10.3389/fncel.2013.00183
https://doi.org/10.1016/s0091-3057(96)00354-1
https://doi.org/10.1016/0306-4522(96)00118-2
https://doi.org/10.1523/jneurosci.19-10-03701.1999
https://doi.org/10.1038/nature12354
https://doi.org/10.1523/JNEUROSCI.1402-12.2012
https://doi.org/10.1371/journal.pone.0001073
https://doi.org/10.1124/mol.116.104240
https://doi.org/10.1136/gut.47.suppl_4.iv15
https://doi.org/10.1136/gut.47.suppl_4.iv15
https://doi.org/10.1038/339706a0
https://doi.org/10.1523/JNEUROSCI.4175-14.2015
https://doi.org/10.1523/JNEUROSCI.4175-14.2015
https://doi.org/10.1016/j.ceca.2003.08.006
https://doi.org/10.3389/fphys.2018.00260
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.1007/978-1-4939-0897-4_3
https://doi.org/10.1016/s0165-1838(00)00130-2
https://doi.org/10.1111/j.1743-3150.2004.00478.x
https://doi.org/10.1111/j.1743-3150.2004.00478.x
https://doi.org/10.1053/gast.2002.34245
https://doi.org/10.1016/j.autneu.2013.02.012
https://doi.org/10.1038/383713a0
https://doi.org/10.2174/157015907780077141
https://doi.org/10.2174/157015907780077141
https://doi.org/10.1083/jcb.123.4.949
https://doi.org/10.1016/j.ydbio.2008.03.036
https://doi.org/10.1523/JNEUROSCI.4469-11.2012
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Margiotta et al.

Mechanisms Underlying Synaptic Activity in Mouse Myenteric Ganglia

Inoue, M., Takeuchi, A., Manita, S., Horigane, S.-I., Sakamoto, M., Kawakami,
R, et al. (2019). Rational engineering of XCaMPs, a multicolor GECI Suite
for In&nbsp;vivo imaging of complex brain circuit dynamics. Cell 177, 1346
1360.e24. doi: 10.1016/j.cell.2019.04.007

Jayakar, S. S., Pugh, P. C., Dale, Z,, Starr, E. R,, Cole, S., and Margiotta, J. F. (2014).
PACAP induces plasticity at autonomic synapses by nAChR-dependent NOS1
activation and AKAP-mediated PKA targeting. Mol. Cell Neurosci. 63C, 1-12.
doi: 10.1016/j.mcn.2014.08.007

Katz, B., and Miledi, R. (1965). The measurement of synaptic delay, and the time
course of acetylcholine release at the neuromuscular junction. Proc. R. Soc. Lond
B Biol. Sci. 161, 483-495. doi: 10.1098/rspb.1965.0016

Lei, J., and Howard, M. J. (2011). Targeted deletion of Hand2 in enteric
neural precursor cells affects its functions in neurogenesis, neurotransmitter
specification and  gangliogenesis, causing functional
Development 138, 4789-4800. doi: 10.1242/dev.060053

Li, P,, Geng, X, Jiang, H., Caccavano, A., Vicini, S., and Wu, J.-Y. (2019a).
Measuring sharp waves and oscillatory population activity with the genetically
encoded calcium indicator GCaMP6f. Front. Cell. Neurosci. 13:274. doi: 10.
3389/fncel.2019.00274

Li, Z., Hao, M. M., Van den Haute, C., Baekelandt, V., Boesmans, W., and Vanden
Berghe, P. (2019b). Regional complexity in enteric neuron wiring reflects
diversity of motility patterns in the mouse large intestine. eLife 8, 1-27. doi:
10.7554/eLife.42914

Lomax, A. E., and Furness, J. B. (2000). Neurochemical classification of enteric
neurons in the guinea-pig distal colon. Cell Tissue Res 302, 59-72. doi: 10.1007/
5004410000260

Lukas, R. J., Changeux, J. P., Le Novere, N., Albuquerque, E. X., Balfour, D. J., Berg,
D. K, et al. (1999). International union of pharmacology. XX. current status
of the nomenclature for nicotinic acetylcholine receptors and their subunits.
Pharmacol. Rev. 51, 397-401.

Machu, T. K. (2011). Therapeutics of 5-HT3 receptor antagonists: current uses and
future directions. Pharmacol. Ther. 130, 338-347. doi: 10.1016/j.pharmthera.
2011.02.003

Mandelzys, A., Pié, B., Deneris, E. S., and Cooper, E. (1994). The developmental
increase in ACh current densities on rat sympathetic neurons correlates with
changes in nicotinic ACh receptor alpha-subunit gene expression and occurs
independent of innervation. J. Neurosci. 14, 2357-2364. doi: 10.1523/jneurosci.
14-04-02357.1994

Mao, Y. (2006). Characterization of myenteric sensory neurons in the mouse small
intestine. J. Neurophysiol. 96, 998-1010. doi: 10.1152/jn.00204.2006

Mawe, G. M., Branchek, T. A, and Gershon, M. D. (1986). Peripheral
neural serotonin receptors: identification and characterization with specific
antagonists and agonists. Proc. Natl. Acad. Sci. U.S.A. 83, 9799-9803. doi: 10.
1073/pnas.83.24.9799

McDonough, S. I, Swartz, K. J., Mintz, I. M., Boland, L. M., and Bean, B. P. (1996).
Inhibition of calcium channels in rat central and peripheral neurons by omega-
conotoxin MVIIC. J. Neurosci. 16, 2612-2623. doi: 10.1523/JNEUROSCI.16-
08-02612.1996

McGehee, D. S., Heath, M. ], Gelber, S., Devay, P., and Role, L. W. (1995). Nicotine
enhancement of fast excitatory synaptic transmission in CNS by presynaptic
receptors. Science 269, 1692-1696. doi: 10.1126/science.7569895

McGehee, D. S., and Role, L. W. (1996). Presynaptic ionotropic receptors. Curr.
Opin. Neurobiol. 6, 342-349. doi: 10.1016/50959-4388(96)80118-8

McNerney, M. E. Pardi, D., Pugh, P. C, Nai, Q, and Margiotta, J. F.
(2000). Expression and channel properties of alpha-bungarotoxin-sensitive
acetylcholine receptors on chick ciliary and choroid neurons. J. Neurophysiol.
84, 1314-1329. doi: 10.1152/jn.2000.84.3.1314

Meyer, E. M., Tay, E. T., Papke, R. L., Meyers, C., Huang, G. L., and de Fiebre,
C. M. (1997). 3-[2,4-Dimethoxybenzylidene]anabaseine (DMXB) selectively
activates rat alpha7 receptors and improves memory-related behaviors in a
mecamylamine-sensitive manner. Brain Res. 768, 49-56. doi: 10.1016/s0006-
8993(97)00536-2

Miampamba, M., Germano, P. M., Arli, S., Wong, H. H., Scott, D., Taché, Y.,
et al. (2002). Expression of pituitary adenylate cyclase-activating polypeptide
and PACAP type 1 receptor in the rat gastric and colonic myenteric neurons.
Regul. Pept. 105, 145-154. doi: 10.1016/s0167-0115(02)00003-4

Mochida, S. (2018). Presynaptic calcium channels. Neurosci. Res. 127, 33-44. doi:
10.1016/j.neures.2017.09.012

aganglionosis.

Nai, Q., McIntosh, J. M., and Margiotta, J. F. (2003). Relating neuronal nicotinic
acetylcholine receptor subtypes defined by subunit composition and channel
function. Mol. Pharmacol. 63, 311-324. doi: 10.1124/mol.63.2.311

Nurgali, K., Furness, J. B., and Stebbing, M. J. (2003). Analysis of purinergic
and cholinergic fast synaptic transmission to identified myenteric neurons.
Neuroscience 116, 335-347. doi: 10.1016/s0306-4522(02)00749-2

Nurgali, K., Stebbing, M. J., and Furness, J. B. (2004). Correlation of
electrophysiological and morphological characteristics of enteric enteric
neurons in the mouse colon. J. Comp. Neurol. 468, 112-124. doi: 10.1002/cne.
10948

Obaid, A. L. Nelson, M. E. Lindstrom, J., and Salzberg, B. M. (2005).
Optical studies of nicotinic acetylcholine receptor subtypes in the guinea-
pig enteric nervous system. J. Exp. Biol. 208, 2981-3001. doi: 10.1242/jeb.0
1732

Peron, S. P., Freeman, J., Iyer, V., Guo, C., and Svoboda, K. (2015). A cellular
resolution map of barrel cortex activity during tactile behavior. Neuron 86,
783-799. doi: 10.1016/j.neuron.2015.03.027

Portbury, A. L., McConalogue, K. Furness, J. B, and Young, H. M.
(1995). Distribution of pituitary adenylyl cyclase activating peptide (PACAP)
immunoreactivity in neurons of the guinea-pig digestive tract and their
projections in the ileum and colon. Cell Tissue Res. 279, 385-392. doi: 10.1007/
BF00318496

Pugh, P. C, Jayakar, S. S., and Margiotta, J. F. (2009). PACAP/PACIR signaling
modulates acetylcholine release at neuronal nicotinic synapses. Mol. Cell.
Neurosci. 43, 244-257. doi: 10.1016/j.mcn.2009.11.007

Reglodi, D, Illes, A., Opper, B., Schafer, E., Tamds, A., and Horvath, G. (2018).
Presence and effects of pituitary adenylate cyclase activating polypeptide under
physiological and pathological conditions in the stomach. Front. Endocrinol.
(Lausanne) 9:90. doi: 10.3389/fend0.2018.00090

Rugiero, F., Mistry, M., Sage, D., Black, J. A., Waxman, S. G., Crest, M., et al.
(2003). Selective expression of a persistent tetrodotoxin-resistant Na+ current
and NaV1.9 subunit in myenteric sensory neurons. J. Neurosci. 23, 2715-2725.
doi: 10.1523/JNEUROSCI.23-07-02715.2003

Schindelin, J., Arganda-Carreras, L, Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676-682. doi: 10.1038/nmeth.2019

Scholz, A., Kuboyama, N., Hempelmann, G., and Vogel, W. (1998). Complex
blockade of TTX-resistant Na+ currents by lidocaine and bupivacaine reduce
firing frequency in DRG neurons. J. Neurophysiol. 79, 1746-1754. doi: 10.1152/
jn.1998.79.4.1746

Séguéla, P., Wadiche, J., Dineley-Miller, K., Dani, J. A., and Patrick, J. W. (1993).
Molecular cloning, functional properties, and distribution of rat brain alpha 7: a
nicotinic cation channel highly permeable to calcium. J. Neurosci. 13, 596-604.
doi: 10.1523/jneurosci.13-02-00596.1993

Simon, M., Perrier, J.-F., and Hounsgaard, J. (2003). Subcellular distribution of
L-type Ca2+ channels responsible for plateau potentials in motoneurons from
the lumbar spinal cord of the turtle. Eur. J. Neurosci. 18, 258-266. doi: 10.1046/
j.1460-9568.2003.02783.x

Smith-Edwards, K. M., Edwards, B. S., Wright, C. M., Schneider, S., Meerschaert,
K. A, Ejoh, L. L, et al. (2020). Sympathetic input to multiple cell types in
mouse and human colon produces region-specific responses. Gastroenterology
160, 1208-1223.e4. doi: 10.1053/j.gastro.2020.09.030

Smith-Edwards, K. M., Najjar, S. A., Edwards, B. S., Howard, M. J., Albers, K. M.,
and Davis, B. M. (2019). Extrinsic primary afferent neurons link visceral pain to
colon motility through a spinal reflex in mice. Gastroenterology 157, 522-536.¢2.
doi: 10.1053/j.gastro.2019.04.034

Stebbing, M. J., and Bornstein, J. C. (1996). Electrophysiological mapping of fast
excitatory synaptic inputs to morphologically and chemically characterized
myenteric neurons of guinea-pig small intestine. Neuroscience 73, 1017-1028.
doi: 10.1016/0306-4522(96)00121-2

Swaminathan, M., Hill-Yardin, E. L., Bornstein, J. C., and Foong, J. P. P. (2019).
Endogenous glutamate excites myenteric calbindin neurons by activating group
I metabotropic glutamate receptors in the mouse colon. Front. Neurosci. 13:426.
doi: 10.3389/fnins.2019.00426

Vernallis, A. B., Conroy, W. G., and Berg, D. K. (1993). Neurons assemble
acetylcholine receptors with as many as three kinds of subunits while
maintaining subunit segregation among receptor types. Neuron 10, 451-464.
doi: 10.1016/0896-6273(93)90333-m

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 652714


https://doi.org/10.1016/j.cell.2019.04.007
https://doi.org/10.1016/j.mcn.2014.08.007
https://doi.org/10.1098/rspb.1965.0016
https://doi.org/10.1242/dev.060053
https://doi.org/10.3389/fncel.2019.00274
https://doi.org/10.3389/fncel.2019.00274
https://doi.org/10.7554/eLife.42914
https://doi.org/10.7554/eLife.42914
https://doi.org/10.1007/s004410000260
https://doi.org/10.1007/s004410000260
https://doi.org/10.1016/j.pharmthera.2011.02.003
https://doi.org/10.1016/j.pharmthera.2011.02.003
https://doi.org/10.1523/jneurosci.14-04-02357.1994
https://doi.org/10.1523/jneurosci.14-04-02357.1994
https://doi.org/10.1152/jn.00204.2006
https://doi.org/10.1073/pnas.83.24.9799
https://doi.org/10.1073/pnas.83.24.9799
https://doi.org/10.1523/JNEUROSCI.16-08-02612.1996
https://doi.org/10.1523/JNEUROSCI.16-08-02612.1996
https://doi.org/10.1126/science.7569895
https://doi.org/10.1016/s0959-4388(96)80118-8
https://doi.org/10.1152/jn.2000.84.3.1314
https://doi.org/10.1016/s0006-8993(97)00536-2
https://doi.org/10.1016/s0006-8993(97)00536-2
https://doi.org/10.1016/s0167-0115(02)00003-4
https://doi.org/10.1016/j.neures.2017.09.012
https://doi.org/10.1016/j.neures.2017.09.012
https://doi.org/10.1124/mol.63.2.311
https://doi.org/10.1016/s0306-4522(02)00749-2
https://doi.org/10.1002/cne.10948
https://doi.org/10.1002/cne.10948
https://doi.org/10.1242/jeb.01732
https://doi.org/10.1242/jeb.01732
https://doi.org/10.1016/j.neuron.2015.03.027
https://doi.org/10.1007/BF00318496
https://doi.org/10.1007/BF00318496
https://doi.org/10.1016/j.mcn.2009.11.007
https://doi.org/10.3389/fendo.2018.00090
https://doi.org/10.1523/JNEUROSCI.23-07-02715.2003
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1152/jn.1998.79.4.1746
https://doi.org/10.1152/jn.1998.79.4.1746
https://doi.org/10.1523/jneurosci.13-02-00596.1993
https://doi.org/10.1046/j.1460-9568.2003.02783.x
https://doi.org/10.1046/j.1460-9568.2003.02783.x
https://doi.org/10.1053/j.gastro.2020.09.030
https://doi.org/10.1053/j.gastro.2019.04.034
https://doi.org/10.1016/0306-4522(96)00121-2
https://doi.org/10.3389/fnins.2019.00426
https://doi.org/10.1016/0896-6273(93)90333-m
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Margiotta et al.

Mechanisms Underlying Synaptic Activity in Mouse Myenteric Ganglia

Ward, J. M., Cockcroft, V. B, Lunt, G. G., Smillie, F. S., and Wonnacott, S. (1990).
Methyllycaconitine: a selective probe for neuronal alpha-bungarotoxin binding
sites. FEBS Lett. 270, 45-48. doi: 10.1016/0014-5793(90)81231-¢

Wu, L. G,, and Saggau, P. (1995). Block of multiple presynaptic calcium channel
types by omega-conotoxin-MVIIC at hippocampal CA3 to CAl synapses.
J. Neurophysiol. 73, 1965-1972. doi: 10.1152/jn.1995.73.5.1965

Yang, J. (1990). Ion permeation through 5-hydroxytryptamine-gated channels in
neuroblastoma N18 cells. J. Gen. Physiol. 96, 1177-1198. doi: 10.1085/jgp.96.6.
1177

Zaveri, N., Jiang, F., Olsen, C., Polgar, W., and Toll, L. (2010). Novel a3p4 nicotinic
acetylcholine receptor-selective ligands. discovery, structure-activity studies,
and pharmacological evaluation. J. Med. Chem. 53, 8187-8191. doi: 10.1021/
jm1006148

Zhou, X., and Galligan, J. J. (1999). Synaptic activation and properties of 5-
hydroxytryptamine(3) receptors in myenteric neurons of guinea pig intestine.
J. Pharmacol. Exp. Ther. 290, 803-810.

Zhou, X., and Galligan, J. J. (2000). GABA(A) receptors on calbindin-
immunoreactive myenteric neurons of guinea pig intestine. J. Auton. Nerv. Syst.
78, 122-135. doi: 10.1016/s0165-1838(99)00065-x

Zhou, X., Ren, J., Brown, E., Schneider, D., Caraballo-Lopez, Y., and Galligan,
J. J. (2002). Pharmacological properties of nicotinic acetylcholine receptors

expressed by guinea pig small intestinal myenteric neurons. . Pharmacol. Exp.
Ther. 302, 889-897. doi: 10.1124/jpet.102.033548

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Margiotta, Smith-Edwards, Nestor-Kalinoski, Davis, Albers
and Howard. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org

18

August 2021 | Volume 12 | Article 652714


https://doi.org/10.1016/0014-5793(90)81231-c
https://doi.org/10.1152/jn.1995.73.5.1965
https://doi.org/10.1085/jgp.96.6.1177
https://doi.org/10.1085/jgp.96.6.1177
https://doi.org/10.1021/jm1006148
https://doi.org/10.1021/jm1006148
https://doi.org/10.1016/s0165-1838(99)00065-x
https://doi.org/10.1124/jpet.102.033548
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Synaptic Components, Function and Modulation Characterized by GCaMP6f Ca2+ Imaging in Mouse Cholinergic Myenteric Ganglion Neurons
	Introduction
	Materials and Methods
	Generation of Mice Expressing Genetically-Encoded Ca2+ Indicators
	Imaging Ca2+ Signals From Cholinergic Myenteric Neurons in Mouse Proximal Colon
	Statistics and Drug Testing

	RNA Detection and Immunostaining Methods

	Results
	Cholinergic MG Neurons Express Functional nAChRs and 5-HT3Rs
	Cholinergic MG Neurons Display Spontaneous Ca2+ Transients
	Spontaneous Ca2+ Transients in Cholinergic MG Neurons Reflect
 Ongoing Synaptic Activity
	The nAChR and 5-HT3R Dependent Ca2+ Transients in Cholinergic MG Neurons Reflect Activation of Poly- and Mono-Synaptic Circuits Mediated by Either and Both Receptor Types
	Modulation of Spontaneously Active Myenteric Circuits

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


