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Neurons of the enteric nervous system (ENS) arise from neural crest cells that migrate into and along the developing gastrointestinal
tract. A subpopulation of these neural-crest derived cells express pan-neuronal markers early in development, shortly after they first
enter the gut. However, it is unknown whether these early enteric “neurons” are electrically active. In this study we used live Ca 2� imaging
to examine the activity of enteric neurons from mice at embryonic day 11.5 (E11.5), E12.5, E15.5, and E18.5 that were dissociated and
cultured overnight. PGP9.5-immunoreactive neurons from E11.5 gut cultures responded to electrical field stimulation with fast [Ca 2�]i

transients that were sensitive to TTX and �-conotoxin GVIA, suggesting roles for voltage-gated Na � channels and N-type voltage-gated
Ca 2� channels. E11.5 neurons were also responsive to the nicotinic cholinergic agonist, dimethylphenylpiperazinium, and to ATP. In
addition, spontaneous [Ca 2�]i transients were present. Similar responses were observed in neurons from older embryonic gut. Whole-
cell patch-clamp recordings performed on E12.5 enteric neurons after 2–10 h in culture revealed that these neurons fired both sponta-
neous and evoked action potentials. Together, our results show that enteric neurons exhibit mature forms of activity at early stages of ENS
development. This is the first investigation to directly examine the presence of neural activity during enteric neuron development. Along
with the spinal cord and hindbrain, the ENS appears to be one of the earliest parts of the nervous system to exhibit electrical activity.

Introduction
The enteric nervous system (ENS) is a large network of neurons
and glia within the gastrointestinal tract wall that controls and
regulates many functions, such as motility and secretion (Fur-
ness, 2006). The ENS arises from neural crest cells, mostly from
the vagal region of the neural tube (Le Douarin and Teillet, 1973).
In embryonic mice, neural crest-derived cells migrate into the
developing foregut at embryonic day 9.5 (E9.5) and colonize the
gastrointestinal tract in a rostral-to-caudal wave (Kapur et al.,
1992; Anderson et al., 2006). A set of coordinated events is

required to produce the mature ENS from enteric neural
crest-derived cells (ENCCs) including proliferation, migration,
differentiation into neurons of various neurochemical pheno-
types, formation of ganglia, development of neuronal activity,
axon extension and pathfinding, and synaptogenesis. Defects at
any stage of ENS development could result in severe pediatric
motility problems (Young, 2008; Gershon, 2010), some of which
can lead to irritable bowel syndrome in adulthood (Chitkara et
al., 2008). The cellular and molecular mechanisms that influence
the early events in ENS development, including proliferation and
migration, are relatively well understood (Young and Newgreen,
2001; Young, 2008; Burns et al., 2009; Hao and Young, 2009;
Laranjeira and Pachnis, 2009; Gershon, 2010). In contrast, little is
known about the later events in ENS development, including
axon pathfinding, dendrite formation, synaptogenesis and the
appearance of neuronal activity.

Over 20 years ago, it was reported that a subpopulation of
ENCCs starts to express a variety of pan-neuronal markers at
E10.5, shortly after they first enter the gut (Baetge and Gershon,
1989). However, neurally mediated motility patterns are not
present in the mouse intestine until E18.5 (Roberts et al., 2010).
Thus, although some ENCCs start expressing neuronal markers
from E10.5 onwards, there is currently no direct evidence that
these “neurons” are electrically excitable and behave like mature
neurons. In the developing CNS, electrical activity and neu-
rotransmitter release are present during embryonic development
and influence many aspects of neuron circuitry formation in
partnership with genetic programs (Moody and Bosma, 2005;
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Spitzer, 2006; Ben-Ari, 2008; Ben-Ari and Spitzer, 2010). Similar
mechanisms also operate within the developing ENS as inhibi-
tion of activity (Vohra et al., 2006; Hao et al., 2010) or genetic
disruptions to neurotransmitter synthesis or uptake (Li et al.,
2010, 2011) can perturb the migration and differentiation of
ENCCs. However, several key questions remain unanswered:
when do neurons in the embryonic gut become electrically ac-
tive? Can they respond to electrical or chemical stimuli? Do they
exhibit spontaneous activity?

In this study, we used calcium imaging and patch-clamp elec-
trophysiology to examine the activity of ENCCs dissociated from
mice of various embryonic ages that were cultured for up to 24 h.
We found that a subpopulation of ENCCs can fire action poten-
tials via voltage-gated Na� channels, display spontaneous and
evoked typical neuronal [Ca 2�]i transients and respond to neu-
rotransmitters early in the development of the ENS.

Materials and Methods
Animals. For experiments using E12.5 and older ages, C57BL/6J mice
were used. For studies using E11.5 mice, Wnt-1-CRE/YFP mice were
used, where all neural crest-derived cells express YFP (Druckenbrod and
Epstein, 2005; Cassiman et al., 2006). Pregnant females were killed by
CO2 followed by cervical dislocation. The embryos were quickly removed
and immediately decapitated before dissection, as approved by the Ani-
mal Ethics Committees of Katholieke Universiteit Leuven (KULeuven)
and the University of Melbourne.

Tissue dissociation and short term culture. Embryos were dissected in
sterile Krebs solution (in mM: 120.9 NaCl, 5.9 KCl, 1.2 MgCl2, 2.5 CaCl2,
1.2 NaH2PO4, 14.4 NaHCO3, 11.5 glucose). The gut was removed and
dissociated in collagenase II (338 U/ml; Worthington Biochemical
Corp.) for 15–20 min at 37°C followed by gentle pipetting. Cells were
plated on glass coverslips in culture media (DMEM/F12 supplemented
with 10% FBS, 200 mM L-glutamine, 100 U penicillin/streptomycin)
overnight. At E11.5, the entire gut caudal to the stomach was dissected
from heterozygous Wnt-1-CRE/YFP embryos. At E12.5, only the small
intestine was prepared for culture. At E15.5 and E18.5, the duodenum
(rostral 1/3 of the small intestine) and colon (including cecum) were
cultured separately to compare the behavior of neurons in different gut
regions. For adult small intestine, the external muscle layers were peeled
away from the submucosa and mucosa and then mechanically broken up
using a scalpel. The external muscle, containing the myenteric plexus,
was dissociated using collagenase II with protease (10 mg/ml; Sigma) and
albumin (50 mg/ml; Serva Electrophoresis) and plated on coverslips in
the same culture media as embryonic preparations. All cells were cul-
tured overnight at 37°C (5% CO2) before Ca 2� imaging.

Calcium imaging. Changes in intracellular Ca2� concentration ([Ca2�]i)
were assayed by Fluo-4 imaging as described previously (Vanden Berghe
et al., 2008; Boesmans et al., 2009; Gomes et al., 2009). Cells were loaded
with Fluo-4AM (5 �M; Invitrogen) in HEPES solution (in mM: 148 NaCl,
5 KCl, 1 MgCl2, 2 CaCl2, 10 glucose, 10 HEPES, with pH adjusted to 7.4
using NaOH) for 20 min, and then rinsed for 20 min with fresh solution
before recording. Coverslips were then transferred to a recording cham-
ber and mounted on a Zeiss Axiovert 200M microscope equipped with a
monochromator (Poly V) and a cooled CCD camera (Imago QE), both
from TILL Photonics. Fluo-4 was excited at 475 nm, and its fluorescence
emission was collected at 525 nm using 20� or 40� objectives. Images
were collected using TILLVISION software (TILL Photonics) and anal-
ysis was performed using custom written macros in IGOR PRO (Wave-
metrics). ROIs were drawn over each cell, and fluorescence intensity was
calculated and normalized per ROI to its baseline starting value. All
recordings were performed at room temperature except for spontaneous
activity experiments, which were performed at 37°C. Changes in fluores-
cence intensity were calculated and expressed as a fraction of the baseline
fluorescence, as Fi/F0. Peaks in [Ca 2�]i were individually determined,
with a minimum increase of 5 times the intrinsic noise level. The ampli-
tude of the [Ca 2�]i peak was calculated as the maximum increase in
[Ca 2�]i above baseline (Fig. 1). Amplitudes of [Ca 2�]i peaks in E11.5

cells were first corrected for their additional YFP background fluores-
cence. Activity over Time (AoT) images, in which only responding cells
are shown, were generated by an automated routine that attributes, on a
pixel by pixel basis, the maximum value of that pixel in a certain period of
time. The value was only assigned if a significant change was observed;
otherwise the pixel in the AoT image was set to 0. Thus all fluorescent
information that did not change in a given period of time was filtered out.

Electrical field stimulation. Electrical field stimulation (EFS) was ap-
plied as a train of 400 �s pulses at 20 mA at 20 Hz for 2 s using a WPI A385
stimulator through 2 parallel Pt/Ir wires (1 mm spacing).

Pharmacological agents. Ca 2�-free HEPES was made with the same
components as normal HEPES but CaCl2 was replaced with MgCl2 (2.5
mM), and EDTA (2 mM) was added. The following drugs were added to
the HEPES bath solution to block specific channels: TTX (1 �M; Sigma),
�-conotoxin-GVIA (1 �M; Alomone Labs), nicardipine (1 �M; Sigma),
�-Agatoxin (0.1 �M; Sigma), SNX-482 (0.1 �M; Alomone Labs), and
nickel (Ni 2�, 50 �M; Merck). Recordings (including controls) were per-
formed without constant perfusion to maintain bath volume. The fol-
lowing agonists were applied locally onto cells for 10 s, under constant
local perfusion: dimethylphenylpiperazinium (DMPP; 1 �M; Fluka);
ATP (10 �M; Sigma), serotonin (5-HT; 1 �M; Sigma), substance P (1 �M;
UCB Bioproducts), and CGRP (0.1 �M; Sigma).

Immunohistochemistry. After recording, cells were fixed in 4% parafor-
maldehyde (in HEPES) for 30 min at room temperature and processed
for immunohistochemistry as described previously (Boesmans et al.,
2008). Briefly, cells were permeabilized with 0.5% Triton X-100 in PBS
containing 4% donkey serum, and incubated in the following primary
antibodies for 24 h at 4°C: mouse anti-PGP9.5 (1:500; Ultraclone); goat
anti-GFP (1:200; Abcam) for E11.5 Wnt-1-CRE/YFP preparations;
mouse anti-neuronal class III �-tubulin (Tuj1, 1:2000; Covance); rabbit
anti-synaptophysin (1:1000; DAKO). After washing, secondary antibod-
ies were applied for 2 h at room temperature: donkey anti-mouse Alexa
594 (1:1000; Invitrogen); donkey anti-goat Alexa 488 (1:1000; Invitro-
gen); donkey anti-rabbit FITC (1:200; Jackson Laboratories). Prepara-
tions were imaged using the same Zeiss Axiovert 200M microscope
equipped with a monochromator and CCD camera as described above,
using appropriate filter cubes (Gomes et al., 2009). Synaptophysin im-
munohistochemistry was imaged using a Zeiss Pascal confocal laser scan-
ning microscope.

Whole-cell patch-clamp electrophysiology. Electrophysiology was per-
formed on dissociated cells from E12.5 small intestine within 2–10 h of
culture. Cells were visualized on a Zeiss Axiovert25 microscope using
bright-field optics and perfused in HEPES-buffered saline for recording
(in mM: 140 NaCl, 5 KCl, 10 HEPES, 2 CaCl2, 2 MgCl2, and D-glucose,
adjusted to pH � 7.4 using NaOH). Patch pipettes were pulled from
borosilicate glass capillaries (Harvard Apparatus) and filled with a
potassium methanesulfonate internal solution adapted from Mao et
al. (2006) (in mM: 115 KMeSO3, 9 NaCl, 10 HEPES, 0.1 CaCl2, 1
MgCl2, 0.2 BAPTA.K4, 2 Mg-ATP and 0.25 Na-GTP). All recordings
were made at 33°C using an Axopatch 200B amplifier, and pCLAMP9
software (both from Molecular Devices). Data were captured at 50 kHz
and filtered at 2 kHz. To minimize errors in current clamp, high resis-
tance pipettes were pulled (�10 M�) and recordings were made in “fast
I-clamp” mode (Magistrettri et al., 1996). Liquid junction potentials
were calculated using JPCalcW (Molecular Devices) and corrected of-
fline. Measurements of action potential properties were made using
Clampfit (Molecular Devices). Spontaneous activity was recorded in the
absence of any injected current. To evoke action potentials, membrane
potential was held between �60 and �70 mV, and cells depolarized with
a short (1 ms) current pulse.

Data presentation and statistical analysis. All data, including graphs, are
presented as mean � SEM. “n” refers to the number of cells, and “N”
refers to the number of coverslips examined. A minimum of two exper-
iments on different days using different litters of mice was performed for
each experimental condition. Unless otherwise stated, differences in
means were analyzed using one-way ANOVAs followed by Bonferroni
post hoc test. Differences were considered to be significant if p � 0.05.
Statistical analyses were performed with Microsoft Excel, GraphPad, or
Minitab.
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Results
Identification of neurons in primary culture using live
Ca 2�-imaging and PGP9.5 immunocytochemistry
We examined the [Ca 2�]i activity of ENCCs in dissociated gut
from E11.5, E12.5, E15.5, E18.5 and adult mice in overnight pri-
mary cultures. E11.5 cultures were established using Wnt-1-
CRE/YFP mice, as in these mice all ENCCs, including the
subpopulation that expresses pan-neuronal markers, express

YFP (Fig. 1A). Enteric neurons in preparations from E12.5 and
older embryos could be identified by their distinctive morphol-
ogy as they had round cell bodies that were clustered in small
groups, from which neurites projected (Fig. 1B,C); the vast ma-
jority of cells with these morphological features was PGP9.5-
immunoreactive (Fig. 2A). As it was not necessary to rely on the
Wnt-1-CRE/YFP reporter signal to identify neurons in E12.5 and
older mice, wild-type embryos were used for these ages. Live

Figure 1. EFS-evoked [Ca 2�]i transients. Representative fluorescence micrographs of the [Ca 2�]i response in dissociated neurons from E11.5 mid- and hindgut (A), E12.5 small intestine (B) and
adult small intestine (C) loaded with Fluo-4. The dissociation yielded small clumps of cells as well as single cells. ENCCs in E11.5 were YFP � (A), while neurons from E12.5 (B) and adult (C)
preparations were round and had extended neurites (black arrowheads). EFS was applied to cells at t � 15 s for 2 s and the Fluo-4 signal increased sharply (arrows) at t � 17. Neurites were also
responsive (arrowheads). Scale bars, 20 �m. A�–C�, Representative traces of the EFS-induced [Ca 2�]i transient at each age (same scale for all). The amplitude of each transient was calculated from
the baseline Fi/F0 value to the maximum Fi/F0 at the peak. D, Amplitude of the EFS-evoked [Ca 2�]i transients from preparations of different age groups and gut regions (mean � SEM). Significant
increases were observed between almost all populations of cells from E11.5 to E18.5 (***p � 0.0001; n � numbers of cells shown). Post hoc correction for the background YFP signal was made for
the calculation of E11.5 [Ca 2�]i transient amplitude (an uncorrected transient is shown in A�).
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Ca 2� recordings were made from fields ofviewcontainingcellswith
this neuron-like morphology.

EFSinducedasharpincrease in[Ca2�]i with a slower exponential
decay in neurons from cultured adult small intestine (Fig. 1C). A
similar [Ca 2�]i response was elicited in cells with neuron-like
morphology from cultures of E12.5-E18.5 gut (Fig. 1B), and in
14 � 2% of YFP� cells from E11.5 gut (n � 1505, 8 experiments;
Fig. 1A; see Notes). The amplitude of the EFS-induced [Ca 2�]i

transients increased from E11.5 to E18.5 (Fig. 1D). In the small

intestine, significant stepwise increases
were observed between each age group. In
the colon, [Ca 2�]i transients were signifi-
cantly smaller than those from the duode-
num at the same embryonic age. Interestingly,
although the average [Ca2�]i transient am-
plitude in cells derived from E15.5 colon is
higher than those from E12.5 small intes-
tine (p � 0.0001), the response in cells
from E18.5 colon is lower than that of
E15.5 duodenum cells (p � 0.001). In ad-
dition, the [Ca 2�]i transients in neurons
from the adult small intestine were
smaller than those in neurons from E18.5.
This may be an artifact as adult neurons
did not appear as robust and recovered
more slowly following dissociation than
embryonic cells.

Following EFS, cells were fixed and
processed for immunohistochemistry
using an antiserum against the pan-
neuronal marker, PGP9.5. At all ages
examined, �90% of cells that showed
EFS-induced [Ca 2�]i transients were also
PGP9.5� (Fig. 2A,B). However, not all
PGP9.5� cells were responsive to EFS. At
E11.5, �40% of PGP9.5� cells showed
EFS-induced [Ca 2�]i activity. This in-
creased significantly in preparations from
E15.5 and E18.5 small intestine (Fig. 2C).

YFP� neurites, which showed PGP9.5
immunostaining after fixation, were present
in many E11.5 preparations (Fig. 3A). Punc-
tate synaptophysin immunoreactivity was
also present along Tuj1-immunoreactive
neurites in E11.5 preparations (Fig. 3B). In
response to EFS, YFP� neurites showed
changes in [Ca2�]i along their entire length,
with more noticeable changes in their vari-
cosities (Fig. 3A,A	). EFS-responsive neu-
rites were also present in preparations from
older embryos (Fig. 1B,C). The change in
[Ca2�]i was greater than that observed in
E11.5 neurites, and synaptophysin immu-
noreactivity was more intense (Fig. 3C).

Effects of blocking voltage-gated Na �

channels on
EFS-evoked [Ca 2�]i transients
To examine the role of voltage-gated so-
dium channels, EFS was applied twice to
each preparation: the first time in normal
bath solution; cells were then bathed in
solution containing TTX (1 �M) for 2

min, and a second EFS applied. Timed control experiments were
also conducted where a second EFS was performed in the absence
of TTX. TTX reduced the [Ca 2�]i response to EFS in every prep-
aration, either by completely eliminating the [Ca 2�]i transient or
by reducing the amplitude of the [Ca 2�]i peaks (Fig. 4A). TTX
eliminated the EFS-induced [Ca 2�]i transient in the majority of
neurons at all embryonic ages and in both gut regions (Fig. 4B).

For neurons in which a response to EFS was still detectable in
the presence of TTX, the change in the amplitude of the [Ca 2�]i

Figure 2. Post hoc immunohistochemistry. A, AoT images (from E18.5 small intestine) show that most EFS-responsive cells
were PGP9.5 � (closed arrows). However, some PGP9.5 � cells did not respond to EFS (open arrowheads). Scale bar, 20 �m. B,
Proportion of EFS-responsive cells (mean � SEM) that were PGP9.5 � per coverslip (N � numbers of coverslips shown; the total
number of EFS-responsive cells examined were as follows: n � 131 (E11.5), n � 468 (E12.5), n � 818 (E15.5 small intestine), n �
152 (E18.5 small intestine), n � 21 (adult), n � 511 (E15.5 colon), n � 178 (E18.5 colon)). C, The proportion of PGP9.5 � cells that
responded to EFS increased between E11.5 and adult (***p � 0.0001; **p � 0.001).

Figure 3. Response of neurites. A, EFS-induced [Ca 2�]i activity in E11.5 YFP � neurites, with varicosities (arrowheads). Ca 2�

concentration is low at t�0, then increases sharply at t�17 in response to EFS (not corrected for YFP fluorescence). Neurites were
PGP9.5-immunoreactive. Scale bar, 20 �m. A�, Trace of the change in [Ca 2�]i at the position of the arrow. B, C, Fluorescence
micrograph of synaptophysin immunoreactivity in E11.5 (B) and E18.5 duodenum (C) cultures. Weak punctate staining (arrows)
was observed along Tuj1-immunoreactive neurites at E11.5. At E18.5, synaptophysin-immunoreactive varicosities were more
numerous and showed more intense immunostaining. Scale bar, 10 �m.
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Figure 4. Effects of antagonists of voltage-gated ion channels. A, AoT images of the EFS response in the same cells upon an initial stimulation (left), and in the presence of TTX (right). TTX
completely abolished the EFS response in �50% of neurons (closed arrows, cell 1). Cells that had a TTX-resistant response, showed a reduced [Ca 2�]i peak amplitude (open arrows, cell 2). In very
few cells, the [Ca 2�]i response was not affected by TTX (open arrowhead). Scale bar, 20 �m. A�, Typical traces of responses from cells in A: 1, there is no detectable change in Fi/F0 upon EFS
stimulation at t � 15 s; 2, the amplitude of the [Ca 2�]i response is reduced. B, Proportion of cells (mean � SEM) responding to an initial EFS after TTX application. The proportion was significantly
reduced at all ages [***p � 0.0001; N � number of coverslips shown, Control: n � 39 (E11.5), n � 146 (E12.5), n � 171 (E15.5 small intestine), n � 75 (E18.5 small intestine), n � 6 (adult), n �
228 (E15.5 colon), n � 118 (E18.5 colon); TTX: n � 50 (E11.5), n � 94 (E12.5), n � 144 (E15.5 small intestine), n � 91 (E18.5 small intestine), n � 6 (adult), n � 45 (E15.5 colon), n � 111 (E18.5
colon)]. C, Antagonist-induced changes in amplitude of the EFS-evoked [Ca 2�]i transient (mean � SEM, calculated as proportions of the initial amplitude). TTX, the VGCC antagonist cocktail, and
�-conotoxin significantly reduced [Ca 2�]i peak amplitude at all ages examined. Other antagonists produced significant reductions at various ages and gut regions (***p � 0.0001; **p � 0.001;
*p � 0.05, n � number of cells for each condition shown).
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transient was calculated as a percentage of the amplitude of
their initial EFS response. The amplitudes of the [Ca 2�]i peaks
were significantly reduced to �40% of the initial peak at all
ages (Fig. 4C).

Role of extracellular calcium and effects of blockers of
voltage-gated Ca 2� channels in EFS-evoked [Ca 2�]i

transients
To determine whether EFS-evoked [Ca 2�]i transients required
influx of extracellular calcium, experiments were performed in
Ca 2�-free bath solution and EDTA (2 mM). Removal of extracel-
lular Ca 2� abolished all EFS-induced calcium transients at all
ages and regions (data not shown). Following washout of the
Ca 2�-free solution, almost all [Ca 2�]i responses were restored.
These data show that [Ca 2�]i transients evoked by EFS are, at
least for their initiation, completely dependent on the influx of
extracellular Ca 2� ions.

The roles of voltage-gated Ca 2� channels (VGCCs) were then
examined using �-conotoxin GVIA to block N-type Ca 2� chan-
nels, nicardipine to block L-type channels, �-Agatoxin to block
P/Q-type channels, SNX-482 to block R-type channels, and Ni 2�

to block both R- and T-type channels. In addition, a cocktail of
these 5 antagonists was applied. None of the antagonists, individ-
ually or in combination, eliminated the EFS response. However,
significant reductions to the amplitude of the EFS-evoked
[Ca 2�]i transients were produced (Fig. 4C). �-Conotoxin trig-
gered a large reduction (
50%) in the [Ca 2�]i peak at all ages
(Fig. 4C). Nicardipine produced a small, but significant, reduc-
tion in E15.5 colon cultures. �-Agatoxin had a significant effect
on cultures from E15.5 and E18.5 duodenum as well as E18.5
colon. SNX-482 only produced a significant effect on E15.5 duo-
denum, whereas Ni 2� reduced the transients in E12.5 small in-
testine as well as E15.5 colon cultures. Because Ni 2� at 50 �M

blocks R-type as well as T-type Ca 2� channels (Eliot and John-
ston, 1994; Bian et al., 2004), we examined the effects of SNX-482
and Ni 2� consecutively on the same cells. In both E12.5 small
intestine and E15.5 colon preparations, the change in the [Ca 2�]i

peak in the presence of Ni 2� was significantly greater than in the
presence of SNX-482 (p � 0.05, Student’s t test, paired sample for
means; n � 125 and n � 115 respectively), suggesting that T-type
Ca 2� channels are involved at both ages. At E18.5, in both the
duodenum and colon, TTX reduced the EFS-induced [Ca 2�]i

transient to a significantly greater extent than the VGCC antago-
nists mixture, which suggests the involvement of other Ca 2�-
permeable channels.

Responses to neurotransmitter receptor agonists
There are many different neurotransmitters in the mature ENS
(Galligan, 2002; Bornstein et al., 2004). We examined the re-
sponse to the following agonists (applied for 10 s under constant
perfusion): DMPP (1 �M, to stimulate nicotinic receptors), ATP
(10 �M), 5-HT (1 �M), substance P (1 �M), or CGRP (0.1 �M).
EFS was first applied to identify neurons. The proportion of EFS-
responsive neurons that also responded to drug application was
determined. The majority of EFS-responsive neurons also re-
sponded to DMPP and ATP at all embryonic ages, including
neurons from E11.5 cultures (Fig. 5A,B). Interestingly, the am-
plitude of the [Ca 2�]i response to DMPP decreased in E18.5
neurons, both in the small intestine and colon (Fig. 5A). Almost
all neurons responded to ATP at E11.5, 12.5, E15.5 and E18.5
(Fig. 5B). Very few cells responded to 5-HT at E11.5 and E12.5,
and the proportion of neurons responding to 5-HT was highest in
E15.5 small intestine (Fig. 5C). Neurons rarely responded to

CGRP, except in the E18.5 small intestine, where responses were
observed in 12 neurons (of 15) on 1 coverslip only from a total of
7 coverslips examined. Less than 5% of cells responded to sub-
stance P at all embryonic ages, and with very small changes in
[Ca 2�]i (data not shown). The amplitude of the [Ca 2�]i peak
induced by each agonist showed some differences at different
ages (Fig. 5). However, there was no obvious correlation between
amplitude and age.

Figure 5. Responses to neurotransmitters and receptor agonists. A–C, Cells were first stim-
ulated with EFS to identify neurons, and then exposed to DMPP (A), ATP (B), or 5-HT (C). Insets
show typical traces of the Fi/F0 responses. The proportion of EFS-responsive cells (mean � SEM)
that responded to each agonist is plotted on the left axis (N � number of coverslips shown).
Right axis plots the amplitude of the agonist-evoked [Ca 2�]i peak (n � number of cells re-
sponding to each agonist are shown).
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Spontaneous [Ca 2�]i transients
Our results showed that sharp [Ca 2�]i in-
creases in developing enteric neurons can
be elicited electrically or by several neu-
rotransmitter receptor agonists. We also
investigated whether ENCC from E11.5
preparations showed spontaneous cal-
cium transients; 10 � 3% of YFP� cells
exhibited spontaneous activity (N � 10
coverslips, n � 579 YFP� cells; 4 experi-
ments; Fig. 6). Post hoc immunohisto-
chemistry revealed that only 15% of
PGP9.5-immunoreactive cells (n � 94) in
these preparations were spontaneously
active (Fig. 6A,C). Some YFP� cells that
did not show PGP9.5 immunostaining
also showed spontaneous activity (Fig.
6A,D). The frequency of firing was deter-
mined for each cell within the 2 min re-
cording. The frequency distribution
function was not significantly different
between PGP9.5-positive and PGP9.5-
negative ENCCs, with �50% of each cell
type firing at 0.5–1 Hz (Fig. 6B; p 
 0.05,
two-sample Kolmogorov–Smirnov test).

Action potentials at E12.5
Preliminary whole-cell patch-clamp re-
cordings were made from dissociated,
2–10 h cultures of E12.5 small intestine.
Spontaneous and evoked action poten-
tials were recorded from E12.5 neurons
(n � 28 cells; Fig. 7). Cells had a resting membrane potential of
�53 � 3 mV. The input resistance was very high (4 � 0.4 G�)
and cells were very small, with capacitances of 5.6 � 0.3 pF.
Spontaneous action potentials were recorded from 2 neurons at
resting membrane potential (Fig. 7A). The amplitude of evoked
action potentials was 72 � 3 mV and the durations at half-
amplitude were 2.9 � 0.4 ms (Fig. 7B). On average, 103 � 11 pA
of current was required to generate an action potential.

Discussion
It has been known for over 20 years that very shortly after first
entering the gut at E10.5, a subpopulation of ENCCs starts ex-
pressing pan-neuronal markers (Baetge and Gershon, 1989;
Young et al., 1999). One question that has remained unanswered
thus far is whether these early enteric neurons are electrically
active. We performed calcium imaging and patch-clamp record-
ing on short-term cultures (4 –24 h) of embryonic enteric neu-
rons and showed that they exhibited spontaneous activity, and
were responsive to electrical stimulation and neurotransmitter
receptor agonists. Thus, while the neural circuitry mediating
propagating intestinal motility patterns is not functional until
just before birth (Roberts et al., 2010), electrical activity occurs
early in enteric neuron development.

Spontaneous [Ca 2�]i spikes have been observed in many parts
of the developing nervous system and control essential aspects of
development (Ben-Ari et al., 1989; Holliday and Spitzer, 1990;
Gu and Spitzer, 1995; Wong et al., 1995; Milner and Landmesser,
1999; Gust et al., 2003). In our E11.5 cultures, subpopulations of
both PGP9.5-immunoreactive and PGP9.5-negative ENCCs ex-
hibited spontaneous [Ca 2�]i transients. The spontaneously ac-
tive PGP9.5-negative ENCCs may be cells that were just

beginning to differentiate into neurons, but whether they could
also differentiate into glial cells is yet to be determined. Trunk-
level neural crest cells isolated from E9.5-E10 mice have been
shown to exhibit spontaneous [Ca 2�]i transients after 1–3 d in
culture, and only cells with spontaneous activity differentiated
into neurons (Carey and Matsumoto, 1999). Further, neural crest
cells that emigrate from explants of quail neural tube express
nicotinic receptors and display ionic currents after several days in
culture (Howard et al., 1995). We found that spontaneous action
potentials are present in E12.5 enteric neurons using whole-cell
patch-clamp electrophysiology. Spontaneous activity in PGP9.5-
positive neurons probably influences differentiation of their neu-
rotransmitter phenotype. We have previously shown that
inhibition of endogenous activity using TTX delays differentia-
tion of nitrergic neurons in cultured explants of E11.5 gut (Hao et
al., 2010). Similarly, in the developing spinal cord of Xenopus
laevis, inhibition of [Ca 2�]i spikes in neurons retards differenti-
ation of inhibitory neurons (Borodinsky et al., 2004).

We further characterized the activity in embryonic enteric
neurons induced by electrical stimulation. Neural activity at all
embryonic ages, including E11.5, was dependent on voltage-
gated Na� channels. [Ca 2�]i transients induced by electrical
stimulation were sensitive to TTX, suggesting that they were
driven by action potentials and were not a form of Ca 2�-driven
excitability. Action potentials recorded from E12.5 neurons were
quite similar in shape to those recorded from adult murine en-
teric neurons (Mao et al., 2006). This suggests a mature form of
Na�-dependent activity at very early developmental ages. How-
ever, the amplitude of E12.5 action potentials were much smaller
than those of the adult (Mao et al., 2006). We also observed an
increase in EFS-evoked [Ca 2�]i transient amplitudes from E11.5

Figure 6. Spontaneous [Ca 2�]i transients in E11.5 ENCCs. A, Fluorescence micrograph of E11.5 cultures stained against GFP/
YFP (green) and PGP9.5 (red). Spontaneous [Ca 2�]i transients were observed in both PGP9.5-immunoreactive (closed arrow-
heads) and PGP9.5-negative (open arrowheads) ENCCs. Scale bar, 20 �m. B, Distribution of firing frequency of both PGP9.5-
positive and PGP9.5-negative cells were not significantly different. C, D, Representative traces from PGP9.5-positive (C) and
PGP9.5-negative (D) ENCCs. Spontaneous [Ca 2�]i transients (arrowheads) were 
5 times the intrinsic noise.
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to E18.5. The increase in [Ca 2�]i response also appears to mature
along the rostral-caudal axis of the gut as the amplitude of re-
sponses in neurons from E15.5 and E18.5 duodenum were higher
than those from colon at the same ages. This is not unexpected as
the ENCCs colonize the duodenum several days before the colon
(Kapur et al., 1992). The increases in [Ca 2�]i transient amplitude
and action potential amplitude between E11.5 and E18.5 proba-
bly result from increased ion channel expression and/or changes
in the ion channel properties. At embryonic ages, action
potential-firing neurons have very high input resistances, in-
dicating that their expression of ion channels is very low. In
other parts of the nervous system where embryonic neurons
exhibit mature forms of electrical activity, an increase in the
density of these currents also occurs during development
(Bader et al., 1983; Krieger and Sears, 1988; Rothe et al., 1999;
Lechner et al., 2009).

Pharmacological studies showed that voltage-gated Ca 2�

channels play important roles, although they are not completely
responsible for the generation of [Ca 2�]i transients. In the adult
ENS, N-, P/Q-, L- and R-type Ca 2� currents have been recorded,
mostly from guinea pig myenteric neurons (Kirchgessner and
Liu, 1999; Starodub and Wood, 1999; Reis et al., 2000; Bian and
Galligan, 2007). In the current study, N-type voltage-gated Ca 2�

channels were responsible for most of the Ca 2� entry at all em-
bryonic ages. P/Q-, T-, R- and L-type Ca 2� channels contributed
to the Ca 2� influx to a much smaller extent and their contribu-
tions varied between ages. This may indicate transient involvement of
some channel subtypes. There may also be Ca 2�-dependent
Ca 2� release from intracellular stores that amplifies the initial
extracellular influx of Ca 2�, and thus VGCC contribution cannot
be directly measured from the amplitude of the [Ca 2�]i peak.
Although the initiation of EFS-induced [Ca 2�]i transients was
completely dependent on the influx of extracellular Ca 2� ions, as
they were abolished in Ca 2�-free bath solution, the transients

were not completely eliminated by a cocktail of antagonists to
block all five types of VGCCs, implying involvement of other
Ca 2�-permeable channels. Members of the transient receptor
potential (TRP) channel family are likely candidates as most of
them conduct Ca 2� and some are voltage dependent (Talavera et
al., 2008). Several TRP channels are expressed in the mature ENS
(Boesmans et al., 2011) and also in parts of the developing mam-
malian nervous system that are also of neural crest origin, includ-
ing embryonic dorsal root ganglion neurons (Tamura et al., 2005;
Elg et al., 2007). In particular, the role of canonical TRP (TRPC)
channels, which mediate guidance of growth cones and survival
of neurons in response to chemical cues such as neurotrophins
(Talavera et al., 2008), is worth pursuing.

In the developing mouse ENS, the differentiation of neu-
rotransmitter subtype starts at early stages, beginning from E11,
and a recent study showed expression of multiple serotonin re-
ceptors by ENCCs isolated from E16 mouse gut (Li et al., 2011).
Different classes of enteric neurons exit the cell cycle and exhibit
neurotransmitter or synthetic enzyme expression at different de-
velopmental ages (for review, see Hao and Young, 2009). In the
current study, we demonstrated the presence of functional nico-
tinic receptors in E11.5 cultures. Surprisingly the [Ca 2�]i ampli-
tude displays a bell-shaped dependency with age, which could be
explained by changes in nicotinic subunit composition during
maturation, as different subunits have different abilities to con-
duct Ca 2�. Receptors for ATP were also expressed early on in
E11.5 cultures, followed by the appearance of receptors to 5-HT
in E12.5 cultures, and responses to CGRP in a very small number
of E18.5 duodenum neurons. The appearance of CGRP and nic-
otinic receptors coincides with the time of the first detection of
CGRP at E17 (Branchek and Gershon, 1989) and cholinergic
neurons at E11 (Rothman and Gershon, 1982) respectively. How-
ever, not all neurotransmitter receptor expression appears to be co-
ordinated with synthesis of the corresponding neurotransmitter as
we could not detect functional receptors to substance P at any em-
bryonic age, despite the presence of substance P at E14.5 (Rothman
et al., 1984). Furthermore, there is no obvious correlation between
the time of cell cycle exit for different types of enteric neurons (Pham
et al., 1991) and the first expression of a neurotransmitter phenotype
or receptors to neurotransmitters.

The neurites of cultured E11.5 neurons showed EFS-evoked
[Ca 2�]i transients and synaptophysin staining, further suggest-
ing the possibility of synaptic transmission between cells. Previ-
ous studies found that inhibition of synaptic release using
clostridial toxins also perturbs ENCC migration (Vohra et al.,
2006; Hao et al., 2010). Also, mutant mice lacking the norepi-
nephrine transporter (Li et al., 2010) or neuronal serotonin (Li et
al., 2011) have reduced numbers of enteric neurons, indicating
roles for these neurotransmitters in enteric neuron differentia-
tion and/or survival. Exogenous application of 5-HT and depo-
larization of neurons using EFS, high-K� or the voltage-gated
Na� channel agonist veratridine in long term cultures of embry-
onic enteric neurons in vitro influences neuron phenotype differ-
entiation (Fiorica-Howells et al., 2000; Chevalier et al., 2008).
Combined, these data are consistent with a role for endogenous
neurotransmitter signaling in ENS development. However, not
all neurotransmitters appear to be involved, as inhibition of nitric
oxide synthase activity did not affect ENCC migration or differ-
entiation (Hao et al., 2010).

In this study, we provide direct evidence for the presence of
neural activity in E11.5-E12.5 enteric neurons following short-
term culture. Along with the spinal cord, hindbrain and dorsal
root ganglia (Spitzer and Baccaglini, 1976; Gust et al., 2003; Lech-

Figure 7. Whole-cell patch-clamp recordings of E12.5 enteric neurons. A, Spontaneous ac-
tion potentials at resting membrane potential (asterisk). Close-ups of the action potentials
(bars) shown below. B, Action potentials (upper trace) were evoked using 1 ms depolarizing
current steps (lower trace).
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ner et al., 2009), the ENS appears to be one of the earliest parts of
the nervous system to exhibit electrical activity. Endogenous neu-
ral activity has been shown to influence early events in ENS
development including ENCC migration and differentiation
(Vohra et al., 2006; Hao et al., 2010; Li et al., 2010). Our study
raises the possibility that neural activity also guides later develop-
mental processes, such as axon pathfinding and synaptogenesis,
and the development of functioning neural circuits in the ENS.

Notes
Supplementalmaterial for thisarticle isavailableathttps://videolab.avnet.
kuleuven.be/video/?id�272c16f45a561cd3ba509200e835ceb0&autostart�
false&height�388&width�640. Movie 1: Electrical field stimulation (EFS)
of E11.5 ENCCs. YFP� ENCCs from E11.5 cultured overnight loaded with
Fluo-4AM (see Materials and Methods) responded to EFS with increases in
their [Ca2�]i. A total of 30 s of a 60 s recording is displayed, with EFS (20 Hz)
applied at t � 15 s for 2 s. An increase in [Ca2�]i was detected in the cell
bodies (yellow arrows) and neurites (red arrows) of several cells. Scale bar, 20
�m. This material has not been peer reviewed.
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