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ABSTRACT
There are many different types of enteric neurons. Pre-

vious studies have identified the time at which some

enteric neuron subtypes are born (exit the cell cycle) in

the mouse, but the birthdates of some major enteric

neuron subtypes are still incompletely characterized or

unknown. We combined 5-ethynynl-20-deoxyuridine

(EdU) labeling with antibody markers that identify myen-

teric neuron subtypes to determine when neuron sub-

types are born in the mouse small intestine. We found

that different neurochemical classes of enteric neuron

differed in their birthdates; serotonin neurons were

born first with peak cell cycle exit at E11.5, followed by

neurofilament-M neurons, calcitonin gene-related pep-

tide neurons (peak cell cycle exit for both at embryonic

day [E]12.5–E13.5), tyrosine hydroxylase neurons

(E15.5), nitric oxide synthase 1 (NOS1) neurons

(E15.5), and calretinin neurons (postnatal day [P]0). The

vast majority of myenteric neurons had exited the cell

cycle by P10. We did not observe any EdU1/NOS11

myenteric neurons in the small intestine of adult mice

following EdU injection at E10.5 or E11.5, which was

unexpected, as previous studies have shown that NOS1

neurons are present in E11.5 mice. Studies using the

proliferation marker Ki67 revealed that very few NOS1

neurons in the E11.5 and E12.5 gut were proliferating.

However, Cre-lox-based genetic fate-mapping revealed

a small subpopulation of myenteric neurons that

appears to express NOS1 only transiently. Together,

our results confirm a relationship between enteric neu-

ron subtype and birthdate, and suggest that some

enteric neurons exhibit neurochemical phenotypes dur-

ing development that are different from their mature

phenotype. J. Comp. Neurol. 522:514–527, 2014.
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There are many different functional types of enteric

neurons (Brookes, 2001; Uyttebroek et al., 2010; Fur-

ness, 2012), but little is known about the mechanisms

involved in the generation of enteric neuron subtype

diversity (Hao and Young, 2009; Laranjeira and Pachnis,

2009; Gershon, 2010; Sasselli et al., 2012; Obermayr

et al., 2013a). The birthdate of a neuron is the age at

which a precursor undergoes its last division before dif-

ferentiating into a neuron, and it can be an important

determinant of neuronal subtype fate. For example, in

the cerebral cortex there is a sequential production of

different neuron subtypes, and a progressive restriction

in the developmental potential of progenitors (Leone

et al., 2008). Moreover, the age at which cell cycle exit

occurs is also an important determinant in the differen-

tial response of different subtypes of enteric neurons to

developmental cues and disturbances (Chalazonitis

et al., 2008; Gershon, 2010; Li et al., 2010; Wang

et al., 2010; Li et al., 2011). A landmark study by Pham

et al. (1991), who used tritiated thymidine birthdating,

first showed that some enteric neuron subtypes in the

mouse differ in their birthdates. A later study used
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bromodeoxyuridine (BrdU) to identify additional enteric

neuron subtypes that exit the cell cycle from E12.5 in

the mouse (Chalazonitis et al., 2008). Although myen-

teric neuron subtypes in the mouse have been well

characterized based on neurochemistry and electro-

physiology (Sang and Young, 1996; Nurgali et al., 2004;

Qu et al., 2008; Neal et al., 2009; Foong et al., 2012),

the peak times of cell cycle exit for some major enteric

neuron subtypes are still incompletely characterized or

unknown.

In the myenteric plexus of the mouse small intestine,

the peak time of cell cycle exit of serotonin enteric

neurons is embryonic day (E)10, for enkephalin, neuro-

peptide Y and vasoactive intestinal polypeptide (VIP)

neurons is E14–E15, and for calcitonin gene-related

peptide (CGRP) neurons it is E17 (Pham et al., 1991).

The peak time of cell cycle exit for calbindin, nitric

oxide synthase 1 (NOS1), gamma-aminobutyric acid

(GABA), and dopamine neurons was reported to be

E14.5, although cell cycle exit was not examined before

E12.5 in this study (Chalazonitis et al., 2008). As NOS1

neurons are present at E11.5, and are one of the first

neuron subtypes to appear (Hao et al., 2010, 2013a), it

is important to examine cell cycle exit of NOS1 neurons

at earlier ages.

The neural circuitry regulating motility in the bowel

consists of intrinsic sensory neurons, inhibitory and

excitatory motor neurons, and ascending and descend-

ing interneurons (Furness, 2012). In this study we

examined the major myenteric neuron subtypes

involved in motility in the mouse. We examined the

birthdates of neurons expressing neurofilament M (NF-

M) and CGRP, as NF-M and CGRP are markers of puta-

tive intrinsic sensory neurons in the mouse small intes-

tine (Grider, 2003; Qu et al., 2008). NOS1 is a marker

of inhibitory motor neurons, although there is also a

small population of NOS1 interneurons (Sang and

Young, 1996; Qu et al., 2008), and we used calretinin

as a marker of excitatory motor neurons (Sang and

Young, 1996). The birthdates of serotonin neurons,

which are descending interneurons, were examined as

a control to compare to previous studies (Pham et al.,

1991).

MATERIALS AND METHODS

EdU labeling
Time plug-mated C57BL/6 mice received a single

intraperitoneal injection of 5-ethynynl-20-deoxyuridine

(EdU; Invitrogen, Grand Island, NY; 50 mg/g body

weight) at E10.5, E11.5, E12.5, E13.5, E15.5, and

E18.0. Postnatal day (P)0 and P10 mice also received a

single intraperitoneal injection of EdU (50 lg/g body

weight). Experiments were approved by the Animal

Ethics Committee of the Departments of Anatomy and

Neuroscience, Pathology, Pharmacology and Physiology

at the University of Melbourne. Except for tissue proc-

essed for CGRP immunohistochemistry, the mice were

killed at 5–8 weeks of age. As CGRP is difficult to

detect in the cell bodies of myenteric neurons in adult

mice without pretreatment with colchicine (Qu et al.,

2008), but can be localized in the cell bodies of myen-

teric neurons at late embryonic and neonatal stages

(Branchek and Gershon, 1989; Young et al., 1999;

Turner et al., 2009), P0–P4 mice were used for exami-

nation of CGRP neurons. Mice were killed by cervical

dislocation and the intestines removed. The middle

third of the small intestine was opened down the mes-

enteric border, pinned, and fixed in 4% formaldehyde in

0.1 M phosphate buffer, pH 7.3, overnight at 4�C. Tis-

sue to be processed for serotonin immunohistochemis-

try was fixed as described by Chen et al. (2001). After

washing, wholemount preparations of longitudinal mus-

cle/myenteric plexus were exposed to 1% Triton X-100

for 30 minutes and processed for immunohistochemis-

try using the primary antibodies shown in Table 1. They

were then reacted for EdU using a Click-iT EdU Alexa

Fluor 647 Kit (Invitrogen, La Jolla, CA) and the manufac-

turer’s instructions.

Ki67 labeling
The gut caudal to the stomach was dissected from

E11.5 and E12.5 mice. Following fixation, wholemount

preparations and frozen sections of E11.5 and E12.5

gut were subjected to antigen retrieval in which tissue

was transferred to 50 mM Tris buffer and placed in a

microwave oven for 1 minutes on high and for 10

minutes on low. The tissue was then washed in 0.1 M

phosphate buffer and incubated with rabbit anti-Ki67

and sheep anti-NOS1 (Table 1).

Antibody characterization
The primary antisera used, their sources, and dilu-

tions are summarized in Table 1. The specificity of the

goat anti-calretinin was confirmed by the absence of

staining in the cerebral cortex of calretinin null mutant

mice (manufacturer’s information) and in macaque cere-

bral cortex after preabsorption with calretinin protein

(Disney and Aoki, 2008).

Goat anti-CGRP (Kalous et al., 2009) reacts with

whole molecule (1-37) as well as the 23-37 C-terminal

fragment (manufacturer’s information). Western blot

analysis revealed that this antibody recognizes the syn-

thetic rat a-CGRP peptide and detects a single band at

16 kDa in homogenates of rat medulla oblongata (Yasu-

hara et al., 2008). In addition, preabsorption with CGRP
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1-37 abolishes immunostaining in rat medulla (Gnana-

manickam and Llewellyn-Smith, 2011).

Rabbit anti-green fluorescent protein (GFP) shows no

staining in Drosophila or zebrafish retina (Zagoraiou

et al., 2009; Allison et al., 2010) or mouse intestine

(Hao et al., 2013b) lacking the reporter gene.

Human anti-Hu was collected from a patient suffering

from small cell lung carcinoma and severe sensorimotor

neuropathy. This antiserum recognizes a single band of

41 kDa in western blots of extracts of chicken brain

(Erickson et al., 2012).

Rabbit anti-Ki67 was raised against a peptide repre-

senting the C-terminus of human Ki67. In sympathetic

ganglia of embryonic mice, the temporal pattern of

staining with this antibody matches that of the M phase

marker, phosopho histone 3, and the S phase marker,

BrdU (Gonsalvez et al., 2013). Furthermore, staining is

observed in the basal cell layer of the lingual epithelium

of mice, where proliferation is known to occur, but not

in the brainstem (Bartel, 2012). In the current study,

Ki67 immunostaining was restricted to nuclei, but not

every nucleus was Ki671.

Rabbit anti-NF-M was raised against a recombinant

fusion protein containing the C-terminal 168 amino

acids of rat NF-M (145 kD). In western blots, the NF-M

antibody detected NF-M in mouse brain lysates (manu-

facturer’s datasheet). Furthermore, by immunoblotting,

the NF-M antibody recognizes NF-M but not NF-H in

the brain of chicken, cow, and pig, and using immuno-

histochemistry, only stains neurons across a wide range

of species (Harris et al., 1991).

Sheep anti-NOS1 was raised again rat brain NOS1;

when reacted with purified baculovirus-expressed rat

neuronal NOS1 protein, the antibody recognizes one

main protein with a molecular mass of 155 kD in west-

ern blots (Herbison et al., 1996). In addition, NOS1

immunoreactivity in mouse enteric neurons is abolished

following preabsorption of the diluted antibody with

purified NOS1 protein (Young and Ciampoli, 1998).

Rabbit anti-serotonin was raised against serotonin

coupled to bovine serum albumin with paraformalde-

hyde, and staining is eliminated by pretreatment of the

diluted antibody with 20 lg/ml serotonin/bovine serum

albumin (manufacturer’s information), but serotonin

labeling in rat spinal cord is not altered by BSA preab-

sorption (Takeoka et al., 2009).

Sheep anti-tyrosine hydroxylase (TH) was raised

against TH from rat pheochromocytoma and in immuno-

blotting studies the antibody reacts with the �60 kDa

TH protein in PC12 cells stimulated with okadaic acid

(manufacturer’s information).

With the exception of the anti-Ki67, all antisera were

used previously in studies of peripheral autonomic neu-

rons of mice (Callahan et al., 2008; Qu et al., 2008;

TABLE 1.

Primary Antibodies Used

Antigen Cells identified by antiserum Immunogen Antibody information Dilution

Calretinin excitatory motor neurons
and interneurons

Human recombinant calretinin Swant (Bellinzona, Switzerland),
goat polyclonal, Cat No. CG1

1:1,000

CGRP intrinsic sensory neurons Synthetic rat Tyr-CGRP (23–37) Biogenesis, goat polyclonal, Cat
No. 1720-9007

1:1,000

GFP GFP isolated from Aequorea victoria Molecular Probes (Grand Island),
rabbit polyclonal, Cat No.
A11122

1:500

Hu all neurons Autoantibodies from a patient with
small cell lung carcinoma

Dr Vanda Lennon, Mayo Clinic,
Rochester, MN, USA, Human
polyclonal

1:5,000

Ki67 proliferating cells Synthetic peptide against the C terminus
of human Ki67

Thermo Scientific, monoclonal
rabbit, clone SP6, Cat No.
RM-9106-S

1:100

NF-M intrinsic sensory neurons Recombinant fusion protein containing the
C-terminal 168 amino acids of rat
NF-M (145 kD)

Chemicon, rabbit polyclonal, Cat
No. #AB1987

1:1,000

NOS1 inhibitory motor neurons and
descending interneurons

NOS1 isolated from rat brain Dr Piers Emson, University of
Cambridge, UK, sheep
polyclonal

1:2,000

Serotonin descending interneurons Serotonin coupled to bovine
serum albumin
with paraformaldehyde

ImmunoStar, rabbit polyclonal,
Cat No. #20080

1:2,000

TH myenteric neuron of
unknown function

TH isolated from rat
pheochromocytoma

Chemicon, sheep polyclonal,
#AB1542

1:160

CGRP calcitonin gene-related peptide, GFP green fluorescent protein, NF-M neurofilament 145 kDa, NOS1 neuronal nitric oxide synthase, TH tyro-

sine hydroxylase.
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516 The Journal of Comparative Neurology |Research in Systems Neuroscience



Yan and Keast, 2008; Mongardi Fantaguzzi et al., 2009;

Li et al., 2010, 2011; Erickson et al., 2012; Hao et al.,

2013b). The percentages of myenteric neurons stained

with each antiserum, and the morphologies of the neu-

ron subtypes matched previous descriptions. For exam-

ple, NOS1 immunostained neurons comprised between

30–35% of all (Hu1) myenteric neurons and most pos-

sessed lamellar dendrites (Sang and Young, 1996; Qu

et al., 2008; Obermayr et al., 2013b). NF-M neurons

comprised around 20% of myenteric neurons and pos-

sessed large, smooth cell bodies (Dogiel II morphology),

while calretinin neurons comprised 40–45% of myen-

teric neurons and included both neurons with lamellar

dendrites and neurons with Dogiel II morphology (Sang

and Young, 1996; Qu et al., 2008). The proportions of

serotonin and TH neurons were not determined, but as

reported previously, they occurred at low frequency;

serotonin neurons possessed lamellar dendrites (Qu

et al., 2008).

Secondary antisera
Secondary antiserum used for calretinin, CGRP,

NOS1, and TH immunolabeling was donkey antisheep

FITC (1:100; Jackson Immunoresearch, West Grove,

PA); for NF-M, serotonin, GFP, and Ki67 was donkey

antirabbit FITC (1:200, Jackson ImmunoResearch); and

for Hu was donkey antihuman Texas Red (1:100, Jack-

son ImmunoResearch) or donkey antihuman Alexa 647

(1:200, Jackson ImmunoResearch).

Imaging
Single focal plane images were obtained on a Zeiss

Pascal confocal microscope using a 320 objective lens

(area of field of view 5 154,900 lm2) for adult tissue,

and a 340 objective lens for embryonic and postnatal

tissue (area of field of view 5 38,700 lm2). Fields of

view were selected by starting in one corner of each

preparation and then moving across the tissue in a

raster fashion from side-to-side and from top-to-bottom,

but avoiding areas that were folded or damaged.

Analysis of EdU retention
Images were imported into ImageJ (NIH, Bethesda,

MD) for manual cell counting using the “Cell Counting

and Marking” plugin, which ensured that every labeled

neuron in an image was counted, but only once. Immu-

nolabeled neurons that were not completely within the

field of view were counted if >50% of their nucleus was

visible. EdU1 neurons were defined as those cells with

three or more particles of EdU immunostaining. TH and

serotonin neurons comprise 1% or less of myenteric

neurons and so only small numbers of neurons were

present in each preparation. Therefore, the proportions

of serotonin or TH neurons that had incorporated EdU

were expressed as the proportion of the total number

of (serotonin or TH) neurons observed across a mini-

mum of three preparations, each from a different ani-

mal. For the other, more abundant neuron subtypes,

the percentage of neuron subtype that was EdU1 was

determined for each preparation (each from a different

animal). The mean and SEM of the proportion of EdU1

neurons was determined from a minimum of three prep-

arations for each neuron subtype following EdU injec-

tions at each age (see Table 2).

Genetic fate mapping of Nos1-expressing
neurons

Nos1-Cre mice were mated to Rosa-CAG-eGFP or

Rosa-CAG-TdTomato reporter mice to generate Nos1-

eGFP or Nos1-TdTomato mice (Leshan et al., 2012). The

procedures and care of the mice were approved by the

University of Michigan Committee on the Use and Care

of Animals. The middle section of small intestine of

4–5-week-old mice was fixed as described above and

processed for immunohistochemistry using antibodies

to NOS1 and Hu (and GFP for tissue from the Nos1-

eGFP mouse only) (Table 1). From each mouse (n 5 3),

TABLE 2.

Total Numbers of Neurons of Each Type Examined in Adult Mice (or P0-P4 Mice for CGRP) Following

Injection of EDU at Different Developmental Ages

Hu Calretinin CGRP NF-M NOS1 Serotonin TH

E10.5 5247 (11) 808 (4) 421 (4) 283 (4) 503 (3) 47 (4) 7 (3)
E11.5 3516 (13) 615 (6) 73 (3) 94 (3) 676 (7) 33 (3) 16 (5)
E12.5 1952 (8) 690 (4) 170 (3) 46 (3) 263 (4) 49 (4) 33 (4)
E13.5 1433 (7) 264 (3) 215 (3) 201 (4) 240 (4) 48 (5) 27 (7)
E15.5 4678 (12) 678 (4) 379 (4) 247 (4) 519 (4) 44 (4) 54 (6)
E18.5 1926 (9) 307 (3) 418 (4) 115 (3) 354 (4) 29 (3) 23 (4)
P0 3172 (10) 332 (3) ND 148 (3) 411 (3) ND 28 (4)
P10 1947 (6) ND ND ND ND ND ND

ND: not determined. The number of mice is shown in parentheses.

Birthdating of Myenteric Neurons
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Figure 1. Percentages of different myenteric neuron types in the mouse small intestine to retain EdU following EdU injections at different

ages. For Hu, NF-M, CGRP, NOS1, and calretinin neurons, the data are shown as mean 6 SEM from a minimum of three mice. Serotonin

and TH neurons comprise only a very small proportion of myenteric neurons and so data from different animals were pooled following EdU

injections at each age. The birthdates of the myenteric neuron population as a whole (Hu1 neurons) vary from E10.5 (or before) to post-

natal ages, but the vast majority are born prior to P10. Different myenteric neuron subtypes exit the cell cycle at different, but overlap-

ping, ages. The peak time of cell exit for serotonin neurons is E11.5, for NF-M, and CGRP neurons is E12.5–E13.5, for TH and NOS1

neurons is E15.5, and for calretinin neurons is P0.

A.J. Bergner et al.
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a minimum of 14 fields of view (area of each field of

view 5 38,700 lm2) containing a total of 100–168

cells expressing eGFP or TdTomato were analyzed to

determine the overlap between NOS1immunoreactivity

and eGFP (or TdTomato) expression.

Photomicrograph production
Figures were produced using CorelDraw. Minor

adjustments were made to the brightness and contrast

of some images.

RESULTS

EdU is an analog of thymidine and is incorporated

into DNA during active DNA synthesis. A single pulse of

EdU was delivered to E10.5, E11.5, E12.5, E13.5,

E15.5, E18.0, P0, or P10 mice. The mice were killed at

5–8 weeks of age, except for mice to be processed for

CGRP immunostaining following EdU injection at prena-

tal stages, which were killed at P0–P4. We then deter-

mined the proportion of each neuron subtype in the

myenteric plexus of the jejunum that was EdU1. The

pulse of EdU will label cells in S phase at the time of

delivery. Cells that undergo their final S phase at the

time of exposure to EdU will retain a strong EdU signal,

while cells that undergo further rounds of cell division

will dilute the EdU. Cells that undergo one or a small

number of subsequent cell divisions are also likely to

retain some EdU, but we did not attempt to discrimi-

nate between different levels of EdU staining, other

than to arbitrarily define cells with three or more par-

ticles of EdU immunostaining as being EdU1. The num-

bers of neurons of each type examined in the jejunum

following injection of EdU at different ages are shown

in Table 2. We did not observe any cell that expressed

a neuron subtype marker (calretinin, CGRP, NF-M,

NOS1, serotonin, or TH) that did not express the pan-

neuronal marker, Hu. The data are summarized in Fig-

ures 1 and 2: Figure 1 shows the percentage of each

cell type that was labeled following EdU injections at

different ages, and Figure 2 shows cumulative birth-

dates in which the cumulative percentage of EdU-

labeled cells of each neuron type born by a given age

was calculated from the data shown in Figure 1.

All (Hu1) myenteric neurons
Following injection of EdU at E10.5, around 0.5% of

all (Hu1) myenteric neurons in the jejunum was EdU1

(Figs. 1, 3A,C), and around 2% of Hu1 neurons was

EdU1 after EdU at E11.5 (Fig. 1); 8–12% of Hu1 neu-

rons had incorporated EdU following EdU injection at

E12.5, E13.5, E15.5, and P0 (Fig. 1). We did not

observe any Hu1 cells that had incorporated EdU fol-

lowing a pulse of EdU at P10, although EdU1/Hu-nega-

tive cells, presumably glia, were common in ganglia

(Fig. 4A,B). These data show that the peak time of cell

cycle exit for the myenteric neuron population as a

whole is between E12.5 and P0, and by P10 the vast

majority of neuron precursors appear to have exited

the cell cycle.

Serotonin neurons
Serotonin neurons are descending interneurons and

they comprise only �1% of myenteric neurons (Sang

et al., 1997; Qu et al., 2008; Neal et al., 2009). EdU1/

serotonin neurons were observed following injection of

EdU at E10.5 (Fig. 3C,D), E11.5, and E12.5 only, with

the peak birthdate being E11.5 (Figs. 1, 2). The only

other class of neuron we examined that incorporated

EdU following injection of EdU at E10.5 was the NF-M

neurons.

NF-M neurons
Although all neurons in the embryonic mouse gut

that express pan-neuronal markers also show NF-M

Figure 2. Cumulative birthdate curves for different subtypes of

myenteric neurons in the mouse small intestine calculated from

the data shown in Figure 1, showing sequential generation of dif-

ferent myenteric neuron subtypes. The curve for each neuron

subtype was generated by determining the total number of EDU1

cells of that neuron subtype observed following EDU injection at

all ages, calculating the proportion of the total that was EDU1

following injection at E10.5, and then adding the proportion of

EDU1 neurons observed following injections at each subsequent

age (cumulative frequencies). For example, 95% of the total num-

ber of EDU1 serotonin neurons observed were observed follow-

ing EDU injection at E11.5 or E10.5. In contrast, the number of

EDU1 calretinin neurons observed after injection of EDU at

E10.5, E11.5, E12.5, E15.5, and E18.5 combined accounted for

only 66% of the total number of EDU1 calretinin neurons

observed.

Birthdating of Myenteric Neurons
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immunostaining (Hao et al., 2009), in the small intes-

tine of adult mice only neurons with Dogiel type II mor-

phology show NF-M staining; these neurons are thought

to be intrinsic sensory neurons (Qu et al., 2008).

EdU1/NF-M1 neurons were observed following EdU

injections at E10.5 (Fig. 3A,B), E11.5, E12.5, E13.5, and

Figure 3. Confocal microscope images of myenteric ganglia in wholemount preparations of myenteric plexus/longitudinal muscle of small

intestine following injection of EdU at E10.5 (A–D), E13.5 (E–H) or E15.5 (I–L) and immunostaining for EdU (pale blue), different myenteric

neuron subtype markers (green), and the pan-neuronal marker, Hu (red). All preparations are from adults, except for panels G,H, which

are from P0 mice. A–D: Following EdU injection at E10.5, subpopulations of NF-M (A,B) and serotonin (C,D) neurons are EdU1 (arrows).

E–H: Subpopulations of NOS1 (E,F) and CGRP (G,H) neurons are EDU1 (arrows) following EdU injection at E13.5. I–L: Following EdU injec-

tion at E15.5, subpopulations of NOS1 (I,J) and TH (K,L) neurons are EdU1 (arrows). Scale bars 5 25 lm.

A.J. Bergner et al.
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E15.5, although only very rare EdU1 neurons were

observed following injection at E15.5 (Fig. 1). The peak

birthdate for NF-M neurons was E12.5 (Figs. 1, 2).

CGRP neurons
Pharmacological studies in the mouse colon suggest

that the sensory neurons involved in the peristaltic

reflex release CGRP (Grider, 2003). Furthermore, most

myenteric CGRP neurons in the ileum and colon of

mice are Dogiel type II neurons, and thus like NF-M,

CGRP is likely to be a marker of intrinsic sensory neu-

rons (Nurgali et al., 2004; Qu et al., 2008). The incorpo-

ration of EdU by CGRP neurons was examined in the

small intestine from P0–P4 mice because, unlike adult

mice, the cell bodies of CGRP neurons in neonatal mice

can be detected without the use of colchicine (Young

et al., 1999; Qu et al., 2008). EdU1/CGRP1 neurons

were not observed following EdU injection at E10.5, but

a small number of EdU1/CGRP1 neurons were

observed following EdU injection at E11.5 (Fig. 3G,H).

The peak birthdate for CGRP neurons was E12.5–E13.5

(Figs. 1, 2). Only a small number of EdU1/CGRP1 neu-

rons were observed following EdU injection at E15.5,

and none following EdU at E18.5 (Fig. 1).

TH neurons
TH neurons comprise <0.5% of myenteric neurons in

the mouse small intestine (Qu et al., 2008). The peak

birthdate of TH neurons was E13.5–E15.5 (Fig. 3K,L),

but small numbers of EdU1/TH1 cells were also

observed following EdU injections at E12.5, E18.5, and

P0 (Fig. 1).

NOS1 neurons
NOS1 neurons in the myenteric plexus of the mouse

small intestine comprise multiple subtypes of neurons,

but the majority are inhibitory motor neurons to the cir-

cular muscle (Qu et al., 2008). During development,

NOS1 neurons are first observed at E11.5, and there is

a large increase in the number of NOS1 neurons

between E11.5 and E12.5 (Hao et al., 2010). We there-

fore expected that some NOS1 neuron precursors

would exit the cell cycle at E10.5 and E11.5 prior to

the first expression of NOS1. However, following EdU

injection at E10.5 or E11.5, EdU1/NOS11 neurons

were not observed (Fig. 1). EdU1/NOS11 neurons

were observed following injection of EdU at E12.5,

Figure 5. Cryostat section through the small intestine of an E11.5 mouse after immunostaining for NOS1 (A) and the proliferation marker,

Ki67 (B). Many Ki671 nuclei are present, but the nucleus of the NOS11 neuron (arrow) does not show any Ki67 immunostaining

(C). Scale bar 5 10 lm.

Figure 4. Myenteric ganglion from the small intestine of an adult

mouse following EdU injection at P10 and immunostaining for

EdU (white), NOS1 (green, to reveal the intermodal strands), and

the pan-neuronal marker, Hu (magenta). EdU1 cells are present

in the ganglia and intermodal strands (A, white arrows), but do

not show Hu immunoreactivity (B) and hence are likely to be glial

cells. Numerous EdU1 nuclei are also present in the circular

muscle layer (magenta arrows). Scale bar 5 25 lm.
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E13.5 (Fig. 3E,F), E15.5 (Fig. 3 I,J), E18.5, and P0, with

the peak birthdate being E15.5 (Figs. 1, 2).

The absence of EdU1/NOS11 neurons following

EdU injection at E10.5 and E11.5 raised the possibility

that the first NOS1 neurons to appear during develop-

ment are still proliferating. We therefore examined

whether NOS1 neurons in the gut of E11.5 and E12.5

mice show Ki67 staining. Ki67 is a marker of proliferat-

ing cells and is present during G1, S, G2, and M

phases, but absent during G0 (resting) phase. No

Ki671/NOS11 neurons were observed in the E11.5

gut (n 5 12 NOS cells from four preparations) (Fig. 5A–

C), and only 3% of NOS11 neurons in the E12.5 gut

showed any Ki67 staining (two Ki671 cells out of 67

NOS1 cells examined from three embryos).

We then used in vivo Cre-lox-based genetic fate map-

ping to determine if there are myenteric neurons that

transiently express NOS1. Nos1-Cre mice (Leshan

et al., 2012) were mated to Rosa-CAG-eGFP or Rosa-

CAG-TdTomato reporter mice to generate Nos1;eGFP

(n 5 1) or Nos1;TdTomato mice (n 5 2), in which eGFP

or TdTomato is permanently expressed in any cell that

expressed NOS1, including cells that expressed NOS1

only transiently. Neurons that were eGFP1 or

TdTomato1, but did not show NOS1 immunoreactivity,

were likely to have expressed NOS1 transiently during

development. 7.5 6 1.6% (mean 6 SEM) of eGFP1 or

TdTomato1 neurons did not show detectable NOS1

immunoreactivity (Fig. 6; n 5 401 eGFP1 or

TdTomato1 neurons examined from three mice). We

also checked the efficiency of Cre expression and

recombination. In two mice (1 3 Nos1;eGFP and 1 3

Nos1;TdTomato), 100% of NOS1-immunoreactive neu-

rons were eGFP1 or TdTomato1, and in the third

mouse, 95% of NOS1-immunoreactive neurons were

TdTomato1.

Calretinin neurons
Most calretinin neurons in the myenteric plexus of

the mouse small intestine are excitatory motor neurons

to the circular and longitudinal muscle layers, but some

putative sensory neurons also express calretinin (Qu

et al., 2008). Calretinin immunoreactivity is first

detected in the ENS around birth (Young et al., 1998).

Like NOS1 neurons, no EdU1/calretinin1 neurons

were observed following EdU injection at E10.5 or

E11.5. The peak birthdate of calretinin neurons was P0

(Figs. 1, 2). Although calretinin neurons comprised

around 40% of total myenteric neurons, 77.0% 6 0.4

(mean 6 SEM, n 5 3 mice) of EdU1 neurons was

calretinin1 following injection of EdU at P0. The

EdU1/calretinin1 neurons we observed following injec-

tion of EdU at P0 appeared to be mainly small

calretinin1 neurons; Fig. 7A,B). We therefore compared

the area of the cell body of individual EdU1/

calretinin1 neurons following EdU injections at E13.5

and P0. Calretinin neurons that had incorporated EdU

Figure 6. Myenteric ganglion in a wholemount preparation from the small intestine of a Nos1;eGFP mouse that had been immunolabeled

using antibodies to GFP, NOS1, and Hu. A GFP1/Hu1 neuron does not show detectable NOS1 immunostaining (arrow). Scale bar 5

25 lm.
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following injection of EdU at P0 were significantly

smaller than calretinin neurons that incorporated EdU

at E13.5 (mean 6 SEM of area of EdU1 calretinin neu-

rons, P0: 175 6 23 lm; E13.5: 455 6 73 lm; two-

tailed t-test, P < 0.05).

DISCUSSION

Our study confirms and extends previous studies that

demonstrated that different neurochemical classes of

myenteric neurons are born during distinct, but overlap-

ping, intervals in the mouse intestine (Pham et al.,

1991; Chalazonitis et al., 2008). The first expression of

different enteric neuron subtype markers occurs at dif-

ferent developmental ages (Hao and Young, 2009), and

for an individual enteric neuron the interval between

exit from the cell cycle and the expression of subtype-

specific markers is not currently known. However, our

data suggest that the interval between cell cycle exit

and first detectable expression of subtype markers

varies between neuron subtypes and subtype markers

from 2 days or less to around a week (see below). The

relationship between enteric neuron birthday and

enteric neuron subtype shown by earlier studies (Pham

et al., 1991; Chalazonitis et al., 2008) and the current

study suggests that it is likely that birthday influences

enteric neuron subtype identity. For example, different

enteric neuron subtypes might be specified by extrinsic

determinative factors, which change with time and act

around the time the precursors exit the cell cycle (Cha-

lazonitis et al., 2008; Gershon, 2010; Li et al., 2010;

Wang et al., 2010; Li et al., 2011; Lake and Heucker-

oth, 2013), and/or the ability of enteric neuron progeni-

tors or precursors to respond to extrinsic factors might

change over time.

Enteric neurons are born over a protracted
period

We found that around 0.5% of myenteric neurons are

born at E10.5, which was the earliest age that we intro-

duced EdU. However, an earlier study using tritiated

thymidine birthdating showed that some enteric neu-

rons are born as early as E8 (Pham et al., 1991). Peri-

natally (E18.5 and P0), we found that there were still

significant numbers of myenteric neurons being born,

but by P10 the vast majority of neurons appear to be

postmitotic, as none of nearly 2,000 Hu1 neurons

examined after injection of EdU at P10 had incorpo-

rated and retained EdU. A stage-specific lineage tracing

study reported that 1.6% of myenteric neurons are gen-

erated from Sox101 progenitors at P30 (Laranjeira

et al., 2011); these data are not necessarily inconsis-

tent with the current study as it is possible that enteric

neurogenesis can occur without cell division (Joseph

et al., 2011; Laranjeira et al., 2011). It is also likely

that to detect low numbers of dividing enteric neuron

precursors at postnatal stages, thymidine analogs would

need to be introduced over an extended period of time

(Liu et al., 2009), rather than as a single injection, as

used in the current study.

Relationship between enteric neuron
subtype and birthdate

Our study focused on markers that identify different

functional subtypes of myenteric neurons (Sang and

Young, 1996; Sang et al., 1997; Qu et al., 2008), and

Figure 7. Myenteric ganglia from the small intestine of adult mice following EdU injection at E13.5 (A) or P0 (B), and immunostaining for

EdU (blue) and calretinin (red). A: Following EdU injection at E13.5, the calretinin1/EdU1 cells are large cells (yellow arrows) and the

small calretinin1 cells are not EdU1 (white open arrows). B: At P0, many small calretinin1 cells are EdU1 (white arrows) but the large

calretinin1 cells are not EdU1 (yellow open arrows). Numerous EdU1 nuclei are present in the circular muscle layer following EdU injec-

tion at P10 (B, red arrows), but not following EdU injection at E13.5. Scale bar 5 25 lm.
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therefore have relevance for the development of the

functional circuits controlling motility.

Consistent with an earlier study (Pham et al., 1991),

we found that serotonin neurons, which are descending

interneurons, have a peak birthdate at E11.5. Most

serotonin neurons were born between E10.5 and E12.5,

and it is also possible that some are born prior to E10;

serotonin neurons were the first neurons of those we

examined to be born. Uptake of 5-[3H]HT can be first

detected by neurites in the mouse small intestine at

E12–E13 (Rothman and Gershon, 1982; Rothman et al.,

1984), and thus the interval between cell cycle exit and

first expression of serotonergic properties appears to

be only around 2 days. Importantly, spontaneous

release of serotonin from enteric neurons generated

early during ENS development appears to influence the

development of neuronal subtypes that are generated

later in ENS development (Li et al., 2011).

NF-M and CGRP have been reported to be markers of

intrinsic sensory neurons in the mouse (Grider, 2003; Qu

et al., 2008), although mechanosensitive myenteric neu-

rons in the mouse ileum and colon also include other

neuronal phenotypes (Mazzuoli and Schemann, 2012).

We found that the peak birthdates of NF-M and CGRP

neurons were E12.5–E13.5. Thus, it appears that some

intrinsic sensory neurons are born relatively early in the

development of the ENS. Although NF-M and CGRP are

thought to identify the same population of myenteric

neurons, there were some small differences between our

birthdate data for NF-M and CGRP neurons; most impor-

tant, following EdU injection at E10.5, we found some

NF-M1/EdU1 neurons, but did not observe any CGRP

neurons that had incorporated and retained EdU. This

suggests that CGRP and NF-M expression do not overlap

100% in adult myenteric neurons. It is very difficult to

directly examine the overlap between NF-M and CGRP in

myenteric neurons, as in our hands CGRP immunoreac-

tivity can only be detected in the cell bodies of myen-

teric neurons from around E17.5 until P4/P5. However,

NF-M is not an exclusive marker of Dogiel type II neu-

rons during embryonic and early postnatal development,

and so the overlap between NF-M and CGRP cannot be

examined in early postnatal tissue. Although CGRP can

be detected in the cell bodies of adult myenteric neu-

rons if preparations are cultured in the presence of col-

chicine, phenotypic changes can occur during the

culturing. Our data for the birthdate of CGRP neurons

(range of E11.5–E15.5, with the peak at E12.5–E13.4)

show some differences from a previous study that used

tritiated thymidine incorporation and retention to identify

enteric neuron birthdates and found that myenteric

CGRP neurons exit the cell cycle between E10 and P3,

with a peak birthdate at E17 (Pham et al., 1991). The

reasons for the differences between studies are unclear.

As CGRP immunoreactivity in myenteric neurons is first

detected around 17 (Branchek and Gershon, 1989), our

data suggest that for CGRP neurons the interval between

cell cycle exit and detectable CGRP immunoreactivity is

around 6 days.

There is a small population of enteric dopaminergic

(TH1) neurons in the myenteric plexus of adult mice

which do not arise from the transiently catecholaminer-

gic cells that are present during mid-embryonic stages

(Li et al., 2004). We found that myenteric TH neurons

exited the cell cycle between E12.5 and P0, with a peak

birthdate at E15.5. These data are consistent with an

earlier study that found that peak cell cycle exit of TH

neurons occurs at E14.5 (Chalazonitis et al., 2008). As

TH immunoreactivity by dopaminergic neurons is first

detected perinatally (Li et al., 2004), it appears that the

interval between cell cycle exit and detectable TH immu-

noreactivity in dopaminergic neurons is around 1 week.

NOS1 immunoreactivity can first be detected in a

subpopulation of enteric neurons at E11.5 (Hao and

Young, 2009; Hao et al., 2010) and there is a large

increase in the number of NOS1 neurons thereafter. We

therefore anticipated that some NOS1 neuron precur-

sors would become postmitotic at E10.5 and E11.5.

Surprisingly, we did not observe any EdU1/NOS11

neurons following injection of EdU at E10.5 or E11.5.

There are several possible explanations for this unex-

pected result. First, the earliest NOS1 neurons to exit

the cell cycle comprise only a very small proportion of

the NOS1 neurons in the adult ENS, and we did not

sample them in our study. We think this is unlikely

because we examined a total of 1,179 NOS1 neurons

following EdU injections at E10.5 or E11.5 and did not

encounter a single neuron that had retained EdU. The

second possibility is that NOS1 expression commences

prior to cell cycle exit, and hence the first NOS1 neu-

rons are still proliferative. However, <3% of the NOS1

neurons we examined in the E11.5 and E12.5 gut

showed any staining for the proliferation marker Ki67.

Moreover, in a previous study, we examined over 800

NOS1 neurons in the E12.5 gut using a nucleic acid

stain, and none was observed to be undergoing mitosis

at the time of fixation (Young et al., 2005). Together

the data strongly suggest that the vast majority of neu-

rons showing NOS1 immunoreactivity in the E11.5–

E12.5 gut are postmitotic. The third possibility is that

the first myenteric neurons to express NOS1 only

express NOS1 transiently. Previous studies have shown

that NOS1 is transiently expressed in a variety of CNS

regions during development (Wetts and Vaughn, 1993;

Bredt and Snyder, 1994; Ward et al., 1994; Judas et al.,

1999). Furthermore, we have previously shown that

A.J. Bergner et al.
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NOS1 is transiently expressed perinatally by some sub-

mucosal neurons in the mouse; this was easily

detected, as there are very few NOS11 neurons in sub-

mucosal ganglia of the small intestine of adult mice

(Young and Ciampoli, 1998; Mongardi Fantaguzzi et al.,

2009). Lineage tracing using 4–5-week-old Nos1-

Cre;eGFP (or TdTomato) mice revealed around 7% of

neurons that expressed the reporter gene but did not

show NOS1 immunoreactivity, suggesting that they had

expressed NOS1 transiently sometime during develop-

ment. Future studies using stage-specific lineage trac-

ing are required to examine whether the neurons that

express NOS1 around E11.5 are the myenteric neurons

that show transient expression of NOS1. It would be

interesting to know whether transiently NOS1 neurons

function as nitrergic neurons. Electrical field

stimulation-induced relaxations are already present in

the intestine of E16 mice (Gershon and Thompson,

1973), but experiments have not yet been performed in

younger mice to determine at what age(s) the inhibitory

innervation of the muscle is first functional and when

nitric oxide is first released from neurons. As NOS1

appears to be expressed transiently by some cells, it is

not possible to estimate the interval between exit from

the cell cycle and first expression of NOS1 with any

accuracy; nonetheless, because some NOS1 neurons

exit the cell cycle at E12.5, and NOS1 neurons are

abundant from E12.5 (Branchek and Gershon, 1989), it

is possible that the interval between cell cycle exit and

NOS1 expression is very short.

Calretinin is expressed by multiple subtypes of

enteric neurons in the mouse including excitatory motor

neurons to the circular muscle and putative sensory

neurons (Sang and Young, 1996; Qu et al., 2008); most

calretinin neurons are cholinergic neurons (Sang and

Young, 1998; Young et al., 1998). We showed that the

peak time of cell cycle exit for calretinin neurons is at

P0, but they exit the cell cycle over a protracted period

of time commencing at E12.5. Calretinin immunoreac-

tivity is first detected in enteric neurons around birth

(Hao and Young, 2009), and therefore the interval

between cell cycle exit and detectable calretinin immu-

noreactivity for at least some neurons is probably

around 1 week. We also showed that the calretinin neu-

rons that exit the cell cycle at E13.5 are significantly

larger than the calretinin neurons that exit the cell

cycle at P0. The large calretinin neurons that exit the

cell cycle at E13.5 are likely to be the NF-M/CGRP/

Dogiel type II neurons, whereas the small calretinin

neurons that exit the cell cycle around birth are likely

to include excitatory muscle motor neurons. However,

some excitatory motor neurons are functional prior to

birth as excitatory junction potentials (Ward et al.,

1997) and electrical field stimulation-induced contrac-

tions (Gershon and Thompson, 1973) have been

observed in the small intestine of mice at E16–E17; our

data suggest that there is an increase in the number of

excitatory motor neurons after birth. Consistent with

this idea, we recently showed a large increase in the

number of cholinergic neurons between P0 and P10 in

the mouse small intestine (Hao et al., 2013b).

CONCLUSION

Different classes of myenteric neuron exit the cell

cycle at variable, but overlapping, times during develop-

ment. Our data also suggest that NOS1 is expressed

transiently by some myenteric neurons during develop-

ment. It is already well established that TH is expressed

transiently by some enteric neurons or their precursors

during embryonic development (Gershon et al., 1984;

Baetge and Gershon, 1989; Baetge et al., 1990a,b; Li

et al., 2010; Obermayr et al., 2013b). Little is known

about the control of neurotransmitter phenotype in the

ENS (Hao and Young, 2009; Laranjeira and Pachnis,

2009; Gershon, 2010; Sasselli et al., 2012), and

changes in expression of neurotransmitter synthetic

enzymes by enteric neurons during development is

likely to make the transcriptional regulation of different

enteric neuron subtypes challenging to decipher.

Finally, our data suggest that for some neuron subtypes

(calretinin, CGRP, and dopaminergic neurons), the inter-

val between cell cycle exit and detectable neuronal sub-

type marker expression is around 1 week, but for other

neuron subtypes (serotonin and NOS1) the interval

might be only 2 days or less.
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