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Postnatal Restriction of Activity-Induced Ca2� Responses to
Schwann Cells at the Neuromuscular Junction Are Caused by
the Proximo-Distal Loss of Axonal Synaptic Vesicles during
Development
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Terminal or perisynaptic Schwann cells (TPSCs) are nonmyelinating, perisynaptic glial cells at the neuromuscular junction (NMJ) that
respond to neural activity by increasing intracellular calcium (Ca 2�) and regulate synaptic function. The onset of activity-induced TPSC
Ca 2� responses, as well as whether axonal Schwann cells (ASCs) along the nerve respond to nerve stimulation during development, is
unknown. Here, we show that phrenic nerve stimulation in developing male and female mice elicited Ca 2� responses in both ASCs and
TPSCs at embryonic day 14. ASC responses were lost in a proximo-distal gradient over time, but could continue to be elicited by bath
application of neurotransmitter, suggesting that a loss of release rather than a change in ASC competence accounted for this response
gradient. Similar to those of early postnatal TPSCs, developing ASC/TPSC responses were mediated by purinergic P2Y1 receptors. The loss
of ASC Ca 2� responses was correlated to the proximo-distal disappearance of synaptophysin immunoreactivity and synaptic vesicles in
phrenic axons. Accordingly, developing ASC Ca 2� responses were blocked by botulinum toxin. Interestingly, the loss of ASC Ca 2�

responses was also correlated to the proximo-distal development of myelination. Finally, compared with postnatal TPSCs, neonatal
TPSCs and ASCs displayed Ca 2� signals in response to lower frequencies and shorter durations of nerve stimulation. Together, these
results with GCaMP3-expressing Schwann cells provide ex vivo evidence that both axons and presynaptic terminals initially exhibit
activity-induced vesicular release of neurotransmitter, but that the subsequent loss of axonal synaptic vesicles accounts for the postnatal
restriction of vesicular release to the NMJ.
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Introduction
In addition to providing structural and metabolic support to
neurons, insulating axons, and mounting responses to injury,

infection, or disease, glial cells dynamically regulate neuronal sig-
naling, activity, and behavior (Araque et al., 2001). For example,
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Significance Statement

Neural activity regulates multiple aspects of development, including myelination. Whether the excitation of developing neurons in
vivo results in the release of neurotransmitter from both axons and presynaptic terminals is unclear. Here, using mice expressing
the genetically encoded calcium indicator GCaMP3 in Schwann cells, we show that both terminal/perisynaptic Schwann cells at the
diaphragm neuromuscular junction and axonal Schwann cells along the phrenic nerve exhibit activity-induced calcium responses
early in development, mediated by the vesicular release of ATP from the axons of motor neurons acting on P2Y1 receptors. These
ex vivo findings corroborate classic in vitro studies demonstrating transmitter release by developing axons, and thus represent a
tool to study the mechanisms and significance of this process during embryonic development.
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optogenetic activation of astrocytes, a perisynaptic glial cell of the
CNS, modulates sensory information processing, motor behav-
ior, and sleep (Sasaki et al., 2012; Perea et al., 2014; Yamashita et
al., 2014; Pelluru et al., 2016). Similarly, the pharmacogenetic
activation of perisynaptic enteric glia is sufficient to excite
smooth muscle of the ileum and colon (McClain et al., 2015).
Recently, we showed that the activation of terminal/perisynaptic
Schwann cells (TPSCs) of the postnatal neuromuscular junction
(NMJ) regulates muscle fatigue (Heredia et al., 2018). These in
vivo studies demonstrate that perisynaptic glia in multiple re-
gions are important mediators of physiological function.

The activation of perisynaptic glia by neural activity repre-
sents an initial step in these examples of neuron– glia communi-
cation. The most well characterized component of this response
is an increase of intracellular calcium (Ca 2�) that occurs within
these cells as a result of neurotransmitter release (Rousse and
Robitaille, 2006; Scemes and Giaume, 2006). At the adult NMJ of
the mouse and frog, activity-induced Ca 2� responses are medi-
ated by multiple nerve-derived substances, including acetylcho-
line (ACh), purine adenine nucleotides, and adenosine (Darabid
et al., 2014). In contrast to these adult responses, activity-induced
Ca 2� responses of early postnatal TPSCs are mediated exclusively
by purinergic signals (Darabid et al., 2013; Heredia et al., 2018).
When TPSCs first become competent to respond to neural activ-
ity and whether developing axonal SCs (ASCs) along peripheral
nerves respond to activity (Lev-Ram and Ellisman, 1995) are un-
known. Because the absence of Schwann cells during embryogen-
esis results in the degeneration of spinal motor neurons
(Woldeyesus et al., 1999; Lin et al., 2000; Wolpowitz et al., 2000),
identifying the onset and consequence of Schwann cell responses
to nerve stimulation is functionally significant. For example, the
survival of embryonic motor neurons may be uniquely depen-
dent on the pathways initiated within Schwann cells downstream
of activity-induced Ca 2� signaling.

Using mice expressing the genetically encoded calcium indi-
cator GCaMP3 in all Schwann cells (i.e., both ASCs and TPSCs),
we examined activity-induced Ca 2� responses in SCs of the
phrenic nerve and diaphragm at various stages of embryonic and
postnatal development. We found that ASCs along the secondary
phrenic intramuscular branches, which innervate the costal dia-
phragm and contain predominantly motor axons (Duron et al.,
1978), as well as TPSCs at the NMJ, exhibited P2Y1R-sensitive
Ca 2� responses to nerve stimulation at embryonic and neonatal
stages. The response of ASCs to nerve stimulation was lost in a
proximo-distal gradient over time, a phenomenon that corre-
sponded to a reduction of synaptic vesicles (SVs) along deve-
loping axons. We also characterized the spatiotemporal and
pharmacological features of activity-induced Ca 2� responses in
neonatal ASCs and TPSCs. These results demonstrate the utility
of genetic techniques to investigate the response features of
Schwann cell populations and reveal that the presence of synaptic
vesicles and accordingly the release of neurotransmitters is spa-
tially regulated during development.

Materials and Methods
Ethical approval and use of mice. P2ry1 mutant, GCaMP3 conditional
knock-in, and Wnt1-Cre transgenic mice were all purchased from The
Jackson Laboratory and maintained in the C57BL/6 strain. We refer to
conditional GCaMP3-expressing mice produced from specific Cre-
driver lines as Cre driver-GCaMP3, rather than Cre driver; conditional
GCaMP3 (e.g., Wnt1-GCaMP3). We found no differences among male
and female Wnt1-GCaMP3, P2ry1�/�, or P2ry1�/� mice, so we pooled
these samples. For embryonic day 14 mice (E14), males and females were

paired for several hours between 3:00 and 6:00 P.M. and pregnant dams
were killed at 4:00 P.M. 2 weeks later. For E15.5 mice, males and females
were paired for a night and separated the next morning; noon of that day
was designated E0.5. Postnatal day 0 (P0) mice were killed within 8 h of
their birth. Animal husbandry and experiments were performed in ac-
cordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and the Institutional Animal Care and Use
Committee at the University of Nevada.

Drugs. The following reagents were used at the following concentra-
tions: P2Y1R agonist ATP (10 �M; Sigma-Aldrich); P2Y1R antagonist
MRS2500 (1 �m; Tocris Bioscience); P1R agonist adenosine (100 �M;
Sigma-Aldrich); pan-cholinergic agonist; carbamoylcholine [carbachol
(CCh); 10 �m; Sigma-Aldrich]; pan-muscarinic agonist muscarine (10
�M; Sigma-Aldrich); sarcoplasmic/endoplasmic reticulum Ca 2�-
ATPase inhibitor carbenoxolone (CBX; 100 �m; Cayman Chemical);
meclofenamic acid (100 �M; Cayman Chemical); 18-�-glycyrrhetinic
acid (10 �M; Sigma-Aldrich); 18-�-glycyrrhetinic acid (10 �M; Cayman
Chemical); cyclopiazonic acid (CPA; 10 �M; Sigma-Aldrich); botulinum
toxin E (BoNT/E; 10 –100 nM; METAbiologics); potassium chloride
(2–10 mM; Sigma-Aldrich); skeletal muscle myosin-blocker 3-(N-
butylethanimidoyl)-4-hydroxy-2H-chromen-2-one (BHC; 100 �M;
Hit2Lead); and 488-, 594-, and 633-conjugated �-bungarotoxin (�-
BTX; 1 �g/ml; Biotium).

Calcium imaging. Diaphragms of Wnt1-GCaMP3 mice were dissected
and pinned on a 6 cm Sylgard-coated dish containing oxygenated Krebs’-
Ringer’s solution at room temperature according to standard procedure.
The phrenic nerve was drawn into a suction electrode and stimulated
with a suprathreshold square pulse (0.1 ms) once to ensure that the
muscle contracted before treatment with 100 �M myosin inhibitor BHC
(Heredia et al., 2016) to block movement (Heredia et al., 2016). The
diaphragm was illuminated with a Spectra X light engine (Lumencor). To
quantify maximal fluorescence exhibited by GCaMP3 in Schwann cells,
30 �M CPA was added to deplete sarcoplasmic reticular Ca 2� stores
(Heredia et al., 2016). Image sequences were captured using an Andor
Neo sCMOS camera (Oxford Instruments) and a Windows (Microsoft)-
based PC using Nikon NIS Elements 4.1. Image sequences were recorded
at 25 frames per second, and were exported as 8-bit TIFF files into
custom-written software (Volumetry G8d; Hennig et al., 2015). Changes
in background fluorescence were stabilized by subtracting the average
intensity near the main phrenic nerve branch. An average intensity image
was generated before stimulus application (prestim; �1 s) to quantify
basal Ca 2� levels in Schwann cells. These images are presented using a
blue ¡ green color lookup table (CLUT). SD maps were calculated in
similar fashion to the average intensity image, except the SD of 16-bit
fluorescence intensity units (SD iu16) at every pixel before the application
of the stimulus (0.5–1.0 s) extending to 60 s was calculated (Heredia et al.,
2018). SD maps were color coded using a “fire” CLUT. Traces of fluores-
cence intensity were generated from movies and presented as changes in
fluorescence with respect to initial fluorescence (�F/Favg(prestim) or �F/
F0). Peak intensities of Ca 2� transients were calculated as a signal-to-
noise ratio (SNR) in which peak SD values were divided by prestim SD
value. The log10 of this ratio was generated and multiplied by 20 to
standardize the SNR as decibels.

Electrophysiology. Phrenic nerve-evoked muscle action potentials and
endplate potentials (EPPs) were recorded from P1 diaphragm muscle
after treatment with the striated muscle myosin inhibitor BHC (100 �M;
Heredia et al., 2016) or the Nav1.4 antagonist �-conotoxin GIIIb (2.3
�M), respectively. Signals were amplified, digitized, recorded, and ana-
lyzed as described previously (Heredia et al., 2016). Only muscle fibers
with resting membrane potentials between �60 and �75 mV were in-
cluded for analysis.

Fatigue. Video recording of muscle shortening in hemidiaphragms
(E14, P0) was performed as described previously (Heredia et al., 2016).
The onset of fatigue was denoted as the onset of the decline of peak
muscle shortening.

Immunohistochemistry. Antibodies against GFP (Rockland) and syn-
aptophysin (Santa Cruz Biotechnology) were used at 1/1000 in PBS con-
taining 1% Triton X-100 and 10% fetal bovine serum to detect proteins
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Figure 1. ASCs and TPSCs both exhibit robust Ca 2� responses to phrenic nerve stimulation (Stim) at E14. A, Left, Spatial map of the SD iu16 values of Ca 2� responses in a population of ASCs and
TPSCs in the diaphragm of an E14 Wnt1-GCaMP3 mouse imaged in response to 30 s of 40 Hz nerve stimulation; fire CLUT heatmap in SD iu16 and scale bar in micrometers. Note the responses by some
but not all ASCs along the secondary phrenic intramuscular branch (arrow) as well as by some but not all TPSCs (arrowhead). Middle, Spatial fluorescence intensity map (in SD iu16) of the same sample
in the left panel after treatment with the pan-cholinergic agonist CCh. In contrast to nerve stimulation, CCh induces Ca 2� responses in all ASCs and TPSCs. Right, An average fluorescence intensity
image generated before application of a stimulus (prestim, in black and white) shows the overall structure of GCaMP3-expressing Schwann cell elements, including the distal end of the primary
phrenic trunk (1), the secondary phrenic intramuscular branch (2), as well as several color-coded boxes enclosing ASC or TPSC Ca 2� responses that were collected for analysis in the graph to the right.
Transient averages of ASC or TPSCs were plotted over time as changes in fluorescence divided by initial fluorescence (�F/F0). B, Left, A prestim image in green of the diaphragm of an E14
Wnt1-GCaMP3 mouse. Middle left, Spatial fluorescence intensity map after 30 s of 40 Hz phrenic nerve stimulation. Note the response of ASCs and TPSCs again. Middle, Enlarged area of inset box in
first panel imaged after the diaphragm was immunostained with antibodies against green fluorescent protein (GFP; green; to label GCaMP3-positive Schwann cells) and synaptophysin (SYP; red; to
label synaptic vesicle-containing nerves and nerve terminals). Middle right, right, Enlarged regions of inset box in second panel showing �-BTX-labeled nicotinic ACh receptor-enriched postsynaptic
apparati in blue together with GFP and synaptophysin staining. Note the presence of GFP-immunoreactive Schwann cells near every synaptophysin-labeled presynaptic nerve ending (right, arrow).
At this age, not every �-BTX-labeled postsynaptic ACh receptor (AChR) cluster is innervated (arrowhead).

Video 1. Some but not all Schwann cells along axons (ASCs) and
some but not all TPSCs at NMJs exhibit a robust increase in intracellular
Ca 2� in response to nerve stimulation at E14.

Video 2. All ASCs and all TPSCs exhibit a Ca 2� response (respond) to
the ACh mimetic CCh at E14.
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in fixed, whole-mount diaphragms dissected from different aged wild-
type or Wnt1-GCaMP3 mice. Fluorescently conjugated �-BTX was
added with secondary antibodies. Tissues were confocally imaged with
an Olympus Fluoview 1000.

Electron microscopy. The phrenic nerve and costal diaphragm were
dissected from P0, P1, and P7 mice, incubated in a fixative of 1.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate at
4°C overnight, and then rinsed in 0.1 M sodium cacodylate for several

hours at 4°C. Samples were postfixed in 2%
osmium tetroxide, dehydrated, incubated in
propylene oxide, embedded in Spurr’s resin
and polymerized at 60°C overnight. Ultrathin
sections were cut at 90 �m and stained with
uranyl acetate followed by lead citrate. Sections
were photographed or digitized using a Philips
CM10 Transmission Electron Microscope
equipped with a Gatan BioScan Digital Imag-
ing System. Axonal area and diameter, myelin
thickness, and g-ratios were measured on im-
ages captured at 4600�, and lamellae were
counted in images taken at 64,000�.

Statistics. Power analyses were performed
using G*power of 3.010 to determine the num-
bers of samples required. Differences between
vehicle- and drug-treated diaphragms were as-
sessed by unpaired two-tailed Student’s t tests
between two independent means, assuming
equal variance. A p value of �0.05 was consid-
ered significant.

Results
We first assessed the onset of activity-
induced Ca 2� responses in Schwann cells
of the diaphragm of Wnt1-GCaMP3 mice.
E14 is the first age at which we could reli-
ably isolate and stimulate the phrenic
nerve with a suction electrode and ob-
tain a contraction of the diaphragm. At
this age, 30 s of nerve stimulation at fre-
quencies of �10 Hz induce muscle
contraction, indicated by muscle fiber
shortening, followed by fatigue, indicated
by failure to maintain peak shortening
(average fatigue onset, 19.3 � 1.5 vs 6.2 �
2.3 vs 2.3 � 1.3 s, for 10 vs 20 vs 40 Hz; n 	
3). Because 30 s of 40 Hz stimulation in-
duced a quick and robust fatigue, we used
these parameters to investigate Ca 2� re-
sponses in Schwann cells at E14. ASCs
along secondary phrenic intramuscular
branches, as well as those along smaller
tertiary branches and those at nascent
NMJs, exhibited a transient increase of cy-
tosolic Ca 2� in response to nerve stimu-
lation. The intensity of these transients
was not different between ASCs and
TPSCs (peak intensity, 17.5 � 3.1 vs
17.2 � 2.7 dB, for E14 ASC vs TPSC; p 	
0.83, n 	 3, c 	 9; Fig. 1A; Video 1), and
was also not significantly different from
Ca 2� transient intensity in P7 TPSCs
(peak intensity, 17.1 � 1.3 dB; n 	 3, c 	
9). The onset after nerve stimulation and
duration of Ca 2� transients were also not
different between ASCs and TPSCs (on-
set, or time from stimulation to 10% of

peak Ca 2� response, 3.1 � 1.7 vs 3.8 � 1.4 s, for E14 ASC vs
TPSC; p 	 0.37, n 	 3, c 	 9; duration, 11.7 � 1.3 vs 10.5 � 2.0 s,
for E14 ASC vs TPSC; p 	 0.37, n 	 3, c 	 9). In contrast to older
ages (e.g., P7; Heredia et al., 2018), however, when all TPSCs and
no phrenic nerve branch-associated ASCs displayed activity-
induced Ca 2� responses, some but not all Schwann cells in each
of these populations exhibited Ca 2� responses at E14 (Video 1).

Figure 2. The population of developing Schwann cells exhibiting activity-induced Ca 2� responses becomes restricted over
time along a proximo-distal gradient. Average fluorescence intensity images (Prestim, blue and green; left panels), spatial fluo-
rescence intensity maps (in SD iu16; middle panels), and transients (right panels) of Ca 2� responses in a population of Schwann
cells in the diaphragm of Wnt1-GCaMP3 mice at different ages in response to 30 s of 20 Hz phrenic nerve stimulation; fire CLUT
heatmap in SD iu16 and scalebar in micrometers. Note that in contrast to E14, when both ASCs (arrow) and TPSCs (arrowhead)
exhibit responses, similar to Figure 1, at older ages, the populations of responding Schwann cells become restricted to increasingly
peripheral populations. For example, at P1, ASCs along secondary phrenic intramuscular branches (arrow) no longer respond to
nerve stimulation, whereas ASCs along tertiary branches (asterisk) do. At older ages, these ASCs lose their response to activity,
leading to an increasingly circular, punctate pattern of spatial fluorescence maps. Representative transients of stimulation-induced
Ca 2� responses in Schwann cells over the course of development are similar in intensity and duration (right panels; arrowhead
denotes onset of nerve stimulation, and black trace shows a representative response at the age denoted to the left, while gray
traces show representative responses of each of the other ages).

Heredia et al. • Axonal Schwann Cells Monitor Transmitter Release J. Neurosci., October 3, 2018 • 38(40):8650 – 8665 • 8653



This did not result from a general inability of all of each popula-
tion to mount Ca 2� responses, as bath application of the ACh
mimetic carbachol induced a response in all ASCs and TPSCs
(Fig. 1A; Video 2). Nor was it caused by the failure of all phrenic
nerve branch-associated Schwann cells to express GCaMP3 (Fig.
1B).

To determine when ASCs stop displaying activity-induced
Ca 2� responses, we examined them at several ages between E14
and P15. We found that in contrast to E14, ASCs along the sec-
ondary phrenic intramuscular branches no longer mounted sig-

nificant responses to nerve stimulation at P1 (Fig. 2; Videos 3, 4;
Fig. 3-1, available at https://doi.org/10.1523/JNEUROSCI.0956-
18.2018.f3-1). However, ASCs along tertiary axon branches and
preterminal axons still responded at P1. At P5–P7, TPSCs and
preterminal ASCs responded to nerve stimulation (Videos 5, 6),
and by P15 only TPSCs displayed activity-induced Ca 2� re-
sponses, (Fig. 2; Video 7).

To test whether ASCs fail to exhibit activity-induced Ca 2�

responses because they lose competence to respond to nerve
stimulation, we evaluated the effects of the bath application of

Video 3. ASCs along secondary phrenic intramuscular branches and
tertiary branches, as well as TPSCs at NMJs, respond to nerve stimulation
at E14.

Video 4. ASCs along secondary phrenic intramuscular branches no
longer respond to nerve stimulation, whereas ASCs along tertiary
branches, as well as TPSCs at NMJs, respond to nerve stimulation at P1.

Video 5. ASCs along secondary phrenic intramuscular and most ter-
tiary branches no longer respond to nerve stimulation, whereas ASCs
along preterminal axons, as well as TPSCs at NMJs, respond to nerve
stimulation at P5.

Video 6. TPSCs at NMJs, but not ASCs, respond to nerve stimulation
at P7.

8654 • J. Neurosci., October 3, 2018 • 38(40):8650 – 8665 Heredia et al. • Axonal Schwann Cells Monitor Transmitter Release

https://doi.org/10.1523/JNEUROSCI.0956-18.2018.f3-1
https://doi.org/10.1523/JNEUROSCI.0956-18.2018.f3-1


















neurotransmitter. In addition to ACh, presynaptic terminals of
motor neurons corelease ATP (Silinsky, 1975). Released ATP can
activate purinergic receptors (P2Rs) on TPSCs, motor nerve ter-
minals, or muscle cells, or can be converted to other P2R-
stimulating derivatives (ADP, AMP) or to adenosine, which can
activate adenosinergic receptors (P1Rs) on Schwann cells or pre-
synaptic nerve terminals. We focused on P1, an age at which ASCs
of the secondary phrenic intramuscular branches no longer dis-
played these responses. For these studies, we induced responses
with 30 s of 20 Hz nerve stimulation, which is sufficient to trigger
Ca 2� responses many times in succession, as long as each episode
is separated by a 15 min recovery episode (intensity of eighth vs
first nerve stimulation-induced Ca 2� response, 97.3 � 3%; n 	
3, c 	 8). In contrast to nerve stimulation, treatment with the
long-acting ACh mimetic carbachol or the P2R agonist ATP each
induced robust Ca 2� responses in ASCs of these main intramus-
cular branches supplying the costal diaphragm (Fig. 3). However,
the Ca 2� response of ASCs to each of these agents was delayed,
compared with that of TPSCs (Fig. 3-1, available at https://
doi.org/10.1523/JNEUROSCI.0956-18.2018.f3-1). This was not
a result of a delay in diffusion, because it occurred when the
agonist was bath applied more closely to the ASCs of these main
branches (Fig. 3A, left) or to the TPSCs of the NMJs (Fig. 3A,
right; n 	 3).

The delayed activation of ASCs by bath-applied agonists sug-
gests the possibility that activated TPSCs release a molecule that
in turn activates ASCs. Such a molecule could be secreted, re-
leased exocytotically, or passed through gap junctions. Alterna-
tively, the delayed activation could reflect a lower relative
sensitivity of ASCs than TPSCs to these agonists. To test whether
delayed neurotransmitter-induced Ca 2� responses of ASCs were
mediated indirectly by prior activation of TPSCs, we evaluated
this response after pretreatment with the gap junction inhibitor
CBX. In response to ATP, the activation of TPSCs preceded that
of ASCs in a temporally similar manner in the presence or ab-
sence of 100 �M CBX, arguing against this idea (Fig. 3B). This
disto-proximal pattern of activation of Schwann cell Ca 2� signal-

ing also persisted in the presence of the gap junction inhibitors
18�- or 18�-glycyrrhetinic acid or meclofenamic acid (onset of
ATP-induced ASC Ca 2� response after onset of ATP-induced
TPSC Ca 2� response, 13.2 � 5.2 vs 11.8 � 3.4 vs 14.4 � 4.3 s, for
control vs 18�-glycyrrhetinic acid vs meclofenamic acid, n 	 3).
These data suggest that the delayed activation of ASCs relative to
TPSCs is not mediated by gap junctions between them. More-
over, TPSC Ca 2� responses themselves are not a prerequisite for
delayed, robust ASC responses induced by CCh or ATP, because
bath application of K� produced intense TPSC Ca 2� responses
but only minor ASC Ca 2� responses in secondary phrenic intra-
muscular branches (Fig. 3C). Together, these data suggest that
the delayed activation of ASCs is not indirectly caused by the
prior activation of TPSCs, but cannot rule out the possibility that
it results from the indirect activation of other cells such as muscle.

Similar to those at E14 and P1, ASCs at P7 also responded to
bath application of neurotransmitter, but not to nerve stimula-
tion (Fig. 3D). Therefore, these studies demonstrate that ASCs
initially exhibit robust Ca 2� responses to nerve stimulation, but
gradually lose this response in a proximo-distal gradient from
E14 to P15. Because bath application of neurotransmitter contin-
ues to induce these responses in ASCs, these results suggest that
the activity-induced release of neurotransmitter by phrenic axons
may be spatially regulated during development.

First, we examined the mechanism by which neurotransmitter-
induced Ca2� responses were transduced in developing ASCs. The
robustness of these responses (�F/F0 	 approximately sixfold to
sevenfold; Fig. 1) was similar to those of postnatal TPSCs (Heredia et
al., 2018). We found that treatment with MRS2500, the highly spe-
cific antagonist to P2Y1R, abolished these robust, activity-induced
ASC (and TPSC) Ca2� responses along secondary phrenic intra-
muscular branches at E15.5 and smaller tertiary branches at P1; these
ASC responses in smaller tertiary branches were also eliminated in
P2ry1 mutant mice at P1 (Fig. 4A,B). The absence of these responses
was not caused by gross differences in P2ry1 mutant ASCs, which
appeared normal ultrastructurally at P0 (Fig. 4C) and at P7 [axonal/
fiber diameter ratio (g-ratio), 0.71 � 0.071 vs 0.73 � 0.061, for P2ry1
WT vs mutant secondary branch; p 	 0.0005, n 	 3, c 	 9). To-
gether, these results suggest that the developmentally transient, ro-
bust Ca2� response of ASCs to nerve stimulation is completely
dependent on P2Y1R expression by ASCs, similar to early postnatal
TPSC responses.

The axons of Xenopus spinal neurons cultured together with
muscle cells in vitro release neurotransmitter “en passant” as they
grow (Hume et al., 1983; Young and Poo, 1983), but whether this
occurs in vivo is unknown. Our observations above suggest that
ASCs may function as an in situ sensor of neurotransmitter re-
lease, similar to the ACh receptor-enriched patch of muscle used
in these in vitro studies. To test whether the release of neurotrans-
mitter along developing phrenic axons occurs through vesicular
or nonvesicular pathways such as pannexins (Horton et al., 2017)
or volume-activated anion channels (Fields and Ni, 2010), we
imaged activity-dependent Ca 2� responses in ASCs of embry-
onic Wnt1-GCaMP3 mice in the presence of BoNT/E, a potent
and fast-acting inhibitor of calcium-triggered exocytotic release
of synaptic vesicles (Lawrence et al., 2007; Rasetti-Escargueil et
al., 2009) through its proteolytic cleavage of the target-soluble
N-ethylmaleimide-sensitive factor attachment protein (SNAP)
receptor (t-SNARE) protein SNAP of 25 kDa (SNAP-25; Schiavo
et al., 2000). As a control, we treated P1 diaphragm muscle with
100 nM BoNT/E for 30 min at room temperature, and observed
that nerve stimulation-induced muscle fiber shortening was
completely blocked (peak muscle fiber shortening, 0 vs 435 � 65

Video 7. TPSCs at NMJs, but not ASCs, respond to nerve stimulation
at P15.
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Figure 3. The loss of activity-induced Ca 2� responses in ASCs does not result from a loss of competence to respond to nerve stimulation. A, Left, Average fluorescence intensity image (Prestim,
blue and green) of a diaphragm of a P1 Wnt1-GCaMP3 mouse. Arrow marks the secondary phrenic intramuscular branch. Middle left, Spatial intensity map of Ca 2� responses to 30 s of 20 Hz phrenic
nerve stimulation; note the presence of TPSC and tertiary ASC responses, but the absence of ASC responses along the secondary branch (arrow). Middle right, right, In contrast, treatment with CCh
produces a response in both TPSCs and secondary/tertiary ASCs. The Ca 2� response in ASCs occurs after that of TPSCs (compare signal along secondary branch in right panel, 5–15 s after nerve
stimulation onset, with that in middle right panel, 0 –5 s after onset) (see Figure 3-1, available at https://doi.org/10.1523/JNEUROSCI.0956-18.2018.f3-1). B, Left panels, Prestimulation images (in
black and purple) of the same P1 Wnt1-GCaMP3 diaphragm. Middle, right panels, Spatial intensity map of Ca 2� responses in response to ATP (0 –7 and 0 – 40 s after ATP (Figure legend continues.)
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�m; n 	 3), similar to previous studies (Lawrence et al., 2007).
Next, we imaged TPSC Ca 2� responses in P7 diaphragm after
intoxication with BoNT/E. Similar to its effects on muscle con-
traction (mediated by a block of vesicular release of ACh from
presynaptic terminals), BoNT/E inhibited TPSC Ca 2� responses
(mediated by a block of vesicular corelease of ATP from presyn-
aptic terminals; Silinsky, 1975; Heredia et al., 2018; 0.4 � 0.8 vs
15.4 � 3.2 dB). Finally, we imaged ASCs in response to nerve
stimulation at E14 in the presence of BoNT/E. We observed a
dramatic loss of activity-induced Ca 2� responses in ASCs, as well
as in TPSCs, at this age (Fig. 5A). These results provide functional
evidence that developing activity-induced Ca 2� responses in
ASCs along secondary phrenic intramuscular phrenic branches
are mediated by the vesicular release of ATP.

To determine whether the proximo-distal pattern of ASC
Ca 2� responses to nerve activity was caused by a similar gradient
in the distribution of vesicles, we examined the expression of
synaptophysin, a protein associated with synaptic vesicles that is
reportedly expressed in a proximo-distal gradient during embry-
onic and early postnatal development (Lupa and Hall, 1989;
Dahm and Landmesser, 1991). We found that at E14, when ASCs
along secondary phrenic intramuscular branches respond to
activity-induced vesicular release of neurotransmitter, synapto-
physin was robustly expressed by these branches (Fig. 5B). At P1,
when ASC Ca 2� responses along these branches are no longer
observed, synaptophysin immunoreactivity along these branches
was dramatically reduced. At P7, when activity-induced vesicular
responses were largely restricted to TPSCs, synaptophysin ex-
pression was concordantly expressed only at the NMJ (ratio of
axonal/presynaptic synaptophysin immunoreactivity intensity,
1.1 � 0.2 vs 1.22 � 0.3 vs 0.04 � 0.006 vs 0 � 0, for E14 vs E15.5
vs P1 vs P7, n 	 3; Fig. 5B). When we examined secondary
phrenic intramuscular branches at E14 by electron microscopy,
we found many vesicles near 50 nm in diameter along the edges of
axons, adjacent to electron-dense regions of axonal membrane
that may represent active zones, opposed by the plasma mem-
brane of a Schwann cell (n 	 3; Fig. 5C). These results provide
morphological support to the idea that neurotransmitter-
containing vesicles containing synaptic proteins are released
from developing phrenic axons in response to stimulation during
development.

We noted that the time during which ASCs along secondary
phrenic intramuscular branches no longer exhibited activity-
dependent Ca 2� responses, P1, was closely related to the onset of
myelination (Song et al., 1999). In the CNS, proximal pathways
exhibit myelination before distal ones, but whether this extends
to the proximal and distal parts of individual axons is unclear
(Kinney et al., 1988). In the one example where this has been
examined, myelination of the optic nerve occurs earlier in distal
than proximal axons (Friede and Hu, 1967). In contrast, whether
myelination of peripheral axons exhibits either of these patterns
is unknown. To address the possibility that myelination influ-

ences the proximo-distal gradient of activity-induced ASC Ca 2�

responses, we examined the myelination of the phrenic nerve
ultrastructurally at P7 in the primary trunk and in the more dis-
tal, secondary intramuscular branch. First, we examined axonal
caliber, because a recent report of the adult mouse phrenic nerve
trunk showed that proximal axons are larger than distal axons
(Shen et al., 2010). We first measured the diameter and observed
no significant difference (axonal diameter, 0.61 � 0.13 vs 0.81 �
0.32 �m, for primary vs secondary; p 	 0.09, n 	 3, c 	 9).
Because the axons of the intramuscular branch were not all cir-
cular in our sections, we also measured the area, but this too was
not significantly different (axonal area, 1.2 � 0.33 vs 1.18 � 0.51
�m 2, for primary vs secondary; p 	 0.9, n 	 3, c 	 9). To com-
pare myelination, we measured the g-ratio and found that it was
statistically larger in the secondary branch compared with the
proximal nerve (g-ratio, 0.58 � 0.06 vs 0.71 � 0.071, for primary
vs secondary; p 	 0.0005, n 	 3, c 	 9), indicating that the myelin
was less thick in these more distal branches. This was also sup-
ported by the direct measurement of myelin thickness (thickness,
0.40 � 0.07 vs 0.289 � 0.07 �m, for primary vs secondary; p 	
0.002, n 	 3, c 	 9) as well as the number of lamellae measured at
high magnification (lamellae, 32.4 � 5.8 vs 21 � 4.3, for primary
vs secondary; p 	 0.0002, n 	 3, c 	 9). These data suggest that
the myelination of proximal phrenic axons is more advanced
than that of secondary intramuscular axons at P7, an age when
only TPSCs but not ASCs exhibit activity-induced Ca 2� re-
sponses. However, nearly all phrenic axons at this age already
exhibited compact myelin (Fig. 6). Therefore, we examined my-
elination in proximal and distal locations at P1. Although every
axon had established a 1:1 relationship with a Schwann cell in the
proximal trunk (i.e., radial sorting), many Schwann cells were
still in contact with multiple axons in the more distal secondary
phrenic intramuscular branches (Fig. 6). Similarly, compact my-
elin could be clearly detected around some axons in the proximal
trunk but not around any in the distal branches (lamellae, 7.3 �
3.8 vs 0.9 � 0.8, for primary vs secondary; p 	 0.0001, n 	 3, c 	
9). Together, these data are consistent with the notion that my-
elination proceeds proximo-distally during early postnatal devel-
opment, which is similar to the pattern of ASC Ca 2� response by
axons.

Finally, to test whether the basic response features of develop-
ing ASCs and TPSCs to nerve stimulation were similar to those of
postnatal TPSCs, we stimulated the phrenic nerve at a variety of
frequencies and durations and compared these responses. In each
case, the responses of developing ASCs along secondary phrenic
intramuscular branches and TPSCs at NMJs were similar in mag-
nitude, onset, and duration, so we pooled them. For these studies,
we focused on P1. We observed that relative to P7 TPSCs, P1
ASCs/TPSCs exhibited Ca 2� responses to lower frequency stim-
ulation. For example, whereas the lowest nerve stimulation fre-
quency capable of inducing Ca 2� responses in P7 TPSCs was 5
Hz, P1 ASCs/TPSCs responded to 1 Hz stimulation (Fig. 7A,B).
However, in both cases, the number of Schwann cells exhibiting
Ca 2� responses to low-frequency stimulation was lower than that
responding to higher-frequency stimulation (compare 1 to 2 Hz
stimulation at P1, or 5 to 20 Hz stimulation at P7; Fig. 7A,B).
These low-frequency Ca 2� responses were slower and less in-
tense, and exhibited onsets that were more temporally heteroge-
neous after nerve stimulation (Figs. 7C, 8). Interestingly, ASC/
TPSC Ca 2� transients at P1 achieved peak intensity after 20 Hz
stimulation but exhibited a more dramatic decline over time
compared with low-frequency stimulations (Fig. 7A,C). This de-
cline reflected a corresponding larger reduction in the amount of

4

(Figure legend continued.) treatment; note the delayed response, similar to the response to
CCh, of secondary branch-associated ASCs, relative to tertiary ASCs and TPSCs). This distal-to-
proximal activation pattern of SCs (top row, control; CTL) was not affected by treatment with
100 �m carbenoxolone, an inhibitor of gap junctions (bottom row; CBX). C, Prestim images (in
blue and green) of the same P1 Wnt1-GCaMP3 diaphragm after nerve stimulation, ATP or KCl.
The robust activation of Ca 2� responses in ASCs after TPSCs (arrow) was not observed after
treatment with KCl, in contrast to ATP. D, ASCs still respond to neurotransmitter at P7, despite
not being activated by nerve stimulation. In the enlarged images to the right, note the response
of ASCs to CCh but not to nerve stimulation (arrowheads) in the same diaphragm.
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Figure 4. The developmentally transient Ca 2� response of ASCs to nerve stimulation is mediated by purinergic P2Y1 receptors. A, Prestimulation and poststimulation intensity maps, before and
after treatment with the P2Y1R antagonist MRS2500, of a diaphragm of an E15.5 Wnt1-GCaMP3 mouse. Note the loss of both ASC (arrow) and TPSC (arrowhead) Ca 2� responses after MRS2500
treatment. Right, Carbachol-induced responses in ASCs and TPSCs are maintained after MRS2500 treatment. B, Left, middle panels, Prestimulation and poststimulation intensity maps of the
diaphragm of P1 P2ry1 wild-type (top row) or mutant (bottom row) Wnt1-GCaMP3 mice. Note that activity-induced Ca 2� responses in tertiary ASCs (arrow, top middle) as well as TPSCs (arrowhead)
of P2ry1 wild-type mice are absent in P2ry1 mutant mice (bottom middle). Right top, These Ca 2� responses are also eliminated in the diaphragm of P2ry1 wild-type mice after treatment with
MRS2500. Bottom right, Carbachol-induced responses in ASCs and TPSCs are maintained in P2ry1 mutant mice. C, Electron micrographs of NMJs (left panels, inset boxes) from P2ry1 wild-type and
mutant mice each show similarly nascent junctional folds (arrows). M, Muscle filaments. Right panels show axons and Schwann cells in a secondary phrenic intramuscular branch. Each Schwann cell
at P0 is associated with five to eight axons at this promyelinating stage.
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neurotransmitter released over time in response to 20 Hz than to
10 Hz nerve stimulation, as indicated by the amplitude of ACh-
mediated endplate potentials, resulting in reduced functional
neurotransmission (Fig. 7D,E). In addition to responding to
lower frequencies, ASCs/TPSCs at P1 also responded to shorter
durations of stimuli relative to P7 (Fig. 9). For example, although
0.1 s of 20 Hz nerve stimulation was sufficient to induce a brief
Ca 2� response within ASCs and TPSCs at P1, the smallest dura-
tion that resulted in TPSC Ca 2� responses at this frequency at P7
was 5 s (Fig. 9). Together, these data suggest that the sensitivity of
Schwann cells to small amounts of neurotransmitter release is
enhanced in P1 compared with P7 Schwann cells.

Discussion
The widespread expression of GCaMP3 in both ASCs and TPSCs
early in embryogenesis in Wnt1-GCaMP3 mice led us to investi-
gate the factors that activate Ca 2� signaling in each of these pop-
ulations. Similar to previous studies of individual or small groups
of TPSCs loaded with chemical Ca 2� indicators at the normal,
developing, or diseased NMJ (Todd et al., 2010; Darabid et al.,
2013; Arbour et al., 2015), the current study of populations of
both ASCs and TPSCs using this genetic method demonstrates
that Ca 2� signaling with Schwann cells is sensitive to distinct
levels of neuromuscular activity. Therefore, we used Wnt1-

Figure 5. The loss of synaptic vesicles from phrenic axons occurs in a proximo-distal gradient in the phrenic nerve. A, Left, Average fluorescence intensity image (Prestim, blue and green) of a
diaphragm of an E14 Wnt1-GCaMP3 mouse. Arrow marks a secondary phrenic intramuscular branch. Middle, right, Spatial intensity maps of Ca 2� responses to 30 s of 40 Hz phrenic nerve stimulation
before and after intoxication with BoNT/E. Note the absence of responses in both ASCs (arrow) and TPSCs (arrowhead) after BoNT/E treatment. B, Synaptophysin immunoreactivity in diaphragms
during development. Note the progressive loss over time of axonal immunoreactivity (arrow) and the maintenance of synaptic immunoreactivity (arrowhead). C, Electron micrographs of a secondary
phrenic intramuscular branch [nerve (N)] at E14 imaged at 2600� (left) or at 25,000� (middle) display abundant vesicles in axons, including some clustered toward the edge of one axon next to
a Schwann cell [right, arrow (enlarged region of inset box in middle, which is enlarged region of inset box in left)]. Note the electron-dense region of axonal membrane near this cluster of vesicles
(right, asterisk). Arrowhead in middle panel also shows vesicles in the rounded bouton-like structure at the edge of the nerve, also next to the Schwann cell (S) in the left panel.
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GCaMP3 mice to determine the temporal and spatial features of
neuromuscular activity in an ex vivo preparation of the develop-
ing phrenic nerve and diaphragm.

The main finding is that phrenic nerve stimulation during
embryonic development induces robust Ca 2� responses in ASCs
along proximal and distal phrenic axons as well as in TPSCs at
distal NMJs, whereas stimulation at early postnatal stages results
in the activation of only TPSCs. This proximo-distal loss of ASC
Ca 2� responses is not caused by a change in the competence of
these cells to respond to nerve stimulation, because bath applica-
tion of either ACh or the purine adenine nucleotide ATP, which

are coreleased by the synaptic vesicles of motor neurons in re-
sponse to nerve stimulation (Silinsky, 1975), each induce ASC
responses even when nerve stimulation does not. Similar to those
of early postnatal TPSCs (Darabid et al., 2013; Heredia et al.,
2018), activity-induced Ca 2� responses in developing ASCs and
TPSCs are mediated by P2Y1R, suggesting that they are induced
by ATP released from developing phrenic axons and presynaptic
terminals. These responses appear to reflect the release of ATP
from exocytosing synaptic vesicles, rather than through nonve-
sicular mechanisms such as pannexins, because they are abro-
gated in the presence of the vesicular release inhibitor BoNT/E.
This interpretation is strengthened by the observation that im-
munoreactivity of the synaptic vesicle protein synaptophysin and
synaptic vesicles themselves are both found transiently in devel-
oping phrenic axons but then become restricted to presynaptic
terminals along the same spatiotemporal gradient as activity-
induced Schwann cell Ca 2� responses. Together, these data sug-
gest that the transient response of ASCs along phrenic axons to
nerve stimulation derives from the transient presence of synaptic
vesicles within these axons. These ex vivo studies corroborate earlier
in vitro findings of axonal transmitter release from Xenopus spinal
neurons (Hume et al., 1983; Young and Poo, 1983; Zakharenko et
al., 1999), rat hippocampal neurons (Matteoli et al., 1992), and
mouse hypothalamic neurons (Gao and van den Pol, 2000).

The presence of synaptic vesicles in axons is not by itself suf-
ficient to result in the exocytotic release of vesicular neurotrans-
mitter in response to activity. In order for these vesicles to be
docked to the plasma membrane, primed and eventually fused to
the plasma membrane in response to activity-induced Ca 2� in-
flux into the axon, the constituents of the cytomatrix at the active
zone (CAZ) are also required (Südhof, 2000). Additionally, the
presence of a dedicated molecular machinery underlying endo-
cytosis and SV reformation is required during periods of sus-
tained neurotransmission (Saheki and De Camilli, 2012). Live
imaging studies of developing hippocampal and cortical neurons
in vitro have shown that the presynaptic components of the syn-
aptic vesicle and the CAZ are packaged in the cell body into two
distinct types of vesicle, the piccolo-bassoon transport vesicle
(PTV) for CAZ proteins and the synaptic vesicle protein trans-
port vesicles for proteins associated with synaptic vesicles (Zhai et
al., 2001; Sabo and McAllister, 2003). Synaptic vesicles are trans-
ported from the cell body through the axon and to presynaptic
terminals along microtubules by the kinesin superfamily proteins
1A/B (Yonekawa et al., 1998; Nakamura et al., 2002), whereas
PTVs are transported along microtubules by KIF5B (kinesin fam-
ily member 5B) and the adaptor protein syntabulin (Cai et al.,
2007). Aggregates of both kinds of these vesicles are detected
ultrastructurally in developing axons (Tao-Cheng, 2007), consis-
tent with the coordination of their transport along axons even
before synapse formation (Bury and Sabo, 2011). The presence of
each of these presynaptic protein packets in the axons of devel-
oping neurons underlies the observation that neurotransmitter
release from them occurs through the exocytosis of synaptic ves-
icles (Matteoli et al., 1992).

Although recent in vitro studies demonstrate that mature hip-
pocampal neurons continue to exhibit exocytotic release of neu-
rotransmitter from axons (Ratnayaka et al., 2011), the current ex
vivo studies show that phrenic axons only transiently display this
form of release, likely resulting from the loss of synaptic vesicles
in older axons. Alternatively, the loss of axonal neurotransmitter
release in postnatal nerves may reflect a change in the competence
of SVs to undergo targeting to or release or reformation from
axons (Rizzoli, 2014). On the one hand, ultrastructural studies of

Figure 6. Myelination in phrenic axons develops in a proximo-distal gradient. Electron mi-
crographs of cross sections of the primary phrenic nerve trunk at P1 or P7 (top row, third row)
and the secondary phrenic intramuscular branch at P1 or P7 (second row, fourth row) at low or
high magnification (left, right columns). Note the heterogeneity of myelination among proxi-
mal phrenic trunk axons at P1 (arrows indicate axons surrounded by compact myelin; arrow-
heads indicate axons that are not surrounded by compact myelin). An example of a P1 proximal
axon surrounded by several lamellae (L) of compact myelin is shown. Note also the increased
myelin thickness of the primary vs the secondary phrenic nerve at low magnification at P7, as
well as the increased number of lamellae at high magnification.
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Figure 7. Neonatal ASCs/TPSCs exhibit Ca 2� responses to lower frequencies of nerve stimulation than postnatal TPSCs. Average fluorescence intensity image (Prestim, blue, and green) and
spatial intensity maps of Ca 2� responses to 30 s of different frequencies of phrenic nerve stimulation from the same diaphragm of a P1 Wnt1-GCaMP3 mouse. Note the response to 1 Hz stimulation.
B, Spatial intensity maps of Ca 2� responses to 30 s of different frequencies of phrenic nerve stimulation from the same diaphragm of a P7 Wnt1-GCaMP3 mouse. In contrast to ASCs/TPSCs at P1,
TPSCs at P7 fail to exhibit a substantial number of Ca 2� responses to frequencies �5 Hz. Note too the fewer TPSCs responding to 5 Hz, as opposed to 20 Hz, nerve stimulation. C, Individual P1
ASC/TPSC Ca 2� transients sampled from the same cell in response to different phrenic nerve stimulation frequencies. Note that as the frequency is increased, the rate of rise, and the amplitude and
duration of transient rise commensurately, with the exception that transient duration is relatively shorter in response to 20 than to 10 Hz stimulation. D, Intracellular recording of muscle endplate
potentials (EPPs) in P1 diaphragm in the presence of �-conotoxin in response to 30 s of 20 Hz stimulation. Top trace, first 7 s; bottom, last 7 s. Black line in both traces indicates the average EPP
amplitude of the first 7 s; note the lower amplitude of EPPs in the final vs the first 7 s, indicating reduced transmitter release. E, Intracellular recording of muscle action potentials (APs) in P1
diaphragm in the presence of BHC in response to 30 s of 20 Hz stimulation. In last third of the train, note the increasing prevalence of failed muscle APs (white in between spikes).
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adult mouse brain demonstrate the continued presence of CAZ
molecules such as the t-SNARE SNAP-25 in the axonal plasma
membrane (Tao-Cheng et al., 2000). On the other hand, bio-
chemical and functional studies of several molecules mediating
exo-endocytosis have shown a temporally dynamic pattern of
expression that may contribute to the loss of axonal neurotrans-
mitter release. For example, mice lacking neural cell adhesion
molecule (NCAM) continue to exhibit neurotransmitter release
from preterminal axons adjacent to the NMJ at P30 (Polo-Parada
et al., 2001; Hata et al., 2007). This aberrant maintenance of
axonal release ex vivo is blocked by treatment with the fungal
toxin brefeldin A (BFA), which also inhibits axonal transmitter
release in vitro (Zakharenko et al., 1999). In addition to blocking
all forms of axonal transport by interfering with Golgi vesicle

formation (Helms and Rothman, 1992; Donaldson et al., 1992;
Campenot et al., 2003), BFA blocks the exo-endocytosis of SVs by
inhibiting the ADP-ribosylation factor-1-dependent recruitment
of the cytoplasmic coat protein adaptor protein-3 (AP-3) to SV
membranes (Faúndez et al., 1998; Ooi et al., 1998; Scheuber et al.,
2006). Therefore, NCAM may normally prevent axonal neu-
rotransmitter release by regulating SV exo-endocytosis. Support-
ing this idea, NCAM changes its biochemical affinity during
development from the adaptor protein AP-3, which targets pro-
tein complexes to the axon, to the AP-2, which mediates SV ex-
ocytosis in mature presynaptic terminals (Kim and Ryan, 2009;
Shetty et al., 2013; Li et al., 2016). Collectively, these data suggest
that the loss of phrenic axonal neurotransmitter release may be
caused by a loss of this exo-endocytic machinery in addition to
the loss of SVs themselves.

What is the role of developmental axonal release of the neu-
rotransmitters ACh and ATP by developing phrenic axons? Re-
cent studies support the idea that neuronal activity during
development regulates myelination (Hines et al., 2015; Mensch et
al., 2015), but whether activity in this context is transduced
through the synaptic vesicular release of neurotransmitter onto
myelinating glial progenitor cells or through nonsynaptic vesic-
ular or nonvesicular release (i.e., axo-glial) is unclear (Micu et al.,
2018). For example, a recent in vitro study demonstrated that the
preferential myelination of electrically active versus silent neu-
rons by oligodendrocyte progenitor cells occurred by axonal
nonsynaptic vesicular release rather than synaptic vesicular re-
lease of the excitatory transmitter glutamate (Wake et al., 2015).
Our current results show that the robust Schwann cell ASC Ca 2�

responses reflecting neurotransmitter release are lost by P1, an
age at which myelination of proximal phrenic axons is just begin-
ning. Therefore, if the axonal release of neurotransmitter facili-
tates or is required for myelination, it would have to be mediated
by a signaling pathway that regulates the onset but not the dura-
tion of this process, which continues significantly after P1.

Although ASC Ca 2� responses reflect the release of ACh and
ATP, the analysis of P2Y1R mice lacking them reflects only the
loss of the P2Y1R-stimulating purines ATP/ADP, and not that of
ACh or adenosine, which is rapidly produced in the synaptic cleft
from ATP by ecto-nucleotidases (Cunha and Sebastião, 1991),
nor that of ATP on Schwann cells, axons, or muscle through
purinergic receptors other than P2Y1R. In other words, the ab-
sence of delays of or defects in the myelination of phrenic axons
in P2ry1 wild-type mice in the current study cannot be taken as
evidence that activity-induced axo-glial signaling fails to regulate
myelination. Moreover, even if there were differences, it would be
hard to ascribe them to an alteration of axonal vesicular ATP
release, because P2ry1 mutants also lack TPSC Ca 2� responses
mediated by synaptic vesicular ATP release. On the other hand, for
precisely this reason, these results offer insight into the effects of
axo-glial vesicular communication during development, insofar as
they demonstrate that one component of this pathway, the activity-
induced vesicular ATP/P2Y1R-mediated axonal Schwann cell Ca2�

response, is apparently dispensable for myelination.
Although myelination was not overtly disrupted in mice lack-

ing P2Y1Rs, a relationship between activity and myelination was
observed during peripheral nerve development. Specifically, the
spatiotemporal gradient of myelination is correlated with that of
axonal release. For example, at both P1 and P7, myelination ap-
peared more advanced in proximal compared with distal phrenic
axons. To our knowledge, this is the first examination of the
development of myelination along different proximo-distal re-
gions of a peripheral nerve (for a similar analysis of an adult

Figure 8. Low-frequency nerve stimulation induces temporally heterogeneous Ca 2� re-
sponses in neonatal ASCs/TPSCs. Spatiotemporal maps of ASC/TPSC Ca 2� responses to differ-
ent frequencies of phrenic nerve stimulation from the same diaphragm of a P1 Wnt1-GCaMP3
mouse. The onset of response after nerve stimulation becomes shorter with increasing fre-
quency, as indicated by the shift to the left of the high-intensity band of cells. Note the increase
of responses at times significantly after the onset of nerve stimulation in response to 2 and 5 Hz
stimulation (purple signal to the right of the high-intensity band.
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sensory nerve, see Yagihashi et al., 1990). These data are therefore
consistent with those from previous studies showing that axonal
neurotransmitter release regulates myelination (Wake et al.,
2015). To test this hypothesis in vivo, it would be necessary to
block ACh signaling in a small cohort of phrenic axons using
genetic methods (Buffelli et al., 2003), because the elimination of
ACh synthesis, release, or transduction in muscle in all motor
neurons leads to paralysis and death upon birth (Misgeld et al.,
2002; Washbourne et al., 2002; An et al., 2010), before the devel-
opment of significant levels of myelination. Conversely, these
results could suggest the opposite relationship, namely that my-
elination regulates the fast anterograde transport of synaptic ves-
icles and thus the axonal release of neurotransmitter, similar to
the effects of myelinating Schwann cells on slow anterograde
transport (de Waegh et al., 1992). One way to test this idea would
be to treat phrenic secondary intramuscular branches at P1–P7
with the acute demyelinating agent LPC (Hall and Gregson,
1971), an age at which ASCs no longer exhibit activity-induced
Ca 2� responses, and test whether this treatment restores these
responses.

We used activity-induced ASC Ca 2� responses in Wnt1-
GCaMP3 mice as a monitor of axonal transmitter release and
observed their disappearance early in the developing phrenic
nerve. These observations are consistent with early investigations
of Schwann cell Ca 2� responses in the neuromuscular system
(Jahromi et al., 1992; Reist and Smith, 1992), but at odds with
those of other studies (Lev-Ram and Ellisman, 1995). One poten-
tial difference is the duration of nerve stimulation, as noted by
Fields and Stevens (2000). A second possibility is that the phrenic
nerve, composed largely of myelinated motor axons, responds
differently than the sciatic nerve used in the study by Lev-Ram
and Ellisman (1995), which contains many unmyelinated sensory
as well as myelinated sensory and motor axons. Alternatively,
because the activity-induced Ca 2� response of these ASCs was
noted to be of significantly less intensity than that of TPSCs, its
ability to be optically detected in secondary phrenic intramuscu-
lar branches, which course through the muscle, may be reduced

compared with that of the sciatic nerve.
Future studies of the sciatic nerve of
Wnt1-GCaMP3 mice will help to deter-
mine whether this response is detectable
in response to similar stimuli and, if so,
whether it depends on vesicular transmit-
ter release and P2Y1Rs or distinct molec-
ular mechanisms.

Finally, we observed that in contrast to
postnatal TPSCs, neonatal ASCs and TP-
SCs responded to low frequencies and the
duration of nerve stimulation. Such low
frequencies are not sufficient to induce
muscle fatigue, suggesting that these
Schwann cell Ca 2� responses did not con-
tribute to potassium buffering or other
mechanisms to regulate fatigue (Heredia
et al., 2018). The ability of low-frequency
stimulation to activate neonatal but not
postnatal ASCs/TPSCs is not likely due to
differences in the release of ATP, but
rather to the sensitivity of the Schwann
cell Ca 2� response, because the level of
release, measured by the amplitude of
ACh-induced EPPs obtained in response
to 1 Hz stimulation, is not sufficiently dif-

ferent at P1 versus P7 (EPP amplitude, 22.7 � 3.6 vs 23.8 � 2.8
mV, for P1 vs P7; p 	 0.55, n 	 3, c 	 7). Therefore, these results
imply that differences in ATP catabolism in the synaptic cleft, the
affinity of ATP to P2Y1Rs or the robustness of P2Y1R-induced
signaling, exist between neonatal and postnatal Schwann cells.

In conclusion, we have used Schwann cell population Ca 2�

responses in Wnt1-GCaMP3 mice as a tool to measure the spatial
and temporal patterns of neurotransmitter release during embry-
onic development. Similar to earlier in vitro reports, the current
ex vivo study supports the notion that axons transiently release
neurotransmitter early in development, most likely due to the
transient presence of axonal synaptic vesicles, which are traf-
ficked to terminals from the cell body at these stages, before local
recycling from presynaptic endosomes is established. Because de-
veloping Schwann cell Ca 2� responses were dependent on ATP
release and P2Y1R, we were able to assess, using genetic methods,
the effect of eliminating this signal on myelination. Future ge-
netic studies manipulating the level of ACh release at these ages
will help to determine whether early axonal release of ACh, rather
than ATP, modifies myelination or other aspects of Schwann cell
development. Last, because the regrowth and reinnervation of
peripheral motor axons after injury depends on a sequence of
changes to Schwann cells, including the restoration of axo-glial
relationships and remyelination (Fex Svennigsen and Dahlin,
2013), the data presented in the current and proposed studies
may be useful for enhancing repair after such an insult.
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