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Depolarization induces calcium-dependent
BMP4 release from mouse embryonic palate
mesenchymal cells

Mikaela L. Follmer1,3, Trevor J. Isner 1,3, Yunus H. Ozekin 1,3, Claire H. Levitt2,
Carolyn L. Burek1, Richard K. P. Benninger 2 & Emily Anne Bates 1

Bone Morphogenetic Protein (BMP) signaling is essential for craniofacial
development, though little is known about the mechanisms that govern BMP
secretion. We show that depolarization induces calcium-dependent BMP4
release from mouse embryonic palate mesenchyme. We show endogenous
transient changes in intracellular calciumoccur in cranial neural crest cells, the
cells from which embryonic palate mesenchyme derives. Waves of transient
changes in intracellular calcium suggest that these cells are electrically cou-
pled and may temporally coordinate BMP release. These transient changes in
intracellular calcium persist in palate mesenchyme cells from embryonic day
9.5 to 13.5 mice. Disruption of a potassium channel called Kcnj2 significantly
decreases the amplitude of calcium transients and the ability of cells to secrete
BMP. Kcnj2 knockout mice have cleft palate and reduced BMP signaling. Our
data suggest that temporal control of developmental cues is regulated by ion
channels, depolarization, and intracellular calcium formammalian craniofacial
morphogenesis.

Genetic syndromes demonstrate that ion channels contribute to
human facial morphogenesis. Syndromes caused by disruption or
activation of ion channel function are termed channelopathies. An
analysis of these disorders demonstrates abnormal craniofacial
development is associated with mutations that disrupt calcium chan-
nels (e.g., CACNA1C, Timothy syndrome)1–3, potassium channels (e.g.,
KCNK9-Birk-Barel syndrome; KCNJ2-Andersen-Tawil syndrome, GIRK2-
Keppen-Ludinski syndrome)4–14, and sodium channels (e.g., NALCN-
Infantile hypotonia with psychomotor retardation and characteristic
faces (IHPRF))15. Furthermore, intrauterine exposure to teratogens that
impact ion channel function, such as anti-epileptic drugs, heat, nico-
tine, and cannabinoids, is associated with increased risk for craniofa-
cial defects15–24. Similarly, genetic inhibition of ion channels can cause
morphological abnormalities in several species of animals25–32. Ion
channels work together to establish the electrical properties, including
themembrane potential of each cell. The diversity of ion channels that

are important for craniofacial development suggests that cellular
electrical properties impact morphogenesis. However, the molecular
mechanisms by whichmembrane potential contributes to craniofacial
morphogenesis remain unclear.

One of several possibilities is that ion channels impact the com-
plex communication patterns between cells during facial morpho-
genesis. Proper formation of the face requires cranial neural crest
(CNC) cells to migrate from the neural tube to populate the frontal
nasal process and pharyngeal arches33,34. CNC cells form the craniofa-
cial bone and cartilage, cranial neurons and glia, odontoblasts, and
melanocytes and require precise spatiotemporal control to produce
the proper cell types35. This is accomplished through signaling net-
works of morphogens, such as Bone morphogenetic protein (BMP),
Notch, and Sonic hedgehog (Shh)36–38. An impressive amount of
research has revealed the underpinnings of these molecular signaling
cascades. For example, BMP is an essential molecular signal for
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craniofacial development. Upon BMP ligand binding, receptors phos-
phorylate Smads which can then enter the nucleus to induce target
gene expression39–43. BMP signaling also activates extracellular signal-
regulated kinases (ERKs) for osteoblastdifferentiation44. Oscillatory, or
pulsatile ligand exposure is key for BMP to communicate efficiently via
receptor engagement and Smad activation45. Osteoblast development
during regeneration relies on waves of oscillatory ERK activation in
zebrafish46, suggesting that temporal regulation is important for both
modes of BMP signaling. However, we know very little about how cells
control the timing ofmolecular signals thatmediate BMP release. If the
temporal signaling patternmatters for the transcriptional output, how
do cells control ligand release? One possibility is that ion channels
control the pulsatile cellular release of ligands.

The established roles of ion channels in traditionally excitable cell
types, such as neurons, may lend insight into the role of membrane
potential in craniofacial development. In neurons, ion channels coor-
dinate the precise release of vesicles containing molecular signals,
called neurotransmitters, to orchestrate complex communication
between cells47. This is accomplished when the cell’s membrane
potential rapidly changes due to the influx of sodium and calcium, and
the efflux of potassium ions controlled by the opening and closing of
ion channels. Thus, an electrical signal coordinates the delivery of a
chemical signal. Recent evidence suggests that ion channels may
perform a similar function to control timing and release of develop-
mental cues in cell types not classically thought of as excitable.
Inwardly rectifying potassium channelKCNJ2 (Kir2.1) loss of function in
humans, mice, and flies cause defects that are remarkably similar to
those arising froma loss of BMPsignaling26,28. InDrosophila, a homolog
of Kcnj2 called Irk2 is required for the BMP homolog Decapentaplegic
(Dpp)-mediated patterning of the wing28. Loss of Irk2 conduction dis-
rupts pulsatile Dpp release in the wing primordium (wing disc)27.
Further,Dpp release canbe inducedbydepolarization27. In cell culture,
pulsatile presentation of BMP ligands produces a greater transcrip-
tional response than constant exposure45, suggesting an intimate link
between coordinated timing of release and downstream patterning.
This requirement for Kcnj2 homologs in BMP signaling is conserved, as
Kcnj2 is important for efficient BMP signaling inmice26. Kcnj2 and BMP
are required in cranial neural crest cells for craniofacial patterning,
including palate development26,48. While BMP signaling is significantly
reduced in mouse embryonic Kcnj2ko/ko palate cells, BMP ligands,
receptors, and Smads are expressed at least at wild-type levels in the
same cells26. These data suggest the enticing possibility that mem-
brane potential controls BMP release with a similar mechanism to
neuronal neurotransmitter release. Ion channels regulate membrane
potential, which controls the calcium-dependent release of vesicles
containing developmental signals.

Here, we investigate the hypothesis that ion channel-mediated
membrane potential controls BMP release from palatal mesenchyme
cells. We introduce a novel tool to visualize BMP4 release from cells
from the developing mouse palatal mesenchyme. We show that
depolarization of mouse embryonic palatalmesenchyme cells induces
vesicular fusion of BMP-containing vesicles and this process is calcium-
dependent. We show that depolarization stimulates BMP4 release
from these cells. We demonstrate that CNC cells and embryonic palate
mesenchyme cells exhibit endogenous transient changes in intracel-
lular calcium that canpropagate throughwaves between cells. Calcium
transients are dependent on Kcnj2 and loss of Kcnj2 reduces BMP
secretion. Together our results suggest ion channels can act upstream
of BMP signaling in the developing mouse palate.

Results
Membrane potential regulates BMP release
Mutations in Kcnj2 cause cleft palate and other congenital defects and
reduce BMP signaling in multiple organisms9,25–28,43. Because Kcnj2
regulates resting membrane potential, we use Kcnj2ko/ko mice as a tool

to determine how membrane potential contributes to BMP signaling.
While BMP signaling in developing palate cells of Kcnj2ko/ko mice is
reduced, expression of BMP ligands, receptors, and smads is not
reduced compared to wild-type26, so we hypothesized that Kcnj2
regulates BMP ligand release.We used culturedKcnj2ko/ko andwild-type
mouse embryonic fibroblasts (MEFs) to test this hypothesis because
like palate cells, Kcnj2ko/ko MEFs express BMP ligands at least at wild-
type levels, but MEFs are easily cultured and proliferate to confluency
(Fig. 1A, B). We incubated WT mouse embryonic fibroblasts in condi-
tioned media from WT, Kcnj2KO/+, or Kcnj2KO/KO cultured mouse
embryonic fibroblasts and measured phosphorylated Smad 1/5 at
serine residues 463/465 in the exposed WT MEFs (Fig. 1A). Smad 1/5
phosphorylation at serine residues 463/465 is a specific readout of
BMP signaling. Smad 1/5 phosphorylation was significantly reduced in
WT MEFs incubated with Kcnj2KO/KO conditioned media compared to
cells treatedwithWT-conditionedmedia (Fig. 1B, C). Therewas a trend
towards reduced phosphorylation of Smad 1/5 inWT cells treated with
Kcnj2KO/+ conditioned media. Because BMP ligand expression was
increased inKcnj2KO/KO cells, but conditionedmedia contained lessBMP
for downstream signaling, we reasoned that perhaps membrane
potential regulates BMP ligand release from palate mesenchyme cells
asmembrane potential regulates BMP release in neurons49. We needed
a method to measure BMP release from palate cells to test this
hypothesis.

Development of BMP4 release reporter
To examine the release of BMP4 from within BMP-producing mam-
malian cells, super ecliptic pHluorin (SEP), a pH-sensitive GFP variant,
was inserted into the linker domain of BMP4 (Fig. 2A, see “Methods”),
similar to the imaging tool used previously in D. melanogaster27. The
fluorescence of SEP is quenched in acidic conditions, such as within a
vesicle, and fluoresces in neutral conditions, such as when released
into the extracellular environment. To test the function of this BMP4-
SEP reporter, we utilized an immortalized mouse embryonic palatal
mesenchyme (iMEPM) cell line44. iMEPM cells are immortalized cells
with an increased proliferative capability but maintain palatal
mesenchyme characteristics such as morphology, transcriptional
landscapes, and migratory capability44. These cells are representative
of the E13.5 mouse palate at an important time for signaling in the
developing palate. iMEPMs can be used to investigate BMP signaling in
mammals. To test the function of the reporter, iMEPM cells expressing
BMP4-SEP were cultured for 24 h. Ammonium chloride (5mM) was
added to the cells during live imaging to neutralize the cellular pH
without depolarizing them (Fig. 2B), and the resulting changes in SEP
fluorescence were recorded (Fig. 2C)45. Upon neutralization, the
iMEPM cells transfected with the BMP4-SEP construct had a robust
increase in fluorescence, and this increase was significantly higher
(P = 0.0019) than that of our empty vector control plasmid (pCIG-GFP)
(Fig. 2C). These results are consistent with our expectations of the
reporter construct and thus confirm the validity of the tool.

Depolarization induces vesicular release in iMEPMs
To test the hypothesis that palate mesenchyme cells are capable of
depolarization-induced vesicular fusion for BMP release, we live
imaged iMEPMs expressing a canonical marker of vesicular fusion,
transferrin receptor-super ecliptic pHluorin (TfR-SEP)46,47. We com-
pared iMEPMs expressing TfR-SEP and SEP alone as a control, during
induced depolarization events (Fig. 2D). Fluorescence is dispersed
throughout the cytoplasm of iMEPM cells that express SEP alone
(Fig. 2F and Supplementary Movie 1). Upon depolarization, induced by
the addition of 50mM potassium chloride, we did not see stark
increases in fluorescence in cells expressing SEP alone (Fig. 2F, F’ and
Supplementary Movie 1). In contrast, depolarization of TfR-SEP
expressing cells significantly increased punctate fluorescence inten-
sity (Fig. 2G, G’ and Supplementary Movie 2). This punctate increase in
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SEP fluorescence was significantly greater than iMEPM cells expressing
SEP in the cytoplasm (176.6 ± 19.60 vs. 407.4 ± 54.71 AU, P =0.0034)
(Fig. 2E). These data suggest that mouse palatal mesenchyme cells
contain themachinery to respond todepolarizationwith vesicle fusion.

Depolarization induces BMP4 release from iMEPMs
To determine if depolarization can induce BMP4 release, we depolar-
ized BMP4-SEP expressing iMEPM cells during live imaging. Depolar-
ization induced a clear increase in punctate BMP4-SEP fluorescence
(Fig. 2H, H’ and Supplementary Movie 3), supporting the model that
depolarization can induce BMP4 release. Upon depolarization, BMP4-
SEP fluorescence intensity increased significantly more than SEP in the
cytoplasm in iMEPM control cells (176.6 ± 19.60 vs. 323.4 ± 46.42 AU,
P =0.0016) (Fig. 2E). Interestingly, the amplitudes of fluorescence
change for BMP4-SEP were not significantly different from those
observed using the canonical TfR-SEP exocytosis reporter. Both BMP4-
SEP and TfR-SEP fluorescence appeared as punctate on the surface of
iMEPMs after depolarization (Fig. 2E, G, H’). These results suggest that
depolarization induces BMP4 release from iMEPM cells.

Depolarization increases BMP4 concentrations in iMEPM-
conditioned media
An increase in BMP4-SEP fluorescence upon depolarization supports
the hypothesis that depolarization can induce BMP release from
iMEPM cells. To quantify and measure BMP release, we used a BMP
ELISA. BMP4-SEP was transfected into iMEPM cells and conditioned
media was collected before and after depolarization (Fig. 3A). Con-
ditioned media collected after depolarization had BMP4 con-
centrations that were significantly greater than before
depolarization (0.72 ± 0.08 vs. 0.95 ± 0.09 pg/mL, P = 0.0003,N = 20
plates of cells) (Fig. 3B). The increase in BMP4 concentration in
media following depolarization suggests that depolarization induces
BMP4 release from iMEPM cells. These data suggest that ion chan-
nels that regulate the membrane potential of palate mesenchyme
cells also control BMP release. We know that depolarization causes
transient increases in cytoplasmic calcium to induce fusion of vesi-
cles and mediate ligand release in excitable cells like neurons. We
next asked if depolarization increases cytoplasmic calcium in the
palatal mesenchyme.

Kcnj2KO/+ Kcnj2 KO/+

Mouse embryonic 
Fibroblasts

Media

WT

8 hours

WT

Kcnj2KO/+

Media Media

Kcnj2KO/KO

X

WT

WT

E14.5 Embryos

cell lysis for protein for Western

P-Smad 1/5/8
60 KD

GAPDH
37 KD

Kcnj2KO/KOKcnj2KO/+WT

A

C

D

 8 hours

24 hours

Bmp1 Bmp2 Bmp4 Bmp6
0

1

2

3

4

5

WT
KCNJ KO/KO

Fo
ld

 C
ha

ng
e 

in
 K

cn
j2

 K
O

/K
O

 
co

m
pa

re
d 

to
 W

T

B

p=0.004

p=0.75

p=0.33

p=0.70

Fig. 1 | Deletion of a potassium channel that sets resting membrane potential
reduces BMP in conditionedmedia. A A diagram shows the experimental design.
MEFs were isolated fromWT, Kcnj2KO/+, and Kcnj2KO/KO E14 pups. RNA was collected
from MEFs to determine the expression of BMP ligands by quantitative RT-PCR.
Media was conditioned for 8 h with MEFs from E14.5 WT, Kcnj2KO/+, or Kcnj2KO/KO.
Conditioned media was placed on WT MEFs for 24h. Protein was isolated from
treated WT MEFs for western blot analysis. B Quantitative RT-PCR shows that
Kcnj2KO/KO MEFs express significantly more BMP6 thanWTMEFs (P =0.004 by two-
tailed unpaired t test, N = 3 MEFs from independent WT embryos and 2 Kcnj2KO/KO).

Error bars represent the standard deviation.C A representative western blot shows
anti-rabbit P-Smad1/5 and anti-GAPDH (loading control) fromWT lysates incubated
in conditioned media from MEFs from three different embryos of each genotype.
Full images of both western blots are provided in the Source Data file. D A graph
shows quantification of relative fluorescence of P-Smad 1/5/8 fromwestern blots (P
values attained via two-tailed unpaired t test betweenWT and Kcnj2KO/KO or Kcnj2KO/+

groups),N = 6WTembryos, 5Kcnj2KO/+, and 6Kcnj2KO/KO. Source data are provided in
the Source Data file.
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Depolarization induces transient increases in cytoplasmic cal-
cium in primary palatal mesenchyme
We expressed the fluorescent calcium reporter GCaMP6s in the palatal
mesenchyme with Wnt1Cre. We dissected, dissociated, and cultured
E13.5 palatal cells overnight. We imaged fluorescence over time during
depolarization with KCl (50mM). Depolarization significantly

increased GCaMP6s fluorescence (n = 3 palates with 5–15 dissociated
cells measured per palate, Fig. 4A–C and Supplementary Movie 4).
Importantly, KCl-induced depolarization did not decrease a cell’s
ability to recover and exhibit additional calcium transients (Fig. 4C).
We imaged GCaMP expressing palate mesenchyme cells without
depolarization to determine if cells undergo endogenous calcium
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events. Endogenous calcium events were observed inmultiple fields of
view in three independent cultured palates. The amplitude of KCl-
induced transient increases in GCaMP fluorescence were significantly
greater than endogenous events (Fig. 4D, unpaired t test). We
observed transient increases in GCaMP fluorescence with depolariza-
tion in the same plate of cells multiple times after cells were reaccli-
mated in culturemedia for 1 h between experiments.We conclude that
depolarization increases cytoplasmic calcium in E13.5 mouse palatal
mesenchyme.

Depolarization does not affect cell viability or future calcium
activity
We measured cell viability with crystal violet assays after depolariza-
tion with potassium chloride. Cell viability was measured with crystal
violet staining and showed intact, healthy iMEPMs after treatmentwith
50mM, 100mM, and 150mM KCl (Fig. S1). Next, we asked if depolar-
ization by our method disrupted native electrical activity of primary
culture MEPMs. We show that depolarized cells have subsequent

calcium release events (Fig. 4C). Finally, after depolarization, we
incubated cells in culture media overnight and imaged again the next
day to confirm cells remained intact and undergo calcium transients.

BMP4 release from iMEPMs is calcium-dependent
To determine if depolarization-induced BMP release is dependent on
cytoplasmic calcium, we repeated the BMP4-SEP experiments under
isosmotic conditions with and without a cell-permeant calcium che-
lator called BAPTA-AM (Fig. 4E, F). Cells were incubated in 100uM
BAPTA-AM for one hour to chelate intracellular calcium50. None of the
BAPTA-AM treated IMEPM cells had large increases in BMP4-SEP
fluorescence, indicating that calcium chelation inhibits BMP4-SEP
release. Additionally, we found that calcium chelation reduced the
number of cells in which we observed even a small increase in BMP4-
SEP fluorescence upon depolarization from six out of twelve control
cells (50%) to two out of ten (20%) treated cells. In the BAPTA-AM
loaded cells, changes in the amplitude of BMP4-SEP fluorescence upon
depolarization were significantly reduced from cells without BAPTA-

Fig. 2 | Depolarization of transfected iMEPM cells induces BMP4 release.
A Diagram of BMP4-SEP fusion protein. A pH-sensitive GFP variant, super ecliptic
pHluorin (SEP), was inserted into the linker domain of BMP4 between Asn307 and
Cys308 and cloned into a plasmid under control of a CMV promoter. B Diagram of
iMEPMneutralization by ammonium chloride (NH4Cl). The acidic environment of a
vesicle (red, pH ~5.5) restricts the fluorescence of SEP. When NH4Cl is applied to a
cell, the environment becomes neutralized (pH = 7.4), unquenching SEP and
increasing fluorescence visualization. C A violin plot shows a significant increase in
fluorescence amplitude between iMEPM cells expressing BMP4-SEP compared to a
pCIG-GFP control after neutralization by the addition of 5mM NH4Cl (**P =0.003
by unpaired two-tailed t test). D Diagram of BMP4-SEP release in response to cel-
lular depolarization induced by the addition of KCl. E ViolinPlot showing quantifi-
cation of SEP fluorescence in iMEPM cells transfected with pcDNA-SEP (blue), TfR-

SEP (pink) or BMP4-SEP (green). Changes in fluorescence amplitude in regions of
interest (ROIs) taken in live imaging videos (see methods) were averaged and
compared. BMP4-SEP and TfR-SEP transfected cells had significantly higher chan-
ges influorescence thanpcDNA-SEP (vs BMP4-SEP P =0.017; vs TfR-SEP P =0.0003)
but were not found to bedifferent fromone another (P =0.24). F–HRepresentative
images (from seven plates of cells, two separate trials) show pcDNA-SEP, TFR-SEP,
and BMP4-SEP fluorescence in iMEPM cells pre- and post-depolarization by 50mM
KCl. Red boxes denote the location of the magnified blue insets within each
respective image. F’–H’ Representative fluorescence traces from iMEPM cells
transfected with pcDNA-SEP, TFR-SEP, or BMP4-SEP construct. The addition of
50mM KCl is denoted with the red arrow (**P <0.05ns=not significant by two-way
ANOVA). Source data are provided as a Source Data file.

+50mMKCl

Media 
collected pre-
depolarization

2 Media collected 
post-depolarization

Fig. 3 | Depolarization increases BMP4 in conditioned iMEPMmedia. A A
schematic created in BioRender107 shows the method used to quantify the amount
of BMP4 in conditionedmedia before and after depolarization of BMP4-transfected
iMEPM cells. iMEPM cells were cultured for 24 h before conditioned media was
collected and frozen. Cells were depolarized with KCl solution. Immediately fol-
lowing depolarization, conditioned media was collected and frozen. An ELISA was
conducted with paired conditioned media samples collected before and after

depolarization. B A paired box-and-whisker plot shows a significant increase in the
BMP4 concentration after depolarization by KCl (***P =0.0003by two-tailed paired
t test, n = 20 plates of cells). Error bars represent minimum and maximum BMP
concentration, horizontal line represents the median BMP concentration values,
and the bounds of the box represent the 25th and 75th percentile. Source data are
provided as a Source Data file.
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AM treatment (19,448 ± 6079 vs. 4092 ± 2141 AU, P = 0.039) (Fig. 4E, F).
Together, these data demonstrate that cytoplasmic calcium is neces-
sary for depolarization-induced BMP release from palatal mesench-
yme cells.

Palate mesenchyme undergoes endogenous transient changes
in intracellular calcium
For coordination of morphogenesis, cells need to send and receive
precise signals.Neurons achieve precise temporal control ofmolecular
signals using depolarization to control transient changes in intracel-
lular calcium todrive vesicular fusion. To investigatewhether transient
changes in intracellular calcium occur at a time of active signaling for
palatogenesis, we cultured dissociated E13.5 primary mouse embryo-
nic palate (MEP) cells that express the calcium sensor, GCaMP6s, dri-
ven by Wnt1Cre and imaged fluorescence over several minutes. These
experiments revealed calcium transients (Fig. 5A and Supplementary
Movie 5) and demonstrated that calcium events in the palate can be
periodic (Fig. 5B (yellow trace)). An average of 3.24 ±0.16 events
occurred in cells over the imaging period (384 s) (Fig. 5E). This number
varied, however, with some cells experiencing only one event and
others undergoing twelve events in that time. Calcium transients had
an average fold change in amplitude (ΔFluorescence/F0) of
3.47 ± 0.091 ΔF/F0 (Fig. 5D). Calcium transients vary in intensity with
some cells exhibiting high-amplitude changes in GCaMP fluorescence
while others show lower amplitude changes (Figs. 5A and S2). In cells
experiencing repeated periodic events, average interevent period was
63.22 ± 2.50 s (Fig. 5F).

Kcnj2 mediates endogenous calcium transients in mouse
embryonic palate primary cell cultures
To determine if a channelopathy-associated ion channel (Kcnj2) reg-
ulates palatal calcium transients, we quantified calcium transients in
primary MEPM cultures from Wnt1Cre; GCaMP6s; Kcnj2KO/+ and
Wnt1Cre; GCaMP6s; Kcnj2KO/KO mice compared to cells from Wnt1Cre;
GCaMP6s control mice. When compared to Wnt1Cre; GCaMP6s litter-
mates, loss of one or both copies of Kcnj2 reduced the initial GCaMP6s
fluorescence within the cells, defined as F0 (Table 1, Fig. 5C, and Sup-
plementaryMovies 5–7). Themean amplitudeof the calcium transients
was reduced in Kcnj2KO/+ and Kcnj2KO/KO palate cells (Table 1 and
Fig. 5B, D). However, the interevent period was not perturbed in either
Kcnj2KO/+orKcnj2KO/KOpalate cells (Table 1 and Fig. 5F). Interestingly, the
meannumber of events per cell wasnot significantly different between
conditions in either Kcnj2KO/+ or Kcnj2KO/KO (Table 1 and Fig. 5E).

Cranial neural crest cells undergo calcium transients that are
controlled by Kcnj2
Because mutations in Kcnj2 cause an array of craniofacial phenotypes
in addition to cleft palate, we hypothesized that endogenous transient
changes in intracellular calciummaybecommon to cranial neural crest
(CNC) cells, the precursors of several craniofacial skeletal structures.
To determine if transient changes in intracellular calciumoccur in CNC
cells, we cultured and live imaged E9.5 Wnt1Cre, GCaMP6s primary
explants containing CNC cells. Live imaging of CNC cells that express
GCaMP6s revealed periodic calcium transients in single cells with an
average amplitude of 1.80 ±0.14 F/F0 (n = 89 events) (Fig. 6A, C, D).
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Fig. 4 | Depolarization-induced BMP4-SEP release depends upon cytoplasmic
calcium. A Representative images show that depolarization by the addition of KCl
at 20 s increases the fluorescence of GCaMP6 expressed in dissociated primary
cultured E13.5 palate mesenchymal cells (blue stars), and cells have subsequent
calcium events following depolarization (red arrows). Replicates=3 plates depo-
larized with KCl, transient changes in GCaMP fluorescence measured in 36 cells.
B Representative fluorescence profile of one cell over time out of 36 cells with
transient increases in GCaMP fluorescence. C Representative profile of fluores-
cence over time for a cell that undergoes a calcium transient with depolarization at
20 s followed by two endogenous transients. D Depolarization induces significant
increases in fluorescence compared to background changes in fluorescence N = 3
plates of primary culture MEPMs imaged before (control) and after depolarized

with KCl (experimental), violin plot represents 38 ROIs from the three plates before
depolarization and 36 ROIsmeasured with depolarization (****P = 5.7 × 10−12 by two-
tailed unpaired t test).EMean fluorescence/F0 traces of BMP4-SEP release averaged
betweencells treatedwith orwithout BAPTA-AM. Yellow representsDMSOcontrols
(n = 6 from separate plates), and blue represents BAPTA-AM treated cells (n = 10
cells from separate plates). The red arrow denotes the addition of isosmotic KCl
Tyrode’s media to induce depolarization. SEM is shownwith shaded areas. F A box-
and-whisker plot quantifying change in BMP4-SEP fluorescence amplitude over F0
between DMSO controls and BAPTA-AM treated iMEPM cells. The error bars
represent minimum and maximum fluorescence values, and the center line
represents the median value (*P =0.0002 by unpaired two-tailed t test). Source
data are provided as a Source Data file.
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Interestingly,weobserved instanceswhere groupsofneighboring cells
display synchronized increases in GCaMP6s fluorescence and in close
succession. We call synchronized events calciumwaves (Fig. 6B, C). To
investigate if loss of Kcnj2 perturbed CNC cells calcium transients, we
compared GCaMP6s fluorescence in Wnt1Cre; GCaMP6s control mice
toWnt1Cre; GCaMP6s; Kcnj2KO/+ andWnt1Cre; GCaMP6s; Kcnj2KO/KOmice.

We found that the lossof both copies ofKcnj2 significantly reduced the
amplitude of GCaMP6s fluorescence, Fig. 6D, while the loss of only one
copy of Kcnj2 did not significantly decrease fluorescence amplitude
(Fig. 6D). Amplitudes of Kcnj2KO/KO CNC cells calcium transients were
significantly lower thanKcnj2KO/+ transients (P = 0.04). We did not see a
significant difference in F0 between any of the conditions (Fig. 6E). To
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Fig. 5 | Calcium transients in E13.5 cultured dissociated MEPM cells are regu-
lated by Kcnj2. A Wnt1CRE; GCaMP6s expressing E13.5 MEP primary culture illus-
trating strong (red arrow) and weak (blue arrow) calcium activity in two cells.
Calcium transients measured in 197 Wnt1CRE; GCaMP6s cells. B Representative
GCaMP6s fluorescence traces of Wnt1CRE; GCaMP6s cells (yellow), Wnt1CRE;
GCaMP6s; Kcnj2KO/+ cells (green), and Wnt1CRE; GCaMP6s Kcnj2KO/KO cells (orange)
E13.5 MEPM cells. Calcium transients measured in 197 WT (Wnt1CRE; GCaMP6s)
cells, 158 Kcnj2KO/+ cells, and 102 Kcnj2KO/KO Wnt1CRE; GCaMP6s cells.
CQuantification of GCaMP6s initial fluorescence showing a significant reduction in

Wnt1CRE; GCaMP6s; Kcnj2KO/+ (P = 1.37 × 10−18), and Wnt1CRE; GCaMP6s Kcnj2KO/KO

(P = 1.044 × 10−13) compared to controls that have two wild-type Kcnj2 alleles.
D Graph shows a significant reduction in amplitude of GCaMP fluorescence chan-
ges inWnt1CRE; GCaMP6s; Kcnj2KO/+ (P = 9.5 × 10−21), andWnt1CRE; GCaMP6s Kcnj2KO/
KO (P = 5.3 × 10−25)compared to controls that have two wild-type Kcnj2 alleles.
E, FQuantification of GCaMP event period and a number of events showno change
between genotypes. (****P <0.00001, ns=not significant by one-way ANOVA).
Source data are provided as a Source Data file.

Table 1 | Kcnj2 regulates calcium levels measured by GCaMP fluorescence

Genotype Initial GCaMP fluorescence Amplitude Interevent interval Number of events

Wnt1Cre; GCaMP6s (control) 26.9 ± 0.9 F0 3.5 ± 0.09 ΔF/F0 63.2 ± 2.5 s 3.2 ± 0.2 events

Wnt1Cre; GCaMP6s; Kcnj2KO/+ 15.8 ± 0.5 F0
P < 0.0001

2.2 ± 0.08 ΔF/F0
p < 0.0001

69.8 ± 2.8 s
P = 0.63

2.9 ± 0.1 events, P = 0.63

Wnt1Cre; GCaMP6s; Kcnj2KO/KO 17.4 ± 0.6 F0
P < 0.0001

2.2 ± 0.07 ΔF/F0
P <0.0001

62.5 ± 3.0 s, P = 0.9 3.6 ± 0.2 events, P = 0.3
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Fig. 6 | Disruption of Kcnj2 in E9.5 MEPM explants. A Wnt1CRE; GCaMP6s
expressing E9.5 CNC cells explants showing calcium transients (red arrows)
representative cells out of 198 E9.5Wnt1CRE; GCaMP6s cells measured.BWnt1CRE;
GCaMP6s expressing E9.5 CNC cells explants showing a wave propagation event
(centered on red asterisk). Synchrony analyzed in Fig. 7. C An example of mean
GCaMP fluorescence plot for an E9.5 CNC cells cell. D Quantification of GCaMP6s

amplitude showing a significant reduction inWnt1CRE; GCaMP6s; Kcnj2KO/KO com-
pared to controls (1.80± 0.14 vs. 0.91 ± 0.10 F/F0 for Kcnj2KO/KO, P =0.019) while
Kcnj2KO/+ did not significantly reduce amplitude (1.80± 0.14 vs. 1.60 ± 0.11 F/F0 for
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from controls. (*P <0.0332, ns=not significant by two-way ANOVA). Source data are
provided as a Source Data file.
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determine if iMEPM cells undergo transient changes in intracellular
calcium, we transfected iMEPM cells with a plasmid expressing
GCaMP6s. We observed calcium events indicated by changes in
GCaMP6s fluorescence in iMEPM cells (Fig. S3). These results support
the hypothesis that CNC cells and their derivative cells undergo tran-
sient changes in intracellular calcium that may result in the release
of BMP4.

Cranial neural crest-derived cells are electrically coupled
We observed that several cranial neural crest cells undergo transient
changes in intracellular calcium together, suggesting that they are
electrically coupled. To quantify the synchronization of these transient
changes in intracellular calcium, we measured calcium activity
throughout the area of the explant. We determined the proportion of
the area that was synchronously active. We found that 32% of the total
area exhibited synchronized calcium transients, suggesting that E9.5
cranial neural crest cells are electrically coupled (Fig. 7A–E). At later
stages, palate mesenchyme cells are dissociated before they are cul-
tured, but theymay form connections again in cultured conditions. To
determine whether cells at E13.5 may also be electrically coupled, we
performed network analysis where the Pearson’s Correlation Coeffi-
cients was first determined for all possible cell pairs throughout the
time course, and cell pairs with a correlation >0.5 were considered
‘functionally connected’ or synchronized (Fig. 7G–L). The synchro-
nized activity we observed suggests an electrical coupling between
pairs of neighboring cells (Fig. 7F–L). Analysis of individual time traces
for regions showing the highest degree of coordinated activity indi-
cates some synchronized activity even in far-apart cells (Fig. 7L). These
data further suggest that cranial neural crest cells and palate
mesenchyme cells are electrically coupled.

Gap junction inhibition reduces calcium activity
To determine if gap junctions contribute to the spreading of calcium
between cranial neural crest cells, we measured how correlated cal-
cium transients were, in the presence and absence of pharmacological
gap junction inhibition. Carbenoxolone (CBX) is a widely used broad-
spectrum gap junction antagonist. We used CBX to inhibit gap junc-
tions in E9.5 explant cultures. CBX inhibition did not affect cell or
explant viability, as shown by repeated experiments where CBX was
washed off, explants cultured overnight, and imaged subsequent days.
Explants were analyzed for high-amplitude calcium transients, and the
Pearson’s Correlation was calculated to assess for the effect of gap
junction inhibition. We specifically tested whether instances of high-
amplitude calcium transients decreased with gap junction inhibition
via CBX (Fig. 7M–T). Indeed, cells showed significantly fewer high-
amplitude calcium transients when treated with a gap junction inhi-
bitor compared to untreated samples (Fig. 7R, S). Thus suggests that
gap junctions contribute to the generation of high-amplitude calcium
transients (as indicated by high-amplitude changes in fluorescence).
Next, we asked whether the synchronization of calcium transients
decreased when gap junctions were inhibited. Gap junction inhibition
decreased the area of the explant exhibiting correlated activity com-
pared to thatmeasured under control conditions (Fig. 7O, R, T). When
comparing clusters of cells and the surrounding regions showing high-
amplitude transients, untreated explant cells showed more spiking or
single oscillatory behavior compared to CBX treated (Fig. 7M–O, S).
These results indicate a decrease in synchronized calcium activity area
and reduction in high-amplitude calcium transients in confluent
explant tissue treated with gap junction inhibitors (Fig. 7S, T). These
data support the possible role of gap junctions in explant tissue facil-
itating the accumulation of calcium and subsequent release of BMP.

Ion channels are expressed throughout the palatalmesenchyme
To determine which ion channels are expressed in the palate
mesenchyme and thus could regulate intracellular calcium at a time

when BMP4 signaling is active, we identified ion channels that are
expressed in an E13.5 anterior palate single-cell RNA sequencing
(scRNAseq) dataset produced in our lab51. Mesenchymal and epithelial
cell populations were identified by marker gene expression51. We
identified the expression of ion channel-encoding genes previously
associated with craniofacial defects (Cacna1a and Cacna1c: CaV1.2,
Kcnj2: Kir2.1, andGja1: Cx43, Fig. 8). Excitingly, we detected expression
of ion channels that could regulate depolarization events in the ante-
rior palate mesenchyme. We were particularly interested to note that
voltage-gated sodium channels (Scn3a: NaV1.3, Scn8a: NaV1.6),
voltage-gated calcium channels (Cacna1d: CaV1.3, Cacna1g: CaV3.1),
potassium channels (Kcnb1: Kv2.1, Kcnb2: Kv2.2, Kcnc3: Kv3.3, Kcnn2:
SK2), endoplasmic reticulum regulatory proteins (Atp2a2: SERCA2,
Stim1, Stim2), and gap junction proteins (Gja1 Cxn43 and Gjc1: Cxn45)
(Fig. 8) are expressed in the mouse E13.5 anterior palate mesenchyme
and epithelial cells. Many other calcium, potassium, and sodium
channels are expressed in the mesenchymal and epithelial cells that
could contribute to regulating endogenous electrical activity in the
anterior palate at E13.5 (Supplemental Figs. 5–7). It is important to note
that ion channels can affect membrane potential even at low expres-
sion levels. scRNAseq at one embryonic time point likely does not
detect every channel that contributes to craniofacial development.
Kcnj2 is not highly expressed in the same palatal mesenchyme cells as
BMP4 (Fig. 8R–T). However, virtually every cell in the anterior palate
expresses at least one gene encoding gap junction proteins
(Fig. 8U–W). With our observations that calcium transients are often
synchronous between multiple cells, ubiquitous gap junction expres-
sion in the anterior palate suggests that these cells are electrically
coupled and can propagate bioelectrical signals across long distances.

Discussion
Here, we provide evidence that depolarization induces BMP release
from mouse palatal mesenchyme cells. We show depolarization-
induced BMP release is dependent on cytoplasmic calcium. Further-
more, we show that palatal mesenchyme cells undergo transient
changes in intracellular calcium, regulated by Kcnj2, a potassium
channel required for palate development in mice and humans. This
work suggests a mechanism linking observed craniofacial phenotypes
of channelopathy patients with disruptions in traditional morphogen
signaling. The necessity of ion channels for proper morphogenesis of
human structures has been repeatedly documented (KCNJ2: Anderson-
Tawil syndrome, CACNA1C: Timothy Syndrome, GIRK2: Keppen-
Ludinski syndrome, NALCN: IHPRF1, and CHRNA7: 15q13.3 microdele-
tion syndrome)8,9,12,13,15,29,52–54. Similarly, pharmacological and genetic
disruption of ion channels during embryonic development causes
morphological abnormalities in animal models55. We propose that
changes in membrane potential control secretion of vesicle-contained
BMP ligands from palatal mesenchyme, in a calcium-dependent man-
ner for craniofacial development.

Craniofacial phenotypes are not specific to the disruption of one
type of ion channel, suggesting that electrical activity mediated by
several ion channels contributes to developmental signaling. Genetic
and clinical evidence indicates that ion channels are important for BMP
signaling26–28. Mutations that disrupt Kcnj2 cause craniofacial
abnormalities such as dental defects, cleft lip and palate, hypertelor-
ism, low-set ears, and micrognathia (small jaw) in human Andersen-
Tawil syndrome (ATS) patients and mouse knockouts9,13,26,28,32,56. BMP
signaling is required for the development of the structures affected in
ATSpatients.Kcnj2 knockout (Kcnj2KO/KO)mice have similar craniofacial
defects as ATS patients and as mice with disrupted BMP
signaling26,28,48,57–59. Deletion of Kcnj2 specifically in the cranial CNC
causes similar craniofacial phenotypes as deletion of the BMP receptor
- BMPR1a in the CNC57. E13.5 Kcnj2KO/KO palatal shelves have decreased
phosphorylation of Smad 1/5/8, a downstream target of BMP signaling
and reduced BMP target gene expression26. In the developing
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Drosophila wing disc, depolarization induces BMP/Dpp release27. Our
work suggests one possible conserved mechanism by which ion
channels coordinate developmental signaling is by controlling release
of BMP4.

We developed a novel tool to visualize BMP4 release from cells
using the pH-sensitive GFP variant, super ecliptic pHluorin (SEP). The

BMP4-SEP release reporter is useful for theBMPresearchfield enabling
visualization of BMP release events. In some cells, we observe a slight
increase in fluorescence in pcDNA-SEP expressing cells upon depo-
larization potentially due to small changes in cytoplasmic pH. In
comparison, both the TFR-SEP and the BMP4-SEP underwent more
profound increases in fluorescence in the presence of KCl. TFR-SEP is
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localized to vesicles and is commonly used as a marker of vesicular
release, demonstrating that iMEPM cells, derived from the palate
shelves of E13.5 mice60, contain the proper machinery required for
depolarization-induced vesicular fusion. Furthermore, we conclude
that BMP4 is released from vesicles upondepolarization. The punctate
appearance of TFR-SEP and BMP4-SEP fluorescence post-
depolarization is consistent with vesicular fusion to the membrane.
Future research is needed to determine the types of vesicles that
contain BMP ligands and the specific mechanisms of release.

In excitable cells, such as neurons, if depolarization reaches a
threshold at which voltage-gated Ca2+ channels open, increased Ca2+

levels change conformation of Soluble N-ethylmaleimide-Sensitive
Factor Attachment Proteins REceptor (SNARE) proteins to induce
vesicular fusion with the cellular membrane61. If BMP-containing vesi-
cle fusion is regulated by the same SNARE-dependent mechanism,
sequestering intracellular Ca2+ would prevent an increase in BMP4-SEP
fluorescence upon depolarization. A calcium chelator, BAPTA-AM,
prevented any increase inBMP4-SEP fluorescence upondepolarization
in most cultured palate mesenchyme cells. There were small increases
in BMP4-SEP fluorescence upon depolarization in two BAPTA-AM-
treated cells which were significantly reduced in amplitude compared
to cells that were not treated with BAPTA-AM. This suggests that
BAPTA-AM treatment reduced the number of vesicle fusion events
upon depolarization. Interestingly, in Drosophila, mutations in com-
ponents of the SNARE protein complex have developmental
defects62–64. Perhaps there is a conserved role for calcium and SNAREs
in morphogenesis.

Cells use chemo-transduction to instruct transcription in neigh-
boring cells at a designated point in morphogenesis. In early murine
development, Wingless-related integration sites (Wnts), Bone Mor-
phogenetic Proteins (BMPs), Sonic hedgehog (Shhs), Fibroblast
Growth Factors (FGFs) and other pathways initiate signaling cascades
that ultimately affect transcription with cells to influence cell fate and
ultimately morphogenesis65. The temporal pattern of signaling affects
the downstream transcriptional output in cell culture and in zebrafish
osteoblast regeneration45,46. How do cells in developing tissues reg-
ulate these pathways to mediate the precise communication required
for developmental decisions? Neurons, which also need precise com-
munication, use depolarization as a critical step for vesicular release to
regulate the release of molecular signals. We discovered cranial neural
crest cells and palate mesenchyme cells, which are precursors to the
palate, undergo rapid changes in intracellular calcium that are often
cyclic and periodic, reminiscent of calcium spikes in neurons. Calcium
transients are present in the neural crest precursor cells at E9.5, before
BMP4 is expressed for palatogenesis. This raises the possibility that
calcium transients may coordinate other signals in addition to BMP.
Ion channel disruption affects other developmental pathways like

Notch66–68, Shh69, and Wnt70–73. Our work opens the question of whe-
ther electrical activity affects the extracellular presentation of these
essential developmental signaling ligands as it does for BMP4.

We observed groups of cells undergo coordinated calcium tran-
sients suggesting that the cells are electrically coupled via gap junc-
tions (Figs. 6 and 7). Electrical coupling would allow groups of cells to
temporally coordinate periodicwaves of BMP release across distances.
Indeed, we found that gap junction genes are ubiquitously expressed
within the E13.5 palatal mesenchyme (Fig. 8U–W). The expression of
one of these gap junctions,Gja1 (Cnx43), overlaps with the expression
of Kcnj2 (Fig. 8S, U, W). Genetic disruption of Gja1 causes craniofacial
phenotypes like that of Kcnj2 perturbation74. Gja1 modulates TGF-β1
and BMP2/4-mediated ERK signaling75. ERK, a downstream target of
BMP signaling, relies on periodic waves of activation to control
osteoblast differentiation and regenerationof scales in zebrafish46. Our
data show that inhibition of gap junctions in E9.5 palatal explants
significantly reduces calciumactivity in both active area andnumber of
high-amplitude calcium events (Fig. 7S, T). These results provide the
basis for amechanismexplaining this observed temporal coordination
of ERK signaling. In Xenopus laevis and Danio rerio, ion channels and
gap junctions contribute to patterning and development suggesting
that mechanisms controlling BMP ligand release could be further
conserved25,31,76–78. Work from the Taneyhill laboratory supports the
hypothesis that gap junctions between cranial neural crest cells are
important for craniofacial development79,80. Cnx43/Gja1 is expressed
in cranial neural crest cells in chick embryos79. Cnx43/Gja1 is required
in cranial neural crest cells for their migration80. Our data provides
adds another potential explanation for why mutations in gap junction
genes cause craniofacial defects in humans81–86.

The difference in BMP4 and Kcnj2 expression could be interpreted
inmultipleways.We favor thepossibility that gap junctions connect cells
within the palate so that ions spread throughout these cells to coordi-
nate synchronous release of BMP. Another possibility is that RNA tran-
scripts do not reflect Kcnj2 protein present in the cells. Ion channels are
notoriously lowly expressed and can affect membrane potential even at
lowexpression levels. Thus, scRNAseqcanbeused todeduceexpression
of a channel-encoding gene, but not the absence of a channel. A third
possibility is that inwardly rectifying K+ channels encoded by different
genes work together to set membrane potential and coordinate release
of BMP ligands. Inwardly rectifying K+ channels are composed of four
subunits and can be heteromeric. For example, we detect expression of
Kcnj2, Kcnj3, Kcnj4, Kcnj6, Kcnj8, Kcnj9, Kcnj13, Kcnj14, Kcnj15, and Kcnj16
in our scRNAseq E13.5 anterior palate dataset (Supplemental Fig. 6).
These inwardly rectifying channels could regulate membrane potential
with overlapping function. Many other potassium channels are also
expressed and likely aid in the recovery from depolarization events.
Future researchwill address howmultiple ion channels work together to

Fig. 7 | Cultured cranial neural crest and E13.5 dissociated palate mesenchyme
cells exhibit synchronous calcium activity. A A representative image shows a
culturedE9.5 explantwith three representative cellsmanually selected threshold of
0.5. B Normalized calcium time trace of highly connected cells exhibiting a corre-
lation coefficient > 60% of average connections across all cells. C Percentage of the
area that shows highly correlated calcium activity within each field of view for 24-h
(n = 4 independent E9.5 explants) vs 48-h incubated explants (n = 3 E9.5 indepen-
dent explants, unpaired two-tailed Student t test, P =0.3630). Error bars represent
SEM.D False colormap represents elevated calcium response time of selected cells
in a cultured E9.5 explantwithmore activity. ECorresponding calcium time traceof
cells highlighted in (D) with purple curves corresponding to cells initiating the
observed calcium activity and pink curves corresponding to slower activating cells.
F Scatter plot comparing Euclidean pixel distance between cell nuclei and Pearson
correlation coefficient showing a general decrease in correlation with increasing
distance between cells (G, J) Cell maps of E13.5 palate mesenchyme cells manually
selected ROIs from which calcium time traces were extracted. H, K Highly con-
nected cells exhibiting a correlation coefficient >0.5 are indicated in yellow on

Connection Maps. I, L Example calcium time traces exhibit instances of synchro-
nized activity by highly connected cell pairs.M, N, P, Q Confluent cells were hand-
selected as a region of interest from which the fluorescent calcium signal was
extracted and analyzed on a pixel-by-pixel basis to obtain peak amplitude values
among individualpixel timecourses.O,R Individual calciumsignal time courses are
extracted for individual cells of regions showing the highest intensity peak ampli-
tude. Individual cell activity was greater in untreated samples compared to Car-
benoxolone (CBX) treated as indicated by observed spike-like behavior shown in
the signal. S The number of high-amplitude events was quantified for each sample.
Untreated explants showed greater high-amplitude events compared to CBX
treated (N = 4 CBX treated explants and 10 control explants unpaired two-tailed
Student t test, P =0.0180) Error bars represent SEM. T Area active was determined
as a proportion of pixel area that was both correlated and showed fluorescence
above background signal. Explants treated with gap junction inhibitor CBX showed
a decrease in area active compared to untreated (N = 4 CBX treated explants and 10
control explants unpaired two-tailed Student t test, P =0.0258). Error bars repre-
sent SEM.
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coordinate endogenous changes inmembrane potential, calcium levels,
and ultimately release of BMP ligands.

How depolarization events are initiated and regulated within the
palatemesenchyme is an outstanding question. Our scRNAseq dataset
shows that a multitude of ion channels are expressed in the
mesenchyme and epithelia of the mouse E13.5 palate. Future studies

will determine if voltage-gated sodium and calcium channels initiate
and regulate endogenous depolarization events. For example, we
could determine if voltage-gated channels are required for calcium
oscillations using pharmacological or genetic tools.

We hypothesized that ion channels that are important for cra-
niofacial development regulate palatal intracellular calcium transients.
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Loss of one or both copies of Kcnj2 caused an overall decrease in
GCaMP fluorescence, suggesting that basal calcium levels are reduced
within these cells. Also, loss of Kcnj2 resulted in a significant decrease
in calcium transient amplitude in palatal and CNC cells. Our data
supports amodel inwhich ion channels controlmembranepotential to
mediate the secretion of BMP4. When ion channels are impaired, cells
that rely upon those channels cannot regulate membrane potential,
which disrupts intracellular calcium transients, propagation of these
calcium signals, and consequently BMP secretion. Lack of regulated
BMP secretion disrupts morphogenesis of the craniofacial complex
(Fig. 9). This model explains a potential mechanism by which indivi-
duals with channelopathies have abnormal morphological
development.

Depolarization likely alters development through multiple
mechanisms. In neurons, depolarization regulates release of neuro-
transmitters, but also induces different gene expression programs by
calcium activating MAPK/ERK and CREB-mediated transcription87. In
fact, different temporal patterns of depolarization induce different
transcriptional profiles87. Calcium also influences chromatin structure
to affect transcriptional profiles88,89. Depolarization likely impacts cells
that send developmental signals bymultiple mechanisms as well. Brief
pulses of calcium could activate calcium signaling cascades to influ-
ence chromatin structure, transcription factor activity, and ultimately
the expression of genes that are important for proliferation, differ-
entiation, and migration.

This research has clinical implications for fetal exposures to
medications and recreational drugs that inhibit or activate ion chan-
nels. Fetal exposure to certain drugs that affect ion channel function
increases the incidence of birth defects55. For example, fetal exposure
to an epilepsy medication andmigraine medication called Topiramate
increases the incidence of cleft palate90. Topiramate blocks voltage-
dependent Na+ channels and AMPAglutamate receptors91–93. Similarly,

pentobarbital use during the first trimester increases incidence of cleft
lip/palate in humans and in rodents and blocks GABAA receptors,
which are ligand-gatedCl- ion channels19,94. In addition, Trimethadione,
which blocks voltage-dependent T-type Ca++ channels, significantly
increases the incidence of cleft palate, ear defects, and limb defects in
the children of women who took the medication during the first tri-
mester of pregnancy18,95,96. We identify many previously uncharacter-
ized ion channels expressed within the palatal mesenchyme that are
targets of Pharmacologics (Fig. 8). Special care should be taken to
understand how perturbation of these channels could affect palatal
and craniofacial development. It may be that exposure to these drugs
in utero disrupts cellular membrane potential to effect release of key
morphogens, such as BMPs, thereby resulting in craniofacial defects.

Limitations of study
We show that BMP4 release can be induced by depolarization in cul-
tured IMEPM cells and that primary cranial neural crest and palate
mesenchyme cells undergo transient changes in intracellular calcium.
Our assessment of depolarization-induced BMP secretion was per-
formed in vitro and ex vivo, and this mechanism has not been con-
firmed in vivo. While Kcnj2KO/KO mouse data are consistent with our
conclusions, direct assessment of depolarization and BMP secretion
in vivo are not currently feasible. Furthermore, our studies do not
allow us to draw conclusions about othermechanisms bywhich loss of
Kcnj2 function could impact BMP signaling or other developmental
signaling pathways. It is possible thatmembrane potential could affect
BMP stability, which we have not addressed. Furthermore, changes in
cytoplasmic calcium levels likely affect gene expression cell-
autonomously through calcium-sensitive transcription factors or
chromatin remodelers. Therefore, changing membrane potential
could increase the expression of BMP inhibitors as a second possible
mechanism by which Kcnj2 and other ion channels could impact BMP

Fig. 8 | Ion channels and gap junctions are expressed in the E13.5 anterior
palate. A UMAP detailing cluster identities adapted from Ozekin et al.51. Feature-
Plots represent data from a single-cell RNA sequencing of the E13.5 mouse anterior
palate showing expression of ion channels and connexins in green with non-
expressing cells in gray: B Cacna1c (Cav1.2, L-type calcium channel). C Cacna1d
(Cav1.3, L-type calcium channel). D Cacna1a (Cav1.2, L-type calcium channel).
E Cacna1g (T-type calcium channel). F Kcnj2 (Kir2.1, inwardly rectifying potassium
channel). G Kcnb1 (Kv2.1, voltage-gated potassium channel subfamily B). H Kcnb2
(Kv2.2), I Kcnc3 (Kv3.3, voltage-gated potassium channel subfamily C), J Kcnn2
(KCa2.2, Potassium Calcium-activated channel subfamily N), K ATP2a2 (SERCA2/
Atpase Sarcoplasmic/Endoplasmic Reticulum Ca2+ Transporting 2), L Stim1,

M Stim2, N Scn3a (Nav1.3, voltage-gated sodium channel,O Scn8a (Nav1.6 Voltage-
gated sodium channel), P Gja1 (Gap junction protein alpha, Connexin 43),
Q Gjc1(Gap Junction protein gamma 1, Connexin 45), R–T FeaturePlots of Bmp4
(Bone morphogenetic protein 4) (green), Kcnj2 (orange), and overlapped Fea-
turePlot of Bmp4 and Kcnj2. Cells with high coexpression of both features will
appear on a gradient to yellow. U–W FeaturePlots of Gjc1 (green), Gja1 (orange),
and overlapped FeaturePlot of Gjc1 and Gja1. Cells with high coexpression of both
featureswill appearonagradient toyellow. RNAsequencingdata is available atRaw
and processed data has beenmade available via a NCBI GEO Submission (accession
code GSE222205). Code is accessible via GitHub https://github.com/yunusozekin/
WT_E13.5_AntPalate_scRNAseq_Ozekin.git.
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Fig. 9 | Proposed model of ion channel modulation of BMP secretion. In wild-
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for the release of BMP ligands. In channelopathy cells, depolarization events are
disrupted, resulting in decreased calcium activity and altered fusion of BMP vesi-
cles to yield dysregulated release of BMP ligands.
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signaling. Our results do not exclude the possibility that multiple
mechanisms work together to decrease BMP signaling and disrupt
craniofacial development in Kcnj2KO/KO mice.

Ion channels are often lowly expressed and can impactmembrane
potential with low level expression. Thus, scRNAseq does not have the
sensitivity to definitively state the absence of a channel, but rather can
commenton those that canbedetected. Furthermore, our scRNAseq is
a snapshot of ion channel expression in the anterior palate at E13.5.
Other ion channels are likely expressed and mediate membrane
potential at different stages of palatal development.

We concluded that gap junctions connect cranial neural crest cells
and dissociated palate mesenchyme cells because of the expression of
gap junction encoding genes andquantitative analysis of synchronized
changes in GCaMP fluorescence. This conclusion could be supported
with paired electrophysiological recording in which current is injected
in one cell and recorded in a neighboring cell97–99. Another method to
determine whether cells are coupled by gap junctions is to trace
coupling ion sensitive dyes or other dyes using wide-field imaging98.
These rigorous assays will further characterize electrical coupling.

Methods
Mouse husbandry and approvals
All protocols and procedures were approved by the University of
Colorado AnschutzMedical Campus Institutional Animal Care and Use
Committee (IACUC) committee (protocol #139). The University of
Colorado, Office of Laboratory Animal Research (OLAR) oversees an
Assessment and Accreditation of Laboratory Animal Care accredited
animal facility that meets standards as outlined in United States
National Institute of Health Guide for the Care and Use of Laboratory
Animals.Mus Musculus (mice) were fed a standard chow diet. Kcnj2KO/+

mice were originally purchased from Jackson Laboratories (FVB.129-
Kcnj2tm1Swz/J strain #005057)32. These were bred within our facility to
maintain a colony. Wnt-1 Cre mice are B6.Cg-E2f1Tg(Wnt1-cre)2Sor/J
(#:022501). GCamp6 mice are from Jackson labs (stock number Ai96
GCaMP6s, #024106).

BMP4-SEP cloning strategy
To generate a reporter of BMP4 release, we tagged BMP4 with super
ecliptic pHluorin (SEP), a pH-sensitive GFP. To retain proper
protein structure and function, SEP was inserted into the linker
domain of BMP4 (RRKKNKN– SEP–CRRHSLYVDFSD), as previously
described in D. melanogaster27. The BMP4-SEP construct was gener-
ated for our use by GenScript. The BMP4 feature of the plasmid
pDONR233_BMP4_WT_V5, purchased from Addgene (Catalog #:
82937), was cloned into the pcDNA3.1(+) vector with a CMV pro-
motor. A gBlock of SEP purchased from and generated by Twist
Biosciences in San Francisco, California was sub-cloned into the lin-
ker domain described above. We confirmed the construct’s sequence
using DNA sequencing through Quintara Biosciences.

pcDNA3.1-SEP cloning strategy
A control plasmid for depolarization imaging was generated using SEP
driven by a CMV promotor. The plasmid pcDNA3.1(+) (donated to us
by a colleague) was digested with restriction enzymes HindIII and
EcoRI to generate a linear plasmid. The plasmid TfR-mCherry-SEP
(donated to us by Dr. Kennedy’s lab at the University of Colorado-
AMC) was amplified via PCR using primers HindIII-SEP (CAGaagct-
tATGAGTAAAGGAGAAGAAC, purchased from IDT) and EcoRI-SEP
(TCGgaattcTTATTTGTATAGTTCATCCA, purchased from IDT) to
generate a SEP sequence with a HindIII overhang on the 5’ end and a
EcoRI overhang on the 3’ end. The HindIII-SEP-EcoRI product and lin-
earized pcDNA3.1(+) plasmid were then ligated together using the
standard protocol from NEB T4 DNA Ligase (1:5 vector to insert ratio;
purchased fromNEB, catalog #:M0202S). The construct sequencewas
verified by DNA sequencing from Quintara Biosciences.

iMEPM cultures
iMEPM cells (immortalized mouse embryonic palatal mesenchyme)
were cultured under the same conditions for each experiment. iMEPM
cells were generated and donated by Dr. Fantauzzo’s lab at the Uni-
versity of Colorado, AMC and maintained by our lab. The media
(referred to as iMEPM media from this point) used to grow the cells
contained “DMEM with high glucose, no pyruvate or L-glutamine”
(Gibco brand, purchased from ThermoFisher Catalog #: 11960044),
10% FBS (Gibco brand purchased from ThermoFisher catalog #:
16000044), 1% 200mM L-Glutamine and 0.05% 50mg/µl Pen Strep.
The cells were passaged several times post-thawing and before split-
ting and plating for experiments. For depolarization imaging experi-
ments, cells were cultured on WillCo Wells WillCo-dish® 35-mm glass
bottom dishes (catalog #: HBST-3522) in 2mL of standard iMEPM
media (@37 °C; 5% CO2). For the ELISA experiments, iMEPM cells were
cultured in 35mm six-well plates in standard iMEPM media (@37 °C;
5% CO2).

MEF isolation and maintenance
Heterozygous Kcnj2ko/+ mice were mated, and dams were considered
E0.5 on the day a vaginal plug was observed. At E14.5, embryos were
harvested. Heads were removed for phenotypic analysis. Internal
organs were isolated for genotyping. Each embryo was dissociated
with 3mL of. 0.25% trypsin in EDTA and at 37 °C for 5minutes. Dis-
sociated cells from each embryo were plated separately. We added
5mL of a mixture of 10% DMEM, 1% FBS, 1% GlutaMAX (Gibco Life
Technologies) and centrifuged for 5min at 2000×g. The supernatant
was replaced and resuspended in fresh 10% DMEM, 1% FBS, 1% Gluta-
MAX Pen Strep. Dissociated cells from each embryo were plated
separately in six-well plates.

Quantitative RT-PCR
RNAwas extracted from75% confluentmouse embryonicfibroblasts in
10-cmdishes using a Promega RNA extraction Kit (catalog #73100).On
the same day, RNA was reverse transcribed to cDNA using the Qiagen
RT2 First Strand Kit (catalog # 330401) on a Roche lightcycler 480.We
quantified cDNAs with SYBR green mastermix (Cat. #330502) and
primers from a TGF-beta/BMP PCR array (catalog #330231) following
the published protocol (95 °C for 10min for heat activation of the
enzyme, followed by PCR cycling for the acquisition of data using 45
cycles of 95 °C for 15 s followed by 60 °C for 1minwith the acquisition.
Finally, the melt curve included 60 °C for 15 s followed by 95 °C with
continuous acquisition of fluorescence signal. The genomic DNA
control shows a peak past 35 cycles for all samples meaning that there
is negligible genomic DNA contamination. We determined fold
expression difference using the ddCT method. The mean of two
technical and two biological replicates of wild-type and Kcnj2KO/KO

replicates were normalized with the geometric mean of five house-
keeping genes (Actb, B2m, Gapdh, Gusb, Hsp90ab1) to determine
ΔCT =CT

AVG GOI- CT
AVG HKG. The standard deviation for ΔΔCT =CT

AVG KO-
CT

AVG WT was carried over from the standard deviations calculated for
the ΔCT KO samples100,101. Comparative analysis between WT and
Kcnj2KO/KO expression (and standard deviation) uses the 2−ΔΔCT method
to determine BMP fold difference in expression. To determine sig-
nificance, a two-tailed, unpaired Student’s t test was performed using
the ΔCT WT and Kcnj2KO/KO replicates for genes encoding each Bmp
ligand. CT values for BMP3, BMP5, and BMP7 were above 35 in WT
MEFs, indicating very lowexpression and thuswere not reported in the
main figure (see source file). Some CT values of BMP2, were above 35,
indicating low expression (see source file).

Western blots
Protein isolated from WT cells treated with conditioned media was
separated by gel electrophoresis and transferred to Turbo nitrocellu-
lose transfer packs (BioRad). The blot was blocked for 1 h in 5% milk/
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TBST shaking at room temperature. Following blocking, the blot was
incubated in 1:1000 Rabbit Phospho-Smad 1/5/8 S463/465, (Cell Sig-
naling #13620) in 5%milk/TBST shaking in 4 °C overnight. The loading
control was Rabbit GAPDH Cell Signaling Technologies (Cat#:2118).
The blot was incubated in 1:2000 secondary anti-rabbit Goat Anti-
(Rabbit IgG (H + L) Alexa Fluor Plus 555 Invitrogen Cat#:A32732) for 1 h
at room temperature in the dark. The blot was washed four times in
TBST for 15min at room temperature before imaging with a BioRad
Chemidoc MP Imaging System. Protein from three wild-type MEF
plates treated with WT-conditioned media was loaded next to protein
from three WT MEF plates treated with Kcnj2KO/+ conditioned media
from three independent embryos, followed by three WT MEF plates
treated with conditioned media from three independent Kcnj2KO/KO

embryos in the representative western blot shown in Fig. 1. This was
repeated in a separate western blot with the exception that there were
only two independent Kcnj2KO/+ MEF samples. Thus N = 6 WT MEF
conditioned media samples, N = 5 independent Kcnj2KO/+ MEF condi-
tioned media, and N = 6 independent Kcnj2KO/KO MEF conditioned
media. These two full western blots are provided in the accompanying
source data file.

Transfections
To examine the release of BMP4 from cells, we co-transfected iMEPM
cells with either the BMP4-SEP construct and mCherry or pcDNA3.1-
SEP and mCherry. Transfections followed the standard “Lipofecta-
mine® LTX & PLUS™ Reagent” kit protocol (purchased from Thermo-
Fisher, catalog #: 15338030). iMEPM cells were cultured in six-well
plates for ELISA experiments and onWillCo Wells WillCo-dish® 35-mm
glass bottom dishes (catalog #: HBST-3522) for the depolarization
imaging experiments. Cells were cultured until 80–90% confluent in
standard iMEPMmedia, andmediawas then replacedwith transfection
solution. 1mg of each type of DNA (BMP4-SEP and mCherry or
PCDNA3.1-SEP and mCherry) was diluted in “Opti-MEM™ Reduced
Serum Medium with no phenol red” (catalog #: 11058021) along with
PLUS reagent and Lipofectamine-LTX from the transfection kit above.
The solution was added to each plate dropwise and allowed to incu-
bate at 37 °C; 5% CO2 for 4 h, the solution was then replaced with
iMEPM culture media and allowed to incubate overnight before ima-
ging/ extraction (24h post transfection).

Imaging and data analysis
Depolarization imagingwasperformedusing a Zeiss LSM880 confocal
microscope with Airyscan. The images were taken as a 200 cycle time
series at a speed of 250ms with an average Airyscan scan time of
248.66ms. To capture the SEP fluorescence, cells were excited at
488 nm. To reduce file size while optimizing resolution, files were
Airyscan processed after recording. Cells were imaged in iMEPM
media. To capture the depolarization of the iMEPM cells, a solution of
KCl (50mM, based on the neuroscience field standard concentration
for cell depolarization102–105 was added to the dish via pipette at frame
50 while imaging. SEP fluorescence wasmeasured before and after the
depolarization event using Fiji, and amplitude was calculated for each
event observed. Statistical analysis was done using the Student’s t test
function in GraphPad Prism8 to determine the significance of the dif-
ference in fluorescence.

Isosmotic depolarization in BAPTA
Isosmotic depolarization and BAPTA-AM (ThermoFisher Scientific,
#B1205) imaging was performed using a Zeiss LSM 900 confocal
microscope with Airyscan II using the 40× water objective. Capture
parameters were the same as the depolarization methods detailed
above. To cause depolarization under isosmotic conditions, cells were
imaged in a lowpotassium,high sodiumTyrode’smedia (135mMNaCl,
5mMKCl, 2mMCaCl2·2H2O, 1mMMgCl2·6H2O, 25mMHEPES, 10mM
Glucose, and 0.10% BSA, pH 7.4 with NaOH). At 150 frames, a high

potassium, low sodiumTyrode’smedia (5mMNaCl, 135mMKCl, 2mM
CaCl2·2H2O, 1mM MgCl2·6H2O, 25mM HEPES, 10mM Glucose, and
0.10%BSA,pH7.4withNaOH)wasaddeddirectly to theplate to bring a
the KCl to a final concentration of 50mM.Cells were exposed to either
100mM BAPTA-AM diluted in DMSO and Tyrode’s media or DMSO in
Tyrode’s media alone for one hour at 37 °C prior to imaging.

ELISA and analysis
A BMP4-Mouse ELISA assay was performed to chemically confirm the
presence of BMP4 in the ell media before and after depolarization.
Cells were cultured and transfected with BMP4-SEP and mCherry as
described above were depolarized with KCl (50mM). Fractions of
media were collected before and after depolarization was induced.
Fractions were prepared and assayed according to the standard pro-
tocol from the Abnova “BMP4 (Mouse) ELISA Kit” (catalog #: KA5051).
The ELISA plate was readon the Biotek synergy H1microplate reader at
561 nm. Statistical Analysis was performed using the Students’ t test
function in GraphPad Prism8 to determine the significance of the dif-
ference in fluorescence intensity before and after depolarization.

Crystal violet assay and analysis
We followed the Cold Springs Harbor 2016 “Crystal violet assay for
determining the viability of cultured cells” protocol (M. Feoktistova, P.
Geserick, and M. Leverkus). Briefly, iMEPM cells were seeded onto
96well plates, leaving at least three wells with no cells (media only).
Cells were cultured overnight. Each KCl concentration was added to
treatment wells in triplicate, leaving three seeded cells untreated as a
negative control. Three wells were also treated with H2O2 to induce
cell death as a positive control. KCl treatmentwas applied for 15min to
simulate experimental conditions of depolarization assays. The wells
were thenwashed and stainedwith 0.5% crystal violet solution. Prior to
imaging, the wells were washed and air-dried overnight. Optical den-
sity wasmeasured at 570 nm. Optical density values were graphed and
used to calculate the percentage of light transmitted through the
sample.

GCaMP methods
Rosa26-GCaMP6s (Jackson Laboratory, B6;129S6-Gt (ROSA)26Sortm96(CAG-

GCaMP6s)Hze/J) female mice were mated overnight with WWnt1CRE males.
Observation of a vaginal plug was considered day 0.5. On day 13.5,
pregnant females were euthanized by isoflurane exposure and cervical
dislocation. Embryos were dissected in ice-cold phosphate-buffered
saline (PBS) and limbs were removed for genotyping.

Cell culture
Mouse embryonic palate (MEP) cells were collected from E13.5
embryos as per protocol adapted from (Bush and Soriano106). Briefly,
paired palatal shelves were isolated from each embryo and placed in
100 µL 0.25% trypsin/EDTA (ThermoFisher Scientific, #25200056) for
15min at room temperature with frequent agitation. Trypsinization
was stopped by adding 10 volumes of media (DMEM+ 10% FBS). Glass
bottom culture dishes (Willco Wells, HBST-3522) were prepared by
coating in 0.005% fibronectin in PBS for 45min at room temperature
immediately before dissection. MEP cells were plated and cultured
overnight at 37 °C. The following day, cells were rinsed with PBS, and
fresh media was added.

Embryonic day 9.5 neural tube explant dissection and culture
Neural tube explants were collected from E9.5 embryos by making
incisions to separate the head and brain from the body, and one to
separate the neural tube (NT) from the heart and ventral side of the
body from the dorsal neural tube. NT explants are dissected at E9.5
while CNC cells are migrating ventrally to give rise to the palate and
other craniofacial bone structures. After dissection, NT explants are
plated on a fibronectin-coated imaging dish with 20 µL of warmed
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media (10% FBS and DMEM) to promote attachment. Explants are
closelymonitored for attachment to theplate andpreventionofdrying
every 30min after dissection. After explants are attached to the plate,
we add 20 µL media dropwise and incubate for an additional hour.
Explants are cultured overnight in 300 µL of media and imaged the
following day. CNCs migrate out of the explant tissue and form an
array of cells connected to the cultured explant. Explants and CNCs
that remainadherent are then used for imaging experiments described
in the body of the text: calcium live imaging, CBX gap junction inhi-
bition, and depolarization studies.

Calcium imaging and quantification
E9.5 CNC cells were imaged 24h post dissection on a ZEISS LSM 880
with airyscan confocal microscope using the 488nm laser at ×20 mag-
nification at 4Hz. over 2.5min. E13.5 palate primary cultured cells were
imaged 24h post dissection on a ZEISS LSM 900. GCaMP6s signal was
observed using a 488nm laser under ×40 magnification at 3.16Hz. All
cells that showed high variance were selected as regions of interest
(ROIs).Meanfluorescence profileswere plotted for each ROI over 6min.
Mean fluorescence profiles were used to obtain event numbers, event
amplitude, and interevent period. An event was defined as a fluorescent
spike two or more standard deviations above the mean fluorescence.
Interevent periods were determined bymeasuring the time between the
peaks of two adjacent amplitudes. Event numbers were calculated by
counting the number of events, as defined above, within a cell. For each
sample, a minimum of five fields of view (FOVs) were imaged.

Quantification of GCaMP number of events, F0, amplitude, and
interevent interval
Number of events were counted in each cell where activity was
observed within a field of view (WT: N = 3, n = 198; Kcnj2KO/+: N = 4,
n = 159; Kcnj2KO/KO:N = 4,n = 103). An eventwasdefined ashaving amax
fluorescence of two standard deviations or greater above mean
fluorescence or the trace. Amplitudes were defined as the max peak
fluorescence value of an event minus the minimum value before that
peak (WT: N = 3, n = 633; Kcnj2KO/+: N = 4, n = 460; Kcnj2KO/KO: N = 4,
n = 556). F0, or initial fluorescence, was determined by finding the
minimum fluorescence value of the line trace (WT: N = 3, n = 199;
Kcnj2KO/+:N = 4, n = 159; Kcnj2KO/KO:N = 4, n = 156). The interval between
two events within the same cell wasmeasured as the interevent period
(WT: N = 3, n = 172; Kcnj2KO/+: N = 4, n = 237; Kcnj2KO/KO: N = 4, n = 208).
For iMEPM experiments, the average change in fluorescence was not
quantified due to differences in GCamp plasmid copy number.

Gap Junction inhibition calcium signal analysis (Fig. 7A–E, M–T)
Explants were imaged at 350ms/frame and analyzed using MATLAB.
Confluent cells were hand-selected and analyzed. Peak amplitude of
fluorescence was identified for each pixel and plotted as a heatmap
relative to the mean where yellow indicates high amplitude and blue
corresponds with low. The number of high-amplitude events was
quantified based on regions within the heatmap showing high peak
amplitude. Average correlation was assessed on a pixel-by-pixel basis
and superimposed with the peak amplitude map to obtain ratio of
‘active’ area with respect to the entire tissue area. Specific cell clusters
were hand-selected and assessed based on areas of high peak ampli-
tude whereby calcium signal was extracted usingMATLAB and plotted
to compare against CBX treated samples.

Network analysis
Calcium was analyzed using MATLAB scripts designed to identify
individual cells with highly correlated activity (Fig. 7G–R). First, single
cells were identified by hand. Individual calcium time traces were
extracted and normalized. Pearson’s correlation coefficient was
derived for all identified cell pairs. Pairs with a correlation >0.5 were
considered “connected” and mapped as a Boolean matrix.

scRNA-sequencing analysis
UMAP and FeaturePlots were generated using Seurat on a publicly
available dataset profiling the E13.5 anterior palatal mesenchyme55.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The source data generated in this study have been deposited in Fig-
share [https://doi.org/10.6084/m9.figshare.26045629]. The primary
wholewestern blots fromFig. 1 are alsoprovided in the Supplementary
Information and Source Data file. Raw and processed RNA sequencing
data is available on NCBI GEO under accession code GSE222205.

Code availability
Code is accessible via GitHub https://github.com/yunusozekin/WT_
E13.5_AntPalate_scRNAseq_Ozekin.git https://zenodo.org/records/
13887375. The code used to analyze GCaMP fluorescence is available
associated with this article.
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