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Abstract  
 

Every organism starts as a single totipotent stem cell, capable of giving rise to all cell 

types. As this cell and its progeny proliferate, migrate, and differentiate, they are exposed to a 

wide array of signals and must in turn make a coordinated effort to generate tissues, organs, and 

bodies. Of these various signaling modalities, endogenous cell to cell electrical signaling and the 

resulting bioelectric dynamics have been shown regulate numerous developmental processes, 

and this signaling is tractable. Previous work has demonstrated that stem cells can be moved 

forwards or backwards along the spectrum of a given cell lineage by sustained changes to their 

membrane potentials. However, it is still unknown whether or not bioelectricity can control 

which fate stem cells will choose. Due to the growing number of known influences on stem cell 

differentiation and the role of bioelectricity in controlling the identity of biological systems, we 

hypothesized that bioelectricity is a medium through which various, potentially ambiguous 

signals are integrated and distributed such that stem cells can make a unified decision to generate 

a given tissue. Here, using mesenchymal stem cells (MSCs), we first created a toolbox of 

transgenic fluorescent reporter MSC lines that enable the long-term, real-time measurement of 

changes to bioelectric patterns and gene expression during differentiation. We then investigated 

the role of bioelectricity in stem cell fate choice by exposing MSCs to a bipotential medium 

capable of inducing both adipogenesis and osteogenesis along with ion channel and gap junction 

modulators. We found that inhibition of gap junction intercellular communication enhances 

osteogenesis and that hyperpolarization non-uniformly alters MSC fate choice in manner that is 

dependent on the nature of the hyperpolarization.  These results are promising indicators that 

stem cell fate choice can be bioelectrically manipulated, which calls for further investigation into 

the topic using more precise methods. 
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Introduction 
 

Stem cells’ ability to generate tissues through self-renewal and differentiation make them 

an exciting prospect for synthetic biology, regenerative medicine, and biological systems 

modeling. To capitalize on this potential, further understanding the control points of stem cell 

behavior and differentiation is paramount. Biochemical signaling is the most well characterized 

method of directing stem cell differentiation (Hwang et al., 2007; Li et al., 2013; Zhu et al., 

2011), but there is growing evidence that differentiation is driven by a complex interplay of 

biochemical and biophysical signaling modalities (Sun et al., 2012).  

One such biophysical signaling modality is bioelectricity (Levin et al., 2017; Levin and 

Martyniuk, 2018), consisting of endogenous ion currents and long-term transmembrane potential 

(Vmem) profiles that are determined by differences in the concentrations of charged molecules 

and ions inside and outside of the cell. A fundamental component of bioelectricity is its capacity 

to propagate throughout tissues via exchange of ions and charged molecules through gap 

junction channels, which themselves are often voltage-gated (Hervé and Derangeon, 2013). This 

creates a tractable and powerful medium for widespread Vmem signaling that has been shown to 

regulate large scale morphological events in development (Hotary and Robinson, 1992; Jaffe and 

Nuccitelli, 1977) and regeneration (Jenkins et al., 1996; Levin, 2007). Experimental disruption of 

endogenous bioelectric patterns has triggered the development of stable morphological 

abnormalities such as functional ectopic eyes on Xenopus flanks (Pai et al., 2012) and healthy 

two-headed flatworms (Oviedo et al., 2010). Also in Xenopus, tumor-like structures induced by 

oncogene overexpression are characteristically depolarized, but this tumor-like phenotype is 

rescued with experimental hyperpolarization, despite continued oncogene overexpression 

(Chernet and Levin, 2013). Together these data show bioelectricity to be an important regulator 
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of large-scale tissue and organ behaviors and identities, making it a particularly intriguing 

candidate for stem cell control as opposed to other biophysical influences of differentiation such 

as osmolarity (Caron et al., 2013), cytoskeletal tension (Ruiz and Chen, 2008), and cell volume 

(Guo et al., 2017; Lee et al., 2019), which are less associated with such powerful and dynamic 

signaling. In order to understand and leverage the potential of both bioelectricity and stem cells, 

it is critical that the interaction between bioelectricity and stem cell differentiation is 

investigated.  

Indeed, there is growing literature on the bioelectric influences over individual cell 

identity. A cell’s resting Vmem varies depending on cell type: less specified, more plastic cells 

like stem cells or cancer cells tend to be more depolarized, while mature cells, particularly 

excitable cells like myocytes and neurons, tend to be more hyperpolarized (Binggeli and 

Weinstein, 1986). At the level of the individual cell, Vmem also regulates events such as 

migration, proliferation, and differentiation, the focus of this research project (Blackiston et al., 

2009; Sundelacruz et al., 2009). For example, human myoblast differentiation may be dependent 

on hyperpolarization (Konig et al., 2004; Liu et al., 1998), and timing of Vmem fluctuations 

relative to cell cycle phase may determine ESC differentiation (Ng et al., 2010). Again, this 

provides a medium through which researchers can manipulate important cell behaviors by 

modulation of ion gradients, ion channels, and gap junctions. Experimental hyperpolarization 

accelerates neurogenesis in vivo (Vitali et al., 2018), and interventions triggering sustained 

depolarization of mature neurons and cardiomyocytes can force cell cycle reentry and 

proliferation, a sort of dedifferentiation that does not occur under standard conditions (Cone and 

Cone, 1976; Lan et al., 2014). 



7 
 

Here, we focused on mesenchymal stem cells (MSCs). MSCs are a category of adult stem 

cells that lack a universal definition, but the Society for Cellular Therapy has proposed that they 

be defined by the criteria that they (i) are plastic-adherent in cell culture, (ii) express cell surface 

markers CD105, CD73, and CD90 while suppressing expression of CD45, CD34, CD14 or 

CD11b, CD79-alpha or CD19 and HLA-DR, and (iii) can undergo adipogenesis, chondrogenesis, 

or osteogenesis in vitro (Dominici et al., 2006), the chemical signals (Scott et al., 2011; Zhu et 

al., 2011) and molecular pathways (Komori, 2010; Lefterova et al., 2014) behind which are well 

characterized.  

In addition, MSCs have been isolated for culture from many locations in the human body 

including bone marrow (Pettinger et al., 1999), peripheral blood (Kadir et al., 2012), and adipose 

tissue (Wagner et al., 2005). MSCs can also be sourced from the reprogramming of adult somatic 

cells into induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007) and the subsequent 

specification of iPSC-derived MSCs (iPSC-MSCs) (Lian et al., 2010). Such accessibility makes 

MSCs a good tool for stem cell research in vitro, and their immunomodulatory features make 

them exciting candidates for tissue transplantation and regenerative medicine (Figueroa et al., 

2012; Stagg, 2006). In addition, there is growing evidence that some disorders such as obesity 

(Cao, 2011; Louwen et al., 2018), osteoporosis (Kawai et al., 2012; Pino et al., 2012), and aging-

related bone loss (Moerman et al., 2004) are at least in part disorders of the balance between 

MSC adipogenesis and osteogenesis. As a result, MSCs serve not only as a practical stem cell 

research tool, but an improved understanding of their behavior may directly shape future 

therapeutics.  

The standing literature on the bioelectric influences on MSC differentiation has focused 

primarily on adipogenesis and osteogenesis. MSC differentiation has been shown to be enhanced 
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by hyperpolarization and suppressed by depolarization, showing bidirectional Vmem sensitivity 

(Sundelacruz et al., 2008). Furthermore, depolarization of pre-differentiated MSCs does not alter 

lineage plasticity and allows for chemically-driven changes in lineage choice (Sundelacruz et al., 

2013), and this response to depolarization may be driven through a voltage-dependent phosphate 

signaling pathway in early osteoblasts (Sundelacruz et al., 2019). While this work shows the 

capacity for Vmem to move MSCs forwards or backwards along the spectrum of a given 

chemically-specified lineage, it is still unclear whether or not Vmem can influence individual cell 

fate choice of MSCs or any other type of stem cell in an environment that is permissive for 

multiple fate commitment.    

These questions have arisen over a period that has seen an explosion in the number of 

relevant genetically encoded fluorescent reporters of dynamic cell characteristic. Both 

genetically encoded voltage indicators (GEVIs) (Yang and St. Pierre, 2016; Xu et al., 2017) and 

genetically encoded transcription reporters allow for real-time measurement of Vmem and gene 

expression, respectively. This provides an advantage over other methods of measuring Vmem, 

such as patch clamp (Kornreich, 2007) and fluorescent voltage sensitive dyes (Adams and Levin, 

2012), which are disruptive to normal cell culture conditions. Other methods of measuring gene 

expression, such as immunostaining and chemical stains require cell fixation and cannot be used 

for real time observation.  

To leverage these recent advances, we first generated a toolbox of transgenic MSCs that 

can be used to investigate the relationship between Vmem and stem cell differentiation.  These 

included the genetically encoded voltage indicators ArcLight (Jin et al., 2012) and Mermaid2 

(Tsutsui et al., 2013), as well as the gene expression reporters PPRE-H2B-eGFP (Degrelle et al., 

2017) and RUNX2-YFP-H9 (Zou et al., 2015), which indicate expression of the adipogenesis 
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master regulator peroxisome proliferator-activated receptor gamma (PPARγ) (Lefterova et al., 

2014) and the osteogenesis master regulator runt-related transcription factor 2 (RUNX2) 

(Komori, 2010), respectively. We also used G-GECO1.2 (Zhao et al., 2011), an indicator of 

calcium signaling, which is a common downstream transduction mechanism of bioelectric 

signaling (Catterall, 2011) that has been implicated in development (Slusarski and Pelegri, 2007; 

Sneyd et al., 1998) and even myoblast differentiation (Konig et al., 2006). 

We then sought to address the role of bioelectricity in stem fate commitment. Due to the 

growing number of known influences on stem cell differentiation and the role of bioelectricity in 

controlling the identity of biological systems, we hypothesized that bioelectricity is a medium 

through which various signals are integrated and distributed such that stem cells can make a 

unified decision to generate a given tissue despite potentially ambiguous signals. To test this 

hypothesis, we exposed hiPSC-MSCs to a bipotential medium capable of inducing both 

adipogenesis and osteogenesis while manipulating their Vmem with ion channel modulators and 

found that, as previously reported, hyperpolarization increases total differentiation levels, but 

also that Vmem modulation affects the osteogenesis/adipogenesis ratio. Interestingly, these ratios 

varied depending on the given ion channel modulator, which may show non-uniform and 

lineage-specific sensitivity to different hyperpolarization magnitudes, thus creating discrete Vmem 

ranges over which fate choice is biased towards either adipogenesis or osteogenesis.  

Following the hypothesis that stem cells communicate bioelectrically to coordinate fate 

commitments, we were curious to see if modulation of gap junction intercellular communication 

(GJIC) would affect MSCs when exposed to an ambiguous signal. To test this, we cultured 

MSCs in an adipogenic/osteogenic bipotential medium supplemented with the gap junction 

inhibitor 2-aminoethyoxydiphenyl borate (2-APB), which has been shown to block Cx40 and 
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Cx45 (Bai et al., 2006), both of which are expressed by MSCs (Viliunas et al., 2004) and are 

voltage-gated (Bukasukas and Verselis, 2004). We found that 2-APB inhibition of GJIC 

enhanced osteogenesis and had no effect on adipogenesis, and although we didn’t explicitly 

investigate a connection between bioelectricity and the effect of 2-APB in this context, the 

possibility remains for future exploration. 

Taken together, these data provide strong evidence that bioelectric modulation can not 

only move a stem cell along the path of a given lineage, but that it can also influence which 

lineage that will be. This calls for the future establishment of improved methods to monitor 

specifically what decision individual stem cells are making, revealing in more detail the 

bioelectric biases in fate choice and the potential that bioelectric cues can drive differentiation by 

themselves or force stem cells into non-discrete, mixed fates. 

 

Methods 
 

Molecular biology  

 

ArcLight (Addgene #36856), Mermaid2 (a gift from Dr. Dan Kaufman at UCSD), G-

GECO1.2 (Addgene #32446), PPRE-H2B-eGFP (Addgene #84393), and RUNX2-YFP-H9 (a 

gift from Dr. Tsutsui Hidekazu at RIKEN BRC) were excised with restriction enzymes and 

ligated into the multiple cloning site of an intermediate pENTR1A plasmid with a CAG 

promoter. Because PPRE-H2B-eGFP and RUNX2-YFP-H9 contain their own promoters, a 

peroxisome proliferator response element (PPRE) and the RUNX2 P1 promoter, respectively, the 

CAG promoter was removed from the pENTR1A plasmid before construct insertion. The 

constructs were then transferred into the hyperactive piggyBac transposase-based vector 
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pmhyGENIE-3 with neomycin resistance (Marh et al., 2012) using an LR clonase II (Invitrogen), 

which was used for transfection and generation of stable cell lines.  

 

Cell culture and differentiation 

 

iPSC-derived mesenchymal stem cells were acquired from STEMCELL technologies 

(catalog #70922) and the standard growth medium used was MesenPRO RS Medium 

(ThermoFisher #12746012). For differentiation experiments, cells were seeded into 96-well at 

40-60% confluency. Upon reaching approximately 80-90% confluency, the medium was 

switched to either StemPro Adipogenesis Differentiation Medium (ThermoFisher #A1007001) or 

StemPro Osteogenesis Differentiation Medium (ThermoFisher #A1007201). The medium was 

changed every three days for at least 14 days. Passages #3-5 were used for all experiments. 

 

Cell transfection and selection 

 

Only passage #2 cells were used for transfection, which was performed using 

Invitrogen’s Lipofectamine 3000 Transfection Kit. Non-transfected cells were selected against 

with 1 mg/mL of the antibiotic G418 until all control (mock transfection) cells were dead, and 

transfected cells were maintained in medium with G418 for one additional expansion passage to 

ensure selection. 

 

Cell counting with trypan blue 

 

MSCs were dissociated from 6-well plates using TrypLE Select (ThermoFisher) and 

centrifuged for 5 minutes at 400 x g. MSCs were resuspended in 1 mL, and 100 µL of that 

suspension was diluted into 400 µL of trypan blue. 10 µL of the MSC + trypan blue dilution was 
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transferred to each counting chamber of a hemocytometer and counted. The number of cells per 

mL of original cell suspension = # of cells / square x dilution factor (5) x 10,000. 

 

Alizarin Red S staining and measurement 

 

2 g Alizarin Red S (Sigma-Aldrich) were dissolved in 90 mL distilled water. pH was 

adjusted to 4.1-4.3 using ammonium hydroxide, and the solution volume was then brought to 

100 mL by adding water. Cells were fixed with 10% formalin for 30 minutes at room 

temperature. The Alizarin Red S solution was filtered using a 0.22 µm filter immediately before 

adding 100 µL per well to a 96-well plate for 45 minutes at room temperature. A 45-minute 

incubation period resulted in counterstaining of undifferentiated cells in early characterizations 

and was adjusted to 30 minutes in quantified experiments to reduce non-specific background. 

Wells were then washed 4 times with dH2O and imaged in dPBS. Prior to quantification, wells 

were again washed 4 times with dH2O and then incubated in 50 µL 10% acetic acid for 30 

minutes with shaking. Cells were scraped off of each well and transferred with the eluent into a 

1.7 mL microcentrifuge tube. Tubes were sealed with parafilm, vortexed, heated at 85°C for 10 

minutes, cooled on ice for 5 minutes, and centrifuged at 20,000g for 15 minutes. The 50 µL of 

supernatant from each tube was transferred back into individual wells of a 96-well plate, and 18 

µL of 10% ammonium hydroxide was added to each well to neutralize the acetic acid. 50 µL of 

the resulting solution was transferred to a 96-well plate and the concentration of Alizarin Red S 

was quantified spectrophotometrically at 405 nm with a microplate reader (SpectraMax M3, 

Molecular Devices). 
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Oil Red O staining and measurement 

 

To make the stock solution, 60 mg Oil Red O (Sigma-Aldrich) were dissolved in 20 mL 

100% isopropanol. Cells were fixed with 10% formalin for 30 minutes at room temperature. 

Cells were incubated for 5 minutes with 60% isopropanol at room temperature before staining. 

Working solution was made by adding 3 parts stock solution to 2 parts dH2O, and working 

solution was filtered with a 0.22 µm filter before adding 100 µL per well to a 96-well plate for 

45 minutes at room temperature. Wells were then washed 4 times with dH2O and imaged in 

dPBS. Before elution, cells were washed 3 times with 60% isopropanol for 5 minutes at room 

temperature with shaking. Elution was then performed by incubating cells with 100 µL of 100% 

isopropanol for 5 minutes at room temperature with shaking. 50 µL of the eluent was transferred 

to a 96-well plate, and the concentration of Oil Red O was quantified spectrophotometrically at 

518 nm using a microplate reader (SpectraMax M3, Molecular Devices). 

 

Alizarin Red S and Oil Red O combined staining 

 

For all staining that was ultimately quantified, Alizarin Red S and Oil Red O staining 

were performed together. All steps from above were followed, but in the following order of 

major events: Fixation, Oil Red O staining, Alizarin Red S staining, imaging in PBS, an 

additional 4 washes with dH2O, Oil Red O elution, Alizarin Red S elution, quantification. 

 

Imaging and image analysis 

 

Unless otherwise noted, images were acquired using the EVOS FL Auto 2 Imaging 

System (ThermoFisher) with a 20x objective. The intensity and exposure of all fluorescent 

images were held constant within each experiment. GFP images were acquired using the EVOS 
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LED Cube, GFP (AMEP4651) and YFP images were acquired using the EVOS LED Cube, YFP 

(AMEP4654). For GEVI characterization of Vmem responses to ion channel-modulators, whole-

field mean pixel intensities were retrieved using ImageJ’s “Plot Z-axis Profile” option, and raw 

data was extracted directly from ImageJ. To assess changes in brightness in fluorescent 

transcription reporters, contrast and brightness were adjusted using ImageJ’s auto adjust feature 

on the image from t =72 hours. The image from t = 8 hours was then adjusted to the same 

thresholds, so that each within-condition pair of images was processed equally. 

 

Microfluidics 

 

Microfluidics experiments were performed using a microfluidics chip described 

previously (Dungan et al., 2017), except instead of measuring cell conductivity, the chip and 

microfluidics system was used to allow fluorescent measurement of MSC-Arclight Vmem 

responses to cell culture media containing bioelectric modulating drugs or molecules. Cells were 

plated onto matrigel-coated PDMS slides and allowed to attach for at least 24 hours before 

testing, and test media were heated at 37°C overnight the night before testing to force gases out 

of solution to prevent bubble formation in the microfluidics system. All drugs or molecules were 

added to media and mixed gently as to avoid bubbling immediately before testing. A flow rate of 

3.4 mL per hour was used. 

 

Statistics 

 

Statistics were performed using Prism v.5 (GraphPad Software, La Jolla, CA, USA). To 

compare differentiation levels depending on treatment condition, group means were analyzed 

using a one-way ANOVA followed by a post-hoc Tukey HSD was performed to compare group 

means. To compare the mean number of cells in wells cultured with or without 2-APB, a 
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student’s t-test was performed. To assess correlation between absorbances of eluted stains at 518 

and 405 nm, a linear progression was performed. Tiered significances were reported (p<0.0332 

(*), 0.0021 (**), 0.0002 (***), 0.0001 (****)). 

 

Results 1: Tool Building 
 

Genetically encoded indicators of voltage and calcium  

 

  

In order to measure fluctuations in MSC Vmem, we generated MSC lines with the bright, 

slow responsive GEVI ArcLight, for which a 35% change in GFP fluorescence corresponds to an 

~100 mV change in Vmem (Jin et al., 2012). ArcLight has a linker region that is embedded in the 

plasma membrane attached to an intracellular GFP that increases its brightness upon 

hyperpolarization (Figure 1A) (Broussard et al., 2014). In MSCs, ArcLight showed good 

membrane localization (Figure 1B), which is critical for GEVI detection of and feedback 

regarding Vmem changes. We also used the CFP-YFP fluorescence resonance energy transfer 

(FRET) reporter Mermaid2 (Tsutsui et al., 2013), which showed excellent membrane localization 

(Sup. Figure 1A). ArcLight was used to characterize MSC Vmem responses to ion channel 

modulating drugs (Results 3), and we attempted to characterize Vmem changes during 

differentiation but encountered technical difficulties. Although Mermaid2 was not used later in 

this project, the ratiometric nature of its FRET response may enable more precise measurements 

in the future.  

 In addition, we created an MSC line with the GFP-based genetically encoded calcium 

indicator (GECI) G-GECO1.2 (Zhao et al., 2011) (Sup. Figure 1B). We did not use this cell line 

in this project, but its availability enables exploration of calcium signaling as a mechanism in 

Vmem responses during differentiation in the future. 
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Figure 1. MSC-ArcLights Show Uniform Expression and Good Membrane Localization 

ArcLight is a membrane bound, voltage sensitive GFP reporter (A) (Broussard et al., 2014). 

MSCs were transfected with ArcLight, and after selection, all cells showed expression of the 

reporter and good membrane localization (B). This picture is of old cells, so bright clumps that 

can be seen are budding pieces of membrane and not self-assembling ArcLight aggregates. This 

image was acquired using a Zeiss Axio Observer Z1 with a 10x objective and a GFP filter cube.  

 

By creating these reporters, we successfully enabled the real-time, non-disruptive 

measurement of Vmem and calcium signaling in MSCs that was used in this research project and 

can be used for other applications in the future. 

 

 

Genetically encoded indicators of cell lineage-specific gene expression 

 

To monitor real-time changes in the expression of the adipogenesis master regulator 

PPARγ (Lefterova et al., 2014) and the osteogenesis master regulator RUNX2 (Komori, 2010), 

we generated MSC lines containing the constructs PPRE-H2B-eGFP (Degrelle et al., 2017) and 

RUNX2-YFP-H9 (Zou et al., 2015).  

A B
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We then tested the ability of these transgenic lines to specifically report the initiation of 

their respective differentiation pathways by culturing them in differentiation media and 

observing changes in their fluorescence via time lapse over the course of 3 days, with images 

captured every 8 hours. This 8-hour capture rate was chosen because adipogenic and osteogenic 

media show significant background fluorescence in the GFP/YFP spectra and a slower capture 

rate prevents background photobleaching, while still allowing the detection of incremental 

changes. We expected to see upregulation of PPARγ and RUNX2 expression manifested as 

increased reporter fluorescence over this relatively short period of differentiation because 

morphological differences can already be observed after 3 days, and as the “master regulators” of 

their respective differentiation cascades, PPARγ and RUNX2 upregulation must drive such 

changes. 

As expected, over the 3-day differentiation period we saw an increase in fluorescence 

from PPRE-H2B-eGFP in adipogenic medium but not in osteogenic or growth medium, 

indicating proper adipogenic specificity (Figure 2A-F). In MSC-RUNX2-YFP-H9s, however, 

we saw an increase in fluorescence brightness independent of the culture medium, suggesting 

that it will not be possible to use this particular cell line to identify osteogenic cells (Figure 2G-

L). Differences in background brightness between groups arose from differences in 

autofluorescence of each medium, and differences in background fluorescence between groups 

likely arose from metabolism of the media over the 3-day period. 
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Figure 2. Adipogenic Specificity in PPRE-H2B-eGFP; Lack of Specificity in RUNX2-YFP-

H9  

MSCs transfected with the adipogenesis reporter PPRE-H2B-eGFP (A-F) and the osteogenesis 

reporter RUNX2-YFP-H9 (G-L). MSCs were cultured until 80-90% confluence and then 

switched into either growth medium, adipogenic medium, or osteogenic medium and observed 

for 3 days via time lapse. Images were taken every 8 hours to reduce photobleaching, and all 

images were taken using a YFP filter with the same brightness and exposure. Images from t = 8 

hours and t = 72 hours are displayed. To make the reporters visible, contrast and brightness were 

adjusted using ImageJ’s auto adjust feature on the image from t =72 hours. The image from t = 8 

hours was then adjusted to the same thresholds, so that each within-condition pair of images was 

processed equally. Within-condition reporter brightness comparisons show that the brightness of 

P
P

R
E

-H
2
B

-e
G

F

P

R
U

N
X

2
-Y

F
P

-H
9

Growth Medium Adipogenic Medium Osteogenic Medium

C

D

A

B

E

F

G

H J

I

L

K



19 
 

the PPRE-H2B-eGFP reporter increased only in cells cultured in adipogenic medium (C-D), 

while RUNX2-YFP-H9 brightness increased in all conditions (G-H, I-J, K-L). 

 

 While additional experiments are still necessary to determine the cause of the lack of 

specificity that we saw RUNX2-YFP-H9, as a whole these reporters form the foundation of a 

toolbox that will be used in the future investigation of the relationship between bioelectricity and 

stem cells. 

Results 2: Bipotential Medium Induces Both Adipogenesis and 

Osteogenesis in Single Populations 
 

In order to confirm that the selected commercially-available kits were able to induce 

adipogenesis and osteogenesis in our hiPSC-MSCs, we first exposed cells in 24 well-plates to 

either adipogenic or osteogenic medium. After differentiation periods of various lengths, cells 

were qualitatively assessed for differentiation by fixation and staining with Alizarin Red S 

(ARS), which stains calcium deposits produced by osteoblasts, and Oil Red O (ORO), which 

stains lipid droplets produced by adipocytes (as described in Methods). We found that cells 

cultured in osteogenic medium showed significant ARS staining after 18 days and total 

monolayer stain saturation after 27 days (Figures 3B & 3C), while only mild counterstaining 

was seen in undifferentiated cells (Figure 3A). The ARS protocol was later adjusted (as 

described in Methods) to reduce ARS counterstaining. ORO staining was clear after 18 days 

(Figure 3E), and no staining was visible in undifferentiated cells (Figure 3D). These results 

confirmed both successful differentiation of the MSCs with commercially-available kits and the 

ability to specifically detect differentiation with the chosen stains.  
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Figure 3. Identification of Adipogenesis and Osteogenesis with ARS and ORO 

MSCs were cultured for various time periods in adipogenic, osteogenic, or growth medium. 

After 18 days in osteogenic medium, significant ARS was observed, and by 27 days, all cells 

appeared saturated with ARS (B-C). Undifferentiated cells that had been cultured in growth 

medium only showed ARS counterstaining (A). MSCs cultured in adipogenic medium showed 

ORO staining of lipid droplets after 18 days (E), and undifferentiated cell from growth medium 

showed no staining (D). NOTE: original pictures of ORO staining were not included due to low 

image quality, so images from later experiments were used. 

 

We then sought to create a bipotential medium that stochastically induces adipogenesis 

and osteogenesis like those used in previous studies of the influence of variables like cell volume 

(Guo et al., 2017) and culture substrate (Han et al., 2014; McBeath et al., 2004) on the stem cell 

decision making process. We created a bipotential medium by mixing adipogenic and osteogenic 

media at different ratios and found that osteogenesis was overwhelmingly favored at percentages 

of osteogenic medium greater than or equal to 25% of total medium volume. At lower 

concentrations of osteogenic medium, however, significant adipogenesis was preserved and 

osteogenesis was still detectable (Figures 4A & 4B). The discovery of a bipotential medium that 
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generated appreciable amounts of adipogenesis and osteogenesis allowed for investigation into 

how Vmem biases MSCs to choose one fate or the other. 

 

 
Figure 4. Bipotential medium induced both adipogenesis and osteogenesis  

MSCs were cultured in a 95% adipogenic/ 5% osteogenic bipotential medium for 14 days and 

then stained with either Alizarin Red S or Oil Red O. Positive detection of both osteoblasts (A) 

and adipocytes (B) was observed.  

 

 

Results 3: Bioelectric Modulation of Differentiation in 

Bipotential Medium 
 

Characterization of Vmem responses to ion channel-modulating drugs 

 

 

After having established the capability to induce a combination of adipogenesis and 

osteogenesis from bipotential medium, we tested how experimentally manipulating the Vmem of 

MSCs would affect their interpretation of this ambiguous signal. To do this, we first 

characterized the response of MSCs to the ion channel-modulating drugs diazoxide, pinacidil, 

and ouabain. Diazoxide and pinacidil are both agonists of the ATP-sensitive potassium channel 

Kir6.2 (Ashcroft and Gribble, 2000) and were thus expected to trigger hyperpolarization via K+ 

A B
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efflux. Ouabain is inhibitor of the Na+/K+-ATPase, which is responsible for maintaining a 

negative resting Vmem, and thus was expected to trigger depolarization.  

 Using a microfluidics system that allows for uninterrupted live cell imaging while 

switching between different media, we monitored Vmem changes upon drug exposure with MSCs 

expressing the GEVI ArcLight. Diazoxide, pinacidil, and ouabain all triggered a sustained 

increase in ArcLight brightness, indicating hyperpolarization, followed by a decrease in 

brightness upon return to control medium, indicating recovery of a relatively depolarized resting 

Vmem (Figure 5A-C). These results for ouabain were unexpected, as ouabain has been shown to 

induce depolarization in MSCs (Sundelacruz et al., 2008), but not unprecedented (Higashi et al., 

1987; Matsumoto et al., 2008). The control showed no such increase in brightness, but a gradual 

degradation of the signal was seen, most likely due to photobleaching (Figure 5D). Similar 

signal degradation was seen in treatment conditions, so while there appears to be a diminishing 

effect of the course of each treatment, this may actually be photobleaching of an unchanging 

state. In all conditions, a brief, large hyperpolarization was seen t = 20 and t = 140, the points at 

which valve changes were made, and as this was seen in the control, it appears to be an artifact 

of the valve switch and not a short-term drug effect. When plotted together, all of these patterns 

can be seen (Figure 5E). The relative magnitude of the within-group fluctuations cannot be 

compared across groups due to differences in baseline brightness that arose from differences in 

the number and brightness of cells in any given trial. 
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Figure 5. Diazoxide, Pinacidil, and Ouabain Hyperpolarize MSCs 

MSC-ArcLights were imaged using a GFP filter every 5 minutes for 200 minutes: 20 minutes 

growth medium; 120 minutes growth medium + treatment; 60 minutes growth medium. Image 

intensity, exposure time, and MSC passage # were held constant for all trials, but a new aliquot 
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of cells was used for each trial. Whole-field average pixel intensity was extracted from ImageJ 

and plotted. MSC-ArcLights exposed to diazoxide, pinacidil, and ouabain all showed a sustained 

increase in brightness, indicating hyperpolarization (A-C).  As a control, growth medium was 

switched with a separate source of growth medium, which did not result in any sustained changes 

in Vmem, but gradual signal degradation was seen (D). When plotted together, all of the patterns 

can be seen (E), but because absolute values varied depending on the number of cells and the 

baseline brightness of the cells in any given trial, cross-trial comparisons cannot be made. 

 

 

Hyperpolarizing ion channel modulators alter the ratio of osteogenesis/adipogenesis in 

bipotential medium 

 

 To measure the effect of bioelectric modulation on adipogenic/osteogenic fate 

commitment, we cultured MSCs in bipotential medium with an osteogenesis/adipogenesis 

medium ratio of 20/80 supplemented with .1% DMSO (control), 100 µM diazoxide, 100 µM 

pinacidil, or 10 nM ouabain (Sup. Figure 2C-F), all three of which are ion channel modulators 

that appeared to induce hyperpolarization in these MSCs (Results 2: Figure 1). A 100% 

adipogenic medium condition was also included as a control (Sup. Figure 2A), and a 100% 

osteogenic medium control was attempted but lost due to cell monolayer disruption.  A 60 mM 

hypertonic K+-gluconate condition was included as well (Sup. Figure 2B), which interestingly 

entirely suppressed osteogenesis (Figure 6A). Increased extracellular K+ is commonly used to 

induce depolarization, but osmotic stress has been shown to hyperpolarize cells even when 

caused by hyperosmolar K+ (Dall’Asta et al., 1993; Gönczi et al., 2007). In addition, 

hyperosmotic K+ can alter cell behavior independent of Vmem (Erndt-Marino et al., 2017). 

Because no effect from Vmem in this condition could be isolated, these results are not further 

analyzed here. 

 All three hyperpolarizing drugs significantly enhanced osteogenesis (Figure 6A), while 

only pinacidil enhanced adipogenesis (Figure 6B). In order to compare levels of osteogenesis 

and adipogenesis, ARS and ORO absorbance readings were normalized relative to blank ARS 
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and ORO solvents, water and isopropanol. Using these normalized values, we saw that diazoxide 

and ouabain generated significantly different osteogenesis/adipogenesis ratios compared to 

pinacidil and the bipotential medium wit DMSO (Figure 6C). Total levels of differentiation 

were determined by adding normalized values of adipogenesis and osteogenesis and were also 

significantly increased in all three hyperpolarizing conditions (Figure 6C), but no trend was seen 

between total levels of differentiation and cell type ratios. Therefore, we conclude that 

hyperpolarization alters fate choice in a manner that is dependent on the nature of the 

hyperpolarization and independent of total levels of differentiation. 
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Figure 6. Hyperpolarizing Treatments Alter the Osteogenesis/Adipogenesis Ratio 

After differentiation for 18 days in bipotential medium consisting of 80% osteogenic and 20% 

adipogenic media that was supplemented with .1% DMSO (bipotential control), 100 µM 

diazoxide, 100 µM pinacidil, or 10 nM ouabain, MSCs were stained with Alizarin Red S 

(osteogenesis) and Oil Red O (adipogenesis) and then quantified (as described in Methods). A 

one-way ANOVA with a with a post-hoc Tukey HSD was performed to compare group means 

(n=3, p<0.0332 (*), 0.0021 (**), 0.0002 (***), 0.0001 (****)). All three hyperpolarizing 

conditions showed enhanced osteogenesis (A), while only bipotential medium + pinacidil 

enhanced adipogenesis (B). In order to compare levels of osteogenesis and adipogenesis, the data 

was normalized relative to “blank” water and isopropanol absorbance levels, the respective 

solvents for Alizarin Red S and Oil Red O. This showed that the hyperpolarizing conditions also 
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modified the osteogenesis/adipogenesis ratio (C) in a manner independent of total levels of 

differentiation (D).   

 

Gap junction inhibition via 2-APB augments osteogenesis in bipotential medium 

 

 Following the hypothesis that Vmem plays a role in the determination of which lineage a 

population of cells will favor in the presence of an ambiguous differentiation signal, we 

examined the importance of gap junction intercellular communication (GJIC) in mediating cell 

lineage choice. To do this, we cultured MSCs in bipotential media with adipogenic/osteogenic 

ratios of 100/0, 90/10, 85/15, and 80/20 either with or without the gap junction inhibitor 2-APB 

at 25 µM. 

 We found that, independent of the composition of the bipotential medium, 2-APB had no 

effect on adipogenesis (Figure 7A); however, 2-APB increased osteogenesis, particularly at 

higher concentrations of osteogenic medium (Figure 7B). Aside from the 100% adipogenic 

controls (Figure 7E, I), at every point along the progression of increasingly osteogenic media, 

cells cultured in 2-APB showed darker Alizarin Red S staining (Figure 7F-H) when compared to 

those cultured without 2-APB (Figure 7J-L).  

 We were then curious if this apparent increase in osteogenesis could be the result of 2-

APB reducing contact inhibition in treated cells, leading to a greater number of cells per well. To 

test this, MSCs were plated at equal densities in 6-well plates and cultured in growth medium + 

.05% DMSO or growth medium + 25 µM 2-APB until they were 3 days past-confluent. Cells 

from each condition were then counted. A student’s t-test was performed to compare group 

means, and no significant difference was found between cells cultured with or without 2-APB (n 

= 3, p = .46). Thus, we concluded that 2-APB enhances MSC osteogenesis in bipotential medium 

and does not simply allow for higher post-confluence proliferation rates.  
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Figure 7. 2-APB Enhances Osteogenesis but not Adipogenesis in Bipotential Medium 

MSCs were cultured for 22 days in bipotential media at a range of adipogenic/osteogenic 

composition ratios with or without the gap junction inhibitor 2-APB (25 µM). Adipogenesis and 

osteogenesis where then measured with Oil Red O (adipogenesis) and Alizarin Red S 
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(osteogenesis) (as described in Methods). A one-way ANOVA with a with a post-hoc Tukey 

HSD was performed to compare group means (n = 3, p<0.0332 (*), 0.0021 (**), 0.0002 (***), 

0.0001 (****)). Significances between (+) 2-APB and (-) 2-APB conditions with the same 

medium composition are displayed. 2-APB had no effect on adipogenesis (A) but enhanced 

osteogenesis, particularly at higher concentrations of osteogenic medium (B). These trends were 

normalized relative to the absorbances of each stain’s respective solvents, and adipogenic and 

osteogenic trends were plotted together (C). At all points along the progressively osteogenic 

media, MSCs cultured with 2-APB showed stronger ARS staining (F-H vs J-L), while 2-APB 

did not appear to influence ORO staining (E & I). Later, a cell count was performed and a 

student’s t-test showed no significant difference in the number of cells in wells cultured with or 

without 2-APB (n=3, p =.46) (D). 

 

Discussion 
 

Genetically encoded reporters 

 

 Here, we generated MSC lines containing the GEVIs ArcLight and Mermaid2, the GECI 

G-GECO1.2, and the gene expression reporters PPRE-H2B-eGFP (adipogenesis) and RUNX2-

YFP-H9 (osteogenesis). We generated MSC lines with these reporters because they provide 

nondisruptive means to make long-term observations within a single cell population with high 

temporal resolution, potentially enabling the detection of patterns that would have been 

inaccessible to the measurements at distant time points across different cell populations made 

previously (Sundelacruz et al., 2008). This is particularly important in a slow and sensitive 

process like differentiation.  

ArcLight was used to characterize Vmem responses to ion channel-modulating drugs, 

while Mermaid2 and G-GECO1.2 were not used after cell line generation. This was due to the 

time restrictions of ensuring proper function and because we did not study calcium signaling 

here, but they are now available for use in future projects. 

PPRE-H2B-eGFP and RUNX2-YFP-H9 were observed via time lapse for a 3-day 

differentiation period. The main limitation behind our characterization of PPRE-H2B-eGFP and 

RUNX2-YFP-H9 was that we did not measure their activity quantitatively. This was because we 
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could not use whole-field mean pixel intensity as we did with our short-term Vmem 

characterizations. Over a 3-day period there is significant proliferation, which fills up the 

background and thus increases mean pixel intensity without an increase in signal from individual 

cells. In addition, there appeared to be changes in the autofluorescence from some of the media, 

which we believe to be due to the metabolism of the media over the 3-day period. To compare 

reporter brightness before and after culture in the various media, we used ImageJ’s auto 

contrast/brightness adjust feature on the second of the two images from each group and matched 

the thresholding of that image to the first. This was intended to process each pair of images 

equally so that a comparison could be made visually. This is ultimately subjective, by no means a 

robust or complete method, and should be replaced in the future with quantitative methods. 

Using this method, however, PPRE-H2B-eGFP showed an increase in brightness only in 

adipogenic medium, indicating proper function. Because this cell line was not clonally pure, 

there were visible differences in baseline expression levels as well as uneven increases in 

brightness over the 3-day observation period. For more accurate measurements in the future, 

uniformity can be attained by generating a clonally pure cell line, and stronger signals might be 

observed over a longer differentiation period. 

 RUNX2-YFP-H9 showed increased brightness over the 3-day period independently of 

its culture medium, indicating either non-specific promoter function of the reporter or 

spontaneous osteogenesis in the absence of osteogenic chemical inducers. While MSCs have 

shown spontaneous upregulation of RUNX2 without specific osteogenic signals (Sonomoto et 

al., 2016), this was not until day 7 of culture, and we have observed low levels of spontaneous 

differentiation in these MSCs. As a result, it is unlikely that this increase in reporter fluorescence 

is indicative of actual RUNX2 gene expression. When all images were examined, this apparent 



31 
 

increase in fluorescence did not appear to come from the proliferation of a few unusually bright 

cells, and with the low rate of image capture, it is most likely not a false positive from 

differential medium/fluorophore photobleaching rates. RUNX2-YFP-H9 was originally tested in 

ESCs (Zou et al., 2015), so future troubleshooting of this construct should involve testing in 

other stem cell populations and beginning with clonally pure populations that show low basal 

reporter expression levels.  

 

Vmem measurement precision and use of microfluidics  

 

ArcLight was used for characterization of MSC Vmem responses to the ion channel 

modulators diazoxide, pinacidil, and ouabain. We chose ArcLight for its bright responses (~35% 

change in brightness per 100mV) and its familiarity within our lab. One of the limitations of 

ArcLight that may be a concern is the notorious sensitivity of GFP to changes in pH (Campbell 

and Choy, 2001). ArcLight’s GFP is also a pHluorin, which is a variation of GFP that is designed 

to be particularly pH sensitive (Miesenbock et al., 1998). Still, this most likely did not impact our 

drug response characterizations, which were performed under constant perfusion and thus a 

constant source of fresh medium. For future long-term Vmem characterizations of differentiation, 

however, in which the medium cannot be changed, this factor should be considered. In those 

cases, Mermaid2 might serve as a superior alternative, although its CFP-YFP fluorophores are 

still somewhat pH sensitive (Betolngar et al., 2015) 

 Using a GEVI in combination with a microfluidics system that allows for uninterrupted 

imaging with medium switches provided the advantages of studying MSC Vmem responses within 

a single population of cells in close-to-standard culture conditions. When doing this, an average 

cellular response emerges from the mean pixel intensity of the entire image, whereas other 
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methods such as patch clamping and fluorescent dyes are more invasive and often require the 

collections of larger sample sizes to compare across conditions because within-cell comparisons 

between conditions cannot be made accurately. It also allows for potentially much longer 

observation periods with no additional stress to the cells, unlike patch clamping and fluorescent 

dyes. The limitation of this method, however, is that within-trial comparisons are the only 

comparisons that can be made because there is nothing that anchors the fluorescence intensity to 

known Vmem values, especially when performing whole-field imaging with no background 

subtraction. Variations in baseline brightness occurred due to variations in the number of cells 

and the brightness of cells, which were not clonally pure, in any given trial. As a result, the only 

takeaway that we could make from our measurements was the impact of the treatment on the 

direction of Vmem change, with no means to precisely compare the absolute magnitudes of those 

changes. 

In addition, the use of a microfluidics system also introduces some logistical challenges. 

For example, a small hyperpolarization was observed at the first medium switch from control to 

treatment, and then a large hyperpolarization was observed when switching back to control 

medium after an hour. Some stress responses trigger hyperpolarization (Gönczi et al., 2007) and 

this hyperpolarization is most likely a stress response to a brief influx of cold medium. Although 

the tubes that hold the different media and the imaging chamber that holds the cells are heated, 

the tubing that connects the two are not, and these tubes are always filled so that the medium is 

directly interfaced with the microfluidics chip and no bubbles are pushed across the cells when 

valve switches are made. As a result, the longer the interval between valve switches, the longer 

the media in the tubes have to cool and the more stressful it is for the cells upon switches. Not 
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only does this stress the cells, but it also obscures any interesting signal that might be otherwise 

detectable within the first several minutes of treatment exposure.  

 

Implications of hyperpolarization-altered fate choice ratios 

 

 In this experiment, MSC Vmem responses to the ion channel-modulating drugs diazoxide, 

pinacidil, and ouabain were measured with the GEVI ArcLight, showing hyperpolarization in all 

three cases. MSCs were then cultured in an osteogenic/adipogenic bipotential medium with one 

of the aforementioned drugs, and levels of fate choice were quantified using the lineage-specific 

stains Oil Red O and Alizarin Red S, respectively. We demonstrated that hyperpolarization alters 

MSC fate choice, as measured by the normalized ratios of osteogenesis/adipogenesis, in a 

manner that is dependent on the nature of the hyperpolarization and independent of total levels of 

differentiation, which were increased in all hyperpolarizing conditions. These results corroborate 

earlier findings that hyperpolarization enhances osteogenesis (Bhavar et al., 2019; Sundelacruz et 

al., 2008). 

A particularly interesting difference between the results here and those from Sundelacruz 

et al. is the previous finding that ouabain induced depolarization and reduce osteogenesis in bone 

marrow-derived MSCs, compared to our finding that ouabain hyperpolarized and increased 

osteogenesis in iPSC-MSCs. These different responses may be a result of differences in 

characteristics between different MSC donors (Assoni et al., 2017) or source tissues (Wegmeyer 

et al., 2013). Regardless, the synthesis of these results shows that the impact that ouabain makes 

on differentiation is strictly a product of its effect on MSC Vmem as opposed to an independent 

artifact of its activity. In addition, our results also indicate that adipogenesis may be enhanced by 
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hyperpolarization, an interaction about which neither a positive nor null result was explicitly 

reported by Sundelacruz et al.   

 With regard to cell fate choice, the possibility that hyperpolarization may enhance both 

adipogenesis and osteogenesis is interesting because it is unlike other biophysical factors that are 

known to alter fate choice like cell volume (Guo et al., 2017) and substrate (Han et al., 2014; 

McBeath et al., 2004), which bias MSC fate choice in opposite directions; one state favors 

adipogenesis and disfavors osteogenesis, while the other state favors osteogenesis and disfavors 

adipogenesis. In combination with the previous findings from Sundelacruz et al. that 

depolarization suppresses both adipogenesis and osteogenesis, this would show matching bi-

directional sensitivity; hyperpolarization favors both adipogenesis and osteogenesis, while 

depolarization disfavors both adipogenesis and osteogenesis. Even though signals that affect 

each lineage in opposite directions seem like better candidates for the influence of individual cell 

fate choice, all that is required to bias fate choice is differential favoring. This variation in the 

adipogenesis/osteogenesis ratio across all three hyperpolarizing conditions suggests that the 

effects of hyperpolarization on adipogenesis and osteogenesis are unidirectional (favorable), but 

the extent to which each lineage is favored may be magnitude-sensitive and lineage-specific, 

creating discrete ranges over which one fate is primarily favored.  

 Testing this hypothesis would require much more precise measurement of Vmem and 

differentiation levels. Unlike the Vmem measurements here that were restricted to within-trial 

comparisons, absolute quantifications would be necessary to reveal differences in 

hyperpolarization magnitude. For measurement of differentiation, the methods that we used can 

only detect the amount of each stain per well. These amounts are determined by the total number 

of cells per well, the percentage of cells that choose a certain lineage, and the extent to which 
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individual cells express lineage markers. Therefore, the measured values do not account for 

differences in cell density in each well and how strong a signal is produced by each cell, both of 

which may vary with treatments. The primary measure of interest when studying fate choice is 

only the percentage of cells that chose a given lineage, and refining our methods to achieve this 

should be a priority going forward. 

 

Inhibition of GJIC enhances osteogenesis in bipotential medium 

 

 2-APB is known to inhibit voltage-gated gap junctions expressed in MSCs (Bai et al., 

2006; Viliunas et al., 2004), and we showed that 2-APB inhibition of gap junction intercellular 

communication (GJIC) in bipotential medium enhanced osteogenesis and had no impact on 

adipogenesis. Knockdown of GJIC through some connexins has been shown to suppress contact 

inhibition of proliferation (Ruch et al., 1995), so we were curious whether or not the increased 

osteogenesis levels were actually just due to an increased number of cells. After a cell count, 

however, this did not appear to be the case, indicating that 2-APB, does, indeed, enhance 

osteogenesis. 

We originally pursued this idea because gap junctions allow for transmission of 

bioelectric signals (Nielsen et al., 2012; Pereda et al., 2012), and if there is truth to the hypothesis 

that stem cell populations integrate various signals and then bioelectrically coordinate fate choice 

to make a unified decision, then perhaps inhibition of GJIC would result in a more dispersed 

spatial distribution of fate choices. However, even without inhibition of GJIC, the bipotential 

paradigm explored here does not result in coordinated clusters of one fate or another. Still, it is 

possible that is the case because cells cultured in 2D cannot form complex networks like those 

that exist in vivo and that spatial patterns of coordinated differentiation may arise when similar 
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experiments are performed in 3D culture. In the paradigm used here, however, this suggests that 

study of bioelectric fate choice biases is best focused at the level of individual cells as opposed to 

contiguous cell groups, which don’t appear to act in a coordinated manner. 

As it pertains to the level of individual cells, because we did not study the effect of 2-

APB on MSC Vmem when cells were isolated or coupled, these findings cannot necessarily be 

tied to bioelectricity. Still, the observation of enhanced osteogenesis adds to the current literature 

on gap junction regulation of differentiation. In mice, GJIC supports hematopoiesis via stromal 

cell-stem cell coupling (Cancelas et al., 2000; Montecino-Rodriguez and Dorshkind, 2001). 

However, intra-stem cell GJIC is required for the maintenance of potency and prevention of 

differentiation in embryonic stem cells (Todorova et al., 2007). Also, murine neural progenitor 

cells are gap junction-coupled to one another and lose this coupling in two of their three 

differentiation pathways (Duval et al., 2002). These examples show that the impact of GJIC on 

differentiation is dependent on the cell type with which the stem cell is coupled. Therefore, if 

adipocyte-osteoblast or adipocyte-MSC coupling inhibits osteogenesis, then the inhibition of this 

coupling would result in an increase in osteogenesis relative only to other MSCs and osteoblasts 

that are co-cultured with adipocytes. As a result, this phenomenon in MSCs should be studied 

more closely in a 100% osteogenic condition to determine if osteogenesis augmentation from 2-

APB occurs universally or only in a bipotential paradigm. In addition, the use of other gap 

junction inhibitors that target different connexins will be important in determining which 

connexins are responsible for this phenomenon.  
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Discussion of a potential confound from sequential elution of ORO and ARS stains 

 

Due to resource restrictions at the time of the experiment, there was not enough medium 

to culture a sufficient sample size of cells unless osteogenesis and adipogenesis were measured 

in the same wells using ORO (adipogenesis) and ARS (osteogenesis) together. First ORO was 

applied, then ARS was applied, then ORO was eluted in 100% isopropanol, and finally ARS was 

eluted in 10% acetic acid. Although ORO and ARS have absorbance maxima of 518 nm and 405 

nm, respectively, there is overlap between their absorbance spectra, which raises concerns of 

cross-contamination. It was visible that the ORO elution in isopropanol did not leave any ORO 

behind (Sup. Figure 2G), so there is little concern of ORO contaminating the subsequent ARS 

eluent and measurement. However, despite ARS being insoluble in isopropanol and 8 wash steps 

(as described in Methods) before ORO elution, it is possible that residual ARS was already in 

solution and contaminated the ORO eluent. 

The potential consequence of such contamination was assessed by measuring and plotting 

standard absorbance curves of ARS and ORO at both 405 and 518 nm (Sup. Figure 3A-B). 

These plots were used to test the hypothetical scenario: During processing of the bipotential 

medium control condition, what if half of the ARS was eluted with isopropanol during the ORO 

elution, and the other half is what remained and was later eluted and measured as the final ARS 

value? Calculations show that, in this scenario, the ARS contamination in the ORO elution 

would have accounted for 76% of the ORO signal. This scenario vastly overestimates any 

realistic or mathematically possible amount of ARS contamination but shows that, if there were 

cross-contamination, the overlapping absorbance spectra or ORO and ARS are such that it would 

make a significant impact.  
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 When plotted out by condition, however, there is no correlation between ARS and ORO 

levels between wells from each group (Sup. Figure 3C), which is a correlation that might be 

expected if leakage of high ARS levels contaminated ORO readings. Still, this potential 

confound may explain why the bipotential medium + ouabain condition, which showed the 

highest ARS readings, generated relatively high ORO readings as well despite the appearance of 

very little ORO staining (Sup. Figure 2F). In addition, the ouabain group showed the largest 

within-group correlation between ARS levels and ORO measurements, although it was still 

statistically non-significant. Overall, the osteogenesis readings were most likely unaffected, but 

this is a confounder worth keeping in mind and addressing in the future when interpreting 

adipogenesis results. It should also be noted that a worst-case scenario from this confounder does 

not detract from the finding that Vmem influences stem cell interpretation of ambiguous signals. 

For example, ouabain induced an increased osteogenesis/adipogenesis ratio, but if adipogenesis 

amounts were overestimated due to cross-contamination of high ARS levels, then the real 

osteogenesis/adipogenesis ratio was even more extreme.   

 

Future Directions 

 

 Future investigation into the role of bioelectricity in stem cell fate choice should begin 

with more precise measurement and control of Vmem. It is imperative that the variable 

adipogenesis/osteogenesis ratios that we observed can be mapped onto Vmem distributions to 

confirm that the variable results that were seen are a product of variable bioelectric profiles and 

not just the drugs used. These absolute value quantifications can be obtained via patch clamp 

intracellular recordings or a combination of patch clamp and well-characterized fluorescent Vmem 

reporter dyes like DiBAC(4)3, for which a 1% change in fluorescence corresponds to ~1 mV 
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change in Vmem (Erdogan et al., 2005). To increase precision and variation in the source of Vmem 

modulation, extracellular ion concentrations can be manipulated to change their equilibrium 

potential as modeled by the Nernst equation. This would also be a secure method of 

depolarization, which we were unable to induce with ouabain. 

 Another exciting avenue for Vmem manipulation is the rapidly growing field of 

optogenetics (Mattis et al., 2011).  Many light-activated ion channels have been designed to 

induce rapid, short-lasting Vmem spikes like those seen in a neuron’s action potential, but there 

have also been developments of more slowly acting optogenetic actuators that may allow for 

long term modulation of resting Vmem (Berndt et al., 2015; Yizhar et al., 2011). Control of stem 

cell differentiation would be a novel use of optogenetics and open up new worlds of exploration 

under the umbrella of bioelectricity, such as the effects of temporal Vmem fluctuations on stem 

cell behavior.   

 Just as precision in the measurement of Vmem is essential to future work, precision in 

definition and measurement of stem cell fate choice levels is necessary. While it is encouraging 

to see different adipogenesis/osteogenesis ratios, going forward it is important to isolate the 

percent of cells choosing a given lineage from the “amounts” of each lineage that we are 

currently measuring. This can be accomplished by shifting to a sparse differentiation cell 

counting paradigm, which allows for the identification of individual cell fates by probing MSCs 

for lineage markers, followed by a count of the number of individual cells that have committed 

to each fate. Such a technique has already been used for counting MSC osteogenesis ratios (Guo 

et al., 2017), but we will need to ensure that normal differentiation occurs when MSCs are 

sparsely plated because degree of confluence is known to affect MSC differentiation (Faten and 

Zaki, 2017). If this strategy is effective, it would not just provide precision, but also reveal what 
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percentage of cells are not differentiated and how various bioelectric modulations affect the 

penetrance of chemical differentiation inducers. Furthermore, it opens up the possibility of the 

incidental detection of bioelectrically modulated stem cells that have entered a non-discrete state 

between or characteristic of multiple fates, which has not been seen under normal conditions. 

 While there are many possible experiments that could be done in the future, such as time-

lapse characterizations of Vmem change during differentiation using GEVIs or tripotential MSC 

experiments involving chondrogenesis, perhaps the most simple and exciting one would be the 

induction of differentiation in MSCs via bioelectric modulation in the absence of chemical 

inducers. This line of work would be largely dependent on the level of spontaneous 

differentiation that normally occurs in the population. Bone marrow-derived MSCs show 

significant spontaneous differentiation during long culture periods (Sonomoto et al., 2016), but 

we have not yet seen spontaneous differentiation in iPSC-MSCs. Further characterization of 

spontaneous differentiation in these cells is necessary, but if they show low rates of spontaneous 

differentiation then iPSC-MSCs would provide an exciting opportunity to study purely 

bioelectrically driven differentiation.  

 The work done here shows that there is promise in the under-investigated bioelectric 

control of stem cell fate choice and that there is an abundance of exciting directions for future 

work. Modern understandings of the complexity that underlies biological processes have 

revealed just a few of the many amazing mechanisms that produce all biological phenomena, and 

we are only scratching the surface of the many secrets that are likely entangled in the interaction 

between bioelectricity and stem cells. 
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Supplementary Figures 

Supplementary Figure 1. Mermaid2 and G-GECO1.2 Show Good Membrane Localization 

MSCs were transfected with the fluorescent Vmem reporter Mermaid2 (A) as well as the calcium 

reporter G-GECO1.2 (B). These transgenic cell lines show expression in all cells and good 

membrane localization. Image intensity and exposure time varied between images. Images were 

acquired using a Zeiss Axio Observer Z1 with a 20x objective and a GFP filter cube.  

 

 

 

 

 

 

 

A B



42 
 

 

Supplementary Figure 2. Alizarin Red S and Oil Red O Staining of MSCs Cultured in 

Bipotential Medium with Ion Channel-Modulators 

MSCs were cultured for 22 days in 100% adipogenic medium (A) or a bipotential medium 

supplemented with 60 mM K-gluconate (B), DMSO (control) (C), 100 µM diazoxide (D), 100 

µM pinacidil (E), or 10 nM ouabain (F). MSCs were first stained with ORO, and then ARS. 

There was then full elution of ORO using 100% isopropanol (G), followed by elution of ARS 

with 10% acetic acid. 

A G

FED

CB



43 
 

Supplementary Figure 3. Assessment of Potential ARS Contamination of ORO Eluent 

Standard curves were measured and plotted for Alizarin Red S (ARS) and Oil Red O (ORO) (A-

B) in order to calculate the potential impact of ARS contamination in the ORO eluent when 

measured spectrophotometrically at 518 nm. Using the average bipotential control reading at 405 

nm of 0.0948 and the equation derived from the ARS standard curve at 405 nm (Y = 0.1636X + 

0.0556), it is estimated the average concentration of ARS eluted from this condition was 240 

mM. When that concentration is plugged into the equation for ARS absorbance at 518 nm (Y = 

0.02472X + 0.04204), it yields a cross-over absorbance of 0.048 a.u, which represents 76% of 

the bipotential control reading for ORO. The measured absorbance at 518 nm, which was 

intended to represent only the ORO concentration in the eluent, was then plotted as a function of 

the absorbance at 405 nm, which was not contaminated by ORO and accurately represent ARS 

value. A linear regression within each group was performed and no slope was shown to be 

significantly different from zero, although sample sizes are small (C). This shows that there is no 

clear correlation between ARS levels and absorbance at 518 nm, indicating minimal impact of 

ARS contamination on ORO measurements. 
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