
Measurement of ATP-Induced Membrane Potential Changes in 
IVD cells

Silvia Gonzales, Brittany Rodriguez, Carlos Barrera, and Chun-Yuh Charles Huang
Department of Biomedical Engineering, University of Miami, Coral Gables, FL 33146, USA

Abstract

Extracellular adenosine-5'-triphosphate (ATP) triggers biological responses in a wide variety of 

cells and tissues and activates signaling cascades that affect cell membrane potential and 

excitability. It has been demonstrated that compressive loading promotes ATP production and 

release by intervertebral disc (IVD) cells, while a high level of extracellular ATP accumulates in 

the nucleus pulposus (NP) of the IVD. In this study, a noninvasive system was developed to 

measure ATP-induced changes in the membrane potential of porcine IVD cells using the potential 

sensitive dye di-8-butyl-amino-naphthyl-ethylene-pyridinium-propyl-sulfonate (di-8-

ANEPPS).The responses of NP and annulus fibrosus (AF) cells to ATP were examined in 

monolayer and 3-dimensional cultures. It was found that the pattern and magnitude of membrane 

potential change in IVD cells induced by extracellular ATP depended on cell type, culture 

condition, and ATP dose. In addition, gene expression of P2X4 purinergic receptor was found in 

both cell types. Inhibition of the ATP-induced response by pyridoxalphosphate-6-azophenyl-2', 4'-

disulfonate (PPADS), a non-competitive inhibitor of P2 receptors, suggests that ATP may 

modulate the biological activities of IVD cells via P2 purinergic receptors.
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INTRODUCTION

In addition to its role as an intracellular energy source, adenosine-5'-triphosphate (ATP) is 

an extracellular signaling molecule actively involved in the regulation of short-term and 

long-term processes through the modification of proliferation, differentiation, and apoptosis 

of cells via purinergic pathways1. The receptors involved in the transduction of purinergic 

signals are distributed in a wide variety of tissues throughout the body and therefore, 

biological responses to extracellular ATP have been reported in tissues as diverse as skin, 

skeletal muscle, bone and the immune system2. In previous studies of cells and tissues that 

exhibited a biological response to extracellular ATP, signaling cascades that affected the cell 

membrane potential and excitability were activated by extracellular ATP3.
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The intervertebral disc (IVD) cells maintain the proper homeostatic balance of biosynthesis, 

breakdown, and accumulation of extracellular matrix (ECM) molecules4. These cellular 

processes determine the quality and integrity of the ECM and thus, the mechanical response 

of the IVD5. Our recent studies have demonstrated that compressive loading affects ATP 

production and release by IVD cells in the 3-dimensional agarose gel model 6, 7 and in-situ 

energy metabolism in the IVD 8. A high accumulated level of extracellular ATP (~165 μM) 

compared to physiological concentrations (1–50 nM)9 has been found in the nucleus 

pulposus (NP) of the IVD 8. However, whether extracellular ATP can induce a signaling 

response in IVD cells has not been investigated.

Membrane potentials are the difference in electric potential across the bilayer membrane of a 

cell 10. The combined actions of ion channels and transporters establish membrane 

potentials by regulating intracellular and extracellular ionic concentrations10, 11. Increasing 

evidence suggests that membrane potentials are not only involved in the cellular processes 

of proliferation, migration and differentiation 12–14, but are also related to complex 

processes such as control of wound healing 15, 16, regeneration17, 18, left-right patterning 19 

and development15. Thus, it is suggested that membrane potentials are a fundamental control 

mechanism of cell functions 10. While patch clamp techniques are successfully and widely 

used to control and measure membrane potentials, system set-up is laborious and requires 

extensive expertise 10. Another approach to monitor membrane potentials is the use of 

potential sensitive dyes, which provide ease of use and a noninvasive set up. The 

aminonaphthylethenylpyridinium (ANEP) group of dyes offers rapid shifts in their spectra in 

response to changes in the surrounding electric field and modify their electronic structure, 

thus allowing fast optical responses (in the millisecond-range) to membrane potential 

changes 20. Among the ANEP dyes, di-8-butyl-amino-naphthyl-ethylene-pyridinium-propyl-

sulfonate (di-8-ANEPPS) is more appropriate for long term experiments because the dye is 

maintained in the outer leaflet of the plasma membrane due to its lipophilic property 21. 

Upon binding to the cell membrane, di-8-ANEPPS becomes strongly fluorescent. A 

membrane potential change is followed by a redistribution of the intramolecular charge. 

Consequently, the spectral profile and fluorescence intensity of di-8-ANEPPS change, and 

the variations of fluorescence intensity are proportional to variations in membrane 

potential 22. Di-8-ANEPPS has been used to measure membrane potentials induced by 

electrical stimulation22. It has also been used to complement electrophysiological 

techniques23, 24. However, to our knowledge, noninvasive measurements of transient 

membrane potential changes induced by exogenous ATP using di-8-ANEPPS have not been 

reported.

In this paper, we developed a system to perform noninvasive measurements of ATP-induced 

membrane potential changes using the fast voltage sensitive dye di-8-ANEPPS and digital 

imaging processing techniques. By using this system, transient membrane potential changes 

of IVD cells to exogenous ATP stimulation were studied in monolayer and 3-dimensional 

cultures.
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MATERIALS AND METHODS

Sample preparation

IVD tissues from the NP and the annulus fibrosus (AF) regions were harvested from the 

spines of three mature pigs (~ 250 lbs., ~ 1.5 years old) within 2 hours of sacrifice (Cabrera 

Farms, Hialeah, FL). The IVD tissues were enzymatically digested in Dulbecco's Modified 

Eagle Medium supplemented with 4.5 g/L of D-Glucose and 584 mg/L of L-Glutamine 

(DMEM; Invitrogen Corp., Carlsbad, CA) containing 1 mg/mL collagenase type II 

(Worthington Biochemical Corp., Lakewood, NJ) and 0.6 mg/mL protease (Sigma Aldrich, 

St. Louis, MO) for about 24 hours at 37 °C, 5% CO2. AF tissue was broken down 

mechanically by using a syringe to facilitate tissue digestion while in its respective digestion 

solution. The mixtures containing IVD cells were filtered using a 70μm strainer (BD 

Biosciences, San Jose, CA) to remove undigested tissue. The cells were re-suspended in 

DMEM supplemented with 10% fetal bovine serum (FBS; Invitrogen Corp.) and 1% 

antibiotic-antimycotic and were mixed at a 1:1 ratio with 4% agarose gel. Cell-agarose 

constructs were made by casting 100 μL of the cell-agarose mixture in a custom-made mold 

to obtain a construct of 1 × 106 cells in 2% agarose. The constructs were incubated 

overnight at 37°C, 5% CO2 in DMEM supplemented with 10% fetal bovine serum and 1% 

antibiotics. Additionally, some NP and AF cells were expanded in monolayer culture. The 

cells of primary culture were plated on cover slides. The samples, either cells seeded in 

agarose or cells plated on cover slides, were placed in a RC-21BR large volume closed bath 

imaging chamber (Warner Instruments, Hamden, CT). The samples were washed with 

phosphate buffered saline (PBS; Lonza, Walkersville, MD) for 5 minutes at 0.3 mL/min 

using a syringe pump (Harvard Apparatus, Holliston, MA) and then were incubated for 10 

minutes (cells on cover slides) or 15 minutes (cells seeded in agarose) at 4°C in a staining 

solution, which is PBS containing 30 μM of di-8-ANEPPS and 0.05% of Pluronic F-127 

(both Biotium, Hayward, CA) 25. Uneven membrane staining and progressive dye 

internalization prevent di-8-ANEPPS from being used for absolute measurements such as 

resting membrane potential unless measured in conjunction with microelectrodes 22, 26, 27. 

In this study, uneven membrane staining was improved by using Pluronic F-127 (0.05%) to 

aid solubilization of the dye; dye internalization was inhibited by incubation of the samples 

at 4°C22. The staining solution was gently washed away with PBS for 5 minutes at 0.3 mL/

min. A single cell was selected and observed using a fluorescence microscope (Olympus 

IX70, Melville, NY) equipped with a 20X objective (LCPlan FL, 0.60 Ph2, Olympus), an 

advanced fluorescence illuminator (Lumen 200, Prior Scientific Inc., Rockland, MA), a 

filter for di-8-ANEPPS (QD625-A-OMF, Semrock, Rochester, NY [excitation: 435 nm, 

emission: 625 nm]) and a digital CCD camera (Retiga 2000R, Q-Imaging, Canada). In the 3-

dimensional culture, a cell located on the periphery of the gel was selected in order to 

prevent any time delay of the response due to ATP diffusion in agarose gel.

ATP injection

ATP at either 100, 200, 300 or 500 μM concentration was injected into the chamber at 1.6 

mL/min for 10 seconds. The time and rate of injection were selected to ensure that the 

contents of the chamber (260 μl volume) were substituted by the injected ATP. A sequence 

of fluorescence images was recorded starting at 10 seconds before ATP injection and 
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continued during and after the injection for a total of 50 seconds. The sequence of 

fluorescence images was acquired in a movie structure at a rate of over 120 frames per 

second using QCapture Pro v6 (Media Cybernetics Inc. and Q-Imaging Inc., Canada) for 

further image processing.

Data Processing

The cell membrane was labeled by a program implemented in MATLAB v7.1 (The 

MathWorks Inc., Natick, MA). Briefly, noise was reduced using blind deconvolution on 

every image in the recording sequence22. Then, the first image in the sequence was used as a 

reference to obtain an intensity threshold level used to accentuate the ring stain pattern 

defining the cell membrane. A binary image of the cell membrane was then created from the 

first image based on the defined intensity threshold level 24. Finally, all the images in the 

recording sequence were multiplied by the binary image in order to label the same region of 

interest on the cell membrane (Figure 1).

After image processing, the average intensity of the cell membrane was computed for 

images at all time-points and was then normalized by the average intensity of the cell 

membrane before ATP response. A normalized intensity levels vs. time curve, which 

exhibited the time decay of intensity due to photobleaching, was obtained (Figure 2A). An 

exponential model I = aebt + cedt, where I is the normalized intensity, t is the time, and a, b, 

c and d are the coefficients, was used to describe the time decay of fluorescence intensity 

(Figure 2B). The coefficients were determined by curve fitting the theoretical model with 

the experimental intensity curve (Figure 2B). Then, the experimental intensity curve was 

compensated using the theoretical model (Figure 2C). Finally, the compensated 

experimental intensity curve was filtered with a 4th order low pass Butterworth filter with a 

cutoff frequency of 15 Hz to yield a smooth curve (Figure 2D). The increase in membrane 

potential in response to ATP stimulation was expressed as a percentage compared to the 

normalized average intensity of the cell membrane before ATP response.

Gene expression of purinergic receptors

Total RNA from IVD cells in monolayer and 3-dimensional agarose gel cultures was 

extracted using the trizol (Tri-Reagent, Molecular Research Center, Cincinnati, OH) 

protocol. Total RNA was quantified using the Qubit RNA BR assay kit (Life Technologies, 

Carlsbad, CA) and reverse transcribed to cDNA using the High Capacity cDNA reverse 

transcription kit (Applied Biosystems, Foster, CA), according to the manufacturers' 

specifications. Gene expression of P2X4 purinergic receptor and 18S (endogenous control) 

was examined using RT-PCR (One step Plus, Applied Biosystems). The PCR products were 

electrophoresed on a 2% ethidium bromide-stained agarose gel in order to examine the 

expression of the purinergic receptor. The primer sequences were as follow: P2X4 forward 

primer: CCGGGACGTGGACCACAACG; P2X4 reverse primer: 

TGCGGCATGGGCTTCACTGG; 18S forward primer: CGGCTACCACATCCAAGGA; 

18S reverse primer: AGCTGGAATTACCGCGGCT. The sizes of PCR products for P2X4 

and 18S were 245 and 188 bp, respectively.
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Inhibition of P2 receptors

The involvement of the purinergic pathway in the cell membrane depolarization response 

was studied using pyridoxalphosphate-6-azophenyl-2', 4'-disulfonate (PPADS), a non-

competitive inhibitor of P2 receptors, on IVD cells cultured on cover slides. Before an 

inhibitor treatment, the samples were washed with PBS for 5 minutes at 0.3 mL/min and 

then incubated at room temperature in PBS for an additional 5 minutes. Then, the samples 

were incubated with PBS containing 3, 10 or 30 μM of PPADS at room temperature for 20 

minutes. After the inhibitor treatment, 500 μM ATP was injected to the chamber at 1.6 

mL/min for 10 seconds while fluorescence images were acquired for further processing.

Statistical analysis

A two- way ANOVA was conducted to compare the magnitude of the response between cell 

types and ATP concentrations in the monolayer culture. Since different ATP concentrations 

were used for AF and NP cells in the 3-dimensional agarose culture, student's t-test analyses 

were performed to compare the magnitude of the response between different concentrations 

of ATP for each cell type and between NP and AF cells under 500 μM ATP only. A two-

way ANOVA followed by post hoc Tukey test was performed to compare differences in the 

response of IVD cells to PPADS at different concentrations. The statistical analyses were 

performed using SPSS software (IBM, Chicago, IL). Differences in all cases were 

considered significant at p < 0.05.

RESULTS

AF cells

The membrane potential change response of AF cells in monolayer culture was a single 

spike (Figure 3A). The change in fluorescence intensity was 4.87% ± 0.83% for 200 μM 

ATP and 8.52% ± 1.93% for 500 μM ATP. In the 3-dimensional agarose gel culture, the 

membrane potential change response was a wide upward deflection (Figure 3C) resulting in 

a change in fluorescence intensity of 3.7% ± 0.73% for 200 μM ATP and 7.98% ± 1.53% for 

500 μM ATP (mean ± SEM; n = 5 for each measurement). The fluorescence intensity 

induced by 500 μM ATP was significantly higher than the 200 μM ATP in the monolayer 

and 3-dimensional cultures (Figure 4A, p = 0.031 and p = 0.036, respectively). In both 

culture environments, no responses were observed from the 100 μM ATP injection. No 

responses were observed by injection of PBS only.

NP cells

The membrane potential change response of NP cells in monolayer culture was a main spike 

followed by attenuated spikes (Figure 3B). The change in fluorescence intensity was 1% 

±0.08% for 200 μM ATP and 13.1% ± 3.74% for 500 μM ATP. The fluorescence intensity 

induced by 500 μM ATP was significantly higher than 200 μM ATP (Figure 4B, p = 0.031). 

No response was observed for the injection of 100 μM ATP. In the 3-dimensional culture, 

NP cells responded with several interspersed spikes (Figure 3D). The fluorescence intensity 

was altered by only the injection of 300 μM or 500 μM ATP, with the changes being 3.75% 
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± 0.46% for 300 μM ATP and 2.45% ± 0.42% for 500 μM ATP (mean ± SEM; n = 5 for 

each measurement). No responses were observed by injection of PBS only.

Comparison between NP and AF cells

A significant difference between AF and NP cells was found in the monolayer culture as 

determined by two- way ANOVA (Figure 5, p = 0.043). In the 3-dimensional agarose gel 

culture, the fluorescence intensity induced by 500 μM ATP was significantly higher in AF 

cells compared to NP cells (Figure 5, p = 0.017). It was also observed that ATP-induced 

responses had a longer duration in agarose culture than in monolayer culture. In addition, in 

both cell culture environments, ATP elicited a transient depolarization in which the 

membrane potential returned to its previous state while ATP was still present.

Gene expression of purinergic receptors

The gene of the P2X4 purinergic receptor was expressed by AF and NP cells in monolayer 

and 3-dimensional agarose gel cultures (Figure 6).

Inhibition of P2 receptors

PPADS was used in the ATP injection experiments to examine whether the purinergic 

pathway has a role in the membrane potential change of IVD cells. No significant difference 

in the response of IVD cells treated with PPADS at 3, 10 or 30 μM of PPADS (n = 3 for 

each concentration of PPADS) was found (p = 0.364). Furthermore, a significant difference 

in response to ATP stimulation between IVD cells with and without PPADS was found, 

confirming that PPADS abolished the ATP-induced membrane potential response of IVD 

cells (p = 0.001).

DISCUSSION

This study established a noninvasive system to measure ATP-induced membrane potential 

changes using the potentiometric dye di-8-ANEPPS and digital imaging processing 

techniques. Using this system, ATP-induced transient membrane potential changes of IVD 

cells were detected in both monolayer and 3-dimensional cultures. To our knowledge, this is 

the first study to show transient membrane potential changes that exogenous ATP triggers in 

IVD cells using a potentiometric dye.

Unlike electrodes, potentiometric dyes are easy to use and are free from electrical stimulus 

artifacts that may easily arise when currents are applied to the samples. However, 

environmental factors such as variations in the system set-up and cell membrane 

composition, which is likely to vary from cell to cell, can affect the spectral properties of the 

dye 28. Differences in membrane staining and illumination that derive from the staining 

process and the microscope and camera system set up accounted for day-to-day variations in 

the system. Therefore, normalization of the average intensity of the cell membrane at all 

time-points was used to reduce cell-to-cell variation of fluorescence. In addition, no 

membrane potential changes induced by PBS injections before and after the ATP injection 

experiment ensured that the cell response was attributed to ATP stimulation, not a result of 

injection.
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Depolarizing responses due to exogenous ATP have been extensively measured 

electrophysiologically29–31. In neurons, ATP analogues such as 2-methylthio-ATP, ADP 

and α,β methylene ATP reported depolarizing responses while neither adenosine nor AMP 

evoked any response 30. Normal chondrocytes stimulated by exogenous ATP, UTP 2-

methylthioadenosine and α,β-methylene ATP have shown membrane hyperpolarization 

while no significant response was observed from chondrocytes isolated from osteoarthritis 

cartilage 32. Purinergic receptors in the plasma membrane of cells are excited when bound to 

extracellular ATP and initiate signaling cascades33, 34. In chondrocytes, Ca2+signaling 

through P2 receptors activation was demonstrated by using antagonists of P2 receptors 35, 36. 

In IVD cells, the expression of mRNA for P2Xpurinergic receptors (P2X4,) is consistent 

with previous studies documenting the involvement of P2X4 receptors in cell membrane 

depolarization37, 38. It was suggested that P2X4 activation permits the influx of Ca2+ and 

Na+, which in turn depolarizes the cell membrane. Depolarization of the cell membrane 

opens voltage-dependent calcium channels that enhance Ca2+ influx and, as a result, induces 

ATP release. This mechanism has been proposed to initiate Ca2+ oscillations that drive ATP 

oscillations during chondrogenesis37. In monocyte-derived human macrophages, transient 

depolarization of the cell membrane was reported to be induced by extracellular ATP 

possibly via P2X4 receptor activation38. In our study, the inhibition of the membrane 

potential change response to ATP by PPADS (an inhibitor of P2 receptors) also confirmed 

the involvement of P2 receptor activation, especially P2X4, suggesting that ATP may 

modulate the biological activities of IVD cells via the P2 purinergic receptors. Although 

PPADS has been reported to have modest to poor inhibition effects at blocking P2X4
39, it 

has also been documented that mouse and human P2X4 receptors displayed more sensitivity 

to PPADS than the rat P2X4 receptor under the same experimental conditions 40. Moreover, 

differences in antagonist binding and desensitization were reported between rat and human 

P2X4 receptors that display 87% sequence homology 41. The human P2X4 receptor showed 

higher sensitivity to PPADS and more rapid desensitization than the rat P2X4 receptor. 

Therefore, sensitivity to PPADS may be different among different species.

Since a 3-dimensional agarose gel maintains the original cellular phenotype by resembling 

the in vivo environment42, different responses to ATP observed between the two culture 

conditions may be due to differences in cell phenotype. In addition, the distinct responses of 

membrane potential change between AF and NP cells may be due to different embryonic 

origins. AF cells are derived from the mesenchyme, while NP cells are derived from the 

notochord. Moreover, AF cells are elongated and resemble fibroblasts, whereas NP cells are 

spheroidal and chondrocyte-like in vivo 43.

In our study, the ATP level required to induce membrane potential changes in IVD cells was 

higher than the reported in electrophysiological recordings in which the EC50 of P2 

receptors is in the low micromolar range 39. There are two possible reasons for this 

difference. Firstly, our system detects the potential change of the whole cell membrane 

while the patch clamp technique can precisely measure transmembrane current induced by 

activation of a single P2 receptor. Therefore, based on small changes in the florescence 

intensity of the whole cell membrane triggered by ATP in our study, the major limitation of 

using a voltage sensitive dye to measure membrane potential changes is its sensitivity 

compared to precise measurements of the traditional patch clamp technique. Secondly, a 
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high extracellular ATP level (~165 μM8) found in the IVD may desensitize the P2 receptors 

of IVD cells. For instance, previous studies found that normal and osteoarthritic human 

chondrocytes exhibited different responses to ATP, although there were no differences in 

expression of P2 receptors between them44. That observation suggests an ATP signaling 

desensitization effect due to increased levels of ATP found in osteoarthritic synovial 

fluid32, 44.

In summary, we developed a noninvasive system for detecting membrane potential 

variations induced by ATP stimulation using a potentiometric dye and image processing 

techniques. Both NP and AF cells exhibited different responses to exogenous ATP 

stimulation in monolayer and 3-dimensional cultures, which may maintain cellular 

phenotypes. Distinct patterns and magnitudes of membrane potential changes of AF and NP 

cells were also observed, which may be due to different embryonic origins of cells. In 

addition, the results showed that extracellular ATP induces changes in membrane potential 

via activation of P2 purinergic receptors in IVD cells, suggesting that extracellular ATP 

signaling is involved in the regulation of cellular activities in the IVD.
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Figure 1. 
Image processing procedure. A. first image of the recording sequence. B. blind 

deconvolution. C. gray level adjustment. D. binary image creation. E. example of a resultant 

image.
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Figure 2. 
Compensation procedure for the time decay of fluorescence intensity due to photobleaching. 

A. a typical original experimental intensity curve showing the photobleaching effect. B. 

theoretical curve fitting (the red curve is an exponential model). C. the experimental 

intensity curve in (A) compensated by the exponential model obtained in (B). D. the 

compensated intensity curve after filtering.
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Figure 3. 
Typical responses in monolayer and 3-dimensional agarose gel cultures. A. fluorescence 

intensity change of the cell membrane in AF cells in monolayer culture induced by 500 μM 

ATP. B. fluorescence intensity change of the cell membrane in NP cells in monolayer 

culture induced by 500 μM ATP.C. fluorescence intensity change of the cell membrane in 

AF cells in 3-dimensional agarose gel culture induced by 500 μM ATP. D. fluorescence 

intensity change of the cell membrane in NP cells in 3-dimensional agarose gel culture 

induced by 500 μM ATP. ΔF/Fref is the normalized change in fluorescence intensity. ΔF: 

Fluorescence variation, Fref : Fluorescence of the first image.
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Figure 4. 
Comparison of the membrane potential change of IVD cells in monolayer and 3-dimensional 

cultures (n = 5 for each measurement). A. AF cells (Monolayer: p = 0.031, 3-D: p = 0.036). 

B. NP cells (Monolayer: p = 0.031, 3-D: p = 0.08).
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Figure 5. 
Comparison of the membrane potential change between AF and NP cells (n = 5 for each 

measurement) in monolayer culture (200 μM + 500 μM: p = 0.043) and 3-dimensional 

agarose gel culture (500 μM ATP, p = 0.017).
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Figure 6. 
Gene expression of purinergic receptor P2X4 in AF and NP cells cultured in monolayer and 

3-dimensional agarose gel. 18S is the endogenous control.
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