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Abstract

Bioenergetic function is characterized with assays obtained by polarographic systems.
Analog systems without data acquisition, visualization, and processing tools are used but require
cumbersome operations to derive respiration rate and ADP to oxygen stoichiometry of oxidative
phosphorylation (ADP/O ratio). The analog signal of a polarograhic system (YSI-5300) was
digitized and a graphical user interface (GUI) was developed in MATLAB to integrate
visualization, recording, calibration and processing of bioenergetic data. With the GUI, the signal
is continuously visualized during the experiment and respiratory rates and ADP/O ratios can be
determined. The integrated system was tested to evaluate bioenergetic function of subpopulations
of mitochondria isolated from rat skeletal muscle (n=10). Signal processing was applied to
denoise data recorded at the sampling rate of 1000Hz, and maximize data decimation for
computational applications. The error in calculating the bioenergetic outputs using decimated
data is negligible when data are denoised. The estimate of respiration rate, ADP/O ratio and RCR
obtained with denoised data at sampling rate as low as 5Hz was similar to that obtained with raw
data recorded at sampling rate of 1000Hz.

In summary, the integrated tools of the GUI overcome the limitations of data processing,

accuracy, and utilization of analog polarographic systems.
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1.Introduction

Polarographic methods have been essential to measure the concentration and flux of oxygen
in biological samples. After early studies on mitochondrial bioenergetics [1], major limitations of
the polarographic methods were overcame with the Clark electrode [2, 3] one of the first
membrane-covered amperometric oxygen electrode with enhanced lifetime and stability. The
design of this oxygen sensor evolved for decades to provide advanced oxygen detection for
medical and research applications [4, 5]. The polarographic system based on the Clark electrode
is commonly used for bioenergetics studies in mammals [6] and plants [7, 8] to measure cellular
respiration and photosynthesis, respectively.

To evaluate cellular bioenergetics, mitochondrial respiratory rate is typically measured under
different experimental conditions such as state 3 and 4. Therefore, oxidative phosphorylation
rate, respiratory control ratio (RCR) and ADP/O ratio are outcomes derived by the analysis of the
mitochondrial oxygen kinetics measured with different experimental apparatus. There are
polarographic (Hansatech Instruments Ltd, Oroboros Instruments, Strathkelvin Instruments,
Yellow Springs Instrument, YSI) and fluorescence systems (Seahorse XF Analyzers) with an
integrated data acquisition, visualization and processing tools [8-13] to analyze bioenergetics
data. Some of the polarographic systems without these integrated features are still popular,
valuable, and viable tools [14-33]. In some cases, a flatbed recorder is used [24, 26, 27], in other
cases, data are digitized [14, 28-33] and analyzed with commercial software [25]. Also, data
acquisition devices allow digitization at high sampling rate (e.g. 1000Hz), but in some cases
generate an excess of recorded data leading to an increase processing time and unnecessarily

large files. The sampling rate should be optimized considering the signal changes with time in
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studying mitochondrial kinetics and signal to noise ratio. Thus, an approach integrating data
acquisition, visualization, denoise is desirable to analyze data of these existing systems.

A GUI (graphical user interface) was developed in MATLAB to integrate digitization,
visualization, and processing of bioenergetics data measured with a biological oxygen monitor
YSI 5300 with a Clark electrode. The integrated system can be used to calibrate, record, and
continuously visualize the signal during the experiment, as well as determine respiratory rates
and ADP/O ratio. A signal processing approach is applied to reduce the noise and decimate for
computational applications.

2.Methods

2.1.Polarographic System

The system was designed by mitochondrial physiologists for bioenergetics experiments. The
polarographic system was composed of a 2-Channel biological oxygen monitor (YSI 5300,
Yellow Springs Instrument, Ohio), oxygen electrode (YSI 5331, 34) , custom made metabolic
chamber with a water jacket connected to a heated water circulator (Polyscience, MX15H135-
Al1l) to control the temperature (Fig. 1). The solution of the metabolic chamber was mixed with
a magnetic stirrer (VWR Dylastir). To digitize the analog signal from the biological oxygen
monitor the NI-DAQ (National Instruments-Data Acquisition Device) USB-6001 was used to
connect the electrode to a personal computer. A graphical user interface was developed in

MATLAB to perform acquisition, denoising, and storage of the digitized data.
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Figure 1. Schematic representation of the polarographic system with the data acquisition device and graphical use interface.
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2.2.Experimental Protocol

The experimental protocol conformed to the guide for the care and use of laboratory animals
published by the National Research Council [35] and was approved by the Old Dominion
Institutional Animal Care and Use Committee. Ten male Wistar rats (Charles River Laboratories,
MA) were housed and fed a standard diet chow in the animal facilities of Old Dominion
University with 12:12-h light-dark cycle.

Subsarcolemmal (SSM) and interfibrillar (IFM) mitochondria were isolated from rat vastus
lateralis using the protocol developed by our group [36]. The Lowry method was used to
determine mitochondrial protein concentration [37]. Oxygen consumption by SSM and IFM was
determined with a GUI connected to the polarographic system with a final volume of 0.5 mL
respiration buffer at 30°C. An ADP concentration of 0.1 mM was used to deplete endogenous
substrates before glutamate (20 mM) was added and the mitochondria stimulated with 0.2 mM
ADP (ADP-stimulated) to measure State 3 respiration rate. After ADP depletion, State 4
respiration was measured (ADP-limited). The concentration of glutamate, uncoupler, and ADP
refers to the initial concentrations in the chamber. State 3 and 4 respiration rates were measured
twice. Then to determine maximal oxidative phosphorylation, the respiratory rate was measured
in the presence of a saturated concentration of ADP, 2 mM. Finally, 0.2 mM of the uncoupler
dinitrophenol (DNP) was added to the chamber to measure oxidative capacity of the electron
transport chain. Respiratory control ratio (RCR, State 3 divided by State 4) quantifies the control
of oxygen consumption by adenosine nucleotide translocator, phosphate transporter, and
phosphorylation (‘coupling’). The concentration of the ADP and AMP were determined with an
enzymatic method [38] and used to calculate the ADP/O ratio (ADP mole added per mole of

oxygen atom consumed).
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2.3.Graphical User Interface

A graphical user interface was developed in MATLAB [39] to integrate four modules:
acquisition and storage, visualization, calibration, and analysis of the data. These modules allow
the user to perform the following tasks: a) acquire and record the data in an excel file; b)
calibrate the electrode and store calibration parameters; c) visualize the oxygen concentration
within the metabolic chamber during the experiment; d) perform analysis of the data after the
experiment is completed to determine respiratory rates, RCR, and ADP/O ratios. Also, the GUI
can visualize and analyze data in comma separated values format obtained with other digitized
systems.

The NI-DAQ was a 14-bit analog-to-digital converter used with a sampling rate of 1000 Hz.
The MATLAB data acquisition toolbox was used to handle the communication of the data from
the oxygen monitor to the computer. The data were filtered with the MATLAB library “mean”
[39] for continuous visualization of the data during the experiment. A user guide of the GUI and
video tutorials to show how to use the GUI are available at the data repository folder.
(https://data.mendeley.com/datasets/zb3d696s5c/draft?a=66238101-acbe-4d5b-afdd-
b38342ebaefl)

2.4.Calibration

The polarographic electrode signal ranged between 0 and 1 volt. The oxygen-dependent
voltage signal from the biological oxygen monitor was converted to oxygen concentration with a
calibration obtained with a physiological buffer for bioenergetics experiments [40]. The
molecular oxygen concentration in the medium was previously determined to be 222.5 nmol mL"
1 at 30°C and atmospheric pressure [38, 41, 42]. This value of oxygen solubility was reported in

the option pane of the software and used by the software to relate the voltage measurement to the
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oxygen concentration within the chamber at a specific temperature. The electrode of the
polarographic oxygen sensor was calibrated with a measurement of the voltage signal obtained
with two distinct oxygen contents dissolved in a mixed buffer media of 0.5 mL within the
bioreactor at 30°C under the following experimental conditions: a) a gas-liquid equilibrium
between room air and media; and b) in presence of sodium dithionite to consume the oxygen
dissolved in the media. The oxygen dissolved in the buffer under thermodynamic equilibrium
was previously established and used as input for the conversion factor. The parameter of the
calibration was determined and stored in a comma-separated values format for the experiment.
2.5.Data analysis

The data analysis module of the GUI was utilized to calculate the state 4 respiratory rate,
state 3 respiratory rate with an unsaturated or saturated ADP concentration, and uncoupled
respiratory rate by linear regression (‘regress’, MATLAB library) [39] of the raw data (i.e.
1000Hz), which was selected graphically using the mouse by the user. The respiratory rate was
normalized to the amount of the biological sample (e.g. mg of mitochondrial proteins) and
expressed as pmol of O, stmg™. Also, the software was used to compute the amount of oxygen
utilized during phosphorylation of the injected amount of ADP [43]. These data were used to
calculate ADP/O ratio.

To reduce the sampling rate of the data recorded without significantly affecting the
respiration rates, RCR, and ADP/O ratio values obtained with the raw data recorded at 1000 Hz,
the data were denoised in four steps and decimated in the last step of the denoising process. The
four steps included: 1) the time profile of the oxygen concentration was converted with Fast
Fourier Transform (FFT) to the frequency domain and the isolated spurious spectral peaks were

removed by setting them to zero; 2) data were converted from the frequency to the time domain
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with the inverse Fast Fourier Transform (iFFT); 3) data were processed to remove linear trends
using the MATLAB library “detrend” [39] with a window of 0.1 seconds; 4) data were filtered
to remove signals with high frequency and decimated to different sampling rates (5, 10, 20, 50,
100, and 500 Hz) using the Matlab library (“‘decimate”) [39]. This function allows to filter and
down sampling the data at once. A Chebyshev type | infinite impulse response (IIR) filter of
order 8 was used with a corner frequency based on the desired sampling rate.

To analyze the effects of the sampling rate on the biochemical outputs of the data analysis,
the respiratory rates, RCR, and ADP/O ratio were calculated for both raw and denoised and
decimated data at different sampling rate (f) 5, 10, 20, 50, 100, and 500 Hz using the same
interval of time for regression of the data recorded at 1000 Hz. At each sampling rate, the mean
percentage error (es) in determining state 4, state 3 (with unsaturated or saturated ADP
concentration), and uncoupled respiratory rates as well as RCR and ADP/O ratio relative to that
obtained with a sampling rate of 1000 Hz was calculated for raw and denoised data as follows:

ey = 100 Z?i1|X1000Hz - Xfl/Xlooon 1)
where Xjg00m, @and Xy represent the value obtained with a sampling rate of 1000 Hz and f,
respectively, and m was the number of data available. For both SSM (n=10) and IFM (n=10), the
relative error was estimated for each respiration rate (State 3, State 4, uncoupled), RCR, and
ADP/QO ratios.

2.6.Statistical Analysis

Results are reported as means + standard deviation. Differences between SSM and IFM data
were analyzed by a student's paired t test with two tails. The comparisons of the relative error

obtained at different sampling rate between raw and denoised data were evaluated with two-way



1 ANOVA and Bonferroni correction for multiple comparisons. This analysis was performed for
2 both SSM and IFM. Difference of p<0.05 was considered significant.
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3.Results

3.1.Graphical user interface

The graphical user interface (GUI) is developed to have a window with a control panel to run
calibration and experiment as well as define the experimental settings (sampling rate, calibration
setting, biological sample amount, ADP injected). A representative time profile of the
mitochondrial oxygen kinetics recorded with the GUI is reported in Fig. 2. The unfiltered and
filtered data (1000 Hz) were reported in gray and black lines, respectively. The data are stored in
a comma separated values file format and can be analyzed with the GUI tools. Once the collected
data are visualized with the GUI, the data tools embedded in MATLAB are used with the mouse
to select the interval of data for linear regression necessary to estimate the oxygen consumption
rate. Two short vertical lines are visualized to delimitate the interval of the data selected. The
button “JO2” allows the user to perform the regression to calculate the fluxes J1, Jz, J3, J4, Js, Js,
and J7 (Fig. 2). Thus, GUI is used to determine specifically, state 3 with unsaturated ADP (Jz, Ja),
or saturated ADP (Js) concentration, state 4 (J3, Js), and uncoupled (J7) respiratory rates, as well
as, RCR. The software uses the intersection of the regression lines corresponding to the flux J:
and Jz and that of the lines of the flux J> and Js to determine the oxygen utilized to phosphorylate
the amount of ADP (0.2 mM) injected to the chamber. Thus, the oxygen utilized is visualized by
the vertical dotted black line which represents the vertical distance between the two intersections.
The button “ADP/O” allows the user to calculate the ratio between the oxygen consumed and the
amount of ADP injected. Similarly, the regression lines corresponding to the fluxes Js, Ja and Js
are used to determine the ADP/O ratio for the second injection of ADP at 0.2 mM.

The respiration rates normalized to the amount of biological sample, as well as the RCR and

ADP/O ratios are stored in a cvs format file for future analysis.

11
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Figure 2. A representative time profile of the oxygen kinetics during a mitochondrial respiration stimulation: filtered data (black) and

unfiltered data (grey) with the results of the data analysis tools of the GUI to estimate the respiration rates and ADP/O ratios.
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3.2.Mitochondrial yield and oxidative phosphorylation

The SSM vyield is 36% that of the IFM yield (Table 1). In the presence of glutamate, state 3
respiratory rate of SSM with an unsaturated ADP concentration is similar to that observed for
IFM. The respiration rate with a saturated concentration of ADP significantly increases (15%)
for both SSM and IFM. The maximal State 3 respiratory rate of SSM is significantly lower than
that measured for IFM. Oxidative phosphorylation and uncoupling respiratory rates of IFM are
approximately 10% higher than those observed for SSM. The RCR values for SSM and IFM are

18 (Table 1) and ADP/O ratios for SSM and IFM are approximatively equal to 2.77.

Unit SSM IFM p

Yield [mg g™ 2.16+0.6  6.5+0.7* 1010
State 3 [pmol stmg?] 26804372 2776+263 101
State 4 [pmol stmg?] 194+44 144+19% 107
RCR [-1 15.1+6 20+3* 3102
ADP/O [] 2.77+0.26 2.80+0.21  710?
High ADP [pmol simg™?] 39134536 4297+509*  10*
Uncoupled [pmol stmg™l]  4482+623% 4890+586%* 107

Table 1. Mitochondrial yield and oxidative phosphorylation characteristics of skeletal muscle
subsarcolemmal mitochondria (SSM) and interfibrillar mitochondria (IFM) from vastus lateralis.
The respiratory rate is related to mg of mitochondrial protein. Values are obtained with raw data
and reported as means + standard deviation (n=10).

RCR: respiratory control ratio;

ADP/O: ADP to oxygen ratio;

High ADP: Saturated concentration of ADP;

DNP: Uncoupling state in presence of dinitrophenol,

“ Significantly different from SSM.
¥ Significantly different from high ADP.

13
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3.3.Denoised effects on sampling rate

To analyze the noise of the data, the unfiltered data was subtracted from the denoised data for

each time point and reported in Fig. 3a. The distribution of this difference follows a Gaussian

distribution as reported in Fig. 3b.
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Figure 3. The difference between the raw and denoised concentration data (a) at each time point

and its statistical distribution (b).
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The respiratory state 3, state 4, and uncoupled rates as well as ADP/O and RCR obtained
with a sampling rate of 1000 Hz (Table 1), were re-estimated using the raw and denoised data
collected at sampling rates of 500, 100, 50, 20, 10, and 5 Hz (Fig. 4, 5 and 6) for both SSM and
IFM.

In SSM, the relative error of the respiration rates obtained with raw data (Fig.4 and 5)
increase with a decrease of the sampling rate from 1000 to 5 Hz. This error became significantly
different from zero for respiratory rate with: unsaturated ADP concentration at sampling rate
lower than 100 Hz (p<1073, Fig. 4a); saturated ADP concentration at sampling rate lower than 10
Hz (p<10%5, Fig. 4b), uncoupled mitochondria at sampling rate lower than 20 Hz (p<1073, Fig.
4¢). In addition, when the relative error of the respiration rates obtained with raw data was
significant at a specific sampling rates, it was greater than that with denoised data for the same
sampling rate. Furthermore, the relative error for all respiratory rates obtained with denoised data
was not significantly different from zero regardless the sampling rate.

In SSM, the relative error in calculating state 4 respiratory rate (Fig. 5) increases with a
decrease of the sampling rate for both raw and denoised data. For a decrease of the sampling rate
from 500 to 5 Hz, the relative error of state 4 respiratory rate obtained with raw data increased
from 1+1 to 19+14%. Also, the relative error for ADP/O ratio (Fig. 6a) and RCR (Fig. 6b)
obtained with raw data increased from 0.07+0.04 to 1.2+1% and from 1+1 to 20+18%,
respectively. In contrast, the relative error of state 4 respiratory rate, ADP/O ratio and RCR
obtained with denoised data was not significantly different from zero regardless the sampling
rate.

In IFM the results obtained for the relative errors using either raw or denoised data were

similar to those reported for SSM for each condition investigated.

15
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Figure 4. Effect of the sampling rate on the percentage error in calculating bioenergetic outputs:
state 3 respiratory rate with an unsaturated (a) and saturated concentration of ADP (b) as well as
uncoupled respiration rate (c) using raw and denoised data of SSM; state 3 respiratory rate with
an unsaturated (d) and saturated concentration of ADP (e) as well as uncoupled respiration rate
(f) using raw and denoised data of IFM. Data are reported as mean + SD (n=10).

Influence of sampling rate (p<10®) (*) Statistically different from relative error obtained with
raw data at 1000 Hz.

Influence of denoise process at different sampling rate (p<107) (#) Statistically different from
denoised data at the same sampling rate.
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4. Discussion

A graphical user interface was developed and integrated with an analog-to-digital converter
to perform data acquisition, visualization, and processing of a polarographic system. GUI can be
used to calculate respiration rates, RCR, and ADP/O ratios from oxygen kinetics measured with
the polarographic system. A filter was applied to the polarographic data for real time
visualization. The GUI includes signal processing to denoise the data to have a relative error in
calculating the respiration rates, RCR, and ADP/O ratio lower than 0.5% with low sampling rates
(10 Hz) in comparison to the results obtained with raw data at 1000 Hz. The integrated tools of
the GUI were used to overcome the limitations related to the analysis of data of polarographic
systems without a digitized and software components.

In this study, oxidative phosphorylation characteristics of both populations of skeletal muscle
mitochondria were similar to those previously determined by our group using the same
polarographic system, animal model, and experimental protocol [24, 36]. Other systems are
based on the same oxygraph [14-19, 21, 22, 26], Clark electrode [14, 17, 26, 34, 42], and similar
volume of the metabolic chamber [26, 42, 44] of our study.

4.1.Graphical user interface

Several polarographic systems without a digitized component or software to process the data
are used by the research community [14, 27-33, 36] and the analysis of the data is more time
consuming than the commercial integrated system. In our work, the integrative approach
proposed allows a fast and accurate calculation of the respiration rates and ADP/O ratios. These
calculations can not only be performed on data collected by our GUI but also from data recorded

by other digitized systems.
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The GUI of our study can be also used for other analog polarographic systems with a
compatible data acquisition device which require only minor changes in the parameter settings of
the GUI. Furthermore, the data acquisition device (NI-DAQ, USB-6001) used in this study allow
to use any analog polarographic system with an output voltage within the £10V range. The file
format to store and analyze the data is comma separated values, which is a common data
exchange format.

4.2 Effect of Sampling rate

The Gaussian distribution of the difference between the raw and denoised data (Fig. 3b)
indicates that the noise is independent of the time and the denoising procedure used in our work
is acceptable. The efficiency of the denoising process in minimizing the noise and sampling rate
of the recorded data is related to the YSI 5300 model. Noise could be related to the data
acquisition hardware, magnetic stirrer, and other laboratory equipment in the vicinity. The
approach proposed for our system to evaluate the noise and identify the optimal sampling rate
can be generalized whereas other polarographic systems may require a different signal filtering.

To minimize the relative error in calculating the respiration rates, ADP/O ratios and RCR
obtained with raw data collected at low sampling rate (Fig. 4 and 5), a signal processing was
applied to the data. Thus, the relative error in calculating the respiration rates, RCR, and ADP/O
ratio values obtained at 1000 Hz (Table 1) was negligible even for low sampling rate.

The state 4 respiration rate relative error is the most sensitive in comparison to the other
respiration rates errors to the sampling rate changes (Fig. 5) because the absolute error is similar
for all respiration rates and state 4 respiration rate is approximately 17-30 fold lower than the

other respiration rates used to normalize the absolute error (Table 1).

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

In addition, the calculation of the state 4 respiration rate (Fig. 5) affects the calculation of
ADP/O ratio and RCR (Fig. 6). For these ratios, the relative error increases with a decrease of the
sampling rate, because of the increase error in determining state 4 respiration rate. This rate did
not only directly affect RCR (State 3/State 4), but also ADP/O ratio because it was used to
determine the intersection point required to quantify the oxygen utilized to phosphorylate the
ADP injected. Thus, state 4 respiratory rate error can be used to identify the best sampling rate
assuring a low relative error for all biochemical data extracted from the oxygen kinetics. The use
of denoised data allowed to have a state 4 respiratory rate relative error lower than 3+2% at a
sampling rate of 5Hz. This error value was the highest among all errors obtained with the
respiration rates, ADP/O ratios, and RCR and it was not significantly different from zero (Fig.
5). Thus, this sampling rate represents a good compromise between data accuracy and resolution.
Reducing the sampling rate by 100 fold is convenient when these kinetics data are used for
computational methods to study the regulation of oxidative phosphorylation under physiological
and pathophysiological conditions [45-48]. In particular, the estimate of the parameters of
computational models of mitochondrial energy metabolism requires oxygen kinetics data which
in case of a sampling rate of 1000 Hz for an experiment of 5 minutes implies the utilization of
large amount of data (i.e. 3 10°). Thus, a reduced sampling rate that does not significantly affect
the nature of the kinetics is desirable to efficiently use these computational methods.

4.3.Conclusion

The integrated approach proposed was used to digitize, visualize, and analyze data by a
graphical user interface designed for analog polarographic systems. Software with the GUI is
available to analyze the data recorded with other polarographic systems. The graphical user

interface overcomes cumbersome calculations to extract bioenergetic data from oxygen kinetics,
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1 enhance the accuracy of RCR and ADP/O ratio, and optimize the decimation of kinetic data for

2 computational applications.
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