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ABSTRACT Cultured cells are commonly maintained 
in atmospheres with excessive oxygen 
concentrations (%O2) relative to those 
they encounter in their physiological 
milieu (i.e., physiological oxygen or 
“physoxia”). This deficiency is especially 
apparent for exercising skeletal muscle, 
in which intracellular PO2 can drop from 
approximately 4 kPa at rest to 0.5 kPa 
during exercise. We recently developed 
an in vitro exercise model in which 
cultured myotubes are electrically 
stimulated to contract under physoxic 
conditions. Contraction is energetically 
demanding and leads to increased oxygen 
consumption by the cells, such that it 
is difficult to predict the %O2 to which 
the cells are exposed. To help address 
this gap, we employed Lucid Scientific’s 
oxygen sensing system within the Baker 

Ruskinn SCI-tive hypoxia workstation 
to precisely manipulate and monitor 
the %O2 in the myotube culture media. 
The in vitro exercise model provides a 
stringent test case for the abilities of 
these two systems. We present results 
demonstrating 1) the strong association 
of the Lucid oxygen probes and SCI-tive 
measures of atmospheric %O2, 2) the 
ability of the SCI-tive to tightly control 
atmospheric temperature, humidity, and 
pressure despite multiple entries and 
exits from the workstation, and 3) the 
medium %O2 in response to electrical 
stimulation and changes in workstation 
oxygen concentrations. We conclude 
that operating the Lucid oxygen sensing 
system within the SCI-tive enables 
reliable and accurate manipulation and 
monitoring of %O2 in cultured cells.
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FIGURE 1. 
Oxygen concentrations in  
human organs. 

INTRODUCTION The cells of multicellular organisms are 
continuously exposed to biochemical 
and biophysical stimuli from their 
local environments. Cells defend 
their homeostasis through dynamic 
physiological adaptations to these 
stimuli. Cell biology studies commonly 
use cell culture models in which cells are 
maintained in plastic dishes and overlaid 
with culture medium, which provides 
nutrients, growth factors, and pH 
buffers. The cells are stored in incubators 
that maintain a constant temperature 
(typically 37oC), a high relative 
humidity (~70-90%) to prevent media 
evaporation, and constant atmospheric 
gas concentrations. The approximate 
composition of air in a research-grade 
incubator is 74% N2, 16% O2, 5% CO2, and 
5% H2O. The concentrations of O2 and CO2 

are respectively lower and higher than 
in dry air because extra CO2 is needed 

for bicarbonate-based buffers to work. 
Typical cell culture models thus only 
partially mimic the in vivo physiological 
milieu. 

While 16% O2 is less than the ~21% O2 

found in room air, cultured cells are 
nevertheless exposed to excessive oxygen 
concentrations relative to those they 
encounter in vivo. Physiological oxygen 
levels (abbreviated as “physoxia”[1]) 
result from the descending gradient of 
oxygen from the lungs to the cell interior, 
where it is consumed in the mitochondria. 
Accordingly, cells encounter lower %O2 

in their immediate microenvironments 
compared to blood and even lower %O2 

inside the cell. In addition, different 
organs feature distinct physoxic oxygen 
concentrations (Figure 1, [2]).

Lowering of the intracellular PO2 can 
trigger changes in cell signaling. The 
hypoxia-inducible factors (HIF) represent 
prototypical oxygen-sensitive signaling 
systems [3]. HIF transcription factors 
controls the expression rate of genes 
that promote cellular and whole-body 
tolerance to reduced oxygen, such as 
increased glycolytic enzymes, red blood 

cell production, and angiogenesis [3]. The 
HIF-1 isoform has two subunits, a and ß. 
The ß-subunit is constitutively expressed 
whereas levels of the a-subunit are 
inversely proportional to intracellular 
oxygen concentrations [3].
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Exercising skeletal muscle presents an 
interesting model to study intracellular 
oxygen dynamics. At rest, intracellular 
PO2  is approximately 4 kPa but drops to 
0.5 kPa during exercise [4]. The decrease 
in PO2 is due to both the increased cellular 
oxygen consumption needed to sustain 

increased oxidative phosphorylation and 
to the limited oxygen transport arising 
from increased whole-body oxygen 
demand. The reduced intracellular PO2 

promotes the diffusive flux of oxygen  
into the cell and can promote HIF-1 
signaling [4]. 

Here we report results from our study 
evaluating the use of the SCI-tive hypoxia 
workstation and the Lucid oxygen 
sensing system to manipulate and 
monitor atmospheric and cell culture 
media conditions. We present three 
primary results: 1) the strong alignment 
of Lucid system and SCI-tive measures 
of atmospheric %O2, 2) the ability of the 
SCI-tive to tightly control atmospheric 

temperature, humidity, and pressure 
despite multiple entries and exits from 
the system, and 3) the %O2 time courses 
in the medium in response to electrical 
stimulation and changes in atmospheric 
%O2. We conclude that using the Lucid 
oxygen sensing system within the SCI-
tive enables precise manipulation and 
monitoring of %O2 in cell culture medium.

Cell culture. 

C2C12 myoblasts (American Type Culture 
Collection # CRL-1772, lot 70004012, 
passage no. 8-12) were thawed in a 37oC 
water bath and transferred to a 10-cm 
cell culture dish containing growth media. 
Growth media consisted of Dulbecco’s 
modified Eagle’s medium (DMEM; 
Corning: 50-003-PC) supplemented with 
10% fetal bovine serum (VWR: 97068-
085). Cells were maintained at 37oC in 
a 5% CO2, 16% O2, and 80% humidified 
atmosphere within a tri-gas incubator 
(PAN-MCO19MPA, Panasonic, Tokyo, 
Japan). The myoblasts were passaged 
every two days until sufficient cells had 
been obtained. 

For experiments, the myoblasts were 
seeded in 35-mm dishes at a density of 
100,000 cells mL-1 in 3 mL of medium, 
for a total of 300,000 cells per well. 
The myoblasts were expanded in 
growth media to ~90% confluence, at 
which point they were differentiated 
to myotubes by replacing the growth 
media with differentiation media (DMEM 
supplemented with 2% horse serum, 
American Type Culture Collection 
#30-2040). Differentiation media was 
replaced every other day for a total of 
five days of differentiation. The degree 
of differentiation, as measured by the 
fusion index [5], was 28%. 

The goal of our research is to study 
cell signal transduction dynamics in 
response to exercise. Studying signaling 
dynamics requires experimental models 
that feature precise control of stimuli 
and the ability to collect many samples 
over time. These requirements preclude 
us from using common human and rodent 
models. We therefore designed an in 
vitro exercise model in which cultured 
myotubes are electrically stimulated 
under physoxic conditions. Given that 
stimulation leads to increased oxygen 
consumption by the cells, it is difficult to 

predict the %O2 that the cells encounter 
in their immediate microenvironments. 
We therefore reasoned that it is important 
to monitor oxygen levels in the culture 
medium. The system should be flexible, 
unobtrusive, reliable, and accurate. 
Lucid Scientific makes an oxygen 
sensing system featuring needle probes 
immersed in the culture medium. The 
system is compatible with the electrical 
stimulation system and the probes can 
be used for continuous non-invasive 
monitoring. 

NOTE: 
Throughout the document, we 
typically report oxygen levels as 
concentrations (%O2). However, 
the muscle physiology literature 
typically reports intramuscular and 
intracellular oxygen levels as partial 
pressures of oxygen (PO2). To remain 
consistent with that literature, we 
report PO2 values when citing those 
studies. Given that atmospheric 
pressure is approximately 100 kPa, 
PO2 measures can be easily compared 
with %O2 values.

METHODS
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Oxygen sensing. 

Workstation atmospheric oxygen levels 
and those within the cell culture media 
were monitored using an optical oxygen 
sensing system (Lucid Scientific; Atlanta, 
GA). The Lucid oxygen probes work 
based on the principle of luminescence 
quenching (Figure 2). The probes were 
calibrated according to the manufacturer 
instructions. In brief, a 0.8 mM solution 
of Na2SO3 in PBS was prepared. Na2SO3 

binds with oxygen in the solution to form 
Na2SO4. Over time, the reaction removes 
the dissolved oxygen from the solution 
and creates a zero-oxygen solution. 
However, the solution continues to 
dissolve atmospheric oxygen, which 
eventually leads to the depletion of 
Na2SO3 and the re-accumulation of 
dissolved oxygen in the solution until 
saturation is achieved. The readings from 
the zero and saturated oxygen conditions 
are used to calibrate the probes  
(Figure 3).

FIGURE 2. 
Principle of the Lucid oxygen probes. 
The Lucid oxygen probes work via 
luminescence quenching. A blue light 
from the probe passes through a fiber 
optic cable and excites a luminophore 
(a ruthenium-complex-based dye). 
The excited luminophore emits red 
light, which the probes detect. In the 
presence of oxygen, some energy 
from the excited luminophores is 
transferred to oxygen molecules, such 
that the luminophores emit less light. 
The amount of energy absorbed by 
oxygen is proportional to the partial 
pressure of oxygen.

FIGURE 3. 
Lucid oxygen probe calibration. To 
correctly interpret decay rates, the 
oxygen probes must be calibrated 
at a zero and an ambient oxygen 
level. The probes are immersed in 
a zero-oxygen solution, which is 
created by dissolving sodium sulfite 
into phosphate-buffered saline (PBS). 
This solution is then stirred overnight, 
during which time oxygen will 
saturate the solution. The image (left) 
depicts the calibration setup, and the 
graph (right) shows the signals from 
each of four oxygen probes during the 
calibration process.

Hypoxia workstation operation.

A hypoxia workstation (Baker Ruskinn 
SCI-tive) was used for all experiments. 
C-dish 6-well plates and electrode lids 
(IonOptix; Westwood, MA) were kept in 
the workstation, with their ribbon cables 
passed through a slit cut into the rubber 
bung used to seal the workstation’s 
universal access port. The Lucid sensor 
box and optical oxygen probes, described 
below, were also kept in the workstation, 
with a USB cable passed through the 
cable port. 

Prior to the start of experiments, the 
hypoxia workstation atmosphere 
was set to 37oC, 5% CO2, 16% O2, 
and 80% relative humidity. Once the 
atmosphere was stabilized, the cells 
were transferred to the workstation and 
allowed to equilibrate for at least one 
hour. Equilibration was confirmed using 
the Lucid oxygen probes immersed in 
the culture media. The workstation was 
then programmed as indicated for each 
experiment. Atmosphere monitoring 
data were continuously collected by the 
workstation and then analyzed.

2
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Due to the presence of an oxygen gradient 
in the culture medium, the probes should 
be situated as close to the cell layer as 
possible (as per the manufacturer’s 
instructions). The probes were positioned 
by mounting them through the lid of a  
35-mm cell culture dish and a small 
piece of rubber glued to the dish lid. 
This approach facilitated the vertical 
adjustment of the probe so that it could 
be set at a pre-determined distance 
from the bottom of the cell culture dish. 
A microscope cover slip (320-μm thick) 
was placed in an empty cell culture dish. 
The probe was pushed down through the 
rubber until it contacted the glass. The 
probe (with the lid) was then transferred 

to the 35-mm dish containing the sample 
to be measured, with the probe positioned 
at the pre-determined distance from the 
bottom of the dish.

The Lucid system features a black box 
into which the probes are plugged, and 
which relay to a computer. The box also 
houses probes for atmospheric pressure, 
humidity, and temperature. The Lucid 
system reports oxygen levels as PO2 (kPa) 
whereas the SCI-tive reports oxygen 
concentrations (%O2 by volume). To report 
comparable results for oxygen levels, 
we converted the PO2 values to %O2 by 
calculating the ratio of PO2 measured by 
the probes to the total pressure.

The second experiment was designed to 
ascertain the ability of the Lucid system 
to measure dynamic changes in culture 
medium oxygen concentration in response 
to manipulations of atmospheric %O2 and 
to electrical stimulation. We performed 
two independent replicates of a 23-full-
factorial experiment in a crossover 
manner (Figure 9A). The factors and their 
levels were as follows: 1) C2C12 myotubes 
(present or absent, i.e., culture medium 
only), 2) electrical stimulation (90 min 
at 20 V, 2 ms, 1 Hz, or no stimulation), 
and 3) workstation atmospheric oxygen 
levels (16% or 8%). For the first replicate, 
the atmospheric oxygen was set to 16% 
and the myotubes were stimulated for 
90 minutes. The stimulation was then 

stopped, and the atmospheric oxygen 
was changed to 8%. After 90 minutes of 
equilibration, cells were again stimulated 
for 90 min. For the second replicate, the 
same procedure was followed except 
that the atmospheric oxygen was first 
set to 8% to start and then changed to 
16% after the first stimulation bout. 
The medium oxygen concentration was 
measured in four dishes, two of which 
had cells and the other two with same 
volume of medium only (Figure 9B). 
Electrical stimulation was applied to one 
dish of cells and to one dish containing 
medium only, whereas the two remaining 
dishes had no stimulation applied.

Electrical stimulation. 

The myotubes were electrically stimulated 
using the C-Pace EP system (IonOptix) with 
C-dish 6-well plates for 35-mm dishes. 
The stimulation parameters were 20 V, 
2 ms, and 1 Hz, which corresponded to 
those commonly used in previous studies 
[6,7]. An inverted digital microscope was 
used to monitor contraction (Etaluma 
Lumascope L560; San Diego, CA). At the 
end of electrical stimulation experiments, 
the cells were rinsed twice with ice-cold 
PBS, immersed in liquid nitrogen and 
immediately transferred to a -80oC freezer 
for storage.

Experimental designs. 

Data from two experiments are presented. 
The first experiment was designed to 
assess myotube signaling dynamics in 
response to electrical stimulation, during 
which we continuously measured the 
workstation atmosphere conditions (i.e., 
%O2, temperature, pressure, humidity) 
by placing the Lucid sensor box and 
two oxygen probes in the workstation 
wherein they monitored its atmosphere 
continually at 1 Hz. The SCI-tive oxygen, 
temperature, and humidity probes also 
sampled the workstation atmosphere at 
1 Hz. The cells were stimulated for 180 
min and then allowed to recover for 180 
min. Cells were sampled at multiple time 
points, each of which required entry into 
the workstation by the investigator. Three 
independent replicates of this experiment 
were performed on three different days.
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FIGURE 9. 
Oxygen levels in media of contracting 
C2C12 myotubes in 16% and 8% O2 
atmospheres. 

A.  Diagram of the experimental 
design, which is described in the 
Experimental Designs section of 
the Methods.  

B.  Image of the experimental setup. 
The Lucid oxygen probes were held 
in place by rubber blocks glued 
to the 35-mm dish lids. The probe 
tips were immersed in the culture 
medium of each dish.  

Data analysis.

Computations, plots, and statistical 
analyses were performed using R software 
(version 3.6.1) and Microsoft Excel. Raw 
time series data were plotted for three 
independent replicates performed on 
separate days. The mean and standard 
deviations of the six-hour time series 
collected during the stimulation and 
recovery phases of experiment 1. The 
average mean and standard deviation 
across the three replicates were reported 
for each measured variable. The average 
standard deviation was calculated by 
taking the square root of the averaged 
variances.

The sensitivities of the oxygen probes 
were assessed using an approach 
involving cross-correlation analysis, 
which quantifies the correspondence 
of two time series at different lags (i.e., 
time offsets). This analysis is applied to 
“detrended” time series, which means 
that broad trends in the time series are 
removed, leaving behind the fluctuations 
in the signals. In our case, broad trends 
in the time series were caused by 
workstation entries during experiments. 
We detrended the time series using first-
order differencing, which is a commonly 
used procedure in which the value from 
the prior time point is subtracted from 
the value at the current time point, for all 
points in the time series. 

From the differenced %O2 curves, we 
computed the mean of the three probes 
at each time point, which provided the 
mean differenced %O2, followed by 
calculating the deviations of each probe 
value from the mean, giving the deviations 
from the mean differenced %O2. We 
computed descriptive statistics of the 
deviation distributions, including the 
mean, standard deviation, and 5th- and 
95th-percentiles. The latter quantities 
are analogous to the bounds of a 90% 
confidence interval, and we define these 
percentiles as metrics of probe sensitivity. 
We computed cross-correlation functions 
for the differenced %O2 for each probe 
pair using the “ccf” function from the 
“stats” package in R. Before doing so, we 
confirmed that the differenced %O2 were 
not autocorrelated.

For the full factorial experiment, means 
and standard deviations of the %O2 
signals were reported as follows. The 
starting values were computed from 
the data collected over the 10 min prior 
to the start of the stimulation period,  
steady-state values were computed 
from the data collected over the final  
60 min of the stimulation period, and  
the differences were recorded as the 
steady-state mean subtracted from the 
starting mean.

9a 9b
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The workstation atmosphere %O2 measures from the SCI-tive and Lucid oxygen  
probes are closely associated

The time courses of %O2 measured by 
the SCI-tive and Lucid oxygen probes in 
the stimulation experiment show clear 
variations in response to workstation 
entries (Figure 4). During some of 
the prolonged time spans between 
workstation entries (e.g., 60 to 120 min), 
the signals stabilized near the SCI-tive 
setpoint of 16% O2 (Figure 4). With each 
entry into the workstation, the signals 
from the three oxygen probes decreased 
(Figure 4). In response to a single isolated 
entry to the workstation, the signals 
decreased by approximately 0.5-1% and 
then recovered to the setpoint within 
approximately 10 min. Consecutive 
entries within short time spans (e.g., every 
5 min) caused accumulated decreases, 
with the %O2 decreasing to ~13% at some 
points during the experiment (Figure 4). 

Throughout the experiment, the trends 
of the Lucid and SCI-tive %O2 time series 
corresponded closely to one another 
(Figure 4). Consistent differences were, 
however, observed amongst the time 
series, with Lucid probe 2 reporting 
0.14±0.08 %O2 less than probe 1 and the 
SCI-tive probe reporting 0.31±0.11 and 
0.17±0.08 %O2 less than probes 1 and 2, 
respectively (Figure 4). 

RESULTS

FIGURE 4. 
%O2 measurements while working 
within the SCI-tive workstation. For 
each of the indicated time points 
along the timeline above the plots, the 
workstation was entered and exited 
to remove a sample (images at top). 
Each plot represents an independent 
replicate performed on a different 
day. Shown are the SCI-tive %O2 
setpoint (red) and the %O2 measured 
by the SCI-tive oxygen probe (blue) 
and two Lucid oxygen probes located 
within the workstation and exposed 
to its atmosphere (yellow and black). 
Note that the SCI-tive reports oxygen 
concentrations by volume as %O2 
while the Lucid probes report PO2 
values. To enable direct comparison, 
we converted the latter to %O2 by 
dividing the PO2 by the workstation 
atmospheric pressure measured by 
the Lucid pressure probe.

4
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The differenced %O2 time series for 
each probe and the corresponding mean 
from replicate 1 are plotted in Figure 5A. 
The deviations of the probe %O2 values 
from the mean differenced %O2 were 
randomly scattered about 0 (Figures 
5B and 5C). The means and standard 
deviations of the deviation distributions, 
averaged across the three replicates, 
were 0.000±0.036 (probe 1), 0.000±0.040 
(probe 2), and 0.000±0.040 (SCI-tive). The 
5th and 95th percentiles for the deviation 
distributions were approximately ±0.06 
across all three probes.

After confirming that the autocorrelations 
of the differenced curves were negligible, 
we computed the cross-correlation 
functions for each pair of signals  
(Figure 5D). The cross-correlation 
function coefficients at lag 0, averaged 
across the three replicates, were 
0.85±0.02 (probe 1 vs. probe 2), 0.79±0.03 
(SCI-tive vs. probe 1), and 0.74±0.08 
(SCI-tive vs. probe 2). There were also a 
few strong cross-correlation function 
coefficients between the Lucid probes 
and the SCI-tive oxygen probe for lag = -1, 
meaning in this case that the Lucid probe 
signals at a prior time point predicted the 
SCI-tive signal (Figure 5D).

FIGURE 5. 
Cross-correlation analysis of the 
%O2 time series. All figures are for 
replicate 1; similar results were 
obtained for replicates 2 and 3.  

A.  First-order differenced %O2.  
The black line represents the 
mean differenced %O2 from the 
three probes, the points represent 
the differenced %O2 from each 
probe (yellow = probe 1, magenta 
= probe 2, and cyan = SCI-tive 
oxygen probe).

B.  The deviations of the  
individual-probe-differenced  
%O2 values from the mean.  
The color coding is the same as  
in panel A. The black dashed lines 
indicate the approximate 5th-  
and 95th-percentile values  
(i.e., -0.06, 0.06).

C.  Histograms of the deviations  
from the mean differenced  
%O2 for each probe (N = 359).

D.  Cross-correlation functions  
(CCF) between each pair of 
probes. The blue dashed lines 
indicate the threshold CCF for 
statistical significance.

5a

5b

5d

5c
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The workstation atmospheric temperature, pressure, and humidity are well controlled

During the experiment, the Lucid system 
provided measures of the temperature, 
pressure, and humidity of the hypoxia 
workstation atmosphere, while the S 
CI-tive provided independent measures 
of temperature and humidity. The mean 
SCI-tive temperature was 37.03±0.03oC, 
compared to the setpoint of 37oC (Figure 
6A). The mean temperatures measured 
by the two Lucid temperature probes 
were 39.08±0.10oC and 38.30±0.09oC, 
such that both were biased high relative 
to the SCI-tive setpoint and measured 
value. To evaluate the degree of control,  
the SCI-tive- and Lucid-measured 
temperatures were plotted relative to 

their values at the start of stimulation 
(Figure 6B). The SCI-tive-measured 
temperature was well controlled, whereas 
the Lucid-measured temperature 
exhibited departures from the baseline 
coinciding with entries and exits from 
the system (Figure 6B). In particular, 
decreases of approximately 0.25oC were 
evident between the 15- and 30-min time 
points and the 195- and 210-min time 
points (Figure 6B). These departures 
contributed to the higher standard 
deviations of the Lucid-measured 
temperatures compared to that of the 
SCI-tive-measured temperature (0.1oC vs. 
0.03oC, respectively).

FIGURE 6. 
Workstation atmosphere temperature 
time courses during a 6-hr experiment. 
The points along the timelines shown 
at the top of each panel indicate the 
workstation being entered to collect 
a sample.  

A.  Absolute temperatures measured  
by the SCI-tive (blue) and the  
two Lucid temperature probes  
(1= yellow, 2 = black).  

B.  Relative temperatures, expressed  
as the deviation from their values  
at the start of stimulation, from  
the SCI-tive and the Lucid 
temperature probe 1. Signals  
from three independent  
replicates performed on  
different days are shown.

6a

6b



March 2021 10

The workstation atmosphere pressures 
for the three replicates were 98.4±0.15 
kPa, 99.4±0.12, and 99.3±0.12 kPa 
(Figure 7). For the workstation relative 
humidity, the SCI-tive-measured values 
of 79.17±1.04% closely corresponded 
to the SCI-tive setpoint of 80%, while 

the Lucid-probe-measured values 
of 64.26±0.15% were lower (Figure 
8A). As reflected by the standard 
deviations, the SCI-tive-measured 
relative humidity was more variable 
than that measured by the Lucid probe    
(Figure 8B).

FIGURE 7. 
Workstation atmosphere pressure 
time course during a 6-hr experiment. 
The points along the timeline shown 
at the top indicate the workstation 
being entered to collect a sample.  
The workstation atmospheric 
pressure measurements from the 
Lucid probe were plotted against 
time. Signals from three independent 
replicates performed on different 
days are shown.

FIGURE 8. 
Workstation atmosphere relative 
humidity time courses during a 6-hr 
experiment. The points along the 
timeline shown at the top indicate 
the workstation being entered to 
collect a sample. The workstation 
atmospheric relative humidity set 
point (red), humidity measured 
by the SCI-tive probe (blue), 
and humidity measured by the 
Lucid probe (yellow) were plotted 
against time. Signals from three 
independent replicates performed 
on different days are shown.

7
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Replicate Sensor Condition Starting Phase 1 
Steady State Difference* Starting Phase 2 

Steady State Difference*

1 Setpoint 16% 8%

SCI-tive 15.86±0.03 15.85±0.03 0.01 7.95±0.01 7.97±0.06 -0.02

Lucid Media, nonstimulated 15.55±0.01 15.45±0.03 0.10 9.54±0.02 9.2±0.06 0.34

Media, stimulated 15.52±0.01 15.44±0.03 0.08 8.99±0.02 8.85±0.05 0.14

Myotubes, nonstimulated 13.33±0.05 13.27±0.03 0.06 6.54±0.05 6.32±0.1 0.22

Myotubes, stimulated 13.41±0.03 12.7±0.03 0.71 6.64±0.05 5.87±0.08 0.77

1 Setpoint 8% 16%

SCI-tive 8.03±0.01 7.92±0.05 0.11 15.84±0.0 15.85±0.02 -0.01

Lucid Media, nonstimulated 10.07±0.07 9.28±0.12 0.79 14.71±0.04 14.93±0.04 -0.22

Media, stimulated 9.72±0.01 9.19±0.18 0.53 14.58±0.05 14.73±0.02 -0.15

Myotubes, nonstimulated 2.71±0.07 2.81±0.07 -0.10 9.64±0.07 10.11±0.13 -0.47

Myotubes, stimulated 2.98±0.02 2.55±0.04 0.43 10.93±0.06 10.41±0.07 0.52

To determine the extent to which 
medium %O2 can be manipulated, we 
performed a factorial experiment in 
which medium %O2 was measured in 
response to combinations of two levels 
of atmospheric %O2 and myotube oxygen 
consumption (manipulated through 
electrical stimulation; Figure 9A and 9B). 
The raw data are presented in Figure 
9C and summary data are presented in 
Table 1. The following observations were 
consistent across oxygen setpoints and 
replicates. First, myotube-containing 
dishes exhibited lower %O2 than those 
containing only culture medium (Figure 
9C). For example, the starting %O2 at the 
16% O2 setpoint were 14-15% in media-

only dishes compared to 10 and 13% in 
myotube-containing dishes (Table 1). 
Second, electrical stimulation caused 
decreased %O2 in the medium in the 
myotube-containing dishes but not in 
the media-only dishes. The difference in 
%O2 in steady state compared to starting 
values during myotube stimulation were 
approximately 0.7% on average, which 
exceeded differences observed in other 
conditions (Table 1). Third, lowering the 
workstation atmosphere %O2 decreased 
the corresponding media %O2. For 
example, the respective starting %O2 
in the media-only dishes for the 8% 
and 16% O2-setpoint conditions were 
approximately 9% compared to 15%. 

TABLE 1. 
Summary data from the factorial 
experiment. Data are reported as 
mean ± standard deviation %O2  
(i.e., its concentration by volume). 

*Difference = starting – steady state 

The medium %O2 changes dynamically in response to manipulations of atmospheric  
%O2 and cellular oxygen consumption

The data provide insights into the %O2 

kinetics in response to manipulations. 
In response to electrical stimulation, the 
%O2 achieved steady state within 10-20 
min after its initiation or cessation (Figure 
9C). In response to lowering the %O2 

setpoint from 16 to 8%, the workstation 
atmosphere %O2 achieved the new 
setpoint in 17 min, whereas it took 70 
min when increasing the setpoint from 8 
to 16% (Figure 9C). Similar trends were 
evident in the culture medium %O2. The 
medium %O2 values took approximately 
90 min to achieve steady state when 

atmospheric %O2 was increased from 
8% to 16% (Figure 9C, bottom panel). 
However, when the setpoint was lowered 
from 16% to 8%, the medium %O2 rapidly 
decreased at first, followed by a more 
gradual decline, but did not achieve 
steady state during the measured interval 
(Figure 9C). A similar trend was noted in 
the media-only conditions during the 8% 
setpoint phase of replicate 2; the signals 
progressively declined throughout (Figure 
9C, bottom panel).
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FIGURE 9. 
C.  Media %O2 time courses. The 

top and bottom panels feature 
data from replicates 1 and 2, 
respectively. The media %O2  
from four probes were measured 
– non-stimulated medium (blue), 
stimulated medium (red), non-
stimulated myotubes (black), and 
stimulated myotubes (yellow). 
The SCI-tive setpoint (red) and 
workstation atmosphere oxygen 
probe reading (blue) were included 
for reference. The times associated 
with the initiation and cessation 
of electrical stimulation as well 
as the transition between the 
atmospheric %O2 levels are 
indicated by the vertical dashed 
lines. Note that the SCI-tive reports 
oxygen concentrations by volume 
as %O2 while the Lucid oxygen 
probes report PO2 values. To enable 
direct comparison, we converted 
the latter to %O2 by dividing the PO2 
by the workstation atmospheric 
pressure measured by the Lucid 
pressure probe.

9c

DISCUSSION The purpose of this study was to 
investigate the performance of the  
Baker Ruskinn SCI-tive hypoxia 
workstation and the Lucid Scientific 
oxygen sensing system to manipulate 
and monitor oxygen concentration 
in the medium overlying cultured 
C2C12 myotubes. We reported data 
of the workstation atmospheric %O2, 
temperature, pressure, and relative 
humidity during a time-course 
experiment performed to investigate 
signaling dynamics (Experiment 1). 
We also reported medium %O2 data 
in response to the presence of cells, 
electrical stimulation, and altered 
atmospheric %O2 (Experiment 2). Overall, 
the systems performed well and provided 
essential insights into the effects of 
experimental manipulations designed to 
mimic exercise in vivo. 

We interpret our results as follows. First, 
the SCI-tive controls its atmosphere 
with respect to temperature, pressure, 
and relative humidity with excellent 
precision, even with multiple entries 
to the workstation by the experimenter 
(Figures 5-7). Atmosphere %O2 was also 
well controlled when the workstation 
was not being disturbed (Figure 9). 
However, entering the workstation 
or changing the %O2 setpoint led to 
dissociated setpoint and measured 
values, which took many minutes to 
restore (Figure 4). Dynamic changes in 
workstation atmosphere %O2 propagated 
to the culture media (Figure 9), albeit in 
a delayed manner. The magnitudes of 
the disturbances were proportional to  
the frequency of workstation entries 
(Figure 4). By adjusting the sampling 
strategy within the experimental design, 
it may be possible to minimize the extent 
of these disturbances. 
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Second, the Lucid-measured total 
pressure was precise, sensitive, and 
accurate. The total pressure was 
tightly constrained to a range of ~0.7 
kPa around the mean values (Figure 7). 
These fluctuations were likely due to 
workstation entries and gas injections, 
both of which cause transient increases 
in workstation atmospheric pressure 
(audible off-gassing can be heard when 
entering the workstation). We therefore 
estimate that the Lucid pressure probe 
can detect fluctuations of 0.3 kPa or 
less. The accuracy of the Lucid pressure 
measurements is more challenging 
to quantify because we did not have 
independent “gold standard” measures 
of pressure against which to compare. 
However, the mean total pressures 
corresponded well to those expected for 
ambient pressure at 370 m of elevation 
above sea level (~99 kPa), as the 
laboratory is located atop a mountain.

For the %O2 measurements, we used a 
cross-correlation approach to estimate 
that the sensitivities of the Lucid and 
SCI-tive probes are ±0.06%O2, which 
is more precise than the 0.1% control 
precision reported for the SCI-tive. The 
test-retest reliability of the system is 
indicated by the close correspondence of 
values for all measures recorded during 
each of the three independent replicates. 
The close correspondences of the Lucid 
and SCI-tive oxygen probes for both the 
trended and detrended %O2 time series 
indicate that the probes are accurate, as 
they were independently calibrated and 
use state-of-the-art optical technology 
(Figure 1).

It is challenging to make definitive 
statements from our data about the 
reliability and accuracy of the Lucid 
probes for %O2 measurements in culture 
media. The %O2 measures depend on 
the height of the media column and the 
depth of the probe within that column. 
Variations in media volume and the 
final probe height are expected for 
each experiment. In addition, it was 
challenging to establish steady states 
in the media %O2, especially when the 
atmosphere %O2 was set to 8%. Overall, 
we posit that relative measures within an 
experiment are likely to be sufficiently 
reliable and accurate for many research 
purposes. One caveat to our claim is that 
the reliability and accuracy of media 
%O2 measurements during experiments 
featuring multiple workstation entries 
remain to be evaluated.

The Lucid-measured temperature and 
humidity values were biased relative to 
the SCI-tive measures and showed less 
random variability (i.e., the signals were 
smooth). Reasons proposed for these 
biases include limited air circulation 
between the workstation atmosphere 
and the Lucid sensor box, and that the 
sensor box contains a circuit board that 
produces heat. The higher temperature 
also likely reduced the humidity within 
the box. The absolute values of the Lucid-
measured temperature and humidity 
therefore do not accurately reflect those 
of the workstation atmosphere. These 
measures may nevertheless be useful 
for identifying disturbances in these 
variables during an experiment. 
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The results highlight the importance of 
monitoring oxygen during experiments. 
As indicated by Figure 4, the conduct of 
experiments can itself cause changes in 
the atmospheres of the cultured cells, 
which could lead to confounded results. 
Conducting experiments within enclosed 
workstations can minimize these effects, 
but entries and exits to the workstation 
represent potential disturbances. 
Furthermore, monitoring of medium  
%O2 is necessary to validate and 
understand the effects of manipulating 
atmospheric oxygen levels. Changes 
to atmospheric oxygen levels or 
cellular energy consumption will cause 
dynamic changes in %O2. Many hypoxia 
experiments implicitly assume steady 
state, but our measurements show that 
steady states can be difficult to achieve 
especially when lowering the oxygen 
level (Figure 9C, top panel). 

Our results emphasize that in vitro models 
of exercise need to control atmospheric 
%O2 in order to mimic intramuscular PO2 
levels during exercise. Our data show that 
electrical stimulation alone is insufficient 
to decrease the culture media %O2 to 
those observed in exercising human 
muscle tissue, which readily reach ~0.5 
kPa [4]. Performing these experiments 
in a hypoxia workstation enables this 
degree of control. While the lowest 
partial pressures that we achieved in 
the experiments reported here were 
approximately 2.5 kPa (Figure 9C, bottom 
panel, 8% condition), we have achieved 
~0 kPa by setting the atmospheric %O2 

to 4% in other experiments (unpublished 
data). We therefore recommend that 
in vitro exercise models feature the 
manipulation and monitoring of oxygen 
concentrations in culture media.

CONCLUSIONS
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