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An EPR method that can measure the intra- and extra-cellular oxygen concentration [O,] simultancously in vitro has been
developed using specially designed nitroxides. In the presence of Fe(CN); ™ in the medium, intracellular [O,] is measured by a
neutral ¥ N-nitroxide and extraccllular [O,] is measured by a negatively charged '*N-nitroxide, since charged species do not
enter cel's and the EPR spectrum of a N-nitroxide does not overlap with that of a "*N-nitroxide. The method is based in part
on the minimal broadening of negatively charged nitroxides by Fe(CN);~ and the very effective broadening of neutral nitroxides
by the same paramagnetic ions. Results with this method confirm the existence of gradients in [O,] between the extracellular and
intracellular compartments in CHO cells and M5076 tumor cells, even without stimulation of cellular respiration by CCCP. The
nature of the barrier that needs to be involved to account for the experimental results raises some significant questions.

Introduction

Oxygen is an important variable in many physio-
logical and pathological processes, so the interpreta-
tion and use of many types of data from viable biologi-
cal systems require accurate knowledge of the concen-
tration of oxygen ([O,]) both inside and outside of cells
[1]. Although intracellular [O,] is usually the important
variable, much of the current understanding of the role
of oxygen in cells is based on data obtained from
measurement of extracellular [O,] which then is used
to infer to intracellular [O,). This approach is valid
only if there are no differences between [O,] inside
and outside of the cells [1].

Electron paramagnetic resonance (EPR) oximctry
using nitroxides has been developed recently [1-5] and
used to study extracellular and intracellular [O,] [1,5].
A significant gradient was found in Chinese hamster
ovaiy (CHO) cells stimulated by carbonyl cyanide m-
chlorophenylhydrazone (CCCP) [1]. If confirmed this
finding has significant practical and theoretical impor-
tance. The data on oxygen gradients were obtained
using separate experiments with different methodology
to measure intra- and extra-cellular [O,].
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The potential disadvantage of the above approach is
that different methods ar¢ used to determine intra-
and extracellular [O,), using two separate samples with
somewhat different experimental conditions. Typically
a freely diffusing nitroxide such as >N-4-0x0-2,2,6,6-te-
tramethylpiperidine-d,-1-oxyl (**N-PDT) and an extra-
cellularly located broadening agent such as Fe(CN);~
have been used for the measurement of intracellular
[0,] and a membrane impermeable charged nitroxide
such as 4-trimethylammonium 2,2,6,6-tetramethyl-
piperidine-1-oxyl (Cat;) has been used for the mea-
surement of extracellular [O,] [1]. The uncertainties in
measurement of [O,] introduced by using different
samples may obscure small differences in intra- and
extra-cellular [O,); and the different treatments of the
cells could affect the measurement, e.g., by affecting
the cellular respiration rate and/or properties of the
cell membranes. While by the use of suitable control
experiments such effects can, in principle, be ruled out
as the cause of the observed differences in intra- and
extra-cellular {O,], a more ideal method would be to
measure intra- and extra-cellular [O,] simultaneously
in one experiment in one system.

In this report we present the development of such a
method. Our approach differs from the previous
method that was used by using a negatively charged
nitroxide to measure extra-cellular [O,]. Such nitrox-
ides are only minimally broadened by concentrations of
Fe(CN)?~ which effectively broaden the EPR signal of
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a neutral nitroxide. The method also uses "N substitu-
tion for the neutral nitroxide becausc the EPR spec-
trum of a *N-nitroxide does not overlap with that of a
"“N-nitroxide. The Fe(CN); ™ acts not only as a broad-
ening agent but also as an oxidizer of hydroxylamines
(hydroxylamines are produced by bioreduction of ni-
troxides), maintaining the concentration of nitroxide in
the cell suspension [1,6]. Using this method, we now
have confirmed the existerce of gradien:s in [O,] be-
tween the extra- and intra-cellular coppartments in
CHO cells and M5076 tumor cells.

Materials and Methods

Nitroxides

The chemical structures and the abbreviations of the
nitroxides used in this study are shown in Fig. 1.
'SN-PDT and '*N-Cat, were purchased from MSD
Isotopes, St. Louis, MO; SL18 was synthesized as de-
scribed in Ref. 7; and nitroxide I was newly synthesized
and its synthesis will be reported elsewhere.

Growth and preparation of cells

The CHO cell line was a gift from Dr. L. Hopwood,
Medical College of Wisconsin and has been main-
tained in our laboratory for several years. The CHO
cells were grown to confluence at 37°C in McCoy’s Sa
media (from GIBCO, Grand Island, NY) and collected
by trypsination. The cells (2 103 /ml) were then incu-
bated at 37°C for 24 h in a Bellco spinner flask just
prior to their use in these experiments.

The MS5076 tumor is a reticulum cell sarcoma of
macrophage origin which arose spontancously in a
CS7BL/6 mouse [8]. We obtained the cell line from
Dr. R. Magin, College of Engineering University of
Hlinois and have maintaived it in our laboratory for
two years in female C57BL/6 mice through intraper-
ineal injections. After injection of about 107 cells into a
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Fig. 1. Chemical structures and abbreviations used in this paper for
the nitroxides.

mouse, about 15- 107 cells can be collected after two
weeks. The cells were washed twice with RPMI-160
media (from GIBCO, Grand Island, NY) before their
use in these experiments.

Sample preparation for the EPR measurements

The nitroxides and K;{Fe(CN),] were dissolved in
phosphate buffer solution at concentrations of 10 mM
and 100 mM, respectively, (final pH = 7.3, osmolarity
= 290 mmol /1) and added to the media to achieve the
desired final concentrations; 20% dextran by weight
also was added to the medium to retard the settling of
the cells, by increasing the viscosity of the solution [1].
In each EPR measurement, the sample was placed into
a gas permeable Teflon tube (Zeus Industries, Raritan,
NJ), 1 mm in diameter, 10 cm long; the Teflon tube
was then folded in half and placed in a quartz tube
open on both ends. The quartz tube was placed in a
vertical EPR cavity. The vertical setup was used to
assure that the sample maintained a homogeneous cell
distribution within the sensitive volume of thc EPR
resonator, for the time needed for measurements of
[0,] (30 min).

The charge-dependent broadening effects of
Fe(CN);~ on the EPR spectra of nitroxides 'N-PDT,
SL18, I, and '“N-Cat, were studied by adding each
nitroxide (final concentration of 100 xM) to 100 ul
medium with and without 30 mM Fe(CN)?~ and then
recording the EPR spectra at 37°C in N, (Fig. 2). In
other control experiments to determine the effects of
the cells on the nitroxides, "'N-PDT, SL18 or I (final
concentration of 100 M) were added to 100 ul
medium containing 107 cells, 30 mM Fe(CN)}~ and
20% dextran and the peak-height of the EPR signal of
cach nitroxide was recorded continuously over 30 min
at 37°C in N,.

For the measurement of intra- and extra-cellular
[O,], a sample (100 uI) containing 107 cells, 300 uM
SN-PDT, 200 M SL18 (or I), 30 mM Fe(CN)3-, and
20% dextran was prepared and EPR spectra were
recorded at various [O,] and the O,-sensitive EPR
parameters (see Fig. 3) were measured. Calibration
curves were obtained by adding 5 mM NaCN io the
above system to inhibit cellular respiration in order to
achieve equilibrium of oxygen between the extra- and
intra-cellular compartments and then using the above
procedures to establish the relationships between the
O,-sensitive EPR parameters and the perfused [O,].
To study the intra- and exira-cellular [0,] during respi-
ratory stimulation, CCCP was added to the above
system. 5 uM CCCP with CHO cells and 1 uM with
MS5076 tumor cells.

Respiration rates at 37°C wsre obtained for both
CHO cells and M5076 tumor cells with and without
stimulation by CCCP, by measuring extra-cellular [0,]
with '*N-Cat, in a closed system over time, and finding



the slope of the resulting linear plot [1]. 10° cells were
suspended in 100 p1 medium containing 200 uM *N-
Cat; and 20% dextran. Samples were drawn into glass
capillary tubes which were then sealed at both ends
and placed in quartz tubes. Spectra were recorded at
1-min intervals, AC (see Fig. 3) was measured for each
spcatrum and converted into an extra-cellular [O,],
and the slope of extra-cellular [O,] vs. time was ob-
tained to determine the respiration rate [1]. [O,] in the
perfusing gas was measured with a microelectrode pur-
chased from Microelectrode, Londonderry, NH and
the readings were converted to [O,] M) in water at
37°C. The oxygen parameter AC of *N-Cat, is more
sensitive to changes in [O,] than that of '*N-Cat,, so
5N-Cat, was used to measure the cellular respiration
rates.

Instruments and EPR narameters
All spectra werc taken at 37°C on a Varian E109E
spectrometer. The usual instrumental parameters were:
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Fig. 2. Charge-dependent broadening effects of Fe(CN);~ on the

EPR spectra of the nitroxides '"N-PDT (a), SL18 (b), I (c) and

ISN-Cat, (d). The EPR spectra of the four nitroxides without 30 mM

Fe(CN)Z ™ are on the left and the spectra of these nitroxides with 30

mM Fe(CN);~ are on the right. The instrumental conditions were as
described in Materials and Methods.
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Fig. 3. Definitions of oxygen-sensitive EPR parameters. EPR spectra

in air on left and in nitrogen on right (value in nitrogen indicated by

subscript ‘0'); (a) 100 1nM 'SN-PDT in medium, (b) 100 mM SL18 in

medium with 30 mM Fe(CN); ™, (¢} 100 mM I in medism with 30

mM Fe(CN); ~. For '*N-Cai, a parameter similar to that defined for
I was used.

microwave frequency, 9.05 GHz; incident microwave
power, 5 mW, center of the field, 3210 G; and field
modulation 0.1 G. The temperaturc and concentrations
of gases were controlled with a Varian gas flow vari-
able temperature apparatus. EPR measurements in-
cluded linewidth, superhyperfine splitting, peak-height,
and in some cases, the change of the peak-height of the
signal with time.

Results

Fig. 2 shows the differential broadening effects of 30
mM Fe(CN)3~ on the EPR signals of 100 uM "N-
PDT, SL18, and I. The 30 mM Fe(CN);~ totally
broadened away the EPR signals of the neutral N-
PDT and positively charged '*N-Cat, but had much
less effect on the negatively charged SL18 and 1. With
nitroxide I, well resolved superhyperfine structure still
could be observed when air was perfused through the
sample.
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To confirm that the concentration of SL18 and I
remained constant in the presence of cells and there-
fore could be used to measure extra-cellular [O,], the
peak-height change of the EPR signals of 200 uM
SL18 or I in 100 x! medium containing 10’ CHO cells
and 30 mM Fe(CN);~ were recorded respectively. The
experiments were carried out at 37°C in N, and no
changes were found. The results were as expected
since the doubly charged SL18 and I were not expected
to cross the cell membrane and any small amounts of
the nitroxides reduced outside cells were reoxidized by
Fe(CN)3~. Similar results were obtained with M5076
tumor cells.

As an experimental measure of the maintenance of
a constant number of cells in thc sensitive volume
during the study, we followed the signal intensity of
labeled czlls over a 30-min period and found that this
did not change significantly. The experiment was dore
in a vertical cavity with a system containing 30 mM
Fe(CN);~, 300 uM '""N-PDT, 20% dextran and 10’
CHO cells in 100 ul medium. The vertical configura-
tion was used to avoid possible artifacts from oxygen
gradients caused by local high densities of cells which
had settled to the bottom of the tube. In the vertical
configuration an excessive rate of cell settling would
have decreased the number of cells in the sensitive
volume but, as the results of this experiment indicated,
this was not the case.

Fig. 3 shows the definitions of the three EPR pa-
rameters used for the measurements of intra- or extra-
cellular [O,). Fig. 4 shows the relation of those three
EPR parameters to [O,]. The systems used to obtain
these calibration curves were 107 CHO cells suspended
in 100 xl medium containing 300 xM "“N-PDT, 200
#M SLI8 or nitroxide I, 20% dextran, and § mM
NaCN. NaCN inhibited the respiration of the CHO
cells so that the [O,] in the medium was in equilibrium
with that in the perfusing gas. Similar calibration curves
also were obtained with M5076 tumor cells.

The differences between intra- and extra-cellular
[O,], measured in the CHO cells at various perfused
[0,], with and without the stimulation of the respira-
tion rate by 5 uM CCCP are shown in Table I. The
respiration rate of the unstimulated CHO cells was
measured to be about 17 - 10® molecules per min per
cell and it increased to 40 - 108 molecules per min per
cell in the presence of 5 4uM CCCP. Each value given
in Table I is the average of the differences between
intra- and extra-cellular [O,] at the given perfused [O, ]
measured on several samples by the simultaneous
method. All the values for [0,], — [0,]; in Table I are
significantly different from zero, except the first value
for the normal CHO cells (Student’s t-test). The size of
the gradient in unstimulated cells was 4-10 M and it
increased to about 40 1M with stimulation of respira-
tion by 5 uM CCCP.
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Fig. 4. Relationships between oxygen-sensitive EPR parameters and
[0,] in CHO cells. See Fig. 3 for definitions of the parameters, 5
mM NaCN was added to the cell suspension to inhibit cellular
respiration in order to achieve equilibrium of oxygen between the
extra- and intra-cellular compartments.

The differences between intra- and extra-cellular
[O),] at various perfused [0, ], measured wiih the M5076
tumor cells under normal and stimulated conditions
are shown in Table 1i. The respiration rate of the

TABLE 1
Differences in [0,]; and |0, ], in CHO cell at various perfused [O,]

Perfused [02]—~ Average [0, ], Average 4[0,].; +S.E.

(uM) (M) (number of expts.)
Unstimvlated CHO cells

200 139 4.5+3.8(6)

150 9 12.3+5.3(6)

100 47 9.2-2.4(6)

50 10 3.7+0.6 (6)

CHO cells stimulated by 5 uM CCCP

200 103 38.0+13.0(2)

150 62 440+ 55(2)

100 26 185+ 95(2)




TABLE 11

Differences in [0,]; and [0,], in M5076 tumor cells ar carious
perfused [O,]

Perfused [O5] Average [0,], Average [0,],; +S.E.

(M) (M) {number of expts.)
Unstimulated M5076 tumor cells

200 137 12.3+4.4(i2)

150 95 155+3.1(12)

100 53 15.1+£3.0(12)

50 14 9.5+3.0(11)

M5076 tumor cells stimulated by 1 «M CCCP

200 920 266439 (7)

150 48 263455 (7)

100 20 121+28 (D

M5076 tumor cells without stimulation was measured
to be about 9 - 10®¥ molecules per min per cell and that
of the same cells stimulated by 1 uM CCCP was
30 - 10® molecules per min per cell. Each value shown
in Table II is the average of the differences between
intra- and extra-cellular [O,] at the given perfused
[0, ], measured on several samples by the simultancous
method. All the values for [O,], —[O,]; in Tables 11
are significantly different from zero (Student’s t-test).
The size of the gradient without stimulation was about
15 uM and it increased to about 26 uM with the
stimulation of respiration by 1 uM CCCP.

Discussion

These results provide positive support for the two
principal aims of this paper: confirmation of the exis-
tence of gradients between intracellular and extracellu-
lar [O,] in viable functioning cells and the demonstra-
tion of the feasibility of methods to measure intra-cel-
lular and extra-cellular [O,] simultancously.

The results in Taile I and 1I clearly confirm the
previous finding that under approprizte conditions,
average _[O,] inside the cells can be significantly less
than the averagé [O,] ouiside of the cells [1). Because
of the importance and implications of this conclusion,
which was reached initially on the basis of experiments
using somewhat different methodology, the present
results provide a valuable confirmation that such gradi-
ents can occur in cells with a high rate of respiration.
Perhaps equally importantly, the improved methodol-
ogy introduced in these experiments indicates that such
a gradient can occur in cells without artificially stimu-
lating their respiration. Consistent with the previous
reports, respiratory stimulation of CHO cells resulted
in a substantially larger difference between intra- and
extra-cellular [O,][1].

These studies also extend the finding of differences
between intra- and extra-cellular [O,] to another cell
line, M5076 tumor cells. This suggests that the occur-
rence of gradients may be a general phenomenon found

-~
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in most or all cell systems under appropriate condi-
tions. The responses of the two cell lines studied in the
present experiments differ somewhat. There was a
larger difference in the gradient between intra- and
extra-cellular [O,] in the resting state for the M5076
tumor cells which was possibly due to their larger size
(~12 pm in diameter vs. ~ 10 um for CHO cells).
This difference, however, did not increase as much n
the M5076 tumor cells as in CHO cells although the
selected concentrations of CCCP caused approximately
the same degree of respiratory stimulation.

The confirmation of the observation that there can
be a difference in [O,] between the intracellular and
extracellular compartments of suspensions of cells
makes * desirable to try to understand the nature of
the process that allows this to occur. As has been
shown previously, the existence of such gradients can-
not be accounted for on the basis of simple diffusion of
oxygen into the interior of oxygen consuming cells [1].
Apparently reasonable models of such diffusion indi-
catc that gradients of the magnitude that were ob-
served should not occur. Therefore, the results of these
experimers imply that there must be some sort of a
barrier to the free diffusion of oxygen. We have specu-
lated previously that the most likely position for such a
barrier would be the plasma membrane of thc cell [1].
Recent studies by others w-ve indicated that mem-
branes can be effective baniers to the free transport of
oxygen [9]. Our results indicate that the nature or the
extent of the barrier may differ in different cell lines,
suggesting that it may be useful to lcok at additional
types of cells in order to seek cell lines which might
have even larger apparent barriers to the diffusior of
oxygen and which, therefore, could provide good exper-
imental materials for understanding the nature of the
barrier.

These results also indicate the feasibility of the
methodological approach which measures intra- and
extra-cellular [O,] simultanecusly. In order to obtain
well resolved EPR spectra fiom both compartments,
the method uses similar charges on the nitroxide used
to measure extra-cellular [O,] and the broadening agent
which removes the resonances from the extracellular
compartment of the neutral nitroxide which is located
both intracellularly and extracellularly. This method
also required the use of isotopic substitution of the
neutral nitroxide in order to have its spectrum not
overlap with that of the nitroxide localized in the
extracellular compartment. The previously used
methodology required the use of two separate experi-
ments with somewhat different experimental condi-
tions and used different nitrozides for the separate
experiments measuring intra- and extra-cellular [0,].
In addition to the conceptual and experimental desir-
ability of making the measurcments of intra- and
extra-cellular [O,] at the same time and in the same
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sample, the value of this approach also is indicated by
its increased sensitivity to small differences; the new
method detected differences in [O,] between the intra-
and cxtra-cellular compartments in CHO cells without
the need to stimulate respiration.

While the new methodology is an improvement over
those used previously, it still has some drawbacks. It
requires the use of relatively high concentrations of a
paramagnetic metal ion as a broadening agent; upon
prolonged exposure these substances can be toxic to
cells (Swartz et al., unpublished data, also see Ref. 10).
This approach also does not seem to be applicable to
simultaneous measurements of intra- and extra-cellular
[O,] in vivo. We currently are developing approaches
that may overcome one or both of these limitations.
These approaches measure extracellular [O,] by means
of a charged nitroxide which is incorporated in a lipo-
some [11] or by relatively large particles (greater than
10 um in diameter) of the new oxygen sensitive materi-
als, lithium phthalocyanine or fusinite [12}. The new
approaches to measuring intracellular [0, ] are the use
of esters containing nitroxides which are designed such
that the esters become hydrolyzed in the intracellular
environment and thereby become trapped inside cells
[13] or by the use of small particles of lithium phthalo-
cyanine or fusinite which will become phagocytized by
cells [12].
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