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Abstract
Improvements in pancreatic islet transplantation for treatment of diabetes are hindered by the
absence of meaningful islet quality assessment methods. Oxygen consumption rate (OCR) has
previously been used to assess the quality of organs and primary tissue for transplantation. In this
study, we describe and characterize a stirred microchamber for measuring OCR with small
quantities of islets. The device has a titanium body with a chamber volume of about 200 µL and is
magnetically stirred and water jacketed for temperature control. Oxygen partial pressure (pO2) is
measured by fluorescence quenching with a fiber optic probe, and OCR is determined from the
linear decrease of pO2 with time. We demonstrate that measurements can be made rapidly and
with high precision. Measurements with βTC3 cells and islets show that OCR is directly
proportional to the number of viable cells in mixtures of live and dead cells and correlate linearly
with membrane integrity measurements made with cells that have been cultured for 24 h under
various stressful conditions.
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Introduction
Recent improvement in the success of transplanting pancreatic islets of Langerhans for
treatment of type 1 diabetes in humans (Shapiro et al., 2000; Kaufman and Lowe, 2003;
Lakey et al., 2003; Sutherland, 2003; Hering et al., 2004; Hering 2005; Ricordi et al., 2005)
has prompted interest for more widespread application, which will require standardized islet
quality assessment methods to ensure in vivo efficacy (Knazek, 2002; Weber et al., 2002),
particularly because islets are compromised during the steps from pancreas procurement to
transplantation. Human organs are procured from brain dead donors (Bretzel et al., 1994;
Contreras et al., 2003) and are exposed to periods of warm and cold ischemia (Papas et al.,
2005; Paraskevas et al., 2000). Islets are further damaged by stressful mechanical and
enzymatic procedures during isolation. Currently there are no reliable quantitative assays
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that are predictive of transplantation outcome (Ricordi et al., 2001; FDA, 2000, 2003),
which has also impeded progress in improving procedures for pancreas procurement,
storage, and transportation, as well as islet isolation, purification, culture, and shipment.

The structure of islets, which are spheroidal aggregates with an average diameter of about
150 µm containing roughly 1,600 cells (Colton et al., 2007), precludes use of most methods
for enumeration, viability, and apoptosis assessment of single cells. Membrane integrity
tests, currently used to assess fractional viability of islet preparations (Bank, 1987, 1988),
rarely result in estimates of fractional viability below 80% and do not provide meaningful
information for predicting transplantation outcome unless the preparation is grossly
damaged (Colton et al., 2007).

We have proposed the use of oxygen consumption rate (OCR) measurements for quality
assessment of islet preparations prior to transplantation (Papas et al., 2001b). OCR has
previously been applied to assess organ quality in liver, heart, kidney, and skin
transplantation (Steinlechner-Maran et al., 1997; Stubenitsky et al., 2000; Yang et al., 2000;
Zhang et al., 2000; Ricciardi et al., 2001; Schwitalla et al., 2001; Martin et al., 2003), to
assess the ability of preservation solutions or supplements, to maintain pancreas viability
following cold storage (Leonhardt et al., 1990, 1993; Tytko et al., 1993), to estimate
numbers of viable cells in continuous bioreactors (Jorjani and Ozturk, 1999), and to support
stress and toxicity studies with cellular systems (Papas et al., 1999a,b; Hynes et al., 2003).

Since the first measurements with rodent islets (Hellerstrom, 1966, 1967), OCR has been
used as a tool to understand glucose-stimulated insulin secretion in islets and β-cells
(Hellerstrom, 1966, 1967; Hedeskov et al., 1972; Hellerstrom et al., 1980; Hutton and
Malaisse, 1980; Welsh et al., 1982; Panten et al., 1986; Ohta et al., 1991; Erecinska et al.,
1992; Matschinsky, 1996; Papas and Jarema, 1998). Because quantities of islets were
limited, a very sensitive method using Cartesian-divers was originally developed and
applied (Hellerstrom, 1966, 1967; Hedeskov et al., 1972; Welsh et al., 1982). Subsequent
studies to measure OCR and insulin secretion employed perfusion systems (Hutton and
Malaisse, 1980; Papas et al., 1999a,b), and continuously stirred chambers (Panten and Klein,
1982; Papas and Jarema, 1998) together with a Clark-type electrode. These systems were
also recently employed to assess islet quality (Steurer et al., 1999) to a limited extent.
Polarographic microelectrode oxygen partial pressure (pO2) sensors suitable for
measurements with small sample sizes consumed oxygen, were unstable, and required
frequent calibration. Large polarographic sensors were more stable (Papas et al., 1999a,b),
but their size precluded measurements in small liquid volumes required due to the limitation
in the number of islets available. The development of optical fiber sensors that rely on the
effect of oxygen in altering the decay of phosphorescent or fluorescent intensity following
irradiation made possible rapid, continuous, stable measurements of pO2, and have been
applied in perfusion bioreactors (Dionne, 1989; Dionne et al., 1991; Sweet et al., 2002a,
2004), static culture devices (Arain et al., 1998; Guarino et al., 2004; Wang et al., 2005), and
continuously stirred chambers (Colton et al., 2007; Papas et al., 2001). A perfusion
bioreactor system employing optical measurements of pO2 (Sweet et al., 2002a,b, 2004)
enabled continuous measurement of OCR, insulin secretion, and redox state of cytochromes
in islets. Such systems are especially useful for long-term culture and for following the
transient response after changes in environmental parameters. However, they are more
complex and time consuming to use compared to the stirred chamber. Also they are less
efficient when multiple samples or replicates need to be examined in a short period of time.
Static culture devices have also been recently described, which allow for simple operation
and large numbers of simultaneous measurements (Arain et al., 1998; Guarino et al., 2004;
Wang et al., 2005). However, these devices at their present state suffer from issues related to
reproducibility and accuracy that are described in detail elsewhere (Colton et al., 2007).
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In this paper, we describe a stirred chamber device for OCR measurements that incorporates
previous experience with such systems (Panten and Klein, 1982; Papas and Jarema, 1998).
Emphasis was placed on minimizing chamber volume so that measurements could be made
rapidly with a small number of islets. We report on the characteristics of the device, its use
for in vitro OCR measurements with cells and islets, and its utility for assessing mixtures of
live and dead cells and islets that have been subjected to stressful culture conditions. We
show that the device is capable of making rapid, accurate, and precise OCR measurements
for assessing islet viability.

Materials and Methods
Islet Isolation and Culture

Rat, porcine, and human islets were provided by the Islet Core at the Joslin Diabetes Center
(Boston, MA). Rat islets were isolated from male Sprague-Dawley rats by using collagenase
digestion/ficoll purification (Lacy and Kostianovsky, 1967; Gotoh et al., 1985). Standard
collagenase/protease digestion methods were used for porcine (O’Neil et al., 2001) and
human (Ricordi et al., 1988; Shapiro et al., 2000) islets. The islets were cultured in Petri
dishes (various sizes, Falcon, Becton Dickinson, Bedford, MA) with a surface culture
density of 20 islet equivalents (IE)/cm2 (or 0.35% surface coverage) and a medium depth of
3 mm (unless specified otherwise) in a 37°C incubator with 5% CO2. The culture medium
was RPMI 1640 (Cellgro 10–040-CM, Mediatech, Herndon, VA), supplemented with 10%
fetal bovine serum (FBS) (heat-inactivated, Cellgro 35-011-CV), 100 U/mL penicillin and
100 µg/mL streptomycin (Cellgro 30-002-CI, Mediatech), and 10 mM HEPES buffer (Gibco
09487, Invitrogen, Carlsbad, CA).

βTC3 Cell Culture
βTC3 is a mouse insulinoma cell line (obtained from Dr. Shimon Efrat, Albert Einstein
College of Medicine, Bronx, NY) derived by introducing an SV40 T-antigen into embryonic
cells of transgenic mice (Efrat et al., 1988). Cultures with passage numbers 32–40 were
used. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Cellgro 10–
013-CM, Mediatech) supplemented with 10% FBS (Cellgro), 100 U/mL penicillin and 100
µg/mL streptomycin (Cellgro), and 10 mM HEPES buffer (Gibco, Invitrogen) with a
medium depth of 2 mm in a 37°C incubator with 5% CO2.

Islet Enumeration by Visual Counting
Two aliquots containing 300–500 islets with a diameter larger than 50 µm were examined
under an inverted microscope equipped with an ocular micrometer. Islets with a diameter
larger than 50 µm were categorized into size groups in 50 µm increments, converted to total
volume according to the original procedure (Ricordi et al., 1990), and reported as the
number of IE, defined as a spherical islet with a diameter of 150 µm having volume of 1.77
× 10−6 cm3.

DNA Content
DNA was measured by fluorospectrophotometry (Pisania et al., 2007a) using the
CyQUANT Cell Proliferation Assay Kit (Molecular Probes, C-7026 Eugene, OR), which is
based on the strong fluorescence enhancement of CyQUANT GR dye when bound to
nucleic acids. The fluorescence intensity was linearly related to the amount of nucleic acids
in the sample. Fluorescence was read at 480 nm excitation and 520 nm emission wavelength
in a plate reader (Spectra MAX Gemini microplate spectrophotometer, Molecular Devices,
Sunnyvale, CA).
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Membrane Integrity Assays
Several vital staining dyes were used to assess membrane integrity.

Trypan Blue—A volume between 25 and 200 µL of cell suspension was diluted with 0.4%
trypan blue solution (Sigma-Aldrich, St. Louis, MO) to a total cell concentration of about 5
× 105 cells/mL. The volume ratio of trypan blue to cell suspension was at least 1 to 1. A 12
µL sample was loaded onto a hemacytometer slide. Both stained cells and unstained cells
were counted using 40× magnification with a Zeiss Photo 3 microscope. The fraction of
cells with compromised membranes was the ratio of the number of cells stained with trypan
blue divided by the total number (stained and unstained) of cells. With βTC3 cells heat-
killed by incubation at 60°C for 1 h, 97% of cells immediately stained with trypan blue.
With cells exposed to other stresses, such as anoxia, staining increased slowly with time and
reached a steady value within 24 h (Oh et al., 2004).

7-Aminoactinomycin (7-AAD) Sequential Staining—This assay used fluorescent
staining with 7-AAD (Molecular Probes, Eugene, OR), which binds with high affinity to
nucleic acids but is not capable of penetrating intact cell membranes, so that only nuclei in
cells with compromised membranes were labeled (Pisania et al., 2007b). A 100 µL aliquot
containing about 5 × 106 cells/mL of culture medium was centrifuged, and the cells were
resuspended in 100 µL of Dulbecco’s phosphate buffered saline (D-PBS, Invitrogen,
Carlsbad, CA) and 5 µL of 1 mg/mL 7-AAD and incubated for 20 min at 4°C protected from
light. After two washes with 1 mL of D-PBS, cells were disrupted by adding 50 µL of a lysis
solution containing 1% Triton TX-100 and 0.1 M citric acid in D-PBS to 50 µL of the cell
solution or islet suspension combined with vortex mixing for cells or shearing through a
needle for islets. Labeled nuclei were then counted immediately in a flow cytometer (Guava
Personal Cell Analysis (PCA) System, Guava Technologies, Hayward, CA) or stored on ice
for less than 15 min before counting. A portion of the islet suspension was further stained
with 7-AAD, thereby labeling all of the previously unlabelled nuclei, and the total number
of nuclei was counted. The fraction of cells with compromised membranes was estimated as
the ratio of the initially stained nuclei (first measurement) to the total number of nuclei
(second measurement). If only the total number of cells was of interest, nuclei were stained
with 7-AAD only after cell disruption and the data reported as the total number of cells.

MTT (1-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) Assay
The viability of cells and islets was assessed with MTT, a tetrazolium salt that is reduced to
an insoluble purple formazan as a consequence of the redox state in live cells (Mosmann,
1983; Vistica et al., 1991; Berridge and Tan, 1993; Liu et al., 1997). One millimolar MTT
working solution in phenol red-free medium was made fresh before the assay. Islets or cells
were centrifuged, the supernatant was aspirated, and the cells resuspended in D-PBS with 20
mM glucose. A known number of cells in 100 µL of the suspension were transferred to each
well of a 96-well plate, and 20 µL of 5 mg/mL MTT reagent (Molecular Probes) added to
each well. The plate was incubated at 37°C in a shaker (Jitterbug Model 130,000, Boekel
Scientific, Feasterville, PA). After 2–4 h, 100 µL of lysis solution, which included 9%
sodium dodecyl sulfate (SDS L-6026, Sigma-Aldrich) in 0.01 M HCl, was added to each
well, and the plate was incubated at 37°C in a humidified chamber for 18 h to dissolve the
precipitates, after which optical density was read at 570 nm in a plate reader (SpectraMAX
250 microplate spectrophotometer, Molecular Devices). Extreme care was taken to ensure
that test conditions were identical each time the assay was carried out.

Papas et al. Page 4

Biotechnol Bioeng. Author manuscript; available in PMC 2010 April 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Oxygen Consumption Rate (OCR)
In collaboration with the manufacturer, we designed and tested a variety of stirred chambers.
The final design used for all data presented here is now commercially available (Micro
Oxygen Uptake System, FO/SYSZ- P250, Instech Laboratories, Plymouth Meeting, PA).
The stirred chamber device (Figure 1) was water jacketed for temperature control and was
stirred with a glass coated magnetic stirring bar. Titanium was used for the chamber body
and for the oxygen probe jacket because the metal is oxygen impermeable, inert, has high
thermal conductivity, and will not introduce artifactual drift arising from the surface
oxidation. pO2 was measured with a fiber optic oxygen sensor calibrated at 0 and 160
mmHg. The fiber optic sensors were stable, capable of a long-lasting calibration, insensitive
to stirring artifacts, and had virtually zero oxygen consumption. With the stirring bar in
place, the chamber had a nominal volume of about 200 µL. Exact chamber volume,
measured by filling it with water, then carefully removing and weighing the water, ranged
from 184 to 219 µL for eight commercial devices. This variation reflected the custom
fabrication of device components, especially the magnetic stirring bar. The stirrer speed was
controlled by a potentiometer. The stirrer rotational rate (S) was measured with a
stroboscope and was related to the potentiometer setting (P) by S = 44.7P–81 rpm. The
potentiometer was normally set at “3” out of “10”, corresponding to a rotation rate of 53 rpm
that was just enough to suspend the islets off the bottom surface. The oxygen leakage rate of
the sealed chambers was zero but could be as high as 0.2 mmHg/min · mmHg if the sealing
plug was chipped. Virtually 100% of the tissue added could be recovered from the chamber
for use with further measurements.

For OCR measurements, islets were centrifuged for 2 min at 173g, the supernatant was
removed by vacuuming with a Pasteur pipette, and each sample was resuspended in 250 µL
of pre-warmed (37°C) DMEM (Mediatech, 10-013-CM) that contained 4.5 g/L glucose and
0.6 g/l L-glutamine supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, 10
mM HEPES, and no added serum (so as to minimize bubble formation). The islet (or cell)
suspension was added to the device, the chamber was sealed, and thermal equilibration at
37°C occurred in about 15 s. After a transient increase in pO2 resulting from the decreased
oxygen solubility at the higher temperature, pO2 decreased with time. If the tissue viability,
as reflected by OCR, did not change during the course of the experiment, and the minimum
pO2 in the islet remained far above the Michaelis constant for oxygen consumption (<1 mm
Hg), then the slope ΔpO2/Δt was constant. A typical measurement took about 20 min.

The OCR was calculated from:

(1)

where Vch is the chamber volume and α is the Bunsen solubility coefficient, taken to be 1.27
nmol/cm3 · mm Hg at 37°C (Avgoustiniatos, 2001). Data above 60 mmHg in the region
yielding the steepest slope of pO2 versus time was fitted to a straight line using linear
regression. OCR per cell was obtained by dividing both sides of Equation (1) by the number
of cells nC in the chamber:

(2)
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where the quantity nC/Vch is the cell concentration measured, for example, by nuclei
counting. The quantity OCR/DNA can be calculated from Equation (2) if the denominator is
replaced by DNA concentration in the chamber.

Statistics
All measurements were made with three or more replicates. Data is reported as mean ± SD.

Results
Characterization of the OCR Apparatus and Measurements

Data from a typical set of OCR measurements made with three different aliquots of rat islets
originating from the same sample pool is shown in Figure 2A. The mean of the three slopes
was 5.02 ± 0.24 mmHg/min, which corresponded to an OCR of 12.8 ± 0.6 nmol/min. The
coefficient of variation (COV) was 0.6% or less for the estimate of the slope of the
individual measurements and 4.8% for the triplicate measurements. The mean value of
OCR/cell for these measurements was 3.82 ± 0.45 fmol/min · cell. The standard deviation
estimate was obtained from propagation of error associated with both the slope and nuclei
measurements. Curvature in the data of the third measurement at low pO2 reflected the
presence of pO2 gradients within the islets and the reduction in OCR at low pO2 associated
with Michaelis–Menten kinetics.

The linearity of the pO2 profiles with time in the high pO2 regions of Figure 2A indicated
that the OCR and the viability of islets in the chamber was constant for the duration of the
measurement and was not affected by the experimental procedure. Similar behavior was
observed when islets were retained within the chamber for successive measurements. Figure
2B shows data from one experiment in which two consecutive measurements were made
with the same rat islets over a 60-min period. After the first measurement was ended, the
beveled acrylic plug was removed while stirring was maintained, and the islet suspension in
the chamber was allowed to equilibrate with ambient air, after which the plug was replaced.
The second measurement was performed with the same sample after re-oxygenation. There
was essentially no change in the slope between the first and second measurements and no
indication of damage to the islets during the 60-min period in which the islet suspension was
stirred. In other experiment with rat and human islets, there was no significant change in
membrane integrity by 7-AAD sequential staining measured before or after 15 min stirring
at 53 rpm. At much higher stirring speeds, a modest increase in the fraction of cells with
compromised membrane integrity was observed with rat but not human islets.

In rare situations, the linearity displayed in Figure 2A and B was not maintained. Figure 2C
and D show an example of data from OCR measurements with the rat islet samples from the
same preparation, each carried out at a different stirrer speed setting. The profiles of pO2
versus time exhibited curvature, suggesting that islet cell death occurred within the chamber
during measurement. The slope after 10 min divided by the initial value (at pO2 = 160
mmHg) ranged from 0.61 to 0.72. Consistent behavior was observed with membrane
integrity measurements by 7-AAD sequential staining. The fraction of cells with
impermeable membranes was 60% when assayed 4 h after isolation and decreased slowly
with time in storage. The fraction ranged from 30 to 38% for the islets recovered from the
chamber after OCR measurement. These data suggest that this particular preparation was
extensively damaged during isolation and that the samples were further damaged by
mechanical agitation during OCR measurement. However, neither the extent of curvature
nor the decrease in membrane integrity correlated with the magnitude of the stirring speed.

All data with rat islets shown in Figure 2A – D were obtained 4 h after isolation. A limited
number of measurements were made immediately (within 10 min) after isolation. Some of

Papas et al. Page 6

Biotechnol Bioeng. Author manuscript; available in PMC 2010 April 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



these revealed curvature in profiles of pO2 versus time, whereas the curvature disappeared
when samples were tested 4 h later. An example is given in Figure 2E, which shows data
from OCR measurements with rat islets from two different preparations carried out within
10 min after completion of isolation at three different stirring speeds. Immediately after
isolation, plots of pO2 versus time exhibited significant curvature that was not affected by
stirring speed. These data suggest that the decline in OCR with time reflected the presence
in the chamber of dying cells that were damaged by the isolation process. OCR
measurements performed with islets from the same preparations 4 h later produced a straight
line with constant slope (Figure 2F), which suggests that, this phenomenon may be restricted
to the period shortly after isolation in most preparations.

The precision of the OCR measurement in Figure 2A and B was typical throughout this
study. The COV from a large number of experiments is plotted versus the measured OCR
(bottom) or the corresponding number of viable IE (top) in Figure 3. The COV was
calculated as the standard error of the estimate of the slope divided by the estimate of the
slope for a single measurement and as the standard deviation divided by the mean of the
slope for triplicate measurements conducted with different samples taken from the same islet
preparation. Both sets of data followed the same trend for all three species of islets studied:
the COV increased slowly with decreasing OCR or number of viable IE and then rapidly at
very low OCR or number of islets. The COV was substantially larger for triplicate
measurements as compared to the estimate of the slope for a single measurement; this
behavior reflected sampling errors and possible heterogeneity in the OCR properties of the
islets. Typically, the COV was about 10% with 250 viable IE and 6% with 500 viable IE.

OCR Correlation With Measures of Viability
Experiments with cells and islets were used to explore the utility of OCR measurements for
assessing the viability of mixtures of live and dead cells and of cells and islets that have
been cultured under stressful conditions. As a first step, mixtures of healthy and heat killed
βTC3 cells were prepared at predefined ratios. OCR was measured with healthy and heat
killed cells as well as their mixtures, a common method for evaluating viability assays
(Vandewalle et al., 1999). The number of viable cells was measured with trypan blue
membrane integrity. Plots of OCR versus viable cell number and OCR/cell versus fraction
viable cells were linear (Figures 4A and B). These data demonstrate the usefulness of OCR
measurements for assessing viability with mixtures of live and dead cells. The experiments
were extended to include exposure of cells to different types and magnitudes of stresses,
including those that islets might be exposed to during isolation, culture, transportation, and
transplantation (Papas et al., 2001), which can damage cells but do not kill all of them. The
stresses were primarily hypoxia and anoxia, along with hyperoxia, nutrient depletion, and
exposure to TNF-α, all for 24 h. Surface-attached cells cultured at 37°C with air and 5%
CO2 (used in all experiments) were used as controls. Representative results for the effect of
stressful culture conditions are shown in Figure 5. The fraction of cells that were membrane-
impermeable after 24 h ranged from more than 85% for the control and for pellets cultured
at 5°C to less than 10% for pellets cultured in air at 37°C. Surface attached culture (T-flask)
under anoxia at 37°C resulted in a value of 40%; this higher level is consistent with the
presence of an active glycolytic pathway in βTC3 cells (Papas et al., 1996, Papas et al.,
2001). The much lower value in the pellet in air at 37°C indicates that some other stress in
addition to severe hypoxia or anoxia, such as nutrient depletion or toxic waste buildup, must
have been operative in the pellet.

Data from a large number of 24 h culture experiments, such as those illustrated in Figure 5,
are summarized in Figure 4C. Measured OCR is plotted versus the number of viable cells in
the OCR chamber, which was quantified as the number of cells that excluded trypan blue.
Data from cells cultured under both stressed and unstressed conditions clustered about a
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single straight line for the relationship between OCR and the number of viable cells. The
slope of the best straight line through the origin was 1.72 ± 0.03 fmol/min · viable cells. This
linear relationship demonstrates that OCR measurement is suitable for assessing viability of
cells subjected to different types and levels of stress. This finding was further substantiated
with a limited number of experiments using the MTT assay. A linear relationship between
MTT absorbance and viable cell number was also observed in these experiments (Figure
4D).

Figure 6 is the frequency distribution of the values obtained for OCR/viable cell for all the
conditions examined in Figures 4C and 5. Open bars represent data obtained with the
stressed cells and solid bars those obtained with unstressed cells. The values obtained with
stressed cells covered a threefold range, whereas those obtained with unstressed cells
covered a twofold range. The mean values of OCR for stressed and unstressed cells were not
significantly different and the mean value for all measurements was 1.86 ± 0.45 fmol/min ·
viable cell (n = 64).

In the experiments shown in Figures 4D and 5, the fraction of membrane-impermeable cells
varied over a wide range as illustrated in Figure 4C The equivalence between OCR/viable
cell estimates for both stressed and unstressed cells in Figure 6 suggests that membrane
integrity measurements provided a valid estimate of the number of viable cells following 24
h culture under various conditions.

OCR Measurements With Islets
Analogous to the studies with βTC3 cells, experiments were carried out to examine the use
of OCR measurements for assessing the viability of islets that have been cultured under
stressful conditions. Experiments with stresses of the type used with βTC3 cells (e.g., Figure
5) led to much greater loss of viability in the case of both porcine and rat islets. For
example, after 24 h in a pellet at 24°C, rat and porcine islets had OCRs relative to the
control of about 15 and 5%, respectively. In contrast, βTC3 cells retained about 45%
fractional viability under same culture conditions (Figure 5). This greater sensitivity of islets
to hypoxic stress was consistent with there being a relatively inactive glycolytic pathway
resulting from the low levels of lactate dehydrogenese in islets (Sekine et al., 1994). Because
high-stress experiments of this type resulted in a very large decrease in viability,
necessitating use of several thousand islets to get a measurable OCR, graded stresses
associated with hypoxia in high-density islet culture were employed. Islets were cultured for
24 h in multi-well plates at 37°C with medium depths of 3 and 10 mm and with fractional
islet surface coverages ranging from 0.4% (control) to 30%. Islet viability was measured
with the MTT assay, which has been employed by others for islet viability measurement
(Vistica et al., 1991;Janjic and Wollheim, 1992;Kumar et al., 1994;van de Loosdrecht et al.,
1994;Marshal et al., 1995;Liu et al., 1997;Segu et al., 1998). Fractional viabilities, defined
as the MTT absorbance of samples from the test culture relative to that of the control, in
experiments with rat islets ranged from about 20 to 70%. In a similar series of high-density
culture experiments with porcine islets from a single preparation, both OCR and MTT
assays were performed. The data, which is cross-plotted in Figure 4E, demonstrates a linear
relationship between OCR and MTT absorbance, thereby substantiating the usefulness of
OCR measurements for evaluating the viability of islets subjected to differing amounts of
stress. OCR measurements were made with a large number of rat islet preparations, each a
mixture of islets from 6 to 20 animals. OCR and MTT measurements were made with a
sample from each of 17 different rat preparations (Figure 4F), and the two parameters
displayed excellent linear correlations of the entire range of measurements.
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Discusssion
Improvements in islet transplantation are seriously hindered by the absence of quantitatively
meaningful islet quality assessment methods. Current islet quality assessment methods are
operator dependent, subjective, and not predictive of transplantation outcome in humans
(Ricordi et al. 2001; FDA, 2000, 2003; Eckhard et al., 2004). In particular, there is need for
reliable, practical, predictive assays of islet viability and function that will consistently
define the potency of an islet preparation before transplantation (Shapiro and Ricordi, 2004).
Currently, fractional viability is routinely estimated by membrane integrity tests, typically
FDA/PI, even though the data is operator dependent and unreliable.

In this paper, we describe a novel stirred chamber device for rapidly measuring OCR of islet
preparations, which is a measure of the total amount of viable tissue. Using the stirred
chamber, we demonstrated that OCR measurements with rat islet samples could be
reproducibly conducted in a short period of time (less then an hour for triplicates) with 500
viable IE or less with excellent precision (Figure 3). Measured OCR was in general
unaffected by incubation in the OCR chamber with mechanical stirring (Figures 2A and B).
In some cases, in particular with infrequent highly damaged islet preparations examined 4 h
after isolation and with a few preparations tested immediately after isolation, islet viability
decreased during the measurement itself, which was demonstrated by a continuous decline
in the slope during the OCR measurement (Figures 2C – F) and by changes in membrane
integrity measurements. The extreme fragility observed with a few preparations is consistent
with observations using a perfusion chamber (Sweet et al., 2002a) that islets disintegrated
and recovery from the system was incomplete when the enzymatic digestion during isolation
was deemed to be “less than perfect”. The fragility of islets and their death in the OCR
chamber may be an additional and useful indicator of their quality. The observation of
curvature in the pO2 trace immediately after isolation but not when examined 4 h later
suggests that some of the islets are dying as isolation is completed. This reduction in
viability should to be studied in much greater detail, and the OCR chamber is especially
useful for this purpose because individual measurements can be made in about 20 min.

Measurements with βTC3 cells demonstrated that the measured OCR is directly proportional
to the number of viable cells in mixtures of live and dead cells and correlates linearly with
membrane integrity measurements of fractional viability (Figures 4A – C and 5) and MTT
viability measurements (Figure 4D) made with cells that have been cultured for 24 h under
various stressful conditions. Estimates of OCR/viable cell obtained from all samples of
stressed and unstressed cells did not produce a single value. Instead, the data yielded
frequency distributions that covered similar ranges with mean values for stressed and
unstressed cells that were not significantly different (Figure 6). This finding indicates that
when a sample of cells was subjected to stress for 24 h, leading to the reduction in fractional
viability for the sample (Figures 4C and 5), a fraction of the cells lost all viability. The
remaining viable cells had essentially the same mean value of OCR/viable cell as the
original unstressed sample. There was no evidence for a population of cells having a partial
reduction of OCR/viable cell.

Measurements with islets similarly demonstrated that the measured OCR is sensitive to
damage caused by stress and correlates linearly with MTT viability measurements (Figure
4E) made with porcine islets that had been cultured for 24 h under stressed and unstressed
conditions and with samples from a large number of rat islet preparations (Figure 4F).
Together with findings from measurements with βTC3 cells, the data indicates that the
measured OCR is directly proportional to the number of viable cells in the sample of islets.
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OCR measurements in this study were carried out primarily with highly purified (>95%) rat
and porcine islet preparations. In human islet transplantation, current practice is to use
preparations that have purities as low as 40% in order to maximize the number of islets
transplanted. The presence of exocrine tissue in such impure preparations may limit the use
of OCR measurements (or any other assay of tissue viability) in characterizing islet quality.
Human islet preparations are produced in a high and a low purity fraction, both of which are
subsequently mixed prior to transplantation. We hypothesize that islet characterization be
conducted on the highly purified fraction, which contains the vast majority of islets in the
preparation, since islet quality in the high purity fraction is expected to be representative of
that in the entire preparation. This notion is supported by use of the highly purified islet
fraction for transplantation in the nude mouse bioassay, which is considered the best assay in
islet quality assessment and the only one that currently correlates with transplantation
outcome in humans (Ricordi et al., 2001). Furthermore, this hypothesis has been tested and
validated in diabetic mouse models with rat and human islets characterized by OCR and
DNA measurements and transplanted under the kidney capsule (Papas et al., 2007a,b).
Current work is directed towards extending these findings to transplantation in humans.
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Figure 1.
Schematic diagram of device for measuring oxygen consumption. A: Exploded view. The
device consists of a titanium cup that sits in a water jacketed enclosure for temperature
control. After addition of a glass-coated magnetic stirring bar (nominal length 5 mm,
diameter 2 mm) into the opening in the cup, a transparent beveled glass plug is placed into
the cup opening (diameter 6.4 mm). The void space remaining in the opening defines the
chamber that contains the cell or tissue suspensions. Oxygen in the chamber is measured by
fluorescence quenching following oxygen binding to a flourophor in a gel overlain by a
silicone rubber film at the tip of an optical fiber. The fiber is held inside the chamber by a
titanium jacket and elastomeric seal. A magnet attached to a rotating motor is paced within
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the enclosure in close proximity to the stirring bar. B: Cross section through the titanium cup
showing the filling procedure. After the magnetic stirring bar is added, a volume of the cell
or tissue suspension corresponding to the chamber volume plus 5–10 µL excess is placed in
the chamber (left figure), the beveled plug is inserted, and any excess fluid is expelled
through the angled side port and collected in a groone around the cap. When filling is
complete, the beveled plug is rotated (right figure) to block access to the port and seal the
chamber. If a bubble is observed from the top, the plug is removed, cells or islets are
allowed to settle, additional medium is added, and the plug is reinserted as the bubble is
washed through the angled side port.
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Figure 2.
Actual traces (individual data points) of measured pO2 versus time with rat islet samples. A:
OCR measurements, each about 20–50 min with a stirring rotational rate of 53 rpm, were
performed with a fresh aliquot obtained from the same islet preparation. The measured cell
concentration of the islets in the chamber was 1.6 × 106 cells/mL, corresponding to an islet
concentration of 1030 IE/mL. Data were fitted to a straight line in the steepest portion of the
trace (indicated by vertical marks), yielding slopes listed n the figure. Points below a pO2 of
60 mmHg were not used in any of the slope estimates to ensure that all cells within the islets
were exposed to a high enough pO2 so that OCR could be assumed constant throughout the
islet. If the experiment is run long enough to allow pO2 to decrease to much lower values,
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curvature occurs in the plot of pO2 versus time, as shown in the third measurements, which
reflects the interaction of intra-islet oxygen gradients and the decrease in OCR as the local
pO2 approaches 0 mmHg. B: Two measurements performed with the same sample, the
second one after re-oxygenation, with a stirrer rotational rate of 53 rpm and 1.7 × 106 islet
cells/mL, corresponding to 1090 IE/mL. The mean of the slopes was 1.77 mmHg/min,
corresponding to an OCR of 4.75 nmol/min and an OCR/cell of 1.33 fmol/min · cell. C:
Sequential OCR measurements made 4–6 h after isolation with different samples from the
same rat islet preparation at stirring speed settings of, “9,” “3,” and “6”, corresponding to
rotational rates of 321, 53, and 187 rpm, respectively. D: Trace of each experiment shown in
(C) with time adjusted so that pO2 = 0 at t = 0. E: pO2 versus adjusted time from OCR
measurements performed with rat islets made within 10 min after isolation was completed at
three stirring speed settings. F: Data from OCR measurement performed with islets from
same preparation as used in (E) but made 4 h later.
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Figure 3.
Precision of the OCR measurement. Coefficient of variation (COV) versus the OCR
measured in the experiment (bottom) or the corresponding estimated number of viable islet
equivalents (top) for measurements conducted with rat, porcine, and human islets in the
OCR measurement apparatus. Data for single and triplicate measurements are shown. For
illustrative purposes, the number of viable islet equivalents was calculated assuming (OCR/
DNA)viable = 500 nmol/min · mg DNA, 6.5 pg DNA/cell, and 1,560 cells/IE (Pisania,
2007a).
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Figure 4.
Dependence of OCR on cell viability. In (A, B, and C), viability was assessed by membrane
integrity measurements with trypan blue. A: OCR as a function of the number of viable cells
and (B) OCR/cell as a function of mixture composition for healthy, heat-treated, and
mixtures of healthy and heat-treated βTC3 cells in ratios of 25/75, 50/50, and 75/25. Heat-
killed cells were incubated at 60°C for 1 h. C: OCR and viable cell number from various
batches of βTC3 cells cultured for 24 h with and without imposed stressful conditions.
Aliquots for membrane integrity and corresponding OCR measurement were taken from the
same sample. The solid line is the best fit of a line through the origin by linear regression
(R2 = 0.983). The estimate of the slope was 1.72 ± 0.03 fmol/min · viable cell. D:
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Relationship between MTT absorbance and viable cell number. βTC3 cells from a single
batch were cultured for 24 h under unstressed (control) or stressed conditions (TNF-α, 500
U/mL culture medium). E: MTT absorbance versus OCR for porcine islets from a single
preparation cultured under normal and stressful conditions. Islets were cultured for 24 h in
multi-well plates at 37°C with medium depths of 3 and 10 mm and with fractional islet
surface coverage ranging from 0.4% (control) to 30%. At the end of the incubation period
islets were removed from the corresponding wells for MTT and OCR measurements. F:
MTT versus OCR for samples of roughly similar islet volume from 17 different rat islets
preparations (R2 = 0.993). In (A) through (F), measurements were made in triplicate. Error
bars indicate standard deviation and are contained within domain of symbol if not visible.

Papas et al. Page 21

Biotechnol Bioeng. Author manuscript; available in PMC 2010 April 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Fraction of βTC3 cells that were membrane-impermeable after culture under normal and a
variety of stressful conditions for 24 h. Approximately 2 × 107 βTC3 cells were used in each
experiment. For surface-attached cultures, cells were cultured in T-75 flasks in a 37°C
incubator at a plating density such that they would not be confluent after 24 h. Medium
depth was 2 mm. For pelletized culture, cells were placed in 15 mL centrifuge tubes with 15
mL culture media and let settle by gravity, leading to cell depth of about 3 mm overlain by
11 cm of media. The tubes were sealed and cultured at temperatures of 5, 24, and 37°C. For
hyperoxic and anoxic culture, flasks, and tubes were placed in sealed chambers within an
incubator, and the sealed chambers were continuously flushed with premixed gases (95% O2
or 95% N2, balance CO2). At the end of the 24-h culture, cells in flasks were trypsinized. All
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cells from each condition were collected and samples for OCR and trypan blue staining were
taken. Fraction of membrane-impermeable cells was determined as the number of cells that
did not take up trypan blue divided by the total number of cells counted.
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Figure 6.
Frequency distribution of OCR per viable cell for stressed and unstressed βTC3 cells
cultured for 24 h under stressed and unstressed conditions (Figures 4C and 5). OCR per
viable cell was estimated by dividing the measured OCR by the number of viable cells
placed in the chamber at the time of the measurement as determined with a hemocytometer
using trypan blue exclusion. Values of OCR/viable cell ranged between 1.46 and 2.81 (n =
33) for stressed and 0.94–2.99 fmol/min · viable cell (n = 31) for unstressed cells. Mean
values were 1.88 ± 0.54 and 1.84 ± 0.34 fmol/min · viable cell (n = 31) for stressed and
unstressed cells, respectively. Fractional viability by trypan blue exclusion averaged 0.95,
and the OCR uncorrected for viability was 1.75 ± 0.32 fmol/min · cell. OCR values for
stressed cells covered a wider range, but the mean values of OCR for stressed and unstressed
cells were not significantly different. The mean value for all measurements was 1.86 ± 0.45
(n = 64).
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