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Abstract: Harnessing the potential of cells as complex biosensors promises the potential to
create sensitive and selective detectors for discrimination of biodefense agents. Here we
present toxin detection and suggest discrimination using cells in a multianalyte
microphysiometer (MMP) that is capable of simultaneously measuring flux changes in four
extracellular analytes (acidification rate, glucose uptake, oxygen uptake, and lactate
production) in real-time. Differential short-term cellular responses were observed between
botulinum neurotoxin A and ricin toxin with neuroblastoma cells, alamethicin and anthrax
protective antigen with RAW macrophages, and cholera toxin, muscarine, 2,4-dinitro-
phenol, and NaF with CHO cells. These results and the post exposure dynamics and
metabolic recovery observed in each case suggest the usefulness of cell-based detectors to
discriminate between specific analytes and classes of compounds in a complex matrix, and
furthermore to make metabolic inferences on the cellular effects of the agents. This may be
particularly valuable for classifying unknown toxins.
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1. Introduction

Temporal and spatial interactions between physiological pathways in a cell contain high
information content regarding normal or abnormal function. Unlike biochemical assays that capture a
fairly static interaction between two molecules, cell-based assays offer the ability to scan for
cumulative cellular reactions that can span a wide spectrum of different physiological systems. The
development and validation of cell-based assays have thus become a significant focus for high-
throughput screening of lead drug compounds [1,2] and absorption, distribution, metabolism,
excretion, and toxicology (ADMET) assays for preclinical drug screening [3,4].

One of the earliest efforts to automate a cell-based assay platform was the Cytosensor
microphysiometer [5-7], which used a light-addressable potentiometric sensor (LAPS) to measure the
extracellular acidification rate (ECAR) in cultured cells due to the build-up of acidic by-products. The
Cytosensor has been used extensively to study receptor pharmacology [8,9], enzyme modulators [10],
cytotoxins [11], immune effectors [12], ionophores [13], and metabolic effectors [14,15]. While often
assumed to directly reflect changes in cell metabolism, an increase or decrease in ECAR alone is not a
robust measure of cell metabolism: it fails to differentiate between aerobic versus anaerobic
respiration, and a decrease in acidification rate does not necessarily indicate a decrease in cell
metabolism. While Cytosensors are no longer commercially supported, a number of instruments exist
in metabolic profiling laboratories and on the secondary market, and we are working with potential
companies to explore a commercial multianalyte microphysiometer.

Accurate inferences of metabolic processes require measurement of multiple parameters, each
possessing different analyte specificity. Recently we reported the incorporation of oxygen [16],
glucose, and lactate [17] electrodes into the Cytosensor platform, making a multianalyte
microphysiometer (MMP) that permits concurrent measurement of all four extracellular parameters.
Changes in glucose and lactate concentrations were measured at enzyme coated platinum electrodes by
the amperometric detection of hydrogen peroxide, which is a by-product of oxidase enzyme catalysis.
Oxygen was measured directly by reduction at a Nafion coated platinum electrode. The rate of
consumption or production of each analyte was represented by peaks during the stop-flow pump cycle
as the current decreased/increased due to consumption/production of analyte. Changes in peak height
or area under the peak could then be converted to changes in concentration by comparison to in Situ
calibration curves [17].

We have employed the MMP to characterize the responses of different cell lines to various toxins
and metabolic agents [17]. We report here the ability of the metabolic measurements to discriminate in
real time between acute exposure of a neuroblastoma cell line to ricin toxin (RT) and botulinum
neurotoxin A (BoNT/A). In addition, we report metabolic discrimination between the two pore-
forming agents: alamethicin (Ala) and anthrax protective antigen (PA) in RAW macrophages, and of
cholera toxin (CT) from muscarine (MU) in CHO cells. While it would be ideal to have a complete
matrix of all toxins in all cell lines, we have chosen specific cell lines for this study with individual
toxins in order to maximize potential metabolic changes based on the known activities of the toxins on
these specific cell lines.
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2. Results and Discussion
2.1 Ricin Toxin (RT).

Ricin toxin consists of two peptide chains, A,s7 and Bog,, linked by a disulfide bond. The toxin B
chain reversibly binds to galactose residues of cell surface glycolipids and glycoproteins and mediates
uptake of the toxin by endocytosis. The toxin A chain is an N-glycosidase that removes a specific
adenine from 28 S ribosomal RNA [18], preventing the binding of an elongation factor, and leaving
the ribosome incapable of protein synthesis [19].

Figure 1. Representative neuroblastoma response in the MMP to 100 nM Ricin. Glucose
and oxygen extracellular concentrations are inversely proportional to cellular uptake rates.
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Neuroblastoma cells were allowed to equilibrate in the stop-flow RPMI running buffer of the MMP
before exposure to 100 nM RT for 22 min. The cellular responses in the MMP show an increase in
glucose uptake (GU) and oxygen uptake (OU) and a decrease in lactate production (LP) and ECAR
during the time of exposure to RT (Figure 1). One explanation for this behavior may be that GU is
shunted to other pathways than the production of lactate. The decrease in ECAR is likely linked to the
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decrease in LP, since this tends to dominate the ECAR. The cell response was rapid with all
parameters showing a significant change within the first two minutes after exposure to ricin. The
response is also dependent on the acute presence of ricin since oxygen, lactate, and acidification
parameters show partial recovery toward baseline levels after removal of ricin from the running buffer
while glucose consumption significantly decreases even from the initial baseline (Figure 1). Clearly,
the lingering effects of ricin exposure may result in significant metabolic changes from the baseline,
and can be explored further as part of the toxin profile in the future.

2.2. Botulinum Neurotoxin A (BONT/A).

The toxicity of BONT/A is associated with disruption of synaptic vesicle function and prevention of
neurotransmitter release [20]. Neuroblastoma cells were exposed to doses of BoNT/A (1, 10, 50, 100,
and 500 nM), which was increased sequentially in the MMP cell media. We constructed cellular dose
response curves (Figure 2) by averaging the MMP cell response data points (see supplemental
material) related to each BoNT/A addition. Compared to the cells' basal metabolic response, the
metabolic rates for all four parameters show a step-wise decrease as a function of increasing BoNT/A
dosage.

Figure 2. Representative BoNT/A kinetic metabolic profiles and partial dose response
curves in [substrate] vs. log [BoNT/A] with sequential increasing concentration of

BoNT/A.
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The effect of BoNT/A on undifferentiated neuroblastoma SH-SYS5Y cells has been reported to
inhibit the production of [*H]-noradrenaline (["H]-NA) and cleave synaptosomal-associated proteins of
25 kDa (SNAP-25), but not cleave vesicle-associated membrane proteins [21-23]. Dose-response
curves reported for the inhibition of [’H]-NA production and cleavage of SNAP-25 using a BONT/A
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concentration from 0.3 to 1000 nM [21] correlates well with the marked decrease in GU, OU, LP and
ECAR responses at concentrations of 100 nM and higher shown here. When cell exposure to BoNT/A

was discontinued, the metabolic flux rates of all four analytes rapidly returned to near basal metabolic
levels.

2.3. Alamethicin.

Alamethicin is a 20 amino acid antibiotic peptide that self-assembles to form 4—-8 mer ion channels
[24] in lipid bilayers that can mimic nerve action potential across membranes. In addition,
concentrations of alamethicin at 7 uM are reported to increase the permeability of the membrane of a
lipid vesicle by fifteen-fold. In our study, rat airway (RAW) macrophage cells were perifused with
low-buffered RPMI in the MMP until a steady ECAR baseline was observed. Cells were then exposed
to RPMI buffer containing 15 uM alamethicin for 20 minutes, followed by RPMI with no alamethicin.

The cellular response to alamethicin on the short time scale is shown in Figure 3, and indicates an
immediate decrease in the OU, LP, and ECAR. Only the GU measurement increased (seen as a
decrease in glucose extracellular concentrations).

Figure 3. Representative effect of 15 mM alamethicin on RAW macrophage cells.
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On removal of alamethicin from the perfusion medium, the cells' response showed no recovery of
OU, LP, or ECAR to previous levels, but remained essentially the same as when alamethicin was
present, indicating cell necrosis (which was confirmed by staining). In contrast, the extracellular
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glucose consumption significantly decreased after removal of alamethicin from the running buffer to
below that of the baseline rate.

A similar range of alamethicin as in this study, 25-80 pg/mL (~12 — 40 uM, using an alamethicin
mw. = 1964.3 g/mol), led to the reduction of the membrane barrier when applied to plasma
membranes of brain microsomes and erythrocyte and platelet membranes [25]. The upset of barrier
function may explain the decrease in activity during perifusion with alamethicin and lack of recovery
thereafter. It is unclear at this time why the glucose uptake alone would increase during exposure.

2.4 Anthrax Protective Antigen (PA).

Bacillus anthracis secretes a toxin with three components: protective antigen (PA), lethal factor
(LF), and edema factor (EF). Delivery of LF and EF toxins to the cytosol is mediated by anthrax PA,
which has been shown to form a heptameric prepore [10].

Figure 4. Representative RAW macrophage response to 1 and 2 uM anthrax PA.
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PA binds to a cell-surface receptor where it is cleaved into PA,y, which dissociates into the
medium, and PAg;, which forms a heptamer, [PAg;]7, that complexes with LF and/or EF. The complex
is then moved through the membrane into an acidic endosomal compartment that induces a
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conformational change in [PAg;]7, allowing insertion into the membrane to form a pore. The EF and
LF are then delivered into the cytosol [26].

To date there has been no report of short-term cellular effects for PA alone. We first allowed RAW
macrophage cells to equilibrate in RPMI media without the toxin, until a steady ECAR baseline was
observed, which was defined to be a noise of £20 puV/s, as macrophages typically did have larger
variances in acidification rates than other cell lines. The cells were then sequentially exposed for 10
minutes each to 1 and 2 uM PA, which are very high exposure concentrations. Changes in the
uptake/production of the four-analytes upon addition of PA are shown in Figure 4. The concentration
of extracellular glucose and oxygen can be seen to decrease during toxin addition, indicating an
increase in GU and OU rates. LP shows an increase in the presence of PA while the ECAR decreases,
signaling that the lactate signal can be functionally uncoupled from the total acid production signal.
This uncoupling of the signal may reflect the macrophages preparing to respond to foreign biological
molecules, here the PA. In this hypothesis, the LP increases as a result of increased energy usage,
while the apparent ECAR decreases as a result of intracellular proton storage rather than extracellular
release. This does not mean that the acidification rate of the cells decreases, only that acid is
sequestered intracellularly by lysosomal storage, rather than released into the extracellular
environment. In the future, dynamic metabolic pathway analysis may help with the confirmation of the
identification of the exact mechanism of this uncoupling. Removal of PA from the perfusion media
results in a rapid return of macrophage metabolic indicators to pre-exposure levels.

2.5. Cholera toxin and Muscarine.

Cholera toxin (CT), produced by Vibrio cholerae, is an 84 kD ABs hexamer consisting of five
identical B subunits and a single A subunit[27]. The B subunits bind to ganglioside receptor Gy and
the A subunit then enters the cell. The A subunit catalyzes ADP-ribosylation of the trimeric protein
Gsq. The modified Gg, loses its GTPase activity, but remains constitutively active in its GTP-bound
state[28], causing a continuous stimulation of adenylate cyclase. Adenylate cyclase converts adenosine
monophosphate (AMP) to cyclic AMP (cAMP), which begins to accumulate in the cell[29, 30]. cAMP
is necessary for the cAMP-dependent protein kinase (cAPK) activity, which targets proteins involved
in glycogen metabolism. The elevated level of cAMP activates Na™ pumps in the lumen of the cell,
forcing out Na" ions. CI” ions and H,O then exit the cell to balance the Na' release, leading to massive
fluid loss, the characteristic pathology of CT.

CHO cells were exposed to 1 TJuM CT in RPMI for 12 minutes. On this timescale, the cholera
toxin B subunit has been observed in pig enterocytes to induce the formation of numerous clathrin-
coated pits and vesicles between adjacent microvilli and to appear in an endosomal subapical
compartment [31]. Figure 5 shows the change in analyte concentrations during acute exposure of CHO
cells to CT. OU increases while GU, LP and ECAR all show a decrease on cell exposure to CT. The
observed decrease in GU is consistent with earlier observations in neuronal cells [32]. The decrease in
LP and ECAR may be consistent with CT stimulating the production of adenylate cyclase, which
would lead to metabolism of small glycogen stores, characteristic of CHO cells [33]. The OU rate
increase may be a result of the increased cellular metabolic demand [34], such as an increase in
production of cAMP, protein synthesis-dependent prostaglandin formation [35,36], and morphological
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elongation[36,37]. A correlation between increased OU and intestinal volume secretion was seen
during exposure to CT in autoperfused segments of cat ileum [34]. In this study, the OU rate increased
due to the increased metabolic work incurred from the CT induced secretory states of the small

intestine, which was larger than the metabolic work of the absorptive state.

Figure 5. Representative CHO cell response to 1 uM cholera toxin followed by stimulation

with 10 uM muscarine.

10 - 0.23
——Glucose
= =
=9 H
E —&—Oxygen L 092 E
Z | =
Es &
£ £
g X 0.21 3
S S
2 5
§ . 0.20 s
= S
n
- Lactat AR
S06 acte i' " | ss0
= 100 M CT I- Q‘ 2
= n ' -
% — £
£04 { W |r 250 o
g .'I‘ "..H | |’\ H
s \ | | @ =
S | | - g
4] { i &
Eo.z | ql — 150 2
2 | | 10pM muse) =
- | |
0.0 T T T 50
0 20 40 60 80

Time {min}

After removal of CT from the perfusion media, the cells essentially returned to pre-exposure levels,
after which we stimulated them with 10 uM muscarine to check for possible antagonist behavior or
activation of similar pathways of CT. Exploring toxin antagonist behavior is readily possible after
exposure by simulating with a native agonist like muscarine. In response to muscarine, OU and ECAR
significantly increased before rapidly returning to previous levels, while the GU and LP show a
somewhat slower response (increase) followed by a return to baseline rates. Here the LP does not
specifically track the immediate ECAR increase, but increases for several cycles after the ECAR spike
before returning to baseline. This may be due to the production of arachidonic acid [38], which would
tend to increase ECAR, yet not be detected at the lactate electrode. This ECAR spike was smaller
after CT exposure than without previous exposure. Thus, in addition to direct metabolic effects by the
toxin, toxins acting as antagonists can also be evaluated by multianalyte microphysiometry.



Sensors 2009, 9 2125

2.6 Discussion and Interpretation

This study was designed to determine the ability of dynamic, multianalyte microphysiometry to
discriminate between toxins. Comparison of the metabolic flux responses of neuroblastoma cells
exposed to RT and BoNT/A revealed a differing response in the glucose and oxygen consumption
rates, with RT causing an increase in both and BoNT/A causing a decrease in all four metabolic
analytes. Anthrax PA was distinguishable from alamethicin by observing changes in the macrophage
oxygen and lactate metabolic fluxes despite the fact that both are considered “pore-forming” proteins.
In both cases, the GU increased and ECAR decreased, but the PA caused a differential increase in OU
and LP. The response of CHO cells to CT was also different than stimulation by MU, and that which
we reported previously [17] for DNP and NaF. NaF exposure decreased the metabolic rates of all four
analytes, while CT increased only OU. DNP (at lower concentrations) increased both LP and ECAR,
while MU increased the flux rates of three of the analytes - OU, LP, and ECAR. This case shows
discrimination between four agents in the metabolic responses of CHO cells.

While the absolute magnitudes of the metabolic effects observed can vary as much as 20% for each
experimental replicate, the overall trends are reproducible. If we plot the different responses of the
cells to each of the metabolic agents as a variable Karnaugh map (logic table), where the analytes are
the four axes, we can see as a simple map (Figure 6) of metabolic response from all of the different
patterns (Figure 7).

Figure 6. Binary four-by-four Karnaugh map of toxin responses. A '0' indicates a decrease
and a 'l' indicates an increase in the rate of consumption/production of analyte in response
to the indicated analyte. BT = botulinum neurotoxin A, CT = cholera toxin, DNP = 2 4-
dinitrophenol, MU = muscarine, APA = anthrax protective antigen, Ala = alamethicin, RT
= ricin toxin, NaF = sodium fluoride. DNP, NaF from ref. [17].
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Figure 7. Combined representative metabolic profiles of all toxins for comparison in Figure 6.
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Here, a decrease in metabolic activity associated with a particular agent is assigned a ‘0’, whereas
an increase is assigned a ‘1’. The map reveals a simple differentiation between each of the various
agents based on the summary of the cellular response across each of the four metabolic parameters.
Although we have employed different cell lines to discriminate between the agents tested here, our
working hypothesis is that the selection of different cell lines will give different response profiles for
all the list agents. The ideal is to have one map for each cell line at a given analyte concentration. We
are presently examining the exposure of select cell lines to each agent in order to detect those
responses that are unique to a particular agent, since not all cell lines are affected by agents in the same
way[39]. Additional parameters, such as cell type, dose-response and temporal dynamics of the onset
and recovery response could add further dimensions of discrimination.

One would expect that GU, OU, LP and ECAR reflect some degree of covariance, where changes in
one parameter will necessarily alter the others due to an upset in the basal metabolism of the cells. One
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would predict a priori that GU - OU and LP - ECAR parameter pairings would reflect strong covariant
relationships. Our results show that bioagents effect an unexpected dissociation between the metabolic
parameters. Both Cholera toxin and alamethicin effect dissociation between GU and OU while anthrax
PA functionally uncouples the expected correlation between LP and the overall ECAR. The Karnaugh
map also does not take into account the temporal dynamics of agent exposure, which can add a further
dimension to agent discrimination. The potential for temporal dynamics to aid agent discrimination is
illustrated in the case with MU exposure, where the changes in GU and LP occur several measurement
cycles behind the OU and ECAR. Dose-response relationships will also be important predictors since
different concentrations can elicit different metabolic responses, such as with DNP, where low
concentrations increase the LP and ECAR parameters, while high concentrations decrease all four
metabolic rate measurements. Addition of these factors to a metabolic profile of agent effect on cells
may create more complex 'biosignatures' and greatly extend the range of agent discrimination within
and between cell lines [40].

With the exception of alamethicin and cholera toxin, little is known about the cellular mechanisms
through which acute exposure to ricin, botulinum neurotoxin A, and protective antigen affect general
cell metabolism. Interpretation of these data would be significantly enhanced by the use of an inverse
dynamic metabolic model, wherein the interconnections and temporal relations between known
metabolic and signaling pathways could be employed to identify agent specific mechanisms of cell
toxicity. However, quantitative, dynamic analysis of the data shown in Figures 1-3 and 5 would
require an analytical model that would allow for the deconvolution of lateral diffusion within the
measurement chamber and sensor response kinetics. These results will be further enhanced by
additional statistical analysis of the metabolic responses. Given the limitations in the access to larger
quantities of select list agents, it is not possible to include a complete statistical analysis of all of the
metabolic data at this time, but we believe that the general trends of metabolic responses are enough to
show cell-based agent detection and at least partial discrimination of these select list agents.

3. Experimental Section

Materials and Reagents

Glucose oxidase (GOx, Aspergillus niger), lactate oxidase (LOx, Pediococcus), bovine serum
albumin (BSA, Fraction V, 96%), glutaraldehyde (glutaric dialdehyde, 25 wt.% solution in water), and
alamethicin (from Trichoderma viride) were from Sigma. RPMI 1640 buffer and all Cytosensor
consumable materials were from Molecular Devices Corporation (Sunnyvale, Ca). Phosphate buffered
saline (PBS, 1 mM in phosphate, pH 7) was prepared fresh from stock solutions. Nafion
(Perfluorosulfonic acid-PTFE copolymer, 5% w/w solution) was from Alfa Aesar, sodium fluoride
(>98%) was from Fluka, and the platinum wire (24 and 36 gauge, 99.9%) was from VWR. Botulinum
toxin A (from Clostridium botulinum), Cholera toxin (whole, A&B subunits from Vibrio cholerae),
and Ricin communis agglutin (RCA60, includes both A&B chains) were from Sigma Chemical.
Anthrax PA was provided by Jim Crowe, Vanderbilt Pediatric Immunology and Southeast Regional
Center of Excellence in Biodefense (SERCEB). Neuroblastoma cells (ATCC HTB-11, Human SK-N-
SH) were cultured in Eagle's Minimal Essential Medium with Earle's BSS and supplemented with 2
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mM L-glutamine, 1.0 mM sodium pyruvate, 0.1 mM nonessential amino acids, 1.5 g/L sodium
bicarbonate and 10% fetal bovine serum. The cells were cultured to confluence in 125 mL flasks under
5% CO, and passaged twice before being seeded in the Cytosensor capsules. Cells were prepared for
Cytosensor use by dissociating the culture with 0.25% Trypsin/0.03% EDTA, diluted to 15 mL with
growth medium and centrifuged at 5000 rpm for 5 min. The cells were then re-suspended in growth
medium to achieve ~5x10° cells/mL and added to the Cytosensor inserts to a final concentration of
~2.5x10° cells per insert. The inserts were incubated overnight at 30°C in a 5% CO, atmosphere. RAW
264.7 macrophage cells (~5x10° per insert, ATCC TIB-71) were cultured in RPMI 1640 adjusted with
2 g/l sodium bicarbonate (Sigma), with 10% fetal bovine serum and 100 units/mL penicillin and
streptavidin. CHO cell lines (ATCC # CRL-1981 M3WT4; CHO, Chinese hamster ovary) were
cultured in Ham's F12 medium with 0.05 to 0.1 mg/ml G418, 90%; fetal bovine serum, 10%. All cell
lines were seeded using the same procedure above.

Sensor Head Construction.

Cytosensor Microphysiometer plunger heads were modified with platinum sensors as described
previously[17,41]. Briefly, platinum wires (24 gauge) were sealed into holes drilled through the body
of a typical Cytosensor® Microphysiometer plunger head. The oxygen electrode was a smaller
platinum wire (36 gauge) attached by silver epoxy (Epoxy Technology, Inc., Billerica MA) to the
larger Pt wire. Polyurethane (Crystal Clear 200 from Smooth-On, Inc.) was used to seal the back of the
electrode to provide electrical insulation and mechanical protection, with a hole left for the Cytosensor
plunger. The electrodes were then polished flush with the surface of the plunger face. The
microphysiometer chamber had a total volume of ~3.5 microliters, of which approximately 1 microliter
was filled by the biological cells’ volume.

Enzyme Solutions

The oxidase enzyme solutions were prepared similarly to that described previously [17, 41]. For the
oxidase film solutions, 50 mg of BSA was dissolved in 700 uL of 50 mM phosphate buffer. For the
GOx solution, 5 mg of GOx was thoroughly dissolved in 600 pL of the BSA solution then quickly
mixed with 6 pL of 25% glutaraldehyde solution. For the LOx film, ~ 0.25 mg of LOx was dissolved
in 70 pL of the BSA solution then quickly mixed with 0.7 pL of 25% glutaraldehyde solution. The
solutions were prepared fresh when needed.

Electrode Film Preparations

The modified sensor head electrodes were first rinsed with ethanol and distilled water. As described
elsewhere[17,41], the enzyme electrode films were then prepared by allowing a droplet of the enzyme
solution to dry on the platinum electrode surface. The LOx/BSA film was used as prepared in this
manner. The GOx/BSA film was further modified by coating with a droplet of 5% w/w Nafion
solution. A droplet of the 5% Nafion solution was also applied to the oxygen electrode (127 um bare
platinum wire) to reduce biofouling as shown in the literature [16,42,43]. The sensor heads with the
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modified electrodes were stored dry at room temperature when not in use, and were useful for
measurements for more than 2 months.

Electrochemical Measurements

The acidification rates were obtained with the sensor and electronics internal to the Cytosensor®
Microphysiometer (Molecular Devices, Inc.), while the glucose, lactate and oxygen measurements
were obtained using a CHI 1030 Multipotentiostat (CH Instruments, Austin, TX). The glucose and
lactate electrodes were set at +0.6 V in the ‘amperometric i-t curve’ to oxidize hydrogen peroxide. The
oxygen electrode was set at -0.45 V to reduce dissolved oxygen or traces of other partially reduced
oxygen species like hydrogen peroxide. All potentials were set versus the Cytosensor Ag/AgCl
reference electrode in the effluent stream.

Apparatus Operation

The acidification rates were obtained in the usual manner using the microphysiometer plunger and
pump-on/pump-off program (80 s pump-on, 40 s pump-off). The glucose, lactate, and oxygen
electrodes added to the plunger were attached to the CHI 1030 working electrodes, while the
remaining platinum electrode on the sensor head was used as the CHI 1030 counter electrode. Both
instruments shared the same reference electrode and experienced the same pump-on/pump-off program
as applied by the microphysiometer. Minimal noise was encountered with the electrodes attached in
this manner.

Data Interpretation

The ECAR data was recorded in the usual manner from the Cytosensor, which was plotted as -uV/s
vs. time (s). The changes in GU, OU, and LP rates were estimated by calculating the area under the
curve during pump-off. The areas were calculated from zero current for glucose and oxygen, while the
lactate area was calculated from the current baseline during flow. The normal decay current for the
entire curve was corrected for by dividing the pump-off curve area by the pump-on baseline just before
that respective curve. The resulting data points were then plotted as signal vs. time. The glucose and
lactate signals were converted to concentrations by adding internal calibrations of glucose (1 mM
aliquots) and lactate (0.1 or 0.2 mM aliquots) at the end of the experiment. The increase in signal
during pump-off, as measured from the original flow baseline, was then used as the analyte calibration.
The flow baseline was assumed to be the original solution concentration for each analyte with ~10 mM
for glucose, 0 mM for lactate, and ~0.24 mM for oxygen. In this manner, the glucose and oxygen
signals are inversely proportional to the cellular consumption rate. Therefore, a decrease in signal for
the glucose and oxygen electrodes would be interpreted as a decrease in glucose and oxygen solution
concentration, and thus an increase in the rate of cellular glucose and oxygen consumption. For the
lactate electrode, a decrease in signal relates directly to a decrease in cellular lactate production.



Sensors 2009, 9 2130
4. Conclusions

Our results have shown that the multianalyte microphysiometer can be a powerful tool in the
characterization of cellular metabolic activity after acute exposure to biological toxins. In addition, we
have shown that toxins can produce unique profiles of cellular metabolic responses that permit
discrimination between agents based on the cellular response to exposures measured in minutes versus
hours. Dynamic metabolic flux analysis, coupled to the MMP data, should prove useful in building
metabolic biosignatures for each selected agent. This may require the incorporation of more specific
probes for analytes such as potassium, calcium, NO, glutamate, amino acids, etc. MMP technology can
be readily applied to the construction and monitoring of heterogeneous cell-based analytical platforms
and afford greater confidence in assessing/predicting toxicity of exogenous drugs across different cell
populations. Further development of metabolic profiling using the MMP technology may eventually
lead to a new cell-based sensor system for toxin identification based on the proof of concept presented
here.

Acknowledgements

This work was supported as part of the Massively-Parallel, Multiphasic Cell Biological Activity
Detector (MP’CBAD) Project, supported in part by DARPA/ONR contract N66001-01-C-8064, NIH
grant UO1 Al 061223, and the Vanderbilt Institute for Integrative Biosystems Research and Education.
Special thanks to the Southeast Regional Center of Excellence in Biodefense (SERCEB) US54 Al
057157 for supplying the anthrax protective antigen. Helpful discussions with Franz Baudenbacher
and Owen McGuinness at Vanderbilt as well as with the whole MP’*CBAD team are gratefully
acknowledged.

References and Notes

1. Butcher, E.C. Innovation: Can cell systems biology rescue drug discovery? Nature Rev. Drug
Discov. 2005, 4, 461-467.

2. Moore, K.; Rees, S. Cell-Based Versus Isolated Target Screening: How Lucky Do You Feel? J.
Biomol. Screen. 2001, 6, 69-74.

3. Hodgson, J. ADMET - turning chemicals into drugs. Nat. Biotechnol. 2001, 19, 722-726.

. Lesney, M.S., Assaying ADMET. Mod. Drug Discovery 2004, 7, 30-32, 34.

5. McConnell, H.M.; Owicki, J.C.; Parce, J.W.; Miller, D.L.; Baxter, G.T.; Wada, H.G.; Pitchford,
S. The Cytosensor Microphysiometer: biological applications of silicon technology. Science 1992,
257, 1906-1912.

6. Owicki, J.C.; Bousse, L.J.; Hafeman, D.G.; Kirk, G.L.; Olson, J.D.; Wada, H.G.; Parce, J.J W. The
light-addressable potentiometric sensor: principles and biological applications. Annu. Rev.
Biophys. Biomol. Struct. 1994, 23, 87-113.

7. Hafner, F. Cytosensor Microphysiometer: technology and recent applications. Biosens.
Bioelectron. 2000, 15, 149-158.



Sensors 2009, 9 2131

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Smart, D.; Coppell, A.; Rossant, C.; Hall, M.; McKnight, A.T., Characterization using
microphysiometry of CRF receptor pharmacology. Eur. J. Pharmacol. 1999, 379, 229-235.
Coldwell, M.C.; Boyfield, I.; Brown, A.M.; Stemp, G.; Middlemiss, D.N., Pharmacological
characterization of extracellular acidification rate responses in human D2(long), D3 and D4.4
receptors expressed in Chinese hamster ovary cells. Br. J. Pharmacol. 1999, 127, 1135-1144.
Landwojtowicz, E.; Nervi, P.; Seelig, A. Real-Time Monitoring of P-Glycoprotein Activation in
Living Cells. Biochemistry 2002, 41, 8050-8057.

Cao, C.J.; Mioduszewski, R.J.; Menking, D.E.; Valdes, J.J.; Cortes, V.I.; Eldefrawi, M.E.;
Eldefrawi, A.T. Validation of the cytosensor for in vitro cytotoxicity studies. Toxicol. in Vitro
1997, 11, 285-293.

Parak, W.J.; Dannohl, S.; George, M.; Schuler, M.K.; Schaumburger, J.; Gaub, H.E.; Muller, O.;
Aicher, W.K. Metabolic activation stimulates acid production in synovial fibroblasts. J.
Rheumatol. 2000, 27, 2312-2322.

Khare, S.; Gokulan, K.; Linthicum, D.S. Cellular responses of NG108-15 and SK-N-MC lines to
sweet and bitter tastants as measured by extracellular acidification rates. J. Neurosci. Res. 2001,
63, 64-71.

May, L.T.; Lin, Y.; Sexton, P.M.; Christopoulos, A. Regulation of M2 muscarinic acetylcholine
receptor expression and signaling by prolonged exposure to allosteric modulators. J. Pharmacol.
Exp. Ther. 2005, 312, 382-390.

Mioduszewski, R.J.; Menking, D.E.; Valdes, J.J.; Cao, C.J.; Eldefrawi, M. E.; Eldefrawi, A.T.
Cytotoxicity of organophosphate anticholinesterases to human liver and nerve cells. In
Proceedings of the ERDEC Scientific Conference on Chemical and Biological Defense Research,
Aberdeen Proving Ground, MD, USA, Nov. 18-21, 1997; Berg, D.A., Ed.; National Technical
Information Service, Springfield, VA: Aberdeen Proving Ground: MD, USA, 1997; pp. 77-83.
Eklund, S.E.; Cliffel, D.E.; Kozlov, E.; Prokop, A.; Wikswo, J.; Baudenbacher, F. Modification of
the Cytosensor microphysiometer to simultaneously measure extracellular acidification and
oxygen consumption rates. Anal. Chim. Acta 2003, 496, 93-101.

Eklund, S.E.; Taylor, D.E.; Kozlov, E.; Prokop, A.; Cliffel, D.E. A microphysiometer for
simultaneous measurement of changes in extracellular glucose, lactate, oxygen, and acidification
rate. Anal. Chem. 2004, 76, 519-527.

Endo, Y. Mechanism of action of ricin and related toxins on the inactivation of eukaryotic
ribosomes. Cancer Treat. Res. 1988, 37, 75-89.

Lord, J.M.; Wales, R.; Pitcher, C.; Roberts, L.M. Cell surface and intracellular functions for
galactose binding in ricin cytotoxicity. Biochem. Soc. Trans. 1992, 20, 734-738.

Keller, J.E.; Cai, F.; Neale, E.A. Uptake of botulinum neurotoxin into cultured neurons.
Biochemistry 2004, 43, 526-532.

Purkiss, J.R.; Friis, L.M.; Doward, S.; Quinn, C.P., Clostridium botulinum neurotoxins act with a
wide range of potencies on SH-SY5Y human neuroblastoma cells. NeuroToxicology 2001, 22,
447-453.

Rossetto, O.; Deloyle, F.; Poulain, B.; Pellizzari, R.; Schiavo, G.; Montecucco, C., The metallo-
proteinase activity of tetanus and botulism neurotoxins. J. Physiol. (Paris) 1995, 89, (1), 43-50.



Sensors 2009, 9 2132

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Blasi, J.; Chapman, E.; Link, E.; Binz, T.; Yamasaki, S.; De Camilli, P.; Sudhof, T.C.; Niemann,
H.; Jahn, R. Botulinum neurotoxin A selectively cleaves the synaptic protein SNAP-25. Nature
1993, 365, 160-163.

Tieleman, D.P.; Hess, B.; Sansom, M.S.P. Analysis and evaluation of channel models:
simulations of alamethicin. Biophys. J. 2002, 83, 2393-2407.

Ritov, V.B.; Tverdislova, I.L.; Avakyan, T.Y.; Menshikova, V.; Leikin, Y.N.; Bratkovskaya,
L.B.; Shimon, R.G. Alamethicin-induced pore formation in biological membranes. Gen. Physiol.
Biophys. 1992, 11, 49-58.

Bradley, K.A.; Mogridge, J.; Mourez, M.; Collier, R.J.; Young, J.A.T. Identifcation of the cellular
receptor for anthrax toxin. Nature 2001, 414, 225-229.

Merritt, E.A.; Sarfaty, S.; Van Den Akker, F.; L’hoir, C.; Martial, J.A.; G.J. Hol, W. Crystal
structure of cholera toxin B-pentamer bound to receptor GMI pentasaccharide. Protein Sci. 1994,
3, 166-175.

Cassel, D.; Pfeuffer, T., Mechanism of cholera toxin action: covalent modification of the guanyl
nucleotide-binding protein of the adenylate cyclase system. Proc. Natl. Acad. Sci. USA 1978, 75,
2669-2673.

Moss, J.; Vaughan, M. Activation of adenylate cyclase by choleragen. Annu. Rev. Biochem. 1979,
48, 581-600.

Gill, D.M.; Meren, R. ADP-robosylation of membraneproteins catalyzed by cholera toxin: basis
of the activation of adenylate cyclase. Proc. Natl. Acad. Sci. USA 1978, 75, 3050-3054.

Hansen, G.H.; Dalskov, S.-M.; Rasmussen, C.R.; Immerdal, L.; Niels-Christiansen, L.-L.;
Danielsen, E.M. Cholera toxin entry into pig enterocytes occurs via a lipid raft- and clathrin-
dependent mechanism. Biochemistry 2005, 44, 873-882.

Prapong, T.; Uemura, E.; Hsu, W.H. G Protein and cAMP-Dependent Protein Kinase Mediate
Amyloid b-Peptide Inhibition of Neuronal Glucose Uptake. Exp. Neurol. 2001, 167, 59-64.
McMahon, R.J.; Frost, S.C., Glycogen: a carbohydrate source for GLUT-1 glycosylation during
glucose deprivation of 3T3-L1 adipocytes. Am. J. Physiol. 1996, 270, E640-E645.

Granger, D.N.; Kvietys, P.R.; Perry, M.A.; Taylor, A.E. Relationship between intestinal volume
secretion and oxygen uptake. Dig. Dis. Sci. 1982, 27, 42-48.

Peterson, J.W.; Jackson, C.A.; Reitmeyer, J.C., Synthesis of prostaglandins in cholera toxin-
treated CHO cells. Microb. Pathog. 1990, 9, 345-353.

Guerrant, R.L.; Fang, G.D.; Thielman, N.M.; Fonteles, M. C., Role of Platelet Activating Factor
in the intestinal epithelial secretory and chinese hamster ovary cell cytoskeletal responses to
cholera toxin. Proc. Natl. Acad. Sci. USA 1994, 91, 9655-9658.

Hsie, A.W.; Jones, C.; Puck, T.T. Further changes in differentiation state accompanying the
conversion of chinese hamster cells to fibroblastic form by dibutyryl adenosine cyclic 3":5'-
monophosphate and hormones. Proc. Natl. Acad. Sci. USA 1971, 68, 1648-1652.

Bymaster, F.P.; Calligaro, D.O.; Falcone, J.F. Arachidonic acid release in cell lines transfected
with muscarinic receptors: a simple functional assay to determine response of agonists. Cellular
Signalling 1999, 11, 405-413.

Cao, C.J. Cytotoxicity of organophosphate anticholinesterases. In Vitro Cell. Dev. Biol.-Animal
1999, 35, 493-500.



Sensors 2009, 9 2133

40. Eklund, S.E.; Snider, R.M.; Wikswo, J.P.; Baudenbacher, F.J.; Prokop, A.; Cliffel, D.E.
Multianalyte Microphysiometry as a tool in metabolomics and systems biology. J. Electroanal.
Chem. 2006, 587, 333-339.

41. Eklund, S.E.; Kozlov, E.; Taylor, D.E.; Baudenbacher, F.; Cliffel, D.E. Real-time cell dynamics
with a multianalyte physiometer. Methods Mol. Biol. 2005, 303, (NanoBiotechnology Protocols),
209-223.

42. Jin L.T; Jin P.; Ye J.N.; Fang Y.Z. Determination of dissolved oxygen by catalytic reduction on
Nafion-methyl viologen chemically modified electrode. Talanta 1992, 39, 145-147.

43. Walder, B.; Lauber, R.; Zbinden, A.M., Accuracy and cross-sensitivity of 10 different anesthetic
gas monitors. J. Clin. Monit. 1993, 9, 364-373.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



