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ABSTRACT: Metabolic adaptation to stress is a crucial yet poorly understood
phenomenon, particularly in the central nervous system (CNS). The ability to identify
essential metabolic events which predict neuronal fate in response to injury is critical to
developing predictive markers of outcome, for interpreting CNS spectroscopic imaging,
and for providing a richer understanding of the relevance of clinical indices of stress
which are routinely collected. In this work, real-time multianalyte microphysiometry was
used to dynamically assess multiple markers of aerobic and anaerobic respiration
through simultaneous electrochemical measurement of extracellular glucose, lactate,
oxygen, and acid. Pure neuronal cultures and mixed cultures of neurons and glia were
compared following a 90 min exposure to aglycemia. This stress was cytotoxic to neurons yet resulted in no appreciable increase
in cell death in age-matched mixed cultures. The metabolic profile of the cultures was similar in that aglycemia resulted in
decreases in extracellular acidification and lactate release in both pure neurons and mixed cultures. However, oxygen
consumption was only diminished in the neuron enriched cultures. The differences became more pronounced when cells were
returned to glucose-containing media upon which extracellular acidification and oxygen consumption never returned to baseline
in cells fated to die. Taken together, these data suggest that lactate release is not predictive of neuronal survival. Moreover, they
reveal a previously unappreciated relationship of astrocytes in maintaining oxygen uptake and a correlation between metabolic
recovery of neurons and extracellular acidification.
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T he brain is a highly aerobic organ consuming 20% of all
ATP generated by the body.1−3 This supply is threatened

during events such as stroke, diabetic neuropathy, and
myocardial infarction, when glucose becomes limiting, depriv-
ing cells of vital nutrients. In the mature central nervous system
(CNS), neurons are the most vulnerable population of cells to
nutrient deprivation and, in concert with glia, they can evoke
powerful protective programs in response to such environ-
ments.4

Induction of metabolic dysfunction in the CNS has been
shown to be a powerful inducer of preconditioning (PC), a
cytoprotective program which is evoked when exposure to mild
stress activates cellular defensive programs. PC is highly
conserved across a number of tissues both in the CNS and
periphery and leads to a limited period of increased resistance
to subsequent stresses, which is mediated by chaperones,
reactive oxygen species, alterations in mitochondrial biochem-
istry, and other molecules.5−7 At the molecular level, the CNS
responds to ATP depletion by rapidly altering metabolism,
employing nonpreferred substrates such as glycogen and lactate
to generate ATP, and by evoking the transcription of genes
associated with mitochondrial biosynthesis, oxygen and glucose
uptake, and metabolism.7−9 One of the earliest consequences of
limiting glucose is that cells rely more heavily on glycolysis,
where the anaerobic biosynthesis of lactate results in the
extrusion of lactate and protons. This process activates proton

sensitive ion channels which impacts both neuronal membrane
potential and cell signaling, both of which have been linked to
PC protection.10

In spite of a wealth of information about the molecular
underpinnings of PC protection,11 we have yet to identify the
central metabolic mediators of the neuronal stress response.
These data are essential to being able to capitalize on metabolic
adaptation to potentially provide neuroprotection in the clinical
settings where glucose is limiting such as stroke, diabetic stress,
or acute CNS injury. This gap in our understanding can be
largely attributed to the paucity of analytical tools capable of
dynamic measurements of stress. 12

The multianalyte microphysiometer (MAMP) provides real-
time simultaneous electrochemical detection of key metabolites
in a microfluidic chamber. These metabolites include
extracellular glucose, oxygen, lactate, and acid. The MAMP
has provided new insights into the immediate metabolic effects
of protein toxins,13,14 cancer metabolism,15 and responses of
murine islets to nutrient stimulation.16 A previous study from
our group in which pure neuronal cultures were exposed to
either mild (5 min) or lethal (90 min) oxygen and glucose
deprivation (OGD) found that neurons that are capable of
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withstanding mild stress rapidly recover oxygen consumption
and lactate generation. Indeed, there is a significant increase in
oxygen consumption in preconditioned neurons and a rise in
total ATP production. In addition, this paper assisted in the
validation of a new model of PC protection provided by an in
vitro environment that recapitulates transient ischemic attack as
seen in vivo.5

Metabolic flux in vivo, however, is highly dependent upon
glia, which vastly outnumber neurons in the CNS. In this work,
we assesed multiple markers of biological stress including lipid
and protein oxidation as well as utilized the MAMP in order to
observe rapid metabolic changes in neurons and glia suffering
from extended nutrient deprivation in vitro, providing the first
study utilizing these real-time dynamic measures to identify
essential events that mediate injury. We found a dramatic
increase in neuronal lipid oxidation in mixed cultures even
under conditions that were nontoxic, suggesting that increased
lipid oxidation is not the most immediately sensitive indicator
of cellular fate. Moreover, markers of protein oxidation, another
event thought to be indicative of cell fate, did not correlate with
neuronal cell death. The use of real-time microphysiometry,
however, revealed that the greatest single predictor of neuronal
survival was extracellular acidification, as neurons fated to die
experienced far greater and more rapid acid generation than
protected cells. Moreover, lactate levels, currently a key metric
in the clinic, were poorly correlated with neuronal cell fate.

■ RESULTS

Real-Time Analysis of Metabolic Flux of Aglycemic
Neurons and Mixed Cultures Using MAMP. The MAMP
allows for direct comparison of the real-time metabolic
responses of primary pure neuronal cultures (98% neurons)
and mixed cultures composed of 20% neurons and 80% glia
exposed to 90 min glucose deprivation (GD) within the cell
chamber (Figure 1) by simultaneously measuring changes in
extracellular glucose, lactate, oxygen, and acid. Our previous
experiments had revealed that 90 min OGD was sufficient to
lead to the death of pure neurons within 24 h.5 Therefore, we

hypothesized that neurons would be uniquely vulnerable to the
aglycemic conditions used in this study. To test this, we
compared the responses of pure neuronal cultures to mixed
cultures exposed to either 60 or 90 min GD without cocurrent
oxygen deprivation.
After a 30 min perfusion of media containing 5 mM glucose,

cultures were exposed to glucose-free media for 90 min. After
deprivation, 5 mM glucose was returned for 1 h. Metabolite
concentrations and acidification rates of each replicate chamber
were graphed as percent change from the basal rate (see
Methods) to allow comparison between replicate cell chambers,
which consisted of cultures from several dissections. The real-
time data was then normalized to the control chambers and
grouped to find average levels of each analyte during
deprivation and recovery (Figure 2). The overall decrease in

signal observed for all analytes is due to a combination of
electrochemical phenomena and changes in neuronal metabo-
lism that occur in response to removal from a humidified
environment, exchanges of cellular media, and the introduction
of flow. These phenomena cannot be separated, making the use
of control chambers critical for interpretation of data collected
when using this method.

Figure 1. Cross-view of microphysiometry cell chamber. A
polycarbonate insert containing neurons cultured as described with
and without glia were placed in the sensor cup. A spacer and additional
insert are placed on top of the cells, and the sensor head lowered over
the assembly. The sensor head features inlet and outlet tubes to allow
for 100 μL/min flow through the 3 μL chamber, as well as the Pt wires
for amperometric detection of glucose, lactate, and oxygen, and a
stainless steel counter electrode for the acid-sensitive LAPS electrode.
A Ag/AgCl (2 M KCl) reference electrode is placed downstream of
the chamber.

Figure 2. Percent change in pure neuronal and mixed culture
metabolites during 90 min GD. Each data point is the average rate of
consumption or production at each stop-flow period (every 2 min).
Average of replicate for deprived and control chambers ± SEM. The
black bar represents the GD time course. (a) Glucose consumption,
neurons. (b) Glucose consumption, mixed. (c) Lactate production,
neurons. (d) Lactate production, mixed. (e) Oxygen consumption,
neurons. (f) Oxygen consumption, mixed. (g) Acidification, neurons.
(g) Acidification, mixed.
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The loss of extracellular glucose caused by altering culture
media composition was detected immediately by the MAMP in
both neuron enriched cultures (Figure 2a) as well as in mixed
cultures (Figure 2b). Both systems avidly utilized glucose from
the culture media when it was reintroduced, recovering to levels
of glucose consumption similar to those observed at baseline.
This data was consistent with visual assessment of the cultures
which demonstrated that both pure neuronal and mixed
cultures had intact processes and phase bright somas indicative
of normal cellular electrochemical coupling immediately
following energetic challenge.
In the absence of glucose, cells can use lactate to fuel aerobic

respiration as long as oxygen is not limited. Lactate is present in
both neurons and glia in a free form and can also be liberated
from glycogen stores in glia. While the enzymatic conversion of
lactate to pyruvate by lactate dehydrogenase runs in both
directions, lactate generation has often been used as a measure
of glycogen utilization in vivo and in vitro.17 The presence of
lactate was detected within the cell chamber for both cell
groups, with no other possible source but the cells themselves,
demonstrating that anaerobic metabolism of glucose or
liberation from glycogen stores must be occurring. These
levels are, however, significantly lower in neurons than has been
observed in immortalized cell lines.13,14

In both pure neurons (Figure 2c) and mixed cultures (Figure
2d), lactate levels quickly dropped off in the absence of glucose,
suggesting that lactate extrusion from anaerobic respiration and
astrocytic glycogen and pyruvate is minimal under these
conditions. When normalized to respective control chambers,
both mixed and neuronal cultures were shown to be able to
generate lactate within 1 h after the termination of the GD
stress (Figure 3a). Figure 3a demonstrates a comparable
increase in lactate where mixed cultures recovered lactate
release to 0.62 ± 0.20 of control chambers (p < 0.01, Student’s
t test, n = 10) and neuronal cultures recovered to 0.77 ± 0.06 of
control chambers (p < 0.004, Student’s t test, n = 4).
The oxygen consumption of mixed cultures was not

impacted by aglycemia, whereas that of pure neuronal cultures
was irreparably altered (Figure 2e and f). When compared to
control chambers (Figure 3b), the oxygen consumption of pure
neuronal cultures was significantly different immediately
following 90 min GD where a reduction to 0.63 ± 0.10 of
control chambers was observed (p < 0.01, Student’s t test, n =
3). In addition, after 1 h of recovery, oxygen consumption of
neuronal cultures further decreased to 0.48 ± 0.14 of control
chambers (p < 0.01, Student’s t test, n = 3).
Extracellular acid release during 90 min GD was also

strikingly different in pure neuronal and mixed cultures.
Acidification decreased for both neuronal (Figure 2g) and
mixed cultures (Figure 2h) immediately following GD, but only
in the mixed cultures did acidification drop toward the lower
limit of detection of the MAMP. When normalized to control
chambers, mixed cultures (Figure 3c) exhibited lower
extracellular acidification, 0.09 ± 0.07 of control levels (p <
0.0001, Student’s t test, n = 5), while the acidification of
neuronal cultures decreased to only 0.36 ± 0.03 of control
levels (p < 0.0002, Student’s t test, n = 5). After reintroduction
of glucose, mixed cultures exhibited less acidification compared
to pure neuronal cultures which may be indicative of less acid
generation/extrusion. Mixed culture acidification was 0.24 ±

0.18 of control levels 1 h after GD (p < 0.02, Student’s t test, n
= 5). Neuronal cultures generated much more acid returning to
0.73 ± 0.18 of control levels 1 h after GD (p < 0.03, Student’s t

test, n = 5). Taken together, these data support a model
whereby mixed cultures have a far longer period of altered pH
following aglycemia than neurons.

Validation of Neuronal Sensitivity to Glucose Depri-
vation. Based on our previous publications, we know that the
combination of oxygen and GD is not well tolerated by pure
neurons but can produce only mild changes in survival of mixed
cultures.5,6 Similarly, both 60 and 90 min GD resulted in
increased cell death in our neuronal cultures as evidenced by
the increase in lactate dehydrogenase (LDH) release measured
24 h after GD (Figure 4a). Strikingly, neither 60 nor 90 min
GD resulted in increased cell death in mixed cultures (Figure
4b) or substantially changed neuronal morphology (data not
shown).
The stark contrast in survival of these two different neuronal

cultures coupled with the real-time, multiparameter measure-
ments acquired during and after the insult provides us with the
opportunity to correlate survival with other biochemical

Figure 3. Metabolic recovery of pure neuronal and mixed cultures can
be compared by normalizing to control chambers. (a) Lactate release,
(b) oxygen consumption, and (c) acidification were measured
continuously following 90 min GD using microphysiometry. Replicate
chambers were grouped into two groups: 0′ denotes measurements
during GD and 60′ denotes the average metabolic levels 60 min after
GD. Data were normalized to control cell measurements at the
corresponding time point and represent the mean from at least three
independent experiments. Asterisk (*) denotes statistical significance
as compared to control cells (p < 0.05). Triangle (△) denotes
statistically significant difference between mixed and neuronal cultures
in the specified group.
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features associated with cell stress which are also used as
surrogates of injury, including lipid and protein oxidation, as
well as compare their predictive validity to the metabolic
changes.
Oxidative modification of proteins and lipids has been used

as a common indicator of cell injury following stress and has
been used in some settings to assess cell injury. We have
previously demonstrated that formation of carbonyl groups on
proteins and nonenzymatic oxidation of docosahexaenoic acid
(DHA) enriched in neuronal membranes are increased in post
mortem tissue from individuals who had suffered from stroke or
transient ischemic attacks as well as in mixed culture models of
OGD.18,19 OxyBlot analysis performed 24 h after GD in mixed
cultures revealed that levels of protein oxidation were similar
between control and 60 min GD cells (Figure 4c), whereas
longer periods of GD (90 min) resulted in less protein
oxidation due to either fewer proteins being synthesized/
oxidized or a more robust removal of oxidized proteins via
autophagy and/or proteasomal degradation.
Injury to lipids caused by reactive oxygen species can be

assessed by the detection of DHA enriched lipid peroxidation
which results in the formation of F4-Neuroprostane (NeuroP).
This method allows us to specifically assess neuronal lipid
stress. NeuroP formation was significantly increased in response
to GD.5,6,19 NeuroP formation was both time and stress
dependent with longer periods of GD resulting in higher
oxidation of DHA although the levels were slightly less than
half of those observed following 90 min exposure to NMDA,
which induces 100% neuronal cell death by 24 h (Figure 4d).
Taken together, these data suggest that protein oxidation
measured 24 h after stress does not correlate with the length of
GD, whereas NeuroP formation does. Moreover, these data
demonstrate that GD causes the generation of appreciable

amounts of radicals in neurons but this oxidative stress is
indeed survivable if glial support is present.

Real-Time Analysis of Metabolic Flux of Mildly
Aglycemic Mixed Cultures Using MAMP. Given the
physiological relevance of our mixed culture population and
their ability to induce metabolic and molecular adaptation
following 90 min aglycemia, we were eager to determine if
shorter periods of aglycemia could be used to reveal differences
in metabolic recovery as GD becomes more protracted using
the MAMP. Figure 5 compares the real-time percent change in
metabolic consumption of all four analytes in mixed cultures in
response to 60 min GD. The real-time data was normalized to
control chambers and grouped to find average levels of the
analytes at different time points during the deprivation and
recovery (Figure 6). The shift in glucose consumption observed
following 60 min GD (Figure 5a) appears to be due to a change
in baseline current at the electrode as glucose is removed and
then returned to the sensing chamber (raw data not shown). It
is possible that an increase in glucose consumption occurred as
a means to increase energetic status following aglycemia, but
this signal could not be separated from the changes in current
measured at the glucose electrodes.
Based on our previous data, we speculated that the most

robust and reproducible indices of injury would be extracellular
acidification and suspected that there would be a stronger
parallel between lactate and extracelluar acidification given that
lactate extrusion during anaerobic respiration requires proton
expulsion. Notably, while lactate levels in mixed cultures
receiving mild deprivation returned to control levels, these
cultures did not fully recover extracellular acidification
following 60 min GD (Figure 5d), reaching 0.81 ± 0.13 of
control (p < 0.002, Student’s t test, n = 12) (Figure 6c). These
data would suggest either that the glycogen pools of astrocytes
can be maximally driven by 60 min GD or that anaerobic
respiration is playing a greater role in mixed cultures with mild
GD. As previously discussed, recovery of acid levels after 90
min GD was also incomplete (Figure 3c), reaching only 0.24 ±
0.18 of control levels (p < 0.01, Student’s t test, n = 5).
We also noted that oxygen consumption was not impaired in

response to 60 min GD, suggesting that cells were continuing
to uptake oxygen with both periods of aglycemia (Figures 2f
and 3b) and the notable lack of increased oxygen consumption
would suggest that aerobic respiration is not upregulated in
response to GD.

■ DISCUSSION

Diabetes in the United States has reached epidemic levels and
patients with diabetes have a higher incidence of stroke and
worse outcome following stroke. We remain, however, severely
limited in identifying accurate measures of cellular stress in the
period after acute injuries that could predict the fate of injured
cells in the clinical settings and in preclinical trials. Mild
metabolic dysfunction can evoke short-term neuroprotection
but thus far we have been unable to identify a metabolic profile
which predicts the fate of cells exposed to GD. We have made
great strides in developing technologies for in vivo measure-
ment of oxygen saturation, acidification, glucose consumption,
and lactate generation by magnetic resonance spectroscopy
(MRS) which have informed our understanding of regional
specification of activity in the brain and how metabolism is
impacted by injury. These measurements, are, however,
complicated by the speed with which these biochemical events
must be captured as well as complications arising from the

Figure 4. Mixed cultures survive nutrient deprivation which is lethal in
pure neuronal cultures. LDH release assay showing viability of (a)
neurons and (b) mixed cultures 24 h after 60 min and 90 min GD. (c)
OxyBlot of total protein oxidation in mixed cultures detected 24 h
after various GD durations. (d) Neuroprostane levels measured at 24 h
revealed significant oxidation of DHA-enriched lipids in neurons in
response to GD. Data were normalized to control cell measurements
at the corresponding time point and represent the mean from at least
three independent experiments. Asterisk (*) denotes statistical
significance as compared to control cells (p < 0.05).
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unique cellular and neurochemical composition of different
parts of the CNS. The MAMP provides an invaluable
opportunity to bridge the in vivo and in vitro data on
metabolism and dissect cellular interactions in a systematic way
to develop a stronger sense of the outcomes and effectiveness
of potential neuroprotective therapies.
By coupling our novel MAMP method with measures of

cytoplasmic rupture, we found that lactate release drops off

precipitously when glucose is limiting, but quickly recovers in
neurons that ultimately survive the stress as well as those that
are fated to die, thus demonstrating that lactate release is not
predictive of cell survival. This is in stark contrast to early
clinical practices in which lactate levels were monitored as a
metric of edema, or brain swelling, which is correlated with
poor outcomes.20 As new proteins associated with cell lysis and
blood-brain barrier disruption were identified, markers such as
sperimidine, S-100 protein, and adenylyl cyclase were all
studied as surrogates of injury with varying degrees of success.
Given the powerful imaging technologies which now exist
enabling in vivo analysis of lactate, glucose, oxygenation, and
acidification, there is a pressing need to understand the
fundamental aspects of metabolism as they relate to the
complex interplay of cells within the CNS.21

The continuous measurement of oxygen consumption and
extracellular acid levels proved to be superior predictors of
neuronal survival in comparison to lactate accumulation
following prolonged energetic stress. Oxygen consumption
appears to be an immediate predictor of neuronal survival, as
neurons fated to die within 24 h exhibited an immediate
decrease in oxygen consumption at the onset of the 90 min

Figure 5. Percent change in mixed cultures metabolites during 60 min
GD. Each data point is the average rate of consumption or production
at each stop-flow period (every 2 min). Average of replicates for
deprived and control chambers ± SEM. The black bar represents the
GD duration. (a) Glucose consumption, 60 min GD. (b) Lactate
production, 60 min GD. (c) Oxygen consumption, 60 min GD. (d)
Acidification, 60 min GD.

Figure 6. Normalizing to control chambers reveals extracellular acid is
reduced during recovery of mixed cultures from mild GD. (a) Lactate
release, (b) oxygen consumption, and (c) acidification were measured
using microphysiometry. Replicate chambers were grouped into two
groups: 0′ denotes measurements during GD, and 60′ denotes the
average metabolic levels 60 min after GD. Asterisk (*) denotes
statistical significance as compared to control cells (p < 0.05).
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GD. While both neurons and glia rely on glucose to fuel the
Kreb's cycle and feed oxidative phosphorylation, mixed, but not
pure, neuronal cultures continue to consume oxygen, which
may be correlated with a more robust ability to convert lactate
to pyruvate and recapture this energetic substrate as this
process is oxygen-dependent.
Additionally, we observed that extracellular acid levels are

significantly lower in mixed cultures after GD, which, unlike
pure neurons, survived the 90 min GD. This highlights our key
finding that extracellular acid levels are the best metabolic index
of neuronal survival in response to stress. We would predict
that guided technologies to assess acidification in areas of
infarction following stroke or trauma would be more valuable
than current tools which measure CNS and plasma lactate
levels. It is also likely that metabolic adaptation can occur in
glial cells in order to reduce extracellular acid during and after
stress, thereby contributing to biologically significant events
that impact neuronal injury such as activation of proton
sensitive, acid-sensing ion channels (ASICs). These proteins
alter neuronal membrane potential and cell signaling, allowing
for intake of extracellular Ca2+ and Na+, and in turn leading to
neuronal excitotoxicity and cell death.10,22,23 Further inves-
tigation of neurons using ASIC inhibitors in the MAMP
combined with traditional measures of cellular stress could
further illustrate the importance of reduced acid levels in mixed
cultures. From a biological standpoint, the observation that acid
levels were significantly lower in mixed cultures receiving a
mild, 60 min, energetic challenge (whereas no other
metabolites were permanently altered) has two clear
implications: (1) that acidification occurs incredibly rapidly in
the absence of glia when neurons are returned to normal
glycemic conditions, and (2) that the active removal of acid by
glia is essential for neuronal survival.
From this work, it is clear that real-time measurement of

metabolites during and following insults has important
implications for the study of neuroprotection. Additionally,
the design of the MAMP may be easily modified to allow for
sensing of other analytes in the extracellular space. Future work
could add sensors for Ca2+ and K+

flux, which would enable
correlation of metabolic and ionic flux during times of stress.
The MAMP is essential to further our understanding of the
involvement of metabolism in neuronal stress and survival, thus
improving knowledge of neuroprotection under conditions of
energetic stress.

■ METHODS

User-friendly versions of standard toxicological protocols and
procedures can be found on our Web site at http://www.mc.
vanderbilt.edu/root/vumc.php?site=mclaughlinlab&doc=17838.
Materials and Reagents. LDH Toxicology Assay Kit (Tox7),

potassium cyanide, glucose oxidase (GOx, Type IIS from Aspergillus
niger), bovine serum albumin (BSA, fraction V, 96%), and
glutaraldehyde (25 wt % solution in water) were purchased from
Sigma (St. Louis, MO). OxyBlot Protein Oxidation Detection Kit was
provided by Millipore (Temecula, CA). Stabilized lactate oxidase
(LOx) was purchased from Applied Enzyme Technology (Pontypool,
U.K.). Nafion (perfluorosulfonic acid-PTFE copolymer, 5% w/w
solution in ethanol) and platinum wire were purchased from Alfa
Aesar (Ward Hill, MA). Sterile 20% glucose solution was purchased
from Teknova (Hollister, CA). Sterile (L)-lactic acid was purchased
from Fisher Scientific (Pittsburgh, PA). Lyophilized alamethicin was
obtained from A.G. Scientific, Inc. (San Diego, CA) and reconstituted
with 1 mL absolute ethanol. All media and media supplements were
from Invitrogen (Carlsbad, CA) except for the microphysiometry
experiments which used custom RPMI (1 mM phosphate buffer,

glucose and bicarbonate-free) from Mediatech, Inc. (Manassas, VA).
Transwell polyester permeable supports with 3 μm pores were
purchased from Corning Life Sciences (Lowell, MA). All MAMP
consumables were obtained from Molecular Devices Corp. (Sunny-
vale, CA).

Cell Culture. Near pure neuronal (98% neurons) cortical cultures
were prepared from embryonic day 18 Sprague−Dawley rats as
previously described.18 Briefly, cortices were digested in trypsin and
dissociated. The resultant cell suspension was adjusted to 335 000
cells/mL, and cells were plated in 6-well tissue culture plates
containing poly-L-ornithine-treated coverslips in growth media (80%
Dulbecco’s modified Eagle's medium (DMEM), 10% Ham’s F12-
nutrients, 10% fetal bovine serum (Hyclone) with 24 U/mL penicillin,
24 μg/mL streptomycin, and 2 mM L-glutamine). On day in vitro
(DIV) 2, cytosine arabinoside (1 μM) was added to inhibit glial cell
proliferation, after which cells were maintained in Neurobasal media
(Invitrogen) containing 2× N2 supplement, 50× B27 supplement,
50× NS21 supplement,24 penicillin, and streptomycin. All experiments
were conducted between DIV21 and DIV25, when excitotoxicity is
fully expressed.

Mixed cultures (80% glial/20% cortical neuron cultures) were
prepared as described above for pure neuronal cultures with minor
changes. Cells were maintained in growth media without inhibition of
glial cells until DIV13, at which point cytosine arabinoside was added.
After glial inhibition, cells were maintained in D2C media (94%
DMEM, L-glutamine, 2% FBS, 0.025 M HEPES, 0.0125 mM L-
glutamine, 24 U/mL penicillin, 24 μg/mL streptomycin) for up to 1
month (DIV25−29). Alternatively, both cell types were grown as
stated but at twice the density and on polyester cell inserts used for
microphysiometry.

Measurement of F4-Neuroprostanes. Neuronal lipid perox-
idation was assessed through quantification of F4-neuroprostanes (F4-
NeuroPs), F2-IsoP-like compounds generated from the free radical-
mediated peroxidation of docosahexaenoic acid,25−28 a polyunsatu-
rated fatty acid enriched in neurons 10-fold over astrocytes.29 F4-
NeuroPs were measured using gas chromatography−mass spectrom-
etry as previously described.30 Briefly, cells were harvested and 500 μL
of the lysate mixed with methanol containing 0.05% butylated
hydroxytoluene (BHT) to prevent auto-oxidation. The remaining
lysate was saved for protein assay and normalized for protein
concentrations. F4-NeuroPs esterified to phospholipids were hydro-
lyzed by chemical saponification, after which total F4-NeuroPs were
extracted using C-18 and silica Sep-Pak cartridges, purified by thin-
layer chromatography, converted to pentafluorobenzyl ester trime-
thylsilyl ether derivatives, and quantified by stable isotope dilution
techniques using gas chromatography/negative ion chemical ionization
mass spectrometry using [2H4]-8-iso-PGF2α (m/z 573) as an internal
standard. F4-NeuroPs are detected at m/z 593.

Detection of Oxidized Proteins. Twenty-four hours following
either 60 or 90 min GD exposure, cells were harvested into 200 μL of
TNEB (50 mM Tris, 2 mM EDTA, 150 mM NaCl, 8 mM β-
glycerophosphate, 100 μM orthovanadate, 1% Triton X-100 (1%),
1:1000 protease inhibitor) and total oxidized proteins were
determined using the OxyBlot Protein Oxidation Detection Kit.
Following the cell harvest, 100 μL of the lysate was used for protein
assay and the other 100 μL was immediately treated with 50 mM DTT
to prevent protein oxidation. The DTT treated lysate was split into
two separate 50 μL aliquots, one for the derivatization reaction
containing 2,4-dinitrophenylhydrazine and the other for the negative
control containing derivatization control solution. Samples were stored
at 4 °C for no longer than 7 days after derivatization. Equal protein
concentrations were analyzed by Western blot using antibodies specific
for the detection of oxidized proteins provided by the manufacturer.
Data represent results from at least three independent experiments.
Statistical significance was determined by two-tailed paired t test with p
< 0.05.

LDH Toxicity Assays. Twenty four hours following each evaluated
insult, 40 μL of cell media was removed from each well and used to
assess cell viability using a lactate dehydrogenase (LDH)-based in vitro
toxicity kit as previously described.31 In order to account for variation
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in total LDH content, raw LDH values were normalized to the toxicity
caused by 100 μM NMDA plus 10 μM glycine, which is known to
cause 100% cell death in this system.6 All experiments were performed
with a minimum “n” of 3 using cells derived from at least three
independent primary dissections.
Analysis and Statistics. Except where otherwise noted, data were

summarized and are represented as mean ±

SEM. The statistical significance of differences between means was
assessed using one-way ANOVA at the 95% confidence level (p <
0.05), followed by Tukey multiple-comparison tests using GraphPad
Prism software.
Neuronal and Mixed Culture Glucose Deprivation. Mature

neuronal cultures were perfused with 5 mM glucose RPMI in the
microphysiometer for 90 min. Following the initial 90 min perfusion,
RPMI containing no glucose was perfused for 90 min, after which the
5 mM glucose RPMI was returned and perfused for an additional 60
min. Control experiments in which no GD occurred were performed
simultaneously.
Mixed cultures were perfused with 5 mM glucose RPMI in the

microphysiometer for 90 min. Following the initial 90 min perfusion,
the media was replaced with RPMI containing no glucose and perfused
for either 60 or 90 min, after which the 5 mM glucose RPMI was
returned to the cells and perfused for an additional 60 min. Control
experiments in which no GD occurred were performed simulta-
neously.
Instrumentation. A modified sensor head was prepared by adding

four platinum wires to the Cytosensor sensor head designed by
Molecular Devices. Four 0.6 mm paths were drilled through the sensor
head with the hole for the counter electrode widened on the surface to
∼2 mm. The counter electrode was formed by melting a 0.5 mm
platinum electrode to form a 1.5 mm ball at the end. Two 0.5 mm
platinum wires were inserted for glucose and lactate measurements. A
127 μm platinum wire was wrapped multiple times around a 0.5 mm
platinum wire for added mechanical stability, and silver epoxy was used
to aid the electrical contact. Each wire was embedded in the sensor
head with white epoxy, ground down flush to the face of the sensor
head using silicon carbide grinding paper, and polished with 3 μm
diamond polish. The wires extending from the sensor head were
reinforced with copper socket pins to add mechanical strength and
reinforced with white epoxy. The resulting sensor contains two 0.5
mm diameter disk electrodes for glucose and lactate detection, one 127
μm diameter disk electrode for oxygen detection, and a 1.5 mm
diameter disk electrode as the counter electrode. The surface of the
sensor head was cleaned by scrubbing with water and ethanol, or by
polishing with 3 μm diamond polish from Buehler (Lake Bluff, IL).
A four channel microphysiometer and Cytosoft program (Molecular

Devices) were used to control pump cycles and hold the temperature
at 37 °C. A 120 s stop-flow cycle was used with 80 s at a flow rate of
100 μL/min and a stop period of 40 s. Constant flow replenished
glucose and oxygen consumed by the neurons within the chamber, as
well as washed away byproducts released from the neurons, such as
lactate and acid. Periodically stopping the flow allows for the
measurable consumption and accumulation of metabolites, increasing
sensitivity and enabling detection of small changes in metabolism.
Glucose and lactate-sensing electrode films were prepared similarly

to those previously described.5,32,33 Briefly, 800 μL of phosphate buffer
(50 mM PB, pH 7.00) was added to 50 mg of bovine serum albumin
(BSA). For glucose-sensing films, 2 mg of GOx was dissolved in 300
μL of a BSA-buffer solution then vortexed with 3 μL of 25%
glutaraldehyde for 5 s. For lactate-sensing films, 1.8 mg of LOx was
dissolved in 100 μL of a BSA-buffer solution and then vortexed with
0.8 μL of 25% glutaraldehyde for 5 s. Electrode films were cast by
allowing a droplet of the enzyme solution to dry on the platinum
electrode surface of the sensor head. New solutions were prepared for
each experiment. A droplet of the 5% Nafion solution was also applied
to the oxygen electrode to reduce biofouling as shown in the
literature.15,32,34 Although heat-curing of the Nafion film at 200 °C is
typical for electrochemical sensors for direct detection of dopamine
and other electroactive compounds at a carbon fiber electrode, it is not

suitable for enzymatic electrodes, and thus, the common practice is to
allow the films to dry in ambient air.35,36

Glucose, lactate, and oxygen measurements were performed with a
multichamber bipotentiostat built by the Vanderbilt Institute for
Integrative Biosystems Research and Education (VIIBRE). Data was
collected using LabVIEW software, which when coupled with the
potentiostat enabled monitoring of multiple analytes in four chambers
simultaneously. The glucose and lactate sensing electrodes were held
at a potential of +0.6 V to oxidize H2O2 produced within enzyme films,
while the oxygen electrode was held at −0.45 V to reduce dissolved
oxygen. All potentials were set versus the Cytosensor Ag/AgCl (2 M
KCl) reference electrode in the effluent stream.

Acidification, or the decrease in solution pH due to the release of
cellular byproduct, was measured using the light-addressable
potentiometric sensor (LAPS), the original acid-sensing component
of the Cytosensor microphysiometer.

Microphysiometry Analysis. Cytosensor spacers and inserts were
placed in prepared cell inserts containing pure neuronal or mixed
cultures. This assembly was then placed in the sensing cup and
modified sensor heads were secured in the chamber to create the 3 μL
cell chamber. Modified RPMI (5 mM glucose, 1 mM PO4

3‑) media
was perfused through the chamber at 100 μL/min using Cytosoft to
maintain a pump-on/pump-off cycle (80 s pump-on, 40 s pump-off),
allowing for measurable consumption of oxygen and glucose as well as
accumulation of lactate and acidic byproducts. When replacements
were available, cell inserts and sensor heads were exchanged after
preliminary measurements if cell or electrode performance was not
optimal. Additionally, primary cell lines were only used if the
extracellular acidification rate was found to be between 20 and 100
μV/s. This selection process is one way that biological variation is
controlled for in the MAMP.

Glucose, lactate, oxygen, and acid signals were sampled by the
potentiostat and Cytosensor once per second for the entirety of the
experiment. At the completion of each experiment, the neurons were
perfused with 15 μM alamethicin in RPMI, which forms pores in the
cellular membrane and causes cellular death. This allows determi-
nation of sensor response during zero metabolic activity and
calibration of the glucose and lactate sensors.

In all experiments, the sensors were calibrated with modified RPMI
media with no glucose and no lactate, with 0.025 mM lactate and 1
mM glucose, with 0.05 mM lactate and 2 mM glucose, with 0.1 mM
lactate and 3 mM glucose, and with 0.2 mM lactate and 5 mM glucose.

After signal collection, raw amperometric signals were filtered using
a program with a Fourier transform low pass filter written in LabVIEW
to remove the peristaltic pump noise present in the baseline.
Successful removal of the pump noise reduces the noise in the
baseline current by a factor of 4. As this value is required in the
calculation of metabolic rates from raw signals, filtration is essential for
removal of instrumental pump noise.

Amperometric signals were analyzed by comparing the stop-flow
peaks for live and dead cells. The current response of a given stop flow
period, ip, is defined as the difference between the baseline current and
the current at the end of the stop flow. The current response due to
cellular activity, Δip, is obtained by subtracting the response during
zero metabolic activity from the response with live cells for each stop
flow period. It should be noted that the apparent negative values
observed in the glucose and lactate signals during glucose deprivation
in Figures 2 and 5 are an artifact of subtracting the sensor response of
zero metabolic activity from sensor response when levels of glucose
and lactate are at null levels within the chamber.

Molar glucose consumption and lactate release per stop-flow period
were calculated by comparing Δip to calibrations at the end of each
experiment. Molar oxygen was calculated by assuming the oxygen
baseline of dead cells to be the concentration of dissolved oxygen, 0.24
mM, and was calculated as described previously.37 Acidification rates at
the LAPS were automatically calculated by Cytosoft as the slope of the
change in potential during each stop flow, as previously described.38

While all four analytes were measured in each chamber for each
experiment, successful and physiologically relevant data was not always
collected at all four electrodes in the same chamber, leading to the
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disparity in number of replicates for each analyte. This was due to
either the inability to replace a faulty sensor head at the beginning of
the experiment, or the decay of the electrochemical signal throughout
the experiment, yielding largely negative and nonphysiologically
relevant results, requiring their removal from further consideration.
As each chamber of cells differs slightly in neuronal density and

therefore metabolic activity, all signals were normalized to 100% of the
average metabolic rate 30 min before GD. The data was boxcar
smoothed with a 5 point moving average to further reduce noise, and
replicate chambers were compared and grouped into basal, exposure,
and a recovery group, each comprising 30 min (15 stop-flow cycles).
To control for the decay in the electrochemical signal, as well as
changes to neuronal metabolism due to housing in the micro-
physiometer, changes in metabolic concentrations of analytes are
normalized to control chambers.
Statistical significance was determined by a two-tailed paired

Student’s t test with p < 0.05. Statistical significance was tested
between exposure and recovery values within the same data set with
the assumption that the control chambers values were not different.
Comparison between exposure groups of neurons and mixed cultures,
as shown in Figure 3, was not performed if the controls were found to
be statistically different.
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