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Abstract

Understanding the mechanisms that govern neuronal responses to oxidative and metabolic stress is
essential for therapeutic intervention. In vitro modeling is an important approach for these studies,
as the metabolic environment influences neuronal responses. Surprisingly, most neuronal culture
methods employ conditions that are non-physiological, especially with regards to glucose
concentrations, which often exceed 20 mM. This concentration is a significant departure from
physiological glucose levels, and even several-fold greater than that seen during severe
hyperglycemia. The goal of this study was to establish a physiological neuronal culture system that
will facilitate the study of neuronal energy metabolism and responses to metabolic stress. We
demonstrate that the metabolic environment during preparation, plating, and maintenance of cultures
affects neuronal viability and the response of neuronal pathways to changes in energy balance.
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INTRODUCTION

Energy homeostasis in the brain is complex, due to high energy demands, different regional
energy requirements, heterogeneous cell populations, and the dynamic coupling of neuronal
activity and energy consumption (Magistretti, 1999; Mokdad, et al., 2001; Lo, et al., 2003).
While some neurons assimilate peripheral and central signals, indexing the overall metabolic
status of the organism (Levin, et al., 1999; Routh, et al., 2004), all neurons must monitor their
own energy status as well. Although numerous pathways have been identified that relay
information concerning overall metabolic status to the brain (Wang, et al., 1998; Magistretti,
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1999; Levin, et al., 1999; Routh, 2002), far less is known about mechanisms of cellular energy
regulation in neurons. These neuronal mechanisms may serve as targets for intervention in
disorders of energy availability, such as stroke and obesity. Therefore, a physiologically
relevant in vitro model for cortical neurons may prove an important tool in the study of
metabolic pathways.

Studies utilizing neuronal cultures must consider that nutrient concentrations are tightly
regulated in the brain (Magistretti, 1999; Bouzier-Sore, et al., 2003), especially regarding
glucose, the brain’s preferred fuel. Extracellular glucose concentrations in rodent and human
brain are closely coupled to plasma glucose concentrations (Silver, et al., 1994; Abi-Saab, et
al., 2002; de Vries, et al., 2003). In euglycemia, plasma glucose can range from 5.5 to 7.8 mM,
while brain glucose fluctuates from 0.82 to 2.4 mM, depending on the microdialysis method
employed (Silver, et al., 1994; Abi-Saab, et al., 2002; de Vries, et al., 2003). Using glucose
microelectrodes to continuously monitor changes in glucose concentrations it has been
demonstrated that the extracellular glucose concentration in the brain is altered dramatically
during hyper- and hypoglycemia, in which plasma levels may reach 15.2 mM or drop to 2.8
mM, respectively. In these situations, brain glucose can rise to 4.5 mM or drop as low as 0.16
mM (Silver, et al., 1994). Select studies acknowledge these relationships, and emphasize the
importance of in vitro culture conditions for CNS research (Wang, et al., 2004; Song, et al.,
2005; Lee, et al., 2005; Morgenthaler, et al., 2006; Abe, et al., 2006; Bak, et al., 2006; Kang,
et al., 2006; Canabal, et al., 2007a; Canabal, et al., 2007b); however, most studies do not. It is
not unusual for culture media to contain 25 mM glucose, a level perhaps seen in the plasma of
obese ob/ob mice (Schwartz, et al., 1996), but never seen in the brain. The impact of using
media with such high glucose concentrations on the data is still largely unknown.

The effect of nutrient availability on neuronal energy balance requires a marker that reflects
cellular energy status. AMP-activated protein kinase (AMPK) is an energy sensor in peripheral
tissues, functioning at the cellular level to sense and respond to energy challenge (Hardie, et
al., 1997). Stressors that decrease cellular ATP lead to AMPK phosphorylation (p)AMPK) and
activation [reviewed in (Hardie, et al., 2003; Carling, 2004)] (Hardie, 1999; Winder, 2000;
Hardie, 2004; McCullough, et al., 2005). AMPK regulates the activity of metabolic enzymes
and alters gene expression to restore energy status by inhibiting ATP-consuming processes and
stimulating ATP-producing pathways (Hardie, 1999; Hardie, et al., 2003). Thus, AMPK
phosphorylation reflects a cell’s ability to respond to changes in its metabolic state. AMPK is
expressed in the brain (Gao, et al., 1996; Stapleton, et al., 1996) where we (Landree, et al.,
2004; Kim, et al., 2004a; McCullough, et al., 2005) and others (Turnley, et al., 1999; Culmsee,
et al., 2001) have shown its expression predominately in neurons. Importantly, AMPK is now
recognized to function as a cellular and organismal energy sensor (Carling, 2004; Andersson,
et al., 2004; Minokoshi, et al., 2004; Kim, et al., 2004a; Kola, et al., 2005; McCullough, et al.,
2005).

The experiments reported here were designed as an expansion of previous studies that utilized
short-term (used by DIV4) dissociated hypothalamic neurons, cultured in media containing
2.5 mM glucose (Wang, et al., 2004; Song, et al., 2005; Canabal, et al., 2007a; Canabal, et al.,
2007b). We have expanded this concept to the preparation and maintenance of long-term
dissociated cortical neuronal cultures (DIVV10-13) in both physiologic and non-physiologic
concentrations of glucose. To maintain a consistent extracellular glucose level throughout long-
term culture, a novel feeding paradigm was implemented in which cultures were fed fresh
media containing a concentration of glucose that at each feeding restored the cultures to the
concentration present at plating. Additionally we examined the effect of short-term changes in
glucose levels during culture preparation on long-term neuronal viability.
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We hypothesize that maintaining neuronal cultures in physiological glucose concentrations is
important for neuronal viability, and essential for AMPK to respond to alterations in energy
metabolism. Our protocol for preparing and maintaining primary neuronal cultures provides a
more consistent glucose environment, resulting in improved neuronal viability and
responsiveness to energy challenge as indicated by changes in ATP and pAMPK levels.

MATERIALS AND METHODS

The Johns Hopkins University Institutional Animal Care and Use Committee approved all
protocols, and all guidelines for the care and use of laboratory animals from the National
Institutes of Health were followed.

Neuronal Culture Paradigms

In order to control media glucose concentrations, primary dissociated cortical neurons were
cultured and maintained in a newly available media from Invitrogen (Catalog number:
0050128DJ), based on Neurobasal-A, but devoid of glucose and pyruvate (Wang, et al.,
2004; Song, et al., 2005) and referred to here as NB-A¢. Physiological and non-physiological
media glucose conditions were established by the addition of 3 mM (NB-A3) or 25 mM (NB-
Ays) glucose to NB-Ay, respectively. Neurobasal (NB, Invitrogen), acommonly used neuronal
culture media that contains 25 mM glucose and 0.23 mM pyruvate, served as a control in these
studies. Three culture paradigms were developed using these medias (Fig. 1A-B). 1) The first
paradigm was established to compare neuronal cultures that have been prepared and maintained
in either NB-Az or NB-Ays (Fig. 1A). 2) The second paradigm was designed to alter glucose
concentrations by utilizing two feeding strategies, standard and restorative (Fig. 1A). 3) The
final paradigm was designed to examine the effect of short-term alterations in glucose
concentration during culture preparation on long-term viability. For this purpose, cultures were
either plated in media containing glucose concentrations equal to that in which they were
prepared, or in media containing a drastically different concentration of glucose from that of
preparation (Fig. 1B).

Primary Dissociated Cortical Neuron Culture Preparation

For all culture paradigms cortices were dissected from embryonic (E17) Sprague-Dawley rats
(Harlan, Indianapolis, Indiana) in Brooks Logan buffer as described previously (Dawson, et
al., 1993; Landree, et al., 2004). Tissue was digested in 0.25% (w/v) trypsin (Invitrogen) in
HBSS supplemented with 10 ng/ml DNAse (2000 units/mg; Sigma) for 20 min/24-36 cortices
in a 37°C water bath following which fetal bovine serum (Hyclone) was used to inactivate the
trypsin. Tissue was then placed into NB-Agz, NB-Ay5 or NB media for culture preparation
(washes, dissociation via trituration, and cell counting) (Fig. 1A-B). All medias were
supplemented with 2% B27, 2 mM glutamine, and 0.5% Penicillin/Streptomycin (Invitrogen).
All cells were plated at 5 x 10° cells/ml (~2.5x10° cells/cm?) on poly-D-lysine coated plastic
Nunclon culture dishes as required for each type of experiment: 24-well plates for viability and
ATP assays; 6-well plates for Western blot analysis.

Culture Maintenance

For the second culture paradigm (Fig. 1A) two feeding strategies (standard and restorative)
were utilized. Feedings consisted of a 50% media change on DIV3, 6, 8, and 10. The DIV3
feeding included cytosine arabinoside (AraC) at a final concentration of 1 uM to inhibit cell
proliferation. Media glucose concentrations were carefully monitored throughout the culture
using the ACCU-CHEK Active blood glucose meter (Roche). The lower detection limit of the
meter was 10 mg/dl (0.55 mM) of glucose, in which case a “lo” reading was obtained. For data
analysis purposes, “lo” readings were considered 0.5 mM. Glucose measurements were taken
immediately prior to and within 30 minutes of each feeding (Fig. 2). For standard feedings, the
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media was replaced with NB-As containing either 3 or 25 mM glucose corresponding to the
glucose concentration at plating. Cells plated and maintained in NB were fed using the standard
feeding strategy as this is the common protocol and glucose concentrations cannot be
modulated using this base media. On the other hand, restorative feedings took into account the
amount of glucose utilized by the culture between feedings. These feedings involved the
addition of NB-As media that contained enough glucose to reestablish the concentration present
at plating. Cultures were used for experimentation before feedings on DIVV10 and 13 as
specified.

Pharmacological Agents

C75 (obtained from and characterized by Craig Townsend and Jill McFadden, the Department
of Chemistry at the Johns Hopkins University, and from FASgen, Inc.) and 5-
Aminoimidazole-4-carboxamide-1-B-D-ribofuranoside (AICAR) (Toronto Research
Chemicals, Inc.) were solubilized in NB-As (without B27, glutamine, or glucose) as stock
solutions of 6.5 mM and 100 mM, respectively. Cells were treated with 20 pl/well for a 24-
well plate or 60 pl/well for a 6-well plate with vehicle (NB-Ag) with or without C75, or AICAR
for the indicated times and final concentrations.

Measurement of Intracellular ATP Levels

On DIV9, 10 or 13 the media from a 24 well plate was removed via aspiration and cells were
washed with 3.5 ml of conditioned culture media (media in which the cells have been
maintained, referred to as CM) or NB-A¢ (without B27 or glutamine) containing the specified
glucose concentrations (0.1-25 mM). This wash is extremely important to remove residual
glucose and B27, which can affect the experimental outcome. Media was replaced with 500
ul of CM or with NB-A¢ containing the specified glucose concentrations, as used for the wash.
Following equilibration for 30 minutes at 37°C/5% CO, cells were treated for 1 hour with 20
ul of vehicle (NB-As) or C75 at a final concentration of 150 uM. Cells were lysed on ice using
500 pl of TE buffer (4 mM Tris, 0.25 mM EDTA at pH 7.4) per well and harvested by trituration
into boil-proof tubes (ISC Bioexpress, Kaysville, UT) to prevent sample loss during
denaturation at 95°C. ATP levels were measured in the linear range using the ATP
Bioluminescence kit CLS Il (Roche Applied Science, Indianapolis, IN) according to the
manufacturer’s protocol. The plates were analyzed using a Perkin-Elmer Victor? 1420. Data
are represented as the percentage of either the vehicle control or the CM control.

Cell Viability Assay

Cortical neurons were incubated in 350 pl of 3 uM Calcein AM (Invitrogen) in 37°C dPBS
(PBS supplemented with magnesium and calcium without phenol red; Invitrogen) for 30
minutes at 37°C/5% CO,. The conversion of the cell permeant non-fluorescent Calcein AM
dye to the intensely fluorescent calcein dye is catalyzed by intracellular esterase activity and
measured at 485 nm/535 nm using a Perkin-Elmer Victor? 1420. Data are represented as the
percentage of live cells, using the NB-Ag condition as a control.

Western Blot Analysis

Cultures were treated with 60 pl of vehicle (NB-A¢) or AICAR per well at a final concentration
of 1.5 mM for 0, 1, or 2 hours at 37°C/5% CO,. Treatments were performed in CM, with the
volume adjusted 24 hours before treatment. After incubation, cells were washed with 3 ml of
dPBS, lysed in 1X protein sample buffer (62.5 mM Tris-Cl pH 6.8, 10% glycerol, 2% sodium
dodecyl sulfate, 1% B-Mercaptoethanol and trace amounts of bromophenol blue), boiled, and
stored at -80°C. Samples were run on 10% Tris-HCI SDS-polyacrylamide gels (BioRad) and
transferred unto polyvinylidene diflouride (PVDF) membranes (BioRad). Blots were

successively probed, stripped, and re-probed with the following antibodies: 1:1000 dilution of
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either anti-phosphorylated-AMPKa (Thr172) or AMPKa (Cell Signaling) in TBST containing
0.1% tween-20, 5% protease free BSA and 50 mM NaF. Blots were visualized using
SuperSignal chemiluminescence Kits (Pierce Biotechnology). A 1:10 dilution of the Femto kit
was used to detect the pAMPK signal and the undiluted Pico kit was used to detect the
AMPKa signal. Band intensity was quantified using Scion Image (NIH) and is reported as the
ratio of pAMPKa to AMPKa with the 0 hour time points serving as controls.

Statistical Analysis

RESULTS

Data are represented as means + S.E. from multiple determinations (n>4). Data were analyzed
by one-way ANOVA using either the Dunnett (viability and Western) or the Tukey (ATP)
post-tests. Differences from post-tests were considered statistically significant at *, p < 0.05;
** p<0.01; *** p<0.001.

Restorative feedings reduce fluctuations in ambient glucose concentrations

The overall goal of this study was to compare long-term cultures of primary dissociated cortical
neurons plated and maintained in media containing non-physiologically high glucose
concentrations to those maintained in physiological glucose concentrations. A Neurobasal-A
media, devoid of glucose and pyruvate (NB-As), allowed for the control of glucose
concentrations. We supplemented NB-A¢with B27 and either a non-physiological high glucose
concentration of 25 mM (NB-Ays), or 3 mM (NB-Ag3), a physiological glucose concentration
for the brain (Silver, et al., 1994; Abi-Saab, et al., 2002; de Vries, et al., 2003) (Fig. 1A).

One variable examined was the effect of two feeding methods on NB-Agz and NB-A,s cultures.
The most common feeding method (here termed standard) for dissociated neuronal cultures
involves removing one-half of the media from each well and replacing it with media containing
the original plating glucose concentration. This method does not account for the glucose
utilized between feedings, and thus the cultures never regain the same glucose levels present
at plating. Our restorative feeding method involves removal of one-half of the media and
replacement with media containing enough glucose to bring the final concentration back to
that of plating. Restorative feedings require glucose readings before each feeding, to calculate
the amount of glucose to add to the replacement NB-Ay, and after, to confirm that the original
glucose concentration is restored (Fig. 2).

Monitoring glucose levels throughout a 13-day culture period allowed comparison of NB-
Aos (Fig. 2A, dashed line) and NB-As (Fig. 2B, dashed line) cultures. Glucose levels in NB-
Ays cultures maintained by standard feedings (standard NB-Ays) decreased 2.7 mM from
plating to 13 days in vitro (DIV13) but remained well above physiological levels (Fig. 2A,
dashed line). Glucose in standard NB-Ag cultures decreased 2.2 mM (>79% decrease) (Fig.
2B, dashed line), causing ambient glucose concentrations to drop below our limit of detection
(<0.5 mM) by DIV13. We therefore employed the restorative feeding method, and compared
it with the standard approach by continuing to monitor ambient glucose daily.

When maintained by restorative feedings, glucose decreased 1.38 mM from plating to DIVV13
in both the NB-A3 and NB-Ay5 cultures (Fig. 2A-B, solid lines). Thus, restorative feedings
maintained ambient glucose within a tighter concentration range than standard feedings. By
comparing the rate of glucose decline during feeding intervals (DIVO0-3, DIV3-6, DIV10-13)
it was noted that glucose consumption increased with age in vitro. Glucose levels in restorative
NB-Ay5 cultures decreased during the DIVV0-3, DIVV3-6 and DIVV10-13 feedings by an average
of 0.31 +/- 0.29, 1.36 +/- 0.19, and 2.22 +/- 0.34 mM glucose, respectively (Fig. 2A, solid
line). The same trend was observed in restorative NB-Ag cultures, with decreases of 0.54 +/-
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0.064 mM from DIVO0-DIV3, 1.34 +/- 0.089 mM from DIV3 to DIV6, and greater than 1.96
+/- 0.15 mM between the DIV10 feeding and DIV13 (Fig. 2B, solid line). Thus, when
maintaining long-term neuronal cultures, particularly in physiological glucose concentrations,
restorative feedings are essential in sustaining desired glucose levels and preventing large
fluctuations in ambient glucose concentrations.

Restorative feedings improve long-term neuronal viability

Due to fluctuations in glucose concentrations observed during long-term culture (Fig. 2A-B),
we sought to determine whether the more consistent glucose environment afforded by
restorative feedings improved long-term neuronal viability. NB-Az and NB-Ag cultures were
maintained with either standard or restorative feedings, while cells maintained in the commonly
used media, Neurobasal (NB), supplemented with B27 and containing 25 mM glucose and
0.23 mM pyruvate were fed using the standard protocol. Neuronal viability was assessed before
feedings on DIV10 and DIV13 using the fluorogenic esterase substrate, Calcein AM (Fig. 3).
We emphasize here our overall hypothesis that the cumulative glucose environment, and not
necessarily the glucose at the time of the experiment, has a significant impact on neuronal
viability. We do note; however, that the cultures used on DIV10 and DIV13 had very similar
glucose levels at the time of the experiment within each feeding paradigm.

All cultures maintained by standard feedings displayed similar levels of fluorescence, whether
plated in NB, NB-As or NB-A,s. However, cultures maintained by restorative feedings were
significantly more viable than those given standard feedings, whether prepared in NB-Agz or
NB-A,s (Fig. 3A). Standard NB-Ag cultures were 25.5% less viable than restorative NB-As
cultures. Likewise, standard NB-Ays cultures were 20.4% less viable than those maintained
by restorative feedings. Strikingly, cultures maintained using the generally accepted NB media
were 23.7% and 28.8% less viable than restorative NB-Az and NB-Ays cultures, respectively.
Also important to note is that there are no significant differences in viability between NB-Ag
and NB-A,s cultures when both are maintained via restorative feedings. These data suggest
that fluctuations in ambient glucose concentrations during long-term culture are detrimental
to neuronal viability.

Significant fluctuations in glucose concentration during neuronal culture preparation and
plating are detrimental to long-term neuronal viability

Given that tightly maintaining glucose levels during culture maintenance had a significant
effect on neuronal viability, we hypothesized that changes in glucose concentration during
culture preparation and plating might also be detrimental to neuronal viability. Neuronal
cultures were prepared (washed, triturated, and counted) in NB-Az or NB-Ays, and then plated
in either the same media as during preparation, or in media containing a different glucose
concentration (Fig. 1B). Given the improved viability due to restorative feedings, all neurons
for these experiments were maintained by this protocol. Neuronal viability was assessed before
feeding on DIV10 using Calcein AM.

Neuronal viability was decreased when glucose levels had been changed drastically between
culture preparation and plating (Fig. 3B). Neurons prepared in NB-Ag but plated in NB-Ayg

were 23.3% less viable than those that remained in NB-Agz throughout preparation and plating.
Similarly, neurons prepared in NB-Ays but plated in NB-Az were 9.8% less viable than those
prepared and maintained in NB-A,s. Notably, neurons prepared and plated in the same glucose,
whether 3 or 25 mM, showed no significant differences in viability. These results demonstrate
that any dramatic change in glucose concentration during preparation and plating is detrimental
to long-term neuronal survival. Based on these results, cultures in subsequent experiments were
prepared and plated in the same media, and maintained by restorative feedings. This difference
in viability could be due to changes in osmolarity during culture preparation and plating. To
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be consistent with the majority of published studies that employ media “switches” into higher
or lower media glucose concentrations prior to the experiment we did not adjust the osmolarity
of our medias (which include glutamine and B27): NB-A3 = 258.2 +/- 3.9 mOsm, NB-Ays =
278.6 +/- 4.2 mOsm and NB = 235.8 +/- 2.6 mOsm.

Neurons are responsive to metabolic changes when maintained in physiological glucose
concentrations

Our method was designed with the ultimate goal of developing neuronal cultures that could
respond to changes in energy balance in a manner that more closely approximates in vivo
responses. We hypothesized that maintaining neuronal cultures in physiological glucose
concentrations would be important not only for neuronal viability, but also to provide a more
accurate reproduction of the changes in ATP and AMPK seen in vivo in response to modulators
of energy metabolism. We (Kim, et al., 2004a; McCullough, et al., 2005) and others (Clough-
Helfman, et al., 1990; Culmsee, et al., 2001; Andersson, et al., 2004; Minokoshi, et al., 2004;
Kim, et al., 2004b; Kim, et al., 2005; Carling, 2005) have demonstrated that neuronal AMPK
is activated in vitro following metabolic stress, as well as in vivo during energy-poor states
such as CNS ischemia. We have previously shown that C75, a synthetic inhibitor of fatty acid
synthase and stimulator of carnitinepalmitoyl-transferase-1, increases ATP levels in cortical
and hypothalamic neurons (Landree, et al., 2004; Kim, et al., 2004a). We therefore used C75
to alter ATP levels in order to investigate how NB-A3z and NB-As cultures respond to changes
in extracellular glucose availability.

Neurons were cultured in NB-Agz or NB-Ays and maintained by restorative feedings. On DIV9,
10 and 13 the media of the conditioned media (CM) controls was removed, used to wash the
cells, and replaced. For all other treatment groups the media was removed, the cells were
washed with and their media replaced by NB-As (without B27 and glutamine) supplemented
with varying glucose concentrations (0, 0.1, 0.5, 1, 1.5, 3, 5, 10, and 25 mM). After 30 minutes,
neurons were treated with C75 (150 uM) or vehicle (NB-Ay) for 1 hour. Intracellular ATP
levels were analyzed following the treatment by measuring bioluminescence and represented
as percent of each vehicle control (Fig. 4A-B) or as percent of the CM control (Fig. 4C-D).

As reported previously (Landree, et al., 2004; Kim, et al., 2004a), C75 treatment produced a
moderate but significant increase in ATP over vehicle control in CM for both the NB-A3
(17.2%) (Fig. 4A) and NB-Ay5 cultures (17.9%) (Fig. 4B). C75-induced increases in ATP were
observed only when glucose was included in the test media. In test media devoid of glucose,
C75 decreased ATP 21.7% (Fig. 4A) and 16.1% (Fig. 4B) below the vehicle controls in NB-
Ag or NB-Ays cultures, respectively. These results obtained in the absence of glucose support
the previous hypothesis that the C75-induced increase in neuronal ATP requires glycolysis
(Landree, et al., 2004).

If ambient glucose determines the rate at which C75 increases neuronal ATP, then increases
in ATP should positively correlate with increased media glucose concentration. This was
indeed seen in cultures maintained in physiological glucose concentrations (Fig. 4A). Notably,
the most robust response in NB-Ag cultures occurred in the presence of physiological glucose
concentrations (0.5 to 5 mM), and decreased significantly in the presence of non-physiological
glucose concentrations (above 5 mM). A 36.6% increase in ATP was detected in 0.5 mM
glucose and a 64.8% increase was seen in 5 mM glucose (t11, p<0.001) (Fig. 4A), whereas
the C75-induced increase in ATP was significantly attenuated by 10 mM glucose compared
with 5 mM glucose (Fig.4A).

In contrast to NB-Ag cultures (Fig. 4A), NB-As cultures did not show a statistically discernible

glucose concentration-response curve (Fig 4B). In these non-physiological cultures, the
magnitude of the C75-induced increase in ATP was not affected by the amount of glucose
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present in the test media, as random increases of 55.5% to 86.1% were observed regardless of
the glucose concentration present (Fig 4B). Thus, a relationship between ambient glucose
concentrations and the effect of C75 on ATP (as seen in vivo) is only discernible when the
cultures have been maintained under physiological conditions.

To examine the effect of media washes and changes on basal ATP levels the vehicle treated
cultures presented in Fig. 4A-B are represented as percent of the conditioned culture media
control (CM) in Fig. 4C-D. When glucose was withdrawn during the treatment period, neurons
cultured in NB-As or NB-Ays displayed a reduction in ATP (Fig. 4C-D). Despite including a
wash before providing 0 mM test media, the ATP in NB-Ays cultures only dropped to 43.1%
of the CM control (Fig. 4D), whereas ATP in NB-Ag cultures decreased to 5.3% of the CM
control (Fig. 4C). All cultures with supplemented glucose (0.1 to 25 mM) had basal ATP levels
that were decreased from CM control, but not significantly different from each other. We
believe that this observation indicates that neurons may require more than 1.5 hours to re-
equilibrate following the stress of a complete media change, which involves exposure to air.
However, the amount of glucose present in the test media does not further affect basal levels
of ATP. Interestingly, even when the same glucose concentration was added back after the
wash (i.e 3mM — 3 mM and 25 mM — 25 mM) the basal ATP levels were still decreased,
also suggesting that perhaps B27 and/or glutamine, play a role in this response as they are not
present in the test medias. In all, these results demonstrate that neurons are most responsive to
alterations in energy balance when both the culture and the test medias contain physiological
glucose concentrations.

Non-physiological glucose concentrations reduce the ability to pharmacologically activate

AMPK

Given previous results demonstrating that the effect of AICAR is inhibited when hypothalamic
neurons are cultured in high glucose (5 mM) as opposed to physiologic glucose (2.5 mM)
(Canabal, et al., 2007b) and our results that glucose levels present during neuronal culture
maintenance altered C75-induced increases in ATP, we then analyzed the effect of ambient
glucose on the ability of the AMP-mimetic, AICAR (5-aminoimidazole-4-carboxamide-1-f3-
D-ribofuranoside), to increase AMPK phosphorylation. The response of AMPK to changes in
neuronal energy status and metabolic stress makes the pAMPK/AMPK ratio a reasonable
readout of neuronal responsiveness to changes in energy status.

Cortical neurons were prepared and maintained in NB-Agz or NB-Ays5 via restorative feedings.
Neurons were treated in conditioned media with 1.5 mM AICAR for 0, 1 or 2 hours and
harvested for Western blots to detect levels of both AMPK and pAMPK. The volume of
conditioned media for these experiments was adjusted the night before the experiment to
minimize effects of media changes on basal levels of pAMPK as observed in the previous ATP
experiment (Fig. 4C-D). A time-dependent increase in phosphorylation was detected over 2
hours in NB-Ag cultures with AICAR treatment (Fig. 5A,C). After 2 hours, the pAMPK/AMPK
ratio was significantly greater than the 0 hour control (192.7%). In contrast, identical AICAR
treatment of NB-Ay5 cultures produced no significant changes in the pAMPK/AMPK ratio
(Fig. 5B-C). These results demonstrate that a pharmacological agent can be ineffective in
neuronal cultures grown in non-physiologically high concentrations of glucose, further
emphasizing the importance of the metabolic environment in the study of neuronal energy
balance.

DISCUSSION

In the present study, we demonstrate that the metabolic environment alters long-term neuronal
viability as well as the responsiveness of neurons to alterations in energy balance. For these
studies, a previously established primary dissociated cortical neuronal culture (Dawson, et al.,
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1993; Landree, et al., 2004) was maintained in a glucose-free media supplemented with
glutamine and B27 and either a physiological concentration of 3 mM glucose (NB-Aj3), or a
non-physiological high concentration of 25 mM glucose (NB-Ays). The present study was
designed to further develop previous studies that considered the role of media glucose
concentrations present during short-term culture (used by DIV4) and/or experimental medias
(Wang, et al., 2004; Song, et al., 2005; Lee, et al., 2005; Morgenthaler, et al., 2006; Abe, et
al., 2006; Bak, et al., 2006; Kang, et al., 2006; Canabal, et al., 2007a; Canabal, et al., 2007b).

Our culture system permitted examination of the effects of different glucose concentrations on
long-term (DI1V10-13) neuronal viability and energy metabolism and led to several
conclusions: 1) restorative feedings reduce fluctuations in ambient glucose concentrations,
improving long-term neuronal viability; 2) brief, but significant changes in glucose levels
during culture preparation and plating decrease long-term neuronal viability; 3) only when
maintained in a physiological glucose environment do neuronal ATP levels appear to respond
to changes in the metabolic environment; and 4) the ability to pharmacologically modulate
AMPK activity is blunted by culturing neurons in non-physiologically high glucose levels as
seen by Canabal, et al (Canabal, et al., 2007b). The findings presented here may explain some
of the discordance in studies examining the role of AMPK in neuroprotection (Culmsee, et al.,
2001; McCullough, 2004). Currently, many in vitro systems used to study neuronal responses
to nutrient challenge, oxidative stress, and oxygen deprivation are maintained in non-
physiological concentrations of glucose, such as those seen in disease states. The
implementation of a neuronal culture system in which glucose can be strictly controlled
throughout may prove necessary to further investigate mechanisms that regulate neuronal
energy metabolism during both normal and disease states.

There is mounting evidence that changes in pathways that regulate energy metabolism are
incurred from exposure to dysregulated metabolic environments such as during diabetes,
obesity or hypoglycemia (Sango, et al., 1991; Sango, et al., 1994; Cryer, 2001; Chen, et al.,
2005; Song, et al., 2006; Martin, etal., 2006; Somoza, etal., 2007). In states of disrupted energy
balance animals respond differently to known modulators of neuronal metabolism. For
instance, rats fed a carbohydrate-free diet and considered to be ketotic do not experience the
hypophagia usually associated with i.c.v. administration of C75, possibly due to an inability
to oxidize glucose (Wortman, et al., 2003). Previous studies in primary cortical neurons
demonstrated increases in glucose oxidation upon addition of C75 (Landree, et al., 2004). The
results from C75 treatment of NB-Agz and NB-A,s cultures in 0 mM glucose are consistent
with those seen in the previously mentioned in vivo and in vitro studies. Therefore, these
neurons provide a basic system for the study of natural responses to treatments under both
physiologic and non-physiologic conditions.

Our results are consistent with others in the literature, in which extracellular glucose levels are
shown to be critical for eliciting relevant physiological responses from glucose sensing neurons
in the hypothalamus (Wang, et al., 2004; Song, et al., 2005; Kang, et al., 2006; Canabal, et al.,
2007b), as well as for determining the oxidative capacity of astroglia in vitro (Abe, et al.,
2006). However, it is common practice in many studies to maintain cultures in high glucose
and then transfer them into media containing lower glucose concentrations prior to
experimentation (loudina, et al., 2004; Abe, et al., 2006; Bak, et al., 2006; Morgenthaler, et
al., 2006). As mentioned in the results, the osmolarity of our NB-Ag and NB-Ay5 medias differ
by approximately 20 mOsm and to be consistent with the majority of published “switching”
paradigms we did not adjust the osmolarity in this study. However, the effect of osmolarity is
an important issue to explore in future studies.

We also demonstrated that baseline ATP levels are reduced 1.5 hours following a media
change; therefore, transferring cells into test media prior to experimentation does not allow
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them time to equilibrate to a new environment nor does it account for any long-term changes
that may have been incurred due to exposure to non-physiological levels of glucose.

The mechanisms whereby alterations in ambient glucose concentrations cause profound
changes in neuronal survival and responsiveness are unclear. The entry of glucose into the
brain and neurons occurs via facilitative diffusion. As a high-affinity neuronal glucose
transporter, GLUT3 would be expected to be saturated or near saturation in our cultures. Altered
transporter expression and/or translocation to the cellular membrane has been shown during
hyperglycemia (Boileau, et al., 1995; Merriman-Smith, et al., 2003), hypoglycemia
(Nagamatsu, et al., 1994), and following ischemia [reviewed in (Maher, et al., 1994)].
Additionally, AMPK is recognized as a regulator of glucose transport [for review see (Fujii,
et al., 2006)]. It is therefore quite plausible that dramatic changes in extracellular glucose
concentrations could alter intracellular glucose levels, glucose metabolism and thus ATP
levels.

We hypothesize that the manner in which neurons are cultured and maintained permits the
acclimation to a physiological environment, subsequently allowing cells to respond to energy
challenges in a more physiological manner. There are a small number of studies involving
neuronal cultures and AMPK modulation with AICAR (Lee, et al., 2005; Chau-Van, et al.,
2007; Dasgupta, et al., 2007; Canabal, et al., 2007a; Canabal, et al., 2007b; Mountjoy, et al.,
2007), but few which utilize physiological glucose culture conditions (Lee, et al., 2005;
Canabal, et al., 2007a; Canabal, et al., 2007b). A previous study using neuroblastoma cell lines
cultured in 25 mM glucose demonstrated that basal levels of pAMPK are increased following
incubation (16 hour) in media containing glucose below physiological concentrations (0 and
1 mM) relative to those switched to 2.5 mM glucose, and decreased in media containing glucose
above physiological levels (5, 10, and 25 mM) (Lee, et al., 2005). Hyperglycemia during short-
term culture (1-3 days) or acute treatment has been shown to inhibit AMPK signaling in
hypothalamic neurons. This inhibition in was reversed with the treatment of AICAR (Canabal,
etal., 2007b). Together, these studies demonstrate that the glucose environments during culture
and at the time of experimentation, have a significant effect on AMPK signaling. This further
suggests that neuronal cultures exposed to varying glucose environments may experience long-
term metabolic differences, consistent with our hypothesis that culture conditions must be
tightly regulated within physiological parameters in order to study neuronal energy balance.

In addition to glucose, other fuels such as lactate, pyruvate, fatty acids, and ketone bodies have
been shown to play roles in neuronal energy metabolism both in vivo and in vitro [reviewed
in (Pierre, et al., 2005)] (Morgan, et al., 2004). Although the system presented in this paper is
simplified, as we chose to focus on only glucose to limit the variables, we recognize the
importance of other nutrients to neuronal metabolism. This culture system now allows the
systematic evaluation of other nutrients and metabolites. Additionally, this culture paradigm
may prove useful in the future study of metabolic stress using different culture systems
including explants and organotypic slices.
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Fig. 1. Culture Paradigms

(A) Following dissection and digestion cortical neurons were prepared in either NB or NB-
Az (washes, dissociation and counting). Neurons in NB-Ag3 remained in this media for plating
while neurons in NB media were subsequently divided and placed into either NB or NB-Ays
for plating. Neurons plated in NB-Agz or NB-Ays were maintained by either standard or
restorative feedings. The NB cultures were maintained by standard feedings only. (B)
Following dissection and digestion cortical neurons were divided and prepared in NB-Ag or
NB-A,s. Following culture preparation each group was further divided into two groups: the
first was plated in the same media as the preparation media maintaining a consistent glucose
concentration, the second was plated in media supplemented with a different glucose
concentration than was present during preparation. All cultures in this paradigm were
maintained by the restorative feeding strategy.
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Fig. 2. The effect of feeding strategy on ambient glucose concentrations

Media glucose concentrations were measured and recorded for cultures prepared and
maintained in NB-Agz (B) or NB-Ays (A). Glucose measurements taken from cultures
maintained by restorative feedings are represented as solid lines (circles) and those from
cultures maintained by standard feedings as dashed lines (triangles).
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Fig. 3. Changes in glucose concentration during culture preparation, plating and maintenance
affect neuronal viability
(A) Dissociated primary cortical neurons were cultured in NB, NB-A3 or NB-Ays and
maintained by restorative (‘rest”) or standard (*std’) feedings. Calcein AM was used to evaluate
neuronal viability before feedings on DIVV10 and 13 and represented as a percentage of
restorative NB-Ag cultures. (B) Neurons were prepared in NB-Agz or NB-Ays then further
divided into two groups for plating. Neurons were either plated in the same media that they
were prepared in (3—3 and 25—25) or switched into a media containing a different
concentration of glucose from what they had been prepared in (3—25 and 25—3). Cell viability
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was determined before feeding on DIVV10 using Calcein AM and represented as a percentage
of NB-Az — NB-Ag cultures *, p<0.05; **, p<0.01; ***, p<0.001.
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Fig. 4. Neurons maintained in non-physiological glucose concentrations have a blunted response
to metabolic changes

Dissociated primary cortical neurons were cultured in NB-Agz (A and C) or NB-Ays (B and
D) and maintained by restorative feedings. On DIV9-13 culture media was removed, cells
washed, and media replaced with NB-A¢ supplemented with varying glucose concentrations
(0.1-25 mM). Following a 30 minute equilibration in the new media, cells were treated with
150 uM C75 or vehicle (NB-A¢) for 1 hour. Changes in ATP levels were evaluated by
luminescence and represented as the percent change over each vehicle control (A and B). The
vehicle control data from (A) and (B) are re-represented as a percent of the culture media
control (CM) for the neurons cultured in NB-Ag (C) or NB-Ays (D). ATP levels from the NB-
A3 (A) and NB-Ays (B) cultures treated with C75 in the presence of 0.1-25 mM glucose were
considered statistically significant at T, p<0.05; T11, p<0.001. As indicated on the graph, ATP
levels from the NB-Ag (A) cultures treated in 5.0 mM glucose are significantly increased from
those in 0.5 mM glucose 11, p<0.001). Decreases in ATP are observed above 5.0 mM in the
10 and 25 mM treatment groups, where 10 mM is significantly reduced relative to 5.0 mM (t,
p<0.05). As indicated by the ‘ns’, there is no significant difference between any of the glucose
conditions (0.1-25 mM) in the NB-Ays cultures (B). The basal ATP values from the NB-Agz
cultures (C) are all significantly lower than the CM control with the exception of the 10 mM
condition as illustrated on the graph, *, p<0.05; **, p<0.01; ***, p<0.001. Additionally, the
only differences observed in this culture between glucose conditions was between the 0.1 mM
condition and the following: 0.5 mM (p<0.05), 1.0 mM (p<0.01), 5.0 mM (p<0.05), and 10
mM. The basal ATP values from the NB-A,s cultures (D) that were significantly lower than
the CM control are indicated. No significant difference was observed between any of the
glucose conditions (0.1-10 mM). The 0 mM glucose conditions on all graphs (A, B, C & D)
were statistically different from all other conditions (p<0.05).
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Fig. 5. Neuronal AMPK is most responsive to AICAR when cultures are maintained at physiological
glucose concentrations

Western blot analysis of cortical lysates from cultures maintained in either NB-As or NB-
Ay and treated on DIV9-10 with 1.5 mM AICAR for 0, 1 and 2 hrs. Antibodies detecting both
phosphorylated AMPK catalytic isoforms, al and o2, and unphosphorylated AMPKo, were
utilized (A-C). Band intensity was quantified using Scion Image (NIH) and reported as the
ratio of pAMPKo to AMPKao. with the 0 hour time points serving as a control for the NB-Ag
(A) and NB-Ays (B). *, p<0.05.
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