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Energy flow within cellular elements of the brain is a well-orchestrated, tightly regulated process,
however, details underlying these functions at the single-cell level are still poorly understood. Studying
hypometabolism in aging and neurodegenerative diseases may benefit from experimentation on
unicellular bioenergetics. Here, we examined energy status in neurons and astrocytes using mixed
hippocampal cultures and PercevalHR, an ATP:ADP nanosensor. We assessed exposures of several
compounds including KCI, glutamate, FCCP, insulin, and glucose. A mitochondrial stress test was
performed, and PercevalHR'’s fluorescence was corrected for pH using pHrodo. Results demonstrate
that PercevalHR can reliably report on the energetic status of two cell types that communicate in a
mixed-culture setting. While KCI, glutamate, and FCCP showed clear changes in PercevalHR
fluorescence, insulin and glucose responses were found to be more subtle and sensitive to
extracellular glucose. These results may highlight mechanisms that mediate insulin sensitivity in

the brain.

The flow of energy substrates in the brain is shared among numerous cell
types, each with different energy requirements, transport mechanisms, and
metabolic enzymes, ultimately giving rise to a complex, yet tightly orche-
strated system. This homeostasis must be sustained, particularly during
periods of high cellular activity, where energy consumption is elevated and
often restricted to specific substructures within an area of the brain or a
cell'”. High flux energy demands for ATP production have been identified
in multiple cell types. These points are particularly true in neurons and
astrocytes, where maintenance of the resting membrane potential via the
stimulation of multiple ATPases (e.g., Na"/K"-ATPases, plasma membrane
Ca’" ATPases, vesicular H"-ATPases) must be engaged during synaptic
events™™. Irrespective of the conditions and demands on the brain region,
homeostatic equilibrium is usually well-maintained, and chronic reductions
in glucose metabolism are seen mostly under conditions associated with
normal aging, diabetes, and Alzheimer’s Disease (AD)"® reviewed in ref. 9
reviewed in ref. 10. This decline in cerebral rates of glucose utilization can be
explained by multiple processes, including decreases in synaptic neuronal/
astrocytic activity, the state of astrocytic glutamate transporters, alterations
in enzymatic function, reduced numbers or function of insulin receptors or
glucose transporters, or glucose levels'' reviewed in ref. 12 reviewed in

refs. 13-15. Irrespective of the source of the dysregulation, the degree of
decline is often associated with the severity of cognitive impairment
reviewed in refs. 10,16. Importantly, recent work has reported on the sig-
nificant increase in glucose concentrations in key areas of the brain affected
most by AD pathology, implicating reduced utilization and transport as
potential mechanisms for the neuropathology reviewed in refs. 13,17.

In addition to the well-established role of glucose metabolism in the
CNS, insulin has also been recognized to play an essential role in the reg-
ulation of cognitive function, particularly in the hippocampus, where it can
ameliorate spatial memory recall'*’. Type 2 diabetes mellitus is associated
with deficient insulin sensitivity, certainly in the periphery, but also perhaps
in the brain reviewed in ref. 21 reviewed in refs. 22,23 reviewed in ref. 24. In
alignment with this point, work from multiple labs measuring the impact of
insulin delivery to the brain (intranasal or otherwise) in animal models of
aging or AD””, as well as in the clinic reviewed in refs. 22,23,28, has
provided supportive evidence for offsetting cognitive decline. Characteriz-
ing sensitivity to insulin and understanding the impact of this hormone on
neuronal or astrocytic bioenergetics would represent significant improve-
ments in the search for therapeutics to limit cognitive decline or age-related
alterations in cognitive function.
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Over the past decade, dynamic measures of metabolism at the single-
cell level have become available. The development of fluorescent biosensors
for measuring key intracellular energetic substrates including glucose,
NADH, NADPH, lactate, pyruvate, ATP, and ADP has helped define
responses to network activation at the single-cell level reviewed in ref. 2
reviewed in ref. 29 reviewed in ref. 30. Measures that can infer on energy
status across large areas of the brain and define structural boundaries
around high or low-activity foci, such as magnetic resonance imaging (MRI)
and blood oxygenation level-dependent (BOLD) imaging, are less useful for
investigating unicellular bioenergetics; however, techniques with high spa-
tial resolution, when combined with a simplified system where few cell types
interact (e.g., neurons and astrocytes in primary mixed cultures or acute
tissue slices used in tandem with live-cell nanosensors), help provide a
clearer picture of bioenergetic activity and infer on the dynamic interplay
within and between cells reviewed in ref. 29 reviewed in refs. 31-36. Lit-
erature utilizing PercevalHR, an ATP:ADP biosensor, reports on the use of
multiple species, including yeast, C. elegans”~, chickens"', mice'>*, and D.
melanogaster***. Some studies have also been conducted across numerous
cell types: coronary artery smooth muscle cells*, neurons™®"***,
astrocytes’®*, pancreatic beta cells”', and immune cells”’. At the time of
writing, we are unaware of any reports using this indicator in the context of
aging or age-related diseases in vivo. Overall, it is clear there is a necessity for
further investigations using in vivo probes to measure multiple variables
including mitochondrial function, glycolytic activity, high-energy inter-
mediates, and energy metabolism in the brain reviewed in ref. 52.

Here, we present results associated with the use of PercevalHR in a
mixed primary hippocampal culture setting using a lentiviral vector for
PercevalHR delivery. The hypothesis tested that PercevalHR fluorescence
ratios (PFRs) in neurons and astrocytes are sensitive to potassium chloride
(KCl), glutamate, carbonyl cyanide-p-trifluoromethoxy phenylhydrazone
(FCCP), insulin, and changes in glucose concentrations. We used pHrodo
fluorescence in the same cells expressing PercevalHR to correct for the pH
sensitivity of PercevalHR. As expected, exposures to KCl, glutamate, and
FCCP reduced PFRs. We show that cellular responses to insulin and glucose
are sensitive to pretreatments of extracellular glucose and the duration of
insulin exposure.

Results

Our experiments assessed compounds thought to decrease ATP:ADP (e.g.,
depolarization or mitochondrial inhibition) and investigated the impact of
extracellular glucose concentrations and insulin exposure on PFRs. Inde-
pendent analyses of OCR and ECAR assays were used to corroborate the
results of PercevalHR imaging with an alternative method and to address
measures of basal respiration, maximal respiration, ATP production, and
glycolytic rate in response to insulin exposures. The data presented here
were collected from a total of approximately 164 culture dishes obtained
from 16 dams. Measurements of PFRs were obtained across ~475 cells
during imaging experiments.

Perceval imaging pH correction

In cells expressing both PercevalHR and pHrodo, we assessed the impact of
intracellular pH changes on PercevalHR fluorescence® with excursions
across 1 pH unit (ie, 6.5-7.5 or 7.5-6.5). After normalization to baseline
fluorescence, the average change in pHrodo fluorescence for a single unit of
pH change was determined to be 80.2% + 8.22% (n = 51; both cell types
combined, see below), at the same time the mean change in PFRs for 1-unit
change in pH was 0.669 + 0.067 (n=50; both cell types combined, see
below) (see Supplementary Fig. 1). In cells where pHrodo was not available,
we corrected for pH changes using the average pH change measured across a
new group of cells exposed to pHrodo and imaged under identical condi-
tions. Therefore, on a cell-by-cell basis, using pHrodo data, we corrected
ratiometric PercevalHR measures for changes in pH caused by exposure to
different experimental conditions (ie., KCl, glutamate, ethanol (EtOH),
insulin, FCCP, and glucose excursions). An initial analysis was conducted to
address if the percent change in pHrodo fluorescence and the ratiometric

PercevalHR change were different between neurons and astrocytes during
pH challenges and no differences were found (pHrodo: unpaired ¢-test, two-
tailed, p = 0.8112, t = 0.168, df = 49; PercevalHR: unpaired ¢-test, two-tailed,
p=0.985,1=0.019, df = 48). Thus, all PFRs presented in the current study
were corrected for the sensitivity of PercevalHR to pH.

KCI exposures with pH buffers

Because previous work has shown that high KCI concentrations increase
Ca’" influx during depolarization in neurons and astrocytes™ ™, we used a
2-min 50 mM KClI exposure to challenge the cells and induce ATP con-
sumption. A significant decrease of PFRs with time was observed following
exposure to 50 mM KCl in both cell types (Two-way RM ANOVA: time:
Fi6, s02) = 17.13, P<0.0001; cell type: Fy 37 = 0.2899, P = 0.5935; Fig, 1a).
To investigate whether the inclusion of bicarbonate in our buffering system
may have modulated glycolytic activity in our cells and altered responses to
KCl depolarization (i.e., the Crabtree effect)’’, we conducted a second set of
experiments without bicarbonate buffer. Under these conditions, a sig-
nificant decrease of PFRs was again detected in response to KCl in both cell
types (Two-way RM ANOVA: time: F(; 5s5, 24.47) = 16.67, P =0.0002; cell
type: F1,19) = 1.535, P=0.2305), comparable to that observed in experi-
ments tested with bicarbonate buffer (Fig. 1b).

Glutamate exposures

Prior studies have shown that glutamate exposure increases intracellular
Ca’* and depolarizes cells******, likely causing a reduction in ATP and, in
response, a concomitant increase in glycolytic activity”****’. As predicted, a
significant decrease in PFRs in response to glutamate was seen (Two-way
ANOVA: F7, 454 =307, P<0.0001; Fig. 1c), again, likely due to the
energetic demand caused by an influx of cations. The responses to glutamate
exposures were similar in astrocytes and neurons (Two-way ANOVA: F;,
28) = 4.128, P = 0.2973); however, a significant interaction term between cells
was detected (Two-way ANOVA; F;7, 454) = 30.7, P = 0.0005). Specifically,
neurons responded more robustly to glutamate than astrocytes. These initial
experiments replicated the work of Tantama and others well>***, and in the
next set of experiments, we investigated the mitochondrial activity of neu-
rons and astrocytes in the same imaging conditions.

FCCP and EtOH exposures

To address mitochondrial engagement in the production of ATP at rest, a
subset of cells was exposed to 10 uM FCCP. At concentrations of
1 nM-10 pM, FCCP collapses the membrane potential established by the
electron transport chain and is typically used to determine maximal
respiration and glycolytic activity®”. PFRs decreased significantly with
FCCP exposure (Mixed-effects model (REML): time: F(3 304, 69.10) = 20.36,
P <0.0001, Geisser-Greenhouse’s >_ = 0.0798; cell type: F; 29, = 0.0500,
P =0.8246), suggesting that the cells were metabolically active and pro-
ducing ATP via oxidative phosphorylation (Fig. 2a). A time control
experiment was used to investigate if the vehicle used for FCCP exposures
(0.12% EtOH) contributed to the PFR decrease. A small but significant
effect of EtOH was detected under these conditions (Mixed-effects model
(REML): time: Fpg 1347)=4.789, P<0.0001, Geisser-Greenhouse’s
2= =0.0577; cell type: F(; 49y = 4.933, P=0.0310), suggesting that a small
portion of the FCCP response was mediated by the vehicle (~65%
reduction with FCCP versus ~13% reduction with EtOH, seen primarily in
astrocytes) (Fig. 2b).

Glucose and insulin exposure

To attempt to normalize bioenergetic conditions in cultures exposed
chronically to high glucose levels prior to experimentation, all cultures
received a half-medium exchange using MEM (no added glucose) 24 h prior
to experimentation, and cells also underwent a 30-min pretreatment
exposure in either high (5-10 mM) or more physiologically relevant (2 mM)
extracellular glucose concentrations. Note that the concentrations used (ie.,
low or high glucose) in the pretreatment exposures were continued in the
imaging phase of the experiment.
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Fig. 1 | PFR reductions with 50 mM potassium
chloride and 20 uM glutamate exposures. a shows
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Under high glucose pretreatment conditions, Insulin exposures
(10 nM) elicited a small, but significant decrease in PFRs in both cell types,
and also revealed a potential cell type difference (trend), whereby neurons
displayed slightly elevated PFRs and appeared more responsive to insulin
than astrocytes (Mixed-effects model (REML): time: Fz 51, 201.7) = 3.069,
P=0.0420, Geisser-Greenhouse’s > =0.0992; cell type: F(o;)=3.018,
P =0.0857; Fig. 3a). Glucose excursions (0.1-10 mM) did not alter PFRs in
either cell type (Mixed-effects model (REML): time: F; 797, gags) = 1.674,
Geisser-Greenhouse’s 3 = 0.7104; cell type: F; 45) = 1.969, P = 0.1670; Fig.
3b). To control for time-dependent changes across the duration of insulin
exposure experiment, time control experiments were conducted in a subset
of cells and no significant change in PFRs were detected (Mixed-effects
model (REML): time: F(;g01, s321)=16.80, P=0.1952, Geisser-Green-
house’s - =0.0530; cell type: F;, 47y =1.651, P=0.2051; Fig. 3c). While
these results seem to indicate that there is no impact of extracellular glucose
and little impact of insulin on PFRs, studies investigating chronic insulin are
necessary, particularly given prior evidence using the same mixed-culture

system that constitutive activity at the receptor increases glucose uptake and
utilization only in neurons®?".

No significant differences were found in either cell type in response to
insulin exposures under low glucose pretreatment conditions (Mixed-
effects model (REML): time: Fr467, 1228)=2.096, P=0.116, Geisser-
Greenhouse’s > =0.0949; cell type: F 52 =0.0260, P =0.8725; Fig. 4a).
However, as opposed to high glucose pretreatment conditions, where glu-
cose excursions elicited no significant PFR alterations, glucose excursions
did show subtle, but significant, PFR reductions to extracellular glucose
challenges in both cell types (Mixed-effects model (REML): time: F(53;,
1912) =4.990, P=0.0053, Geisser-Greenhouse’s > =0.7104; cell type:
F(1,85) = 6.260, P = 0.0143; Fig. 4b). Post-hoc analyses (Tukey’s) showed the
main effect of extracellular glucose concentrations is primarily carried by the
initial shift from 5.5 mM to 0.1 mM extracellular glucose in both cell types
(neurons: 5.5mM vs. 0.1 mM, P=0.0013; astrocytes: 5.5 vs. 0.1 mM,
P=0.0179). To account for time-dependent changes during the insulin
experiments, a subset of cultures was imaged without hormone treatment.
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Fig. 2 | PFR responses to 10 uM FCCP and (a) 10 uM FCCP .
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A small time-dependent decrease in PFRs was noted in this experiment,
which was absent during 10 mM glucose incubations, perhaps suggesting
that both cell types are more energetically engaged in physiologically rele-
vant glucose levels (Mixed-effects model (REML): time: F(; 554, 45 30) = 4.018,
P=0.0340, Geisser-Greenhouse’s 3_=0.0598; cell type: F(;3;)=0.0144,
P =0.9053; Fig. 4c).

SeahorseXFe96 validation

Although confident in the health of our cultures [low resting calcium levels
near ~100 nM>**, significant baseline glycolytic activity*’, hyperpolarized
resting membrane potentials™, and low cell death during extended culture
periods™ ], we sought to corroborate the PercevalHR-derived imaging
results with an alternative method. Thus, we used a SeahorseXFe96 assay to
evaluate the combined neuronal and astrocytic responses to acute and 1 h
insulin exposures in 2 mM and 10 mM extracellular glucose concentrations.
OCR measures were obtained to assess mitochondrial bioenergetics (basal
respiration, maximal respiration, and ATP production), and ECAR data
were used to determine glycolytic rates.

Acute insulin exposures, whether in 2mM or 10 mM glucose, sig-
nificantly increased basal respiration (F49)=5.023, P=0.0104; Fig. 5d)
and maximal respiration (F,49) = 5.833, P =0.0053; Fig. 5¢), but reduced
coupling efficiency (F(, 45y =4.133, P=10.0221; Fig. 5¢). A significant main
effect of glucose concentration was found only for measures of ATP pro-
duction (F; 45y =5.986, P=0.0181; Fig. 5f), where ATP production was
increased with elevated glucose concentrations. Using Tukey’s multiple
comparisons tests, basal respiration was significantly increased with acute
insulin treatment in both 2- and 10 mM glucose, which was maintained only
in the 10 mM glucose condition (2 mM glucose: acute insulin vs. insulin 1 h:
P=0.0143; insulin 1h: 2mM vs. 10mM glucose: P=0.0046; Fig. 5d,
hashtags). Comparable results were detected in measures of ATP produc-
tion (2 mM glucose: acute insulin vs. insulin 1h: P=0.0278; insulin 1 h:
2mM vs. 10mM glucose: P=0.0006; Fig. 5f, hashtags). Of note, while

coupling efficiency showed reduction with insulin treatments, longer insulin
exposures reduce coupling efficiency further in higher glucose concentra-
tions (10 mM glucose: control vs. insulin 1 h: P=0.0357; Fig. 5¢, hashtag).
Clearly, a significant interaction between insulin effects, the duration of its
exposure, and extracellular glucose concentrations on measures of basal
respiration and ATP production was seen.

Glycolytic capacity, glycolytic reserve, and glycolysis were quantified,
and a main effect of glucose concentration was detected for measures of both
glycolytic capacity (F(344)=5.166, P=0.0280; Fig. 5i) and reserve
(F(1,40)=19.80, P<0.0001; Fig. 5j), whereby elevations in extracellular
glucose increased these values. Using Tukey’s multiple comparisons tests,
significant differences within measures were revealed. Compared to 2 mM
glucose conditions, in 10 mM, both acute and chronic insulin increased
glycolytic capacity (acute insulin, 2mM vs. 10 mM glucose: P = 0.0395;
insulin 1 h, 2 mM vs. 10 mM glucose: P = 0.0164, Fig. 5i, hashtags). Similar
findings were identified on measures of the glycolytic reserve, where acute
insulin significantly raised values only in the 10 mM condition (acute
insulin, 2 mM vs. 10 mM glucose: P = 0.0017; insulin 1 h, 2 mM vs. 10 mM
glucose: P =0.0011; 10 mM glucose, control v. acute insulin: P = 0.0339; Fig.
5k, hashtags). Interestingly, glycolysis did not appear to be altered by
extracellular glucose or insulin exposures (insulin: F; 44y = 0.6003,
P =0.5531; glucose: F(; 44y = 0.4890, P = 0.4881; Fig. 5k). Again, here, clear
associations are seen between extracellular glucose concentrations and
insulin exposure on potential glycolytic engagement.

Discussion

Discrepancies in energetic measures obtained using traditional biochemical
approaches are difficult to reconcile with those obtained using alternative
methods. Traditional methods of quantifying metabolic processes in the
brain, [e.g., mass spectroscopy, biochemical, chemiluminescent or biolu-
minescent assays, radioactively labeling nucleotides, etc. reviewed in ref. 71]
lose the nuance of cell-to-cell interactions found in unicellular imaging.
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Fig. 3 | Effects of high extracellular glucose pre-
treatment (30 min) on insulin exposures, glucose
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Furthermore, it is important to note that measurements are often reported
as calibrated, uncalibrated, occupancy measures, or percent change from
baseline, and for this reason it is difficult to compare between experiments.
Indeed, ATP:ADP of about 10 has been measured in the murine brain
during stimulated activity””. However, in other cell types, such as the rat
liver, ratios span from 5 to 100+, although the rate of ATP synthesis from
the mitochondria appears to be negligible’’. Using a modified luminescence
assay, ATP:ADP measures of 20 and 1000 have been recorded in E. coli™.
Directly addressing calibrated ATP:ADP measures, the Yellen group pro-
poses that healthy mammalian cultures display values between 1 and 100,
with baseline values for individual cells nearing 5% likewise, in mouse
cortical neurons, measures of PercevalHR occupancy of approximately 1
have been published”. Several others describe ATP:ADP as a percent
change from baseline, precluding us from addressing nucleotide
ratios’*>*””>’°, While we do not measure occupancy in this study, nor do we
report on calibrated [ATP:ADP] values, we describe baseline PFRs that fall
within a range of 2-30, with an average of ~5, which aligns well with prior
work from the Yellen lab Figs.1b, 3b>’. We also report a very similar pH
calibration value for PercevalHR fluorescence correction based on this work
(~0.67 F475/F4p7 change for every unit of pH change) with a different pH

indicator. Overall, the large number of methods available to measure and
report on ATP:ADP seems to contribute to the significant variations
apparent throughout the literature. Additionally, the use of different cell
types as well as different conditions for growth [mixed cultures, media, and
experimentation (e.g,, temperature, oxygenation, pH buffers)] also clearly
influences metabolic status.

In vitro investigations of metabolic fluxes are useful for elucidating
molecular processes in meticulously controlled conditions. For this purpose,
the most common neuronal and glial cell culture methods can be categor-
ized into three types: unicellular cultures of separated neurons and astro-
cytes, co-cultures (astrocyte-enriched neuronal cultures, seeded separately),
and mixed cultures (neurons and astrocytes jointly seeded). A subtle, but key
component underlying this study is the use of a mixed-culture system.
Neurons and astrocytes independently maintained for imaging are not able
to reflect on the interactions known to occur in the brain, given the proxi-
mity between cells and the sharing of metabolic intermediates. This concept
is essential when evaluating energy production and consumption, as pre-
dicted by the astrocyte-neuron lactate shuttle hypothesis (ANLSH)*>”". As
compared to the Yellen group, who appears to use unicellular cultures, here
a mixed-culture system was used, which may have led to the differences
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Fig. 4 | Effects of low extracellular glucose pre-
treatment (30 min) on insulin exposures, glucose
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from the results previously published, particularly with respect to the sen-
sitivity of glucose challenges™. Indeed, unicellular neuronal cultures exposed
to bradykinin to stimulate glutamate release show no alterations in Ca*"
levels; however, astrocyte-enriched neuronal cultures respond to the
exposure with increases in Ca’", suggesting that neuronal Ca** signaling
depends on the presence of astrocytes™. Likewise, co-cultured neurons and
astrocytes may suffer from a lack of communication due to the absence of an
initial seeding period when cells develop together. Our use of a mixed-
culture system was an attempt to address some of these limitations. It is
possible that the lack of a robust glucose response when compared to
Tantama and colleagues” may be due to the proximity of neurons and
astrocytes, where glutamate-derived, astrocyte-produced lactate delivers
energy to neurons, thus reducing the need for glycolysis in neurons; how-
ever, this hypothesis will require further investigation. Furthermore, early
mixed-culture work of neurons and astrocytes has shown that the propa-
gation of Ca’" signaling is indeed mediated by connections between the cell
types”. In this study, only neurons in direct contact with astrocytes dis-
played increases in Ca’" with stimulation. Furthermore, it is important to
note that using the FLIP nanosensor in a mixed-culture environment, prior
work has demonstrated that compared to younger cultures, more mature
cultures, as those used here (>14 DIV) show decreases in neuronal glycolytic
rate (despite increases in astrocytes)™ reviewed in ref. 77.

It does not appear that the use of sera in culture maintenance altered
the results presented in this report, as the Tantama manuscript reports on
the reliability of the PercevalHR indicator in experiments with 10% FBS
(HEK293 and astrocytic cultures), as well as in experiments with cells
unexposed to serum (neuronal cultures). Furthermore, the initial work of
Takahashi et al.* was conducted in the presence of FBS, where co-cultures of
astrocytes and neurons responded to K'-mediated depolarization with
increases in metabolism after 15 min. While astroglia exposed to physio-
logical levels of glucose depend on oxidative metabolism more than cultures
grown in high glucose solutions, these differences were obtained in the
presence of FBS in the growth medium™, suggesting that the use of FBS does
not invalidate results. Overall, the culture type, growing conditions, and
stage of development are all essential elements to consider when interpreting
results.

Cells with resting membrane potentials (hyperpolarized) that also have
voltage-gated calcium channels (VGCCs) will show increases in intracel-
lular Ca** when depolarized by extracellular potassium®'. Likewise, in acute
slices, astrocytes, and oligodendrocytes respond to potassium depolariza-
tion with significant increases in Ca** through the recruitment of
VGCCs**. In mixed neuronal and astrocytic cultures, exposures to high
potassium have been shown to increase metabolism®. In addition, increases
in extracellular potassium activate inward rectifying K* channels in
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astrocytes, consequently initiating K conductance®. Moreover, in condi-
tions where neurons and astrocytes co-exist, K" may depolarize presynaptic
terminals on neurons, releasing glutamate onto astrocytes™. Therefore, it is
not surprising to observe reduced PFRs in response to potassium exposure.
Yet, in contrast, some groups note small (~4-5%) increases in ATP in
response to K' in cultured astrocytes and organotypic slices**”. Using
culture and hippocampal slices, elevations in ATP have been linked to an
influx of bicarbonate (and subsequent cytosolic alkalinization) during
K*-mediated astrocyte depolarization, ultimately stimulating glycolysis
(e.g., the Crabtree effect)”’. Here, however, we observed mild acidification
(~8-20%; Fig. S2) in neurons and astrocytes during imaging in response to
KCl. To further validate these results, a separate series of experiments was
conducted in the absence of bicarbonate buffer in the perfusion system, and
again, we saw similar decreases in PFRs, suggesting that the Crabtree effect is
not a robust contributor in our culture. These results corroborate prior work
exposing neuronal hippocampal cultures to 50 mM KCI - where cells were
shown to initially respond to treatment with acidification, which was fol-
lowed by alkalinization at much later time points [i.e., 10~50 min later®].

The role of insulin in the mammalian brain is still unclear. Tradi-
tionally, it is thought that the brain is insensitive to insulin; however, it is well
characterized that insulin receptors are expressed in cultured neurons®, and
several labs have shown the localization and expression of IR in both
neurons” and astrocytes’ in vitro. Prior work in our lab investigating the
acute actions of insulin and insulin sensitizers on calcium homeostasis has
reliably shown alterations in processes such as calcium-induced calcium
release, reductions in Ca**-sensitive K™ voltages, and voltage-gated Ca’
currents’>>”, Here, we show that the duration of the insulin exposure in
combination with extracellular glucose levels differentially impacts meta-
bolism (see Mitochondrial Stress Test), highlighting the brain’s insulin
sensitivity. Although we believe our report is the first to directly test for the
impact of insulin on bioenergetics using PercevalHR in neurons and
astrocytes, it is essential to note that previous work from McNay and col-
leagues initially showed that in vivo local insulin application reduced
extracellular glucose and elevated lactate levels”. Perhaps the small reduc-
tions in PFRs during acute insulin treatment in high glucose conditions are
mediated by the recruitment of high-energy phosphates during autopho-
sphorylation of the IR upon insulin binding, thus triggering further ATP
utilization through signaling pathways including, but not limited to, Akt,
PI3K, IRS-1, and PIP;.

We initially expected PFRs would mirror extracellular glucose levels
(ranging from 0.1 mM-10 mM) yet only detected a minor, but significant,
decrease in PFRs when changing the solution from 5.5mM to 0.1 mM
glucose under the 2 mM pretreatment condition. Prior work shows astro-
cytes and Neuro2A cells demonstrate large ATP:ADP changes in response
to glucose excursions™, similarly, in primary astrocytic cultures, ATP:ADP
appears coupled to available glucose™. Furthermore, work from Bittner and
colleagues highlights the presence of dynamic glucose transport systems
across multiple cell types, including mixed murine cortical cultures, adi-
pocytes, myoblasts, fibroblasts, HeLa cells, and hippocampal tissue slices,
capable of altering glycolytic rate™. Surprisingly, somewhat overshadowed
by alarge publication record focusing mostly on astrocytes, few papers have
conducted dynamic glucose excursions in neurons while looking at bioe-
nergetic changes™*** reviewed in ref. 95. Neuronal and astrocytic cultures
are routinely maintained in very high extracellular glucose concentrations
(~35 mM), which is known to alter glucose oxidation rates, glycogen levels,
and lactate release™. We attempted to address this issue by normalizing
glucose levels 24 h prior to experimentation (see “Methods” section) and,
while the effects of glucose excursions were not seen in 10 mM pretreatment
conditions, we did note a significant reduction, albeit small, with pretreat-
ment in more physiological conditions. Unfortunately, procedural details in
many prior manuscripts fail to identify if, and for what pretreatment
duration cells were exposed to physiological levels of extracellular glucose
prior to experimentation. Further analysis should be conducted to investi-
gate to what extent different durations of glucose pretreatments affect cel-
lular bioenergetics.

The Seahorse data reported here indicates neurons and astrocytes are
sensitive to insulin exposure and/or extracellular glucose concentrations.
Significant elevations with either or both treatments are seen in measures of
basal respiration, maximal respiration, ATP production, glycolytic capacity,
and glycolytic reserve, whereby only cells exposed to acute insulin under the
10 mM glucose condition show increases in glycolytic reserve and capacity.
These results align well with PercevalHR imaging data, showing insulin
exposure alters PFRs only in the 10 mM condition (see Fig. 3a); however,
clear differences are also noted, where elevations in glycolytic capacity and
reserve are seen despite reductions in PFRs. Here, we show that insulin
exposures do not increase ATP production (see Fig. 5f) but increase oxi-
dative phosphorylation, as evidenced by elevations in basal and maximal
respiration (see Fig. 5d, e, respectively). Along with this, insulin exposures
reduce coupling efficiency (see Fig. 5¢) and increase proton leak (Fig. S3),
perhaps shifting bioenergetics to the well-known anabolic effects of the
hormone or synthesis of glycogen, which may explain the subtle impact of
insulin on PFRs. Alternatively, it is important to consider the difference in
hormone exposure duration between imaging and Seahorse experiments.
Indeed, the high temporal resolution obtained during PercevalHR imaging
(i.e., minutes) captures transient changes across short periods of time after
exposures to insulin, whereas the data derived from the Seahorse assay are
delayed and collected approximately 20-100 min following the introduction
of insulin into the medium. However, both methods provide evidence for
significant associations between insulin action (or lack thereof) and extra-
cellular glucose levels in neurons and astrocytes. These results emphasize
potential bioenergetic mechanisms that modulate insulin action on CNS
metabolism and may inform on homeostatic processes in both healthy and
pathological states, particularly given the evidence of elevated extracellular
glucose levels in the brains of AD patients".

Although useful for studying molecular mechanisms, the cellular
model presented here is not representative of the systems-level mechanisms
at work in the brain, making it difficult to infer on in vivo physiology and the
impact of insulin or glucose changes in the brain. In vivo approaches for
evaluating brain metabolism using high-resolution biosensors have been
recently published™, demonstrating that, when combined with imaging
techniques that allow for awake and even ambulating animals to be studied
(e.g., 2-photon), nanosensors such as PercevalHR are critical for addressing
the long-contested points of brain metabolism and bioenergetics. That is,
this integrative approach is powerful and may be able to directly tackle
discrepancies in results seen across traditional whole-animal imaging and
biochemical methods. Thus, we recognize the limitations of this report and
propose further investigations of unicellular bioenergetics using PercevalHR
in vivo. Furthermore, the work presented depicts clear interactions between
insulin actions on metabolism and extracellular glucose levels in the brain,
inferring on potential mechanisms of central insulin sensitivity.

Material and methods

Cell culture preparation and maintenance

All animals used in this study were maintained according to an Institutional
Animal Care and Use Committee protocol approved by the University of
Kentucky (IACUC# 2020-3555). Mixed primary neuronal and astrocytes
hippocampal cultures were established from Sprague Dawley rat pups
(E18), as described in previous work***%? Briefly, following deep
anesthesia (5% isoflurane) and euthanasia, pups were removed and hip-
pocampi were isolated in Hank’s balanced salt solution (HBSS) (all salts
were obtained from ThermoFisher Scientific; Waltham, MA, United States),
supplemented with 4.2 mM NaHCO; and 12 mM HEPES, over ice. The
hippocampi were subsequently added to a 50 mL conical tube containing
10 mL 0.25% trypsin-EDTA and incubated for 11 min at room temperature
(~23°C). After drawing off the trypsin-EDTA solution, the hippocampi
were washed 3 times with warm (37 °C) Minimum Essential Medium,
supplemented with 2 mM L-glutamine and 30 mM D-glucose (SMEM),
then triturated in 10 mL of SMEMI1 mL of this solution was dispensed into
individual 35 mm glass-bottom dishes (Matsunami Glass Ind., Ltd., Osaka,
Japan) already containing 1 mL of plating media (SMEM supplemented
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a Experiment Timeline
I i Base Imaging
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b Wavelengths Acquisition Sequence

~ 15s
Image 1 Image 2 Image 3
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(ATP) (ADP) ((13))
4s 4s l 0.5ms
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Fig. 6 | Imaging timeline schematics. a shows a sample timeline for a typical
experiment where baseline imaging data are acquired for 2 min, followed by 2-5 min
of drug or solution exchange, and 3-5 min of recovery. b shows wavelength exci-
tations for PercevalHR (475 and 427 nm, Image 1 and 2, respectively), and 15 s later,
pHrodo was excited at 545 nm (Image 3).

with horse serum and fetal bovine serum). A hemocytometer was used to
count the number of cells per 100 nL of solution for diluting to a final plating
density of approximately 450,000 cells per dish using SMEM. Dishes were
either coated with 0.5% poly-L-lysine and etched with HCI the night before
or treated with polyethyleneimine (PEI) an hour prior to culturing. To
account for evaporation, an uncovered 35 mm plastic dish filled with 2 mL
of sterile water was placed in the center of a 100 mm dish housing the
cultures. Cultures were maintained in an incubator at 37 °C, in a humidified
environment of 5% CO, and 95% air. A half-medium exchange was con-
ducted on day 1 in vitro (DIV 1). On DIV 4, a half-medium exchange of
SMEM supplemented with FUDR and uridine was conducted to stall glial
cell growth. In attempts to normalize glucose transporter function following
12-15 days in high glucose concentration, cells underwent a last half-
medium exchange into a serum-free glucose solution (approximately
5.5 mM)~24 h prior to imaging experiments.

PercevalHR lentiviral construction and transduction

The FUGW-PercevalHR plasmid (plasmid #49083; RRID: Addgene 49083),
containing a Human Ubiquitin C promoter, was purchased from Addgene
(Watertown, MA, United States), purified, and further packaged into a
lentivirus by the Cincinnati Children’s Hospital Viral Vector Core (Cin-
cinnati, OH, United States) at a titer of ~1 x 10° TU/mL. Cultures were
transduced with the lentivirus on DIVs 10-12 at a multiplicity of infection
(MOI) of 3-10.

Image acquisition

Epifluorescence microscopy was used to sequentially image multiple exci-
tation wavelengths (i.e., 475 nm, 427 nm, 545 nm), and obtain signals from
both the ratiometric (PercevalHR) and single-wavelength (pHrodo) indi-
cators (Fig. 6b), across two cell types in the same FOV with unicellular
resolution (a; Fig. 7b).

Live-cell hippocampal neuronal and astrocytic fluorescence
imaging

All cells were imaged between DIVs 12-16, ~72 h after PercevalHR trans-
duction, using an epifluorescence microscope (E600FN; Nikon Inc., Mel-
ville, NY, United States) equipped with a heated objective, a flow-through
chamber (RC22 Warner Instruments; Holliston, MA, United States), and a
preheater (HPRE2 Cell Microcontrols; Norfolk, VA, United States)
(35-37 °C). Cultured dishes were perfused with a peristaltic pump (PPS2,
Multichannel Systems; Kusterdingen, Germany) at 1 mL/min or 2 mL/min
using a standard HEPES and bicarbonate-based oxygenated solution
(120 mM NaCl, 25 mM NaHCOs3, 2.5 mM KCI, 10 mM HEPES, 2 mM

CaCl,, 1 mM MgCl,, 0.1-10 mM D-Glucose; 95% air, 5% CO,) unless
otherwise noted (i.e, pH calibration assays and bicarbonate-free imaging
experiments, see below). Compounds were introduced upstream of the
imaging chamber using either a syringe pump (Model 341b, Sage Instru-
ments; Watsonville, CA, United States) or bolus administration (Fig. 6a).
Experiments were conducted across conditions of low (2mM) or high
(5-10 mM) extracellular glucose. For those experiments (i.e., insulin and
glucose excursions), cells were pretreated for 30 min with either solution.

Imaging Workbench 5.0 (Indec Biosystems; Los Altos, CA, United
States) was used to acquire all fluorescence signals and to control the
fluorescence excitation filter device (Mercury lamp; Lambda DG4, Sutter
Instruments; Novato, CA, United States) using a Transistor-Transistor-
Logic (TTL) signal. PercevalHR fluorescence was captured through an
emission filter (535 +45nm) using an Andor Technology DV887 iXon
camera (Belfast, United Kingdom). A dichroic mirror centered at 505 nm
and two exciter filters (ATP: 475 + 40 nm; ADP: 427 + 40 nm) were used to
excite the PercevalHR nanosensor using 2-4 s exposures for each channel.
To correct PercevalHR’s pH sensitivity, experiments were conducted con-
comitantly with the intracellular pH indicator pHrodo (Catalog number:
P35372; ThermoFisher Scientific). Cells were exposed to pHrodo AM,
according to manufacturer instructions (in either low or high glucose
conditions, see paragraph above). pHrodo fluorescence was excited through
a 545 + 25 nm filter and emitted light was passed through a 565 nm dichroic
filter and a 605 + 70 nm emission filter (Chroma Technology Corp.; Bellows
Falls, VT, United States). A phase image was taken of a field of view (FOV) to
distinguish morphological features of neurons and astrocytes, thus allowing
us to separate data by cell type. For most experiments, a 2-min baseline was
imaged prior to exposure to one of several compounds for 2-5 min [50 mM
KCl; 20 uM glutamate; 10 pM FCCP; 10 nM Apidra (zinc-free glulisine);
0.1 mM, 5.5 mM, and 10 mM glucose].

Fluorescence quantification and statistical treatment

Regions of interest (ROIs) were hand-drawn around the soma of neurons
and astrocytes with Imaging Workbench 5.0 and used to extract all signals
(phase, pHrodo, PercevalHR). Excel, GraphPad Prism 9.5.1 (GraphPad
Software Inc.; San Diego, CA, United States), and MATLAB (MathWorks;
Natick MA, United States; version R2023b) code written in-house were used
to process and analyze the data. An area free of cells was selected for
background subtraction on all wavelengths acquired. Fluorescence values
were averaged between cells and dishes for corresponding fluorophores to
determine mean PFRs across experiments. Data were tested for significance,
using a two-way ANOVA with repeated measures using time and cell type
as main factors. When frames were inadvertently skipped during imaging,
the data lost prevented the use of repeated measures ANOVA; thus, in these
cases, a mixed-effects model (REML) was used, followed by post-hoc testing
(Sidak’s or Tukey’s multiple comparison tests). We used Geisser-
Greenhouse correction factors for one-way repeated measures ANOVAs,
as we could not assume the sphericity of the datasets. On occasion, this
correction can report on a non-whole degree of freedom. Significance was
defined as p < 0.05, and all data is presented as means + standard error of the
mean (SEM). Cells displaying resting baseline PFRs <1.5 were removed
from the analysis (9 neurons, 3 astrocytes) to represent a population of
healthy cells. Additionally, data was filtered using a root mean square (RMS)
method to eliminate exceptionally noisy PFRs during baseline.

Mitochondrial and glycolytic function

Using similar techniques to those described above, astrocytes and neurons
were plated at 90,000 cells per well in a Seahorse 96-well plate. Media
exchanges were conducted as described previously on DIVs 1 and 4. The day
prior to experimentation (DIV 12), the sensor cartridge from the Extra-
cellular Flux kit was filled with standard XF calibrant solution (Agilent
Technologies, Santa Clara, CA, USA) and incubated at 37 °C overnight. The
following morning, injection ports solutions were prepared with mito-
chondrial and glycolytic substrates/inhibitors to measure oxygen con-
sumption rates (OCRs) and extracellular acidification rates (ECARs),
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Fig. 7 | Representative images of astrocytes and
neurons during exposure to 50 mM KCIl. a shows
an astrocyte imaged using both wavelengths
(grayscale) and the resulting ratio (right) using
pseudocolor imaging (left, scale, where “L” indicates
low PFRs and “H” indicates high PFRs). b highlights
a single field of view taken at baseline (left column),
during the response to KCI (middle column), and
during recovery (right column). Both ATP, ADP,
and ratioed images are shown, as well as the pHrodo
images (bottom). Sample regions of interest are
shown in red on the baseline 475 nm image.
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respectively. The Mito stress test and Glycolytic stress test assays were
carried out using the SeahorseXFe96 Flux Analyzer (Agilent Technologies),
as described previously”™. An hour before the assays, some wells received
10 nM insulin (Insulin 1 h), while other wells were exposed acutely to insulin
(Acute Insulin) prior to the start of the OCR assay (see Fig. 6). All wells were
filled to 175 pL with XF DMEM assay media reconstituted with 10 mM or
2 mM glucose, 2 mM glutamine and 1 mM pyruvate. We diluted chemical
stocks in the reconstituted assay media. After all injections, the final

concentration of each compound was as follows: 2.5 uM oligomycin (Port
A), 3 uM FCCP (Port B), 0.1 uM rotenone and 1 pM antimycin A (Port C)
and 2-DG (Port D). The OCR and ECAR measurements were conducted
over a period of approximately 70 min. The mitochondrial stress test report
was generated using the standard export protocol. The glycolytic rates were
derived manually from the ECAR data obtained during the assay using
measures after 2-DG injection as the baseline. Following the assay, the cells
per well were counted using a Biotek Cytation-5 Multimode Plate Reader
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(Agilent Technologies). All data collected during OCR and ECAR assays
were normalized to 1000 cells.

pHrodo calibration and PercevalHR pH correction

Using HEPES-based solutions with a low pH (6.5) and a high pH (7.5), we
quantified the change in PFRs as well as pHrodo fluorescence in 23 dishes.
Briefly, to equilibrate intracellular and extracellular pH during the solution
exchanges, dishes were pretreated with 10 uM valinomycin/DMSO and
10 pM nigericin/DMSO using an intracellular pH calibration buffer kit
(Catalog #: P35379; ThermoFisher Scientific). A calibration assay was per-
formed over a period of up to 40 min. For the first 2.5-5 min, cells were
perfused with either the low or high pH solution, then switched to the
alternative pH solution and imaged until a plateau was reached (approxi-
mately 15-30 min). Because pHrodo is a single-wavelength indicator,
fluorescence levels were normalized to the baseline measures obtained prior
to solution exchange and were expressed as a percent change from baseline.
Alterations in pHrodo fluorescence across the 1-unit pH change were used
to determine the average corresponding PercevalHR fluorescence change
during pH excursions. Thus, based on this relationship, we determined that
a 1 pH unit excursion yielded a 0.67 change in PFRs, and all data were
corrected for measured changes in pHrodo fluorescence acquired across
individual experiments.

Data availability
The datasets generated during the course of these studies are available upon
reasonable request.

Code availability

The MATLAB codes (MathWorks; Natick MA, United States; version
R2023b) generated during this study are available from the corresponding
author on reasonable request.
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