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Voluntary Behavior and Training
Conditions Modulate in vivo
Extracellular Glucose and Lactate in
the Mouse Primary Motor Cortex
Alexandria Béland-Millar* and Claude Messier*

School of Psychology, University of Ottawa, Ottawa, ON, Canada

Learning or performing new behaviors requires significant neuronal signaling and is
metabolically demanding. The metabolic cost of performing a behavior is mitigated by
exposure and practice which result in diminished signaling and metabolic requirements.
We examined the impact of novel and habituated wheel running, as well as effortful
behaviors on the modulation of extracellular glucose and lactate using biosensors
inserted in the primary motor cortex of mice. We found that motor behaviors produce
increases in extracellular lactate and decreases in extracellular glucose in the primary
motor cortex. These effects were modulated by experience, novelty and intensity of the
behavior. The increase in extracellular lactate appears to be strongly associated with
novelty of a behavior as well as the difficulty of performing a behavior. Our observations
are consistent with the view that a main function of aerobic glycolysis is not to fuel the
current neuronal activity but to sustain new bio-infrastructure as learning changes neural
networks, chiefly through the shuttling of glucose derived carbons into the pentose
phosphate pathway for the biosynthesis of nucleotides.
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INTRODUCTION

Glucose is generally seen as the primary, if not sole, metabolic fuel for the brain (Berg et al., 2002).
The importance of glucose in the central nervous system is supported by the cognitive deficits and
loss of consciousness that accompany hypoglycemia and reduced glucose transport to the brain
(Abdul Muneer et al., 2011; Mergenthaler et al., 2013; Patching, 2017), as seen in the GLUT1
deficiency syndrome: a genetic disorder characterized by a deficiency in the facilitative glucose
transporter 1 (GLUT1) responsible for shuttling glucose across the blood-brain barrier (Heilig et al.,
2003; Marin-Valencia et al., 2012; Yu et al., 2020). GLUT1 deficiency syndrome can be debilitating,
but is rarely lethal (Di Vito et al., 2018). The early introduction of a ketogenic diet can prevent
epilepsy and many of the deficits associated with GLUT1 deficiency syndrome (Klepper et al.,
2004; Friedman et al., 2006; Brockmann, 2009; Klepper, 2012; Klepper and Leiendecker, 2013; Kass
et al., 2016). These clinical effects indicate that the brain is capable of retaining its ability to use
alternative fuels such as ketone bodies, and that it is not limited to the use of glucose to meet its
high energetic needs.

The use of alternative energy sources and pathways for the production of cerebral energy has
led to the controversial topic of lactate as a metabolic substrate for energy production. Briefly,
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the debate centers around the directional flux of lactate, reflecting
its role either as a by-product or an energy source. The
astrocyte-to-neuron lactate shuttle (ANLS) hypothesis stipulates
that the sodium-dependent astrocytic uptake of surrounding
glutamate following neuronal activation results in elevated
glycolysis within astrocytes, as a response to the energy
requirements of the astrocytic sodium-potassium ion pump. This
elevated glycolysis leads to an accumulation of lactate, which is
then shuttled to surrounding neurons and utilized within the
oxidative phosphorylation pathway (selected reference Pellerin
and Magistretti, 1994; Magistretti, 2006; Pellerin and Magistretti,
2012). The most direct evidence for this hypothesis comes from
in vitro studies. On the other hand, the neuron-to-astrocyte
lactate shuttle (NALS) hypothesis stipulates that increased
neuronal activity upregulates glycolysis within the neurons,
resulting in elevated intracellular lactate as a downstream
product. This lactate is then shuttled to the extracellular
space to be taken up and exported from the central nervous
system via astrocytes and their intimate connection with the
surrounding vasculature. Though this theory is more in line
with the glucose-centric view of brain energetics, evidence for
this hypothesis mostly relies on modeling approaches (selected
references Simpson et al., 2007; Díaz-García et al., 2017; Dienel,
2017). A full review of the merits and pitfalls of each hypothesis is
outside the scope of this work and have been extensively reviewed
elsewhere (Jolivet et al., 2010; Mangia et al., 2011; Dienel, 2012;
Mason, 2017; Magistretti and Allaman, 2018).

Meeting the Metabolic Needs of the
Brain
The brains energetics needs are met primarily through the
function and collaboration of the glycolytic and oxidative
phosphorylation (OXPHOS) pathways. For the sake of brevity,
we will consider both the tricarboxylic acid (TCA) cycle
and mitochondrial respiration (electron transport chain) when
discussing OXPHOS. OXPHOS is the primary ATP producing
pathway and is considered to occur mostly in neurons
(Magistretti and Allaman, 2015; Dienel, 2018) as the majority
of cerebral energy goes toward maintaining Na+/K+ membrane
potential following signaling (Berg et al., 2002). Glycolysis, on
the other hand, produces fewer ATP molecules but has the
capacity to occur at a much faster rate (Bui and Thompson, 2006)
and feeds the OXPHOS pathway with necessary intermediates,
such a pyruvate.

We can consider the possibility that these intermediates are
exclusively produced internally if the upregulation of glycolysis
within neurons following activation is equivalent to, or surpasses,
the demand imposed by OXPHOS. This view is supported by
work conducted by Hall et al. (2012) and Díaz-García et al. (2017).
Alternatively, we can consider that these intermediates may be
provided by surrounding cells, in concert with neurons. Many
brain cells, such as astrocytes (Dienel and Hertz, 2001; Bolaños
et al., 2010), endothelial cells (Culic et al., 1997; Eelen et al., 2018;
Yetkin-Arik et al., 2019), and activated microglial (Ghosh et al.,
2018) are considered to be primarily glycolytic, or even provide
storage in the form of glycogen, such as in astrocytes. Therefore,

these cells could reasonably be expected to produce glycolytic
products in excess of any OXPHOS needs, and as such, provide a
portion of the required substrates for neuronal OXPHOS.

This cooperative organization and distribution of the
hypothesized metabolic specialty across neurons and astrocytes
resembles the muscular lactate shuttle proposed by Brooks
(1985, 1998, 2009) in which fast-glycolytic-muscles supply slow-
oxidative muscles with lactate. Of note, both the ANLS and
the shuttle proposed by Brooks are developed to explain energy
consumption and exchange in conditions of activation and not
resting state. These phenomena are therefore expected to be
observed during increased neuronal activity within the brain,
as a compensatory and homeostatic mechanism countering
the large energetic demand of re-polarizing membranes (Wang
et al., 2017) and re-supplying of neurotransmitter vesicles
in neurons (Rangaraju et al., 2014). Thus, in response to
neuronal activity, OXPHOS and glycolysis are upregulated in
both neurons and astrocytes (Ivanov et al., 2014), in addition
to increased blood flow required to support enhanced rates
of metabolism (Mintun et al., 2001; Chaigneau et al., 2007;
Iadecola, 2017). Though both pathways are upregulated in both
neurons and astrocytes following stimulation, OXPHOS appears
to be preferentially upregulated in neurons whereas glycolysis
appears to be upregulated globally within many cell types (Dienel,
2018). There remains controversy as to whether the upregulation
of glycolysis occurs primarily in astrocytes or neurons. As
this debate resides outside the scope of this article, we refer
the readers to other papers (Magistretti and Allaman, 2015;
Díaz-García et al., 2017).

Metabolite and Metabolism Fluctuations
Following Activation
Fox and Raichle (subsequently confirmed by various researchers)
first brought to light the local de-coupling between glucose and
oxygen following neuronal activation (Fox and Raichle, 1986;
Paulson et al., 2010; Watts et al., 2018). These extracellular
measures completely disrupted our understanding of
metabolism. Their observation of a fall in the stochiometric
ratio between glucose and oxygen consumption during
activation points to an important rise in non-oxidative glucose
consumption. In other words, during activation, not all glucose
entering the brain is fated to undergo OXPHOS, which begs
the question: where does this additional glucose go? The non-
oxidative consumption of glucose has three likely fates: (1) efflux
out of the central nervous system in the form of lactate as a
glycolytic end-product, resulting from an increase in glycolysis
that surpasses the immediate capacity for OXPHOS, (2) entering
the pentose phosphate pathway for antioxidant and nucleotide
production or (3) glycogenesis, the non-oxygen requiring
glycogen synthesis pathway.

One of the many tools used to elucidate the flux and fate of
metabolites within the brain is the observation of extracellular
fluctuation. A robust observation that has emerged from this
research is the extracellular decrease in glucose and increase in
lactate following and during neuronal activation. These findings
have been replicated in different models and under varying

Frontiers in Neuroscience | www.frontiersin.org 2 January 2022 | Volume 15 | Article 732242

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-732242 December 27, 2021 Time: 15:16 # 3

Béland-Millar and Messier Modulation of Extracellular Glucose and Lactate

conditions (Madsen et al., 1995; Frahm et al., 1996; McNay and
Sherwin, 2004; McNay et al., 2006; Kiyatkin and Lenoir, 2012;
Sampol et al., 2013; Béland-Millar and Messier, 2018). However,
debate remains as to the particular origin of influx and efflux of
these metabolites.

The homeostatic metabolic responses engaged following
activation (neurotransmitter release), that is to say increased
blood flow, decoupling of glucose-oxygen use increased
OXPHOS and glycolysis, somehow result in increased
extracellular lactate and decreased extracellular glucose.
Interestingly, however, is that this trend in extracellular
metabolite fluctuation is highly susceptible to training/practice
and novelty. Habituation, in the form of repeated stimuli, such
as in the novel object task (Bauch et al., 2017; Béland-Millar
and Messier, 2018), or repeated behavior, such as wheel running
(Grill-Spector et al., 2006; Fisher et al., 2016), has been shown
to decrease both the signaling and consequently the metabolic
requirements of the activated cortical area(s). Historically this
has been attributed to the development and increased efficiency
of the neural networks.

From the Where to the What of Energy
Metabolism?
The ANLS and NALS hypotheses focus and differ primarily on
where glucose and lactate are produced and consumed, with little
regard to the function they serve beyond energy production.
A complementary hypothesis has recently emerged, focusing on
the function of these various products and metabolic pathways,
suggesting diverging functions for energy derived from aerobic
glycolysis (glycolysis terminating in lactate despite sufficient
oxygen levels) and OXPHOS. This hypothesis proposes that
much of the energy derived from aerobic glycolysis is primarily
used to sustain the energy requirements for the physical building
of neurites and dendritic spines accompanying new learning
(Fellows et al., 1993; Bauernfeind et al., 2014; Goyal et al.,
2014; Shannon et al., 2016; Zhou et al., 2019). This hypothesis
is consistent with the observations of decreased extracellular
lactate (Takita et al., 1992; Béland-Millar and Messier, 2018),
signaling (Grill-Spector et al., 2006; Fisher et al., 2016) and altered
metabolism (Toga and Collins, 1981; Gonzalez-Lima et al., 1989)
following habituation.

The studies herein were conducted to validate a motor task
in the study of brain metabolism. In the present experiment,
we examined the effect of short- and long-term wheel-
running training, as well as climbing and spinning, on changes
in extracellular glucose and lactate using micro biosensors
inserted in the primary motor cortex. We aimed to confirm
if the tasks result in the expected metabolite fluctuations
in other behavioral tasks and stimulation. Validating these
new behavioral tasks was important to the authors as many
common behavioral assessments are incompatible with tethered
systems that measure metabolite fluctuations. In addition, many
tasks rely on the assumption that the rodents are engaging
with their environment and learning but these behaviors are
limited in their ability to be observed and measurable. Motor
behaviors that would elicit similar and robust responses are

easier to assess, either in terms or speed or distance, as well
as easier to determine when the mice are or are not engaging
in said behavior.

EXPERIMENTAL PROCEDURES

Animals
Thirty-six, 14- to 16-week old, male CD1 mice (Charles River
Canada, St-Constant, QC, Canada) were individually housed and
maintained on a reverse 12-h night/day cycle with lights on at
7 p.m. Mice had ad libitum access to standard chow (Teklad
Global 18% Protein 2018, Teklad Lab Animal Diets, Envigo,
Mississauga, Canada) and water, unless otherwise specified.
All testing was conducted during the night phase of the
cycle with the use of dim red lighting. All procedures in
this study followed the Canadian Council on Animal Care
guidelines and were approved by the University of Ottawa
Animal Care Committee.

Surgery
Extracellular glucose and lactate measures were obtained with
the use of biosensors inserted into the primary motor cortex.
The surgical procedures used are identical to those detailed
in previous work (Newman et al., 2011; Béland-Millar et al.,
2017; Béland-Millar and Messier, 2018; Scavuzzo et al., 2020).
Briefly, under anesthesia (Isoflurane, Fresenius Kabi Canada
Ltd., Richmond Hill, ON, Canada) and analgesia (0.05 mg/kg
subcutaneous buprenorphine hydrochloride, Reckitt Benckiser
Healthcare, Hull, North Humberside, United Kingdom), a
guide cannula (Pinnacle Technology, KS, United States) was
placed above the right and left primary motor cortex (M1;
from Bregma, ±1.8 mm lateral and +1.1 mm anterior)
just below the skulls surface, according to the stereotaxic
atlas of Franklin and Paxinos (Paxinos and Franklin, 2008).
The cannulas were held in place with the use of 0.10-
inch screws (Pinnacle Technology, KS, United States) and a
UV-polymerized compound (UV Clear Fly Finish, Ashland,
OR, United States).

Testing Procedures
After a week of recovery, two electrochemical electrodes
(7004-Glucose-C and 7004-Lactate-C; Pinnacle Technology Inc.,
Lawrence, KS, United States) were inserted into the guide
cannula so that the 1 mm sensing cavity of the electrode
protruded from the guide cannula and rested in the primary
motor cortex. The characteristics of these commercially available
electrodes have been presented previously (Wilson and Gifford,
2005; Wakabayashi and Kiyatkin, 2012, 2015; Kiyatkin et al.,
2013; Béland-Millar et al., 2017). The mice were then placed
in their testing cage with water and a free-standing running
wheel. The mice were left to acclimate to their testing cage
and running wheel for 2 h while the electrodes stabilized.
Running events occurring during this 2-h stabilization were
not included in the analysis. Otherwise, all running events
occurring during the testing period (between 10 am and 5
pm) were include in the analysis. The running wheel was
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intentionally included during the acclimation so that the mice
could habituate and start to learn how to use it. Preliminary
experiments showed that initial interactions with the running
wheel were clumsy and brief, however the 2-h calibration window
was sufficient for the mice to start readily engaging with and
using the running wheel for longer periods of time. In addition
to these running bouts, the mice were tested for effortful
behaviors (vertical hold and spin, see below) twice a day, for
2 days, with 20-min intervals between the behaviors and in a
counterbalanced fashion. The length of the manipulation and
interval was established during preliminary experiments. This
chosen interval was sufficient for extracellular metabolite levels
to return to baseline levels. See Figure 1 for an illustration of the
testing timeline.

Voluntary Wheel Running
The mice had unlimited access to a running wheel (Low-
Profile Wireless Running Wheel for Mouse, Med Associates,
VT, United States) during testing procedures. The number
of rotations/minute was recorded by the Running Wheel
Manager Data Acquisition Software through a wireless hub (Med
Associates Inc., VT, United States) and was used to compare run
speed where appropriate.

Because mice were free to use the running wheels at any time,
there were differences in running speed and duration within
and across mice. In previous projects with the same procedure,
we had observed that the amplitude of change in extracellular
glucose and lactate in the motor cortex correlated with the
length of time the mice ran in a single running bout. These
observations and the uneven distribution of running bout lengths
within each animal led us to analyze the running bouts across
animals as a function duration in order to extract the effects of
running bout length on extracellular glucose and lactate. Bout
length was measured in seconds, representing the duration in
which the mouse engaged in running behavior on the running
wheel. Bout speed was measured by dividing the number of
wheel rotations by the bout length. We grouped runs based
on their duration: 30–60, 60–120,120–180, 180–240, and 240+
seconds. For example, the graph depicting 30-s events includes
the running events from all animals that lasted at least 30 s but
did not exceed 59 s.

We also evaluated running bouts as a function of experience.
Short-term experience was evaluated with 24 h of prior access
to the running wheel. These mice underwent the usual surgery
and testing schedule. Mice who had long-term exposure to
the running wheel were given access to it in their home
cages, 4 weeks prior to testing. On the third week of their
access, mice underwent surgery and were implanted with the
guide cannulas (see above). They then underwent the week of
recovery and their 4th week of access to the running wheel.
Following the 4th week, they were brought in for testing and
the electrodes were inserted. For both of these conditions (short-
term and long-term experience), only runs of 240 s or longer
were retained and analyzed due to larger and more consistent
change in glucose and lactate extracellular levels produced. This
allowed a better comparison with the less experienced mice (see
section “Results”).

Effortful Behaviors
Pilot data showed that the voluntary wheel running induced
changes in extracellular glucose and lactate that were smaller
in magnitude than those produced by electrical stimulation
(Hu and Wilson, 1997a). Moreover, the magnitude of these
changes in extracellular metabolite levels were inconsistent,
both across and within mice, but appeared to be anecdotally
related to the duration and speed of the running event. We
therefore hypothesized that the differences we observed with
running bouts were proportional to the effort mice exerted
while running. We tested this hypothesis by adding what
we estimated to be motor tasks that are more challenging
than voluntary wheel running, with the prediction that greater
extracellular glucose and lactate changes in the motor cortex
would be observed. These behaviors were coined “effortful
behaviors.” Pilot experimentation showed that the two motor
tasks that were compatible with the tethered electrode set-
up and elicited strong glucose and lactate changes were the
Vertical Hold and Spinning motor tasks described in the next
section. These tasks used the propension of mice to re-orient
themselves toward the top of a vertical plane and climb toward
it. Typical tasks, such as the rotarod, could not be utilized
with this tethered experimental setup as the fall risks pulling
the electrodes out.

Vertical Hold
In this task, the mouse was placed on a vertical metal mesh
(10 × 17 inches) with half-inch square holes. The mesh was held
vertically and still as the mouse was free to explore for 2 min. This
was initially used a control for the following behavior in which
the mesh was moved. As the mice habituated to this task, they
tended to orient and move toward the top of the mesh and spend
more time there.

Spin
The mouse was placed on the same mesh as previously described
but for this task, the mesh is slowly spun around in the vertical
plane which led the mice to re-orient themselves toward the
top of the mesh. A mouse was initially spun at the rate of
1 full rotation per 4 s. After completing four full rotations,
the mouse was then rotated counterclockwise at the same rate.
Once another four rotations have been completed, the mouse
was once again spun clockwise – however, this time a full
rotation is completed every 2.5 s for another four rotations before
completing the same conditions counter-clockwise. In summary,
the rotations were done in sets of 4; the first two sets being slower,
the last two being faster and switching between clockwise and
counterclockwise rotations between each set of four rotations.
This pattern was repeated for 2.5 min after which the mouse was
returned to its cage.

Those particular speeds were chosen following pilot
experimentation. At slower speeds, most mice were able to
continue their normal pattern of behavior and exploration,
seemingly undisturbed by the spinning and reaching the top of
the mesh without issue. At higher speeds, most of the mice fell
off of the mesh, unable to hold on. During the slower testing (4 s
per full rotation), mice attempted to re-orient themselves to face
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FIGURE 1 | Illustration of the testing timeline. This figure illustrates the testing timeline. The mice were acclimated to the facility for 3 weeks prior to testing. Seven
days prior to testing, the mice underwent surgery for cannula implantation. On the morning of the testing (day 1), the mice were lightly anesthetized, and the
electrodes were inserted following calibration. The mice were then placed into their testing cages with access to water, bedding and a running wheel. The electrodes
were left to stabilize for 2 h while the mice acclimated to their testing cage and familiarized themselves with the running wheel. Following this acclimation and
stabilization period, spontaneous and voluntary running events were recorded for the next 7 h. Twice during this testing window, the mice were also subjected to our
effortful behaviors (spin and vertical hold) in a counterbalanced order. Once the testing period concluded, food was returned to the cage. Once the following day (day
2), testing procedures were identical with the exception of food removal in the morning (replacing the electrode insertion), and calibration of the electrodes at the end
of the day, after which the mice were euthanized. The group of mice receiving access to a running wheel 4 weeks prior to testing is the only variation to this timeline.
Surgery for this group of mice still occurred 1 week prior to testing (3 weeks into their exposure to the running wheel).

the top of the mesh and a few even explored the mesh further,
managing to reach the top. However, during the faster spinning
(2.5 s per full rotation), the mice continued to attempt to reorient
themselves toward the top of the mesh but were often unable to
do so effectively. They remained in the middle of the mesh, with
little exploration toward the top but did not typically fall.

Statistical Analysis and Relative
Measures
All extracellular data were standardized by dividing the readings
with their respective pre-event baseline1 and multiplying the
result by 100 to obtain relative percentage change from
baseline. When necessary, the data was averaged every few
seconds. Glucose and lactate were analyzed separately with
a between-within (split-plot) mixed ANOVA (α = 0.05),
and the data obtained for each injection was compared
to a control injection group as well as baseline. Unless
otherwise stated, the data met the respective assumptions
of the analysis. If sphericity or homogeneity was violated,
a Greenhouse–Geisser correction was applied. Due to the
a priori decision and interest in differences across groups,
post hoc pairwise comparison tests (α = 0.05) were computed
in order to compare the experimental groups to the saline
controls as well as compare the experimental groups amongst
themselves. All statistical analyses were performed using
SPSS v. 23 (IBM).

To facilitate visualization of data, significant differences
(p < 0.05) from baseline are illustrated directly on the
graphs with the use of horizontal lines below the data.
Significant differences from baseline for extracellular lactate
are indicated via a thick line, whereas significant baseline

1Baseline was calculated by averaging 10 s of data prior to each individual event.
These 10 s of data were taken 20 s prior to the event to avoid any drift in electrode
sensitivity that can occur over hours of testing, and to avoid artificial noise that may
occur a few seconds prior to manipulating the mouse (e.g., any accidently jostling
of the electrodes when the mouse is picked up).

differences for extracellular glucose are indicated via a thin
line. Differences from respective control groups are indicated
by a gray shaded rectangle around the respective data points.
Where applicable, data typically considered to be “non-
significant” (probability greater than 0.05) may still be discussed
in order to provide a more complete understanding of the
results2.

RESULTS

Extracellular Lactate Rises and
Extracellular Glucose Decreases in the
Motor Cortex During Voluntary Wheel
Running
Voluntary wheel running in mice who have not been previously
exposed to the running wheel showed different patterns of
extracellular metabolite fluctuations based on the length of
their run. Wheel running behavior that occurred for at least
2 min (120 s) was associated with increased levels of cortical
extracellular lactate as well as decreased levels of extracellular
cortical glucose. In these longer runs (120 s or more),
the rise in extracellular lactate occurred approximately 20 s
following the start of the behavior (Figure 2). Interestingly,
this rise in extracellular lactate did not appear to occur in
the shortest run duration. In 30 s runs, neither extracellular
glucose nor lactate significant varied from baseline. In 60 s
runs, only lactate began to increase beyond baseline levels.
When compared to the 30-s runs, extracellular lactate rose
to significantly higher levels for the 120- (p = 0.007),
180- (p = 0.002), and 240-sec runs (p < 0.001). Despite

2“Practices that reduce data analysis or scientific inference to mechanical “bright-
line” rules (such as “p < 0.05”) for justifying scientific claims or conclusions
can lead to erroneous beliefs and poor decision making. A conclusion does not
immediately become “true” on one side of the divide and “false” on the other”
(Wasserstein and Lazar, 2016).
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FIGURE 2 | Extracellular glucose and lactate fluctuations during voluntary wheel running. Extracellular cortical glucose (open circle) or lactate (filled circle) during
voluntary wheel running for individual running events lasting between (A) 30–59 s (n events = 32, 10 mice), (B) 60–119 s (n event = 58, 10 mice), (C) 120-179 s (n
events = 35, 10 mice), (D) 180–239 s (n events = 31, 10 mice), or (E) 240 + seconds (n events = 36, 10 mice). (F) Running events of at least 240 s taken from mice
(n = 4) who were previously exposed to the running wheel for 4 weeks (n events = 29). Time zero corresponds to the mouse initiating running. Values are expressed
as a percent of their baseline taken prior to activity and the error bars indicate the standard error of the mean. The mid-graph gray line shows baseline (100%) value.
Horizontal lines below the data indicates significant (p < 0.05) differences from baseline for both extracellular glucose (thin line) and lactate (thick line).

lactate increasing within 20 s of the start of the running
behavior in longer bouts, this increase in lactate was not
observed in the 30 s runs, perhaps suggesting some sort of
physiological preparation.

Decreases in cortical extracellular glucose from baseline
appeared later than the extracellular rise in lactate, significantly
dropping below baseline levels no earlier than 50-s or as late

as 110-s following the start of the voluntary wheel running,
as illustrated in Figure 2. When compared to the 30-s runs,
the decrease in extracellular glucose was only significantly
different for the 240-s runs (p = 0.026). This seems to indicate
that compensatory mechanisms are capable of maintaining
extracellular glucose levels at a steady state for some time.
These mechanisms likely include increases in blood flow and
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the use of internal glycogen stores to compensate for the
heightened metabolic rate.

Effect of Experience: 4-Week Prior
Access to a Running Wheel Attenuates
the Rise in Extracellular Lactate and
Hastens the Decrease in Extracellular
Glucose
To facilitate the investigation of the effect of training on
extracellular metabolite fluctuations, the longer (240 s) bouts
of running were used as they most clearly demonstrated the
diverging extracellular glucose and lactate patterns. When mice
were given free-access to a running wheel 4 weeks prior to
testing, the exercise-induced increase in extracellular lactate was
attenuated (p < 0.001), while the decrease in extracellular glucose
occurred earlier (p < 0.034) when compared to naïve mice (see
Figures 2E,F). Figure 2F shows that the decrease in extracellular
glucose occurred approximately 40 s earlier (thin line indicating
significant different from baseline), and that this decrease was
more pronounced (shaded gray rectangle indicate significant
difference form control). Extracellular lactate almost never varied
from baseline and was significantly different from the naïve
counterpart for the duration of the running behavior.

Effortful Behaviors Have a Larger Impact
on Extracellular Lactate Than Voluntary
Wheel Running
When compared to 2 min (120 s) of wheel running (Figure 2C),
both the vertical hold and the spinning conditions (Figure 3)
significantly increased extracellular lactate (p = 0.007 and
p < 0.001, respectively), with no significant impact on
extracellular glucose. In fact, extracellular lactate during effort
behaviors was significantly higher than the levels observed during
the 120 s wheel running for almost the entire duration of
the testing (shaded rectangles in Figure 3). However, neither
extracellular glucose nor lactate significantly differed between the
two effortful conditions.

Effect of Novelty: Gained Ability vs.
Habituation
To distinguish between the effect of novelty and improved ability
due to prior exposure, we also compared extracellular glucose and
lactate on the first and second day of testing for both running
wheel (240 s bouts) and spinning. Day 1 of testing represented
novel manipulations (spinning) and first access to the running
wheel whereas day 2 represented either two prior occurrences of
the spinning task or a 24-h prior exposure to the running wheel.

When compared to the first day of wheel running, running
behavior in mice who were exposed to the running wheel for
24-h trended toward increased extracellular lactate beyond the
levels observed on day 1 (p = 0.057). This was particularly evident
during the second half of the running bout (Figures 4A,B).
Comparing the speed (number of wheel rotations/second) of
these 240 s runs revealed that mice ran faster on the second day
(p = 0.012; Day 1, Mean = 0.66, SEM = 0.018; Day 2, Mean = 1.07,

SEM = 0.043). This suggests that, between the first and second day
of exposure, the mice gained proficiency with the running wheel,
and were able to exert more effort. The second day of testing may
more accurately reflect normal brain activation due to exercise
rather than the novelty/habituation of day 1.

In contrast, comparing the spinning events on the first and
second day of testing (Figures 4C,D) revealed an attenuation
in extracellular lactate (p = 0.017) and a trend toward further
decreases in extracellular glucose (p = 0.055). These results are
similar to those observed following the 4 weeks of habituation
to the running wheel which suggests that the mice either quickly
habituate to this manipulation or that activation on day 1 is more
representative of novelty than motor activation as a result of
the behavior in which they are engaged. Altogether, these results
suggest that novelty and experience have differential short-term
effects on extracellular lactate fluctuation.

In summary, long-term exposure and training with a
running wheel attenuates the rise in extracellular lactate while
simultaneously hastening the decrease in extracellular glucose.
Short-term (24 h) exposure and training with a running wheel
increases extracellular lactate: This could likely be the result of an
improved ability to use the running wheel, subsequently allowing
more effort to be exerted. Lastly, results from the more passive
behavior (being spun rather than choosing to run) indicates that
the novelty induced increase in extracellular lactate is short lived.
This latter observation is corroborated with our previous findings
with the novel object task, where fluctuations in the primary
visual cortex were quickly attenuated upon a second presentation
of the object (Béland-Millar and Messier, 2018).

DISCUSSION

Technical Limitations of the Biosensors
When interpreting the current results, it is important to
consider the technical limitations of the methodology used.
Though extremely sensitive with high temporal resolution,
the inserted biosensors measure relative changes in metabolite
concentrations within the extracellular space. Techniques, such
as microdialysis, can provide more accurate measurements of
absolute values, however they lack the temporal resolution
opted for in these experiments. Once inserted, the electrodes
undergo gradual “bio-fouling” as various biological materials
attach themselves to the electrodes. This results in an extremely
small, gradual but constant decline in the signal. This signal
decreases progressively in hours rather than minutes and do
not have a direct impact on our acute extracellular sampling
during manipulations, as has been previously demonstrated
(Béland-Millar et al., 2017). However, this gradual decline
and the slight variations in electrode manufacturing, results
in variability of the absolute values measured, both across
and within (from one day to another) mice. In order to be
able to compare the values both within and across mice, the
observed fluctuations are more accurate as measures relative
to pre-event baselines. The data was transformed from the
raw nA values to relative changes in extracellular fluctuations,
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FIGURE 3 | Effortful behaviors. Average extracellular cortical glucose (open circle) or lactate (filled circle) during (A) all vertical holds events (n = 7), (B) all spinning
events (n = 10). Gray-shaded rectangles surrounding the glucose (open circles) and lactate (filled circles) curves indicate significant differences from respective
controls (120 s runs). Extracellular glucose and lactate did not significantly differ between the vertical hold and spinning conditions. Horizontal lines below the data
indicates significant (p < 0.05) differences from baseline for both extracellular glucose (thin line) and lactate (thick line). The mid-graph gray line shows baseline
(100%) value. Gray-shaded rectangles surrounding the glucose and lactate curves indicate significant differences from the running wheel (120 s), for both
extracellular glucose (open circle) and lactate (filled circle).
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FIGURE 4 | Effect of novelty on extracellular glucose and lactate. Comparing extracellular cortical glucose (open circle) or lactate (filled circle) on day 1 and day 2 of
testing. (A) Running events of at least 240 s on the first day of running wheel access (n events = 23, n mice = 10). (B) Running events of at least 240 s on the
second day of running wheel access (n events = 12, n mice = 10). (C) Spinning events on the first day of testing (n = 3) and (D) spinning events on the second day
(n = 4). Gray-shaded rectangles surrounding the glucose and lactate curves indicate significant differences from day 1 and day 2 of testing, for both extracellular
glucose (open circle) and lactate (filled circle). Horizontal lines below the data indicates significant (p < 0.05) differences from baseline for both extracellular glucose
(thin line) and lactate (thick line). The mid-graph gray line shows baseline (100%) value.
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as described in the methods, to allow for comparison within
and across mice.

In addition to the slight decline in sensitivity, electrode
insertion damages tissues resulting acute and chronic
immunological responses (Kozai et al., 2015). In the short
term (minutes to hours) electrode insertion may impact
regional blood flow through the creation of vascular occlusion
or effects on the BBB. Within hours, glial activation is
induced which can, over the course of days, encapsulate
the electrode. This encapsulation eventually results in the
primary measurement of reactive tissue or may cause a slight
delay in measuring extracellular metabolites as they cross this
additional barrier. These impacts are mediated by insertion
of the electrode immediately prior to the testing, rather
than at the time of surgery, and by limiting our continuous
measurements to 2 days. In lab testing demonstrated that
extracellular measurements were robust and replicable across
this timeline, but occasionally began to differ on the third
day of continuous sampling. Unaveraged data also reveal
changes within a second of manipulation or behavior, suggesting
that the impacts of bio-fouling on the sampling delay is
likely less than the sampling speed of the electrodes (1 s)
(Figure 5).

Since the electrodes sample the extracellular space, they
measure net metabolite fluctuations in the extracellular space
of the motor cortex without providing information on the
direction of the flux. Therefore, the glucose and lactate measures
obtained with the electrodes reflect the net result of blood-
brain barrier (endothelial) transport both in and out of the
brain, as well as astrocytic and neuronal influx and efflux
of these same metabolites within the brain parenchyma. For
example, an increase in extracellular lactate could represent
either increased transport of lactate across the blood-brain
barrier into the extracellular space, increased neuronal glycolysis

resulting in lactate export or lactate shuttling from astrocytes
into the extracellular space, among other possibilities. Our
strategy in the present experiment and previous ones (Béland-
Millar et al., 2017; Béland-Millar and Messier, 2018) has
been to measure extracellular glucose and lactate in many
different situations together with peripheral metabolic challenges
to derive a number of hypotheses on the movement of
glucose and lactate under various conditions of brain activity
and metabolic status. Our hypotheses also rely on previous
experiments that have examined glucose and lactate metabolism
either in vivo or more often in cell cultures and brain
slices preparations.

Electrical vs. Motor Stimulation
In the present study and our previous ones, we examined
the effect of in vivo behavioral or sensory stimulation on
brain extracellular glucose and lactate. There is evidence
that in vivo wheel running is sufficient to induce neuronal
activity in the primary motor cortex, and that this neuronal
activity fluctuates with the speed of the wheel running (Fisher
et al., 2016). Our results confirmed a comparable impact of
voluntary wheel running on extracellular metabolite fluctuations
as those obtained either by discrete stimulation (Hu and
Wilson, 1997b) or alternative behavioral testing (McNay et al.,
2006).

Interestingly, if we compare our behavioral results to those of
discrete electrical stimulations, such as the work done by Hu and
Wilson, we observe a similar pattern. Hu and Wilson measured
extracellular glucose, lactate and oxygen in the dentate gyrus
of anesthetized rats following performant path stimulation (Hu
and Wilson, 1997b). Two patterns of response were observed
by Hu and Wilson: an immediate short-term pattern and a
longer term one over the course of repeated stimulations.
The immediate pattern was a sharp 10% decrease in glucose
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FIGURE 5 | Illustration of data sampling. This figure illustrates a single run and demonstrates the sampling stability of the electrodes prior to behavior. Time 0 and the
arrow (red) represents the start of the run. The 2+ minutes of extracellular values (% from baseline) prior to the start of the run (left of the arrow) represent fluctuations
in extracellular glucose (open circle) and extracellular lactate (filled circle) during normal (non-running) activity in the testing cage. These values remain close to
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and oxygen, and a 25–35% decrease in lactate followed by a
quick rebound that overshot briefly the pre-stimulation values.
The overlaid long-term pattern was a progressive increase in
extracellular lactate (up to 200% baseline), a moderate decrease
in extracellular glucose (80% of baseline) and a very small
(5%) increase in oxygen. When the stimulations ended, glucose
and oxygen returned to baseline within 5 min, while lactate
was still at 20% above baseline 20 min later. In a previous
dataset, we observed that the initiation of any movement was
associated with a brief (3 s) 13% decrease in extracellular glucose
and a 22% decrease in lactate in the motor cortex, which
are comparable in size but much briefer than those observed
following electrical stimulation. In the present experiment,
sustained running produced a similar de-coupling in extracellular
glucose and lactate. However, the increase in lactate and decrease
in glucose observed here were much smaller than those observed
with electrical stimulation. The results suggest that neuronal
activation induces two different processes. The first process,
occurring within seconds of stimulation (Hu and Wilson, 1997b)
as well as subsequently to motor initiation (prior data set),
appears to be a rapid and short-term depletion of glucose and
lactate from the extracellular space followed by a longer-term and
progressive accumulation of lactate accompanied by a progressive
decrease in extracellular glucose that continues as long as the
behaviors are occurring. At face value, these results suggest
that immediately after brain stimulation, extracellular glucose
and oxygen are depleted. This depletion is likely the result of
increased oxidative phosphorylation of glucose. As discussed in
the introduction, neuronal activation is an energetically costly
process, and most energy in the brain is provided through
oxidative phosphorylation of glucose. The short-term decrease
in extracellular lactate that occurs simultaneously suggests that
lactate is also used as metabolic fuel during this early activation
either by neurons or other cells. Running, and general motor
behavior, would increase circulating lactate, and given that lactate
transport is dependent upon a concentration gradient, decreased
extracellular suggests lactate is entering brain cells not exiting
the brain. However, our previous experiment examining the
impact of visual stimulation on lactate and glucose in the visual
cortex found a similar lactate increase in the visual cortex.
Therefore, this increase is unlikely to be due exclusively to
lactate released by muscle activity entering subsequently the
brain. Extracellular lactate produced from glycogen breakdown
may be a source of metabolic support, enabling appropriate
brain function (Suh et al., 2007; Brown and Ransom, 2015;
Matsui et al., 2017) but recent evidence suggests that glycogen
may support astrocytic, rather than neuronal energy needs,
thus sparing substrates (e.g., lactate, glucose) for neuronal use
(DiNuzzo et al., 2010; Dienel and Cruz, 2015; Dienel and
Rothman, 2020).

The secondary process, represented by the longer-term
accumulation of lactate in the extracellular space and
the continued decrease in extracellular glucose, suggests
elevated glucose consumption. Elevated glucose consumption,
accompanied with elevated extracellular lactate, points to a
significant portion of the metabolized glucose (or glycogen)
being converted to lactate and shuttled out of the cell.

Importantly, the type of cell producing this lactate has
been extensively debated (Díaz-García and Yellen, 2018;
Fernández-Moncada et al., 2018; Yellen, 2018), and it is
unclear if this lactate is shuttled out of the cell as waste
product or shuttled out of the astrocytes as a potential energy
source for neurons.

The hypothesis that OXPHOS and aerobic glycolysis
both occur during neuronal stimulation is consistent with
the well-described decoupling between glucose utilization
and oxygen consumption measured by Positron Emission
Tomography during brain activation (Fox and Raichle, 1986).
If the increase of extracellular lactate is directly related
to neuronal oxidative glycolysis, then the examination
of the time course of extracellular glucose decrease and
extracellular lactate may provide additional information.
Although brain electrical stimulation is a useful tool to
examine neuronal activation, it does not reproduce the
varied pattern of neuronal activation produced by in vivo
non-anesthetized sensory stimulation or motor activity.
In the next section we examine the temporal pattern of
extracellular glucose and lactate produced in the motor cortex by
different behaviors.

Progressive De-Coupling of Extracellular
Glucose and Lactate During Motor
Behavior
We showed that as wheel running continues, extracellular
lactate continues to rise, and glucose continues to decrease. We
previously demonstrated that this same de-coupling pattern of
occurs in the visual cortex of freely moving mice when visually
stimulated (Béland-Millar and Messier, 2018). Our observations
are also compatible with the reduction in extracellular glucose
(McNay et al., 2000, 2001; McNay and Gold, 2001; Newman et al.,
2011) and increase in extracellular lactate (McNay et al., 2006;
Newman et al., 2011) levels in the hippocampus during spatial
working memory testing.

As we have found, the magnitude of the decrease appears
to be proportional to the cognitive demands of the tasks
(McNay et al., 2000, 2001; McNay and Gold, 2001). Interestingly,
others have found that the decrease in extracellular glucose
during cognitive testing is magnified in older animals and
is accompanied by impaired performance (McNay and Gold,
2001). However, the fact that this performance impairment
can be alleviated by an ip or intra-cranial injection of
glucose, suggests that the large decrease in extracellular glucose
in older animals may be due to a mismatch between the
neuronal availability and demand of glucose. Together these
results support the importance of glucose availability and is
consistent with the observation that new training produces
an increase in GLUT1 glucose transporter expression in the
hippocampus for memory training (Choeiri et al., 2005)
and in the sensorimotor, motor cortex and cerebellum in
mice given 48-h access to a running wheel (Allen and
Messier, 2013). In that last experiment, running wheel access
also increased the expression of beta-tubulin III, a neuron-
specific microtubule, which suggested that the increased GLUT1
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expression was also associated with neuronal remodeling
(Allen and Messier, 2013).

A second observation is the temporal de-coupling between
lactate and glucose. When the animal starts running, the decrease
in extracellular glucose appears to lag from 10 to 90 s behind
the increase in extracellular lactate. We propose that this delay
represents the cells initial reliance on astrocytic glycogen stores
to meet energetic demands following activation (Brunet et al.,
2010). This buffer provided by the internal glycogen stores limits
the need for cells to use intracellular glucose pools (Dienel,
2018), sparing extracellular glucose. Subsequently, when the
initial local supply of glycogen is reduced, intracellular glucose
pools are more heavily relied upon, thereby reducing extracellular
glucose. The increased reliance on astrocytic glycogen may
result in elevated extracellular lactate, as suggested by Dienel
(2019). There is, however, additional controversy as to whether
glycogen is converted to lactate to support surrounding neurons
or whether glycogen is used glycolytically within astrocytes to
spare extracellular glucose for surrounding neurons (Suh et al.,
2007; Newman et al., 2011; Suzuki et al., 2011; Brown and
Ransom, 2015; Matsui et al., 2017; Duran et al., 2019; Rich
et al., 2019; Swanson, 2020). Regardless, increases in extracellular
lactate are likely at least partially the result of glycogenolysis.
Combined with the glycogen stores, it is also likely that glucose
uptake from blood may be able to transiently compensate for
the increased demand, thereby resulting in relatively stable
extracellular glucose vales.

This work extends previous research and demonstrates that
neuronal activation leads to a quick increase in extracellular
lactate and more subtle decrease in extracellular glucose
within the primary motor cortex of free moving and awake
mice engaging in voluntary motor behavior. Additionally,
it demonstrates, in awake animals, the additive effect of
continuous activation.

Effort Magnifies Extracellular Metabolite
Fluctuations
Previous research has demonstrated that increasing task difficulty
increases neuronal demand, which in turn leads to increased
cortical activation (Gevins et al., 1997; Winstein et al., 1997;
Adler et al., 2001; Bokde et al., 2005; Chen et al., 2008;
Siciliano et al., 2017) as well as increased cerebral blood flow
(Winstein et al., 1997), oxygen (Causse et al., 2017), glucose
uptake (Matsunami et al., 1989; Picard et al., 2013; Sampol
et al., 2013; Lundgaard et al., 2015; Díaz-García et al., 2017)
and increased extracellular lactate (Urrila et al., 2003; Sampol
et al., 2013). We observed an amplification of the metabolite
de-coupling during effortful behaviors, when compared to the
running behavior. If we consider decreases in extracellular
glucose and increases in extracellular lactate as indicators of
increased metabolism, effortful behaviors appear to amplify
metabolic cortical demand.

There was no additive effect of the spinning behavior on
glucose and lactate fluctuations, beyond what was observed
in the vertical hold, suggesting that both the spinning
and vertical hold conditions similarly engaged the primary

motor cortex or that the differences in neural activation
across these two conditions did not lie within the primary
motor cortex. In muscle, the rate of glycogenolysis can
increase with workload (Hearris et al., 2018). Therefore,
amplified increases in extracellular lactate produced by effortful
behaviors may be the result of increased aerobic glycolysis or
elevated rates of glycogenolysis, most likely some combination
of the two. Altogether, we propose that the vertical hold
paradigm is an appropriate measure of behavior induced
neural activation and a useful paradigm for future investigation
of awake, freely moving mice, with the advantage over the
spinning paradigm that it less likely to result in damaging
sensitive equipment.

Novelty and Experience Differentially
Impact Extracellular Fluctuations
In contrast to increases in neuronal activation during challenging
tasks, the repetition of a novel or challenging tasks reduces neural
activation/firing (Raichle et al., 1994; Gevins et al., 1997; Maccotta
and Buckner, 2004; Yamaguchi et al., 2004; van Mulukom
et al., 2013; Apšvalka et al., 2015; Satpute et al., 2016) as well
as cerebral blood flow (Tsujimoto et al., 2000; Landau et al.,
2004; Apšvalka et al., 2015) and metabolic activity (Haier et al.,
1992; Picard et al., 2013; Béland-Millar and Messier, 2018).
Specifically, Fisher et al. (2016) demonstrated that stereotypic
running, following 2 weeks of access to a running wheel, reduced
neuronal firing. Zhou et al. (2019) demonstrated that motor
learning occurred in two phases. Initial learning and rapid
changes in neural activity occurred swiftly after the new behavior,
lasting anywhere from a few minutes to a few hours, during
which motor errors decreased. Subsequently, substantial cortical
reorganization occurred within several weeks of training and was
associated with more efficient control of movement and behavior.
This bi-phasic response appears to be observed in our results.
Long term training/habituation (4 weeks) to a running wheel
abolishes the rise in extracellular lactate, suggesting decreased
metabolic activity as a result of neuronal efficiency. Short-
term habituation (24 h) had the opposite effect, resulting in
extracellular lactate levels that surpassed the levels observed on
day 1. This contrasted pattern of metabolic activation is similar
to what was observed by Sif et al. (1991) during training of a
new task. Incomplete training leads to high level of metabolic
activity lasting 24 h in relevant brain regions, while mastered
training does not (Sif et al., 1991). Similarly, repeated training
sessions produce lasting metabolic increases during the first days
of training but when the task is mastered, the metabolic activation
produced by the trained behavior is limited to less than 5 min
(Bontempi, 1996).

This bi-phasic response appears to be restricted to behaviors
that have a longer learning curve or require active, rather than
passive, participation in learning the behavior. In the novel object
task, a relatively passive paradigm, when mice are exposed to a
previously novel stimulus for the second time the fluctuations
in extracellular metabolites that were observed during the initial
presentation are completely absent (Béland-Millar and Messier,
2018). We observed this same trend for behaviors that are
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not initiated, or controlled, by the mouse (effortful behaviors).
During the first exposure (day 1) to the effortful behaviors,
the expected de-coupling pattern between extracellular glucose
and lactate is observed. This response is significantly altered on
day 2. This abolished response is not only different than the
trends observed with 24-h of wheel-running exposure (increase
in extracellular lactate on day 2) but is similar to the results
observed following 4 weeks of exposure to the running wheel.

Beyond novelty and habituation, stress and fitness may also
play a role in the observed fluctuations. For the most part,
though not controlled, fitness was assumed to be similar given
the identical housing and manipulation of the mice. A notable
exception, of course, is the group of mice receiving 4-weeks
of prior access to the running wheels. On average, these mice
ran 14 times further in a day than the mice who just received
access to their running wheel, and ran faster (see section
“Results”). Alongside the neuronal restructuring that occurs
with learning and practice, fitness may have played a role in
limiting the rise in extracellular lactate during wheel running with
decreased peripheral (blood) lactate production (Favier et al.,
1986). Though stress is unlikely to play a significant role in
the wheel running data given the habituation and voluntary
nature of the behavior, it may have played a role in the testing
of the effortful behaviors given the manipulation required to
place the mouse on the grid. The impact of stress is challenging
to untangle from the impact of the behavior given that both
motor behavior and stress are known to increase cerebral
lactate (Favier et al., 1986). However, in rats, stressors such
as tail pinch and social interactions have resulted in decreased
extracellular glucose (Kiyatkin and Lenoir, 2012), which is
not observed here.

Link to Cortical Metabolism
Beyond the ANLS and NALS, one hypothesis focuses on
another functional role of lactate production through aerobic
glycolysis. It has been suggested that aerobic glycolysis, that
is to say glycolysis terminating in the production of lactate
rather than pyruvate even in the presence of sufficient
oxygen levels, is used to fuel biosynthesis and development
and or plasticity of neural networks to support “learning”
(Fellows et al., 1993; Bauernfeind et al., 2014; Goyal et al.,
2014; Shannon et al., 2016). Intracellular lactate production
(or import) alters the redox ratio by increasing intracellular
NADH through the equilibrative LDH enzyme. This altered
intracellular redox ratio decreases the production of glycolytic
intermediates destined for oxidative phosphorylation through
negative feedback loops due to the accumulation of various
downstream products. This accumulation, in turn, increases
the shuttling of the glycolysis/glucose derived carbon through
the pentose phosphate pathway. Processing of glucose derived
carbon through the pentose phosphate pathway results in the
synthesis of various proteins, lipids and nucleotides, necessary
for the biosynthesis and development of neural network
infrastructure (Raichle, 2015). This is further supported by
evidence indicating the need for glycolysis and lactate during
memory formation (Suzuki et al., 2011; Steinman et al., 2016;
Harris et al., 2019).

The observations presented here are in agreement with this
hypothesis, in so much that aerobic glycolysis, and therefore
extracellular lactate, would be increased when the behavior
is novel as well as when the behavior is being learned (i.e.,
learning to use the running wheel); and as the behavior
becomes “learned” the necessary neural pathways have been
built or made more efficient, thus reducing neuronal activation,
consequently (according to this hypothesis) diminishing the
need for aerobic glycolysis, and therefore extracellular lactate, to
support the development of new neural network infrastructure.
Indeed, with training, such as in wheel running, vascular
GLUT1 expression is increased as well as indicators of neuronal
plasticity in the motor cortex and cerebellum (Allen and
Messier, 2013). This suggests a strong link between metabolic
and cortical reorganization as well as a possible shift to
more OXPHOS-oriented metabolism following the development
of neural networks and infrastructure. At this juncture, we
consider this to be the most likely hypothesis to explain
the decrease in extracellular lactate following habituation.
However, we cannot discount other hypotheses (e.g., ANLS,
NALS) or possibilities such as improved removal or neuronal
consumption of lactate, either in neurons or astrocytes. Evidence
of increase glucose transporter expression following exercise
training could indicate improved glucose oxidation, limiting
the need for transfer of lactate, either from glycogen or
aerobic glycolysis.

Although our results are not able to distinguish and
determine which hypothesis is correct (ANLS, NALS or
aerobic glycolysis for biosynthesis), our observed data fit
well with the possibility that aerobic glycolysis occurs to
fuel biosynthesis. The large increases in extracellular lactate
observed during the learning of the wheel running or the
first day of spinning would indicate large levels of aerobic
glycolysis as the mice engage in and learn new behaviors.
Subsequently, the abolished rise in extracellular lactate following
training and familiarity would indicate absent, or low levels,
of aerobic glycolysis following exposure to these behaviors.
Interestingly, the hastened decrease in extracellular glucose
following chronic exposure to the running wheel may indicate
that extracellular lactate, either blood-borne or as a result
of aerobic glycolysis, may have, in part, sustained neuronal
metabolic activity.

CONCLUSION

This work has extended the observation that neuronal activity
results in increases in extracellular lactate and decreases in
extracellular glucose within the primary motor cortex. This
work has also identified and compared observable voluntary
and imposed behaviors as a method of motor cortex activation
for use with these sensors. It has demonstrated how these
fluctuations can vary with experience, novelty and intensity of
motor behaviors. Although our observations do not directly
demonstrate the hypothesis, they are nonetheless compatible
with the notion that a main function of aerobic glycolysis is
not to fuel the current neuronal activity but to sustain new
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bio-infrastructure as neural networks develop, chiefly through
the shuttling of glucose derived carbons into the pentose
phosphate pathway for the biosynthesis of nucleotides.
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