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Abstract

A diverse array of neurometabolic coupling mechanisms exist within the brain to ensure that
sufficient metabolite availability is present to meet both acute and chronic energetic demands.
Excitatory synaptic activity, which produces the majority of the brain’s energetic demands,
triggers a rapid metabolic response including a characteristic shift towards aerobic glycolysis.
Herein, astrocytically derived lactate appears to serve as an important metabolite to meet the
extensive metabolic needs of activated neurons. Despite a wealth of literature characterizing
lactate’s role in mediating these acute metabolic needs, the extent to which lactate supports
chronic energetic demands of neurons remains unclear. We hypothesized that synaptic
potentiation, a ubiquitous brain phenomenon that can produce chronic alterations in synaptic
activity, could necessitate persistent alterations in brain energetics. In freely-behaving rats, we
induced long-term potentiation (LTP) of synapses within the dentate gyrus through high-frequency
electrical stimulation (HFS) of the medial perforant pathway. Before, during, and after LTP
induction, we continuously recorded extracellular lactate concentrations within the dentate gyrus
to assess how changes in synaptic strength alter local glycolytic activity. Synaptic potentiation 1)
altered the acute response of extracellular lactate to transient neuronal activation as evident by a
larger initial dip and subsequent overshoot and 2) chronically increased local lactate availability.
Although synapses were potentiated immediately following HFS, observed changes in lactate
dynamics were only evident beginning ~24hrs later. Once observed, however, both synaptic
potentiation and altered lactate dynamics persisted for the duration of the experiment (~72hrs).
Persistent alterations in synaptic strength, therefore, appear to be associated with metabolic
plasticity in the form of persistent augmentation of glycolytic activity.
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1. Introduction

Proper brain function depends upon a precise coupling between neuronal activity and brain
metabolism. Macroscopic energetic demands scale linearly as a function of the total number
of neurons (Fonseca-Azevedo and Herculano-Houzel, 2012) and brain volume (Karbowski,
2007). Mesoscopically, the small world architecture of the brain, characterized by dense
local connectivity and sparse long-range connections (Bassett and Bullmore, 2006), appears
ideally suited to maximize signaling complexity while minimizing energetic costs (Tomasi et
al., 2013). On the microscopic level, brain metabolism appears to have constrained
physiological processes responsible for synaptic activity including the density of functional
synapses (Zhou and Liu, 2015), ion fluxes responsible for the action potential (Alle et al.,
2009), dynamics of neuronal firing (Hasenstaub et al., 2010), and even the Kinetics of
postsynaptic glutamate receptors and transporters (Attwell and Gibb, 2005). Collectively,
these observations highlight the large extent to which brain structure is constrained by
neuroenergetics.

As structure typically begets function, it is not surprising that functional neuronal activity
and neuroenergetics are likewise fundamentally intertwined. Energetic demand is 3-fold
higher in the synapse-rich gray matter than in white matter (Harris and Attwell, 2012) and
brain glucose consumption is coupled to glutamate-glutamine cycling, an index of excitatory
neuronal signaling (Sibson et al., 1998). Indeed, a mathematical model of brain energetics
predicts that 37% of the entire energy budget of the brain is dedicated to reversing ion flux
following activation of postsynaptic receptors (Harris et al., 2012). The high energetic costs
of synaptic activity are supported by 1) the subcellular localization of mitochondria, with
~60% of neuropil mitochondria found within the dendrites (Wong-Riley, 1989) and 2)
neurometabolic coupling mechanisms that locally increase metabolite supply in response to
neuronal activation (Chaigneau et al., 2007; Viswanathan and Freeman, 2007).

During acute neuronal activation, brain metabolism additionally appears to shift from the
near complete oxidation of glucose to an increased reliance upon aerobic glycolysis (Fox et
al., 1988). A consequent increase in extracellular lactate concentration is typically observed
(Hu and Wilson, 1997; Caesar et al., 2008; Li and Freeman, 2015), although the origin and
functional consequences of these increases remain contested (Dienel, 2013, 2017; Bak and
Walls, 2018; Magistretti and Allaman, 2018; Yellen, 2018). For example, lactate may 1)
have important intracellular energetic consequences for the cell in which glycolysis occurs
(Lundgaard et al., 2015; Diaz-Garcia et al., 2017; Diaz-Garcia and Yellen, 2019) and 2)
extracellularly, serve primarily as a signaling molecule through the activation of both direct
and indirect receptors (Yang et al., 2014; Mosienko et al., 2015; Jourdain et al., 2018) before
being extruded across the blood-brain barrier (Dienel, 2017). Alternatively, lactate may
primarily serve a metabolic role as outlined in the astrocyte neuron lactate shuttle hypothesis
(ANLS; (Pellerin and Magistretti, 1994; Magistretti and Pellerin, 1999; Magistretti and
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Allaman, 2018). Here, lactate derived from astrocytes is proposed to 1) supply ATP
necessary for astrocytic uptake of synaptically-released extracellular glutamate and 2)
produce lactate that can be shuttled to neurons as an energetic substrate. This
compartmentalization of metabolic processing may additionally regulate neuronal and
astrocytic redox states (Kasischke et al., 2004; Aubert and Costalat, 2005; Hirrlinger and
Dringen, 2010). Moreover, the ANLS highlights a critical role for lactate in supporting
neuronal signaling and provides a compelling mechanism by which astrocytic glycogen (the
primary energetic store within the brain) can be rapidly mobilized to support altered
metabolic demands (Brown, 2004). Consistent with this idea, glycogen is preferentially
situated within astrocytic processes in close proximity to synapses (Cali et al., 2016) and
glycogenolysis and subsequent lactate efflux from astrocytes are rapidly triggered by
excitatory neuronal activity (Pellerin and Magistretti, 1994; Brown and Ransom, 2007).
Synaptic activity, therefore, is a metabolically demanding process that appears to initiate
glycolysis and increase extracellular lactate availability. Consistent with these observations,
the rate of aerobic glycolysis during development is highest during periods of robust
synaptic growth and is correlated in adulthood with the expression of genes responsible for
synapse formation and growth (Goyal et al., 2014). Likewise, brain regions that exhibit high
functional connectivity have high rates of glucose consumption (Tomasi et al., 2013) and
aerobic glycolysis (Vaishnavi et al., 2010).

These associations between synaptic activity and glycolysis raise the distinct possibility that
persistent modifications to synaptic strength are accompanied by persistent alterations in
lactate dynamics. Lactate appears necessary for the formation of long-term potentiation
(Newman et al., 2011; Suzuki et al., 2011) and both the acquisition (Gao et al., 2016; Harris
et al., 2019) and reconsolidation (Zhang et al., 2016) of long-term memory. However, the
extent to which long-term modifications of synaptic strength are accompanied by persistent
modifications in lactate dynamics remains unclear. To address this question, we used fixed
potential amperometry to chronically record extracellular lactate concentrations ([lac]) in the
dentate gyrus of freely-behaving rats before, during, and up to 72 hours after the induction
of long-term potentiation. We observed that synaptic potentiation was associated with
persistent alterations in 1) acute lactate dynamics following neuronal activation and 2)
chronic lactate availability within the dentate gyrus. Increased energetic demands associated
with synaptic potentiation, therefore, may result in metabolic plasticity in the form of
persistent augmentation of glycolytic activity.

2. Methods

2.1. Animals and Stereotactic Surgery

Sprague-Dawley rats (3—4 months old, N=9; Charles River, Wilmington, MA) were housed
under standard laboratory conditions (12hr light/dark cycle, ad /ibitum access to food/water).
Stereotactic surgery was performed under isoflurane anesthesia (3.5% induction, 2—-3%
maintenance; V-1 Tabletop, VetEquip, Livermore, CA) to facilitate electrophysiological and
electrochemical recordings from the dentate gyrus of freely behaving rats before, during, and
after the induction of long-term potentiation (LTP). Preoperative analgesia (Meloxicam;
2mg/kg; MWI, Boise, ID) and an antibiotic treatment (Penicillin; 100,000 units/kg) were
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administered. The skull was exposed to enable implantation of an indwelling cannula
(MD-2250; BASI, West Lafayette, IN) with an affixed local field potential (LFP) recording
electrode (Teflon-coated stainless steel wire, 0.008in diameter; A-M systems, Sequim, WA)
targeted to the hilus of the dentate gyrus (AP: —=3.5mm, ML: —2mm, DV: -3-3.5mm). A
stimulating depth electrode (Teflon-coated stainless steel wire, 0.008in diameter) was
implanted within the medial perforant path (AP: —8.1mm, ML: =4.2mm, DV: —=3.5mm). Two
stainless steel screws (Plastics One, Roanoke, VA) were affixed above the cerebellum to
serve as references for our recording and stimulating electrodes. Precise final positioning of
the stimulating and recording electrodes was achieved by maximizing the size of the
electrically evoked response observed in the dentate gyrus following perforant path
stimulation (200uS square pulse, 0.1 — 1.5mA). All implants were affixed to the skull with
dental acrylic (Lang Dental; Wheeling, IL) and connected, via a flexible cable (Plastics
One), to a commutator (Plastics One) that permitted unconstrained movement throughout the
rat’s home cage. Postoperative analgesia (Meloxicam) was administered 12—24 hours after
the conclusion of surgery. All methods were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved
by Middlebury College’s Institutional Animal Care and Use Committee.

2.2. Amperometric Recordings of Lactate Concentration [Lac]

A minimum of seven days of post-operative recovery passed prior to commencing any
experimentation. One day prior to the experimental induction of LTP /n vivo, we performed
in vitro calibrations of lactate-sensitive amperometric biosensors (Pinnacle Technologies,
Lawrence, KS). These sensors consist of an integrated Ag/AgCl reference electrode and a
platinum/iridium recording electrode coated with lactate oxidase and a series of selective
membranes to increase specificity and sensitivity to lactate. When lactate comes into contact
with the biosensor, it is oxidized by lactate oxidase, yielding hydrogen peroxide as a
byproduct of the reaction. Continuous application of a 0.6V potential to the recording
electrode ensures the rapid oxidation of this hydrogen peroxide and the current generated by
this redox reaction can be monitored as a measure of lactate concentration. This entire
process is rapid (<1s), highly sensitive and selective for lactate, and generates current that is
proportional to the concentration of lactate at the biosensor (Dash et al., 2012; Naylor et al.,
2012). Following successful calibration, the biosensor was implanted through the indwelling
cannula within the dentate gyrus (directly adjacent to the LFP recording electrode affixed to
the outside of the cannula). Biosensor implantation occurred ~20hrs prior to /n vivo LTP
induction. Once implanted, the biosensor was connected to a headstage amplifier (Pinnacle
Technologies) and a data acquisition system (8401 DACS, Pinnacle Technologies) which 1)
continuously applied a 0.6V potential to the recording electrode for fixed potential
amperometry and 2) recorded redox current (1Hz sampling rate). Amperometric recordings
of lactate were continuously performed until the conclusion of the experiment (~72hrs after
LTP induction).

2.3. Hippocampal Evoked Responses and Long Term Potentiation Induction

The medial perforant pathway provides monosynaptic input to neurons within the dentate
gyrus and serves an ideal model system for monitoring synaptic strength and inducing LTP.
Electrical stimulation of the medial perforant pathway reliably produces an evoked response
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that can be recorded by the LFP implanted within the dentate gyrus. Two primary
components of the evoked response can be quantified: 1) the field excitatory postsynaptic
potential (fEPSP), a measure of depolarization within the dentate gyrus and 2) the
population spike (PS), a measure of subsequent action potential generation. To record
evoked responses, LFP electrodes were amplified (100x), filtered with a differential
amplifier (low-pass: 10kHz, high-pass: 1Hz; DP-301, Warner Instruments, Hamden,
Connecticut), and digitized (10,000Hz; Micro 1401; Signal 4; Cambridge Electronic Design,
Cambridge, England). Stimulation electrodes were connected to a battery-powered stimulus
isolator unit (World Precision Instruments A365, Sarasota, FL).

Evoked response stimulations (square pulse, 200uS duration, 0.1-1.5mA) were delivered
and a baseline stimulation intensity was determined as that necessary to produce ~40% of
the maximal PS that could be elicited. For each rat, baseline stimulation intensity was
maintained throughout the experiment. To measure synaptic strength, we quantified the
average PS amplitude from 30 baseline stimulations delivered at 0.05Hz (see Figure 1 for
complete experimental timeline and summary of all stimulation parameters). To
experimentally induce long-term potentiation, high-frequency stimulation (HFS) of the
perforant path was delivered to each rat. Herein, each train of stimulations consisted of 12
pulses (200us square waves, baseline intensity) delivered at 400Hz. 3 sets (2 min interset
interval) of 3 trains (20s intertrain interval) comprised our HFS stimulations. In each rat,
LTP was induced at 2pm (four hours after light onset).

2.4. Acute Lactate Stimulations

2.5.

Acute neuronal activation locally increases metabolic demand and can alter extracellular
metabolite availability (Hu and Wilson, 1997; Chaigneau et al., 2007; Viswanathan and
Freeman, 2007). While baseline stimulations (200us, square pulses) produced reliable and
quantifiable evoked responses within our dentate gyrus LFP, they did not appear to produce
sufficient neuronal activation to produce quantifiable changes in extracellular lactate
availability (data not shown). Consequently, we developed an acute lactate stimulation (12
trains of 15, 200us pulses at 50Hz, 40s intertrain interval) that was designed to 1) produce
sufficient activation within the dentate gyrus to alter local energetics and 2) not produce
lasting alterations in synaptic strength. Acute lactate stimulations were delivered before and
after the induction of LTP to assess whether alterations in synaptic strength affect coupling
of neuronal activation and extracellular lactate dynamics (see Figure 1 for experimental
timeline).

Data Analyses and Statistics

All electrophysiological and amperometric data were processed and analyzed using custom
scripts in Mathworks MATLAB (Natick, MA). Additional inferential statistics were
conducted using SPSS (IBM, Armonk, NY). To assess the statistical significance of changes
in PS amplitude over time, we employed a repeated measure ANOVA. As technical
challenges pairing acute electrical stimulation and amperometric recordings of lactate
resulted in several missing data points (four time points across three rats), acute
amperometric data were instead analyzed with linear mixed effects models (fixed effect of
stimulation time, random effect of subject, maximum likelihood estimation, compound
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symmetry covariance). Such an approach enabled us to fully incorporate all of our recorded
data when assessing the statistical significance of stimulation time point on extracellular
lactate dynamics.

To quantify population spike amplitude, we first drew a tangent between the two apices of
the evoked response. The amplitude of a vertical line draw between this tangent line and the
trough of the PS served as our measure of PS amplitude (see Figure 3A; McNaughton and
Barnes, 1977; Korol and Gold, 2008; Dash et al., 2018). PS amplitudes were averaged across
the 30 stimulations comprising a baseline stimulation session.

Amperometric recordings of extracellular [lac] were processed as previously described to 1)
remove the effects of non-faradaic current generated upon the initial polarization of the
recording electrode and 2) account for the slow, progressive decline in faradaic current
produced by the biosensor that arises from enzymatic degradation of the applied lactate
oxidase enzyme (Dash et al., 2009, 2012, 2013). Herein, we removed the initial 5 hours of
recorded lactate data (wherein polarization-induced non-faradaic current may be present), fit
a line to the remaining data to model linear decay, and rectified the lactate data to
analytically correct for this delay. This corrected amperometric signal was then used for all
further analyses.

For analyses of acute changes in [lac] following neuronal activation, individual stimulation
time points were extracted from the chronic lactate signal using TTL markers generated at
the time of stimulation. [Lac] was normalized as a function of pre-stimulation baseline levels
and parameters characterizing activity-induced changes in [lac] were calculated including
the magnitude and timing of the initial decrease in [lac] and the magnitude and timing of the
ensuring overshoot in [lac]. For analyses of chronic changes in [lac], we binned and
averaged [lac] in one-hour increments and expressed [lac] as a function of pre-LTP baseline
values.

2.6 Chronic Lactate Controls

In the experiments described above, extracellular [lac] were recorded for up to 72hrs
following LTP induction. As LTP was induced in all rats, any observed changes in [lac] over
time could be confounded by methodological and/or analytical constraints inherent to our
chronic amperometric biosensor recordings. To control for these constraints, we performed
similar analyses to those described above in two distinct control populations in which
extracellular [lac] were chronically recorded, but LTP was never induced. The first control
population (see Dash et al., 2012) was comprised of chronic amperometric recordings of
[lac] from frontal cortical regions of freely-behaving Wistar Kyoto rats (N=10). This control
population reflects almost entirely spontaneous alterations in extracellular [lac] as either no
experimental manipulations were undertaken (N=5) or only a single 3 hour sleep restriction
was undertaken across the entire recording duration (N=5). The second control population
(N=6) was comprised of rats used to pilot the experimental procedures used in the present
manuscript and consequently mirror all experimental approaches except in the specific
characteristics of the electrical stimulations they received. Here, individual rats may have
received variations in their acute lactate stimulation parameters and/or HFS stimulation;
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critically, however, we did not observe synaptic potentiation in any of these rats following
any stimulation.

3. Results

We sought to investigate how changes in synaptic strength affect glycolytic neuroenergetics.
To do so, we chronically recorded extracellular [lac] within the dentate gyrus before and
after induction of LTP (see Figure 1A for timeline and a description of stimulation
parameters).

3.1. Dynamic changes in extracellular [lac] in response to acute neuronal activation

Lactate is an important brain metabolite whose availability rapidly changes in response to
physiological demands and/or pathological conditions (De Bruin et al., 1990; Dash et al.,
2012; Naylor et al., 2012; Matsui et al., 2017; Newman et al., 2017). Fixed potential
amperometry, an electrochemical technique that enables continuous monitoring of an analyte
of interest with high temporal resolution, is well-suited to characterize both rapid alterations
in extracellular [lac] and prolonged changes in lactate availability across multiple days
(Dash et al., 2012; Naylor et al., 2012; Newman et al., 2017). Figure 2A depicts a typical /n
vitro calibration of a lactate-sensitive amperometric biosensor used in this study to monitor
extracellular [lac]. In response to increases in [lac], this biosensor rapidly (~1s) generates an
increase in current that is linear across the range of [lac] expected to be observed /in vivo.
Across all calibrations, biosensors were highly sensitive to changes in [lac] with an average
limit of detection of 5.71 + 0.90uM.

Calibrated biosensors were implanted into the dentate gyrus of freely behaving rats to record
extracellular [lac]. Electrical stimulation of the medial perforant path (12 trains of 15 pulses
at 50Hz, 40s intertrain interval), which provides excitatory synaptic input to the dentate
gyrus, produced consistent alterations in extracellular [lac] (Figures 2B/C). Following each
stimulation train, [lac] initially decline (98.41 + 0.98% of pre-stim levels; t(8) = -4.57, p =
0.002), reaching a nadir in 2.92 + 0.47 seconds. [Lac] subsequently increase, reaching a
peak (103.18 + 1.34% of pre-stim levels; t(8) = 6.74, p = 1.47 x 10™) in 6.93 + 1.03
seconds. These observed changes in [lac] are 1) consistent with previous reports describing
an initial dip and subsequent overshoot in [lac] following acute neuronal activation (Hu and
Wilson, 1997; Aubert et al., 2005) and 2) demonstrate the effectiveness of using lactate-
sensitive biosensors to monitor changes in [lac] /n vivo.

3.2. High Frequency Stimulation Produces Lasting Synaptic Potentiation

Acute electrical stimulation (single pulse, 200uS duration) of the medial perforant pathway
can also be used to elicit a hippocampal evoked response. To determine the baseline
stimulation intensity for each rat, we recorded evoked responses across different stimulation
intensities (Figure 3A). As stimulation intensity increased (i.e. greater activation of medial
perforant pathway), we observed that the amplitude of the PS likewise increased. The
stimulation intensity that produced a PS equal to ~40% of the maximal PS elicited was
chosen as the baseline stimulation intensity.
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Like stimulation intensity, changes in synaptic strength also affect evoked response
magnitude. To quantify changes in synaptic strength, therefore, we assessed population spike
amplitude in response to acute stimulations at baseline intensity before and after induction of
LTP via high-frequency stimulation (HFS). HFS produced robust synaptic potentiation as
evident by a marked increase in population spike amplitude (see Figure 3B for a typical
example). Across all rats, HFS stimulation induced significant potentiation of the population
spike that was evident immediately after HFS stimulation and persisted for at least 72hrs
(F(7,56) = 5.20, p = 1.32 x 10~*; Figure 3C). Thus, we were able to reliably induce long-
term potentiation within the dentate gyrus.

3.3. Synaptic Potentiation Induces Changes in the Acute [Lac] Response to Neuronal

Activation

To assess the effects of synaptic potentiation on extracellular [lac] dynamics, we compared
changes in [lac] in response to acute neuronal activation observed before and after LTP
induction. Across all stimulation time points, we observed a canonical initial dip and
subsequent overshoot of baseline [lac] in response to acute neuronal activation (Figure 4A
and see Figure 2B/C). The timing and magnitude of these responses, however, were not
static across all stimulation time points; instead, we observed pronounced changes in both
response timing and magnitude that were initially evident 24hrs after LTP induction and
persist for the remainder of the recording period (Figure 4A).

To test the statistical significance of these observed changes in dip and overshot
characteristics, we used linear mixed models with stimulation time point as a fixed effect
and individual subjects as a random effect (see methods). Herein, we observed a significant
effect of stimulation time point on the magnitude of the initial dip in [lac] (F(5, 41.86) =
3.14, p =0.02),with a significant increase in dip magnitude evident 24-72hrs after LTP
induction (Figure 4B). Likewise, the time to reach the dip’s nadir was significantly affected
by stimulation time point (F(5, 41.21) = 9.14, p = 6.55 x 107%), with a significant decrease in
the time to dip nadir present 24—72hrs after LTP induction (Figure 4C). The magnitude of
[lac] overshoot was also significantly affected by stimulation time point (F(5, 42.19) = 6.40,
p = 1.66 x 1074), with a significant increase in overshoot magnitude observed 24-72hrs
post-LTP (Figure 4D). By contrast, stimulation time point did not significantly affect the
time to reach the overshoot peak (F(5, 40.29) = 1.11, p = 0.37; Figure 4E). Thus, beginning
24hrs after the induction of LTP, we observed significant changes in the response of [lac] to
acute neuronal stimulation including increased magnitude of both the initial dip and
subsequent overshoot of [lac] and a significantly quicker initial dip.

3.4. Synaptic Potentiation Induces Changes in Chronic [Lac] Availability

In addition to the acute changes in [lac] following evoked neuronal activation described
above, LTP could additionally alter spontaneous lactate availability across longer timescales
(i.e. hours to days). To test this possibility, we first averaged [lac] observed within each rat
across consecutive one hour blocks throughout the recording period and then created a
composite average across all rats. Similar to previous observations (Dash et al., 2012), a
clear circadian rhythm in extracellular [lac] was visually apparent (Figure 5A). We therefore
modelled this circadian variation in [lac] as a best-fitting cosine function (least squares fit).
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This model explained a significant amount of variance in [lac] (r(75) = 0.62, p =1.83 x
1079), and moreover revealed a rhythm with a 24hr periodicity, peak-to-trough amplitude of
9.00% of pre-LTP baseline values, and an acrophase at 7pm (i.e. nine hours after dark onset;
see Figure 5A).

In addition to circadian modulation of extracellular [lac], the availability of this important
metabolite also appeared to be modulated by LTP as evident by a sustained increase in
extracellular [lac] in the days following LTP induction (see Figures 5A/B). To quantify this
effect, we averaged [lac] within the light and dark periods for each day of our extracellular
lactate recordings. A linear mixed model with individual rats as random effects and 1) light/
dark period and 2) recording day as fixed effects was generated to quantify the effect of
these variables on extracellular lactate availability (Figure 5B). Consistent with our circadian
analyses above, we observed a significant effect of light/dark period (F (1, 37.63) = 6.66, p =
0.01), with [lac] during the dark period 5.28 + 0.61% higher than those observed during the
light period. Strikingly, we also observed a significant effect of recording day (F (2, 37.73) =
4.09, p =0.03), with post-hoc analyses indicating that [lac] were significantly higher in the
two days following LTP induction (Figure 5B). The interaction between light/dark period
and recording day was not observed to be statistically significant (F (2, 37.64) = 0.07, p
=0.93). Thus, following synaptic potentiation, we observed persistent increases in
extracellular lactate availability.

To assess whether these chronic alterations in extracellular [lac] arise as a consequence of
synaptic potentiation (as opposed to arising from unintended consequences of
methodological approaches associated with chronic amperometric recordings), we
performed similar analyses to those described above on two distinct data sets in which
extracellular [lac] were recorded for up to 72hrs but synaptic potentiation was not induced.
We first analyzed data in which extracellular [lac] were continuously recorded from frontal
cortical areas in male Wistar Kyoto rats across the sleep/wake cycle (see Dash et al., 2012
for complete methodological details). Consistent with results in the present study, we
observed a significant effect of the light/dark period on extracellular [lac] (F (1, 39.96) =
5.41, p=0.03). However, no significant effects of recording day (F (2, 41.47) = 0.20, p=0.82)
or interaction between recording day and light/dark period (F (2, 39.96) = 0.14, p=0.87)
were observed. Thus, absent experimental LTP induction, extracellular [lac] were not
observed to increase as a function of experiment duration. We observe similar findings when
analyzing a subset of pilot recordings of extracellular [lac] within the dentate gyrus that were
used to develop the final stimulation parameters used in the present study, but did not result
in LTP induction (see methods for details). Again, [lac] were significantly affected by the
light/dark period (F (1, 28.67) = 11.85, p=0.002), but not recording day (F (2, 28.64) = 0.58,
p=0.57) or interaction between light/dark period and recording day (F (2, 28.64) = 0.16,
p=0.85). Together, these results support a direct role of synaptic potentiation in producing
chronic increases in extracellular [lac] characterized in the present study.

4. Discussion

Through simultaneous recordings of extracellular [lac] and electrically-evoked field
potentials within the dentate gyrus of freely behaving rats, we assessed how synaptic
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potentiation affects extracellular lactate dynamics. HFS of the medial perforant pathway
reliably produced significant potentiation of synapses within the dentate gyrus that persisted
for the duration of our recordings (~72hrs post-LTP induction). Synaptic potentiation was
associated with alterations in both chronic extracellular lactate availability and in the acute
response of lactate to transient neuronal activation. Strikingly, the expression of this
metabolic plasticity was delayed relative to LTP induction; despite pronounced potentiation
of synapses occurring immediately following LTP induction, statistically significant
alterations in both acute and chronic lactate measures were not observed until ~24hrs later.
Thus, synaptic plasticity appears to be associated with metabolic plasticity in the form of
persistent alterations in glycolytic activity.

The brain is equipped with a diverse array of interdependent neurometabolic coupling
mechanisms to ensure that sufficient metabolic supply is directed to meet the extensive
energetic demands associated with acute and chronic alterations in neuronal activity. Herein,
local changes in cerebral blood flow (Chaigneau et al., 2007; Viswanathan and Freeman,
2007), efficacy of nutrient transport across the blood-brain barrier (Leybaert, 2005), and
changes in oxidative and/or glycolytic metabolic processes (Fox et al., 1988) have all been
reported to offset energetic demands associated with excitatory neuronal activation. To this
end, extracellular [lac] have been consistently reported to increase following acute neuronal
activity (Hu and Wilson, 1997; Caesar et al., 2008; Li and Freeman, 2015), although the
source of this lactate and its functional consequences remain contested (Dienel, 2013, 2017;
Bak and Walls, 2018; Magistretti and Allaman, 2018; Yellen, 2018). Some researchers have
argued that acute increases in extracellular [lac] arise following neuronal glycolysis or from
a combination of neuronal/astrocytic glycolysis (Lundgaard et al., 2015; Diaz-Garcia et al.,
2017; Diaz-Garcia and Yellen, 2019). Here, energetic benefits are proposed to occur at the
site of glycolysis prior to lactate efflux to the extracellular space. Within the extracellular
space, lactate may then serve important signaling functions (Yang et al., 2014; Mosienko et
al., 2015; Jourdain et al., 2018; Magistretti and Allaman, 2018), before ultimately being
extruded from the brain (Dienel, 2017). Other researchers, within the broad framework of
the astrocyte neuron lactate shuttle hypothesis (ANLS), argue that extracellular lactate is
largely derived from astrocytic glycolysis and goes on to serve as a critical energy substrate
within neurons (Pellerin and Magistretti, 1994; Magistretti and Pellerin, 1999; Magistretti
and Allaman, 2018). Following synaptic activation, glutamate reuptake within astrocytes
triggers rapid glycogenolysis and lactate efflux to the extracellular space where it can be
taken up by neurons and ultimately converted to ATP (Pellerin and Magistretti, 1994).
Excitatory synaptic activity is ultimately dependent upon these mechanisms as their
disruption produces a pronounced reduction in EPSC amplitude (Nagase et al., 2014).

In the present study, we observed that acute neuronal activation caused extracellular [lac] to
1) initially decrease, 2) subsequently increase above pre-stimulation baseline levels (i.e.
overshoot), and 3) ultimately return to baseline levels (see Figures 2B/C and 4). As these
data were recorded in freely-behaving animals, in response to physiologically-relevant
activation patterns (i.e. 15 pulses @ 50Hz, 200uS pulse durations), they represent a novel
extension of canonical observations characterizing similar lactate dynamics in the dentate
gyrus of anesthetized rats following 5s bouts of perforant pathway stimulation (Hu and
Wilson, 1997). Similar dynamics have been modeled (Aubert et al., 2005; Jolivet et al.,
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2015) and have recently been observed to also occur directly within astrocytes, but not
neurons (Zuend et al., 2020). Collectively, these data may reflect activity-dependent 1) rapid
neuronal uptake of lactate through monocarboxylate transporter 2 (MCT2). which is highly
expressed within neurons, 2) acute glycogenolysis and subsequent lactate efflux through
MCT1/MCT4 isoforms highly expressed within astrocytes, and 3) cessation of the acute
metabolic response (Hu and Wilson, 1997; Aubert et al., 2005; Pellerin et al., 2005). Of
note, while our lactate-sensitive biosensor was centered adjacent to the dentate gyrus LFP,
the active sensing cavity of the biosensor extends 1mm. Consequently, the magnitude of our
observed acute lactate response may underestimate changes in extracellular [lac] following
neuronal activation as perforant pathway stimulation is unlikely to have fully activated
neurons situated along the entire length of the biosensor. Nevertheless, these results provide
further evidence of the association between synaptic activity and acute lactate dynamics.

Given the high energetic demands associated with synaptic activity, it is perhaps not
surprising that synaptic plasticity is both supported and constrained by neuroenergetic
processes. ATP consumption to sustain and restore ion gradients, remodel cytostructural
elements, and support kinase activity is critical for LTP induction (Mattson and Liu, 2002)
and insufficient ATP prevents the expression of late-phase LTP through the downstream
effects of AMP-activated protein kinase (Potter et al., 2010). Lactate, derived from astrocytic
glycogen stores, appears to play a prominent role in supporting the energetic demands of
synaptic potentiation; LTP expression is blocked by inhibition of glycogenolysis (Suzuki et
al., 2011) or disruption of the astrocytic syncytium through diminished gap junctions
(Murphy-Royal et al., 2020), effects that are rescued by lactate infusion. Behavioral
experiments, in which long-term memory formation is blocked through glycogenolysis
inhibition and/or antagonism of monocarboxylate transporters (Newman et al., 2011; Suzuki
et al., 2011), provide further support for the role of lactate in synaptic plasticity.

In the present study, we build upon these previous observations and demonstrate that in
addition to its role during LTP-induction, lactate dynamics may also be altered to provide
persistent support to meet the needs of potentiated synapses. Although synaptic potentiation
occurred immediately after HFS, an altered acute response of lactate to neuronal activation
(characterized by a significantly larger initial decrease and a significantly larger subsequent
overshoot) was only observed beginning 24hrs after HFS. Thus, these altered acute lactate
dynamics are unlikely to arise simply in response to greater activation of potentiated
synapses. Instead, metabolic plasticity in the form of altered gene/protein expression and/or
increased glycogen availability may provide an explanation for these results. Tadi et al.,
2015 previously reported that inhibitory avoidance training results in upregulated mRNA
expression of monocarboxylate transporters (MCT1 and MCT4), glycolytic enzymes (lactate
dehydrogenase A/B), and genes associated with glycogen metabolism (glycogen branching
enzyme 1 and glycogen synthase). Similar to the time course observed in our study, many of
these changes were first observed 24hrs following training (or increased their expression at
this time point) and were still elevated 72hrs post-training. Increased lactate production (i.e.
glycogen metabolism and glycolytic enzyme activity) and efflux from astrocytes (MCT1/
MCT4) may therefore underlie the increased overshoot observed in the present study. As
novel object recognition learning has recently been shown to increase the size and density of
astrocytic glycogen granules (Vezzoli et al., 2020), these genetic changes may be
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complemented by increased glycogen stores. Unlike the astrocytic MCT1/MCT4, MCT?2
MRNA expression levels were unaffected by inhibitory avoidance training (Tadi et al.,
2015). It has previously been reported, however, that activity-dependent regulation of MCT2
expression can occur via post-transcriptional modifications without altering mRNA
expression levels (Pierre et al., 2003). The larger initial decrease in extracellular [lac]
observed in our study, therefore, may yet arise from a larger neuronal influx supported by
increased MCT2 expression.

It is unclear whether the above changes in gene/protein expression would be initiated
directly following HFS stimulation (similar to those that support the expression of LTP itself
(Nguyen et al., 1994; Chen et al., 2017)) or alternatively, whether they may arise as a
consequence of prolonged and enhanced synaptic activity of potentiated synapses. /17 vitro,
synaptic activity extensively modulates astrocytic gene expression; increased synaptic
activity significantly upregulates genes involved in the enzymatic production and transport
of lactate thereby increasing glycolytic capacity of astrocytes (Hasel et al., 2017). Similarly,
synaptic activity has been shown to produce alterations in neuronal gene expression that also
support a shift in energetic balance towards aerobic glycolysis (Bas-Orth et al., 2017).
Consistent with these observations, 1) across development the highest rates of aerobic
glycolysis are associated with peak synaptic development and 2) in the adult brain, regions
that exhibit high levels of aerobic glycolysis likewise exhibit increased gene expression
associated with synapse formation and growth (Goyal et al., 2014). Synaptic plasticity (be it
developmental or in the adult brain), therefore appears to be associated with widespread
metabolic plasticity to ensure sufficient lactate availability is present to support the energetic
demands of synaptic activity.

A multitude of factors have been shown to alter extracellular lactate availability within the
hippocampus including behavioral state (Dash et al., 2012; Naylor et al., 2012), stress (De
Bruin et al., 1990), exercise (Matsui et al., 2017), and learning (Newman et al., 2017).
Throughout our amperometric recordings, we observed fluctuations in extracellular lactate
concentrations across diverse temporal scales (from seconds to hours to days) that likely
reflect the contributions of these various regulators. To wit, a prominent circadian rhythm in
extracellular [lac] was readily apparent in our recordings (see Figure 5), as previously
documented (Dash et al., 2012). Despite the multitude of effectors that could influence
lactate availability, we nonetheless also observed that [lac] were significantly higher across
the two days following LTP-induction than the day of induction. This observation raises the
possibility that synaptic potentiation produces persistent increases in baseline lactate
availability. We were unable to record past ~72hrs post-LTP induction because of enzymatic
degradation of the amperometric biosensor (Dash et al., 2009, 2012). Therefore, we do not
know whether increased lactate availability ultimately returns to pre-LTP baseline levels or
alternatively, persists for the duration that synaptic potentiation is expressed.

It is interesting to speculate as to the functional consequences of both the acute and chronic
alterations in extracellular lactate dynamics that we observed following synaptic
potentiation. Lactate is necessary during LTP induction or memory formation to support de
novo transcription and translation required for long-term, but not short-term, plasticity and
memory (Suzuki et al., 2011; Descalzi et al., 2019), an effect that may be mediated by
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lactate potentiating NMDA signaling within neurons and altering neuronal redox state (Yang
et al., 2014). Transiently reducing extracellular [lac] does not impair memory retrieval
(Harris et al., 2019), yet lactate is necessary to support memory reconsolidation (Zhang et
al., 2016). The persistent increase in lactate availability observed ~24hrs following LTP
induction in the present study, may therefore reflect a metaplastic effect that could regulate
consolidation and/or reconsolidation processes that are likewise dependent on protein
synthesis (Abraham and Williams, 2008). Alternatively, persistent increases in extracellular
[lac] may 1) serve to support the increased energetic demands associated with potentiated
synapses and/or 2) play a neuroprotective role. As postsynaptic receptor activation has been
modelled to account for 37% of the brain’s energy budget (Harris et al., 2012), and LTP is
defined by increased postsynaptic activity, increased [lac] may counteract elevated energetic
needs be serving as a precursor to ATP formation and/or a regulator of redox state
(Kasischke et al., 2004; Hirrlinger and Dringen, 2010; Magistretti and Allaman, 2018). If
lactate is primarily serving a metabolic role, it would be important to determine if newly
potentiated neurons experience an energy deficit until metabolic plasticity is able to supply
sufficient lactate. Lastly, persistent increases in lactate may serve a neuroprotective role;
high lactate concentrations have been shown to reduce NMDAR-dependent excitotoxic cell
death (Jourdain et al., 2018).

Ultimately, further study of the duration of these glycolytic effects is warranted; are [lac]
persistently elevated or are there mechanisms (e.g. homeostatic plasticity (Turrigiano, 2012))
that lead to a return to baseline levels? Although persistent increases in extracellular lactate
may have beneficial effects as outlined above, increased dependence upon aerobic glycolysis
may have negative long-term consequences. Elevated [lac] and glycolytic activity are also
characteristic of the aged brain (Ross et al., 2010) and neurodegenerative disorders including
Parkinson’s and Alzheimer’s disease (Yao et al., 2009, 2011; Liguori et al., 2015). Indeed, a
significant spatial correlation has been observed between brain regions that exhibit high
levels of aerobic glycolysis in healthy young adults and brain regions that exhibit significant
amyloid-p plaque deposition in older individuals who manifest clinical signs of Alzheimer’s
(Vlassenko et al., 2010). While it remains unclear whether elevated glycolysis contributes to
the development of these pathologies, or whether it may serve a neuroprotective role
(Newington et al., 2013; Tang, 2020), it is critical that the long-term consequences of
synaptic plasticity and consequent metabolic plasticity for brain health continue to be
characterized.
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Highlights
. Characterized how long term potentiation affects extracellular lactate
dynamics
. Potentiation causes enhanced acute lactate response to neuronal activity
. Potentiation causes chronic increases in lactate availability
. Acute and chronic changes in lactate manifest ~24hrs after synaptic

potentiation

Neurobiol Learn Mem. Author manuscript; available in PMC 2021 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bingul et al.

*Cannula
Medial Perforant Path
*Stim. Electrode

Stereotactic Surgery
*LFP

Dentate Gyrus

at least 7
days recovery

Implant Biosensor
Baseline

LTP Induction (HFS)
TO after HFS end
T0.5hr

Page 19

T1hr
T3hr
T24hr
T48hr
T72hr

Stimulation Type

Stim. Parameters

Intended Use

@ Evoked Response Stim.

1 train of 30 pulses
(200uS duration each) @ 0.05Hz

Quantification of Synaptic
Strength

@ Acute Lactate Stim.

12 trains of 15 pulses
(200uS duration each) @ 50Hz
40s intertrain interval

Acute neuronal activation to
stimulate an acute change in
metabolic demand

O High Frequency Stim. (HFS)

3 sets of 3 trains of 12 pulses
(200uS duration each) @ 400Hz
20s intertrain interval

2min interset interval

Induction of long-term
potentiation (LTP).

Figure 1.

Experimental timeline and stimulation parameters. Within the dentate gyrus, an implanted
local field potential and lactate-sensitive biosensor were used to record evoked responses
and extracellular [lac], respectively. Electrical stimulations of the medial perforant path were
used to quantify synaptic strength, produce acute neuronal activation and associated changes
in metabolic demand, and produce lasting synaptic potentiation within the dentate gyrus. At
time points with two stimulation types, evoked response stimulation always preceded acute

lactate stimulations.
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Figure 2.
Amperometric biosensors are sensitive to /n vitroand in vivo changes in lactate

concentration ([lac]). A) /n vitro calibration of a lactate sensitive biosensor. Arrows depict
the addition of lactate (0.25mM). Lactate biosensors rapidly (~1s) produce an increase in
current in response to changes in [Lac] that is linear across the expected range of [Lac] /n
vivo (see inset). B) Baseline electrical stimulations of the perforant path in an individual
produce reliable changes in extracellular [lac]. Triangles depict each stimulation wherein 15,
200usS pulses were delivered at 50Hz. C) Average change in [Lac] observed during baseline
stimulation in an individual rat. Following stimulation, extracellular [Lac] initially decreases
followed by an overshoot of pre-stimulation levels.
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Figure 3.
High frequency stimulation (HFS) significantly potentiates the population spike of the

evoked response for at least 72hrs. A) Typical input/output curve used to determine the
baseline (BL) intensity of perforant path stimulation. BL intensity was chosen to produce an
evoked response that contained a population spike equal to ~40% of the maximal population
spike that could be elicited. Inset depicts a typical evoked response (SA: stimulation artifact,
PS: population spike). B) Average evoked response observed during three separate
stimulation periods in an individual rat (stimulation artifacts have been truncated to better
visualize the evoked response). Grey arrow depicts time of stimulation. HFS was
administered between BL and TO. C) Average population spike observed during each
stimulation period (N = 9 rats; **p<0.01, *p<0.05 as compared to BL).
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Figure 4.

Changes in [lac] in response to acute electrical stimulation are augmented beginning 24hrs
after induction of LTP. A) Average change in [lac] in response to acute electrical stimulation
across all rats at each stimulation time point. Each tracing depicts 25s of [lac] (including 5s
prior to stimulation). BCDE) Changes in [lac] following acute electrical stimulation before
and after LTP induction. 24hrs after LTP induction, the initial decrease in [lac] following
stimulation is both significantly larger (B) and faster (C) while the magnitude of ensuing
[lac] overshoot is also significantly increased (D). **p<0.01, *p<0.05, and *p<0.10 as

compared to baseline (BL).
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Figure 5.
LTP induction produces persistent increases in extracellular [lac]. A) Extracellular [lac]

across 72hrs post-LTP induction. In addition to exhibiting a clear circadian rhythmicity, [lac]
are consistently increased across the days following LTP induction. Grey boxes depict lights
off. Best fitting cosine function to model circadian rhythmicity is presented above [lac]
tracing. B) Average extracellular [lac] during the light and dark periods during the three days
of data depicted in A. [Lac] are significantly higher during the dark period as compared to
the light period. Moreover, relative to the day of LTP induction (D1), [lac] are significantly
higher during each of the next two days. **p<0.01 and *p<0.05.
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