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Neural computational power is determined by neuroenergetics, but how and which
energy substrates are allocated to various forms of memory engram is unclear. To solve
this question, we asked whether neuronal fueling by glucose or lactate scales differently
upon increasing neural computation and cognitive loads. Here, using electrophysiology,
two-photon imaging, cognitive tasks, and mathematical modeling, we show that both
glucose and lactate are involved in engram formation, with lactate supporting long-
term synaptic plasticity evoked by high-stimulation load activity patterns and high
attentional load in cognitive tasks and glucose being sufficient for less demanding neu-
ral computation and learning tasks. Indeed, we show that lactate is mandatory for
demanding neural computation, such as theta-burst stimulation, while glucose is suffi-
cient for lighter forms of activity-dependent long-term potentiation (LTP), such as
spike timing–dependent plasticity (STDP). We find that subtle variations of spike num-
ber or frequency in STDP are sufficient to shift the on-demand fueling from glucose to
lactate. Finally, we demonstrate that lactate is necessary for a cognitive task requiring
high attentional load, such as the object-in-place task, and for the corresponding in vivo
hippocampal LTP expression but is not needed for a less demanding task, such as a sim-
ple novel object recognition. Overall, these results demonstrate that glucose and lactate
metabolism are differentially engaged in neuronal fueling depending on the complexity
of the activity-dependent plasticity and behavior.
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Brain activity and performance are tightly constrained by neurovasculature–neuroenergetic
coupling (1–3). Neuroenergetics, that is, brain energy metabolism, relies on the blood sup-
ply of glucose from the circulation. Evidence accrued over the last two decades has indi-
cated that blood glucose is taken up during synaptic activity (4, 5), mainly by glial cells
(astrocytes and oligodendrocytes), and metabolized by aerobic glycolysis, resulting in the
release of lactate before transport to neurons as an energy substrate (6–13) necessary for
optimized neuronal coding and memory consolidation (14–22). When astrocytes consti-
tute the source of lactate, this process is known as the astrocyte–neuron lactate shuttle in
which lactate is transferred from astrocytes to neurons through monocarboxylate transport-
ers, providing an energy substrate for neurons (7). Indeed, lactate can be rapidly metabo-
lized to pyruvate, enter the tricarboxylic acid cycle, and feed the mitochondrial respiratory
chain to produce ATP. Other fates of glucose include its glial storage in the form glycogen
(7, 23, 24); some degree of glucose uptake occurs in neurons via transporters mainly aimed
at feeding the pentose phosphate shunt to produce reducing equivalents (25–27), which is
involved in olfactory memory in Drosophila (28). Nevertheless, the nature of the energy
substrate, glucose versus lactate, allocated to various forms of memory engram and cogni-
tive load is not known.
Here, we tested various forms of activity patterns (rate- and time-coding) for Hebbian

long-term synaptic plasticity expression in rat cornu ammonis 1 (CA1) hippocampal
pyramidal cells and behavioral tasks with increasing cognitive loads to determine under
which conditions glucose and/or lactate are crucial for engram formation and memory.
To this end, using brain slice and in vivo electrophysiology, two-photon imaging, mathe-
matical modeling, and recognition memory tasks, we show that astrocytic lactate is man-
datory for demanding neural computation, while glucose is sufficient for lighter forms of
activity-dependent long-term potentiation (LTP) and that subtle variations of action
potential amount or frequency are sufficient to direct the energetic dependency from
glucose to lactate. Furthermore, we demonstrate that lactate is necessary for a cognitive
task requiring high attentional load (object-in-place [OiP] task) and for the corre-
sponding in vivo hippocampal potentiation but is not needed for a less demanding
task (novel object recognition [NOR]). Our results demonstrate that glucose and
lactate metabolism are differentially engaged in neuronal fueling depending on the
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complexity of the activity-dependent plasticity and behavior.
Beyond reconciling a decades-long debate (7, 11, 26, 27), our
results demonstrate the importance of distinguishing specific
cellular and molecular mechanisms because the corresponding
cognitive perturbations might depend on whether lactate or
glucose metabolism is perturbed.

Results

Rate and Time Coding Rely Differently on Lactate Availability
to Neurons. To investigate the relative involvement of glucose
and lactate metabolism in synaptic plasticity, we tested two
activity-dependent forms of LTP at hippocampal CA1 pyrami-
dal cells (Fig. 1 A–C), aiming to reflect two levels of neural
computation. We chose two distinct Hebbian activity patterns:
1) a rate-coding paradigm involving a high stimulation load

(200 stimulations; 5× theta-burst stimulation [5-TBS] with nested
high-frequency [100 Hz] stimulations within slower frequencies
[5 Hz] repeated five times [at 0.1 Hz]) and 2) a time-coding para-
digm involving a lower stimulation load (50 stimulations; spike
timing–dependent plasticity (STDP) with 50 pre- and postsynap-
tic paired stimulations at a low frequency [0.5 Hz]) (Fig. 1 and
SI Appendix, Table S1). Whole-cell recordings of CA1 pyrami-
dal cells were performed at a physiological glucose concentration
(5 mM) (29) to avoid saturated nonphysiological concentrations
of glucose (∼15 to 25 mM) classically used in brain slice studies.
In the following experiments, drugs were applied intracellularly
(i-drug) via patch-clamp pipette, ensuring specific effects in
the sole recorded neuron except in few cases where drugs
were bath applied (e-drug). The 5-TBS and STDP paradigms
induced LTP, and both were N-methyl-D-aspartic acid recep-
tor (NMDAR) mediated because they were prevented by the
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Fig. 1. 5-TBS–LTP and STDP-LTP rely differently on neuronal lactate. (A) Experimental setup. Sh. C, Schaffer collaterals. (B) Key steps of glucose transport
and glia–neuron lactate transport: glycogen catalysis into glucose-1-phosphate via glycogen phosphorylase, lactate entry in neurons via monocarboxylate
transporters (MCTs), and lactate conversion to pyruvate by LDH; Ph, phosphate. (C) 5-TBS (with nested high-frequency, 100-Hz stimulations within slower-
frequency, 5-Hz stimulations repeated five times at 0.1 Hz) and STDP (50 paired pre/post stimulations at 0.5 Hz) paradigms. (D–G) Averaged time-course of
the synaptic weight with EPSC amplitude 50–60 min after TBS or STDP paradigm. (D) 5-TBS–LTP and STDP-LTP (5-TBS–LTP: P = 0056, n = 14; STDP-LTP: P =
0.0070, n = 8) were NMDAR mediated (with intracellular application of i-MK801: 5-TBS, P = 0.1562, n = 7; STDP, P = 0.6484, n = 7). (E) Inhibition of glycogen
phosphorylase with bath-applied DAB (e-DAB) prevented 5-TBS–LTP and STDP-LTP (with e-DAB: 5-TBS, P = 0.3691, n = 6; STDP, P = 0.4213, n = 7). Coapplica-
tion of DAB and lactate allowed 5-TBS–LTP and STDP-LTP (P = 0.0311, n = 6 and P = 0.0383, n = 7, respectively). LTP rescued with e-lactate was not signifi-
cantly different from control (5-TBS-LTP: P = 0.6735; STDP-LTP: P = 0.4155). (F) Intracellular inhibition of LDH revealed distinct effects on 5-TBS and STDP
expression because i-oxamate prevented 5-TBS–LTP (P = 0.4600, n = 9) but not STDP-LTP (P = 0.0398, n = 7). 5-TBS–LTP was rescued with coapplication of
i-oxamate and i-NADH (P = 0.0145, n = 6 versus 5-TBS–LTP control: P = 0.7995) but not i-pyruvate (P = 0.7548, n = 7). Representative traces show 15 EPSCs
averaged during baseline (gray) and 45 min (red) after protocols (arrows). All data are shown as mean ± SEM; *, P < 0.05; ns, not significant by two tailed t
test. See SI Appendix, Table S1, for detailed data and statistics.
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intracellular application of the NMDAR blocker MK801
(i-MK801; 1 mM) (Fig. 1D and SI Appendix, Fig. S1). Because
both LTP forms share the same signaling pathway, we could
interpret their respective glucose/lactate dependency based on
the activity patterns. We evaluated whether 5-TBS–LTP and
STDP-LTP expression equally relies on lactate metabolism by
sequentially inhibiting two key steps: glycogen mobilization into
glucose-1-phosphate, the first step of glycogenolysis leading ulti-
mately to glia-derived lactate, via glycogen phosphorylase and
conversion of lactate into pyruvate via the neuronal lactate
dehydrogenase (LDH-1) (Fig. 1B). When glial glycogenolysis
was prevented by inhibiting glycogen phosphorylase with 1,4-
dideoxy-1,4-imino-D-arabinitol (e-DAB; 10 μM), 5-TBS or
STDP pairings failed to induce synaptic plasticity (Fig. 1E).
We tested whether lactate overcomes DAB effects. With e-DAB
and e-lactate (10 mM), we observed 5-TBS–LTP and STDP-
LTP (Fig. 1E); LTP rescued with e-lactate was not significantly
different from controls. This indicates that lactate formed from
glycogenolysis is a key factor for hippocampal LTP induction
(14, 16, 20). We next prevented the conversion of lactate into
pyruvate by applying oxamate (an inhibitor of LDH) intracellu-
larly (i-oxamate; 6 mM) only in the recorded neuron. Under this
condition, 5-TBS did not evoke plasticity, whereas STDP-LTP
could still be observed (Fig. 1F). Conversion of lactate into pyru-
vate was thus required for 5-TBS–LTP but not for STDP-LTP.
We then tested which products of lactate conversion by LDH-1,
that is, pyruvate or NADH, was needed for 5-TBS–LTP. When
i-pyruvate (10 mM) was coapplied intracellularly with i-oxamate,
5-TBS did not induce plasticity, whereas 5-TBS–LTP was rescued
with i-NADH (4 mM) (Fig. 1F).
As revealed by LDH inhibition, neuronal lactate appears as a

key element for 5-TBS–LTP (via its metabolism to pyruvate
leading to NADH production), but is not necessary for induc-
ing a lighter form of activity-dependent plasticity involving 50
STDP pairings, which relies on glucose metabolism when lac-
tate conversion is blocked.

Confronting Mathematical Model and Experimental Data
Delineates the Energetic Needs of Synaptic Plasticity. To pro-
vide hypotheses for the differential effects of the neuronal glucose
and lactate metabolism on activity-dependent plasticity, we devel-
oped a mathematical model of CA1 synaptic plasticity combined
with metabolism. Our model describes the kinetics of signaling
and metabolic reactions occurring in a neuro–glia unit in response
to activity patterns (Fig. 2A). The postsynaptic weight is modeled
as a bistable system gated by calcium and ATP; postsynaptic cal-
cium triggers LTP when it overcomes a threshold (LTPStart), while
the postsynaptic ATP level triggers depotentiation when falling
below a second threshold (ATPThr). Calcium influx in the post-
synaptic neuron changes in response to presynaptic and postsyn-
aptic spikes via the activation of NMDAR and voltage-gated
calcium channels. ATP levels in each compartment are computed
by a model of metabolic interactions with the astrocyte–neuron
lactate shuttle (30) that includes, among others, glycolysis and
LDH activity in glia and the postsynapse as well as glucose and
lactate transfer from glia to neurons via the extracellular
medium (SI Appendix, Supplementary Materials and Methods
and Supplementary Information for the Mathematical Model).
Importantly, the values of the model parameters were estimated
using a subset of our experimental data taken from Figs. 1
D–G and 2B and Tables S1–S3, while model validation was
performed using model predictions, that is, by checking the
accuracy of the model output under experimental conditions
that were not used for parameter estimation (the pharmacological

experiments of Figs. 2 D–G and 3). The model captures the
amplitude and kinetics of change of the synaptic weight after
5-TBS and STDP pairings (Fig. 2B). In the model, both 5-TBS
and STDP paradigms are strong enough to generate large cal-
cium transients in the postsynaptic neuron (SI Appendix, Fig.
S2A) that overcome the LTPStart threshold, thus triggering LTP.
The amplitudes of Na+ transients in the postsynaptic neuron are
much larger with 5-TBS than with STDP so that ATP con-
sumption by Na,K+-ATPases is larger with 5-TBS (Fig. 2C).
With the model, the concept that different levels of activity pat-
tern loads are engaged in STDP (50 pairings at 0.5 Hz) versus
5-TBS was supported by estimating the neuronal sodium and
calcium influxes (that were <1 versus >3 mM and ∼0.75 versus
∼1.5 μM, respectively) or the amplitude of ATP consumption
used for sodium extrusion (∼90 versus ∼300 μM; Fig. 2C and
SI Appendix, Fig. S2A). The availability of lactate as a source of
ATP keeps ATP levels well above ATPThr even after 5-TBS.
LDH inhibition switches the neuron to a glycolytic regimen,
an oxidized redox state where ATP level drops to 2.1 mM at
rest (SI Appendix, Fig. S3). After STDP and with LDH inhibi-
tion, the ATP levels keep well above ATPThr, while with
5-TBS, ATP quickly fails below ATPThr, and the resulting
depotentiation forbids LTP expression (Fig. 2C). Experimen-
tally, we found that pyramidal cells recorded with lower i-ATP
and i-phosphocreatine (2 and 5 mM, respectively) did not
exhibit plasticity following STDP (50 pairings at 0.5 Hz) in
control or i-oxamate (SI Appendix, Fig. S4).

Using a model-guided approach, we investigated the impact of
glucose on LTP expression. Fig. 2D shows model output for TBS
with LDH inhibited depending on extracellular glucose concen-
tration. The model predicts that LTP recovers if bath glucose
concentration is large enough. Experiments confirmed that with
high glucose concentration (25 mM), 5-TBS–LTP was no longer
sensitive to i-oxamate (Fig. 2D). Another model prediction is that
the hexokinase inhibition, the first enzyme of glycolysis catalyzing
the phosphorylation of glucose to glucose-6-phosphate (Fig. 1B),
should not affect 5-TBS–LTP (Fig. 2E). Indeed, experimentally,
a specific inhibitor of the hexokinase, mannoheptulose, applied
intracellularly (i-mannoheptulose; 10 μM) did not prevent
5-TBS–LTP (Fig. 2E), confirming that 5-TBS–LTP relies on
lactate and not on glucose metabolism. We next explored the
glucose dependency of STDP, and, as predicted by the model,
we found that i-mannoheptulose did not prevent STDP-LTP
(Fig. 2F), indicating that in the absence of neuronal glycolysis,
the lactate pathway is used for the expression of STDP-LTP
(50 pairings at 0.5 Hz). We next doubled the number and fre-
quency of STDP pairings (up to 100 pairings at 1 Hz) to test
whether this property could be extended to other STDP forms.
In confirmation of the model prediction, we found that 100
pairings at 1 Hz induced LTP with i-mannoheptulose (Fig. 2G).
Interestingly, when both neuronal glucose and lactate sources were
impaired by the intracellular coapplication of i-mannoheptulose
and i-oxamate, (100 pairings at 1 Hz) STDP-LTP was not
observed (Fig. 2G), showing that STDP relies on either glycolysis
or lactate pathway. Together, these model-guided experiments
show that TBS-LTP relies on lactate, although high glucose can
bypass lactate fueling, whereas STDP can use either the glycolysis
or lactate pathways.

Dependence on Glucose versus Lactate for LTP Expression Is
Activity Pattern Linked. We varied the TBS and STDP activity
patterns to delineate the sensitivity of the plasticity dependency
on glucose and lactate metabolism. Model calibration relied
exclusively on 5-TBS and STDP with 50 pairings at 0.5 Hz
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(Fig. 2B). We first generated model predictions by varying the
number of TBS bursts and predicted that LTP induction by one
single burst (1-TBS) would not be dependent on lactate metabo-
lism, whereas LTP induced with at least four bursts (4-TBS)
would be, unless performed with high levels of added NADH
(Fig. 3A). This was validated experimentally because 1-TBS–LTP
could be induced with i-oxamate (Fig. 3A). As for predictions
related to STDP, we first varied in silico the number of pairings
and predicted that STDP, even for 500 pairings, would remain
nondependent on lactate metabolism (Fig. 3B). This was dem-
onstrated experimentally because 100 pairings with a single
back-propagating action potential (bAP) at 1 Hz induced LTP

in control and with i-oxamate with similar magnitude (Fig. 3B
and SI Appendix, Table S3). This was confirmed in mice where
i-oxamate prevented 5-TBS–LTP but not LTP induced by
STDP with 100 pairings (SI Appendix, Fig. S5).

We next varied the number of bAPs per STDP pairings and
tested the impact of one additional bAP, that is, going from
one to two bAPs per STDP pairing. Two-photon imaging of
dendritic spines and shafts of CA1 pyramidal cells showed that
the calcium transient triggered by two bAPs was roughly two-
fold compared to one bAP (SI Appendix, Fig. S6), a feature
reproduced by the model (SI Appendix, Fig. S2B). For plasticity
induction, we kept constant the overall number of postsynaptic
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Fig. 2. Confronting mathematical model and experimental data delineates the energetic needs of synaptic plasticity. (A) In the model (Materials and Methods
and SI Appendix, Supplementary Information for the Mathematical Model, Supplementary Methods and Materials, and SI Appendix, Table S2), the synaptic weight is
gated by both neuronal calcium (potentiation) and ATP (depression); VGCC, voltage-gated calcium channel; VGSC, voltage-gated sodium channel; EAAT2, excit-
atory amino acid transporter-2; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid. (B) Time course of the synaptic weight in the model (lines) fitted
to 5-TBS (n = 7) and STDP (n = 14; 50 pairings at 0.5 Hz; spike timing = 10 ms) experiments (circles). (C) Model prediction for the evolution of neuronal concen-
trations and synaptic weight with 5-TBS (red) or STDP (black). (D) TBS-LTP expression depending on glucose concentration ([Glucose]c) as predicted by the
model. Experimentally, 5-TBS induced LTP (P = 0.0299, n = 8) at a high glucose concentration (25 mM), and this LTP was not impaired by LDH inhibition (i-oxa-
mate; P = 0.0044, n = 6). (E) 5-TBS–LTP expression with hexokinase inhibition (i-mannoheptulose; P = 0.0230, n = 7). (F) Fifty pairings at 0.5 Hz induced STDP-
LTP with i-mannoheptulose (P = 0.0210, n = 7). (G) One hundred pairings at 1 Hz induced STDP-LTP with i-mannoheptulose (P = 0.0436, n = 6). When neuronal
glycolysis and lactate conversion into pyruvate were inhibited with coapplied i-mannoheptulose and i-oxamate, 100 pairings did not induce plasticity (P = 0.5297,
n = 6). Representative traces show 15 EPSCs averaged during baseline (gray) and 45 min (red) after protocols (arrows). All data are represented as mean ± SEM
(except in B where SEM was omitted for clarity); *, P < 0.05; ns, not significant by two tailed t test. See SI Appendix, Table S3 for detailed data and statistics.
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stimulations, maintaining a total of 100 pairings (100 pairings
with one bAP versus 50 pairings with two bAPs) and the same
frequency (1 Hz). The model predicted that shifting from one
to two bAPs would render STDP lactate dependent if more
than 30 pairings were used (Fig. 3C).
Experimentally, with i-oxamate, LTP was induced by 25

pairings at 1 Hz with two bAPs, while no plasticity was
detected for 50 pairings (with two bAPs), and adding i-NADH
to i-oxamate rescued LTP expression, in agreement with model
prediction (Fig. 3C). These observations illustrate that the
on-demand fueling is highly sensitive to the activity patterns on
either side of the synapse because a variation from one to two
bAPs was sufficient to render the lactate pathway necessary for
LTP expression.
We finally tested whether the number of bAPs per se or its

combination with the number and frequency of pairings mat-
ters. To do so, we kept two bAPs per pairing and decreased the
number and frequency of pairings twofold to compare this con-
dition with the STDP paradigm used in Fig. 1, that is, 50 post-
synaptic stimulations overall (50 pairings with one bAP versus
25 pairings with two bAPs, both at 0.5 Hz) (Fig. 3D). The
model predicted that under these conditions, LTP would be
induced and would not depend on lactate. Experimentally, we
found that 25 pairings with two bAPs (at 0.5 Hz) induced LTP,
and that this LTP was still observed with i-oxamate (Fig. 3D).
Therefore, the dependence on glucose versus lactate metabo-
lism precisely scales with the activity patterns used to induce
plasticity; glia-derived lactate is required for sustained activity-
dependent plasticity, and neuronal glycolysis is sufficient for
plasticity induced by lower synaptic activity.

Inhibition of LDH Impairs OiP but not NOR Learning. Because
synaptic plasticity is a major substrate for learning and memory
(31), we next tested whether lactate dependency scales with
learning of recognition memory tasks with increasing cognitive
loads. For this purpose, we chose two single-trial tasks involving
the hippocampus and perirhinal cortex, which differ by their
difficulty level; the OiP task (with four objects) is more chal-
lenging and requires a higher cognitive load than the NOR task
(with two objects). These tasks were similarly structured into
three phases conducted at a 1-d interval: 1) habituation phase in
the empty arena, 2) familiarization phase in the presence of two
(NOR) or four (OiP) objects, and 3) test in which recognition
of new (NOR) or exchanged objects (OiP) was assessed. Rats
were injected bilaterally via cannulas implanted just above the
CA1 layer with saline or oxamate (50 mM) solutions 45 min
before starting the familiarization phase (Fig. 4).

For NOR with two objects (A and B), rats injected with saline
(n = 9) or oxamate (n = 10) performed similarly (Fig. 4 A–C).
Indeed, rats spent more time during the test phase around the
new object when considering the time per object and the prefer-
ence index. We ensured that there was no significant preference
for object A or B during familiarization because rats (injected in
the CA1 with saline or oxamate solutions) spent similar amounts
of time exploring objects A and B (SI Appendix, Fig. S7A). Simi-
lar results were found regardless of whether the familiarization
and test phases were achieved with AA/AB (n = 4 and 5 rats in
saline and oxamate, respectively) or BB/BA (n = 5 and 5 rats in
saline and oxamate, respectively) object combination (Fig. 4
A–C and SI Appendix, Table S4A). Indeed, rats detected novelty
under saline and oxamate conditions as indicated by the time
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Fig. 3. Dependence on lactate for LTP expression is activity pattern linked. (A) Lactate-dependent TBS-LTP depends on the number of TBS (Left, protocol).
The model predicts that TBS-LTP is dependent on the lactate pathway from 4-TBS, as demonstrated experimentally with LTP induced by 1-TBS (P = 0.0229,
n = 6), which was not impaired by i-oxamate (P = 0.0109, n = 6). (B) STDP-LTP induced by 20 to 500 pre/post pairings at 1 Hz with a single bAP/pairing
can be induced under LDH inhibition as predicted by the model and demonstrated experimentally with LTP induced by 100 pairings at 1 Hz under control
(P = 0.0191, n = 8) or LDH inhibition (P = 0.0391, n = 8) conditions, with similar magnitude (P = 0.9836). (C) STDP-LTP induced by pairings at 1 Hz with two
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bAPs/pairing, which is not impaired with i-oxamate. Black stars indicate the experimental conditions tested. Representative traces show 15 EPSCs averaged
during baseline (gray) and 45 min (red) after protocol (arrows). All data are represented as mean ± SEM; *, P < 0.05; ns, not significant by two tailed t test.
See SI Appendix, Table S3 for detailed data and statistics.
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Fig. 4. Inhibition of LDH impairs OiP and associated LTP but not NOR learning. (A–F) NOR and OiP tasks were similarly structured into three phases con-
ducted at a 1-d interval: 1) habituation phase in the empty arena, 2) familiarization phase in the presence of two (NOR) or four (OiP) objects, and 3) test in
which recognition of new (NOR) or exchanged objects (OiP) was assessed. Rats were injected bilaterally via cannulas implanted just above the CA1 layer with
saline or oxamate (50 mM) solutions 45 min before starting the familiarization phase. (A–C) NOR task with two objects. (A) Experimental setup. Rats were
divided in two subgroups exposed to A-A and then A-B or B-B and then B-A during familiarization and test phases, respectively. (B and C) Rats injected in
the CA1 with saline or oxamate (50 mM) spent equally more time exploring the novel object (saline: P = 0.0007, n = 9; oxamate: P = 0.0003, n = 10; saline
versus oxamate: P = 0.8126) as assessed by the time per object (B) and the preference index (C). LDH inhibition did not impair novelty detection. (D–F) OiP
task with four objects. (D) Rats were exposed to A-B-C-D objects during familiarization and were divided in two subgroups experimenting A-C or B-D
exchanged-object for test. (E and F) Saline-injected rats spent more time exploring the exchanged objects, whereas oxamate-injected rats explored equally
all objects (saline: P < 0.0001, n = 12; oxamate: P = 0.2500, n = 9; saline versus oxamate: P = 0.0002). LDH inhibition impaired the ability of rats to detect
place-exchanged objects. (G–P) e-fEPSP recordings during NOR and OiP tasks. (G) Experimental setup. (H) Microphotographs showing cannulas and
stimulation/recording electrode locations and diffusion area. (Scale bars, 1 mm.) Chronic stimulating and recording electrodes were placed in Schaffer collat-
erals and the CA1, respectively, in rats equipped bilaterally with cannulas for saline or oxamate infusion. (I–P) In vivo synaptic plasticity during NOR and OiP.
e-fEPSPs were recorded before familiarization (baseline) and 2 and 24 h after familiarization to determine synaptic changes in relation to behavior. (I–L) NOR
behavioral performance (I) with related e-fEPSPs showing LTP after 2 h but not after 24 h in saline- and oxamate-injected rats (J–L); averaged vectors show
similar trends (P = 0.412) (L). (M–P) OiP behavioral performance (M) with related e-fEPSPs show LTP in saline-injected but not in oxamate-injected rats 2 h
after familiarization (N–P); averaged vectors show differences between saline- and oxamate-injected rats (P < 0.001) (P). All data represent mean ± SEM;
*, P < 0.05; **, P < 0.01; ***, P < 0.001; data were analyzed by two-tailed t test. See SI Appendix, Table S4 A–D for detailed data and statistics.
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per object (Fig. 4B) and by preference index (Fig. 4C) in both
AA/AB and BB/BA object combinations.
We next subjected rats to the OiP task (Fig. 4 D–F): saline-

or oxamate-injected rats (n = 12 and 9, respectively) were left
for familiarization with four different objects (A, B, C, and D)
for which they did not show preference (SI Appendix, Fig.
S7B), and then for the test phase, two of the four objects were
place exchanged (from ABCD to CBAD or to ADCB). We
found that rats injected with saline spent more time around the
exchanged objects, whereas rats injected with oxamate did not
notice the exchange because they continued exploring equally
the four objects (Fig. 4 D–F and SI Appendix, Table S4B). Sim-
ilar results were found regardless of whether the familiarization
and test phases were performed with ABCD/CBAD (n = 6 and
4 rats in saline and oxamate, respectively) or ABCD/ADCB
(n = 6 and 5 rats in saline and oxamate, respectively) object
exchange combination.
Therefore, when conversion of lactate into pyruvate was

impaired during familiarization, rats still succeeded in NOR but
not in the more challenging OiP task.

Inhibition of LDH Impairs OiP-Induced LTP but not NOR-
Induced LTP. We further examined in NOR and OiP tasks
whether synaptic plasticity occurred with CA1 hippocampal
infusion of saline or oxamate in relation to behavioral perfor-
mance (Fig. 4 G–P and SI Appendix, Fig. S7 C–G and Tables
S4 A–D). Synaptic weights were evaluated in vivo by monitor-
ing evoked-field excitatory postsynaptic potentials (e-fEPSPs) at
synapses between Schaffer collaterals and CA1 pyramidal cells
in behaving rats. To do so, we placed chronic stimulating and
recording electrodes in Schaffer collaterals and CA1, respec-
tively, in rats equipped bilaterally with cannulas for saline or
oxamate infusion (Fig. 4H). We first ensured that this set of
rats performed in NOR and OiP similarly as mentioned earlier.
In detail, rats infused with saline (n = 5) or oxamate (n = 7)
detected novelty in NOR task (AA-AB) (Fig. 4I and SI
Appendix, Table S4A). Regarding the OiP task, rats subjected to
saline (n = 9) were able to detect novelty, whereas rats infused
with oxamate (n = 12) did not (ABCD/ADCB) (Fig. 4M and
SI Appendix, Table S4B). To determine plasticity expression,
e-fEPSPs were monitored before (t = �1 h before saline or oxa-
mate injection) and after (t = +2 and +24 h) the familiarization
phase (Fig. 4 J–P and SI Appendix, Fig. S7 C–G).
In the NOR task, LTP of e-fEPSPs dominated at t = +2 h

in both saline- and oxamate-injected rats (n = 5 and 7, respec-
tively) and is followed by a scaled reduction of synaptic weights
at t = +24 h (as shown by the positive correlation between
plasticities at t = +2 and +24 h), leading, on average, to no
plasticity at t = +24 h (Fig. 4 J and L and SI Appendix, Fig. S7
C–G and Table S4C). The behavioral and plasticity profiles
were similar between saline- and oxamate-injected rats, as illus-
trated by the average vectors considering the preference index
and plasticity at t = +2 h after familiarization (Fig. 4L and SI
Appendix, Fig. S7F and Table S4D).
A different picture was obtained in the OiP task. e-fEPSPs

exhibited LTP at t = +2 h in saline-injected rats but not in
oxamate-injected rats (Fig. 4O). More precisely, when consider-
ing e-fEPSP plasticity at 2 h after familiarization in relation
to behavioral performance, all saline-injected rats detected
exchanged objects, and four of seven displayed LTP, whereas
among the 78% (seven of nine) of the oxamate-injected rats
that did not detect the exchange, only one showed LTP, while
the others exhibited an absence of plasticity or long-term
depression (LTD). This is also illustrated by the difference

between averaged vectors (Fig. 4P and SI Appendix, Table
S4D). Monitoring of the synaptic weights 24 h after familiari-
zation showed similar plasticity pictures for saline- and
oxamate-injected rats (n = 9 and 12, respectively), that is, LTD
or the absence of plasticity despite distinct preference indexes
(SI Appendix, Fig. S7 E and G and Table S4D).

In conclusion, rats detecting novelty in the OiP task dis-
played LTP after the familiarization phase, whereas oxamate-
injected rats, which were not able to detect novelty, did not
show LTP. Therefore, learning novelty in a challenging mem-
ory task (OiP) requires lactate-dependent LTP, while glucose-
dependent LTP can be sufficient to learn a less demanding
cognitive task (NOR).

Discussion

Here, we show that scaling of computational and cognitive loads
requires the metabolism of astrocytic glycogen-derived lactate to
match the energetic requirements of sustained neural activity pat-
terns and high cognitive load. For less demanding plasticity and
learning paradigms, glucose suffices as an energy substrate. We
thus reconcile conflicting views concerning the involvement of
lactate versus glucose in synaptic plasticity (11, 26, 27, 32). The
two pools of energy substrates (glucose and lactate) can be dis-
tinctly allocated on demand (33–37) in qualitative (activity hot-
spots) and quantitative (engram levels) manners within the hard
limit of the global energy availability of cellular metabolism
(38, 39). We delineated the domains of activity pattern for which
LTP expression requires glucose and/or lactate metabolism and
their borders defined by the elementary elements of neural com-
putation, that is, the rate and timing codes. This is particularly
illustrated by the fact that variation of a single bAP was sufficient
to shift the LTP dependency from glucose to lactate.

Physiologically, lactate in the brain can be formed through
two metabolic pathways that correspond to two forms of the
astrocyte–neuron lactate shuttle, glycogenolysis and glutamate-
stimulated glucose uptake into astrocytes (7, 11). Glycogenolysis
in astrocytes is promoted by neuromodulators, such as noradrena-
line and vasoactive intestinal peptide (7, 23). The glia-derived lac-
tate, as well as neuronal glycolysis, could thus be triggered after
extracellular potassium changes as low as ∼200 μM, according
to theoretical estimations of the potassium efflux upon a single
action potential (40), consistent with the demonstrated glycogen-
olytic action of potassium (41–43). Interestingly, noradrenaline is
released from fibers in the cortex and hippocampus during task-
relevant stimuli, optimizing behavioral performance (44). The fir-
ing of the locus coeruleus, where noradrenaline-containing cell
bodies are localized, renders neurons in the cortex and hippocam-
pus more responsive to a broad spectrum of stimuli, including
behavioral attentional states (44, 45) involved in plasticity and
learning. In the context of the observations presented here, it is
worth noting that glycogenolysis triggered by activation of beta2
receptors selectively localized on astrocytes is necessary for mem-
ory consolidation (16).

Increased energetic demands on astrocytes such as glutamate
uptake, one of the main functions of astrocytes, stimulates glucose
uptake and the activation of its metabolism through aerobic glycol-
ysis, resulting in lactate production (10). One may therefore won-
der which one of the two forms of the astrocyte–neuron lactate
shuttle is mobilized during the higher energy-demanding plasticity
loads described in this article. The role of glycogen-derived lactate
in memory consolidation is now well established (14–16). Recent
modeling data show that the glycogenolysis-derived lactate evoked
by a glycogenolytic neuromodulator such as noradrenaline (23)
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operates with much shorter time constants than the glutamate
uptake–triggered one (46).
The demonstration that under conditions of glycogenolysis

inhibition, lactate, but not glucose, allows sustained electrical
activity (9), fear, or spatial learning (14–16) (that involves high
perceptual load) is in line with our results. Also, a decrease in
lactate production mediated by mitochondrial cannabinoid
type-1 receptor activation in astrocytes alters social behavior in
a lactate-reversible manner (47). By contrast, fast-learning
engrams originating from light activity patterns (48) could
emerge even in the absence of lactate metabolism, with glucose
as the main energy substrate.
Our mathematical model predicts that, with oxamate, NADH

levels during TBS are larger than during STDP, although less
than in control conditions, that is, without LDH inhibition:
NADH(STDP + oxamate) < NADH(TBS + oxamate) <
NADH(TBS or STDP in control). Because TBS + oxamate is
the only condition where LTP is suppressed, we concluded that
a simple control of LTP by the level of NADH is unlikely. The
dynamics of cytosolic ATP levels were more compatible with a
simple gating mechanism because ATP levels in the model were
found especially low with TBS + oxamate and much larger for
STDP + oxamate or under control conditions (TBS or STDP
without oxamate). ATP is usually believed to be tightly regu-
lated in neurons (2, 3, 7), so our model prediction that oxamate
causes a twofold decrease of cytosolic ATP at rest is unexpected.
We cannot rule out that the metabolite that limits TBS-LTP
with oxamate is not ATP but one of its less tightly regulated
metabolites or binding partners and one that the model would
not account for (ATPases or other ATP-dependent enzymes or
channels, for instance). Continuous measurements of cytosolic
neuronal ATP/ADP and NADH/NAD+ ratios during TBS or
STDP, with and without oxamate, would allow testing our
hypothesis. However, to our knowledge, single-cell ATP moni-
toring in neurons during LTP protocols is still an experimental
challenge in brain slices. In any case, the model prediction of
depotentiation when ATP drops below a threshold (Fig. 2C)
provides a simple mechanism to link metabolism with the sig-
naling pathways of synaptic plasticity. This simple mechanism
endowed the model with strong predictive properties, allowing
us to correctly forecast the results of a wide range of experimen-
tal conditions (number or frequencies of action potentials and
glucose concentration). This advocates in favor of the validity of
our hypothesis of an ATP-gated depotentiation.
The tight dependence and sensitivity of neuronal signaling on

energy availability renders the brain vulnerable to conditions in
which energy delivery or utilization are compromised. This is
the case for neurodegenerative diseases, such as Alzheimer’s and
Parkinson’s diseases, amyotrophic lateral sclerosis, and fronto-
temporal dementia (49–52), as well as for neurodevelopmental
disorders, such as glucose transporter-1 deficiency syndrome
(53). Pharmacological strategies aimed at boosting brain energy
metabolism by acting at specific cellular and molecular targets
(e.g., neurons versus glial cells and glycolysis versus glycogenolysis)
deserve close attention, as they may provide an original and unify-
ing interventional approach for diseases characterized by cognitive
impairment and neurodegeneration.

Materials and Methods

Detailed materials and methods, that is, patch-clamp whole-cell and two-photon
recordings in brain slices, behavioral tasks, in vivo electrophysiological recordings
in behaving rats, and mathematical models, are included in the SI Appendix,
Supplementary Information for the Mathematical Model and Supplementary
Materials and Methods.

Experiments were conducted in male Sprague–Dawley rats (Charles River)
P30 to 35 d for brain slice patch-clamp and two-photon imaging and P7 to 9 wk for
behavioral tasks and in vivo electrophysiology and in C57BL/6 mice P28–35 d for
brain slice electrophysiology (SI Appendix, Fig. S5).

Whole-Cell CA1 Pyramidal Neuron Recordings. For whole-cell CA1 pyrami-
dal neuron recordings, transverse hippocampal slices (350 μm thick) were
prepared. Signals were amplified with EPC10-2 amplifiers (HEKA Elektronik).
Current- and voltage-clamp recordings were sampled at 20 kHz with the
Patchmaster v2 × 32 program (HEKA Elektronik). All recordings were per-
formed at 35 °C.

Synaptic Plasticity Induction Protocols. Synaptic responses in CA1 pyrami-
dal cells were evoked by electrical stimulations of Schaeffer’s collaterals with con-
centric bipolar electrodes (Phymep) placed in the stratum radiatum area of the
hippocampus, with two paradigms being applied, TBS and STDP.

NOR and OiP tasks. The NOR (two objects) and OiP (four objects) tasks
involved three sessions on three consecutive days: habituation (on day 1), famil-
iarization (on day 2), and test (on day 3).

In Vivo Electrophysiology in Behaving Rats during the NOR and OiP
Tasks. fEPSPs evoked from Schaffer collateral stimulation (e-fEPSPs) were mea-
sured (KJE-1001 system, Amplipex) in the left CA1 over the 3-d behavioral
assessment in rats subjected to NOR or OiP tasks.

Mathematical Model. Our model simulates the network of signaling and met-
abolic reactions occurring in a postsynaptic neuronal terminal and an interacting
astrocyte, as shown in Fig. 2A. The postsynaptic weight was modelled using a
bistable ordinary differential equation where potentiation is triggered by high
intracellular calcium whereas low cytosolic ATP levels cause depotentiation. The
level of intracellular calcium depended on the set of channels and pumps illus-
trated in Fig. 2A, whereas the time course of ATP concentration was estimated
using a model of neuron-glia metabolic interactions (30), thus effectively linking
metabolism and plasticity. For parameter values of the mathematical model, see
SI Appendix, Table S2.

Data, Materials, and Software Availability. Computer code for the model
is publicly available at GitLab (https://gitlab.inria.fr/hberry/anls_stdp) (54). All
other study data are included in the article and/or SI Appendix.
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