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Abstract

Lactate is an efficient neuronal energy source even in presence of glucose. However, the importance of
lactate shuttling between astrocytes and neurons for brain activation and function remains to be
established. For this purpose, metabolic and hemodynamic responses to sensory stimulation have been
measured by fMRS and BOLD fMRI after downregulation of either neuronal MCT2 or astroglial MCT4
in the rat barrel cortex. Results show that the lactate rise in the barrel cortex upon whisker stimulation
is abolished when either transporter is downregulated. Under the same paradigm, the BOLD response
is prevented in all MCT2-downregulated rats while only about half of the MCT4-downregulated rats
exhibited a loss of the BOLD response. Interestingly, MCT4-downregulated animals showing no BOLD
response were rescued by peripheral lactate infusion while this treatment had no effect on MCT2-
downregulated rats. When animals were tested in a novel object recognition task, MCT2-downregulated
animals were impaired in the textured but not in the visual version of the task. For MCT4-downregulated
animals, while all animal succeeded in the visual task, a similar segregation in two groups as observed
for BOLD experiments was evidenced with half of the animals exhibiting a deficit in the textured task.
Our data demonstrate that lactate shuttling between astrocytes and neurons is essential to give rise to
both neurometabolic and neurovascular couplings, which form the basis for the detection of brain
activation by functional brain imaging techniques. Moreover, our results establish that this metabolic
cooperation is required to sustain behavioral performance based on cortical activation.

Significance Statement

For decades, it was claimed that glucose was the sole and sufficient energy substrate to sustain
neuronal activity and brain function. Our results challenge this view by demonstrating that despite
glucose availability, lactate shuttling from astrocytes to neurons via monocarboxylate transporters is
necessary to give rise to the BOLD signal (used as a surrogate marker for neuronal activation) in the rat
cerebral cortex following whisker stimulation. Moreover, lactate shuttling turned out to be also essential
for sustaining behavioral performance associated with activation of the rat barrel cortex. These findings
call for a reappraisal of neuroenergetics and its role in determining brain function.

Introduction

In the past 25 years, a major revolution in the field of brain energy metabolism has occurred. While it
was believed classically that glucose is the sole valuable energy substrate for neurons, it is now admitted
that under certain circumstances, alternative substrates can serve as fuels and replace glucose, at least
partially, even in the adult brain. This is the case for lactate. Indeed, it was shown that lactate provided
from the periphery through the blood circulation is efficiently used by the brain in animals (1) and humans
(2-4). In addition to peripheral supply, the brain itself has the capacity to internally produce lactate from
peripheral glucose. This process of activity-dependent lactate transfer is named ANLS (5) and has
received a large support in the literature based on in vitro (6, 7), ex vivo (1) and in vivo experiments (8).
It was also shown that lactate supply by glial cells to neurons is a fundamental process that has been
conserved during evolution as it was found to be present in invertebrates as well (e.qg. flies) (9, 10).
Nevertheless, some recent studies have provided evidence that direct glucose utilization by neurons
also takes place during activation (11), (12) and seems essential at least for some aspects of neuronal
activity (13), (14). These observations call for further in vivo investigations to assess the contribution of
these energy supply modes to sustain brain activities ranging from metabolic and hemodynamic
responses associated with brain activation to behavioral performances.

It has been well documented that activation of a brain region (e.g. hippocampus or cortex) leads to a
transient increase in lactate concentration within the activated area in rodents (15-17) and in humans
(18, 19). Such an observation might reflect a transient mismatch between lactate production and
utilization/disposal by brain cells but the exact origin is unknown. The capacity to release or utilize lactate
is determined by the expression of specific transporters named monocarboxylate transporters (MCT).
Three members of this family have been identified in the central nervous system (20). MCT2 is the
predominant neuronal lactate transporter (21). MCT4 expression is prominent on astrocytes (22) while
MCT1 expression is more ubiquitous with strong expression on endothelial cells of blood vessels as well
as on glial cells (23). Previously, it was shown that reducing MCT2 expression (which allows neuronal
lactate uptake) interfered with blood oxygen level-dependent (BOLD) fMRI signal, which depends on
local, activity-dependent change in blood flow and is used as a surrogate marker for neuronal activity to
perform functional brain imaging (17). Recently, new viral vector tools have been developed that allow
the downregulation of either MCT2 or MCT4 expression in a cell-specific manner in vivo (24). In the
present study, we took advantage of this approach to determine the importance of both transporters and
by extension, of lactate shuttling between astrocytes and neurons, in both metabolic and hemodynamic



responses as well as in behavioral performances associated with activation of the whisker-to-barrel
system in rats.

Results
Cortical lactate accumulation caused by whisker stimulation is prevented by either neuronal MCT2 or
astroglial MCT4 downregulation

The impact of downregulating either the neuronal MCT2 or the astroglial MCT4 transporter in the rat
barrel cortex on a metabolic response to whisker stimulation was evaluated by functional MRS (fMRS)
in vivo. Whiskers were stimulated directly into the magnet, using a MRI-compatible air-puff system. The
paradigm was composed of a succession of a 20 sec activation period (8 Hz) followed by a 10 sec rest
to avoid neuronal desensitization (Figure 1A). In vivo *H-MRS was acquired in a 2x2.5x3 mm-voxel
located in the left barrel cortex (Figure 1B). A first acquisition was performed at rest (Figure 1B, blue
spectra). Then right whiskers were stimulated and a second acquisition was recorded (Figure 1B, red
spectra). Functional MRS was performed in rats treated with a control adeno-associated vector (AAV)
expressing a non-specific sequence (Ctr; white), or rats injected with vectors inducing the knockdown
MCT2 (MCT2-KD; purple) and MCT4-KD (orange). The signal from protons of the methyl group of
lactate is located at 1.32 ppm. The subtraction of the two spectra (activated — rest) is represented in
black. While an increase in lactate content in the barrel cortex can be observed in Ctr rats, this increase
was abolished both in MCT2- and MCT4-KD rats. Quantification of metabolite contents was performed
using LCModel and the ratio [lactate content during whisker activation] over [lactate content at rest] is
presented in Figure 1C. This ratio was 1.25 £ 0.05 in control rats, indicating a 25% increase in lactate
content during whisker activation, while this ratio was 1.03 £ 0.04 and 1.04 + 0.04, in MCT2- and MCT4-
KD rats, respectively, which confirms the absence of lactate increase in these animals. No statistical
difference was found between Ctr (1.25 £ 0.05, n=23) and uninjected rats (1.30 £ 0.09, n=18).

To determine the origin of the lactate that accumulates during whisker activation, [1-13C]glucose was
infused in awake rats. During the 1h-infusion, right whiskers were stimulated (same paradigm as the
one used for in vivo MRS, Figure 2A). At the end of the infusion, both right (at rest) and left (activated)
barrel cortices were removed (Figure 2A) and ex vivo MRS was performed on the perchloric acid
extracts using a proton-observed carbon-edited sequence. This sequence allowed to calculate some
metabolite specific enrichments, which represents the percentage of 13C that was incorporated into a
carbon position from the 13C-labeled substrate that was infused (Supplementary Table 1). For Ctr rats,
results indicate an increase in the specific enrichment of lactate carbon 3 (C3) between rest and
activated barrel cortices, while the one of glutamine C4 decreased. For both MCT2- and MCT4-KD rats,
no statistical difference between rest and activated barrel cortices was found. Comparison of lactate C3
specific enrichments between the right barrel cortex (resting hemisphere) and the left one (activated
hemisphere) for each individual rat is shown in Figure 2B (Ctr), C (MCT2) and D (MCT4). For Ctr rats,
it can be clearly seen that whisker stimulation led to an increase in the incorporation of 13C in lactate,
indicating that more [3-13C]lactate was produced from the infused precursor, [1-13C]glucose, in the
activated brain area. This was not observed for MCT2-KD rats. Concerning MCT4-KD rats, two animals
showed a clear increase in the specific enrichment of lactate C3 between the right and the left
hemispheres, whereas an obvious decrease was measured in 3 animals and slightly the same values
were observed in 7 MCT4-KD rats. Quantification is presented Figure 2E and indicates that lactate C3
specific enrichment increased between resting and activated barrel cortices only in Ctr rats (+30%).

Cortical BOLD signal triggered by whisker activation requires MCT2-dependent neuronal lactate
shuttling provided at least in part by astrocytes via MCT4

To understand why no metabolic response (observed as lactate accumulation) was detected in the
barrel cortex during whisker stimulation in MCT2- and MCT4-KD rats, BOLD fMRI was performed. The
5-min paradigm used during whisker stimulation was the same as the one used during in vivo MRS and
is presented Figure 3A. For Ctr rats, a positive BOLD signal was recorded in 95% of the rats (Figure
3B, n = 22). When the neuronal monocarboxylate transporter (MCT2) was downregulated, a positive
BOLD fMRI signal was observed in only 12% of the animals. Moreover, in the 4 BOLD-positive MCT2-
KD rats, brain activation level was much lower as shown in Figure 3C (only signals in BOLD responding
animals were quantified). In the MCT4-KD group, 53% of the animals had a positive BOLD signal. For
these MCT4-BOLD responding animals, no statistical difference was found in BOLD signal intensity



compared to Ctr rats. However, nearly half of the MCT4-KD rats had no BOLD fMRI signals (8/17
animals).

Rescue experiments were performed in Ctr, MCT2-KD and MCT4-KD rats (Figure 3D). For these
experiments, a first BOLD fMRI was acquired, then lactate was infused via the tail vein to the animal,
and a second BOLD fMRI was recorded,10min after starting lactate infusion (this time point was
determined such as the lactate concentration in the barrel cortex, measured by in vivo MRS, was the
highest, Supplementary Figure 1). When sodium lactate was infused during whisker activation, no
difference was observed in BOLD fMRI signals measured before or during lactate infusion, neither in
Ctr rats (positive BOLD fMRI signal before or during lactate infusion), nor in MCT2-KD rats (no BOLD
signal, before or during lactate infusion). Interestingly, data for MCT4-KD animals can be clearly divided
into two sub-groups; responding animals (during the first BOLD fMRI experiment, called MCT4 Resp)
and non-responding animals (MCT4 Non resp). Indeed, an increase in the BOLD fMRI signal was
observed between the first (without lactate infusion) and the second (during lactate infusion) BOLD fMRI
acquisitions in 5/9 animals. Increases in signal between the first and the second BOLD fMRI acquisitions
are shown in Figure 3E.

Learning involving the whisker-to-barrel system requires intact neuronal MCT2 expression and at least
in part intact astroglial MCT4 expression in the barrel cortex

To determine if the absence of the BOLD signal in the barrel cortex upon whisker activation can lead to
a loss of function, we developed a textured novel object recognition (tNOR) task to specifically probe a
barrel cortex-dependent behavior. This task was designed to test the impact of MCT knockdowns in the
barrel cortex on behavioral performance and was based on two already published protocols (25, 26).
Some modifications were set up to avoid any texture recognition with the forepaws and to differentiate
whisker-dependent sensory experience from whisker-independent experience (the protocol is presented
Figure 4A and objects are presented Figure 4B, left panel). As control, we used a classical visual novel
object recognition task (VNOR; objects are presented Figure 4B, right panel). The absence of
preference for one of the objects used was first evaluated and results indicated no preference for one
of the objects for both vNOR and tNOR tasks (data not shown). The sensitivity and specificity of the test
was also controlled using an N-methyl-D-aspartate (NMDA) injection in the barrel cortex to produce a
localized excitotoxic lesion (27) and thus interfere with behavioral performance related to texture but not
to visual information processing (Supplementary Figure 2). To analyze the impact of neuronal MCT2
downregulation in the S1BF area, animals were submitted to this tNOR protocol (Figure 4C). Unlike Ctr
rats, MCT2-KD animals were unable to discriminate between the two textures in the tNOR task,
reflecting a dysfunction of the barrel cortex. Indeed, this impaired processing of somatosensory
information prevented them to learn the task. However, in the VNOR task, their learning capacity was
intact as they performed like Ctr rats. Because of the striking visual difference between the two objects,
an additional processing of somatosensory information (via whisking activity) was not necessary for
recognition of the objects. Thus, the VNOR task can be considered to be barrel cortex-independent,
relying most likely on primarily visual information processing. The impact of downregulating the
astrocytic lactate transporter MCT4 was also explored using the tNOR task (Figure 4D). Ctr and MCT4-
KD rats were both able to discriminate the objects during the vNOR task while Ctr rats also succeeded
in the tNOR task. In contrast, two distinct behaviors were observed for MCT4-KD rats in the tNOR task.
As already observed during BOLD fMRI experiments, MCT4-KD rats can be divided into two sub-groups;
a first sub-group, that was clearly able to discriminate the textured objects while the second sub-group
was unable (Figure 4E). Distribution of MCT4-KD animals in these two sub-groups is presented Figure
4F, in which half of the animals (10/18) had a discrimination index of 0.49 + 0.04 for the tNOR and 8/18
rats had a discrimination index of 0.69 + 0.06.

Discussion

Three decades ago, a rise in lactate levels was observed for the first time in the visual cortex of humans
by in vivo MRS during a photic stimulation (18, 19). At that time, it was attributed to a transient increase
in glycolysis over respiration during brain activation. More recently, we developed a technique to perform
in vivo MRS during brain activation in the rat barrel cortex (28). Using this technique, our aim was to
follow lactate fluctuations linked to brain activity (obtained by whisker stimulation) in animals in which
key partners of the ANLS would be downregulated. Right whisker stimulation led to an increase in lactate
content in the left barrel cortex (also called S1BF) in Ctr rats (receiving the viral vector but expressing a
non-specific sequence). The same increase in lactate was observed in non-injected rats, indicating that
the stereotactic injection of AAVs has no impact on our observed signal. Considering that the



concentration of extracellular lactate in the brain is around 1 mM, this 25-30% increase would bring
lactate concentration in the S1BF area around 1.25 - 1.30 mM. Keeping in mind the huge difference
between neuronal activation and in vivo fMRS recording scales (ms versus min), this new lactate
concentration may reflect a new steady state, in which the lactate concentration is enhanced, putatively
to support high neuronal energy needs during brain activity. This new steady state in lactate
concentration in the activated S1BF during whisker stimulation can be explained either by an increase
in lactate synthesis during neuronal activity, or by a decrease in its consumption. To distinguish between
these two hypotheses, we performed 3C-experiments in which [1-13C]glucose was infused in awake
animals during right whisker activation. Then, both right and left barrel cortices were analyzed by ex vivo
1H and 13C-NMR spectroscopy. We measured an increase in the specific enrichment of [3-13C] lactate
in the activated S1BF in Ctr rats. This means that the neuronal stimulation leads to a greater synthesis
of lactate (13C-labeled) in the activated zone, the precursor being [1-13C]glucose infused in the blood
circulation. This result confirms previous data obtained using ex vivo MRS on control rats (29), and
indicate that lactate is produced from blood-circulating glucose within the brain area during neuronal
activity, at least in the cortex.

When the neuronal lactate transporter MCT2 was downregulated in the rat barrel cortex, no lactate
increase linked to whisker stimulation could be observed in this brain area. If we hypothesize that lactate
is produced by astrocytes during brain activity, and is further transferred to neurons, it may be surprising
not to observe an accumulation of lactate in these KD rats, in which lactate cannot enter neurons. To
better understand this apparent paradox, we decided to perform BOLD fMRI experiments to detect
neuronal activation (using the BOLD signal as a surrogate marker for neuronal activation). While a
positive BOLD signal was observed in 95% of Ctr rats, the BOLD signal was lost in MCT2 KD rats (only
a small signal was observed in 4 out of 32 animals). These results confirm previous findings obtained
using a lentiviral vector to express a similar shMCT2 sequence that prevented the BOLD response in
the barrel cortex upon whisker stimulation (17). Based on these data, we can conclude that
downregulation of the neuronal lactate transporter leads to the suppression of the mechanism which is
at the origin of the BOLD signal, and therefore to an impairment of the neurovascular coupling. Since
no increase in lactate levels was measured in fMRS experiments, MCT2 downregulation also leads to
an apparent impairment of the neurometabolic coupling. Thus, it can be suggested that neuronal MCT2
downregulation alters neuronal activation and its consequences (as reflected by the absence of
neurovascular and neurometabolic responses) within the barrel cortex.

Similarly to MCT2, downregulation of the astroglial lactate transporter MCT4 in the rat barrel cortex
prevented the lactate increase caused by whisker stimulation. In this regard, it seems that the
neurometabolic coupling is impaired as well with astroglial MCT4 downregulation, emphasizing the
importance of an intact lactate shuttling between astrocytes and neurons for this process. Surprisingly,
for the BOLD signal, results obtained with MCT4 KD rats represent a dichotomous situation between
those for Ctr rats and the ones for MCT2 KD rats. Indeed, the BOLD signal was present in about half of
the animals but absent in the other half, which suggests that local brain activation (and the associated
neurovascular coupling) was not systematically lost (efficiency of MCT4 downregulation after stereotaxic
injection in the S1BF was previously confirmed (24)). This situation suggests the existence of a
threshold-like effect. Unlike neurons, which only have the MCT2 isoform, astrocytes express both
isoforms 1 and 4. We can then assume that for MCT4 KD rats, the presence of MCT1 transporters still
allows some lactate release. This export would be insufficient to measure by fMRS the same steady
state level as the one measured in Ctr rats upon activation, but would be sufficient, at least in some rats,
to maintain the appearance of the BOLD signal in the activated zone. Indeed, if enough lactate comes
out of the astrocyte, or is sufficiently present in the extracellular space, it can then be sensed by neurons
(MCT2 is still present). If used extensively, such as during brain activation, then lactate cannot
accumulate in the extracellular space and no increase can be measured during in vivo fMRS. According
to this hypothesis, astrocytes would therefore supply under physiological conditions more lactate than
is necessary for neurons, which is in accordance with the new steady state level of lactate concentration
that is measured. We may hypothesize that a lactate concentration threshold may exist to support brain
activation, which was reached only in half of the MCT4 KD rats. This hypothesis would also fit with
rescue experiments, in which lactate infusion was able to rescue the BOLD signal in non-responding
MCT4 animals.

Altogether, our data suggest that lactate supply to neurons by astrocytes could somehow regulate
neuronal network activity and define a new threshold of excitability. This effect would be entirely
prevented by neuronal MCT2 downregulation but not systematically following astroglial MCT4



downregulation, depending of the resulting lactate levels which may fluctuate (depending on the extent
of astroglial MCT4 downregulation). Indeed, it was recently shown that lactate acts as a signal to
regulate neuronal excitability (30). This action of lactate is mediated by ATP-sensitive potassium
channels which are expressed by all types of cortical neurons, including subtypes of glutamatergic
neurons. It is purported that such an effect of lactate over an area corresponding to a barrel within the
S1BF area would promote the capacity of the neuronal network within that structure to fine tune in a
coordinated manner neuronal processing and promote learning and memory processes.

The possibility that reducing neuronal MCT2 expression or astroglial MCT4 expression might also
interfere with behavioral performance that relies on the activation of the barrel cortex was tested. MCT2
downregulation led to an important deficit of S1BF function, reflected by the absence of discrimination
between the objects during the tNOR task. However, those animals were still able to discriminate the
objects during the vNOR task. Results obtained in astroglial MCT4 downregulated animals reflected
those obtained in BOLD fMRI. About half of the animals were impaired in the tNOR task. These results
show that the memory deficit seen in the tNOR task was caused by a specific deficit in the processing
of somatosensory information in the barrel cortex, and not a global impairment in learning or a deficit
related to the other brain structures involved in the task. These findings concur with several others
indicating that interfering with MCT expression on astrocytes and neurons, and/or lactate shuttling
between the two cell types, alters learning and memory performances in a number of spatial and non-
spatial tasks (31-36). While previous studies were targeting either the hippocampus or the striatum, our
study is demonstrating for the first time an effect on behavioral performance after modifying expression
in a specific cortical area. This finding reinforces the view that lactate shuttling between astrocytes and
neurons is a fundamental process present in various brain regions that is essential to sustain cognition.

In conclusion, our data indicate that lactate shuttling via MCTs between astrocytes and neurons is not
only necessary to give rise to the neuro-vascular and the neuro-metabolic coupling linked to brain
activity, but also to support cognitive function subserved by this local brain activation.

Materials and Methods

1. Animals

All animal procedures were conducted in accordance with the Animal Experimentation Guidelines of the
European Communities Council Directive of November 24, 1986 (86/609/EEC). Protocols met the
ethical guidelines of the French Ministry of Agriculture and Forests, and were approved by the local
ethics committees (Comité d'éthique pour I'expérimentation Animale Bordeaux n°50112090-A and the
Swiss “Service de la Consommation et des Affaires Vétérinaires, SCAV, authorization n°3101.1). Male
Wistar RJ-HAN (Janvier Laboratories, France) were kept on a 12:12 hours light:dark cycle with food and
water ad libitum.

2. AAV2/DJ-based viral vector generation

AAV2/DJ-based viral vectors were prepared exactly as described in detail in Jollé et al. (45). Briefly, four
constructs were made to target alternatively neurons or astrocytes. For neuron-specific expression, a
shRNA sequence targeting MCT2 (shMCT2; TAGGATTAATAGCCAACACTA) or a control non-coding
sequence (shUNIV2; TGTATCGATCACGAGACTAGC) embedded in a miR30E sequence was
positioned after a mCherry sequence under the control of a CBA (Chicken-B-actin) promoter. For
astrocyte-specific expression, a shRNA sequence targeting MCT4 (shmMCT4;
GGTGAGCTATGCTAAGGATAT) or a control non-coding sequence (shUNIV4;
TGTATCGATCACGAGACTAGC) embedded in a miR30E sequence was positioned after a mCherry
sequence under the control of a G1B3 (a Glial Fibrillary Acidic Protein derived) promoter (37). Each
construct was incorporated in an AAV2/DJ serotype to obtain four distinct AVV2/DJ-based viral vectors.
All these viral vectors had been tested previously for their specificity and efficacy in the rat barrel cortex
(45). Since no difference was observed between animals injected with either AAV2/DJ-CBA-shUNIV2
or AAV2/DJ-G1B3-shUNIV4, data from these animals were pooled and considered as control (Ctr) data.
3. Stereotaxic injection

Surgeries were performed on seven-week-old animals. Animals were anesthetized with isoflurane (5%
for the induction and 3% to maintain the anesthesia). AAVs or PBS were injected in one site/hemisphere
(S1BF: Anteroposterior = - 2,3 mm; Mediolateral = + 5 mm; Dorsoventral = - 3 mm). Viral vectors were
injected with 34G steel cannula fixed on a cannula holder and linked to a 10 pL Hamilton syringe and
an infusion pump. For each site, 4 pL of viral vector were injected at 0.2 uL/min. Cannulas were left in
the brain for 5 minutes after the injection, and then slowly removed. Skin was closed using 4.0 sterile
suture thread. Sterile NaCl 0.9% solution (1 mL) was delivered to the rat by intra-peritoneal injection to



avoid dehydration after surgery, and healing cream was applied on the head. Sugar-taste Paracetamol
was delivered to the animal in water (1g/cage for rats) during 72h. Animals were monitored until
complete awakening, and every day during three days after the surgery. All viral vectors were injected
at a final concentration of 1x108 vg/site.

4. In vivo functional *H-MRS and BOLD fMRI

Experiments were conducted on a 7T Bruker BioSpec system (70/20, Ettlingen, Germany) equipped
with a 20-cm horizontal bore, a gradient system capable of 660 mT/m maximum strength and 110 us
rise time. A surface coil (10-mm inner diameter, Bruker) was used for excitation and signal reception.
Rats were anaesthetized using medetomidine hydrochloride (Domitor, Vetoquinol SA, France, 1 mg/mL,
240 pg/kg/h — perfusion rate: 20 pL/min). Whisker activation was performed directly into the magnet
using an air-puff system (28). For this purpose, right whiskers were taped such as a sail was made and
this sail was blown at 8 Hz during the acquisition time (activation paradigm: 20s activation — 10s rest,
duration 5 min). In order to place correctly the voxel in the S1BF area, a Tz2-weighted sequence was
performed (RARE sequence): 16 slices, 1 mm thick, FOV 5x5 cm. A voxel was then located in the S1BF
area (2 x 2.5 x 3 mm) and in vivo spectroscopy was performed either at rest or during whisker activation
using a LASER sequence (TE 20 ms, TR 2500 ms, 256 scans). Spectra were analyzed and lactate was
guantified using LCModel (Provencher) software.

Finally, functional imaging was performed. The BOLD response was measured (using the activation
paradigm) in four slices of 0.7 mm thickness using a single short gradient echo, echo planar imaging
sequence (TR =500ms, TE = 16.096 ms, field of view 25x25 mmz2, matrix size 96x96 and bandwidth of
33333 Hz). Images were reconstructed and analyzed using FUN TOOL fMRI processing (Bruker
software).

5. Rescue experiments

Rats were anaesthetized using medetomidine hydrochloride (Domitor, Vetoquinol SA, France, 1 mg/mL,
240 pg/kg/h — perfusion rate: 20 pL/min) as previously, using an amagnetic tail vein catheter. A three-
way stopcock was used for lactate infusion (sodium salt, 534 mM, with a flow rate monitored from 15
mL/h to 1.23 mL/h during the first 25 min). Measurement of the BOLD response was performed twice.
The first acquisition was performed during whisker activation, without lactate infusion. Then, lactate
infusion was initiated and the second BOLD experiment was started 10 min after the beginning of the
lactate infusion. Lactate concentration was the highest in the barrel cortex in this time window, as
previously determined by in vivo *H-MRS performed every 5 min in the barrel cortex during the lactate
infusion protocol period (25 min).

6. Ex vivo MRS

Whisker activation on awake animals. Experiments were performed in awake animals six weeks after
AAYV injection. Animals were slightly held on a Plexiglas support during the stimulation. Before infusion
experiments, each animal was accustomed to the experimental set up (at least 3 times, 1h) to avoid any
stress and 13C-infusion experiments were performed once rats demonstrated that they lie quietly. Right
whiskers were mechanically stimulated at a rate of 8 Hz during 1h. To stimulate the maximum of
whiskers, they were cut to an equivalent length: 2.5 cm. Infusions were performed in the tail vein during
1h (to reach the isotopic steady state), during the whisker stimulation. Rats were infused with a solution
containing [1-13C glucose] (750 mM, Cambridge isotope, 99% enrichment) + lactate (sodium salt, 534
mM). Intravenous infusions were carrying out using a syringe pump that allows a flux such as glucose
and lactate concentrations in the blood remain constant (the infusate flow was monitored to obtain a
time-decreasing exponential from 15 mL/h to 1.23 mL/h during the first 25 min after which the rate was
kept unchanged). At the end of the experiment, a sample of blood was removed; rats were rapidly
euthanized by cerebral-focused microwaves (5 KW, 1s, Sacron8000, Sairem), the only way to
immediately stop all enzymatic activities and to avoids post-mortem artefacts such as anaerobic lactate
production, as already demonstrated in (29).

S1BF areas (right -non activated- and left -activated-) were removed, using a rat brain matrix that allows
precise and reproducible dissection of the selected brain regions, dipped in liquid nitrogen and kept at -
80°C until NMR analyses, conducted on a Bruker DPX500 spectrometer equipped with a HRMAS (High
Resolution at the Magic Angle Spinning) probe after perchloric acid extracts. Indeed, HR-MAS allows
performing spectra with high spectral resolution not only directly on biopsies but also on small perchloric
acid extract volumes (50 plL).

Perchloric acid extracts: A volume of 200 uL of 0.9 M perchloric acid was added to the frozen S1BF
biopsies (around 30 mg) and further sonicated (at 4°C). The mixture was then centrifuged at 5000 g for
15min (4°C). The brain extract was neutralized with KOH to pH=7.2, centrifuged again to eliminate
potassium perchlorate salts. Supernatant was lyophilized, the final powder was dissolved in 100 uL D20
and bivalent cations were eliminated using Chelex™ 100 resin beads. Ethylene glycol was added and
used as an external reference (1 M, peak at 63 ppm, 2 pl).



Proton-observed carbon-editing (POCE) sequence: This sequence was used to determine the 3C-
specific enrichment (SE) at selected metabolite carbon positions using the (3C-'H) heteronuclear
multiquanta correlation (38, 39). Briefly, two spectra are acquired: the first scan corresponds to a
standard spin-echo experiment without any 13C excitation and a second scan involves a 13C-inversion
pulse to get coherence transfer between coupled 2C and H nuclei. Subtraction of two alternate scans
leads to the editing of 'H spins coupled to 13C spins (scalar coupling constant JCH = 127 Hz). 2C-
decoupling was applied during the acquisition to collapse the 'H-13C coupling under a single 1H
resonance. Flip angles for rectangular pulses were carefully calibrated on both radiofrequency channels
before each experiment. The relaxation delay was 8s for a complete longitudinal relaxation. The 3C-SE
was calculated as the ratio of the area of a given resonance on the edited *C-H spectrum to its area
on the standard spin-echo spectrum. The reproducibility and accuracy of the method were previously
assessed using several mixtures of 13C-labeled amino acids and lactate with known fractional
enrichments and both were better than 5%.

7. Behavioral studies

Animals were given three weeks to recover from surgery (AAV injections). They were habituated to the
housing of the behavioral area for two weeks. During the first two days of behavioral testing, rats were
habituated for 10min to the circular open field arena (45 x 10 cm, light grey). The floor and walls were
cleaned with ethanol 70% to avoid scent trails guiding the animals between test sessions. On the third
day, the textured task of the tNOR was performed. For the first step, the animal was released on one
side of the arena, facing the wall, at equal distance from the two identical objects. The objects were
placed equidistant from the center of the arena and from the walls. Each rat was allowed to explore the
objects for 10min. The animal was then removed from the arena for 5min. During this retention period,
the arena and the objects were wiped with ethanol 70%. One of the familiar objects was replaced by the
novel object. This object was visually identical to the familiar object (in size, shape, colour) but exhibited
a different texture (smooth or rough). To avoid any texture discrimination coming from forepaws and to
test only whisker sensitivity, only the lower part of the object had a different texture. Then for the second
step, the rat was returned into the test arena and allowed to explore the objects for 10min. The time
each rat spent physically exploring the objects was recorded during both steps.

On the fourth day, the visual task of the tNOR took place. The rat was allowed to explore the two identical
objects for 10min. Then the rat was removed from the arena for 5Smin. The arena and objects were wiped
with ethanol 70%. One object was replaced by a novel object. This object was visually different from the
familiar one. Then the animal was reintroduced into the arena and allowed to explore the objects for
10min.

In the visual task, object A was 10 cm in diameter x 22 cm in height and object B was 10 x 10 x 20 cm.
In the textured task, the two objects were 10.5 x 5 x 15.5 cm. Object A was rough and Object B was
smooth.

Timegpject A/B
(Timegpject A+ Timeppject B)
that did not explore the two objects for at least 4 seconds were excluded from the analysis. The visual
and the textured tNOR tasks were recorded using Media Recorder v.4.0.2. The time of exploration was
blindly and manually scored using Kinoscope v0.3.0.

The novelty preference index was calculated as Preference Index = . Animals

8. Statistical analysis

Results are presented as mean + SEM. Statistical analyses were performed with GraphPad Prism (v.
7.04). For behavioral analyses, a Wilcoxon’s test was applied to compare the novelty preference index
to 0.5 (chance value). For BOLD fMRI and fMRS, data were analyzed using ordinary one-way ANOVA
followed by a Fisher’s LSD test or paired-t test. Results were considered significant when p < 0.05.
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Figure 1. In vivo functional MRS upon whisker stimulation in rats with cell-specific MCT2 or MCT4
downregulation in the barrel cortex. A: Whisker stimulation paradigm (activation: 20sec, 8Hz; rest:
10 sec, during the entire MRS acquisition for the activation condition). B: The right whisker stimulation
leads to the activation of the barrel cortex (also called S1BF) in the left somatosensory cortex. Voxel
location for MRS is determined by comparison of T2-weighted images and rat atlas maps. Typical
spectra acquired at rest (blue) and during whisker stimulation (red) for Ctr, MCT2- and MCT4-KD rats.
The difference between the red and the blue spectra is shown in the black spectra. The green rectangle
indicates the chemical shift of the protons from the methyl group of lactate (protons linked to lactate
carbon 3) at 1.32ppm. C: Ratio of lactate contents during the whisker stimulation and the resting state.
Ctr, n=23; MCT2, n=12; MCT4, n=18. ** p<0.004, one-way ANOVA followed by a Fisher’'s LSD test.
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Figure 2. Comparison of lactate C3 *3C-specific enrichments (%) between the resting hemisphere
(right S1BF, blue) and the activated hemisphere (left S1BF, red). A: Paradigm used for whisker
stimulation (activation: 20sec, 8Hz; rest: 10 sec, during the entire [1-*3C]glucose infusion protocol). B:
Comparison of [3-13C]lactate specific enrichment (%) for each animal between the resting and activated
S1BF in Ctr rats, n=11, ** p=0.004, between right and left hemispheres, paired t-test. C: Comparison of
[3-13C]lactate specific enrichment (%) for each animal between the resting and activated S1BF in MCT2
rats, n=9. D: Comparison of [3-13C]lactate specific enrichment (%) for each animal between the resting
and activated S1BF in Ctr rats, n=13. E: Means values of [3-13C]lactate specific enrichment (%), in the
resting (Ctr-, MCT2- and MCT4-) and in the activated (Ctr+, MCT2+ and MCT4+) hemispheres, **

p=0.004, between right and left hemispheres, paired t-test.
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Figure 3. Effect of cell-specific MCT2 or MCT4 downregulation in the barrel cortex on the BOLD
fMRI response during whisker stimulation and its putative rescue by lactate infusion. A:
Description of the paradigm used for whisker stimulation. The paradigm was composed by a succession
of 20 sec of activation (8 Hz) and 10 sec of rest to avoid neuronal desensitization. Total length of the
paradigm was 5 min. B: Distribution of positive/negative responding animals and typical BOLD fMRI
images for Ctr (n=22), MCT2-KD (n=32) and MCT4-KD (n=17) rats. Quantification of the BOLD fMRI
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signals (only for positive-responding animals) is presented in C. D: Rescue experiments: BOLD fMRI
was performed before (open symbols) and 10min after starting lactate infusion (bold symbols) in Ctr (n=
4, circles), MCT2-KD (n=4, squares) and MCT4-KD (n=9, triangles) rats. * p<0.05; ** p<0.01; ***
p<0.001; **** p<0.0001; ANOVA followed by a Fisher's LSD test.
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Figure 4. Effect of cell-specific MCT2 or MCT4 downregulation in the barrel cortex on
performance in the visual and textured novel object recognition tasks

A: Schematic representation of the protocol to perform both the textured and visual novel recognition
tasks. The test is divided in 4 consecutive days. On day 1 and 2, animals were habituated to the arena
for 10 min. On the third day, the animal was submitted to the textured task, composed of 10 min of
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learning, 5 min of rest and 10 min of test with one of the objects that was exchanged. In the textured
task, the novel object was identical in size, shape and color but different in term of texture (smooth
versus rough). Finally, on the fourth day, the animal was submitted to the visual task and for the visual
task. The difference with the third day was that the novel object was different in term of shape and color.
For the two last days, the time spent exploring the objects was measured. B: Pictures of the objects
used for the textured and visual tasks. C: Discrimination indexes for the visual and the textured NOR for
Ctr and MCT2 animals. Data are presented as mean + SEM. *** p<0.001; **** p<0.0001. Ctr rat, n=18;
MCT?2 rats, n=16 rats. D: Discrimination indexes for the visual and the textured NOR for Ctr and MCT4
animals. Data are presented as mean + SEM. ** p<0.01; **** p<0.0001. Ctr rat, n=15; MCT4 rats, n=18
rats. E: Evolution of the discrimination indexes between the learning and the test phases for MCT4
animals, n=18 rats. The black dashed line corresponds to an equal exploration of the two objects and
the green dashed lines indicate the corresponding statistical limits. F: Discrimination indexes for the
learning and the test phases for the textual NOR for the two groups of MCT4 animals defined based on
Figure 4E. The horizontal dashed line corresponds to an equal exploration of the two objects. Orange
triangles: MCT4 animals with no texture discrimination, n=10; Black and orange triangles: MCT4 animals
with texture discrimination, n=8. Data are presented as mean + SEM. **** p<0.0001.
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Supplementary data

Supplementary Figure 1. Lactate concentration kinetics in the barrel cortex during peripheral
lactate infusion. Lactate content was determined every 5 min by localized 'H-NMR spectroscopy in the
barrel cortex during lactate infusion (20 min) in the tail vein. In shaded grey, the selected time window
to acquire the second BOLD fMRI response. n=2.

Supplementary Figure 2. Effect of an excitotoxic lesion in the barrel cortex on performance in
the visual and textured novel object recognition tasks.

A: Preference indexes for the visual task of animals injected with PBS or NMDA 1M. The dashed line
corresponds to chance level, when the animal equally explored the two objects. Data are presented as
mean + SEM. * p<0.05, *** p<0.001, ordinary one-way ANOVA, followed by Fisher’s LSD test. n=6 rats.
B: Preference indexes for the textured task of animals injected with PBS or NMDA 1M. The dashed line
corresponds to chance level, when the animal equally explored the two objects. Data are presented as
mean + SEM. * p<0.05, ordinary one-way ANOVA, followed by Fisher’s LSD test. n=6.

Supplementary Table 1. *3C-specific enrichment values for some metabolites (%). [1-13C]glucose
was infused in the tail vein and the 3C incorporation in some metabolites was measured from POCE
spectra of perchloric acid extracts of resting and activated S1BF in Ctr, MCT2 and MCT4 rats. Lac C3:
carbon 3 of lactate; Ala C3: carbon 3 of alanine; GABA C2: carbon 2 of y-aminobutyrate; Glu C4: carbon
4 of glutamate; GIn C4: carbon 4 of glutamine and Asp C3: carbon 3 of aspartate. * p<0.05, ordinary
one-way ANOVA, followed by Fisher’s LSD test. Ctr, n=11; MCT2, n=9 and MCT4, n=13.
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Ctr

MCT2

MCT4

S1BF - S1BF + S1BF- S1BF + S1BF- S1BF +
LacC3 8.62+0.70 |11.28 +0.58*] 10.69+0.72 [ 10.98 +0.85 § 10.42+0.85 | 10.17 £0.91
AlaC3 12.49+0.75 ] 13.97+0.95 13.62+0.61 | 13.93+1.10 § 13.04£0.70 | 13.29+0.72
GABAC2 13.33+0.70 | 13.78£0.86 | 13.49+0.67 | 14.37+1.20 § 13.84+0.75 | 12.84 +0.46
GluC4 13.23+1.13 1 12.95+1.11 § 14.33+0.87 | 13.16 +1.54 § 12.38+0.99 | 13.43 +0.85
GInC4 11.08+1.18 | 7.33+1.15* ) 7.61+1.22 | 8.57+1.49 | 8.85+1.57 | 10.29+1.09
Asp C3 9.71+1.09 | 11.72+1.27 § 10.23+0.98 | 12.06+0.89 ] 9.11+0.80 | 10.29 £0.89

Supplementary Table 1
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