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Abstract

Lactate has been shown to have beneficial effect both in experimental ischemia—reperfusion models and in human acute
brain injury patients. To further investigate lactate’s neuroprotective action in experimental in vivo ischemic stroke
models prior to its use in clinics, we tested (1) the outcome of lactate administration on permanent ischemia and (2) its
compatibility with the only currently approved drug for the treatment of acute ischemic stroke, recombinant tissue
plasminogen activator (rtPA), after ischemia—reperfusion. We intravenously injected mice with | umol/g sodium L-lactate
I h or 3 h after permanent middle cerebral artery occlusion (MCAO) and looked at its effect 24 h later. We show a
beneficial effect of lactate when administered | h after ischemia onset, reducing the lesion size and improving neurological
outcome. The weaker effect observed at 3 h could be due to differences in the metabolic profiles related to damage
progression. Next, we administered 0.9 mg/kg of intravenous (iv) rtPA, followed by intracerebroventricular injection of 2
pL of 100 mmol/L sodium L-lactate to treat mice subjected to 35-min transient MCAO and compared the outcome (lesion
size and behavior) of the combined treatment with that of single treatments. The administration of lactate after rtPA has
positive influence on the functional outcome and attenuates the deleterious effects of rtPA, although not as strongly as
lactate administered alone. The present work gives a lead for patient selection in future clinical studies of treatment with
inexpensive and commonly available lactate in acute ischemic stroke, namely patients not treated with rtPA but
mechanical thrombectomy alone or patients without recanalization therapy.
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Acute ischemic stroke, the most frequent type of stroke,
happens when blood supply to the brain is blocked. The
primary therapeutic strategy is timely recanalization of the
initial occlusion, preserving maximal brain functionality.

The two currently approved strategies for recanalization
are thrombolysis with recombinant tissue plasminogen
activator (rtPA), the only approved drug for acute ischemic
stroke treatment and a typical time window of 4.5 h,' and
mechanical thrombectomy, which allows substantial reper-
fusion when performed within 7.3 h from ischemia onset.”
Recent trials have provided evidence that careful patient
selection based on imaging properties of the ischemic
brain leads to effective reperfusion treatment in extended
time windows (9 h for thrombolysis® and 24 h for
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thrombectomy®) and unknown-onset stroke patients.>°
Nevertheless, rtPA remains the standard of care as, even
if thrombectomy is considered, rtPA-eligible patients
should receive the drug if the inclusion criteria are
fulfilled.”

The monocarboxylate lactate is obtained from glucose
through glycolysis and is a source of metabolic energy as
well as an important signaling molecule involved in a
plethora of physiological and pathological conditions (for
review, see in the literature®?). Evidence from in vitro and
in vivo studies has shown that the healthy brain uses lactate
as an efficient energy substrate that may even be preferred
to glucose to maintain synaptic transmission.'®™'? Interest-
ingly, lactate may also be the preferred energy substrate for
recovery of neuronal function after insults like prolonged
oxygen deprivation'>'* such as in stroke, which likely
plays a role in the brain’s attempt at self-healing. We and
others have shown that L-lactate administration is neuro-
protective in several preclinical models of acute brain
injury, including hypoxia/ischemia,'*!” intracerebral
hemorrhage,'® or traumatic brain injury.'® Importantly,
administration of hypertonic lactate solution to human
acute brain injury patients has beneficial effects.? >

Further exploring the potential field of application of
lactate prior to clinical testing, we investigated its effect
in a permanent ischemia model, a situation with severe and
permanent blood flow reduction, representing patients who
cannot benefit from acute recanalization. Additionally, we
examined whether lactate-induced neuroprotection is
affected by the concomitant presence of rtPA in a model
of ischemia—reperfusion. We tested the combined treatment
in a suture-induced middle cerebral artery occlusion
(MCAO) model with promptly restored blood flow. This
model, previously used to test other neuroprotectants,*>**
mimics the situation of patients who underwent thrombo-
lysis with successful return of cerebral blood flow and who
are eligible for potential neuroprotective therapy in the
presence of residual rtPA, a situation that will be increas-
ingly likely to happen.

Methods

Permanent MCAO (pMCAO)

Male C57BL/6J mice (19-30 g, Charles River, France)
were housed under standard conditions with unlimited
access to food and water. Mice were anesthetized and kept
in 1.5-2% isoflurane in 30% oxygen - 70% nitrous oxide.
Regional cerebral blood flow (rCBF) was monitored
throughout surgery by laser-Doppler flowmetry (Perimed,
Sweden) with a flexible probe fixed on the skull. Rectal
temperature was maintained at 37 + 0.5°C. Permanent
ischemia was induced by inserting a silicone-coated fila-
ment (Doccol Corp., Sharon, MA, USA) through the left
common carotid artery into the internal carotid.>> Mice
with successful ischemia (rCBF < 20% of baseline, stable

for 15 min after induction) received, following randomiza-
tion, a tail vein injection of 1 pmol/g sodium L-lactate at 1 h
or 3 h after ischemia onset or no intervention (control). Due
to the different injection time points, the experimenter was
not blinded to the treatment group at injection time. Once
awake, mice were housed overnight in an incubator at 28°C
and were kept for 24 h. Mice received 0.025 mg/kg of
buprenorphine subcutaneously pre- and post-surgery for
analgesia. Six mice died before the end of the experiment
(three control, two lactate 1 h, and one lactate 3 h) and eight
were euthanized due to repeated seizures (six control, one
lactate 1 h, and one lactate 3 h) and are not included in the
results. Mice were identified by number and not by group.

Transient MCAO (tMCAO)

Male C57BL/6J mice (18-28 g, Charles River, France)
were subjected to 35 min transient ischemia using the fila-
ment technique described above. Mice with satisfactory
ischemia (rCBF < 20% of baseline) and reperfusion (rCBF
> 50% of baseline) received, following randomization, a
single intravenous (iv) injection of vehicle (5 pL/g Phos-
phate Buffered Saline (PBS), pH 7.4), single intracerebro-
ventricular (icv) injection (0.9 mm laterally, 0.1 mm
posteriorly, 3.1 mm deep from bregma®®) of 2 pL of 100
mmol/L sodium L-lactate (Fluka, Switzerland) on the left
side, single iv injection of 0.9 mg/kg human rtPA (Merck-
Millipore, Switzerland), or a double injection of iv rtPA
and icv lactate. Drugs were administered 10-15 min (iv)
and/or 15-20 min (icv) after reperfusion. To minimize
animal suffering, we chose not to subject all groups to
double injection; therefore, the experimenter was not
blinded to the treatment group at injection time. Mice
received 0.025 mg/kg of buprenorphine subcutaneously
pre- and post-surgery for analgesia. Two mice did not
reach the end of the experiment (one dead/one euthanized
due to loss of locomotion, both rtPA+lactate treated).

Ischemic lesion volume determination

Twenty-four hour after pMCAO induction, mice were
euthanized and 2-mm thick fresh coronal brain slices
were cut on a brain matrix, stained with 2% of 2,3,5-
triphenyltetrazolium chloride for 15 min at room
temperature in the dark and stored overnight at 4°C in
paraformaldehyde 4%. Stained sections were scanned
(Epson Perfection V500, Epson Deutschland Gmbh, Ger-
many) and evaluated by a blinded examiner using Imagel
(NIH, Bethesda, MD, USA). Unstained areas (pale color)
were defined as ischemic lesions.

Forty-eight hours after tMCAO onset, mice were
euthanized and brains were snap frozen in liquid nitro-
gen vapor. Cresyl violet-stained coronal cryostat sec-
tions (20-um thick, 720-um apart) were imaged under
a light stereomicroscope (Nikon SMZ25, Nikon Instru-
ments Europe BV, Netherlands). An examiner blinded to
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Table I. Lesion size measurements.

Treatment Direct lesion (mm?) Indirect lesion (mm?) Swelling (mm?)
pMCAO Control 88.50 + 31.20 73.52 + 23.44 10.13 + 6.65
Lactate | h 55.49 + 27.82° 46.81 + 24.48° 8.68 + 4.39
Lactate 3 h 7749 + 2049 65.52 + 17.18 11.96 + 520
tMCAO Control (PBS) 84.97 + 31.52 50.74 + 1743 3421 + 16.17
rePA 94.38 + 25.41 56.26 + 15.40 38.13 + 13.18
Lactate 59.47 + 32.09° 37.66 + 19.66 21.82 + 13.73°
rtPA+lactate 73.16 + 33.44 45.62 + 22.37 27.55 + 13.61

pMCAQO: permanent middle cerebral artery occlusion; rtPA: recombinant tissue plasminogen activator; tMCAQ: transient middle cerebral artery

occlusion.
?p < 0.05 compared to control.
®p < 0.05 compared to rtPA.

the treatment group determined lesion areas using
Imagel.

Direct infarct volume was calculated by multiplying the
sum of the infarct areas on each section by the spacing
distance. To avoid bias due to edema, “indirect” lesion size
[contralateral volume — (ipsilateral volume — direct infarct
volume)]*” was calculated. Cerebral hemisphere swelling
was measured as [(ipsilateral volume — contralateral vol-
ume)—volume contralateral].

Behavioral assessment

Neurological deficit was assessed immediately after sur-
gery, 24 h after tMCAO or pMCAO, and 48 h after tMCAO
and graded for severity by a blinded examiner using the
neuroscore (0 = no observable deficit, 1 = failure to extend
the forepaw, 2 = circling, 3 = loss of circling or righting
reflex).*® Mice undergoing tMCAO were subjected to the
wire-hanging test, where they are trained to suspend their
body by holding onto a single wire stretched between two
posts 60 cm above a soft ground.”® Mice were trained 1 day
before intervention and scored for escaping (reaching the
posts) and/or falling events at baseline, 24 h after tMCAO,
and before euthanasia (48 h).

Metabolic evaluation of permanent ischemia

The overall metabolic responses in the ischemic core fol-
lowing an identical pMCAO procedure have been reported
in a proton magnetic resonance (‘H-MRS) study from our
group.”® In brief, metabolites including acetate, alanine,
ascorbate, aspartate, creatine, y-aminobutyric acid, glu-
cose, glutamine, glutamate, glycine, glutathione, glyceryl-
phosphorylcholine, lactate, macromolecule, myo-inositol,
N-acetyl-aspartate, N-acetylaspartyl-glutamate, phosphor-
ylcholine, phosphocreatine, phosphorylethanolamine and
taurine were measured using high-field "H-MRS and quan-
tified referencing to the endogenous water.

Metabolic results from the two time points at which we
applied lactate treatment in the present study, that is, 1 h
(n=>5)and 3 h (n = 7) post-pMCAO, and results of sham-

operated animals (n = 8) were taken from the aforemen-
tioned study and analyzed.?

Statistical analysis

Comparisons between continuous variables were done with
one-way analysis of variance (ANOVA; Gaussian distribu-
tions), Kruskal-Wallis (non-Gaussian distributions), or
two-way ANOVA (analysis across time) tests. Compari-
sons between categorical variables were done with the
chi-square (y?) test. Statistical tests were done on Graph-
Pad Prism 6.0 (GraphPad Software, San Diego, CA, USA).
The line on the box-and-whisker plots shows the median
and the whiskers correspond to maximum and minimum
values. Values reported in Table 1 are mean + SD. Sig-
nificance was considered at p < 0.05.

Partial least squares discriminant analysis (PLS-DA) has
been shown as a valuable exploratory tool that allows
separation of a data set into different groups. Using meta-
bolomic data provides insight into the significant metabo-
lites contributing to the causes of discrimination via
weights and loadings.>* ' The PLS-DA of the neurochem-
ical profiles was performed with MetaboAnalyst.>°

Results

We first tested the effects of lactate administered after
pMCAO (Figure 1). Mice injected intravenously with
1 umol/g of lactate 1 h after pMCAO induction showed
smaller direct and indirect lesions than control mice
(Figure 1(a) and (b); Table 1) as well as better functional
outcome, measured by neuroscore (Figure 1(d)). Mice
treated at the later time point (3 h) did not show significant
differences compared to controls. Lactate treatment did not
affect brain swelling (Figure 1(c); Table 1).

We investigated brain metabolite concentrations of mice
subjected to 1 h or 3 h of permanent ischemia by 'H-MRS
using data taken from our previously published data.?
Overall, analysis showed that the metabolic profile evolves
with time, in particular between 1 h and 3 h. Whereas
energy-related substrates like glucose or energy buffers like
phosphocreatine show a decrease after permanent
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Figure |. Effect of lactate administration after pMCAOQ. (a) TTC staining of brains from mice treated with lactate (| pmol/g, iv injection)
I h or 3 h post-induction of pMCAO. The brains were obtained 24 h after pMCAO induction. Pale color shows damaged tissue,
whereas bold color shows healthy tissue. (b) Lesion volume measurements show the direct lesion volume (left) and the indirect lesion
volume (right). One-way ANOVA with Tukey’s post hoc test. (c) Total brain swelling 24 h after pMCAO in control mice and mice
treated with lactate | h or 3 h after pMCAO induction. One-way ANOVA with Tukey’s post hoc test. (d) Neurological deficit scores
(0 = no deficit, | = failure to extend right forepaw, 2 = circling, 2.5 = circling with partial loss of righting reflex, 3 = complete loss of righting
reflex). x* test. Filled dots represent individual animals. *p < 0.05; ¥p < 0.01; *¥p < 0.001. TTC: 2, 3, 5-triphenyltetrazolium chloride; iv:

intravenous; pMCAQ: permanent middle cerebral artery occlusion; ANOVA: analysis of variance; Lac: lactate.

ischemia, a strong increase is observed in endogenous lac-
tate that shows significantly different levels between 1 h
and 3 h after permanent ischemia (Supplementary Figure 1).
On the other hand, there is a time-dependent decrease in
glutamine and in the excitatory neurotransmitter glutamate
concentrations, while the inhibitory neurotransmitters y-
aminobutyric acid and glycine increase, with higher levels
at 3 h. There is a strong increase in acetate 3 h after
pMCAQO that is practically undetected in sham and at 1 h,
as well as a near-depletion of glutathione at 3 h (no change
at 1 h), reflecting either a greater vulnerability or a higher
exposure to reactive oxygen species. Further analysis of the

neurochemical profiles of sham-operated, 1 h post-
pMCAOQO, and 3 h post-pMCAO mice using the PLS-DA
showed three clearly distinct profiles with the two different
ischemia time points both well separated from control ani-
mals (Figure 2(a)). Further evaluation of the corresponding
weights and loadings of each neurochemical component
(i.e. loading factors; Figure 2(b)) revealed substantial con-
tributions of the selected metabolites described above to the
final PLS-DA separations.

We also tested the compatibility between lactate and
rtPA in an ischemia-reperfusion model. Lesion volume
quantification (Figure 3(b); Table 1) showed a significant
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Figure 2. PLS-DA of pMCAO neurochemical profiles. PLS-DA scores of the overall neurochemical profiles (a) and selected meta-
bolites (c) of sham-operated mice (black dots), mice | h after pMCAO start (green diamonds), and 3 h after pMCAO start (red squares).
Mice | h after pMCAO are clearly separated from 3 h after pMCAO and sham-operated mice both using the overall neurochemical
profile (a) as well as selected metabolites (c). The corresponding loading factors (b and d) of PCI (black triangles) and PC2 (black
squares) show the contribution of each metabolite to the final separation of the three groups. All metabolic data are taken from Berthet
et al.,”> which are summarized in Supplementary Figure |. Ace: acetate; Ala: alanine; Asc: ascorbate; Asp: aspartate; Cr: creatine; myo-
Ins: myo-inositol; GABA: y-aminobutyric acid; Glc: glucose; Gin: glutamine; Glu: glutamate; Gly: glycine; GPC: glycerophosphocholine;
GSH: glutathione; Lac: lactate; Mac: macromolecule; NAA: N-acetyl-aspartate; NAAG: N-acetyl-aspartyl-glutamate; PCho: phospho-
choline; PCr: phosphocreatine; PE: phosphorylethanolamine; Tau: taurine; PLS-DA: partial least squares discriminant analysis; pMCAO:
permanent middle cerebral artery occlusion; PCI: principal component |; PC2: principal component 2.

decrease in the direct lesion size of lactate-treated mice
compared to rtPA-treated mice with no significant differ-
ence for the combined treatment. No significant reduction
was observed in the indirect infarct volume. Brain swelling
assessment (Figure 3(c); Table 1) showed differences
between lactate-treated and rtPA-treated mice, with a trend
toward smaller swelling for the combined treatment. As pos-
terior brain structures seemed be damaged to a lesser extent
when animals were treated with lactate (Figure 3(a)), we
analyzed the lesion areas on individual coronal sections
(Figure 3(d)). The analysis showed significant lesion size
reduction on posterior slices in lactate-treated animals com-
pared to PBS- and rtPA-treated mice. The lesion size of
rtPA+lactate-treated animals falls in between the larger
lesions of control and rtPA-treated mice and those of
lactate-treated mice (Figure 3(d)). Analysis of the different
brain areas (Figure 3(e) to (h)) showed smaller corticostriatal
lesions in lactate-treated mice than in rtPA-treated mice,

whereas no significant changes were observed in the hippo-
campus or the midbrain.

Twenty-four hours after tMCAO, lactate-treated mice
showed better functional outcome, measured by neuroscore,
than control or rtPA-treated mice. Mice that received dou-
ble treatment scored better than rtPA-treated mice and sim-
ilar to lactate-treated animals (Figure 4(a)). At 48 h, all
groups showed an overall improvement, with a signifi-
cantly better outcome for mice that received lactate alone
or in combination with rtPA compared to controls. To
evaluate grip strength and balance, we subjected mice to
the wire-hanging test (Figure 4(b)). Considering only fall-
ing from the wire as the worst outcome and only escaping
as best, lactate-treated mice performed significantly better
than the rest 24 h after intervention. Mice that received
double treatment performed better than controls. At 48 h,
performance improved in all groups, with lactate-treated
mice showing again the best outcome.
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Figure 3. Effect of rtPA and/or lactate after tMCAO. (a) Representative images of cresyl violet—stained mouse brain coronal sections
obtained 48 h after 35 min tMCAO and following treatment with PBS (control), rtPA (0.9 mg/kg, iv injection), lactate (2 pL of 100 mmol/
L, icv injection), or rtPA-+lactate (0.9 mg/kg iv injection 4 2 pL of 100 mmol/L icv injection). Two sets of images are provided, to better
appreciate the damage in anterior (top) as well as posterior brain structures (bottom). (b) Lesion volume measurements showing the
direct lesion volume (left) and the indirect lesion volume (right). One-way ANOVA with Tukey’s post hoc test. (c) Brain swelling

volume for each treatment. One-way ANOVA with Tukey’s post

hoc test. (d) Infarcted areas on individual coronal sections for the

different treatments. Two-way ANOVA with Tukey’s post hoc test. (e—h) Lesion volumes measured in different brain areas: (e) cortex
and striatum. One-way ANOVA with Tukey’s post hoc test. (f) Hippocampus. Kruskal-Wallis with Dunn’s post hoc test. (g) Thalamus.
Kruskal-Wallis with Dunn’s post hoc test. (h) Midbrain. Kruskal-Wallis with Dunn’s post hoc test. *p < 0.05. rtPA: recombinant tissue
plasminogen activator; tMCAQ: transient middle cerebral artery occlusion; iv: intravenous; Lac: lactate; icv: intracerebroventricular;

ANOVA: analysis of variance.

Discussion

The present work brings insight for careful selection of
patients who may be eligible for potential neuroprotective
lactate treatment in future clinical studies. As expected, and
consistently with previous results,'>"'¢ lactate-treated mice
have smaller lesions and a better functional outcome. In the
severe pMCAO model, protective effects of lactate are
observed when administered shortly after ischemia
onset. Lactate effects may relate to its contribution as
energy supply,'? possibly preventing the immediate demise

of suffering neurons, its induction of plasticity genes,*?
and/or the functional modulation via lactate receptor inter-
action, which results in decreased neuronal activity>> that
could alleviate the effects of excess excitotoxic stimulation.
It is interesting to note that in the lactate-treated groups,
fewer animals had to be euthanized due to repeated seizures
than controls. However, the beneficial effects of lactate
seem to have a restricted time window as no evident pro-
tection was observed when administered 3 h after ischemia
onset and in a previous report no protection was observed
with very early (15 min) administration.'” As has been
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Figure 4. Effect of rtPA and/or lactate on behavior after tMCAO. (a) Neurological deficit scores (0 = no deficit, | = failure to extend right

forepaw, 2

= circling) at 24 h or 48 h after 35 min of tMCAO and following treatment with PBS, rtPA, lactate, or rtPA+lactate. % test. (b)

Wire-hanging test results (only fall, escape and fall, neither escape nor fall, and only escape) at 24 h or 48 h after MCAO. y? test. Filled
dots represent individual animals. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. rtPA: recombinant tissue plasminogen activator;
MCAO: middle cerebral artery occlusion; tMCAO: transient middle cerebral artery occlusion; Lac: lactate.

suggested for other potential neuroprotective treatments,
properly timed intervention, for example, before they begin
to interfere with tissue recovery after stroke, may be key for
achieving the full beneficial effects, as interventions that
initially contribute to the rescue/protection of as many cells
as possible may hamper the endogenous healing response
of the brain.>**° In line with the possible relevance of the
time of intervention, the PLS-DA on brain metabolites pre-
sented here clearly demonstrates very different conditions
of the brain parenchyma in this relatively short lapse of
time, with endogenous lactate, cell death-related metabo-
lites, and reactive oxygen species—sensitive metabolites
having a large impact on these differences. Interestingly,
the differences correlate with the distinct response to lac-
tate seen at 1 h and 3 h after ischemia onset (Figure 2),
suggesting that the metabolic environment at 3 h could be
related to the little benefit obtained by lactate administra-
tion at this time point. A good example reflecting these
differences and related to lesion size is the composite score
obtained by adding the concentrations of N-acetyl-aspar-
tate, taurine, and glutamate (NAA+Tau+Glu), which we
previously showed at 3 h after transient cerebral ischemia
correlates with the later development of a lesion.*® We
went on to show here that the NAA+Tau-+Glu score (Sup-
plementary Figure 1) was lower at 3 h than at 1 h after
permanent ischemia, reflecting the more advanced tissue
demise® and more advanced cell death at the later time
point. In a future study, it will be interesting to compare the
effect of lactate treatment on the metabolic profiles at 1 h
and 3 h after ischemia.

At present, the fibrinolytic agent rtPA can be used in
stroke patients up to 4.5-9 h from the time of stroke onset'~
and can be or cannot be followed by mechanical thrombo-
lysis. Despite its usefulness, rtPA is known to exert some
detrimental effects when administered after stroke in
human patients as well as in preclinical models of stroke,
including MCAO.?**"*! Therefore, it was interesting to

test whether lactate would have a positive or a negative
impact on these unwanted secondary effects of rtPA. When
combined with rtPA, there is only a trend toward lesion size
reduction. Hence, it is likely that lactate only partially com-
pensates/counteracts the deleterious effects of rtPA, thus
providing insufficient protection in terms of lesion size.
Contrarily to permanent ischemia, the unchanged indirect
brain lesion size after lactate treatment in the tMCAO
model suggests that the decreased lesion size is mainly due
to a decreased apparent volume of infarction related to
brain swelling. At later stages of stroke, the blood—brain
barrier is compromised, causing vasogenic edema, which
leads to brain volume expansion with, in severe cases,
increased intracranial pressure, herniation, and additional
ischemic injuries,** effects susceptible to worsening by
rtPA. Brain edema and increased intracranial pressure are
often associated with occlusion of large intracranial arteries
that could contribute to the extended damage observed in
control and rtPA-treated mice compared to lactate-treated
mice. Interestingly, mice that received the double treatment
performed better than control and rtPA-treated mice (Fig-
ure 4). Patients with brain edema have a significantly
higher degree of neurological deficit at admission and dis-
charge®® and a worse long-term prognosis.**** Hence,
brain swelling reduction in lactate-treated mice could
underlie the improvement in neurological outcome. The
trend in brain swelling reduction observed after the combined
treatment could account for the positive effect on the neuro-
logical outcome, milder than with lactate alone, but still pres-
ent. Notably, our results and the significant effect of lactate
treatment on functional outcome 2 h after 60 min tMCAO and
1 week after 30 min tMCAO'>'® highlight a general positive
effect of lactate treatment on stroke. Considering a translation
to clinical setting, an impact on functional outcome is what
truly matters, as it is the main criterion in stroke patients and
this, in our opinion, makes lactate a very promising candidate
as therapeutic agent in stroke.
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Accurate selection of patients undergoing a particular
therapeutic intervention might greatly increase chances of
success. Good examples are the extended time windows for
rtPA thrombolysis or endovascular thrombectomy and the
use of rtPA in wake-up stroke patients selected on the basis
of advanced imaging criteria.*> The results of our transla-
tional study bring awareness for the careful selection of
patients and suggest that lactate could be tested for neuro-
protection in acute ischemic stroke patients not treated with
rtPA but with mechanical thrombectomy alone. Alter-
nately, it could be tested in patients without recanalization
therapy and persistent arterial occlusion.

Acknowledgments

The authors acknowledge Leonardo Restivo from the NeuroBAU
behavioral platform at the Department of Fundamental Neuros-
ciences (University of Lausanne) for his help with behavioral
testing and analysis and also acknowledge the Cellular Imaging
Facility (University of Lausanne) for technical support.

Author contributions

LB, MP, PJM, and LH contributed to study conception. LB
and CB acquired the data, and LB and MP analyzed the data.
HL performed and analyzed the magnetic resonance spectro-
scopy experiments. LB, MP, HL, and LH drafted the manu-
script and figures.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
work was supported by funding from the Biaggi and Juchum
Foundations, the Novartis Foundation for Medical Biological
Research grant 18C170, and the Swiss Science Foundation grant
31003A_163465/1.

ORCID iD
Lara Buscemi
Camille Blochet
Hongxia Lei
Lorenz Hirt

https://orcid.org/0000-0001-8564-649X
https://orcid.org/0000-0001-5620-9290
https://orcid.org/0000-0002-4065-9331
https://orcid.org/0000-0002-2921-5000

Ethics approval

All animal experiments were approved by the Veterinary
Office of Canton de Vaud and were conducted according to
Federal and local ethics guidelines. Animal reporting follows the
Animal Research: Reporting of in vivo experiments (ARRIVE)
guidelines.

Supplemental material

Supplemental material for this article is available online.

References

1. Hacke W, Kaste M, Bluhmki E, et al. Thrombolysis with
alteplase 3 to 4.5 hours after acute ischemic stroke. N Eng
J Med 2008; 359: 1317-1329.

2. Saver JL, Goyal M, Van Der Lugt A, et al. Time to treatment
with endovascular thrombectomy and outcomes from
ischemic stroke: a meta-analysis. JAMA 2016; 316:
1279-1288.

3. Ma H and Campbell BCV. Thrombolysis guided by perfusion
imaging up to 9 hours after onset of stroke. N Engl J Med
2019; 380: 1795-1803.

4. Nogueira RG, Jadhav AP, Haussen DC, et al. Thrombectomy
6 to 24 hours after stroke with a mismatch between deficit and
infarct. N Eng J Med 2018; 378: 11-21.

5. Thomalla G, Simonsen CZ, Boutitie F, et al. MRI-guided
thrombolysis for stroke with unknown time of onset. N Eng
J Med 2018; 379: 611-622.

6. Schwamm LH, Wu O, Song SS, et al. Intravenous thrombo-
lysis in unwitnessed stroke onset: MR WITNESS trial results.
Ann Neurol 2018; 83: 980-993.

7. Powers WJ and Rabinstein AA, Ackerson T, et al. 2018
Guidelines for the early management of patients with acute
ischemic stroke: a guideline for healthcare professionals from
the American heart association/American stroke association.
Stroke 2018; 49: e46—110.

8. Magistretti PJ and Allaman I.Lactate in the brain: from meta-
bolic end-product to signalling molecule. Nat Rev Neurosci
2018; 19: 235-249.

9. Morland C, Lauritzen KH, Puchades M, et al. The lactate
receptor, G-protein-coupled receptor 81/hydroxycarboxylic
acid receptor 1: expression and action in brain. J Neurosci
Res 2015; 93: 1045-1055.

10. Boumezbeur F, Petersen KF, Cline GW, et al. The contribu-
tion of blood lactate to brain energy metabolism in humans
measured by dynamic 13C nuclear magnetic resonance spec-
troscopy. J Neurosci 2010; 30: 13983-13991.

11. Smith D, Pernet A, Hallett WA, et al. Lactate: a preferred fuel
for human brain metabolism in vivo. J Cereb Blood Flow
Metab 2003; 23: 658-664.

12. Schurr A, Miller JJ, Payne RS, et al. An increase in lactate
output by brain tissue serves to meet the energy needs of
glutamate-activated neurons. J Neurosci 1999; 19: 34-39.

13. Schurr A, Payne RS, Miller JJ, et al. Brain lactate is an obli-
gatory aerobic energy substrate for functional recovery after
hypoxia: further in vitro validation. J Neurochem 1997; 69:
423-426.

14. Schurr A, Payne RS, Miller JJ, et al. Brain lactate, not glu-
cose, fuels the recovery of synaptic function from hypoxia
upon reoxygenation: an in vitro study. Brain Res 1997; 744:
105-111.

15. Berthet C, Castillo X, Magistretti PJ, et al. New evidence of
neuroprotection by lactate after transient focal cerebral
ischaemia: extended benefit after intracerebroventricular
injection and efficacy of intravenous administration.
Cerebrovas Dis 2012; 34: 329-335.


https://orcid.org/0000-0001-8564-649X
https://orcid.org/0000-0001-8564-649X
https://orcid.org/0000-0001-8564-649X
https://orcid.org/0000-0001-5620-9290
https://orcid.org/0000-0001-5620-9290
https://orcid.org/0000-0001-5620-9290
https://orcid.org/0000-0002-4065-9331
https://orcid.org/0000-0002-4065-9331
https://orcid.org/0000-0002-4065-9331
https://orcid.org/0000-0002-2921-5000
https://orcid.org/0000-0002-2921-5000
https://orcid.org/0000-0002-2921-5000

Buscemi et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Berthet C, Lei H, Thevenet J, et al. Neuroprotective role of
lactate after cerebral ischemia. J Cereb Blood Flow Metab
2009; 29: 1780-1789.

Horn T and Klein J.Neuroprotective effects of lactate in brain
ischemia: dependence on anesthetic drugs. Neurochem Int
2013; 62: 251-257.

Zhou J, Liu T, Guo H, et al. Lactate potentiates angiogenesis
and neurogenesis in experimental intracerebral hemorrhage.
Exp Mol Med 2018; 50: 78.

Rice AC, Zsoldos R, Chen T, et al. Lactate administration
attenuates cognitive deficits following traumatic brain injury.
Brain Res 2002; 928: 156—159.

Bouzat P, Sala N, Suys T, et al. Cerebral metabolic effects of
exogenous lactate supplementation on the injured human
brain. Intensive Care Med 2014; 40: 412-421.

Carteron L, Solari D, Patet C, et al. Hypertonic lactate to
improve cerebral perfusion and glucose availability after
acute brain injury. Crit Care Med 2018; 46: 1649-1655.
Ichai C, Payen JF, Orban JC, et al. Half-molar sodium lactate
infusion to prevent intracranial hypertensive episodes in
severe traumatic brain injured patients: a randomized con-
trolled trial. Intensive Care Med 2013; 39: 1413-1422.
Wiegler K, Bonny C, Coquoz D, et al. The JNK inhibitor
XG-102 protects from ischemic damage with delayed intra-
venous administration also in the presence of recombinant
tissue plasminogen activator. Cerebrovasc Dis 2008; 26:
360-366.

Schuhmann MK, Kraft P, Bieber M, et al. Influence of throm-
bolysis on the safety and efficacy of blocking platelet adhe-
sion or secretory activity in acute ischemic stroke in mice.
Transl Stroke Res 2018; 9: 493-498.

Berthet C, Xin L, Buscemi L, et al. Non-invasive diagnostic
biomarkers for estimating the onset time of permanent cere-
bral ischemia. J Cereb Blood Flow Metab 2014; 34:
1848-1855.

Hirt L, Badaut J, Thevenet J, et al. D-JNKI1, a cell-
penetrating c-Jun-N-terminal kinase inhibitor, protects
against cell death in severe cerebral ischemia. Stroke 2004;
35: 1738-1743.

Swanson RA, Morton MT, Tsao-Wu G, et al. A semiauto-
mated method for measuring brain infarct volume. J Cereb
Blood Flow Metab 1990; 10: 290-293.

Balkaya M, Krober JM, Rex A, et al. Assessing post-stroke
behavior in mouse models of focal ischemia. J Cereb Blood
Flow Metab 2013; 33: 330-338.

Lei H, Dirren E, Poitry-Yamate C, et al. Evolution of the
neurochemical profiles in the G93A-SOD1 mouse model of
amyotrophic lateral sclerosis. J Cereb Blood Flow Metab
2019; 39: 1283-1298.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Xia J and Wishart DS. Using MetaboAnalyst 3.0 for compre-
hensive metabolomics data analysis. Curr Protoc Bioinfor-
matics 2016; 55: 14.

Brereton RG and Lloyd GR.Partial least squares discriminant
analysis: taking the magic away. J Chemometr 2014; 28:
213-225.

Yang J, Ruchti E, Petit J-M, et al. Lactate promotes plasticity
gene expression by potentiating NMDA signaling in neurons.
Proc Natl Acad Sci 2014; 111: 12228-12233.

Bozzo L, Puyal J and Chatton JY. Lactate modulates the
activity of primary cortical neurons through a receptor-
mediated pathway. PloS one 2013; 8: ¢71721.

Clarkson AN, Huang BS, Macisaac SE, et al. Reducing
excessive GABA-mediated tonic inhibition promotes func-
tional recovery after stroke. Nature 2010; 468: 305-309.
Ikonomidou C and Turski L. Why did NMDA receptor
antagonists fail clinical trials for stroke and traumatic brain
injury? Lancet Neurol 2002; 1: 383-386.

Berthet C, Lei H, Gruetter R, et al. Early predictive biomar-
kers for lesion after transient cerebral ischemia. Stroke 2011;
42: 799-805.

Dong MX, Hu QC, Shen P, et al. Recombinant tissue plas-
minogen activator induces neurological side effects indepen-
dent on thrombolysis in mechanical animal models of focal
cerebral infarction: a systematic review and meta-analysis.
PloS One 2016; 11: e0158848.

Endres M, Engelhardt B, Koistinaho J, et al. Improving out-
come after stroke: overcoming the translational roadblock.
Cerebrovascr Dis 2008; 25: 268-278.

Yepes M, Roussel BD, Ali C, et al. Tissue-type plasminogen
activator in the ischemic brain: more than a thrombolytic.
Trends Neurosci 2009; 32: 48-55.

Wang YF, Tsirka SE, Strickland S, et al. Tissue plasminogen
activator (tPA) increases neuronal damage after focal cere-
bral ischemia in wild-type and tPA-deficient mice. Nat Med
1998; 4: 228-231.

Macrez R, Bezin L, Le Mauff B, et al. Functional occurrence
of the interaction of tissue plasminogen activator with the
NR1 subunit of N-methyl-D-aspartate receptors during
stroke. Stroke 2010; 41: 2950-2955.

Klatzo I. Brain oedema following brain ischaemia and the
influence of therapy. Br J Anaesth 1985; 57: 18-22.
Dostovic Z, Dostovic E, Smajlovic D, et al. Brain edema after
ischaemic stroke. Med Arch 2016; 70: 339-341.

Battey TW, Karki M, Singhal AB, et al. Brain edema predicts
outcome after nonlacunar ischemic stroke. Stroke 2014; 45:
3643-3648.

Thomalla G and Gerloft C. Acute imaging for evidence-based
treatment of ischemic stroke. Curr Opin Neurol 2019; 32:
521-529.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


