The Journal of Neuroscience, October 20, 2010 - 30(42):13983-13991 - 13983

Cellular/Molecular

The Contribution of Blood Lactate to Brain Energy
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To determine whether plasma lactate can be a significant fuel for human brain energy metabolism, infusions of [3-'>C]lactate and
"H-’C polarization transfer spectroscopy were used to detect the entry and utilization of lactate. During the 2 h infusion study, °C
incorporation in the amino acid pools of glutamate and glutamine were measured with a 5 min time resolution. With a plasma
concentration ([Lac],) being in the 0.8 -2.8 mmol/L range, the tissue lactate concentration ([Lac]y) was assessed as well as the
fractional contribution of lactate to brain energy metabolism (CMRlac). From the measured relationship between unidirectional lactate influx
(Vi) and plasma and brain lactate concentrations, lactate transport constants were calculated using a reversible Michaelis—-Menten model. The
results show that (1) in the physiological range, plasma lactate unidirectional transport ( V;,, ) and concentration in tissue increase close to linearly
with the lactate concentration in plasma; (2) the maximum potential contribution of plasma lactate to brain metabolism is 10% under basal
plasma lactate conditions of ~1.0 mmol/L and as much as 60% at supraphysiological plasma lactate concentrations when the transporters are

saturated; (3) the half-saturation constant Kis 5.1 == 2.7 mmol/Land V5 is0.40 = 0.13 umol * g

! min ' (68% confidence interval);and (4)

the majority of plasma lactate is metabolized in neurons similar to glucose.

Introduction

In the traditional view of brain energy metabolism, glucose is the
predominant energy substrate (Siesjo, 1978) with lactate re-
turned to the circulation as a metabolic by-product of glycolytic
(nonoxidative) excess. Under normal resting conditions, lactate
is present in the blood at a concentration of ~0.5-1.0 mmol/L
and the brain is a small net exporter of lactate (Siesjd, 1978;
Sokoloff, 1989; Harada et al., 1992). However, lactate can cross
the blood—brain barrier through monocarboxylate transporters
(MCTs) (Oldendorf, 1973; Simpson et al., 2007), and recent
studies have provided evidence that lactate can become a signif-
icant fuel source when elevated in the blood (Smith et al., 2003;
van Hall et al., 2009). Plasma lactate may also be an important
fuel source for the brain during hypoglycemia. Maran et al.
(1994) reported that infusion of lactate allows maintenance of
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normal human brain evoked potentials during hypoglycemia.
Recently, we reported that acetate transport from blood to brain,
which involves monocarboxylate transporters, was greater in
subjects with well controlled type 1 diabetes. We hypothesized
that plasma lactate could potentially be an important net fuel
source during insulin-induced hypoglycemia (Mason et al.,
2006). Furthermore, there is evidence from in vitro and in vivo
experiments that lactate may be required energetically to support
synaptic function (for review, see Pellerin et al., 2005), potentially
via shuttling of glycolytically derived carbons from astroglia to
neurons (Magistretti et al., 1999; Pellerin et al., 2005) for
oxidation.

Combined with '*C-labeled substrates and appropriate met-
abolic modeling, nuclear magnetic resonance spectroscopy
(MRS) allows for noninvasive measurement of metabolic fluxes
in human brain based on the dynamic detection of '>C incorpo-
ration into the large cerebral pools of glutamate and glutamine
(Rothman et al., 1992; Gruetter et al., 1994, 2001; Lebon et al.,
2002; Lin et al., 2003). Human cerebral metabolism of '>C-
labeled glucose, acetate (Bliiml et al., 2002; Lebon et al., 2002),
and B-hydroxybutyrate (Pan et al., 2000, 2001, 2002) have been
investigated with '*C or '"H-{'>C} MRS (for review, see Shen and
Rothman, 2002; Hyder et al., 2006). In this report, we describe the
first use of 3-'°C-labeled lactate with in vivo '>C MRS to directly
assess transport kinetics and metabolism of plasma lactate in the
human cerebral occipital cortex, as well as estimate the relative
contributions of plasma lactate to neuronal and glial metabolism.
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Materials and Methods

Subjects

Seven young healthy volunteers [four females, three males; age, 24 * 1;
mean * SD, body mass index (BMI), 24 *+ 1 kg/mz] were recruited for this
study. Written consent was obtained from each subject after the purpose and
potential risks were explained. The protocol was approved by the Yale Uni-
versity Human Investigation Committee. They were all healthy, lean non-
smokers and taking no medications. All subjects underwent a complete
medical history and physical examination along with blood tests to verify
normal hemoglobin, hematocrit, electrolytes, aspartate aminotransferase,
alanine aminotransferase, blood urea nitrogen, creatinine, cholesterol, and
triglycerides. Nine MRS studies were performed according to two different
infusion protocols (A and B) designed to rapidly raise and maintain plasma
lactate '*C fractional enrichment (fe[LacC3]p) to either (A) 33% while
maintaining plasma lactate concentration ([Lac]p) at close to physiological
levels (~1.5 mmol/L) or (B) 50% while maintaining plasma lactate at twice
the physiological levels (~2.5 mmol/L).

After an overnight fast, an intravenous catheter was placed in an antecu-
bital vein in each arm for the infusion and for blood sampling. After place-
ment of catheters, the subject was positioned within the magnet, and
acquisition optimization was performed. After acquisition of the baseline
spectrum, [3- *Cllactate was infused (350 mmol/L sodium salt 99% **C
enriched; Cambridge Isotopes) at either (A) a priming dose of 150
pumol/kg given over 5 min followed by a continuous infusion of
10 pmol - kg ™' - min ! for ~120 min, or (B) a priming dose of 300
pmol/kg given over 5 min followed by a continuous infusion of 20
wmol - kg ™' - min "' for ~120 min. Each volunteer underwent either
protocol A or B, and two subjects underwent both, leading to a total of 12
experiments, of which 9 were used for kinetic analysis.

MRS acquisition

MRS data were acquired on a 4.0 T whole-body magnet interfaced to a
Bruker AVANCE spectrometer (Bruker Instruments). Subjects were placed
supine in the magnet, with the head immobilized with foam, lying on top of
aradiofrequency probe consisting of one *C circular coil (8.5 cm diameter)
and two '"H quadrature coils for acquisition and decoupling. After tuning,
acquisition of scout images, shimming with the FASTERMAP procedure
(Shen et al., 1997) and calibration of decoupling power, '>C spectra were
acquired before and during the [3-'*C]lactate infusion using a localized
adiabatic *C-{'H} refocused INEPT sequence optimized for glutamate and
glutamine in the C4 position using 3D-ISIS combined with outer volume
saturation for localization on the 'H magnetization (Shen et al., 1999) (128
transients; repetition time: 2.5 s; 5.3 min time resolution). The spectroscopic
volume was located in the occipital-parietal lobe, with its size adapted to each
volunteer and was on average 106 = 1.6 ml (mean * SD; n = 9).

Data processing
MRI segmentation. The tissue composition of each voxel was determined
from T,-based image segmentation maps according to a previously de-
scribed protocol (Hetherington et al., 1996; Mason and Rothman, 2002).
Briefly, sets of B, maps and inversion-recovery images were acquired and
processed to yield quantitative T, maps, which were converted to seg-
mented images of gray matter, white matter, and CSF. The gray matter
volume was 47 * 1.8% of tissue content in the voxel (mean = SD;n = 9).
Spectral analysis. All the spectra were analyzed using LCModel 6.1 (Prov-
encher, 1993) (Stephen Provencher Inc.) modified to process '*C spectral
data as explained by Henry et al. (2003). The LCModel basis set was gener-
ated by simulating spectra for every observable isotopomer with NMRSim
2.8 (Bruker Analytik) using published values of '*C chemical shifts and
homonuclear *C-'C coupling constants (J-) from Henry et al. (2003).
Resonances quantified included the C3 position of aspartate (AspC3), the
C2, C3, and C4 positions of glutamate (GluC2, GluC3, GluC4) and glu-
tamine (GInC2, GInC3, GInC4), the C3 position of N-acetyl aspartate
(NAACS3), and the C3 position of lactate (LacC3). The spectra were added
three by three in running averages of 16 min to increase the signal-to-noise
ratio (SNR) before processing. A 3 Hz Gaussian apodization and zero-filling
to 8k data points were applied to all the spectra before the LCModel analysis.
Relative concentrations obtained from LCModel were converted to absolute
concentrations by referring to the natural abundance (1.1%) signal of
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NAACS3 assuming a NAA pool size of 11 pmol/g in the voxel, based on 'H
MRS measurements from a similar region (Michaelis et al., 1993; Mangia et
al., 2006). Calibration of the basis set to account for differences in polariza-
tion transfer efficiency and off-resonance effects were realized using a series
of phantom experiments (data not shown). For the very first time points,
because of low SNR, systematic overestimations were apparent; to avoid
them, for the first 30 min, peak heights were determined manually and scaled
on the last spectra. In addition, to improve reliability, only the singlet signals
were considered for glutamate (GluC4, GluC3, and GluC2) and glutamine
(GInC4, GInC3, and GInC2). Based on probabilities of obtaining double and
triply labeled isotopomers, correction factors were calculated and applied to
account for the contribution of these isotopomers (GluC43, GluC32,
GluC234, GInC43, GInC32, and GInC234).

Measurement of brain lactate concentration. The brain lactate concen-
tration was determined from the measured concentration of >C3 lactate
([LacC3]y) by assuming that the lactate fractional C3 fractional enrich-
ment (fe[LacC3]};) was the same as that of glutamate C4 at steady state
(fe[GluC4]), as a consequence of the lactate/pyruvate pool being the
immediate precursor for acetyl-CoA, which is the precursor for the glu-
tamate C4 and C5 carbons (Mason et al., 1995), as follows:

[LacC3]g _ [LacC3]g
fe[LacC3]y  fe[GluC4]’

[Lac]y =

(1)

Metabolic modeling analysis

I3C Time courses, modeling, and metabolic fluxes determination. Previous
labeling experiments have established that cerebral metabolism can be char-
acterized by two distinct metabolic compartments associated to neurons and
glial cells (Lebon et al., 2002, and references therein). BC Labeling time
courses for glutamate and glutamine in the C4, C3, and C2 positions and the
C3 position of lactate were fitted according to this two-compartment meta-
bolic model (Gruetter etal., 2001; Lebon et al., 2002; Henry et al., 2006) using
Matlab (The MathWorks) and CWave (Mason et al., 2003) with time
courses for plasma lactate and glucose concentrations and >C fractional
enrichments as input functions. Values for the rates of neuronal and glial
tricarboxylic acid (TCA) cycles (noted Vg, and Vica,, respectively) and
the unidirectional rate of lactate uptake (V;,,) were estimated using a simu-
lated annealing algorithm. The neuronal/astroglial glutamate/glutamine cy-
cle (V) was defined as 0.33 of Vi, according to previous infusion
studies in humans (Lebon et al, 2002). The mitochondrial/cytosolic
glutamate/a-ketoglutarate exchange rate in neurons and astrocytes (Vy,, and
V) were fitted to improve the accuracy of the TCA cycle rates determina-
tion (Mason et al., 1992; Gruetter et al., 2001). Pyruvate carboxylase activity
(Vpc) was considered equal to 0.06 of V. based on the value reported
previously by Mason et al. (2007) after infusion of [2- *C]glucose in hu-
mans. The concentrations of glutamate and glutamine used for the modeling
were assumed to be 9.1 and 4.1 wmol/g, respectively, as reported previously
by MRS in a similar volume (Gruetter et al., 1994).

To estimate the early time course of the brain lactate fractional enrich-
ment, a reversible Michaelis—Menten model of lactate transport was used
(see below). A K of 4.4 mmol/L was assumed based on previous charac-
terization of MCT transporters (Broer et al., 1998; Manning Fox et al.,
2000). Iteration was done with the values of V).« and K to obtain the
least-squares fit of the measured time courses. To assess whether the
transport parameters would have a significant impact on the calculated
metabolic rates, we performed fits of the data using K. values covering
the full range compatible with the results (see Results). Because of the
small size of the lactate pool relative to the large metabolic flux passing
through it (glycolysis and lactate transport), the value of K- had minimal
impact on the derived rates since in all cases the brain lactate pool rapidly
achieved isotopic steady state relative to the labeled precursor.

To account for the probable contribution of the circulating >C-
labeled lactate to the overall [3- '*C]lactate signal, a vascular fraction of
3-5% of the total volume was calculated for each experiment according
to the voxel composition leading to the subsequent correction (Leenders
et al., 1990). In addition, to take into account any scrambling of label
lactate into plasma glucose by the liver, the plasma glucose C1 and C6
labeling time courses were used as an input function along with the
fractional enrichment of plasma C3 lactate.
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= (6)

B [Lac]y
CMRlac = V| 1 — acl,)’ (7)

Thus, Equation 2 can be rearranged, yielding

the following:
V- Vuax [Lac]p
! K: 1 + ([Lac]p + [Laclp)/Ky
(8)
From Equation 8, it is seen that V;, is highly sen-

sitive to the V), /Ky ratio and secondarily sen-
sitive to the values Vo« and K independently.
To estimate Vy,x and K and the corre-
sponding uncertainty, we performed a Monte
Carlo analysis based on the relationships of V;,
and [Lac]y versus [Lac], and the best fits of
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Figure1.  Two-compartment model describing the incorporation of label from [3-"(]lactate into the brain glutamate and glutamine

pools. Left, Neuronal compartment; right, astroglial compartment. Lac, Lactate; Glc, glucose; Pyr, pyruvate; AcCoA, acetyl coenzyme A; 0AA,
oxaloacetate; akG, a-ketoglutarate; Glu, glutamate; Gln, glutamine; Asp, aspartate; V;, , influx of lactate; V.., efflux of lactate; CMRglc,
glucose consumption; Vppy, , neuronal flux through the pyruvate dehydrogenase; Vpp,q , astroglial flux through the pyruvate dehydroge-
nase; Vyca,, neuronal TCA cyde rate; Vyy, astroglial TCA qycle rate; Ve, flux through the pyruvate carboxylase; V
glutamine cycle flux; Vi, , mitochondrial/cytosolic glutamate/ce-ketoglutarate exchange rate in neurons; Vy, mitochondrial/cytosolic
glutamate/ cc-ketoglutarate exchange rate in astrocytes. In our experiment, "*C-labeled lactate cross the blood- brain barrier back and
forth through the monocarboxylate transporters (K;, V) and arrives at the C3 of the lactate/pyruvate pool (regrouped as a unique pool
because of the very fast exchange between them through the lactate dehydrogenase), where the label enters the TCA cycle via pyruvate
carboxylase or pyruvate dehydrogenase reaction. Itis ultimately detected at the first turn of the TCA cyclein the (4 position of glutamate and
glutamine then, after label scrambling by the TCA activity, on the (2 and (3 positions of glutamate and glutamine.

Modeling of lactate transport kinetics and calculation of K and V1, /K.
To model lactate transport, we used a reversible Michaelis—Menten
model (Fig. 1). The physical distribution space of lactate was assumed to
be similar to glucose at V; = 0.77 mg/dl (Gjedde and Diemer, 1983;
Gruetter et al., 1996). The reversible Michaelis—Menten kinetics have
been described in detail previously (Mahler and Cordes, 1971; Cunning-
ham et al., 1986) and used successfully to study glucose transport kinetics
in human brain (Gruetter et al., 1998; Choi et al., 2001; de Graaf et al.,
2001). Detailed kinetic modeling and meta-analysis of literature results
by Simpson et al. (2007) have supported it as accurately describing brain
glucose and monocarboxylic acid transport. At steady state, the reversible
Michaelis—Menten model results in the following expressions for the
influx (V,,), efflux (V,,,), the net consumption of lactate (CMRlac), and
the brain lactate level ([Lac]y):

vo—v [Lac]p 5
i TMAXEL + [Lac]p + [Lacly @)

S [Lac]y
out = TMAX g+ [Lac]p + [Lac]y 3)
CMRlac = V;, — V,,, = Viea — 2.CMRglc, (4)

VMAX
] (CMRlac - 1>[Lac]" ~ K )
aclg = . 5
b VMAX + 1
CMRlac

The last expression predicts that [Lac]y is a linear function of plasma
lactate level ([Lac],) when CMRlac is constant. Equations 2 and 3 can be
combined, resulting in the following:

Equations 5 and 8 to the experimental data,
using a least-squares minimization (see Fig. 6).
For the Monte Carlo analysis, the noise was
estimated as Gaussian distributions with SDs
equal to the difference between the measured
values and least-squares fitted values of V,, and
[Lac]. Random Gaussian noise with the same
SD was added 100 times to the least-squares
fitted values to create 100 noisy simulations of
the data. The 100 simulated noisy sets were fit-
ted to generate a list of 100 values of V;,x and
K, which were used to calculate SDs of their
respective uncertainties (Mason et al., 1992).

Calculation of net lactate consumption. The
net lactate consumption was calculated using
the measured values of V; , [Lac]y, [Lac], and
Equation 7. Note that, as shown in the deriva-
tion of Equation 7 with the reversible Michaelis—
Menten model, net consumption within our narrow range of plasma
lactate levels can be derived from measurement of intracellular and
plasma lactate and V.

Insensitivity of the calculation of V;, to transport kinetics. The unidirec-
tional rate of lactate transport V;, was calculated from the '*C labeling time
courses (see above). Because assumed lactate transport parameters were used
in the fitting to better fit the beginning of the time courses when brain lactate
fractional enrichment was not at steady state, there is the possibility of circu-
larity in which the assumed transport constants (at the initial iteration of the
fits) biases the subsequent values calculated from the V,, plots. To test this
possibility, the fits to the data were repeated considering the mean and prob-
ability distributions of K as determined from the Monte Carlo simulations,
checking the fits over a range of 1 SD. In the end, over this range an effect
of <1.4% was observed both on the calculated V;, and CMRlac values (see
Fig. 7).

The reason for the insensitivity of the V;, measurement to lactate
transport kinetics (K, Vyyax) can be shown by considering the relative
fractional enrichment of plasma and brain lactate at steady state based on
the relative fluxes in and out of the lactate pool as derived from the
metabolic model in Figure 1 as follows:

fe[GluC4]  fe[LacC3]y Vin _ Vi
fe[LacC3], fe[LacC3], 2.CMRglc + Vi,  Vica + Vou'

glutamate/

ycle

9)

By combining the relationships of Equations 9 and 6, one can derive the
relationship of Equation 10 so that

fe[LacC3]p [Lac]g !
Vin = Vica - . .
fe[GluC4] V4~ [Lac]p

(10)

As shown in Equation 10, there is sufficient information at steady state to
calculate V;, from knowledge of the relative fractional enrichments and

in
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a-d, Time courses of plasma lactate concentrations (a), glucose concentration (in millimoles per liter) (b), plasma
lactate ™*C fractional enrichment (FE) (c), and glucose "Cfractional enrichment (d) from the same volunteer for the two different

infusion protocols A (black symbols) and B (white symbols). As aimed, plasma lactate level is either (protocol A) maintained close

Results

Plasma

Figure 2a—d shows typical plasma lactate
([Lac]p) and glucose ([Glc]p) concentra-
tions and '’C fractional enrichment time courses for the two
different infusion protocols A and B from one volunteer. For
each protocol, the targeted [Lac], and fractional enrichment
were attained in the first 5 min and their levels remained
steady throughout the 2 h infusions. The range of concentra-
tion for plasma lactate achieved by the two infusion protocols
(A and B) was 0.8 to 2.8 mmol/L, whereas the range of steady-
state fractional enrichment of [3-'’C]lactate in plasma
achieved was 23.0-50.4% with a mean value of 36.2 = 0.9%
(mean * SD; n = 9). It is important to note that circulating
[3-°C]lactate is metabolized by the liver and will transfer '°C
label into glucose through gluconeogenesis (Cohen, 1987;
Rothmanetal., 1991; Lebon et al., 2002). As determined by gas
chromatography—mass spectroscopy of blood samples, the in-
corporation of 13C label into the C1, C2, C5, and C6 positions
of plasma glucose were found to be significant for the C1 and
C6 positions with similar fractional enrichments over natural
abundance at the end of the infusion: 3.9 * 0.7% for CI and
3.5 * 0.6% for C6 (mean = SD; n = 9). To take into account
the contribution of '*C-labeled glucose to the measured time
courses, '*C-glucose time courses have been incorporated to
the modeling as an input function.

Brain "*C-labeled metabolite quantification

Figure 3 shows a steady-state spectrum from one of the volun-
teers, obtained from the last 32 min of a 2 h [3- ">C]lactate infu-
sion study as well as its decomposition by LCModel. As described,
the multiple positions of glutamate, glutamine, and aspartate are
well resolved with typical Cramér—Rao lower bounds values
(CRLB) at the end of the study being <5% for GluC4, <15% for
GluC3, GInC4, GluC2, and AspC3, and <25% for NAACS3,
GInC3, and GInC2. However, to improve the detection and
quantification of [3-'°C]lactate signal (LacC3) at 21 ppm, we
assumed a rapid establishment of a steady brain lactate concen-

to a physiological level (~1.5 mmol/L) with a ">C FE close to 33% or (protocol B) doubled (~2.5 mmol/L) with a "*CFE close to
50%. Even if the plasma glucose level remains steady at euglycemic values, as the circulating [3- "*(]lactate is metabolized by the
liver, 3Catoms are progressively incorporated into the plasma glucose through gluconeogenesis.

tration and used the sum of all spectra acquired over the 2 h of
infusion. This way, the LacC3 peak was detected and quantified
with CRLB between 9 and 30%.

Comparison of steady-state labeling from [3-'>C]lactate with
[2-"3C]acetate and [1—13C]glucose

To assess whether the oxidation of lactate is primarily glial, or instead
is similar to that of glucose, we compared the labeling from a 2 h
[3-’C]lactate infusion with labeling from [1-'’Clglucose and
[2-*Clacetate. The steady-state spectrum presented in Figure 4a
may be compared with that acquired from the same volunteer
after [1-°C]glucose (Fig. 4b) and [2- °CJacetate infusions (Fig.
4c¢). The spectra were scaled based on their natural abundance
peaks of NAAC3. Although the high labeling of GInC4 resonance
for the acetate infusion reflects clearly the compartmentation of
acetate oxidization in glia (Hassel et al., 1995; Bachelard, 1998;
Lebon et al., 2002), the pattern of labeling for glucose and lactate
infusions are very similar except for the minimal '>C-'>C side-
bands to the glutamate and glutamine resonances. The >C-'>C
sidebands that would result from doubly labeled molecules are
not observable because of the low fractional labeling of acetyl-
CoA after the lactate infusion (Table 1). To account for these
undetected resonances small correction factors (~1.04 for GluC4
and GluC2; ~1.11 for GluC3) were applied. As can be seen in
Table 1, the [4- *C]glutamine/[4- ">C]glutamate (fe[GInC4]/fe-
[GluC4]) labeling ratio extracted from our set of [3-'°C]lactate
infusions (0.78 = 0.04; n = 9) does not differ significantly (p =
0.14, Kolmogorov—Smirnov two-sample test) from the one ob-
tained with [1-'"’C]glucose infusions (0.87 = 0.04; n = 7). In
contrast, there is a large difference in labeling with the results
from the [2- "*CJacetate infusions ( p = 1, Kolmogorov—Smirnov
two-sample test), which exhibit a much higher fe[GInC4]/
fe[GluC4] ratio (2.90 * 0.22; n = 7).
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Figure 3. Localized "C spectrum acquired from the occipito-parietal lobe of a volunteer

during the last 32 min of a 2 h [3- "(lactate infusion study and its decomposition by LCModel.
Singlets for GluC4, GluC3, GluC2, GInC4, GIn(3, GInC2, Asp(3, Lac(3, NAAC3, and the residues are
displayed. For processing parameters, see Materials and Methods.
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Figure 4. a-c, Localized "C spectra acquired from the occipito-parietal lobe of the same
volunteer either during the last 25 min of a 2 h [3- *(Jlactate infusion study ([Lacl, ~ 1.5
mmol/L and ™C FE ~ 29%) (a, bottom), during the last 15 min of a 2 h [1-"*Clglucose (b,
middle), or the last 25 min of a 2 h [2- "*(Jacetate infusion (¢, top), scaled to exhibit the differ-
ences in "( fractional enrichment reached for glutamate and glutamine. For processing pa-
rameters, see Materials and Methods.

Metabolic modeling and TCA flux determinations

Figure 5, a and b, displays the measured GluC4, GluC3, GluC2,
GInC4, GInC3, GInC2 time courses as well as the corresponding
best fits obtained for one individual experiment. The resulting
fluxes were Vica, = 0.50 = 0.02 wmol * ¢~ - min ~" and Vicag =
0.15 * 0.02 wmol g~ ' *min "' (mean = SD; n = 9). These
values are consistent with values reported previously (Mason et
al., 1999; Shen et al., 1999; Chen et al., 2001; Chhina et al., 2001;
Bliiml et al., 2002; Lebon et al., 2002). The overall TCA cycle rate
is 0.65 umol+ g~ '+ min "', which is in the low range for the
values of total V., reported for humans, the range being [0.57;
0.83] (for review, see Hyder et al., 2006). We believe the explana-
tion for the lower rate is the higher contribution of white matter
to our volume of interest (~53% white matter). Indeed, previous
MRS studies have established a threefold to fourfold lower TCA
cycle rate in white matter compared with gray matter in human
(Mason et al., 1999) and rat (de Graafet al., 2004). We have obtained
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Table 1. C fractional enrichment of glutamate and glutamine in positions (4 and
3 for[2-"*CJacetate, [1-"*C]glucose, and [3-">C]lactate infusions in the human
occipito-parietal lobe at the end of 2 h of infusions

[3-"(]Lactate [1-C]Glucose

[2-3C]Acetate

fe[GluC4] 6.7 =+ 06 194 + 12 54+05
fe[GluC3] 47+04 147 +08 50+ 05
fe[GInC4] 52+ 06 167 + 08 160 + 24
fe[GInC3] 37 =04 120 =07 79+ 10
fe[GInC4]/fe[ GluC4] 078 = 0.04 0.87 = 0.04* 2.90 = 0.22%*

Atthe bottom line, the [4-"C]glutamine/[4-"C]glutamate labeling ratio is calculated for each individual experiment and
averaged. Fractional enrichment values are in percentage, means = SD, n = 9 for lactate group and n = 7 for the
glucose and acetate group. The natural abundance (1.1%) is not subtracted.

Kolmogorov—Smirnov two-sample tests for difference between lactate and other groups: *p = 0.14 with glucose,
and **p = 1 with acetate.

similar rates of metabolism using '*C-labeled glucose and acetate as
tracers from this same volume (Boumezbeur et al., 2010).

Determination of lactate transport kinetics and net rate of
lactate consumption
The measured values of V;, [Lac]y, and CMRlac are displayed in
Figure 6a—c along with their respective linear regressions. The
following linear relationships were obtained: V;, = 0.042.[Lac],
(R* = 0.58); [Lac]|y = 0.63.[Lac], (R* = 0.75), and CMRlac =
0.019.[Lac]-0.007 (R* = 0.71). To determine the range of values
of Vyuax and K. consistent with the results, the curves were fit to
the reversible Michaelis—-Menten model as described above and
Monte Carlo analysis performed to determine the range of values
consistent with the data. Based on this analysis, the mean value of
K was 5.1 mmol/L with a 68% confidence interval (CI) ranging
from 2.4 to 7.8 mmol/L. As shown in Figure 6d, the distribution
of K is not symmetrical with a skewness (G,) of 0.5. The mean
and range of K values are consistent with V;  being close to linear
with the range of plasma lactate concentration studied (0.8-2.8
mmol/L), which encompasses the full range encountered in most
physiological conditions. The mean value of Vy;,x was calculated
tobe Vyax = 0.40 = 0.13 wmol - g ~' - min ~'. The overlay of the
probability density functions and corresponding histograms for
K and V), are shown in Figure 6d.

Because the initial run of the metabolic modeling was performed
assuming a K value of 4.4 mmol/L, the metabolic modeling was
performed again with K set the following values: 2.4, 5.1, and 7.8
mmol/L corresponding to a 68% centered confidence interval. Con-
sistent with the relationships of Equations 7 and 10, the V;, and
CMRlac values were found to remain mostly unchanged, as
demonstrated by Figure 7, a and b, in which individuals fluxes values
obtained for K. = 2.4 and 7.8 mmol/L are compared (slopes ~ 1.01;
R?>0.99). Table 2 presents the Vy;1x and Vy,4x/Ky ratios derived
from the metabolic modeling of the individual datasets (mean * SD;
n = 9) for the different K. values considered.

Discussion

Over the past decade, '>C MRS has been used to study cerebral
metabolism in vivo mostly using '*C-labeled glucose (for review,
see Shen and Rothman, 2002; Hyder et al., 2006). However sev-
eral studies have looked at the alternate substrates: acetate and
B-hydroxybutyrate (Pan et al., 2001; Lebon et al., 2002). The
results here demonstrate that '*C-labeled lactate can be used to
study brain metabolism, and also establish lactate transport pa-
rameters and cell type preference for its consumption. In addi-
tion, they support that plasma lactate can potentially be a
significant net fuel for brain metabolism under conditions of
elevated plasma lactate or decreased plasma glucose.
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Contribution of plasma lactate to

brain metabolism

Using the measured values of plasma and
intracellular lactate and V,,, CMRlac was
estimated using Equation 7 and is plotted
in Figure 6¢. At plasma lactate levels close
to resting values, there is very little if any
net consumption, consistent with previ-
ous arteriovenous (AV) difference studies
(Siesjo, 1978). As plasma lactate concen-
tration is elevated, CMRlac increases lin-
early with a ratio of CMRlac/ Vi, ~ 7%
for the highest plasma lactate concentra-
tion studied ([Lac]p, = 2.8 mmol/L). Al-
though CMRlac is relatively low, our
results suggest that an additional increase
in [Lac], or a decrease in [Lac]y can lead
to substantially higher contributions to me-
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Figure5. a, b, Time courses of glutamate () and glutamine (b) ™C concentrations for the (4, (3, and (2 positions from one of
the subjects during the infusion of [3- 3(Jlactate ([Laclp ~ 2.7 mmol/L and 3CFE ~ 50%). The glutamate and glutamine (4
labeling are represented by squares (closed and open, respectively), whereas the glutamate (3 and (2 labeling, by diamonds
(closed and open, respectively), and glutamine (3 and (2 labeling, by triangles (closed and open, respectively). The lines are the fits
obtained with the metabolicmodel (solid, (4; dashed, (3; shaded, (2 positions). The scale for glutamine is increased approximately
by a factor of 3 to facilitate the visualization of the kinetics.

tabolism. Smith et al. (2003) found plasma 015 7 2.00 7
lactate was able to replace ~17% of glu- R . - )
cose uptake after blood lactate was ele- E, 0.10 - o : 1.50 -
vated by lactate infusion corresponding to E . v 2 100 -
CMRlac ~ 0.08 pmol-g~'+min~" for E 005 - N - =
[Lac], ~ 4.1 mmol/L at euglycemia. Using ~ ~ 7T = 050 |
either the best linear fit to CMRlac or the //’/
mean K and Vy,4x to extrapolate to this 0.00 ‘ ' ‘ ‘ ‘ ! 0.00 ‘ ' S ' ‘
higher lactate concentration, a CMRlac flux 00 05 10 15 20 25 30 00 05 10 15 20 25 30
of 0.07 wmol-g~'*min~" is predicted, @ [Lac]p eumov) b [Lac]p o
consistent with the measurement by Smith H0E
et al. (2003). Studies have also shown high 5 :/ 2 02 02
net lactate usage when it is elevated by hyp- 2 | R s =
oxia (Schurr et al., 1997a,b) or after intense § 00 = 8 2 01 01
physical exercise (Kemppainen et al,, 2005, S A §
van Hall et al., 2009). ; 0.02 .y " A
The maximum rate of CMRlac as a -7 0 5 10 0 02 04 06 08
function of [Lac]p, can be determined 000 =" l : ‘ ‘ K @moiny Vpax Gnobigiminy
from Equations 7 and 8 with the assump- 00 05 10 15 20 25 30
tion that intracellular lactate concentra- € [Lac]p @ d
tion is maintained near 0 by metabolism.
In this case, CMRlac is equivalent to V;, as Figure 6. a, Lactate influx plotted as a function of the plasma lactate concentration. The dashed straight line represents the

follows:

linear regression that has a slope of 0.042 and a R value of 0.58. b, Brain lactate as a function of the plasma lactate concentration.

The dashed straight line represents the linear regression that has a slope of 0.63 and a R? value of 0.75. For both @ and b, the solid

max CMRlac = Vi, |iracis=o

curve line represents the best fit obtained from a least-square minimization using expressions in Equations 5 and 8 given by the

reversible Michaelis—Menten model. ¢, Lactate net consumption plotted as a function of the plasma lactate concentration. The

VMAX

- Ky/[Laclp + 1 (1)

dashed straight line represents the linear regression: CMRIac (in micromoles per gram per minute) = 0.019.[Lac],-0.007, R> =
0.72.d, Overlay of the probability density functions and corresponding histograms for K; and I/ values derived from the Monte

Carlo analysis (for details, see Materials and Methods) of the data presented in @ and b: K; = 5.1 = 2.7 mmol/L and Vy,x =

The maximum rate is relevant for situa-
tions in which [Lac]y is low because of
reduced glycolytic lactate production,
which may occur during hypoglycemia. Figure 8 plots the maxi-
mum CMRlac versus [Lac] for the mean K. value and the values
at the 68% CI. Above the mean value, there is very little influence
of Ky on the calculated maximum CMRlac. The mean value of
Viuax Was used. Under these conditions, the maximum contribu-
tion of plasma lactate to brain metabolism under normal
plasma lactate concentrations near 1.0 mmol/L is predicted to be
CMRlac/ Vi ~ 10%. This contribution to brain energy produc-
tion would be highly significant for avoiding brain energy failure
under conditions of hypoglycemia that occur during fasting and
for patients with type 1 diabetes after insulin injection, particu-
larly if brain lactate transport is upregulated by twofold as it has
been reported for acetate by Mason et al. (2006). The V.« for

0.40 = 0.13 mol - g ~" - min ~" (mean = SD).

plasma lactate transport is high and in principle could provide for
as much as ~60% of the oxidative substrate needs of the occipital
cortex at very high plasma levels (CMRlac = Vy;,x). Brain me-
tabolism of plasma lactate could conceivably differ in other brain
regions reflecting differences in activity of the relevant monocar-
boxylic acid transporters.

In the study by van Hall et al. (2009), circulating lactate brain
uptake and subsequent contribution to oxidative energy synthe-
sis was estimated using AV difference. The brain went from a net
release of lactate at rest ([Lac]p, = 0.9 mmol/L), to a net consumer
during lactate infusion at levels of [Lac], = 3.9 mmol/L and
[Lac]p = 6.9 mmol/L. These results are consistent with our pre-
dictions of net lactate consumption as a function of [Lac]p. The
lactate they infused was '*C-enriched at the C1 position and they
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direct measurements will be needed to es-
tablish the generality conclusively.

2 Cellular compartmentation of
' lactate metabolism

PN Because glutamine is synthesized only in
- glial cells, whereas the majority of glutamate
resides in neurons, analysis of [4-'°C]
glutamine/[4- *C]glutamate (fe[GInC4]/
fe[GluC4]) labeling ratios can give an in-
sight into the metabolic compartmentation
of a substrate (Pan et al., 2002), with higher

0.00 0.05 0.10 0.15 0.00 0.02

a K;=2.4 mmol/L b

Figure 7.

coefficients (>0.99) of the linear regressions.

Table 2. Vy values and Vy,,, /K; ratio obtained from the dynamic modeling of the
individual datasets (mean = SD; n = 9) for K; values being 2.4, 5.1, and 7.8 mmol/L

K; (mmol/L)
Mean — SD Mean Mean + SD
24 5.1 78
Vigax (mol =g "~ min ") 0.25 = 0.07 038 +0.10 0.50 = 0.15
Viax /K (/min) 0104 0028  0.074 0021  0.065 = 0.019

These K; values correspond to the mean — SD, mean, and mean + SD values estimated from the Monte Carlo
analysis (Fig. 6d).
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Figure8. Maximum lactate consumption versus plasma lactate concentration for the mean
K; value, 5.1 mmol/L, and the values at the 68% Cl, 2.4 and 7.8 mmol/L. For each K; value, the

corresponding mean ¥, value was considered: 0.25, 0.38, and 0.50 umol - g " = min

(Table 2).

assessed the fraction of lactate oxidized and its contribution to
cerebral energy expenditure based on the appearance of the '°C
label in CO,. At the three concentrations studied, they measured
a contribution of lactate to total cerebral oxidative energy expen-
diture of 8, 19, and 27%, which is in excellent agreement with the
ratio calculated between the lactate entry and brain TCA cycle
rates (V,,/Vyca) using our measured kinetic parameters (K =
5.1 mmol/L; Vy4x = 0.38 wmol - g_1 -min " "): 8, 21, and 28%.
This agreement is attributable to the relative '>C labeling of CO,
through PDH (pyruvate dehydrogenase) activity being propor-
tional to the fractional enrichment of brain lactate/pyruvate pool
(Eq. 9). We also note that the good agreement with AV difference
studies suggests that our values obtained from the occipital lobe
may be extrapolated to the cerebral cortex as a whole, although

K;=2.4 mmol/L

a, b, Lactate influx values (a) and net consumption of lactate (b) obtained from the dynamic modeling of the data
assuming K being either equal to the mean — SD = 2.4 or mean + SD = 7.8 mmol/L (as determined from the Monte Carlo
simulations). The impact observed on the estimated V; and CMRlac valuesis negligible asillustrated by the slopes (~1.01) and R2

0.04 o0s  ratiosindicating greater percentages of sub-

strate transport and oxidation in glia. In our
study, this ratio for lactate as a substrate was
0.78 = 0.04 (mean = SD; n = 9), similar to
the ratio determined for [1-'"°Clglucose as
substrate: 0.87 = 0.04 (mean * SD; n =
7). In both cases, the ratios were deter-
mined for the same occipito-parietal loca-
tion and from a matched group of healthy
young subjects, consistent with the same distribution of usage in
glia and neurons.

In contrast, studies using [2-'*Clacetate, a known glial sub-
strate, exhibit fe[GInC4]/fe[GluC4] ratios severalfold higher.
Based on previous '>C MRS studies that quantitated neuronal
and glial glucose oxidation, the finding of similar labeling as ob-
served with [1- °C] glucose suggests that there is similarly a four-
fold higher oxidation of plasma lactate in neurons than glia
(Lebon et al., 2002; Boumezbeur et al., 2010). However, a study
using high-resolution [ '*C]2-deoxyglucose autoradiography in
combination with immune staining of neuronal and glial cell
bodies suggested that glucose uptake is evenly distributed be-
tween these cell types (Nehlig et al., 2004). The ['*C]2-
deoxyglucose findings, which reflects total glucose uptake
rather than oxidation, would not conflict with the present
MRS findings should the lactate produced through glial glycol-
ysis be oxidized mainly in the neurons, a point made by the
study’s authors (Nehlig et al., 2004).

Recent studies suggest that lactate is more specific to neurons
than glucose (Qu et al., 2000; Tyson et al., 2003). For example,
Tyson et al. (2003) measured fe[GInC4]/fe[GluC4] ratios closer
to 0.67 for lactate versus 0.92 for glucose. A potential explanation
for this discrepancy is that, as discussed previously, glucose la-
beled at the C1 and C6 positions produced by gluconeogenesis
from [3-'°C]lactate resulted in labeling of brain glutamine and
glutamate, obscuring the difference. Alternatively, it may reflect
species differences. For now, we can only definitively conclude
that, at minimum, plasma lactate is used by neurons and glia ata
fraction similar to that of plasma glucose.

Evaluation of lactate transport kinetics

Kinetics for lactate transport were evaluated using a reversible
Michaelis-Menten model. The reversible Michaelis—Menten ki-
netics have been described in detail previously (Mahler and
Cordes, 1971; Cunningham et al., 1986) and used successfully to
study glucose transport kinetics in human brain (Gruetter et al.,
1998; Choi et al., 2001; de Graaf et al., 2001). Detailed kinetic
modeling and meta-analysis of literature results by Simpson et al.
(2007) have supported it as accurately describing brain glucose
and monocarboxylic acid transport. As seen in Figure 6a, V;, is
close to linear with [Lac], over the range studied. The mean K of
5.1 mmol/L determined by Monte Carlo analysis agrees with this
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observation, although there is a significant spread in the range of
values consistent with results from previous studies of MCT; in
animal brain or oocytes, which have found K values of ~4
mmol/L (Broer et al., 1998; Manning Fox et al., 2000).

Relevance to the astrocyte-to-neuron lactate shuttle

A major question regarding lactate metabolism is whether lactate
produced in astrocytes by glycolysis is transferred to neurons for
oxidation, often called the astrocyte-to-neuron lactate shuttle
(ANLS). Although there is considerable evidence for the ANLS
model (Magistretti et al., 1999; Pellerin et al., 2005), it remains
to be shown directly that there is net transfer of lactate from
glia to neurons in vivo. A prediction of the ANLS model is that
lactate transport capacities of neurons and astrocytes are high
enough to meet the energy demand of neurons. The finding that
relative labeling of glutamine and glutamate from plasma-borne
[3-*C]lactate is similar to that from [1-'>C]glucose as substrate
strongly suggests that neuronal and glial lactate pools have the
same '’C fractional enrichment, implying that the relative lactate
transport capacity of neurons and astroglia is either the same as
their relative rates of glucose oxidation or much greater, creating
effectively a single-shared lactate pool. Combined with the find-
ing extrapolated from transport kinetics that plasma lactate can
provide up to 60% of the brain’s oxidative requirements, our
results suggest that cellular lactate transport is not likely to be
limiting for an ANLS mechanism in human cerebral cortex.

Evaluation of '>C-labeled lactate as a metabolic tracer

As a general MRS tracer for studying brain metabolism, the
primary limitation of lactate is that its labeling of the brain
pyruvate pool is relatively low at physiological levels. For exam-
ple, as shown in Figure 4, severalfold higher '*C fractional enrich-
ment was achieved using [1-'’C]glucose rather than even the
higher level of lactate in the present study. A second limitation of
using lactate is that the production of labeled glucose from
[3-*C]lactate via gluconeogenesis by liver is a potential compli-
cation in the metabolic modeling. Significant labeling of glucose
in the C1 or C6 position was observed (2.8 £ 0.7% for C1 and
2.4 * 0.6% for C6 above natural abundance; mean * SD; n = 9).
Because of the delay in the appearance of glucose labeling (Fig.
2d) and our incorporation of labeled glucose as a precursor in the
metabolic modeling, its impact on the determination of meta-
bolic rates and transport kinetics was not large. However, it may
have obscured subtle differences between the cellular localization
of lactate and glucose utilization. A potential solution would be
the administration of insulin during the experiment to slow
down the release in the bloodstream of labeled glucose from the
liver. A final limitation is that elevated plasma sodium lactate is a
well known anxiogen used experimentally to provoke and study
panic disorder (Cowley and Arana, 1990). In the present set of
experiments, subjects did not report any symptoms related to
anxiety during the infusion, most likely because of the low plasma
lactate concentrations used. However, care must be taken for this
possibility, which may restrict the level of lactate that can be
explored experimentally.

Conclusion

In conclusion, the Vy;,x and Ky of lactate metabolism demon-
strate that the human brain has the capacity to support up to 10%
of its energy metabolism with lactate under physiological levels
and up to 60% under supraphysiological levels. The unidirec-
tional transport of lactate is effectively linear over the physiolog-
ical range and beyond. Neurons are the dominant source of
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plasma lactate metabolism, similar to what is observed with
plasma glucose. Plasma lactate may be a significant net fuel for
brain metabolism under conditions in which plasma lactate is
elevated such as after exercise or hypoxia/ischemia or when
plasma glucose is reduced because of fasting hypoglycemia or
after insulin administration. ">*C MRS has the potential of di-
rectly studying brain lactate metabolism in these and other states
in which plasma lactate may play an important role in sustaining
brain function.
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