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Abstract

The low sensitivity of 13C spectroscopy can be enhanced using dynamic nuclear polarization.
Detection of hyperpolarized [1-13C]pyruvate and its metabolic products has been reported in kidney,
liver, and muscle. In this work, the feasibility of measuring 13C signals of hyperpolarized 13C
metabolic products in the rat brain in vivo following the injection of hyperpolarized [1-13C]pyruvate
and [2-13C]pyruvate is investigated. Injection of [2-13C]pyruvate led to the detection of [2-13C]
lactate, but no other downstream metabolites such as TCA cycle intermediates were detected.
Injection of [1-13C]pyruvate enabled the detection of both [1-13C]lactate and [*3C]bicarbonate. A
metabolic model was used to fit the hyperpolarized 13C time courses obtained during infusion of
[1-13C]pyruvate and to determine the values of Vppy and V| pn.
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Introduction

Carbon-13 spectroscopy combined with the infusion of 13C-labeled substrates is a powerful
tool to study brain metabolism in vivo. Measurement of the incorporation of 13C label from
substrates ([1-13C]glucose or [2-13C]acetate for example) into brain metabolites (glutamate,
glutamine) has allowed the determination of a variety of metabolic fluxes, such as the rate of
neuronal and glial tricarboxylic acid (TCA) cycle, the rate of pyruvate carboxylase, and the
rate of glutamate-glutamine cycling between neurons and astrocytes (see [1] and references
therein). In spite of these remarkable achievements, 13C magnetic resonance spectroscopy
(MRS) remains limited by its low sensitivity. As a result, most in vivo 13C experiments require
long acquisition times during prolonged infusion of highly-enriched 13C-labeled substrates.

One way of increasing the sensitivity of MR is to create a non-Boltzmann spin state population
or hyperpolarization. Hyperpolarization has been accomplished using several methods: brute-
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force polarization by subjecting a sample to a very strong magnetic field at a temperature close
to absolute zero [2], optical pumping [3;4], para-hydrogen induced polarization (PHIP, also
called PASADENA) [5;6;7;8], and dynamic nuclear polarization (DNP) [9;10]. The optical
pumping method is practically limited to noble gas isotopes with spin-% nuclei. The PHIP
method can produce more than 20% polarization in a few seconds but is limited to molecules
which contain either double or triple carbon-carbon bonds. In contrast, the DNP method, during
which a solid-state sample is placed in liquid helium, requires 30 to 60 minutes to reach the
same degree of polarization as PHIP method; however, DNP can be applied to all nuclei
(13¢, 15N, etc.) in many molecules. It has been shown recently that the DNP method can
enhance the signal-to-noise by a factor over a 10,000 times compared to a conventional NMR
experiment in the solution-state [11;12].

The in vivo hyperpolarized 13C studies performed to date can be divided into two groups. In
the first group, the injection of hyperpolarized substances, which remain in blood vessels and
are not quickly metabolized, has been used to obtain very high resolution images of vasculature
and perfusion. This type of experiments have been reported using PHIP hyperpolarized
substrates in rats [7;13], rabbits [14;15], guinea pigs [16], and pigs [17;18;19], and using DNP
hyperpolarized substrates in rats [12;20;21;22;23] and pigs [24]. In the second class of
experiments, substances which are quickly metabolized have been used to obtain metabolic
information by detecting the formation of hyperpolarized metabolic products. Such
experiments have been reported in vivo after injection of hyperpolarized [1-13C]pyruvate in
rats [25;26;27;28;29;30], mice [31;32;33], pigs [25;34] and in isolated rat hearts [35;36],
[2-13C]pyruvate in isolated rat hearts [37], [1-13C]lactate in rats [38],23C-labeled bicarbonate
in mice [39], [1- 13C]acetate in mice [40], and [5-13C]glutamine in cultured hepatoma cells
[41].

In the aforementioned studies, administration of the hyperpolarized [1-13C]pyruvate was
shown to result in a sparse spectrum composed of the pyruvate substrate and its products,
[1-13C]lactate (via lactate dehydrogenase (LDH)), [1-13C]alanine (via alanine
aminotransferase), and 13C bicarbonate (via pyruvate dehydrogenase complex (PDH) and
carbonic anhydrase) [25]. Additionally, [1-13C]pyruvate hydrate, a metabolically inactive
molecule formed during the dissolution process of [1-13C]pyruvate, is present in the spectrum
[25]. Increased intratumoral levels of lactate were found following intravenous injection of
hyperpolarized [1-13C]pyruvate into rats containing subcutaneously implanted P22 tumors
[26]. In contrast to measurements in metabolically active cardiac tissue showing evolution of
bicarbonate [34], no bicarbonate was found in those tumors, indicating little PDH activity.
Elevated [1-13C]lactate was also observed in both primary and metastatic tumors in a mouse
model of prostate cancer [31]. A marked reduction in the lactate to pyruvate ratio and the
apparent rate constant of the LDH activity were observed in the drug treated EL-4 tumors
implanted in mice [32]. A reduction in PDH activity was reported in the hearts of fasted rats
as compared with fed rats suggesting that hyperpolarized 13C spectroscopy is sensitive to
physiological perturbations in PDH flux [29]. Up to date, however, attempts to develop
metabolic models to fit 13C hyperpolarized data in order to determine metabolic rates remain
relatively simple. Metabolic modeling of hyperpolarized pyruvate, lactate, and bicarbonate
signals in the brain has not been published so far.

In this study, we investigate metabolism in the rat brain in vivo following injection of
hyperpolarized [1-13C]pyruvate and [2-13C]pyruvate. We also explore the spatial origin of
hyperpolarized 13C signals in the rat brain as well as the influence of decoupling on linewidths
and the SNR of [1-13C]pyruvate and [2-13C]pyruvate signals and their metabolic products. In
addition, a metabolic model is proposed to fit hyperpolarized lactate and bicarbonate 13C time
courses measured after [1-13C]pyruvate injection.
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Experimental

Samples

Phantom

Animals

Aliquots (~10 uL) of pure [1-13C]pyruvic acid (Cambridge Isotope Laboratories, Andover,
MA) and 15 mM Tris{8-carboxyl-2,2,6,6-tetra(2-(1-hydroxyethyl))-benzo[1,2-d:4,5-d"]bis
(dithiole-2-yl)methyl] sodium salt (OX63 trityl radical) and of [2-13C]pyruvic acid (Isotec,
Miamisburg, OH) and OX63 trityl radical were placed into liquid helium and hyperpolarized
by DNP (HyperSense, Oxford Instruments, UK) in a field strength of 3.35 T at approximately
1.4 K for 90 min (time constant ~700 s) and 120 min (time constant ~1100 s), respectively.
[1-13C]pyruvate and [2-13C]pyruvate samples were then dissolved either in (i) 0.32 mM
Na2EDTA solution, (ii) 40 mM TRIS buffer, 40 mM NaOH and 0.32 mM Nay,EDTA solution
(buffered solution), or (iii) a buffered solution prepared with D,O to produce 4 mL of
hyperpolarized solutions at a concentration of ~35 mM and a pH of 3 or 7, respectively.

The solution state polarization and T4 values at 9.4 T were obtained using an 18-mm outer
diameter spherical glass bulb (Wilmad-Labglass, Buena, NJ) into which the hyperpolarized
solutions were injected. Injection started about 20 s after dissolution and lasted for 6 s. Data
used to obtain the T4 values for [1-13C]pyruvate and [2-13C]pyruvate were acquired using a
small flip-angle pulse-acquire (4.5° at the coil center, Tg = 3's, 128 scans) with *H decoupling.

All animal experiments were performed in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee of the University of Minnesota. Male Sprague-Dawley rats (260 — 320 g, Charles
River Laboratories, Inc.) were placed in an induction chamber ventilated with isoflurane and
a70%:30% N,0O:0, mixture. Once unconscious, rats were quickly removed and xylocaine was
applied in the throat using a cotton swab, and an 14-gauge catheter was carefully inserted
between the vocal cords. The catheter was then connected to the ventilator providing a 70%:
30% N»0:0, mixture and 1.8% isoflurane. Body temperature was maintained at 37°C using
a heating pad with warm water circulation. Femoral vein and both arteries were cannulated for
infusion of hyperpolarized substances, blood pressure monitoring, and blood sampling,
respectively. Femoral vein rather than caudal vein was used for these experiments as previously
it was observed that caudal vein catheters tend to clog easily especially when several injections
are done in the same animal with extended period of time between each injection. Additionally,
femoral vein allowed rapid injection which gave the best chance to observe a high polarization
in the brain. Animals were placed in a home-built holder, and the head position was fixed using
ear rods and a bite-bar. Blood gases were measured every 20 minutes to ensure stable
physiological conditions.

The animals were injected intravenously with either hyperpolarized [1-13C]pyruvate or
[2-13C]pyruvate solutions (~2.2 mL, 34.5 mM). Injection started about 20 s after dissolution
and lasted for ~6 s.

In Vivo Spectroscopy

All 13C spectra were acquired on a 9.4-T, 31-cm horizontal bore magnet (Magnex Scientific,
Oxford, UK) interfaced with a Varian INOVA console (Varian, Palo Alto, CA, USA). The
magnet was equipped with a gradient insert capable of reaching 450 mT/m in 200 ps
(Resonance Research, Inc., Billerica, MA). The radiofrequency (r.f.) coil assembly consisted
of an inner 13C linearly polarized surface coil (12 mm diameter) and a H quadrature surface
coil (two loops of 14 mm diameter) built according to a previously described design [42].

J Magn Reson. Author manuscript; available in PMC 2011 October 1.
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Gradient echo (Tgr = 60 ms; Tg = 3.9 ms; matrix = 256 x 128; slice thickness = 2 mm) images
were acquired to selecta 9 x 5 x 9 mm3 volume in the rat brain and a 9 x 1.6 x 16 mm3 volume
including muscle and subcutaneous tissue. For greater anatomical details, T,o-weighted
multislice rapid acquisition with relaxation enhancement (RARE) images (TR =4 s, Tg = 60
ms, echo train length = 8, matrix 256 x 128, slice thickness = 1 mm, 11 slices) were acquired.
Linewidths of water around 18 Hz were obtained in the voxel in the rat brain after adjusting
the first- and second-order shims using FAST(EST)MAP [43;44].

The spectra were acquired with one of the following pulse sequences: (1) pulse-acquire with
a small or high flip angle (4.5° or 43° at the coil center); (2) 90° BIR4 pulse [45] (6 ms,
bandwidth = 3.23 kHz (32.1 ppm) defined as the excitation width where M,y was at least 90%
of the desired magnetization, Bimayx = 2.25 kHz); (3) LASER sequence (localization by
adiabatic selective refocusing) [46] adapted for 13C spectroscopy. In LASER, either a 45° or
a 90° BIR4 pulse (same as described above) was used for excitation, and six 3 ms hyperbolic
secant pulses, HS1, with a bandwidth of 6.67 kHz (66.3 ppm) were used for refocusing. The
echo time was 29 ms. H decoupling was performed using WALTZ-16 [47] during the
acquisition time. All spectra were acquired with 30,000 complex points and spectral width of
50 kHz.

A three-compartment non-steady state brain/blood/body metabolic model (Figure 1) was used
to fit the hyperpolarized 13C time courses of lactate and bicarbonate in order to determine the
values of brain Vppy, brain V| py and the rate of transport of pyruvate through the BBB

(Vi Pyr brain)-

In the model, the infused hyperpolarized 13C-pyruvate is transported from the blood to the
brain and to the body assuming reversible non-steady-state Michaelis-Menten transport
kinetics. Within each compartment (brain, blood and body), pyruvate is in exchange with
lactate through LDH. Lactate exchanges between compartments following Michaelis-Menten
kinetics. Glycolysis, Vg, contributes to the production of unlabeled pyruvate in all three
compartments. Pyruvate also produces bicarbonate through Vppy in the brain and in the body
(but not in the blood due to the low PDH activity in the blood).

The model was expressed mathematically using two types of dynamic mass balance equations:
1) mass balance for the total concentration of brain, blood, body pyruvate and lactate (Six
equations), and 2) 13C isotope mass balance for labeled metabolites pyruvate, lactate, and
bicarbonate (nine equations). All concentrations and parameters used in the model are listed
in the Table 1 along with references. A T1 relaxation time of 14 s, based on the value obtained
for pyruvate from small flip angle data, was assumed for hyperpolarized pyruvate, lactate and
bicarbonate.

The input function for pyruvate and lactate in plasma was calculated based on the concentration
and volume of the hyperpolarized solution (34.5 mM and 2.2 mL) injected into the rats (blood
volume of ~20 mL in 260-320 g rats) and literature values for V| py and V4, for lactate and
pyruvate in body and brain (Table 1). It was estimated that the concentration (and enrichment)
of pyruvate in plasma increased from 0.15 mM to ~3.3 mM (0.011 to 0.9) in the first 6 seconds
and exponentially decreased to ~0.5 mM (to 0.6) and the concentration of lactate in the plasma
increased (apparent hyperbola) from 1 mM (enrichment 0.011) to ~2.5 mM (enrichment 0.6)
during the time of experiment.

In vivo time courses of hyperpolarized [1-13C]lactate and 13C-bicarbonate signal intensities
were fitted with the metabolic model described above. Based on sensitivity map of the surface
coil used in the study and the anatomy of the rat head (superior sagittal sinus close to the surface

J Magn Reson. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marjanska et al.

Results

Page 5

coil), it was estimated that the blood contributed 10% to the total signal under the experimental
conditions of using a 43° low flip angle (at the center of the coil).

Three parameters were fitted: Vi pry brain through BBB, and VppH prain @1d V_pH brain at steady
state. Numerical solutions of the ordinary differential equations (ODES) were obtained using
a Runge-Kutta 4t order procedure for stiff systems, and minimizations were done by the
Broyden—Fletcher—Goldfarb—Shanno (BFGS) and Simplex algorithms. The errors for the
obtained values were estimated using Monte Carlo simulations with experimental noise levels.
All numerical procedures were carried out in Matlab.

In Vitro Characterization of Hyperpolarized [1-13C]pyruvate and [2-13C]pyruvate Solutions

In addition to the peak of [1-13C]pyruvate, [1-13C]pyruvate hydrate and two other resonances
were observed at 177.47 ppm and 179.16 ppm. These two resonances, which were also
observed in vivo, were attributed to be impurities. Impurities were also identified in spectra
from hyperpolarized [2-13C]pyruvate solutions with peaks observed at 88.19, 143.20 and
172.04 ppm. The polarization levels of [1-13C]pyruvate and [2-13C]pyruvate were measured
in vitro to be 8% and 5% at a time of measurement, 26 s after dissolution, respectively. The
apparent T¢'s of [1-13C]pyruvate, [1-13C]pyruvate hydrate, [2-13C]pyruvate, and [2-13C]
pyruvate hydrate measured in vitro strongly depended upon the pH and on the solvent used for
dissolution (Table 2). The T4 relaxation times were longer at neutral pH than at acidic pH. In
addition, the T4's were longer when D,O was used to prepare the dissolution buffer instead of
H20. All in vivo experiments were performed with hyperpolarized solutions at neutral pH.

Effect of Decoupling

Most in vivo hyperpolarized studies have been utilizing molecules with 13C labeled quaternary
carbons. In the most often used [1-13C]pyruvate, 13C labeled carbon does not have any 1H
directly attached to it and therefore experiences only a small J-coupling with the 1H's three
bonds away. In case of [2-13C]pyruvate and [1-13C]lactate, the 13C labeled carbon also does
not have any 1H directly attached to it, but it is J-coupled to 1H's which are two and three bonds
away. The linewidth of [1-13C]pyruvate signal only slightly improved by 1.2 + 0.3 Hz with
broadband 1H decoupling, whereas the linewidth of [1-13C]lactate signal decreased
substantially by 6.3 £ 0.6 Hz (Table 3). This is consistent with J-coupling constants and the
number of protons in each molecule (Table 4). The decrease in linewidth due to *H decoupling
resulted in a corresponding increase in the peak height (or SNR). For in vivo linewidth of 6
Hz, the improvement in SNR was 12% for [1-13C]pyruvate, and 76% for [1-13C]lactate.
Similarly the linewidth of the [2-13C]pyruvate signal was narrower by 11 + 2 Hz with
decoupling, and the linewidth of each satellite of the [2-13C]lactate signal was narrower by 4
+ 1 Hz (Table 3). The improvement in SNR for [2-13C]pyruvate was 50% and 136% for
[2-13C]lactate. The larger improvement for the [2-13C]lactate signal was expected due to the
large value of the one-bond J-coupling. All in vivo experiments were performed with 1H
decoupling.

In Vivo Brain Studies with Hyperpolarized [1-13C]pyruvate

After injection of hyperpolarized [1-13C]pyruvate, in vivo spectra acquired with a 4.5° pulse
angle (at the center of the coil) using the radiofrequency coil placed over the rat head were
dominated by resonances corresponding to [1-13C]pyruvate (172.08 ppm), [1-13C]pyruvate
hydrate (180.42 ppm), and [1-13C]lactate (184.3 ppm) (Figure 2). The infused substances,
[1-13C]pyruvate and [1-13C]pyruvate hydrate, peaked 6 s after beginning of the injection. The
[1-13C]pyruvate signal then gradually decreased within 60 s, and the [1-13C]pyruvate hydrate
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signal completely disappeared after 20 s. Formation of hyperpolarized [1-13C]lactate was also
observed with a maximum signal around 22 s. The formation of 13C-bicarbonate was detected
when a higher pulse flip angle (43° at the coil center) was used (Figure 3A). The bicarbonate
signal also peaked around 22 s after injection, similarly to the lactate signal.

The spatial dependence of the observed signals was investigated at a single time point (9 s after
beginning of injection) using a LASER sequence with a 90° excitation pulse (Figure 4A and
Figure 4B). This sequence provided excellent localization and an excellent signal-to-noise
ratio. With high signal-to-noise ratio, the [1-13CJalanine signal was observed as a small
shoulder to the much stronger signal of an impurity (Figure 4B). Localized spectra measured
in the subcutaneous region showed a strikingly lower lactate to pyruvate ratio (lac:pyr ratio =
14 £ 3%, 3 animals, 4 dissolutions) than spectra measured in the brain tissue (lac:pyr ratio =
127 £ 20%, 4 animals, 5 dissolutions). The different spectral pattern between the two locations
suggests that the detected signals do not arise solely from the blood compartment. If the lactate
signal was only coming from the blood, the spectral patterns would be expected to be identical
in both voxels. This was also confirmed with preliminary CSI data showing that pyruvate is
located primarily in “blood” voxels while lactate is distributed much more uniformly
throughout the brain (data not shown).

Consistent with the observation of these regional differences, the lactate to pyruvate ratio in
the pulse-acquire spectra was strongly dependent on the angle of the excitation pulse (Figure
4C, D). Spectra measured using pulse-acquire with a small flip angle (4.5° at the center of the
coil; Figure 4C) had a very similar lactate to pyruvate ratio (lac:pyr ratio = 21 + 7%, 5 animals,
15 dissolutions) to that of the subcutaneous voxel, suggesting that most of the signal comes
from the subcutaneous region under these small-flip angle conditions. In contrast, spectra
measured with a high excitation flip angle (pulse-acquire with a 90° adiabatic pulse; Figure
4D) had a much higher lactate to pyruvate ratio (lac:pyr ratio = 46 + 9%, 3 animals, 4
dissolutions), suggesting that a significant fraction of the detected signal came from brain tissue
rather than subcutaneous region.

A three-compartment brain/blood/body metabolic model (Figure 1) was used to fit the time
courses of the hyperpolarized [1-13C]lactate and [13C]bicarbonate and to determine the values
of brain Vppy and V| py and the rate of transport of pyruvate through the BBB (Vi pyr brain)
(Figure 3B, C). VppH prain at steady state was estimated to be 0.9 £ 0.1 umol/g/min which is
in a good agreement with previously reported Vppy prain Values under similar anesthetic
conditions [48]. Apparent V| pn brain Was estimated to be 1.5 £ 0.4 umol/g/min which is similar
but somewhat lower than 4.8 umol/g/min reported in the previous study [49]. The value of 4.8
umol/g/min was derived from the pseudo first-order rate constant (k = 0.08 s1) reported in that
study and using a lactate concentration of 1 mM. Vy; pyr prajn Was estimated to be 0.1 umol/g/
min at initial steady-state condition. Additionally, the same three-compartment brain/blood/

body metabolic model without pyruvate transport through the BBB (V,%.,...,=0) was used to
fit the time courses of the hyperpolarized [1-13C]lactate and [*3C]bicarbonate (Figure 3B, C).
The metabolic model with the transport of pyruvate through the BBB better fitted the [1-13C]
lactate time course than the metabolic model without pyruvate transport, but both of the models
could potentially explain experimental lactate data. In contrasts, the metabolic model without
pyruvate transport through the BBB could not fit the experimental bicarbonate data (with value
of VppH prain = 10 umol/g/min which is an order of magnitude off from physiological range)
suggesting that bicarbonate is produced in the brain after transport of pyruvate into the brain.
Vppy Measured using the bicarbonate signal would therefore reflect brain Vppy activity.

J Magn Reson. Author manuscript; available in PMC 2011 October 1.
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In Vivo Brain Studies with Hyperpolarized [2-13C]pyruvate

[2-13C]pyruvate was successfully hyperpolarized with a buildup time constant around 1100 s
(longer than that of [1-13C]pyruvate of ~700 s). After i.v. injection of hyperpolarized [2-13C]
pyruvate solution, resonances corresponding to [2-13C]pyruvate (206.71 ppm), [2-13C]
pyruvate hydrate (95.57 ppm), and [2-13C]lactate (70.13 ppm) were observed using the r.f. coil
placed over the head (Figure 5A). Infused substances, [2-13C]pyruvate and [2-13C]pyruvate
hydrate, peaked 7 s after the beginning of the injection. The [2-13C]pyruvate signal gradually
decreased within 40 s, and the [2-13C]pyruvate hydrate signal completely disappeared after 20
s. Formation of hyperpolarized [2-13C]lactate was observed with a highest signal around 12 s
and the signal disappeared at 30 s (Figure 5B). The signal-to-noise ratio of the detected
hyperpolarized 13C resonances was lower than that obtained for [1-13C]pyruvate, due to lower
solid state polarization levels obtained for [2-13C]pyruvate as well as the shorter T; relaxation
times.

Interestingly, an additional peak was detected at 182.8 ppm using the LASER sequence, but
only in animals that were fasted overnight (Figure 6A). This peak was unequivocally and
consistently detected in all six fasted rats studied. This signal was not present in the non-fasted
rats (Figure 7B), suggesting that this resonance, probably corresponding to a carboxyl group
from fatty acids (likely acetate), might be produced in liver and transported to the brain.

Discussion

We report here the 13C hyperpolarized studies in the brain in vivo. After injection of a
hyperpolarized [1-13C]pyruvate solution in femoral vein, [1-13C]pyruvate, [1-13C]pyruvate
hydrate, [1-13C]lactate, [1-13C]alanine, and 13C bicarbonate were detected in the rat brain in
vivo. After injection of hyperpolarized [2-13C]pyruvate solution, [2-13C]pyruvate, [2-13C]
pyruvate hydrate, [2-13C]lactate were also observed in an intact rat brain.

We also successfully hyperpolarized [2-13C]pyruvate, and detected for the first time signals
from [2-13C]pyruvate, [2-13C]pyruvate hydrate, and [2-13C]lactate in the brain. Unlike
[1-13C]pyruvate in which the labeled carbon is eliminated as 13CO, when converting pyruvate
to acetylCoA, [2-13C]pyruvate is expected to result in the formation of [1-13C]acetylCoA,
which enters the TCA cycle to form [2-13C]citrate and eventually [5-13C]2-oxoglutarate and
[5-13C]glutamate. Using hyperpolarized [1-13C]acetate, small signals (0.1% of the intensity of
the injected substance) of acetyl-CoA and acetyl-carnitin have been observed on spectra
localized over the heart or liver region in the mice [40]. However, the authors did not observe
any other intermediates. Recently, labeling of the TCA cycle intermediates and glutamate was
observed in the perfused rat hearts [37]. Several factors could explain the detection of these
metabolites in the perfused heart but not in the brain: 1) the brain has slower metabolic rates
than the heart, 2) substrates may be delivered more quickly to a perfused organ, 3) the blood-
brain barrier slows down delivery of label to the brain, and 4) higher NMR sensitivity of
perfused heart experiments compared to in vivo brain experiments. Nonetheless, it is possible
that future improvements will allow detection of such signals in the brain.

Comparing the localized spectra of subcutaneous tissue with brain voxels revealed very
different patterns, especially in the ratio of [1-13C]lactate to [1-13C]pyruvate. The spectrum
obtained from the subcutaneous tissue voxel was very similar to the small-flip angle pulse-
acquire data. Spectrum obtained from the brain voxel, where [1-13C]lactate signal is higher
than the [1-13C]pyruvate signal, was unique, suggesting that the large part comes from brain
tissue and not from the blood. The main source of energy for the brain comes from glucose.
However, brain can also metabolize other substances under non-physiological conditions such
as injection of highly concentrated pyruvate [50], lactate or acetate [51]. The three-
compartment body/blood/brain metabolic model suggests that the high amount of lactate
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detected in the brain tissue can have two explanations: 1) production of lactate in the brain
tissue, 2) production of lactate throughout the body and transport of lactate into the brain. In
normal rat brain, the reported lactate concentration was about 1 mM [52]. Under certain
anesthetics such as isoflurane, which was used in this study, higher lactate levels have been
observed in the rat brain [52].

Similarly, the bicarbonate signal appears to arise primarily from brain tissue, with little
bicarbonate in the subcutaneous tissue voxel. The three compartment metabolic model
indicates that most of the bicarbonate is produced in the brain although a few percent of the
signal detected in the brain could be coming from bicarbonate produced in the body and
transported to the brain.

In the present study, a T of 14 s was assumed for pyruvate, lactate and bicarbonate in vivo.
This assumption is based on an estimation of the T; of pyruvate in the blood from our own
data, as well as on values of Ty previously reported for pyruvate in vivo by other groups.
However, precise data for T1 of 13C compounds is difficult to obtain in vivo. It is conceivable,
for example, that the T4 of bicarbonate is longer than the T1 of pyruvate and lactate in vivo.
We verified that choosing a longer T1 for bicarbonate does not significantly alter the results.
Nonetheless, since the exact values of fitted metabolic fluxes for PDH and LDH are sensitive
to the assumed values of T+, it will be important to validate and refine these assumptions in
future studies.

The appearance of a bicarbonate signal following the injection of [1-13C]pyruvate has been
shown in the heart tissue to be exclusively related to PDH flux (Vppy) [35]. Previously, the
VppH in the brain has been obtained using conventional 13C MRS experiments in which 13C-
labeling of glutamate was measured during the infusion of 13C-labeled glucose, requiring at
least one hour of infusion. The V| py, on the other hand, has not been measured using
dynamic 13C MRS. Here, we proposed a metabolic model to fit experimental data and
determine the values of VppH prain @1d V| pH brain- YWe Were able to measure VppH prain Within
less than one minute kinetics.

The detection of hyperpolarized lactate and bicarbonate signal in the brain shows that the
hyperpolarized state has persisted through multiple steps in pyruvate transport and metabolism.
The ability to measure the reaction rates of LDH and PDH enzymes opens new ways to study
brain energy metabolism. Adequate regulation of brain energy metabolism is critical for its
function. The ability to measure the rates of PDH and LDH in a short time frame (~1 minute)
opens up new possibilities for the study of the role of these enzymes under physiological
conditions, during functional activation, and in disease.

Conclusion

This study demonstrates the first detection of hyperpolarized signals in the brain in vivo using
both [1-13C]pyruvate and [2-13C]pyruvate and the quantitative metabolic modeling of
hyperpolarized data. A metabolic model was used to fit the hyperpolarized 13C time courses
obtained during infusion of [1-13C]pyruvate and to determine the values of Vppy and V| py.
The ability to determine values for these metabolic rates with approximately 1 minute of data
acquisition opens up new avenues for the study of brain metabolism.
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Figure 1.

Three-compartment brain/blood/body metabolic model used to fit the hyperpolarized 13C time

courses of lactate and bicarbonate and to determine values of VppH prain @d V|_pH prain @nd

rate of transport of pyruvate through blood-brain-barrier (Vy pyr prain) (gray balloons).

Vgly body/blood/brain — glycolysis fluxes in body/blood/brain

Vir Pyr/Lac/HCO3" body/brain+/ Vir Pyr/Lac/HCO3" body/brain — transport rates of pyruvate/lactate/

bicarbonate to body/brain

B/LI_DH body/blood/brain’/ VLDH body/blood/brain” — lactate dehydrogenase fluxes in body/blood/
rain

VPDH body/brain — Pyruvate dehydrogenase fluxes in body/brain

Pyr — pyruvate, Lac — lactate, HCO3™ — bicarbonate

J Magn Reson. Author manuscript; available in PMC 2011 October 1.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marjanska et al.

Page 14
A B 1.84
] o [1-13C]pyr
[1-13Clpyr hyd ext ref 1.6+ i a [1-13C]Jpyr hyd
[l-”C]lgi [1-3Clpyr 1

Integral
Formate integral

Figure 2.

Ingvivo time courses measured after injection of hyperpolarized [1-13C]pyruvate solution into
femoral vein with the r.f. coil placed over the rat head. (A) Representative time course. Tg =
0.75 s, pulse-acquire, 4.5° pulse at the center of the coil, Nex = 60, 7-Hz line-broadening. (B)
Average and standard deviation of five time courses of [1-13C]pyruvate, [1-13C]pyruvate
hydrate, and [1-13C]lactate (integral of each of the species was scaled by average of external
reference’s (formic acid) integral). 4 animals, pulse-acquire, 4.5° pulse at the center of the coil,
Tr=0.75s, Ngx = 160.

ext ref — external reference

J Magn Reson. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marjanska et al. Page 15

]

l“l“l“H“Hllmlumuumm'

Time (s)
B Lactate
5007 O experimental data
] - fit with Pyr transport
—~ 400 -- fit without Pyr transport
Q ]
H
U
~ 300+
> |
i)
(,;: ,
a 00
Q -
)
o
H 100+
04F T T T T 1
0 10 20 30 40 50
Time (s)
C HCO;
70—
60—
.d 50
e =
= 404
> -
i) O experimental data
?) 307 - fit with Pyr transport
a
3 20 -~ fit without Pyr transport
o
H Cmemmm e
104 -7
O T T T T 1
0 10 20 30 40 50
Time (s)

Figure 3.

(A) In vivo time course of bicarbonate measured in one representative animal after injection
of hyperpolarized [1-13C]pyruvate into femoral vein of the rat. Pulse-acquire, 43° pulse at the
center of the coil, 161.5t0 162.5 ppm, TR = 1.5, Ngx =60, 5-Hz line-broadening. Experimental
hyperpolarized 13C time course of lactate (B) and bicarbonate (C) fitted with a three-
compartment metabolic model with (continuous line) and without (dashed line) pyruvate
transport through the blood-brain-barrier.
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Figure 4.

Spatial origin of hyperpolarized signals. Single-shot in vivo 1H decoupled 13C spectra acquired
9 s after beginning of injection of hyperpolarized solution with (A) LASER sequence from 216
uL (9 x 1.6 x 16 mm3) voxel containing muscle and subcutaneous tissue (insert: RARE image
of a rat brain showing the position and size of the localized volume), (B) LASER sequence
from 405 pL (9 x 5 x 9 mm3) voxel containing only brain tissue (insert: RARE image of a rat
brain showing the position and size of the localized volume), (C) small-flip angle pulse-acquire
(4.5° at the center of the coil), (D) 90° adiabatic BIR4 pulse-acquire. All spectra are shown
with 2-Hz line-broadening. The lactate to pyruvate ratio for each spectrum is reported on the
right side. ala = alanine

J Magn Reson. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marjanska et al. Page 17

A [2-13Clpyr

ext ref

[2-13C]lac
[2-13C]pyr hyd l

220 200 180 160 140 120 100 80 60

pPpm
B 1.2-
o o [2-13C]pyr
oo
1.0d o m [2-13C]pyr hyd
— 9 o
g
Ho.sd, a
|l ]
[+ @
BlS o6
g 1o
Sl 0.4 Y
| =
S
oo
;2 0.24° o an

Figure 5.

Ingvivo time courses measured after injection of hyperpolarized [2-13C]pyruvate solution into
femoral vein with r.f. coil placed over the rat head. (A) Representative spectrum obtained 12
s after beginning of injections (7-Hz line-broadening). (B) Time course of [2-13C]pyruvate,
[2-13C]pyruvate hydrate, and [2-13C]lactate obtained from sum of four dissolutions (integral
of each of the species was scaled by average of external reference's (formic acid) integral). 3
animals, 4 dissolutions, pulse-acquire, 4.5° pulse at the center of the coil, TR = 0.75 s, Ngx =
128.
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Figure 6.

1H decoupled localized 13C spectra obtained from a 405 pL (9 x 5 x 9 mm3) voxel containing
brain tissue 18 s after beginning of injection of hyperpolarized [2-13C]pyruvate solution into
the femoral vein. Representative spectra acquired from (A) non-fasted and (B) fasted
animals. 13C-LASER, Tg = 29 ms, transmitter offset = 175 ppm, 7-Hz line-broadening.
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Modeling parameters.

Table 1

Variable/Parameter

| Value | Reference

Concentrations (umol/g)

[PY"lbrain 0.16 | [53]
[PyrTbiood 0.1 | [54]
[Pyrlbody 0.15 | [55]
[Lac]brain 1.2 | [56]
[Laclbiood 1] 54
[Laclpoay 11 | [57]
[HCO3Tbrain 24 | [58]
[HCO57Ibi00d 20 | [59]
[HCO3Tbody 21 | [60]
Fluxes (umol/g wet weight/min)
VPDH body 1.0 | estimated from [61]
Vly body 0.5 | assumed
Vgly blood 0.03 | [62]
max 1.0 | estimated from [63] and [64]
tr Pyr body
max 1.5 | estimated from [65] and [63]
tr Lac body
max 1.5 | Estimated from [65] and [63]
tr Lac brain
3.9 | estimated from [66]
r H(‘O; brain
3.9 | estimated from [66]
tr HCO3 body

Michaelis constants (mM)

K tr Pyr body/brain 0.7 | [65]
Kim tr Lac bodyfbrain 4 | [65]
Km PDH brain Pyr 0.15 | [67]

LDH flux constant (min't)
Klpblood (related to V| pH piood?) 0.19 | [62]
Kplbiood(VLoH blood”) 16 | [62]
Klpbiood(VLoH body) 1.0 | [68]
Kplbody(V LoH body+) 8 | [68]

Relative volumes

Vbrain

0.01

current study

Vblood

0.07

[69]
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Variable/Parameter

Value | Reference

Vhody(fast component)

0.1 | Estimated from [66]
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Chemical shifts and coupling constants determined from high-resolution 13C NMR spectra.

Table 4

molecule  Group  chemical shift (ppm)

J-coupling (Hz)

pyruvate 1COOH 172.08 %)y 3 =1.32
20 20671 2)cy 3= 6.2
iCH, 2916 13cy 1y = 128.72
lactate  1COOH 18430 2Jcyp = 4.06
33c11s = 4.06
2CHOH 7013 13c, ., =14630
2ca-3 = 4.27
3CH, 2217 g s = 127.84

2Jc3 1o = 3.56

J Magn Reson. Author manuscript; available in PMC 2011 October 1.

Page 23



