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Abstract

Brain development is an energy expensive process. Although glucose is irreplaceable, the 

developing brain utilizes a variety of substrates such as lactate and the ketone bodies, β-

hydroxybutyrate and acetoacetate to produce energy and synthesize the structural components 

necessary for cerebral maturation. When oxygen and nutrient supplies to the brain are restricted, 

as in neonatal hypoxia-ischemia, cerebral energy metabolism undergoes alterations in substrate 

use in order to preserve the production of ATP. These changes have been studied with in situ 
biochemical methods yielding valuable quantitative information about high energy and glycolytic 

metabolites and establishing a temporal profile of the cerebral metabolic response to hypoxia and 

hypoxia-ischemia (HI). However, these analyses relied on terminal experiments and averaging 

values from several animals at each time point as well as challenging requirements for accurate 

tissue processing. More recent methodologies have focused on in vivo longitudinal analyses in 

individual animals.

The emerging field of metabolomics provides a new investigative tool for studying cerebral 

metabolism. Magnetic resonance spectroscopy (MRS) has enabled the acquisition of a snapshot of 

the metabolic status of the brain as quantifiable spectra of various intracellular metabolites. Proton 

(1H) MRS has been used extensively as an experimental and diagnostic tool of HI in the pursuit of 

markers of long-term neurodevelopmental outcomes. Still, the interpretation of the metabolite 

spectra acquired with 1H MRS has proven challenging due to discrepancies in calculations and 

timing of measurements among studies. As a result, the predictive utility of the results is not clear. 
13C-MRS is methodologically more challenging but provides a unique window on living tissue 

metabolism, through measurements of the incorporation of 13C label from substrates into brain 
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metabolites and localized determination of various metabolic fluxes. The newly developed 

hyperpolarized 13C (HP-13C) MRS is an exciting method for assessing cerebral metabolism in 
vivo, that bears the advantages of conventional 13C MRS but with a huge gain in signal intensity 

and much shorter acquisition times.

The first part of this review article provides a brief description of the findings of biochemical and 

imaging methods over the years as well as a discussion of their associated strengths and pitfalls. 

The second part summarizes the current knowledge on cerebral metabolism during development 

and HI brain injury.

Keywords

Vannucci model; neonatal hypoxia ischemia; metabolomics; magnetic resonance spectroscopy; 
hyperpolarized pyruvate; glucose; lactate

1. Introduction

The concentrations of various tissue metabolites are considered valuable indicators of both 

normal and abnormal conditions and have potential as biomarkers for various pathological 

states. The array of metabolites that reflect the status of neural tissue is termed the 

“neurochemical profile” or “metabolic profile”. The metabolic profile is dynamic, varying 

with rapid fluxes and is currently considered the most predictive expression of health or 

disease [1,2].

The most common analytical technique that is employed for metabolomic studies is Nuclear 

Magnetic Resonance (NMR) spectroscopy (or Magnetic Resonance Spectroscopy – MRS) as 

it yields highly specific biochemical information, characteristic for particular regions of the 

brain and particular pathological states [3]. In the case of experimental cerebral ischemic 

injuries, MRS is especially useful since it can differentiate between the neurochemical 

profiles of the core lesion, the adjacent penumbra and the healthy unlesioned tissue [4]. The 

metabolic alterations of a tissue often precede other anatomical and functional changes that 

can be observed with anatomical MR (magnetic resonance) imaging (MRI). Thus, MRS can 

show disturbances even when the brain appears anatomically normal [5,6] and data analysis 

from MRS spectra has the potential to identify useful biomarkers predictive of injury or 

recovery.

Cerebral HI, whether clinical or experimental, produces a reduction in the delivery of both 

glucose and oxygen to the brain to levels insufficient to meet the brain’s energetic demands 

and, if prolonged, results in energy failure and cell death [7,8]. Restoration of cerebral blood 

flow upon resuscitation, while providing needed substrate and oxygen, also sets into motion 

a cascade of biochemical events that can prolong metabolic perturbations and further cell 

death, as originally described in experimental stroke models in adult animals [9]. It is now 

appreciated that similar events occur in the newborn with some notable differences related to 

the developmental status of the brain [10,11]. Thus, it is important to study cerebral HI in 

developmentally relevant animal models such as the immature rodent.
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The majority of experimental studies of brain metabolism in neonatal HI have utilized a 

combination of unilateral common carotid artery ligation followed by a period of systemic 

hypoxia, known as the Vannucci model [12]. This model, originally developed in the 

immature rat and its adaptations in mice [13] produces a selective neuronal death or 

infarction in the hemisphere ipsilateral to the ligation, the severity of which ranges from 

little or no to severe, injury; occlusion of the artery or hypoxia alone do not result in brain 

damage [14]. The systemic hypoxia in combination with the unilateral carotid artery ligation 

results in a transient unilateral ischemia that, if sustained, causes cerebral energy failure and 

cell death. Since its original description in 1981, the Vannucci model has been widely used 

and adapted to various species, and is considered one of the most reproducible models of 

perinatal HI injury to date [15].

Glucose plays a critical role in maintaining cerebral energy metabolism. Although the 

immature brain utilizes other substrates as well as glucose, namely lactate and the ketone 

bodies acetate and β-hydroxybutyrate [16,17], under hypoxic and hypoxic-ischemic 

conditions, glucose is the only substrate capable of sustaining cerebral energy demands, 

through its capacity to be consumed by anaerobic glycolysis and the production of lactic 

acid and ATP [18]. The obligate shift to anaerobic metabolism of glucose increases the 

glycolytic demand and can lead to energy failure and cell death if glucose delivery is 

compromised, such as in the neonatal brain [19]. Thus, studying glycolytic metabolism in 

the neonatal brain is of utmost importance. Past studies on neonatal rodents laid a firm 

foundation for the understanding of the temporal and regional changes in the metabolism of 

the immature brain during development and injury [20–24]. Metabolomic studies now seek 

to re-establish this knowledge and use it in conjunction with the advantage of fast non-

invasive detection as a powerful and accurate diagnostic tool.

Although different animal models of cerebral ischemia can affect cerebral metabolism 

differently, the cerebral metabolic changes during and following HI have been most 

thoroughly described in the Vannucci model [12,14]. In addition, our current metabolomic 

studies focus on cerebral metabolism in the neonatal rodent, subjected to this same 

experimental insult. The goal of this review is to highlight what these new longitudinal 

methods add to the picture and how best to interpret the current MRS data in the context of 

what has been previously described for this model. We propose that such as synthesis of old 

and new data will highlight the usefulness of the current metabolomic studies in the pursuit 

of biomarkers of injury and recovery.

2. Principal metabolic pathways of glucose

Glucose is the principal and obligatory energy substrate for the mammalian brain. The 

delivery of glucose from the blood to the brain depends on transport of this nutrient across 

the endothelial cells of the blood brain barrier (BBB) and the plasma membranes of the 

neurons and glia. This process is mediated by the glucose transporter proteins, GLUT1 and 

GLUT3, through facilitated diffusion, which is an energy independent bi-directional 

transport of glucose across a concentration gradient [25]. Glucose in the circulation is 

initially transported via GLUT1 across both the luminal and abluminal membranes of the 

microvascular endothelial cells, where it freely diffuses through the extracellular space of 
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the basement membrane [26]. From there, glucose is transported across the neural cell 

membranes of neurons (GLUT3) and glial cells (GLUT1), where it is phosphorylated to 

glucose-6-phophate (glucose-6-P) via hexokinase [25]. Glucose-6-P can be metabolized 

through three different pathways, giving rise to a variety of substrates which can then be 

further metabolized: 1) glycolysis, 2) the pentose phosphate pathway (PPP) and 3) 

glycogenogenesis in astrocytes.

First, glucose-6-P can be metabolized via the glycolytic pathway producing 2 molecules of 

pyruvate and generating ATP. The resulting pyruvate can then either be reduced to lactate, 

transaminated to alanine or enter the mitochondria. In the mitochondria, it is decarboxylated 

by the pyruvate dehydrogenase complex (PDH) yielding the TCA cycle substrate, acetyl 

CoA. Acetyl CoA condenses with oxaloacetate, entering the tricarboxylic acid (TCA) cycle 

[27]. After several steps, α-ketoglutarate is formed which can either stay in the cycle, or 

yield glutamate, glutamine and γ-aminobutyric acid (GABA) (Figure 1). The TCA cycle 

provides the bulk of energy required for cerebral function. Complete oxidation of one 

molecule of glucose through the TCA cycle produces 30–32 ATP [28].

Glucose-6-P also serves as an essential substrate for the PPP pathway. The PPP pathway 

generates pentoses for nucleotide acid production, needed for DNA synthesis, and NADPH 

to manage oxidative stress and synthetize lipids through the regeneration of glutathione 

(GSH). Metabolism of glucose through the PPP pathway eventually results in fructose-6-P. 

Fructose-6-P will generate glyceraldehyde and consequently pyruvate. PPP followed by 

pyruvate carboxylation in astrocytes [29], will generate glutamate/ glutamine and GABA 

through backflux conversion of oxaloacetate to succinate and α-ketoglutarate (Figure 1) 

[30]. GSH acts as the substrate for glutathione peroxidase to reduce reactive oxygen species 

(ROS). Its activity is higher in the neonatal brain than in the adult owing to the accelerated 

cellular growth and proliferation which results in increased lipid consumption for the 

composition of cell membranes [31].

The third pathway of cerebral glucose utilization is the synthesis of glycogen. This process 

takes place almost exclusively in astrocytes. Concentrations of brain glycogen are high in the 

fetal rodent brain but fall to near adult levels during the first week of postnatal life [32]. 

Brain glycogen provides an additional energy source for astrocytes during cerebral hypoxia 

or HI, and the proportion of its depletion as an energy source during HI is similar in adults 

and neonates if one takes into account the differing metabolic rates [33].

3. Measurement of metabolites in brain extracts

In the 1970’s Oliver Lowry and colleagues developed a quantitative method of fluorometric 

analysis to study concentrations of glycolytic and high energy phosphates in brain extracts. 

Preservation of cerebral metabolites is crucially dependent on near instantaneous freezing of 

the brain due to rapid post-mortem changes [34]. Such studies in adult rodents utilized in 
situ funnel freezing of the brain. However, due to both the thin skull and the lower metabolic 

rate of the immature brain, snap-freezing of the pup, or head, in liquid N2 proved sufficient 

to keep these changes to a minimum [35]. Tissue was kept at−70°C to −80°C until dissection 

and powdering of the brain, at −20°C. The frozen brain was then acid-extracted and the 
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neutralized extracts were used for fluorometric analysis. Similar analyses were also 

performed on plasma and CSF samples from these animals, allowing for the calculation of 

blood/brain and CSF/brain ratios.

Errors inherent in this method include lower values for AMP and higher values for inorganic 

phosphate (Pi) when frozen tissues were acidified at temperatures below 0°C. To keep post-

mortem glycolytic and energy consumption to a minimum freezing must be complete in 

under 60 sec, tissue must be maintained at −80 C until acid extraction, and extracts must be 

maintained at −20°C until analysis [34]. Limitations in this methodology include the 

challenge of strict adherence to the temperature requirements of brain processing, difficulty 

in regional measurements, and inability to correlate metabolic changes to outcome.

Despite these limitations, this methodology was central to establishing details of cerebral 

glycolytic and high energy metabolism in the fetal and developing rodent brain and, 

subsequently to describe the temporal pattern of metabolism during and following HI [20–

24]. While a thorough description of these studies is beyond the scope of this review, they 

are briefly described below as a context for interpretation of the more recent in vivo studies.

Following the description of the Vannucci model [12], the same method of extraction was 

used to shed light on the metabolic changes during the evolution of brain damage following 

HI. After exposure of rat pups to hypoxia, concentrations of glucose, lactate, pyruvate, β-

hydroxybutyrate, acetoacetate, creatine and of high energy compounds, namely ATP, ADP 

and phosphocreatine (PCr) were measured with fluorometric enzymatic techniques [34].

Intracellular pH was also calculated through ratios of ATP/ADP and creatine/PCr. During HI 

the pH in the ipsilateral hemisphere decreased, whilst in the contralateral hemisphere it 

remained stable, despite the similarity between the increased lactate concentration in both 

hemispheres [22,36]. In the immature brain, it is tissue acidosis and not lactate 

concentrations that correlate with tissue damage, likely due to the ability of lactate to freely 

enter or leave the brain via enhanced transport capacity [17,22].

Finally, the cytoplasmic and mitochondria redox states (NAD+/ NADH) were calculated 

utilizing the measured concentrations of the oxidized and reduced products of the lactate 

dehydrogenase (LDH) and glutamate dehydrogenase (GDH) reactions in both cerebral 

hemispheres during and following HI. Although the cytoplasmic ratio decreased (became 

more reduced) in both hemispheres during HI, on resuscitation, the redox state normalized in 

the contralateral hemisphere while remaining reduced ipsilaterally [22]. This was in contrast 

to the mitochondrial redox state, which increased (became more oxidized) in the ipsilateral 

hemisphere while remaining normal in the contralateral hemisphere. This paradoxical 

mitochondrial re-oxidation was observed to temporally parallel the depletion of high energy 

phosphate reserves that results from limitation of cellular substrate (glucose) supply to the 

ipsilateral hemisphere and culminates in brain damage [23]. It is important to note that the 

duration of hypoxia-ischemia in these early studies was 180 minutes, consistent with a 

severe degree of brain injury, with the increase in the mitochondrial redox state occurring at 

2 to 3 hours of HI and cannot be assumed to occur following milder results.
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4. Nuclear Magnetic Resonance (NMR) techniques in vivo

MR techniques have provided essential contributions to the evolution of in vivo 
biochemistry and our knowledge of neonatal tissue metabolism. MRS is a unique 

experimental technique that measures temporal changes in cellular metabolite levels and 

offers a snapshot of the metabolic status of the tissue. In other words, it allows the 

noninvasive detection of numerous intracellular metabolites in otherwise inaccessible tissues 

such as the brain. It therefore is a quantitative study of a complex mixture of metabolites, 

visualizing multiple compounds at the same time, minus the chemical manipulation of the 

samples. The information that becomes available with MRS can then be assessed in 

conjunction with traditional anatomic imaging. Overall, MRS is a safe, noninvasive 

technique and one of the few modalities at hand that enable the investigation of perinatal 

cerebral energy metabolism in vivo [37,38].

4.1 1H Magnetic Resonance Spectroscopy (1H MRS)
1H MRS has been extensively used for more than 20 years in studying cerebral metabolism 

in rodents and newborns in pursuit of biomarkers of long-term neurodevelopmental 

outcome. While there are numerous publications concerning the rat brain, only a few have 

been in mice [4,39]. In human neonates most studies with 1H MRS have been restricted in 

quantifying changes in the main peaks of the 1H MRS spectrum, which include N-acetyl-

aspartate (NAA), choline (Cho), creatine (Cr) and lactate (Lac), due to their simplicity and 

robustness in identification [40] (Figure 2).

The most relevant feature of the 1H MRS spectra to hypoxic-ischemic injury in neonates is a 

variable sized double lactate peak. Lactate is the end product of anaerobic respiration and 

increased lactate in the brain is indicative of the level of anaerobic glycolysis, where the 

need for oxygen exceeds supply [41]. Whilst during normal brain development cerebral 

lactate maintains steady state levels, concentrations rise during hypoxia and hypoxia-

ischemia [19], but are rapidly cleared on resuscitation through conversion to pyruvate as 

well as transport to the blood [38]. Lactate levels during the subsequent evolution of injury, 

depend on the severity of the insult and extent of cell death, from essentially normal in mild/

moderate injury to elevated following severe injury [42].

Thus, it might be reasonable to assume that high lactate detected on 1H MRS early after the 

insult can be used as a predictor of outcome. However, there is continued debate over the 

interpretation of the elevated lactate detected with 1H MRS. Not all infants with abnormal 

neurodevelopmental scores exhibit high lactate [43]. Yet, in almost all infants with poor 

outcomes, lactate on 1H MRS persists beyond one month after birth. While the initial lactate 

peak in the acute phase of HI may be due to anaerobic metabolism, persistence of elevated 

lactate for days to months may indicate long-term perturbation of cerebral energy 

metabolism [42,44]. Alternatively, high lactate could be stemming from the breakdown of 

glycogen in astrocytes that have replaced the inflammatory/ dead tissue at the injury site 

[45–47]. Explanations for differences among studies have been attributed to differences in 

the calculation methods or in the timing of the spectroscopic examination.
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Aside from lactate, there is much interest in NAA, due to its importance as a neuronal 

marker [48]. NAA is synthetized in neurons in a reaction catalyzed by N-acetyltransferase-8-

like protein and serves as a precursor for the synthesis of N-acetylaspartylglutamate 

(NAAG), a possible neurotransmitter [49]. It is typically localized in neurons and immature 

oligodendrocytes where it is catabolized to aspartate and acetate, the latter used for synthesis 

of fatty acids such as myelin [50,51]. Several studies have further suggested that NAA levels 

reflect neuronal mitochondrial function, since its levels are lowered with inhibition of 

mitochondrial respiration [52]. Although its absolute concentration varies from species to 

species, there is a steady increase in the levels of NAA from the neonatal period to 

adulthood. Studies in rats document a rapid increase between postnatal day 5 and 20 in the 

rat brain [53]. In infants, despite regional differences, 1H MRS found NAA levels to be 50% 

of those in adults. Provided that the exponential time course of the NAA increase is extended 

to the in utero life as well, it can be justifiably considered a biomarker of brain maturation 

and integrity [54].

In clinical practice, the most commonly used prognostication tools have been the ratios of 

metabolites detected in the spectra. Particularly, high Lac/NAA and Lac/choline (Cho) ratios 

have proven to be correlated with unfavorable neurodevelopmental outcomes at 2 and 30 

months of age [55,56]. Some studies have found an increased Lac and decreased Cho 

combination to better correlate to the outcome [57,58] while others discovered a more 

significant association with increased Lac and decreased NAA levels [43,59,60]. Similar to 

the differences in the observed lactate peaks, this divergence has again been attributed to 

differences in the timing of the imaging investigation with respect to the HI insult and to 

differences in the echo time (TE) used to acquire the spectra.

In addition to the clinical studies, a few papers have reported metabolite changes in rodent 

HI models by in vivo 1H-MRS. Particularly, Malisza et al [61] observed substantial increase 

of Lac and reduction of NAA in the hypoxic-ischemic hemisphere in animals that developed 

an infarction up to 48 h after the insult. Xu et al [62] attempted to characterize longitudinal 

changes of metabolites in the cortex and hippocampus of HI rats during the critical 

development period of 28 days post injury, using localized in vivo 1H-MRS. Significant 

alterations in the metabolic profile of the ipsilateral hippocampus were detected at 24h post-

HI and were indicative of oxidative stress such as reduced glutathione (GSH) and Tau 

protein, while the impaired mitochondrial phosphorylation and the consequent reliance on 

anaerobic metabolism were evidenced by the persistently high level of Lac and depleted PCr 

in the majority of HI subjects at 24 h post-HI [62].

MRS is technically demanding in the clinical setting; its success is heavily dependent on its 

sensitivity and the results may be complicated by the use of intensive care equipment [55]. 

In experimental studies, in the rodent brain and especially in mice, MRS suffers from low 

sensitivity which is reflected in a low signal to noise ratio (SNR) owing to the small size of 

the area of interest. A poor SNR limits the detection of metabolites at small concentrations. 

The inherently small size of the rodent brain is further complicated when one tries to 

localize measurements to functionally different cerebral areas therefore rendering shimming 

(termed as the minimization of inhomogeneity Bo between different diamagnetic tissues) 

even more lengthy and challenging [2].
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Most MRS studies on brain tissue have used the 1H nucleus due to its high natural 

abundance (99.99%) and its high prevalence in metabolites. In the last 15 years 1H MRS 

spectroscopy has benefitted greatly from the application of higher magnetic fields. To 

achieve high spectral quality in the small-sized mouse brain, efficient second-order 

shimming through strong enough coils and high pulse sequence performance are required 

[39].

Technological developments and refinements have also enabled the use of heteronuclear 

MRS (x-nuclei MRS) in humans and small animals. The term “heteronuclear” refers to the 

detection of the resonances of nuclei other than protons such as 17O, 31P and 13C. These 

methods are still challenging due to the low sensitivity for the detection of non-proton nuclei 

as they are characterized by a substantially lower gyromagnetic ratio and lower natural 

abundance compared to the 1H nucleus. These weaknesses may be overcome in a number of 

ways, one of which is proton decoupling wherein 13C signals become detached from their 

neighboring 1H atoms and may appear as singlets on the spectra. Alternatively, introducing 

the respective label in an injected metabolic substrate that doesn’t affect its biochemistry, 

such as replacing the 12C isotope with 13C at a specific carbon can singularly increase its 

detection over background signals [63].

4.2 13C Magnetic Resonance Spectroscopy (13C MRS)

The properties of the 13C nucleus can be used to study glucose metabolism in neurons and 

glia, as well as neurotransmitter cycling. 13C MRS is a unique type of spectroscopy which 

allows the investigation of the “backbone” of organic compounds that can incorporate 

carbon after the application of 13C labeled glucose or equivalent substrates. The high 

chemical specificity of the 13C nucleus allows its detection within different molecules as 

well as different positions in the same molecule (13C isotopomers). This way it is possible to 

follow the fate of the 13C label to investigate enzyme activities and changes in metabolites 

that participate in pathways fueled by glucose. In certain cases, the metabolic flux can also 

be indirectly estimated through mathematical modeling [64,65].

Since glucose is the primary fuel for brain energy metabolism, most dynamic studies with 
13C MRS, have preferably used 13C- labeled glucose for metabolic studies in the brain. 

Metabolism of 13C glucose leads to clearly labelled patterns at the level of lactate, alanine 

and in metabolites produced from the first cycle of the TCA. Injection with [1,2-13C] 

glucose to P7 rats and analysis of their extracted cerebral hemispheres with 1H-13C MRS 

was used in order to observe changes in the PPP and the activity of pyruvate carboxylase in 

astrocytes post-HI. In accordance with previous studies [20], glucose increased bilaterally 

and lactate accumulated, signifying the increased anaerobic glycolytic flux. Opposite to the 

researchers’ expectations, PPP activity appeared reduced and they interpreted the results as 

mitochondria hypometabolism [41]. An alternative explanation is that during early recovery 

lactate is the principal substrate for the TCA cycle [22], thus decreasing the appearance of 

the label derived from the injected glucose in glutamate.

Unfortunately, most of the molecules that are labeled during a 13C glucose infusion cannot 

be detected by NMR due to their low concentration and the relatively low sensitivity of in 
vivo NMR. Therefore, researchers must rely on detecting the 13C label in larger pools of 
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brain amino acids, such as glutamate or glutamine and then, indirectly calculating TCA 

cycle activity [66]. Thus, labelled glucose does not provide complete information on energy 

metabolism, especially in the neonatal period and even more so in conditions such as HI, 

where the brain also utilizes other substrates.

Despite the wealth of highly specific information that can be acquired on metabolites and 

metabolic rates, 13C MRS is a very challenging modality, perhaps even more so than the 

other two major nuclei used for NMR studies (1H and 31P). The difficulties that arise are 

mainly technical issues related to the 13C nucleus. 13C has a natural abundance of 

approximately 1% in living organisms. While this greatly enhances the specificity of 

detection, the administration of exogenous 13C labeled precursors becomes mandatory in 

order to increase sensitivity. Nonetheless, even if the problem of low sensitivity is somewhat 

alleviated by the 13C enriched label, the use of the label itself adds to the barrier, since it 

compounds the cost and complexity of the experimental procedure [67]. Lastly, the long 

scan times (minutes to hours) required for acquisition and the constant infusion of large 

volumes of 13C-metabolites needed to get signal render 13C MRS inapplicable to young 

animals with small body volumes and thus limit its feasibility to cultured cells and extracted 

tissues [68].

4.3 Hyperpolarized 13C Magnetic Resonance Spectroscopy (HP-13C MRS)

The latest evolution in MRS imaging has been the use of hyperpolarized 13C-labeled 

substrates (HP-13C MRS). Dynamic nuclear polarization (DNP) can achieve 10,000-fold 

enhancement of the 13C signals of an introduced substrate and its subsequent metabolic 

products. The gain in signal intensity has irreversibly altered the clinical potential of the 13C 

labeled substrates. By applying DNP to endogenous, non-toxic, non-radioactive substances 

(pyruvate, urea) and administering them to a subject, HP-13C MRS can monitor the 

administered compound’s fluxes through key biochemical pathways, such as glycolysis. 

Contrary to 1H MRS, which focuses on metabolite levels, with HP-13C MRS, researchers 

can now track metabolic activity in real-time occurring at the moment of the acquisition 

[69].

DNP is based on polarizing the nuclear spins of a molecule in the solid state. It requires the 

presence of unpaired electrons, such as organic free radicals. The high electron polarization 

spin is then transferred to the nuclear spins of the sample (the 13C labeled substrate) by 

microwave heating. Hyperpolarized state is acquired inside a DNP polarizer machine at 

cryogenic temperatures (0–2 K). However, the nuclear spins return to thermal equilibrium in 

a very short time once exposed to room temperature. Thus, the main challenge that must be 

overcome is the transition of the hyperpolarized solid substance from a very low temperature 

inside the polarizer to an injectable solution, close to body temperature, and the transfer to 

the target organ, without significant loss of polarization [70]. For this reason, the 13C 

nucleus is ideal as its longitudinal relaxation time T1 is sufficiently longer than the time 

required for the imaging acquisition, so that it can be distributed to the brain while retaining 

its hyperpolarized state [71].

One of the first applications of this technology has been the evaluation of the conversion of 

hyperpolarized 13C-labeled pyruvate to 13C-lactate. The choice of pyruvate as the injected 
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labeled substrate is supported by the fact that aside from being an endogenous substance, 

and thus non-toxic, pyruvate is found at the junction of anaerobic glycolysis and oxidative 

phosphorylation (Figure 1). Depending on the intracellular energy state of the tissue, 

pyruvate is converted to a different degree to lactate, alanine and carbon dioxide [69].

Chen et al. [72] applied this method to the immature murine brain to investigate the 

metabolic changes of glucose utilization during development. The fast acquisition time (~3 

s) allows for multiple acquisitions while the intravenously injected hyperpolarized [1-13C] 

pyruvate converts rapidly into lactate in the brain. Dynamic data from the average peak 

height for pyruvate and lactate at each time point can be measured and an individual curve 

for the build-up and decay of pyruvate and lactate signals can be obtained (Figure 2). The 

normalized lactate level and the pyruvate to lactate conversion rate (kpl) were calculated as 

parameters of metabolic rate in maturation and both appeared to decrease linearly with 

increasing age. The higher the kpl the faster the pyruvate bolus turns into lactate and the 

more lactate is produced within a certain time period [72]. Thus, conversion rates can reveal 

important information about the glycolytic flux and the metabolic needs of the brain; kpl is 

higher in the suckling P18 mouse, when the developing brain can transport and utilize 

lactate as fuel more efficiently than the adult. In the setting of HI, a potentially increased kpl 

could indicate the urgent need for substrate in the absence of glucose.

The conversion of pyruvate to lactate reflects the activity of lactate dehydrogenase [73]. 

When using HP [1-13C] pyruvate, the labeled carbon from pyruvate is eliminated as carbon 

dioxide in exchange with bicarbonate, during the conversion of pyruvate to acetyl-CoA. In 

theory, the time course of the labeled bicarbonate reflects the activity of the TCA cycle since 

almost all acetyl-CoA enters the TCA cycle [74]. However, the downstream metabolic fate 

of acetyl-CoA cannot be directly observed. Labeling hyperpolarized pyruvate on C-2 instead 

of C-1 ([2-13C] pyruvate) permits the investigation of additional metabolic pathways such as 

the formation of glutamate [75]. No studies with hyperpolarized [2-13C] pyruvate have been 

conducted on the immature rodent brain thus far. Still, direct measurements of oxidative 

phosphorylation and glutamate could prove valuable in investigating the metabolic profile 

changes during HI.

The translation of the hyperpolarized signal acquired with HP-13C MRS into cerebral 

metabolic rates is still not completely straightforward. The observed in vivo signals are 

influenced by the influx of metabolites produced systemically, the cerebral blood volume 

and the rate of transport across the blood brain barrier. So far, these problems have only been 

addressed in vitro, by performing HP-13C MRS on perfused brain slices [76].

The interpretation of large data sets that have become available from such diverse enzymatic 

and imaging techniques can be quite challenging. Knowledge of the metabolic processes that 

take place in the neonatal brain and how they are affected by maturation and injury is, 

without a doubt, essential to develop a baseline for the assessment of the different metabolite 

and parameter values. In the following sections, we provide a synopsis of the results 

published thus far on cerebral metabolism during normal development of the rodent brain as 

well as during HI brain damage as is manifested in the Vannucci model.
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5. Cerebral metabolism in normal development

The brain requires a continual supply of substrate and oxygen. The prevailing dogma is that 

the principal substrate that supports brain metabolism throughout all phases of development 

is glucose. However, neonates and to a lesser degree, adults, can utilize alternate cerebral 

fuels to supplement glucose in fulfilling the brain’s energy needs during periods of 

starvation, during suckling, and hypoglycemia [77]. The alternate substrates lactate and the 

ketone bodies, β-hydroxybutyrate and acetoacetate, can assist glucose for energy production 

in a well oxygenated state [78].

Normal brain development depends upon a metabolic system whose role is to keep pace 

with the escalating oxygen substrate demands that accompany the rapid increase in brain 

mass and the accelerated electrochemical maturation that characterizes synaptogenesis [79]. 

Under normal physiological conditions, oxygen and substrate delivery to the developing 

brain has been considered adequate to support cerebral energy metabolism as well as 

maturation. The immature animal brain has substantially lower metabolic demands (1/10 of 

the adult in the first postnatal week) allowing it to survive prolonged periods of hypoxia and 

creating the belief that the immature brain is “resistant” to hypoxia and HI [32]. However, it 

is now clear that although the immature animal can survive prolonged hypoxia, they can 

suffer an extensive injury due to unique vulnerabilities [80].

The low cerebral metabolic rate is reflected in low rates cerebral glucose utilization (CGU). 

While blood glucose levels are comparable between the early postnatal period and 

adulthood, the expression of the glucose transporter proteins, GLUT1 in the blood brain 

barrier and glia and GLUT3 in neurons, is also low in the neonatal rodent brain and 

increases developmentally in concert with increases in CGU, coincident with synaptogenesis 

and increased biochemical activity after the second postnatal week. A concomitant increase 

in enzymes of both the glycolytic and tricarboxylic acid pathways is fueled by the increased 

availability of glucose during this period of functional maturation with higher expression of 

GLUT3 [81,82]. Thus, during normal development the capacity of the glucose transporter 

system is sufficient to fuel the glycolytic demands of the immature brain. However, CGU 

becomes transport-limited when the capacity of this system is stressed, such as in increased 

glycolytic demand or hypoglycemia. The transport of the alternate substrates across the BBB 

and into the neural cells is mediated by a different transporter protein family, the 

monocarboxylate transporters (MCT). In the rodent and human brain, the isoform MCT1 is 

widely expressed in the vascular-endothelial cells of the blood-brain barrier and in glial cells 

[83]. MCT2 is the primary neuronal isoform although evidence of expression of MCT1 has 

also been found in the neuropil and neurons [84].

Rodent breast milk, and to a lesser extent human breast milk, is characterized by a high fat 

content which supports ketogenesis and increased levels of circulating ketone bodies [85–

87]. With the onset of suckling circulating levels of β-hydroxybutyrate increase nearly 4-fold 

within the first 24 h [88]. During the first two weeks of life ketone bodies can provide up to 

60% of energetic fuel for the brain [89] and account for at least 30% of the total energy 

metabolic balance [90]. Simultaneously, levels of the MCT1 transporter increase steadily in 

the BBB, and at P17 are 25 times the levels of the adult [84]. This upregulation is more 
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conspicuous in suckling rats than adults receiving a ketogenic diet, so it may be 

developmental along with dietary [17,86].

The transition from lower CGU in the suckling animal to the high CGU in the adult is also 

mediated through changes in the expression of enzymes for substrate use in the brain. The 

development of enzymes associated with the complete aerobic utilization of glucose as well 

as glycolysis, such as hexokinase, citrate synthase, lactate dehydrogenase and pyruvate 

carboxylase has been shown to have absolute correlation with the onset of full neurological 

competence in the rodent brain. The activity of these enzymes increases several-fold until 

days P10-P15, in coordination with the developmental switch from ketone body to glucose 

metabolism [17,91,92]. Fatty acids do represent a large percentage of a newborn’s energy 

source and their homogenous uptake by the brain coincides with the rapid cell proliferation 

and cholesterol synthesis for brain growth that occurs during the early suckling period [93].

6. Cerebral metabolism in hypoxic ischemic injury

During experimental ischemia in adult models, rates of CGU are nearly triple reflecting the 

increased glycolytic demand of anaerobic metabolism, fueled by a steady supply of glucose 

[94]. The cerebral metabolic changes observed in the neonatal brain are distinct from the 

adult, due to the unique features discussed above. CGU in the immature brain is transport-

limited, such that the delivery of glucose to the brain via GLUT1 cannot keep up with the 

increased demand due to the switch to anaerobic glycolysis. The reduction of blood flow in 

the hemisphere ipsilateral to the carotid ligation in the animal model further limits glucose 

delivery, and brain glucose in this hemisphere falls precipitously resulting in depletion of 

high energy compounds, ATP and PCr culminating in the characteristic energy failure and 

cell death. Although glucose is also reduced in the contralateral hemisphere, the 

maintenance of blood flow is sufficient to meet the glycolytic demand and there is no energy 

failure or cell death [20].

Contrary to findings for cerebral ischemia in the adult, no sustained elevation of lactate has 

been shown in the neonate immediately after the insult [19,95]. Brekke et al [41] 

reconfirmed through their results that during the hypoxic ischemic episode, there is a 

dramatic shift towards the anaerobic utilization of glucose with approximately three-fold 

increase in the production of lactate and rapid depletion of brain glucose. The lactate 

accumulation that is observed in the Vannucci model during the course of HI is identical in 

both hemispheres, despite the fact that brain injury is unilateral [22,95]. This emphasizes the 

fact that, unlike for adults, lactate is not deleterious to the neonatal brain and does not 

contribute to the decrease of the pH and the subsequent intracellular acidosis that develops 

during cerebral HI, until a certain threshold is passed [36].

However, within four hours after the insult, brain lactate levels normalize [20,22]. Upon 

reperfusion and reoxygenation, the accumulated lactate is rapidly metabolized into pyruvate, 

providing substrate for the TCA cycle, in addition to its rapid clearance across the BBB. 

Validation for these speculations can be found in the marked ability of the immature brain to 

metabolize and transfer lactate and ketone bodies across the blood brain barrier through the 

MCTs. In fact, any condition that results in elevated lactate levels systemically, promotes its 
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uptake and utilization by the immature brain, thus sparing the consumption of glucose [17]. 

Indeed, contrary to what happens in adult cerebral ischemia, the PDH complex (responsible 

for turning pyruvate into acetyl CoA) appears to remain active, which may also account for 

the rapid restoration of the TCA cycle during early recovery. Occurring in parallel with the 

decline of lactate, is the recovery of tissue concentrations of glucose and pyruvate which 

initially exceed their control values. The early elevation of glucose levels reflects the 

glucose-sparing effect of preferential use of lactate which also explains the concurrent 

elevation in pyruvate. The elevated pyruvate in turn, inhibits glycolysis [20]. Lactate levels 

have been shown to increase during the chronic phase of ongoing cell death and infarction in 

the rat [62] as well as in some human neonates [42]. The precise explanation for this 

continues to be debatable as discussed above.

Conclusion

This review covers the wide and complicated subject of cerebral metabolism in the immature 

rodent brain during physiologic and hypoxic-ischemic conditions from a metabolomics 

perspective. The emergence of metabolomics, as a systems biology approach, has made 

possible the measurement of multiple metabolites directly from complex biological systems 

and the creation of a phenotypic “snapshot” of a cell, tissue or organism.

The study of metabolomic biomarkers for HI in the immediate neonatal period is not a trivial 

task and requires very specific considerations, unique to this disease, and population. 

Essentially, in order to truly understand its pathophysiological processes and find solutions, 

researchers and clinicians should employ more of a holistic, instead of reductionist, 

approach, which has traditionally focused on small numbers or individual metabolites in 

isolation. Metabolomics can aid in this way, since it provides a comprehensive panel of all 

metabolites present in a biological system, can investigate all variations of concentrations 

and fluxes and is more contextual, by tracking the rapid changes of metabolites, which in 

turn, reflect the status of the surrounding tissue.

In the immediate future, metabolomics will be able to assist in the prediction of mortality, as 

well as the validation of treatments like therapeutic hypothermia. Although the predictive 

value of MRS imaging as the banner of the metabolomics field has not yet been fully 

established, it is clear that differences in metabolite ratios do exist between normal and 

hypoxic-ischemic conditions. These different MRS techniques can be combined to assess 

different sources of information: 1H MRS can measure the steady-state of metabolites using 

specific proton resonances, 13C MRS can provide insight into the fate of the applied label 

and its intermediate metabolic products under steady state conditions, and HP-13C MRS 

delivers information on real-time metabolic conversions.

Acknowledgments

The authors are grateful to the NIH/NINDS (grant # R35NS097299 – Donna M. Ferriero) for the financial support.

Mikrogeorgiou et al. Page 13

Dev Neurosci. Author manuscript; available in PMC 2020 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Fanos V, Barberini L, Antonucci R, Atzori L: Pharma-metabolomics in neonatology: is it a dream or 
a fact? Curr Pharm Des 2012; DOI: CPD-EPUB-20120503-001 [pii]

2. Duarte JMN, Lei H, Mlynárik V, Gruetter R: The neurochemical profile quantified by in vivo 1H 
NMR spectroscopy. Neuroimage 2012; DOI: 10.1016/j.neuroimage.2011.12.038

3. Soares DP, Law M: Magnetic resonance spectroscopy of the brain: review of metabolites and 
clinical applications. Clin Radiol 2009; DOI: 10.1016/j.crad.2008.07.002

4. Alf MF, Lei H, Berthet C, Hirt L, Gruetter R, Mlynarik V: High-resolution spatial mapping of 
changes in the neurochemical profile after focal ischemia in mice. NMR Biomed 2012; DOI: 
10.1002/nbm.1740

5. Barkovich AJ, Miller SP, Bartha A, Newton N, Hamrick SEG, Mukherjee P, et al.: MR imaging, MR 
spectroscopy, and diffusion tensor imaging of sequential studies in neonates with encephalopathy. 
Am J Neuroradiol 2006; DOI: 27/3/533 [pii]

6. Barkovich AJ, Westmark KD, Bedi HS, Partridge JC, Ferriero DM, Vigneron DB: Proton 
spectroscopy and diffusion imaging on the first day of life after perinatal asphyxia: Preliminary 
report. Am J Neuroradiol 2001; DOI: 10.1300/J115v26S01_04

7. Vannucci RC, Vannucci SJ: Perinatal hypoxic-ischemic brain damage: evolution of an animal 
model. Dev Neurosci 2005; DOI: 10.1159/000085978

8. Bano S, Chaudhary V, Garga U: Neonatal hypoxic-ischemic encephalopathy: A radiological review. 
J Pediatr Neurosci 2017; DOI: 10.4103/1817-1745.205646

9. Iadecola C, Anrather J: Stroke research at a crossroad: Asking the brain for directions. Nat Neurosci 
2011; DOI: 10.1038/nn.2953

10. Hagberg H, Mallard C, Ferriero DM, Vannucci SJ, Levison SW, Vexler ZS, et al.: The role of 
inflammation in perinatal brain injury. Nat Rev Neurol 2015; DOI: 10.1038/nrneurol.2015.13

11. Ferriero DM, Miller SP: Imaging selective vulnerability in the developing nervous system. J Anat 
2010; DOI: 10.1111/j.1469-7580.2010.01226.x

12. Rice JE, Vannucci RC, Brierley JB: The influence of immaturity on hypoxic‐ischemic brain 
damage in the rat. Ann Neurol 1981;9:131–141. [PubMed: 7235629] 

13. Sheldon RA, Sedik C, Ferriero DM: Strain-related brain injury in neonatal mice subjected to 
hypoxia-ischemia. Brain Res 1998; DOI: 10.1016/S0006-8993(98)00892-0

14. Vannucci RC, Vannucci SJ: A model of perinatal hypoxic-ischemic brain damage; in : Annals of 
the New York Academy of Sciences 1997 DOI: 10.1111/j.1749-6632.1997.tb48634.x

15. Northington FJ: Brief update on animal models of hypoxic-ischemic encephalopathy and neonatal 
stroke. ILAR J 2006; DOI: 10.1093/ilar.47.1.32

16. Cremer JE: Substrate utilization and brain development. J Cereb Blood Flow Metab 1982; DOI: 
10.1038/jcbfm.1982.45

17. Vannucci SJ, Simpson IA: Developmental switch in brain nutrient transporter expression in the rat. 
Am J Physiol - Endocrinol Metab 2003; DOI: 10.1152/ajpendo.00187.2003

18. Vannucci RC: Experimental biology of cerebral hypoxia-ischemia: Relation to perinatal brain 
damage. Pediatr Res 1990; DOI: 10.1203/00006450-199004000-00001

19. Vannucci RC, Brucklacher RM, Vannucci SJ: Glycolysis and perinatal hypoxic-ischemic brain 
damage. Dev Neurosci 2005; DOI: 10.1159/000085991

20. Vannucci RC, Yager JY, Vannucci SJ: Cerebral glucose and energy utilization during the evolution 
of hypoxic-ischemic brain damage in the immature rat. J Cereb Blood Flow Metab 1994; DOI: 
10.1038/jcbfm.1994.35

21. Palmer C, Brucklacher RM, Christernsen MA, Vannucci RC: Carbohydrate and energy metabolism 
during the evolution of hypoxic-ischemic brain damage in the immature rat. J Cereb Blood Flow 
Metab 1990; DOI: 10.1038/jcbfm.1990.39

22. Yager JY, Brucklacher RM, Vannucci RC: Cerebral oxidative metabolism and redox state during 
hypoxia-ischemia and early recovery in immature rats. Am J Physiol 1991; DOI: 10.1152/ajpheart.
1991.261.4.H1102

Mikrogeorgiou et al. Page 14

Dev Neurosci. Author manuscript; available in PMC 2020 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23. Yager JY, Brucklacher RM, Vannucci RC: Paradoxical mitochondrial oxidation in perinatal 
hypoxic-ischemic brain damage. Brain Res 1996; DOI: 10.1016/0006-8993(95)01423-3

24. Vannucci RC, Vannucci SJ: Glucose metabolism in the developing brain. Semin Perinatol 2000; 
DOI: 10.1053/sp.2000.6361

25. Vannucci SJ, Maher F, Simpson IA: Glucose transporter proteins in brain: delivery of glucose to 
neurons and glia. Glia 1997; DOI: 10.1002/(SICI)1098-1136(199709)21:1<2::AID-
GLIA2>3.0.CO;2-C

26. Simpson IA, Carruthers A, Vannucci SJ: Supply and demand in cerebral energy metabolism: The 
role of nutrient transporters. J Cereb Blood Flow Metab 2007; DOI: 10.1038/sj.jcbfm.9600521

27. Voet D, Voet JG: Pyruvate Dehydrogenase Multienzyme Complex. Biochem 2nd Ed 1995;

28. Dienel GA(: Energy generation in the central nervous system; in Edvinson L, Krause D (eds): 
Cerebral Blood Flow and Metabolism. Philadelphia PA, Lippincott Williams & Wilkins, 2002, pp 
140–161.

29. Shank RP, Bennett GS, Freytag SO, Campbell GLM: Pyruvate carboxylase: an astrocyte-specific 
enzyme implicated in the replenishment of amino acid neurotransmitter pools. Brain Res 1985; 
DOI: 10.1016/0006-8993(85)90552-9

30. Morken TS, Brekke E, Håberg A, Widerøe M, Brubakk AM, Sonnewald U: Neuron-astrocyte 
interactions, pyruvate carboxylation and the pentose phosphate pathway in the neonatal rat brain. 
Neurochem Res 2014; DOI: 10.1007/s11064-013-1014-3

31. McKenna MC, Dienel GA, Sonnewald U, Waagepetersen HS, Schousboe A: Energy Metabolism 
of the Brain; in : Basic Neurochemistry 2012 DOI: 10.1016/B978-0-12-374947-5.00011-0

32. Vannuci RC, Duffy TE: Influence of birth on carbohydrate and energy metabolism in rat brain. Am 
J Physiol 1974; DOI: 0.1152/ajplegacy.1974.226.4.933

33. Vannucci SJ, Vannucci RC: Glycogen Metabolism in Neonatal Rat Brain During Anoxia and 
Recovery. J Neurochem 1980; DOI: 10.1111/j.1471-4159.1980.tb09946.x

34. Lowry OH, Passoneau JV: A Flexible System of Enzymatic Analysis. A Flex Syst Enzym Anal 
1972; DOI: 10.1016/B978-0-12-457950-7.50018-8

35. Duffy TE, Kohle SJ, Vannucci RC: CARBOHYDRATE AND ENERGY METABOLISM IN 
PERINATAL RAT BRAIN: RELATION TO SURVIVAL IN ANOXIA. J Neurochem 1975; DOI: 
10.1111/j.1471-4159.1975.tb11875.x

36. Paschen W, Djuricic B, Mies G, Schmidt‐Kastner R, Linn F: Lactate and pH in the Brain: 
Association and Dissociation in Different Pathophysiological States. J Neurochem 1987; DOI: 
10.1111/j.1471-4159.1987.tb13140.x

37. Cady EB: Magnetic resonance spectroscopy in neonatal hypoxic-ischaemic insults. Childs Nerv 
Syst 2001; DOI: 10.1007/s003810000391

38. Xu D, Vigneron D: Magnetic Resonance Spectroscopy Imaging of the Newborn Brain-A Technical 
Review. Semin Perinatol 2010; DOI: 10.1053/j.semperi.2009.10.003

39. Tkáč I, Henry PG, Andersen P, Keene CD, Low WC, Gruetter R: Highly resolved in vivo 1H NMR 
spectroscopy of the mouse brain at 9.4 T. Magn Reson Med 2004; DOI: 10.1002/mrm.20184

40. Kreis R, Hofmann L, Kuhlmann B, Boesch C, Bossi E, Hüppi PS: Brain metabolite composition 
during early human brain development as measured by quantitative in vivo 1H magnetic resonance 
spectroscopy. Magn Reson Med 2002; DOI: 10.1002/mrm.10304

41. Brekke EMF, Morken TS, Widerøe M, Håberg AK, Brubakk AM, Sonnewald U: The pentose 
phosphate pathway and pyruvate carboxylation after neonatal hypoxic-ischemic brain injury. J 
Cereb Blood Flow Metab 2014; DOI: 10.1038/jcbfm.2014.8

42. Wu TW, Tamrazi B, Hsu KH, Ho E, Reitman AJ, Borzage M, et al.: Cerebral lactate concentration 
in neonatal hypoxic-ischemic encephalopathy: In relation to time, characteristic of injury, and 
serum lactate concentration. Front Neurol 2018; DOI: 10.3389/fneur.2018.00293

43. Groenendaal F, Veenhoven RH, Van Der Grond J, Jansen GH, Witkamp TD, De Vries LS: Cerebral 
lactate and N-acetyl-aspartate/choline ratios in asphyxiated full-term neonates demonstrated in 
vivo using proton magnetic resonance spectroscopy. Pediatr Res 1994; DOI: 
10.1203/00006450-199402000-00004

Mikrogeorgiou et al. Page 15

Dev Neurosci. Author manuscript; available in PMC 2020 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



44. Hanrahan JD, Cox IJ, Edwards AD, Cowan FM, Sargentoni J, Bell JD, et al.: Persistent increases 
in cerebral lactate concentration after birth asphyxia. Pediatr Res 1998; DOI: 
10.1203/00006450-199809000-00007

45. Leth H, Toft PB, Peitersen B, Lou HC, Henriksen O: Use of brain lactate levels to predict outcome 
after perinatal asphyxia. Acta Paediatr 1996;

46. Dringen R, Gebhardt R, Hamprecht B: Glycogen in astrocytes: possible function as lactate supply 
for neighboring cells. Brain Res 1993; DOI: 10.1016/0006-8993(93)91429-V

47. Alberini CM, Cruz E, Descalzi G, Bessières B, Gao V: Astrocyte glycogen and lactate: New 
insights into learning and memory mechanisms. Glia 2018; DOI: 10.1002/glia.23250

48. Rae CD: A guide to the metabolic pathways and function of metabolites observed in human 
brain1H magnetic resonance spectra. Neurochem Res 2014; DOI: 10.1007/s11064-013-1199-5

49. Neale JH, Bzdega T, Wroblewska B: N-acetylaspartylglutamate: The most abundant peptide 
neurotransmitter in the mammalian central nervous system. J Neurochem 2000; DOI: 10.1046/j.
1471-4159.2000.0750443.x

50. Moffett JR, Arun P, Ariyannur PS, Garbern JY, Jacobowitz DM, Namboodiri AMA: Extensive 
aspartoacylase expression in the rat central nervous system. Glia 2011; DOI: 10.1002/glia.21186

51. D’Adamo AF, Yatsu FM: ACETATE METABOLISM IN THE NERVOUS SYSTEM. N‐
ACETYL‐l‐ASPARTIC ACID AND THE BIOSYNTHESIS OF BRAIN LIPIDS. J Neurochem 
1966; DOI: 10.1111/j.1471-4159.1966.tb10292.x

52. Bates TE, Strangward M, Keelan J, Davey GP, Munro PMG, Clark JB: Inhibition of N-
acetylaspartate production: Implications for 1H MRS studies in vivo. Neuroreport 1996; DOI: 
10.1097/00001756-199605310-00014

53. Birken DL, Oldendorf WH: N-acetyl-L-aspartic acid: a literature review of a compound prominent 
in 1H-NMR spectroscopic studies of brain. Neurosci Biobehav Rev 1989; DOI: 10.1016/
S0149-7634(89)80048-X

54. Kreis R, Ernst T, Ross BD: Development of the human brain: in vivo quantification of metabolite 
and water content with proton magnetic resonance spectroscopy. Magn Reson Med 1993; DOI: 
10.1002/mrm.1910300405

55. Amess PN, Penrice J, Wylezinska M, Lorek A, Townsend J, Wyatt JS, et al.: Early brain proton 
magnetic resonance spectroscopy and neonatal neurology related to neurodevelopmental outcome 
at 1 year in term infants after presumed hypoxic-ischaemic brain injury. Dev Med Child Neurol 
1999; DOI: 10.1111/j.1469-8749.1999.tb00635.x

56. Miller SP, Newton N, Ferriero DM, Partridge JC, Glidden DV., Barnwell A, et al.: Predictors of 30-
month outcome after perinatal depression: Role of proton MRS and socioeconomic factors. Pediatr 
Res 2002; DOI: 10.1203/00006450-200207000-00014

57. Barkovich AJ, Baranski K, Vigneron D, Partridge JC, Hallam DK, Hajnal BL, et al.: Proton MR 
spectroscopy for the evaluation of brain injury in asphyxiated, term neonates. AJNR Am J 
Neuroradiol 1999;

58. Cady EB: Metabolite concentrations and relaxation in perinatal cerebral hypoxic- ischemic injury. 
Neurochem Res 1996; DOI: 10.1007/BF02532414

59. Shu SK, Ashwal S, Holshouser BA, Nystrom G, Hinshaw DB: Prognostic value of 1H-MRS in 
perinatal CNS insults. Pediatr Neurol 1997; DOI: 10.1016/S0887-8994(97)00140-9

60. Shibasaki J, Aida N, Morisaki N, Tomiyasu M, Nishi Y, Toyoshima K: Changes in Brain 
Metabolite Concentrations after Neonatal Hypoxic-ischemic Encephalopathy. Radiology 
2018;288:840–848. [PubMed: 29893645] 

61. Malisza KL, Kozlowski P, Ning G, Bascaramurty S, Tuor UI: Metabolite changes in neonatal rat 
brain during and after cerebral hypoxia-ischemia: A magnetic resonance spectroscopic imaging 
study. NMR Biomed 1999; DOI: 10.1002/(SICI)1099-1492(199902)12:1<31::AID-
NBM544>3.0.CO;2-M

62. Xu S, Waddell J, Zhu W, Shi D, Marshall AD, McKenna MC, et al.: In vivo longitudinal proton 
magnetic resonance spectroscopy on neonatal hypoxic-ischemic rat brain injury: Neuroprotective 
effects of acetyl-L-carnitine. Magn Reson Med 2015; DOI: 10.1002/mrm.25537

63. Kurhanewicz J, Bok R, Nelson SJ, Vigneron DB: Current and potential applications of clinical 13C 
MR spectroscopy. J Nucl Med 2008; DOI: 10.2967/jnumed.107.045112

Mikrogeorgiou et al. Page 16

Dev Neurosci. Author manuscript; available in PMC 2020 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



64. Sibson NR, Dhankhar a, Mason GF, Behar KL, Rothman DL, Shulman RG: In vivo 13C NMR 
measurements of cerebral glutamine synthesis as evidence for glutamate-glutamine cycling. Proc 
Natl Acad Sci U S A 1997; DOI: 10.1073/pnas.94.6.2699

65. Morris P, Bachelard H: Reflections on the application of 13C-MRS to research on brain 
metabolism. NMR Biomed 2003; DOI: 10.1002/nbm.844

66. Henry P-G, Adriany G, Deelchand D, Gruetter R, Marjanska M, Oz G, et al.: In vivo 13C NMR 
spectroscopy and metabolic modeling in the brain: a practical perspective. Magn Reson Imaging 
2006; DOI: 10.1016/j.mri.2006.01.003

67. Gruetter R, Adriany G, Choi I-Y, Henry P-G, Lei H, Oz G: Localized in vivo 13C NMR 
spectroscopy of the brain. NMR Biomed 2003; DOI: 10.1002/nbm.841

68. Bouzier-Sore AK, Voisin P, Canioni P, Magistretti PJ, Pellerin L: Lactate Is a Preferential 
Oxidative Energy Substrate over Glucose for Neurons in Culture. J Cereb Blood Flow Metab 
2003; DOI: 10.1097/01.WCB.0000091761.61714.25

69. Golman K, in ‘t Zandt R, Thaning M: Real-time metabolic imaging. Proc Natl Acad Sci 2006; 
DOI: 10.1073/pnas.0601319103

70. Ardenkjaer-Larsen JH, Fridlund B, Gram A, Hansson G, Hansson L, Lerche MH, et al.: Increase in 
signal-to-noise ratio of &gt; 10,000 times in liquid-state NMR. Proc Natl Acad Sci 2003; DOI: 
10.1073/pnas.1733835100

71. Golman K, Ardenkjaer-Larsen JH, Petersson JS, Mansson S, Leunbach I: Molecular imaging with 
endogenous substances. Proc Natl Acad Sci 2003; DOI: 10.1073/pnas.1733836100

72. Chen Y, Kim H, Bok R, Sukumar S, Mu X, Sheldon RA, et al.: Pyruvate to Lactate Metabolic 
Changes during Neurodevelopment Measured Dynamically Using Hyperpolarized13C Imaging in 
Juvenile Murine Brain. Dev Neurosci 2016; DOI: 10.1159/000439271

73. Witney TH, Brindle KM: Imaging tumour cell metabolism using hyperpolarized 13 C magnetic 
resonance spectroscopy. Biochem Soc Trans 2010; DOI: 10.1042/BST0381220

74. Marjańska M, Iltis I, Shestov AA, Deelchand DK, Nelson C, Uurbil K, et al.: In vivo13C 
spectroscopy in the rat brain using hyperpolarized [1–13C]pyruvate and [2–13C]pyruvate. J Magn 
Reson 2010; DOI: 10.1016/j.jmr.2010.07.006

75. Park JM, Josan S, Grafendorfer T, Yen YF, Hurd RE, Spielman DM, et al.: Measuring 
mitochondrial metabolism in rat brain in vivo using MR Spectroscopy of hyperpolarized [2–
13C]pyruvate. NMR Biomed 2013; DOI: 10.1002/nbm.2935

76. Harris T, Azar A, Sapir G, Gamliel A, Nardi-Schreiber A, Sosna J, et al.: Real-time ex-vivo 
measurement of brain metabolism using hyperpolarized [1–13C]pyruvate. Sci Rep 2018; DOI: 
10.1038/s41598-018-27747-w

77. Moore TJ, Lione AP, Regen DM, Tarpley HL, Raines PL: Brain glucose metabolism in the 
newborn rat. Am J Physiol 1971;221:1746–1753. [PubMed: 5124318] 

78. Cremer JE, Cunningham VJ, Pardridge WM, Braun LD, Oldendorf WH: KINETICS OF BLOOD‐
BRAIN BARRIER TRANSPORT OF PYRUVATE, LACTATE AND GLUCOSE IN SUCKLING, 
WEANLING AND ADULT RATS. J Neurochem 1979; DOI: 10.1111/j.
1471-4159.1979.tb05173.x

79. du Plessis AJ: Cerebral Blood Flow and Metabolism in the Developing Fetus. Clin Perinatol 2009; 
DOI: 10.1016/j.clp.2009.07.002

80. Vannucci SJ: Hypoxia-ischemia in the immature brain. J Exp Biol 2004; DOI: 10.1242/jeb.01064

81. Vannucci SJ: Developmental expression of GLUT1 and GLUT3 glucose transporters in rat brain. J 
Neurochem 1994;

82. Vannucci SJ, Seaman LB, Brucklacher RM, Vannucci RC: Glucose transport in developing rat 
brain: glucose transporter proteins, rate constants and cerebral glucose utilization. Mol Cell 
Biochem 1994; DOI: 10.1007/BF00926756

83. Gerhart DZ, Enerson BE, Zhdankina OY, Leino RL, Drewes LR: Expression of monocarboxylate 
transporter MCT1 by brain endothelium and glia in adult and suckling rats. Am J Physiol 1997; 
DOI: 10.1152/ajpendo.1997.273.1.E207

84. Leino RL, Gerhart DZ, Drewes LR: Monocarboxylate transporter (MCT1) abundance in brains of 
suckling and adult rats: A quantitative electron microscopic immunogold study. Dev Brain Res 
1999; DOI: 10.1016/S0165-3806(98)00188-6

Mikrogeorgiou et al. Page 17

Dev Neurosci. Author manuscript; available in PMC 2020 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



85. Hawkins RA, Williamson DH, Krebs HA, Hawkins BRA, Williamson DH, Krebs HA: Ketone-
Body Utilization by Adult and Suckling Rat Brain in vivo. Biochem J 1971; DOI: 10.1042/
bj1220013

86. Leino RL, Gerhart DZ, Duelli R, Enerson BE, Drewes LR: Diet-induced ketosis increases 
monocarboxylate transporter (MCT1) levels in rat brain. Neurochem Int 2001; DOI: 10.1016/
S0197-0186(00)00102-9

87. Lee BS, Woo DC, Woo CW, Kim KS: Exogenous β-Hydroxybutyrate Treatment and 
Neuroprotection in a Suckling Rat Model of Hypoxic-Ischemic Encephalopathy. Dev Neurosci 
2018; DOI: 10.1159/000486411

88. Ferré P, Pégorier JP, Williamson DH, Girard JR: The development of ketogenesis at birth in the rat. 
Biochem J 1978; DOI: 10.1042/bj1760759

89. Nehlig A, Pereira de Vasconcelos A: Glucose and ketone body utilization by the brain of neonatal 
rats. Prog Neurobiol 1993; DOI: 10.1016/0301-0082(93)90022-K

90. Nehlig A: Brain uptake and metabolism of ketone bodies in animal models. Prostaglandins Leukot 
Essent Fat Acids 2004; DOI: 10.1016/j.plefa.2003.07.006

91. Booth RFG, Patel TB, Clark JB: The Development of Enzymes of Energy Metabolism in the Brain 
of a Precocial (Guinea Pig) and Non‐Precocial (Rat) Species. J Neurochem 1980; DOI: 10.1111/j.
1471-4159.1980.tb04616.x

92. McKenna MC, Scafidi S, Robertson CL: Metabolic Alterations in Developing Brain After Injury: 
Knowns and Unknowns. Neurochem Res 2015; DOI: 10.1007/s11064-015-1600-7

93. Lopes-Cardozo M, Klein W: Ketone-body utilization and lipid synthesis by developing rat brain-a 
comparison between in vivo and in vitro experiments. Neurochem Int 1984; DOI: 
10.1016/0197-0186(84)90115-3

94. Pulsinelli WA, Duffy TE: Local cerebral glucose metabolism during controlled hypoxemia in rats. 
Science (80- ) 1979; DOI: 10.1126/science.432667

95. Vannucci RC, Yager JY: Glucose, lactic acid, and perinatal hypoxic-ischemic brain damage. 
Pediatr Neurol 1992; DOI: 10.1016/0887-8994(92)90045-Z

Mikrogeorgiou et al. Page 18

Dev Neurosci. Author manuscript; available in PMC 2020 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Simplified presentation of pyruvate metabolism. Glucose is metabolized via glycolysis 

leading to pyruvate which can then, either be reduced to lactate, transaminated to alanine or 

enter the TCA cycle via pyruvate dehydrogenation (PDH) as acetyl CoA. If glucose is 

metabolized through the PPP, the resulting pyruvate may undergo pyruvate carboxylation 

(PC) in astrocytes and then enter the TCA cycle backflux from oxaloacetate to succinate. 

Pyruvate is thus, an intermediate common between oxidative phosphorylation and anaerobic 

glycolysis. The conversion of pyruvate to lactate is bidirectional; lactate is utilized as an 
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alternative substrate for energy production during the early postnatal period in the rodent and 

when glucose supply is short, by converting back into pyruvate.
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Figure 2. 
Examples of representative spectra from individual voxels of the ischemic / hypoxic-

ischemic murine brain acquired with a) 1H MRS and b) HP-13C MRS. 1H MRS spectra 

allow access to the steady state of a collection of metabolites using their specific protons 

while HP-13C MRS the dynamic changes of a single labeled substrate during its infusion and 

metabolism in a living organism. The metabolic data that can be acquired with the two 

methods are different in nature but complementary to each other. a) 1H MRS spectra of the 

non-ischemic contralateral striatum (left) and of the ipsilateral to the brain injury striatum 

(right) of an adult mouse (MCAO model) taken at 24 h after reperfusion. Lactate is the only 

significantly increased metabolite, while most of the rest of the metabolite concentrations 

are decreased in the ipsilateral side. b) Spectra acquired from single voxels positioned on the 

contralateral (left) and ipsilateral (right) hemispheres with a dual shifted 1H-13C coil during 

the iv injection of hyperpolarized pyruvate to a P10 mouse at 4–6 h after HI. The pyruvate 

and lactate signals at a single time point during the acquisition are represented by two peaks 

at their respective frequencies. The low pyruvate signal on the ipsilateral to the injury side 

reflects the impeded perfusion and edema which results in reduced delivery of the label to 

the area. Furthermore, a higher pyruvate to lactate conversion rate is expected to relate to a 

higher reliance on anaerobic metabolism.

Arrows indicate changes relative to the healthy contralateral side. Metabolites in the spectra 

are assigned as follows: Ala, alanine; GABA, γ-aminobutyric acid; Gln, glutamine; Glu, 

Mikrogeorgiou et al. Page 21

Dev Neurosci. Author manuscript; available in PMC 2020 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



glutamate; GSH, glutathione; Ins, myoinositol; NAA, N-acetylaspartate; Tau, taurine; tCho, 

total choline; tCr, total creatine; Lac, lactate; Pyr, pyruvate.
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