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Abstract

Purpose—This study evaluated the longitudinal metabolic alterations after neonatal hypoxia-

ischemia (HI) in rats and tested the neuroprotective effect of acetyl-L-carnitine (ALCAR) using in 

vivo proton short-TE Point-RESolved Spectroscopy method.

Methods—Rice-Vannucci model was used on 7-day-old Sprague-Dawley rats. Data were 

acquired from contralateral and ipsilateral cortex and hippocampus, respectively at 4 time points 

(24-h, 72-h, 7-d, 28-d) post-HI. The effect of subcutaneous administration of ALCAR (100 mg/kg) 

immediately after HI, at 4-h, 24-h, and 48-h post-HI was determined.

Results—Significant reductions in glutathione (p < 0.005), myo-inositol (p < 0.002), taurine (p < 

0.001), and total creatine (p < 0.005) were observed at 24-h post injury compared to the control 

group in the ipsilateral hippocampus of the HI rat pups. ALCAR-treated-HI rats had lower levels 

of lactate and maintained total creatine at 24-h and had smaller lesion size compared to the HI 

only rats.

Conclusion—Severe oxidative, osmotic stress, impaired phosphorylation, and a preference for 

anaerobic glycolysis were found in the ipsilateral hippocampus in the HI pups at 24-h post injury. 

ALCAR appeared to have a neuroprotective effect if administered early after HI by serving as an 

energy substrate and promote oxidative cerebral energy producing and minimize anaerobic 

glycolysis.
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Introduction

Hypoxia ischemia (HI) is a common cause of brain injury during the perinatal period, which 

occurs at a rate of about 1 to 6 per 1000 near-term and term infants in the US (1). This injury 

can be fatal and the survivors can suffer from abnormal neurodevelopment that ranges from 

mild learning disabilities to profound disability including mental retardation (2–6). 

Neuroprotective therapies to diminish the extent of brain damage caused by HI are under 

active investigation (7–10). Hypothermia appears to be the most reliable intervention 

currently available for reducing the risk of death or disability in infants with brain injury 

(11, 12). The temperature reduction to 32–34 °C has now become standard care for neonatal 

HI brain injury (13). However, there is a strong need for additional therapies since nearly 40 

percent of infants continue to have severe impairment after hypothermia (1). Recent studies 

have reported that a variety of pharmacological agents with antioxidant, anti-inflammatory, 

and anti-apoptotic actions could provide effective therapy when administered following 

perinatal HI (see (9) for the latest review). A key requirement for developing new therapies 

is to identify early non-invasive markers that are indicative of the alterations which occur 

early as the damage progresses and continues over hours to weeks after the initial brain 

insult (14). The use of animal models of neonatal HI that show injury patterns similar to 

those seen in human newborns can greatly facilitate the process of identifying targets to test 

promising therapies (15).

In vivo high resolution localized proton magnetic resonance spectroscopy (MRS) has been 

used as a quantitative noninvasive tool to assess the in vivo changes in observable cellular 

metabolites associated with central nervous system (CND) injury (16) and specifically it has 

been used to characterize the timing and pattern changes in brain metabolites after neonatal 

HI (17–34). Changes in brain metabolism have generally been assessed in terms of ratios of 

metabolites such as total choline (tCho)/ total creatine (tCr), N-acetylaspartate (NAA)/tCr 

and lactate (Lac)/NAA (18, 20, 23, 25, 28, 31). Others have reported absolute concentrations 

of the metabolites (21, 29, 30). For example, in the proton MRS absolute quantitation 

studies of a perinatal cerebral HI with severe or fatal outcomes, decreases in the 

concentrations of tCho and NAA and the increased concentration of Lac (21, 29) were 

observed.

In contrast to the clinical studies, very few studies have explored in vivo proton MRS on 

animal models. Changes in NAA and Lac following HI insult in neonatal animal brain have 

been reported (35–37). In a 7-day-old rat model of HI it was shown that Lac concentration in 

ipsilateral hemispheres was high and remained high during the first 48 h after injury (36). 

The same study showed that NAA concentrations ipsilateral to the occlusion decreased to 55 

± 14% during hypoxia, recovered during early post-hypoxic period and again decreased to 

61 ± 25% and 41 ± 28% at 24 and 48 h post HI respectively (36). Using a clinically relevant 

piglet model of HI, increases in Lac/NAA, Lac/tCho and Lac/tCr were observed up to 7 d 

after injury (37). However, to our knowledge, there are no in vivo studies that have 

sequentially observed changes in neurometabolites following HI at the early stages and 

continued on for long term follow up.
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Acetyl-L-carnitine (ALCAR) is an acetylated derivative of L-carnitine, a naturally occurring 

metabolite that facilitates transport of fatty acids across mitochondrial membranes for 

energy production. Carnitine and its esters prevent excess accumulation of free fatty acids in 

the cytoplasm and acetyl-CoA in the mitochondria, while providing sufficient acetyl-CoA 

for energy generation in the mitochondria (38, 39). Scafidi et al. (40) have recently 

demonstrated that following systemic administration, the acetyl moiety of 13C-labeled 

ALCAR is metabolized for energy via the tricarboxylic acid (TCA) cycle in astrocytes and 

neurons within the forebrains of 21 to 22 d old rats. Furthermore, 13C from ALCAR was 

incorporated into γ-aminobutyric acid (GABA), glutamate (Glu) and glutamine (Gln), which 

are formed subsequent to TCA cycle metabolism (40). The study demonstrated that 

exogenously administered ALCAR is used by the developing brain for energy metabolism. 

ALCAR has been shown to have neuroprotective effects by its multifactorial mode of action 

(41) that includes protection against oxidative stress (42, 43), augmenting the energy status 

(44, 45), and influencing the activity of nerve growth factor (NGF) in the nervous system by 

enhancing the expression of NGF receptors in the striatum and hippocampus of rats during 

development (46). Carnitine levels can be low in infants (47) and administration of high 

levels of carnitine prior to injury was shown to be neuroprotective in the rat model of 

neonatal HI injury (48). Treatment with ALCAR after traumatic brain injury in immature 

rats significantly improved behavioral outcome and decreased lesion size (40, 49).

The present in vivo study aimed at evaluating the regional brain metabolism alterations in 

survivors of cerebral HI (induced aged 7 d) rats at 24 h, 72 h, 7 d, and 28 d following injury. 

Given the potential benefits of ALCAR, we also evaluated the effects of post-insult ALCAR 

treatment on the HI rats.

Methods

Animal procedure

A modified version of the Rice-Vannucci model (50) of HI was used to induce HI brain 

injury in Sprague-Dawley rats at postnatal day (PND) 7. Within 24 h of birth, litters were 

culled to 9 pups. All pups included in the study appeared healthy with milk bands at 24 h 

after birth. Litters were balanced by sex when possible (5:4) and weighed between 12.5–

15.5 g on the day of HI. Pups in this weight range were randomly assigned to one of three 

conditions: 1) untreated control group (Control, 6 male and 6 female) 2) HI (6 male and 6 

female) 3) HI+ALCAR (6 male and 6 female). Pups subjected to HI were anesthetized with 

isoflurane (3% for 1 min, maintained with 1.5%) and the right internal carotid artery was 

ligated in two places and severed. The average surgery time was 4.5 min. After surgery, all 

pups were maintained in a water bath at 37°C for 30 min to ensure body temperature does 

not drop while pups recover from anesthesia. Pups were then returned to the dam in a clean 

home cage for 1 h. During this time, the home cage was warmed from underneath using 

deltaphase isothermal pads (37°C) to prevent cooling of pups. Hypoxia was conducted in 

pre-warmed 450 ml glass jars (2 pups per jar) in a 37°C water bath as described in the Rice-

Vannucci method (50). Jars were sealed, flushed with warmed and humidified gas mix of 

8% oxygen in nitrogen at 1 L/min and placed in the 37°C water bath for 75 min. After 

hypoxia the pups recovered at 37°C in room air for 2 h prior to return to the dam. Control 
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pups were removed from the dam and warmed at the same intervals as pups subjected to HI. 

Acetyl-L-carnitine hydrochloride (Sigma-Aldrich Corporation, St Louis, MO, USA) was 

freshly diluted into 8.2 % sodium bicarbonate and the pH was confirmed to be 7–7.4 prior to 

administration. The HI+ALCAR pups were injected subcutaneously with 4 doses of 

ALCAR (100 mg/kg) immediately after HI, at 4 h, 24 h, and 48 h after HI. Saline was 

injected at the same time points to the HI and control groups. All animal procedures were 

approved by the Institutional Animal Care and Use Committee at the University of 

Maryland School of Medicine.

In vivo proton MRS experiments

In vivo proton MRS experiments were performed on a Bruker BioSpec 70/30USR Avance 

III 7T horizontal bore MR scanner (Bruker Biospin MRI GmbH, Germany) equipped with a 

BGA12S gradient system and interfaced to a Bruker Paravision 5.1 console. A Bruker four-

element proton surface coil array was used as the receiver and a Bruker 72-mm linear-

volume coil as the transmitter. The rat was anesthetized in an animal chamber using medical 

air (1 L/min) and isoflurane (2.5 – 3 %). The animal was then placed prone in an animal 

holder and the four-element proton surface coil array was positioned and fixed over the head 

of the animal. The animal holder was moved to the center of the magnet and the isoflurane 

level was changed to 2 %. The level of isoflurane was further adjusted based on changes in 

the respiration rate of each animal for the remainder of the experiment. A MR compatible 

small animal monitoring and gating system (SA Instruments, Inc., New York, USA) was 

used to monitor the animal respiration rate and body temperature. The animal body 

temperature was maintained at 36–37°C using warm water circulation and a cotton blanket 

on the back of the animal.

A three-slice (axial, mid-sagittal, and coronal) scout image using fast low angle shot 

(FLASH) sequence (51, 52) was obtained to center the rat’s brain in the imaging field of 

view. A fast shimming procedure (FASTMAP) was used to improve the B0 homogeneity in 

the region of interest (53). Both proton density- and T2-weighted images were obtained for 

anatomic reference using a two-dimensional rapid acquisition with relaxation enhancement 

(RARE) sequence covering the entire brain in the coronal plane (repetition time (TR) / echo 

time (TE) eff1/ TE eff2 = 5500/18.9/56.8 ms, RARE factor = 4, field of view = 25 × 25 mm2, 

slice thickness = 0.5 mm, in-plane resolution = 100 × 100 μm2, number of averages (NA) = 

2, number of slices = 20).

For proton MRS, adjustments of all first- and second-order shims over the voxel of interest 

were accomplished with the FASTMAP procedure. A custom modified short-echo-time 

PRESS (Point-RESolved Spectroscopy) pulse sequence (TR/TE = 2500/10 ms, NA = 300) 

(54) was used for MRS data acquisition from four fixed regions regardless of whether lesion 

was detected by MRI or not including the left and right cortex (1.5 (ventral – dorsal) × 3.5 

(left – right) × 3.0 (anterior – posterior) mm3), left and right hippocampus (2.0 (ventral – 

dorsal) × 3.5 (left – right) × 2.5 (anterior – posterior) mm3) (Fig. 1). The voxel location and 

size was decided on PND 8 during the experiment when the brain size was the smallest. 

Care was taken to incorporate most of the hippocampus into the voxel and minimize any 

extra-hippocampal tissue. The contamination of tissue from other regions of the brain was 
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further minimized at PND 10, 14 and 35 d. Visual inspection of the voxel at PND 8 shows 

less than 10 % contamination from extra hippocampal tissue and much less during latter 

days. The acquisition time for each voxel was 12 min. The unsuppressed water signal from 

each of the prescribed voxels was obtained to serve as a reference for determining the 

specific metabolite concentrations. Each rat pup was scanned at 4 time points after the end 

of the HI procedure: 24 h, 72 h, 7 d, and 28 d. Thus, the age of the pups at the time of the 

scans corresponded to 8 (PND 8), 10 (PND 10), 14 (PND 14) and 35 (PND 35) days, 

respectively. Among all the rat pups, one HI female rat and one HI+ALCAR male rat died 

during the last MRS acquisition on day 28 following injury. MRS data on the ipsilateral 

hippocampus from these two rats could not be obtained. In addition, two pups from the 

control group died during the 72 h spectrum acquisition and were replaced by two other 

peers.

Data analysis and statistics

Quantification of the MRS was based on frequency domain analysis using “Linear 

Combination of Model spectra” (LCModel) (55). A simulated basis set of model metabolites 

appropriate for our acquisition parameters was obtained from Stephen Provencher 

(LCMODEL Inc., Oakville, ON, Canada) (personal communication). Absolute 

concentrations were estimated with the LCModel automatic procedure which includes the 

relaxation corrections in the model spectra (56). All concentrations were expressed as mean 

± standard error of the mean (SE). Only those metabolites that passed the Cramer-Rao lower 

bound of 25% in more than 90 % of the spectra were considered for further analysis. Our 

choice of this threshold was based on previous studies that considered this as an acceptable 

threshold for reliably quantifying metabolites when studying the developing rat brain. (57, 

58). Statistical analyses were performed for each region of the brain for the three groups at 

each time point using a two-way repeated analysis of variance (ANOVA) with one factor, 

repetition, followed by post hoc Tukey’s test for multiple comparison corrections. 

Significance level was set at P<0.05. The following neurochemicals were observed: creatine 

(Cr), GABA, glucose (Glc), Gln, Glu, glycerophosphocholine (GPC), glutathione (GSH), 

myo-inositol (Ins), Lac, NAA, N-acetylaspartylglutamate (NAAG), phosphocholine (PCh), 

phosphocreatine (PCr), taurine (Tau), tCr = Cr+ PCr, tCho = GPC + PCh, and glutamate/

glutamine complex (Glx =Glu +Gln).

Results

Lesion Characteristics on T2-Weighted MRI

Structural T2-weighted images revealed hyperintensity lesions ipsilateral (Fig. 2) on 8 out of 

12 HI only pups and 7 out 12 HI+ALCAR pups at 24 h post injury (PND 8). The edema was 

accompanied with structural deformations in most animals. In some animals in HI only 

group the lesion extended to the surface of the contralateral cortex (Fig. 2a). The extent of 

edema and structural deformation was much smaller in HI+ALCAR group (Fig. 2b). By 72 

h, edema was clearly visible in the HI rats. Diffuse hyperintensity in the ipsilateral cortex 

and hippocampus, and tissue swelling accompanied by a midline shift toward the 

contralateral hemisphere was observed in HI rat pups (Fig. 2a). At 72 h the severity of injury 

was much less in HI+ALCAR group (Fig. 2b). Ipsilateral tissue swelling subsided by 7 d, 
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however, giving way to cortical thinning in HI group. Very little structural deformations 

were observed at 7 d in the HI+ALCAR rat pups. By 28 d, cysts with discrete boundaries 

were clearly visible in both ipsilateral cortex and hippocampus in the HI group, whereas the 

brains of the HI+ALCAR animals were largely normal.

Normal Developmental Changes

Significant differences in temporal changes were observed from the two-way repeated 

measures ANOVA analysis over the 28 d of observation (PND 8 to PND 35) for all 

metabolites except for tCr in the ipsilateral hippocampus in all the three animal groups. Tab. 

3 and 4 provide the statistical significances from the two-way ANOVA analysis for various 

metabolites from the hippocampus and the cortex, respectively. Trajectories of 

developmental changes for metabolites from the ipsilateral hippocampus and the ipsilateral 

cortex are shown in Fig. 3. Relatively similar developmental patterns were observed in the 

hippocampus and cortex for each of the metabolites; however there were subtle differences 

in the trajectory in cortex and hippocampus for some metabolites (e.g. NAA concentration 

increased more rapidly from PND 10 to PND 35 in cortex than in hippocampus,; Tau 

concentration decreased more rapidly for PND 8 to PND 10 in cortex than in hippocampus). 

The direction of change with age differed among metabolites studied. The concentration of 

GABA, Gln, Glu, and NAA increased with age from PND 8 to PND 35 (Fig. 3a, c). In 

contrast, the concentration of a number of metabolites decreased or remained constant from 

PND 8 to PND 35. Tau concentration decreased more than 3 fold from PND 8 to PND 35 d 

of age. (Fig. 3b, d). A dramatic reduction in GSH was observed at PND 10, and then the 

concentration stabilized at PND 14 to PND 35 (Fig. 3b, d). Ins and tCr concentrations in 

both the ipsilateral cortex and hippocampus decreased from PND 8 to PND 14, followed by 

an increase in concentration between PND 14 and PND 35 d (Fig. 3b, d). The tCho 

concentration in both the ipsilateral cortex and hippocampus remained relatively constant 

between PND 8 and PND 35 (Fig. 3b, d). There were no statistical significances in 

metabolites between the ipsilateral and contralateral cortex in control rats. However, the 

NAA level in control rats was significantly higher in the ipsilateral hippocampus (F [1, 33] 

=71.12, p < 0.001) compared to its contralateral side at PND 8 (p < 0.001), PND 10 (p < 

0.001), PND 14 (p < 0.05), and PND 35 (p < 0.001). NAA+NAAG showed a similar trend 

as NAA.

Metabolic changes in hippocampus and cortex following HI

Representative in vivo high resolution 1H MRS from the ipsilateral hippocampus from one 

HI rat at 24 h post injury or PND 8 (Fig. 4a), 72 h post injury or PND 10 (Fig. 4b), 7 d post 

injury or PND 14 (Fig. 4c), and 28 d post injury or PND 35 (Fig. 4d) are shown in Fig. 4. 

Most of the neurometabolites are clearly discernible. Among them, GABA, Gln, Glu, Ins, 

NAA, Tau, GSH, tCho, NAA+NAAG, tCr, and Glx typically passed the set CRLB threshold 

criteria. The concentrations of the metabolites in the ipsilateral and contralateral 

hippocampus (Tab. 1), and the ipsilateral and the contralateral cortex (Tab. 2) are 

summarized for each animal group at each time point after HI.

The most profound changes in metabolites after HI injury were detected in the ipsilateral 

hippocampus as shown in Tab. 3 and Fig. 5. Two-way repeated measures ANOVA revealed 
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significant interactions between group and time for a number of metabolites including GSH 

(F [6, 97] = 5.730, p < 0.001), Ins (F [6, 97] = 5.174, p < 0.001), Tau (F [6, 97] = 6.358, p < 

0.001), and tCr (F [6, 97] = 4.206, p < 0.001) (Tab. 3 and Fig. 5). Post hoc Tukey’s test 

revealed significant changes in GSH (p < 0.005), Ins (p < 0.002), Tau (p < 0.001), and tCr (p 

< 0.005) between the control and HI rat pups at 24 h following injury for these metabolites 

after correcting for multiple comparisons. Although, Tau (p < 0.001), GSH (p < 0.058), and 

Ins (p < 0.055) levels were either significantly lower or demonstrated a trend to lower values 

in HI+ALCAR rat pups compared to control animals, tCr was not statistically different 

between control and HI+ALCAR rat pups which may reflect the protective effects of 

ALCAR. There were no statistically significant interactions between groups and time after 

HI in the ipsilateral cortex, contralateral hippocampus, and contralateral cortex (Tab. 3 and 

4).

While reliable, the Vannucci model can lead to variability in the severity of injury (51). This 

may explain why detectable levels of Lac were not found in all animals. Data density plots 

of the level of Lac in the ipsilateral and contralateral regions of the hippocampus are shown 

in Fig. 6. When generating these plots a value of zero was assigned when LCModel was 

unable to quantify the metabolite. At 24 h after HI injury, 9 out of 12 HI animals had higher 

levels of Lac compared to the mean Lac level of the 12 control animals. In contrast, only 4 

out of 12 animals in HI+ALCAR group presented with Lac levels that were higher than that 

of the control group in the ipsilateral hippocampus. The high level of Lac combined with the 

tCr depletion in the HI rats clearly indicates impaired oxidative phosphorylation and a 

corresponding reliance on anaerobic glycolysis for energy generation within the ipsilateral 

hippocampus following HI injury. In addition, tCr levels remained relatively high (Fig. 5d) 

in the ipsilateral hippocampus in the ALCAR treated animals at 24 hour after HI injury, 

suggesting a possible protective effect on oxidative phosphorylation in the mitochondria. 

Increased glucose was observed in the MR spectra in the ipsilateral side of brain of some HI 

rats after injury; however, analysis of the Glc levels did not reveal any consistent differences 

under any conditions in this study.

Discussion

To our knowledge, this is the first study to characterize the longitudinal changes of 

neurometabolites in vivo in the developing hippocampus and the cortex of neonatal HI rats. 

In this study we observed the alteration of metabolic profiles in the hippocampus and the 

cortex over 28 d during the critical developmental period on a 7-days-old rat model of 

neonatal HI. The main alterations in metabolite concentration after HI occurred in the 

ipsilateral hippocampus of the HI rats where significant reductions in GSH, Ins, Tau, and tCr 

were observed at 24 h after HI. An imbalance in these metabolites during this important 

period of synaptogenesis and very early myelination has implications for important 

functions such as osmoregulation, oxidative stress, signal transduction, and neuromodulation 

that could have a profound impact on brain development. Our study also indicates that part 

of this disruption could be mitigated by treatment with ALCAR which may have a 

neuroprotective role through the maintenance of tCr and reduced levels of Lac thus 

stabilizing the neurometabolic profile in the ipsilateral hippocampus where the largest effect 

was observed in the HI+ALCAR rats at 24 h.

Xu et al. Page 7

Magn Reson Med. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Neurometabolic Profile of Developing Brain

This study largely corroborates previously published results regarding neurometabolites in 

the rat cortex and the hippocampus except for Ins. Tkác et al. (59) reported significant 

increases in Ins from PND 7 to PND 28 in both mid cortex and right hippocampus. While 

our results are largely in agreement over the 28 d of observation, we did find a decrease in 

Ins concentrations up to PND14 followed by an increase by PND35 in both the cortex and 

the hippocampus, It should be noted that the present study used room air with isoflurane for 

anesthesia to avoid further damage from hyperoxia; whereas, Tkac et al. (59) used isoflurane 

with equal parts of N2:O2 for anesthesia induction.

It is noted that NAA levels were distributed asymmetrically in the right and left 

hippocampus. NAA concentration was higher in the right hippocampus compared to its left 

side in the normal brain from PND 8 to PND 35. Brain asymmetry has been observed in 

animals and humans in terms of structure, function and behavior (60). Early studies of 

asymmetry in the cross-sectional width of the hippocampus reported that the right 

hippocampus was significantly thicker than the left hippocampus in the neonatal male rats 

by about 8% at PND 6 to PND 26 (61); the difference decreased with age (from PND 6 to 

PND 896) until the asymmetry was no longer statistically significant (at PND 90) (62). 

During early postnatal CNS development, NAA is an important source of acetyl moieties 

used for synthesis of myelin lipids in brain (63). Therefore, a right greater than left NAA 

asymmetry in the hippocampus may reflect a right greater than left neuronal growth during 

the period PND 8 to PND 35 and also was supported by a thicker right hippocampus found 

in previous studies (61, 62). It should be noted that NAA asymmetry may only exist during 

these transitional developmental stage (62).

Oxidative stress

The neonatal brain, with its high concentrations of unsaturated fatty acids, high rate of 

oxygen consumption, low concentrations of antioxidants, and presence of redox-active iron, 

is particularly vulnerable to oxidative damage (64). In the very immature brain, 

oligodendrocyte progenitor cells and preoligodendrocytes are selectively vulnerable to the 

depletion of antioxidants or exposure to exogenous free radicals (65). Mature 

oligodendrocytes, in contrast, are highly resistant to oxidative stress, owing in part to 

differences in the levels of expression of antioxidant enzymes and proteins involved in 

programmed cell death (65). Oxidative stress was hypothesized as the first response to the 

neonatal brain injury (66).

GSH is an important antioxidant for protecting cells from oxidative stress (67). The brain 

consumes a large quantity of oxygen, making it particularly susceptible to oxidative stress 

(68). Natural formation of oxidants during mitochondrial electron transport, auto-oxidation 

of some neurotransmitters (e.g. norepinephrine, dopamine), and initiation of events during 

hypoxia or ischemia can result in oxidant formation and subsequent tissue damage (69). 

Brain ischemia initiates a complex cascade of metabolic events, several of which involve the 

generation of nitrogen and oxygen free radicals (70). These free radicals and related reactive 

chemical species mediate much of the damage that occurs after transient brain ischemia, and 

in the penumbral region of infarcts caused by permanent ischemia (70). GSH deficiency 
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induced in newborn rats by application of an inhibitor of γ-glutamylcysteine synthetase, 

buthionine sulfoximine (BSO), leads to mitochondrial damage in brain (71). Furthermore, 

reduction of the brain GSH content by BSO enhances the toxic effects of insults that are 

associated with elevated production of reactive oxygen species, i.e., ischemia (72). The 

dramatic depletion of GSH in this study suggests a severe oxidative stress in ipsilateral 

hippocampus at 24 h after HI.

Tau is a ubiquitous sulfur-containing amino acid that has been proposed to be an antioxidant 

(73). It is present in high concentration in the immature brain and this concentration 

decreases with age (74, 75). Tau and GSH synthesis are tightly coupled, sharing the same 

precursor, cysteine (76, 77). Thus the decrease in both GSH and Tau at 24 h after HI may 

reflect a decrease in precursor cysteine levels. Tau depletion in ipsilateral hippocampus at 24 

h after HI found in this study could contribute to oxidative stress in the damaged 

hippocampus since Tau has been shown to be protective against glutamate-induced 

excitotoxicity through several identified mechanisms including interactions with Ca2+ or Cl− 

channels (78 – 81), and the N-Methyl-D-aspartate receptor (82).

Osmotic Stress

Brain edema was reported in HI PND 7 rats with high tissue water content in the ipsilateral 

cerebral hemisphere (89.7 % in HI vs. 87.7 % in control at 24 h post HI) (83) indicating 

osmotic stress. Astrocytes have been shown to rapidly swell in response to oxygen/glucose 

deprivation in vitro and to cardiac arrest in vivo revealed by two-photon microscopy (84). 

Tau (85–87) and Ins (88) are two of the major osmolytes present in the brain and are 

consider to be glial cell markers (89, 90). Extracellular Tau has been shown to increase in 

response to hypoosmotic swelling (91). Ins levels increased in the rodent brains during 

chronically hypernatremia (88, 92) and decreased in hyponatremia (92). Reduction of Tau 

and Ins at 24 h within the ipsilateral hippocampus suggests loss of water homeostasis and 

alterations in glial osmolytes following HI.

Impaired Energy Generation

Lac levels are higher in the neonatal brain compared to a mature rat brain and the signal is 

detectable using MRS (93). Lac is utilized as an energy substrate in developing brain (68, 

94). Seventy percent of the cerebral metabolic requirements are met by Lac in the immediate 

postnatal period and ketone bodies are important during the suckling period (68). At 

weaning glucose becomes the major energy source for brain (68, 93). Lac level was reported 

elevated in neonatal HI rats by in vivo proton MRS (35, 36) which is in agreement with our 

study. The elevated Lac in neonatal HI brains is likely related to greater anaerobic glycolysis 

for energy generation and less oxidative energy metabolism compared to the controls.

The Cr-PCr system is essential for the maintenance of cellular adenosine triphosphate, 

serving as a spatial and temporal energy buffer in cells with fluctuating energy demand (95). 

Synthesized in the liver and transported to the brain, Cr, according to in vitro studies, is 2 to 

4-fold more concentrated in glial cells than in neurons (96), with quite large regional 

variations, and with higher levels in gray than in white matter. Previous MRS studies have 

shown that Cr increases in human infants before and around term and also increases over the 
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first 2 years of age (97). In spiny mouse, a precocial rodent that matches the human perinatal 

development, the Cr content of the placenta and fetal brain increases from midgestation to 

term, and continues to increase in the second postnatal week in the brain (98). In the current 

study, the total level of Cr and PCr was reduced in the ipsilateral hippocampus at 24 h after 

HI injury compared to control animals, which may be indicative of impaired oxidative 

phosphorylation in the region. Taken together, the reduced levels of tCr and elevated Lac are 

suggestive of impaired energy balance in the ipsilateral hippocampus.

Neuroprotective Effects of ALCAR

HI rats treated with ALCAR maintained relatively high tCr and low Lac levels in the 

ipsilateral hippocampus compared to HI rats at 24 h post injury. These effects of ALCAR on 

levels of cerebral energy metabolites are consistent with the hypothesis that the acetyl 

component of ALCAR is metabolized in the brain, thereby promoting oxidative cerebral 

energy production and minimizing anaerobic glycolysis and lactic acidosis.

Many animal studies and clinical reports demonstrate neuroprotection of brain from injury 

by ALCAR. ALCAR has several proposed modes of action including acting as an energy 

substrate (99), preventing inflammation, compensating for impaired pyruvate dehydrogenase 

complex (PDHC) activity, and the ability to activate the Nrf2/antioxidant response element 

(ARE) pathway of anti-oxidant and anti-inflammatory gene expression (100). Post ischemic 

administration of ALCAR improved neurological outcome following global cerebral 

ischemia in a clinically relevant model of adult canine cardiac arrest (101). The improved 

outcome after global ischemia was associated with reduced brain Lac levels at 2 to 24 h of 

reperfusion, consistent with the hypothesis that ALCAR stimulates post ischemic cerebral 

aerobic energy metabolism and reduces tissue lactic acidosis caused by accelerated 

anaerobic glycolysis (101). ALCAR treatment has also been shown to reduce post ischemic 

oxidative damage to proteins (42), protects against loss of PDHC in adult brain (43), and 

suppressed systemic elevation of inflammatory cytokines (102). In the context of the 

overwhelming evidence from these earlier studies it is not surprising to find that GSH and 

Ins levels remain close to the control levels on the ALCAR treated animals following HI 

injury in the present study, consistent with the concept that ALCAR may be neuroprotective 

following HI injury.

In summary, this high resolution in vivo localized proton MRS study clearly demonstrated 

significant increases in oxidative and osmotic stress, impaired phosphorylation, and a 

preference for anaerobic glycolysis at 24 h following HI in the hippocampus. The results 

indicate that ALCAR provides neuroprotection if administered early after injury by serving 

as an energy substrate and promote oxidative cerebral energy producing and minimize 

anaerobic glycolysis.
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Fig. 1. 
Voxel location and sizes for the in vivo high resolution proton MRS in a rat brain. (a) Left 

(contralateral) and right (ipsilateral) cortex in the coronal view of the rat brain (3.5 × 1.5 

mm2; (b) Left (contralateral) and right (ipsilateral) hippocampus in the coronal view of the 

rat brain (3.5 × 2.0 mm2); (c) Left and right cortex in the axial view of the rat brain (3.5 × 

3.0 mm2); (d) Left and right hippocampus in the axial view of the rat brain (3.5 × 2.5 mm2).
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Fig. 2. 
T2-weighted MRI coronal views from a male HI (a) and a male HI+ALCAR (b) rat on 24 h 

(top row), 72 h (second row), 7 d (third row), and 28 d (bottom row) post HI injury. The 

white closed arrow shows a lesion extended to the surface of the contralateral cortex in the 

HI rat. The white two-head arrow indicates a cortical thinning. The white open arrow shows 

a cyst with discrete boundaries in the HI rat.
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Fig. 3. 
Metabolic changes during growth in the control group of the rat pups (mean ± SE, n=12). (a) 

and (b) The ipsilateral cortex; (c) and (d) The ipsilateral hippocampus.
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Fig. 4. 
In vivo proton MRS acquired in the ipsilateral hippocampus of a male HI rat (MRI changes 

shown in Fig. 2a) at 24 h, 72 h, 7 d, and 28 d post injury. All the spectra were scaled to the 

tCr concentrations measured by LCModel ([tCr]= 4.3 mM (24 h), 6.7 mM (72 h), 4.8 mM (7 

d), 6.2 mM (28 d). g-aminobutyric acid (GABA), glucose (Glc), glutamine (Gln), glutamate 

(Glu), glutathione (GSH), myo-inositol (Ins), lactate (Lac), N-acetylaspartate (NAA), taurine 

(Tau), total creatine (tCr), total choline (tCho), and glutamate/glutamine complex (Glx). All 

the spectra were scaled to the tCr concentrations.
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Fig. 5. 
Comparisons of the concentrations (mean ± SE mM) of Tau, Ins, GSH, and tCr among the 

three groups of rats (Control, HI, and HI+ALCAR, n=12 in each group) in the ipsilateral 

hippocampus at different time points. (a) Tau; (b) Ins; (c) GSH; (d) tCr. taurine (Tau), myo-

inositol (Ins), glutathione (GSH), and total creatine (tCr).
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Fig. 6. 
Lactate distribution maps (individual mark represents a single animal) (a) ipsilateral 

hippocampus; (b) contralateral hippocampus.
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