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Abstract (max 200 words: presently 200 words) 

Object 

High-Resolution Magic Angle Spinning (HRMAS) magnetic resonance spectroscopy 

provides detailed metabolomic information from intact tissue. However, long acquisition times 

and high rotation speed may lead to time-dependent spectral pattern changes, which may 

affect proper interpretation of results.   We report a strategy to minimize those changes, even 

at physiological recording temperature. 

Materials and methods 

Glioblastoma (Gbm) tumours were induced in 6 mice by stereotactic injection of GL261 

cells. Animals were sacrificed and tumours were removed, halved and stored in liquid N2. One 

aliquot from each sample was exposed to focused microwave (FMW) irradiation prior to 

HRMAS while the other half was not. Time-course experiments (374 min at 37oC, 9.4T, 3000 Hz 

spinning rate) were carried out to monitor spectral pattern changes. Differences were assessed 

with Unianova test while post-HRMAS histopathology analysis was performed to assess tissue 

integrity.  

Results 

Significant changes (up to 2-fold) were observed in samples without FMW irradiation in 

several spectral regions e.g. mobile lipids/lactate (0.90-1.30ppm), acetate (1.90ppm), N-acetyl 

aspartate (2.00ppm), and Choline-containing compounds (3.19-3.25ppm). No significant 

changes in the spectral pattern of FMW-irradiated samples were recorded. 

Conclusion 

We describe here a successful strategy to minimize spectral pattern changes in mouse 

Gbm samples using a FMW irradiation system.  

Keywords 

Biopsy – Glioma – Metabolomics – NMR  
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Abbreviation List 

 

Ac – Acetate 

Ala - Alanine 

Asp - Aspartate 

Cho – Choline 

ChCCp – Choline-containing compounds 

Gly – Glycine 

Glu - Glutamine 

GPCho – Glycerophosphocholine 

FMW – Focused Microwave 

HRMAS - High-resolution magic angle spinning 

ML – Mobile Lipids 

MRS – Magnetic Resonance Spectroscopy  

NAA – N-Acetyl Aspartate 

Lac – Lactate 

PCho – Phosphocholine 

PtdCho – Phosphatidylcholine 
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Introduction 

Ex vivo High-Resolution Magic Angle Spinning (HRMAS) proton (1H) Nuclear Magnetic 

Resonance (NMR) spectroscopy has become an extremely versatile tool to study 

heterogeneous biological systems [1-11], being increasingly used to examine tissue 

biochemistry in a non-destructive way. HRMAS allows high-resolution spectra to be obtained 

directly from biopsy tissue and to determine and even quantify, its metabolome without losing 

information from lipids and macromolecules, which may be lost upon prior extraction.  One of 

the relevant applications of HRMAS is the analysis of the metabolic profile of human brain 

tumour samples [2,8,9,10,12,13-16]. In this sense, the ability of evaluating the whole sample 

metabolome contributes to correlate better in vivo and ex vivo spectra of human brain 

tumours [17-19] and gives important information to improve the potential of in vivo 1H NMR 

spectroscopy as a noninvasive diagnostic tool. 

However, the biochemical profile obtained by HRMAS may be affected by experimental 

factors such as the period of ischemia before snap-freezing of the biopsy tissue for subsequent 

analysis, the mechanical stress of the spinning procedure of HRMAS itself [8,10], the storage of 

the sample [20-22], and the temperature of acquisition [20-22]. To minimize biochemical 

changes during the NMR acquisition time, most HRMAS studies are performed at about 2-4o C, 

with samples initially kept in sub-zero storage before HRMAS acquisition, but biological 

processes, e.g. enzymatic reactions, do not stop even at temperatures close to 0o C. In 

addition, long acquisition times may be required if 2D experiments have to be carried out 

during the study [23,24,11]. On the other hand, higher and more physiologic temperatures 

seem to allow better detection of resonances from mobile lipids (ML) and Choline-containing 

compounds (ChCCp) [16]. This can be of interest because it has been shown that these 

resonances may act as cell proliferation markers in cellular models [25-27], as well as in brain 

tumour tissue [28] and cervical tumours [29]. These metabolites have also proven to be 

relevant in pattern recognition studies using the HRMAS spectral vectors as in[24].  Then, on 

one hand, we may want to record HRMAS at 37oC and for long periods of time to improve 
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information content of the recorded pattern while, on the other hand, it is important that the 

spectral features observed are reliable avoiding excessive change due to postmortem 

metabolism, which may increase unwanted “noise” possibly blurring initial HRMAS pattern 

differences.  

There have been few studies specifically designed to assess the biochemical changes, that 

may occur as a result of different sample-handling strategies and experimental delays (as in 

[20,8,10]). In our case, we propose a new sample preservation strategy to reduce changes in 

spectral patterns of tissue biopsies due to experimental factors during data acquisition. A 

study with murine glioma samples has been designed in order to investigate that. 

Focused microwave irradiation (FMW) is a widely used method to arrest metabolic 

processes and, consequently, preserve the metabolome of samples or tissues. The use of this 

method which rapidly heats the brain to 82-85⁰C in milliseconds, causing the inactivation of 

enzyme activity, has been previously described by other authors [30-38] . For example, authors 

in [35] indicated that the FMW rapidly inactivate enzymes and prevents post mortem 

breakdown of adenine nucleotides and adenosine, thereby enabling accurate measurements 

of AMP, ADP, ATP and adenosine [33] and glycogen [37] from rat brain. Additionally, authors in  

[38] demonstrated that FMW did allow HRMAS analysis of rat brain tissue after sacrifice and 

quantification of 13C enrichment in selected metabolites with resolution comparable to the 

hydrosoluble extract data. Finally, FMW has also been used as a sacrifice method to quantify 

glucose content in GL261 tumours after HRMAS analysis of dissected tumour or peritumoral 

sections of mice brain [36]. The previously mentioned authors have used the FMW irradiation 

to euthanize animals and to preserve the metabolomic pattern of the in vivo animal brain or 

brain tumour. This is a good approach for preclinical brain tumour models, but for obvious 

reasons it is not feasible for human brain tumours. In this sense, we have designed an 

intermediate approach, which takes into account the usual conditions of human brain biopsies 

collection and storage. We hypothesized that performing the FMW irradiation while the biopsy 

is still frozen and prior to proceeding with the HRMAS acquisition, should preserve the sample 
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metabolome and avoid further changes due to long acquisition times at physiological 

temperatures or due to high spinning rates.  

Additionally, in order to evaluate possible tissue integrity changes, some samples have 

been analyzed by post-HRMAS histopathology. 

 

Materials and methods 

Animals and cells 

A total of 6 C57BL/6 mice were used in this study. These were obtained from Charles River 

Laboratories (France) and housed at the animal facility of our institution (Servei d’Estabulari, 

Universitat Autònoma de Barcelona). All animal studies were approved by the local ethics 

committee, according to the regional and state legislation (protocol DARP-4600/CEEAH-530). 

GL261 mouse glioma cells were obtained from the Tumor Bank Repository at the National 

Cancer Institute (Frederick/MD, USA) and were grown as described in [39]. 

Brain Tumours  

Tumours were induced in mice by intracranial stereotactic injection of 105 GL261 cells in 

the caudate nucleus, essentially as described previously [39].  

Tissue sample collection and preparation  

Tumour-bearing animals were sacrificed with an intraperitoneal injection of pentobarbital 

(50mg/kg, 60mg/ml). The tumour was removed and frozen in liquid N2 immediately (5 ±1min). 

Tumour samples (n=3) were split into two visually equal parts, setting two sample groups (with 

FMW and without FMW, N-FMW) with n=3 in each one, and stored in liquid N2 until further 

analysis. 

FMW Irradiation of tissue samples 

Each sample of the FMW irradiation group (n=3) was allowed to increase in temperature in 

a Petri dish, while the temperature of the sample was controlled with a temperature probe 

(TES Electrical Electronic Corp). When the sample temperature reached 0⁰C, it was placed 

inside a cryogenic tube in a mouse accessory for FMW irradiation (Water-Jacketed mouse 
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holder, Muromachi, Kikai Co., LTD.) and it was FMW-irradiated (5kW during 2.6s, due to the 

low temperature of the sample). The cryogenic tube should not be capped too tightly to allow 

for a possible water vapor generated to escape. It is very important to ensure that the sample 

is in the exact position required (placed at the bottom of the cryogenic tube), because the 

focused microwave is directed and optimized for the animal size (mouse or rat) accessory in 

order to concentrate in the animal brain.  After irradiation, the sample was recovered with 

spatula and transferred to the HRMAS rotor as described in the HRMAS 1H Spectroscopy 

section. 

HRMAS 1H Spectroscopy 

Rotor Preparation: Frozen tumour tissue samples (11.28 ± 5.3mg) either irradiated (group 

FMW) or non irradiated (group N-FMW), were split in small pieces to fit into the zirconium 

rotor with a 50 μl cylindrical insert (Cortecnet, France). Pre-cooled D2O-saline (0.15 M NaCl) 

was added (10.0±5.0 μl) into the rotor to allow for the lock signal detection. 

The HRMAS experiments were carried out in a Bruker Advance III spectrometer operating 

at 9.4T (400MHz for 1H) (Servei de Ressonància Magnètica Nuclear- Universitat Autònoma de 

Barcelona) using the pulse-and-acquire sequence with water presaturation during 2s at 

0.042mW. The sweep width was 10ppm (4000Hz), and 16k points (8k real) were acquired. The 

number of transients was 512 (34min) and acquisition time was 2.04s (total recycling time: 

4.04s) and the spinning rate was 3000Hz.  

Time-course experiments (374 min total time, 6.2h) were performed to monitor the 

spectral pattern changes. A total of 11 spectra were acquired at 37o C actual rotor temperature 

while spinning at 3000 Hz, simulating the physiological temperature conditions. An additional 

time-course experiment was carried out (34 min total time) to investigate possible changes 

taking place during the initial 34 minutes period. Spectra were recorded every 2 minutes, with 

the same acquisition parameters as described before, except that the number of transients 

was 2. In both time course experiments, the temperature calibration was previously carried 

out using  a rotor filled with ethylenglycol as described in [40]. 
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Data processing 

Spectra were processed with TopSpin 1.3 (Bruker Daltonik, Gmbh). Prior to Fourier 

transform, 0.5Hz line broadening was applied. The chemical shift calibration was carried out 

setting the total creatine singlet at 3.03 ppm, the spectra were phased and the vertical 

baseline offset corrected.  

The normalization of the spectral data vectors in ASCII format was carried out using home-

made scripts in the R statistical programming language [41]. The unit-length normalization was 

applied for the region between 0.5 - 4.5 ppm of each spectrum according to equation 1 as in 

[16] and the peak intensities at selected frequencies (X) were used as input for further 

statistical analyses. The initial intensity of the resonances of interest was set to 100% and the 

variation was calculated as a fraction of the initial intensity. 
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 = Normalized intensity            Eq.  [1] 

 

Statistical analysis 

The Unianova test was performed using the statistics toolbox of SPSS for Windows 

software, version 17 (SPSS, Chicago, IL, USA) to evaluate the existence of statistically significant 

differences. A General Lineal Model (GLM) was applied in order to determine whether certain 

chosen signal normalized intensity was globally different along time-course experiments in 

FMW and N-FMW samples. The significance level was set at p<0.05. 

Post HRMAS histopathology 

After HRMAS analysis, all tissue samples were fixed in 4% buffered formaldehyde during 6-

24h, and fixed samples were routinely included in paraffin; slices of 4µm were obtained from 

each sample and were stained with haematoxylin-eosin. These samples were evaluated by a 
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neuropathologist from (MP) the Murine Pathology Unit of the CBATEG (Centre de 

Biotecnologia Animal i Teràpia Gènica, Universitat Autònoma de Barcelona).  

 

Results 

Typical pattern and tentative assignments of major resonances 

A typical HRMAS spectrum of the high field part of one GL261 mouse glioma tissue sample 

is shown in Fig. 1. Tentative assignments were carried out according to [11,42]. As expected 

from previous work  [36,39], GL261 Gbm tumour tissue, even after short post mortem 

ischemia, shows high lactate (Lac) and alanine (Ala) content,  and also high choline-containing 

compounds (ChCCp), whereas N-acetyl aspartate (NAA) is very low.  

HRMAS spectral pattern changes during incubation time at 37oC  

Significant changes were detected in the spectral pattern of samples without FMW 

irradiation with increasing incubation time, while FMW irradiated samples showed no visually 

detectable change in the HRMAS spectral pattern (Figures 2 and 3). The most significant 

changes in normalized intensity of resonances (table 1) takes place in the 3.19 ppm resonance 

(the trymethylamine group of free choline (Cho)) that increases 2-fold in time course 

experiments and in the 3.21 ppm resonance of phosphocholine (PCho) which increases by 

45%. No equivalent increase seems to take place in glycerophosphocholine (GPCho) at 3.23 

ppm, which in fact decreases down to 80%  of its initial value. Visually (figure 2, bottom), the 

Ptdcho + glycerophosphocholine (GPCho) variation does not seem to account for the Cho + 

PCho increase. Accordingly, this would suggest that the increase in free Cho and PCho 

originates from the postmortem activity of phospholipases and phosphatases [43,44] acting on  

phospholipids at cellular membranes of an HRMAS-invisible ChCCp pool. This pool cannot be 

the already HRMAS visible PtdCho pool originating the resonance at 3.25 ppm, which does not 

decrease in apparent intensity. In addition, the representative GL261 sample spectra (figure 2) 

show significant differences in acetate (Ac) intensity at 1.90 ppm, which shows 2-fold increase. 

The concomitant reduction of the NAA (table 1) suggests that the increase in Ac and visible Asp 
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(at about 2.62–2.82 ppm) should at least be partially linked to the NAA degradation. On the 

other hand, surprisingly, no significant changes were detected in the Lac region, demonstrating 

that the high intensity of the Lac resonance is caused by the ischemia time post-sacrifice 

(about 5min) and prior to freezing the sample in liquid nitrogen, or already present in the in 

vivo tumour. These results agree with previous data from our group on HRMAS and MRS of 

GL261 tumours [36,39], which used a FMW sacrifice method prior to HRMAS analysis and for 

which an in vivo Lac content of 7.9 ± 1.8 µmol/g water was detected in the investigated mice. 

A further aspect to consider is the intrinsic variability of the GL261 tumour pattern, as can be 

seen in figure 2, the initial intensity for Lac, ML or ChCCp was clearly different for different 

tumour aliquots. This heterogeneity of GL261 tumours has already been described [39].  

The statistical evaluation of time course curves, carried out with the Unianova method, 

shows that normalized intensities of selected signals (Ac, ChCCp) presented a significantly (p = 

<0.001) different behavior between FMW and N-FMW irradiated samples.  The results 

obtained with the comparison between samples from different groups along the acquisition 

time are shown in table 1.  On the other hand, changes showed tendency for significance for 

ML (1.30ppm) and NAA. No significant changes were detected in the downfield region of the 

spectrum (results not shown).  

Post HRMAS histopathology 

Tissue samples after FMW irradiation plus 374min of HRMAS analysis (FMW group) and 

after HRMAS analysis alone (N-FMW group) were analyzed by histopathological techniques. 

The referring pathologist (MP) was asked to evaluate the presence/absence of tumour cells, 

their overall morphology and if a tumour diagnosis would be confirmed even with possible 

changes caused by FMW irradiation or spinning rates. All evaluated (n=6) samples could be 

perfectly recognized as high grade glial tumour (fig.4), although some artifactual morphology 

and pyknotic nuclei were detected in some samples, maybe due to both FMW irradiation and 

high spinning rates [12,45].  
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Discussion 

Most recent HRMAS work was performed at 0o – 4o C and using short total acquisition 

times to reduce the risk of tissue degradation. Furthermore, freezing and thawing cycles are 

likely to cause unpredictable amounts of cell damage and lysis [22]. On the other hand, the use 

of higher physiological temperature has been proved to help in a better detection of 

macromolecules, ML and ChCCp signals in brain tissue samples [1, 16].    

The present study shows that the use of FMW irradiation in frozen biopsy/tumour samples 

is able to stabilize the HRMAS spectral pattern and avoid changes due to further post-mortem 

metabolism, even when acquiring spectra at normal body temperature. The main early 

spectral pattern changes observed in tissue samples are usually related to anaerobic glycolysis 

activation, for example, a marked increase of lactate [46,47]. 

Among the main spectral pattern changes detected in this study, there is an increase of 

about 2-fold of the Ac signal at 1.90ppm in non-FMW irradiated samples along the 374min 

time course, whereas in FMW irradiated samples no significant changes were detected.  In this 

sense, authors in [1] performed HRMAS studies on the degradation of human and monkey 

brain at 20⁰C and their results pointed that the increase in Ac was mostly due to the 

degradation of NAA, although Ac may also be produced by other neurochemical degradation 

processes. The changes in the spectral pattern observed by these authors were markedly 

reduced when the experimental temperature was changed from 20°C to 2°C which is also in 

agreement with results reported by authors in [8]. Moreover, considering the individual values 

obtained at the start and at the end of our experiments, the decrease in the NAA signal is 

qualitatively equivalent to the increase in the Ac signal, which seems to agree with the 

production of Ac being closely related in our case with the NAA degradation. A decrease of 

NAA with time in halothane-euthanized rats was also described in [47], and this decrease was 

prevented by prior FMW sacrifice of the animal.  

The changes observed in ChCCp signals are in full agreement with results reported by 

authors in [8]. A marked increase was observed for Cho and PCho signals in their work (around 
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1.5 fold between 0 and 0.5h) which remained essentially unchanged along the 4h time period 

studied at 4o C, in qualitative agreement with results presented in our work. Regarding to the 

GPCho signal, we have detected a decrease in this compound along the acquisition time in N-

FMW irradiated samples. In FMW-irradiated samples, the Cho signal shows minor non-

significant increases, around 11%, while PCho and PtdCho signals remain essentially 

unchanged. We should take into account that the spinning rate used in our experiments, in 

addition to the long acquisition time, could increase the observability of the ChCCp possibly 

through the action of phospholipases and other enzymes upon biological membranes. These 

plasma membrane phospholipids would constitute an NMR invisible pool even at the HRMAS 

conditions used here, and be different then from the HRMAS-visible PtdCho pool that does 

barely change when free Cho and PCho increase in N-FMW biopsies.   

In this study we mainly focused on analyzing spectral features that had been reported to 

change along the acquisition time when acquiring spectra at physiological temperatures [16]. 

Nevertheless, we have also evaluated whether other significant changes may occur for 

example due to freezing and thawing samples with and without FMW irradiation, e.g.  in the 

content of Ala, Glu and Gly [48,12]. Authors in  [12] have also suggested that Gly could be at a 

higher ‘NMR visible’ concentration when analyzing a sample with HRMAS techniques and the 

source of this “extra” Gly could be due either to the post-mortem metabolism or to  the 

release of a ‘bound’ species because of the sample damage that can occur in the HRMAS 

experiment, resulting from  the time required to acquire quantitative 1D spectra with long 

HRMAS protocols (2.5hr).  In our case we should rule out the storage time as the source of 

changes in the Gly pattern, because no difference was detected among FMW and non-FMW 

treated samples.   

The stabilization of the spectral pattern achieved with this method could have relevance 

for pattern recognition studies [16,24]. Authors in [24] have performed pattern recognition 

using HRMAS spectral features to distinguish tumour/tissue types  (normal, high-grade 

tumours, low-grade tumours) and subtypes (glioblastoma, anaplastic astrocytoma, 
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meningioma, schwannoma, pylocytic astrocytoma and metastasis) and some of the selected 

features relevant to their tumour discrimination overlap with features studied in our work (ML, 

NAA, ChCCp).  

Regarding histopathological analysis, previous studies have shown that samples could be 

analyzed by histopathology after HRMAS studies [45,12,16]. Authors in [45] pointed that this 

post-HRMAS analysis of GBM samples sometimes shows a non-negligible lack of characteristic 

malignant and necrotic histopathological features, so maybe regions of necrosis could be 

compressed by the high sample spinning rate. We did not observe such a morphological 

change in our study, and further investigation is needed in order to determine whether FMW 

irradiation would be even useful for preserving the architecture of the tissue, in addition to 

avoiding spectral pattern changes due to post-mortem metabolism.  

In summary, the postmortem metabolic changes observed in our N-FMW biopsy samples 

are in agreement with results reported by other authors, being expected when working at 

physiological temperatures and long acquisition times. On the other hand, the lack of 

significant changes in the HRMAS pattern achieved in FMW samples should be advantageous 

for reducing the “noise” introduced by post-mortem metabolism in the recorded spectra. This 

may facilitate future metabolomic work in biopsies, especially when requiring long acquisition 

times, both for preclinical and for human brain tumour biopsies.  

 

Conclusions 

We have developed an experimental strategy to preserve the HRMAS spectral pattern of 

frozen tissue biopsies using prior FMW irradiation. No significant spectral pattern changes 

have been observed even after 374 min of acquisition at 37oC, in comparison with N-FMW 

samples. This method will be useful to ensure that sample pattern will remain stable in long 

HRMAS data acquisitions (e.g. 2D experiments). Besides, the histopathology analysis of the 

investigated samples may still be performed after FMW irradiation and HRMAS acquisition. 



VersionFinal, 12/07/2011 

14 
 

This metabolome fixation method could be applied in the future to human brain tumour 

biopsies collected to carry out metabolomic and pattern recognition analysis of data.  
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Table 

Chemical shift 

(ppm) 

Fold change 

FMW  

Fold change 

N-FMW  

Metabolite p-value 

0.90 1.0±0.02 1.0±0.04 ML 0.556 

1.30 1.0±0.04 1.0±0.01 ML 0.051 

1.90 1.1±0.06 2.0±0.26 Ac <0.001 

2.02 0.8±0.24 0.5±0.07 NAA 0.061 

2.62 – 2.82 1.1±0.12 1.4±0.11 Asp 0.303 

3.19 1.1±0.10 2.1±0.15 Cho (choline) <0.001 

3.21 1.1±0.08 1.4±0.12 PCho (phosphocholine) <0.001 

3.23 1.0±0.01 0.8±0.02 GPCho 

(glycerophosphocholine) 

0.035 

3.25 1.0±0.01 1.1±0.08 PtdCho 

(phosphatidylcholine) 

0.001 

Table 1. Results from the Unianova test carried out to compare the significance for the 

variation along the time-course experiment for selected signal intensities from the HRMAS 

spectral pattern, comparing FMW and N-FMW time-course curves.  
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     Figure 4  
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Figure legends 

Figure 1. HRMAS spectral pattern of a N-FMW GL261 glioma tissue sample between 0.5 

and 4.5 ppm, acquired at 37o C with 512 transients and pulse-and-acquire sequence and the 

tentative assignments of the major resonances according to [11,42].  Mobile lipids (ML), 

lactate (Lac), alanine (Ala), acetate (Ac), N-acetil aspartate (NAA), aspartate (Asp),  glutamate + 

glutamine (Glx), creatine (Cr), Choline-containing compounds (ChCCp), phosphatidylcholne 

(PtdCho), taurine (Tau), myo-inositol (mI) and glycine (Gly). 

Figure 2. HRMAS spectra from GL261 mouse glioma samples with FMW irradiation 

(bottom) and a different one without FMW irradiation (top). Red (top) and blue (bottom) 

spectra correspond to the first acquisition (t = 34min) and black spectra correspond to the last 

acquisition (t = 374min). Stars label signals (the ppm position at the peak maxima is given) with 

statistically significant changes between the first and the last spectra in non-irradiated 

samples, detected during time-course experiments. Insert shows an expanded view of the 

3.18-3.26 ppm region. No significant change took place in FMW-irradiated samples. Please 

note that top and bottom spectra originate from different tumours. 

Figure 3. Time-course curves for resonances showing the most significant changes with 

incubation time displaying the average ± SD values measured in different samples (n=3). The 

square symbols correspond to samples with FMW irradiation, whereas diamond symbols 

correspond to samples without FMW irradiation.  Plots refer to the percentage of change for 

the intensity of selected signals from HRMAS spectra from each starting time point for spectra. 

During the 34min short acquisition incubation time experiment only 3 of the acquired spectra, 

at 2, 16 and 34min, are shown for clarity.  

Figure 4. Post-HRMAS 4µm histopathological slide of GL261 glioma tissue samples stained 

with haematoxylin-eosin (40X magnification) a) N-FMW irradiated sample, b) FMW irradiated 

sample. In both slides, the histopathological analysis could detect tumoral cells with 

characteristic abnormal morphology, although some artifact as pyknotic nuclei, condensed 

chromatin and shrunk cytoplasm are also present. 
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