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In vivo and ex vivo magnetic resonance spectroscopy of the
infarct and the subventricular zone in experimental stroke
Elena Jiménez-Xarrié1, Myriam Davila2,3,4, Sara Gil-Perotín5,6, Andrés Jurado-Rodríguez5, Ana Paula Candiota4,2,3,
Raquel Delgado-Mederos1, Silvia Lope-Piedrafita7,4, José Manuel García-Verdugo5,6, Carles Arús2,3,4 and Joan Martí-Fàbregas1

Ex vivo high-resolution magic-angle spinning (HRMAS) provides metabolic information with higher sensitivity and spectral
resolution than in vivo magnetic resonance spectroscopy (MRS). Therefore, we used both techniques to better characterize the
metabolic pattern of the infarct and the neural progenitor cells (NPCs) in the ipsilateral subventricular zone (SVZi). Ischemic stroke
rats were divided into three groups: G0 (non-stroke controls, n= 6), G1 (day 1 after stroke, n= 6), and G7 (days 6 to 8 after stroke,
n= 12). All the rats underwent MRS. Three rats per group were analyzed by HRMAS. The remaining rats were used for
immunohistochemical studies. In the infarct, both techniques detected significant metabolic changes. The most relevant change
was in mobile lipids (2.80 ppm) in the G7 group (a 5.53- and a 3.95-fold increase by MRS and HRMAS, respectively). In the SVZi, MRS
did not detect any significant metabolic change. However, HRMAS detected a 2.70-fold increase in lactate and a 0.68-fold decrease
in N-acetylaspartate in the G1 group. None of the metabolites correlated with the 1.37-fold increase in NPCs detected by
immunohistochemistry in the G7 group. In conclusion, HRMAS improves the metabolic characterization of the brain in experimental
ischemic stroke. However, none of the metabolites qualifies as a surrogate biomarker of NPCs.
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INTRODUCTION
Ischemic stroke changes the metabolic pattern in the territory
irrigated by the occluded artery (infarct area) and in other regions
such as the ipsilateral subventricular zone (SVZi) where neural
progenitor cells (NPCs) proliferation is enhanced in the mamma-
lian1 and human2 brains.
In vivo magnetic resonance spectroscopy (MRS) is used

commonly to assess the metabolic pattern either in the clinical
or preclinical studies of stroke. For example, an increase in lactate
(Lac; 1.30 ppm) related to anerobic metabolism and a decrease in
N-acetylaspartate (NAA; 2.02 ppm) related to neuronal dysfunction
are found consistently in the infarct area.3–5

Regarding NPCs proliferation, a resonance at 1.28 ppm was
described as an in vivo MRS biomarker of NPCs in the hippo-
campus of rats and humans.6 However, many authors disagree
with this interpretation7–11 as this resonance has been found in
different cell types and during different developmental stages.12

The 1.28 ppm resonance corresponds to mobile lipids (MLs).
Mobile lipid resonances arise from fatty acyl chains of neutral
lipids from cytosolic droplets in the cells.13 Different functional
groups of MLs give rise to resonances in the proton spectra: ML1
(methyl of fatty acids, 0.90 ppm) and ML2 (methylene of fatty

acids, 1.28 ppm), which are related to cell proliferation14 and ML3
(bis-alyllic protons of polyunsaturated fatty acids, 2.80 ppm),
which is related to cell apoptosis.15,16

Therefore, although a specific metabolic pattern of NPCs may
be detectable by in vivo MRS, there are two main limitations. First,
a very low number of NPCs might not be detectable. Second,
in vivo MRS has limited spectral resolution. For example, it is
unable to differentiate between Lac and ML2 resonances that
overlap at short echo time, without additional post-processing of
the spectral pattern.3,4,17,18

To overcome these limitations, we used an experimental stroke
model with a big infarct volume to increase the number of NPCs,
because maximum proliferation occurs around day 7 after stroke.
We analyzed the subventricular zones (SVZs) instead of the
hippocampus because it is the major NPCs reservoir in the brain.19

We used ex vivo high-resolution magic-angle spinning (HRMAS)
spectroscopy to achieve more spectral resolution than with
in vivo MRS.
High-resolution magic-angle spinning allows the analysis of

tissue samples. By spinning the sample at the magic angle (54.7º),
line broadening effects because of dipolar interactions are
removed resulting in high-resolution quality spectra.20
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Nonetheless, in ex vivo HRMAS, postmortem metabolic changes
could affect the final metabolic pattern. These changes in animal
models can be avoided using focused microwave irradiation
(FMW) for euthanasia. This device delivers pulsed microwaves that
rapidly elevate brain temperature to 80 to 90 °C leading to an
irreversible inactivation of enzymes causing metabolism arrest.21

However, to our knowledge, there are no studies using this
methodology in experimental stroke.
The aim of this study was to perform in vivo MRS and com-

plementary ex vivo HRMAS with prior FMW irradiation to demon-
strate that this method is useful in stroke experimental studies to
better characterize the metabolic changes in the infarct area and
the SVZi.

MATERIALS AND METHODS
Animal Preparation
Animal use was approved by the Animal Care Committee of the Universitat
Autònoma de Barcelona and was conducted in compliance with the
Spanish legislation (Departament de Medi Ambient i Habitatge (DMAH)
registry numbers 5620 and 5596) and in accordance with the Directives of
the European Union. A total of 24 male Sprague–Dawley rats (Charles River
Laboratories, L'Arbresle, France) of approximately 10 weeks of age
weighing 301± 33 g were used. Eighteen rats were subjected to transient
middle cerebral artery (MCA) occlusion. For the generation of the stroke
model, rats were anesthetized in an induction box at 4% isofluorane
(IsoVet, Braun VetCare, Spain) in O2. During surgery, general anesthesia was
maintained with 2% isofluorane (IsoVet) in O2 via a face mask. The
temperature was monitored by a rectal thermometer (TES-1307 Datalog-
ging K/J Thermometer, TES Electrical Electronic Corporation, Taiwan) and
maintained at 37 ± 0.5 °C with a heating pad. The MCA was occluded with a
4/0 nylon intraluminal filament (Ethicon blue nylon 4/0, Sangüesa, Spain)
ended with a rounded tip.22 The filament was inserted to occlude the
entrance of the right MCA during 90 minutes. After this period, the
filament was withdrawn. The surgery was performed under a microscope
(Leica MZ9.5, Leica Microsystems, Wetzlar, Germany) equipped with an
halogen reflector lamp (KL1500 LCD, Leica Microsystems).
When the surgery was finished, analgesia (Metacam, Boheringer

Inghelm GmbH, Inghelm, Germany, 1.0 mg/kg body weight) was admini-
stered subcutaneously. After recovery from anesthesia, the rats were
housed at 25 ± 1 °C and were kept on a 12/12 hours light/darkness cycle
with ad libitum access to food and water. Only two rats were discarded
because of mortality during the reperfusion period.
The study was designed to achieve a high number of cells in the SVZi

around day 7 after stroke. The animals were divided in groups according to
different time points after stroke: non-stroke controls (G0) (n= 6), day 1
after stroke (G1) (n=6), and days 6 to 8 after stroke (G7) (n= 12).

In Vivo Magnetic Resonance Studies
In vivo magnetic resonance (MR) studies were carried out at the joint
nuclear magnetic resonance facility of the Universitat Autònoma de
Barcelona and Centro de Investigación Biomédica en Red—Bioingeniería,
Biomateriales y Nanomedicina (CIBER-BBN) (Cerdanyola del Vallès, Spain) in
a 7 Tesla horizontal magnet (BioSpec 70/30, Bruker BioSpin, Ettlingen
Germany) equipped with actively shielded gradients (B-GA12 gradient coil
inserted into a B-GA20S gradient system). For signal reception, a rat brain-
phased array coil was used actively decoupled from a 72mm inner
diameter volume resonator. During exploration, the rats were anesthetized
with 1% to 2% isofluorane (IsoVet), and breathing and temperature were
constantly monitored (SA Instruments, New York, NY, USA).
Diffusion tensor imaging and three-dimensional time-of-flight angio-

graphy were performed in rats during the occlusion period, to ensure
adequate ischemia in the infarct area.
Diffusion tensor imaging was carried out using a spin-echo four-shot

echo-planar readout sequence approximately at 30 minutes after occlu-
sion, when changes in diffusion are already visible.23 Diffusion weighted
images were acquired along 12 diffusion directions and two diffusion
weightings (b=0 seconds/mm2 and b=1,000 seconds/mm2). The acquisi-
tion parameters were: repetition time/effective echo time (TR/TEeff) = 3,100
/30ms, diffusion gradient duration= 4 milliseconds, diffusion gradient
separation= 16 milliseconds, matrix size = 128× 128 (250× 250 μm/pixel);
field of view= 32× 32mm, number of slices = 12, total acquisition time

(TAT) = 3 minutes and 30 seconds. Maps of the apparent diffusion coeffi-
cient were derived using Paravision 5.0 (Bruker BioSpin).
Three-dimensional time-of-flight angiography was acquired using a Fast

Low-Angle Shot sequence. The acquisition parameters were: field of
view=32× 32 × 32mm, matrix size = 128× 128× 128 (250× 250× 250 μm/
pixel), repetition time/echo time (TR/TE) = 15/2.5 milliseconds, flip angle =
20°, number of acquisitions = 1, TAT= 3 minutes and 4 seconds. The
reconstruction of angiography was performed using maximum intensity
projection in the axial plane with Paravision 5.0 software (Bruker BioSpin).
T2-weighted image was performed in all the rats at day 1 after stroke

and at the final time point in each group. The analysis at day 1 after stroke
was performed to assure that the infarct volume was similar in all the rats
included in the study. Only rats with both striatal and cortical infarct were
included. Approximately 25% of the rats were discarded for having small
infarct volume detected by T2-weighted image. Afterwards, rats were
randomized to the G1 or the G7 group. The investigators were not masked
to the group allocation.
T2-weighted image was acquired using a rapid acquisition with a relaxa-

tion enhancement sequence. The acquisition parameters were: orienta-
tion = coronal plane, echo train length= 8, field of view= 32× 32mm,
matrix size = 256× 256 (125× 125 μm/pixel), number of slices = 30, slice
thickness = 0.5 mm, interslice distance= 0.1 mm, TR/TEeff = 4,560/60 milli-
seconds, number of acquisitions = 4, TAT= 7 minutes and 17 seconds.
T2-weighted images were used to calculate infarct volume. The hyper-

intense area corresponding to the infarcted tissue was traced manually
using the region of interest (ROI) tool of ParaVision 5.0 (Bruker BioSpin) at
the MR workstation. The infarct volume was calculated according to
equation (1):

IV ¼ ROI1USTð Þ þ ROI2 þ :::þ ROInð ÞU ST þ GDð Þð Þð ÞUPA
Equation (1): Infarct volume calculation from T2-weighted images. IV refers
to infarct volume (in mm3), ROI refers to region of interest (in number of
pixels), ST refers to slice thickness (in mm), GD refers to gap distance (in
mm) and PA refers to pixel area (in mm2).
Single voxel in vivo proton MRS was acquired using point-resolved

spectroscopy localization and variable pulse power and optimized
relaxation delay water suppression. Previously acquired T2-weighted
image was used for voxel positioning. The rectangular volumes of interest
(2 × 2× 4.5 mm, 18 μl) were positioned in four regions of the brain (the
infarct area, the SVZi, the contralateral subventricular zone (SVZc), and the
contralateral area (symmetric to the infarct area)).
The acquisition parameters were: TR/TE= 1,800/12 milliseconds,

spectral width= 13.34 ppm (4,006.41 Hz), number of acquisitions = 256;
TAT= 7 minutes and 48 seconds.

Focused Microwave Irradiation
Immediately after in vivo MRS, before recovering from anesthesia, the rats
(n=9) for ex vivo HRMAS studies were euthanized by FMW irradiation
using the Muromachi Microwave Fixation System (Muromachi Kikai, Tokyo,
Japan). This system was equipped with a rat holder adjusted to the
animal’s weight. Optimal irradiation parameters were set as 5 kW with
1.2 seconds of exposure time. After irradiation, the brains were removed
and frozen in liquid nitrogen.

Ex Vivo High-Resolution Magic-Angle Spinning Studies
Frozen brains were allowed to thaw at room temperature (22 ± 2 ºC). Then,
tissue samples (15 ± 5mg) from the regions corresponding to the same
volume of interest where in vivo MRS had been performed were dissected.
The T2-weighted image with the in vivo MRS voxel superposed and
anatomic cues of the brain (e.g., vicinity to ventricles and corpus callosum)
were used as a guide. The dissected samples were placed in a zirconium
rotor (Cortecnet, Voisins-le-Bretonneux, France) and deutered saline
(0.15 M NaCl) (Euriso-top, Centre d’études de Saclay, Saclay, France) was
added (10.0 ± 5.0 μl) to provide a lock frequency to the sample. The
zirconium rotor (4 mm in diameter, 50 μl in capacity) was mounted as
previously described.24 The proton HRMAS experiments were carried out in
a Bruker Avance III 400 spectrometer operating at 9.4 Tesla equipped with
a 1H/13C/31P HRMAS probe (Bruker BioSpin). A spinning rate of 3,000 Hz at
the magic angle (54.7°) was used. The probe temperature was set to 309.1 K,
which corresponded to the 37 °C temperature in the sample with a Bruker
Cooling Unit for temperature control. Two different types of spectra were
acquired using the following sequences: (A) pulse-and-acquire with 2-second
water presaturation during relaxation delay, (B) spin-echo with 2-second
water presaturation, TR/TE=1,000/136 milliseconds. The spin-echo sequence
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was used essentially to determine Lac content without the influence of
ML2. The acquisition parameters were: spectral width= 10 ppm (4,000 Hz),
number of acquisitions = 256, TAT = 15 minutes and 34 seconds.

Immunohistochemical Studies
The rats (n= 18) for immunohistochemical studies were euthanized by
transcardial perfusion with 0.9% saline (Sigma Aldrich, St Louis, MO, USA)
and 4% paraformaldehyde (Panreac, Barcelona, Spain) once in vivo MRS
was finished. After post-fixation with 4% paraformaldehyde, the brains
were washed in 0.1 M phosphate buffer, pH 7.4, and six series for coronal
free-floating sections of 25 μm each were cut with vibratome (VT 1000 M,
Leica Microsystems) in the region of the lateral ventricles to evaluate the
SVZs. Another six series were cut to evaluate the MCA areas. To determine
proliferation in the SVZs, sections were incubated in blocking solution for
1 hour at room temperature (22 ± 2 ºC) and incubated with the primary
antibody (Ki67) (1:100, Novocastra, New England, UK). Then, sections were
washed and incubated with biotinylated antibody anti-mouse, later
with the ABC Elite complex (Vector, Burlingame, CA, USA) treated with
diamobenzidine (DAB 0.05%; Sigma Aldrich). To determine apoptosis in
the MCA areas, terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) was performed according to the manufacturer’s protocol
using the Apoptag Fluorescein In Situ Apoptosis Detection Kit (Merck
Millipore, Darmstadt, Germany). Also sections were stained with 4',6-
diamidino-2-phenylindole dilactate (Sigma Aldrich) which is marker for
locating the nucleus. Sections were analyzed using fluorescence micro-
scopy (Leica Microsystems). A Hamamatsu CCD camera (Hamamatsu
Photonics K.K, Hamamatsu, Japan) interfaced with a computer was used to
capture images.

Spectral Analysis
Spectra were processed using Topspin 1.3 software (Bruker Daltonik Gmbh,
Rheinstetten, Germany). Fourier transformation was applied with previous
line broadening (4 Hz for in vivo MRS spectra and 0.5 Hz for ex vivo HRMAS
spectra). Manual zero- and first-order phase corrections were applied and
the chemical shifts were referenced to total creatine (TCr).
All the spectra were normalized to unit length (UL2).24 This methodology

was used as it is useful to compare data in vivo and ex vivo without
previous knowledge of metabolites contributing to the resonance variation
because of stroke or the SVZ. This is especially useful in the ML determi-
nation as fitting lipid resonances in HRMAS spectra may be complex. This
simple methodology based on UL2 normalized peak heights can provide
robust information about relative changes.
Ex vivo HRMAS spectral data were normalized to UL2 according to

equation (2) as previously described25 for the region between 0.5 and
4.5 ppm This region was digitized with 13,113 complex data points.

UL2 ¼ hrealffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP4:5
0:5 hrealð Þ2

q ´ 100

Equation (2): Unit length normalized (UL2) spectra. hreal refer to the peak
heights at each data point in the real part of the acquired spectra between
0.5 and 4.5 ppm.
In vivo MRS spectral data were normalized to unit length to the contra-

lateral area (UL2CA) according to equation (3) for the region between 0 and
4.5 ppm. This region was digitized with 1,331 complex data points.

UL2CA ¼ hrealffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP4:5
0 hrealCAð Þ2

q ´ 100

Equation (3): Unit length normalized to the contralateral area (UL2CA)
spectra. hreal refers to the peak heights at each data point in the real part of
the acquired spectra and hrealCA refers to the peak heights between 0 and
4.5 ppm from the contralateral area spectra of each animal.
For calculating the PCr/Cr ratio in the ex vivo HRMAS spectra, area

integration was performed using TopSpin v. 1.3. (Bruker BioSpin GmbH,
Rheinstetten, Germany) for PCr (3.95 ppm) and Cr (3.93 ppm). The
integration range was 3.92 to 3.94 ppm for the singlet of Cr and 3.94 to
3.96 for the singlet of PCr.
The metabolites analyzed in the in vivo MRS spectra were total choline

(TCho, 3.21 ppm), total creatine (TCr, 3.03 ppm), mobile lipids 3 (ML3,
2.80 ppm), NAA (2.02 ppm), lactate+mobile lipids 2 (Lac+ML2, 1.30 ppm),
and mobile lipids 1 (ML1, 0.90 ppm). Tentative assignments were
performed according to literature.4,21

The metabolites analyzed in the ex vivo HRMAS spectra were phos-
phocreatine (PCr, 3.95 ppm), creatine (Cr, 3.93 ppm) N-CH2 region, TCho
(3.25 ppm), TCr (3.03 ppm), mobile lipids 3 apparent doublet (ML3, 2.78 to
2.82 ppm), NAA (2.02 ppm), lactate doublet (Lac, 1.31 to 1.33 ppm), mobile
lipids 2 (ML2, 1.28 ppm), and mobile lipids 1 (ML1, 0.90 ppm). Tentative
assignments were performed according to literature.4,21,25,26

Data Analysis
Unit length normalized metabolite peak heights of in vivo and ex vivo
spectra were used for analysis. The results were given as mean relative
changes (fold-change) for MCA areas (infarct area compared with
contralateral area) or SVZs (SVZi compared with SVZc). Mean spectra
representation was obtained with home-written R software scripts. For
immunohistochemical results, the number of positively stained cells per
mm2 was recorded.
All the data were evaluated for compliance with a normal distribution

using Shapiro–Wilk test. Then the data were analyzed by the unpaired
Student’s t-test (normal distribution) or Mann–Whitney U-test (non-normal
distribution) to evaluate the significant changes using SPSS 15.0 software
(SPSS, Chicago, IL, USA). The significance level was set at Po0.05.

RESULTS
Postmortem Metabolism Arrest
Postmortem metabolism arrest by FMW irradiation was evaluated
by analyzing the PCr/Cr ratio (3.95/3.93 ppm) in ex vivo HRMAS
pulse-and-acquire spectra (Figure 1). This ratio was determined in
the intact tissue samples of both hemispheres in the G0 group
(n= 6) and in the contralateral area in the G1 group (n= 3) and the
G7 group (n= 3). The PCr/Cr mean ratio (n= 12) was 0.69 ± 0.13.

Analysis of Middle Cerebral Artery Areas
The mean infarct volume calculated from T2-weighted images at
day 1 after stroke for the G1 and the G7 groups was 255 ± 80mm3.
Changes in the metabolic pattern from in vivo MRS and ex vivo
HRMAS spectra between the infarct area and the contralateral area
were analyzed at different time points. There were no significant
metabolic changes between the MCA areas in the G0 control
group. In contrast, there were significant metabolic changes
between the MCA areas in the G1 and the G7 groups. Mean
spectra of the MCA areas in the G7 group (in which more
representative metabolic changes took place) are shown in
Figure 2 and a list of the metabolic changes for all the groups is
shown in Table 1.
Most of the metabolic changes were in agreement using both

techniques although for TCr (3.03 ppm) in the G1 group and TCho
in the G1 and the G7 group, there were metabolic changes that
were significant with in vivo MRS but not with ex vivo HRMAS.

Figure 1. Ex vivo HRMAS pulse-and-acquire mean spectra (n= 12) of
intact tissue areas at 37 ºC. The inset shows an expanded view of the
phosphocreatine (PCr)–creatine (Cr) resonances. Mean spectra are in
black and standard deviation is in gray shadow in the inset only. The
other assigned metabolites correspond to: total choline (TCho), total
creatine (TCr), N-acetylaspartate (NAA), lactate (Lac) and mobile
lipids (ML1, ML2). HRMAS, high-resolution magic-angle spinning.
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One of the major changes between MCA areas was in Lac.
In vivo Lac+ML2 (1.30 ppm) appeared to increase continuously
over time: 2.26-fold increase (Po0.01) in the G1 group and 5.36-
fold increase (Po0.01) in the G7 group. Ex vivo HRMAS spin-echo
sequence detected a 5.83-fold increase (Po0.01) of Lac in the G1
group and a 2.88-fold increase (P= 0.04) in the G7 group while a
1.55-fold increase in ML2 (Po0.01) was detected only in the G7
group with the pulse-and-acquire sequence.
Another important metabolic change was in ML3 (2.80 ppm) in

the G7 group, 5.53-fold increase (Po0.01) in vivo and a 3.95-fold
increase (Po0.01) ex vivo between the MCA areas. Immunohis-
tochemical data with TUNEL-labeling showed a significant change
of a 13-fold increase in apoptotic cells (Po0.01) in the G7 group
(Figures 3A and 3B).

Analysis in the Subventricular Zones
Immunohistochemical data with Ki67-labeling revealed a 1.37-fold
increase (Po0.01) in NPCs in the SVZi compared with the SVZc in
the G7 group (Figures 3C and 3D) while this increase was not yet
detectable (0.99-fold decrease (P= 0.99)) in the G1 group.
However, there were no significant in vivo MRS metabolic

changes that correlated with the NPCs’ increase in the G7 group
(Figure 2, Table 1). Ex vivo HRMAS pulse-and-acquire sequence
allowed the analysis of the ML2 (1.28 ppm) resonance specifically
but no significant differences (0.99-fold change (P= 0.79)) were
detected in the G7 group.
Nonetheless, ex vivo HRMAS detected metabolic differences in

the G1 group. Specifically, HRMAS spin-echo sequence detected a

2.70-fold increase (Po0.01) in Lac (1.31 and 1.33 ppm) and
HRMAS pulse-and-acquire sequence detected a 0.68-fold decrease
(P= 0.03) in NAA (2.02 ppm).

DISCUSSION
Our results indicate that ex vivo HRMAS spectroscopy with prior
FMW irradiation can be applied to study an experimental model of
stroke avoiding postmortem metabolic changes and obtaining
higher spectral resolution than with in vivo MRS. Our results of the
characterization of the metabolic pattern of NPCs support the
hypothesis that neither ML2 nor the other analyzed metabolites
can qualify as surrogate biomarkers of NPCs.
HRMAS offers signal-to-noise ratio (SNR) gain-related factors,

which is important for low concentration metabolites and also for
certain metabolites that are not visible or less visible in vivo. The
metabolites where HRMAS gave complementary information were
ML3 at 2.78 and 2.82 ppm (that can be better untangled from
partially overlapping aspartate resonances than in the in vivo
spectra) and lactate at 1.31 and 1.33 ppm (that can be clearly
determined with the spin-echo sequence). Also, the mobilization
properties of HRMAS can help to determine ‘invisible’ lactate (that
cannot be detected in vivo if it is bound to proteins)27 and the ML
from the subcellular structures.26

However, to perform ex vivo HRMAS with similar conditions to
in vivo MRS, euthanasia using FMW irradiation is necessary as it
allows postmortem metabolism arrest. FMW irradiation may be
comparable to low temperature freezing techniques that have

Figure 2. Analysis of the four brain regions: contralateral area (CA), contralateral subventricular zone (SVZc), ipsilateral subventricular zone
(SVZi), and infarct area (IA) in the G7 group. (A) Coronal T2-weighted image from a rat brain in the G7 group with rectangular single voxels
superimposed, (B) in vivo MRS mean spectra (n= 12), (C) ex vivo HRMAS pulse-and-acquire mean spectra (n= 3), (D) ex vivo HRMAS spin-echo
mean spectra (n= 3). Statistically significant changes between IA and CA are indicated with stars (*Po0.05). No significant changes were
detected between the SVZi and the SVZc in the G7 group. Assigned metabolites correspond to: total choline (TCho), total creatine (TCr), N-
acetylaspartate (NAA), lactate (Lac), and mobile lipids (ML1, ML2, ML3). HRMAS, high-resolution magic-angle spinning.
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been used in other ex vivo studies.28 However, freezing requires
more time and may cause reactivation of enzymes when the tissue
is thawed.21 An important advantage of FMW is that it produces
irreversible enzyme inactivation, so ex vivo HRMAS studies can be
performed at 37 °C allowing the detection of ML resonances
(similarly to in vivo MRS), not detectable at lower temperatures (0
to 4 ºC).25,26,29

Adequate postmortem metabolism arrest in the ex vivo HRMAS
spectra was defined by the PCr/Cr ratio. This ratio was used
because one of the initial metabolic changes in an energy failure
state is the conversion of PCr into Cr to phosphorylate ADP
resulting in ATP production. According to this chemical reaction,
the presence of high PCr in the HRMAS spectra indicates that any
ATP demand in the cells is covered,30 so postmortem metabolism
changes did not occur or were minimal.
Therefore, the metabolic pattern detected by ex vivo HRMAS is

similar quantitatively and qualitatively to the in vivo MRS. With

other euthanizing methods (e.g., transcardial perfusion, anesthesia
overdose…) lower or inexistent PCr and also higher lactate would
be expected making the comparison with in vivo MRS data more
challenging.24

In the analysis between the MCA areas, there were TCr and
TCho metabolic changes that were significant with in vivo MRS but
not with ex vivo HRMAS. These differences could be explained
because ex vivo HRMAS was performed in only three animals,
whereas in vivo MRS was performed in all the animals of each
group. Also, the differences in TCho could be explained because
the maximum peak height origin is different in vivo and ex vivo.
In vivo TCho corresponds mostly to phosphocholine+gliceropho-
sphocholine (3.21 ppm)4 and ex vivo TCho acquired at 37 °C
corresponds mostly to phosphatidilcholine (3.25 ppm).26

Ex vivo HRMAS studies between MCA areas allowed the
detection of lactate and ML2 resonances separately. Lactate was
essentially quantified using spin-echo sequence spectra, recording

Table 1. Metabolic fold changes (mean± s.d.) from middle cerebral artery areas and subventricular zones

Group Metabolite ppm Technique MCA areas (IA/CA)a SVZs (SVZi/SVZc)a

Fold-change P-value Fold-change P-value

G0 TCho 3.21 MRS 1.09± 0.23 0.51 0.98± 0.27 0.71
3.25 HRMAS 0.95± 0.25 0.56 1.18± 0.19 0.23

TCr 3.03 MRS 1.03± 0.20 0.72 0.93± 0.16 0.57
HRMAS 1.12± 0.03 0.48 1.23± 0.17 0.09

ML3 2.80 MRS 1.15± 0.46 0.77 0.92± 0.39 0.67
2.78–2.82b HRMAS 1.10± 0.44 0.74 1.04± 0.36 0.99

NAA 2.02 MRS 1.01± 0.20 0.94 0.92± 0.09 0.49
HRMAS 1.11± 0.10 0.65 1.18± 0.12 0.12

Lac + ML2 1.30 MRS 1.07± 0.28 0.68 0.95± 0.23 0.67
Lac 1.31–1.33b HRMAS-SEc 1.49± 0.93 0.99 1.06± 0.24 0.80
ML2 1.28 HRMAS 0.95± 0.07 0.21 0.98± 0.03 0.41
ML1 0.90 MRS 1.08± 0.31 0.66 0.97± 0.07 0.67

HRMAS 0.98± 0.09 0.93 1.03± 0.08 0.65
G1 TCho 3.21 MRS 0.55± 0.10 o0.01* 0.94± 0.07 0.13

3.25 HRMAS 0.78± 0.04 0.18 0.91± 0.06 0.40
TCr 3.03 MRS 0.46± 0.13 o0.01* 1.10± 0.19 0.82

HRMAS 0.68± 0.19 0.19 0.79± 0.08 0.28
ML3 2.80 MRS 2.02± 1.88 0.31 1.15± 0.76 0.91

2.78–2.82b HRMAS 0.85± 0.07 0.07 1.06± 0.57 0.86
NAA 2.02 MRS 0.36± 0.07 o0.01* 1.07± 0.20 0.51

HRMAS 0.49± 0.15 0.05* 0.68± 0.06 0.03*
Lac+ML2 1.30 MRS 2.26± 0.59 o0.01* 1.23± 0.36 0.58
Lac 1.31–1.33b HRMAS-SEc 5.83± 0.75 o0.01* 2.70± 0.75 0.01*
ML2 1.28 HRMAS 1.19± 0.26 0.26 1.06± 0.04 0.43
ML1 0.90 MRS 0.91± 0.21 0.34 1.02± 0.14 0.79

HRMAS 1.12± 0.22 0.30 1.01± 0.02 0.55
G7 TCho 3.21 MRS 0.66± 0.24 o0.01* 0.91± 0.19 0.24

3.25 HRMAS 0.52± 0.11 0.10 1.03± 0.23 0.95
TCr 3.03 MRS 0.34± 0.12 o0.01* 1.02± 0.20 0.82

HRMAS 0.35± 0.08 0.03* 1.02± 0.15 0.95
ML3 2.80 MRS 5.53± 3.69 o0.01* 1.09± 0.65 0.60

2.78–2.82b HRMAS 3.95± 0.80 o0.01* 1.13± 0.26 0.95
NAA 2.02 MRS 0.45± 0.15 o0.01* 0.94± 0.20 0.21

HRMAS 0.46± 0.04 o0.01* 0.95± 0.12 0.70
Lac+ML2 1.30 MRS 5.36± 2.78 o0.01* 1.06± 0.35 0.63
Lac 1.31–1.33b HRMAS-SEc 2.88± 1.06 0.04* 1.09± 0.31 0.92
ML2 1.28 HRMAS 1.55± 0.26 o0.01* 0.99± 0.12 0.79
ML1 0.90 MRS 2.64± 1.40 o0.01* 1.05± 0.14 0.35

HRMAS 1.20± 0.17 0.04* 1.01± 0.09 0.88

Abbreviations: HRMAS, high-resolution magic-angle spinning; Lac, lactate; ML, mobile lipid; MRS, magnetic resonance spectroscopy; NAA, N-acetylaspartate;
TCho, total choline; TCr, total creatine. *Statistically significant changes (Po0.05). aFold-change values in middle cerebral artery (MCA) areas were obtained
comparing the infarct area (IA) to the contralateral area (CA), in the subventricular zones (SVZs) were obtained comparing the ipsilateral subventricular zone
(SVZi) to the contralateral subventricular zone (SVZc). bTo calculate the fold change for Lac (1.31 and 1.33 ppm) and ML3 (2.78 and 2.82 ppm) doublets, the
average value of the two UL2 normalized peak heights was used. cFold-change values of the metabolites were calculated from in vivo MRS and ex vivo HRMAS
pulse-and-acquire sequence. However, for lactate (Lac), the fold-change value from HRMAS spin-echo sequence (HRMAS-SE) is also given.
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conditions which ‘filter’ away most of the short T2 ML2 resonance.
We could also perform this ‘filter’ with in vivo MRS, but signal-to-
noise ratio would have been much worse because of long echo
time and low filling factor of the coil, as compared with the
HRMAS probes.
We detected with HRMAS that the major increase in Lac was in

the G1 group as expected because the Lac increase occurs at the
onset of stroke.4 Our results also detected a significant increase in
ML2 in the G7 group, as expected, as ML2 increases at least over
7 days after stroke because of an accumulation of neutral lipids
(triglyceride) in cytosolic and extracellular droplets in apoptotic or
necrotic cells.31

Moreover, we detected a significant increase in ML3 in the G7
group between MCA areas. This resonance can be detected both
in vivo and ex vivo. There have been very few studies that describe
this resonance in stroke.32,33 However, in cancer studies, ML3 have
been analyzed extensively and is considered evidence of apop-
tosis.15 Our immunohistochemical studies with TUNEL revealed
that apoptosis in the infarct area was elevated in the G1 group at
similar levels as in the G7 group, although a significant change in
the number of apoptotic cells between the MCA areas was
detected only in the G7 group.
The fact that a significant change in ML3 resonance was

detected only in the G7 group may be related to an accumulation
of apoptosis-caused effects through the entire post-stroke period.
In this case, the lipid droplets would remain in the tissue even
when cellular detritus after apoptosis (e.g., the ones providing
TUNEL-labeling positivity) was removed.34 Consequently, ML3 may
be a noninvasive surrogate biomarker of cumulative apoptosis in
stroke.
Immunohistochemical studies of the SVZs revealed that prolife-

ration of NPCs was significantly enhanced in the SVZi in the G7
group as previously described.19 However, in our study, we could
not detect any significant metabolic change between both SVZs
either with in vivo MRS or ex vivo HRMAS in the G7 group. The
analysis of the 1.28 ppm resonance (ML2) was performed using
HRMAS pulse-and-acquire spectra but results were not signifi-
cantly different between both SVZs. Therefore, our results are in
agreement with other authors that demonstrated that the ML2
resonance, as mentioned in the introduction, is not a specific
biomarker for NPCs.
Still, we could detect metabolic changes by ex vivo HRMAS in

the SVZi in the G1 group (a Lac increase and a NAA decrease) but
those were not correlated with a significant change in the NPCs
count between SVZs. Consequently, they were not biomarkers of
NPCs proliferation.
The changes in lactate could have an intracellular origin. Thus,

tumors35 and also hematopoietic,36 embryonic and induced pluri-
potent stem cells37 accumulate lactate as a result of glycolytic
energy production for increased cell proliferation. Still, Ki67
labeling for SVZi and SVZc in the G1 group would seem to
discount this possibility, because similar lactate content should be
expected in both SVZs, whereas higher lactate content in SVZi is
detected. On the other hand, an increased lactate in the SVZi in
the G1 group could originate in extracellular lactate diffusing away
from the infarct area (high in lactate in the G1 group, see Table 1).
This lactate content is clearly diminished in the G7 group as
overall tissue perfusion may have improved.
Interestingly in NPCs cultures, increasing lactic acid concentra-

tion stimulates cell proliferation.38 Therefore, Lac from the infarct
area may be a signal that activates NPCs proliferation after stroke.
Finally, changes in NAA in the G1 group could be intracellular,

related with transient changes in the progenitor cells population
in the SVZi. Oligodendrocyte-type 2 astrocytes (O-2A) accumulate
NAA,39,40 but not NPCs.10 Then, this could suggest that there is a
transient decrease in the O-2A population in the SVZi, which
returns to normal content in the G7 group. Also, an extra SVZ

Figure 3. Immunohistochemical analysis of the four brain regions:
(A) Contralateral area (CA) and infarct area (IA) apoptotic cells
determined by TUNEL (green dots) in a rat of the G7 group. Blue
dots correspond to nucleus determined by DAPI; × 100 magnifica-
tion; Scale bar, 7 μm. (B) Apoptotic cells count (TUNEL+/mm2). Error
bars indicate the standard deviation. (C) Contralateral subventricular
zone (SVZc) and ipsilateral subventricular zone (SVZi) NPCs
determined by Ki67 (pink dots) in a rat of the G7 group. Blue dots
correspond to nucleus determined by DAPI; × 20 magnification;
Scale bar, 25 μm. (D) NPCs count (Ki67+/mm2). Statistically
significant changes between MCA areas or SVZs are indicated with
stars (*Po0.05). DAPI, 4',6-diamidino-2-phenylindole dilactate;
TUNEL, terminal deoxynucleotidyl transferase dUTP nick end
labeling.
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explanation is possible as dysfunctional mature neurons because
of stroke are sampled along with the SVZi analyzed by HRMAS.
A limitation of our study is that a rat model with a big infarct

volume may be suitable for the metabolic analysis of the infarct,
but may have affected the metabolic results in the SVZi in the G1
group. Also, the different field strength used for the in vivo MRS
(7 T) and the ex vivo HRMAS (9.4 T) could provide an additional
advantage to obtain better sensitivity and resolution in HRMAS.
Another limitation is the few animals that we analyzed by ex vivo
HRMAS in each group (n= 3). However, despite these few animals,
significant HRMAS-detected metabolic changes were observed for
MCA areas and SVZs.
In conclusion, ex vivo HRMAS with prior FMW irradiation

improves the in vivo MRS characterization in an experimental
model of stroke. We studied metabolic changes in the MCA areas
and SVZs. ML3 could be an in vivo biomarker of cumulative
apoptosis in the infarct area. However, none of the analyzed
metabolites was related to an increase in NPCs in the SVZi that
was detected by immunohistochemistry in the G7 group.
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