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Summary 
 

Regulation of the global energy metabolism is a vital cerebral function, which balances 
energy expenditure and food intake. However, this regulation is disrupted in different 
pathologies such as obesity or cancer, with the underlying physiological mechanisms 
that cause or potentiate these pathologies being still under study. In this line, magnetic 
resonance imaging (MRI) methods are excellent tools to assed, in vivo and non-
invasively, the anatomical and functional alterations of the brain under different 
physiological and pathological conditions. In this thesis, I will present a set of 
physiological results in different animal models of diseases that alter the cerebral 
appetite regulation, as well as the role of a specific brain water channel, by using 
magnetic resonance imaging, particularly diffusion sequences, and ex vivo spectroscopy 
methods. Chapter 1. introduces the physiological mechanisms that participate in the 
appetite regulation as well as the neuroimaging techniques used for its evaluation. This 
chapter also presents the basic concepts of the magnetic resonance phenomenon, 
emphasizing the methodologies used throughout the thesis. Chapter 2. describes the 
development of a diet induced obesity mouse model to assess the alterations in 
endocrine blood levels, phenotypic characteristics, diffusion parameters and metabolic 
profiles linked to the diet and feeding status, as well as to identify the association among 
them. Chapter 3. presents the evaluation of the cerebral response to a fasting condition 
in a model of cancer cachexia developed in glioblastoma bearing mice. To that, structural 
and functional MRI methods under different feeding conditions were performed, as well 
as phenotypic assessment and ex vivo metabolomic analysis by acquiring magnetic 
resonance spectra. In Chapter 4. diffusion studies and manganese enhanced MRI were 
tested and compared as functional magnetic resonances approaches to evaluate the 
cerebral response to diverse feeding conditions in an advanced stage glioblastoma in rat 
cohorts. Chapter 5. presents the evaluation of the role of aquaporine-4 (AQP4) in the 
cell volume response to a glucose bolus administration in order to assess the contribution 
of this channel in the functional diffusion studies. To that, an AQP4 inhibitor was 
employed and the diffusion coefficients related with the swelling-shrinking cellular 
processed, were evaluated.  Chapter 6. introduces the general concepts of the in vivo 
magnetic resonance spectroscopy (MRS), and specifically the use of labeled 13C 
substances to enhance the 13C MRS signal allowing the study of metabolic pathways. In 
this chapter, it is also described the use of in vivo 1H MRS to evaluate the glutamatergic 
neurotransmission in the hypothalamic region of high fat diet feeding mice after the 
administration of memantine. Besides, by using 13C MRS acquisitions in combination 
with the infusion of [2-13C]acetate, it was assessed the in vivo metabolism of the 
hypothalamus and modeled the pathways involved considering different two-cellular 
compartment models.
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Resumen 
 
La regulación del metabolismo energético global es una función cerebral vital que 
equilibra el gasto de energía y el consumo de comida. Sin embargo, esta regulación 
puede verse trastornada en diferentes patologías como pueden ser la obesidad o el 
cáncer, con los mecanismos fisiológicos subyacentes que las causan o potencian aún 
en estudio. En esta línea, los métodos de imagen por resonancia magnética (MRI) son 
excelentes herramientas de estudio para evaluar, in vivo y de forma no invasiva, las 
alteraciones anatómicas y funcionales del cerebro en diferentes condiciones fisiológicas 
y patológicas. En esta tesis, presentaré un conjunto de resultados fisiológicos en 
diferentes modelos animales de enfermedades que alteran la regulación del apetito 
cerebral, así como el papel de un canal de agua cerebral específico, mediante el uso de 
resonancia magnética, concretamente secuencias de difusión, y espectroscopia ex vivo. 
Chapter 1. presenta los mecanismos fisiológicos que participan en la regulación del 
apetito, así como las técnicas de neuroimagen utilizadas para su evaluación. Este 
capítulo también presenta los conceptos básicos del fenómeno de la resonancia 
magnética, enfatizando los métodos utilizados a lo largo de la tesis. Chapter 2. describe 
el desarrollo de un modelo de ratón con obesidad inducida por una dieta alta en grasas 
para evaluar las alteraciones en los niveles endocrinos sanguíneos, las características 
fenotípicas, los parámetros de difusión y los perfiles metabólicos ligados a la dieta y 
estado de alimentación, así como identificar las asociaciones entre ellos. Chapter 3.  
presenta la evaluación de la respuesta cerebral a una condición de ayuno en un modelo 
de caquexia desarrollado en ratones portadores de glioblastoma. Para ello, se utilizaron 
métodos de resonancia magnética estructural y funcional en diferentes condiciones de 
alimentación, así como evaluación fenotípica y análisis metabolómico ex vivo mediante 
la adquisición de espectros de resonancia magnética. En Chapter 4. los estudios de 
difusión y MRI realzada con manganeso se probaron y compararon como enfoques de 
resonancia magnética funcional para evaluar la respuesta cerebral a diversas 
condiciones de alimentación en un glioblastoma en estado avanzado en ratas. Chapter 
5. presenta la evaluación del papel de la acuaporina-4 (AQP4) en la respuesta del 
volumen celular a la administración de un bolo de glucosa con el fin de evaluar la 
contribución de este canal en los estudios de difusión funcional. Para ello, se empleó un 
inhibidor de AQP4 y se evaluaron los coeficientes de difusión relacionados con los 
mecanismos celulares de hinchamiento-contracción. Chapter 6. introduce los conceptos 
generales de la espectroscopia de resonancia magnética (MRS) in vivo, y 
específicamente el uso de sustancias marcadas con 13C para mejorar la señal de 13C 
MRS, lo que permite estudiar vías metabólicas específicas. En este capítulo también se 
describe el uso in vivo de 1H MRS para evaluar la neurotransmisión glutamatérgica en 
la región hipotalámica de ratones alimentados con dietas altas en grasas después de la 
administración de memantine. Además, utilizando el método 13C MRS in vivo en 
combinación con la infusión de [2-13C]acetato, se evaluó in vivo y modeló el metabolismo 
del hipotálamo considerando diferentes modelos de compartimentos bi-celulares. 
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Chapter 1.  Introduction 

 

Magnetic resonance imaging 
 
The initial discovery of nuclear magnetic resonance (NMR) was made by Isidor Rabi in 
1938 (1), but it was in 1946 when Edward Purcell (2) and Felix Bloch (3) demonstrated 
the NMR phenomenon in condensed matter, being awarded for it with the Nobel Prize in 
Physics in 1956. This physical phenomenon, based on the quantum mechanical 
properties of atomic nuclei, happens when certain nuclei are placed in a strong magnetic 
field that is perturbed by a weak oscillating magnetic field. In this process, the nuclei 
absorb and emit energy as electromagnetic signals in the radiofrequency range. The 
energy involved in the NMR process is nondestructive and noninvasive, which turns it 
into a very suitable technique for the in vivo studies. In the decade of the1970’s, the 
incorporation of the gradients into the NMR experiments to determine the spatial location, 
allowed the beginning of the imaging experiments (4,5). Since the first publication of the 
image of two water pipes in 1973, the subsequent improvement of the gradient selection 
to encode the spatial information into a signal, and the implementation of the echo planar 
imaging method, allowed the acquisition of scans in seconds instead than hours (6,7). 
These improvements led to one of the most versatile and powerful image modalities 
today. Consequently, in the decade of 1980’s, magnetic resonance imaging (MRI) 
medical scanners began to be used for clinical studies around the world (8,9). Since 
then, thanks to the huge improvement of hardware and software, the development of 
MRI applications continues extensively, with almost 50000 MRI scanners in the world 
(10) and nearly 9000 MRI scans per 100000 inhabitants in Spain in 2018 (11). 

 

1.1.1. Basic principles 
Magnetic resonance techniques are based on the interaction of some magnetically active 
nuclei and a magnetic field. These nuclei have a nuclear spin quantum number I different 
from zero, and among the most used in NMR, 1H, 13C and 31P stand out. The sensitivity 
of the technique is directly related to the natural abundance of the nuclei, being the proton 
(1H) the most abundant and sensitive nucleus, and so the most employed also in 
spectroscopy and imaging studies. The nuclei own a nuclear magnetic moment (µ), 
which represents their tendency to interact with an external magnetic field (Figure 1.1A). 
There is a linear relationship between the magnetic moment and the angular momentum 
L, which describes the rotation of the nuclei and is expressed by: 

𝜇 = 𝛾𝐿      Eq.  1.1 

Where γ, the gyromagnetic ratio of a specific nucleus, is the ratio of its magnetic moment 
to its angular moment. A huge number of nuclei can be contained in the study sample, 
with magnetic moments randomly distributed in a number of orientations determined by 
their spin quantum number I. In the case of protons, I=1/2, which entails that under an 
external magnetic field B0, the spins are distributed among two possible orientations, 
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characterized by their respective magnetic moments and energies. The sum of all 
nuclear magnetic moments of the sample results in the net magnetization (M0) (Figure 
1.1B). The random distribution of the magnetic moments causes a zero magnetization 
in the plane xy (Mxy) although there is a net magnetization in the axis z (Mz) that, at that 
point, is equal to M0 (Figure 1.1B). When placed in a magnetic field, M0 precesses 
around it with a specific angular frequency (3), the Larmor frequency (ω0), which depends 
on the gyromagnetic ratio of the nuclei and the magnetic field: 

𝜔0 = 𝛾𝐵0      Eq.  1.2 

In the process of magnetic resonance (MR) signal formation, transitions between states 
of different energies are induced. Such transitions are achieved by the application of a 
second magnetic field, called radio frequency (RF) pulse, with amplitude B1. The 
absorption of the energy associated to the RF alters the equilibrium population of the 
nuclear spin states, tilting the total magnetization from the z axis to the xy-plane (Figure 
1.1C).  

 

 
Figure 1.1. Nuclear magnetic moment interaction with an external magnetic field. A: 
Classical representation of the precession of a nucleus with a magnetic moment μ in a magnetic 
field B0. B: Individual magnetic moments μ generate a net magnetization M0. C: M0 trajectory due 
to the application of an external oscillating magnetic field B1 perpendicular to the static magnetic 
field B0. The magnetization M0 precesses around the direction of the magnetic field B0 while it is 
returning to the initial equilibrium state. Adapted from (12). 

 

After the RF pulse application, the magnetization in the xy plane decreases as a function 
of time, and specific coils of the NMR system detect such oscillating signal. This signal, 
in the time domain, is called free induction decay (FID), and its Fourier transformation 
generates a  NMR spectrum in the frequency domain (13).  

 

1.1.2. Relaxation times 
The application of an alternating magnetic field, called excitation pulse, flips the 
longitudinal magnetization into the xy-plane. Two independent relaxation processes 
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induce the decay of this transverse magnetization (Mxy) to recover the initial equilibrium 
state. The longitudinal relaxation, defined by the time parameter T1, is due to the energy 
exchange between the nucleus and the surrounding, by a called spin-lattice interaction; 
while the transverse relaxation, T2, relies on a spin-spin interaction (14).  

- T1 relaxation. With the RF pulse application, the net magnetization of the sample tilts 
to the transverse plane. In the returning to the equilibrium state, the excess of energy 
is dissipated to the surroundings. This phenomenon, known as the longitudinal 
relaxation, induces the recovery of the magnetization on the z axis (Figure 1.2). The 
time that takes to recover a 63% of the Mz is a constant time called longitudinal 
relaxation time (T1) and can be experimentally calculated according to: 

𝑀𝑧 = 𝑀0(1 − 𝑒−𝑡/𝑇1)    Eq.  1.3 

 

 
Figure 1.2. Recovery of longitudinal magnetization as a function of time. After the application 
of the RF pulse, the longitudinal magnetization (Mz) is restored over time along the z axis. T1 is 
the time required for the Mz to reach 63% of its maximum value before the pulse application. 
Adapted from (15). 

 

- T2 relaxation. After the RF pulse application, all spins are in phase, generating a net 
transverse magnetization Mxy (Figure 1.3A). Then, the spins start to lose coherence 
(dephasing), and the decrease of Mxy, can be mathematically expressed as an 
exponential decay (Equation 1.4). This phenomenon is characterized by a transverse 
relaxation time (T2) equivalent to the time that takes Mxy to lose the 63% of its initial 
value (Figure 1.3B).  

𝑀𝑥𝑦 = 𝑀0𝑒−𝑡/𝑇2     Eq.  1.4 
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Figure 1.3. Decrease of transversal magnetization as a function of time. A: After excitation, 
which flips Mz to the transverse plane (Mxy), the spins gradually lose phase coherence. As the 
dephasing progresses, individual magnetization vectors cancel each other, and finally the 
transverse magnetization disappears. B: Representation of the Mxy evolution over time. T2 is the 
time that takes Mxy to decrease up the 37% of the initial value. Adapted from (16).  

 

Both T1 and T2 vary with the nucleus and the magnetic field strength, and depend on 
different parameters like the Brownian movements of the molecules, the temperature, 
the viscosity of the medium and the presence of paramagnetic or ferromagnetic elements 
among others.  

 

1.1.3. Image and contrast in MRI 
Magnetic resonance images mainly come from the proton signals of the water molecules 
in the sample of study. Images are divided in elements called pixels, and each of them 
represents the intensity of the MR signal in the corresponding voxel of the sample, which 
mainly depends on the amount of protons and their relaxation times. The resonance 
frequencies ω0 of the nuclei are made position-dependent by the application of magnetic 
field gradients in the three orthogonal directions of the space (4). The posterior Fourier 
transform of the MRI signals, stored in a mathematical matrix called k-space (17), 
generates the image (13). The gradients are employed to select the slice, and to codify 
the frequency and the phase of the nuclei (18). The slice-selection gradient is applied at 
the same time that the RF pulses, being the thickness of the slice defined by the 
bandwidth of the RF pulse (∆ω) and the magnetic field gradient strength (G). The phase-
encoding gradient alters the Larmor frequencies of the spins according to their location 
along the direction of the gradient application. In that way, spins of the same slice share 
the same frequencies, with the phase varying along the phase-encoding direction. The 
frequency-encoding gradient is applied in the third orthogonal direction during the sample 
data collection, and generates that magnetic field strength varies in that direction, 
causing also that the spins precess at different frequencies depending on their spatial 
location.  

MR imaging acquisition sequences consist, in general terms, on the combination of the 
application of RF pulses, the three abovementioned orthogonal gradients, and signal 
reading processes, and can be classified in two main groups: spin echo (SE) and 
gradient echo (GE). 
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 Spin echo sequences are based on the acquisition of an echo, a resonance signal 
emitted by the nuclei after its excitation that was described in 1950 by Hahn (19). 
Briefly, in this type of sequences two pulses are applied. The first one, a 90° 
excitation RF pulse, flips the magnetization into the transverse plane. After a delay 
time, in which the transverse magnetization starts to dephase, a second 180° 
refocusing RF pulse is applied, partially rephasing the magnetization. The echo MR 
signal is then generated after a time equal to TE/2, where TE (echo time) is the 
period of time between the excitation pulse applied and the center of the signal 
collected (Figure 1.4A). The application of the refocusing pulse makes these 
sequences non-sensitive to the inhomogeneities of the magnetic field. This pulse 
combination is repeated along the acquisition sequence, being the repetition time 
(TR) the length of time between two consecutive excitation pulses. 

 

  
Figure 1.4. Scheme of conventional SE and GE sequences. A: A 90° pulse flips the 
magnetization to the transverse plane. It is followed after a delay time equal to half the TE, by a 
180° pulse, which refocuses the magnetization and generate the echo signal. B: In the GE 
sequence, the excitation pulse is applied with an angle α between 10° and 90°. The echo is 
generated with refocusing gradients. Adapted from (20). 

 

 Gradient echo sequences are based on the method described by Mansfield and 
Maudsley (6) and became an essential technique in MRI acquisitions. In this 
sequence, an excitation pulse is applied with a flip angle (α) usually varying between 
10° and 90°. A small flip angle reduces the recovery time of longitudinal 
magnetization, allowing the use of short TR and faster image acquisitions, as 
compared to SE sequences (Figure 1.4B). GE sequences are very sensitive to the 
local magnetic field inhomogeneities, suffering from lower signal-to-noise ratio 
(SNR) than SE and from artifacts due the differences of magnetic susceptibility in 
the tissues. In these sequences, the echo is generated by the frequency-encode 
gradient that it is used twice in succession, and in opposite directions.   
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The choice of the parameters in the SE and GE sequences (TE, TR, and α in GE) allows 
obtaining images with different contrast among tissues.   

Contrast in MRI depends on a large variety of parameters, some of them inherent to the 
sample, and some others to the acquisition protocol. The contrast (C) between two points 
(A and B) in a MR image is expressed as the relationship between the MR signals in 
both points (SA and SB): 

𝐶(𝐴𝐵) =
𝑆𝐴−𝑆𝐵

𝑆𝐴+𝑆𝐵
     Eq.  1.5 

The main intrinsic characteristics that contribute to the signal in MRI are the proton 
density (PD), that is the number of protons per unit volume of study in the sample, and 
the relaxation times T1, T2, and T2* (the effective relaxation time affected by field 
inhomogeneities in gradient echo sequences). These inherent features can vary widely 
from one tissue to other in an organism, not only in pathological but also in physiological 
conditions. Images can be acquired by weighting one parameter over the others, being 
possible to obtain PDW, T1W and T2W (or T2*W) images respectively as it is indicated 
above. Each of them results in images with different tissue contrast. Besides, there are 
compounds that can be used as contrast agents, altering the intrinsic contrast of the 
images by shortening T1 and/or T2 where they accumulate. The use of contrast 
compounds allows a more accurate contrast between tissues, especially in the 
identification of some lesions such as tumors or metastases (21).  

The quality of MR images is also affected by the noise, which is present as irregular 
granular pattern that degrades the image information. The main sources of noise in MRI 
come from the MR system (magnetic field inhomogeneities or thermal noise from the RF 
coils), factors associated with image processing or patient-related factors from 
respiratory motion or body movements. The relationship between the signal and the 
noise in the image is expressed as the signal-to-noise ratio and is a measurement of the 
image quality. SNR also depends on different acquisition features like the slice thickness, 
the voxel size, the magnetic field and the time parameters TE and TR, among others.  

In a standard MRI sequence, a line of the k-space is filled after the application of the 
pulses, being one of the main limits to the temporal resolution of the studies. In this 
sense, it is relevant to highlight that image acquisition can be accelerated by different 
strategies that usually involve the faster and more efficient generation of the matrix of 
data, such as fast spin-echo, or echo-planar imaging (EPI). Fast-spin echo allows the 
acquisition of various echoes after the 180º RF pulse, while EPI acquisition allows a zig-
zag transverse fill of the k-space. Moreover, EPI can be acquired in single-shot or by 
segmenting the k-space filling. EPI readout allows an ultrafast acquisition of the data, 
which makes it the best option for dynamic and functional MRI.  

 

1.1.4. Diffusion weighted imaging 
Albert Einstein described that the diffusion phenomenon of particles in gas and liquid 
states, or Brownian motion (22), depends on their thermal energy, and established that 
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the distance diffused by the molecules due to this motion can be calculated with the next 
equation: 

𝐿2 = 2 ∙ ∆𝑡 ∙ 𝐷     Eq.  1.6 

Where L is the proton displacement, Δt is the interval of time that the molecule is allowed 
to diffuse, and D is the diffusion coefficient.  

Approximately 70% of the biological tissues are composed by water molecules. Thus, 
the evaluation of water diffusion can provide evidences of the tissue’s structures, as well 
as the changes in different physiological and pathological states. This assessment is 
possible by using an MRI methodology called diffusion-weighted imaging (DWI).  

In 1965, Stejskal and Tanner (23) set the basis for one of the most suitable MRI 
methodology to measure molecular diffusion. It is possible to assess the diffusion of the 
molecules by acquiring MR images based on SE acquisition and adding an extra pair of 
pulsed field gradients around the 180° pulse (Figure 1.5). The first gradient is applied to 
produce a phase shift along the direction of the gradient. The second one, applied with 
the same magnitude but in the opposite direction, rephases the spins. The net result is 
an incomplete rephasing of the spins that produces an attenuation of the echo signal due 
to the motion of the thermal motion of the nuclei.  

 

 
Figure 1.5. Diffusion weighted spin-echo Stejskal-Tanner sequence. The SE sequence 
incorporates an extra pair of gradients (G) before and after the 180° pulse. These gradients, called 
diffusion gradients, are represented in the frequency-encode gradient direction in the figure, 
although it is possible to apply them in any spatial direction. Adapted from (24). 

 

The intensity of the signal collected depends on the strength (G), the duration (δ) and 
the separation (Δ) of the applied diffusion gradients as well as the diffusion coefficient 



Chapter 1 

8 
 

along the direction of application. The parameters directly related to the acquisition 
methodology, are grouped in the called b factor: 

𝑏 = 𝛾2𝐺2𝛿2 (𝛥 −
𝛿

3
)     Eq.  1.7 

Where γ is the gyromagnetic ratio of the nucleus. DWI sequences involve the acquisition 
of consecutive images at increasing b-values that induce a decrease of the MR signal 
proportional to de diffusion coefficient of the tissues. This signal decay can be fitted to 
different mathematical models to obtain parametric maps of the diffusion coefficients. 
One of the most used is the mono-exponential model, which responds to the next 
mathematical equation:  

𝑆(𝑏) =  𝑆0 ∙ 𝑒𝑥𝑝 [−𝑏 ∙ 𝐴𝐷𝐶]           Eq.  1.8 

Where S(b) is the signal intensity at each b-value, S0 is the signal at zero value of the 
diffusion gradient strength, and ADC is the apparent diffusion coefficient of the water 
molecules contained in the volume of observation.  

In a medium in which particles do not find any kind of restrictions to their movements, 
they diffuse isotropically, with none preference in the direction of displacement, and 
describing a sphere in their random motion (Figure 1.6). But the water molecules in the 
organisms have a mobility conditioned by the microenvironment in the tissues. Cell 
membranes, fibers, vessels and macromolecules can restrain the water motion causing 
an anisotropic diffusion of the protons, and describing an ellipsoid in the water random 
movements (Figure 1.6). But water molecules in the organisms can diffuse faster in 
some specific directions, so the diffusion coefficient has different values according to the 
direction of observation. DWI sequences can be acquired by applying diffusion gradients 
in several directions. With at least six directions, it is possible to apply a tensor analysis 
to the images, responding to the next mathematical expression: 

𝑆 =  𝑆0  ∙ 𝑒𝑥𝑝 [−𝑏 ∙ �̂� ∙ 𝑫]      Eq.  1.9 

Where 𝑔 is the normalized diffusion gradient direction and D is the diffusion tensor as 
follows: 

𝑫 = [

𝐷𝑥𝑥 𝐷𝑥𝑦 𝐷𝑥𝑧

𝐷𝑦𝑥 𝐷𝑦𝑦 𝐷𝑦𝑧

𝐷𝑧𝑥 𝐷𝑧𝑦 𝐷𝑧𝑧

]     Eq.  1.10 

The eigenvalues of the tensor (λ1, λ2, λ3) correlate to the diffusion coefficients along the 
principal directions of the ellipsoid that describes the water motion. Indeed, by 
agreement, the first eigenvalue (λ1) is the longest axis and the third (λ3) is the shortest 
axis (Figure 1.6).  

 



Chapter 1 

9 
 

 

Figure 1.6. Three-dimensional displacement of water molecules within the voxel imaged. 
Isotropic diffusion (left panels) refers to the water movements that do not have any preferred 
direction, which is represented as a sphere. Anisotropic diffusion (right panel) denotes the water 
movements is mainly oriented in a specific direction, named the principal diffusion direction. The 
principal axes in the ellipsoid correspond to the eigenvectors, and the length of the semi-axes to 
the eigenvalues of the diffusion tensor. 

 

With this mathematical approach, it is possible to calculate several quantitative 
parameters. The average diffusion is given by the mean diffusivity (MD), which 
corresponds with the trade of the diffusion tensor: 

𝑀𝐷 = 𝑇𝑟(𝑫)
3⁄ =

𝜆1+𝜆2+𝜆3

3
     Eq.  1.11 

The fractional anisotropy (FA) (Equation 1.12) gives information about the anisotropy of 
the water molecules movement. This parameter varies from 0, corresponding to a 
completely isotropic diffusion, to 1 for the hypothetical situation in which the motion is 
restricted to a single direction.  

𝐹𝐴 =
√3[(𝜆1−〈𝜆〉)2+(𝜆2+〈𝜆〉)2+(𝜆3+〈𝜆〉)2]

√2(𝜆1
2+𝜆2

2+𝜆3
2)

    Eq.  1.12 

Where 〈𝜆〉 is the mean value of the tensor eigenvalues (25). It is relevant to note that FA 
does not provide information about the orientation of the ellipsoid. 



Chapter 1 

10 
 

1.1.5. Functional MRI 
Functional magnetic resonance imaging (fMRI) is based on the study of human brain 
function through the analysis of brain data acquired using magnetic resonance 
modalities. Although the next sections will focus on the cerebral evaluation, these 
approaches in fact allow the in vivo study of spatial and temporal physiological activities 
not only in brain, but in other tissues or organs like heart, liver and kidneys among others. 

 

1.1.5.1. fMRI based on BOLD contrast 
Blood oxygenation level-dependent (BOLD) contrast relies on the MRI signal alterations 
caused mainly by the changes in the ratio hemoglobin/deoxyhemoglobin present in 
blood. This fMRI technique is associated with the hemodynamic responses during 
neuronal activation processes, although the underlying molecular mechanisms are still 
under investigation (26). Cerebral activation starts with increased neural activity, an 
event that augments ionic fluxes, such as sodium (Na+) or potassium (K+), as well as the 
adenosine triphosphate (ATP) production via enhanced glucose consumption. These 
changes cause cerebral cells to send vasoactive signals inducing a vasodilatation that 
increases locally the cerebral blood flow (CBF), and the delivery of glucose and oxygen 
(O2) to neural tissue (27). However, this increase exceeds the rise in cerebral metabolic 
rate of oxygen utilization (28), yielding a net increment in the amount of oxygen  present 
in the blood and tissue. Oxygen is carried in the blood bound to hemoglobin, and a 
change in oxygenation levels varies the ratio between deoxyhemoglobin and 
oxyhemoglobin. Deoxyhemoglobin is a paramagnetic molecule, with a magnetic 
susceptibility greater than zero due to the presence of four iron (Fe) atoms with four 
unpaired electrons per Fe atom. On the other hand, oxyhemoglobin is diamagnetic 
because the iron atom is attached to the O2, and the non-existence of unpaired electrons, 
makes negative the magnetic susceptibility of this molecule. These two molecules are in 
equilibrium in the tissues, and a decrease in the ratio deoxyhemoglobin/oxyhemoglobin 
as a consequence of the neuronal activation, causes a reduction of the local magnetic 
field inhomogeneities in MRI acquisitions (29). This results in a shorter dephasing of the 
proton frequencies and a net increase in the signal intensity. These signal alterations 
caused by the neuronal activation can be detected by using T2* weighted gradient echo 
EPI sequences, which are highly sensitive to magnetic susceptibility changes. However, 
the effects in the MRI signal are quite small, which makes this technique very 
challenging. Of crucial relevance are also the design of appropriate paradigms to 
evaluate the neuronal activation and the performance of an adequate data analysis to 
detect the cerebral response (30). 

  

1.1.5.2. Manganese-enhanced MRI 
Manganese ion (Mn2+) participates in many biological functions, such the synthesis of 
neurotransmitters or electron transport. Besides, manganese in the organisms can 
accumulate in the neurons through the voltage-dependent calcium ion (Ca2+) channels, 
which are triggered during neuronal activity. This effect can be exploited to obtain 
functional images. Due to its paramagnetic nature, Mn2+ can induce a shortening of T1 
relaxation times, being able to act as an MRI contrast agent in T1W studies. The contrast 
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obtained in the images is proportional to the amount of Mn2+ accumulated in cells, which 
enables the assessment of neuronal activity. This approach is called manganese-
enhanced magnetic resonance imaging (MEMRI) (31). Even more, manganese 
accumulation can be extended transynaptically, allowing the use of  MEMRI to map not 
only the activity but the neuronal connectivity (32). In addition, manganese ions can be 
uptaken by astrocytes and the astrocytic surrounding networks due to the abundant gap 
junctions between these cells (33).  

However, when Mn2+ accumulates in excess in the organism, it competes with Ca2+ in 
the neuronal and astrocytic channels, acting as a potent neurotoxic. Manganese at high 
doses can cause neurological impairments with alteration of metabolic pathways such 
as the tricarboxylic (TCA) cycle, triggering syndromes similar to Parkinson’s disease, like 
movement disorders or cell death (34). Such dangerous consequences have hindered 
the application of MEMRI in human beings, and it is critical to determine the adequate 
administration doses in preclinical evaluations. Even so, MEMRI methodologies are 
widely used to investigate the brain or heart functionality, among others, in animal 
models (35,36). 

 

1.1.5.3. Functional diffusion imaging 
Functional diffusion MRI (fDMRI) studies are based on the fact that neuronal activation 
processes are linked to cellular swelling phenomenon. Neural activity involves different 
processes, from the neurotransmission by specialized neurons, to the synthesis of 
different molecules in astrocytes. In these, a wide range of ionic movements are 
implicated, mainly accompanying the release and incorporation of neurotransmitters or 
glucose into astrocytes and neurons. The increase in ionic concentration inside these 
cells, triggers the transport of water from the extracellular space (37). This phenomenon, 
that involves the movement and distribution of water molecules through different spaces, 
causes a cell swelling and can be detected and assessed with diffusion MRI. The 
measurement of the corresponding ADC or MD parameters (obtained as previously 
described, 1.1.4) for the study of the neuronal activity, can provide alterations in these 
parameters, with lower values linked to the extracellular space shrinking (38).   

fDMRI can also rely on changes on the relative distribution of the water molecules in the 
organism, and their dynamic interactions with the surrounding tissue components.  
Indeed, water moving freely in the tissues is characterized by diffusion coefficients 
different from those molecules bonded to macromolecules or close to the membranes. 
This configuration can be altered during neuronal activation-induced cell swelling 
processes (39). Thus, the water distribution in different compartments causes that its 
diffusion cannot be modeled by a single Gaussian distribution, and the MRI signal 
attenuation does not fit a mono-exponential equation. Numerous non-mono-exponential 
approaches have been proposed (40,41) to analyze the fDMRI signals, with the bi-
exponential model described by Le Bihan et al (42) being the most used (Equation 1.13).  

𝑆(𝑏)

𝑆0
= 𝑆𝐷𝑃. 𝑒−𝑏.𝐷𝑠𝑙𝑜𝑤 + 𝐹𝐷𝑃. 𝑒−𝑏.𝐷𝑓𝑎𝑠𝑡    Eq.  1.13 
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Where S(b) is the signal intensity at each b-value, S0 is the signal at zero value of the 
diffusion gradient strength, b is the factor, and Dslow and Dfast represent the slow and fast 
diffusion coefficients, with their corresponding contributions to the signal from slow and 
fast diffusion phases, SDP and FDP respectively (where SDP+FDP=1). The Dslow reflects 
the movements from the bounded-water molecules and Dfast represents the molecular 
displacements from non-bounded molecules (43). FDP reflects the fraction of water 
molecules moving fast far away from cellular membranes, while the SDP is the fraction 
of water molecules diffusing in the vicinities of the cellular barriers. To experimentally 
evaluate these two water compartments, and be able to label slow movements, diffusion 
sequences that allow a bi-exponential fitting up to high b-values have to be employed. 

 

1.1.6. Metabolic magnetic resonance spectroscopy 
Magnetic resonance spectroscopy (MRS) allows the metabolic study of samples by 
generating spectra in which different metabolites can be identified and quantified. MRS 
methodologies can be categorized as in vivo, ex vivo and in vitro depending on the 
sample assessed and the MR system employed. In vivo and ex vivo MRS offer 
information of the local metabolism, while in vitro studies can also provide data of the 
global metabolism from samples like blood or urine. Ex vivo and in vitro spectra are 
usually acquired with high resolution methods in vertical magnets, while in vivo MRS 
studies, in MRI systems that allows the evaluation of the metabolic profile in a non-
invasive way. On the other hand, in vitro and ex vivo metabolic studies are performed 
from tissue samples, or tissue extracts, and allow detecting and characterizing almost 
50 chemical compounds in biological fluids (44). 

 

1.1.6.1. In vivo MRS 
In vivo spectroscopy generates spectra from selected volumes by the combination of 
imaging and spectroscopy methodologies and allows the evaluation of the metabolic 
profile of regions of interest (ROI) in tissues in a non-invasive way. It is widely used in 
basic research and clinical environments being a powerful tool for differential diagnosis 
and treatment follow-up. The 1H spectra acquisition is the most common application 
(45,46), although other heteronuclei, like 13C or 31P, are also studied. 1H MRS can identify 
markers of neuronal integrity, neurotransmitter dynamics, energy metabolism or gliosis 
among others, while other nuclei like 31P MRS, provide information of relevant 
bioenergetics reactions, like those involved with creatine or the membrane 
phospholipids, as well as the oxidative respiratory chains. However, the low natural 
abundance of some heteronuclei makes necessary to infuse an enriched substrate to 
increase the sensitivity detection, as in the case of 13C. This method is widely used in 
animal experiments to study the cerebral glucose metabolism, or the glutamate-
glutamine and γ-aminobutyric acid (GABA)-glutamine cycles between the neuronal and 
the glial compartments. However, it is barely used in clinical studies due to the 
experimental difficulties during the infusion process and the high cost (47,48). 1H MRS 
presents some technical challenges, like the water signal suppression or the spatial 
localization, while non-proton MRS demands higher magnetic field strength, better RF 
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pulse sequences and improved RF coil designs. The technical specifications of the in 
vivo MRS are extensively described in Chapter 6.   

 

1.1.6.2. High resolution magic angle spinning 
High-resolution magic angle spinning (HRMAS) emerged in the early-mid 1990s and 
allows the acquisition of NRM spectra without performing any physiochemical 
manipulation of the samples (49). This technique  generates ex vivo NMR spectra from 
a non-processed small piece of tissue, and is based on Andrew (50) and Lowe (51) 
studies. These authors exposed in 1959 that the fast spinning of a solid sample in a 
magnet at an angle of 54.7° (called magic angle) to the magnetic field (Figure 1.7) 
decreased the line-broadening effects that happens in solids, allowing to increase the 
spectral resolution. Line-broadening effects are caused by several phenomena such as 
the chemical shift anisotropy and the dipolar coupling (49).  

 

 
Figure 1.7. Experimental setup for a HRMAS experiment. A: The sample rotates in a rotor at 
an angle θ relative to the axis of the magnetic field B0. B: The probe head is tilted at 54.7º in the 
NMR system. 

 

Nuclei of the same elements usually resonate at different frequencies because of the 
electromagnetic shielding induced by the electrons surrounding them. The unit used to 
define the position of each nucleus in the radio frequency range is called the chemical 
shift. In a solid or semi-solid sample, the fact that the molecules are fixed in different 
spatial locations in the sample experiencing a different magnetic field, induces a 
chemical shift anisotropy that affects to nuclei in those molecules. So, in 1H spectra, even 
being the same nucleus in the same molecule, the chemical shift is different. This 
phenomenon does not appear in liquids, where molecules are homogeneously 
distributed in the sample due to their free motion. This effects in HRMAS can be 
overpassed by rotating the sample at high speed (at ~4-6kHz) to allow each molecule 
being in all possible sites almost at once, reducing the chemical shift anisotropy and 
resulting in a narrower signal. Moreover, the chemical shift anisotropy also depends on 
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the orientation of the sample with respect to the magnetic field, and decreases by putting 
the sample at 54.7°. On the other hand, dipolar coupling consists on the nuclear spins 
disturbances produced by the neighboring nuclei, and result in the splitting of the 
resonance lines. The electromagnetic field of the nuclei with non-zero spin interacts 
among them through space, being the strength of this dipolar interaction dependent on 
the distance and the angle between the spins. This coupling responds to the Equation 
1.14, so, by tilting the sample at an angle of 54.7°, this distortion is made zero, resulting 
in a reduction of the line-broadening of the spectra. 

𝐸 ∝ [3 𝑐𝑜𝑠2(𝜃) − 1]    Eq.  1.14 

where E is the energy involved in the dipolar coupling, and θ is the angle between the 
sample rotation direction and the magnetic field axis. At the magic angle θ=54.7º, the 
dipolar coupling results zero (E=0).  

HRMAS spectra can be obtained not only for 1H, but for other heteronuclei, such as 31P, 
15N or 13C. This NMR spectroscopy method enables the analysis of molecules from semi-
solid biological samples also with clinical and pre-clinical applications. In this line, 
HRMAS can be employed to identify biomarkers in pathological and healthy tissues, 
either to improve diagnosis and prognosis (52), or validate treatments in several 
pathologies. This technique is also widely used in biomedical research for elucidating 
the molecular mechanisms that underlying diseases (53). The Carr-Purcell-Meiboom-Gill 
(CPMG) SE sequence is the most employed to acquire metabolic spectra. Depending 
on the TE selected, it is possible to limit the number of detected metabolites. Indeed, the 
use of long TE reduces the contribution of lipids and macromolecules to the spectra. 

 

Cerebral regulation of global energy metabolism 
 
Central regulation of global energy metabolism balances energy expenditure and food 
intake, matching homeostatically the internal and environmental demands in animals and 
humans. Disturbances in this balance can trigger the development of diabetes or obesity, 
which underlie some of the most prevalent and abundant diseases such as ischemic 
episodes, cancer or neurodegeneration (54,55).  

 

1.2.1. Regulation of energy metabolism under physiological conditions 
Maintenance of the balance between the consumed and the expended calories is a key 
homeostatic function for the survival in all organisms. This homeostatic regulation is 
controlled, at a global level, with the participation of the endocrine system, peripheral 
sensory system, the central nervous system and the adipose tissue. Specifically, under 
physiological conditions, there is a tight interplay between the brain and peripheral 
organs, such as pancreas, liver and the gastrointestinal tract, and cell types, like 
adipocytes. These organs or cells send positive and negative peripheral signals to the 
brain, where different regions are involved, being the hypothalamus the most significant 
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(56). Among the nuclei that conform the hypothalamus, the arcuate (ARC) nucleus and 
paraventricular nuclei (PVN) integrate endocrine, exogenous and excitatory signals. 
These nuclei are formed by different types of cells, like the agouti-related peptide 
(AgRP)-expressing and the pro-opiomelanocortin (POMC)-expressing neurons (56). 
AgRP neurons are anabolic -promote feeding and weight gain- and release the 
neuropeptide Y (NPY) and the neurotransmitter GABA at hungry situations, which leads 
to food consumption (57). On the other hand, POMC neurons, which can be viewed as 
the counterpoint to AgRP neurons, are catabolic and responsible of the inhibition of food 
intake, with higher activity in a fed condition. POMC neurons are inhibited by the 
activation of the orexigenic (stimulation of energy intake) AgRP neurons. The ARC 
nucleus contains the highest concentration of POMC neurons, and it is a cerebral area 
of relatively permeable blood brain barrier (BBB). This condition makes the ARC highly 
accessible to activation by the different feeding stimuli. The PVN serves as a 
communication center, being one of the most important brain nuclei that regulates the 
physiological response to energetic challenges. Besides, lateral hypothalamic area 
(LHA) is also a key appetite regulator region (58).  

Not only the hypothalamus, but also other brain regions participate in the control of food 
intake, such as the rewarding and motivational centers, constituting in mammals the non-
homeostatic circuitries of appetite control (59). These circuitries include regions from the 
cortex, hippocampus, thalamus, nucleus accumbens (NAc) and the amygdala, which 
integrate signals from different inputs in a coordinated manner. Cortical regions are 
implicated in the appetite regulation with different roles in the feeding behavior. For 
example, the insular cortex acts as a primary taste region that examines the smell or the 
texture of the food (60), while the orbitofrontal cortex defines its pleasantness (61). 
Neurons in the hippocampus highly express receptors for the growth secretagogue 
(GHSR), insulin and leptin (62). GHSR is activated by ghrelin and stimulates food intake 
(63). Interestingly, the hippocampus also releases leptin for the regulation of the feeding 
behavior (64). The paraventricular thalamic nucleus has emerged as an important 
cerebral area in the regulation of motivated feeding and thus, appetite regulation. This 
brain region receives inputs from appetite-related hypothalamic nuclei, such as the 
orexigenic signals from the LHA or the anorexigenic ones from the ARC (65). The NAc 
is mainly formed by GABAergic neurons that receive signals from the dopaminergic 
neurons. Consequently, the NAc has a significant role in the motivation and reward 
processes, as well as addiction. Previous studies have reported the role of the NAc in 
the regulation of appetite behavior, and its connection with the LHA (66). The amygdala 
is also involved in the reward events and the appetite behavioral responses. This allows 
associating food cues with positive effects of food ingestion inducing a higher 
consumption. Previous functional studies reported that there is an activation process in 
the amygdala when food are visualized or smelled (67). 

Organs from the gastrointestinal tract release orexigenic and anorexigenic factors that 
reach the brain, where they modulate the appetite and energy expenditure neuro-
circuitries correspondingly (Figure 1.8). These factors include ghrelin, glucagon-like-
peptide-1 (GLP-1) and peptide YY (PYY) (68). Ghrelin is an orexigenic peptide 
synthetized in the stomach during hungry situations, and is inversely correlated with the 
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accumulated adiposity (69). Besides, ghrelin is involved in glucose metabolism, by 
inhibiting glucose stimulation of insulin secretion and stimulating glucagon secretion (70). 
Moreover, a direct link between ghrelin and insulin has been proposed, with some 
studies reporting high values of ghrelin correlated with low values of insulin, and vice 
versa (70). GLP-1 is an anorexigenic hormone produced in the intestinal enteroendocrine 
cells and some neurons from the nucleus of the solitary tract (71). GLP-1 blood 
concentrations increase with the arrival of carbohydrates or lipids into the ileum (72). 
PYY is also a hormone that restrains food intake due to its anorexigenic role, being 
released to the circulatory system from the gut. Additionally, insulin is secreted by the 
pancreas in response to the blood glucose levels. Previous studies have revealed that 
the main role of insulin in the brain is to inhibit food intake (73). 

 

 
Figure 1.8. Gut and adipocyte hormones sensing by the brain. Hormones from the organs of 
the digestive system and the adipose tissue are released and caused the activation/inactivation 
of AgRP or POMC neurons. Adapted from (74). 

 

Besides the gastrointestinal tract, other organs contribute to the endocrine signaling that 
regulate appetite, such as the adipose tissue that releases leptin or the pancreas by 
producing insulin. Leptin is a protein released proportionally to the adipose tissue mass. 
This adipocyte-derived peptide hormone restrains food intake by stimulating the ARC 
POMC neurons and energy expenditure by increasing the basal metabolism rate (75). 
Leptin also inhibits food intake by the activation in the mesolimbic pathways of GABA 
and dopamine expressing neurons (76). Leptin, as well as insulin, inhibits the orexigenic 
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neurons by the release of AgRP and NPY, and on the other hand, activates the appetite-
inhibiting neurons of the POMC pathways (77).  

In addition to the endocrine signals, there are molecules such as glucose or fatty acids, 
that contribute to the food intake regulation through the appetite modulation. Glucose 
sensing in the brain is carried out by glucose-responsive neurons (GR), which are mainly 
located in the hypothalamus and regulate the glucose homeostasis (78). GR neurons 
are closely related with the global energy homeostasis by regulating the activity of the 
POMC and AgRP neurons (79). Although the direct participation mechanisms of the fatty 
acids in the regulation of POMC and AgRP neurons remains to be deeply studied, fatty 
acids are well-known to cause an inflammatory state by increasing the levels of cytokines 
in the tissues (80).   

 

1.2.2. Appetite regulation pathways 
The appetite and satiety impulses follow specific feedback routes between the peripheral 
organs and the brain that have been widely studied. If the balance of such impulses is 
altered, pathological conditions can be developed, while, at the same time, some 
diseases can lead to modifications of these routes. In the following paragraphs, a brief 
sequenced description of the temporal events underlying the specific short-term hunger 
and satiety signals is provided. 

 

1.2.2.1. Hunger signaling 
The signals that activate the neuronal circuits related to hunger come from the adipose 
tissue, the gut or the pancreas. At fasting conditions, the concentration of circulating 
leptin decreases rapidly (75), and the stomach stimulates the release of ghrelin, the only 
known orexigenic peptide (69). Both, the decrease of leptin and the increase of ghrelin, 
activate the AgRP neurons, which secrete NPY to the postsynaptic cleft (57). NPY binds 
to the Y receptors of the PVN or the dorsomedial nuclei (81). The action of NPY in 
hypothalamic nuclei triggers the hunger signaling, which elicits the motor responses: 
reduction of energy expenditure and stimulation of feeding behavior. At fasting situations, 
plasma concentrations of GLP-1 (72) and PYY (82) are low, while levels of  glucagon are 
increased, contributing to maintain the blood glucose levels (83).  

 

1.2.2.2. Satiety signaling 
During food intake, the brain receives a continuous flow of information from the gut, 
specially from the intestinal wall and gastric mucosa. The gut transmits the volume and 
the composition of the ingested food by secreting different hormones like GLP-1 or PYY. 
GLP-1 and PYY arrive to different cerebral regions like the solitary tract or ARC nucleus, 
and directly stimulate the POMC neurons, which release a hormone (α-melanocyte-
stimulating hormone) that activates the melanocortin receptors decreasing the food 
intake, and increasing energy expenditure. The satiety signaling also causes the 
increase in the leptin plasma concentration. On the other hand, the higher levels of 
glucose in plasma after food intake induce the secretion of insulin by the pancreas. Both, 
leptin and insulin, reach the ARC nucleus in the hypothalamus, and act inhibiting the 
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orexigenic AgRP neurons and activating the anorexigenic neurons of the melanocortin 
/cocaine and amphetamine regulated transcript (CART) pathways, resulting in 
decreased food intake and increased energy expenditure. 

 

1.2.3. Regulation of energy metabolism under pathological conditions 
The delicate equilibrium in the cerebral mechanism that controls the food intake and 
energy expenditure can be distorted in some pathologies. In the last decades, the 
number of patients with obesity or anorexia, has notably been increased (84). Moreover, 
cachexia, an extreme state of malnutrition, can be developed in patients with pathologies 
such cancer or HIV (85).  

Overweight and obesity are chronic diseases associated to several comorbidities such 
as cardiovascular diseases, type 2 diabetes (T2D) or some types of cancer (86), with a 
higher risk also of developing neurodegenerative disorders (87). The chronic nature of 
obesity is associated with a low-grade systemic inflammation, mediated by the 
recruitment of macrophages and other immune cells, that affects numerous organs like 
the liver, the adipose tissue, and the central nervous system (CNS), causing the 
disruption of the global metabolic homeostasis (88). This inflammatory response involves 
components of the classical immune response to pathogens including a systemic 
increase in circulating pro-inflammatory cytokines (80). Most of the pathogenesis of 
organ-specific diseases derived from obesity and overweight are associated to this low-
grade systemic inflammation. Probably, T2D is the most devastating pathological 
condition that commonly occurs following obesity (89). In this line, body mass index (BMI) 
has shown a strong relationship to the associated peripheral insulin resistance (IR). This 
IR can alter carbohydrate, protein and fat metabolisms, leading to a number of 
interrelated metabolic derangements (90). Obesity is also characterized by high leptin 
blood concentrations resulting in leptin resistance (77), which might lead to 
cardiovascular disorders due to the pressor effect that it causes in the cardiovascular 
system (91). Leptin also affects the enzyme AMP-activated protein kinase, by inhibiting 
its activity. This enzyme is a sensor of the nutrient insufficiency that under a critical lack 
of fuel is activated to promote the substrate oxidation and increase the food intake (92). 
Besides, obesity has been joined with structural brain alterations, identifying a clear 
association between gray matter atrophy and increased BMI (93).  

Cachexia, a very frequent progressing event during the management of cancer, is a 
metabolic disorder developed by around 80% of patients with advanced malignant 
tumors. This condition entails asthenia, weight loss and anorexia (85), as well as failure 
of multiple organs like the immune system, kidneys or brain. Metabolism in cachectic 
patients is mechanistically complex, including alterations in biochemical cycles such as 
the Cori cycle or enhanced lipid turnover, due to the involvement of circulatory elements 
from both host and tumor-derived mediators (94). Indeed, cachexia is characterized by 
systemic inflammation caused by the release of tumor necrosis factor alpha (TNFα) and 
interleukins (IL) by the cancer cells or the surrounding tissue (94). Receptors for these 
pro-inflammatory molecules are found in the hypothalamus, causing an imbalance 
between the orexigenic signals, such as NPY, and anorexigenic signals, like POMC (85), 
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with an increase in the activity of POMC neurons, and therefore a reduction of the food 
consumption. Previous studies have correlated the circulating levels of IL-6 with weight 
loss in cancer patients, as well as with the reduction in survival (95). IL-6 also inhibits 
synthesis and enhances catabolism of proteins and lipids in adipocytes (96). On the other 
hand, TNFα, also called cachectin, plays a critical role in cancer cachexia. Its release 
reduces glucose transporter (GLUT4) levels, inhibiting glucose transport, and decreasing 
the substrates for lipogenesis (97). Cachexia is also characterized by body weight loss, 
skeletal muscle wasting and dysfunction of white adipose tissue. Loss of fat mass is an 
important aspect in cancer cachexia, with a multifactorial mechanism in which lipolysis 
is activated in the adipocytes, reducing their cellular volume and decreasing de novo 
lipogenesis (98). Patients with cancer-associated cachexia present elevated resting 
energy expenditure, promoting negative energy balance. These results are related with 
the tumor metabolism, which competes with the rest of the organs and tissues for the 
biosynthetic substrates and energy fuels, and the hyper-metabolism, which is 
represented by increased liver gluconeogenesis/glycolysis and Cori cycle (99). Besides 
inflammation, cachexia also causes adipose dysfunction (94). Major energy reserves in 
mammals are represented as fat droplets in the white adipose tissue. Recent studies 
have reported that the conversion of white adipocytes into brown adipocytes, is related 
with cachexia (100). This process, also called white adipose tissue browning, contributes 
to lipid mobilization and the increase of energy expenditure. Indeed, the increase in 
lipolysis is related to the secretion of inflammatory peptides, which results in the 
infiltration of macrophages, lymphocytes and stromal cells altering the adipose tissue 
microenvironment (100). Brown fat is involved in the negative energy balance 
characteristic of cancer cachectic patients, due to its role in the dissipation of chemical 
energy in the form of heat (100).  

 

Magnetic resonance imaging to evaluate the global energy homeostasis  
 
Pathophysiological mechanisms of the diseases related to the impairments of the energy 
metabolism need to be further studied to prevent and treat patients. Neuroimaging 
techniques have revealed important alterations in the cerebral metabolism, structure and 
function in the regulation of eating behavior (101,102). Among them, magnetic 
resonance techniques have provided robust evidences of these cerebral variations 
(103).  

Anatomical MRI techniques, like T1W or T2W imaging, have reported the effect of eating 
disorders and obesity in the white and gray matter integrity, and changes in the volumes 
of different brain regions (104). T1W was used to evaluate volumetric changes in cerebral 
structures due to high fat diets (HFD) consumption or obesity, although to date the 
obtained results are contradictory (105). Previous studies using T2W MRI acquisitions, 
reported increases on T2 values in some brain region of animal models feeding with a 
high fat diet, although the return to normal diet did not induced a decrease on the T2 
values (106).  
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Besides to identify structural alterations, MRI can be used to assess the cerebral 
activation with different functional approaches such as BOLD, MEMRI and diffusion MRI. 
In previous studies, BOLD imaging was used in obese patients to assess the neuronal 
activity during visual stimulation by food pictures (107), or during the reaction to different 
tastes (108). Other studies have also studied the response of the neural networks to 
specific orexigenic and anorexigenic signals. For example, Malik et al measured the 
cerebral response to food and non-food images after ghrelin infusions. They found an 
increase in the activation of cerebral regions like amygdala or cortex, which are 
implicated in the appetite regulation and the reward processing (109).  

On the other hand, Kuo et al performed the first study with MEMRI to evaluate the 
appetite regulation (110). Since then, multiple works have been carried out in this line, 
revealing differential patterns of activation after peptide administration and its long-term 
effects on neuronal activity (111), or the role of the acetate as an anorectic agent (112). 

Functional diffusion MRI improves the temporal and spatial resolution of BOLD, and 
avoids the use of contrast agents with potentially toxic results, like in MEMRI. In obese 
patients, the ADC values were found to be significantly higher than control groups (113), 
and the consumption of rich fat diet has been connected with inflammatory processes in 
cerebral regions (69). Moreover, recent studies found a positive correlation between the 
MD values and the BMI (105). Appetite insults, such as fasting condition, have also been 
studied with diffusion techniques. Indeed, our group previously used this methodology, 
and both mono- and bi-exponential models to fit the MR signal decay, to evaluate the 
hypothalamic activity. We assessed, for the first time, the hypothalamic activity under an 
appetite paradigm in the healthy mouse, rat and human brains by fDWI (38,114,115), as 
well as in genetically leptin or neuropeptide Y deficient mice (116). These studies 
disclosed that the detected water diffusion changes were compatible with the swelling of 
the cells due to the neuronal response to fasting conditions.  

Finally, magnetic resonance spectroscopy techniques allow obtaining the metabolic 
profile of the tissues to study disorders of the global metabolism (117). In vivo MRS has 
been employed to assess longitudinally the alterations in the neurochemical profile of 
animal models during the consumption of a high fat diet, finding an increase in the 
osmolytes inositol and taurine, that suggested an inflammatory process and the 
alteration of the glucose metabolism (118). Furthermore, in vivo studies with 13C enriched 
compounds revealed an increase of the TCA cycle flux on HFD animals, which is in 
agreement with the augmented cerebral metabolism detected in other studies in rodents 
(119). 
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Chapter 2.  Integration of physiological, imaging and metabolic appetite 
responses in a diet induced obesity model 

 

Introduction 
 

Obesity and overweight mainly come from the combination of unhealthy life style habits, 
such consumption of diets rich in fats or sugars, and sedentary behaviors, resulting in an 
energy imbalance, with more calories consumed than expended, and abnormal or 
excessive fat accumulation (120). The disruption of the energy homeostasis produces 
impairments of the cerebral regulatory mechanism of global energy balance control, and 
may lead to addictive behaviors (86). Moreover, obesity and overweight are closely 
related with the development of severe health conditions (86,87). Consequently, obesity, 
overweight and associated comorbidity have turned into serious threats to the public 
health, reaching epidemic proportions affecting developed and developing countries. 
The statistics reported in 2016 indicated that 39% of adults and 18% of children and 
adolescents were overweight, and about 13% of the world’s adult population were obese 
(84). These insalubrious conditions produce about 4.7 million annual deaths, ranking 
obesity as the 5th leading cause of worldwide death. 

The chronic character of obesity is linked to a low-grade inflammatory state that causes 
metabolic alterations. This systemic inflammation is initiated in the adipose tissue, which 
contains a variety of immune cells, and entails similar mechanisms than those involved 
in the immune response to pathogens, such as the rise in circulating proinflammatory 
cytokines and acute phase proteins (80). Obesity-induced inflammation affects several 
organs such as the liver, pancreas and the CNS, causing alterations in the main peptides 
and hormones controlling the balance between energy intake and expenditure. 
Particularly, both overweight and obesity can result in leptin and insulin resistance (77), 
inducing the development of diabetes (89) and pointing to numerous interrelated 
metabolic imbalances (90). In the brain, energy homeostasis is achieved by a tight 
balance between the anorexigenic (satiety) and orexigenic (stimulation of energy intake) 
responses in the hypothalamus, and such equilibrium can be perturbed by the 
abovementioned alterations of systemic signals during obesity (69,121). Recent studies 
using high-fat diet feeding in animals have reported the development of an additional, 
and localized, inflammatory response in the brain that is linked to the obese phenotype 
(122). More specifically, experiments using diets with high content in saturated fatty acids 
(SFA) have demonstrated that these SFA can cross the BBB and reach the 
hypothalamus to prompt a neuroinflammatory response through the NFkB complex 
(123). Eventually, such inflammation affects the whole CNS, and other brain regions that 
participate in the appetite regulation process (124). Additonally to cerebral inflammation, 
experimental evidences suggest important metabolic and morphological alterations in 
the brain of animal models of obesity and obese patients, such as cognitive impairment 
(125),and an association between BMI and gray matter atrophy (126).  
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Magnetic resonance methods have considerably contributed to understand the global 
energy metabolism regulation in the brain, as well as its disturbances, using in vivo 
procedures (127). Among them, DWI allows detecting alterations of the brain 
microstructure in animal models, as well as in humans, under feeding/fasting paradigms 
(38,114,115,128). The DWI signal can be fitted to several mathematical models, being 
the most used the mono-exponential approach, and the bi-exponential model to a lesser 
extent (40,41). Previous studies have used bi-exponential models in the context of fDMRI 
techniques (24,129), under the assumption that neuronal activation processes are linked 
to cellular swelling events that change the distribution of the water phases. Specifically, 
processes related to appetite activation have been associated to increases of the SDP 
(38). On the other hand, diffusion tensor imaging (DTI) makes possible the evaluation of 
cerebral microstructural changes associated to obesity. This methodology can also 
assess structural changes in brain neuronal circuits related to reward processing, 
inhibitory control, and appetite by the alterations in the MD and the FA (130). 
Spectroscopy methodologies, such as 1H HRMAS and in vivo 13C NMR, can detect 
changes in the cerebral neurochemical profile in animal models, like leptin-deficient 
Ob/Ob mice fed with high fat diet (HFD) (119). Moreover, alterations in the TCA cycle, 
and GABA production associated to a HFD and obesity (118,119), can be detected with 
NMR spectroscopy techniques. However, although cerebral function and microstructure, 
and metabolic alterations are important factors during the development of obesity, an 
integrative assessment of the consequences of unhealthy diet habits and feeding 
conditions in them, remains to be further investigated.  

Genetic models, like Ob/Ob mice or Zucker rats, have been used to expose the 
molecular mechanisms implicated in obesity, and to develop therapeutic treatments 
(131). However, because environmental factors such as the level of physical activity, or 
the type of diet consumed are the main causes of the development of overweight and 
obesity (132), diet induced obesity (DIO) models are more suitable to observe the 
consequences of an excessive caloric consumption (133). Among all the DIO models, 
the HFD model exhibits higher body weight gain than the analogue controls (134), as 
well as increased levels of glucose, leptin and insulin (135) resulting in insulin and/or 
leptin resistance (77). Hypothalamic inflammation due to HFD consumption in mice has 
been also reported in previous studies (136) along with alterations of hypothalamic 
neurotransmission and metabolism (118). Additionally, feeding/fasting paradigms can be 
assessed during the dietary manipulations, which is considered to activate the 
neuroinflammatory processes. Overlapping the chronic inflammation caused by obesity 
to a fasting condition provokes a severe nutrition-related immune stimulation by 
activating a succession of molecular events that are not entirely understood (137). 
Previous studies have performed a direct assessment of the processes underlying the 
fasting reaction in the mouse and human brains by using MRI techniques (38,114,115). 
However, it remains to be assessed an integrative relation between the alterations in the 
cerebral microstructure and metabolism with the endocrine or phenotypic changes.  

On these grounds, we designed the experiments described in this chapter to study, from 
an integrative perspective, the effects of a mid-term high fat diet feeding on developing 
obesity in mice, and the consequences of fasting in obese or lean animals. To this aim, 
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a DIO model was first characterized by carrying out phenotyping and blood hormone 
studies. In parallel, the effects on brain function were evaluated in vivo by MRI studies 
and ex vivo by HRMAS metabolomic measurements. We also provided an integral 
statistical analysis of the associations between the imaging and spectroscopic 
parameters of the brain with the physiological variables. Additionally, we explored the 
possibility of implementing bi-exponential fDMRI to our DIO mice, with a fast acquisition 
sequence, in order to assess in the water pools distribution, the effects caused by the 
diet and feeding state. 

 

Methods 
 
2.2.1. Animal and experimental design 
Animal experimental procedures were approved by the ethical committee of our 
institution (Instituto de Investigaciones Biomédicas “Alberto Sols”) and met the national 
(R.D. 53/2013) and European Community guidelines (2010/62/EU) for care and 
management of experimental animal. Mice were kept in the animal premises of our 
research institute (Reg. No. ES280790000188) and cared by specialized employees. 
Design and reporting adhered to the ARRIVE guidelines (138). 

 

 
Figure 2.1. Experimental design. Summary of animals (n) involved in HFD, or SD 
administrations, under fed or fasted conditions, techniques used in their characterization DTI, 
HRMAS, phenotyping and hormonal profiling (blood tests). 

 

Healthy 8-weeks C57BL6/J male mice (Charles River, France) (n=60, 22±2g) were 
randomly divided in two groups (n=30 each) for diet diversification. Animals were fed 
during 6 weeks with a standard diet (SD) (A04, SAFE Augy, France, 2900kcal/kg) or with 
a HFD (260HF, SAFE Augy, France, 5505kcal/kg). Mice were housed in humidity (47%) 



Chapter 2 

26 
 

and temperature (21-23°C) regulated space with 12 hours’ day/night cycle starting at 
8:00 a.m. Body weights were controlled every three days to check the progression of the 
mice fattening. After 6 weeks of diet divergence, animals were submitted to MRI studies 
(n=10 HFD and n=10 SD) or to phenotyping in an automated home cage-system (n=10 
HFD and n=10 SD) during fed ad libitum and fasting (16 hours of food deprivation) 
conditions. After the MRI sequences acquisition during the fasting period, animals were 
euthanized by using a high-power microwave system (Microwave Fixation System TMW-
4012C, Muromachi Kikai Co., Ltd, Japan). Different brain tissues were collected and kept 
at -80°C until HRMAS spectra acquisitions. Blood samples for each mouse were 
extracted and used for hormonal content determination after the 16h-fasting period in 
the phenotyping studies (Phenomaster, TSE Systems GmbH, Germany). In two separate 
fed state animal groups (n=10 HFD and n=10 SD), blood and brain tissue samples were 
gathered as described above, and used for blood hormonal quantification and HRMAS, 
respectively (Figure 2.1). 

 

2.2.2. Phenotyping 
A metabolic and motor analysis system (Phenomaster, TSE Systems GmbH, Germany) 
was used to study ten animals from each diet group (HFD or SD) in two feeding 
conditions (fed and fasted). Phenotyping system allows the measurement of drinking and 
feeding behavior, spontaneous respiratory and motor activities by isolating animals in 
individual cages equipped with high precision sensors, which stored the data every hour 
(139). The modification of the environment required a proper acclimation before the 
measurements, thus animals were placed in the phenotyping room 48h before the 
isolation and the beginning of measurements (140). Once the acclimation period 
finished, mice were moved to the individual cages of the system and the aforementioned 
parameters were collected for 90h, with the first 74h of free access to food and the last 
16h of fasting period, with water ad libitum during both periods. Water consumption and 
food intake were measured with high precision weight sensors adapted to the cages. 
Distance walked (DistK) was determined using infrared light beams. The system also 
provided information of the global metabolism by the evaluation of indirect calorimetry 
via the respiratory exchange rate (RER). RER is the ratio between the released CO2 and 
consumed O2 (VCO2/VO2), which were measured using paramagnetic gas analyzers.  

 

2.2.3. Endocrine profile 
Insulin, leptin, ghrelin, glucagon, PYY and GLP-1 concentrations were measured in 
plasma samples from HFD or SD mice cohorts, both in fed and fasted situations. The 
protocol for obtaining the samples started early in the morning, with mice induced to 
anesthesia in a polymethylmethacrylate chamber with a mix of isoflurane and oxygen (2-
2.5% isoflurane/oxygen), which was maintained during the procedure through a mask. 
Blood samples were obtained from venous sinus orbital with capillaries previously 
treated with anticoagulant (citrate). Blood was transferred to citrate treated tubes, and 
then a mix of protease-inhibitors (DPPIV-Inhibitor/ Protease-Inhibitor cocktails) were 
added to each tube and immediately centrifuged for 5 minutes at 1200rpm. Blood plasma 
was isolated, gathered and stored at -80°C until their later analysis with a MILLIPLEX 

https://www.sigmaaldrich.com/catalog/product/mm/dpp4m
http://www.sigmaaldrich.com/catalog/product/sigma/p2714
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MAP Mouse Metabolic Hormone Magnetic Bead Panel-Metabolism Multiplex Assay 
(MMHMAG-44K Multiplex-assay) in a Milliplex ®Multiplex Assays using Luminex® 
platform, calibrated with hormone standards of known concentration. 

 

2.2.4. Diffusion imaging 
Experiments were carried out in a Bruker Biospec 7T system (Bruker Biospin, Ettlingen, 
DE), 16cm bore, with a 90mm insert of 360mT/m and a 23mm volume resonator 
interfaced with an Avance III radiofrequency console running under ParaVision 5.1 
software. Studies began at 8a.m., being two mice in fasting conditions and two in fed 
conditions imaged in that order per day to diminish the variation resulting from the 
circadian rhythms differences in longer acquisitions. Protocol started with the control of 
body weight and blood glucose levels, which were measured from a blood sample 
(100μL) obtained from the tip of the tail by using a standard glucometer (Accu-
Chek®Aviva, Roche). Mice were sited in a polymethylmethacrylate box and anesthetized 
for induction with a mixture of isoflurane and oxygen (2-2.5% isoflurane/oxygen). Then, 
animals were carefully placed in a homemade holder where they were immobilized with 
a bite-bar coupled to a nose mask, which administered anesthesia during the imaging 
(1-1.5% isoflurane/oxygen). A water heated blanket was used to keep body temperature 
at approximately 37°C. Physiological status of the mice was followed with a small animal 
monitoring system (Model 1025, SA Instruments, Inc. NY) by measuring the respiration 
rate -with a pneumatic pillow placed in the abdominal zone of the animal- that was 
maintained between 40 and 60 breaths per minute by adjusting the anesthesia level. 

The MRI study started with a RARE spin echo T2 morphological acquisition of the brain, 
centered in the hypothalamic region. This section was identified using as anatomical 
coordinates the slice containing the hypophysis, the third ventricle and the dorsal third 
ventricle (141), which correspond to a slice located at approx. -1.46mm from bregma 
(38,114). The sequence was acquired with the following parameters: TR=2500ms, 
TE=44ms, RARE factor=8, 6 averages, slice thickness=1mm, acquisition matrix 
(Mtx)=256x256 and in-plane resolution=0.086x0.086mm2/pixel in axial orientation. 
Subsequently, two diffusion weighted set of images were acquired by using diffusion 
sequences with EPI readout acquisition. In the segmented EPI DTI, diffusion gradients 
were applied in 6 directions and the sequence parameters were: Δ/δ=20/4ms, 
TR=2500ms, TE=43ms, slice thickness=1.5mm, Mtx=128x128 in-plane resolution 
0.172x0.172mm2/pixel in axial orientation, 3 b-values=0, 200, 1000s/mm2, 4 segments 
and total acquisition time 10min. In the single-shot EPI DWI sequence, acquired to fit the 
data to a bi-exponential model, diffusion gradients were applied in the three orthogonal 
directions of the space with the following parameters: Δ/δ=20/4ms, TR=2500ms, 
TE=31ms, slice thickness=1.5mm, Mtx=128x128 in-plane resolution 0.172mm2/pixel in 
axial orientation, 7 b-values (0, 300, 600, 900, 1200, 1500 and 1800s/mm2), total 
acquisition time 5min. 
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2.2.4.1. Image analysis 
Images acquired with DTI methods were computed with a homemade software 
developed in MatLab (R2010b, the MathWorks Inc., Natick, MA). MRI signal was fitted, 
voxel-by-voxel, to a mono-exponential model to obtain the diffusion parameters MD and 
FA (25) according to Equation 2.1. 

𝑆(𝑏) =  𝑆0 𝑒
−𝑏.𝑫     Eq.  2.1 

Where S(b) represents the individual voxel intensity in the presence of the diffusion 
gradient at a b-value, and S0 is the individual voxel intensity in the absence of diffusion 
gradients (b=0s/mm2). The diffusion tensor D describes the diffusion of water molecules 
in the three orthogonal main directions. MD and FA were calculated as described in 
Equations 1.11-1.12. The signal from the DWI sequence was fitted to a bi-exponential 
model (40,42) to obtain Dfast and Dslow, and SDP according to Equation 1.13. 

Data fitting was performed using homemade MATLAB functions and the non-linear least-
squares fitting trust-region algorithm. Restrictions of goodness of fit and upper and lower 
limits for the diffusion coefficients were set (r2>0.75, 0<Dslow<1500µm2/s, 
0<Dfast<3000µm2/s). Different restriction criteria were applied to improve the fitting. 
Subsequently, different restrictions were tested in order to increase the number of 
fulfilling-criteria voxels (r2>0.65, Dslow<2000µm2/s, Dfast<4000µm2/s). 

In all cases, regions of interest (ROIs) (cortex, hippocampus and hypothalamus) were 
manually selected from the corresponding parametric maps by using ImageJ software 
(National Institutes of Health, Bethesda, MD, USA, ImageJ) and a mouse brain atlas 
(142).  

 

2.2.5.  1H High resolution magic angle spinning spectroscopy  
The animals employed to obtain ex vivo metabolic information, were euthanized under 
anesthesia by using a high-power (5kW) microwave focused to the brain. This method 
allows arresting the cerebral metabolism with heat inactivation (143). Subsequently, 
fixed brain was removed from the skull and tissue samples from different brain areas 
collected: cortex, hippocampus and hypothalamus. Samples were stored and preserved 
at -80°C until their analysis with HRMAS spectroscopy. Briefly, a small piece (10-15mg) 
of the frozen samples was introduced in a zirconium rotor (4mm of outsider diameter) 
and filled with D2O up to 50µL. Then, the rotor was transferred into the HRMAS probe 
pre-cooled at 4°C. 1H NMR spectra were acquired on a 11.7T MHz Bruker AVANCE 
Spectrometer operating at 500.13MHz, 5kHz spinning rate and a temperature of 4°C. 
Carr-Purcell-Meiboom-Gill spectra were acquired with water presaturation during 
relaxation delay (5s), a total TE of 36ms, 32K data points and 128 scans. 1H spectra 
were processed with LCModel (linear combination of model spectra) (144), which allows 
the quantification of detectable metabolites in the cerebral areas assessed. Basically, 
the software fits the spectrum as a linear combination of brain metabolites model spectra 
contained in a homemade data base, yielding values of the metabolic concentrations 
and the estimated percentage of standard deviation. The data base contained the 

http://rsbweb.nih.gov/ij/


Chapter 2 

29 
 

simulations of 25 metabolites: acetate (Ac), alanine (Ala), aspartate (Asp), choline (Cho), 
creatine (Cr), phosphocreatine (PCr), GABA, glucose (Glc), glutamine (Gln), glutamate 
(Glu), glutathione (GSH), glycine (Gly), glycerophosphocholine (GPC), guanidinoacetate 
(Gua), isoleucine (ILc), myo‐inositol (Myo), lactate (Lac), leucine (Leu), N‐

acetylaspartate (NAA), phosphorylethanolamine (PE), phosphocholine (PC), taurine 
(Tau), threonine (Thr), and valine (Val) which can be used to define a neurochemical 
profile (145). Moreover, the methylene (CH2) and the methyl (CH3) groups of mobile 
lipids, potentially from neutral lipid droplets (146), were fitted (Lip13 and Lip09, 
respectively). Metabolic relative concentration to the total creatine (Cr+PCr) content in 
the sample was determined to assess the quantification of the metabolites. Only 
metabolites with Cramér-Rao lower bound (CRLB) values smaller than 20% were 
considered in the posterior analysis.  

 

2.2.6. Statistics 
 

2.2.6.1. Univariate analysis 
Physiologic and phenotyping statistical analysis were assessed using GraphPad Prism 
6 (GraphPad Software, San Diego, CA). Specifically, body weight differences between 
groups during the six-week period were evaluated with multiple unpaired t-test, corrected 
for multiple comparisons using the Holm-Sidak test. Blood glucose and body weight 
values before the MRI studies (in fed and fasted conditions) were evaluated with two-
tailed paired t-test (fed vs fasted comparison) or with multiple unpaired t-test (SD vs HFD 
evaluation), both corrected with the Holm-Sidak method.  

On the other hand, blood hormones, MRI and HRMAS statistical differences were 
performed using IBM SPSS package (IBM SPSS Statistics for Windows, Version 25.0, 
Armonk, NY, IBM Corp.). Blood hormones tests were assessed with an UNIANOVA 
method. 

 

2.2.6.2. Generalized linear model 
Diffusion parameters differences were evaluated by generalized linear model (GzLM) 
with generalized estimating equations (GEE) to compare the different experimental 
conditions, as it was described previously (114). In this statistical method, an ad hoc 
model linearly relates the dependent variables (MD and FA for the mono-exponential 
model, and Dfast, Dslow and SDP for the bi-exponential approach) to the independent 
factors (diet and feeding conditions), allowing repeated measures (areas and voxels). 
Subsequently, a Wald test was used to statistically test the effect of the independent 
factors on the calculated estimated values. Evaluation of the HRMAS data was made by 
using a linear mixed model (LMM), which is an extension of general linear models. In 
this statistical method, the ad hoc model includes random factors and covariates for each 
different level combination of the factors. HRMAS and blood hormones evaluation first 
required a logarithmic transformation of the data for homogenizing purposes (147). In all 
cases, p values <0.05 were considered statistically significant.  
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2.2.6.3. Z-Score evaluation 
Comparisons of all acquired values (physiological parameters, blood hormones, 
phenotyping measurements, MRI coefficients and metabolite concentrations from proton 
spectra), were performed to associate the different parameters of each methodology to 
the type of diet or the feeding condition, generating four measurement conditions (SD-
fed, SD-fasted, HFD-fed, HFD-fasted). To this aim, the analysis was made by using Z-
Score visual comparisons in SPSS software. Briefly, Z-Score from all measurements 
were calculated as described in Equation 2.2. 

𝑍 − 𝑆𝑐𝑜𝑟𝑒𝑖 =
𝑥𝑖−�̅�

𝑆
      Eq.  2.2 

Where 𝑥𝑖represents the value of a specific variable, �̅� accounts for the sample mean 
between the four conditions, and 𝑆 the sample standard deviation. A Z-Score value of 0 
indicates no deviation from the mean, while Z-Scores of e.g. ±1 or ±2, reveal that the 
mean value of the variable, lies 1 or 2 standard deviations above or below the mean. 
Thus, Z-Scores provide a robust procedure to standardize all measurements of a data 
set in a uniform scale. Lastly, Z-Score from all variables were represented in four 
independent bar graphs, each one corresponding with one measurement condition, to 
perform a qualitative analysis of potential patterns of groups of variables.  

 

2.2.6.4. Alternating least squares scaling 
Nonmetric multidimensional scaling method (ALSCAL) was used to try to find the 
structure of the distances between the objects. This was carried out by assigning the Z-
Score of the measured parameters to specific locations in a new two-dimensional space 
in a way that the distances between points match the given dissimilarities/similarities as 
closely as possible. These distances were calculated with the Euclidean distance 
expression: 

𝑑(𝑃, 𝑄) = √∑ (𝑝𝑖 − 𝑞𝑖)2𝑛
𝑖=0     Eq.  2.3 

Where P and Q are the objects, pi and qi are their respective coordinates. Briefly, the 
Euclidean distance measures the distance in a n-dimensional space between two 
objects. Subsequently, the calculated distances are transformed to coordinates in a new 
two-dimensional space. In this method, we calculated the Euclidean distances between 
the Z-Scores of the variables (MD, FA, Lip09, Lip13, relation lip13/09, GABA, Glu, Myo, 
Glc, GPC+Cho, Tau, Gln, NAA, glucagon, insulin, leptin, PYY, body weight, blood 
glucose concentration, drink, food, RER, DistK and calories), measured in the four 
experimental conditions (SD-fed, SD-fasted, HFD-fed, HFD-fasted). The distance 
calculation was performed with SPSS software algorithm Proximities, while the 
transformation into a new representation space was made with ALSCAL algorithm with 
a Euclidean model in SPSS.  
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Results 
 

2.3.1. Phenotyping 
Mice fed with HFD (red) showed significantly greater body weight increases from the first 
week of diet diversification than animals fed with standard diet (green) (Figure 2.2A). 
Body weight values measured before the MRI acquisitions were also significantly higher 
in the HFD cohort than in the SD group (Table 2.1), also in fed and fasting conditions 
(Figure 2.2B). Overnight fasting caused in both diet groups a statistically relevant 
decrease in body weight, although it was more pronounced in the SD cohort (11%) in 
comparison to HFD mice (6%) (Figure 2.2B). Blood glucose concentrations measured 
before the MRI acquisitions in the fed ad libitum condition were significantly higher on 
HFD mice, as compared to the SD cohort, but differences were not detected in the fasting 
situation (Table 2.1, p<0.05) (Figure 2.2C). Our results indicated that fasting caused 
significant decreases in blood glucose levels in both diet groups (Table 2.1, p<0.05) 
(Figure 2.2C).  

 

 
Figure 2.2. Body weight and glucose measurements in C57BL6/J mice receiving high fat 
or standard diets. A: Time course evaluation for 6 weeks of body weight (mean ± standard 
deviation) along HFD (red), or SD (green), administrations. B: Box plots of body weights (g) before 
the imaging sessions under fed or 16h-fasted conditions. C: Box plots of blood glucose levels 
(mg/dL) before the imaging sessions under fed or 16h-fasted conditions. In each box-plot, the 
central mark indicates the median, and the bottom and top edges refer to the 25-th and 75-th 
percentiles, respectively. The upper and lower limits of the box extend to the most extreme data 
points not considered outliers, which are plotted individually using the '•' symbol. */#p<0.05, 
##p<0.01, ***/###p<0.001. HFD: red, SD: green. 

 

Table 2.1. Mean and standard deviation values of body weight (g) and blood glucose levels 
(mg/dL) of mice cohorts for each state and feeding condition before de MRI session. 

Diet-Condition Body weight (g) 
Blood glucose  
levels (mg/dL) 

SD-fed 30±1.1 152.6±19.2 

SD-fasted 26.9±1.1 108.1±22.7 

HFD-fed 32.7±2 185.9±42.2 

HFD-fasted 30.7±2.1 127.9±33.7 



Chapter 2 

32 
 

Individual metabolic cages measurements reported not significant differences in caloric 
intake and water consumption in both diet cohorts (Figure 2.3A-B). Motor data (DistK) 
analysis did not reveal significant differences, neither between diets nor between feeding 
states (Figure 2.3D).  

 

 
Figure 2.3. Phenotypic alterations in C57BL6/J mice receiving high fat or standard diets. 
Representation of the results obtained with the metabolic cages during 90 hours of recorded 
parameters, 74 hours with food and water ad libitum, and 16 hours without food but water ad 
libitum. Night periods were represented with grey spaces (n), while day hours without color (d). 
The time in which the food was removed is represented by the red line (R.f.). Time course 
evaluation during HFD or SD administrations, under fed and 16h-fasted conditions of A: 
cumulative caloric intake (kcal), B: cumulative water consumed (mL), C: RER values, with the 
carbohydrate (RER=1, purple line) and the lipid (RER=0.7, orange line) metabolisms 
representation, and D: cumulative motor activity measured as distance walked (cm). In each 
graph the median value and standard deviation are presented. Significant differences were not 
added to the graphs to show data more clearly.  

 

RER values of the SD cohort presented periodical oscillations around 1, being the RER 
value higher during the night (the active period of mice) and lower at day (resting period) 
(Figure 2.3C). Food deprivation eliminated the aforementioned fluctuations of RER 
values, decreasing up to nearly 0.7. The circadian oscillations of the SD cohort were not 
found in the HFD group, whose RER values was close to 0.7 during the whole 
measurement period (Figure 2.3C). 

Hormonal blood analysis showed significantly higher levels of leptin in the HFD batch in 
fed and fasted conditions, in comparison with the SD cohort (Figure 2.4A). Fasting 
caused a decrease in leptin concentration for the two diet groups (Figure 2.4A). Insulin 
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levels in the satiated state did not present statistical differences among diet groups, 
whereas its concentration in fasting condition was significantly higher in the HFD cohort, 
as compared to the SD group (Figure 2.4B). Fasting decreased significantly the insulin 
levels in both groups (Figure 2.4B). Ghrelin concentration presented analogous values 
for the two diet-groups in the fed condition, while under fasting state ghrelin level was 
higher on SD animals in comparison with HFD group (Figure 2.4C). Similar PYY 
concentrations were found for diet-batches in both feeding situations, although with 
fasting state the concentrations diminished significantly in both diet cohorts (Figure 
2.4D). Glucagon levels were also similar between diet-groups in both feeding and fasting 
states, although it was found a remarkably increase during the fasting period in SD mice 
(Figure 2.4E). Finally, GLP-1 concentration in feeding state were higher in HFD cohort 
than in the SD animals while levels augmented significantly after the overnight fasting 
period on the SD cohort (Figure 2.4F). 
 

 
Figure 2.4. Endocrine profiles in C57BL6/J mice receiving high fat or standard diets, under 
the fed or fasted conditions. Appetite related hormones were determined (pg/mL) with multiplex 
assays in plasma samples, obtained and processed as indicated in Methods, for mice feeding 
with HFD or SD under feeding and 16h-fasting conditions. A: Leptin. B: Insulin. C: Ghrelin. D: 
PYY. E: Glucagon. F: GLP-1. Box plots are represented as indicated in Figure 2.2. HFD: red, SD: 
green. */#p<0.05, **p<0.01, ***/# # #p<0.001. 

 

2.3.2. Diffusion tensor imaging 
DTI methods were used to assess the effects of diet and feeding states on the mouse 
brain. MD and FA values were averaged for each diet, condition and area. Sagittal 
representation of the mouse brain with the location of the slice imaged was presented in 
Figure 2.5A. Assessment of the brain slice MD values in the different diets and feeding 
conditions, did not exhibit significant differences (Table 2.2) although they were detected 
when different cerebral areas were considered. GEE approach statistical evaluation 
revealed a significant effect of diets in the MD coefficient (p=0.002), area (p<0.001) and 
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the product diet*area*condition (p<0.001). However, the effect of feeding condition alone 
did not exhibit any remarkable effect on MD (p>0.05).  

 

 
Figure 2.5. Mean diffusivity data from C57BL6/J mice receiving high fat or standard diets 
under the fed or fasted conditions. A: Anatomical location of the slice selected in a sagittal 
representation of the mouse brain, which include the perimeters of investigated ROIs: temporal 
cortex (red), hippocampus (green) and hypothalamus (orange). B: Representative MD parametric 
maps through the investigated brain section from mice fed SD (left) or HFD (right) diets, under 
the fed (top) or fasted (bottom) conditions, respectively. Box plots of cerebral MD (μm2/s) values 
from the cortex, hippocampus and hypothalamus of mice receiving HFD (red), or SD (green) diets, 
under fed (C) and fasted (D) conditions. Box plots are calculated as in Figure 2.2. *p<0.05,          
**/# #p<0.01, ***/# # #p<0.001. 

 

In feeding condition, pairwise comparisons presented significantly higher MD values in 
HFD batch than in SD cohort, as exemplified in the representative MD parametric maps 
(Figure 2.5B top boards) and condensed in the corresponding boxplot graph panels 
(Figure 2.5C-D). These significant differences were found in the cortical and 
hippocampal regions but not in the hypothalamus. Furthermore, MD values were 
significant higher in hippocampus than in the cortical and hypothalamic regions. During 
the fasting period, on the other hand, MD coefficient achieved similar values between 
the two diet-groups, as illustrated in the demonstrative MD values maps (Figure 2.5B 
bottom panels) and respective graphs (Figure 2.5C-D). MD values were also 
significantly higher in hippocampus in comparison with cortex 
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Table 2.2. Mean and standard deviation values of MD and FA of mice cohorts for each region, 
diet and feeding condition. 

Diffusion  
parameter 

Region Diet Condition Mean  
Standard 
deviation 

MD  
(μm2/s) 

Cortex 

SD 
Fed 641.5 64.7 

Fasted 666.0 100.1 

HFD 
Fed 750.7 87.6 

Fasted 698.4 122.5 

Hippocampus 

SD 
Fed 665.3 79.1 

Fasted 671.7 94.3 

HFD 
Fed 817.1 150.7 

Fasted 750.0 159.4 

Hypothalamus 

SD 
Fed 654.3 108.3 

Fasted 653.6 111.7 

HFD 
Fed 726.5 141.4 

Fasted 751.0 155.7 

Brain 

SD 
Fed 740.2 162.3 

Fasted 705.1 118.9 

HFD 
Fed 815.3 148.8 

Fasted 795.1 183.5 

FA 

Cortex 

SD 
Fed 0.31 0.17 

Fasted 0.31 0.16 

HFD 
Fed 0.37 0.11 

Fasted 0.41 0.12 

Hippocampus 

SD 
Fed 0.28 0.14 

Fasted 0.30 0.14 

HFD 
Fed 0.37 0.14 

Fasted 0.44 0.13 

Hypothalamus 

SD 
Fed 0.38 0.17 

Fasted 0.33 0.13 

HFD 
Fed 0.31 0.14 

Fasted 0.36 0.14 

Brain 

SD 
Fed 0.31 0.16 

Fasted 0.31 0.15 

HFD 
Fed 0.39 0.14 

Fasted 0.42 0.15 

 

 



Chapter 2 

36 
 

Statistical analysis of the FA values through the selected brain slice (not shown) did not 
presented significant differences between diets or feeding conditions (Table 2.2). The 
statistical pairwise comparisons of the FA values in the assessed cerebral areas 
exhibited a significant effect of the product diet*area*condition (p=0.005). Nevertheless, 
individual consideration of diet, area and feeding conditions did not show any remarkable 
changes on the model (p>0.05). Prototypical parametric map of the FA from each group 
and condition was represented in Figure 2.6A. Comparisons between diet groups in 
fasted condition revealed significant increase in FA values on the hippocampal region of 
the HFD cohort. Cortex and hypothalamus did not present remarkable alterations neither 
between diets nor feeding conditions (Figure 2.6B-C). 

 

 
Figure 2.6. Fractional anisotropy data from C57BL6/J mice receiving high fat or standard 
diets, under the fed or fasted conditions. A: Representative fractional anisotropy (FA) 
parametric maps through the investigated brain section from mice fed SD (left) or HFD (right) 
diets, under the fed (top) or fasted (bottom) conditions, respectively. Box plots of cerebral FA 
values from the cortex, hippocampus and hypothalamus of mice receiving HFD (red), or SD 
(green) diets, under fed (C) and fasted (D) conditions. Box plots were calculated as indicated in 
Figure 2.2. #p<0.05. 

 

2.3.3. Bi-exponential fitting of the DWI sequence 
Figure 2.7 summarizes the obtained parametric maps of Dfast (Figure 2.7A), Dslow 
(Figure 2.7B) and SDP (Figure 2.7C) of the mouse brain at the corresponding diets and 
feeding conditions. Fitting of the DWI signal to the bi-exponential model yielded only few 
voxels with a goodness of fit r2>0.65 (Table 2.3). Moreover, for some animals, no voxels 
with good fitting could be detected on specific regions, and some fitting conditions were 
changed in order to improve such limitation. Results were however practically identical 
(data not shown). 

 



Chapter 2 

37 
 

 
Figure 2.7. Representative parametric maps of the bi-exponential coefficients and phase 
through the investigated brain section of C57BL6/J mice receiving high fat or standard 
diets, under the fed or fasted conditions. A: Dfast. B: Dslow. C: SDP. Maps were from mice fed 
SD (left) or HFD (right) diets, under the fed (top) or fasted (bottom) conditions, respectively.  
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Table 2.3. Number of pixels that fit the bi-exponential model and the percentage of pixels with 
respect to those obtained with the mono-exponential fitting for each region, diet and feeding 
condition (fed/fasted).  

 
Cortex Hippocampus Hypothalamus 

Number pixels %pixels1 Number pixels %pixels1 Number pixels %pixels1 

HFD fed 80 35.2 109 48.4 111 73.0 

HFD fasted 45 25.7 73 34.3 91 38.4 

SD fed 62 23.6 100 33.7 118 42.0 

SD fasted 67 17.3 114 29.8 187 53.3 
1bi-exponential to mono-exponential approach 

 

Mean values ± standard deviation of Dfast, Dslow and SDP in the selected ROIs were 
calculated from the corresponding maps (Figure 2.8 and Table 2.3). Statistical analysis 
of the data revealed that Dfast was significantly higher in the fed condition of the HFD 
cohort than the SD group in cortex and hippocampus, while the values of this parameter 
were significantly lower in the hypothalamus (Figure 2.8A, GEE pairwise comparisons).  

 

 
Figure 2.8. Diffusion parameters obtained with the bi-exponential model fitting (Dfast, Dslow, 
SDP) through the investigated brain section of C57BL6/J mice receiving high fat or 
standard diets, under the fed or fasted conditions. Boxplots of cerebral diffusion parameters 
from the cortex, hippocampus and hypothalamus of mice receiving HFD (red) or SD (green) diets, 
under fed and fasted conditions. A: Dfast values. B: Dslow values. C: SDP. Box plots were 
calculated as indicated in Figure 2.2. */# p<0.05, **/# # p<0.01, ***/# # # p<0.001. 
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Table 2.4. Mean and standard deviation values of Dfast, Dslow and SDP of mice cohorts for each 
region, diet and feeding condition. 

Diffusion 
parameter 

Region Diet Condition Mean  
Standard 
Deviation 

Dfast 

(μm2/s) 

Cortex 

SD 
Fed 1084.3 713.7 

Fasted 929.0 443.4 

HFD 
Fed 1719.7 751.4 

Fasted 880.7 455.5 

Hippocampus 

SD 
Fed 1198.5 699.6 

Fasted 1034.7 538.4 

HFD 
Fed 1889.0 632.1 

Fasted 948.1 385.4 

Hypothalamus 

SD 
Fed 1482.1 794.7 

Fasted 1212.5 650.0 

HFD 
Fed 937.4 293.3 

Fasted 1078.6 460.9 

Dslow  
(μm2/s) 

Cortex 

SD 
Fed 332.1 153.3 

Fasted 313.8 131.3 

HFD 
Fed 245.4 173.5 

Fasted 340.1 147.4 

Hippocampus 

SD 
Fed 331.3 139.0 

Fasted 293.8 155.2 

HFD 
Fed 253.0 183.1 

Fasted 361.0 162.3 

Hypothalamus 

SD 
Fed 355.4 145.3 

Fasted 276.7 128.8 

HFD 
Fed 312.8 167.9 

Fasted 354.0 193.0 

SDP 

Cortex 

SD 
Fed 0.56 0.19 

Fasted 0.53 0.16 

HFD 
Fed 0.53 0.15 

Fasted 0.51 0.16 

Hippocampus 

SD 
Fed 0.48 0.15 

Fasted 0.46 0.17 

HFD 
Fed 0.47 0.17 

Fasted 0.46 0.20 

Hypothalamus 

SD 
Fed 0.56 0.17 

Fasted 0.52 0.18 

HFD 
Fed 0.45 0.17 

Fasted 0.43 0.18 
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Moreover, 16h of fasting caused a significant decrease of the Dfast values in the cortical 
and hippocampal regions of the HFD group. On the other hand, Dslow in the cortex and 
hippocampus also exhibited significant differences in the HFD cohort, with higher values 
in fasted condition. However, the hypothalamus presented the same behavior in the Dslow 
(Figure 2.8B) for the SD cohort. Finally, the slow diffusion phase (Figure 2.8C) showed 
significant differences in the hypothalamus, with lower values in the HFD cohort than in 
the SD group, both in feeding and fasting conditions. 

 

2.3.4.  1H HRMAS spectroscopy 
Neurochemical profile evaluation of the extracted brain regions (cortex, hippocampus 
and hypothalamus) was performed by the acquisition of 1H HRMAS spectra and 
corresponding fitting using LCModel. Representative HRMAS spectra are shown in 
Figure 2.9.  

 

 
Figure 2.9. Representative HRMAS spectra of hypothalamus of C57BL6/J mice subjected 
to HFD (right) or SD (left) diets under fed (top) or fasted (bottom) conditions. PCr+Cr, Tau, 
GPC+Cho, GABA, Gln, NAA, Lip13: methylene resonance from saturated fatty acids, Lip09: 
methyl resonance from saturated fatty acids. 

 

Results revealed significant changes between diets and/or feeding conditions for the 
relative (to PCr+Cr) concentrations of Lip09 (CH3), Glc, GABA, Gln, Tau, NAA, Glu and 
GPC+Cho (Figure 2.10). Lipid signal quantification showed significantly higher 
concentrations in the cortex of the fasted HFD group than in the fed condition for the 
same cohort and the SD group, while the hippocampus presented a significantly higher 
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value at feeding HFD than SD cohort (Figure 2.10A). The relation between the methyl 
and the methylene signals from saturated fatty acids remained constant in all diet and 
feeding conditions assessed (data not shown). Glc concentrations displayed similar 
concentrations in the three assessed regions, with significantly higher values in the fed 
HFD mice than the fed SD and the fasted HFD cohorts (Figure 2.10B). Our results 
showed that GABA concentrations decreased significantly after fasting in the cortical and 
hypothalamic regions of HFD mice, and in the hypothalamus of the SD cohort (Figure 
2.10C).  

 

 
Figure 2.10. HRMAS neurochemical data from biopsies of the cortex, hippocampus and 
hypothalamus from C57BL6/J mice receiving high fat, or standard diets, under the fed or 
fasted conditions. A: Lipid methyl (Lip09). B: Glc. C: GABA. D: Gln. E: Tau. F: NAA. */# p<0.05, 
**/# # p<0.01, ***/# # # p<0.001. 
 

In the hypothalamus it is also possible detect significantly lower values of GABA in the 
HFD cohort, in fed and fasted conditions, than the SD group. Glutamine levels were 
similar between diet groups, and a remarkable decrease was detected after fasting in 
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the hypothalamus of HFD animals (Figure 2.10D). A similar behavior was observed in 
Tau, with the concentration significantly decreased in the hypothalamic region of HFD 
mice after fasting, and remaining also significantly lower than the corresponding fasted 
SD mice (Figure 2.10E). Notably, NAA concentration in the hypothalamus was 
significantly higher in the HFD group than the SD cohort in the fed state, while results in 
the hippocampus indicated augmented concentrations with food deprivation only in the 
HFD mice (Figure 2.10F). Glutamate concentrations, on the other hand, showed 
significant lower values in fasted conditions for the SD cohort in the cortex, and the HFD 
group in the hypothalamus (not shown). Finally, GPC+Cho concentrations exhibited a 
significant decrease of its value in the hypothalamus after fasting in the HFD group (not 
shown). 

 

2.3.5. Statistical analysis 
 

2.3.5.1. Z-Score 
Behavioral patterns due to diet or feeding condition can be observed in the Z-Score 
distribution of all variables (Figure 2.11). In order to obtain representative values of a 
more generalized brain area, diffusion and metabolic variables from the different brain 
regions were grouped, and the mean values were considered for the Z-Score calculation 
and representation. 

 

 
Figure 2.11. Z-Score plots of changes in variables from the brain of C57BL6/J mice 
subjected to SD (top) or HFD (bottom) diets, under fed (left) or fasted (right) conditions. 
MD and FA in red; Lip09, Lip13 and relation (Lip09/Lip13 ratio) in orange; GABA, Glu (brain 
glucose), Myo, Glc, GPC+Cho, Tau, Gln and NAA in green; GLP, ghrelin, glucagon, leptin, insulin, 
and PYY in purple; weight (body weight) and glucose (blood glucose concentration) in yellow; 
drink (water consumed), food (food consumed), calories (caloric intake), RER and DistK (motor 
activity as distance walked) in brown.  
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Z-Scores of diffusion coefficients, MD and FA (red), lipids concentrations (Lip09 and 
Lip13) (orange) and DistK (brown) were remarkably negative for the SD cohort but 
positive for the HFD cohort, independently of the feeding condition, with Z-Score values 
close to (-1) and to (+1) respectively. On the contrary, metabolic concentrations of Myo 
(green) presented, for both feeding conditions, positive high Z-Scores for SD mice but 
negative for HFD group. Other variables changed their Z-Score signs conditioned by the 
feeding situation, although independently of the diet consumed. Such is the case of Glu 
(green), insulin (purple), PYY (purple), glucose (yellow), food (brown) and calories 
(brown), which presented high positive Z-Score values of the fed condition but reached 
negative values on the fasted state. Besides, NAA (green) and glucagon (purple) 
exhibited negative values of Z-Score in the fed condition, but they turned positive under 
fasting. Interestingly, Gln (green), GLP-1 (purple) and ghrelin (purple) showed a crossed-
behavior tendency, with negative values for SD-fed and HFD-fasted conditions, but with 
positive Z-Score values for SD-fasted and HFD-fed states. GABA, Tau and GPC+Cho 
(green) presented a negative Z-Score in the fasting condition for HFD cohort, while in 
the rest of conditions, they showed a positive Z-Score value. In the same line, drink and 
RER (brown) only depicted positive Z-Score values in the feeding SD cohort, presenting 
the rest of the conditions negative Z-Score values. Finally, leptin (purple) and body 
weight (yellow) exhibited negative Z-Score values in all the conditions except at feeding 
for the HFD mice. 

 

2.3.5.2. ALSCAL 
ALSCAL method allows integrating the representation of the investigated variables in a 
new two-dimensional space. Each variable is located in this new space considering the 
Euclidean distance between them by taking into account the values of the respective 
variables in the four diet-conditions combinations. In a first approach, the imaging and 
metabolomics parameters corresponding to the three brain regions were grouped, and 
the mean values of the variables were calculated for the ALSCAL method. After a visual 
inspection of the position of the variables in the new space, different groups of variables 
that are placed at a close range can be observed (Figure 2.12).  

For example, MD, FA, Lip09 and DistK; insulin and blood glucose concentration; body 
weight, leptin and Glc; GABA, PYY, GPC+Cho, RER and drink; food and Glu. This 
method also allows the identification of the variables that can be linked to the particular 
diet and feeding conditions studied. Such is the case of, GABA, PYY, GPC+Cho, RER 
and drink, which can be associated to the SD-fed group, or ghrelin and Gln, which can 
be associated with the SD-fasted. On the other hand, blood glucose concentration, body 
weight, blood glucose and insulin can be identified with HFD-fed state, while glucagon 
and Lip13 to HFD-fasted. 
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Figure 2.12. Diagram obtained by alternating least squares scaling (ALSCAL) relating 
phenotyping and endocrine variables with neurochemical profile and imaging parameters 
considering the brain regions together. Variables correspond to mice receiving high fat or 
standard diets, under fed or fasted conditions, and are displayed in the new bi-dimensional space, 
with its coordinates defined through the transformation of the Euclidean distance between 
parameters. Abbreviation and colors are those showed in Figure 2.11. 

 

A similar analysis was performed to obtain the cortical, hippocampal and hypothalamic 
ASCAL representation for the three regions independently (Figure 2.13). Results 
depicted similar positions and relationships than the three-region group assessed above, 
such as Glc, insulin and glucose, RER, drink and PYY, or weight and leptin, whose small 
distances were maintained. However, some particular characteristics can be found in 
each region. In the cortex, the closest positions corresponded with the groups formed by 
Gln and glucagon; food, Glu and calories; Myo, the lipid ratio (Relation), Lip13 and Gln. 
The hippocampus exhibited small distances between Lip09, DistK and MD; RER and 
ghrelin; leptin, weight and glutamate. Finally, the closest positions in the hypothalamus 
corresponded with the groups formed by GLP and NAA; Tau and Gln; Lip09, Lip13 and 
lipid relation; Myo and GABA; GPC+Cho and Glu. 

 



Chapter 2 

45 
 

 
Figure 2.13. ALSCAL representation from different cerebral regions. A: cortex, B: 
hippocampus and C: hypothalamus. Variables are displayed within the new coordinate space, 
with each axis representing a different diet-feeding condition. Each variable is represented with 
respect to the rest of the variables by the transformation of the Euclidean distance between each 
pair of variables. Abbreviation and colors are equivalent to those showed in Figure 2.11. 
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Discussion 
 

In this study we characterized the consequences of high fat diet consumption in the blood 
hormonal profile, mouse phenotyping, brain function and neurochemical metabolic 
profile, under ad libitum feeding and fasting conditions by using a wide diversity of 
methods (multiplex assays, metabolic cages, MRI and 1H HRMAS). Continuous intake 
of a diet with a large percentage of fat produced alterations in body weight, hormonal 
concentrations, behavior, brain functionality and metabolic composition. Our evidences 
also exhibited that fasting period notably modulated the effects of excessive fat 
consumption.  

Six weeks after diet diversification, animals fed with HFD achieved higher body weight 
and glucose levels, as compared to SD mice (Figure 2.2), in agreement with previous 
studies (134,135). On the other hand, fasting decreased body weight and blood glucose 
levels in both diet groups, with the SD group experiencing more weight loss than HFD 
mice. Interestingly, blood glucose concentrations after fasting achieved similar levels for 
the two mice groups. 

Mobility, food and water consumption, and RER values were evaluated in individual 
metabolic cages to detect the potential phenotyping differences caused by 6-week HFD 
consumption. Surprisingly, our results reported non-significant differences in caloric and 
water intake (Figure 2.3A-B) during the measured period. In this sense, taking into 
account that our other animal cohorts receiving HFD became obese, we suspect that the 
similar caloric consumption of these particular HFD and SD batches can be related to 
the stress caused by isolation, which can hamper a normal eating behavior, as it has 
been reported by other groups (148). However, other potential origins of this unexpected 
result, such as errors in the sensors or measures, cannot be discarded. Further studies 
need to be performed in order to investigate why this effect was more remarkable in HFD 
mice than in SD animals. On the other hand, RER values (Figure 2.3C) indicate 
alterations in energy metabolism. The oxidation of a glucose molecule yields a RER 
coefficient equal to 1 (6O2+C6H12O6→6CO2+6H2O+32 ATP), while the oxidation of fatty 
acid molecules leads to RER values equal to 0.7 (23O2+C16H32O2→16CO2+16H2O+129 
ATP). On these grounds, RER coefficients around 1 indicate the predominance of 
carbohydrate metabolism, while lower values point to a shift to fatty acid metabolism. 
Our RER data exhibited measures around 1 for SD cohort, and values around 0.7 for the 
HFD mice, which reflects the augmented consumption of fatty acids in the HFD cohort 
(149). Interestingly, RER values from the SD group described an expected cyclical 
behavior, with the highest values reported in the night phase -when mice actually have 
most of their activity and food consumption- and the lowest values corresponding to the 
day period. However, such circadian cycle was not detected in the RER values of the 
HFD cohort, in agreement with previous studies, in which they described the 
dysregulation of the metabolic physiology involved in the circadian clock (150). During 
the food deprivation period, RER values of the SD cohort described a similar pattern that 
the HFD groups, which suggests the use of fatty acids as metabolic substrates in the SD 
batch during fasting. Locomotor activity (Figure 2.3D) did not depict differences between 
diet groups.  
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The hormonal profile determined from blood analysis exhibited alterations in the HFD 
cohort that are consistent with the development of a pre-diabetic condition after 6 weeks 
of HFD consumption (151). Changes were characterized by higher leptin levels in both 
feeding conditions, higher levels of insulin and lower concentration of ghrelin (Figure 
2.4A-C) after 16h-fasting, as well as lower values of GLP-1 (Figure 2.4F) in the ad libitum 
feeding state. These results are in agreement with previous studies, in which augmented 
concentrations of leptin and insulin on HFD mice and the predisposition to develop leptin 
and insulin resistance have been reported (77). During the food deprivation period, leptin, 
insulin (Figure 2.4A-B) and PYY (Figure 2.4D) concentrations presented similar 
decreases on the two diet groups, in agreement with the standard patterns of energy 
homeostasis regulation (75). Insulin concentration, however, remained remarkably 
higher on HFD, as compared to SD animals, which is consistent with the development 
of a HFD-induced pre-diabetic condition (151). Ghrelin is an orexigenic peptide 
synthesized during fasting in the stomach, and it is known to be inversely correlated with 
adiposity (69). Our results indicate that, in the fasting period, the concentration of ghrelin 
was lower in HFD mice, as compared to SD animals (Figure 2.4C), which suggests a 
decrease of the ghrelin-induced orexigenic activity during HFD consumption. PYY is also 
released by the digestive system, and its concentration directly depends on the caloric 
consumption (82). Our study did not detect significant differences of PYY between diet 
groups (Figure 2.4D), which suggests that the difference in caloric intake was not 
enough to change such values. The secretion of glucagon, which is produced in the 
pancreatic α-cells, is principally stimulated by low glucose concentrations. Remarkably, 
the augmented values reported under fasted condition (Figure 2.4E) are consistent with 
the decrease in the blood glucose and insulin levels in both diet groups (83). GLP-1, as 
incretin, promotes insulin release after food ingestion. Our results showed significantly 
higher levels of this gut hormone in HFD mice, (Figure 2.4F) in agreement with previous 
studies that reported the enhancement of the GLP-1 secretion by lipids (152). 

The effects of the fatty diet on brain function and microstructure were investigated by 
using diffusion MRI methods on the fed and fasted diet groups. DTI analysis allowed 
obtaining MD and FA parameters, which provide information of the cerebral 
microstructure changes. MD measurements denote the net balance of the Brownian 
movements of the water molecules. Consequently, increases in the MD values can be 
linked to the augmented contribution of fast diffusion movements, normally associated 
to the disruption of the blood brain barrier or the presence of a vasogenic edema. On the 
contrary, decreases in the MD values reveal an increase of the contribution of slow 
diffusion molecules, which can be related to swelling episodes or the existence of a 
cytotoxic edema (153). In our work, local alterations of mean diffusivity and fractional 
anisotropy were assessed in the cortex, hippocampus and hypothalamus. The statistical 
analysis of the diffusion parameters revealed a significant effect of diet, area and the 
product diet*area*condition on the resulting MD, which suggests a strong influence of 
these factors on the MD values. In fed ad libitum conditions, HFD mice presented a 
significantly higher MD than the SD group in the cortical and hippocampal regions, which 
are known to develop inflammatory process due to HFD consumption (80). Accordingly, 
the increase in MD (Figure 2.5B-D) detected in our results may be reflecting a global 
inflammatory state, which is linked to a vasogenic edema as reported in previous studies 
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(113). Net increases in the cortical MD (Figure 2.5C) produced by the HFD were reverted 
after food deprivation (Figure 2.5D). Previous studies reported the decrease of the ADC 
values due to fasting condition (114), which suggest that hunger -as a nutrition-
associated stimulus- can modulate the inflammation caused by HFD. This response was 
not found in the hippocampal region, where the MD values are maintained in the HFD 
under fasting condition (Figure 2.5C-D). In summary, our results are in agreement with 
previous studies reporting increases in the diffusion coefficients during obesity 
development under normal feeding regimes (113), while present for the first time partial 
reversal of the diffusion changes after a food deprivation period.  

FA measurements allow obtaining information of the anisotropy in the water diffusion, 
with higher FA accounting for increased anisotropy, and vice versa (154). Our study 
reveals a higher anisotropic behavior of diffusion in the hippocampus of HFD animals, 
as compared to the SD cohort, only during fasting conditions (Figure 2.6C), with no 
differences being detected in fed conditions. Previous studies on overweighted humans 
reported diminished FA values on the brain of obese patients, which has been related to 
a white matter integrity disruption process (155). We did not detect this decrease in our 
study, potentially due to several concomitant reasons. From one hand, severe alterations 
in the CNS have been reported after 15-30 weeks of diet (156), thus 6 weeks of HFD 
feeding might not be enough time to develop detectable microstructural brain changes. 
On the other, the amount of white matter in the brain of a mouse is smaller compared to 
the human brain, which may have hampered the detection of FA changes. 

DWI sequences were fitted to the bi-exponential model, but very few pixels complied well 
with the restriction criteria imposed. In order to increase the number of voxels obtained, 
we tested different changes in the initial conditions (‘fitoptions’ MatLab function, with 
different ‘startpoint’ values), as well as the upper limits for the coefficients and the phase 
(‘fitoptions’ MatLab function, with different ‘upper’ values) of the fitting. Moreover, we 
relaxed some of the post-conditions we put on the data to get robust results, like the r2 
values (from 0.75 to 0.65), or the maximum allowed value of the Dfast and Dslow. However, 
these changes did not result in obtaining more pixels with good fit. Thus, with the very 
few data points obtained, we calculated the mean and the standard deviation for each 
region, diet and condition, reaching standard deviation values of almost 70% of the 
corresponding mean values, in some cases. Statistical calculations were nevertheless 
assessed, and the corresponding data interpretation, was found to be contradictory to 
those inferred from the DTI assessment of the same animals, and to previous 
experiments performed in our group (38,115). In the present study, the DWI sequences 
were acquired with an EPI single-shot readout acquisition, without respiratory trigger and 
7 b-values, with the aim of minimizing the acquisition time, while the abovementioned 
longer studies used 4-shot, respiratory trigger and 10 b-values. A careful revision of our 
DWI images revealed that single-shot acquisition caused slight geometric distortion 
artifacts (157) and a low SNR, which may have compromised the voxel-by-voxel fitting. 
Additionally, the use of only 7 b-values to fit the data to a bi-exponential equation with 
three independent variables, may led to unreliable and overfitted results. On these 
grounds, taking into account the relatively poor image quality, the low number of voxels 
with good fit, and the contradictory results, we concluded that the acquisition conditions 
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of the present study were not good enough to perform bi-exponential fittings. However, 
the improvements that would be necessary to obtain images and quality adjustments are 
incompatible with the time requirements of the MRI protocol that we used in this study. 

Ex vivo proton spectra acquisition allowed evaluating relevant metabolites from the 
excised brain regions of the different diet groups and feeding conditions. Brain lipids 
constitute the cell membranes, but spectra acquired with HRMAS can only detect mobile 
lipids, probably arising from lipid droplets (146) formed inside cells by esterified long-
chain fatty acids (158). Previous studies have confirmed the accumulation of lipids in the 
cortex and hippocampus, as well as in the hypothalamus, after HFD consumption (159). 
The increase in saturated fatty acids concentrations was more pronounced under fasting 
conditions (Figure 2.10A). SFA are known to activate a neuroinflammatory reaction, 
which is mediated by binding to Toll-like receptors and the activation of the NfκB 
transcription cascade in the hypothalamus (123), potentially, underlying the edema 
responses discussed above in the MD and FA coefficients (153). HFD consumption 
generated a similar reaction in the concentrations of Gln, Glu, Tau, and NAA (Figure 
2.10D-F) of the hypothalamic region, with relatively higher values in the HFD-fed state 
that decrease with fasting. These results reproduce partially the increases in brain 
osmolytes, NAA and Tau, reported previously in HFD mice (118,128), and at different 
stages of obesity (160), revealing for the first time the corresponding decrease after 
fasting. In general, the osmolyte changes reveal a complex osmoregulatory response to 
SFA-induced neuroinflammation in the hippocampus and hypothalamus, but smaller 
effects in the cortical region. Glc levels presented similar concentrations in the three 
assessed cerebral regions (Figure 2.10B), with higher values in the fed HFD cohort as 
it was previously reported in Lizarbe et al (118). HFD metabolic quantification showed 
reductions in the GABA concentrations (Figure 2.10C) (161), which reveals an important 
role for the GABA concentrations as a biomarker for the different diet/feeding conditions. 

Global analysis of the variables in the different conditions with Z-Score and ALSCAL 
methods revealed behavioral patterns and connections between them. Both methods 
allow assessing the most relevant interaction between imaging characteristics and 
metabolic profiles, with the phenotypic or endocrine alterations, providing descriptors for 
every diet or feeding condition. The Z-Score analysis allows reducing the complex 
relationship between the assessed variables. This method identifies the response of the 
variables to the different diets and feeding/fasting conditions. Diffusion parameters and 
lipid concentrations presented coordinated alterations in their Z-Score values, and 
changed as a group depending on the diet and not on the feeding state (159). Moreover, 
Myo (Figure 2.11-green) concentrations decreased due to HFD and are in agreement 
with previous studies (162). In this sense, imaging and spectroscopic MR variables 
provided useful parameters to differentiate between both diets, independently of the 
feeding condition. Blood glucose levels (Figure 2.11-yellow) and insulin (Figure 2.11-
purple) Z-Scores indicate the direct effect of fasting, as it was reported previously (163), 
providing a measure of confidence on the application of the Z-Score method. NAA 
concentration (Figure 2.11-green) changed its Z-Score sign in the fasting state, being 
levels of NAA high related to food intake. In general, parameters obtained with the 
metabolic cages (Figure 2.11-brown) provide adequate biomarkers to identify the food 
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deprivation condition. Some metabolites and blood hormones presented a cross-
behavior tendency, like Gln (Figure 2.11-green) and GLP-1 (Figure 2.11-purple), with 
positive Z-Score values in HFD-fed and SD-fasted and negative values in SD-fed and 
HFD-fasted, and whose regulation depends on glucose and insulin concentrations. 

ALSCAL analysis supported these Z-Score results. Moreover, with this method it was 
possible to identify groups of variables (Figure 2.12 and Figure 2.13). Principally, the 
diffusion parameters, MD and FA, and the lipid signals Lip09 and Lip13 grouped closer 
to the fasted condition of the HFD, while GABA, GPC+Cho, PYY, drink and RER 
presented close localizations to the fed condition of the SD, suggesting that these groups 
of variables define more adequately these diet-condition states. Similarly, blood glucose 
and insulin concentrations for HFD-fed, or Gln, ghrelin and GLP-1 for SD-fasted provide 
adequate biomarkers for their respective states.  

Several limitations can be reported in our study. First, phenotyping studies were 
performed in a relatively stressful system for mice, since animals need to adapt to a new 
environment, to the external stimuli from the electronic system and to the isolation 
(animals are housed individually). These factors can hinder the measures, probably 
preventing to find significant differences in feeding and motor parameters. In the future 
this could be overtaken by considering other adaptation protocols for the new 
environment, which do not involve an additional stress to the animal. Second, submitting 
the animals to HFD just for 6 weeks, could not be long enough to induce alterations in 
the FA values of the brain. Consequently, it is not possible to conclude if this DIO murine 
model does not experience white matter microstructural modifications, or does need 
longer high-fat feeding to develop them in a similar manner that human beings. And third, 
conducting histological studies could confirm the brain vasogenic edema detected with 
DTI.  

In summary, the present study in C57BL6/J mice presents a wide characterization of the 
effects of a 6-week period of HFD consumption under feeding and fasting conditions by 
combining cerebral DTI and neurochemical quantification with phenotypic and endocrine 
evaluations. The DIO model used replicated the expected impaired endocrine profile 
(164,165), with the development of hyperglycemia, hyperinsulinemia and 
hyperleptinemia caused by leptin and insulin resistance like in obese patients (166). 
Moreover, the fasting condition used in this study caused phenotypic and endocrine 
responses similar to those depicted in previous studies. Cerebral imaging parameters, 
MD and FA, and the neurochemical profile, specifically the osmolyte and SFA alterations, 
provided the most adequate biomarkers to describe the effects of HFD in the brain. 
These alterations pointed to the development of a neuroinflammatory response in the 
brain of mouse to HFD. Alterations in the phenotypic, such as caloric intake or water 
consumption, or endocrine variables, like insulin or leptin blood concentrations, pointed 
to be suitable descriptors for the feeding/fasting paradigm. Together, these findings 
expose that diet and feeding conditions cause important effects in physiological and 
imaging parameters, and metabolic profiles of the mouse brain, providing the specific 
integrative associations.  
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Chapter 3.  Physiological, imaging and metabolic characterization of the 
cerebral response to fasting in a cachexia mouse model 

 

Introduction 
 

The regulation of global energy metabolism is mainly a brain function responsible of the 
homeostatic adjustment of the food intake and energy expenditure. This regulator 
mechanism is highly affected in several pathologies, being cancer one of them with 
severe implications. Around 80% of patients with advanced malignant tumors develop 
cachexia, a complex metabolic disorder that entails weight loss, asthenia and anorexia 
(85). During cancer growth, skeletal muscle and adipose masses gradually decrease 
and cachectic patients also experience a wide range of symptoms due to the affectation 
of different organs functions. The pathogenicity of this syndrome responds to a complex 
interaction of tumor and host factors. Briefly, the glucose catabolism is impeded, with the 
uptake rates and conversion of glucose to glycogen, lactate or CO2 slowed down (167). 
Besides, protein synthesis and degradation, and muscle metabolism in these patients 
are managed by circulating factors, such as TNFα (168) or interleukins, which can be 
originated from the cancer cells or the inflammatory response of the tissue, and whose 
serum levels are highly correlated with weight loss in cancer patients (95). Moreover, 
pro-inflammatory signaling produces the reduction of food intake and increases energy 
expenditure through the augmented activity of POMC neurons (169).  

Although malignant glioma is considered to be one of the deadliest human cancers, 
cachexia symptoms induced by glioma have received little attention. Among gliomas, 
glioblastoma multiforme (GBM) is the most common primary malignant CNS tumor. This 
brain tumor results from astrocytes, which have multiple functions in the CNS, such as 
support neurons or regulator of the blood flow. Glioblastoma has a poor overall survival, 
with a 5 years’ survival rate of only 5%. The median survival is less than 14 months (170), 
with high risk of recurrence after the treatments. The standard GBM treatment includes 
the surgical resection of the main tumoral mass, followed by radiation and chemotherapy 
(171). Despite the advances in surgical removal, this type of tumor has one of the most 
fatal characteristics, the ability to diffusely infiltrate the cerebral parenchyma, which 
impedes the total elimination of the tumor. However, the resection of the tumor allows 
the bulk reduction and decompression of the brain alleviating the symptoms. 
Chemotherapy for glioblastoma is generally made with temozolomide (TMZ), a brain-
penetrant alkylating that induces apoptosis (171).  

Clinically, glioblastoma detection is mainly achieved by imaging techniques, such as 
computed tomography (CT) or magnetic resonance imaging. MR images appearance of 
these tumors usually includes a ring-enhancing lesion with central necrosis and 
surrounding peritumoral edema (172). T2 weighted, T1 weighted contrast-enhanced and 
DWI sequences offer morphological information about the GBM, such as the volume, 
localization, mass effect, necrosis and edema among others. DTI gives also information 
about the water diffusion motion and microstructure organization (173), being possible 
to generate the brain tractography, which allows representing the white matter tracts and 
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gives important information before the surgical resection of the tumor (174). However, 
the capacity to diffusely infiltrate the cerebral parenchyma and the plasticity of the brain 
makes highly relevant to evaluate the cerebral functionality. In this line, several functional 
MRI methodologies allows performing this assessment, like BOLD (29) and DWI 
techniques (116). 

Murine animal models have been used to assess tumor growth and help to better 
understand the complexity of this pathology (175,176), although, to our knowledge, the 
development of cachexia in animal models of GBM has not been characterized before. 
These models can be mainly obtained through cell inoculation, chemical induction or 
transgenic development. The use of GBM cell lines in animal allows reproducing most of 
human glioblastomas clinical behaviors: made up of small cells, infiltration in healthy 
tissue or high vascularization (177). To this aim, glioblastoma murine cell lines can be 
used, like CT-2A, P560 or GL261 for mice (178), or 9L, F98 or C6 for rats (179). 
Moreover, human cell lines, like U87 or U251, can be employed in immunodeficient mice 
(180). These glioblastoma cell lines present high engraftment and growth rates, as well 
as good growth, progression and reproducibility (181).  

On these grounds, in this chapter we aimed to assess the cerebral response to fasting 
stimulus of glioblastoma bearing mice, in an advanced stage of the development to 
emulate cancer cachexia in humans. To that, animals were implanted with GL261 glioma 
mouse cells and the tumor growth followed with MRI. In the last stage of glioma 
development, animals were structural and functionally imaged under feeding and fasting 
conditions. Data were complemented with phenotypic evaluation and post-mortem 
metabolomic analysis performed with HRMAS spectra acquisitions.  

 

Methods 
 

3.2.1. Animal model 
All experimental procedures described below were approved by the Ethic Committees of 
the Instituto de Investigaciones Biomédicas “Alberto Sols”, CSIC and the Community of 
Madrid (PROEX 124/15) and follow the national (R.D.53/2013) and European 
Community guidelines (2010/62/UE) for care and management of experimental animals. 
Mice were housed in the animal premises of our institution (Reg. No. ES280790000188) 
and cared by specialized personnel. 

C57BL6/J adult male mice (Charles River, France) (n=38) were kept in a room with 12 
hours’ day/night cycle and a controlled temperature (21-23°C) and humidity (47%). They 
were fed with a standard diet and randomly separated in two groups: a control group 
(n=20) that did not undergo any surgical procedure and a tumor-bearing group that 
underwent glioblastoma cell implantation (n=18). When the tumors were in advance 
stage, the mice were submitted to MRI studies in feeding ad libitum and fasting (16h) 
conditions (n=10 for control and n=8 for glioma group). Phenotyping studies were also 
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performed (n=10 for control and n=10 for glioma group) in fed and fasted animals (Figure 
3.1). 

 

 
Figure 3.1. Summary of the experimental design. Mice involved in control and tumor-bearing 
state, under fed or fasted conditions, submitted to MRI and phenotyping studies. 

 

3.2.2. Tumor model development 
Mouse glioma GL261 cells (from the Tumor Bank Repository in the National Cancer 
Institute, Frederick/MD, USA, in a passage 8) were grown in RPMI-1640 modified with 
10% fetal bovine serum (FBS), and penicillin-streptomycin (10000U/mL) (Ref. 15140-
122, Gibco, Life Technologies, Thermo Fisher Scientific, USA). To inject the cells, mice 
were anaesthetized with isoflurane (2-2.5% isoflurane/oxygen in a 
polymethylmethacrylate induction box, 1-1.5% isoflurane/oxygen with a nose mask 
during the surgical procedure) after a subcutaneous injection of buprenorphine 
(100μl/25g body weight) as analgesia. Briefly, anesthetized mice were placed in a 
stereotaxic device and the head fixed by two ears and a tooth bar. The area of surgery, 
corresponding to the parietal and frontal skull bones, was treated with povidone to 
disinfect. After cutting the skin with a scalpel, the bregma was located by removing the 
cranial membranes with hyssops, and a hole was made in the skull with a large gauge 
needle at the required coordinates (2.3mm right from bregma). 105 GL261 cells in 10μl 
of RPMI medium were injected in the right caudate nucleus (3.3mm deep) with a 10μL 
Hamilton syringe. After removing the needle, the hole was sealed with surgical cement 
and the skin sutured. During the following 3 days, mice received buprenorphine 
subcutaneously as analgesia. 

 

3.2.3. Monitoring of tumor development  
Tumor growth was followed with MRI in tumor-bearing mice from day 10th after the glioma 
cells implantation, and every 3 days until the end of the study. Imaging studies consisted 
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in a RARE spin-echo T2 weighted acquisition with TR=2500ms, TE=44ms, 2 averages, 
RARE factor=8, Mtx=256x256, slice thickness=1mm, ten slices in axial orientation, and 
0.086x0.086 mm2/pixel of in plane resolution. When tumor size reached a predetermined 
size (minimum diameter 4.5mmx3mm in axial orientation, usually reached from day 21 
after implantation), functional MRI studies were carried out. At any time of the 
experiments, mice that presented the end point criteria (Appendix 1), like reduced 
activity, appetite and drinking as well as ungroomed and piloerection appearance (182), 
were sacrificed.  

 

3.2.4. Phenotyping studies 
Control and GBM bearing mice were studied in a metabolic and motor analysis system 
(Phenomaster®) also in fed and fasted conditions. Animals were submitted to the same 
protocol presented in the previous Chapter (Chapter 2. 2.2.2. Phenotyping) to measure 
drink and food consumption as well as spontaneous respiratory and motor activity. 
Parameters were gathered for 57h, being the last 16h the fasting period.  

 

3.2.5. Magnetic resonance imaging studies 
MRI studies were performed on the 7T BioSpect system (90mm gradient insert of 
360mT/m, 23mm volume resonator). Imaging acquisitions were performed at different 
time points to monitor the tumor development. When the glioma reached the advanced 
stage, the functional MRI evaluations were experimentally carried out totally analogous 
to the procedure detailed in the previous Chapter (Chapter 2. 2.2.4. Diffusion imaging). 
The studies began at 8a.m. and two animals in fasted and two in fed conditions were 
studied per day, measuring the body weight and blood glucose before the imaging 
session.  

MRI protocol included a RARE spin echo T2 morphological acquisition with TR=2500ms, 
TE=44ms, 2 averages, RARE factor=8, slice thickness=1.5mm, Mtx=256x256 and in 
plane resolution=0.086x0.086mm2/pixel in axial orientation, and 5 slices centered in the 
hypothalamus. Then, a DTI study was acquired, with diffusion gradients applied in 6 
directions (TR=2500ms, TE=43ms, Δ/δ=20/4ms, 5 slices with thickness=1.5mm, 
Mtx=128x128, in-plane resolution 0.17x0.17mm2/pixel in axial orientation and 3 b 
values=0, 200, 1000s/mm2). Fasted animals were sacrificed right after the end of the 
study not allowing them to recover from the anesthesia. 

 

3.2.6. Imaging processing and data analysis 
Diffusion images were computed with homemade software developed in MatLab. The 
signal from DTI studies was fitted in a voxel-by-voxel base to a mono-exponential model 
according to the Equation 2.1 (25) to obtain the MD (Equation 1.11) and FA (Equation 
1.12). In all cases, we used a fitting with a main restriction of r2>0.75. ROIs (20 pixels 
from cortex, hippocampus, thalamus or hypothalamus) were manually selected from the 
parametric maps generated by using ImageJ and a mouse brain atlas (142). 
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3.2.7. HRMAS studies 
All animals were euthanized under anesthesia with a high-power microwave focused on 
the brain. Biopsies of contralateral region from tumor-bearing cohorts, and from left 
hemisphere in control animals, were obtained after removing the brain from the skull. All 
tissue samples were stored at -80°C until HRMAS analysis. LCModel was used to 
process the spectra (144), allowing the quantification of detectable metabolites. 
Statistical analyses were made without considering those metabolites with CRLB bigger 
than 20%. All the details of the procedure are in the section 2.2.5. 1H High resolution 
magic angle spinning spectroscopy. 

 

3.2.8. Statistical analysis 
Statistical differences in physiologic and phenotyping data were calculated using 
GraphPad Prism 6. Mice body weight and blood glucose values before the MRI 
evaluations (fed or fasted) were compared with two-tailed paired t-tests (fed vs fasted) 
or with unpaired t-tests (control vs glioblastoma) corrected with the Holm-Sidak method. 
Data from MRI and HRMAS studies were statistically analyzed using the IBM SPSS 
package. The comparison of MRI-derived parameters from different ROIs in all animals 
and different experimental conditions were determined by GzLM with GEE and HRMAS 
data by a LMM, as previously described (2.2.6.2.  Generalized linear model ). In all cases, 
p values lower than 0.05 were considered to be statistically significant. 

 

Results 
 
3.3.1. Physiological characterization 

Tumor-bearing mice (red) showed a significant decrease in the body weight gain 
(measured three times per week in all animals) from day 14 compared to control (green) 
cohort (Figure 3.2A), reaching a difference around 13% in the 4th week. Body weight, 
before the MRI studies, was significantly higher in control fed animals than in brain tumor 
bearing mice (approx. 16%). After 16h of food deprivation, both groups suffered a similar 
and significant weight loss (14% for glioblastoma-cohort and 11% for control-cohort) 
(Figure 3.2B). Blood glucose measurements were made right before the MRI session in 
both fed and fasted conditions (Figure 3.2C). Fasting state produced a significant 
decrease of blood glucose concentration in the control (41%) and tumor-bearing mice 
(around 64%), but not significant differences were detected between both experimental 
groups either in fed or fasted animals. 
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Figure 3.2. Body weight and blood glucose in the studied mice. A: Time course evaluation 
of body weight (mean ± standard deviation) in tumor-bearing (red) and control (green) groups. B: 
Body weight before MRI studies in fed and fasted conditions. C: Blood glucose levels before the 
MRI sessions in feeding and fasting state. The upper and lower limits of the box extend to the 
most extreme data points not considered outliers, which are plotted individually using 
the '•' symbol. Symbols indicate the significant differences: ***/# # # p<0.001. 

 

3.3.2. Phenotyping studies 
Metabolic and locomotor related parameters of mice in the individual cages were 
acquired for almost 60 hours. Cumulative feeding and drinking data showed that food 
consumption was significantly higher in the control group from the 21th hour (Figure 3.3A, 
statistic symbols not shown), while water consumption presented statistically significant 
differences between the control and the tumor-bearing cohorts from the 23th hour (Figure 
3.3B, statistic symbols not shown). 
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Figure 3.3. Phenotypic characterization of control and glioblastoma-bearing mice. Analysis 
were performed in a Phenomaster® system in feeding (41 hours) and fasting (16 hours) 
conditions. Data show the temporal evolution (every hour) of the mean value (and standard 
deviation) for the measured parameters in control (green) and glioma bearing mice (red). A: 
Cumulative food intake during 41 hours of feeding (animals had ad libitum access to food and 
water). Significant differences were detected from the 21th hour (symbols not shown). B: 
Cumulative water consumption in fed and fasted (from 41th hour) conditions. Significant 
differences were found between the groups from the 23th hour (symbols not shown). C: RER 
values presented significant differences (symbols not shown) at daytime (in 11 temporal points 
spread over the different time intervals) and at day night (in 14 temporal points spread over the 
different time intervals) periods. D: Cumulative distance walked by mice. There were significant 
differences from the 23th hour (symbols not shown). 

 

On the other hand, respiratory exchange ratio (VCO2/VO2) values close to 0.7 imply a 
main consumption of fat (Figure 3.3C, orange line), whereas a value around 1 reveals 
that carbohydrates are the predominant fuel source (Figure 3.3C, purple line). During 
the feeding state, our results showed periodical oscillations with higher values in the 
control cohort, fluctuating around 1 while the tumor-bearing batch presented the 
oscillation around 0.9. These differences between groups reached statistical significance 
approximately in the half of the measurements, most of them at the night periods (statistic 
symbols not shown). Under fasting conditions, the oscillating behavior disappeared in all 
animals with a reduction of the RER close to 0.7 value (Figure 3.3C). Finally, mouse 
activity, measured as the accumulated distance walked (parameter DistK), exhibited 
significant differences between groups from the 23th hour (Figure 3.3D, statistic symbols 
not shown). 
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3.3.3. Magnetic resonance imaging studies 
To evaluate MRI data, ROIs from different areas were manually selected in the diffusion 
parametric images (Figure 3.4A). All measured values were analyzed for each area, 
pathological condition and feeding status. The alterations detected by pathological state 
and feeding status, are illustrated on the exemplary MD (Figure 3.4B) and FA (Figure 
3.5A) parametric maps.  

 

 
Figure 3.4. Mean diffusivity data for control and glioblastoma-bearing mice, under the fed 
and fasted conditions. A: Anatomical location of the slice selected, including the investigated 
ROIs in the left hemisphere: cortex (red), hippocampus (green), thalamus (blue) and 
hypothalamus (orange). B: Representative mean diffusivity maps of a control and tumor-bearing 
mouse, both under fed and fasted conditions. Boxplot show the MD values of the ROIs in control 
and tumor-bearing mice, under fed (C) and fasted (D) conditions. Box plots are represented as 
indicated in Figure 2.2. Symbols indicate the significant differences: */# p<0.05, ** p<0.01. 

 

Obtained data from diffusion studies are presented in Table 3.1 for all regions and 
feeding conditions in control and GBM mice. Global statistical evaluation of the MD 
results with GEE approach revealed a significant effect of the assessed region (p<0.001), 
as well as a significant effect of the product state*condition*region (p<0.001), being 
‘state’ the control or tumor-bearing cohorts, ‘condition’ the fed or fasted conditions, and 
‘region’ each of the assessed cerebral areas. The evaluation of the MD values revealed 
significant differences in the cortical and thalamic regions, with higher values in the 
control cohorts than in the tumor-bearing groups for both the fed ad libitum (p=0.01 for 
cortex, p=0.015 for thalamus) and fasting (p=0.041 for cortex, p=0.018 for thalamus) 
mice (Figure 3.4C-D). Regional comparisons indicated that fed control animals exhibited 
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significantly higher values in the thalamus than the hypothalamus (p=0.022), while the 
fed tumor-bearing cohort presented significant lower values in the cortex than the 
hippocampus (p=0.045) and the thalamus (p=0.015) (Figure 3.4C). On the other hand, 
during fasting, MD values were significantly higher for the tumor-bearing cohort in 
hippocampus than in the other assessed regions (p=0.016 for cortex, p=0.022 for 
hypothalamus, and p=0.015 for thalamus) (Figure 3.4D). Finally, not significant 
differences were found in the fed-fasted comparisons for each state mouse cohorts  
(Table 3.1). 

 

Table 3.1. Mean, standard deviation of MD and FA for each region, state and feeding condition 
of mouse cohorts. P values correspond to the comparison fed vs fasted. 

Diffusion  
parameter 

Region State 
Fed Fasted 

p value  
Mean S. Deviation Mean S. Deviation 

MD  
(μm2/s) 

Cortex 
Control 682.8 69.2 666.9 77.4 0.626 

Tumor-bearing 606.1 54.1 606.4 36.6 0.988 

Hippocampus 
Control 715.0 115.7 713.0 121.5 0.963 

Tumor-bearing 788.9 301.8 805.1 252.8 0.896 

Hypothalamus 
Control 656.4 116.7 676.7 127.8 0.685 

Tumor-bearing 614.0 96.1 610.6 59.1 0.909 

Thalamus 
Control 710.1 63.1 701.9 105.7 0.835 

Tumor-bearing 635.0 66.2 608.4 36.8 0.290 

FA 

Cortex 
Control 0.41 0.17 0.35 0.17 0.488 

Tumor-bearing 0.23 0.12 0.33 0.22 0.306 

Hippocampus 
Control 0.36 0.17 0.28 0.13 0.337 

Tumor-bearing 0.20 0.12 0.27 0.20 0.451 

Hypothalamus 
Control 0.38 0.16 0.31 0.14 0.108 

Tumor-bearing 0.27 0.14 0.31 0.16 0.648 

Thalamus 
Control 0.44 0.15 0.27 0.12 0.002 

Tumor-bearing 0.31 0.12 0.35 0.16 0.580 
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Figure 3.5. Fractional anisotropy data for control and glioblastoma-bearing mice, under 
the fed and fasted conditions. A: Representative fractional anisotropy maps of from a control 
and tumor-bearing mouse, both under fed and fasted conditions. Boxplot show the FA values of 
the ROIs in control and tumor-bearing mice, under fed (B) and fasted (C) conditions. Box plots 
are represented as indicated in Figure 2.2. Symbols indicate the significant differences: */# p<0.05, 
**/# # p<0.01, # # # p<0.001.  
 

Statistical analysis of the FA values also revealed significant differences in the product 
state*condition*region (p<0.001) and between the assessed regions (p<0.001). In the 
fed control mice group were found significantly higher FA values in the cortex (p=0.01), 
hippocampus (p=0.032) and thalamus (p=0.043) than in the tumor-bearing cohort 
(Figure 3.5B). Under fasting conditions, the control mice group exhibited significantly 
higher measures in the cortex than in the hippocampus (p=0.005) and the thalamus 
(p=0.017), as well as in the hypothalamus than the thalamus (p=0.025). Significant 
differences were detected between the regions, in the same state and feeding condition. 
For example, the hippocampal area presented significantly lower values than other 
regions in control mice (p<0.001 for hippocampus vs thalamus) and in GBM animals 
(p=0.044 for hippocampus vs hypothalamus, and p=0.02 for hippocampus vs thalamus) 
(Figure 3.5B). Tumor-bearing mice cohort, on the other hand, presented significantly 
lower values in the thalamic region compared to the hippocampus (p=0.020) and the 
hypothalamus (p=0.031) (Figure 3.5C). Finally, a significant difference was found in the 
thalamic region of the control animals in the fed-fasted comparison, with higher FA 
values in the fed mice. 

 

3.3.4. HRMAS studies 
Neurochemical profile of contralateral region of tumor-bearing mice and equivalent left 
hemisphere of control animals were assessed in fasting conditions by acquiring 1H 
HRMAS spectra of tissue samples. Pairwise comparison between the different groups, 
exposed significantly higher values in the tumor-bearing than in the control mice in Glu 
concentration (Figure 3.6B). On the contrary, other metabolites presented significantly 
higher values in the control than in the GBM group: Asp (Figure 3.6A), PC (Figure 3.6C), 
Myo (Figure 3.6D) and Tau (Figure 3.6E). 
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Figure 3.6. HRMAS data of samples from the left hemisphere in control and tumor-bearing 
mice under fasting conditions. Metabolites concertation relative to the total Cr content were 
determined in control (green) and tumor-bearing (red) fasting mice. Data are represented as the 
mean plus the standard deviation. A: Asp. B: Glu. C: PC. D: Myo. E: Tau. Symbols indicate the 
significant differences: *p<0.05, **p<0.01. 

 

Discussion 
 

Weight loss and cachexia are circumstances frequently found in advanced stages of 
cancer. Initially, weight loss was attributed to a decreased energy intake due to a loss of 
appetite (183). Additional cancer studies in tumor-bearing animals and human cancer 
patients also revealed an increase in energy expenditure (184). However, cancer 
cachexia is a multifactorial syndrome that produces progressive functional impairment. 
Despite the large amount of research done on this alteration, there is still a shortage of 
knowledge of the underlying energy regulatory mechanisms (185) although is generally 
associated to inflammation processes (185,186). Animal models of neoplastic diseases 
are the experimental design more employed for studying cachexia. But as far as we 
know, no studies have been performed to assess the alterations in the brain of animals 
with cancer in response to different feeding conditions, as a way to understand the 
altered cerebral functionality in cachexia status. In this study, we developed a 
glioblastoma mouse model to evaluate tumor-bearing and control animals in fasting and 
fed ad libitum states. We determined physiological, phenotypic, and magnetic resonance 
imaging features in different animal cohorts. We also performed post-mortem HRMAS 
studies to identify metabolic cerebral alterations associated to the fasting situation. 

Tumor-bearing mice had lower body weight values than the aged-matched control 
animals (Figure 3.2A), on agreement with earlier investigations (187), both in the fed ad 
libitum and fasting conditions. Food deprivation caused a similar reduction of body weight 
in control and tumor-bearing mice (Figure 3.2B), revealing that the 16h-fasting period 
affected similarly to animals with and without GBM. Blood glucose concentrations, very 
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similar in both cohorts during the fed ad libitum phase, decreased significantly during 
fasting (Figure 3.2C), in agreement with previous data (163), reaching similar values in 
the two groups, although with increased variability in the GBM group. Such comparable 
evolution of the glucose levels with fasting points again to related effects of overnight 
fasting on either control or GBM mice. 

Food and water consumption, mobility and RER values were evaluated in mice by using 
individual metabolic cages looking for phenotyping alterations caused by the presence 
of the tumor brain, and/or the different feeding status. Our results revealed significantly 
lower food consumption in tumor-bearing mice during the 41 hours of evaluation (Figure 
3.3A). This agrees with data reported from patients with cancer that suffered loss of 
appetite as a result of impaired appetite signaling (188). Tumors, or immune cells against 
them, release pro-inflammatory cytokines, such as TNFα or IL-6, resulting in a systemic 
inflammation (189). Pro-inflammatory signaling can increase the activity of POMC 
neurons in the hypothalamus, being these cells responsible of the inhibition of food intake 
(169). Moreover, it is possible that the reduction in food consumption is caused by pain 
(190). In the same line, the amount of water drunk is highly correlated with the food intake 
(191), and in our studies, the control cohort presented significantly higher values of water 
consumed than the tumor-bearing animals (Figure 3.3B), probably induced by the higher 
food consumption. We also found significantly lower values in the motor related 
parameters of the GBM cohort, as compared to the control group (Figure 3.3D). It is 
expected that this cancer animal model develops cachexia in the last or very advanced 
stage, in which a progressive loss of skeletal muscle mass and/or adipose tissue has 
occurred. This condition is the main responsible of fatigue and weakness, producing a 
reduction of the mobility in patients (192). Cytokines, produced in tumors and highly 
presented in cachectic patients, are also associated with a severe fatigue conditions in 
other pathologies, such as muscle damage (193) or UCI critical illness patients (194), 
seriously compromising the locomotor capacity of the subjects. So, our results are 
consistent with the expected situation. On the other hand, the respiratory exchange ratio 
value, that is related to the fuel metabolized to supply energy to the body, showed 
significant differences between experimental conditions (Figure 3.3C) suggesting 
alterations in the energy metabolism. RER values close to 1 indicate that energy is being 
supplied by carbohydrate metabolism due to the oxidation of the glucose molecules 
(6O2+C6H12O6→6CO2+6H2O+32 ATP), while values close to 0.7 indicate that fat 
metabolism is the predominant energy supply by the oxidation of fatty acid molecules 
(23O2+C16H32O2→16CO2+16H2O+129 ATP). In the control cohort, the RER data 
presented values around 1, but tumor-bearing animals exhibited lower RER values, 
around 0.9, reflecting an increased utilization of lipids as previously described in cancer 
patients (195). Besides, the normal circadian oscillation of RER, with higher values at 
night period and lower at daytime, was detected in feeding condition. However, this 
behavior was lost in fasted animals, presenting a significant decrease of RER, reaching 
values close to 0.7 both in control and tumor-bearing mice. This reduction in the RER 
values, reported in previous studies (196), clearly signals a shift to increased fatty acid 
metabolism in order to maintain blood glucose levels and prevent hypoglycemia (197). 

On the other hand, diffusion MRI techniques have become very powerful tools for 
studying structural and functional brain alterations (198,199). Lower diffusion values are 
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reported in the tumor mass of high grade gliomas than in healthy parenchyma, mainly 
due to the exacerbated cell proliferation (200,201), or degenerative changes like 
hemorrhages (202). Regions with hyper cellularity, such as active neoplasms, show a 
great restriction to water diffusion resulting in decreased diffusivity values (203), being 
this parameter widely used in cancer diagnosis, tumor grading and therapy monitoring 
(204). However, the peritumoral edema of high-grade gliomas presents increased 
diffusion values (205). Moreover, preceding studies in human patients compared regions 
from control (without tumor) and contralateral glioblastoma cohorts, reporting higher 
diffusion values in the white matter of the contralateral regions for patients with tumor 
(206,207), although this phenomenon remains to be explained. Our results, conversely, 
showed significantly lower MD values of the tumor-bearing group in the cortical and 
thalamic regions of the left hemisphere (Figure 3.4C). However, these chosen ROIs 
does not include high content of white matter (208). Thus, the reduction of the ADC 
values in these cerebral regions might be mainly affected by the presence of 
inflammatory processes occurring by the action of the cytokines released by the tumor, 
although the specific physiopathological mechanisms have to be studied. Such 
differences between control and tumor-bearing cohorts were maintained after 16h of food 
deprivation. Under fasting conditions, we reported lower MD values than in the fed ad 
libitum measurements (Table 3.1), on agreement with previous investigations that 
described slower diffusion behaviors during fasting, potentially reflecting mild cell 
swelling episodes in response to the appetite stimulus (38).   

FA data signaled significantly lower values in the contralateral cortical, hippocampal and 
thalamic regions of feeding tumor-bearing mice (Figure 3.5B) than in the corresponding 
control groups. These results are in agreement with previous studies, which have 
reported significant lower FA values in the contralateral region of malignant brain tumor 
patients in comparison with healthy subjects (209). In this work, the authors suggested 
that the reduction of the FA values could be related to early stages of tumor infiltration, 
enabling the use of this parameter as an early indicator of microstructural changes of the 
normal appearing white matter due to the malignancy of the brain tumor. We suspect 
that similar mechanisms could underlie the changes reported in our study, although 
histological analysis will be necessary to confirm it. Regarding the fed-fasted 
comparison, higher FA values were measured in fed animals, with significant differences 
depicted in the thalamic region of the control cohort. Interestingly, the thalamus has been 
described as a relevant cerebral region involved in the control of appetite (210). Under 
fasting condition, however, FA values did not reach significant differences between GBM 
and control mice (Figure 3.5C), suggesting that the potential mechanisms driving the 
differences in the fed state disappeared during fasting. Our results (Table 3.1) show 
lower FA values during fasting, as compared to the fed condition, for the control group, 
while the tumor-bearing cohort exhibited higher FA values at fasting than feeding. This 
opposite behavior of FA might be due to different physiopathological processes linked to 
the presence of the glioma that need further exploration. It is relevant also to note the 
alterations in the FA under fasting conditions could be due to the appetite, reflecting an 
anisotropic behavior of cellular swelling. 

Finally, 1H HRMAS spectra were used to identify differences on the neurochemical profile 
in fasted mice with glioblastoma compared to control animals. Analysis from brain 
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samples were only performed for animals in fasted conditions. Previous studies reported 
significant differences in Myo and Gln levels in healthy and between healthy and 
contralateral tissue in GBM patients, with increased concentrations in the contralateral 
of tumor-bearing patients, due to an increased density of cells of astrocytic origin (211). 
Alanine and lactate are described to present higher concentrations in the tumoral region 
than in the contralateral or control brain parenchyma (212). NAA concentrations were 
also found diminished in the tumoral tissue due to the neuronal death (213). In our study, 
results particularly identified significant differences in Asp, Glu, Myo, PC and Tau levels. 
Aspartate (Figure 3.6A) is an amino acid used in the synthesis of proteins and 
participates in the gluconeogenesis (214). It has also a key role in the neurotransmission 
due to the glutamate-aspartate cycle, in which the aspartate is converted, through the 
action of the aspartate transaminase, to glutamate (215). Previous studies performed in 
ad libitum fed mice with glioblastoma, found that there was a higher blood concentration 
of this enzyme than in the control animals (216). The higher content of aspartate 
transaminase might induce a higher conversion of aspartate to glutamate implying a 
lower concentration of Asp and a higher concentration of Glu (217). Indeed, our results 
show, for the first time to our knowledge, the same tendency also in fasted status: a lower 
level of Asp but higher Glu (Figure 3.6B) concentrations in tumor-bearing mice than in 
the control one. Even more, Glu is the major excitatory transmitter in the brain (218). 
Previous studies in fed animals described that glioblastomas releases a high amount of 
glutamate due to its function as a growing factor and enhancer of glioblastoma cell 
migration (219). At fasted conditions, our data indicate that this significantly higher 
glutamate concentration is even detected in the apparently healthy contralateral region 
of the tumor-bearing mice. 

Phosphocholine (Figure 3.6C) is the precursor metabolite of choline in different 
metabolic pathways. Previous studies have shown that the choline concentration, and 
its derivatives, are important biomarkers for tumor cell density and proliferation due to 
their participation in the metabolism of phospholipid cell membrane (220). In fact, 
increased PC concentrations are considered as a marker of tumor malignancy, as it was 
suggested in previous experimental and clinical studies based on the acquisition of NMR 
studies (221). On the other hand, a previous study identified the association between 
choline metabolism and cachexia, with an elevated enzyme responsible of the 
phosphorylation of choline to PC (222). Unexpectedly, our data at fasting conditions 
showed a significantly lower PC concentration in the tumor-bearing cohort, which might 
indicate a reduction in the choline metabolism (223), although the specific molecular 
mechanism needs to be further studied.  

Myo-inositol (Figure 3.6D) is a metabolite mainly produced in astrocytes, and has an 
important role in the cellular osmoregulation of the brain. In patients with glioblastoma, 
the concentration of Myo was reported to be higher in the contralateral region than in 
control pairwise due to the effects of the cellular proliferation (211,224). However, our 
results report, in fasted status, lower values in the left hemisphere region in animals with 
tumor than without it. Fasting or hyponatremia conditions cause a decrease of the Myo 
concentration (225). Indeed, myo-inositol is synthetized from glucose, which is highly 
consumed by tumors and presented lower concentrations at fasted conditions (163). The 
combination of these circumstances, as well as the inflammation caused by them, might 
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produce the significant decrease of Myo concentration in the contralateral region of the 
tumor-bearing animals compared to the control mice.  

Finally, taurine (Figure 3.6E) is a well-known osmolyte (226) that regulates neurons and 
glial cells volume. This metabolite presents a higher concentration in glioblastoma, and 
it is suggested to be a biomarker for apoptosis in gliomas (227). In the contralateral 
region of the tumor-bearing patients, the taurine concentration is reported to be 
significantly lower than in the tumoral region (213), with closer values to control cohorts 
concentrations (228). Our results under fasted conditions showed lower Tau 
concentration in the left hemisphere of tumor-bearing mice. Because it is described that 
Tau levels do not change due to fasting conditions in healthy rats (229), our data 
indicates that the combination of 16h of food deprivation and the presence of a 
glioblastoma, involve a net decrease of brain taurine. 

In conclusion, the present study characterizes in vivo the cerebral response of a 
glioblastoma mouse model, to fed and fasting conditions, through physiologic, 
phenotypic and imaging features, identifying alterations in related parameters. We also 
detected metabolomic cerebral changes, from ex vivo samples, in relevant appetite 
regulatory regions. This work confirms the decrease in body weight and food intake in 
the tumor-bearing animals, which is highly related with the development of cachexia. 
This multifactorial syndrome produces progressive functional impairment, and it is 
suffered by many cancer patients, being one of the main causes of early death in these 
patients. Additionally, the RER values indicate a shift from carbohydrate to fatty acid as 
fuel supply. Diffusion MRI methods allowed us to detect changes in the apparently 
healthy brain caused by the presence of the glioblastoma in fed and fasted animals, with 
lower mean diffusivity values in the cortical and thalamic contralateral regions in tumor-
bearing animals, which points to inflammatory processes. Moreover, fractional 
anisotropy alterations in the apparently healthy brain might indicate the infiltration of the 
tumoral cells beyond the tumor. Besides, 1H spectra results reveal major alterations in 
the glucose metabolism and in osmotic processes due to the inflammatory processes 
caused by the tumor and/or the fasting state.
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Chapter 4.  DWI and MEMRI methods in the functional evaluation of 
appetite in a glioma rat model 

 

Introduction 
 

Magnetic resonance imaging approaches, like diffusion weighted imaging, manganese 
enhanced magnetic resonance imaging and blood oxygenation level dependent, allow 
evaluating the cerebral functionality. Diffusion MRI is based on the Brownian motion of 
water molecules that depends on the microenvironment (membranes, fibers, 
macromolecules, etc.), and is affected by changes in the organization and microstructure 
of the tissues (230). It allows the characterization and evaluation of pathologies, as well 
as the identification of surrogate markers (230). Diffusion tensor imaging gives also 
information about the structure organization, like white matter fibers orientation in the 
brain (173), which enables generating tractography maps consisting in a three-
dimensional representation of the white matter tracks distribution (231). Moreover, fDWI 
studies can be performed relying in distinguishing between the slow diffusion and the 
faster diffusion motion of water molecules in the tissues (43). In this line, previous studies 
have exhibited that diffusion MRI techniques are able to detect alterations in cell volumes 
due to fasting stimuli (38,114). 

MEMRI is a preclinical functional imaging approach that relies on the administration of a 
manganese solution to monitor the neural activity. This is achieved by tracing the Mn2+ 
accumulation into the cells by competition with the calcium ion through voltage-gated 
Ca2+ channels (35). Mn2+ provokes a shortening of T1 values generating a contrast-
enhancement proportional to the accumulation of the ion in cells, that is directly related 
to the neuronal activity and may provide information about brain function (31). Once in 
the cell, Mn2+ accumulates in the endoplasmic reticulum and then transported in axonal 
tracts, eventually reaching the presynaptic membrane and finally released and taken up 
by the next neuron (232). This property has contributed to generate functional mapping 
of neural pathways acting as a trans-synaptic tract-tracing methodology, and identifying 
perturbations in axonal transport that can be associated with disease states (31,233). 

On the other hand, homeostatic adjustment of the energy expenditure and food intake is 
regulated by the global energy metabolism. The main control of appetite is performed by 
the brain, and is highly affected in severe cerebral pathologies like tumors. Among them, 
glioblastoma multiforme is the most common type of malignant brain tumor in adults. It 
develops from glial cells (astrocytes and oligodendrocytes) that support neuronal 
function or maintain the ion and water homeostasis for the synaptic transmission (234). 
The current standard treatment of GBM involves the maximal surgical resection, followed 
by adjuvant chemoradiotherapy (171). GBM detection, diagnosis and monitoring is 
performed with neuroimaging techniques like computed tomography and, mainly, MRI. 
Different MRI evaluations allow determining the volume, localization and the presence 
of edema and necrosis, but the capacity of GBM to infiltrate in healthy tissue turns crucial 
to assess the cerebral function alterations caused by the tumor development.  
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Different animal models have been proposed and widely used to study this brain cancer 
(175,176). These models can be obtained through cell inoculation, like using animal 
GBM cell lines (179) or human cell lines, usually employed to generate glioma murine 
models in immunodeficient animals (180), yielding good tumor growth rate and 
reproducibility (181). 

In the previous chapter, we presented the alterations in the cerebral functionality of 
glioblastoma bearing mice, in an advanced stage of the development, under feeding and 
fasting conditions by using diffusion MRI methods. In this chapter, we aimed to assess 
the cerebral response of apparently healthy brain, to the same feeding conditions but 
using both MEMRI and DTI approaches in order to compare the obtained results and to 
evaluate the complementary information provided. To that extent, we employed glioma-
bearing rats in an advanced stage of tumor development, and employed MEMRI and DTI 
approaches during fed ad libitum or after 16h of food deprivation conditions, to assess 
the functional parameters of tumor contralateral (or equivalent) sides. An additional DTI 
session without involving Mn2+ infusion was performed in separate animal cohorts to 
evaluate the potential influence of Mn2+ in the diffusion measurements.  

 

Methods 
 

4.2.1. Animal model 
All experimental procedures described below were approved by the Ethic Committees of 
the Instituto de Investigaciones Biomédicas “Alberto Sols”, CSIC and the Community of 
Madrid (PROEX 047/18) and follow the national (R.D.53/2013) and European 
Community guidelines (2010/62/UE) for care and management of experimental animals. 
Rats were housed in the animal premises of our institution (Reg. No. ES280790000188) 
and cared by specialized personnel. 

Wistar adult male rats (own production) (n=36) were kept in a room with 12 hours’ 
day/night cycle and controlled temperature (21-23°C) and humidity (47%). Rats were fed 
with standard diet and randomly separated in two groups: control (n=18) and animals 
with glioma (n=18). Then, each group was randomly subdivided in other two groups of 
animals infused (n=12 for control, n=13 for tumor-bearing rats) or not (n=6 for control, 
n=5 for tumor-bearing rats) with a solution of MnCl2. The rats infused with Mn2+ was 
studied with DTI and T1 acquisitions, either during fed ad libitum conditions (6 control 
and 6 GBM) or after 16h of fasting (6 control and 7 GBM). Animals without Mn2+ (6 control 
and 5 GBM) were investigated with DTI, during the fed ad libitum condition and after 16h 
of food deprivation. In Figure 4.1 are represented the animals included in every group 
and experimental condition. After the fasting period in all cases, and after the fed-MRI 
session of rats with Mn2+, animals were euthanized. 
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Figure 4.1. Summary of the experimental design. Rats involved in control or tumor-bearing 
state, under fed or fasted conditions, and with or without the infusion of manganese solution. 

 

4.2.2. Tumor development 
Rat glioma C6 cells (ATCC® CCL-107 TM) were grown in DMEN modified with 10% 
FBS, streptomycin sulfate (0.12mL/400mL of DMEN), and bencilpeniciline 
(0.14mL/400mL of DMEN). Briefly, rats were anesthetized with isoflurane (2-2.5% 
isoflurane/oxygen) in a polymethylmethacrylate induction box, after a subcutaneous 
injection of buprenorphine (250μl/25g body weight) as analgesia. Anesthesia was 
maintained (1-1.5% isoflurane/oxygen) with a nose mask during the surgical procedure. 
Animals were carefully placed in a stereotaxic device, where the head was fixed by two 
ears and one tooth bars. Surgical area, corresponding with the frontal and parietal skull 
bones, was treated with povidone for disinfection and skin cut with a scalpel and 
detached from the skull. After removing the cranial membranes with hyssops, Bregma 
was localized as reference for the implantation coordinates. A hole was made in the skull 
with a mini-drill at 3.5mm right from Bregma and 105 C6 cells in 10μl of DMEN medium 
were injected in the right caudate nucleus (5mm deep) with a 10μL Hamilton syringe. 
After removing the needle, the hole was sealed with surgical cement and the skin 
sutured. During the following 3 days, animals received buprenorphine (250L at a dose 
of 0.03mg/Kg body weight) subcutaneously as analgesia. 

 

4.2.3. Monitoring tumor development 
All MRI studies were performed on a 7T BioSpect system with a 90mm gradient insert of 
360mT/m, and a 40mm quadrature volume resonator. Anesthetized animals (induced 2-
2.5% isoflurane/oxygen, maintained with 1-1.5% isoflurane/oxygen) were restrained in a 
holder with a bite-bar attached to a nose mask and moved to the MRI system, where 
they were physiologically monitored during all the acquisition time. The tumor 
development was monitored from day 10th after the surgical procedure, and every 3 days 
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until the end of the study. Imaging studies consisted of a RARE spin-echo T2W 
acquisition, with the following parameters: TR=3000ms, TE=44ms, 2 averages, RARE 
factor=8, 10 slices with 1.5mm of thickness in axial orientation, Mtx=256x256 and 
0.14x0.14mm2/pixel of in plane resolution. At any time of the experiments, animals that 
presented the end point signs (Appendix 1) (182), were sacrificed. 

  

4.2.4. Manganese infusion 
Control and GBM bearing rats were randomly separated before the manganese 
administration. A solution of MnCl2 (100mM, pH=7.4) was injected subcutaneously in the 
abdominal area, with an infusion pump, at a dose of 1mmol/Kg and a flow of 0.1mL/min. 
The infusion was made 24 hours before the MRI studies with the animals under 
anesthesia (induced with 2-2.5% isoflurane/oxygen, maintained with 1-1.5% 
isoflurane/oxygen with nose mask during the procedure). 

 

4.2.5. Functional magnetic resonance imaging studies 
Functional DWI and MEMRI evaluations were performed when the glioma in the rats 
reached a specific size (around 6mm of diameter in axial orientation). The studies began 
at 8a.m. and two control or tumor-bearing animals in fed or in fasted conditions were 
studied per day after measuring the body weight. In all cases, blood glucose 
concentration was determined, with a standard glucometer, from a blood drop from the 
tip of the tail, before the MRI session. A water heated blanket was placed under the 
animal in the MRI system to keep the body temperature stable, while the respiration rate 
was maintained between 40 and 60 breaths per minute by regulating the anesthesia (1-
1.5% isoflurane/oxygen). A small animal monitoring and gating system was used to 
follow the physiological status of the rat by measuring the respiration rate with a 
pneumatic pillow placed in the abdominal zone. MRI protocol included a T2W RARE 
acquisition of 5 slices (TR=3000ms, TE=44ms, 2 averages, RARE factor=8, slice 
thickness=1.5mm in axial orientation, Mtx=256x256 and in plane 
resolution=0.14x0.14mm2/pixel) centered in the hypothalamus. Then, functional diffusion 
studies were based on a DTI acquisition with gradients applied in 6 directions and the 
following parameters: Δ/δ=20/4ms, TR=2500ms, TE=43ms, slice thickness=1.5mm, 5 
slices in axial orientation, Mtx=128x128, 0.25x0.25mm2/pixel of in-plane resolution and 
b-values of 0, 200, 1000s/mm2).  

The MEMRI evaluation (24h after Mn2+ infusion) relied on the acquisition of T1 maps with 
the following parameters: TRs=150, 200, 400, 800, 1600, 3500, 6000ms, TE=12.6ms, 
slice thickness=1.5mm, 5 slices in axial orientation, Mtx=128x128 and 
0.25x0.25mm2/pixel of in plane resolution. All animals in fasted condition and fed rats 
with Mn2+ were sacrificed right after the end of the study. 

 

4.2.6. Imaging processing and data analysis 
Diffusion images for rats were computed with homemade software developed in MatLab. 
The MRI signal from DTI studies was fitted in a voxel-by-voxel base to a 
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monoexponential model (25) according to the Equation 2.1 to obtain the MD (Equation 
1.11) and FA (Equation 1.12). 

To generate the T1 maps, signals from T1 weighted images were fitted to a 
monoexponential equation (Equation 4.1) to obtain the T1 value associated to each 
pixel: 

𝑆(𝑇𝑅) = 𝑆0(1 − 𝑒(−𝑇𝑅 𝑇1⁄ ))     Eq.  4.1 

Where S(TR) is the individual pixel signal intensity at every TR, and S0 is the signal value 
at a hypothetical TR=0 ms. In all cases, we used a fitting with a main restriction of r2>0.75. 
Four ROIs, containing approximately 20 voxels from the cortex, hippocampus, thalamus 
and hypothalamus, respectively, were manually selected from the contralateral side of 
the tumor-bearing cohorts and the left hemisphere of the control group of the parametric 
maps by using ImageJ and a mouse brain atlas (142) as a guide. 

 

4.2.7. Statistical analysis 
Statistical analysis for physiological data in rats were made with multiple unpaired t-test 
(fed vs fasted and control vs glioblastoma) corrected with the Holm-Sidak method by 
using GraphPad Prism 6. Data from MRI were statistically analyzed using the IBM SPSS 
package. The comparison of MRI-derived parameters of different ROIs from animals in 
the different experimental conditions were determined by GzLM with GEE, as described 
previously in section 2.2.6.2., where dependent variables (MD, FA, T1) were related to 
the independent factors state (control or tumor-bearing) and condition (fed or fasted). In 
all cases, p values lower than 0.05 were considered to be statistically significant. 

 

Results 
 
4.3.1. Physiological results 
Body weight experienced a decrease as a result of 16h of food deprivation, achieving a 
similar reduction for control group and glioblastoma cohort, without reaching statistical 
significance (Figure 4.2A).  

Blood glucose measurements were made right before the functional MRI studies, also in 
fed and fasted conditions. Glucose concentration in fed animals presented significant 
lower values in the tumor-bearing cohort than in the control group. Although 16h of 
fasting condition produced a decrease of blood glucose levels in control (41%, p<0.05) 
and tumor-bearing rats (41%, p=0.07), only the former reached statistical significance 
(Figure 4.2B). 
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Figure 4.2. Fasting induced body weight reduction and blood glucose concentration in 
control and GBM animals. A: Representation of the percentage of body weight lost after 16h-
fasting. The percentage was calculated following the expression: [(weightfasted-
weightfed)/weightfed]*100. B: Blood glucose levels right before the MRI session in feeding and 
fasting conditions. Box plots are represented as indicated in Figure 2.2. */# p<0.05. 

 

4.3.2. Effects of fasting in tumor-bearing animals assessed with functional MRI  
Diffusion and MEMRI studies were performed in the fed ad libitum and fasting status for 
control and tumor-bearing rats. ROIs from different regions, cortex (red), hippocampus 
(green), hypothalamus (orange) and thalamus (blue), were manually selected from the 
contralateral side in tumor-bearing animals and the left hemisphere of control cohort, 
(Figure 4.3A) in the corresponding MRI parametric images. 

Illustrative T1, MD and FA maps of the Mn2+-infused animals are shown for each state 
and feeding status (Figure 4.3B, Figure 4.4A-B). The complete data set of the MRI 
parameters are presented in Table 4.1 for T1 values and Table 4.3 for diffusion 
parameters. Analysis of the T1 values with the GEE approach revealed a significant effect 
of the region alone (p<0.001) and the product state*condition*region (p<0.001). In the 
fed ad libitum condition, control animals had significantly higher T1 values than tumor-
bearing rats in the cortical (p=0.001) (Figure 4.3C) and thalamic (p=0.019) regions 
(Figure 4.3F). Statistical analysis also exhibited significant differences in T1 between 
regions in the same state and feeding conditions (Table 4.2). In control and GBM 
animals, no differences were detected between feeding conditions in MEMRI results 
(Table 4.1). 
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Table 4.1. Mean and standard deviation of T1 values of the rat cohorts for each region, state and 
feeding condition. P values correspond to the comparison fed vs fasted. 

Parameter Region State 
Fed Fasted 

p value 
Mean S. 

Deviation Mean S. 
Deviation 

T1 (ms) 

Cortex 
Control 2392.2 142.0 2246.0 228.5 0.106 

Tumor-bearing 2154.9 180.5 2358.4 358.2 0.104 

Hippocampus 
Control 2090.4 157.2 1996.6 177.6 0.173 

Tumor-bearing 1967.8 220.7 2110.4 284.8 0.172 

Hypothalamus 
Control 1889.4 148.2 1815.6 188.9 0.296 

Tumor-bearing 1924.2 209.1 1832.9 178.6 0.246 

Thalamus 
Control 2024.2 121.8 1926.2 146.0 0.053 

Tumor-bearing 1892.9 166.9 1939.9 191.6 0.525 
 

 
Table 4.2. T1 significant differences between regions for the same state and feeding condition. 

Diffusion 
parameter State Condition Region comparison Sig. 

T1 

Control 

Fed 

Hippocampus < Cortex <0.001 
Hypothalamus < Cortex <0.001 
Hypothalamus < Hippocampus <0.001 
Hypothalamus < Thalamus <0.001 

Thalamus < Cortex <0.001 
Thalamus < Hippocampus 0.012 

Fasted 

Hippocampus < Cortex <0.001 
Hypothalamus < Cortex <0.001 
Hypothalamus < Hippocampus <0.001 
Hypothalamus < Thalamus <0.001 

Thalamus < Cortex <0.001 
Thalamus < Hippocampus 0.001 

Tumor-bearing 

Fed 

Hippocampus < Cortex <0.001 
Hypothalamus < Cortex <0.001 

Thalamus < Cortex <0.001 
Thalamus < Hippocampus <0.001 

Fasted 

Hippocampus < Cortex <0.001 
Hypothalamus < Cortex <0.001 
Hypothalamus < Hippocampus <0.001 
Hypothalamus < Thalamus 0.008 

Thalamus < Cortex <0.001 
Thalamus < Hippocampus 0.006 



Chapter 4  

78 
 

 
Figure 4.3. MEMRI results for control and glioblastoma rats under fed and fasted 
conditions. A: Anatomical location of the slice selected, including the perimeters of the 
investigated ROIs in the left contralateral hemisphere: cortex (red), hippocampus (green), 
thalamus (blue) and hypothalamus (orange). B: Representative parametric maps of T1 from a 
control and a tumor-bearing rat, 24h after Mn2+ administration, under fed and fasted conditions. 
C-F: Boxplots of T1 values from the ROIs (cortex, hippocampus, hypothalamus and thalamus) in 
control cohort and tumor-bearing rats, under fed and fasted conditions. Box plots are represented 
as indicated in Figure 2.2. Symbols indicate the significant differences: */# p<0.05, ** p<0.01,      
***/# # # p<0.001. 

 

The GEE approach of the MD values obtained in the Mn2+ administered animals revealed 
a significant effect of the state (p=0.022), region (p<0.001) and the product 
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state*condition*region (p<0.001). Pairwise comparisons depicted no significant 
differences between controls and tumor-bearing animals in the fed measurements, and 
only the thalamus presented significant differences under fasting, with higher MD values 
in the controls (Figure 4.4C). On the other hand, GEE assessment of the FA values 
revealed a significant effect of the state (p=0.002), region (p<0.001) and the product 
state*condition*region (p<0.001). FA values presented significantly higher values in the 
cortex, hippocampus and thalamus of the control than the tumor-bearing cohort at the 
fed ad libitum condition. Under fasting conditions, cortex and hippocampus also 
presented significantly higher values in the control than in the tumor-bearing groups 
(Figure 4.4D). In control and GBM animals, no differences were detected between 
feeding conditions in functional diffusion results (Table 4.3). Additionally, statistical 
analysis also exhibited the significant differences between the regions for the same state 
and feeding conditions summarized in Table 4.4. 

 

 

Figure 4.4. Mean diffusivity and fractional anisotropy results for control and glioblastoma 
rats, under fed and fasted conditions, 24h after Mn2+ administration. A-B: Representative 
parametric maps of MD and FA, respectively, from a control and a tumor-bearing rat, both under 
fed and fasted conditions. C-D: Boxplots of the MD and FA values, respectively, from regions 
(cortex, hippocampus, hypothalamus and thalamus) in control cohort and tumor-bearing rats, 
under fed and fasted conditions. Box plots are represented as indicated in Figure 2.2. Symbols 
indicate the significant differences: * p<0.05, ** p<0.01. 
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Table 4.3. Mean and standard deviation values of MD and FA of rat cohorts, 24h after Mn2+ 
infusion, for each region, state and feeding condition. P values correspond to the comparison fed 
vs fasted. 

Parameter Region State 
Fed Fasted 

p value 
Mean S. Deviation Mean S. Deviation 

MD 
(μm2/s) 

Cortex 
Control 907.2 186.6 892.9 121.7 0.872 

Tumor-bearing 790.7 57.7 818.0 66.0 0.312 

Hippocampus 
Control 959.7 184.4 973.2 142.0 0.876 

Tumor-bearing 835.9 112.9 879.4 113.0 0.324 

Hypothalamus 
Control 947.1 198.7 908.8 132.2 0.655 

Tumor-bearing 825.1 55.7 854.6 77.5 0.173 

Thalamus 
Control 870.7 127.0 908.7 121.5 0.585 

Tumor-bearing 782.7 59.5 789.9 50.3 0.673 

FA 

Cortex 
Control 0.41 0.07 0.40 0.11 0.974 

Tumor-bearing 0.26 0.13 0.26 0.12 0.995 

Hippocampus 
Control 0.35 0.09 0.34 0.09 0.869 

Tumor-bearing 0.20 0.10 0.23 0.13 0.639 

Hypothalamus 
Control 0.37 0.08 0.32 0.10 0.299 

Tumor-bearing 0.32 0.11 0.29 0.10 0.686 

Thalamus 
Control 0.36 0.11 0.34 0.10 0.678 

Tumor-bearing 0.20 0.09 0.27 0.11 0.161 

 

Since almost no differences in MD between feeding conditions, or even between tumor 
or non-tumor states, were reported in the Mn2+ administered animals, we sought to 
acquire diffusion images of a new set of animal cohorts in the same conditions, but 
without the administration of manganese. Representative maps for the non-Mn2+ infused 
animals are shown as examples for each parameter (MD and FA), pathological state and 
feeding status (Figure 4.5A and Figure 4.6A). All data for MRI parameters (MD and FA) 
are presented in Table 4.5. Statistical evaluation of the MD values exposed the 
significant effect of state (p=0.001), condition (p<0.001), region (p<0.001), and the 
product state*condition*region (p<0.001). MD values of fed control rats were significantly 
higher than fed tumor-bearing in cortex (p=0.006), hippocampus (p<0.001) and 
hypothalamus (p=0.041) (Figure 4.5C-E), and this was maintained only in hippocampus 
under fasting conditions (p=0.048) (Figure 4.5D). Besides, MD decreased in control 
animals after 16h of food deprivation, reaching statistical significance in cortex, 
hippocampus and thalamus, but not in GBM cohort (Figure 4.5C-D, F). 
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Table 4.4. MD and FA significant differences of rat cohorts, 24h after Mn2+ infusion, between 
regions for the same state and feeding condition. 

Diffusion 
parameter 

State Condition Region comparison Sig. 

MD 

Control 

Fed 
Hippocampus < Cortex <0.001 

Hypothalamus < Cortex 0.005 

Fasted 

Hippocampus < Cortex <0.001 

Hippocampus < Hypothalamus <0.001 

Hippocampus < Thalamus <0.001 

Tumor-bearing 

Fed 

Hippocampus < Cortex 0.032 

Hippocampus < Thalamus 0.007 

Hypothalamus < Cortex 0.023 

Hypothalamus < Thalamus 0.004 

Fasted 

Hippocampus < Cortex 0.001 

Hippocampus < Thalamus 0.001 

Hypothalamus < Cortex 0.002 

Hypothalamus < Thalamus <0.001 

FA 

Control Fasted 

Cortex < Hippocampus 0.001 

Cortex < Hypothalamus 0.001 

Cortex < Thalamus 0.002 

Thalamus < Hypothalamus 0.034 

Tumor-bearing 

Fed 

Cortex < Hippocampus <0.001 

Cortex < Thalamus 0.014 

Hypothalamus < Hippocampus 0.026 

Hypothalamus < Thalamus 0.005 

Fasted 

Hypothalamus < Hippocampus 0.003 

Hypothalamus < Thalamus 0.036 

Thalamus < Hippocampus 0.002 

 

GEE approach revealed that FA values were significantly affected by state, region and 
the product state*condition*region (p<0.001 for all cases). Data showed significantly 
higher (p<0.001) FA values in the control group than in the tumor-bearing cohort in the 
cortex, hippocampus and thalamus, both in the fed and fasting conditions (Figure 4.6F). 
There were also found significant differences between the fed and fasted conditions for 
the control group in hypothalamus (Figure 4.6D) and the tumor-bearing cohort in cortex 
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(Figure 4.6B). Besides these differences, GEE approach also identified significant 
differences, between regions for each group and feeding condition, as summarized in 
Table 4.6. 

  

 
Figure 4.5. Mean diffusivity results for control and glioblastoma rats under fed and fasted 
conditions. A: Anatomical location of the slice selected, including the perimeters of the 
investigated ROIs in the left contralateral hemisphere: cortex (red), hippocampus (green), 
thalamus (blue) and hypothalamus (orange). B: Representative parametric maps of MD from a 
control and a tumor-bearing rat, both under fed and fasted conditions. C-F: Boxplots of the MD 
values from ROIs (cortex, hippocampus, hypothalamus and thalamus) in control and tumor-
bearing rats, under fed and fasted conditions. Box plots are represented as indicated in Figure 
2.2. Symbols indicate the significant differences: * p<0.05, ** p<0.01, ***/# # # p<0.001. 
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Figure 4.6. Fractional anisotropy results for control and glioblastoma rats under fed and 
fasted conditions. A: Representative parametric maps of FA from a control and a tumor-bearing 
rat, both under fed and fasted conditions. B-E: Boxplots of the FA values from ROIs (cortex, 
hippocampus, hypothalamus and thalamus) in control and tumor-bearing rats, under fed and 
fasted conditions. Box plots are represented as indicated in Figure 2.2. Symbols indicate the 
significant differences: */# p<0.05, ***/# # # p<0.001. 
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Table 4.5. Mean, standard deviation of MD and FA of rat cohorts for each region, state and 
feeding condition. P values correspond to the comparison fed vs fasted. 

Parameter Region State 

Fed Fasted 

p value 
Mean 

S. 
Deviation 

Mean 
S. 

Deviation 

MD 
(μm2/s) 

Cortex 
Control 962.2 87.6 758.7 58.6 <0.001 

Tumor-bearing 812.7 90.4 758.4 33.8 0.300 

Hippocampus 
Control 1027.0 90.7 865.8 110.5 <0.001 

Tumor-bearing 848.9 100.2 808.5 45.9 0.262 

Hypothalamus 
Control 985.3 168.3 880.0 145.5 0.070 

Tumor-bearing 857.1 100.8 838.7 117.0 0.681 

Thalamus 
Control 916.3 64.1 802.7 80.7 <0.001 

Tumor-bearing 841.3 90.9 774.8 44.5 0.063 

FA 

Cortex 
Control 0.44 0.12 0.33 0.11 0.078 

Tumor-bearing 0.11 0.04 0.17 0.05 <0.001 

Hippocampus 
Control 0.40 0.12 0.30 0.10 0.057 

Tumor-bearing 0.13 0.05 0.13 0.05 0.895 

Hypothalamus 
Control 0.36 0.10 0.25 0.12 0.030 

Tumor-bearing 0.23 0.16 0.18 0.05 0.320 

Thalamus 
Control 0.37 0.14 0.30 0.11 0.289 

Tumor-bearing 0.14 0.07 0.15 0.04 0.109 
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Table 4.6. MD and FA significant differences between regions for the same state and feeding 
condition. 

Diffusion 
parameter 

State Condition Region comparison Sig. 

MD 

Control 

Fed 
Cortex < Hippocampus <0.001 

Thalamus < Hippocampus <0.001 

Fasted 

Cortex < Hippocampus <0.001 

Cortex < Hypothalamus <0.001 

Cortex < Thalamus 0.001 

Thalamus < Hippocampus 0.001 

Thalamus < Hypothalamus <0.001 

Tumor-bearing 

Fed Cortex < Hippocampus 0.001 

Fasted 

Cortex < Hippocampus 0.002 

Cortex < Hypothalamus 0.004 

Cortex < Thalamus 0.006 

Thalamus < Hippocampus 0.002 

Thalamus < Hypothalamus 0.021 

FA 

Control 

Fed 

Hippocampus < Cortex 0.019 

Hypothalamus < Cortex 0.020 

Thalamus < Cortex <0.001 

Thalamus < Hippocampus 0.017 

Fasted 

Hypothalamus < Cortex 0.001 

Hypothalamus < Hippocampus 0.024 

Hypothalamus < Thalamus <0.001 

Tumor-bearing Fasted 

Hippocampus < Cortex 0.006 

Hippocampus < Hypothalamus 0.001 

Hippocampus < Thalamus <0.001 
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Discussion 
 

MRI has become a powerful tool for the study, diagnosis and prognosis of different brain 
pathologies due, not only to the acquisition of highly informative anatomical images, but 
also to the possibility of carrying out functional studies. In this line, diffusion and 
manganese enhanced MRI methods allow the assessment of different physiological 
processes directly related to cerebral activity and architecture. In this study, we used a 
glioblastoma rat model and these two MRI approaches to evaluate on the one hand, the 
brain alterations caused by going from feeding to fasting status, and on the other, those 
due to the presence of the tumor, in the contralateral side of the tumor-bearing rats in 
comparison with the left hemisphere of a control group. We also analyzed the regional 
dependence of these effects.  

All animals presented a decrease in the body weight due to the food deprivation period 
both in control and tumor-bearing groups, as described before (163), with a similar body 
weight reduction for both cohorts. This decrease is also in agreement with our results 
reported in the mice cohorts submitted to the same feeding paradigm (Chapter 3). Blood 
analysis revealed a statistically significant decrease of the glucose levels under fasting 
condition in the control rats (Figure 4.2B), agreeing with previous data (163). However, 
in tumor-bearing rats this reduction did not reach statistical significance. Besides, 
although patients with cancer in advanced state usually present hyperglycemia as a 
consequence of the metabolic alterations caused by cancer cells (235), GBM rats in our 
study did not have higher glucose levels than control groups. We think that this might be 
due to a described phenomenon called tumor-induced hypoglycemia in which there is an 
increase in the production of IGF-II that stimulates the insulin-like activity causing the low 
glucose levels (236).  

Diffusion MRI allows studying structural and functional alterations occurring in numerous 
brain pathologies (198,199). Previous studies have reported lower diffusion values in 
high-grade glioma than in healthy parenchyma due to the increased cellularity (174,200), 
which provokes restriction to the water diffusion movements (203). Our results (Figure 
4.5) show significantly lower MD values in the regions (cortex, hippocampus and 
hypothalamus) of the contralateral side of the tumor-bearing group than the control 
cohort at fed conditions. Although previous studies in human patient reported higher MD 
values in the white matter of the contralateral tumor-bearing patients than in the healthy 
group (206,207), our data correspond to regions with low presence of white matter (208). 
This result was also found in our studies carried out in mice (Chapter 3), and the MD 
decrease is probably indicating the presence of inflammatory or cell proliferation 
processed due to the infiltrating nature of the tumor. Diffusion MRI has also proved to be 
a very useful technique to detect alterations in the main brain regions involved in appetite 
regulation in response to appetite stimulus like fasting. Indeed, previous studies, 
performed in mice and humans (38), reported a significant decrease of the MD values in 
fasting status due to the orexigenic activity-induced cellular swelling in response to 
hunger. Our data revealed that the control cohort suffered a significant decrease of the 
MD values after the 16h fasted period (Figure 4.5) in agreement with those above 
mentioned results (38,114). However, the tumor-bearing cohort exhibited similar MD 
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values in feeding and fasting conditions, suggesting that the natural cerebral response 
to a drastic decrease of the energy supply, is lost or at least not working properly in 
animals with GBM in advanced state. The non-detection of the cellular swelling in this 
group might be a consequence of a functional alteration caused by the tumor-growth. 
This effect is in fact in concordance with affected cognitive processes reported in patients 
with glioblastoma (237). We also found significant differences between brain regions, 
like lower MD values in the cortex and thalamus of tumor-bearing rats than control 
groups, both in feeding and fasting conditions. Our impression is that these results might 
be either a consequence of the mass effect induced by the tumor, even indicating 
processes of cell proliferation, or due to the existence of cytotoxic inflammation in these 
regions. 

FA values, for fed and fasted animals, were significantly lower in cortex, hippocampus 
and thalamus in the GBM than in the control rats, without reaching statistical significance 
in the hypothalamus (Figure 4.6D). These FA reductions are in agreement with the 
obtained results in our glioblastoma-bearing mice study (Chapter 3). Moreover, it is also 
reported in humans a decrease in FA values of the contralateral region of tumor-bearing 
patients related with the tumor infiltration and, consequently, the microstructural changes 
of the normal appearing tissue (209). Pairwise comparisons also revealed significant 
differences between the feeding conditions in the hypothalamus of the control group, 
with lower FA values in fasted animals, and also in the cortex of the tumor-bearing cohort, 
with higher values after the food deprivation period. The reduction of the FA values in 
the hypothalamic region of the control cohort can be associated with the extracellular 
space shrinking due to the fasted condition, similarly to how inflammation and edema 
formation cause a decrease of FA (154,238). In rats with GBM, the cortex is the unique 
region in which FA experienced changes (significant increase) due to the fasted situation, 
being this significant increase not found in the tumor-bearing mice study (Chapter 3). In 
this case, the combination of the fasting condition with the presence of a tumoral mass 
caused an increase in the FA values, which might be suggesting the existence of gliosis 
(239), although the molecular mechanisms underlying this remains to be studied. 
Alterations in the FA values due to the fasting situation, were more relevant in the control 
cohort than in the tumor-bearing group, again pointing to a loss of the brain's reaction to 
fasting due to the effects of the tumor in the cerebral function. Evaluation of data among 
different regions, yielded statistical differences indicating lower FA values in the 
hippocampus of tumor-bearing rats compared to other areas being more remarkable in 
fasting conditions. This reduction in the hippocampal FA might reflect the impairments in 
the functionality of this region caused by the presence of the glioblastoma (240). 
Moreover, such lower FA values might be caused by the infiltration of the glioblastoma 
in the hippocampus (209).  

MEMRI methodologies have been used to trace neuronal pathways, define 
morphological boundaries, and study connectivity in morphological and functional 
imaging studies. Manganese ion is a well-known Ca2+ analog that enters cells through 
voltage-gated Ca2+ channels and accumulates in the endoplasmic reticulum (32). This 
phenomenon can be used to monitor and track the influx of this ion, allowing the 
identification and quantification of the cerebral activity. The T1 parametric maps obtained 
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from Mn2+ infused rats showed significantly lower T1 values in the cortex and thalamus 
of GBM rats during the fed ad libitum condition, as compared to control in the same 
status (Figure 4.3). This decrease in the T1 value of feeding tumor-bearing group reflects 
a higher accumulation of manganese in cells and, points to an increase in the neuronal 
activity. These results are consistent with previous studies that described an increase in 
the neuronal excitability due to the action of gliomas and glioblastomas in humans during 
the disease progression (241). Moreover, glioma or tumor cells secrete excitatory 
neurotransmitters (242), which can also increase the neuronal excitability. Indeed, 
Campbell et al published a study describing the specific hyperexcitability of the cortical 
networks produced by gliomas (243).  

On the other hand, our MEMRI results suggest that this approach lacked the capacity of 
detecting the cerebral functionality linked to the fasted status. Contrary to diffusion MRI 
studies, where glial cells play a key role, MEMRI method is based in the imaging 
enhancement in stimulated cerebral regions due to the accumulation of Mn2+ in the 
activated neurons. Thus, MEMRI supplies information about the cerebral function and 
connectivity through neurons (233). Moreover, once inside cells in a specific cerebral 
region, Mn2+ can move along the neuronal pathways with the rate of Mn2+ uptake by the 
neurons working as a marker of the normal cerebral tissue function (244). However, the 
absence of significant differences in the MEMRI evaluation between the fed and fasted 
conditions, both in control and GBM rats, might indicate an insufficient sensitivity of this 
technique to this kind of stimuli. Further studies will be made to understand these results 
and the possible physiological phenomena behind them. 

As a result of the studies performed to evaluate the possibility of performing MEMRI and 
fDWI acquisitions in the same session, we found an incompatibility or interference 
between both techniques. In the Mn2+-infused mice, we could not detect the alterations 
of the MD coefficients reported in the mice investigated in the same conditions but 
without employing the manganese administration (Figure 4.4). Moreover, the MD 
regional patterns were also changed. The changes in FA values, however, were 
maintained between GBM and control animals, disappeared in the fed and fasted 
comparisons (Figure 4.4), and were different between regions, with the cortex in the 
controls and hypothalamus in the tumor-bearing group presenting the lowest FA values 
(Table 4.3). Thus, our results show that Mn2+ affects either the diffusivity of water 
molecules, or the effects of this movement on the MRI signal, but to a lower extent to the 
orientation of this motion. It is well known that manganese produces neurotoxicity (245) 
and can induce neuroinflammation (246). Previous studies have reported the increased 
upregulation of TNFα induced by the manganese (247), which causes inflammatory 
processes. Because the effect of food deprivation causes an activity-induced cell 
swelling that can be measured as a decrease of MD, the opposite increase due to the 
inflammatory response in astrocytes induced by manganese, might be hiding the 
cerebral response. 

In conclusion, the present study allowed the evaluation of two functional MRI techniques, 
DWI and MEMRI, in assessing the cerebral response to fasting in a glioblastoma rat 
model. On one side, diffusion MRI methods identified alterations in the contralateral 
region of the brain caused by the compression of the healthy cerebral tissue due to the 
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growth of the glioma and its infiltrating nature, reflecting the increased cellularity and 
related inflammatory processes. DWI also detected the cellular swelling related to the 
fasting condition. However, in animals with GBM in advanced state, no response was 
detected after 16h of food deprivation, suggesting a functional impairment of the related 
cerebral regions as a function of appetite. On the other hand, MEMRI studies identified 
an increase in the neuronal activity due to the GBM presence, although this methodology 
was not able to detect, as diffusion imaging, the effects of the fasting condition. Our data 
also revealed an incompatibility between DWI and MEMRI methods, mainly detected in 
diffusivity measures, due to the effects of the Mn2+ either in the activity-induced cellular 
swelling mechanisms or in the diffusion MRI signals. In this sense, the lack of response 
reflexed in the MD values at fasted condition, points to physiological processes related 
with diffusion, such as inflammation, although this needs to be further explored. This 
phenomenon clearly hindered the use of MEMRI and diffusion methodologies in the 
same MRI session.
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Chapter 5.  Assessment of the aquaporin-4 role in functional diffusion 
imaging studies 

 

Introduction 
 

Mammalian beings are composed of 70% water, one of the most important and used 
molecule in metabolic processes and ionic homeostasis. Water molecules can move 
between the extracellular and the intracellular spaces by crossing the cell membranes 
directly, through ion channels or glucose transporters (248), although most of the brain 
water transport is facilitated by aquaporin-4 (AQP4) (249). AQP4 is a transmembral water 
channel protein placed in CNS, kidney, lung, blood-brain barrier and blood-cerebrospinal 
fluid barrier. Its location in the BBB allows regulating the fluid exchange into and out of 
the brain by osmotic gradients, controlling brain water homeostasis (250). This protein is 
involved in many brain processes such as memory formation or synaptic plasticity (251), 
and experimental evidences have demonstrated that AQP4 has important roles in brain 
edema (252), epilepsy (253), and brain tumors (254).  

In the brain, AQP4 are abundantly located at the end-feet of astrocytes (255). Astrocytes 
are specialized glial cells that surround blood vessels and are attached to neurons, and 
this strategic position makes them the main nutrient supplier of the nervous tissue (256). 
Astrocytes carry out many regulatory tasks in the CNS, such as the clearance of 
glutamate and K+ from the extracellular space (257), or the maintenance of the 
extracellular ion balance. The multiple sodium and potassium channels expressed in 
their cell membranes perform these regulatory tasks, although, unlike neurons, they do 
not propagate action potentials. Astrocytes also participate in the control of the release 
of synaptically active molecules such as glutamate or GABA (234), and maintain the 
water balance by water transport between the two sides of the membrane depending on 
concentration gradients of solutes (255). Such wide variety of functions are compromised 
in some pathologies like sclerosis, ictus or brain tumors, causing the modification of the 
cells volume or morphological shape -from being ramified to be round-, production of 
inflammatory cytokines or astrogliosis (258). 

Previous studies with AQP4-knockout mice showed that the deficiency of this water 
channel increased the resistance to brain edema, results that promoted the identification 
of new AQP4 inhibitors as a treatment for this pathology (259). Interestingly, using 
magnetic resonance imaging, a previous study demonstrated that brain edema volume 
after ischemic injury was significantly reduced with AQP4 inhibitor TGN-020 pretreatment 
(260). Among all the MRI techniques, diffusion MRI is the most useful tool to study 
edematous damage and neuroinflammatory diseases in a non-invasive manner (261). In 
fact, this technique has been used to study the role of AQP4 in a variety of brain diseases 
such as hydrocephalus (262) or hypoxic-ischemic edema (263). Notably, other studies 
using DWI methods demonstrated that the decrease in AQP4 expression is related with 
a decrease in the ADC (264).  

On the other hand, under normal physiological conditions, glucose is the principal fuel of 
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energy in the brain. Neuronal cells have the highest demand by requiring constant 
administration of glucose from blood. Glucose metabolism, both in neurons and 
astrocytes, generates ATP (265) and the synthesis of neurotransmitters such as 
glutamate or GABA. Previous studies using MRI methods reported that the 
administration of glucose to fasted animals resulted in decreased ADC values, potentially 
reflecting increased neuronal orexigenic activity in the brain (266). Indeed, cellular 
activation is known to be accompanied by an increase in ionic and water transportation 
from the extracellular to the intracellular space, mainly by AQP4 channels, and this large 
influx of water induces cellular swelling, thus diminishing the ADC values (230). Other 
studies using DWI assessed the swelling and shrinking processes of astrocytes in other 
pathologies and conditions, such as obesity (113,130), and feeding/fasting paradigms 
(38).  

In this study, we sought to investigate the role of AQP4 during the process of glucose 
uptake and metabolism using MRI techniques. Particularly, we hypothesized that the 
administration of an AQP4 inhibitor would affect the swelling-shrinking cellular 
mechanisms occurred in brain during glucose uptake and result in a different pattern of 
diffusion coefficients and glucose metabolites’ concentrations. To test this, we designed 
a study in which we followed the diffusion coefficients variation during the administration 
of an AQP4 inhibitor combined with a glucose solution, and performed similar 
experiments with their respective controls. Moreover, we performed 1H HRMAS ex vivo 
analysis of different brain regions to assess the metabolic modifications of the blockage 
of AQP4. 

 

Methods 
 
5.2.1. Animal model 
Experimental procedures were approved by the highest institutional ethical committee 
(Community of Madrid) and met the national (R.D.53/2013) and European Community 
guidelines (2010/62/UE) for care and management of experimental animals. Mice were 
housed in the animal facilities of our institution (Reg. No. ES280790000188) and cared 
by specialized personnel. 

Healthy C57BL6/J adult male mice (Charles River, France) (n=39) were kept in a room 
with controlled humidity (47%) and temperature (21-23°C), and a 12h day/light cycle. 
Animals were fed with a standard diet and randomly distributed in 2 groups. One group 
(n=15) was assigned to study the role of the AQP4 by MRI techniques. The other (n=24) 
was destined to study the metabolic changes that the inhibition of those water channels 
can produce in the brain by using 1H HRMAS techniques (Figure 5.1A). The MRI mice 
were subdivided in 3 groups (n=5 each one), where: i) Control group, in which animals 
were injected with vehicle (100µL of DMSO + 200µL of saline/ 25g b.w.); ii) Glucose 
group with mice injected with vehicle (100µL of DMSO + 200µL of saline/25g b.w.) plus 
glucose (200µL/25g b.w. of 2.08M glucose in saline); and iii) TGN group including 
animals injected with the AQP4 inhibitor (300µL/25g b.w. of 0.08M TGN-020 in 
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DMSO:saline/1:2) plus glucose (200µL/25g b.w. of 2.08M glucose in saline). Mice for 
HRMAS studies were subdivided also in 3 groups (n=8) as follows: i) Control group was 
injected with the vehicle (300μL/25g b.w. of saline); ii) Glucose group was injected with 
vehicle (100µL/25g per animal of saline) plus glucose (200µL/25g b.w. of 2.08mM 
glucose in saline), and iii) TGN group was injected with the AQP4 inhibitor (100µL/25g 
per animal of 0.24M TGN-020) plus glucose (200µL/25g b.w. of 2.08M glucose in saline). 

 

5.2.2. Inhibitor preparation 
The AQP4 inhibitor was used in two different preparations. For the MRI group, we used 
TGN-020 (water insoluble powder, SML0136, Sigma-Aldrich) dissolved in DMSO and 
saline (8mg/ml). For the HRMAS group, and to avoid the incorporation of a DMSO peak 
in the spectra, the sodium salt of the inhibitor was prepared from the TGN-020 (2988, 
Axon). Briefly, TGN-020 (46mg) was placed in a flask with 4mL of Milli-Q water and 1M 
NaOH solution (223µL) was slowly added. The resulting mixture was stirred for 30 
minutes and then filtrated. The filtered liquid was lyophilized to generate the compound 
as a white powder soluble in saline. 

 

5.2.3. MRI studies 
All MRI studies were performed on a BioSpect 7T system with a 90mm gradient insert 
with a maximum intensity of 360mT/m and a 23mm volume resonator. One animal was 
studied per day, beginning the protocol at 8a.m. Body weight was controlled to calculate 
the amount of substances to be injected. Mice were induced to anesthesia in a 
polymethylmethacrylate box (2-2.5% isoflurane/oxygen). Then, anesthesia was 
maintained with a nose mask (1-1.5% isoflurane/oxygen) while a catheter was placed 
intraperitoneally. Carefully, mice were placed in a holder where they were restrained with 
a bite-bar integrated to a nose mask during the MRI acquisitions. A water heated blanket 
under the animal kept body temperature, and anesthesia was regulated to maintain the 
respiration rate between 40 and 60 breaths per minute (1-1.5% isoflurane/oxygen). Small 
animal monitoring and gating system allows following the physiological status of the 
mouse. 

MRI studies started with a RARE spin-echo T2 anatomical acquisition (5 slices, 
TR=2500ms, TE=44ms, 2 averages, RARE factor=8, slice thickness=1.5mm, 
Mtx=256x256 and in plane resolution=0.086x0.086mm2/pixel in axial orientation), 
centered in the hypothalamus. Then 3 blocks of diffusion weighted sequences were 
acquired, with diffusion gradients applied in three orthogonal directions and the next 
parameters: 5 slices, Δ/δ=20/4ms, TR=2500ms, TE=31ms, slice thickness=1.5mm, 
Mtx=128x128, in-plane resolution 0.172x0.172mm2/pixel in axial orientation and 4 b-
values (0, 150, 400 and 1000s/mm2) applied in the three orthogonal directions. 

The diffusion sequence set was performed as follows (Figure 5.1B): 
i) Basal studies (at time t0) were acquired prior to compound administration. Right 

after, TGN or its vehicle were supplied through the intraperitoneal catheter, and 
pushed with saline; 
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ii) 20 minutes after TGN/vehicle administration, the glucose/saline solution were 
administrated, and the diffusion sequence was acquired right after injection (t1); 

iii) 30 minutes after glucose infusion, a third diffusion study was performed (t2). 

 

 
Figure 5.1. Animal groups and workflow. A: Distribution of the animals in the corresponding 
study groups. B: Temporal distribution of the MRI studies and administration of the treatments. 
Basal diffusion study (t0) was acquired without any dispensed treatment. Then, the inhibitor or its 
vehicle was administered intraperitoneal through the catheter located in the abdominal area of 
the animal. After 20 minutes, in the corresponding cases, glucose was supplied and subsequently 
diffusion study (t1) was performed. 30 minutes after, the last diffusion study (t2) was acquired. 
The same timeline was followed for HRMAS studies. 

 

5.2.4. Data analysis 
Diffusion images were computed with homemade software developed in MatLab. 
Diffusion sequences with 4 b-values were fitted voxel-by-voxel to a monoexponential 
model according to the Equation 1.8 to obtain the ADC values. 

In all cases, we used a fitting with a main restriction of r2>0.75. ROIs (40 pixels from 
cortex, hippocampus, thalamus or hypothalamus) were manually selected from the 
parametric maps generated by using ImageJ and a mouse brain atlas (142). 
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5.2.5. HRMAS studies 
Animals were euthanized under anesthesia and the fixed brain was segmented after 
being removed from the skull. The samples collected (cortex, hippocampus, thalamus 
and hypothalamus) were stored separately in small tubes and preserved at -80° until 
their analysis with 1H HRMAS technique. 1H CPMG spectra were processed with 
LCModel (144), allowing the quantification of detectable metabolites. Statistical analyses 
were made considering those metabolites with CRLB smaller than 20%. All the details of 
the procedure are in the section 2.2.5. 1H High resolution magic angle spinning 
spectroscopy. 

 

5.2.6. Statistical analysis 
MRI and HRMAS statistical analyses were performed using the IBM SPSS package. MRI 
derived parameters were determined by GzLM with GEE to compare values of all 
animals in the different experimental conditions, as described in section in section 
2.2.6.2. Generalized linear model. In our analysis, the GEE multi-model statistical 
evaluations of the ADC values were performed to assess the effect of type of treatment 
(from now on referred as “treatment”), of the response to the specific insult within each 
treatment (effect “time”), and of its interaction (“treatment*time”), firstly considering the 
four regions separately and finally for the whole-slice dataset. HRMAS data were 
evaluated by a LMM, as presented in section 2.2.6.2. Generalized linear model. In all 
cases, p values lower than 0.05 were considered to be statistically significant. 

 

Results 
 
5.3.1. Inhibitor effects assessed with MRI 
The effects of the administration of an AQP4 channel inhibitor in the brain were assessed 
by DWI methods. Representative ADC parametric maps for the three time points and 
treatment groups are represented in Figure 5.2 (Figure 5.2A top boards). ADC values 
were averaged for each time point, treatment group, and cerebral area (Figure 5.2). 
Mean and standard deviation values are shown in Table 5.1, while the specific pairwise 
comparisons between time points or treatments for each region are exposed in Table 
5.2. The four areas analyzed depicted significant differences of the interaction 
treatment*timepoint (p<0.05 for the cortex, p<0.005 for the hippocampus, p<0.001 for 
the hypothalamus and p<0.005 for the thalamus). The effect of timepoint alone was only 
significant in the cortex (p<0.05), while the treatment effect was statistically remarkable 
only in the thalamus (p<0.05).  
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Table 5.1. Temporal evolution of apparent diffusion coefficient values by regions and 
treatments.  

Region Treatment Timepoint Mean  
ADC (μm2/s) 

Standard  
deviation  
(μm2/s) 

Cortex 

Control 
t0 675.2 92.5 
t1 797.4 235.6 
t2 552.1 46.9 

Glucose 
t0 713.4 108.5 
t1 596.9 111.6 
t2 694.8 188.5 

TGN 
t0 682.7 192.8 
t1 510.0 105.5 
t2 502.4 25.8 

Hippocampus 

Control 
t0 803.5 206.2 
t1 992.1 363.5 
t2 751.9 259.4 

Glucose 
t0 1001.4 392.1 
t1 934.1 439.3 
t2 1089.5 450.2 

TGN 
t0 936.1 365.4 
t1 750.0 326.8 
t2 924.9 516.6 

Hypothalamus 

Control 
t0 575.8 110.3 
t1 727.4 220.1 
t2 489.3 95.5 

Glucose 
t0 610.4 127.9 
t1 532.0 117.6 
t2 653.6 199.2 

TGN 
t0 555.8 156.8 
t1 466.9 124.3 
t2 495.3 108.5 

Thalamus 

Control 
t0 654.5 76.0 
t1 782.9 223.2 
t2 561.2 40.6 

Glucose 
t0 706.3 118.7 
t1 612.9 109.0 
t2 729.9 156.8 

TGN 
t0 648.4 163.3 
t1 518.2 120.6 
t2 498.3 40.6 

Brain 

Control 
t0 673.0 100.7 
t1 837.1 258.0 
t2 594.7 85.0 

Glucose 
t0 707.2 124.8 
t1 631.1 118.0 
t2 714.5 187.2 

TGN 
t0 681.0 197.1 
t1 540.9 136.2 
t2 551.1 99.6 
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Pairwise comparisons of the diffusion coefficients between time points from these 
cerebral regions revealed a significant decrease in the ADC at the final acquisition (t2) 
of the control group, as compared to baseline (t0) and to the post-vehicle insult (t1), in 
the four regions assessed (Figure 5.2A). The administration of the glucose caused a 
statistical increase of the ADC from the post-glucose insult (t1) to the final diffusion 
sequence acquisition (t2) in all areas except the hippocampus (Figure 5.2B). Finally, the 
mice group treatment with inhibitor showed a significant decrease of the ADC in the post-
glucose insult (t1) in comparison to the baseline (t0) in all regions, further decreasing in 
the cortex and thalamus in the last time point (t2) (Figure 5.2C). 

 

 
Figure 5.2. Temporal evolution of the diffusion coefficient in the brain regions assessed. 
A: Control group; B: Glucose group, and C: TGN group. Data are presented for cortex (blue), 
hippocampus (red), hypothalamus (green) and thalamus (orange). Significant differences: 
*p<0.05, **p<0.01, ***p<0.001. 

 

Considering that the ADC values of the assessed cerebral regions presented very similar 
alterations, diffusion coefficients were also evaluated grouping all the voxels of to the 
brain slice containing the aforementioned regions. In this analysis, the GEE multi-model 
statistical assessment of the ADC values revealed a significant effect of treatment 
(p=0.042), time(p=0.001), and the interaction treatment*time (p=0.005). Pairwise 
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comparisons between time points showed that, in animals injected with vehicle only, the 
ADC decreased significantly in the final acquisition (t2), as compared to baseline (t0) 
(p=0.003) and to the post-vehicle insult sets of sequences (t1) (p=0.008), as exemplified 
in the representative ADC parametric maps (Figure 5.3A top boards) and condensed in 
the graph panel (Figure 5.3B).  

 

 
Figure 5.3. Parametric ADC maps and whole brain data. A: Typical ADC parametric maps of 
a mouse from each experimental group: control (top), glucose (middle) and TGN (bottom); and 
timepoint: basal (left), glucose insult (middle) and last diffusion study (right). B: Time evolution of 
the ADC from an acquired DWI brain slice for each treatment: control (green), glucose (red) and 
TGN (blue), groups. Significant differences: *p<0.05, **p<0.01, ***p<0.001. 
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In the glucose cohort, the administration of glucose produced a remarkable increase of 
ADC from the post-glucose insult (t1) to the last diffusion evaluation (t2) time points 
(p=0.033), as represented in the demonstrative ADC parametric maps (Figure 5.3A 
middle boards) and summarized in the graph panel (Figure 5.3B). The mice group 
treated with the inhibitor before glucose injection showed significantly decreased ADC 
coefficients from baseline (t0) to the post-glucose insult (t1) point (p=0.001) and no 
changes between the post-glucose insult (t1) and the final ADC acquisition (t2), as 
showed in the illustrative ADC parametric maps (Figure 5.3A bottom boards) and 
recapitalized in the graph panel (Figure 5.3B). Statistical tests assessing the difference 
between treatments at each time point, showed no significant differences between 
mouse groups in the basal diffusion evaluation (t0). ADC values at t1 evaluation were 
significantly augmented in the control group, as compared to the other two groups (Table 
5.2). At the last time point, 30min after glucose administration (t2), the statistical analysis 
indicated significantly lower ADC values for the TGN group in comparison to the glucose 
(p=0.02) and control (p=0.009) cohorts. 

 

Table 5.2. Pairwise comparison of apparent diffusion coefficients between treatments. 

Region Timepoint Treatments Sig. 

Cortex 

t1 Control > TGN 0.009 

t2 
Glucose > TGN 0.014 

Control > TGN < 0.001 

Hippocampus t2 Glucose > Control 0.031 

Hypothalamus 

t1 
Control > Glucose 0.012 

Control > TGN 0.002 

t2 
Glucose > TGN 0.044 

Glucose > Control 0.017 

Thalamus 

t1 Control > TGN 0.015 

t2 

Glucose > Control 0.012 

Glucose > TGN 0.001 

Control > TGN < 0.001 

Brain 

t1 
Control > TGN 0.003 

Control > Glucose 0.034 

t2 
Control > TGN 0.009 

Glucose > TGN 0.020 

 

5.3.2. Inhibitor effects assessed with HRMAS 
1H HRMAS spectra were acquired for each brain region (cortex, hippocampus, 
hypothalamus and thalamus) of all animals from the control, glucose and TGN cohorts, 
respectively. Metabolite quantification in those areas showed significant differences 
between experimental groups on Glc, Glu and GABA concentrations (Figure 5.4).  
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Both the TGN and glucose cohorts depicted significantly increased glucose levels in the 
cortical, hypothalamic and thalamic regions, as compared with the control group, with 
the TGN animals having remarkably higher values than the glucose in the hypothalamus 
(Figure 5.4A). TGN administration caused significant decreased in Glu values of the 
cortex, hippocampus and thalamus, as compared to both the glucose and control mice, 
while resulted in augmented GABA concentration in all areas investigated, also as 
compared to the two other experimental conditions assessed (Figure 5.4B-C). 

 

 
Figure 5.4. Metabolite data from HRMAS spectra of brain regions. Concentrations are given 
as a ratio of each metabolite related to the total creatine content in the samples from cortex, 
hippocampus, hypothalamus and thalamus in the three experimental groups: control (green), 
glucose (red) and TGN (blue). Data show those metabolites in which statistically significant 
differences were found. A: Glc, B: Gln, C: GABA. Significant differences: *p<0.05, **p<0.01, 
***p<0.001. 

 

Discussion 
 

Water is one of the most important biological molecules, and is involved in key processes 
of the functionality of the mammalian organism such as ionic homeostasis and 
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metabolism. These molecules can move from each side of the cell membranes, directly 
crossing the lipid bilayer or through specific channels. In the brain, most of the water 
movements linked to neuronal activity are made by AQP4, located in astrocytes, which 
allows the regulation of osmotic gradients and brain water homeostasis. This 
transmembrane protein participates in many cerebral processes like synaptic plasticity, 
brain edema or epilepsy. In this chapter, we investigated the role of the transmembrane 
water channel aquaporin-4 in the volume changes experienced by astrocytes as 
response to a glucose bolus administration. To that extent, we used an AQP4 inhibitor 
and assessed the functional and metabolic brain changes by using MRI and HRMAS 
techniques. 

In order to evaluate the role of AQP4 underlying the glucose-induced cellular swelling 
mechanisms (266), we performed DWI acquisitions in three mice cohorts under different 
experimental conditions, and at three time points: basal measurements before the 
administration of the AQP4 inhibitor (TGN) or the corresponding vehicle (t0), 20min later 
and immediately after the administration of a glucose solution (for TGN and glucose 
groups) (t1), and 30min after the glucose administration (t2). The assessment of the 
diffusion data detected changes in the ADC values that were very similar in the four 
cerebral areas analyzed and in the whole brain slice. Both approaches revealed a major 
role of the interaction between treatment and time effect on ADC values, that was 
statistically significant for each of the regions and for the whole-slice analysis. Specific 
pairwise comparisons showed three major effects: i) higher values of ADC for the control 
group after the vehicle injection that decrease in the last study (30min later), ii) a 
statistically significant ADC increase 30min after the glucose administration in the 
glucose group but not in the TGN, and iii) a significant decrease of ADC values 20min 
after the inhibitor injection that did not vary 30min after the systemic glucose 
administration in the TGN group. These results point that, at a global level, the type of 
stimulus performed affected differently to the evolution of ADC values along the 
experimental time points assessed, suggesting a global role of the treatment 
independently of the brain area investigated.  

In order to understand the results, it is relevant to highlight that DMSO has well-known 
anti-inflammatory properties (267). Previous studies have shown that it suppresses the 
N-methyl-D-aspartate (NMDA) and alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) channels activity, blocks the Na+ channels activation, 
such as Na+/Ca2+ exchanger (NCX), excitatory amino acid transporter (EAAT) and 
Na+/K+-ATPase channels, and attenuates Ca2+ influx, globally inducing an osmotic 
imbalance (268,269) (Figure 5.5B-1). In our experiments, mice receiving DMSO+saline 
alone may have experienced an increase of the extracellular ionic concentration after its 
administration, which can provoke astrocytes to release water from the intracellular to 
the extracellular space to achieve an osmotic balance (270) (Figure 5.5B-2). Such water 
redistribution between the cellular compartments can produce a decrease of cell volumes 
(shrinking), and a consequent increase of the extracellular space, which has been 
experimentally linked to increases of ADC values (271). Moreover, this DMSO-induced 
cell shrinking process can be potentiated by saline, which can enhance the hyperosmotic 
condition (272).  
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Figure 5.5. Temporal evolution of the osmotic balance and the water transport in the 
control and glucose groups. Ionic channels such as AMPA and NMDA (glutamate receptor 
channels), AQP4 (water channels), calcium channels, NCX (Na+/Ca2+ exchanger channel), KATP 
(potassium channel), Na+/K+-ATPase, EAAT (influx glutamate channel in astrocytes), GLUT1 and 
GLUT3 (glucose channels in astrocytes and neurons respectively) are represented. A: Neurons 
and astrocytes under normal physiological conditions. Ionic channels are opened except the 
calcium channels in neurons, which are dependent of the membrane voltage and the internal 
potassium concentration. B: When DMSO arrives to the brain cells, it blocks NMDA and AMPA 
channels, as well as the Na+ activation (NCX, EAAT and Na+/K+-ATPase) and reduce the Ca2+ 
activity ①. The ionic concentrations were higher in the extracellular space and the water 
movement from the intracellular space to the extracellular space was favored to achieve the 
osmotic balance ②, inducing an astrocyte shrinking. C: When the administrated glucose arrives 
to the brain, it enters the astrocytes through the GLUT1 channel co-transporting water molecules 
③. Glucose was transformed by glycolysis ④, which was enhanced by the entrance of glutamate 
from the extracellular space, but this metabolic path was blocked by the DMSO. On the other 
hand, glucose was uptaken by neurons through the GLUT3 channel by also co-transporting water 
molecules ③. Glucose was transformed by the TCA cycle ④ into glutamate, which can be 
released to the extracellular space ⑤. Moreover, high glucose concentrations triggered the 
closure of the KATP potassium channels and the opening of the calcium channels ⑥. 
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The DMSO blockage of the ionic channels is known to be rapid and reversible (268), and 
during the recovery period, ions and water migrate from the extracellular to the 
intracellular space until the osmotic balance is reestablished. The reorganization of ions 
and water molecules can cause cellular swelling and thus, induce a decrease of the 
diffusion coefficients (230). In the animal groups that, additionally to DMSO, glucose or 
TGN were administered, we did not detect such increase of ADC coefficients after the 
DMSO bolus (t1) that could reflect the abovementioned DMSO-induced shrinking of the 
cellular components. This suggests that both glucose and TGN have a potential 
interaction with DMSO that counteracts the ADC alterations detected when DMSO is 
administrated alone. Indeed, animals from the control group depicted significantly higher 
ADC coefficients than animals from the other groups (Table 5.2) at t1 exclusively, 
suggesting relatively lower cell volumes caused by the DMSO blockage in the Control 
group (268). 

Additionally, at the last time point (t2), we could detect significantly decreased ADC 
values on the control animals, both as compared to the initial (t0) and mid-point 
measurements (t1) (Figure 5.3). These results suggest that a DMSO+saline 
administration induced changes in osmotic and water distribution that tended to 
overcompensate the initial channel blockages, yielding to lower ADC values with time, 
although the specific mechanisms of this overcompensation remain to be investigated.   

ADC in the glucose group decreased from basal measurements (t0) to those performed 
subsequently to the administration of glucose (t1), although did not reached statically 
significance. These values were also lower than the ADC in mice from control group at 
this time point (t1). Glucose is the main source of energy in the brain, and is required 
continuously from blood (273). Glucose mainly enters astrocytes and neurons through 
the glucose transporters channels 1 and 3 (GLUT1 and GLUT3) (274) respectively, 
which at the same time co-transport water (248) (Figure 5.5C-3). In neurons, glucose is 
converted to two molecules of pyruvate, which either are converted into lactate or enter 
the TCA cycle (Figure 5.5C-4). Oxidation of glucose-derived pyruvate leads not only to 
the generation of the bulk of energy needed to maintain cerebral function, but also to the 
synthesis of amino acids, such as glutamate (Figure 5.5C-4). Neurons release glutamate 
to the synaptic cleft, which is transported into astrocytes via the glutamate transporters 
(EAAT), using the electrochemical gradient of Na+ (1 glutamate molecule is transported 
with 3 Na+) and the antiport of one K+ (Figure 5.5C-5). The Na+ gradient is reestablished 
by the Na+/K+-ATPase pump, an energy-dependent process (3 Na+ anti-transported with 
2 K+). Glial glutamate is then converted to glutamine by glutamine synthetase and is 
shuttled back to neurons (275). On the other hand, astrocytes can uptake glucose 
through GLUT1 (Figure 5.5C-3) and transform these molecules by glycolysis (Figure 
5.5C-4). This metabolic transformation is enhanced by the entrance of extracellular 
glutamate through EAAT (Figure 5.5C-5). Moreover, high glucose concentrations trigger 
the closure of the KATP potassium channels and the opening of the calcium channels 
(276,277) (Figure 5.5C-6). 

Under normal physiological conditions, glucose uptake is linked to mild cellular swelling 
processes and changes in water permeability (266), and has been related to decreased 
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ADC values (230). In our experiments, animals supplied with glucose had a previous 
injection of DMSO, which may have caused a blockage of the Na+ and K+ channels, 
partially limiting the glycolytic capacity of astrocytes (278) (Figure 5.5C-4) and the 
change in water permeability (257). Moreover, the previous DMSO administration might 
have led to cell shrinking processes, as discussed above. Thus, potentially, both effects, 
the glucose-induced cellular swelling and the vehicle-induced cell shrinking effects, might 
compensate each other, resulting in no statistically significant ADC changes between the 
t0 and t1 time-points of animals on the glucose group. However, lower mean ADC values 
were detected in this group, as compared to the “shrunk control animals”, suggesting a 
prevailing relative glucose-induced swelling effect. Thirty minutes after the glucose 
administration (t2), ADC values augmented in the glucose group, as compared to the t1 
measurements, returning to the basal values (t0). Besides, ADC values of these mice 
were, at the final diffusion assessment (t2), the highest among the different experimental 
groups. This suggests a final increase of the extracellular space/decrease of the cellular 
swelling effects induced during glucose uptake. 

In the mouse cohort injected with TGN twenty minutes before the administration of 
glucose, ADC coefficients decreased significantly between the basal point (t0) (Figure 
5.6 A) and right after the glucose injection (t1). To elucidate such diffusion MRI changes 
along time, two concomitant effects need to be considered: the AQP4 inhibition and the 
glucose administration. On one hand, AQP4 inhibition is known to induce astrocyte 
swelling by reducing water flow from astrocytes into the peri-capillary space (279), which 
can be detected with MRI as decreased ADC. On the other hand, with glucose uptake 
water molecules are also co-transported (248) (Figure 5.6 B) and, besides, the brain is 
a water-secreting organ in which substantial amounts of water are yielded through the 
glucose oxidative pathway, contributing to the extracellular space shrinking and the 
lowering of ADC. Moreover, to observe the same behavior in glucose and TGN groups 
in response to the glucose bolus stimulus, is in agreement with recent results that 
suggest that diffusion fMRI responses are not affected by acute TGN administration, that 
is, by astrocyte activity disruption (280).  

However, there is a different evolution in the response of both glucose and TGN groups. 
The ADC of mice with AQP4 inhibited did not return to basal values as it happened with 
animals without this inhibition. PET studies using [11C]TGN have revealed a first pass-
effect of TGN in the human brain within the first 10min, followed by plateau levels for the 
brain parenchyma in the frame time of 15–60min post-injection (281). Our diffusion 
studies performed at t2 fall within this window, being TGN effects maintained at that time 
point. Inhibition of AQP4 blocks fluid flow towards the parenchyma in the para-vascular 
drainage pathways of the interstitial fluid (282). In fact, TGN administration is not 
accompanied by detectable functional and morphological changes at the level of the 
brain, but with immediate reduction of peri-vascular fluid exchange (283). So, in our mice 
with AQP4 inhibited, a cell swelling takes place because of the oxidative metabolism of 
the glucose uptake, the TGN effect and the neurons activity. But this extracellular space 
shrinking did not disappear right after the process, as it happens with mice without TGN, 
because of the maintenance of the AQP4 inhibition that hinders the efflux of metabolically 
generated water in astrocytes. 
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Figure 5.6. Temporal evolution of the osmotic balance and the water transport in the TGN 
group. Ionic channels such as NCX (Na+/Ca2+ exchanger channel), KATP (potassium channel), 
Na+/K+-ATPase, EAAT (influx glutamate channel in astrocytes), GLUT1 and GLUT3 (glucose 
channels in astrocytes and neurons respectively), AMPA and NMDA (glutamate receptor 
channels), calcium channels and AQP4 (water channels) are represented. A: Neurons and 
astrocytes under normal physiological conditions. Ionic channels are opened except the calcium 
channel in neurons, which is dependent of the membrane voltage and the internal potassium 
concentration. B: When TGN arrives to the brain, blocks the AQP4 channels ①. Glucose 
(administered twenty minutes after the inhibitor) arrives to the brain, enters astrocytes via the 
GLUT1 and is uptaken by neurons through GLUT3, co-transporting water molecules ②. 
Metabolic transformation of glucose is not inhibited and astrocytes can undergo glycolysis and 
enter the TCA cycle (③ and ④). The glucose concentration was high so KATP potassium 
channels were inhibited and calcium channels opened in neurons ⑤, which implied an influx of 
water.  
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Analysis of the proton spectra from the collected brain samples allowed the evaluation 
of metabolic changes in animals that underwent the three different experimental 
situations. Particularly, we could recall statistically significant information on the Glu, Glc 
and GABA changes after the vehicle, vehicle+glucose and inhibitor+glucose 
administrations in the cortex, hippocampus, thalamus and hypothalamus (Figure 5.4). 
Glucose concentrations in the cortex, hypothalamus and thalamus depended on the 
substrate injected, with those groups administered with glucose showing the highest 
concentrations. In the hypothalamus, a key region in the control energy homeostasis that 
is very sensitive to glucose concentrations (284,285), the highest level of glucose was 
found in the TGN group (Figure 5.4A). This is probably due to the effects of the AQP4 
blockage, which after hindering the osmotic balance may cause the limitation of the 
metabolic transformation of Glc in astrocytes. On the contrary, glutamate levels were 
significantly lower in the TGN cohort for cortical, hippocampal and thalamic regions 
(Figure 5.4B). Glu is the major excitatory neurotransmitter in the CNS, and is a metabolic 
product of glucose that can be synthetized both in astrocytes and glutamatergic neurons. 
These two cell types are connected via the glutamate-glutamine cycle (286).  

Specifically, the Glu-Gln describes a cycle in which glutamate is transformed into 
glutamine in astrocytes and released to the extracellular space to be uptaken by neurons, 
where is further transformed into Glu (287). Neuronal Glu is either transformed into 
GABA (in GABAergic neurons) or released again to the extracellular space where it can 
be reabsorbed by astrocytes. Glucose metabolism and the Glu-Gln cycle are tightly 
coupled, with Glc oxidation and the rate of astrocytic Glu uptake showing nearly a 1:1 
stoichiometry relationship (288). In this sense, several experimental evidences have 
shown that changes in glucose concentrations, such as those experienced during 
hyperglycemia or hypoglycemia, lead to impaired glutamate metabolism (289,290). 
During the Glu-Gln cycle, transport across cellular membranes is achieved by coupling 
transmembrane Glu movement to the co-transport of three Na+ ions and a K+ ion, and 
glutamine uptake is performed by specific channels, which also co-transport sodium 
(291). In our experiments, the administration of the AQP4 inhibitor might induce the 
impairment of the K+ channels (292,293), reducing the entry of glutamate into astrocytes. 
Thus, we suspect that the lower Glu reported exclusively in the TGN group accounts for 
the lower glucose metabolism induced by the AQP4 blockage. Additionally, the 
impairment of the K+ channels due to the administration of the inhibitor is consistent with 
a decreased activity of the Glu-Gln cycle. On the other hand, our data exhibited 
significantly higher concentrations of GABA in the TGN cohort than the two other groups 
in all assessed regions (Figure 5.4C). Since GABA is one of the main products of the 
transformation of glutamate (294), it is also plausible that the Glu decrease is linked to 
increased utilization for GABA formation, but the precise mechanisms of this increased 
GABA utilization remain to be further investigated. 

In summary, our experiments show that, in mice, AQP4 inhibition before glucose uptake 
results in a higher decrease of brain ADC values than animals without that inhibition 
probably due to the reduction of peri-vascular fluid exchange in astrocytes. The inhibition 
did not hinder detecting the effect of glucose, but the alterations in ADC did not return to 
normal values after finishing the stimulus, pointing the role of AQP4 in this recovery. 
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These effects can be quantified in vivo, and are consistent with cellular swelling events 
induced by the blockage of the water channels, the neuronal activity and the glucose 
oxidation. 1H HRMAS spectra analysis indicates that AQP4 inhibition during glucose 
uptake also involves decreased glucose metabolism, diminished glutamate and 
augmented GABA concentrations. Notably, our data also suggests that the anti-
inflammatory effects of DMSO administration alone, via suppression of NMDA- and 
AMPA-induced ion currents and calcium influx, are also quantifiable by DWI methods. 
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Chapter 6.  High-Field in vivo Spectroscopy of HFD treated mice and 
hypothalamic metabolism 

 

Introduction 
 

Magnetic resonance spectroscopy allows the detection and quantification of metabolites 
from organisms in vivo and in a non-invasive way. After the discovery of nuclear 
magnetic resonance in 1946 by Bloch and Purcell (3), it was first used by physicists to 
characterize the gyromagnetic ratio of nuclei. Later, it became an important tool in 
chemistry research since it allowed the study of the molecules structure (295). The 
application of the Fourier transform in the NMR technique, by Ernst and Anderson (296), 
set the bases of the current MRS, principally because the spectra could be obtained in 
better quality in a shorter time. In the next decades, magnetic resonance techniques 
became a tool for the diagnosis and treatment of a wide variety of pathologies thanks to 
its application to living beings (47,297).   

In vivo MRS applications typically use a limited list of nuclei, which is mostly restricted 
by the natural abundances and gyromagnetic ratio of the elements. 13C is only found in 
organic compounds with a natural abundance of around 1.1%, but this abundance can 
be artificially increased. For example, in a glucose molecule, one or more of its 12C atoms 
can be replaced by the isotope 13C. This method is widely used in animal experiments 
(298), but less in humans due the high economic cost associated to its utilization and 
experimental difficulties found during the infusion process (47). Both 1H and non-proton 
(X-nuclei) MRS applications have specific technical demands, including the voxel 
selection process, the use of radiofrequency surface coils, the detection methods or 
decoupling sequences, among others. Those of more interest for this chapter are 
described in the following paragraphs. 

 

6.1.1. Localization of the volume of interest 
Usually, both 1H and 13C MRS techniques use localization methods performed on the 1H 
magnetization, although localization on the 13C channel is also possible (299). All 
methods rely on the application of combinations of magnetic field gradients and 
frequency-selective RF pulses. In order to define the volume of interest (VOI), two 
strategies are typically followed; either leaving the magnetization of the VOI unperturbed, 
in outer volume suppression techniques (OVS), or explicitly perturbing the magnetization 
in the VOI, in single voxel localization methods. The particular experimental conditions 
of the study determine the localization technique used. In the work presented in this 
chapter, a combination of the two types of techniques was used. Specifically, 1H spectra 
were acquired using spin echo full intensity acquired localized spectroscopy (SPECIAL) 
(300). This sequence is a hybrid pulse sequence of the slice-selective SE sequence and 
the 1 dimension (1D) image-selected in vivo spectroscopy (ISIS) method (301). In ISIS, 
the localization is achieved based on the principle of selective inversion of the spin 
population before data accumulation. Briefly, in 1D, the ISIS scheme requires two 
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experiments: in the first round, magnetization is flipped into the transverse plane, and in 
the second, magnetization is inverted only in the VOI, and then flipped to the opposite 
side of the transverse plane. Subtraction of the two respective signals results in the signal 
arising only from the selected slice, while the signal from the rest of the VOI is cancelled. 
In SPECIAL, after the 1D ISIS scheme, a SE sequence is applied in the two remaining 
directions. At the same time the VOI is selected, it is sometimes necessary to suppress 
the signals from outside the VOI to enhance localization and minimize artifact content in 
the spectra. This is achieved with the OVS technique. With that purpose, a slice-selective 
90° pulse is applied before a set of gradients that excite spins from outside the VOI, 
dephasing results in zero net magnetization outside the VOI while inside the signal stays 
intact. 

 

6.1.2. Radiofrequency surface coils 
The excitation and detection of the MR signals is made by radiofrequency coils. Different 
types of RF coil design can be used for in vivo MRS, such as volume or surface coils. 
Volume coils supply a homogeneous field B1 that excites the spins uniformly, although 
generally with poor sensitivity. Interestingly, higher sensitivity can be reached with 
surface coils (302), which can be placed adjoining to the VOI and can adapt their shape 
to fit the investigated object. However, the magnetic field generated is inhomogeneous 
and spin excitation depends on the distance between coil and VOI. This disadvantage 
can be solved by the application of adiabatic RF pulses, which can excite spins uniformly 
up to a certain distance (303). In the case of 1H spectroscopy, RF coils can be designed 
to generate a more homogeneous excitation in the VOI. This can be achieved by 
implementing two loops in quadrature and overlapped. With this configuration, the 
received RF power is split by a hybrid decoupler over the two loops, although then it 
combines the two out-of-phase NMR signals. Finally, one in-phase signal arrives at the 
pre-amplifier. In comparison with the linearly polarized magnetic field that would result 
from a single loop coil, the circularly polarized field from the quadrature design is more 
efficient exciting the spins. One of the biggest problems with this type of coils is that if 
the identical loops are too close, the oscillating current in one of the loops induces a 
voltage across the other loop due to the generation of an oscillating magnetic field, and 
the resonance frequency splits. This interaction is called inductance, and to eliminate it 
is necessary that the loops are overlapped in a specific geometrical position (304). 
Finally, the acquisition of other nuclei as 13C would require the addition of a third 13C 
linearly polarized loop combined with the two 1H loops in quadrature (305). 

 

6.1.3. 1H magnetic resonance spectroscopy 
1H MRS is the most widely used spectroscopy technique in in vivo studies. It bases its 
operation on the higher natural abundance of 1H, which allows obtaining a high sensitivity 
and avoids the infusion of labelling substances. In vivo 1H MRS enables identifying and 
quantifying a huge number of metabolites, since these biomolecules contain protons. 
Despite this, the application of the technique is challenging. Water signal is several 
orders of magnitude bigger than the other metabolite signals, which requires that 1H MRS 
is performed combined with water suppression techniques. Indeed, the spectrum is 
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dominated by water and, without any water suppression techniques, the detection of the 
metabolites is doubtful. The application of water suppression techniques allows 
eliminating the water signal without affecting the rest of the detectable signals or creating 
distortions of the baseline. From the existing water suppression techniques, we used 
frequency selective excitation and relaxation-based methods. In the frequency selective 
excitation method, or CHESS (chemical shift selective), water is excited onto the 
transverse plane by a frequency-selective RF pulse, followed by a dephasing gradient. 
Such performance leaves the spin system in a way that no net magnetization of the 
unwanted component (water) is maintained, while the rest of the components, such as 
the metabolites inside the VOI, are unaffected (306). After the pulse application, a 
magnetic field gradient dephases the water coherences. This method is repeated from 
two to six times to achieve a residual magnetization along the z axis close to zero. The 
variable pulse powers and optimized relaxation delays (VAPOR), is a relaxation-based 
method that results from a combination between T1-based water suppression and 
optimized frequency-selective perturbations. Optimized T1 recovery delays are 
alternated with seven frequency-selective RF pulses. The advantage of the VAPOR 
sequence is that is not susceptible to variations in T1 relaxation. 

 

6.1.4.  13C magnetic resonance spectroscopy 
The detection of NMR from nuclei different than protons is made by heteronuclear MRS. 
Although the natural abundance and gyromagnetic ratio of 13C nuclei are low, 13C 
spectroscopy is one of the most used applications of heteronuclear MRS, mainly 
because it allows the determination of metabolic rates. Such challenging conditions are 
attained with higher magnetic field strength, precise methods for localized shimming, 
better RF-pulse sequences, and improved RF coil designs. 

The resonance frequency of the nuclei depends, additionally to the magnetic field 
strength and the gyromagnetic ratio of the nucleus, on the chemical environment. Of 
special interest in heteronuclear MRS is the scalar (or spin-spin) coupling interaction 
between nuclei (295), which leads to the splitting of the resonance lines of the NMR 
spectrum into several smaller ones. This phenomenon results from the interaction 
throughout the electrons in chemical bonds. Briefly, in isolated atoms, the nuclear and 
electronic spins are oriented in an antiparallel manner, favored by the Fermi contact 
(Figure 6.1). If two isolated atoms are considered (1H and 13C, for example), four nuclear 
spin combinations are possible, with four nuclear energy levels. The difference between 
energy levels is such that it allows two 13C transitions with the same frequency, and two 
1H transitions, also with the same frequency, giving rise to one singlet resonance per 
atom. In chemical bonds, however, such as the proton and carbon-13 covalent union in 
13C-labelled glucose, the Pauli exclusion principle demands that the electron spins are 
in an antiparallel orientation. Such condition leads to slightly higher and lower energy 
levels (depending on the configuration adopted), and an altered difference between 
energy levels, as compared to those from isolated atoms. Thus, in chemically bonded 
atoms, the 1H and 13C transitions have two different associated 1H and 13C frequencies, 
and consequently two NMR lines per atom (44). Noteworthy, such line splitting in two, 
decreases signal intensities and complicates the spectra (307). The frequency difference 
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of the splitting is expressed in hertz (Hz) and depends on the J-coupling constant 
between atoms (308), which is independent of the external magnetic field. In the study 
of 1H MRS signals, heteronuclear coupling is often neglected because, even though most 
protons are bond to carbon molecules, the natural abundance of 13C almost eliminates 
the potential coupling effects. In 13C experiments, heteronuclear coupling becomes 
critical because the nuclei investigated are bonded to the NMR-visible 1H atoms, making 
proton decoupling mandatory to obtain spectra with enough signal intensities (309). 

 

 
Figure 6.1. Spin-spin interactions involved with scalar coupling. A: Isolated atoms, where 
the Fermi contact energetically favors an antiparallel orientation between the electronic (grey) and 
the nuclear (black) spins. B: Pauli exclusion principle demands that the spins of the electrons are 
antiparallel orientated, potentially forcing electron and nuclear spins in an energetically higher 
parallel orientation. Adapted from (44). 

 

Implementation of heteronuclear MRS highly benefits from performance at high magnetic 
field strength conditions. SNR is proportional to the Larmor frequency and consequently 
to the static magnetic field. The improvement of the SNR allows obtaining in vivo 
metabolites concentrations ranging from 1 to 10mM (water concentration in tissue is 
around 50M). Additionally, separation of the peaks of different chemical species is 
proportional to the static field strength. Besides, proton decoupling bandwidth and the 
decoupling RF field strength increase linearly with the external magnetic field. 
Consequently, the increment of the field strength produces that the RF power for proton 
decoupling increases quadratically (310). High fields, however, entails certain difficulties 
such as B0 inhomogeneity and higher susceptibility artifacts. Magnetic field 
inhomogeneity can provoke errors in spatial assignments and metabolic quantification 
although it is corrected with a good B0 shimming (311). Magnetic susceptibility is caused 
by the air-tissue and bone-tissue interface and it increases linearly with static field (312), 
but the possibility of choosing a small study volume allows avoiding these interfaces. 
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There are two type of techniques that can be used for detecting non-proton nuclei, direct 
and indirect detection methods, and depending on the type of study that is to be 
performed, one of the methods can be chosen (309).  

 Direct detection methods measure directly the NMR signal of the 13C nuclei. Thus, 
excitation is performed at the NMR frequency of the X-nucleus investigated, where 
the resonances are also received back. In such type of experiments, decoupling is 
performed in the 1H channel to avoid splitting the main resonances due to the 13C-1H 
coupling. Exciting and receiving signals at the 13C channel have two immediate 
consequences: a large chemical shift dispersion of the spectra obtained, where the 
resonances are distributed along a wide range of ppm (>200ppm), and a substantial 
loss of sensitivity. The large dispersion has the advantage of allowing the separation 
between signals that would be otherwise superimposed, such as the signals arising 
from glutamate C2 (glutamate labelled in the position C2) and glutamine C2, which 
are separated by 0.5ppm in the 13C channel and only approximately 0.02ppm at their 
respective methine (═CH) proton resonances (44). Decreased sensitivity, on the other 
hand, is a consequence of either the lower natural abundance (1.1% for 13C) and/or 
low gyromagnetic ratio of the nuclei investigated (γ 𝐶 

13 / γ 𝐻 
1 =0.251, γ 𝑃 

31 / γ 𝐻 
1 =0.405), 

and can be overcome by sensitivity enhancement methods (313). 

 Indirect detection methods, like 1H-[13C], use the signal arising from the protons that 
are bond to the 13C atoms. In this case, the signal is transmitted and received through 
the 1H frequency, and decoupling is performed at the 13C channel. The main interest 
of this approach is that the combination of increased natural abundance and larger 
gyromagnetic ratio of the protons leads to a remarkably augmented sensitivity 
detection. In fact, the sensitivity has been recently shown to be high enough to 
perform in vivo MRS experiments in the mouse brain (314) or even on small areas of 
it (305). The use of indirect methods, however, is linked to a relatively narrow spectral 
bandwidth, which may preclude its application if compartmentalized models of 
cerebral metabolism, which require a fine separation between certain resonances, are 
to be investigated. There are several acquisition techniques that can be used in order 
to perform indirect acquisition. Of interest here are the so-called J-difference methods, 
which use the different evolution (refocusing) of the magnetization of the protons that 
are coupled to 13C atoms, as compared to the refocusing magnetization of non-
coupled protons, to detect both the total (12C+13C) content and the 13C fraction (315). 

Heteronuclear 13C MRS experiments are typically performed in combination with the 
administration of labelled substrates, which increase sensitivity detection and allow the 
investigation of metabolic fluxes. Choosing the specific labeled substrate to infuse can 
depend on the detection method employed –direct or indirect detection- and on the 
specific metabolic flux that is to be studied. For example, investigations involving the 
study of oxidative and glycolytic metabolism typically use labelled glucose infusions as 
metabolic substrates (316). Specifically, [1,6-13C]glucose, [1-13C]glucose or [U-
13C]glucose can be employed. Other well-used substrate is labeled acetate ([1,2-13C] or 
[2-13C]). This molecule is mainly metabolized by astrocytes (317) and facilitates the study 
of the metabolic fluxes of astrocytes and neuron cells separately. 
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Experimentally, a dynamic 13C MRS experiment performed in combination with the 
administration of labelled substrates, consists in measuring the values of 13C enrichment 
of the substrate and of its corresponding metabolic products continuously and 
concomitantly to the infusion process. Then, by fitting the measured 
enrichments/concentrations to the equations defined by a metabolic model, an 
estimation of the metabolic fluxes can be obtained. Typically, multi-compartmental 
models are used, where a compartment is considered as a store of molecules with the 
same behavior along the whole dynamic experiment. In 13C MRS experiments focused 
on the brain, the usual compartments are the neuronal and glial compartments. Besides, 
molecules of each compartment are kinetically or physically separated in metabolite 
pools. These pools are the chemical intermediates in the metabolism of the substrate. 
The model is mathematically expressed through the so-called mass balance equations 
(318). These equations express the total variation of the quantity of a metabolic pool P 
as the difference between the influx from n substrates Si and the m effluxes of the pool, 
as shown in Equation 6.1: 

𝑑𝑃∗(𝑡)

𝑑𝑡
=  ∑ 𝑉𝑖

𝑖𝑛 𝑆𝑖
∗(𝑡)

[𝑆𝑖]
𝑛
𝑖 − ∑ 𝑉𝑗

𝑜𝑢𝑡 𝑃∗(𝑡)

[𝑃]
𝑚
𝑗               Eq.  6.1 

Where P*(t) represents the labeling pool of a molecule at time point t, Vi
in are the set of 

n inflows and Vj
out are the set of m outflows, Si

*(t) are the entering labeled substrates at 
time t, [Si] is the total concentration of the entering substrate, and [P] is the total 
concentration of the pool. 

 

6.1.5. MRS studies on the high-fat diet impact on the brain 
In the last decade, several studies have revealed that HFD consumption induces an 
inflammatory state in the hypothalamus, characterized by the accumulation of cytokines 
and the development of reactive astrocytes and microglial cells (136). Among them, 
some groups have used magnetic resonance techniques to investigate the effects of 
diets rich in fats in the brain. For example, MRI studies have detected HFD-induced 
inflammation on important food consumption regulation regions such as hypothalamus 
(124). Additionally, 1H MRS techniques allowed detecting the effects of HFD 
consumption in hypothalamic metabolism (118,128). Specifically, those studies reported 
an increase in the concentration of inflammation markers such as taurine or inositol, as 
well as the enhancement of Glu, NAA and Glc concentrations (128). Notably, these last 
metabolites are related to glucose and fatty acid metabolic rates, and can be studied in 
greater detail with dynamic 13C MRS. Indeed, combined with the infusion of labeled 
glucose, this technique was used to model the metabolic fluxes in the mouse 
hypothalamus on animals fed with HFD. In this work, authors revealed a rise in the 
hypothalamic TCA cycle rate in the HFD cohort, along with an increase in the astrocyte-
specific Vdil (dilution rate from ketone bodies) and VPC (pyruvate carboxylase rate). These 
rates grew in parallel to the astrocytic and microglial areas, and suggested an 
intensification of the fatty acid β-oxidation on astrocytes. The same study indicated that 
HFD switched neurotransmission from glutamatergic (excitatory) to GABAergic 
(inhibitory). However, in this studies, metabolic modelling was only performed using 1-
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compartment model of cerebral metabolism, and the specific role of neuronal or 
astrocytic pools could not be assessed.  

On these grounds, in this thesis we designed two types of studies that, using and 
optimizing the cutting-edge technologies of a high field MR system, could help improving 
the understanding of the effects of HFD on hypothalamic metabolism. In the first study, 
we investigated the potential effects on hypothalamic metabolism, and specifically on 
glutamatergic neurotransmission, of the administration of memantine, an NMDA receptor 
antagonist that has shown some anti-obesity effects, using 1H MRS in vivo on animals 
consuming HFD. On the second study, we optimized acquisition protocols of 13C MRS in 
vivo using labeled acetate as substrate, with the aim of favoring the assessment of 
astrocytic metabolism during obesity development. 

 

Effects of memantine administration to HFD animals on hypothalamic 
metabolism. An 1H MRS study in vivo.  
 

Obesity and type 2 diabetes increase the risk of developing age-related cognitive decline, 
mild cognitive impairment, vascular dementia, and Alzheimer disease (AD) (319). 
Particularly, fat rich diets, which are associated with higher levels of plasma free fatty 
acids, chronic low grade inflammation and leptin and insulin resistance, are important 
AD risk factors (320). Both HFD consumption and AD are characterized by cerebral 
inflammation and metabolic dysregulation, including altered glucose utilization, 
glycolysis and glutamate toxicity (118,321). Memantine is an NMDA glutamate receptor 
antagonist, and is currently used for AD treatment (322). In short, memantine inhibits the 
excessive calcium influx into cells caused by chronic glutamate-induced overstimulation 
of NMDA receptors (322). Several experimental evidences indicate that, additional to the 
memantine’s beneficial effects in neurodegenerative diseases, its administration has 
positive consequences in the context of obesity and diabetes development, namely: 
reduced body weight (323) and binge-like eating (324) in obese mice, or improved 
glucose tolerance and reduced blood glucose levels in T2D mice (325). 

Previous studies using 1H MRS detected increased concentrations of Glu in different 
brain areas of HFD mice (128,160). Moreover, as mentioned above, HFD animals were 
reported to have altered glutamatergic neurotransmission specifically in the 
hypothalamus (118). Thus, we hypothesized that memantine administration could alter 
the increased Glu concentrations on HFD animals, and potentially contribute to the 
amelioration of brain metabolism and physiological parameters. To this end, we designed 
a study in which we followed different mice cohorts, fed with either control or HFD diets 
and administered with memantine or vehicle solutions, and followed their body weight, 
main physiological parameters and composition of the neurochemical profile by 1H MRS 
in vivo.  
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6.2.1. Materials and methods 
 

6.2.1.1. Animal model 
All experimental procedures were approved by the local ethics committee (EXPANIM-
SCAV, Switzerland). Mice were housed in the animal facility of the Laboratory of 
Functional and Metabolic Imaging (LIFMET) (École Polytechnique Fédérale de 
Lausanne, Lausanne, Switzerland) and cared by specialized personnel. 

Healthy C57BL6/J male mice (Charles River, France) (n=20) were housed in groups of 
5 animals and kept in 12h light/dark cycle room with controlled humidity (60%) and 
temperature (22°C). After one week being fed with a control diet (CTRL) (D12450J, 
research diet control-diet) (3.82Kcal/g), animals were randomly divided in two groups to 
receive either a HFD (60% fat) (D12492, research diet HFD) (5.21Kcal/g) or to continue 
receiving the CTRL. Body weight, food, water consumption and blood glucose levels 
were controlled weekly. After 10 weeks, both the CTRL and HFD groups were randomly 
sub-divided to receive subcutaneously via an osmotic pump either saline or memantine 
(5mg/kg/day), during 2 weeks. During this period, body weight and food intake were 
measured every week. After 15 days, 1H MRS was performed in vivo in the mouse 
hypothalamus (9µL volume). Finished this process, animals were euthanized using a 
high-power microwave system.  

 

6.2.1.2. Animal preparation 
- Osmotic pumps implantation: each mice group (CTRL and HFD cohorts) were 

randomly divided into saline and memantine sub-groups (n=5 for each group). 
Osmotic pumps (model 1002, 100µl reservoir volume, release rate of 0.25µl/hr, Alzet, 
Osmotic Pumps) were weighted and then filled with 100µl of saline or memantine 
(5mg/kg/day) solution. Mice body weight was controlled and blood glucose levels 
measured from the tip of the tail with a standard glucometer (Breeze, Bayer). Then, 
animals were individually anesthetized in an acrylic box with 4% isoflurane in a 
mixture of 30% O2 and 70% air for induction. Under anesthesia, animals were 
transferred to the surgery zone where isoflurane levels were kept between 0.75 and 
1.25% with a nose mask during the process. Upper back skin of mice was disinfected 
with povidone-iodine and a mid-scapular incision was made. Next, a subcutaneous 
pocket was created with a blunt dissection hemostats plier by opening and closing the 
jaws. Pumps were inserted into the pocket with the delivery portal in the first place to 
avoid the interaction between the healing of the incision and the compound delivery. 
Once the osmotic pump was placed, the incision was closed with 2 stitches. Next 24 
hours, mice received water with paracetamol as analgesic. 

- MRS preparation: body weight was controlled, and blood glucose levels measured 
from the tip of the tail with a glucometer before anesthetizing the mouse in an acrylic 
box with 4% isoflurane in a mixture of 30% O2 and 70% air for induction. Then, animals 
were moved to the surgery zone where, under anesthesia with a nose mask, osmotic 
pumps were removed with a mid-scapular incision, which then was closed with some 
stitches. Immediately, mice were placed in a semi-cylindrical homemade holder. Mice 

https://researchdiets.com/formulas/d12450J
https://researchdiets.com/formulas/d12492
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were immobilized with ear bars and a bite bar coupled to a nose mask to administrate 
anesthesia during the sequences acquisition. A protective gel (Viscotears, Alcon) was 
applied on the mice eyes to avoid dehydration. Body temperature was maintained 
with a circulating water tube and monitored using a rectal probe (SA Instruments). 
Respiration gate was measured with monitoring and gating system (SA Instruments) 
by using a pneumatic pillow placed in the animal abdomen. Isoflurane levels were 
adjusted (0.75-1.25% isoflurane) to maintain the breathing rhythm between 50 and 
70 breaths per minute. 

 

6.2.1.3. MRS study 
Two weeks after osmotic pumps implantation, MRS studies were carried out in a 
horizontal 14.1T magnet of 26cm diameter (Varian, Palo Alto, USA), equipped with a 
12cm internal diameter gradient coil insert (400mT/m). All experiments were acquired 
with a homemade transmit/receive 1H-surface coil (two 1H loops in quadrature, 11mm, 
600MHz) specially designed to reach the mouse hypothalamus.  

Protocol started with a morphological image centered in the hypothalamus, acquired with 
a fast spin echo sequence with the parameters: TR=4000ms, TE=20ms, 4 averages, 
RARE factor=8, slice thickness=0.6mm, FOV=20x20mm2, Mtx=256x256 and axial 
orientation. Hypothalamus voxel (1.8mmx2.7mmx1.8mm) was placed based on these 
images. Field homogeneity was optimized with FAST(EST)MAP methods (326) adjusting 
first and second order shim gradients.  

1H spectra were acquired using SPECIAL (300). In the SPECIAL sequence, three slice-
selective pulses were applied. The first pulse, a full-passage adiabatic pulse, was applied 
in perpendicular direction to the coil plane, and followed by an additional water 
suppression pulse and a spoiling gradient to disrupts the transverse coherence before 
the next RF pulses (327) (Figure 6.2). Then, in two directions parallel to the coil plane, 
the other two asymmetric slice-selective pulses (90° and 180°) were applied. SPECIAL 
sequence also incorporated OVS with a CHESS pulse (15ms), an additional Gaussian 
CHESS pulse (12ms) and optimized relaxation delays (VAPOR) before the adiabatic 
pulse. Spectra were acquired with a TR=4000ms, TE=2.8ms, averages=320. 
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Figure 6.2. Diagram of the SPECIAL sequence. This hybrid pulse sequence incorporated OVS 
and VAPOR. A first 180° adiabatic pulse is applied in alternate scans followed by an additional 
water suppression pulse. Then a SE sequence is applied (90° and 180° pulses). The asymmetric 
90° pulse shorts the minimum TE, while the total 180° pulse duration contributes to the TE. In 
fact, the 180° pulse shape is selected in accordance with the time periods necessary for the 
spoiling and refocusing gradient pulses. Adapted from (328). 

 

An additional water spectrum was acquired at the end of each MRS study (8 averages) 
for posterior quantification of metabolites. 

At the end of the study, mice were taken out from the magnet and placed in the surgery 
zone with a nose mask to maintain the anesthesia, blood samples were collected from 
the venous sinus orbital or the heart, plasma separated and stored at -80°C. Metabolism 
was arrested using microwave fixation with a focused microwave irradiation system 
(Gerling Applied Engineering Inc., CA, USA) with 3.5kW power, 2450MHz frequency and 
2s of exposure time. Hypothalamus and general brain region samples were removed, 
stored and preserved at -80°C to perform further ex vivo 13C HRMAS analysis.   

 

6.2.1.4. Data analysis 
Quantification of metabolites in the VOI was made by analyzing 1H spectra with LCModel 
(144), and used the unsuppressed water signal as internal reference. The library 
included simulations of 22 metabolites and macromolecules: acetate, alanine, ascorbate, 
aspartate, Cr, PCr, GABA, Glc, Gln, Glu, glutathione, glycine, Myo, lactate, NAA, scyllo-
inositol, Tau, N-Acetylaspartylglutamate (NAAG), PC, GPC, and PE. Those metabolites 
with a CRLB than 20% were discarded from the mean calculation and the subsequent 
statistical analysis. 
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6.2.1.5. Statistical analysis 
All differences were calculated using GraphPad Prism 6. Changes of body weight and 
caloric consumption with time were analyzed by a repeated-measures two-way ANOVA 
test, corrected for multiple comparisons with Tukey test. Differences in blood glucose 
concentrations before and after osmotic pumps implantation were assessed using paired 
t-tests for each diet and condition separately. Alterations in the physiological parameters 
between diet-cohorts and treatments were studied using one-way ANOVA tests, 
corrected for multiple comparisons with Tukey tests. Metabolite concentrations 
differences were calculated by using a two-way ANOVA with Fisher’s LSD test. Prior to 
any statistical assessment, outlier values were removed, with outliers including values 
higher than 1.5 times the inter quartile range + third quartile, and values lower than the 
first quartile - 1.5 times the inter quartile range. 

 

6.2.2. Results 
 

6.2.2.1. Animal model and physiological results 
After 10 weeks of feeding, mice fed with HFD showed a greater body weight gain than 
animals with control diet (Figure 6.3A). These differences between diets-groups were 
significant from the third week of diet diversification, and after the 10 weeks’ period HFD 
animals reached around 44% higher values than those receiving the control diet. Two 
weeks after osmotic pumps implantation (D14), CRTL animals had significantly higher 
body weight, as compared to the implantation day (D0) with either saline or memantine 
treatment (Figure 6.3B). On the contrary, animals receiving HFD decreased remarkably 
their body weight in the first week after the implantation (D7), both the saline and 
memantine groups. At the end of the study (D14) animals recuperated the lost body 
weight (Figure 6.3B). Statistical comparisons between groups two weeks after 
implantation revealed differences between diets groups under the same treatment (HFD-
memantine vs CRTL- memantine and HFD-saline vs CTRL-saline), but no relevant 
differences were reported between animals receiving the same diet and different 
treatments (Figure 6.3B).  

Measurements of caloric intake reveal that animals administered with HFD consumed 
remarkably higher amounts from the first week of diet diversification, as compared to 
CTRL, and that this difference was basically maintained along the whole study (Figure 
6.3C). Caloric intake after pump implantation did not show significant differences 
between diets or treatments (Figure 6.3D).  
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Figure 6.3. Physiological parameters for the two groups of animals with diets. A: Body 
weight evolution control for 10 weeks. B: Body weight evolution before the osmotic pumps 
implantation (D0) and throughout the two weeks of treatment (D7 and D14). C: Caloric intake 
differences per week. D: Caloric intake before the osmotic pumps implantation (D0) and 
throughout the two weeks of treatment (D7 and D14). E: Blood glucose levels before the 
implantation of the osmotic pumps (D0) and after two weeks of treatment (D14). Data shown are 
mean ± standard deviation. Statistical differences: *p<0.05, **p<0.01, ***p<0.001. 

 

Blood glucose values measured prior to the osmotic pump implantation revealed 
significantly higher concentrations on HFD cohort, as compared to CTRL group animals 
(Figure 6.3E). On the other hand, blood glucose levels after two weeks of treatment did 
not show any differences, neither between diets nor between treatments (Figure 6.3E). 
Intragroup comparisons during the 14D of treatment did not show any significant 
changes with time for either the HFD-memantine, HFD-saline, CTRL-memantine, CTRL-
saline groups independently, but HFD-memantine animals showed a tendency to 
decrease blood glucose concentration (p=0.06). The rest of the groups had p values far 
from significance: HFD-saline (p=0.68), CTRL-memantine (p=0.37) and CTRL-saline 
(p=0.13) (Figure 6.3E). 

 

6.2.2.2. MRS study 
The spectra obtained in the mouse hypothalamus in vivo presented in general very good 
quality, and metabolite quantification could be performed with standard deviations lower 
than 20% for 20 metabolites, including the signal from Cr, PCr, Cr+PCr, GABA, Glc, Gln, 
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Glu+Gln, Glu, GSH, Myo, Lac, NAA, Tau, NAAG, PC, GPC, and PE, GPC+Cho (Figure 
6.4). Mean SNR values were 17±2 and linewidths 14±3Hz. 

 

 
Figure 6.4. Spectrum with SPECIAL. Representative proton spectrum acquired with SPECIAL 
sequence with identification of visible resonances from 0.4 to 4.6ppm. 

 

Analysis of the 1H-MRS spectra revealed that animals under HFD and saline treatment 
had significantly higher hypothalamic glucose values than CTRL-saline animals (Figure 
6.5). Moreover, our results also show that memantine decreased hypothalamic glucose 
values on HFD-memantine mice as compared to HFD-saline mice (Figure 6.5). 
Specifically, Glc values were (2.6±0.7µmol/g) for the HFD saline group, and 
(1.9±0.8µmol/g) for the HFD memantine cohort. No changes were reported on animals 
fed with CTRL, where values were (2.0±0.7µmol/g) for the CTRL-saline animals and 
(2.0±0.8µmol/g) for the CTRL-memantine mice. Additionally, results show that Myo 
values were remarkably smaller in the CTRL-memantine cohort, as compared to the 
HFD-memantine batch, difference that was not significant between diet groups if saline 
was infused (Figure 6.5). Myo concentrations were (7.0±0.6µmol/g) for the HFD saline 
group, and (7.4±0.4µmol/g) for the HFD memantine cohort, (7.0±0.8µmol/g) for the 
CTRL-saline animals and (6.7±0.4µmol/g) for the CTRL-memantine mice. 
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Figure 6.5. Concentration (mmol/kg/min) of metabolites in the hypothalamus of mice in 
CTRL and HFD for two different treatments: saline and memantine. Symbols indicate the 
significant differences: *p<0.05. 

 

6.2.3. Discussion 
In this work, we tested the effects of memantine in HFD mice to assess the effects on 
obesity development and the potential changes in hypothalamic neurotransmission and 
metabolism by in vivo 1H MRS. Our data showed that continuous intake of a large 
percentage-fat diet caused changes in body weight and metabolic profile, and that some 
of these changes could be attenuated with the administration of memantine. 

After 10 weeks of diversified and controlled diets, the HFD cohort reached significant 
higher body weight than the CTRL animals (Figure 6.3A). Treatment with memantine for 
two weeks via osmotic pumps did not induce, neither in HFD nor in CTRL cohorts, a 
significant decrease of body weight, as compared to those groups administered with 
saline, while the differences between diet groups remained (Figure 6.3B). In fact, results 
from our experiments indicate that, after osmotic pumps implantation, both body weight 
and caloric consumption decreased during the first week after surgery only on HFD mice, 
while the same parameters on CTRL mice were not apparently affected by surgery 
(Figure 6.3B and D). In this sense, we suspect that the reported difference can be related 
to slightly different experimental conditions of the surgery procedures. Indeed, for 
circumstantial reasons (diet availability), pump implantation could not be performed in all 
animal batches at the same time, and animals receiving HFD were investigated and 
treated 1 month before the CTRL cohorts, and surgeries could not be performed by the 
same technician. Protocols remained the same, but potential differences cannot be 
excluded. In fact, the better recovery of CTRL mice from surgeries can indicate that the 
pump implantation procedure was performed in a less invasive way.  

Blood glucose concentrations showed significant differences after 10 weeks of diet 
diversification, with HFD animals depicting remarkably higher values than their CTRL 
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counter mates (Figure 6.3E). This HFD-induced increase in glucose concertation is 
consistent with previous studies that reported higher glucose values on HFD mice, both 
in blood (134,135) and hypothalamic areas (118). After the two-week follow-up under 
osmotic pump infusion, this difference between diet groups was lost, both for the 
memantine or saline administration. In the hypothalamus, our MRS data obtained after 
14 days of treatment with saline or memantine to HFD and CTRL animals indicated that 
HFD-saline mice had remarkably higher Glc concentrations than the rest of the groups, 
including the HFD-memantine and CTRL-saline cohorts, while no differences were 
reported between the other groups (Figure 6.5). These results suggest that the treatment 
with memantine decreased hypothalamic glucose values specifically during HFD 
consumption. Under normal physiological conditions, elevated brain glucose levels alter 
the firing rates of GR neurons by changing the activity of their KATP potassium channels 
(276). Specifically, these GR neurons, which are mainly located in the hypothalamus, 
regulate glucose homeostasis by mounting a counter-acting response to the glucose 
levels. However, under high-fat diets, glucose sensing mechanisms are known to be 
defective, and a glucose resistance state has been described related to high-fat 
consumption (329). Memantine administration, on the other hand, can modulate the KATP 
channels, and experimental evidences suggest that this modulation is linked to 
decreased blood glucose levels in Ob/Ob diabetes mouse models (330). Thus, our 
results indicating that memantine reduces the glucose hypothalamic values on HFD 
animals, suggest that the glucose resistant state induced by HFD intake can be 
ameliorated by memantine administration. The specific mechanisms by which this 
reduction is achieved, as well as the potential involvement of KATP channels and GR 
neurons, remains, however, to be elucidated. The fact that glucose blood circulating 
levels did not reach statistical significance between the HFD-saline and HFD-memantine 
after 14D of treatment might indicate that this MRS technique allows detecting 
differences in the hypothalamic glucose concentrations that were not possible to detect 
in the bloodstream, evidencing a change in glucose metabolism in the brain that 
apparently is not reflected peripherally.  

The memantine HFD cohort had higher myo-inositol concentrations than CTRL with the 
same treatment (Figure 6.5). HFD is known to induce an inflammatory process (331) in 
the hypothalamus linked to a vasogenic edema. The maintenance of osmotic equilibrium 
in the brain, and therefore the regulation of neuroinflammation, is carried out among 
others by Myo concentration changes across the plasma membrane (332). Also, 
memantine administration is linked to a reduction of the neuroinflammation due to its role 
as a neuroprotective (333). Our results, however, cannot confirm that memantine alone 
reduces Myo concertation on HFD animals. On the contrary, our data indicates that the 
difference in Myo concentration induced by HFD is augmented if memantine 
administered, since the comparison CTR-HFD is not remarkable under saline infusion, 
but it becomes significant with memantine treatment. However, since the comparison 
HFD saline vs HFD memantine was not significant, no robust conclusions in the role of 
myo-inositol can be inferred. Further experiments, potentially augmenting the number of 
animals investigated, should be carried on.    
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Concluding, our results indicate that 10-week period of high-fat diet consumption was 
enough to modify relevant physiological markers like body weight and blood glucose 
levels. Memantine treatment for 2 weeks reduced glucose concentrations in the mouse 
hypothalamus, exclusively on HFD animals. 

 

Optimization of 1H-[13C] MRS with [2-13C] acetate infusion of the 
hypothalamus  
 

The study of brain metabolism has advanced a lot in recent years thanks to the 
combination of techniques such as dynamic in vivo 13C MRS combined with the infusion 
of labeled substrates and the implementation of compartmentalized models of cerebral 
metabolism (334). Notably, with 13C MRS, it is possible to distinguish between glial and 
neuronal cell compartmentation of cerebral metabolism in vivo.  

Previous experiments used 13C labeled glucose as substrate to the study of the neuronal 
TCA cycle fluxes (335,336). In addition to glucose, there are other substrates that can 
be used to perform MRS studies, such as [2-13C]acetate or [1,2-13C]acetate. The 
principal advantage of acetate is that it enters the brain mainly through glial cells (317). 
Consequently, the glial TCA cycle can be studied more precisely. Briefly, the Gln pool is 
bigger in astrocytes than in neurons, thus, during acetate infusion, because it is 
principally uptaken by astrocytes, the Gln pool is labeled before the Glu pool. This leads 
to a faster enrichment of Gln, a difference that favors the implementation of two-
compartment models (neurons and glia) in studies of brain metabolism. Previous studies 
using 13C MRS techniques combined with acetate administration were used to calculate 
the rates of acetate transport and utilization in the brain (337) and the metabolic fluxes 
(338). Furthermore, these techniques have also been used in human studies (47). 

The study of appetite regulation, and particularly of the brain processes underlying it, is 
becoming increasingly more important due to the rise in the number of people with eating 
disorders, specially obesity, metabolic syndrome and diabetes. The hypothalamus is the 
main regulator of energy homeostasis, and hypothalamic metabolism has been studied 
before with 13C MRS using labelled glucose as metabolic substrate (305). In this work, a 
single cellular compartment was used to model cerebral metabolism, and two 
particularities of the hypothalamus were considered: the metabolic activity of GABAergic 
neurons (present in high amounts in this area) and the input of non-labelled ketone 
bodies/fatty acids to the TCA cycle. In a subsequent study, authors used the same model 
to compare the hypothalamic metabolic fluxes on control or high-fat diet mice (118) and 
found that HFD animals had increased entrance of ketone bodies/fatty acids, which was 
expressed with a higher astrocyte-specific dilution rate, Vdil. Moreover, results suggested 
a switch of neurotransmission, from being mainly glutamatergic on CTRL mice changed 
to predominantly GABAergic during HFD. In such study, however, it was not possible to 
distinguish the neuronal from the astrocytic pools, principally because of the labelled 
substrate used (glucose) and the detection method performed (indirect detection). Thus, 
the coefficients reported could not be used to determine the specific role of astrocytes or 
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neurons in obesity development. On these grounds, and in order to set the basis for 
future measurements of astrocytic metabolism during HFD consumption, we performed 
13C MRS acquisitions combined with the infusion of [2-13C]acetate, and assessed 
hypothalamic metabolism in vivo considering a two cellular compartment model. In this 
chapter, two different models are described. The first model is based on the study of 
Lanz et al (338), and assumes that all acetate enters exclusively to glial cells. The second 
model is adapted from the investigations carried by Rowlands et al (339), acetate is 
modeled as entering both in neurons and glial cells. 

 

6.3.1. Materials and methods 
 
6.3.1.1. Animal model 
All experimental procedures were approved by the local ethics committee (EXPANIM-
SCAV, Switzerland). Mice were housed in the animal facility of the Laboratory of 
Functional and Metabolic Imaging (LIFMET) (École Polytechnique Fédérale de 
Lausanne, Lausanne, Switzerland) and cared by specialized personnel. Healthy 
C57BL6/J male mice (Charles River, France) (n=5) were kept in a controlled temperature 
(22°C) and humidity (60%) 12h light/dark cycle room. Animals were studied after 12h-
fasting condition with an MRS protocol, which includes the infusion of labeled acetate. 
After the sequence acquisitions, blood samples were collected from the femoral vein 
catheter and the animals were euthanized with the injection of ketamine overdose. 

 

6.3.1.2. Coil optimization 
In order to perform 1H-[13C] MRS with improved sensitivity, a previously designed 1H-
[13C] surface coil was optimized to achieve maximum signal intensities from the mouse 
hypothalamus using acetate as a metabolic substrate (305). Briefly, first both the loops 
geometry and relative position, as well as the coil’s capacitor resistances, were modified 
by analyzing the mutual coupling using a network analyzer (E5071C; Agilent, Santa 
Clara, California, USA). Secondly, the quality of the signal was assessed in the 14.1T 
magnet by acquiring spectra on a phantom containing a 50% enriched sodium [2-
13C]acetate (50mM, Sigma‐Aldrich, St. Louis, MO) on a voxel mimicking the 
hypothalamus size (1.8mm×2.7mm×1.8mm) and depth (5.1mm below brain surface). 
The first and second steps of the optimization process (coupling at the network analyzer 
and signal intensities at the 14.1T) were subsequently repeated until a compromise 
between decoupling efficiency and good signal intensities was reached.  

 

6.3.1.3. Animal preparation  
Experimental procedures started at 9a.m., being one animal in fasting conditions studied 
after 12 hours of food deprivation. Body weight was controlled and blood glucose levels 
were measured with a standard glucometer from the tip of the tail. Then, the animal was 
placed in an acrylic box and induced to anesthesia with 4% isoflurane in a mixture of 
30% O2 and 70% air. Once anesthetized, the animal was put in the surgery zone, with a 
nose mask for the anesthetic gas, where the femoral vein was cannulated for the infusion 
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of the labeled acetate solution. This kind of procedure required considerable expertise 
and was performed by a member of the veterinarian-technician team. Briefly, after 
shaving the inguinal region the femoral vessels were exposed with a cut parallel to 
abdominal muscles. Normally, these vessels were cauterized to avoid blood losses and 
obtain a better view of the area where cannulation was proceeding. Abdominal muscles 
were hold with a hemostat to expose the femoral vein. After removing the fibrous tissue 
that covered the vein, the catheter was inserted 2mm in the vein and then the tube of the 
catheter was pushed 1cm in the vein. A successful insertion allowed the blood from the 
vein went up in the catheter. Immediately, a syringe filled with PBS was connected to the 
catheter. Carefully, mouse was transferred to a semi-cylindrical homemade holder and 
immobilized with ear bars and a bite bar attached to a nose mask to provide anesthesia 
during the acquisitions. Body temperature was monitored with a rectal probe and 
maintained with a circulating warm water tube. Eye dehydration was avoided by the 
application of a protective gel. A pneumatic pillow placed in the animal abdomen and 
connected to a monitoring and gating system allowed measuring the respiration gate and 
adjusting the isoflurane levels (0.75-1.25%) to maintain breathing rhythm between 50-70 
breaths/minute. Surface coil was positioned cautiously over the head as close as 
possible to the area under study, in this case the hypothalamus. Then, the holder with 
the animal and the coil was transferred into the magnet. Before placing the animal in the 
center of the scanner, the infusion line was connected to the femoral vein catheter. This 
line was linked to a syringe filled with labeled sodium acetate and sited in an infusion 
pump. 

 

6.3.1.4. MR instrumentation and sequences 
Mice were scanned in a horizontal 14.1T magnet (26cm diameter) equipped with a 12cm 
internal diameter gradient coil insert (400mT/m). All experiments were acquired with a 
homemade transmit/receive 1H-[13C] surface coil: a 13C linearly polarized loop (10mm, 
150MHz) placed between two 1H loops in quadrature (13mm, 600MHz). This surface coil 
was specially designed to reach a compromise between geometrical decoupling and 
detection sensitivity at the same time that the distance between mouse hypothalamus 
and 1H loops was minimized. 13C labeled formic acid glass sphere was placed at the 
center of the coil as a reference for 13C channel power pulse calibration and 13C 
frequency offset, as previously described (299). Proton and carbon bandpass filters were 
placed between the pre-amplifier and the coil loops during MRS experiments to avoid 
cross-talks between the transmission and reception lines. 

MRS studies started with a MR image acquired with a fast spin echo sequence, and 
centered in the hypothalamus, with the parameters: TR=4000ms, TE=54ms, 4 averages, 
RARE factor=8, slice thickness=0.6mm, FOV=20 x20mm2, data matrix=256x256 and 
axial orientation. The volume of interest (1.8mmx2.7mmx1.8mm) was placed in the 
hypothalamus based on these images. The optimization of field homogeneity is 
performed by fast automatic shimming technique by mapping along projections 
(FASTMAP) (326). This shimming method allows adjusting locally all first and second 
order shim coils.  
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In the hypothalamus voxel, field homogeneity was optimized to a water linewidth of 
16±2Hz. 13C power values were chosen using the formic acid flip angle optimization as 
a reference and based on previous experiments (305). The proton frequency offset of 
the BISEP inversion pulse was set to the resonance frequency of Glu C4 protons 
(2.34ppm). The carbon frequency offset of the inversion pulse was set to 24.5ppm to 
guarantee the complete inversion range between Glu and Gln C2 (around 55ppm) and 
Lac C3 (21ppm). The carrier frequency of the 13C decoupling pulse was centered at 
24.5ppm. 

After optimization protocols, [2-13C]acetate (99% enriched [2-13C] sodium acetate, 
Sigma-Aldrich, St. Louis, MO) infusion (3M) was administered for the dynamic 1H-[13C] 
MRS study. Labelled acetate infusion was performed with two initial bolus: 
bolus1=3mL/kg (5min), bolus2=1.83mL/kg (5min) to increase quickly the total content of 
the labeled substrate into the brain (340). Then, the rate was lowered and it was 
maintained during the entire experiment at infusion rate of 6mL/kg/h to reach a steady 
state.  

Concomitantly to the beginning of the infusion protocol, 1H-[13C] MRS acquisition of the 
hypothalamic spectra started. Data were acquired with a B1‐insensitive spectral editing 
pulse (BISEP)-SPECIAL sequence (340), whose parameters are: TE=2.8ms, 
TR=4000ms, and the 13C inversion pulse alternating between off and on. BISEP is based 
on the adiabatic pulse B1-intensitive rotation with 4 segments (BIR-4), which can flip the 
spin in the desired angle with compensation for resonance offset and magnetic field B1 
inhomogeneities (Figure 6.6). Briefly, in the 1H channel there are three pulses delays a 
period τ: a 0°BIR-4 adiabatic full passage (with phase shifts of π) between two time-
reversed adiabatic half-passage (with phase shifts of π/2). Simultaneously and centered 
to the 0°BIR-4 pulse in the 1H, an adiabatic full passage (with phase shifts of π) is applied 
in the 13C channel. When the proper delay is used (τ=1/2 J), the inversion of the 13C-
coupled 1H coherences is achieved. Consequently, by turning off (non-edited) the 
adiabatic full passage of the 13C channel, the pulse of the BISEP acts as a 0°BIR-4 pulse, 
while the adiabatic full passage is on (edited) the 13C-coupled 1H resonances are 
inverted. The difference spectrum shows only the 13C-coupled 1H resonances with a 
minimization of the uncoupled resonances (1H-12C). The 13C inversion pulse alternates 
between off and on. When this pulse is off, 1H spectrum containing 1H channel 
resonances in phase is acquired. On the other hand, with the inversion pulse on, the 
spectrum obtained is a 1H spectrum with the 13C-1H coupled resonances inverted. 

Localization of the VOI was improved with outer volume suppression, while water 
suppression was achieved using CHESS pulse (15ms) combined with a Gaussian 
CHESS pulse (12ms) and VAPOR (341). Adiabatic 13C decoupling (hyperbolic secant 
HS8 adiabatic full‐passage pulse (342) together with a MLEV‐4 cycle and five‐step phase 
supercycle (343)) was applied during the entire acquisition period (145ms).  

At the end of the experiment, mice were taken out from the magnet and placed in the 
surgery zone with a nose mask to maintain the anesthesia. Animals were euthanized 
with an intraperitoneal injection of ketamine overdose.  



Chapter 6  

132 
 

 
Figure 6.6. SPECIAL-BISEP sequence. A: Scheme of the SPECIAL-BISEP sequence. An 
adiabatic-full pulse (AFP) is applied in alternate scans to achieve the editing in the 13C channel. 
B: In the 13C channel, when the AFP is turned off, the sequence acts as a 0°BIR-4 (top). When 
the AFP is turned on, resonances from 13C-coupled 1H are inverted (middle). The spectra 
difference results in a spectrum (bottom) in which the 13C-coupled 1H are detected while the 
uncoupled resonances (1H-[12C]) are almost zero. Adapted from (313). 

 

6.3.1.5. Data analysis 
For each animal, eight consecutive non-edited and edited spectra were frequency 
corrected and added, resulting in 8-9 blocks of 18min temporal resolution. Before 
metabolic quantification, and to improve SNR, the spectral intensities of the five mice for 
each time point were frequency and phase corrected and summed. Quantification of 
metabolites was made with LCModel (144) using two basis sets: a standard one for 
unedited 1H spectra which contained the simulations of 22 metabolites and 
macromolecules (Ac, Ala, ascorbate, Asp, Cr, PCr, GABA, Glc, Gln, Glu, GSH, Gly, Myo, 
Lac, NAA, scyllo-inositol, Tau, NAA, PC, GPC, and PE) and a basis set for 13C-edited 1H 
NMR spectra which contained 12 metabolite spectra (Ac C2; Glu (C2, C3 and C4); Gln 
(C2, C3 and C4); NAA (C6); GABA (C2, C3 and C4); and the intensities of the sum of 
Glu and Gln (Glx) (C2 and C3). Metabolites with a CRLB higher than 20% were discarded 
from the mean calculation and the subsequent statistical analysis. Acetate concentration 
was corrected for each timepoint (ti) to account for overlapping resonances with the 
GABA peaks in the unedited 1H spectra, as described in Equation 6.2. 

[𝐴𝑐𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑡𝑖)] =
3∗[𝐴𝑐(𝑡𝑖)]+2∗[𝐺𝐴𝐵𝐴(𝑡𝑖)]−2∗[𝐺𝐴𝐵𝐴(𝑡0)]

3
  Eq.  6.2 

Where the corrected concentration of acetate for the timepoint i ([Accorrected(ti)] was 
calculated with the concentrations of GABA and acetate for the corresponding time 
([GABA(ti)] and [Ac(ti)]) and the concentration of GABA at the initial timepoint 
([GABA(t0)]).  
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Non-edited and edited spectra were used to calculate the fractional enrichment (FE) 
values for each metabolite and timepoint (Equation 6.3).  

𝐹𝐸(𝑡𝑖) =  
[ 𝐶−𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒] 

13 (𝑡𝑖)

[𝑡𝑜𝑡𝑎𝑙 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒](𝑡𝑖)
    Eq.  6.3 

FE was calculated at each time point (ti) by dividing the concentration of the labeled 
metabolite ([13C-metabolite] from the edited spectra) between the total metabolite 
concentrations ([total metabolite] from the non-edited spectra). FE values over time were 
fitted to alternative two-compartment models using MATLAB (Version 2013b), both 
based on the compartmentalized neurotransmitter approach (344). In these models, 
each compartment corresponds to one of the two main types of brain cells (neuronal and 
glial cells), with respective TCA cycles. Furthermore, compartments are linked by the 
glutamate-glutamine neurotransmission cycle. Initially, only data from the measured FE 
of Glu C4 and C3, Gln C4 and C3, and Ac were considered during the fitting to the two-
compartment model (A2.1.  Model 1). The second model was assessed by fitting 
additionally values from GABA C2, C3 and C4 (A2.2. Model 2). 

 

A2.1.  Model 1. This 2-compartment model is based on the model developed in previous 
studies (Figure 6.7) (338). The label scrambling from [2-13C]acetate starts with its 
transformation to Acetyl-Co-A, which enters the glial TCA cycle at the level of citrate. 
80% of Acetyl-Co-A is estimated to come from the labeled acetate, while the other 20% 
derives from unlabeled glucose. 13C from acetate is then incorporated to the TCA cycle, 
and in the first turn of the cycle it labels 2-oxoglutarate (OG) at the position C4 (OG4g). 
Cytosolic Glu is labeled at the position C4 (Glu4g) from the exchange with OG through 
transmitochondrial transport (Vx

g). During the second turn of the glial TCA, OG is labeled 
at the position C3 (OG3g) from OG C4 (OG4g). As in the labeling of Glu at C4 (Glu4g), 
glial Glu C3 (Glu3g) is labeled from OG C3 (OG3g) through transmitochondrial transport. 
This labeling pathway is diluted by the pyruvate carboxylase enzyme, which brings 
unlabeled carbons from pyruvate to the position C3 of oxaloacetate (OAA) (OAA3g). 
Both Glu C3 and C4 (Glu3g and Glu4g) can be transformed to glutamine C3 and C4 
respectively (Gln3 and Gln4) via the glutamine synthetase complex flux (VGS). Gln3 and 
Gln4 are then either released to the extracellular space via the rate of glial glutamine 
loss (Veff) or is transported to neurons and transformed to Glu through Vglu. The neuronal 
TCA cycle describes similar pathways, with the difference that there is no direct 13C from 
acetate and has no pyruvate carboxylase.  
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Figure 6.7. Schematic layout of the two-compartment of the brain metabolism. Labeled 
acetate enters the brain through the astrocytes. Acetate and pyruvate are catalyzed to Acetyl-
CoA which enters the TCA cycle and is transformed to OG at rate Vg+VPC. OG is transformed to 
glutamine (Vxg+VPC) which can be converted to OG and go back to the TCA cycle (Vxg) or to 
glutamine (VGS). Gln can be extruded to the extracellular space (Vef) or can be transported into 
the neurons. This neuronal glutamine is also transformed to glutamate (Vglu) and enters the TCA 
cycle from the neuron (Vtcan) by its transformation in OG (Vxn). Figure adapted from (338). 

 

In this model, data from glutamate, glutamine and acetate FE were used to calculate the 
fluxes implicated in the synthesis and transportation of the compounds: Vg (TCA cycle 
rate in the glial compartment), Vtca

n (TCA cycle rate in the neuronal compartment), Vx
n
 

(neuronal transmitochondrial flux), Vx
g (glial transmitochondrial flux), VNT (glutamatergic 

neurotransmission rate) and VPC (pyruvate carboxylase rate). With the mass equations 
and the fluxes values (see Appendix 2) was possible to simulate the glutamine and 
glutamate time evolution with the infusion of labelled acetate. 

 

A2.2. Model 2. In this model, based on previous investigations (339,345), [2-13C]acetate 
was considered to be uptaken both from astrocytes and neurons, and the contribution of 
non-labelled glucose and ketone bodies/fatty acids as metabolic substrates was also 
included (Figure 6.8).  
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Figure 6.8. Schematic view of the two-compartments model of the brain metabolism. 
Labeled acetate and pyruvate are transformed to Acetyl-CoA (Vace and VPDHa correspondingly) 
which enters the TCA cycle. Vg and Vtcan are the TCA rate in the astrocytes and in the neuronal 
compartments respectively. In those cycles, Acetyl-CoA is transformed to OG which can also be 
catalyzed to glutamate via the transmitochondrial flux(Vx). Glu can be exchanged between glial 
and neuronal cells (Vgln) and it can be transformed to glutamine in glial cells (VGS) or GABA in 
neuronal cells (Vgaba2). Glutamine in astrocytes can be also released to extracellular space (Veff). 
Moreover, pyruvate carboxylase rate (VPC) contributes to the glial TCA cycle. In neurons, glucose 
is transformed to Acetyl-CoA (VPDHn), which enters the TCA cycle and is transformed to glutamate 
and then in GABA. This GABA is then transported to the glial cells and enters their TCA cycle 
(Vgaba1). Figure adapted from (339). 

 

In the glia, the label scrambling from [2-13C]acetate starts with its transformation to glial 
Acetyl-Co-A (AcCoAg), which is diluted by the entrance of pyruvate and ketone 
bodies/fatty acids. 13C from acetate is then incorporated to the glial TCA cycle, which 
labels OG C4 (OG4g) and OG C3 (OG3g) in the first and second turns respectively. Like 
in the previous model, cytosolic Glu C4 and C3 (Glu4g and Glu3g) become labeled 
through transmitochondrial transport (Vx). This labeling pathway is also diluted by the 
pyruvate carboxylase enzyme, which brings unlabeled carbons from pyruvate to the 
position C3 of OAA (OAA3g). Both Glu C3 and C4 (Glu3g and Glu4g) can be transformed 
to Gln C3 and Gln C4 (Gln3g and Gln4g) via the glutamine synthetase rate VGS. Gln C3 
and Gln C4 (Gln3g and Gln4g) are either released to the extracellular space via Veff or 
transported to neurons and transformed to Glu C3 and C4 (Glu3n and Glu4n) through 
Vgln. The neuronal TCA cycle describes similar pathways with the difference that there is 
no pyruvate carboxylase, and a lower contribution from labelled acetate and ketone 
bodies/fatty acid entrance is considered. Specifically, in the neurons, the rate of acetate 
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entrance (Vace_n) was considered as 0.05*VPDHn, and the rate of ketone bodies/fatty acid 
entrance (Vdil_n) as 0.05*VPDHn, where VPDHn represents the pyruvate dehydrogenase flux. 
In the glia, these rates were set as 0.2*Vg for Vdilg and 1.5*Vg for Vace, where Vg 
represents the glial TCA cycle flux. Additionally, in the neuronal compartment, glutamate 
is modeled to be converted to GABA via the Vgaba1 flux and transported to the glial 
compartment, where is transformed into succinate and enters the TCA cycle. GABA 
metabolism from neuronal Glu is modeled with the Vgaba2 flux. 

Measured FE values from acetate, Glu C4, Gln C4, Glx C3, Glx C2, GABA C2, C3 and 
C4, and total metabolic concentration of Glu and GABA were used to fit all the metabolic 
fluxes. Specifically, acetate C2 values were initially fitted to a step-wise function, and 
total Glu and GABA metabolic concentrations were respectively fitted to linear and 
quadratic curves to account for their non-steady condition during the infusion process 
(see Appendix 2 for equations). 

In both models, metabolic rates were determined by 500 Monte Carlo simulations of the 
FE time courses. Result fluxes are presented as a mean ± standard deviation. 

 

6.3.2. Results 
 
6.3.2.1. Coil optimization 
Our tests in both the network analyzer and 14.1T magnet revealed that maximum signal 
intensities on the 1H channel were not compatible with good decoupling schemes.   

 

 
Figure 6.9. Picture of the 13C-[1H] surface coil used in the experiments with acetate infusion. 
The two proton loops in quadrature (black loops) were placed on the top of the 13C loop (small 
and metallic brown loop). The variable capacitors, which allow achieving the proper resonance 
frequency of each loops, can be seen on the left of the image. On the right, the small coil’s 
capacitor resistances are observable. The blue and yellow wire correspond with the proton loops 
connections while the black wire is for the 13C loop. 
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In order to avoid mutual coupling between the coil loops, and to reach a compromise 
between detection sensitivity and geometrical decoupling, the best geometrical 
disposition consisted in placing the two proton loops in quadrature on the top of the 13C 
loop (Figure 6.9). This coil arrangement produced a geometrical coupling between the 
two proton loops of almost -30dB and the 1H-13C couplings between each proton loop 
with the 13C loop were -20dB. 

 

6.3.2.2. Hypothalamic metabolism during [2-13C]acetate infusion 
The addition of eight consecutive non-edited and edited spectra for the five animals 
yielded high quality spectra, with the non-edited spectra having mean SNR of 24±2 and 
linewidth of 20±4Hz (Figure 6.10A). The edited spectra depicted increased SNR with 
time, being 10 at the first time point and 14 at the end of the study, and mean a linewidth 
of 23±3Hz (Figure 6.10B).  

 

 
Figure 6.10. Spectrum examples. A: Non-edited spectrum (40 scans, 18min) of the mice 
hypothalamus 160min after the beginning of the continuous labeled acetate infusion. B: 13C-
edited spectrum at the same time point.  



Chapter 6  

138 
 

Dynamic neurochemical quantification revealed total stable concentrations of Tau, Myo 
and Gln, decreased concentrations of Lac and increased concentrations of Ac, Glu and 
GABA during the measurements. Mean CRLBs of non-edited spectra of all time points 
were 4±1% for Ac, 2.1±0.3% for Glu, 4.3±0.7% for Gln, and 3.0±0.8% for GABA.  

13C-coupled 1H resonances of Glu C3, Glu C4, Gln C3, Gln C4, GABA C2, GABA C3 and 
GABA C4 were detectable from the first 18min of acquisition. Glu C2+Gln C2 (Glx C2) 
began to be visible from the second block, 36min after the beginning of the acetate 
infusion (Figure 6.11). All these metabolites remained visible after 160 minutes of 
experiment (Figure 6.11). 

 

 
Figure 6.11. Time course accumulation of acetate. 1H-[13C] edited spectra showing time course 
accumulation of labeling in the hypothalamus. 
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Mean CRLBs of the edited spectra of all time points were 8±4% for Ac, 32±20% for Glu 
C3, 13±11% for Glu C4, 64±56% for Gln C3, 17±6% for Gln C4, 21±7% for GABA C2, 
66±45% for GABA C3, and 25±18% for GABA C4.  

Fractional enrichment of Ac C2, Glu C3, Gln C3, Glu C4, Gln C4, GABA C2, GABA C3 
and GABA C4 were calculated as described in Equation 6.3. FE of acetate increased 
rapidly from zero to 0.58 in the first ten minutes of study due to two initials bolus, and it 
a reached plateau enrichment around 0.7 with slight variations that were corrected by 
modifying the infusion rate (Figure 6.12A). 

 

 
Figure 6.12. Time evolution of the fractional enrichment (FE) of the detected labeled 
metabolites. A: Acetate. B: Glutamate and glutamine C4. C: Glutamate and glutamine C3. D: 
GABA C2. E: GABA C3. F GABA C4. 
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Glu C4 raised slowly the first 50min of infusion, attaining a plateau around 0.12 after 
approximately 90min of infusion (Figure 6.12B). Gln C4 FE increased also the first hour, 
and after around 90min presented oscillations around a FE of 0.22. On the other hand, 
Glu C3 FE increased during the whole time- course while Gln C3 FE had tented to have 
a relatively steady state concentration around 0.17 after the first hour of study (Figure 
6.12C). Some correlations were reported between the Glu C3 and Gln C3 resonances, 
as can be seen at certain time points (around 70min, 100min or 170min), where one of 
the corresponding FE is abnormally high and the other is lower than expected. 

GABA C2 increased its FE linearly the first 90 minutes of infusion and then started to 
oscillate around 0.12 (Figure 6.12D). GABA C3 grew rapidly the first half hour and it 
seemed to stabilize in a value close to 0.12 (Figure 6.12E). Finally, GABA C4 FE tended 
to rise but with an irregular time evolution (Figure 6.12F). 

Time evolution of the FE values were fitted to the two-compartment models described 
above. 

 

Model 1.  
FE curves of Glu C4 and C3, Gln C4 and C3, and Ac were fitted to a two-compartment 
model (6.3.1.5. Data analysis: Model 1), and the metabolic rates of TCA cycle in the 
glial (Vg) and the neuronal compartments (Vtca

n), neuronal and glial transmitochondrial 
flux (Vx

n and Vx
g respectively), glutamatergic neurotransmission (VNT) and the pyruvate 

carboxylase (VPC) were calculated (Table 6.1).  

Subsequently, calculated fluxes and equations were used to simulate the fractional 
enrichment of glutamine and glutamate C3 and C4. A great correspondence between 
the original and calculated data was observable (Figure 6.13). 

 

Table 6.1. Resultant fluxes obtained by fitting the metabolic concentrations to Model 1. Data are 
represented with mean ± standard deviation after Monte Carlo simulation of the FE time courses. 

Fluxes Values [µmol/g/min] 
Lanz et al (2014) (338) 

[µmol/g/min] 

Vg 0.70 ± 0.18 0.27 ± 0.02 

Vtcan 0.36 ± 0.18 0.37 ± 0.06 

Vxn 0.77 ± 0.18 0.46 ± 0.05 

Vxg 0.06 ± 0.05 0.17 ± 0.02 

VNT 0.24 ± 0.05 0.15 ± 0.01 

VPC 0.15 ± 0.06 0.09 ± 0.01 
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Figure 6.13. Experimental data and simulated curves from the labeled metabolites with the 
application of Model 1. A: glutamate C4 (Glu C4) and glutamine, C4 (Gln C4). B: glutamate C3 
(Glu C3) and glutamine C3 (Gln C3). 

 

Model 2.  
The FE curves of acetate, Glu C4, Gln C4, Glx C3, Glx C2, GABA C2, C3 and C4, and 
total metabolic concentrations of Glu and GABA were used to fit the equations from 
Model 2 (see Appendix 2. A2.2. Model 2). The neuronal pyruvate dehydrogenase 
(VPDHn), transmitochondrial transport (Vx), glutamate transport from glial to neuronal 
compartment (Vgln), glial TCA cycle (Vg), pyruvate carboxylase (VPC), GABA transport 
from neuronal to glial compartment and its insertion to the glial TCA cycle (Vgaba1), release 
of glial Gln to the extracellular space (Veff), GABA metabolism from neuronal Glu (Vgaba2) 
were calculated. Resulting values are described in Table 6.2. 

 

Table 6.2. Resultant fluxes obtained by fitting the metabolic concentrations to Model 2. Data are 
represented with mean ± standard deviation after Monte Carlo simulation of the FE time courses. 

Fluxes Values [µmol/g/min] 
Duarte et al (2013) (346) 

[µmol/g/min] 

VPDHn 0.29 ± 2.10 0.36 ± 0.01 

Vx 0.08 ± 0.77 0.41 ± 0.02 

Vgln 0.14 ± 0.07 0.16 ± 0.01 

Vg 0.40 ± 0.12 0.26 ± 0.02 

VPC 2.48 ± 0.32 0.076 ± 0.004 

Vgaba1 1.30 ± 0.22 0.044 ± 0.002 

Veff 2.44 ± 0.32 0.076 ± 0.004 

Vgaba2 1.32 ± 0.21 0.098 ± 0.003 

 



Chapter 6  

142 
 

 
Figure 6.14. Experimental data and simulated curves from the labeled metabolites with the 
application of Model 2: glutamate C4 (Glu C4), glutamate C3 (Glu C3), total glutamate (Glu), 
glutamine C4 (Gln C4), glutamine C3 (Gln C3), glutamine+glutamate C2 (Glx C2), GABA C2, 
GABA C4 and total GABA (GABA). 

 

With the calculated fluxes, the time evolution of the metabolic concentration of Glu C4, 
Gln C4, Glu C3, Gln C3, Glx C2, GABA C2, GABA C4 and total Glu and GABA was 
simulated and compared to the experimental values. Evolution with time of FE values for 
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metabolites such as GluC4, GlnC4 or GABAC2, were calculated with great adequacy to 
the values obtained with the MRS studies. In the case of GABA C4 and Gln C3, the 
difference between simulations and experimental values was higher (Figure 6.14). 

 

6.3.3. Discussion 
In this work, we have evaluated for the first time to our knowledge, hypothalamic 
metabolism noninvasively using 1H-[13C] MRS at 14.1T with the infusion of                                      
[2-13C]acetate. 

The performance of dynamic 13C MRS on the mouse hypothalamus was technically 
challenging. Sensitivity of 1H detection in a region as far from the coil as the 
hypothalamus was overcome by the optimization of the surface coil geometry. During 
this process however, a compromise between 1H signal intensity maximization and 
corresponding 1H-13C decoupling efficiency had to be reached. The best configuration 
was achieved by placing the two proton loops in quadrature and on the top of the 13C 
loop.  

Labeled acetate infusion favors the implementation of two-compartment models, mainly 
due to the possibility of detecting the 13C labeling of the glutamine astrocytic pool before 
the labeling on the glutamate neuronal compartment. Nevertheless, acetate cannot be 
infused at high concentrations (339), and this low concentration, together with the low 
concentrations of the resulting metabolic products, makes acetate detection difficult, 
especially in a small and distant area such as the hypothalamus. 1H-[13C] indirect 
detection methods can improve SNRs, as compared to direct 13C methods. Indeed, using 
direct detection methods, the NMR signal arises from the 13C atoms, while in indirect 
techniques the detected signal originates from those protons that are bond to 13C 
molecules, and are much more abundant. However, in order to obtain good signal 
decoupling of all involved 1H-[13C] resonances (from the 55ppm of Glu and Gln C2 to the 
19ppm of Lac C3 resonances in the 13C channel), good decoupling schemes –with 
optimized geometrical coil disposition- are required. Thus, the 13C loop was placed 
underneath the 1H loops, although we lost some 1H signal by not having the minimum 
distance between the sample and the 1H loops.     

After overcoming these problems, we were able to acquire spectra to test two different 
mathematical modeling of hypothalamic metabolism. The infusion of [2-13C] acetate 
offered us an opportunity to apply this 2-compartment model fitting.  

Model 1, which incorporates the dilution of the labeling concentration due to the action 
of the pyruvate carboxylase enzyme, was used to fit the average FE turnover curves 
from the hypothalamic metabolites and to obtain the metabolic rates. A previous study 
with labeled acetate (338) reported brain metabolic fluxes with values close to those 
calculated with our data. Specifically, in our model, neuronal TCA cycle rate (0.36±0.18 
µmol/g/min) was similar to the neuronal VTCA described before (0.37±0.06µmol/g/min), 
although the standard deviation of our data is higher (Table 6.1) Besides, our calculated 
apparent rate of glutamate neurotransmission VNT (0.24±0.05µmol/g/min) was similar to 
the VNT (0.20±0.02µmol/g/min) reported in a study performed with labeled glucose as 
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infused substrate (314). The previous study (338) reported fluxes different from ours: a 
Vg of 0.27±0.02µmol/g/min from the previous study, while ours was 
0.70±0.18µmol/g/min, a Vx

n of the 0.46±0.05µmol/g/min, versus our 
0.77±0.18µmol/g/min, a Vx

g rate of 0.17±0.02 µmol/g/min, with our 0.06±0.05µmol/g/min, 
a VNT of 0.15±0.01µmol/g/min vs our 0.24±0.05µmol/g/min, and a VPC flux of 
0.09±0.01µmol/g/min, while ours was 0.15±0.06 µmol/g/min) (Table 6.1). The difference 
between our results and the previous registered rates, as well as our resulting large 
standard deviations, may indicate that either our experimental data was not of good 
quality or that the mathematical model was not appropriate for this experiment. In this 
sense, previous studies have reported that the precision in the calculated metabolic 
fluxes increases with the number of 13C enrichment curves used to fit the model (344). 
In our calculations for the Model 1 fittings, we used four 13C enrichment curves, while six 
different fluxes were calculated. This difference between the number of input information 
and the calculated parameters can produce a poor estimation of the metabolic rates.  

In order to improve the calculation of the metabolic rates, a new mathematical model 
was designed, where the curves from GABA 13C labeling were included. In this second 
model, [2-13C]acetate was considered to enter both the glial and neuronal cells, although 
the percentage of input to neurons was set low. Moreover, GABA metabolism was 
considered in the model with the incorporation of GABA transference from neuronal to 
glial cell rate and GABA synthesis rate from neuronal glutamate. The calculated flux of 
Glu transport from the glial to neuronal compartment Vgln (0.14±0.07µmol/g/min) was 
comparable to the value (0.16±0.01µmol/g/min) reported in a previous study (346), 
although in that study the infused substrate was glucose and a three-compartment model 
was used. The rest of the rates were not in that good concordance with previous studies 
(346): VPDHn (0.36±0.01µmol/g/min from the previous study while ours was 
0.29±2.10µmol/g/min), Vx (rate from previous work was 0.41±0.02µmol/g/min vs our 
0.08±0.77µmol/g/min), Vg (0.26±0.02µmol/g/min vs 0.40±0.12µmol/g/min), VPC 
(0.076±0.004µmol/g/min vs 2.48±0.32µmol/g/min), Vgaba1 (0.044±0.002µmol/g/min vs 
our 1.30±0.22µmol/g/min), Veff (0.076±0.004µmol/g/min vs 2.44±0.32µmol/g/min) and 
Vgaba2 (0.098±0.003µmol/g/min vs 1.32±0.21µmol/g/min) (Table 6.2).  

Some of our calculated fluxes presented a standard deviation higher than the value itself. 
The number of 13C enrichment curves used for the metabolic rates calculation in this 
model were higher than Model 1 -seven curves for Model 2- but the model was 
mathematically more complex and the number of calculated metabolic fluxes was also 
higher -seven rates to calculate. Consequently, the number of input curves may be 
limiting again a good calculation of the metabolic fluxes. Moreover, the poor SNR 
obtained during acquisition for some of the 13C resonances, such as in GABA C4, as well 
as the existing correlation between the Glu C3 and Gln C3 signals at certain time points, 
may be leading to inappropriate quantifications.   

Thus, we can conclude that it is possible to perform 1H-[13C] MRS in the mouse 
hypothalamus in vivo during [2-13C]acetate administration, and to obtain metabolic fluxes 
from neurons and glia separately. Future studies assessing improved RF coil 
configurations, as well as potential changes on the acetate concentration used, may lead 
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to augmented SNRs that could allow the detection of the 13C curves more precisely and 
favor thus a more robust calculation of the metabolic fluxes.   
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Conclusions 
 

1. Cerebral diffusion parameters from MRI studies, and osmolytes and saturated fatty 
acid levels from the neurochemical profiles obtained with 1H HRMAS acquisitions, 
provide the most adequate biomarkers to characterize the high fat diet induced 
alterations in the brain.  

2. Water consumption from the phenotypic evaluation, and leptin and insulin 
concentrations from the blood hormonal analysis are good descriptors for the 
feeding/fasting paradigm. Measurements such as body weight, blood glucose levels 
and some endocrine parameters suggest a pre-diabetic condition in mice after a 
mid-term consumption of a high fat diet. 

3. Respiration exchange rate and proton spectroscopy results point to a shift from 
carbohydrate to fatty acid metabolism, with alterations in the lipid and glucose 
metabolisms in the high fat diet feeding cohort. Moreover, RER allows the 
differentiation between fed and fasted conditions in healthy cohorts. 

4. Diffusion MRI methods allow detecting alterations in the apparently healthy brain 
tissue in tumor-bearing animals suggesting the existence of inflammatory 
processes, which is also reflected in the changes in the cerebral osmolyte 
concentrations detected by HRMAS. These methods detect alterations compatible 
with fasting-induced cellular swelling events in control animals, but such response 
was not detected in the glioblastoma-bearing animals, potentially reflecting a 
functional impairment. 

5. Fractional anisotropy values from diffusion tensor imaging studies evidenced 
alterations in the contralateral brain caused by the infiltrating nature of the tumor that 
causes compression of the healthy parenchyma.  

6. MEMRI methodology revealed the induced increase in the neuronal excitability in 
the apparent healthy cerebral tissue due to the action of the glioblastoma. However, 
this method does not detect physiological alterations due to the fasting condition.  

7. There is an incompatibility between the diffusion and the MEMRI methods due to 
the used of the manganese ion (Mn2+) in this last method. The employ of Mn2+ in 
MEMRI studies hinders the use of diffusion methods in brain function evaluations. 
The presence of manganese inhibits the cell swelling response to fasting conditions 
as detected by the diffusion coefficients.   

8. Diffusion MRI methods allow the in vivo detection of increased cellular swelling 
during glucose uptake under AQP4 inhibition consistent with cellular swelling events 
induced by the blockage of the water channels, the neuronal activity and the glucose 
oxidation. DWI methods also detect the alterations caused by the administration of 
DMSO, via suppression of NMDA- and AMPA-induced ion currents and calcium 
influx.  
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9. Ex vivo proton spectroscopy evaluation during AQP4 channel inhibition and glucose 
uptake indicated a decrease in glucose metabolism with diminished concentrations 
of neurotransmitters such as GABA and glutamate.  

10. In vivo proton spectroscopy methods allowed the evaluation of the effect of 
memantine treatment for 2 weeks in high fat diet animals, detecting a reduction in 
the glucose concentration in the hypothalamus.  

11. 1H-[13C] MRS methods can be performed to evaluate the neurochemical profile of 
the mouse hypothalamus in vivo during [2-13C] acetate administration. The metabolic 
concentrations can be used to obtain the metabolic fluxes from glia and neurons by 
fitting the results to a two-cellular compartment model.  

 



 

 
 

Conclusiones 
 

1. Los parámetros de difusión cerebral de los estudios de resonancia magnética y los 
niveles de osmolitos y ácidos grasos saturados de los perfiles neuroquímicos 
obtenidos con adquisiciones de 1H HRMAS, proporcionan los biomarcadores más 
adecuados para caracterizar las alteraciones cerebrales inducidas por una dieta alta 
en grasas.  

2. El consumo de agua durante la evaluación fenotípica, y las concentraciones de 
leptina e insulina del análisis hormonal en sangre, son buenos descriptores del 
paradigma de alimentación/ayuno. Las mediciones como el peso corporal, las 
concentraciones de glucosa en sangre y algunos parámetros endocrinos sugieren 
una condición pre-diabética en ratones después del consumo a medio plazo de una 
dieta alta en grasas. 

3. Los resultados del índice de intercambio respiratorio y de la espectroscopia de 
protones apuntan a un cambio desde el metabolismo de los carbohidratos al de los 
ácidos grasos, con alteraciones en el metabolismo de los lípidos y la glucosa en el 
caso de una alimentación alta en grasas. Además, el RER permite diferenciar entre 
condiciones de alimentación y ayuno en grupos de ratones sanos. 

4. Los métodos de resonancia magnética de difusión permiten detectar alteraciones 
en el tejido cerebral aparentemente sano en animales portadores de tumores 
sugiriendo la existencia de procesos inflamatorios, lo que también se refleja en los 
cambios en las concentraciones de osmolitos cerebrales detectados por HRMAS. 
Estos métodos detectan alteraciones compatibles con eventos de hinchazón celular 
inducidos por el ayuno en animales control, aunque dicha respuesta no fue 
detectada en los animales portadores de glioblastoma, lo que potencialmente refleja 
un deterioro funcional. 

5. Los valores de fracción anisotrópica de los estudios de imagen del tensor de 
difusión evidencian alteraciones en el cerebro contralateral causadas por la 
naturaleza infiltrante del tumor que causa la compresión del parénquima sano. 

6. La metodología MEMRI revela el aumento inducido de la excitabilidad neuronal en 
el aparente tejido cerebral sano debido a la acción del glioblastoma. Sin embargo, 
este método no detecta alteraciones fisiológicas debidas a la condición de ayuno.  

7. Existe una incompatibilidad entre los métodos de difusión y MEMRI debido al uso 
del ion manganeso (Mn2+).  El empleo de Mn2+ en estudios MEMRI dificulta el uso 
de métodos de difusión en evaluaciones de función cerebral. La presencia de 
manganeso inhibe la respuesta de hinchamiento celular a las condiciones de ayuno 
detectada por los coeficientes de difusión. 

8. Los métodos de resonancia magnética por difusión permiten la detección in vivo del 
aumento del hinchamiento celular durante la absorción de glucosa en condiciones 
de inhibición de la AQP4, consistente con eventos de hinchazón celular inducidos 
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por el bloqueo de los canales de agua, la actividad neuronal y la oxidación de la 
glucosa. Los métodos DWI también detectan las alteraciones provocadas por la 
administración de DMSO, mediante la supresión de las corrientes iónicas inducidas 
por NMDA y AMPA y el influjo de calcio.  

9. La evaluación por espectroscopia de protones ex vivo durante la inhibición del canal 
AQP4 y la captación de glucosa indicó una disminución en el metabolismo de la 
glucosa con concentraciones disminuidas de neurotransmisores como GABA y 
glutamato. 

10. Los métodos de espectroscopia de protones in vivo permiten la evaluación del 
efecto del tratamiento con memantine durante 2 semanas en un grupo de animales 
alimentados con una dieta alta en grasas, detectando una reducción de la 
concentración de glucosa en el hipotálamo. 

11. El uso de métodos 1H- [13C] MRS permite evaluar in vivo el perfil neuroquímico del 
hipotálamo de ratón durante la administración de [2-13C]acetato. Las 
concentraciones metabólicas se pueden utilizar para obtener los flujos metabólicos 
de la glía y las neuronas ajustando los resultados a un modelo de dos 
compartimentos celulares.  
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Appendix 1. 
 

End points 

For the establishment of humanitarian end points, a detailed observation of each of the 
animals and their condition was carried out according to the table collected in point 9, 
from which a supervision protocol is developed allowing us to prevent the animals from 
suffering, feeling pain or having their normal development or etiology compromised. 

 

A1.1. Experimental or observational strategy 
Once the determined model is induced, a supervision protocol is established that will 
consist of observing different aspects related to animal welfare. To avoid pain, suffering, 
anguish or discomfort in the animals, an observation and assessment protocol will be 
established that will give us a score of the state of each of the animals. When this score 
is higher than 9, we will consider that the animal is not in a state of well-being and 
therefore, the animal will be excluded from the study and euthanized. The criteria taken 
into account will be the following: 
 

Points Variable 
 Changes in body weight 

0 Normal. The animal grows normally 
1 Body weight loss <5% of previous body weight 
2 10-15% body weight loss. Feces altered in quantity or consistency 
3 Loss >20%. The animal does not eat or drink 
 Physical appearance 

0 Normal (smooth fur, bright and light eyes) 
1 Lack of personal cleanliness, fur disrepairs 
2 Rough fur, secretion of nasal /ocular Harder's gland 
3 Very rough fur, abnormal posture (bowed), pale eyes 
 Unprovoked behavior 

0 Normal pattern of behavior (plays, tries to run away, hides, climbs) 
1 Minor changes 

2 
Abnormal behavior, reduced mobility, decreased alertness,  
inactivity, group separation 

3 Spontaneous vocalizations, self-mutilation, very restless or immobile, expiratory 
grunts 

 Answer to external stimuli 
0 Normal (expected normal behavioral responses due to the conditions) 
1 Minor depression / exaggeration of responses 
2 Moderately abnormal response, moderate behavioral changes 

3 
Violent reactions to stimuli, or very weak muscular responses as in a pre-
comatose state 

 Tumor size and appearance 

 

The tumor grows as a sphere on the brain of the animal. If the size of the lesion 
exceeds 5.5mm in diameter (in any direction of the sphere), the animal will be 
euthanized regardless of the rest of the parameters considered. If the tumor 
comes out of the skull and ulcerates, the animal will also be sacrificed, regardless 
of the rest of the parameters considered. The possibility of metastasis is not a 
process to be considered in the developed model since it does not metastasize. 
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Appendix 2. 

 

A2.1.  Model 1 
The equations used in the MatLab scripts to calculate the fluxes are presented in this 
appendix. These equations are taken from the paper by Lanz et al (338), in which there 
is more extended information of the development of the equations. 

The labelling of the glial glutamate is given by the equations: 

𝑑𝐺𝑙𝑢4𝑔

𝑑𝑡
=  −(𝑉𝑠𝑦𝑛 + 𝑉𝑔𝑡)

𝐺𝑙𝑢4𝑔

𝐶𝐺𝑙𝑢𝑔
+ 𝑉𝑛𝑡

𝐺𝑙𝑢4𝑛

𝐶𝐺𝑙𝑢𝑛
+ 𝑉𝑔𝑡 ∗ 𝐴𝐼𝐹 ∗ 𝑑𝑖𝑙      Eq. A2. 1 

𝑑𝐺𝑙𝑢3𝑔

𝑑𝑡
=  𝑐𝐺𝑙𝑢4𝑔𝑑𝐺𝑙𝑢3𝑔

𝐺𝑙𝑢4𝑔

𝐶𝐺𝑙𝑢𝑔
+ 𝑐𝐺𝑙𝑢3𝑔𝑑𝐺𝑙𝑢3𝑔

𝐺𝑙𝑢3𝑔

𝐶𝐺𝑙𝑢𝑔
+  

+𝑉𝑛𝑡
𝐺𝑙𝑢3𝑛

𝐶𝐺𝑙𝑢𝑛
+ 𝐶𝐴𝑐𝑒𝑑𝐺𝑙𝑢3𝑔 ∗ 𝐴𝐼𝐹 ∗ 𝑑𝑖𝑙 − 𝑉𝑠𝑦𝑛

𝐺𝑙𝑢3𝑔

𝐶𝐺𝑙𝑢𝑔
       Eq. A2. 2 

And the labelling of the neuronal glutamate: 

𝑑𝐺𝑙𝑢3𝑛

𝑑𝑡
= (𝑉𝑛𝑡 + 𝑉𝑛𝑒𝑡𝐺𝑙𝑢)

𝐺𝑙𝑛3

𝐶𝐺𝑙𝑛
− (

𝑉𝑥𝑛𝑉𝑡𝑐𝑎𝑛

2 ∗ 𝑉𝑥𝑛 + 𝑉𝑡𝑐𝑎𝑛
+ 𝑉𝑛𝑡)

𝐺𝑙𝑢3𝑛

𝐶𝐺𝑙𝑢𝑛
+  

   + (
𝑉𝑥𝑛𝑉𝑥𝑛𝑉𝑡𝑐𝑎𝑛

(𝑉𝑥𝑛+𝑉𝑡𝑐𝑎𝑛)(2∗𝑉𝑥𝑛+𝑉𝑡𝑐𝑎𝑛)
)

𝐺𝑙𝑢4𝑛

𝐶𝐺𝑙𝑢𝑛
               Eq. A2. 3 

𝑑𝐺𝑙𝑢4𝑛

𝑑𝑡
= (𝑉𝑛𝑡 + 𝑉𝑛𝑒𝑡𝐺𝑙𝑢)

𝐺𝑙𝑛4

𝐶𝐺𝑙𝑛
− (

𝑉𝑥𝑛𝑉𝑡𝑐𝑎𝑛

𝑉𝑥𝑛+𝑉𝑡𝑐𝑎𝑛
+ 𝑉𝑛𝑡)

𝐺𝑙𝑢4𝑛

𝐶𝐺𝑙𝑢𝑛
          Eq. A2. 4 

Glutamine labelling process is presented in the following equations, modeled as a single 
large glial pool: 

𝑑𝐺𝑙𝑛3

𝑑𝑡
= 𝑉𝑠𝑦𝑛  

𝐺𝑙𝑢3𝑔

𝐶𝐺𝑙𝑢𝑔
− (𝑉𝑠𝑦𝑛 − 𝑉𝑛𝑒𝑡𝐺𝑙𝑛)

𝐺𝑙𝑛3

𝐶𝐺𝑙𝑛
           Eq. A2. 5 

𝑑𝐺𝑙𝑛4

𝑑𝑡
= 𝑉𝑠𝑦𝑛  

𝐺𝑙𝑢4𝑔

𝐶𝐺𝑙𝑢𝑔
− (𝑉𝑠𝑦𝑛 − 𝑉𝑛𝑒𝑡𝐺𝑙𝑛)

𝐺𝑙𝑛4

𝐶𝐺𝑙𝑛
           Eq. A2. 6 

Where Glu4g is glial glutamate C4, Glu3g glial glutamate C3, Gln3 glutamine C3, Gln4 
glutamine C4, Glu3n neuronal glutamate C3, Glu4n neuronal glutamate C4, Glug total 
glial glutamate, VnetGlu and VnetGln represent the net increase of total glutamate and 
glutamine, and were calculated with the glutamine and glutamate data obtained with the 
spectra by fitting their values with time to a polynomial of degree one (example: [Glu(t)]=  
VnetGlu *t), CGlun and CGln were values of glutamine and glutamate calculated with the 
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previous polynomial. The following equations express the relationship between the 
original fluxes (VNT, VPC, Vx

g, Vg) and the more complex expressions (Vsyn, Vgt, AIF and 
CAcedGlu3g) used in the model description above. 

𝑉𝑠𝑦𝑛 =  𝑉𝑁𝑇 + 𝑉𝑃𝐶      Eq. A2. 7 

𝑉𝑔𝑡 =
(𝑉𝑔+𝑉𝑃𝐶)(𝑉𝑥

𝑔
+𝑉𝑃𝐶)

(𝑉𝑥
𝑔

+𝑉𝑔+𝑉𝑃𝐶)
     Eq. A2. 8 

𝐴𝐼𝐹 =
𝐴𝑐𝑒2

𝐴𝑐𝑒
         Eq. A2. 9 

𝐶𝐴𝑐𝑒𝑑𝐺𝑙𝑢3𝑔 =
(𝑉𝑔+𝑉𝑃𝐶)(𝑉𝑥

𝑔
+𝑉𝑃𝐶)

𝑉𝑥
𝑔

+𝑉𝑃𝐶+𝑉𝑔

𝑉𝑔

2𝑉𝑥
𝑔

+2𝑉𝑃𝐶+𝑉𝑔
  Eq. A2. 10 

𝑐𝐺𝑙𝑢4𝑔𝑑𝐺𝑙𝑢3𝑔 =
𝑉𝑔(𝑉𝑥

𝑔
+𝑉𝑃𝐶)

𝑉𝑥
𝑔

+𝑉𝑃𝐶+𝑉𝑔

𝑉𝑔

2𝑉𝑥
𝑔

+2𝑉𝑃𝐶+𝑉𝑔
   Eq. A2. 11 

𝑐𝐺𝑙𝑢3𝑔𝑑𝐺𝑙𝑢3𝑔 = 𝑉𝑥
𝑔 𝑉𝑥

𝑔
+𝑉𝑃𝐶

(𝑉𝑥
𝑔

+𝑉𝑃𝐶+
𝑉𝑔

2
)

− 𝑉𝑥
𝑔   Eq. A2. 12 

 

A2.2. Model 2 
 
Glial compartment: 

The labelling of the glutamate: 

𝑑𝐺𝑙𝑢4𝑔

𝑑𝑡
= (𝑉𝑥 + 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1)

𝑂𝐺4𝑔

𝑂𝐺𝑔
+ 𝑉𝑔𝑙𝑛

𝐺𝑙𝑢4𝑛

𝐺𝑙𝑢𝑛
− (𝑉𝑥 − 𝑉𝐺𝑆)

𝐺𝑙𝑢4𝑔

𝐺𝑙𝑢𝑔
  Eq. A2. 13 

𝑑𝐺𝑙𝑢3𝑔

𝑑𝑡
=  (𝑉𝑥 + 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1)

𝑂𝐺3𝑔

𝑂𝐺𝑔
+ 𝑉𝑔𝑙𝑛

𝐺𝑙𝑢3𝑛

𝐺𝑙𝑢𝑛
− (𝑉𝑥 − 𝑉𝐺𝑆)

𝐺𝑙𝑢3𝑔

𝐺𝑙𝑢𝑔
 Eq. A2. 14 

𝑑𝐺𝑙𝑢2𝑔

𝑑𝑡
= (𝑉𝑥 + 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1)

𝑂𝐺2𝑔

𝑂𝐺𝑔
+ 𝑉𝑔𝑙𝑛

𝐺𝑙𝑢2𝑛

𝐺𝑙𝑢𝑛
− (𝑉𝑥 − 𝑉𝐺𝑆)

𝐺𝑙𝑢2𝑔

𝐺𝑙𝑢𝑔
  Eq. A2. 15 

 

The labelling of the glutamine: 

𝑑𝐺𝑙𝑛4𝑔

𝑑𝑡
= 𝑉𝐺𝑆

𝐺𝑙𝑢4𝑔

𝐺𝑙𝑢𝑔
− (𝑉𝑔𝑙𝑛 + 𝑉𝑒𝑓𝑓)

𝐺𝑙𝑛4𝑔

𝐺𝑙𝑛𝑔
   Eq. A2. 16 

𝑑𝐺𝑙𝑛3𝑔

𝑑𝑡
= 𝑉𝐺𝑆

𝐺𝑙𝑢3𝑔

𝐺𝑙𝑢𝑔
− (𝑉𝑔𝑙𝑛 + 𝑉𝑒𝑓𝑓)

𝐺𝑙𝑛3𝑔

𝐺𝑙𝑛𝑔
   Eq. A2. 17 
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𝑑𝐺𝑙𝑛2𝑔

𝑑𝑡
= 𝑉𝐺𝑆

𝐺𝑙𝑢2𝑔

𝐺𝑙𝑢𝑔
− (𝑉𝑔𝑙𝑛 + 𝑉𝑒𝑓𝑓)

𝐺𝑙𝑛2𝑔

𝐺𝑙𝑛𝑔
   Eq. A2. 18 

Oxoglutarate (OG) labelling is given by the equations: 

𝑑𝑂𝐺4𝑔

𝑑𝑡
= (𝑉𝑔 + 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1)

𝑎𝑐𝐶𝑜𝐴3

𝑎𝑐𝐶𝑜𝐴
+ 𝑉𝑥

𝐺𝑙𝑢4𝑔

𝐺𝑙𝑢𝑔
− (𝑉𝑥 + 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1 + 𝑉𝑔)

𝑂𝐺4𝑔

𝑂𝐺𝑔
     Eq. A2. 19 

𝑑𝑂𝐺3𝑔

𝑑𝑡
= (𝑉𝑔 + 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1)

𝑂𝐴𝐴2𝑔

𝑂𝐴𝐴𝑔
+ 𝑉𝑥

𝐺𝑙𝑢3𝑔

𝐺𝑙𝑢𝑔
− (𝑉𝑥 + 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1 + 𝑉𝑔)

𝑂𝐺3𝑔

𝑂𝐺𝑔
       Eq. A2. 20 

𝑑𝑂𝐺2𝑔

𝑑𝑡
= (𝑉𝑔 + 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1)

𝑂𝐴𝐴3𝑔

𝑂𝐴𝐴𝑔
+ 𝑉𝑥

𝐺𝑙𝑢2𝑔

𝐺𝑙𝑢𝑔
− (𝑉𝑥 + 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1 + 𝑉𝑔)

𝑂𝐺2𝑔

𝑂𝐺𝑔
       Eq. A2. 21 

The labelling of oxaloacetate (OAA) is expressed with the following equations: 

𝑑𝑂𝐴𝐴3𝑔

𝑑𝑡
= 0.5 ∗ 𝑉𝑔

𝑂𝐺4𝑔+𝑂𝐺3𝑔

𝑂𝐺𝑔
+ 0.11 ∗ 𝑉𝑃𝐶 − (𝑉𝑔 + 𝑉𝑃𝐶 + 𝑉𝑥 + 𝑉𝑔𝑎𝑏𝑎1)

𝑂𝐴𝐴3𝑔

𝑂𝐴𝐴𝑔
+ 

  +𝑉𝑥
𝐴𝑠𝑝3𝑔

𝐴𝑠𝑝𝑔
+ 0.5 ∗ 𝑉𝑔𝑎𝑏𝑎1

𝐺𝐴𝐵𝐴4+𝐺𝐴𝐵𝐴3

𝐺𝐴𝐵𝐴_𝑓𝑖𝑡𝑡𝑒𝑑
   Eq. A2. 22 

𝑑𝑂𝐴𝐴2𝑔

𝑑𝑡
= 0.5 ∗ 𝑉𝑔

𝑂𝐺4𝑔+𝑂𝐺3𝑔

𝑂𝐺𝑔
+ 0.11 ∗ 𝑉𝑃𝐶 − (𝑉𝑔 + 𝑉𝑃𝐶 + 𝑉𝑥 + 𝑉𝑔𝑎𝑏𝑎1)

𝑂𝐴𝐴2𝑔

𝑂𝐴𝐴𝑔
  

+𝑉𝑥
𝐴𝑠𝑝2𝑔

𝐴𝑠𝑝𝑔
+ 0.5 ∗ 𝑉𝑔𝑎𝑏𝑎1

𝐺𝐴𝐵𝐴4+𝐺𝐴𝐵𝐴3

𝐺𝐴𝐵𝐴_𝑓𝑖𝑡𝑡𝑒𝑑
     Eq. A2. 23 

Aspartate (Asp) labelling equations are expressed as following: 

𝑑𝐴𝑠𝑝3𝑔

𝑑𝑡
= 𝑉𝑥

𝑂𝐴𝐴3𝑔

𝑂𝐴𝐴𝑔
− 𝑉𝑥

𝐴𝑠𝑝3𝑔

𝐴𝑠𝑝𝑔
    Eq. A2. 24 

𝑑𝐴𝑠𝑝2𝑔

𝑑𝑡
= 𝑉𝑥

𝑂𝐴𝐴2𝑔

𝑂𝐴𝐴𝑔
− 𝑉𝑥

𝐴𝑠𝑝2𝑔

𝐴𝑠𝑝𝑔
    Eq. A2. 25 

Where Glu4g is glial glutamate C4, Glu3g glial glutamate C3, Glu2g glial glutamate C2, 
Gln4g glial glutamine C4, Gln3g glial glutamine C3, Gln2g glial glutamine C2, OG4g glial 
oxoglutarate C4, OG3g glial oxoglutarate C3, OG2g glial oxoglutarate C2, OAA3g glial 
oxaloacetate C3, OAA2g glial oxaloacetate C2, Asp3g glial aspartate C3, Asp2g glial 
aspartate C2. 

 

Neuronal compartment: 

Glutamate labelling is described by the equations: 



Appendix 2 

188 
 

𝑑𝐺𝑙𝑢4𝑛

𝑑𝑡
= 𝑉𝑥

𝑂𝐺4𝑛

𝑂𝐺𝑛
+ 𝑉𝑔𝑙𝑛

𝐺𝑙𝑛4𝑛

𝐺𝑙𝑛𝑛
− (𝑉𝑥 + 𝑉𝑔𝑙𝑛 + 𝑉𝑔𝑎𝑏𝑎2)

𝐺𝑙𝑢4𝑛

𝐺𝑙𝑢𝑛
  Eq. A2. 26 

𝑑𝐺𝑙𝑢3𝑛

𝑑𝑡
= 𝑉𝑥

𝑂𝐺3𝑛

𝑂𝐺𝑛
+ 𝑉𝑔𝑙𝑛

𝐺𝑙𝑛3𝑛

𝐺𝑙𝑛𝑛
− (𝑉𝑥 + 𝑉𝑔𝑙𝑛 + 𝑉𝑔𝑎𝑏𝑎2)

𝐺𝑙𝑢3𝑛

𝐺𝑙𝑢𝑛
  Eq. A2. 27 

𝑑𝐺𝑙𝑢2𝑛

𝑑𝑡
= 𝑉𝑥

𝑂𝐺2𝑛

𝑂𝐺𝑛
+ 𝑉𝑔𝑙𝑛

𝐺𝑙𝑛2𝑛

𝐺𝑙𝑛𝑛
− (𝑉𝑥 + 𝑉𝑔𝑙𝑛 + 𝑉𝑔𝑎𝑏𝑎2)

𝐺𝑙𝑢2𝑛

𝐺𝑙𝑢𝑛
  Eq. A2. 28 

The labelling of glutamine is given by the following equations: 

𝑑𝐺𝑙𝑛4𝑛

𝑑𝑡
= 𝑉𝑔𝑙𝑛

𝐺𝑙𝑛4𝑔

𝐺𝑙𝑛𝑔
− 𝑉𝑔𝑙𝑛

𝐺𝑙𝑛4𝑛

𝐺𝑙𝑛𝑛
   Eq. A2. 29 

𝑑𝐺𝑙𝑛3𝑛

𝑑𝑡
= 𝑉𝑔𝑙𝑛

𝐺𝑙𝑛3𝑔

𝐺𝑙𝑛𝑔
− 𝑉𝑔𝑙𝑛

𝐺𝑙𝑛3𝑛

𝐺𝑙𝑛𝑛
   Eq. A2. 30 

𝑑𝐺𝑙𝑛2𝑛

𝑑𝑡
= 𝑉𝑔𝑙𝑛

𝐺𝑙𝑛2𝑔

𝐺𝑙𝑛𝑔
− 𝑉𝑔𝑙𝑛

𝐺𝑙𝑛2𝑛

𝐺𝑙𝑛𝑛
   Eq. A2. 31 

Oxoglutarate (OG) labelling process is depicted by the equations: 

𝑑𝑂𝐺4𝑛

𝑑𝑡
= 𝑉𝑡𝑐𝑎𝑛

𝑎𝑐𝐶𝑜𝐴2

𝑎𝑐𝐶𝑜𝐴
+ 𝑉𝑥

𝐺𝑙𝑢4𝑛

𝐺𝑙𝑢𝑛
− (𝑉𝑥 + 𝑉𝑡𝑐𝑎𝑛)

𝑂𝐺4𝑛

𝑂𝐺𝑛
  Eq. A2. 32 

𝑑𝑂𝐺3𝑛

𝑑𝑡
= 𝑉𝑡𝑐𝑎𝑛

𝑂𝐴𝐴2

𝑂𝐴𝐴
+ 𝑉𝑥

𝐺𝑙𝑢3𝑛

𝐺𝑙𝑢𝑛
− (𝑉𝑥 + 𝑉𝑡𝑐𝑎𝑛)

𝑂𝐺3𝑛

𝑂𝐺𝑛
  Eq. A2. 33 

𝑑𝑂𝐺2𝑛

𝑑𝑡
= 𝑉𝑡𝑐𝑎𝑛

𝑂𝐴𝐴3

𝑂𝐴𝐴
+ 𝑉𝑥

𝐺𝑙𝑢2𝑛

𝐺𝑙𝑢𝑛
− (𝑉𝑥 + 𝑉𝑡𝑐𝑎𝑛)

𝑂𝐺2𝑛

𝑂𝐺𝑛
  Eq. A2. 34 

Oxaloacetate (OAA) labelling equations are: 

𝑑𝑂𝐴𝐴3𝑛

𝑑𝑡
= 0.5 ∗ 𝑉𝑡𝑐𝑎𝑛

𝑂𝐺4𝑛+𝑂𝐺3𝑛

𝑂𝐺𝑛
+ 𝑉𝑥

𝐴𝑠𝑝3𝑛

𝐴𝑠𝑝𝑛
− (𝑉𝑡𝑐𝑎𝑛 + 𝑉𝑥)

𝑂𝐴𝐴3𝑛

𝑂𝐴𝐴𝑛
  Eq. A2. 35 

𝑑𝑂𝐴𝐴2𝑛

𝑑𝑡
= 0.5 ∗ 𝑉𝑡𝑐𝑎𝑛

𝑂𝐺4𝑛+𝑂𝐺3𝑛

𝑂𝐺𝑛
+ 𝑉𝑥

𝐴𝑠𝑝2𝑛

𝐴𝑠𝑝𝑛
− (𝑉𝑡𝑐𝑎𝑛 + 𝑉𝑥)

𝑂𝐴𝐴2𝑛

𝑂𝐴𝐴𝑛
  Eq. A2. 36 

The labelling process of aspartate (Asp) is given by the equations: 

𝑑𝐴𝑠𝑝3𝑛

𝑑𝑡
= 𝑉𝑥

𝑂𝐴𝐴3𝑛

𝑂𝐴𝐴𝑛
− 𝑉𝑥

𝐴𝑠𝑝3𝑛

𝐴𝑠𝑝𝑛
    Eq. A2. 37 

𝑑𝐴𝑠𝑝2𝑛

𝑑𝑡
= 𝑉𝑥

𝑂𝐴𝐴2𝑛

𝑂𝐴𝐴𝑛
− 𝑉𝑥

𝐴𝑠𝑝2𝑛

𝐴𝑠𝑝𝑛
    Eq. A2. 38 

GABA labelling equations are expressed as following: 
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𝑑𝐺𝐴𝐵𝐴4

𝑑𝑡
= 𝑉𝑔𝑎𝑏𝑎2

𝐺𝑙𝑢4𝑛

𝐺𝑙𝑢_𝑓𝑖𝑡𝑡𝑒𝑑
− 𝑉𝑔𝑎𝑏𝑎1

𝐺𝐴𝐵𝐴4

𝐺𝐴𝐵𝐴_𝑓𝑖𝑡𝑡𝑒𝑑
  Eq. A2. 39 

𝑑𝐺𝐴𝐵𝐴3

𝑑𝑡
= 𝑉𝑔𝑎𝑏𝑎2

𝐺𝑙𝑢3𝑛

𝐺𝑙𝑢_𝑓𝑖𝑡𝑡𝑒𝑑
− 𝑉𝑔𝑎𝑏𝑎1

𝐺𝐴𝐵𝐴3

𝐺𝐴𝐵𝐴_𝑓𝑖𝑡𝑡𝑒𝑑
  Eq. A2. 40 

𝑑𝐺𝐴𝐵𝐴2

𝑑𝑡
= 𝑉𝑔𝑎𝑏𝑎2

𝐺𝑙𝑢2𝑛

𝐺𝑙𝑢_𝑓𝑖𝑡𝑡𝑒𝑑
− 𝑉𝑔𝑎𝑏𝑎1

𝐺𝐴𝐵𝐴2

𝐺𝐴𝐵𝐴_𝑓𝑖𝑡𝑡𝑒𝑑
  Eq. A2. 41 

The labelling of the Acetyl-Co-A is given by the equations: 

𝑑𝑎𝑐𝐶𝑜𝐴3

𝑑𝑡
= 0.011 ∗ (𝑉𝑃𝐷𝐻𝑎 + 𝑉𝑑𝑖𝑙) + 𝑉𝑎𝑐𝑒 ∗ 𝐴𝐼𝐹 − (𝑉𝑔 + 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1)

𝑎𝑐𝐶𝑜𝐴3

𝑎𝑐𝐶𝑜𝐴
  

 Eq. A2. 42 

𝑑𝑎𝑐𝐶𝑜𝐴2

𝑑𝑡
= 0.011 ∗ (𝑉𝑃𝐷𝐻𝑛 + 𝑉𝑑𝑖𝑙_𝑛) + 𝑉𝑎𝑐𝑒_𝑛 ∗ 𝐴𝐼𝐹 − 𝑉𝑡𝑐𝑎𝑛

𝑎𝑐𝐶𝑜𝐴2

𝑎𝑐𝐶𝑜𝐴
         Eq. A2. 43 

where Glu4n is neuronal glutamate C4, Glu3n neuronal glutamate C3, Glu2n neuronal 
glutamate C2, Gln4n neuronal glutamine C4, Gln3n neuronal glutamine C3, Gln2n 
neuronal glutamine C2, OG4n neuronal oxoglutarate C4, OG3n neuronal oxoglutarate 
C3, OG2n neuronal oxoglutarate C2, OAA3n neuronal oxaloacetate C3, OAA2n 
neuronal oxaloacetate C2, Asp3n neuronal aspartate C3, Asp2n neuronal aspartate C2, 
GABA4, GABA3 and GABA2 represent, respectively, the labelling GABA in the positions 
C4, C3 and C4, acCoA3 the acetyl-Co-A C3, acCoA2 the acetyl-Co-A C2.  

The global time-evolution concentrations of glutamate and GABA are expressed by the 
following equations: 

𝑑𝐺𝑙𝑢

𝑑𝑡
= 𝑉𝑃𝐶 − 𝑉𝑒𝑓𝑓 + 𝑉𝑔𝑎𝑏𝑎1 − 𝑉𝑔𝑎𝑏𝑎2   Eq. A2. 44 

𝑑𝐺𝐴𝐵𝐴

𝑑𝑡
= 𝑉𝑔𝑎𝑏𝑎2 − 𝑉𝑔𝑎𝑏𝑎1    Eq. A2. 45 

GABA_fitted data was obtained by fitting GABA concentrations with time to a polynomial 
of degree one. Glu_fitted, Glun, and Glug concentrations were calculated by fitting the 
concentrations with time to a polynomial degree two. Glnn, Aspn, Glng and Aspg were 
proportional to their respective total concentrations from the spectra.  

In this model, some mathematical relations were assumed and were expressed in the 
next equations: 

𝑉𝑃𝐷𝐻𝑎 =  𝑉𝑔 + 2 ∗ 𝑉𝑃𝐶 + 𝑉𝑔𝑎𝑏𝑎1 − (𝑉𝑎𝑐𝑒 + 𝑉𝑑𝑖𝑙)  Eq. A2. 46 

𝑉𝑇𝐶𝐴𝑛 = 𝑉𝑃𝐷𝐻𝑛 + 𝑉𝑎𝑐𝑒_𝑛 + 𝑉𝑑𝑖𝑙_𝑛    Eq. A2. 47 
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𝑉𝐺𝑆 = 𝑉𝑒𝑓𝑓 + 𝑉𝑔𝑙𝑛      Eq. A2. 48 

Besides, some  values were established such as Glnn=0.1*CGln, Aspn=0.9*CAsp, 
Glng=0.9*CGln, Aspg=0.1*CAsp. 
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