=Pr-L

m Ecole
polytechnique
fédérale
de Lausanne

Thése n°7818

Development and applications of hyperpolarized *C
and 'H MR spectroscopy of cerebral metabolism at
ultra-high field

Présentée le 2 juillet 2021

Faculté des sciences de base

Laboratoire Leenaards-Jeantet d'imagerie fonctionnelle et métabolique
Programme doctoral en biotechnologie et génie biologique

pour I'obtention du grade de Docteur &s Sciences

par

Emmanuelle Ines FLATT

Acceptée sur proposition du jury

Prof. M. Dal Peraro, président du jury
Prof. R. Gruetter, directeur de thése
Prof. M. Chaumeil, rapporteuse

Prof. S. R. Williams, rapporteur

Prof. M. Rudin, rapporteur

2021






To my family






Abstract

This thesis is composed of four studies centered on investigating cerebral metabolism using
magnetic resonance spectroscopy (MRS) of hyperpolarized and non-hyperpolarized compounds at

ultra-high field.

In the first two chapters, we studied longitudinally the effects of different treatments for hepatic
encephalopathy (HE) on the neurometabolic changes associated with chronic HE using a rat model
of type C HE and a multimodal approach including *H MRS. The effects of the antibiotic rifaximin
administered at different doses as well as its combination with probiotics were studied in the
established model of bile duct ligated (BDL) rats. We showed for the first time the positive effects
of the combined rifaximin and the probiotic Vivomixx® on the neurometabolic changes in vivo and
longitudinally in a rat model of type C HE. The longitudinal changes of some brain metabolites
concentration (glutamine, glutamate, creatine), as well as gut bifidobacteria concentration, were
significantly less pronounced in the group of rats treated with rifaximin and probiotics compared
to non-treated rats. We also showed that rifaximin treatment alone had limited efficacy. When
administered at human dose in rats, its effects appeared only at the early stages of the disease,
whereas at a higher dose some neurometabolic changes associated with HE were attenuated but

the general condition of the rats was worse.

In the third study, we used dissolution dynamic nuclear polarization (DNP) to hyperpolarize [*H7,
U-13Cg]-D-glucose, which enabled us to monitor real-time glycolysis in the healthy mouse brain.
Given that glucose metabolism is tightly linked to neuronal activity, we first investigated how the
change in anesthesia impacts the cerebral metabolism of hyperpolarized glucose. Anesthetics are
known to influence brain activity, and in this study we showed for the first time that switching
from isoflurane anesthesia to a combination of lower doses of isoflurane and medetomidine had
a high impact on cerebral glucose uptake and glycolytic flow, as reflected by the increased labelling
of downstream [1-13C] lactate. The second part of this study aimed at evaluating the feasibility of
quantifying cerebral glucose metabolism kinetics by evaluating two different mathematical
models, where kinetic rate constants were determined by fitting the models on *3C curves by non-
linear regression using the Levenberg-Marquardt algorithm. We showed that a 3-compartment

model is more stable and reliable than a 4-compartment model.

Finally, since lithium salts are widely used for treating bipolar disorder but its mechanism of action
is still not clearly understood, we evaluated the potential of hyperpolarized °Li injected at

pharmacological doses to assess its real-time bio-distribution and pharmacokineticin the rat brain.



We demonstrated first that hyperpolarized ®Li can be detected at pharmacological concentration
in the rat head with high signal-to-noise ratio (SNR). We also showed that the transport of lithium
through the intact blood-brain barrier brain is a limiting factor and demonstrated a striking

difference between apparent ®Li T; values in a brain with normal or disrupted blood-brain barrier.

Keywords

Brain metabolism, magnetic resonance spectroscopy (MRS), *H MRS, *C MRS, ®Li MRS, chronic
hepatic encephalopathy (CHE), CHE treatments, bile duct ligation (BDL), dynamic nuclear

polarisation (DNP), glucose cerebral metabolism, mathematical modelling



Résumé

Cette these est composée de quatre études du métabolisme cérébral au moyen de la
spectroscopie par résonance magnétique (SRM) de composés hyperpolarisés ou non-

hyperpolarisés a ultra-haut champ.

Les deux premieres parties se consacrent a lI'étude longitudinale des effets de différents
traitements de l'encéphalopathie hépatique (EH) sur les changements neurométaboliques
accompagnant une EH chronique en utilisant un modéle animal d’EH de type C et une approche
multimodale incluant la SRM H. Les effets de I'antibiotique rifaximine administré a différentes
doses ainsi que sa combinaison avec des probiotiques furent étudiés sur le modeéle de rats a voies
biliaires ligaturées (VBL). Nous avons montré pour la premiére fois les effets bénéfiques de la
combinaison de la rifaximine et du probiotique Vivomixx® sur les changements neurométaboliques
longitudinaux chez le rat VBL. Les variations de la concentration de certains métabolites cérébraux
(glutamine, glutamate, créatine) ainsi que la concentration de bifidobactéries dans I'intestin ont
été significativement moins prononcés dans le groupe de rats traités comparé aux rats non traités.
Nous avons également montré que la rifaximine seule avait une efficacité limitée. Lorsqu'elle est
administrée a des rats a dose humaine, ses effets n'apparaissent qu'aux premiers stades de la
maladie alors qu'a une dose plus élevée, certains changements neurométaboliques associés a I'EH

ont été atténués mais I'état général des rats est moins bon.

Dans la troisieme étude, nous avons utilisé la polarisation nucléaire dynamique de dissolution
(DNP) pour hyperpolariser le [H7, U-3Cs]-D-glucose pour mesurer en temps réel la glycolyse dans
le cerveau sain de la souris. Comme le métabolisme du glucose est étroitement lié a I'activité
neuronale, nous avons d'abord étudié comment le changement d'anesthésie influence le
métabolisme cérébral du glucose hyperpolarisé. Les anesthésiants influencent l'activité cérébrale,
et nous avons montré pour la premiére fois que passer d’une anesthésie sous isoflurane a une
combinaison d’isoflurane et de médétomidine a plus faible dose avait un fort impact sur
I"absorption cérébrale du glucose et le flux glycolytique. La deuxiéme partie de cette étude visait
a évaluer la faisabilité de la quantification de la cinétique du métabolisme cérébral du glucose en
évaluant deux modéles mathématiques différents, en déterminant les constantes de vitesse
cinétique par régression non linéaire a I'aide de I'algorithme de Levenberg-Marquardt. Nous avons

montré qu'un modeéle a 3 compartiments est plus stable et fiable qu'un modeéle a 4 compartiments.

Enfin, comme le mécanisme d'action du lithium dans le traitement des troubles bipolaire n'est pas

encore clairement compris, nous avons évalué le potentiel du ®Li hyperpolarisé injecté a des doses



pharmacologiques pour évaluer sa biodistribution et sa pharmacocinétique en temps réel dans le
cerveau du rat. Nous avons démontré que le °Li hyperpolarisé peut étre détecté a concentration
pharmacologique dans la téte du rat avec un rapport signal sur bruit (SNR) élevé mais que le
transport du lithium a travers la barriere hémato-encéphalique intacte est un facteur limitant.
Nous avons mis en évidence une différence frappante entre les valeurs apparentes de T; du °Li

dans un cerveau dont la barriere hémato-encéphalique est normale ou perturbée.

Mots clés

Métabolisme cérébral, spectroscopie par résonance magnétique (SRM), SRM H, SRM 3C, SRM ©Li,
encéphalopathie hépatique chronique (EHC), voies biliaires ligaturées (VBL), traitements de I'EHC,
polarisation nucléaire dynamique (DNP), métabolisme cérébral du glucose, modélisation

mathématique.
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Scope of the thesis

Objectives

Nuclear Magnetic Resonance (NMR) is a phenomenon based on the interaction of magnetic
moments of nuclei of different atoms with magnetic field. It is the phenomenon behind magnetic
resonance imaging (MRI), a diagnostic tool for obtaining structural images in a non-invasive way
and used daily in clinics nowadays. Magnetic resonance spectroscopy (MRS) is also an extremely
powerful and non-invasive technique for obtaining detailed information on the structure and
physicochemical properties of a system and is a very valuable tool for longitudinal metabolic
studies in vivo. It is however less used than MRI as a clinical diagnostic tool due to its greater
complexity of use. The present thesis exploits the advantages offered by ultra-high field NMR
technology for pre-clinical studies of brain metabolic processes. It can be divided into two main

parts.

The first part is devoted to the study of hepatic encephalopathy (HE), a serious neuropsychiatric
disease present in patients suffering from hepatic dysfunction, and more particularly to its
treatment. We studied longitudinally the effects of different treatments for HE currently
prescribed in humans, whose mechanisms of action are not yet well understood. The aim was to
evaluate in detail the neurometabolic changes associated with chronic HE under different
treatments using an animal model of type C HE and a multimodal approach including *H MRS at
9.4 T. Because of the physicochemical properties of hydrogen, the high natural abundance of *H
isotope and the fact that many organic compounds contain hydrogen, *H MRS is the most sensitive
MRS method. By using an ultra-high field MR scanner and appropriate measurement parameters
such as a very short echo time, it is possible to measure and quantify in the brain up to 18

metabolites involved in different metabolic processes.

The second part is dedicated to the development and application of DNP techniques for in vivo
studies in rodents. Due to the low concentrations of most glycolysis intermediates, it is not possible
with current MRS techniques using thermally polarized molecules to detect non-invasively
glycolytic intermediates in vivo in real-time. Dissolution DNP has significantly improved MR
sensitivity by increasing the polarization of nuclear spin, thus enabling the measurement of low-
concentrated metabolites and the observation of metabolic processes in real time in vivo. Since
glucose is the main energy substrate in the brain, our goal was to study the real-time cerebral

metabolism of glucose in mice after infusion of 3C-labelled hyperpolarized glucose. We

19



subsequently investigated the potential of hyperpolarized lithium to enhance the understanding

of the mechanism of action of lithium salts in the treatment of bipolar disorders.

20



Outline

Chapter 1 presents the theoretical background related to the content of the thesis. It presents the
basic principles of NMR and MR spectroscopy, as well as dynamic nuclear polarization and its
applications. The basics of cerebral metabolism are then introduced and the chapter ends with a
description of hepatic encephalopathy including pathogenesis, current therapeutic approaches

and animal model of the disease.

Chapter 2 is devoted to the longitudinal study of the effects of different treatments for chronic
hepatic encephalopathy (CHE) on the neurometabolic changes associated with CHE using an
animal model of type C HE and a multimodal approach including in vivo *H MRS at 9.4 T, plasma
measurements, microbiota analyses and behavioral tests. The effects of the antibiotic rifaximin
and its combination with probiotics in the bile duct ligated (BDL) rat model are discussed. This first
study raised the question of the efficacy of the dose used, and we hypothesized that the effect of

rifaximin on the neurometabolic profile is dose-related.

To test this hypothesis, Chapter 3 investigated the effects of a higher dose of rifaximin (6.2x the
human dose, resulting from the conversion of the human dose to the rat dose). We used a
multimodal approach similar to that of Chapter 2 to assess longitudinally the effect of the antibiotic
rifaximin at a higher dose on brain metabolic profile in the hippocampus of BDL rats. Glutamine
plays a central role in the pathophysiology of HE, but this disease is also characterized by many
brain energetic disorders which are still poorly understood today. Glucose is the main cerebral
fuel, but not reliably quantified with *H-MRS. Techniques such as FDG-PET, *C-MRS and 3!P-MRS
have been used, but glucose metabolism, and especially glycolysis, has been only marginally

studied in type C HE.

Therefore, the goal of Chapter 4 was twofold: first, to improve the dDNP protocol for
hyperpolarized glucose in vivo studies, which could help to better characterize brain energetic
deficiencies in diseases such as HE, and second to determine how the change in anesthesia, which
affects consciousness and brain activity, impacts the cerebral metabolism of glucose. We first
showed that cerebral glucose uptake and glycolytic flux in mice is strongly influenced by the type
of anesthesia used. The second part of this chapter assesses the feasibility of quantifying the

kinetics of cerebral glucose metabolism by evaluating two different mathematical models.

Finally, since lithium salts are widely used for treating bipolar disorder but its mechanism of action
is still not clearly understood, Chapter 5 explores the potential of hyperpolarized °Li injected at

pharmacological doses to assess its real-time bio-distribution and pharmacokineticin the rat brain.
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A dedicated coil was designed and built and consisted of a modified Alderman-Grant coil tuned to
®Li and a H surface coil, and the dynamic of hyperpolarized °Li in the rat brain was assessed by

performing several different in vivo and ex vivo experiments in a 9.4 T animal scanner.

Chapter 6 presents a general conclusion of the thesis and also examines the perspectives of

applications of the present work as well as possible improvements.

Appendix 1 presents a work carried out during this thesis in collaboration with three PhD students
from the lab, consisting of the restarting of DNP experiments using a 5 T polarizer connected to a

14 T animal scanner and the optimisation of the protocol.
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1.1 Basis of in vivo NMR spectroscopy

Nuclear Magnetic Resonance (NMR) is a phenomenon based on the interaction of magnetic
moments of nuclei of different atoms with magnetic field. NMR spectroscopy is an extremely
powerful and non-invasive technique for obtaining detailed information on the structure and
physicochemical properties of a system. This section summarizes the basic principles of NMR
spectroscopy and is based on the books from de Graaf and Hore and Keeler (Graaf 2019;

“Understanding NMR Spectroscopy, 2nd Edition | Wiley” n.d.; Hore 1999).

1.1.1 Spin physics

Spin angular momentum L or simply "spin" is an intrinsic magnetic property possessed by nuclei

and subatomic particles and its amplitude is defined as:

1.1

L= %,/1(1 +1)

where [ is spin quantum number and h is Plank’s constant. Nuclear spin values range from I =0 to
I = 8 in increments of %-unit and are determined by the spin of neutrons and protons inside the
nucleus. Placed in a magnetic field, nuclei have (21 + 1) energy levels. This energy difference
between the states is known as the nuclear Zeeman effect. 'H, a nucleus widely used for NMR and
MRI, has I = %, the same spin as the single proton that constitutes it. Only nuclei with a non-zero
spin (I #0) can absorb and emit electromagnetic radiation and experience "resonance" when they

are placed in a magnetic field.

Table 1.1 NMR properties of some nuclei

Isotope Net spin (1) ,aﬁf,"f,’,'z"ﬁ?ﬂi.tﬁn abu::::cael (%)
1H 1/2 42.58 99.985
24 1 6.54 0.015
20 0 i 98.9
130 1/2 10.71 1.1
31p 12 17.25 100
oL | 1 6.27 7.59
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Nuclei also possess a magnetic moment W that is related to the spin angular momentum L:

i= yz 1.2
where y is a constant specific to a particular nucleus possessing a spin, called gyromagnetic ratio.
When there is no magnetic field, the angular momentum L of the nuclei is randomly oriented.
When these spins are exposed to an external magnetic field, their magnetic dipole moments will
tend to align with the field in either state, with a tendency to take the lower energy orientation. In
reality, at room temperature, this orientation is disturbed by thermal energy. Thus, the orientation
of nuclear moments in space is almost random, with a slightly higher probability that they are

oriented in the direction of the magnetic field, i.e. with lower energy (Hanson 2008).

The occurrence of quantum-field interaction allows the separate states to be measured. For a
nucleus with a spin I =%, such as 'H, and placed in a magnetic field Bo, two possible energy levels

exist:

E = tuBo = +oy-oB +3
=Iu 0__2)/211 0

These two spin states are often called “spin-up” (low energy state) and “spin-down” (high energy
state). The energy difference (AE) between two nuclear spin states is directly proportional to the

magnetic field strength (Figure 1.1) and is given by the Zeeman equation:

h 1.4

Combining this last equation with the Planck equation for energy of electromagnetic radiation

(AE = hwy), one gets the famous Larmor equation:

_r 15
2m °

The angular frequency wy is also referred to as the Larmor frequency and defines the resonance

Wo

frequency for the transition from one energy state to the other. This equation shows that NMR
resonance frequency of the nuclear spin w, is simply the gyromagnetic ratio (y) times the static

magnetic field strength (Bo) experienced by the nucleus.
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0 B,

Figure 1.1 (A) The nuclear spin energy E for nuclei with a spin quantum number of 1/2 as a function of the
magnetic field strength Bo. (B) Spins in the lower energy level a correspond to magnetic moments parallel
with Bo, while those of the higher energy level 8 have are aligned antiparallel to Bo.

1.1.2 Macroscopic magnetization

As seen in the previous section, there are two possible energy levels for a nucleus with a spin I =
% and placed in a magnetic field Bo. It is important to note here that quantum mechanics does not
require that a spin exclusively resides in either of its principal states a or B; the only requirement
is that the spin exists in a linear combination of the two states. In a static magnetic field and at
thermal equilibrium, the probability of measuring these spins in the energy state a or in the energy

state B is given by the Boltzmann distribution:

e—Ei/kT 1.6

P(E;) = _Z'e—Ej/kT
j

where T is the absolute temperature (in K) and k is Boltzmann constant. Since at room temperature

E—+1 hB K kT L7
— TV
the probabilities of being in the energy state a or B can be approximated as:
1 VEBO 1.8
P(E)) =—-+—2— :
(Eq 2" a4kt
h
1 VEBO 1.9
P(Eg) == — :
(Es) 2 4kT
And one can derive then the difference between spin populations in the two states a and f:
h
Y5-Bo
(ng —np) =nP(E,) —nP(Ep) = ?kTT n 1.10
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Where nqis the number of spins in the a (low energy) state, ng is the number of spins in the B (high
energy) state, and n is the total number of spins in the sample. The net magnetic moment My (also
called macroscopic magnetization) of a macroscopic sample is the result of the sum of all individual
magnetic moments Q. Since these are not in phase but there is a population difference between

the two energy states, the net component of My is only along the z-axis, parallel to Bo and defined

as:

n h 1.11

M, = Z Hiz = Nglza + Nglzp =V <4__> (na - nﬁ)

i=1 T

The amplitude of the macroscopic magnetization vector My can thus be expressed as:
2
=|—) ——=n
= \2n) 4kT

One can identify from the equation 1.12 different factors influencing the sensitivity of NMR
experiments. An important practical conclusion that can be deduced from this equation is that Mg
is directly proportional to both the intensity of the magnetic field B and the spin density. The
importance of the Larmor frequency of the nuclei is also deduced from the quadratic dependence
of Mg on the gyromagnetic ratio y. The larger the latter is, the more intense the NMR signals are.
Finally, temperature also influences the signal amplitude and sensitivity can be enhanced at low

sample temperature.

1.1.3 Resonance

The detection of the NMR signal is based on the measurement of the precessional motion of the
magnetization vector. Magnetization is a vectorial quantity that obeys the rules of classical
electrodynamics (Hoult 1989; Hanson 2008). Therefore, the interaction of magnetization with the
magnetic field can be described by classical physics. Conventionally, the main magnetic field Bg is
in the direction of +z axis. At thermal equilibrium, there is no phase coherence among the spins
and the net longitudinal magnetization My is a static vector along z-axis:
dM,(t) _ 0 1.13
dt
Nuclear magnetization can only be measured in the transverse plane, i.e. perpendicular to the

main magnetic field Bo. Thus, Mo must be tilted in the transverse plane. This is achieved by the
transient application of a second magnetic field, B;, oscillating in the xy plane at the Larmor

frequency of the system:

B,(t) = B, cos(wt) + Bysin (wt) 1.14
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Its frequency corresponds to the Larmor frequency of the nuclei of interest and is in the MHz range,
from which B; is called a radio frequency pulse (RF pulse). During the application of the B; field, Mo
will precess around both By and Bj, resulting in a relatively complex motion of Mg and a tilting of
Mo from the z-axis to the transverse xy plane:

dM(t) — . 1.15
7 = YM@® X (Bo+ By)

Depending on the duration and amplitude of the applied field B;, Mo can for example be

completely tilted on the transverse plane (90° excitation) or reversed with respect to the z-axis

(180° excitation).

For a strong, rectangular RF pulse of constant magnitude (B1) and duration (t), the flip angle a is

approximately:

a = yBjt 1.16
The duration t of the RF pulse is relatively short, usually between 100 pus and a few ms. After
application of the RF pulse, My is only exposed to the main magnetic field Bo. Mo will precede
around it with the Larmor frequency and gradually returns to its equilibrium state (i.e. parallel to

the z axis). The process of return of magnetization to its thermal equilibrium is called relaxation.

1.1.4 Relaxation of the magnetization

After the RF pulse excitation, the magnetization vector can be decomposed into two components:
the transverse magnetization My, which rotates around the z-axis and the longitudinal
magnetization M.. It is the oscillation of the magnetization My, that generates the measured signal
in NMR, as explained in more detail in the following section. Following the RF pulse, the net
magnetization My returns to its thermal equilibrium state during the relaxation process. This
results from several interactions and an exchange and loss of excitation energy and there are many
mechanisms underlying the relaxation, among which dipole-dipole interactions, chemical
exchange, J-coupling, quadrupolar coupling and chemical shift anisotropy. M, and M, return to
thermal equilibrium in an exponential manner with different time constants, T: and T, respectively.

The relaxation process can be written as:

dM,(t) M,(t) — M, 1.17
dat T,

dM,,(t) M, (t) 1.18
it T,
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with T; being the longitudinal relaxation time constant and T, the transversal relaxation time
constant. T; relaxation, also called spin-lattice relaxation or longitudinal relaxation, describes how
fast the spin ensemble dissipates energy to its surrounding and comes back to thermal equilibrium.
This is due to the transfer of energy from the spins to the surrounding ’lattice’. It results in an

increase of the longitudinal magnetization.
Evolution of M, as function of time is therefore described as:

_t _t 1.19
M,(t) = M,(0)e '+ My (1—e T)

T, relaxation, also called spin-spin relaxation or transversal relaxation, describes how fast
individual spins become out-of-phase, giving rise to a loss of coherence of the spin ensemble.
Transverse relaxation is due to spin dephasing: the loss of phase synchronisation is linked to spin-
spin interactions that create field heterogeneities, and thus differences in precession frequency. It

results in a decrease of the transverse magnetization.
Evolution of M,y as function of time is therefore described as:

_t 1.20
Myy(t) = M, (0)e T

In practice, the main magnetic field By is not perfectly homogeneous. This leads to a variation of
Larmor frequencies within a sample and an even faster transverse dephasing of the spins,
described by the relaxation constant T,". As mentionned previously, T, includes spin-spin
interactions only whereas the T," time constant takes into account an additional term considering
the loss of phase coherence due to inhomogeneities in the By field and magnetic susceptibility

effects. The relation between T, and T, is given by:

1—1+AB 1.21
;T Ve

Where ABy represents inhomogeneties of local magnetic field.

1.1.5 Free induction decay, signal detection and Fourier transform

The NMR signal is measured after excitation, during the relaxation process. As seen previously,
when an RF pulse is used to tilt the magnetization in the transverse plane, the spin system is
rotated so that the net magnetization My, initially aligned with the main magnetic field Bo, now
precesses around the By direction and develops transverse components (My,). After the RF pulse
is turned off, this transverse magnetization continues to freely rotate at the Larmor frequency

around the main magnetic field Bo. This oscillating magnetization in the transverse plan induces
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electromotive force in a receiver coil according to Lenz-Faraday's induction principle. This receiver
coil is placed perpendicular to Be. It can be the same coil as the one used for the RF excitation or a
separate coil specifically used for signal reception. The loss of phase coherence of the spins due to
both magnetic field inhomogeneities and intrinsic T, mechanisms results in a decrease of the M,y
vector, characterized by the relaxation time constant T,". The measured decay and oscillation

signal is therefore called free induction decay (FID):

_t 1.22
S(t) X Myy(t) = Myy(0)e T ellw-wot+e

Where Mxy(O) is the transverse magnetization directly after the RF excitation pulse and depends
on the flip angle used. The free induction decay S(t) is detected as complex motion of transverse
magnetization (M, = M, + iM,) where x and y components are usually detected as both real

(M, (t)) and imaginary (M,,(t)) FIDs:

_t 1.23
M, (t) = Myy(max) cos [(w — wy) + @le T

_t 1.24
M, (t) = M,y (max)sin [(w — wy) + @le T2

where ¢ stands for the phase att =0.

Time domain data (i.e. FIDs) contain all relevant information about nuclear spins, but are rarely
used directly. Instead, FIDs are converted into frequency domain (i.e. spectrum) data by a Fourier

transform, expressed as:

too . 1.25
F(w) = f(He @tdt

—00
Fourier transform is performed on S(t):

» L . 1.26
S(w) « My, (0) f e T =i0o= )t+9 g=i0t gt — R(w) + il (@)
0

Real and imaginary signals of the frequency domain (i.e. the spectrum) are given by the Fourier

transform of time domain signals and are expressed as:

R(w) = A(w)cosp — D(w)sing 1.27

30



I(w) = A(w)sing + D(w)cose 1.28

With
MOTZ* 1.29
A(w) = 22
1+ (wg — w)*T.
D((l)) - %2

Where A(w) and D(w) represent the absorption and dispersion components of Lorentzian
lineshape, respectively. The full width at half maximum (FWHM) of the absorption component
equals 1/rT,” while the dispersion component is broader. Thus, to obtain the best separation of
several lines in an NMR spectrum, spectra displayed in absorption mode are usually prefered.
However, when ¢ # 0 the measured signals contain a mixture of absorption and dispersion
components. Spectra in pure absorption mode can be obtained by ‘phasing’ the two spectra R(w)

and I (w) according to:

A(w) = R(w)cosep, + I(w)sing, 1.31

D(w) = I(w)cosp, — R(w)cosp, 1.32

Absorption mode spectra are obtained when ¢, = ¢@. On the majority of NMR spectrometers, the

phase correction is done according to:

Oc = P+ (o — w)Pq 1.33

With ¢, and @, being the zero order correction and first order correction, respectively.

The absolute value (or magnitude mode) of the signal is defined as:

M(w) = VR(w)? + I(w)? 1.34
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Figure 1.2 On the left, the FID oscillating at the larmor frequency w,. By applying a fast Fourier transform
(FFT) on the time domain signal, the frequency domain signal is obtained, as depicted on the right. The full
width at half maximum (FWHM) of the absorption component is 1/nT,".

1.1.6 Chemical shift

Chemical shift describes the slight difference in resonance frequency between two identical nuclei
residing in different molecular environments. When inside a Bp magnetic field, currents are
induced in the electronic environment of the nucleus, creating another magnetic field and thereby
slightly changing the magnetic field at the nucleus position. The effective magnetic field ‘felt’ by

the nucleus is thus not Bg but Bess:

where o is shielding constant which depends on the density of the electron cloud close to the
nuclei of interest. The resonance frequency of these shielded nuclei of interest is therefore

expressed as:

Werr = ¥YBo(1—0) 1.36
Thus, all nuclei do not resonate at exactly the same frequency: the latter depends both on the
molecule where the nucleus resides as well as its specific position on that molecule (Figure 1.3).
These differences in local field experienced by the nucleus at the atomic level give a specific
spectral signature to the molecules and its different groups. This phenomenon is crucial in NMR
spectroscopy because it allows to discriminate the signal from the nuclei of different molecules as
well as within the same molecule. The chemical shift is not defined in Hz but in parts per million

(ppm), independent of Bo:

w—w 1.37
8= (© = Orer) x 10° [ppm]

Wref
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where w and w,.s are resonance frequencies of nuclei of interest and of nuclei in a reference
compound, respectively. For proton NMR, the reference is generally TMS (tetramethylsilane),
whose shielding constant is very strong for the proton. The lower the shielding constant, the
further away it is from the reference. In other words, the more the electron cloud is around the
proton of interest, the closer its resonance is to TMS, whose chemical shift is arbitrarily set to 0.
Very few molecules are more shielded than TMS. A single proton (H*) would resonate at about 40

ppm. Water protons resonate at 4.8 ppm.

HO. O
\CI://
H—(|Z—OH i3
CH,

i
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‘Magnetic field at the nucleus
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Figure 1.3 A lactate molecule and its corresponding NMR spectrum. The methine proton (-CH) is closer to the
electronegative oxygen atoms than the three methyl protons (-CHs), resulting in less shielding, and therefore
a higher Larmor frequency and a higher chemical shift.

1.1.7 Localization methods (ISIS, SPECIAL, OVS) and water suppression

1.1.7.1 Spatial encoding

The principle of localization consists in extracting information from a specific location within a
tissue. The spatial localization of a volume of interest (VOI) is obtained by modifying the main
magnetic field as a function of location, thus making Larmor frequencies spatially dependent. This
is achieved by applying magnetic field gradients (G) that add or subtract from the main magnetic
field Bo in the three orthogonal directions (x, y, z). The intensity of these gradients depends linearly

on the position:
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G(x,y,2) =G x+ G, y+ G,z 1.38
Therefore, the resonance frequency of spins wy (Larmor frequency) depend on their specific

location:

wo(x,y,2) =yB(x,y,2z) = y[By + G(x,y,2)] 1.39
Since the intensity of the gradients can be modified and the RF excitation can be adjusted to excite
a particular range of frequencies, in the presence of gradients it is possible to specifically excite
the magnetization in a particular location in the sample (i.e slice) and thus obtain only the signal

from that part of the sample. This is also known as “slice-selective excitation”.

1.1.7.2 Image-Selected In vivo Spectroscopy — ISIS

The ISIS localization method, first described by Ordidge et al. (Ordidge, Connelly, and Lohman
1986), provides a complete 3D localization in eight scans using a slice intersection strategy for
voxel localization. The spectrum is not acquired in a single acquisition, but is derived using data
from 8 separate RF pulse cycles which are combined (added or subtracted) to obtain the signal
from the the VOI. The sequence consists of three slice selective 180°-inversion pulses and gradients
in three orthogonal directions (Figure 1.4). The eight successive acquisitions necessary to obtain
the final ISIS spectrum result from the 23 = 8 permutations of the 180°-inversion pulses (ON or
OFF). Each spectrum consists of positive or negative signal from different volumes of the sample.
By adding and subtracting these spectra appropriately, one obtain the spectrum from the VOI only.
The FID of each cycle is generated using a non-selective 90° excitation pulse which excites the

entire volume under the coil.

In vivo MRS measurements are often performed with surface coils because they have an increased
sensitivity. However, the inhomogeneity of the B; magnetic field associated with surface coils can
impair the performance of the pulses. Thus, to improve B; magnetic field homogeneity and avoid
contamination from unwanted signals, the RF-pulses used in this sequence are typically adiabatic
(adiabatic pulses yield a uniform flip angle if their RF amplitude reaches a certain threshold). The
main limitation of the ISIS sequence comes from its sensitivity to sample motion during the 8

successive acquisitions, resulting in subtraction errors.
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Figure 1.4 Simplified pulse-timing diagram of the ISIS sequence

1.1.7.3 Spin Echo, full Intensity Acquired Localized Spectroscopy - SPECIAL

This 3D localization sequence associates the ISIS 1D with a double slice selective spin-echo
sequence (Mlynarik et al. 2006) and enables a very short echo time (the echo time represents the
time between the first exciting pulse and the echo production). A slice selective full-passage
adiabatic pulse is used as a 1D ISIS module in one of the two acquisitions, which is followed by
asymmetric 90° and 180° slice-selective spin-echo pulses for the other two directions (Figure 1.5).
The echo time can be shortened while preserving the full magnetization of the VOI by using a single
180° pulse to manipulate the transverse magnetization, combined with a 90° asymmetric pulse. Its
sensitivity to motion is reduced compared to the eight modules of the 3D ISIS because there is only
one addition-subtraction module. As in the ISIS sequence, adiabatic pulses are employed because

of their insensitivity to B; inhomogeneity.
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Figure 1.5 Pulse timing diagram of the SPECIAL sequence. The first 180° adiabatic pulse is applied in alternate
scans. WS represents an additional water suppression pulse.

1.1.7.4 Outer volume suppression (OVS)

Outer volume suppression (OVS) can be used as a localization method or as a complement to
another localization sequence in order to remove possible contamination from outside the VOI
and improve localization. The principle of this technique consists in getting rid of the signal of the
spins outside the VOI during a preparation time before the excitation. The spins outside the VOI
are selectively dephased through a combination of selective RF pulses and dephasing gradients,
resulting in zero net magnetization around the VOI while the VOI signal remains intact. This is
repeated several times to ensure good suppression of the external volume. Then, the delay
between the OVS and the excitation pulse should be as short as possible to limit the influence of

the spins outside the VOI, which undergo T; relaxation.

1.1.7.5 Water suppression

In in vivo *H MRS, good water suppression is crucial. The concentration of water in tissues is about
10* times higher than that of the metabolites of interest. Thus, an MR spectrum without water
suppression would be dominated by a large water peak whereas small organic molecules would
be practically undetectable above the background. In addition to the overlap of its important signal
with metabolites whose resonances are close to that of water (4.8 ppm), baseline distortion and

other artifacts may occur if the water peak is not properly suppressed.
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Usually a water suppression module is placed upstream of the spectroscopy sequence. The VAPOR
(VAriable Pulse power and Optimized Relaxation delays (I. Tkac et al. 1999)) water suppression
module is generally very efficient and is the one used in this thesis. It is composed of seven CHESS
(chemical shift selective) pulses applied on water resonance with variable power and separation
delays and 3 OVS (Outer Volume Suppression) modules. A CHESS pulse (Haase et al. 1985) is a 90°
pulse that flips the magnetization over a small range of chemical shifts, followed by a dephasing
gradient that dephases the magnetization and thus suppresses the corresponding signal. The
advantage of the VAPOR module is its low sensitivity to B; field inhomogeneities and this method

is therefore suitable when a surface coil is used for transmission.
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1.2 Hyperpolarization

Hyperpolarization is the increase of the polarization of the nuclear spin well beyond the
polarization achieved at thermal equilibrium conditions. In the past decades various
hyperpolarization techniques aiming to enhance MR spectroscopy and MR imaging sensitivity have
been developed, including the “brute force” approach, optical pumping of noble gases,
parahydrogen induced polarization (PHIP) and dynamic nuclear polarization (DNP) (Abraham,
McCausland, and Robinson 1959). These techniques are more and more used for in vivo
applications and open perspectives for a wide range of new applications which are unfeasible with
thermally polarized molecules. Dissolution DNP is arguably the most versatile technique and is the

one used during the studies conducted in this thesis.

1.2.1 Polarization

As detailed in the previous section (Chapter 1.1), at thermal equilibrium and in the presence of an
external magnetic field By, there is a slightly greater number of spins in the lower energy state

(Ep), i.e parallel to the field. The polarization P is defined as the fraction of spins parallel to B.
Since at usual magnetic field and temperature there is y%BO « kT, the polarization P for a

nucleus with a spin I =% can be approximated as:

(na —_ nﬁ) o ( h ) yBO 1.40

P= —)
n

2w/ 2kT

where nqis the number of spins in the a (low energy) state, ng is the number of spins in the B (high
energy) state, and n is the total number of spins in the sample, as defined in the previous section.
For example, at 7 T and room temperature, the polarization of the protonis P = 2.4 - 107>. The
lower the magnetic field strength, the weaker the polarization. It is also weaker for almost all the
other nuclei observable in NMR, the gyromagnetic ratios of the other nuclei being almost all lower
than that of the proton. The difference in population between the possible energy states for a spin
nuclei can be modified by several orders of magnitude and this non-equilibrium state of the spin

populations is the hyperpolarized state.

1.2.2 Dynamic nuclear polarization (DNP)

DNP process is based on polarization transfer from electron spin to nuclear spin. The process itself
takes place at extremely low temperatures (=1 K) and inside a magnetic field (3.35 T—7 T) on
frozen glassy samples which contain the target molecules and a low quantity of radical, the latter

being the source of paramagnetic centers (polarizing agents). At these conditions the electron
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spins are almost fully polarized (Figure 1.6). The unpaired electron spins of stable radicals are
continuously irradiated by microwave close to the Larmor frequency of the electron spins we
(typically a few hundreds of GHz) and result in the saturation of the electron spin resonance (ESR)
line. The electron polarization is then transferred to its neighboring nuclear spins by dipolar-dipolar
hyperfine coupling. This interaction generally involves one or more electron spins and one nuclear
spin. Then, the polarization of one nuclear spin is transferred to its neighboring nuclear spins by a
mechanism called "spin-diffusion". The polarization will increase but is also in competition with
nuclear T, relaxation. The polarization will therefore increase as long as the nuclear relaxation time

T: allows it (i.e until the steady state is reached).

In DNP, it is the electron spins that polarize the nuclear spins, but at the same time they also induce
a faster relaxation. There is a competition between the two and it is therefore important to
optimize the ratio between the density of the nuclear spins and that of the electron spins. It is for
this reason that in the frozen glassy solution containing the labeled substrates, the concentration
of paramagnetic centers is typically kept much lower than the nuclear population, generally a few

tens of mM.

To date, two main families of mechanisms for polarization transfer are identified: the first one
comprises the nuclear Overhauser effect (NOE) and the solid effect and the second one includes
the thermal mixing and the cross effect. In DNP, there is an interplay of these mechanisms, and
one or the other can be favored depending on experimental conditions such as the radical used

and its concentration, the temperature and the magnetic field.
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Figure 1.6 Spin polarization fraction for 3C and unpaired electrons as a function of temperature at a magnetic
field of Bo =7 T. DNP process is based on the transfer of electron spin polarization to nuclear spin polarization.
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1.2.3 Dissolution DNP

Due to the need to work at low temperature, the DNP process itself is performed on a frozen
sample and thus had limited applicability for in vivo NMR applications until 2003, when DNP
techniques based on the rapid dissolution of highly-polarized small molecules were developed
(hence the name dissolution DNP). Using this technique one can improve the signal to noise ratio
(SNR) by several orders of magnitude, up to 10 000-fold (Ardenkjaer-Larsen et al. 2003), thus
enabling to benefit from the DNP signal improvement for in vivo applications (Golman, Zandt, and
Thaning 2006). Once the nuclear spin reached its maximal polarization, the sample is rapidly
dissolved using superheated water or phosphate buffer (typically 5 mL). In the setup used in our
experiments, immediately after dissolution, the solution is transferred to a separator/infusion
pump and automatically injected 3 [s] after dissolution into the subject (Cheng et al. 2013), as
shown in Figure 1.7.
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r RF coil
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Figure 1.7 Scheme of in vivo DNP experimental setup [courtesy of Emine Can]. The sample is dynamically
hyperpolarized in a 7 T polarizer. The hyperpolarized substrate is then quickly dissolved with superheated
buffer and automatically transferred to a separator/infusion pump and injected 3 s after dissolution into the
subject.

Thanks to the great improvement in sensitivity, this technique enables the detection of important
low concentrated metabolic intermediates that cannot be easily detected by other MR methods.
In addition, it provides new and unique information about fast metabolic processes in real-time in
vivo (Golman and Petersson 2006). However, hyperpolarization always has two major drawbacks,

due to the "out of equilibrium" state:
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(1) First, the lifetime of the hyperpolarized spin state is short: the relaxation processes rebalance
the spin populations at thermal equilibrium with the time constant T;, which limits the
measurement time. Longitudinal relaxation time T; of 3C-labelled metabolites typically range
between 15 to 60 s. The lifetime of the polarization is one of the main challenge with
hyperpolarized molecules, which can be very short for some molecules such as for example *C-

labelled glucose.

(2) Secondly, the loss of hyperpolarization due to each RF pulse: for the measurement, part of the
hyperpolarized magnetization is excited and moved to the transverse plane. But it then comes
back to its thermal equilibrium and not to its initial hyperpolarized level. The measurement of a

part of the hyperpolarized magnetization thus results in a loss of polarization.
The signal decay due to the effect of RF pulses and T; relaxation can be described as:

_t 1 1.41
S(t) =5(0)e Ticos™ *(a)
These two processes render the loss of hyperpolarization irreversible. It is therefore essential to
take these specificities into account in experimental design and acquisition strategies. For instance,
if several acquisitions are performed during an experiment, small flip angles are preferentially

chosen after injection of the hyperpolarized sample.
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1.3 Cerebral metabolism

1.3.1 Glycolysis and oxidative metabolism

The brain represents only 2 % of the total weight of the human body but consumes a quarter of
the body's total energy, mainly in the form of glucose. Brain function is characterized by high
metabolic activity and requires a continuous supply of oxygen and nutrients from the blood
stream. Brain metabolism involves complex intercellular trafficking of metabolites and many
processes are compartmentalized. It is well established that the mammalian brain is primarily
sustained by glucose as a fuel to supply its high metabolic demand (Mergenthaler et al. 2013),
consuming up to 25 % of circulating glucose under normal conditions (L. Pellerin 2010). In normal
conditions, glucose crosses the endothelial cells of the blood-brain barrier via GLUT1, the most
abundant glucose transporter found in red blood cells, endothelial cells, astrocytes and microglia.
In neurons, GLUT3 is the major glucose transporter (Patching 2017). Inside the brain, glucose from
the extracellular space is rapidly taken up by different types of brain cells among which astrocytes,
microglia and neurons. Glucose then undergoes several metabolic reactions including two of the
main metabolic pathways: glycolysis, which occurs in the cytosol, and the tricarboxylic acid (TCA)

cycle and oxidative phosphorylation, which takes place into the mitochondrial matrix.
Glycolysis

Glycolysis is the metabolic pathway taking place in the cytosol that converts glucose into pyruvate.
The production of cerebral pyruvate from glucose is the result of 11 steps including glucose
transport and 10 enzymatic steps of glycolysis. During glycolysis, four ATPs molecules are formed
but two ATPs are consumed as well, resulting in the net production of two molecules of ATP per
glucose molecule. Glycolysis is also linked to other metabolic pathways. For example, glucose-6-
phosphate (GIc6P) is the product of the first step of glycolysis and is thus at the beginning of two
major metabolic pathways: glycolysis and the pentose phosphate pathway. In addition, GIc6P can

also be utilized for the storage of glucose in the form of glycogen (in astrocytes only).

Glycolysis is regulated at different stages (Figure 1.8). Hexokinase regulates the phosphorylation
of glucose and is inhibited by glucose-6-phosphate. Then, the reaction catalysed by the
phosphofructokinase is a key step in glycolysis, both in its rate (it is the limiting step in terms of
the rate of glycolysis) and in its regulation; phosphofructokinase being regulated allosterically by
ATP and its products, as well as citrate. The last reaction, catalyzed by pyruvate kinase, is also a

control point for glycolysis. Its activity is also regulated by the levels of high-energy phosphates, as
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well as acetyl-CoA. Finally, pyruvate, via lactate dehydrogenase, is in dynamic equilibrium with

lactate.
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Figure 1.8 Biochemical reactions and regulation steps of glycolysis and its associated pathways. Overall,
glycolysis consumed two ATPs during the first phase and produced 4 ATPs during the second phase, resulting
in a net gain of two ATPs.
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Oxidative metabolism

Once glucose is converted to pyruvate, it enters the mitochondria. It is transformed into
acetylcoenzyme A (CoA) and then enters the TCA cycle (Dienel, 2014). The TCA cycle, or Krebs
cycle, is a fundamental biochemical process where several major metabolic pathways converge.
This metabolic pathway produces energy substrates that provide the majority of the cell's energy
needs. The TCA cycle is a complex series of biochemical reactions present in all aerobic organisms
whose primary function is the common terminal oxidation of glucose, lipids, glycogen and amino
acids. Overall, the Krebs cycle converts pyruvate into carbon dioxide, GTP and ATP molecules, and
reduced coenzymes (NADH and FADH,), coenzymes whose electrons contain most of the chemical
energy of the degraded molecules. NADH and FADH; are then used by the electron transport chain

to further generate ATP as part of oxidative phosphorylation.

In greater detail, this aerobic catabolism takes place in the presence of oxygen in diatomic free
form (O;) in the mitochondrial matrix of eukaryotic cells. The TCA cycle is based on the modification
of a citrate molecule by enzymes and co-factors. The cycle thus generates eight different
molecules, including a new citrate at the end of the cycle. Pyruvate is first oxidatively
decarboxylated to form acetyl-CoA in a reaction catalyzed by the enzyme pyruvate dehydrogenase
(PDH). Isocitrate, 2-oxoglutarate, succinyl-CoA, succinate, fumarate, malate, oxaloacetate and
finally regenerated citrate are then successively produced (Figure 1.9). NADH and FADH, transfer
their electrons to molecular O, via the electron transport chain in the mitochondria to produce
ATP in the oxidative phosphorylation process. A total of 32 ATP is generated by the oxidative
metabolism process for one glucose and 6 O, (Papa, Petruzzella, and Scacco 2007). The main
function of the TCA cycle is the production of energy for the cells, but it is also an important source
of biosynthetic precursors for synthesis of different molecules such as amino acids, nucleotide
bases, cholesterol and porphyrin. For example, in the brain, the TCA cycle intermediate 2-

oxoglutarate is a precursor of glutamate, an important neurotransmitter.
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Figure 1.9 Biochemical reactions of tricarboxylic acid cycle (TCA cycle) and related metabolites. The TCA cycle
takes place in the mitochondrial matrix and yields a total of 32 ATP per glucose molecule.

An important question is related to the main energy substrate supporting cell activity. Glucose is
the primary energy substrate delivered to the brain in normal circumstances, but the roles of
glycolysis and oxidative phosphorylation in the energy metabolism of neurons and astrocytes
during brain activation are not fully elucidated. It has been postulated that lactate is the main fuel
of neurons during their activity (Luc Pellerin and Magistretti 2012), but this fact and the
corresponding neuron-astrocyte interactions are still debated (Dienel 2012), studies having
demonstrated in particular that both astrocytes and neurons metabolize glucose through the

glycolysis (lvanov et al. 2014).

1.3.2 Commonly measured major brain metabolites using *H MRS

Ultra-high magnetic field combined with ultra-short TE allow to detect and quantify by in vivo H
MRS 18 metabolites involved in osmoregulation, neurotransmission, energy or antioxidant
metabolism: alanine (Ala), ascorbate (Asc), aspartate (Asp), glycerophosphocholine (GPC),
phosphocholine (PCho), creatine (Cr), phosphocreatine (PCr), y-aminobutyric acid (GABA), glucose
(Glc), glutamine (GlIn), glutamate (Glu), glutathione (GSH), myo-inositol (Ins), lactate (Lac), N-
acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), and

taurine (Tau). In this part, we give an overview of the function and properties of these metabolites.
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Myo-inositol (Ins): Myo-inositol is a metabolite found mainly in astrocytes and is an important
osmotic agent regulator for cell volume. Due to its relatively high concentration (4-8 mM) (Pouwels
and Frahm 1998; Kreis 1997), myo-inositol is easily detectable in short-TE *H NMR spectra of the
brain. The six NMR detectable protons of myo-inositol result in four groups of resonances: a
doublet-of-doublets centered at 3.52 ppm, a triplet at 3.61 ppm and one at 4.05 ppm. A smaller

triplet is found at 3.27 ppm and is generally masked by the larger resonances of total choline.

Glutamine (GIn): Glutamine plays an important role in intermediary metabolism and is involved in
neurotransmission and osmoregulation. It is generally considered to be primarly located in
astroglia (Martinez-Hernandez, Bell, and Norenberg 1977) at a concentration of 2-4 mM.
Glutamine is a glutamate precursor. Glutamine synthetase, the enzyme that synthesizes glutamine
from glutamate, is located exclusively in astrocytes. In addition to its role in the glutamate-
glutamine neurotransmitter cycle, one of the main roles of glutamine is the detoxification of
ammonia. Glutamine concentration increases substantially during hyperammonemia and plays a
central role in the pathogenesis of hepatic encephalopathy. The glutamine spectra is composed of
a triplet resonating at 3.76 ppm, of multiplets grouped between 2.12 ppm and 2.46 ppm and two

NMR-detectable protons downfield from water (6.82 and 7.73 ppm).

Taurine (Tau): Taurine is an important component of osmoregulation (Solis et al. 1988; Taylor et
al. 1995) and may play a role in neurotransmission as a modulator of neurotransmission action,
although this is not clearly established. The concentration of taurine in the adult rat brain is
typically between 6—8 mM (lvan Tkac et al. 2003). The taurine spectra is composed of two triplets

centered at 3.25 and 3.42 ppm.

Choline-containing compounds (tCho): Choline-containing compounds (tCho) are composed of
free choline (Cho), phosphocholine (PCho), and glycerophosphocholine (GPC). They are part of cell
membranes constituent and are involved in phospholipid synthesis and degradation pathways,
thereby representing membrane turnover. The methyl protons of choline-containing compounds
is at 3.2 ppm, which is one of the most important resonance in *H NMR spectra from brain. An
increase in choline signaling is reported in some diseases such as Alzheimer's disease (Firbank,
Harrison, and O’Brien 2002) or multiple sclerosis (Narayana 2005; Gonzalez-Toledo, Kelley, and
Minagar 2006), while a decrease in choline levels is related to liver disease and stroke (Malisza,
Kozlowski, and Peeling 1998). Yet, the multiple contributions to the measured total choline

resonance complicate the interpretation of variations in total choline signal.
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Lactate (Lac): Lactate is the end product of anaerobic glycolysis and is also an important alternative
energy source for the brain (Schurr et al. 1999; Luc Pellerin and Magistretti 2004, 200). It has been
postulated that lactate links astroglial glucose uptake and metabolism to the metabolism and
cycling of neuronal neurotransmitters (Magistretti et al. 1993; L. Pellerin et al. 1998), but this
hypothesis remains debated in the scientific community (Chih and Roberts 2003). Lactate is
generally found at a low concentration of about 0.5 mM in the brain, but is still clearly observable
in 'H NMR spectra with short echo time. Lactate spectra is composed of a doublet resonance at

1.31 ppm and a quartet at 4.10 ppm.

Creatine (Cr) and phosphorylated creatine (PCr): In the brain, creatine and phosphorylated
creatine are present in both glial and neuronal cells. Creatine and phosphorylated creatine,
together with ATP, are central to the energy metabolism of tissues (Wallimann et al. 1992). In
addition to this, it has been shown that creatine is also an important osmolyte in the brain and
may also act as a possible neuromodulator/neurotransmitter. Creatine has also been described as
a potential antioxidant molecule (Sestili et al. 2006). The *H NMR spectra of creatine and
phosphorylated creatine are very similar. Their methyl and methylene protons give rise to
resonances at 3.03 ppm and 3.93 ppm. At ultra-high magnetic field (>7.0 T) the creatine (3.913
ppm) and phosphorylated creatine (3.930 ppm) methylene resonances become separable and
quantifiable. However, the difference between their two methyl resonances (3.027 ppm and 3.029
ppm) is too low to enable an accurate separation in vivo. The concentrations for phosphorylated
creatine in human brain is around 4.0-5.5 mM for Cr and 4.5-6.0 mM for PCr (Graaf 2019). The sum

of both is referred to as ‘total creatine’ (tCr).

Glucose (Glc): Glucose is central to the brain's energy metabolism. The mammalian brain is mainly
supported by glucose as fuel to meet its high metabolic demand (Mergenthaler et al. 2013),
consuming up to 25 % of circulating glucose under normal conditions (L. Pellerin 2010). Glucose is
also the precursor of many compounds. Under normal circumstances, its concentration is about
1.0 mM in the brain (Gruetter et al. 1992). The resonance of one glucose proton at 4.63 ppm is
usually eliminated during water suppression and the glucose spectrum is mainly composed of
resonances of the other six nonexchangeable protons between 3.2 ppm and 3.9 ppm; the spin
system being strongly coupled. However, the large spectral overlap restricts the reliability of

detection.

Glutamate (Glu): Glutamate is an important amino acid involved in the neurotransmission process;

it is the main excitatory neurotransmitter released by neurons (Ereciriska and Silver 1990). It also
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plays other roles in vivo by being the direct precursor of the inhibitory neurotransmitter GABA and
is also involved in the synthesis of other small metabolites such as glutathione. Glutamate is
converted to glutamine by the addition of ammonia by the enzyme glutamine synthetase which is
uniquely found in astrocytes in the brain. Glutamate is present in all cell types at a concentration
between 6-12.5 mM, with the largest pool located in glutamatergic neurons. The glutamate
spectra is composed of a doublet-of-doublets resonating at 3.75 ppm (signal from the single *CH
proton), and of multiplets between 2.04 ppm and 2.35 ppm (resonances of the other four protons).
At low magnetic field, glutamate and glutamine are virtually impossible to separate. At ultra-high
magnetic field (>7.0 T), the glutamate and glutamine multiplets resonances between 2.04 ppm and

2.46 ppm become separable and quantifiable.

v-aminobutyric acid (GABA): GABA is the major inhibitory neurotransmitter in the mammalian
brain and has a brain concentration of approximately 1 mM. Altered concentrations of GABA are
implicated in different neurological and psychiatric conditions, including depression, epilepsy and
schizophrenia. The detection and reliable quantification of GABA by *H MRS is challenging because
the resonances of GABA (triplet resonances at 3.01 ppm and 2.28 ppm, and a quintet centered at
1.89 ppm) are overlapped by those of other more concentrated metabolites. Spectral editing

methods are thus often used for GABA detection.

Aspartate (Asp): Aspartate is a non-essential amino acid that plays a role as an excitatory
neurotransmitter. It is found in the brain at a concentration of approximately 1-2 mM (Pfeuffer et
al. 1999; Govindaraju, Young, and Maudsley 2000) and is synthesized from glucose and possibly
other precursors. Together with glutamate, aspartate also plays a key role in the malate-aspartate
shuttle. Aspartate spectra is composed of a doublet-of-doublets at 3.89 ppm and a pair of doublet-

of-doublets at 2.65 ppm and 2.80 ppm.

Ascorbate (Asc): Ascorbate (vitamin C) is physiologically present in the form of the ascorbate anion
with an average concentration of ascorbate in the brain is about 1.0 mM. Ascorbate levels in the
brain are tightly controlled, but despite an enormous amount of work, the exact role of ascorbate
remains unclear. It has neuroprotective properties and is part of the intracellular antioxidant
network, but it is also apparently involved in neuromodulation and may be a specific extracellular
antioxidant. Ascorbate spectra is composed of a doublet at 4.49 ppm and multiplet resonances at

4.00 ppm and 3.73 ppm (Graaf 2019).
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Glutathione (GSH): Glutathione is an antioxidant mainly located in astrocytes that protects the cell
against reactive oxygen compounds in particular. It is fundamental for the synthesis and
degradation of proteins and the formation of DNA precursors and is also a cofactor in several
reactions (Cooper and Kristal 1997). Its concentration in the brain is between 1-3 mM (Trabesinger
et al. 1999). Neurodegenerative diseases such as Parkinson's disease can alter altered GSH levels
(Sian et al. 1994). Glutathione spectra is composed of a singlet at 3.77 ppm, two separate
multiplets at around 2.15 and 2.55 ppm and three doublet-of-doublets at 2.93, 2.98 and 4.56 ppm.
In vivo measurement of glutathione is difficult because of the large overlap of resonances with the
stronger signal of other metabolites (Glu, GIn, Cr, NAA) but it can be detected directly by combining

short-TE spectra with spectral fitting at ultra-high magnetic fields.

N-Acetylaspartate (NAA): N-acetylaspartate (NAA) is one of the most concentrated free amino
acids in the brain, its concentration reaching up to 8-11 mM in gray matter (Pouwels and Frahm
1998; Wang and Li 1998; Pan, Twieg, and Hetherington 1998). Despite many years of investigation,
the exact function of N-acetylaspartate is not currently known, but it is often considered to be a
neuronal marker, particularly as a marker of neuronal density and viability. It is also a known
osmolyte, but various other roles have been suggested for N-acetylaspartate, including its function
in the synthesis of fatty acids and myelin (D’Adamo and Yatsu 1966; D’Adamo, Gidez, and Yatsu
1968). Its resonance at 2.02 ppm is the highest peak in the normal spectrum. Smaller resonances

are seen as doublet-of-doublets at 2.49 ppm, 2.67 ppm and 4.38 ppm.

N-Acetylaspartylglutamate (NAAG): N-acetylaspartylglutamate is a dipeptide of aspartate and N-
substituted glutamate with a concentration varying between different regions of the brain, ranging
from 0.6 to 3.0 mM (Koller, Zaczek, and Coyle 1984; Pouwels and Frahm 1997). Although its exact
function is uncertain, N-acetylaspartylglutamate is thought to be implicated in excitatory
neurotransmission and is also a source of glutamate. Its largest resonance is found at 2.04 ppm. It
is very close to the main resonance of N-acetylaspartate at 2.01 ppm, requiring ultra-high field and
very good magnetic field homogeneity to be able to separate them. The spectral overlap with more
concentrated metabolites combined with a relatively low concentration results in other

resonances not generally being observed directly.

Alanine (Ala): Alanine is a non-essential amino acid whose concentration does not exceed 0.5 mM
in the brain. It has been proposed by several studies that alanine is an important carrier for
ammonia transfer (Broer et al. 2007) and an increase in alanine concentration has been measured

following ischemia (Brulatout et al. 1996) and in meningioma (Poptani et al. 1995). The doublet of
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alanine is often observable at 1.4 ppm in *H NMR spectra from rat brain acquired at high magnetic

field.

Phosphorylethanolamine (PE): Phosphorylethanolamine is considered to be an intermediate in
the phospholipid metabolism, but its precise physiological role remains poorly understood.
Phosphorylethanolamine spectra is composed of two multiplets resonances of its four NMR-
observable protons at circa 3.1-3.2 ppm and 3.8-4.0 ppm. Phosphorylethanolamine has been
measured at a concentration of 0.5-1.0 mM in the human brain (BIiml, Seymour, and Ross 1999)
while it is slightly higher in rats (2-2.5 mM). Increased concentrations have been reported during

seizures (Lehmann et al. 1985).
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1.4 Hepatic encephalopathy

Hepatic encephalopathy (HE) is defined as a reversible neuropsychiatric syndrome caused by an
acute or chronic liver dysfunction such as chronic liver disease (CLD). It is a very common
complication of cirrhosis and is characterized by a wide range of neurological or psychiatric
abnormalities. Patients with HE suffer from intellectual impairment, personality changes, motor
disturbances as well as depressed level of consciousness. In the worst cases, the patients may fall
into a coma. Despite an enormous effort to characterize the physiopathology of HE, it has not
been fully elucidated and the exact molecular mechanisms and their chronology remain unclear

(Swaminathan, Ellul, and Cross 2018).

1.4.1 Classification of HE

There are three types of hepatic encephalopathy:

(1) Type A is associated with acute liver failure.

(2) Type B is associated with port-systemic shunt without the presence of liver disease.
(3) Type C is associated with cirrhosis and portal hypertension.

Symptoms and signs of HE vary from mild to severe and neurological disorders of varying intensity
may be observed. The most typical are those related to altered state of consciousness. Episodes
of encephalopathy can be classified according to their intensity and recurrence. Five stages are
determined by the West-Haven classification (Blei, Cérdoba, and Practice Parameters Committee
of the American College of Gastroenterology 2001). Grade 0 (or minimal HE) is characterized by
the absence of clinical abnormalities and causes only subtle cognitive abnormalities and symptoms
are only detectable by psychometric or neurophysiological tests (Abdo 2006). Grade | is
characterized by moderate attention deficit disorder, grade Il by disorientation, apathy or lethargy,
grade Il by confusion or drowsiness, and grade IV by coma. The main limitation of this classification
is that the identification of moderate impairment of consciousness is based on subjective
assessment and is subject to considerable inter- and intra-observer variability. In addition, grade
0 is heterogeneous as it includes patients without encephalopathy and others with a degree of
encephalopathy that is not clinically detectable. Conversely, the distinction between stages | and

Il is easier and is based mainly on the existence of disorientation or asterixis.
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1.4.2 Pathogenesis

For several years, it has been accepted that HE results from a multifactorial pathophysiological
process in which hyperammonemia and inflammation play a central role. There are several
hypotheses about the mechanisms of ammonia toxicity, but despite the considerable work carried
out in the field of HE, the precise pathophysiological mechanisms remain incompletely elucidated
(Prakash and Mullen 2010), explaining in particular the lack of very effective therapeutic solutions

(Rose et al. 2020).
Ammonia

Ammonia is recognized as an important factor in the pathogenesis of hepatic encephalopathy. It
is a by-product of nitrogen metabolism, primarily produced in the intestines from nitrogenous
substances from the diet, the deamination of glutamine by glutaminase, and the metabolism of
nitrogenous compounds by colonic flora. Under normal physiological conditions, most ammonia is
detoxified in the liver where it is metabolized to urea, thus maintaining blood ammonia levels

below 50 uM.

Ammonium in solution is present both as a gaseous component, the weak base NH3; (ammonia),
and in ionic form, the weak acid NH;* (ammonium). Their relative ratio depends on the pH, defined
by the Henderson-Hasselbach equation. In blood, under normal physiological conditions (pH = 7.4),
more than 98 % is in the form of NH,* ions (Bromberg, Robin, and Forkner 1960). Both are capable
of crossing plasma membranes by diffusion (NH3) and transport channel (NH4*) mechanisms and
therefore have a direct effect on intracellular and extracellular pH. The deleterious effects of of
ammonia are multiple and involve various pathways such as cellular swelling, oxidative stress,
mitochondrial dysfunction and disruption of cellular bioenergetics (Bosoi and Rose 2009). As
ammonia is also a product and a substrate for various biochemical reactions, an increase in
cerebral ammonia leads to disturbances in brain metabolism by influencing the activities of many
enzymes, signaling transduction pathways, the alternation of protein phosphorylation and the

state of different other ion channels and transporters (Busa and Nuccitelli 1984; Norenberg 1998).

When the liver function is altered, it causes a rise in blood ammonium and a high ammonium
delivery to the brain, and consequently neurotoxicity induced through different cellular pathways
and mechanisms. Cerebral ammonium removal leads to the formation of glutamine by glutamine
synthetase: the major CNS pathway of NHs* removal involves the astrocytic enzyme glutamine
synthetase which catalyzes the formation of glutamine from NH,*" and glutamate (Braissant 2010).

Important enzymes such as glutaminase, glutamine synthetase and glutamate dehydrogenase are
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affected and altered in their regulatory function by increased concentrations of ammonium in the
brain (Bosoi and Rose 2009). In addition, increased glutamine in the brain disrupts astrocyte
metabolism and causes osmotic stress that is only partially compensated by the gradual release of
other brain metabolites (myo-inositol, taurine, total choline and creatine) to prevent the

occurrence of cytotoxic edema (Haussinger 2006; Braissant et al. 2019).

Ammonia plays an irrefutable and key role in the pathogenesis of HE, but additional factors such
as gut flora modifications, systemic inflammation, neuroinflammation and oxidative stress play an
important role and exacerbate the neurological effects of HE, which are critical factors in the
precipitation of HE, leading to a multifactorial disease (Coltart, Tranah, and Shawcross 2013; Azhari

and Swain 2018).
Inflammation

A synergistic effect of inflammation with ammonia is hypothesized (Shawcross et al. 2004) and
even mild infection is often a trigger for HE in cirrhotic patients (Merli et al. 2013). Circulating
immune cells are suspected to have an abnormally activated phenotype in cirrhotic patients and
several pro-inflammatory cytokines such as TNF-a are generally found at high concentrations in
plasma. Alterations in the intestinal microbiota and increased permeability of the intestinal barrier
are believed to be responsible for bacterial translocation and facilitated endotoxin passage, and
are associated with increased production of inflammatory mediators in patients with cirrhosis
(Bajaj et al. 2012). Systemic inflammation appears to strengthen the neurotoxic effects of
ammonium (Shawcross et al. 2004) and ammonium-induced brain inflammation also contributes
to the evolution of HE (Butterworth et al. 2009). This neuroinflammation is characterized by
microglial activation and the local production and release by the brain of interleukins (IL-1B and
IL-6) and pro-inflammatory cytokines, likely by both astrocytes and microglia (Bémeur and

Butterworth 2013; Wright et al. 2007).
Increased permeability of the blood-brain barrier

It appears that the brain accumulation of toxic substances, particularly ammonia, combined with
systemic inflammation leads to a functional and structural alteration of the blood-brain barrier
(BBB), which would favour a change in neurotransmitter levels (mainly glutamate and GABA, as

discussed in the following section) (Weiss, Jalan, and Thabut 2018).

Ammonium affects the transport of amino acids. Intracerebral accumulation of glutamine acts

directly on amino acid transporters at the BBB and leads to increased passage of aromatic amino
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acids, impairing intracerebral synthesis of serotonin and dopamine. Transporters of small to
medium-sized molecules located in the BBB are also affected, altering the transcellular passage of

these molecules.

Also, structural abnormalities such as alteration of the BBB tight junction proteins have been
suggested in both acute hepatocellular failure and cirrhosis (Nguyen et al. 2006), suggesting an
increase in BBB permeability (Abdo 2006). It is believed that these different alterations render the
patient suffering from cirrhosis more susceptible to endogenous (hyperammonia or inflammation)

or exogenous (accumulation of drugs, for example) cerebral aggression.
Neurotransmission alterations and energy metabolism disturbances

Structural changes in astrocytes directly alter synaptic transmission. In addition, the brain
metabolism of ammonium appears to have an effect on neurotransmission through different
mechanisms: NH;* increases synaptic glutamate release and also has a strong effect on inhibitory
neurotransmission (GABA-ergic) by decreasing the absorption and increasing the release of glial
GABA, which raises extracellular levels of GABA (Bender and Norenberg 2000). Also, NH,* increases
the affinity of GABA receptors for GABA (Takahashi et al. 1993) and stimulates astrocytic
benzodiazepine receptors, thereby increasing the synthesis and release of the neurosteroid

agonist complex GABA-a agonist complex (Palomero-Gallagher and Zilles 2013).

In addition to these neurotransmission effects, it has long been suspected that HE induces
alterations in the brain's energy metabolism (primarily in acute HE), although the precise
underlying mechanisms are not yet elucidated. Studies on the effect of ammonia on energy
metabolism have yielded conflicting results (Schousboe et al. 2014) and the hypothesis that altered

brain energy may explain the pathogenesis of HE remains to be proven.

It is likely that the efficiency of the TCA cycle and thus the production of ATP can be disrupted,
either by inhibition of a-ketoglutarate dehydrogenase (Lai and Cooper 1986), or by ammonia-
induced decreases in levels of a-ketoglutarate (Bessman and Bessman 1955), resulting in reduced
oxidative metabolism. However, a recent study using 3P MRS and *H MRS showed that in a rat
model of type C HE, the ATP concentration tended to decrease only at week 8, at the end of the
disease. The authors therefore proposed that energy metabolism was not a major cause of early

symptoms of HE in the established model of type C HE (Rackayova et al. 2016).

Thus, it is possible that reduced ATP production is not a major factor in the pathogenesis of HE and

that the reduction in brain glucose utilization observed by ®F-FDG PET (Lockwood et al. 2002) may
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be due to reduced glucose requirements (Butterworth 2003). Future studies are needed to clarify

these points.

1.4.3 Clinical manifestations and diagnosis

HE is characterized by impaired alertness ranging from moderate confusion to a deep coma, and
the various neurological manifestations render the diagnosis of HE challenging for hepatologists.
While its importance is widely recognised, there is little consensus on how optimally to diagnose
and monitor HE. There are currently no specific clinical and/or paraclinical tests available and the
diagnosis is thus first made by excluding other causes of disturbances in the state of consciousness.
The first diagnostic approach is based on questioning the patient and his family and on the clinical
examination. One of the usual electrophysiological tests for the diagnosis of hepatic
encephalopathy is the classical electroencephalogram (EEG), where the changes typically
associated with HE are high amplitude low frequency and triphasic waves (Amodio et al. 2001;
Cash et al. 2010). These tests are used to diagnose hepatic encephalopathy, but they are easily
performed only in hospitalized patients. Brain imaging may also be useful, in particular magnetic
resonance imaging (MRI) with detection of low-grade cerebral edema (Prakash and Mullen 2010)
or the detection of specific signs of accumulation of substances usually metabolized by the liver,
such as a hyper signal from the central grey nuclei which is attributed to manganese excess (Pujol
et al. 1993). However, they are poorly correlated with neurological status and the use of MRl as a
diagnostic tool for HE remains limited (Fukuzawa et al. 2006; Hermann et al. 2018). Magnetic
resonance spectroscopy (MRS) is also promising in providing evidence of a metabolic profile of HE
such as elevated glutamate-glutamine peak, decreased choline and decreased myo-inositol
(Chavarria and Cordoba 2015), although this method is not commonly used clinically for the
diagnosis of HE (Rose et al. 2020). Furthermore, as mentioned previously, stage 0 (minimal HE) is
extremely difficult to detect since changes in memory, concentration and confusion are not always
obvious to diagnose for a health care provider. Also, other sensitive tests can diagnose minimal
HE. The most commonly used are psychometric tests and automated tests such as Inhibitory
Control Test and Critical Flicker Frequency (Bajaj et al. 2008). These are tests of symbol connection,
attention and accuracy that assess psychomotor impairment, attention deficit and impairment of
executive functions (Weissenborn et al. 2001). The results are expressed as the number of
standard deviations from a population matched on age and education level. In practice, these tests

are not always easy to carry out because of the time they require (at least 30 minutes).
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1.4.4 Treatments

Currently, the only curative treatment for patients with liver failure or disease is liver
transplantation. Since more patients need a liver transplantation compared to the number of
available livers, managing liver diseases complications remains the primary challenge. Moreover,
there is no universally accepted standards for treatment and the challenge of finding the right
treatment to reduce HE symptoms remains to be met. Most treatments are validated in the
prevention of recurrence of HE episodes after an initial episode. There are fewer data available for
the treatment of chronic HE to the acute phase or for the treatment of minimal HE. Therapeutic
approaches for partially treating HE have focused a lot on reducing plasma ammonia levels
implicated in HE pathogenesis either by decreasing its production or promoting its removal,

thereby reducing the neurotoxins reaching the central nervous system.

Such treatments imply the usage of non-absorbable disaccharides such as lactulose, which modify
the intestinal microbiota and ammonia production by lowering colonic transit time and increasing
fecal excretion and which is nowadays the first line treatment in Europe and USA and has been
reported to improve cognitive functions in patients with minimal HE (mHE) (Luo et al. 2011; Prasad
et al. 2007). However, there is no significant effect reported on mortality (Sharma et al. 2011; Als-
Nielsen, Gluud, and Gluud 2004). Lactulose is an effective therapy as a preventive treatment of
mHE and clinic HE (Sharma et al. 2011); however, its use is limited because of the various side-

effects of its administration such as bloating, diarrhea and nausea (Gitlin 2011).

Other therapeutic options for HE such as the antibiotic rifaximin or the administration of probiotics
are also currently used and evaluated as specific or prophylactic treatment. Rifaximin is a gut-
selective non—absorbable antibiotic. It has a broad spectrum of antibacterial activity, acting against
Gram-positive and Gram-negative bacteria, both aerobes and anaerobes. The division of colonic
bacteria responsible for urea deamination is therefore inhibited, reducing the production of gut
ammonia and preventing absorption through the gastrointestinal tract (“Compendium” n.d.). In
healthy subjects, systemic absorption appears to be low. It is probably slightly higher in cirrhotic
patients with increased intestinal permeability, but few data are available (Hermann et al. 2018).
Rifaximin is very well tolerated over the long term, and in combination with lactulose, rifaximin is
effective in preventing the recurrence of clinical HE episodes and is associated with a decrease in
the number and duration of HE hospitalizations, as well as a decrease in mortality and improved

quality of life (Bass et al. 2010; Mullen et al. 2014).
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More recently, treatments aiming to increase the outside brain ammonium detoxification, such as
glycerol phenylbutyrate or L-ornithine-L-aspartate, have been proposed. Glycerol phenylbutyrate
has been shown to be effective in secondary prevention in a randomized, placebo-controlled trial
(Rockey et al. 2014). In addition, fecal transplantation recently showed encouraging results (Kao

et al. 2016; Bajaj et al. 2017), and several additional studies are already planned.

1.4.5 Bile duct ligated rat, an animal model of chronic HE

Animal models of type C HE are necessary to improve the understanding of the mechanisms
underlying HE and to better characterize the effects of the different treatments. Although an
optimal animal model of type C HE does not currently exist, the bile duct-ligated (BDL) rat model
is one of the few chronic HE models validated by the International Society for Hepatic
Encephalopathy and Nitrogen Metabolism (ISHEN) (Butterworth et al. 2009). These rats undergo
abdominal surgery where common bile duct is clipped in the middle between liver and duodenum.
The bile is pushed back to the liver and its toxicity results in death or dysfunction of the liver cells,
inducing a reproducible model of biliary cirrhosis in rats. It mimics the metabolic changes
associated with cholestatic liver disease and related fibrosis: animals develop jaunice,
hyperamonemia, portal hypertension, bacterial translocation and immune system dysfunction
(Butterworth et al. 2009). BDL rats develop memory difficulties and decreased locomotor

activities, showing low-grade encephalopathy (Chan et al. 2004).
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Chapter 2 Treatments in a rat

model of type C HE: synergistic effect
of probiotic Vivomixx® and antibiotic
rifaximin
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Abstract

Chronic hepatic encephalopathy (HE) is a severe complication of chronic liver disease (CLD), and
finding the right treatment to reduce HE episodes before liver transplant remains a challenge. Both
rifaximin (non-absorbable antibiotic) and probiotics are currently used to reduce HE symptoms,
but their precise effect on brain metabolites has never been studied. In the present study, our aims
were to assess in vivo and longitudinally the effect of rifaximin alone and the combination of
probiotics and rifaximin on bile duct ligated (BDL) rats in different brain regions; and to compare
these results with non-treated BDL rats. In vivo *H MRS at 9.4T combined with biochemical tests
(plasma NH4*, bilirubin), microbiota analysis and behavioral test (open field) were performed on
adult Wistar rats before BDL (week 0) and at weeks 2, 4, 6 and 8 after surgery. Evolution of
metabolites was studied in the hippocampus and cerebellum. All rats displayed the characteristic
rise in plasma bilirubin, regardless of treatment group, as well as a similar ammonium increase.
However, the combination of probiotics and rifaximin was beneficial: the longitudinal changes of
some brain metabolites concentration (GlIn, Cr, Glu) were significantly less pronounced in the
group of rats treated with rifaximin and probiotics compared to the two other groups. Also,
bifidobacteria concentration was higher in the group treated with both probiotics and rifaximin
group at week 8. Overall, we showed that the administration of rifaximin associated with this
probiotic had more positive effects than rifaximin alone, as such both could be used to maintain a
balanced microbiota and may provide opportunities for reducing the spread of antibiotic

resistances.

This chapter was partially adapted from:

E.Flatt, V.A. McLin, O.Braissant, P.Mastromarino, R.Gruetter and C.Cudalbu, Do probiotics
combined with rifaximin influence the neurometabolic changes in a rat model of type C HE?,
Clinical and Translational Gastroenterology, submitted.

| contributed to the design of this study, data collection and processing, results interpretation and
writing of the paper. Gut microbiota analysis were done in collaboration with Prof. Paola
Mastromarino and the ammonium measurements in plasma samples were done in collaboration
with Dr. Olivier Braissant.

61



2.1 Introduction

Chronic hepatic encephalopathy (CHE) is a neuropsychiatric disease affecting the brain caused by
hepatic dysfunction secondary to chronic liver disease (CLD). Patients with hepatic encephalopathy
(HE) suffer from intellectual impairment, personality changes, motor disturbances as well as
depressed level of consciousness. Despite an enormous work aiming at characterizing the
physiopathology of HE, the exact molecular mechanisms and their chronology remain unclear
(Swaminathan, Ellul, and Cross 2018). CHE is characterized by neurometabolic changes, in
particular an increase in brain glutamine due to cerebral ammonium removal by glutamine
synthetase, causing osmotic stress and secondary disruption in astrocyte metabolism (Brusilow et
al. 2010). It appears that this is only partially compensated by the gradual release of other brain
metabolites (myo-inositol, taurine, total choline and creatine) from the cell (Braissant, McLin, and
Cudalbu 2013; Haussinger 2006; Braissant et al. 2019) . While ammonium plays an indisputable
and central role in the pathogenesis of HE, additional factors are known to contribute such as gut
flora maodifications, systemic inflammation, neuroinflammation and oxidative stress, all of which
may precipitate the onset of HE (Shawcross et al. 2004; Ochoa-Sanchez and Rose 2018; Coltart,
Tranah, and Shawcross 2013; Azhari and Swain 2018). Management of HE remains an important
challenge because treatment options are limited. Therapeutic approaches for treating HE have
focused on reducing plasma ammonium levels either by decreasing its production or promoting its

removal.

In patients, such treatments imply the usage of non-absorbable disaccharides such as lactulose,
which is accepted to improve cognitive function in patients with minimal HE (mHE), the covert
premise of CHE (Luo et al. 2011; Prasad et al. 2007). While lactulose is an effective therapy for
hepatic encephalopathy, it comes with side-effects including bloating, diarrhea and nausea, which
limit its use (Gitlin 2011). Other therapeutic options currently being evaluated include the non-
absorbable antibiotic rifaximin or the administration of probiotics. These therapies act on the
modulation of gut flora, in line with the current evidence that gut flora is a major contributor to

HE.

Rifaximin is a broad-spectrum non—absorbable antibiotic, commonly used to treat HE. It has a
broad spectrum of antibacterial activity, acting against Gram-positive and Gram-negative bacteria,
both aerobes and anaerobes. The division of colonic bacteria responsible for urea deamination is
thereby inhibited, reducing the production of gut ammonium and preventing absorption through
the gastrointestinal tract (“Compendium” n.d.). However, different mechanisms of action have

been proposed to underlie the effects of rifaximin. Rifaximin may affect gut microbiota and
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modulate inflammatory signals in one of three ways: either by promoting anti-inflammatory
cytokines such as IL-10 (Jasmohan S. Bajaj et al. 2011), by reducing pro-inflammatory mediators
(IL-6, TNF-a) (Kalambokis et al. 2012) or by reducing systemic endotoxin levels (Kalambokis and
Tsianos 2012)—none of these clearly contribute to lowering ammonia absorption from the
gastrointestinal tract. Nonetheless, rifaximin has been shown to improve cognition in patients with
mHE (Jasmohan S. Bajaj 2018) and has been shown to prevent hospitalizations and the recurrence
of overt HE episodes if combined with lactulose (Bass et al. 2010; Gitlin 2011). However, the
combined administration of rifaximin with lactulose in many of these studies is an important
limitation to assess the efficacy of the rifaximin alone (Hadjihambi et al. 2017) and the benefit of

rifaximin could not be demonstrated for the most serious encephalopathies (Sogni, n.d.).

Animal models of CHE are necessary to improve the understanding of the effects of these
treatments. Until now, very few studies evaluating the effect of rifaximin and/or probiotics have
been performed in animal models of type C HE (Thabut et al. 2015). One recent study suggested
that rifaximin (50mg/kg/day) did not reduce inflammation (TNF-a levels) and fibrosis in bile duct
ligated (BDL) rats (Shin et al. 2017), but there is a lack of knowledge about how rifaximin
administration impacts changes in brain metabolites concentration, which are frequently present
in HE. Therefore, further studies are needed to characterize further the potential role and

mechanisms of action of rifaximin in the setting type C HE (J. S. Bajaj 2016).

Probiotics modulate the gut bacterial flora by altering the microbial population and promoting
non-ammoniogenic bacteria (Rowland et al. 2010). A probiotic formulation containing a mixture
of eight strains (Vivomixx® in EU, Visbiome in USA®) has been recently shown to improve cognitive
function and inflammatory response in patients with cirrhosis (Roman et al. 2019). This probiotic
formulation has also been associated with significant improvement in minimal HE symptoms in
humans (Mittal et al. 2011), decreasing hospitalization rates and preventing HE episodes in
patients with cirrhosis (Lunia et al. 2014). While the effect of probiotics was often similar to
lactulose (Saab et al. 2016; Ding, Zhang, and Wang 2014; Pratap Mouli et al. 2015) they were better
tolerated clinically. Further, it is important to emphasize that there is high variability among
published studies in the strains of probiotics, daily dose or the duration of the administration of
the probiotics, all of which might influence treatment efficacy. Regarding animal studies, D’Mello
et al. reported that probiotics (formulation sold as VSL#3 until 2016, but now exclusively available
under the brands Vivomixx® and Visbiome®) improved inflammation-associated sickness behavior

in a mouse model of liver inflammation (D’Mello et al. 2015), while Lactobacillus rhamnosus GG
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reduced liver fibrosis and hepatic gene expression of IL-6 in BDL rats (Hammes et al. 2017).

However, to date, there are very few reports in animal models of type C HE.

Both the antibiotic rifaximin and probiotics have been evaluated through neurological testing in
humans. They are currently used to reduce the symptoms of HE, but longitudinal studies assessing
their effects on brain metabolism are lacking while the molecular mechanisms underpinning their
effects are not fully understood (Swaminathan, Ellul, and Cross 2018). Therefore, we aimed to use
the advantages of highly resolved *H MRS to analyze longitudinally in an established model of type
C HE the effect of the antibiotic rifaximin alone or in combination with the probiotic Vivomixx® on
the brain metabolic profile in the hippocampus and cerebellum, as they are key regions involved
in HE (Manto et al. 2012; Bahceci et al. 2005). We hypothesized that a lesser increase in brain
glutamine would be measured in the treated animals compared to the non-treated ones, followed
by a milder decrease in osmolytes and neurotransmitters. We also expected that probiotics and
rifaximin would act synergistically to induce better outcomes than rifaximin alone. The present
study evaluates for the first time the effect the antibiotic rifaximin and its use associated with a
specific probiotic formulation on the neurometabolic changes both in vivo and longitudinally in a

rat model of type C HE.
2.2 Material and methods

2.2.1 Study design

Adult male Wistar rats (150-175 g, Charles River Laboratories, L’Arbresle, France) underwent bile
duct ligation (BDL), a model of type C chronic liver disease induced HE (Butterworth et al. 2009).
Two groups of BDL rats were used. The first group was treated with rifaximin at human
pharmacological doses (‘rifaximin’, n = 12, 15.7mg/kg/day). It was administered orally twice daily
in the morning (8am) and in the evening (6pm) starting 2 weeks after BDL-surgery (‘week 2’). The
second group was treated with the same dose of rifaximin combined with the multi-strain
probiotics mixture Vivomixx® (n = 9, ‘rifaximin + probiotics’, Vivomixx® in EU, Visbiome® in USA,
60 billion bacteria/kg of rat). Vivomixx® contains 8 lyophilized, highly viable bacterial strains: 4
lactobacilli (Lactobacillus acidophilus DSM24735®, L. plantarum DSM24730°®, L. paracasei
DSM24733%, L. bulgaricus DSM24734°®), 3 bifidobacteria (Bifidobacterium infantis DSM24737°, B.
longum DSM24736®, B. breve DSM24732°®) and Streptococcus thermophilus DSM24731°).
Probiotics administration started two weeks before BDL-surgery until the end of the study. In this
group, rifaximin was administrated orally at 8 am and 3 pm, and probiotics was administered orally

daily at 7 pm.
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Starting from week O (before BDL surgery) and every two weeks thereafter, all rats underwent *H
MRS scan, blood sampling (sublingually), and feces collection for microbiology studies. Behavioral
tests (open field test) were performed to evaluate motor activity as previously described (Braissant

et al. 2019). The study design is summarized in Table 2.1.

Each animal served as its own control for all measurements. The treated groups were compared
to our previously published groups of BDL non-treated rats (n = 29) and sham-operated rats (n =
18) (Braissant et al. 2019) for comparison of open field test and H MRS measurements in the
hippocampus region. The treated groups were compared to another group of our BDL non-treated
rats (n = 15) for comparison of *H MRS measurements in the cerebellum region. Of note, as the
groups of non-treated rats were composed of males only, male rats were used in this study in order
to ensure comparable groups and the potential influence of sex on the results was not evaluated
in the present study.

Table 2.1 Longitudinal study design. The number of rats (n) measured in every group are indicated for each
week and each type of measures: ‘H’ stands for MRS scan in the hippocampus and ‘C’ for MRS scan in the
cerebellum, ‘B’ for the rats whose bifidobacteria in the feces were analysed, and ‘O-F’ for the rats who

undergone open field test. Of note for blood sampling we used the same number of rats as for the MRS scan
(data not included in the Table for readability).

Stool collection *  Blood sampling * Blood sampling * Blood sampling * Blood sampling <« Blood sampling
Start of probiotics +  Stool collection *  Stool collection *  Stool collection * Stool collection +  Stool collection
administration * MRS scan « MRS scan * MRS scan « MRS scan * MRS scan
» BDL surgery « Start of Rifaximin +  Open field *  Open field *  Open field
administration » Sacrifice and

organ collection

Nnon-treated H:29 /C:15/B:9 H:10/ C:15 H:26 / C:15/ B:9 H:22 /C:14 H:22 /C:9/B:4
O-F: 26 O-F:22 O-F:5

M hatie faerii H:9/C:9/B:6 H:9/C:9 H:9/C:9/B:6 H:9/C:9 H:8 /C:8/B:5
O-F:9 O-F: 9 O-F:7

Niitaximin H:12 /C:12 / B:10 H:12 / C:12 H:12 /C:12 / B:10 H:11/C:11 H:8/C:8/B:8
O-F:11 O-F:11 O-F:8

2.2.2 Biological and clinical characteristics of the BDL rats

Plasma measurements of ammonium and total bilirubin (sub-lingual blood collection) were
performed on a COBAS8000© analyzer (Roche, Switzerland). In order to test whether the fine
motor deficits are present (characteristic of chronic HE), locomotor activity was assessed in the
open field test as described previously (Braissant et al. 2019) at week 4, 6 and 8, before MRS scan.
This test analyzes the rodent's exploratory behavior in a confined space and is mainly used to
measure its motor functions. Open field test was performed at week 4, 6 and 8 after BDL surgery.

The rat was placed in an open circular arena divided into three concentric virtual part of different
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light intensities. Its behavior was recorded during 10 minutes. Different parameters were
evaluated with the video tracking system (Noldus Ethovision software 11.5) such as distance

moved (cm) and velocity. These parameters were calculated for the 10 minutes of the test.

2.2.3 In vivo 'H Magnetic Resonance Spectroscopy (*H MRS)

In vivo *H MRS was performed on a 9.4T MRI system (Varian/Magnex Scientific, Oxford, UK)
interfaced to a Varian Direct Drive console (Palo Alto, CA, USA) using an inhouse-built 14 mm
diameter quadrature H coil as a transceiver, as previously described (Braissant et al. 2019). Brain
metabolites longitudinal evolution was studied in the hippocampus in a voxel of interest (VOI) of
2x2.8x2mm?, implicated in cognitive deficits observed in chronic HE (Bahceci et al. 2005) and in
cerebellum in a VOI of 2.5x2.5x2.5mm?3, for its important role in motor control (Manto et al. 2012)
which is affected in chronic HE (Kharbanda, Saraswat, and Dhiman 2003), using the SPECIAL
(Mlynarik et al. 2006) sequence (TE = 2.8ms, TR = 4000ms, 160 averages). Metabolite
concentrations were estimated using LCModel combined with an in vitro metabolite basis set of
metabolites and the spectrum of macromolecules measured in vivo (Cudalbu 2013). Unsuppressed
water signal from the same VOI was used as internal reference for absolute metabolites
quantification. The ultra-high magnetic field and ultra-short TE allow to detect and quantify in vivo
18 metabolites involved in osmoregulation, neurotransmission, energy or antioxidant metabolism:
alanine (Ala), ascorbate (Asc), aspartate (Asp), glycerophosphocholine (GPC), phosphocholine
(PCho), creatine (Cr), phosphocreatine (PCr), y-aminobutyric acid (GABA), glucose (Glc), glutamine
(GIn), glutamate (Glu), glutathione (GSH), myo-inositol (Ins), lactate (Lac), N-acetylaspartate (NAA),
N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), and taurine (Tau). Cramer-Rao
lower bounds (CRLB) calculated from the LCModel were used as a reliability measure for the
metabolite concentration estimate. Only metabolites with CRLB lower than 30 % were considered

for further analysis.

During all the MRS/MRI procedures and biochemical measurements, animals were anesthetized
using 1.5-2 % of isoflurane in 50 % air / 50 % oxygen. Respiration rate was maintained at 60-70
breaths/min and body temperature at 37.5-38.5 °C. Animals had unrestricted access to standard
rat food and water for the duration of study. All procedures were approved by the Committee on

Animal Experimentation for the canton of Vaud, Switzerland (authorization 2812).
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2.2.4 Bifidobacteria measurements

Feces were collected at week 0, 4 and 8 to measure bifidobacteria concentration. Real-time PCR
was used to quantify bifidobacteria and lactobacilli using genus-specific primers as described
previously (Mastromarino et al. 2014). These measurements were performed in collaboration with

Prof. Mastromarino.

2.2.5 Statistical analysis

All results are presented as mean * SD and % increase/decrease compared to week 0. One-way
ANOVA (Prism 5.03, Graphpad, La Jolla CA USA) with respect to each metabolite in the
neurochemical profile followed by Bonferroni’s multi-comparisons post-test was used within a

single group.

Two-way ANOVA (Prism 5.03, Graphpad, La Jolla CA USA) followed by the Bonferroni's multi
comparisons post-test was used to assess significance (p<0.05) in bifidobacteria, distance moved,
brain and plasma metabolite's changes between the groups ('treatment' factor). As variations in
metabolite concentrations between groups may appear as early as week 0, our analysis is based
on the results of the two-way ANOVA on metabolites changes both in absolute value and relative
to week 0. All tests were 2-tailed. In addition, for metabolites with a significant difference between
groups ('treatment' factor) both in absolute concentration and relative to week 0, additional two-
way ANOVA tests were performed by comparing the ‘non-treated’ group and each of these two
groups individually. This was done to eliminate the potential influence of the differences between

the ‘rifaximin’ group and the ‘rifaximin + probiotics’ group.

Pearson correlation analysis was performed on longitudinally acquired data to test for correlations

between brain metabolites and plasma values.

2.2.6 Sample size calculation

Our study consists of evaluating a continuous response variable (metabolite concentration) from
independent controls (non-treated) and experimental (treated) subjects. In our first preliminary
study, the SD was = 1.2 mmol/kg ww for GIn concentration at week 8, a key metabolite in HE. To
be able to detect a difference in brain GIn concentration of 20 % at week 8 between the groups,
which is what we expected considering our preliminary study (Flatt et al. 2017), we needed to
include at least n = 8 treated and n = 13 non-treated rats to be able to reject the null hypothesis

that the population means of the treated and non-treated groups are equal with probability
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(power) of 0.8 (“PowerSampleSize < Main < Vanderbilt Biostatistics Wiki” n.d.). The type | error
associated with this test of null hypothesis is 0.05. The number of BDL rats in each group were

chosen accordingly.

2.3 Results

To characterize the biological and clinical features of the BDL rats we measured plasma bilirubin
levels, whose increase was present in the three groups of rats without significant difference
between groups, confirming the presence of CLD-induced HE (Figure 2.1A). All rats displayed a
similar ammonium increase regardless of the group (Figure 2.1B). During the open field test, the
distance traveled decreased from week 4 to week 8 in all groups of BDL rats and was significantly
shorter than the sham-operated animals. No significant differences were observed between the
three BDL groups throughout of the study (Figure 2.1D). Regarding the time spent in the wall-zone,
centre-zone and inter-zone, and latency to enter centre-zone, we found no difference between

the groups, suggesting animal anxiety was not a variable.

There were significant differences in the longitudinal evolution of the amount of bifidobacteria in
feces between the three groups (p = 0.03, Figure 2.1C). The difference was particularly pronounced
at week 8 where the amount of bifidobacteria in the ‘rifaximin + probiotics’ group was on average

twelve times higher compared to ‘non-treated’ group.

We further noted that the general condition of the rats in the ‘rifaximin + probiotics’ group was
overall better than in the ‘rifaximin’ group, as reflected by the fact that only one rat reached the
humane endpoint (euthanasia) in this group before the eight weeks of the study compared to four
rats in the ‘rifaximin’ group (Figure 2.1E). Of note, the ‘non-treated’ BDL rats come from a
previously published study (Braissant et al. 2019) where no such assessment was performed since

some of the rats were sacrificed before reaching the humane endpoint for additional measures.

To assess the neurometabolic consequences of BDL we performed in vivo 'H Magnetic Resonance
Spectroscopy (*H MRS) at 9.4 Tesla. The high quality of the spectra throughout the study allowed
the separation of GIn from Glu and thus quantification of 16 brain metabolites (Figure 2.2). All the
groups exhibited a significant increase of brain GIn due to ammonia detoxification, and a
subsequent reduction of other brain osmolytes (Ins, Tau, tCho), as well as antioxidants and

neurotransmitters.

Brain GIn significantly increased in all three groups both in the hippocampus and the cerebellum

(Figure 2.3). However, *H MRS revealed significant differences in longitudinal GIn changes between
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the ‘rifaximin + probiotics’, the ‘rifaximin’ and the ‘non-treated’ rats: Gln increase was significantly
lower in the ‘rifaximin + probiotics’ group at week 2, 4, 6, and 8 in the hippocampus compared to
the ‘non-treated’ group, both in absolute value and relative to week 0 (+99 % in the ‘rifaximin +
probiotics’ group vs +136 % in the ‘non treated’ group at week 8, Figure 2.3A and Table 2.2).
Similarly, in the cerebellum region, the ‘rifaximin + probiotics’ rats showed a lower rise in brain GIn
at early stage of HE compared to ‘non-treated’ rats (+26 % in the ‘rifaximin + probiotics’ group vs
+66 % in the ‘non treated’ group at week 4, Figure 2.3B) with the differences observed between
groups being significant both in absolute value and relative to week 0 (Table 2.2). However, no

significant differences were observed between ‘rifaximin’ rats and the ‘non-treated’ rats.

Furthermore, brain Gln in the hippocampus correlated positively with blood ammonium in the
‘rifaximin + probiotics’ group (r = 0.85, p<103, Figure 2.3C) while the correlation did not reach
significance in the ‘rifaximin’ group (r = 0.27, p = 0.056, Figure 2.3C). The correlations between
cerebellar GIn and ammonium measured were similar to those observed in the hippocampus (r =
0.83, p<103in the ‘rifaximin + probiotics’ group; r = 0.26, p = 0.081 in the ‘rifaximin’ group).
Interestingly, in both treated groups the distance moved in the open field test correlated
negatively with GIn in the cerebellum, an important region implicated in motor control (r = -0.51,
p = 0.009 in the ‘rifaximin + probiotics’ group; r = -0.65, p = 0.0001 in the ‘rifaximin’ group, Figure
2.6).
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Figure 2.1 Longitudinal changes in plasma total bilirubin (A) and NH;* (B) in the three groups. (C)
Bifidobacteria concentration in feces in the three BDL groups. (D) Distance traveled by the three groups of
BDL and sham-operated rats. (E) Percentage of BDL rats at each week in the ‘rifaximin + probiotics’ group
and in the ‘rifaximin’ group. One-way ANOVA was used to assess the significance intra-group (A,B) and two-
way ANOVA to assess significance between-groups (‘treatment’ factor; C,D). Statistical significance: * p <
0.05; ** p < 0.01; *** p < 0.001.
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Figure 2.2 Representative *H MRS spectra in the hippocampus of a ‘BDL + rifaximin & probiotics’ rat at week
0 and week 8 after BDL. Part of the spectra corresponding to GIn are shown in blue, which visibly increased
from week 0 to week 8. The green rectangle shows the region considered in the hippocampus on the T,

weighted axial image of the rat brain.
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Figure 2.3 Brain Gin evolution in the hippocampus (A) and in the cerebellum (B) from week 0 to week 8 in the
three groups. Statistical significance intra-group reported: one-way ANOVA (* p < 0.05; ** p < 0.01; ***p <
0.001). The relative increases shown are relative to week 0. (C) Correlation between brain GIn in the
hippocampus and plasma ammonium in rats treated with the combination of rifaximin and probiotics (green)
and in rats treated with rifaximin only (blue).

The decrease of the osmolyte Ins was significant in all groups in both hippocampus and in
cerebellum but was less marked in the ‘rifaximin + probiotics’ group compared to two the other
groups at week 6 and at week 8, both in absolute value and relative to week 0 (-10 % in the

‘rifaximin + probiotics’ group vs -15 % in the ‘non treated’ group at week 6, Figure 2.4).
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Among the other brain organic osmolytes, no significant differences were observed between the
groups in the decrease of Tau, an important osmolyte preferentially concentrated in neurons
(Brand, Richter-Landsberg, and Leibfritz 1993), neither in the hippocampus nor in the cerebellum.
Similarly, no difference was found in cerebral tCho decrease between groups (Figure 2.4 & Figure

2.5).

Cr, a metabolite known for its role in energy metabolism and reported to be involved in
neuroprotection and osmoregulation (Rae 2014; Braissant 2010) showed a decrease in the
hippocampus in the three groups without any significant difference between groups. However, in
the cerebellum, Cr concentration was nearly stable over time in the ‘probiotics + rifaximin’ group
(-4 % at week 8, Figure 2.5) while its decrease was stronger in the two other groups (-11 % in the
‘rifaximin’ group vs -15 % in the ‘non-treated’ group at week 8, Figure 2.5). These differences
between the groups were significant both in absolute and relative value (Figure 2.5 and Table 2.2).
Although not reaching significance, there was a trend toward lesser reduction of tCr in the
‘rifaximin + probiotics’ group compared to the ‘non-treated’ group both in the hippocampus (-2 %

vs -6 % at week 6) and in cerebellum (-4 % vs -10 % at week 6).

Among the neurotransmitter-related metabolites, Glu decrease was less marked in the ‘rifaximin
+ probiotics’ group and in the ‘rifaximin’ groups compared to the ‘non-treated’ group in both
hippocampus (-4 % in the ‘rifaximin + probiotics’ group vs -8 % in the ‘non-treated’ group at week
6, Figure 2.4) and cerebellum (-2 % in the ‘rifaximin + probiotics’ group vs -15 % in the ‘non-treated’
group at week 6, Figure 2.5). Interestingly, these differences between groups were significant only
in the cerebellum (Table 2.2). Asp decreased similarly between groups without reaching

significance (Figure 2.4).

When considering antioxidants measurable by 'H MRS, the Asc decrease was slightly less marked
in the two treated groups while no significant changes were observed for GSH. Lac, a metabolite
involved in CNS energy metabolism, exhibited a slight tendency to increase in the three groups in
the hippocampus, but none of these changes reached significance. In the cerebellum, however,
the Lac increase was more substantial and significant at week 8 in all groups (+80 %, +109 %, + 92
% at week 8 in the ‘non-treated’, ‘rifaximin + probiotics’, ‘rifaximin’ groups respectively) but did
not significantly vary between the groups (Figure 2.4, Figure 2.5 and Table 2.2). GABA, PE, NAA,
NAAG nor tNAA did not change significantly during the course of the study in any of the groups or

brain region.
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We also measured the correlations between Gln, for its central role in the development of HE, and
other neurometabolites to assess inter-metabolite dependencies in treated BDL rats. Overall, with
each of the two treatments, the hippocampal GIn increase was strongly correlated with the
decrease in Ins (p<0.001 for both groups) and with the decrease in tCho (p<0.001 for both groups).
We found also a negative correlation between GIn and Glu, which was more marked in the
‘rifaximin + probiotics’ group (r =-0.36, p = 0.017) compared to the ‘rifaximin’ group (r=-0.29, p =
0.027). In the cerebellum region, in both treated groups Gin also correlated negatively with Ins
(p<0.001 in both groups), tCho (p<0.01 in both groups). GIn correlated negatively with Glu in the
‘probiotics + rifaximin’ group only (p<0.01). Unlike the hippocampal region, a strong correlation

was measured with Tau (p<0.001 in both groups).

Furthermore, for metabolites with a significant difference between groups ('treatment' factor)
both in absolute concentration and relative to week 0 (GIn, Cr, Glu, Table 2.2) as well as for
bifidobacteria (Figure 2.1C), we performed an additional two-way ANOVA test to compare only the
‘non-treated’ group and the ‘rifaximin + probiotics’ group. The differences between the groups
were all significant: GIn hippocampus, p < 0.001; GIn cerebellum, p < 0.05; Glu cerebellum, p <

0.05; Cr cerebellum, p < 0.01; bifidobacteria, p < 0.05.
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Figure 2.4 Longitudinal *H MRS data of brain metabolites in the hippocampus region of the ‘rifaximin’ treated
group, the ‘rifaximin + probiotics’ treated group and the group without treatment. Relative changes indicated
in the graph at week 6 are calculated relative to week O and are indicated for metabolites whose
concentrations significantly varied over time. Statistical significance: one-way ANOVA (* p < 0.05; ** p<0.01;
***p <0.001).
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Figure 2.5 Longitudinal *H MRS data of the brain metabolites in the cerebellum region of the ‘rifaximin’
treated group, the ‘rifaximin + probiotics’ treated group and the group without treatment. Relative changes
indicated in the graph at week 6 are calculated relative to week 0 and are indicated for metabolites whose
concentrations significantly varied over time. Statistical significance: one-way ANOVA (* p < 0.05; ** p<0.01;
***p <0.001).

Note that in the cerebellum many concentrations estimated with LCModel of Asp and Ala were excluded due

to their unreliability. As this made difficult to interpret the variations of these metabolites, their evolutions
are not shown. GSH at week 8 is not shown for the same reason.
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Table 2.2 Summary of statistical significance of the two-way ANOVA for ‘treatment’ factor (i.e ‘rifaximin’,
‘rifaximin + probiotics’, ‘non-treated’) for each metabolites whose concentrations significantly varied over
time, both in absolute concentrations and relative to week 0 in hippocampus and cerebellum. Metabolites
which significantly differ between the groups both in absolute and relative values are highlighted in red. Of
note, the interaction was not significant for any of the metabolites. The relative increase reported are relative
to week 0. Statistical significance:* p < 0.05; ** p < 0.01; *** p < 0.001.

Two way
ANOVA -
significance Hippocampus Cerebellum
for ‘treatment’
factor
Absolute Relative to Absolute Relative to
concentrations week 0 concentrations week 0
Gln *%k% *% * *
Ins Fkik ns K*kk ns
tCho * ns ns ns
Tau ns ns ns ns
Cr ns ns * *
tCr * ns ns ns
Lac ns ns e ns
Glu *%k%k ns * *%
Asc ol ns ns ns
A BDL + rifaximin & probiotics B BDL + rifaximin
6000- 6000-
= L r=-0.51
£ °
3, . p = 0.009
S 4000- * 4000
> 2
[+]
% 2000- 2000-
7
o
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Figure 2.6 Correlation between brain Gin in the cerebellum and the distance moved in the open field test in
BDL rats treated with the combination of rifaximin and probiotics (A) and in BDL rats treated with rifaximin
only (B).
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2.4 Discussion

The present study reports for the first time the positive effect of combined rifaximin and the
probiotic Vivomixx® on the neurometabolic changes in vivo and longitudinally in a rat model of
type C HE. The characteristic longitudinal increase of GIn and decrease of Glu, known to
characterize HE, and the recently reported decreased in Cr, were significantly less pronounced in

rats treated with rifaximin and probiotics compared to the two other groups.

In each group, the pattern characteristic of chronic HE was observed by H MRS longitudinal
measurements and was also noticeable from the spectra (Figure 2.2). We measured in all three
groups a gradual increase of brain GIn followed by a gradual decrease in Ins and other osmolytes,
such as Tau and Cr. These observations are in agreement with previously published studies in BDL
rats and CLD patients (Cérdoba et al. 2001; Rackayova et al. 2016; Braissant et al. 2019) and
confirm the already well-known partial compensatory effect to maintain osmotic balance in the

presence of Gln accumulation.

The measured plasma bilirubin values as well as the lack of significant changes in treated animals
are in agreement with a recently published study on BDL rats treated with probiotics (Hammes et
al. 2017). We observed a significant increase in plasma ammonium in all groups to a level similar
to that reported in other studies using BDL rats (Aamann et al. 2019), with a high intra-group
variability. No significant differences were observed between groups, despite the administration
of rifaximin combined with probiotics or rifaximin alone, whose purported role is to reduce the
production of gut ammonium. However, the effect of rifaximin on plasma ammonium levels is still
disputed, and some studies reported that its use had no significant effect on plasma ammonium
levels either in BDL rats (Thabut et al. 2015) or in humans (Jasmohan S. Bajaj et al. 2011). In
contrast, some studies reported a reduction in blood ammonium after the treatment (Pedretti et
al. 1991; Festi et al. 1993; Paik et al. 2005), but it is now generally considered that despite the
irrefutable and central role of ammonium in the pathogenesis of HE, its plasma levels display large
inter-individual variability and are not always useful to predict the severity of HE or to assess the
response to therapy, especially in chronic HE (Nicolao et al. 2003; Felipo and Butterworth 2002;
Aldridge, Tranah, and Shawcross 2015; Mallet et al. 2018). Given these aforementioned elements
and the challenges related with the ammonium measurements, additional multi-modal methods
must be used and combined to accurately assess the effect of different therapeutic options in

chronic HE, as put forth in the present study.
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The GIn increase was significantly less pronounced in the ‘rifaximin + probiotics’ group at weeks 4,
6 and 8 compared to the two other groups. Therefore the significantly lower decrease of brain Glu
in the ‘rifaximin + probiotics’ group suggests that the reduction in brain Glu is mainly the result of
ammonium detoxification through glutamine synthetase, which catalyzes the formation of
glutamine from ammonium and glutamate in astrocytes (Cooper and Plum 1987). The significant
correlation between GIn and Glu (in all of the three groups) is consistent with this hypothesis. In
addition, the correlations found between hippocampal Gin, Ins, Tau and plasma NH;" are in

agreement with the previously published results in non-treated BDL rats (Braissant et al. 2019).

While Glu showed a significantly less pronounced decrease in the ‘rifaximin + probiotics’ group,
Asp, a selective NMDA receptor agonist, showed a similar trend of decreasing concentration in all
groups, although not significant (Figure 2.4). Even if the role of Asp as an excitatory
neurotransmitter is still debated, its decrease might be linked to alteration in the
neurotransmission system, which is known to play an essential role in the pathophysiology of HE
even though the precise mechanisms are not yet fully identified (Felipo 2013). In addition, no
significant changes in the inhibitory neurotransmitter GABA concentrations were observed in all

groups, consistent with our previous studies in non-treated BDL rats (Braissant et al. 2019).

A smaller decrease of Cr, tCr and Ins was measured in the ‘rifaximin + probiotics’ group, consistent
with the fact that following the osmotic imbalance created by the increased GlIn, the decreases of
these different osmolytes are compensatory mechanisms to maintain osmotic balance. These
smaller variations of Cr and tCr, metabolites also involved in energy metabolism, suggest a lower
osmotic imbalance and possibly improvement of the energy metabolism in the ‘rifaximin +

probiotics’ group.

Regarding microbiota, rifaximin alone did not significantly alter bifidobacteria concentration in
feces. This is in keeping with previous findings reporting no significant change in microbial
composition after rifaximin administration in humans (DuPont et al. 2005; Ridlon et al. 2013) and
stating that the potential positive effects of the treatment result most likely from a beneficial
modulation of the gut microbiota metabolic profile rather than from a significant rearrangement
of the intestinal microbial community (Ponziani et al. 2015; Jasmohan S. Bajaj et al. 2013). The
probiotics used in our study resulted in a significantly higher bifidobacteria concentration at week
4 and week 8 in the intestines of rats treated with rifaximin combined with probiotics compared
to the two other groups. These modifications may have decreased the production and absorption
of ammonium, as reported in various studies in humans (Sharma et al. 2008; Pratap Mouli et al.

2015; Pereg et al. 2011) and might explain the lower brain Gln measured in this group. These
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results are consistent with a previous preliminary study showing an increase of bifidobacteria in
gut microbiota in BDL rats treated with probiotics only (Rackayova et al. 2017). Nonetheless,
further investigation is warranted as only three time points were assessed (weeks 0, 4 and 8) and

only a limited number of samples were analyzed in the present study.

Alterations in gut microbiota composition and function in CLD contribute to the systemic
inflammation and accumulation of gut-derived toxins. As both rifaximin and probiotics influence
systemic inflammation (J. S. Bajaj 2016; Stadlbauer et al. 2008), the longitudinal assessment of
inflammatory markers in the blood (TNF-a, CRP, WBC counts) and markers of neuroinflammation

remains to be performed.

Of note, different elements motivated the design of this study: first, various studies suggested that
probiotics improve antibiotic therapy as they possess immunomodulatory properties, promote the
recovery of commensal microbiota and increase treatment tolerability (Reid 2006; Boyanova and
Mitov 2012). To date, the evidence is unclear as to the best time to take probiotics. For now,
patients are advised to take probiotics before, at the same time as, or even after taking antibiotics.
Second, one purpose of the present study was to have two comparable groups. Therefore,
modulation of the gut flora started two weeks before BDL surgery in the ‘rifaximin + probiotics’
group and rifaximin was administered at the same dosage per day in both treated groups
(‘rifaximin’ and ‘rifaximin + probiotics’). In the ‘rifaximin + probiotics’ group, the timing of
administration was chosen in order to minimize the direct interaction between the two treatments
in the gastrointestinal tract. These strategies used in our experimental design may have affected
the magnitude of the results and evaluating the effect of rifaximin and probiotics administered

under a different protocol remains to be further investigated.

Overall, while rifaximin alone at this specific dose appeared to induce no significant effect on the
neurometabolic profile compared to non-treated BDL rats, its association with probiotics resulted
in more attenuated neurometabolic alterations in BDL rats followed longitudinally. Our results on
rifaximin alone are consistent with a recent study that explored the effects of rifaximin in BDL rats,
where the authors concluded that rifaximin at this specific dose did not show efficacy in the
treatment of HE (Petrazzo 2020). These observations leads us to consider that the positive effects
observed are mainly due to this specific probiotic formulation, which has shown to help to recover
intestinal barrier, decrease inflammation (Nava and Stappenbeck 2011) and decrease the
production of bacterial toxins in humans (Rowland et al. 2010). Our results are consistent with our

findings showing a beneficial effect of probiotics alone in BDL rats (Rackayova et al. 2017).
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We conclude that in BDL rats rifaximin treatment combined with probiotics administration can be
associated with positive effects on brain GIn, Glu and Cr levels in a model of type C HE. The clinical
implications of these findings are essential given that both rifaximin and some probiotics are used

in the treatment of HE.
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Chapter 3 Antibiotic rifaximin at

different doses for treatment of
chronic liver disease-induced HE: a
longitudinal in vivo *H MRS study of
brain metabolism in bile duct-ligated
rat model
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Abstract

Rifaximin is a commonly-used antibiotic to treat hepatic encephalopathy (HE), a complex
neuropsychiatric syndrome caused by hepatic dysfunction. Rifaximin aims at reducing the
production of gut ammonia, an important toxin in HE pathogenesis. In Chapter 2, we showed that
rifaximin at the recommended human dose induced overall no significant effect on the
neurometabolic profile compared to non-treated BDL rats, and that it may help reduce brain GIn
levels only in early stages of HE. These findings raised the question of the efficacy of the dose used,
therefore we hypothesized that the effect of rifaximin on neurometabolic profile is dose-related.
To test this hypothesis, the effects of a higher dose of rifaximin (6.2x human dose, resulting from
the conversion from human dose to rat (Nair and Jacob 2016)) were assessed. We used the
advantages of highly resolved *H MRS at 9.4 T combined with plasma measurements (NH4*,
bilirubin) and behavioral test (open field) to analyze longitudinally the effect of the antibiotic
rifaximin at a higher dose on the brain metabolic profile in the hippocampus in BDL rats. Results
were compared with non-treated rats and human-dose treated rats (15.7 mg/kg/day). While
rifaximin at human dose appeared to have an effect only at the early stages of the disease, a higher
dose resulted in lesser alterations in the concentrations of some brain metabolites (GIn, Glu, tCr).
However, and importantly, BDL rats treated with a higher dose of rifaximin moved significantly less
than the two other groups. We also noted that the general condition of these rats was overall
worse than the rats treated with human dose of rifaximin. It is therefore possible that such a high
dose of antibiotics also leads to some undesirable side-effects such as electrolyte abnormalities or

inherent drug toxicity.

This chapter was partially adapted from:

E.Flatt, V.A. McLin, O.Braissant, R.Gruetter and C.Cudalbu, Antibiotic rifaximin at different doses
for treatment of chronic liver disease-induced HE: a longitudinal in vivo *H MRS study of brain
metabolism in bile duct-ligated rat model, manuscript in preparation.

| contributed to the design of this study, collected and processed the data, interpreted the results
and wrote the paper.
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3.1 Introduction

Hepatic encephalopathy (HE) is a complex neuropsychiatric syndrome caused by hepatic
dysfunction. Currently, the only curative treatment for patients with liver failure or disease is liver
transplantation. Since more patients need a liver transplantation compared to the number of
available livers, managing liver diseases complications remains the primary challenge. Moreover,
there is no universally accepted standards for treatment and the challenge of finding the right

treatment to reduce HE symptoms remains to be met.

Rifaximin is a gut-selective non—absorbable antibiotic, commonly used to treat HE. It has a broad
spectrum of antibacterial activity, acting against Gram-positive and Gram-negative bacteria, both
aerobes and anaerobes. As detailed in Chapter 2, the molecular mechanisms behind the effect of
rifaximin are still not clear and the lack of placebo group in many of the studies using rifaximin is
an important limitation to assess its efficacy alone (Hadjihambi et al. 2017). Studies are needed to
characterize further the potential role and mechanisms of action of rifaximin in the setting of

cirrhosis and hepatic encephalopathy (J. S. Bajaj 2016).

In Chapter 2, we showed that rifaximin at human dose may help reduce brain GIn levels only in
early stages of HE but no difference between treated or non-treated rats was observed from week
6 post-BDL (Flatt et al. 2017; 2019). These findings raised the question of the efficacy of the dose
used, therefore we hypothesized that the effect of rifaximin on neurometabolic profile is dose-
related. To test this hypothesis, the effects of a higher dose of rifaximin (6.2x human dose) were
assessed. This 6.2 factor results from the conversion from human dose to rat and takes into
account not only the body weight, but also the body surface area and pharmacokinetics (Nair and
Jacob 2016)). We used the advantages of highly resolved *H MRS to analyze longitudinally the
effect of the antibiotic rifaximin at a higher dose on the brain metabolic profile in the hippocampus

in an established rat model of type C HE.
3.2 Material and methods

3.2.1 Study design

Adult male Wistar rats (150-175 g, Charles River Laboratories, L’Arbresle, France) underwent bile
duct ligation (BDL). A group of 8 BDL rats were treated with rifaximin at 6.2x human dose, resulting
from the conversion from human dose to rat (‘Rifaximin 6x human dose’ = ‘high-dose rifaximin’ =

97.3 mg/kg/day, n = 8) (Nair and Jacob 2016)). *H MRS was performed in hippocampus region,
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implicated in cognitive deficits observed in chronic HE. Rifaximin was administered orally twice

daily at 8 am and 6 pm starting 2 weeks after BDL-surgery (‘week 2’).

Starting from week O (before BDL surgery) and every two weeks thereafter, all rats underwent *H
MRS scan and sublingually blood sampling. Behavioral tests were also performed in order to
evaluate motor activity at week 4, 6 and 8, before MRS scan. The longitudinal study design is

summarized in Table 3.1. Each animal served as its own control for all measurements.

The results were compared to a group of 12 BDL rats treated with rifaximin at human
pharmacological doses (‘Rifaximin human dose’ = 15.7mg/kg/day) presented in Chapter 2, and to
a group of BDL non-treated rats (n=17) scanned in the same period of time (Simicic et al. 2019;
Braissant et al. 2019). Of note, as the group of non-treated rats is composed of males only, male
rats were used in this study in order to get rid of the potential influence of sex on the results.

Table 3.1 Longitudinal study design. The number of rats (n) measured in every group are indicated for each
week and each type of measures: ‘MRS’ stands for MRS scan in the hippocampus and ‘O-F’ for the rats who

undergone open field test. Of note for blood sampling we used the same number of rats as for the MRS scan
(data not included in the Table for readability).

Blood sampling + Blood sampling * Blood sampling * Blood sampling + Blood sampling

MRS scan * MRS scan * MRS scan * MRS scan * MRS scan

BDL surgery » Start of Rifaximin «  Open field *  Open field »  Open field

administration »  Sacrifice and

organ collection
Npon-treated MRS:17 MRS:17 MRS:13 / O-F: 13 MRS:13 / O-F:13 MRS:9 / O-F:5
syt G e Glese MRS:8 MRS:8 MRS:8 / O-F:8 MRS:6 / O-F: 6 MRS:2 / O-F:2
Nyifaximin human dose MRS:12 MRS:12 MRS:12 / O-F:11 MRS:11 / O-F:11 MRS:8 / O-F:8

3.2.2 Biochemical measurements and behavorial test

Plasma measurements of total bilirubin were performed on each rat before BDL surgery (week 0)
and at post-operative weeks 2, 4, 6 and 8 on an Integra© or a COBAS8000© analyzers (Roche,
Switzerland). As described in Chapter 2, plasma ammonium was measured on the rats in ‘rifaximin
human dose’ group (Integra®© analyzer, Roche, Switzerland). In both the non-treated rats and the
rats treated with a higher dose of rifaximin (‘6x human dose’), blood ammonium was measured
using a PocketChem™ BA analyzer. Evolution of the three groups is thus reported in relative value,
as ammonium was measured in the plasma for the ‘rifaximin human dose’ group and in the blood
for the two other groups. In order to evaluate motor activity in the different groups, the open field

test was used as explained in Chapter 2.
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3.2.3 In vivo 'H Magnetic Resonance Spectroscopy (*H MRS)

Brain metabolites longitudinal evolution was studied in the hippocampus in a voxel of interest
(VOI) of 2x2.8x2mm3using a 9.4T MRI system. The details of the procedure used for in vivo *H MRS

are described in Chapter 2.

3.2.4 Statistical analysis

All results are presented as mean + SD. One-way ANOVA (Prism 5.03, Graphpad, La Jolla CA USA)
with respect to each metabolite in the neurochemical profile followed by Bonferroni’s multi-
comparisons post-test was used within a single group. Two-way ANOVA (Prism 5.03, Graphpad, La
Jolla CA USA) followed by the Bonferroni's multi comparisons post-test was used to assess
significance (p<0.05) in brain and plasma metabolite's changes between the groups (‘treatment’
factor). Of note, repeated measures ANOVA were not performed on our longitudinal data since in
the ‘non-treated’ group, some of the rats were sacrificed before reaching the humane endpoint
for additional measures. Pearson correlation analysis was performed on different longitudinally

acquired data to test for correlations between brain metabolites and plasma values.

3.3 Results

The increase in plasma bilirubin confirmed the presence of CLD-induced in the three groups of rats
(Figure 3.1A). The rats displayed a similar blood ammonium increase in the ‘non-treated’ and the
‘high-dose rifaximin’ group (Figure 3.1D) and the relative increase of ammonium (blood or plasma)
was less marked in the ‘rifaximin human dose’ group (Figure 3.1B). During the open field test, the
distance travelled significantly decreased from week 4 to week 8 in all groups of BDL rats, indicating
the presence of motor deficits, characteristic of chronic HE. Interestingly, BDL rats treated with a
higher dose of rifaximin (‘BDL + rifaximin 6x human dose’) moved significantly less than the two

other groups (Figure 3.1C).

The high quality of the spectra throughout the study allowed the separation of GIn from Glu and

the reliable quantification of 16 brain metabolites (Figure 3.2).

Brain GIn significantly increased in all of the three groups (p<0.001, Figure 3.3) due to ammonia
detoxification and showed significant differences between the ‘high-dose rifaximin’, the ‘non-
treated’ and the ‘rifaximin human dose’ groups: Gln increase was significantly lower in the ‘high-
dose rifaximin’ group compared to the two other groups. This difference was especially marked at
week 6 and at week 8, both in absolute value and relative to week 2 (42 % vs +118 % at week 8,

Figure 3.3). Moreover, a trend of decrease of brain GIn was observed between week 4 and week

88



6 in the ‘high-dose rifaximin’ group while it was continuously and significantly increasing in the
‘non-treated’ and the ‘rifaximin human dose’ groups. Also, brain GIn was positively correlated with
blood ammonia in the ‘high-dose rifaximin’ group (R = 0.61, p<0.001, Figure 3.3C) while the

correlation did not reach significance in the ‘rifaximin human dose’ group (r = 0.27, p = 0.056).
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Figure 3.1 (A) Longitudinal changes in plasma total bilirubin (B) NH4* evolution in relative value in the three
groups (measured in plasma for the ‘rifaximin’ group and in blood for the two other groups) and (D) blood
NH4* in absolute value in ‘non-treated’ and ‘high-dose rifaximin’ groups. (C) Distance traveled by the three
groups of BDL rats. Two-way ANOVA was used to assess significance between-group (‘treatment’ factor).

Gln increase was followed by a subsequent reduction of other brain osmolytes as an osmolatory
response. The diminution of Ins was significant in all groups but was less marked in the ‘high-dose
rifaximin’ group (-15 + 7 % from week 2) compared to the non-treated group (-24 + 10 %) and the
group treated with the human dose of rifaximin (-28 + 16 %). Among the other brain organic

osmolytes, Tau concentration decreased in all of the three groups and there was no significant
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difference between the groups. The decrease was highly pronounced between week 0 and 2 in the
two treated groups with no significant variations thereafter while in the non-treated group, Tau
concentration decreased linearly from week 0 to week 8 (Figure 4). PCho, another brain osmolyte,

showed no significant difference in its decrease between the groups (Table 3.2).

Cr, a metabolite recognized for its role in energy metabolism and reported to be involved in
osmoregulation and neuroprotection (Rae 2014; Braissant 2010) showed a stronger decrease in
the ‘rifaximin human dose’ group and in the ‘non-treated’ group (significant at week 8, p<0.01)
while a less marked and non-significant change was observed in the "high-dose rifaximin’ group.
Similarly, tCr decreased significantly over the course of the study in the ‘non-treated’ group
(p<0.05) and the ‘rifaximin human dose’ group (p<0.01) while no significant decrease was observed

in the ‘high-dose rifaximin’ group (Figure 3.4).

Among the neurotransmitter, Glu showed no significant decrease in the ‘high-dose rifaximin’
treated group, whereas it reached -11 + 6 % at week 8 compared to week 2 in the non-treated
group (p<0.001) and -9 + 10 % in the ‘human-dose rifaximin’ group (p<0.05, Figure 3.4). Asp

decreased similarly between the groups without reaching significance.

Regarding antioxidants, the Asc decrease was slightly less marked in the ‘high-dose rifaximin’
group without reaching significance in any of the groups. No significant changes were observed for
GSH. In addition, Lac, a metabolite involved in CNS energy metabolism, exhibited a small tendency
to increase in each of the treated groups, but no variation were significant. No significant changes
were observed in GABA, PE, NAA, NAAG nor tNAA during the course of the disease in any of the

groups.

However, and importantly, we noted that the general condition of the rats in the ‘high-dose
rifaximin’ group was overall worse than in the ‘rifaximin human dose’ group, as reflected by the
fact that six out of eight rats reached the humane endpoint (euthanasia) in this group before the
eight weeks of the study compared to four out of twelve rats in the ‘rifaximin’ group. The number
of rats reaching the humane endpoint in the ‘high-dose rifaximin’ group is considerably higher than
in the ‘rifaximin + probiotics’ group (1/9 at week 8, Chapter 2). Of note, the ‘non-treated’ BDL rats
come from previously published studies (Simicic et al. 2019; Braissant et al. 2019) where no such

assessment was performed.
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Figure 3.2 Representative *H MRS spectra in the hippocampus of a ‘BDL + rifaximin 6x human dose’ rat at
week 0 and week 8 after BDL. Part of the spectra corresponding to Gln are shown in blue. Green rectangle
shows the region considered in the hippocampus.
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Figure 3.3 (A) Brain Gin evolution from week 0 to week 8 in absolute value in the three groups. (B) Comparison
of brain GIn evolution relative to week 2 in the three groups: BDL without treatment, BDL treated with human
dose, and the BDL rats treated with 6x human dose. (C) Correlation between brain Gln and blood ammonia
in rats treated with 6x human dose of rifaximin. One-way ANOVA was used to assess the significance intra-
group and two-way ANOVA to assess significance between-groups. Statistical significance: * p < 0.05; ** p
<0.01; *** p<0.001.

EZ3 BDL w/o treatment

E3 BDL + rifaximin
human dose

BDL + rifaximin 6x

human dose

Taurine Myo-Inositol Glutamate
¥ ¥k

brain Tau mmol/kg ww
brain Ins mmol/kg ww
brain Glu mmol/kg ww

SISEL SP>EL S PP P
Ascorbate

k%%
T

o
]

brain Cr mmol/kg ww
b
S e,
brain tCr mmol/kg ww
brain Asc mmol/kg ww

]
3
-
]
4

SPLEL SPP PP SPP PP

> EL

Figure 3.4 Longitudinal evolution of some of the main brain osmolytes (Ins, Tau), metabolites involved in
energy metabolism (Cr, tCr), neurotransmitter (Glu) and antioxidant (Asc) in the hippocampus of the ‘high-
dose rifaximin’ treated group, the ‘human-dose rifaximin’ treated group and the group without treatment.
Relative changes indicated in the graph are calculated relative to the means at week 2, corresponding to the
start of the rifaximin treatment. Black, blue and red arrows show different trends in the groups from week 2.
Two-way ANOVA was used to assess significance between-groups. Statistical significance: * p <0.05; **p <
0.01; *** p < 0.001.
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Table 3.2 Two-way ANOVA results for each metabolite in the hippocampus. Statistical significance: * p <
0.05; ** p <0.01; *** p <0.001; **** p < 0.0001.

Interaction Treatment Time
F(df,,dfs); p F(df,,dfy); p F(df,,dfy); p
GIn 2.98(8,141); * 7.20(2,141); ** 32.81(4,141); ****
Ins 0.68(8,141); ns 22.22(2,141); **** 22.79(4,141); ****
tCho 0.98(8,141); ns 7.25(2,141); *** 9.08(4,141); ****
Tau 0.63(8,141); ns 1.26(2,141); ns 11.33(4,141); ****
Cr 1.76(8,141); ns 13.64(2,141); **** 2.03(4,141); ns
PCr 0.83(8,141); ns 11.10(2,141); **** 4.68(4,141); ***
tCr 1.40(8,141); ns 22.87(2,141); **** 4.60(4,141); ***
Lac 0.94(8,141); ns 36.77(2,141); **** 1.96(4,141); ns
Glu 1.00(8,141); ns 8.71(2,141); *** 5.23(4,141); ***
Asp 0.99(8,141); ns 17.89(2,141); **** 10.52(4,141); ****
GABA 0.41(8,141); ns 9.28(2,141); *** 0.80(4,141); ns
Ala 1.25(8,141); ns 16.98(2,141); **** 4.46(4,141); ***
Asc 0.95(8,141); ns 15.17(2,141); **** 2.93(4,141); **
GSH 1.07(8,141); ns 13.55(2,141); **** 6.26(4,141); ***
PE 0.81(8,141); ns 7.98(2,141); *** 0.84(4,141); ns
NAA 0.47(8,141); ns 5.17(2,141); ** 0.91(4,141); ns

3.4 Discussion

The present study evaluates for the first time the effect of two different doses of the antibiotic
rifaximin on the neurometabolic changes both in vivo and longitudinally in a rat model of type C
HE. The characteristic pattern of chronic HE was confirmed by our H MRS longitudinal
measurements and was also noticeable from the spectra presented in Figure 3.2. We measured in
all of the three groups the gradual increase of brain GIn. This rise was followed by a gradual
decrease in the other brain osmolytes (Ins, Tau, tCho), by the decreases of Cr and the
neurotransmitter Glu. These observations are in agreement with previously published studies in
BDL rats and CLD patients (Cérdoba et al. 2001; Rackayova et al. 2016; Braissant et al. 2019) and
confirm the already well-known compensatory effect to maintain osmotic balance despite GIn

accumulation.

We measured a significant increase in all groups in plasma and blood ammonium, with a high
variability intra-group. No significant differences were observed between the ‘non-treated’ group’

and the group treated with 6x human dose of rifaximin, despite the administration of rifaximin
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whose alleged role is to reduce the production of gut ammonium. However, the effect of rifaximin
on blood ammonium levels is still controversial. It is now generally considered that despite the
indisputable and central role of ammonium in the pathogenesis of HE, its blood levels are widely
dispersed in individual values, and measurement of plasma ammonia for the diagnosis and
monitoring of hepatic encephalopathy is disputed and not recommended (Nicolao et al. 2003;
Felipo and Butterworth 2002; Aldridge, Tranah, and Shawcross 2015; Mallet et al. 2018). In view
of this and the difficulties associated with ammonium measurements, other multimodal methods
should be used and combined to accurately assess the effect of different treatment options in

chronic HE, as is done in this study.

Gln increase was less marked in the ‘high-dose rifaximin’ group at week 6 and at week 8 compared
to the two other groups. In view of this fact, the non-significant decrease of brain Glu in the ‘high-
dose rifaximin’ treated group suggests that the reduction in brain glutamate is mainly the result of
ammonium detoxification through glutamine synthetase which catalyzes the formation of Gin
from ammonium and Glu in astrocytes (Cooper and Plum 1987). Similarly, less pronounced
decreases of Ins, Cr and PCr were measured in the ‘high-dose rifaximin’ group compared to the
two others. This finding is consistent with the fact that Gln increase was smaller in that group and
that the decreases of these different osmolytes are generally considered as compensatory
mechanisms of the osmotic imbalance created by the increase of GIn. Asp also showed a similar
decrease in all the groups. Even if the role of Asp as excitatory neurotransmitter is still controversial
(Herring et al. 2015), it reflects the fact that even in the group of BDL rats treated with a higher
dose of rifaximin, there is alteration in the neurotransmission system. Moreover, no changes in
GABA concentrations were observed in any of the groups, a finding which is consistent with our

previous studies (Rackayova et al. 2016; Braissant et al. 2019).

Overall, while rifaximin at human dose appeared to have no significant effect on brain metabolites
profile, rifaximin treatment at higher dose was associated with some slight but significant positive
effects on brain GIn, Glu and osmoregulation, with less neurometabolic alterations: the
longitudinal changes in these brain metabolites concentration were less marked in the group of
rats treated with a higher dose of rifaximin compared to the two other groups. The two-way
ANOVA tests performed on each metabolite revealed that for many brain metabolites, both time
(‘week’) and treatment (‘non-treated’, ‘Rifaximin human dose’ or ‘Rifaximin 6x human dose’) affect
metabolites concentrations (Table 3.2). However, and importantly, the BDL rats treated with a
higher dose of rifaximin moved significantly less than the two others groups and six out of eight

rats had to be euthanized in this group before the eight weeks of the study compared to four out
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of twelve rats in the ‘rifaximin’ group. Therefore, the few reported favourable effects of the
rifaximin treatment at 6.2x human dose should be carefully valuated, bearing in mind that for
several metabolites the treatment did not induce any significant effects and that the general
conditions of these rats was overall worse than the two other groups. It is therefore possible that
such a high dose of antibiotics also leads to some noxious effects as antibiotics imbalance the
intestinal microbiota, affect intestinal permeability (Tulstrup et al. 2015) and may worsen the
general condition of the rats, e.g by promoting inflammatory response (Knoop et al. 2016) which
would act synergistically with the deranged nitrogen metabolism (Aldridge, Tranah, and Shawcross
2015). A limitation of this study is the lack of longitudinal measurements of inflammatory markers
in the blood (TNF-a, CRP, WBC counts), and markers of neuro-inflammation. Also,
immunohistochemistry or western blots of glutamine synthase levels and high-resolution ex vivo
'H MRS of extracted brain tissues could be performed to further validate the metabolic changes

observed in vivo by *H MRS. These measurements remain to be performed.

We conclude that in BDL rats, rifaximin treatment alone has limited efficacy. When administered
at human dose in rats, its potential usefulness may appear only at the onset of the disease,
whereas at a higher dose some neurometabolic changes associated with HE were attenuated but
the general condition of the rats is worse. More generally, it illustrates the fact that finding an
appropriate treatment for HE is challenging, which is why, despite years of investigation, the
appropriate treatment has not yet been found. At the same time, our studies illustrate the
usefulness of MR spectroscopy as a very powerful technique in pre-clinical studies for the detailed
and non-invasive evaluation of the effects of drugs impacting the neurometabolic profile in

particular.
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Chapter 4 cerebral metabolism of

hyperpolarized [*H7, U-13Cs]-D-glucose
in the healthy mouse
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Abstract

Glucose is the primary fuel for the brain and its metabolism is linked with cerebral function.
Isoflurane anesthesia is commonly employed in preclinical MRS but affects cerebral
hemodynamics and functional connectivity (Todd and Weeks 1996; Paasonen et al. 2018). The
combination of low doses of isoflurane and medetomidine is routinely used in rodent fMRI and
show similar functional connectivity as in awake animals (Paasonen et al. 2018). Given that glucose
metabolism is tightly linked to neuronal activity (Sokoloff 1999), the first aim of this study (Chapter
4.1) was to compare the cerebral metabolism of hyperpolarized [*H;, U-13Cs]-D-glucose under
these two anesthetic conditions. Brain metabolism of hyperpolarized glucose was monitored in
two groups of fasted male mice in a 9.4 T MRI system. In both anesthetic conditions, the injection
of hyperpolarized [*H7,*3Cs]-D-glucose resulted in de novo synthesis of [1-13C] lactate and the time
courses were well reproducible. Changing the anesthesia from isoflurane to a combination of
lower doses of isoflurane and medetomidine is known to influence brain activity and we showed
in this study that it had high impact on cerebral uptake and metabolic flux of hyperpolarized [*H7,U-
13Ce]-D-glucose in the mouse. A larger amount of lactate was produced in the case when the
functional connectivity was similar to the awake animals (+128% in lactate to glucose ratio). Also,
endogenous lactate concentration was higher in the group anesthesized with isoflurane only,
implying that [1-13C] lactate production from hyperpolarized glucose is not a reflection of the
steady-state pool-size but rather related to the dynamic of glucose uptake and the glycolytic flux.
The second part of this study (Chapter 4.2) aims at evaluating the feasibility of quantifying cerebral
glucose metabolism kinetics following infusion of hyperpolarized [2H;, U-3Cs]-D-glucose in a
healthy mouse by evaluating two different mathematical models, where kinetic rate constants
were determined by fitting the models on *3C curves by non-linear regression using the Levenberg-
Marquardt algorithm. We showed that a 3-compartment model is more stable and reliable than a

4-compartment model.

Partially adapted from:

E.Flatt, B.Lanz, R.Gruetter, M.Mishkovsky. Cerebral metabolism of hyperpolarized [?H;, U-13C¢]-D-
glucose in the healthy mouse under different anesthetic conditions, Special Issue in the journal
Metabolites, manuscript in preparation.

| contributed to the design of this study, collected and processed the data, interpreted the results
and wrote the paper. For the mathematical modelling part (chapter 4.2), | developed the model
based on an existing model originally created by Dr. Bernard Lanz (Laboratory for Functional and
Metabolic Imaging, EPFL) and performed the entire analysis.
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4.1 Cerebral metabolism of hyperpolarized [*H;, U-13C¢]-D-glucose in the
healthy mouse under different anesthetic conditions

4.1.1 Introduction

Brain function is characterized by elevated metabolic activity and requires a continuous supply of
oxygen and nutrients from the blood stream. Brain metabolism requires a complex intercellular
traffic of metabolites and many processes are compartmentalized. It is well established that the
mammalian brain is mainly supported by glucose as fuel to meet its high metabolic demand
(Mergenthaler et al. 2013), consuming up to 25% of circulating glucose under normal conditions
(L. Pellerin 2010). Under physiological conditions, glucose metabolism is tightly linked with
cerebral function (Sonnay, Gruetter, and Duarte 2017; Sokoloff 1999).

Different molecular imaging techniques exist to study glucose cerebral metabolism. In particular,
18EDG-PET is a highly sensitive imaging modality very used in cancer detection and treatment
because of its unique ability to measure abnormal glucose uptake. However, as this technique uses
a glucose analogue, it enables only the detection of glucose uptake and the first step of glycolysis
and does not detect downstream metabolic products such as lactate and TCA cycle intermediates.
Besides, one of the main drawbacks of this technique is the need to use radioactive tracers and

thus the exposure to ionizing radiations.

Another technique to monitor glucose uptake and that overcomes some of the limitations of *8F-
FDG PET is chemical exchange saturation transfer (CEST) MRI, which makes use of simple glucose.
CEST enable the indirect detection of molecules through their exchangeable protons. Glucose CEST
MRI provides a significant increase in sensitivity over direct detection (Jin et al. 2012; Cai et al.
2012), with glucose uptake being detected indirectly by saturation transfer of exchangeable
protons from glucose to water. This technique also has its limitations: on the one hand, due to the
spectral overlap, the excitation process is not entirely specific. On the other hand, glucose uptake
analysis is also complicated because of the important dependence of the exchange rate on pH

(Harris et al. 2015).

A way to track the dynamic of glucose metabolism in vivo is based on the continuous infusion of
13C labelled glucose combined with thermally polarized 3C magnetic resonance spectroscopy (*3C
MRS). Contrarily to FDG PET or CEST, this technique enables dynamic measurement of *3C
metabolic turnover rates but has also its limitations, the main drawback being its low sensitivity,
and many metabolites cannot be detected. To overcome this limitation, the signal is acquired for

longer and averaged, but this decreases the temporal resolution. Thermally polarized *C MRS
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combined with *3C labelled glucose infusion is thus able to detect only the oxidative metabolism
of glucose, and not the glycolysis. For instance, it was shown using thermally polarized glucose that
there is a compartmentation of the cerebral glucose metabolism between the neurons and the

glia (Gruetter, Seaquist, and Ugurbil 2001).

Another method to investigate the dynamic of oxidative glucose metabolism is to use deuterium
magnetic resonance spectroscopy (DMRS) combined with [6,6’-2H,] glucose infusion, where the
dynamic labeling in the brain tissue can be monitored with well-resolved resonance signals in 2H
spectra with good sensitivity (Lu et al. 2017). An advantage of DMRS is the short longitudinal
relaxation time of 2H-labeled molecules as compared to that of *H or 3C spins, thus enabling more
signal averaging during the same sampling time. However, contrarily to **C MRS the distinction
between glutamine and glutamate, linked to compartmentation of brain metabolism, is not

possible.

To monitor and study real-time glycolysis, hyperpolarized glucose can be used. Hyperpolarized
magnetic resonance of endogenous molecules by dissolution dynamic nuclear polarization (dDNP)
(Ardenkjeer-Larsen et al. 2003) is able to dramatically enhance signal to noise in **C MRS and is a
powerful method for studying cerebral intermediary metabolism in real-time (Comment and
Merritt 2014). Unlike the other methods described above, this technique enables rapid dynamic
imaging of 3C-labelled substrates and their metabolic products, which is not possible with
conventional thermally polarized *C MRS. To date, very few studies reported the use of
hyperpolarized glucose in vivo. Although glucose is central to metabolism, the short lifetime of the
13C hyperpolarized state in glucose is challenging for real-time measurement of metabolism, partly
explaining the limited studies using hyperpolarized glucose so far. It was demonstrated that
hyperpolarized [2H;, U-13C¢]-D-glucose can be measured in vivo (Allouche-Arnon et al. 2013) and
employed for the real time detection of glycolytic reactions in a lymphoma mouse model

(Rodrigues et al. 2014) and in the healthy mouse brain (Mishkovsky et al. 2017).

Anesthetics are commonly employed in pre-clinical MRI/MRS and have been shown to impair
neural transmission and to affect other aspects of mouse physiology, such as hemodynamics and
metabolism, in a dose-dependent manner (Conzen et al. 1992; Todd and Weeks 1996; Paasonen
et al. 2018; Baumgart et al. 2015; Hemmings et al. 2019). In particular, isoflurane is one of the most
common anesthetic drug used in preclinical MRS metabolic studies, but is known to affect cerebral
hemodynamics (Todd and Weeks 1996; Conzen et al. 1992) and to influence functional
connectivity (Paasonen et al. 2018). In the context of hyperpolarized *C MRS, isoflurane was

shown to alter the cerebral metabolism of hyperpolarized pyruvate (Josan et al. 2013; Marjanska
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et al. 2018; “(ISMRM 2019) Metabolism of Hyperpolarized [1-13C]Pyruvate in Awake, Isoflurane
and Urethane Anesthetized Rat Brain” n.d.). Recent studies reported that combining isoflurane
and medetomidine at levels of about half their mono-anesthetic dosages enables to maintain
similar functional connectivity as in the awake rats, considerably better than either of the mono-
anesthetic protocol alone such as isoflurane (Paasonen et al. 2018; Grandjean et al. 2014). The
combination of medetomidine and isoflurane is now currently considered to be one of the most
appropriate anesthetic protocols available for the evaluation of murine functional connectivity.
However, the extent to which different anesthesia protocols impact cerebral metabolism is an

important topic that remains to be investigated.

Therefore, given that glucose metabolism is closely linked to neuronal activity (Sonnay, Gruetter,
and Duarte 2017), the aim of the present study was to compare the cerebral metabolism of
hyperpolarized [?H;, U-'3Cg]-D-glucose in the healthy mouse under these two anesthetic
conditions. As functional connectivity under combined anesthesia of medetomidine and isoflurane
was found to be closer to that observed in awake animals compared to isoflurane alone (Paasonen
et al. 2018; Grandjean et al. 2014), we hypothesized that glucose uptake, glycolysis and lactate

production would be increased with combined anesthetics.

4.1.2 Material & Methods

4.1.2.1 Study design

Brain metabolism of hyperpolarized glucose was monitored in two groups of 12 hours-fasted male
C57BL6/) mice (N=14, age = 17+3 weeks). In the first group (ISO; N=8), mice were kept under 1.3-
1.5 % isoflurane for the entire duration of the experiment. In the second group (MED+ISO, N=6),
anesthesia was switched to a combination of medetomidine (Dorbene, Graeub, Switzerland) and
isoflurane at least one hour before the injection of hyperpolarized [2H;, U-3Cs]-D-glucose. In this
group, a first subcutaneous (SC) bolus of medetomidine 0.3 mg/kg was administered. 10 min after
the bolus, isoflurane anesthesia was dropped to 0.25-0.5 % and a continuous infusion of
medetomidine SC 0.6 mg/kg/h started, as described by Reynaud et al. (Reynaud et al. 2019). The
time between the switch in anesthetics and the injection of hyperpolarized [?H;, U-13C¢]-D-glucose
was at least one hour (between 60-65 min), which has been reported to be enough time to reach
a new metabolic steady-state (Sirmpilatze, Baudewig, and Boretius 2019). Single voxel *H MRS
measurements were carried out in each mouse 10 min before the hyperpolarized [?H;, U-13C¢]-D-
glucose bolus and the ¥C MRS acquisition. Animal physiology was constantly monitored and

complete blood analysis were performed from the eye of the mouse (retro-orbital bleeding) before

102



the holder was inserted inside the scanner (95 min before the glucose bolus) and immediately
after the end of the 3C MRS acquisition (“2 min post bolus) using a PocketChem™ BA analyzer. At
the end of the experiment, 200uL of the solution remaining in the separator/infusion pump was
collected. In order to further compute the blood fractional enrichment, 3C glucose concentration
of the injected bolus was measured in a high-resolution DRX-400 spectrometer (Bruker Biospin SA
/Avancell 800MHz, TOPSPIN2) using [2-13C] acetate 80 mM as reference. Of note, fasted male mice
were used in order to compare with previously acquired data using hyerpolarised [*H, U-13C¢]-D-
glucose on fasted female mice under isoflurane anesthesia (Mishkovsky et al. 2017). The outline

of the experiments are summarized in Figure 4.1.

4.1.2.2 Samples and liquid-state polarization

Frozen droplets of a glycerol/water solution 50:50 (v/v) containing [2H7,'3Cs]D-glucose (2 M) and
0X63 trityl radical (25 mM) doped with 1mM of Gd** as previously described (Capozzi et al. 2019)
were dynamically polarized for 120 min in a custom designed 7 T/ 1 K DNP polarizer (Cheng et al.
2013). To monitor real-time de novo synthesis of [1-13C]lactate, a 540 uL of 44 + 10 mM
hyperpolarized [2H7,'3Cs]D-glucose was dissolved in superheated D,O (12 bar, 450 K) and
automatically injected through the femoral vein of the mouse using a syringe pump (Cheng et al.

2013).

The liquid-state polarization of hyperpolarized [?H;,*3Cs]D-glucose was measured inside a
separator/infusion pump located in the bore of our adjacent 9.4 T scanner using NMR coils (*H and
13C) implemented on the pump after DNP and dissolution in D,0, using the same protocol as in
vivo experiment. The liquid-state polarization was calculated from the hyperpolarized signal of the

13C-glucose and its thermal equilibrium signal recorded 15 min after dissolution.

4.1.2.3 Invivo MRS/MRI

In order to evaluate the effect of the two anesthetic conditions on the endogenous concentration
of brain metabolites, in vivo 'H MRS measurements were performed in the hippocampus in a voxel
of interest (VOI) of 2 x 2.8 x 2 mm? using the SPECIAL (Mlyndrik et al. 2006) sequence (TE=2.8ms,
TR = 4000ms, 160 averages). Spectra quantification of H spectra was performed using LCModel
and water as internal reference (Provencher 1993). Values with Cramer—Rao lower bounds above

30% were excluded from further analyses.

To optimize signal-to-noise ratio (SNR) of the expected glucose metabolites in the carboxyl region

of the 13C spectra, we used a previously described RF excitation pulse (Mishkovsky et al. 2017): a
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series of pulse-acquire sequence was triggered 5.5 s post-dissolution (2 s after the end of the

injection) with 25° frequency selective Gaussian pulse (250us/40kHz bandwidth) centered on [1-

13C] lactate resonance (183.5 ppm) and applied every 1 s for 70 s. With this RF pulse design, the

glucose resonances were excited by a minimal flip angle (1.5° at 95 ppm, 0.05° at 73 ppm, Figure

4.2). The lactate-to-glucose ratio (LGR) was calculated from the summed spectra.

All measurements were performed in a 31-cm horizontal-bore actively shielded 9.4T MRI system

(Varian/Magnex Scientific, Abingdon, UK) interfaced to a Varian Direct Drive console (Palo Alto,

CA, USA) and using a home-built quadrature *H-coil and a three-loop 10-mm 3C surface coil as a

transceiver that was placed on top of the mouse head.
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Figure 4.1 Outline of the two anesthetic protocols in the ISO group and in the MED+ISO group.
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Figure 4.2 Coil calibration. For 3C MRS acquisition, 25° frequency selective Gaussian pulse (250 us /40 kHz
bandwidth) centered on [1-13C] lactate resonance (183.5 ppm) were used. With this RF pulse design, the
glucose resonances were excited by a minimal flip angle (1.5° at 95 ppm, 0.05° at 73 ppm).

4.1.2.4 Biochemical measurements

Complete blood measurements (glucose, lactate, PO,, PCO,, electrolytes, pH, SO,, tHb, Hct) were

performed on a COBAS b121© analyzers (Roche Diagnostics AG, Switzerland).

4.1.2.5 MRS/MRI procedures and biochemical measurements

Animals had unrestricted access to standard mouse food and water until 12h before the
experiment, where the food was removed. During all the MRS/MRI procedures, body temperature
of the animals were maintained at 37-38 °C and ventilation was composed of a mixture of 30 % O,
and 70 % air. Femoral vein was catheterized for glucose injection, and in the MED+ISO animals, a
catheter was inserted subcutaneously on the back of the animal for medetomidine delivery. The
mouse was placed on a holder together with the infusion pump and the femoral vein catheter was
connected to the infusion pump. The animals were euthanized at the end of each experiment with
an overdose of pentobarbital. All procedures were approved by the Committee on Animal

Experimentation for the canton of Vaud, Switzerland (authorization 2353.4c).

4.1.2.6 Statistical analysis

Statistical analysis was conducted using Graphpad Prism Software (Prism 5.03, Graphpad, La Jolla
CA, USA). All results are presented as mean * SD. Unpaired, two-tailed Student’s t-tests were used
to compare LGR, blood measurements, age and neurometabolites concentrations between the

two anesthetic conditions. Two-way ANOVA was used to compare the blood glycemia evolution
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(before and after injection) between the two anesthetic conditions (* p < 0.05; ** p < 0.01; *** p

<0.001).

4.1.3 Results

Hyperpolarized [*H;, U-13C¢]-D-glucose vyielded a liquid-state polarization measured inside the

separator/infusion pump of 29 + 4 % (n=3).

Typical dynamic spectra show that in both anesthetic conditions, the injection of hyperpolarized
[2H7, U-13Cs]-D-glucose results in de novo synthesis of [1-3C] lactate. Both glucose and lactate were
detectable during 55 seconds following injection. The time courses of all animals in both groups
were well reproducible (Figure 4.3). For the two groups, the initial blood glycemia, the post bolus
blood glycemia, and 3C glucose fractional enrichment were kept similar as those may influence

the metabolism of hyperpolarized [2H;, U-13Cs]-D-glucose (Figure 4.4).

Interestingly, de novo synthesis of [1-13C] lactate from hyperpolarized [2H;, U-13Cs]-D-glucose varies
with different anesthetics conditions (Figure 4.3). The total lactate-to-glucose ratio was found
significantly higher in the MED+ISO group compared to ISO group (+128 %, Figure 4.5) and the [1-
13C] lactate signal was detected for a longer period of time in the MED+ISO group (Figure 4.3).
Overall, the results obtained with hyperpolarized [*H;, U-'3C¢]-D-glucose in the mouse brain
showed that medetomidine combined with a lower dose of isoflurane greatly increased the

labelling of downstream lactate.

To evaluate the effect of the two anesthetic conditions on the endogenous concentration of brain
metabolites, in vivo 'H MRS measurements were performed. Steady-state metabolites
concentrations deduced from *H MRS spectra showed significantly higher lactate pool-size and
significantly lower concentration of phosophocreatine in animals anesthetized by isoflurane
compared to those anesthetized by the combination of medetomidine and isoflurane (Figure 4.6).
Creatine concentration was higher in the ISO group, without reaching significance. Creatine-to-
phosphocreatine ratio (Cr/PCr) was found to significantly differ between the two anesthetics

groups. All other metabolites in the neurochemical profile did not show any significant difference.

Regarding blood measurements, some significant differences were measured among the two
anesthetics groups. In the MED+ISO group, blood lactate concentrations did not vary over the
course of the study but was more than doubled in the ISO group (Figure 4.7A). Partial pressure of
oxygen (PO,) was found to be significantly lower in the MED+ISO group after the injection while it

did not significantly vary over the course of the experiment in the ISO group (Figure 4.7B). Similarly,
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partial pressure of carbon dioxide (PCO,) significantly increased in MED+ISO group while it did not

change in the ISO group (Figure 4.7C).

Furthermore, in order to obtain the glucose apparent Ti, we fitted the glucose signal to the

t t
function S(t) = A (e 11 — e 70 ), T standing for the apparent T; and Ty representing the signal

build-up. Interestingly, the apparent T, was found significantly longer in the MED+ISO group (13.4

+ 4.6 s) compared to the ISO group (8.3 £ 0.9 s, Figure 4.8).
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Figure 4.3 (A, B) Characteristic spectra measured in a mouse brain under isoflurane and under medetomidine
+ isoflurane anesthesia following infusion of hyperpolarized [?H;,*3Cs]D-glucose. The glycolytic intermediate
3PG (179.8 ppm) can be identified in the summed spectra in addition to the lactate at 183.5 ppm. The broad
peak at 175 ppm designated by (*) is an impurity in the [?H7,*3Cs]D-glucose powder. (C, D) The corresponding
time courses of [1-*C]Lactate and glucose are shown for each group (mean + SD; glucose signal normalized

to 6, arbitrary units).
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Figure 4.4 (A) Glycemia measured when the mice enter the scanner (‘before’) and 2 minutes after injection
of hyperpolarized [?H7,*3Cs]D-glucose (‘after’) in the two anesthesia groups. No significant differences in 13C
blood fractional enrichment (B) or age (C) between the two anesthesia groups. Unpaired, two-tailed
Student’s t-tests were used to compare blood fractional enrichment and age between the two anesthetic
conditions. Two-way ANOVA was used to compare the blood glycemia evolution (before and after injection)
between the two anesthetic conditions (* p < 0.05; ** p < 0.01; *** p < 0.001).

p =0.0013

151 .
Q\l? 10- °
x L . +128%
o ¢
—1 5- o oo,

. _oole®
0 . .
Isoflurane Medetomidine
+ isoflurane

Figure 4.5 Comparison of lactate-to-glucose ratio (LGR) between isoflurane (‘1SO’) and medetomidine +
isoflurane (‘MED+ISO’) groups. Unpaired, two-tailed Student’s t-tests were used to assess statistical
significance.
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Figure 4.6 (A) Brain lactate (Lac) concentration as well as Cr/PCr ratio in the I1SO group and the MED+ISO
group. (B) Representative H MRS spectra in the hippocampus of an ISO mouse (green) and a MED+ISO mouse
(red). Part of the spectra corresponding to Lac and Cr & PCr are shown in blue and dark, respectively.
Unpaired, two-tailed Student’s t-tests were used to assess statistical significance.
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Figure 4.7 Blood lactate (A), partial pressure of oxygen PO; (B) and partial pressure of carbon dioxide PCO;
(C) measured before the mice enter the scanner (‘before’) and 2 minutes after injection of hyperpolarized
[?H;,13Cs]D-glucose (‘after’) in the two anesthesia groups. Unpaired, two-tailed Student’s t-tests were used
to assess statistical significance.
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Figure 4.8 Apparent glucose (Glc) T; in the two anesthesia groups: the glucose signal was fitted to the

t t
function S(t) = A (e Tt — e Tb), T; standing for the apparent T; and T, representing the signal build-up.
Unpaired, two-tailed Student’s t-tests were used to assess statistical significance.

4.1.4 Discussion

This study compared for the first time the cerebral metabolism of hyperpolarized glucose between
animals anesthetized with isoflurane and a combination of lower doses of isoflurane and
medetomidine. Our findings confirmed the initial hypothesis that the production of downstream
[1-13C] lactate would be increased when using the combination of medetomidine with a lower dose
of isoflurane compared to isoflurane only, showing that the change of anesthesia had a high impact

on cerebral [2H;,U-13C]-D-glucose uptake and glycolytic flux.

4.1.4.1 Increased lactate production from [?H;,*3Cs]-D-glucose under MED+ISO

The glucose blood level before injection were within normal physiological concentration (6.5 + 2
mM) and the increase of blood glucose concentration before and after injection did not exceed
the typical values observed in healthy mice after glucose administration (12.5 + 3 mM) (Nagy and

Einwallner 2018).

The production of cerebral [1-13C] lactate from [*H;,'3Cs]-D-glucose is a consequence of 12
enzymatic steps including glucose transport, 10 enzymatic steps of glycolysis and pyruvate
conversion to lactate by lactate-dehydrogenase. Importantly, the use of medetomidine combined
with isoflurane anesthesia greatly increased the labelling of downstream [1-3C] lactate compared
to isoflurane only: we found that the amount of [1-13C] lactate and LGRs were more than doubled

in animals anesthetized with the combination than with isoflurane solely. The production of
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hyperpolarized [1-13C] lactate depends on both the hyperpolarized glucose uptake and on the
metabolic demands, and there are a few possible factors that may contribute to the observed

differences.

First, in the literature isoflurane at clinical concentration (1.4-2.5 %) has been associated with a
significantly reduced facilitated glucose transport in cells (Andersen and Amaranath 1973; Greene
1965; Greene and Cervenko 1967), a reduced local cerebral glucose utilization (LCGU) in all cortical
areas (Ori et al. 1986) and a decrease in glucose metabolic rates due to the inhibition of ATP
synthesis in the mitochondria in mice and rats (Kohro et al. 2001; Rottenberg 1983). Previous
studies using ®F-FDG positron emission tomography also revealed a decrease of the cerebral
metabolic rate of glucose under isoflurane (Toyama et al. 2004; Alkire et al. 1997). Moreover, dose-
dependent anesthesia effects were reported for cerebral glucose metabolism in rats, with glucose
metabolic rate decreasing up to 41-45 % in cortical regions (Ori et al. 1986; Kofke et al. 1987; Lenz
et al. 1998; Stullken et al. 1977). As in our experiments the mouse cortex was well positioned under
the sensitive area of the coil, the cortical areas may bring the main contribution to the measured
signal and variations in LCGU between groups may explain some of the differences observed

between the two groups.

Second, it is known that anesthetics such as isoflurane affect neural activity and neural processing
by impacting different factors such as synaptic transmission, pre-synaptic release, post-synaptic
receptors and membrane potentials (Masamoto and Kanno 2012). In the current study, we
observed that a larger amount of lactate was produced in the case when the functional
connectivity was similar to the awake animals (MED+ISO anesthesia) (Paasonen et al. 2018). Fox
et al. were the first to show that a higher neuronal functional activity was associated with
increased glucose uptake and suggesting that increased neuronal functional activity stimulates
glycolysis (Fox et al. 1988; Prichard et al. 1991). It has been since claimed by several studies that
an intensified neuronal activity leads to a higher release of glutamate and increases the rate of
glucose uptake, glycolysis and lactate production in astrocytes, which are the preferential site for
glucose uptake from the blood (P. J. Magistretti and Pellerin 1996; Pierre J. Magistretti 2006; Luc
Pellerin et al. 2007). In particular, Sibson and colleagues (Sibson et al. 1998) used direct 3C NMR
spectroscopy to determine the cerebral rates of the TCA cycle and glutamine synthesis
simultaneously in the rat in vivo over a range of cerebral activity, the latter being modulated by
the type of anesthesia used. Their results support a model of coupling between astrocytic glucose

consumption and glutamatergic neuronal activity.
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Itis likely that our results are a reflection of neuronal activity, in line with these studies suggesting
that glucose metabolism is linked to neuronal activity, which is decreased with isoflurane
anesthesia, and that lactate production can be stimulated when neuronal activity increases (Hertz,

Drejer, and Schousboe 1988; Tsacopoulos and Magistretti 1996; P. J. Magistretti et al. 1993).

4.1.4.2 Differences in endogenous brain lactate and phosphocreatine assessed by *H MRS

Endogenous lactate concentration was found higher in the ISO group, consistent with the known
effect of isoflurane which increases lactate concentration in the brain (Valette et al. 2007; Horn
and Klein 2010; Durand, Hosinking, and Jelicks 2009; Boretius et al. 2013). Particularly, Horn et al.
(Horn and Klein 2010) showed that volatile anesthetics such as isoflurane cause a specific increase
in extracellular lactate levels in the mouse brain and that it is not the case with intravenous nor
subcutaneous anesthetics, which is coherent with our measurements. The exact mechanism of
action of how volatile anesthetics increase endogenous lactate concentrations in the brain remains
unknown. Importantly, Horn et al. (Horn and Klein 2010) demonstrated that lactate formation by
isoflurane in the mouse brain was unrelated to neuronal impulse flow. Overall, our findings
(increased downstream lactate’s labelling in the MED+ISO group and higher endogenous lactate
concentration in the ISO group) imply that [1-3C] lactate production from hyperpolarized glucose
is not a reflection of the steady-state pool-size but rather related to the dynamic of the glucose

uptake and glycolytic flux.

Additionally, the Cr/PCr ratio, related to ATP and ADP balance, was found significantly different
between the two groups. Our results suggest a difference in the energetic state between the two
anesthetics groups. The shift of phosphocreatine towards creatine in the ISO group may indicate
a diminished brain energy stores (ATP, PCr), similar to what has been reported on in vivo studies
on mice under isoflurane (Boretius et al. 2013) or in post mortem studies of dogs under halothane
anesthesia (Michenfelder and Theye 1975). Finally, similar to what has been reported previously
(Boretius et al. 2013), we measured increases in myo-inositol, glutamate and GABA concentrations

in the I1SO group, without reaching significance.

4.1.4.3 Liquid-state polarization

Concerning polarization achieved, we obtained a liquid-state polarization close to 30 %, which is
lower than reported by Capozzi et al. (Capozzi et al. 2019). These differences are surely due to the

differences in the set-up used (polarizer, microwave source, fluid path). However, we achieved a

112



higher polarization than that reported by Mishkovsky et al. (Mishkovsky et al. 2017) using [*H7, U-

13C6]-D-glucose without Gd** doping (22 %) in the same set-up as the one used in the present study.

4.1.4.4 Increased blood lactate using ISO, decreased PO, and increased PCO; using MED+ISO

In the ISO group, blood lactate concentration was more than doubled. This significant increase is
in agreement with several studies reporting that blood lactate concentration significantly
increased by 2-3 fold during inhalation of volatile anesthetics such as isoflurane or halothane,
probably due to the interference of volatile anesthetics with mitochondrial energy metabolism
(Horn and Klein 2010; Schwarzkopf et al. 2013; Muravchick and Levy 2006). The rose of partial
pressure of carbon dioxide (PCO,) along with the decrease of partial pressure of oxygen (PO,)
measured in the MED+ISO group match the results observed in earlier studies, who also reported

that isoflurane anesthetics did not induce any change in PO, and PCO, (Schwarzkopf et al. 2013).

4.1.4.5 [?H,*3Cs]-D-glucose apparent T;

The glucose spin-lattice relaxation time Tigc obtained under the two different anesthetics
conditions are similar to previously reported Ty in a study measuring hyperpolarized [*H;, U-3Cg]-
D-glucose in cells (Christensen et al. 2014) and in vivo in the mouse brain under isoflurane
anesthesia (Mishkovsky et al. 2017). Regarding the differences in the apparent T; between the two
anesthetics groups, a possible explanation is linked the difference of the cerebral glucose uptake
in each group during the timeframe of the experiment. Being higher in the MED+ISO group, it
contributes to a longer apparent T; in this group, similar to what has been observed with
hyperpolarized compound when the uptake is increased by the transient opening of the blood-
brain barrier. Another possible explanation, although less likely, might be linked to the
paramagnetic property of molecular oxygen itself. Partial pressure of oxygen (PO,) differed
significantly between mice anaesthetized with isoflurane or the combination of isoflurane and
medetomidine. Tadamura et al. (Tadamura et al. 1997) demonstrated that inhalation of 100%
oxygen causes statistically significant shortening of T; relaxation times in blood and postulated
that the observed T; change in the blood directly reflects the dissolved oxygen concentration,
which is proportional to PO,. Other previous studies also showed reduction in T; relaxation time
of the blood after inhalation of oxygen (Young et al. 1981). Thus, as PO, was 50% higher in the I1SO
group than in the MED+ISO group, the differences in apparent T; between the anesthetics groups
can be explained in part by the physical property of molecular oxygen. However, this second
hypothesis should be carefully considered as it is also possible that differences in SO, (%), linked

to deoxyhemoglobin which is much more paramagnetic than dissolved O,, may have contributed
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to the observed difference between apparent T; values. These values were however not measured
in the two anesthetic groups. Further measurements remains to be performed to test these

hypotheses.

In the present study, due to the experimental constraints, blood glucose was monitored only
before the mice enter the scanner (70 min before injection) and immediately after injection.
However, both isoflurane and medetomidine are known to increase blood glycemia, which can be
a source of error. Isoflurane has been shown to increase blood glycemia up to 38-47 % in C57BL/6
mice within the first 5 minutes after anesthesia administration (Durand, Hosinking, and Jelicks
2009; Schwarzkopf et al. 2013) and up to two-fold increase in female CD-1 mice. Several reports
have shown a similar effect of medetomidine on blood glycemia (Kanda and Hikasa 2008; Guedes
and Rude 2013). In both cases this effect is induced by the decrease of insulin secretion. Therefore,
considering the comparable effect of isoflurane and medetomidine on blood glycemia reported in
the literature and that in both group anesthesia is first induced with isoflurane, we assumed that
injecting a given dosage of hyperpolarized [2H7,*3Cs]-D-glucose would result in similar glycemia
after injection in the two anesthetized groups. Our results tend to confirm this hypothesis as no
differences between the two anesthetics group either in blood glycemia nor glucose fractional

enrichment were observed (Figure 4.4).

Of note, in this study blood fractional enrichment was computed with a theoretical blood volume
derived from the mouse body weight (“Mouse : Decision Tree for Blood Sampling | NC3Rs” n.d.),
the initial blood glucose concentration, and the volume and concentration of the [?H7,'3C¢]-D-
glucose solution injected, the latter being measured using high resolution NMR. However, a more
direct method of measuring the blood [*H7,'3Cs]-D-glucose concentration (e.g measuring from
plasma directly in high resolution NMR) would be preferable, as it would not neglect the potential
effect of each anesthesia on blood volume. It is also important to point that different strains can
respond differently to anesthetics and analgesics, depending partly on variations in the genetic
background of experimental animals (Avsaroglu et al. 2007). Thus, the results obtained in this
study should be interpreted cautiously, bearing in mind that all measurements were made in male

C57BL6/J mice.

In order to evaluate in more detail how the two different types of anesthesia influence the
transport of blood glucose and lactate through the BBB, we will perform 2H MRS measurements
just before and immediately after the injection of a deuterated glucose bolus under the two
anesthetics conditions (ISO and MED+ISO). In the same way, we will perform *H MRS before and

after the injection of a bolus of lactate.
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Despite its few limitations, an important advantage of this study is that it is carried out under nearly
physiological conditions. First, glucose is the main energy substrate in the adult brain under
physiological conditions. In this sense, our study differs from many research using hyperpolarized
pyruvate, for example, which is not a fuel used by the brain under normal conditions. Second, the
use of hyperpolarized glucose allows us to study the cerebral metabolism of glucose at
physiological concentrations, which is not possible when using thermally polarized *C MRS in
particular, due to its low sensitivity. Finally, the choice of anesthesia reported to preserve
connectivity similar to the awake state (MED+ISO) brings us a little closer to the normal physiology

of the brain.

Overall, we showed for the first time the effect of anesthetics on the cerebral metabolism of
hyperpolarized [?H;,U-13Cs]-D-glucose. The present study revealed that the production of
downstream [1-13C] lactate were greatly increased when using the combination of medetomidine
with a lower dose of isoflurane, which is a lighter anesthesia than isoflurane alone, showing that
the change in anesthetics had a high impact on cerebral [?H;,U-13Cs]-D-glucose uptake and
glycolytic flux. It also highlights the important effect that anesthetics can create on the outcome
of a pre-clinical experiment performed in animal and stresses the importance of taking this factor
into account before interpreting the results and extrapolating them to humans. Also, the higher
SNR reported in this work is a step toward real-time imaging of cerebral glycolysis. There are still
debate about the role of non-oxidative metabolism in the brain, and hyperpolarized [?H;,U-3Cs]-
D-glucose can be a promising tool to give further insights and elucidate the remaining questions.
Further studies need to be carried out, however, in order to better characterize the differences in
non-oxidative metabolism of glucose between awake and anesthetized animals. Further research
might perform similar experiment on awake animals or on animal under stimulation (visual, for

example).
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4.2 Modelling the kinetics of cerebral lactate production after
hyperpolarized [?H;, U-'3Cg]-D-glucose infusion

4.2.1 Introduction

In the first part of the chapter (Chapter 4.1), we showed that lactate was detected shortly after
injection of hyperpolarized [2H7,%3Cs]-D-glucose and the labelling of downstream lactate was
greatly enhanced when using medetomidine combined with isoflurane anesthesia, with well-
defined and reproducible time courses. As a second step, our goal was to explore the potential of
hyperpolarized glucose as a useful complement to fluorodeoxyglucose (FDG)-PET, informing on
glucose metabolism rather than glucose uptake. This part aimed thus at evaluating the feasibility
of quantifying cerebral glucose metabolism kinetics following infusion of hyperpolarized [*H;, U-

13C6]-D-glucose in a healthy mouse.

4.2.2 Methods

The production of cerebral [1-13C] lactate from [2H7,13Cs]-D-glucose is the results of 12 enzymatic
steps including glucose transport, 10 enzymatic steps of glycolysis and pyruvate conversion to
lactate by lactate-dehydrogenase (LDH). When injecting hyperpolarized [2H;,*3Cs]-D-glucose, the
time courses of [2H;, U-3Cg]-D-glucose and [1-!3C] lactate were measured with the tailored RF
pulses design used, as described in the first part of this chapter (Chapter 4.1). A kinetic
compartmental model describing the dynamic 3C labelling pattern following the metabolism of
[2H7, U-13Cs]-D-glucose was developed and is mathematically represented by a system of coupled
differential equations; the labelling equations (Lanz 2012). To minimize the risk of overfitting, to
keep the model as stable as possible and to obtain interpretable and informative kinetic rate
constants as output, we chose to restrict ourselves to a model with 3 or 4 compartments, which
can be further developped in a second step. Therefore, from a simplified schematic of glucose
metabolism (Figure 4.9), two multisite kinetic models (3- and 4- compartment models, Figure 4.10)

were derived and tested using the following assumptions:

(1) Each step was modelled as a first-order reaction, similar to what has been done previously

when modelling hyperpolarized compound kinetics (Bastiaansen et al. 2015; Vinckenbosch 2018).

(2) A single apparent glucose to pyruvate turnover rate constant (3-compartment model) or
glucose to intermediate pool (4-compartment model) turnover rate constant encompassed the
combined effect of glucose transport through the blood-brain barrier, transport into cells and the

intermediate steps of glycolysis.
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(3) Opposite rate constants of reversible reactions are independent.

(4) Pyruvate plays a central role in the metabolism of all animal cells. Pyruvate can either be
converted into alanine by alanine aminotransferase (ALT), transported into the mitochondrial
matrix via mitochondrial pyruvate carriers (MPCs), or reduced to lactate by lactate dehydrogenase
(LDH, Figure 4.9). Here, given the time course of our study and assuming that the exchange
between pyruvate and lactate is much faster than the entry into the TCA cycle and the conversion
to alanine (Quek et al. 2016), neither Viupc nor Vair of pyruvate were included in either kinetic

model.

(5) Since lactate and pyruvate resonances are close to each other (183.5 ppm and 171.1 ppm,

respectively), the same flip angle was considered to be applied for both metabolites’ resonances.

The measured signal decay of precursor and metabolites (Mizgc and Misiac) is a combination of the
effects of repeated RF excitations applied every TR seconds, longitudinal relaxation T; (included in
the equations as relaxation rate R; = 1/T1), and biochemical conversions. All were included in the

differential equations of the model, resulting in:

3-compartment model:

In(cos )

d
dt M13Pyr = 2I“"Glchr IF + kLachr Mi3Lac ™t [_kurLac - Rlpyr R ] M13Pyr

d _ In(cos 6)
dt My3Lac = kurLac M13Pyr + [_kLachr ~kout ~RiLac* TR ] Mi3Lac

4-compartment model:

d _ In (cos )
dt M13Ip - 2kGchp IF + [_kIpPyr - Rl]p L ]M13Ip

In(cos )

d
dt M13Pyr - kIpPyr M13Ip + kLachr My3ract [_kurLac N Rlpyr TR ] M13Pyr

d _ _ _ _ In(cos 0)
dt Mi3Lac= kurLac M13Pyr + [ kLachr kout Riract TR ] M13Lac

Mistac, Mispye and My, denote the time-varying signal amplitude of the corresponding *3C
metabolites/pools. The glucose signal is used as input function: IF = 13Glc(t) and the time course of
lactate is fitted. k represent the different kinetic rate constants, which are free parameters. R
denotes the relaxivity [s], TR the repetition time of the RF pulses and a and 8 are the RF nominal
flip angles of pyruvate and lactate, respectively. As mentioned previously, since both resonances

are close to each other the same flip angle was considered to be applied for both metabolites’
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resonances. The RF excitation flip angle was 25°, applied with a repetition time TR = 1 s. [1-13C]
lactate and pyruvate spin-lattice relaxation times (Tiac and Tipy) Were both set to be 18 s, as
reported in the study from Christensen and colleagues where they measured the intracellular
relaxation time Tiac and Tipyr in different cell lines after injection of hyperpolarized glucose
(Christensen et al. 2014). Of note, they also showed in this study that Tiac and Tipy,r Were
approximately doubled in extracellular space. In our case, it is assumed that pyruvate and lactate
from hyperpolarized glucose are predominantly intracellular and this parameter was initially set
close to the reported intracellular relaxation time value. Regarding the parameters of the
intermediate pool in the 4-compartment model, as this pool does not correspond to a specific
metabolite, T1, was set to vary around 25 s and the nominal flip angle between 1° and 25°. All the
parameters included in the model can obviously influence the model's output, so the impact of
spin-lattice relaxation time and flip angle parameters on the kinetic rates output were also

evaluated.

Kinetic rate constants were determined by fitting the mathematical model to the in vivo measured
13C turnover curves by non-linear regression using the Levenberg-Marquardt algorithm
(Marquardt 1963). The Levenberg-Marquardt algorithm is an iterative process used to solve non-
linear least squares problems which often depend on several variables. In our case, the kinetic
rates are the free parameters of the regression and the optimization process of the algorithm

tends to minimize the sum of squared residuals (SSR):

N 4.6
SSR = Z(Y(ti)measured - y(ti)fitted)z
i

To assess the reliability of the determined free parameters (kinetic rates) and to test the stability
of the model, Monte-Carlo simulations were performed: random Gaussian noise of same level as
the experimental noise (whose amplitude was estimated from the difference between the best fit
and the experimental data) was added to the experimental data before fitting the model and
extracting the resulting parameters; the kinetic rates in the present case. The statistical
distribution of each output parameter was derived by repeating this process several times,
typically 100-200 times. Modelling and analysis were first performed on animal group averaged
time courses. In addition to Monte Carlo simulations, the stability and robustness of the model

was also assessed using different approaches:

(1) Variation of the initial conditions: the initial values of the kinetic rates were all varied in a range

from 0.01 to 0.5 s*. Note that the minimum value was set to 0.01 s™ because as in the regression
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the values are varied as a percentage of their initial value, they would not deviate from zero in the

iterative process if they are set too low initially.

(2) Evaluation of the correlation matrices: the covariances between the estimated metabolic fluxes
give indications about the extent to which free parameters influence each other. They were
examined in order to assess the complexity of the model. The more correlated the fluxes are, the

more it indicates an overly complex model.

(3) Modelling of individual animal (N=6): after the analysis performed on the average lactate and

glucose time courses, each animal was modelled individually.

Note that all the kinetic rate constants are apparent rates, and the true reaction rates can fluctuate

over time. Both models were developed in Matlab (MathWorks, Natick, MA, USA).
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Figure 4.9 Simplified schematic of [1-3C] glucose metabolism. Transport of glucose across the blood-brain
barrier (BBB) is accomplished by a facilitated glucose transporter, the glucose transport protein GLUT-1,
which is embedded in the endothelial cell membrane. Glucose is oxidized during the 10 steps of glycolysis and
the final enzyme of glycolysis yields two molecules of pyruvate. Pyruvate is either converted into alanine by
alanine aminotransferase (ALT), transported into the mitochondrial matrix via mitochondrial pyruvate
carriers (MPCs), or reduced to lactate by lactate dehydrogenase (LDH). In our experiments, both [U-13C]
glucose (black) and [1-13C] lactate (blue) time courses are measured.

Note that for simplicity purpose, only the main glucose transporter Glut1 is depicted on the figure. Similarly,
the major glucose transporters of glucose in neurons (Glut3) and in astrocytes (Glutl) are not shown.
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Figure 4.10 Kinetic models. In the 3-compartment model (top), only glucose, pyruvate and lactate pools were
considered. In the 4-compartment model (bottom), an intermediate pool was added. In both models [U-13C]
glucose signal was used as the input function.

4.2.3 Results

As a first step, we attempted to model both the results obtained with isoflurane and with the
combination of medetomidine and isoflurane in order to compare them. However, the low SNR of
the lactate signal under isoflurane did not enable reliable modelling, so we first focused on the

results obtained under MED+ISO to optimize the modelling approach and the model complexity.

As expected, a simple two-compartment model could not explain the experimental data obtained
(data not shown). On the other hand, the fits obtained with the 3- and 4-compartment models
were relatively good (Figure 4.11A). The fit was improved with the 4-compartment model,
reducing the SSE by 15 % compared to the 3-compartment model. This difference between the

two fits is mainly visible in the build-up of the lactate curve.

Since the exchange rate between lactate and pyruvate is much faster than the conversion of
glucose to pyruvate (Quek et al. 2016), the following prior knowledge was added in each of the
models: the kinetic rate constant kgc.pyr was forced to be lower than Kpyr-1ac (3-compartment model)

and Kkgic-ip or kip-pyr to be lower than kpyr.ac (4-compartment model).

In the 3-compartment model, both the variation of the initial conditions and the Monte Carlo
simulations gave kinetic rates output in the same range, showing that the model is relatively robust
(Figure 4.11B, Figure 4.11C). The variance of these parameters was slightly higher in the 4-
compartment model. However, it is particularly by considering the correlations between the
kinetic rate constants (Figure 4.11D) that we noticed that the increased complexity of model 3
(addition of an intermediate pool and a new kinetic rate) did not improve the modelling. Indeed,

the off-diagonal covariance was increased in the 4-compartment model and the interpretation of
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the kinetic rate constants is thus difficult. In model 3, the number of free parameters decreases
and are therefore less dependent on each other : only the kinetic rates kgic-pyr and kpyr-1ac are anti-
correlated, which can be explained by the fact that the delay between the glucose and lactate
signals is necessarily created by one or the other of these two steps. Thus, the rest of our analysis

focused on the 3-compartment model (Figure 4.12).

The results of the individual mice were in the same range as those obtained by varying the initial
conditions and by Monte Carlo simulations on the average data, confirming the good

reproducibility of the data (Figure 4.12A).

As expected, the variation of the flip angle (fixed parameter) had a greater influence on the kinetic
rate outputs than the spin-lattice relaxation T; value (Figure 4.12B, Figure 4.12C). Interestingly,
less variability was observed in the kinetic rates output around our estimated values of T; and flip
angle (18 s and 24°, respectively). Of note, setting the T; value around 30-40 s resulted in a slight

reduction in kgic-pyr and a slight increase in kpyr-tac and kout.
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Figure 4.11 Comparison of 3- and 4- compartment model. (A) Typical fits obtained with the two models. Glc
and Lac are the average signals obtained in the MED+ISO group (n=6). (B) Kinetic rate constants deduced
after fitting both models to experimental data (average Glc and Lac signals) with varying initial conditions
(N=100). (C) 100 Monte-Carlo simulations were performed to evaluate the precision and accuracy of the
different output kinetic rates. (D) Typical correlation matrices between estimated metabolic fluxes. These
matrices are derived from the regression on the averaged Glc and Lac signals in the MED+ISO group (n=6).
The off-diagonal covariance is increased in the 4-compartment model by adding an intermediate pool and a
kinetic rate constant.
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Figure 4.12 3-compartment model. (A) Kinetic rate constants on single animals (MED+ISO, N=6). (B+C) Impact
of flip angle and T; on model’s kinetic rates output: flip angle fixed with varying T; of lactate and pyruvate
(B) and T; fixed with varying flip angle for lactate and pyruvate (C). Of note, in these analyses no prior
knowledge was added, i.e the kinetic rate constant Kgic..,r was not forced to be lower than Kpyr-iqc.
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4.2.4 Discussion

Overall, the signal obtained after infusion of hyperpolarized [*H;, U-3C¢]-D-glucose with the
combination of medetomidine and isoflurane anesthesia is promising for obtaining quantitative
information on the kinetics of cerebral glucose metabolism. Both 3- and 4- compartment model
fitted overall well the data. However, unlike the 4-compartment model, the 3-compartment model
appeared to be more stable and robust: both the variation of the initial conditions and the Monte
Carlo simulations gave kinetic rates constants in the same range, and low variability was observed

in the kinetic rates output around our estimated values of T; and flip angle.

The increased variance of the kinetic rates output and the higher covariance between the kinetic
parameters indicate that the 4-compartment model is probably too complex. Indeed, the two
added kinetic rates (keicip and kip-pyr) were fully correlated and thus hardly interpretable from a
biochemical point of view, indicating that the complexification of the model at this point did not
make it more meaningful. Overall, the addition of a fourth compartment did not improve the

model.

We noted that in both models, the error between the fit and the lactate data was mostly at the
beginning. This may be in part due to the fact that the measured lactate signal is composed of both
blood and brain signals. Red blood cells produce the energy carrier ATP by the glycolysis of glucose
and lactic acid fermentation on the pyruvate, thus contributing to the overall signal measured.
Therefore, even if the contribution of the blood signal is small overall, the lactate signal measured
already 2 s after injection may contain a blood component as lactate is produced by red blood
cells. Later in the time course, the error between the fit and the data is probably due to the
simplification of both the cerebral glucose uptake and the 10 steps of glycolysis to only one or two
steps. In spite of this, the fit remained relatively good and the kinetic rates values obtained should

be compared with those of the literature.

In the 3-compartment model, we found kpyr1ac in the same range as what was reported by
Marjaniska et al. (Marjariska et al. 2018) with hyperpolarized [1-'3C] pyruvate in the rat brain and
by Lé et al. in the mouse brain (“(ISMRM 2019) Kinetic Modeling of Hyperpolarized [1-13C]Lactate
Metabolism in a Mouse Model of Ischemic Stroke” n.d.), although slightly higher. It is also similar
to what was obtained by Khegai et al. (Khegai et al. 2014) where they used hyperpolarized [1-13C]
pyruvate and reported an apparent kinetic rate constant kpy.1oc between 0.05 s* and 0.1 s? in
healthy subcutaneous tissue in rats, although this last comparison should be taken with caution as

it was not measured in brain tissue. Overall, compared to the literature modelling hyperpolarised
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data, our keyrac S€EMS reliable, although the comparison is a little delicate. Indeed, in the present
study, the lactate measured comes mainly from brain tissue and the kp,r.1ac Obtained represents
only the activity of the LDH enzyme. Whereas in studies using hyperpolarised pyruvate, the kinetic
rate reported represents the combined effect of transport through the BBB, transport in the cell
and enzyme activity. This may explain the fact that keyr-1ac Obtained in the present study is slightly
higher than those reported in previous studies. Regarding Kkiacreyr and kou, given that the
endogenous cerebral lactate concentration is approximately 20 times higher than that of pyruvate
(Ross 2014) and the duration of our experiment, the lactate fractionnal enrichment is thus low and
fluxes of 3C labelled lactate leaving the lactate pool are also limited in this timeframe. The
reported values of Kiac-pyr and koyut are therefore meaningful in this context. To the best of our
knowledge, no studies using hyperpolarized glucose in vivo reported cerebral apparent kinetic rate
constants. Rather, the cerebral metabolic rate of glucose (CMRg) is reported together with a series
of mitochondrial fluxes and apparent neurotransmission fluxes in studies using thermally polarized
13C-labelled glucose infusion. One of the challenges of modelling with hyperpolarized compounds
is the conversion of the kinetic rates obtained into interpretable fluxes; thus the comparison is
delicate. However, in an attempt to compare values even if the steady-state assumption is not
valid in the present case, the CMRg. reported by different studies can be converted into an
estimate of the corresponding kgic-pyr. In @ recent study of Lai and colleagues (Lai et al. 2018), they
reported CMRg. = 0.38 + 0.02 pmol/g/min. Using an estimated brain glucose concentration
reported by Gruetter et al. (assuming that the concentration is similar in rodents and in humans =
1.0 £ 0.1 umol/ml (Gruetter et al. 1992)) and the approximate density of the mouse brain (= 1000
umol
gm

0.38 220 1000% .
—E s ~0.007s™. This value

1
HIMOL. 60 s
ml

g/l (Badea, Ali-Sharief, and Johnson 2007)) one finds kgicpyr =

1.0
is about 7 times smaller than the kgicpyr found with our model. Overall, based on these results we
believe that keyriac is reliable, although slightly overestimated by the model, while kgic-pyr is more
markedly overestimated. Regarding this last point, it is important to note that animal studies
reporting CMRgc are mainly performed using isoflurane as an anesthetic, which may have a strong
influence on cerebral glucose uptake and metabolism, as it has been shown in different studies
(Sibson et al. 1998; Henry P-G, Ugurbil K, Gruetter R., n.d.) and in the first part of the chapter
(Chapter 4.1). It has indeed been shown that the Vrca cycle rate in rats was approximately doubled
with morphine, a mild anesthesia, compared to a deeper anesthesia such as alpha-chloralose or
isoflurane (Sibson et al. 1998). It is therefore possible that the change in anesthesia results in an

increased CMRg.
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There are also other limiting factors such as the fact that the signal does not come from a localized
sequence. There is hence a potential influence of the difference in metabolism in the different
regions of the coil’s field of view as well as the effects of flip angle difference (B: heterogeneity).
It is also likely that glucose uptake is the limiting factor and that a non-negligible part of the
measured glucose signal originates from the blood or the extracellular space in the timeframe of
our experiment. In the study from Christensen and colleagues where they measured
hyperpolarized glucose in different cell lines, they reported that only a small fraction of the
hyperpolarized glucose takes part in the glycolysis and that the remaining stays extra-cellular
(Christensen et al. 2014). Thus, an essential information to be added to the model would be that
of glucose uptake. One possibility would be to use the information provided by a PET scan using
fluorodeoxyglucose in a mouse under the same conditions (anesthetized with a combination of
isoflurane and medetomidine), where the input function and tissue glucose uptake could be
measured at the same time. This would add a very important information to the model and
considerably improve it. Another interesting input to the model would be that of lactate
dehydrogenase (LDH) activity in brain tissue. Furthermore, and more generally, when interpreting
the modelling results, it is important to bear in mind that the accuracy of the results is highly

dependent on the validity of the modelling assumptions.

In this section, we have paved a new way for quantifying cerebral glucose metabolism kinetics,
especially of glycolysis, following infusion of hyperpolarized [2H, U-3C¢]-D-glucose in the healthy
mouse. We showed that with our data, a 3-compartment model is more stable and reliable than a
4-compartment model. Despite some area for improvement, the model is promising. A robust
model has the potential to improve the understanding of diseases with a disrupted cerebral energy
metabolism, such as hepatic encephalopathy. It can provide a valuable tool for quantitatively
comparing metabolic rates in different conditions, for example by comparing control and diseased
groups. The addition of glucose uptake data obtained with PET scan would be a great improvement
and we plan to conduct these experiments in the near future. In addition, a further increased SNR
could provide a measurable pyruvate time course, which would also contribute to the

improvement of the estimation of the kinetic rate constants.
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Chapter 5 Exploring the potential

of hyperpolarized °Li to study lithium
bio-distribution in the rat brain
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Abstract

Lithium salts are widely used for treating bipolar disorder but its mechanism of action is still not
clearly understood. Dissolution DNP can be successfully applied to hyperpolarize °Li* salts to high
levels (van Heeswijk et al. 2009; Balzan et al. 2016). The goal of the present study was to evaluate
the potential of hyperpolarized °Li injected at pharmacological doses to assess its real-time bio-
distribution and pharmacokinetic in the rat brain. The dynamic of hyperpolarized °Li at
pharmacological doses in the rat brain was assessed by performing several different in vivo and ex
vivo experiments in a 9.4 T animal scanner. A dedicated coil was designed and built and consisted
of a modified Alderman-Grant coil tuned to °Li and a H surface coil. We found that the transport
of lithium through the intact blood-brain barrier brain during the time of ®Li hyperpolarization is a
limiting factor. However, despite the limitations associated with the slow transport through the
blood-brain barrier, we believe that hyperpolarized lithium still has the potential for promising
applications given its very long intrinsic T;, the good SNR obtained with our protocol, and the
striking difference we found between apparent T; values in a brain with normal or disrupted blood-

brain barrier.

Partially adapted from:

E.Flatt, A. Capozzi, R.Gruetter, M.Mishkovsky. Exploring the potential of hyperpolarized bLi to study
lithium bio-distribution in the rat brain at 9.4T, manuscript in preparation.

| contributed to the design of this study, built the coil for in vivo measurements, collected and
processed the data, interpreted the results and wrote the paper.
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5.1 Introduction

Lithium carbonate is a widely used medication for the treatment of bipolar disorder, yet its
mechanism of action is still not clearly understood. MRS is uniquely capable of directly and
noninvasively measuring lithium in its target organ, the brain. It has been shown in animal and
clinical studies that cerebral lithium concentration can be quantified by the ’Li MRS signal following
lithium therapy, the latter lasting several days (Komoroski et al. 1990; S Ramaprasad 2004).
However, due to the limited sensitivity of ’Li MRS, this technique does not provide real-time
dynamic information (Soares et al. 2001) and the authors of these papers postulated that although
MR techniques have been used to measure lithium in animal models and humans in several
studies, improvements in spatial resolution and signal-to-noise ratio (SNR) are needed for detailed
mapping of lithium in the brain. The advent of spin hyperpolarization techniques and in particular
the dissolution DNP method (Ardenkjaer-Larsen et al. 2003) enables to boost in vivo MRS sensitivity
(Comment and Merritt 2014; Golman, Zandt, and Thaning 2006). Metabolic intermediates that
were considered invisible became highlighted in vivo following the infusion of suitable
hyperpolarized substrates (Mishkovsky, Comment, and Gruetter 2012; Rodrigues et al. 2014).
Although most in vivo applications have focused so far on metabolic studies following the injection
of hyperpolarized *C-labeled precursors (Comment and Merritt 2014), hyperpolarization
techniques can be applied to enhance the signal of small molecules for use as contrast agents for
angiography and perfusion MRI (Golman and Petersson 2006; Duhamel et al. 2001; A. K. Grant et
al. 2011).

Although being spin | = 1, the long T; of ®Li and its tiny quadropolar moment (Wehrli 1976; Ronconi
and Sadler 2008) makes it a good candidate as a hyperpolarized bioprobe. Indeed, recent studies
reported that the longitudinal relaxation times (Ti's) of lithium-6 in oxygenated blood,
deoxygenated blood and in vivo are as long as 161 +2 s, 144 + 2 s, and 75 + 5 s respectively. The
slow longitudinal relaxation rate of hyperpolarized °Li in biological systems makes it an attractive

tool to study lithium pharmacokinetic in real-time.

In most of the in vivo applications of hyperpolarized MRS, the metabolic precursors are
administered at supra-physiological concentrations. This is also the case with lithium, where it was
demonstrated that hyperpolarized °Li can be detected in the rat brain when injected at a dose
much higher than the pharmacological dose (van Heeswijk et al. 2009). However, given the narrow
therapeutic window of lithium (0.6-1.2 mM) and its high toxicity (>2mM in serum) (Thase and
Denko 2008), any potential in vivo implementations should be restricted to its pharmacological

doses or below. Therefore, the goal of the present study was to evaluate the potential of

130



hyperpolarized °Li injected at pharmacological doses to assess its real-time bio-distribution and

pharmacokinetic in the rat brain.

5.2 Material & Methods

5.2.1 Modified Alderman-Grant coil

First, a dedicated coil was designed and built and consisted of a modified éLi Alderman-Grant coil
(C.V.Grantetal. 2009) and a 'H surface coil, as this type of coil provide a much more homogeneous
B, field compared to surface coils which were previously used for in vivo studies of °Li in the rat

brain (van Heeswijk et al. 2009).

5.2.2 In vivo measurements with modified Alderman-Grant coil

In vivo MRl and MRS measurements were carried out in the 9.4 T/31 cm actively shielded animal
scanner (Varian/Magnex Scientific, Abingdon, UK) interfaced to a Varian Direct Drive console (Palo
Alto, CA, USA) and using the modified °Li Alderman-Grant coil combined with a *H surface coil as
transceiver. Male Sprague-Dawley rats (180-200g, n=19) were anesthetized using 1.5 % isoflurane
and their physiology was monitored during the entire length of the experiments. Field
inhomogeneity was corrected using the FASTMAP protocol (Gruetter and Tkac¢ 2000).
Hyperpolarized °Li solution was prepared by freezing droplets of glycerol:H,0 (1:1, v/v) containing
3M SLiCl and 58mM TEMPOL radical using fully protonated solvent mixture, a formulation which
was found to found to provide the highest liquid state polarization (15.2 + 1.5 %; Mishkovsky et

al., data not published).

Samples were polarized for 90 min using a custom-designed DNP polarizer operating at 7T (197.14
GHz / 1.00 £ 0.05 K) (Cheng, Capozzi, et al. 2013). Sodium ascorbate was added to scavenge the
radical prior to sample transfer (Miéville et al. 2010; Balzan et al. 2016). The sample was dissolved
and transferred into a separator/infusion pump located inside the magnet bore. 1.2mL of
hyperpolarized °Li solution was automatically infused into the femoral vein of the rats (Cheng,
Mishkovsky, et al. 2013), resulting in a Li blood concentration within the therapeutic window (0.98
mM + 0.05 mM). Data acquisition was triggered at the time of injection. Arterial and venous blood
gases were measured from the femoral vein and artery before the rat was inserted inside the
scanner (“60 min before the lithium bolus) and immediately after the end of the MRS acquisition

("2min post bolus) using a COBAS® b 121 system (Roche Diagnostic, Mannheim, Germany).
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In order to assess the dynamic of hyperpolarized 6Li at pharmacological dose in the rat brain,

different experiments were carried out:

(1) To evaluate the dynamic of hyperpolarized °Li in the rat brain, data acquisition was triggered
at the time of injection and a series of ®Li 1D spectra were acquired using 30° hard pulses every 5

s (n=4).

(2) In the ®Li MRS acquisition, the °Li signal comes from lithium in the blood and from lithium
located in the brain tissue. It is not yet clear how fast lithium enters the brain. It is generally
accepted that the entry of lithium into the brain is slow (Shaw, Kellam, and Mottram 2013),
however some studies using high dose of hyperpolarized °Li in rats suggested a predominantly
cerebral localization of lithium a few minutes after its intravenous injection (van Heeswijk et al.
2009). Given these conflicting reports in the literature about the rate of lithium transport across
the blood-brain barrier, our aim was to further investigate and clarify this issue. To evaluate the
blood and tissue contributions on the detected °Li signals, the same measurements were repeated
(n=4) but this time injecting Gd** contrast agent 100 + 5 s after the infusion of hyperpolarized °Li
(Gadovist®, 1M/1mlL), resulting in a Gd** blood concentration of approximately 0.67 M. Gadovist®
does not cross the intact blood-brain barrier in rats (“Compendium.Ch” n.d.) and dramatically
reduces °Li T: if they are in contact: °Li Tipiod drops to ~“10* s at the estimated Gd** blood

concentration of our experiments (0.67M) (van Heeswijk et al. 2009).

(3) To estimate the influence of hemodynamic on the acquired signal, another set of
measurements were carried out, in which a 90° saturation pulse is followed by 30° pulses every 5

s (n=3).

(4) To verify that the experimental parameters have only minimal effect on the dynamic of the

signal, new °Li 1D spectra were acquired using 15° hard pulses every 5 s (n=3).

(5) Finally, to evaluate the effect of the permeabilization of the blood-brain barrier on the acquired
®Li cerebral time course, anesthetized rats were infused with mannitol to osmotically disrupt the
blood-brain barrier in one brain hemisphere. A solution of 25 % d-Mannitol (Sigma-Aldrich,
Switzerland) was prepared and manually injected through the loop catheter inserted in the
internal carotid artery (3ml/300g) as previously described (Auffret et al. 2016). 20 min after
mannitol infusion, hyperpolarized ®Li was infused and the signal was acquired using slab-selective
excitations in the two brain hemispheres every 5 s (n=2). 30 min after mannitol infusion, Gd**

(Gadovist®, 1M/1mL) was injected in the femoral vein and T;-weighted images were acquired.
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All animal experiments were performed according to the guidelines of the local ethical committee
and the protocols were approved by the local regulatory body of the Canton Vaud, Switzerland
(Service de la Consommation et des Affaires Vétérinaires, Affaires Vétérinaires, Canton de Vaud,

Switzerland).

5.2.3 Measuring °Li T1 in arterial and venous blood ex vivo

To evaluate the difference in ®Li T1 in arterial and venous blood, ex vivo measurements on fresh rat
blood samples were performed as previously described by Balzan et al. (Balzan et al. 2016): 300yl
of hyperpolarized bLi solution was injected manually and sequentially into each tube through PTFE
capillary within 10 s after dissolution, reaching a °Li concentration of 0.65 mM. The signal was

acquired during 20 min (hard pulse, a = 20°, TR =10s).

In addition, in order to estimate the blood gases values in both arterial and venous blood at the
time of our ex vivo measurements with hyperpolarized °Li, blood gases of rat’s arterial and venous
blood samples were measured every 5 min (n=2) using a COBAS® b 121 system (Roche Diagnostic,

Mannheim, Germany).

5.3 Results

B: map of the built modified Alderman-Grant coil showed good B; homogeneity at the rat head
area (Figure 5.1B-C). The sample optimization together with the volume coil allowed us to detect
®Li in vivo in the rat head more than 6 min following injection and the excellent SNR (ranging from
860 to 8.9) achieved with our protocol can be appreciated from the in vivo spectra in Figure 5.2A.
The time courses of all animals were well reproducible (Figure 5.2A) and we found that the

apparent T; =53.6 + 2.9 s (mean + SD, N=4).

To differentiate the signal from the blood and tissue compartments, the same measurements were
repeated but this time injecting Gd** contrast agent ~100 s after the °Li infusion. In each
experiment (n=4), the °Li signal rapidly decayed upon Gadovist injection, indicating that °Li is

mostly located in the vascular system during the timeframe of our experiments (Figure 5.2B).

Then, we sought to estimate the influence of hemodynamic on the acquired signal. Another set of
measurements were thus performed, in which a 90° saturation pulse was followed by 30° pulses
every 5 s. After the 90° saturation pulse, a build-up was observed for approximately 15 s followed
by the typical °Li signal decay with apparent T; = 55.2 + 1.6 s (Figure 5.2D), similar to what we

found in acquisitions using 30° hard pulse only. The build-up after the 90°pulse was attributed to
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the inflow bLi spins through blood circulation, showing that in successive acquisitions different °Li

spins were detected.

Concerning the impact of the flip angle on the signal dynamics, as expected in vivo acquisition with
a smaller flip angle (15°) resulted in an only slightly larger apparent T; (60.2 + 5.9 s) than with a
flip angle of 30° (Figure 5.2C), and confirmed that the correction for RF excitation is not

straightforward in this type of in vivo experiment.

As it appeared from these different experiments that °Li remains mainly in the vascular
compartment during the first 2 min after injection, we then sought to evaluate the effect of the
permeabilization of the blood-brain barrier on the acquired °Li cerebral time course. In these
experiments in which the blood-brain barrier was disrupted in one hemisphere, interestingly we
observed a striking difference in the °Li apparent T1 between the two hemispheres (normal or
disrupted). ’Li apparent T; measured on the hemisphere with the normal blood-brain barrier was
found to be "57 s (Figure 5.3), similar to what was found in our first sets of experiments (Figure
5.2A) while the °Li apparent T; was tripled (*177 s) within the mannitol-permeabilized hemisphere

(Figure 5.3).

Our next goal was to further investigate the °Li characteristic decay measured. For this purpose,
both mono- and bi-exponential fit were tested on our data acquired with 30° hard pulse every 5 s.
As expected, bi-exponential decay better represents our measurements, as reflected by the sum
of squared errors (SSE) values (Figure 5.2E). Given the very high sensitivity of °Li to
deoxyhemoglobin oxygenation levels in vitro (1.5 % difference in SO, has been shown to induce
between 7-10 % difference in ®Li T; (Balzan et al. 2016)) and the approximately 10 % difference in
SO, measured in our rats between arterial and venous blood (Figure 5.2E), we hypothesized that
the two decays may correspond to venous blood (fast decay, T1. in Figure 5.4) and arterial blood
(slow decay, Tip in Figure 5.4). To test this hypothesis, we performed ex vivo experiments to
measure °Li T; in both fresh arterial and venous blood and in D,0 as described previously (Balzan
et al. 2016). We found that despite the difference in deoxyhemoglobin between the two samples,
as reflected by SO, (%) value, there were no significant difference between apparent or corrected
T: relaxation times in venous or arterial blood (Figure 5.5C, Figure 5.5D). At the time of the ex vivo
measurements (“60 min after blood collection), the difference in SO, (%) between the venous and
arterial blood samples was approximately 15 % (Figure 5.6), similar to the difference measured in
vivo. We therefore concluded that the two decays obtained from the bi-exponential fitting cannot

be attributed to venous and arterial blood.
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Figure 5.1 (A) A photo of the °Li modified Alderman-Grant coil (38 mm inner diameter, 40 mm length)/*H surface coil and (B)
its corresponding angle map that was calculated using the double flip angle method (Insko and Bolinger 1993) from two
gradient echo images acquired on a phantom containing 250 mM °LiCl; 16 uM Gadovist in H,0 with 60°/120° flip angles
(TR=65 s, FOV=42x42 mm, Data Matrix=32X32 mm, 4 averages). The spin echo image corresponds well to the angle map. (C)
White rectangle represents the volume taken by the rat brain in our setting, showing good B; homogeneity in the area of

interest (mean+SD=57°+ 7°).
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Figure 5.2 (A) On the left, a typical dynamic spectra of hyperpolarized °Li signal acquired in the rat head with modified
Alderman-Grant coil demonstrates the excellent SNR achieved in the experiments (SNR ranging from 860 to 8.9). The
estimated °Li concentration in blood at the time of injection was 0.98 mM. On the right, ®Li signal profile obtained with non-
localized MRS, mean + SD, n=4. (B) Evaluation of blood and tissue compartment: a typical normalized time course of
hyperpolarized °Li obtained in the rat head in upon Gadovist injection. The injection of the contrast agent (1 M/ 1 mL) started
at 95 s and lasted 30 s (red bar), leading to the rapid decay of the °Li signal. (C) Mean * SD of ®Li signal profiles obtained with
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non-localized MRS (30° hard pulses: n=4; 15° hard pulses: n=3). (D) Influence of hemodynamic on the acquired signal: mean
+ SD of ®Li signal profiles obtained with non-localized MRS (n=3): a 90° hard pulse is followed by a series of 30° hard pulses.
The build-up after the 90° pulse corresponds to the inflow °Li spins through blood circulation. (E) Average SO; (%) measured
before and after °Li injection (n=3) and time courses of hyperpolarized ®Li detected in the rat head of three different rats, each
of which was normalized to its maximal °Li signal. In the upper panel, data was fitted to bi-exponential decay and in the lower

panel to mono-exponential decay. Sum of squared errors (SSE) is shown, indicating that bi-exponential decay better
represents our measurements.
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Figure 5.3 (A) 30 min after mannitol infusion, the presence of blood-brain barrier disruption is visible via gadolinium enhanced
T:-weighted images (B) 20 min after mannitol infusion, hyperpolarized °Li signal acquired in the two brain hemispheres using
slab-selective excitations every 5 s. Note that for simplicity purpose, only the decay of the signal is shown for each hemisphere.
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Figure 5.4 Parameters obtained from the bi-exponential fitting of three different in vivo non-localized MRS
acquisition following ®Li infusion.
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Figure 5.5 (A) Schematic cross section of the three 10 mm glass tubes inside the tube holder and the
surrounding coils (40 mm inner diameter). Tube 2 was used as a reference to assess the relaxation time of
each hyperpolarized °Li solution. Tubes 1 and 3 were used for the measurements of arterial and venous blood.
(B) Time evolution of the tomographic projection of the °Li signal acquired after the injection of a
hyperpolarized °Li solution into the three tubes. The projections were measured along the horizontal axis
perpendicular to the static magnetic field as described previously (Balzan et al. 2016). (C) Integral of the
projected °Li signal measured in the three tubes as a function of time and their mono-exponential fit. (D)
Apparent T; and corrected T; (deduced after correcting for the effect of the pulses on the signal decay)
obtained from the mono-exponential fit in arterial blood, venous blood and D,0 (n=6). Results are presented
as mean + SD. Unpaired, two-tailed Student’s t-tests were used to assess statistical significance (p<0.05).
Apparent T; and corrected T; significantly differed between D,0 and arterial and venous blood (p<0.0001)
(data not shown for simplicity).
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Figure 5.6 Blood gases evolution of rat’s arterial and venous blood samples (n=2) measured in the same 10
mm-glass tubes used in the ex vivo experiments with hyperpolarized °Li. Measurements were performed
approximately every 5 min from the time of the withdrawal (t = 0 s) and 80 min thereafter. Values were
obtained using a COBAS® b 121 system (Roche Diagnostic, Mannheim, Germany). The error bar represents

the error on the measurements as specified by COBAS®.
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5.4 Discussion

In the present study, we demonstrated that hyperpolarized ®Li can be detected at pharmacological
concentration (<1.2 mM) in the rat head with high SNR. The use of our custom-built modified
Alderman-Grant coil allowed us to obtain a much more homogeneous B; field than surface coil
used in previous studies with hyperpolarized °Li (van Heeswijk et al. 2009), and the polarization
achieved with our protocol also substantially exceeded the liquid state polarization reported in

previous studies (Balzan et al. 2016).

In order to better understand the mechanisms of action of lithium therapy, knowledge about
lithium traversing membranes and especially the blood-brain barrier is of utmost importance
(Birch 2012). Absorption of lithium in the brain is generally considered to be very slow (Shaw,
Kellam, and Mottram 2013), however some studies measuring lithium absorption have suggested
that after intravenous administration, a certain amount of lithium already enters the brain within
the first few hours (Ebadi et al. 1974; Subbaraya Ramaprasad et al. 2005) or the first few minutes
(van Heeswijk et al. 2009). In our experiments, we demonstrated that upon injection of Gadovist,
the °Li signal decreased very rapidly, showing that the majority of °Li signal remained mainly
confined to the vascular compartment and that its uptake in the rat brain during the length of our
measurements was low. These results provide new insights to a question that remains to be

further investigated.

It takes ~17 s for the blood to circulate around the body in the anesthetized rat (Sweet et al. 1987).
Given that the °Li is mostly located in blood and that the volume of blood in the head excited by
the coil is small, we hypothesized that in successive acquisitions different ®Li spins were detected.
The build-up measured after the 90° pulse (Figure 5.2D) supports this hypothesis and confirmed
that the effect of the RF excitation cannot be corrected as previously stated (van Heeswijk et al.
2009; Day et al. 2007), and thus the characteristic decays of the °Lisignal acquired in vivo that we
report were not adjusted for the effect of the RF pulse. We noted that the apparent relaxation
constant T; reported in the present study is slightly lower than what was previously reported in
vivo (van Heeswijk et al. 2009). The main reason probably accounting for this difference is that the
T, value reported in the mentioned study was corrected for the magnetization decrease due to the
repetitive excitations and did not consider the inflow into the sensitive volume of the coil, thus
providing only an upper estimate of the in vivo relaxation time. Another difference is the type of
coil used: they used a surface coil whereas in the present study we used a volume coil, providing

a more homogeneous B; and exciting more spins with each RF pulse.
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We also demonstrated that it is possible to enhance the transient uptake of lithium in the brain by
temporarily opening the blood-brain barrier using mannitol. By introducing mannitol to
osmotically disrupt the blood-brain barrier in one brain hemisphere, we observed that the Li
apparent T; was more than tripled in the disrupted hemisphere compared to the normal

hemisphere, most probably reflecting a greater transport of lithium into the brain.

Overall, these different results confirm that without any blood-brain barrier disruption, °Li uptake
in the rat brain during the length of our measurements is low, and the majority of °Li signal is

intravascular.

Regarding our ex vivo measurements performed on arterial blood, venous blood and D,0, we
found corrected °Li T; values in the similar range as what reported by Balzan et al. (Balzan et al.
2016) for both venous blood and D;0O. In their study, they reported that paramagnetic
deoxyhemoglobin dominates °Li relaxation in blood, and the shorter T; measured in deoxygenated
blood (50,=75.4 + 0.7 %) compared to whole blood (50,=76.9 + 0.3 %), was attributed to
paramagnetic deoxyhemoglobin (Balzan et al. 2016). In our experiments, since hemoglobin
oxygenation levels were higher in arterial blood (S0,=97 + 2 %), compared to venous blood
(50,=87 + 6 %), we expected Tiartery to be higher than Tiyenous. However, unexpectedly we found
no significant differences in the T; (neither apparent nor corrected) between the venous and
arterial blood despite the large difference in deoxyhemoglobin. Arterial T; was even found to be
slightly lower than venous T1, which was surprising given its low deoxyhemoglobin level. This leads
us to conclude that the fast decay component and the slow decay component of apparent °Li T;
relaxation do not correspond to arterial and venous blood as we initially hypothesized, and it could
also be that ®Li uptake in other tissues or organs such as liver or kidney also account for some of
the fast decay component. Therefore, contrary to what has been reported (Balzan et al. 2016), it
appeared in our experiments that deoxyhemoglobin was not a key factor accounting for T;

relaxation of bLi in blood, and these apparent discrepancies remain to be investigated.

Overall, we conclude that the transport of lithium through the intact blood-brain barrier during
the time of ®Li hyperpolarization is a limiting factor and thus that the usefulness of hyperpolarized
lithium as a tool to evaluate its pharmacokinetic in real time or its distribution in the brain is
limited. However, despite the limitations associated with the slow transport through the blood-
brain barrier, we believe that hyperpolarized lithium still has the potential for promising

applications given its very long intrinsic T;, the good SNR obtained with our protocol, and the
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striking difference we found between apparent T; values in a brain with normal or disrupted blood-

brain barrier.
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Chapter 6 conclusion and
perspectives
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The present thesis first aimed to assess in vivo and longitudinally the effects of different treatments
for hepatic encephalopathy (HE) on the neurometabolic changes associated with chronic HE using
a rat model of type C HE and a multimodal approach including *H MRS. We demonstrated for the
first time the positive effects of the combined rifaximin and the probiotic Vivomixx® on brain
metabolic changes during CLD and CHE. It appears that the progression of CHE can be slowed by
administering the antibiotic rifaximin combined with probiotic treatment that modulates the
intestinal flora. We also concluded that in BDL rats, rifaximin treatment alone had limited efficacy.
When administered at human dose in rats, its effects appeared only at the early stages of the
disease, whereas at a higher dose some neurometabolic changes associated with HE were
attenuated but the general condition of the rats was worse. The clinical implications of these two
studies are essential given that both rifaximin and some probiotics are currently used in the
treatment of HE. Since both rifaximin and probiotics influence systemic inflammation, it would be
of interest to also evaluate inflammatory markers in the blood (TNF-a, CRP, WBC count) and
markers of neuroinflammation, which could be an improvement for future treatment studies in
BDL rats. Given the current burden of liver disease worldwide, understanding the mechanisms of
action of these treatments may have a significant impact on public health in the long term. More
generally, our studies also illustrate the fact that finding an appropriate treatment for HE is
challenging, which is why, despite years of investigation, the appropriate treatment has not yet
been found. At the same time, our studies illustrate the usefulness of high-resolution MR
spectroscopy as a very powerful technique in pre-clinical studies for the detailed and non-invasive

evaluation of the effects of drugs impacting the neurometabolic profile in particular.

The second part of this thesis was dedicated to the development and application of DNP
techniques for in vivo studies in rodents. Since glucose is the main energy substrate in the brain,
our goal was to study the real-time cerebral metabolism of glucose in mice after infusion of 3C-
labelled hyperpolarized glucose and especially to investigate how the change in anesthesia impacts
the cerebral metabolism of hyperpolarized glucose. We showed for the first time that switching
from isoflurane anesthesia to a combination of lower doses of isoflurane and medetomidine had
a high impact on cerebral glucose uptake and glycolytic flux. An important advantage of our study
is that it was carried out under nearly physiological conditions. First, glucose is the main energy
substrate in the brain under physiological conditions, in contrast for example to pyruvate which is
mainly used in metabolic studies using hyperpolarized substrates. Also, the use of hyperpolarized
glucose allowed us to study the cerebral metabolism of glucose at physiological concentrations.

Finally, the choice of anesthesia reported to preserve connectivity similar to the awake state
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brought us a little closer to the normal physiology of the brain. Our results also highlighted the
important effect that anesthetics can create on the outcome of a pre-clinical experiment
performed in animal and stresses the importance of taking this factor into account before
interpreting the results and extrapolating them to humans. In addition, the higher SNR reported
in this work offer new perspectives for better characterizing the energetic deficiencies in
neuropsychiatric diseases such as HE. The extent and characterization of brain energetic disorders
in HE is still debated, and hyperpolarized glucose can be a promising tool to give further insights

and elucidate the remaining questions.

We also paved a new way for quantifying cerebral glucose metabolism kinetics, especially of
glycolysis. Different mathematical model of metabolism were evaluated and we showed that a 3-
compartment model is more stable and reliable than a 4-compartment model. As is often the case
when modelling using hyperpolarized substrates, the determination of kinetic rate constants was
challenging. The normalization of DNP spectra and the lack of measured input function and
cerebral glucose uptake were the main limiting aspects. The addition of glucose uptake data
obtained with PET scan would be a great improvement and we plan to conduct these experiments
in the near future. In addition, a further increased SNR could provide a measurable pyruvate time
course, which would also contribute to the improvement of the estimation of the kinetic rate
constants. A robust model has the potential to improve the understanding of diseases with a
disrupted cerebral energy metabolism such as hepatic encephalopathy. It can provide a valuable
tool for quantitatively comparing metabolic rates in different conditions, for example by

comparing control and diseased groups.

We finally investigated the potential of hyperpolarized lithium to enhance the understanding of
the mechanism of action of lithium salts in the treatment of bipolar disorders. Overall, we
concluded that the transport of lithium through the intact blood-brain barrier during the time of
®Li hyperpolarization is a limiting factor and thus that the usefulness of hyperpolarized lithium as
a tool to evaluate its pharmacokinetic in real time or its distribution in the brain is limited.
However, despite the limitations associated with the slow transport through the blood-brain
barrier, we believe that hyperpolarized lithium still has the potential for promising applications
given its very long intrinsic T1, the good SNR obtained with our protocol, and the striking difference

we found between apparent T; values in a brain with normal or disrupted blood-brain barrier.
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Appendix 1 Setting up dDNP

experiments using a 5 T polarizer
connected to a 14 T animal scanner
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The work presented in this part was carried out in collaboration with three PhD students from the
LIFMET (T.P. L&, A. Radaelli, C. Zanella). All four of us contributed equally to this work.

Introduction

This section presents work carried out at the LIFMET, consisting of restarting dissolution DNP
(dDNP) experiments using a 5 T /1.5 K custom-designed polarizer connected to a 14.1 T animal
scanner as well as the optimisation of the protocol. At the time this work started, the 5 T polarizer
was working but was only used for solid state polarization measurements. Our goal was thus
multiple: first, the aim was to make the 5 T polarizer connected to the 14.1 T scanner functional
again to (1) allow liquid state polarization measurements on this set-up and (2) to be able to
perform in vivo metabolic measurements on rodents after injection of hyperpolarized solution. At

the same time, the different parameters were characterized and optimized.

Method & Results

First, the transfer line was put back in place as well as the automatic triggering of the measurement
5 seconds after dissolution. The optimal length of the transfer line was found to be 7.5 m. 2, 3 and
4 seconds pushing time under a pressure of 6 bar were tested. 3 seconds pushing time gave rise

to a volume transferred of 2.15 ml, which is optimal for in vivo applications.

Before determining the optimal path for the transfer line, we evaluated which sample (sodium
pyruvate or pyruvic acid with different radicals) provides the highest liquid state polarization. The
sample composed of 2.7 M [1-13C] Na-Pyr + 45 mM TEMPOL + 65 pl Na-Asc 1M gave the highest

polarization (Figure 7.1) and the next measurements were pursued with this sample composition.

Sample Polarization (%) T, (s)
2.7M NaPyr + 45mM TEMPOL 6.7 26.2
2.7M NaPyr + 45mM TEMPOL + NaAsc 10.7 41.3
2.7M NaPyr + 15mM 0X63 7.6 36.7
7M PA + UV radicals (1h irradiation) 8.3 36.6

Figure 7.1 Liquid state polarization and build-up time achieved with different sample composition. NaPyr
stands for sodium pyruvate and PA stands for pyruvic acid.

As the distribution of the magnetic field (amplitude and direction) influences the polarization loss
during the transfer from the polarizer to the scanner, we tried to determine if the path had an
influence in the present case, and if so what was the optimal path for the transfer line. Three

different holes in the panel were tested (Figure 7.2). No significant difference between the three
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holes was found either in the liquid state polarization or in the polarization built-up time. For the

following measurements, hole 2 was selected in order to minimize the length of the transfer line.

\

- M}a

Hole P (%) T, (s) n
1 11.5+36 333%13 3
2 153+6.8 29.3+3.7 3
3 127+18 328+1.9 3

Figure 7.2 Transfer path optimization. The different holes tested are labelled as 1, 2 and 3. For each hole,
measurements were pereformed 3 times. Polarization (P) and longitudinal relaxation time (T;) were
measured. No significant difference was found between the three holes.

As a next step, our goal was to reduce the time of polarization by using microwave modulations.
By modulating around the frequency of interest (10 kHz around 140.25 GHz), we found that the
built-up time polarization was reduced by about six times, from T; = 5000 s to T; = 770 s (Figure

7.3), without however significantly improved the total polarization achieved.

©  w/o mod, 7,= 5000 s
= w/mod, 1,=770s

T T T T T T T T T T T T T N
0 1000 2000 3000 4000 5000 6000
Time (s)

Figure 7.3 Effect of microwave modulation (10 kHz around 140.25 GHz) on polarization built-up time of a
sample composed of 2.7 M [1-3C]Na-pyr + 45 mM TEMPOL.

In order to determine the polarization loss during the transfer, we also performed solid state

polarization measurements. Due to some problems encountered with the polarizer (notably the
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difficulty to maintain a temperature of 4 K for several hours), the success rate of these experiments
was low. We tried 12 times and succeeded 3 times. We obtained a solid state polarization of Pss =
14.56 + 1.55 % (n=3), meaning that there is only small polarization loss during transfer (P,s = 12.7

+1.8 %, n=3).

As a next step, we performed an in vivo experiment. All measurements were performed in a 14.1
T MRI system and using a home-built quadrature *H-coil and a *3C surface coil as a transceiver that

was placed on top of the rat’s abdomen at the location of the liver (Figure 7.4A).

0104 Ll

[1-"*C]lactate
[1-"*C]pyruvate

<«— [1-"*CJalanine

<«— [1-"*C]malate
<— [4-"*C]malate
<— [1-"*CJpyr. hyd.
<— [4-"*Claspartate
<«— [1-"Claspartate

<«— H"CO;

I N T N T T T T T T T N 1
190 185 180 175 170 165 160
Chem Shift (ppm)

Figure 7.4 In vivo measurements. (A) Male Sprague Dawley rat placed in the holder with the home-built
quadrature *H-coil and *3C surface coil placed on the abdomen. (B) Resulting summed spectra (n=13 scans
added) and the corresponding metabolites. [1-13C] lactate was visible until 60 s after injection.

A male Sprague-Dawley rat (180 g) was anesthetized using 1.5% isoflurane and its physiology was
monitored during the entire length of the experiments. Field inhomogeneity was corrected using

the FASTMAP protocol (Gruetter and Tka& 2000). Hyperpolarized sodium [1-'3C] pyruvate sample
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was prepared by freezing droplets of glycerol:H,0 (1:3, v/v) containing 2.7 M Na-Pyr and 45 mM
TEMPOL radical. Samples were polarized for 100 min using the 5 T DNP polarizer (140.25 GHz / 1.2
+ 0.05 K). Sodium ascorbate was added to scavenge the radical prior to sample transfer (Miéville
et al. 2010; Balzan et al. 2016). The sample was dissolved and transferred into the
separator/infusion pump located inside the magnet bore. 1.2 mL of hyperpolarized solution was
automatically infused into the femoral vein of the rat. Data acquisition was triggered at the time
of injection and data were acquired using non localized 30° adiabatic pulses (BIR4.30) with a
repetition time (TR) of 3 s. This first in vivo experiment was a success and several metabolites could
be observed in real time in rat liver with good SNR (Figure 7.4). [1-3C] lactate was visible until 60

s after injection.

Finally, we performed another set of liquid state polarization measurements on a sample
composed of pyruvic acid + 15mM 0X63 radical. We obtained a higher liquid state polarization
than the one obtained so far with the different sample composition (Figure 7.1), with P,s =23.3

1.7 % (n=3), which is high enough for in vivo measurements in the brain.
Discussion & Conclusion

During this project, we were able to re-establish dissolution DNP experiments using a custom
designed 5 T /1.5 K polarizer connected to a 14.1 T animal scanner. This enabled us to perform in
vivo experiments and to optimize the protocol. The results obtained show that the different filter
panel holes do not significantly influence the liquid state polarization and that little polarization is
lost during the transfer. The microwave sweep resulted in a reduction of the polarization time,
reducing it by a factor of about 6, as shown by various recent studies (Bornet et al., 2014). In
conclusion, these preliminary results are encouraging for the continuation of in vivo and in vitro
dDNP experiments with this set-up, and other refinements are currently in progress such as the
improvement of the set-up to minimize the amount of helium required for solid state

measurement.
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Personal information
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