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Abstract
Neuroinflammation is a central topic of research in neuroscience due to its implication in the
development of numerous neurological and psychiatric disorders. However, to date, there are
no imaging techniques capable of characterising brain inflammation in vivo and
non-invasively. In this study, we propose a novel approach to visualise microglial and
astrocytic reactions in the gray matter using diffusion-weighted magnetic resonance imaging
(dw-MRI). To demonstrate it, we employed various animal models in rats and conducted a
pilot study in humans to explore its clinical utility. The study is based on 1) the ability of
dw-MRI to study structural changes in different cellular compartments, 2) the characteristic
morphology of glial cells, and 3) their known morphological change in response to an
inflammatory process. The available animal models allowed us to generate time windows to
distinguish the microglial response from the astrocytic response (longitudinal study after
lipopolysaccharide treatment), as well as to induce inflammatory responses in the absence
(lipopolysaccharide) or presence (ibotenic acid) of neurodegeneration or demyelination
(lysolecithin). Finally, the specific footprint left by microglial reaction in dw-MRI could be
verified in experiments with PLX5622, a compound that produces almost complete microglia
depletion in the tissue. The combination of dw-MRI and histological studies in the same
animals allowed us to demonstrate a high correlation between cell type-specific histological
measurements and specific compartments defined in dw-MRI. Overall, our experiments with
animal models demonstrate that 1) it is possible to non-invasively measure the reaction of
microglia and astrocytes in an inflammatory process, 2) the reaction of both cell types can be
distinguished and quantified separately, even though both occur simultaneously, and 3) this
capability of dw-MRI is not affected in cases of neuronal death or axonal demyelination, two
alterations that themselves modify water diffusion in the tissue. Finally, we adapted our
dw-MRI protocol to a human research scanner and demonstrated its ability to estimate
microglial density in several brain regions in six healthy human patients, corroborated by post
mortem data from the literature. These results underscore the potential of our approach to
obtain non-invasive images of microglia and astrocytes in vivo. We anticipate that this model
will significantly contribute to our understanding of glial functions in both health and disease.
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Resumen
La neuroinflamación es un tema central de investigación en neurociencia por su implicación
en el desarrollo de numerosos trastornos neurológicos y psiquiátricos. Sin embargo, hasta la
fecha, no hay técnicas de imagen capaces de caracterizar la inflamación cerebral in vivo y de
forma no invasiva. En este estudio, proponemos un enfoque novedoso para visualizar las
reacciones microgliales y astrocitarias en la sustancia gris mediante imagen por resonancia
magnética ponderada en difusión (IRMd). Para demostrarlo, empleamos varios modelos
animales en rata y realizamos un estudio piloto en humanos para explorar su utilidad clínica.
El estudio se basa en 1) la capacidad de la IRMd para estudiar cambios estructurales en
distintos compartimentos celulares, 2) la morfología característica de las células gliales, y 3)
su conocido cambio morfológico en respuesta a un proceso inflamatorio. Los modelos
animales disponibles nos permitieron generar ventanas de tiempo donde distinguir la
respuesta microglial de la astrocitaria (estudio longitudinal tras tratamiento con
lipopolisacárido), así como inducir respuestas inflamatorias en ausencia (lipopolisacárido) o
presencia (ácido iboténico) de neurodegeneración o desmielinización (lisolecitina).
Finalmente, la huella específica que deja la activación de la microglia en la IRMd pudo ser
verificada en experimentos con PLX5622, un compuesto que produce la depleción casi
completa de la microglía en el tejido. La combinación, en los mismos animales, de los
estudios de IRMd e histológicos, nos permitió demostrar una alta correlación entre las
mediciones histológicas específicas de tipo celular y los compartimentos específicos
definidos en la IRMd. En conjunto, nuestros experimentos con los modelos animales
demuestran que, 1) es posible medir de forma no invasiva la reacción de la microglia y los
astrocitos en un proceso inflamatorio, 2) que la reacción de ambos tipos celulares se puede
distinguir y cuantificar separadamente, aunque ambas sucedan de forma simultánea, y 3) que
esta capacidad de la IRMd no se ve alterada en caso de muerte neuronal o desmielinización
de los axones, dos alteraciones que de por sí modifican la difusión del agua en el tejido. Por
último, adaptamos nuestro protocolo de IRMd a un escáner de investigación humano y
demostramos su capacidad para estimar la densidad microglial en varias regiones cerebrales
en seis pacientes humanos sanos, corroborado por datos post mortem de la literatura. Estos
resultados subrayan el potencial de nuestro enfoque para obtener imágenes no invasivas de la
microglía y los astrocitos in vivo. Anticipamos que este modelo contribuirá
significativamente a nuestra comprensión de las funciones de la glía tanto en la salud como
en la enfermedad.
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I. Introduction

1.1 Neuroinflammation: a timeline
The central nervous system, a marvel of intricate design, serves as the control centre for our
bodies, facilitating myriad interactions and functions. It operates in harmony with the body,
typically maintaining a delicate balance that fosters robustness and resilience to
environmental insults, ensuring our viability as human beings. But how is this equilibrium
sustained? Despite lingering in the background for a while, much credit is owed to glial cells,
which outnumber neurons in some brain areas by as much as 1,65:1 (Sherwood et al., 2006).
Indeed, these glial cells take centre stage in the process central to our research:
(Neuro)inflammation.

Inflammation is a protective mechanism aimed at safeguarding tissues from such insults,
identifying and removing causative agents (chemicals, bacteria compounds…), and
facilitating overall healing. It is a complex biological phenomenon, and involves various
immune system cells depending on the insult (Rocha and Silvia, 1994; Granger and
Senchenkova, 2010, National Institutes of Health definition). Neuroinflammation,
specifically, refers to inflammation of the nervous system. Similar to general inflammation, it
involves the intricate activation of distinct immune cells, but specifically for the nervous
system cells such as glia cells as microglia and astrocytes (Rio-Hortega, 1919, Eddleston and
Mucke, 1993, Escartin et al., 2021, Paolicelli et al., 2022), peripheral immune system cells
and autoantibodies (Roger et al., 2012, Wang et al., 2023), all working in concert to promptly
resolve the issue.

However, despite our perceived understanding, the reality is far more unclear, both in terms
of cellular implications and functional outcomes, and the role and valence of
neuroinflammation is complex and not always positive for the system. Overall, this thesis
focuses on the generation of a tool to image microglia and astrocytes in vivo and
non-invasively, helping to follow the complex reactions and interactions in health and disease
from these cell types.

In the following section, I will briefly review the historical and current perspective of these
inflammatory processes.

1.1.1. Origin, function and main characters
Historically, the narrative of inflammation is rich and vivid, dating back to the observations
of the Greek physician Hippocrates in the 5th century, who described neuroinflammation as
an early part of the healing process following tissue injury. Subsequent contributions came
from Celsus, a Roman writer, who noted the characteristic signs of inflammation (warmth,
redness, swelling, and pain) and it is believed that Galen, a physician in the Roman Empire,
added a crucial aspect: the loss of tissue function when inflamed (Rocha and Silvia, 1994;
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Granger and Senchenkova, 2010). Reflecting on these observations, a dichotomy already
emerged: “healing versus loss of function”. Is inflammation still dichotomous today?

Delving further into history, particularly in the realm of neuroinflammation, great scientific
discoveries such as magnification lenses and labelling techniques have propelled the field
forward, unveiling new ways of understanding. In the words of Santiago Ramón y Cajal,
upon observing labelled cells in his custom-made microscope:

“Ya no es necesario interpretar, si no ver y constatar”
translation: “It is no longer necessary to interpret, but rather to see and verify”

Santiago Ramón y Cajal

The cell substrates of inflamed brain tissue were first observed as early as 1858, and Rudolf
Virchow coined the concept of neuroglia, referring to a group of non-neuronal cells
interacting with nerve tissue (Virchow, 1858) (Figure I.1.1858). Later, Camillo Golgi,
through the development of Golgi staining, produced detailed drawings of glial cells and its
ramifications by 1872 (Golgi, 1873) (Figure I.1.1872-3). A few decades later, Lenhossék
coined the term “astrocytes”, differentiating them based on their large size and protoplasmic
characteristic phenotype (Lenhossék, 1895) (Figure I.1.1895). Subsequently, the term
“microglia” was coined by Rio-Hortega in 1919 (Rio-Hortega, 1919), thanks to his
descriptions with silver staining (Figure I.1.1919), convinced of its morphologically different
aspect from astrocytes.

The immune roles of microglia and astrocytes were soon recognized, primarily driven by
observations of their morphological changes in response to chemicals or immune insults, as
conducted by Rio-Hortega. He described differences in microglial ramifications in response
to varying silver concentrations in the staining (Rio-Hortega, 1919). Moreover, he established
that microglia are the principal immune defenders of the brain, using their long and numerous
ramifications to sense their environment and become phagocytic against attacks, acting as
“voracious macrophages” (Rio-Hortega, 1919), even proliferating in number and changing
their morphology significantly. Rio-Hortega's findings were further demonstrated and
expanded, showing that microglia were also part of the adaptive immune system, presenting
antigens to T lymphocytes after gamma-interferon treatment (Suzumura et al., 1987) and
producing cytokines after LPS exposure (Hetier et al., 1988). Additionally, different roles
arose in parallel by the 1960s, highlighting, for example, their role in synapse modelling
(Blinzinger and Kreutzberg, 1968). Over this time, specific methods have emerged to identify
microglia. One of the most renowned markers is Iba-1 (Ionised calcium binding adaptor
molecule 1), discovered in 1998, which targets a calcium binding protein (Ito et al., 1998)
(Figure I.1.1998). This marker has been consistently employed up to the present day,
allowing further definition of morphological reactions (Paolicelli et al., 2022).

Regarding astrocytes, they were early linked to metabolic and nutritive functions in brain
tissue by Golgi, thanks again to morphological descriptions, by observing their prolongations
around blood brain vessels (Golgi, 1873) (Figure I.1.1872). Later, Ernesto Lugaro pointed to
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their role in neurotransmitter homeostasis through their metabolization and uptake (Lugaro et
al., 1907), confirmed in 1994 by Mennerick and Zorumski (1994) showing they affect
synaptic transmissions using electrophysiological recordings. This role was later extended,
demonstrating they can even release neurotransmitters themselves (Szatkowski et al., 1990;
Martin., 1992), in a process termed “gliotransmission”, and Araque et al., coined the term
"tripartite synapses," with astrocytes as a new synaptic element (Araque et al., 1999).
Additionally, like microglia, they react to insults or attacks on the central nervous system, in a
process called astrogliosis, leading to significant changes in their morphology and size and
the generation of scar tissue that promote nerve healing processes (Eddleston and Mucke,
1993). Finally, it is essential to mention that specific methods for labelling astrocytes did also
emerge. In this case, the famous and widely used marker is GFAP, pioneered by Santiago
Ramón y Cajal, derived from Glial Fibrillary Acidic Protein, with a chloride-sublimate
staining technique (Ramón y Cajal, 1913), (Figure I.1.1913).

Figure I.1: Historical timeline of neuroinflammation. 1858) Rudolf Virchow coined the term
"Neuroglia" and provided the first drawings of this cell population. Left: Photograph of Rudolf
Virchow. Right: His neuroglia drawings (Virchow, 1858). 1872-3) Camillo Golgi developed Golgi
staining, enabling precise visualisation of glia. He also noted their nutritive role by observing their
extensions around blood brain vessels. Left: Photograph of Camillo Golgi. Right: His neuroglia
drawings (Golgi, 1873). 1895) Mihály Lenhossék coined the term "Astrocyte" and differentiated them
from the glia population based on their characteristic size and shape. Left: Photograph of Mihály
Lenhossék. Right: His astrocyte drawings (Lenhossék, 1895). 1913) Santiago Ramón y Cajal
developed GFAP staining for astrocyte-specific labelling. Left: Photograph of Santiago Ramón y
Cajal. Right: GFAP staining of astrocytes (Ramón y Cajal, 1913). 1919) Pío del Río Hortega coined
the term "Microglia" and suggested its immune role by observing morphological changes in response
to chemicals. Left: Photograph of Pío del Río Hortega. Right: Microglia staining (Río Hortega, 1920).
1998) Ito et al. developed Iba-1 staining specific for microglia staining. Left: Photograph of Daisuke
Ito. Right: Iba-1 staining of microglia in dark and blood vessels in blue (Ito et al., 1998). Note: Only
historical events mentioned in this thesis introduction are included.
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All these remarkable discoveries emphasised the importance of microglia and astrocytes,
along with their neuroinflammatory response, for normal brain function in both health and
disease. However, ultimately, these cell types were functionally categorised into two general
terms: resting or active, with the latter often associated with diseases or attacks. Specific
names were even assigned to these states, such as M1 and M2 for microglia representing
resting or active states respectively, terms already appearing in the literature by 1970 (Streit
et al., 1988). Similarly, for astrocytes, A1-A2 was used to represent resting or active states
(Escartin et al., 2021).

Nevertheless, these pioneering discoveries illustrate that neither microglia nor astrocytes are
simplistic cells, as they contribute to a multitude of functions. Given their multifaceted
nature, is it realistic to categorise them simply as resting or active? In the next section, we
will explore how this Linnaeus-like separation, while once useful, is no longer conducive to
biology or clinical research. We'll examine how their roles in both health and disease are far
more refined than a dichotomous classification suggests.

1.1.2. Current view: dynamism and new (undesired) roles
The last decades have supposed a change in paradigm in our understanding in both the
function, physiology and morphology of microglia and astrocytes from what our giants have
demonstrated before. And, as we have introduced: their role in health and disease is not
always clear.

“Cells are residents of a vast ‘landscape’ of possible states, over which
they travel during development and disease”

Conrad H. Waddington

New functions have been assigned to microglia and astrocytes, extending beyond
neuroimmune functions. Microglia, for instance, have been implicated in the correct
migration of interneurons and morphogenesis during development (Squarzoni et al., 2014,
Lawrence et al., 2004). In the adult brain, in remodelling circuits in response to various
external visual experiences, even in their supposed "resting" state (Tremblay et al., 2010), as
well as regulating neurogenesis in the hippocampus (Sierra et al., 2010). Additionally,
microglia have been shown to promote myelination through communication with
oligodendrocyte precursors at different states (Giera et al., 2018). Similarly, astrocytes have
been observed to respond to external stimuli in a frequency-dependent manner, as evidenced
by intracellular calcium recordings in response to whisker stimulation (Wang et al., 2006).
Furthermore, they play a role in sleep homeostasis (Halassa et al., 2009), support
hippocampal-prefrontal theta communication in remote memory (Sardinha et al., 2017), and
modulate hippocampal long-term potentiation (Abreu et al., 2023).

These newfound roles and reactions have revealed the multifaceted nature of microglia and
astrocytes, blurring the line between active and resting states and adding layers of complexity
to their understanding. This issue was recently addressed by over 70 researchers worldwide in
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a nomenclature and function compendium for astrocytes (Escartin et al., 2021) (Figure I.2.F)
and by over 100 researchers for microglia (Paolicelli et al., 2022) (Figure I.2.C). These
compendiums emphasise the need to study microglia, astrocytes, and neuroinflammation in
the correct context, considering factors such as age, sex, brain region, external environment,
as well as the internal state of each cell: phenomics, metabolomics, proteomics,
transcriptomics, and epigenomics. The overarching conclusion is that there are no discrete
thresholds for their states, just as there are no discrete implications in neuroinflammation, as
we will explore.

To illustrate the complexity of the issue, consider a few seminal experiments that have
reshaped our understanding of microglia and astrocytes. One such discoveries, published by
two laboratories in 2005, visualised microglia in vivo using two-photon imaging and revealed
that microglia are far from "resting" in healthy conditions; their ramifications are
continuously in motion (Davalos et al., 2005; Nimmerjahn et al., 2005) (Figure I.2.A). These
movements are now associated with what is known as the sensome: the ability to sense the
brain parenchyma state through multiple membrane receptors covering their extensions, as
“brain sentinels” (Hickman et al., 2013). Similarly, significant differences in astrocyte
numbers have been observed just by the passing of time, with considerably higher size and
GFAP reactivity occurring during healthy ageing (Jalenques et al., 1997) (Figure I.2.D).
Additionally, going beyond phenomics, both microglia and astrocytes exhibit substantial
differences in their transcriptomic profiles depending on the brain region being studied in
healthy individuals, a topic covered specifically by Tan et al., (2020), grouping several
studies.

This new information sheds light on why there is no clear distinction between active and
resting microglia or astrocytes; they can be "active," dynamic, and diverse in healthy
conditions, depending on numerous factors. Therefore, it has been suggested that perhaps a
more appropriate term for them when a specific condition or agent is present could be
"reactive" (Escartin et al., 2021).

Moreover, just as there is no clear distinction between active and reactive states, there is not
always a clear distinction between pro and anti-inflammatory states. The evolving
understanding of microglia and astrocytes biology allow researchers to study them with a
new conceptualization, uncovering an extra layer of complexity and key motivation for this
investigation: microglia and astrocytes are implicated in the generation and progression of
diseases affecting the central nervous system (Figure I.2.B.E).

For instance, abnormal microglial reactions have been linked to Parkinson's disease (Cai et
al., 2014; Arena et al., 2022), multiple sclerosis (Sanchez-Guajardo et al., 2015,
Distéfano-Gagné et al., 2023), amyotrophic lateral sclerosis (Cooper-Knock et al., 2017,
Carke and Patani, 2022) and stroke (Guruswamy and ElAli., 2017, Wang et al., 2022, Planas
2024), where Guruswamy and ElAli demonstrated a change in their morphology. Similarly,
astrocytes can deviate from their normal function, acquiring a reactive phenotype
characterised by a prolonged overreaction and the generation of toxicity in conditions like
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Huntington's disease, amyotrophic lateral sclerosis, and Alzheimer's disease (Simpson et al.,
2010; Phatnani et al., 2013, Kim et al., 2024). In the context of pathological ageing,
microglial implication has been well observed, linking it to faster neurodegeneration
mechanisms with higher number of prolongations (Davies et al., 2017). Moreover, a
correlation between ageing and microglial "malfunction" with Alzheimer's Disease in humans
has been noted (Davies et al., 2017; Streit et al., 2009, Kim et al., 2024, Rachmian et al.,
2024), demonstrating an increase in their ramifications after tau depositions (Arranz and
Stropper, 2019). Additionally, microglia has been linked to the progression of other disorders
such as alcohol addiction, as it has been suggested that the microglial process retraction could
promote addiction (De Santis et al., 2020).

The mechanism underlying these implications remains elusive, potentially involving
pathological or sustained neuroinflammation (Walker et al., 2018, Kwon and Koh., 2020), the
release of neurotoxic proteins (Perry et al., 2010) or even pathological oligodendrocyte
reaction (Psenicka et al., 2021).

Figure I.2: Microglia and Astrocytes current view; an update. A) Example of microglia dynamism
in healthy tissue: two-photon imaging of microglia over 60 seconds reveals continuous movement of
their ramifications, adapted from Davalos et al., (2005). B) Recent implications of microglia in
disease. C) Multiple layers of complexity defining microglia functions, as defined by the microglia
compendium, adapted from Paolicelli et al., (2022). D) Example of astrocyte dynamism during
ageing, indicating changes in their reactivity, adapted from Jalenques et al., (1999). E) Recent
implications of astrocytes in disease. F) Layers of complexity defining astrocyte functions, as defined
by the astrocyte compendium, adapted from Paolicelli et al., (2022). Note: Images taken from the
articles cited in each panel.
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Detecting these changes has become crucial, making tools capable of investigating microglial
and astrocyte reactions necessary across all their layers of complexity. For instance, imaging
their morphology in vivo would allow to observe changes in microglia and astrocyte
morphology over the course of disease initiation and progression. Importantly, it has been
demonstrated that in many pathological cases, these reactions occur with distinct spatial
and/or temporal distributions (Davies et al., 2017, Arranz and Stropper, 2019), validating this
idea and opening a new avenue: the discovery of early diagnostic biomarkers.

Given all of the above, the necessity and motivation for current research is clear: to develop a
non-invasive tool capable of identifying and tracking microglial and astrocyte reactions in
vivo, specifically focusing on their phenomics. We hypothesise that these morphological
changes observed in different diseases are detectable with imaging techniques, and the
development of such a tool would further our understanding of inflammation and its use in
clinical research and diagnosis. The question now is: how can we visualise
neuroinflammation "from the outside”? In the following section, I will investigate current
standards that attempt to visualise neuroinflammation non-invasively.

1.2. Imaging Neuroinflammation
Imaging neuroinflammation has a rich history, evolving from histology to two-photon
imaging, transitioning from post mortem to in vivo studies. However, the advent of minimally
or non-invasive methods combined with in vivo acquisition has revolutionised both basic and
clinical research by enabling assessment of brain morphology and function non-invasively,
exemplified by positron emission tomography (PET) and magnetic resonance imaging (MRI).

PET typically employs radioactive tracers to visualise both healthy and pathological
conditions. These tracers are often administered via intravenous injection, a minimally
invasive method. For instance, the marker 11C-PK11195 is widely used in diseases associated
with neuroinflammation, particularly those exhibiting a reactive microglial state, such as
amyotrophic lateral sclerosis (Tondo et al., 2020) and Alzheimer's disease (Passamonti et al.,
2018). Similarly, the 18 kDa translocator protein, known as another "neuroinflammation
marker," binds mainly to reactive microglia (Banati et al., 1997; Guo-Jun et al., 2014),
facilitating the study of Alzheimer's disease progression (James et al., 2015). The spectrum of
applications is broad; for example, the 18F-florbetapir marker has recently been proposed as a
viable method for monitoring myelin loss, particularly in multiple sclerosis (Zhang et al.,
2021), and metabolic tracers for detecting stroke as FDG and 68Ga-DOTATATE radioligands
(Tawakol et al., 2006; Evans et al., 2017; Tarkin et al., 2017), identifying macrophages and
stenosis plaques.

However, PET scanning carries inherent risks, and despite the tracers are approved for it use
in humans, its ionising radiations makes it unsuitable for longitudinal studies and poses
challenges for assessing treatment efficacy or biomarker evolution (Lee et al., 2013, Guilarte
et al., 2019), making it not recommendable for high-risk populations such as pregnant or
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breastfeeding women. Additionally, PET scanning can trigger allergic reactions (Codrenu et
al., 2013, Lee et al., 2013). Finally, from an imaging perspective, although PET is widely
used, it suffers from low spatial resolution which can complicate interpretation (Moses et al.,
2011; Rogash et al., 2022) and markers such as 18kDa are not always highly specific in their
binding, as they can be expressed in different glial populations (Guilarte et al., 2019) and
present different binding genotypes across individuals (Owen et al., 2011) .

In contrast, MRI is a fully non-invasive method capable of imaging brain parenchyma
microstructure with higher detail (Basser and Pierpaoli, 1996), holding promise for the study
of different aspects of neuroinflammation. For these reasons, we believe that MRI is the most
suitable choice for our project. I will elaborate on how MRI works and how we will tailor it
to our specific aims in the following sections.

1.2.1. Magnetic resonance imaging and water diffusion
MRI has emerged as a cornerstone technology in the fields of neuroscience, neurology, and
psychiatry, revolutionising the approach to both healthy and pathological brain conditions.

This technique, dating back to 1973 (Lauterbur et al., 1989), relies on the behaviour of water
molecules within tissue, primarily formed by water within and in the extracellular space,
when experiencing a magnetic field. MRI machines operate by applying both static powerful
magnetic fields and radiofrequency pulses to interact with the spins of the protons present in
water molecules. The spins get aligned thanks to the static magnetic field, generating a
macroscopic magnetization, while the radiofrequency pulse is able to rotate such
magnetization and generate a resonance phenomenon. When the radiofrequency pulse is
discontinued, the water molecules revert to their equilibrium state in a process called
"relaxation." The exact characteristics of this relaxation depends on the environment of the
water molecules, so that indirect information can be gathered.

Diffusion-weighted MRI (dw-MRI), specifically, uses specialised magnetic field gradients to
make the signal sensitive to the random and constant movement of water diffusion, known as
Brownian motion. By using a range of b-values (the degree of diffusion weighting applied)
and diffusion times, the displacement of water is determined by labelling the protons and
measuring this average displacement after a specific diffusion time (Le Bihan et al., 2014).
The contrast generated by different diffusion patterns in various environments allows
dw-MRI to uncover intricate details of tissue anatomy with higher microscopic precision than
conventional MRI (Basser and Pierpaoli, 1996). For example, in an isotropic environment,
where there are no barriers, water can travel equally in all directions, similar to a drop of ink
diffusing in a glass of water (Figure I.3.A). In contrast, in an axon bundle or tract, due to the
cylindrical shape of the axons, diffusion is restricted, and water molecules diffuse more easily
along the length of the fibres than across them; this is called anisotropic diffusion (Figure
I.3.B). In both cases, we obtain crucial information about the underlying environmental shape
where the protons were moving.
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Figure I.3: dw-MRI; conceptual explanation of isotropy vs anisotropy. A) In an isotropic
environment, such as a glass of water, a drop of water would diffuse in all directions with equal ease.
B) Similarly, but in an anisotropic environment like an axon bundle (e.g., the corpus callosum),
composed of axons. In this case, the diffusion primarily occurs in one direction, resembling a cylinder.
By tracking this directional diffusion, it becomes possible to reconstruct the complete corpus
callosum.

The first model introduced to describe anisotropy in dw-MRI images is the so-called
diffusion tensor imaging (DTI), dating back to 1994 (Basser et al., 1994). DTI imaging is
created by employing different magnetic field gradients to capture diffusion properties in
various directions and identifying the one with the highest anisotropy through a diffusion
tensor, a mathematical structure capable of accounting for anisotropy in the 3D space in a
parsimonious fashion. This allows the generation of images sensitive to a particular direction
of water diffusion (O’Donnell and Westing, 2012). Thanks to DTI, it became possible to
reconstruct the axon bundles of the entire human brain (Pierpaoli et al., 1996) (Figure I.4.A).
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Figure I.4: Examples of diffusion MRI applications. A) One of the earliest diffusion-weighted
images, from 1996, showing the high anisotropy of the corpus callosum (dark) compared to other
areas (white), adapted from Pierpaoli et al., 1996. B) White matter DTI results comparing human
patients (left) and rats (right) with alcohol use disorders, with darker blue indicating negative effects
compared to controls and darker red indicating positive effects, adapted from De Santis et al., (2019).
C) Utilisation of dw-MRI for stroke diagnosis, presenting the dw-MRI map of a human patient (left)
alongside the angiogram (right) confirming the occlusion, adapted from Le Bihan et al., (2014). D)
dw-MRI map showcasing the corpus callosum (yellow rectangle) and splenium (green) in multiple
sclerosis patients for the study of local axonal degeneration, adapted from Wood et al., (2019).

It is crucial for current research to note that these diffusion characteristics within and outside
compartments are affected in pathological processes, where changes in diffusion are expected
(Baliyan et al., 2016). For example, by calculating the fraction of anisotropic diffusion it was
possible to accurately detect white matter alterations in specific tracts in disorders such as
alcohol addiction (De Santis et al., 2019) (Figure I.4.B). dw-MRI has also been instrumental
in diagnosing stroke (Le Bihan et al., 2014) (Figure I.4.C) and multiple sclerosis by detecting
differences in diffusion in injured tracts (Wood et al., 2019) (Figure I.4.D), or by identifying
hyperintensities (Tran et al., 2022). Similarly, important metrics like mean diffusivity (MD)
and fractional anisotropy can be derived from the tensor, serving as key indicators in
assessing the integrity of white matter.

However, despite its widespread popularity, DTI is primarily suited for examining highly
organised tissue, such as white matter, which mainly consists of fibre tracts. Although
changes in water diffusion are expected in pathological conditions in grey matter as well, the
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interpretation of DTI results in these cases is often problematic (Scarpazza et al., 2018;
Ligneul et al., 2024).

1.2.1.1. (Lack of) Cell specificity of dw-MRI

Grey matter is the most predominant tissue in the central nervous system, playing a crucial
role in facilitating normal brain function (grey et al., 2005; Mercadante and Tadi, 2023). At
the cellular level, it comprises neuron somas, their dendrites, portions of their axons, as well
as key characters of neuroinflammation: microglia and astrocytes (Barr and Kiernan, 1983;
grey et al., 2005; Mercadante and Tadi, 2023) (Figure I.5.B). However, it is also the epicentre
of many devastating diseases, making it a prime target for intervention and potential
biomarkers.

But, how to image neuroinflammation with dw-MRI? By utilising various b-values and
diffusion times, it becomes possible to capture water diffusion in different tissue
compartments within the brain parenchyma. However, currently, different configurations of
the tissue can give the same results (De Santis et al., 2019), and the interpretation of the
morphological changes associated with diseases are difficult and misleading (Scarpazza et al.,
2018; Ligneul et al., 2024). In the figure I.5.C we can see an exemplification, with three
hypothetical scenarios: a healthy state and two pathological states, one with a microglial
reaction resulting in reduced ramifications and the other showing astrocyte density loss.
Problematically, both of the pathological conditions would yield a similar output when
analysed by dw-MRI methods. For instance, a gold standard variable, MD, which measures
total diffusion within a specific space, would yield the same result when measured
extracellularly in these two scenarios. However, the cellular origin of this change, whether it
be loss of microglial ramifications or astrocyte density, remains ambiguous. Despite this
illustrated difficulty, MD is widely used and linked to specific inflammatory processes (Qin
et al., 2012).

Figure I.5: White versus Grey Matter: cell units presence. A) Schematization of White Matter,
illustrating its highly organized tissue with tubular compartments, axons. B) Schematization of Grey
Matter, showing neurons (pink spheres), microglia (pink spheres with blue sticks), astrocytes (yellow
spheres), and axons (pink sticks). C) Three hypothetical scenarios of grey matter: healthy and two
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pathological conditions: microglia reaction or astrocyte loss. Both pathological conditions would
exhibit comparable increases in MD, hindering the observation of differences in dw-MRI.

Similarly, other variables used in clinical settings aim to obtain specific and multicellular
grey matter information. For example, the T1/T2 ratio is obtained by calculating differences
in the relaxation times after the exposure to the magnetic field (Uddin et al., 2019) and is
commonly used as a proxy for myelin integrity in both white and grey matter (Glasser et al.,
2011; Ganzetti et al., 2014; Niewenhuys and Broere, 2017). Likewise, T2* It is used to detect
cellular cavernomas and tumoral haemorrhage (Chavhan et al., 2009). Additionally,
extracellular water diffusivity serves as an indicator of neuronal death, utilised in conditions
like Parkinson's disease (Planetta et al., 2016).
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II. Hypothesis
Up to this point, our journey through the colourful history of neuroinflammation has led us to
a significant conclusion: microglia and astrocytes are implicated in health and disease, and
understanding their complex behaviour, in particular their morphology, open new windows
for research and clinical development, highlighting the opportunity for imaging tools. While
PET has made strides in biomedical imaging, as mentioned before, its invasive nature and use
of radioactive tracers pose risks. In addition, the specificity of PET tracers for glia has been
questioned. In this context, we chose advanced dw-MRI as a possible tool to develop specific
glia-cell MRI biomarkers.

How can we obtain dw-MRI specificity for microglia and astrocytes? Moreover, can we
differentiate microglia and astrocyte reactions from concurrent neurodegeneration or myelin
loss if all these alterations are expected to change water diffusivity in the tissue? In this
thesis, we aim to develop a non-invasive, in vivo imaging tool using dw-MRI to capture
microglia and astrocyte morphological dynamics, focusing on their phenomics in various
scenarios. Furthermore, we will validate our findings through meticulous histological
morphometric quantifications at cell-level population, ensuring the accuracy of our
morphological in vivo characterization.

Our central hypothesis posits that the distinct morphology of microglia and astrocytes will
condition water molecules to diffuse differently in their respective intracellular spaces,
producing distinct water diffusion parameters as measured by dw-MRI. We further
hypothesise that morphological changes within microglial or astroglial cell types, as those
occurring in neuroinflammation, will produce discernible changes in water diffusion
parameters, allowing us to identify and quantify specific cellular reactions This innovative
approach shows potential in elucidating the intricate dynamics of neuroinflammation and
facilitating more precise diagnostic and therapeutic interventions in neurological disorders.

2.1. Integrating MRI and histology for in vivo analysis
To effectively develop our tool utilising dw-MRI for imaging neuroinflammation, our
research rests upon three primary pillars: employing specific dw-MRI diffusion models
alongside histological validation of observed dw-MRI changes, in conjunction with
neuroinflammation animal models.

In the subsequent sections, I will provide a brief overview of each pillar before delving into
the method section of the thesis.
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2.1.1. dw-MRI multicompartment models: in search of cell specificity
Revolutionary approaches have recently emerged to address the lack of specificity and
interpretability inherent in current dw-MRI methods for grey matter. These advancements are
characterised by a more detailed conceptualization of brain parenchyma, considering how
water diffuses within each cellular compartment while incorporating specific geometry and
size, along with extracellular diffusivity, considering each population a different tissue unit or
compartment.

This novel perspective involves the design of restricted diffusion models for various
geometrical components of brain tissue known a priori, and these models are called
multi-compartment models of diffusion. They analyse water diffusion within distinct cell
compartments, each with unique shapes and sizes trying to mirror specific cell populations'
characteristics. For instance, as can be visualised in figure I.6.A.B, water diffusion in a
spherical cell would exhibit low anisotropy as a drop of water would diffuse equally in all
directions, whereas the diffusion of the drop within a cylindrical cell would be more
restricted to a main direction, resulting in higher anisotropy. By combining enough different
geometrical shapes in the dw-MRI model, morphological changes in specific tissue units are
expected to be detected.

Several years ago, multi-compartments models such as CHARMED (Composite Hindered
and Restricted Model of Diffusion) (Assaf et al., 2004; Assaf and Basser, 2005) were starting
to be developed, revolutionising white matter analysis by compartmentalising axon bundles.
These models introduced hindered water compartments with primary directions of water
diffusion within axon bundles, along with intra-axonal compartments representing one or
more cylinders. This innovation enhanced the specificity of conventional dw-MRI.
Subsequent research led to even more detailed models like AxCaliber, which estimates axon
diameter within the nerve (Assaf et al., 2008). Soon later, the protocols were improved and
modified for their use in the clinic, reducing the acquisition time of the dw-MRI protocol (De
Santis et al., 2014).

Subsequently, researchers turned to compartmentalised models for grey matter, exemplified
by NODDI (Neurite Orientation Dispersion and Density Imaging) (Zhang et al., 2012).
NODDI, based on a version of CHARMED which incorporates axon density and radius
(Alexander et al., 2008), enables its use for both grey and white matter. NODDI, simply, uses
a mathematical model of symmetrical axial Watson distribution to estimate neurite direction
(neurites aligned versus dispersed) and neurite density, allowing to discern between their
signals individually by first time.

Further advancements expanded the sensitivity of these models to other grey matter
components, such as microglia density estimation, as done by Yi et al., (2019) based on
NODDI, or as done by Taquet et al., (2019) by estimating microscopic anisotropy.
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Figure I.6: Grey matter composition and its study; dw-MRI multi-compartments and histology;
A) Schematization of Grey Matter, illustrating neurons (pink spheres), microglia (pink spheres with
blue sticks), astrocytes (yellow spheres), and axons (pink sticks). B) Multi-compartment model of
diffusion detection showing different geometries in the tissue units; a sphere would exhibit low
anisotropy as a drop of water would diffuse equally in all directions. Transitioning to a more tubular
compartment, the anisotropy would increase. C) Morphological histological analysis: similarly,
histological parameters would reflect differences in shape. A sphere would have a larger volume than
an ellipse and a cylinder, but the length would vary in the opposite direction.

In summary, these advancements have revealed the capabilities of multicompartment models
in dw-MRI, extending beyond detecting axon bundles to estimate neurite dispersion and
microglia density. While these models still lack specificity for microglia or astrocyte
reactivity, they establish the foundation for this study, empowering us with the idea that a
microglia and astrocyte in vivo dw-MRI model is doable. We specifically postulate that by
integrating in a dw-MRI model with the unique geometry and size of microglia and astrocyte
population, we will expand the specificity of current imaging tools for grey matter.

2.1.2. Histology of neuroinflammation: characterising glia morphology
We have seen that the history of neuroinflammation revealed diverse layers of complexity in
the description of microglia and astrocytes. Within this study, our focus centres on phenomics
morphological descriptions as is the corresponding layer to validate and complement the
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multi-compartment dw-MRI model results, and specifically we use histological post mortem
procedures.

Histological procedures, beginning with perfusion and tissue fixation, preserve cellular states
at the moment of perfusion fast and uniformly (Gage et al., 2012), facilitating comparisons
between MRI acquisitions and subsequent histological observation at the microscope,
approximately at the same time point. However, it's important to acknowledge that there can
be a total brain volume shrinkage from in vivo to post-perfusion conditions (Cerdán et al.,
2024). Importantly, staining with specific cellular markers allows us to discern and quantify
changes in morphology and cell number, obtaining important information such as
ramification number, cell volume and density, etc. allowing specific quantifications into
cellular changes associated with neuroinflammation or a stimulus (Escartin et al., 2021,
Papolicelli et al., 2022). Significantly, these morphological measurements stay accurate
despite brain shrinkage. We argue that this can be directly compared with the diffusion results
obtained from the multicompartment model, as it is illustrated in figure I.6: as well as
different geometries and sizes giving different results in anisotropy (Figure I.6.A), differences
in cell geometry would reflect changes in volume or length at histological level, as shown in
Figure I.6.B. This direct comparison would ease the way to validate the dw-MRI model and
the in vivo results.

For microglia, various markers are employed, despite having some debate around (Paolicelli
et al., 2022). CX3CR1, for instance, labels both macrophages and microglia in healthy and
pathological states, although downregulated in certain diseases (Jung et al., 2000, Wolf et al.,
2013). CD11b/c also labels macrophages and microglia in health and disease, but with higher
expression during development (Miligan et al., 1991, McKay et al., 2007). Similarly, F4/80
labels macrophages and microglia but it does allow for detailed reconstruction of the
complete microglia morphology (Wadell et al., 2018). Notably, Iba-1, noted for its early
introduction in the timeline of neuroinflammation (Ito et al., 1998), provides exceptional and
detailed images of microglial cell bodies and ramifications, keeping these characteristics
stable in disease conditions (Paolicelli et al., 2022), which makes it a perfect candidate to use
it in microglia morphological characterization in response to different stimuli. For a
comprehensive overview of current markers, see microglia compendium of Paolicelli et al.,
(2022).

Regarding astrocytes, several markers are available as well, focusing on cytoskeleton proteins
for a morphology assessment. Typical choices include Vimentin (although not
astrocyte-specific) (Yamada et al., 1992), Nestin (also labelling progenitor cells) (Moreels et
al., 2008), and the ubiquitous and archetypal marker, GFAP (Eng et al., 1971), dating to 1913
(Ramón y Cajal, 1913). Despite controversies surrounding GFAP, such as its differential
expression along brain regions (Griemsmann et al., 2015, Haim and Rowitch 2017), it is
highly sensitive in reflecting morphological changes at different neuroinflammatory states,
highlighting GFAP as an excellent option for this project. For an exhaustive review, consult
the astrocyte compendium in the bibliography (Escartin et al., 2021).
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Within this framework, we posit that histological post mortem characterization of microglia
and astrocytes, when coupled with appropriate markers, critically complements and validates
dw-MRI findings.

2.1.3. Animal models of neuroinflammation: targeting specific cell populations
To initiate microglia and astrocyte reactions, this project relies on the utilisation of animal
models of neuroinflammation, specifically by the use of rat models. These models serve as
indispensable tools for investigating the intricate dynamics of neuroinflammatory
mechanisms in a controlled and reproducible manner. They offer a means to replicate specific
states of inflammatory-related diseases, such as Alzheimer's (Karch et al., 2015) or Multiple
Sclerosis (Matsushima and Morrell, 2001, Skripuletz et al., 2011), among others.

In this research, our focus centres on a subset of the possible models, specifically those
enabling targeting specific populations: microglia or astrocytes, and generating observable
changes in their morphology. Our rationale is straightforward: by activating microglia or
astrocytes in isolation, the detection of morphological changes becomes clearer, allowing the
validation of the dw-MRI multicompartment model and minimising the risk of
misinterpretation by the reaction of other tissue units.

These animal models can be induced through various methods, including neurotoxin
injections such as okadaic acid to induce astrocyte enlargement (Costa et al., 2012), genetic
manipulations promoting microglial reactions (Neumann et al., 2009), or immune system
challenges using bacterial components like lipopolysaccharide (LPS) to study early
microgliosis and late astrogliosis (Jeong et al., 2010).

Taking into account all the aforementioned evidence, we anticipated that employing an array
of animal inflammation models with observable morphological changes at different time
points would yield a specific signature in water diffusion patterns detectable by dw-MRI,
allowing its relative comparison and specific detection. This will provide a platform for
dissecting the distinct contributions of microglia and astrocytes to the observed signals in
vivo, with further confirmation through histological analysis.

“What, then, are the conditions under which we discriminate things
differing in a simple way? First, the things must be different, either in time
or place, or quality (…) and it is easier to compare successive than
simultaneous changes (...)”

William James
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2.2. Translatability of the framework
For the last part of the introduction, I would like to focus on one fundamental characteristic
of our framework: its potential to produce results susceptible to translation to the clinic. This
key feature is underpinned by two inherent qualities of the project.

Firstly, MRI holds exceptional translational potential due to its non-invasive nature and
ability to provide high-resolution images of soft tissues such as the brain, allowing its use
throughout the whole vertebrate evolution (Mandino et al., 2020). This choice of MRI has the
extraordinary ability to bridge the gap between mechanistic investigations in animal models
and clinical applications, as we show in the example of figure I.4.B for an alcoholism study
between rats and human patients as example.

Secondly, the process of neuroinflammation is conserved in the vertebrate lineage on its main
features and on its basic morphological reactions for both astrocytes (Andriezen et al., 1983,
Sofroniew et al., 2014) and microglia (Savage et al., 2019, Paolicelli et al., 2022). Therefore,
although differences are expected in human subjects as their complexity it is unique in the
human brain as there are distinctions (Oberheim et al., 2006, Geirsdottir et al., 2019), the
ability of the dw-MRI multicompartmental model approach to discern morphological changes
should be preserved across species. Furthermore, in relation to histology, the changes are also
comparable because even the markers we have chosen for this project are used in humans for
microglia and astrocytes morphological characterization, ultimately facilitating the translation
and validation of the framework.

To demonstrate the clinical feasibility and applicability of our approach, we will expand our
dw-MRI model to conduct a pilot study involving healthy human subjects. In this study, we
will estimate the abundance of microglia across various brain regions and compare it with
bibliographic post mortem quantifications using Iba-1 (Mittelbronn et al., 2001). By
extending the versatility of our model, we aim to unlock immense potential for clinical
translation. This will facilitate the testing of treatments and the discovery and validation of
early disease biomarkers.
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III. Objectives

The primary aim of this research is to develop a dw-MRI model capable of imaging microglia
and astrocytes in vivo and non-invasively, specifically designed to capture their distinct
geometry and size. To validate the model, we will use animal models of neuroinflammation
and post mortem histological quantification of these glial populations. Finally, we will test the
model's translatability in a proof-of-concept study with human patients. We hypothesise that
this model will accurately capture morphological changes in these cells, opening new
avenues for both basic and clinical investigation.

The specific objectives of this study are:

1. To implement and validate experimental models of neuroinflammation that may allow
us to differentiate between microglial and astroglial responses.

2. To evaluate the ability of dw-MRI to measure microglial and astrocyte changes in
vivo and non-invasively.

3. To correlate in vivo dw-MRI measures and post mortem histological quantifications to
validate the model.

4. To demonstrate the robustness of the dw-MRI model in detecting microglial and
astrocyte responses in demyelination and neuronal loss scenarios.

5. To test the translatability of the framework in a proof of concept study with healthy
human participants.
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IV. Methods

4.1. Animal inflammation models: experimental design
Male Long-Evans rats, weighing between 250-300g, were employed for the current research
experiments. All the experiments received ethical approval from the Instituto de
Neurociencias (Alicante, Spain) and its Animal Care and Use Committee, in compliance with
Spanish law 32/2007 and European regulations (EU directive 86/609, EU decree 2001-486,
and EU recommendation 2007/526/EC). Rats were housed in groups of 3-4, with
12-hour/12-hour light/dark cycle, lights on at 8:00, at room temperature (23 ± 2°C) and food
and water at ad libitum. The sample size was determined based on a power calculation
conducted using the expected effect size, which was derived from mean diffusivity changes
reported in rat grey matter in a previous study investigating inflammation (De Santis et al.,
2020).

The experimental methodology for generating distinct inflammation models relied on
intracerebral drug injections of different proinflammatory agents, following established
protocols from the literature for each case. These injections were tailored to induce
cell-specific and time-specific reactions, forming a pivotal aspect of the project.

The intracerebral injections were conducted stereotaxically, targeting the dorsal hippocampus
across all drug models. Stereotaxic surgery adhered to standard procedures outlined in the
literature (Geiger et al., 2008; Espinosa-Oliva et al., 2013) and protocols established by the
laboratory (Caramés et al., 2020), ensuring precise and accurate injections. The specific
coordinates for the injections at dorsal dentate gyrus of rats, relative to the bregma-lambda
axis, were as follows: anterior-posterior -3.8mm, latero-medial 2mm, dorso-ventral 3mm.
Details regarding drug volumes and concentrations are provided in subsequent paragraphs for
each inflammation model.

The choice of the dorsal hippocampus was guided by three primary considerations. Firstly,
this region is anatomically isolated from adjacent structures due to distinct axonal tracts and
myelination patterns. As a result, drug injections in this area tend to remain localised,
primarily diffusing along the dorso-ventral axis without impacting surrounding regions. This
localised effect has been previously validated by the host laboratory through radioactive
marking of injections (Rossato et al., 2018). This precise and confined injection enhances the
accuracy of both imaging and analysis, minimising confusion with neighbouring areas and
facilitating the detection of subtle changes. Secondly, the hippocampus exhibits bilateral
symmetry (Amaral el at., 2007), providing a significant advantage: one hemisphere can be
treated with the drug while the other serves as a control, injected with the same volume of
saline. This allows each rat to serve as its own within-animal sham control. By leveraging
this bilateral symmetry, we can effectively compare changes in the injected hemisphere with
those in the contralateral control hemisphere, thereby enhancing the robustness and
interpretability of our findings. Unless otherwise stated, the right hemisphere will be the
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treated one in all rat models. Thirdly, there is a high density of microglia and astrocytes
compared to other brain regions, such as the cerebellum, and it has great homogeneity in its
distribution (Jinno et al., 2007).

Specifically, the different animal groups of neuroinflammation to target microglia, astrocytes
neurons and myelin were established as follows, and can be schematically visualised at figure
M.1 using the same nomenclature:

● Group 1: Microglia reaction
To induce microglial reaction, we injected intracerebrally 2μl of LPS from Escherichia
coli (Sigma-Aldrich ref.L2880, Madrid, Spain) in the dorsal hippocampus, as described
in Espinosa-Oliva et al. (2013), at a concentration of 2.5 μg/μl. In the contralateral
hemisphere, the same amount of saline. LPS is a compound of the gram- bacteria cell
wall (Herrera et al., 2000), and it has been shown to generate inflammation by releasing
cytokines and nitric oxide, between others (Chao et al., 1992, Giulian 1993). This
method preserves neuronal viability and morphology while triggering only microglial
reaction within a short time frame of about 7-9 hours post injection (Jeong et al., 2010).
This temporal dissociation allows for the investigation of reactive microglia
independently of any concurrent astrogliosis.

For group 1, which focused solely on microglia reaction, we utilised 6 rats.

● Group 2: Microglia and astrocyte reaction
Astrocyte and microglia reaction was achieved with the same strategy as group 1, with an
intracerebral injection of (LPS), however with a longer timing: 24h post injection. This
timeframe generates both a microglia and astrocytes response (Jeong et al., 2010).

For group 2, which involved microglia and astrocyte reaction, we had a total of 11 rats,
combining the 7 rats from this group 2 with the 4 rats from group 3.1 (sham-treated).

● Group 3: Isolated astrocyte reaction
To discern the distinct imaging characteristics of astrocyte and microglia reaction, we
employed the same approach as in groups 1 and 2. However, in this case, rats were
treated with the CSF1R (Colony-Stimulating Factor 1 Receptor) inhibitor PLX5622
(Plexxikon Inc.California, USA). This inhibitor is known for its ability to transiently
deplete approximately 90% of microglia (Han et al., 2017), thereby facilitating the
isolation of imaging characteristics specifically associated with astrocytic reaction.

The inhibitor was introduced in two parallel manners. Firstly, as a dietary supplement
integrated into standard food at a concentration of 1200 ppm (Research Diets). Secondly,
the inhibitor was administered via intraperitoneal injection at a dose of 50 mg/kg
dissolved in the vehicle, with a dose volume of 10 ml/kg, administered daily for 7
consecutive days. On the last day, all rats underwent LPS intracerebral injection, and we
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waited 24 hours for the consecutive steps, thus activating only astrocytes after microglia
systematic depletion.

For group 3, focusing on isolated astrocyte reactions, we utilised a total of 7 rats.

● Group 3.1 = Group 2
We included a sham group for the CSF1R inhibitor treatment, which received control
food and vehicle injections, totaling 4 animals. Since this group activates both
microglia and astrocytes, akin to group 2, we combined the rats used in this batch
with group 2.

Group 3.1, consisting of rats with microglia and astrocyte reaction, CSF1R
sham-treated, comprised a total of 4 rats.

● Group 4: Microglia and astrocyte reaction returned to baseline
Group 4 also received intracerebral injection of LPS. However, in this case, we waited
for at least 15 days before proceeding with subsequent procedures. This extended time
frame was intended to allow both microglia and astrocytes to return to their control state
(Jeong et al., 2010).

For group 4, where microglia and astrocyte reaction returned to baseline, we employed 5
rats.

● Group 5: Inflammation with neuronal death
To induce neuronal damage, we utilised a well-established model of intracerebral
ibotenic acid administration (Drouin-Ouellet et al., 2011) (Cayman Chemical Company
ref. 14584, Michigan, USA), for which we injected 1μl of the compound at 2.5 μg/μl in
the dorsal hippocampus and wait 14 days. As before, the contralateral one was injected
with the same amount of saline. This compound is derived from Amanita mushrooms and
it is known for its action as an agonist of the NMDA (N-methyl-D-aspartate) glutamate
receptor (Zinkand et al., 1992) and its effects inducing neuro excitotoxicity, accompanied
by neuroinflammation in areas expressing these receptors, such as the dentate gyrus (Abe
et al., 1992). Consequently, this model allowed us to demonstrate the versatility of our
approach in studying both neurodegeneration with concomitant neuroinflammation, a
known common phenomenon in neurodegenerative diseases as in Parkinson and
Alzheimer disease (McGeer et al., 1993, Dickson et al., 1993, Stephenson et al., 2018,
Mayne et al., 2020)

For group 5, focused on neuronal death, we utilised 6 rats.

● Group 5.1: Isolated neuronal death
In order to disentangle neurodegeneration from surrounding neuroinflammation and
expand the specificity of the detection, we had an independent batch of animals
injected as well with ibotenic acid but treated with the anti inflammatory drug
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minocycline hydrochloride (Sigma-Aldrich ref.M9511, Madridm, Spain), a
broad-spectrum tetracycline antibiotic with recognized effect reducing microglia
and astrocyte reaction levels (Cheng et al., 2015), thus affecting only the neuronal
cells compartment. Additionally, this would allow us to verify if dw-MRI can
quantitatively follow neuronal death. The treatment regimen involved
intraperitoneal injections administered over five consecutive days, commencing the
day before ibotenic acid stereotaxic injection. The injections were administered at a
concentration of 45 mg/kg.

For group 5.1, isolated neuronal death, we had 3 rats.

● Group 6: Demyelination
To induce a demyelination phenotype we employed a lysolecithin-based model through
intracerebral injection (Woodruff & Franklin, 1999). Lysolecithin, known as a
solubilizing agent, exhibits particular toxicity toward myelinated cells, disrupting the
myelin sheath (Tiarhou and Herndon 1986, Ou et al., 2016).

Demyelination processes are key factors in various degenerative diseases and often
present with surrounding neuroinflammation, such as in multiple sclerosis (Tallantyre et
al., 2009; Karussis, 2014), neuromyelitis optica (Wingerchuk et al., 2015), and
encephalomyelitis and related disorders (Young et al., 2010). Being able to not confuse a
microglia or astrocyte reaction with demyelination is crucial for the correct development
of our tool. To induce it in our model, we injected 1 μl of L-α-lysolecithin from bovine
brain (Sigma-Aldrich ref.L1381, Madrid, Spain) diluted to 1% in saline into the left
hemisphere, with the contralateral hemisphere receiving an equal volume of saline. In
this case, the waiting period ranged from 14 to 21 days, as indicated by Woodruff and
Franklin (1999), which generates minimal effects on other cell units and with low
variability within that time frame.

After various post-injection delays, the rats underwent MRI scanning followed by immediate
perfusion for post mortem immunohistological analysis.
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Figure. M1: Animal inflammation models. Experimental scheme showing bilateral stereotaxic
injection of the different compounds. A) Group 1: LPS injection in the left hemisphere plus 8 hours
of waiting time. B) Group 2: LPS injection in the left hemisphere plus 24 hours of waiting time. C)
Group 3: Same as group 2 but treated with PLX5622. D) Group 4: LPS injection in the left
hemisphere plus >15 days of waiting time. E) Group 5: Ibotenic acid injection in the left hemisphere
plus 14 days of waiting time. Some of the animals (n=6) were treated with minocycline F) group 6:
Lysolecithin injection in the left hemisphere plus 14-21 days of waiting time. In all cases, saline was
injected in the left hemisphere.
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4.2. Magnetic Resonance Imaging

4.2.1. Rats Acquisition
MRI experiments on rats were conducted using a 7-Tesla scanner (Bruker, BioSpect 70/30,
Ettlingen, Germany) equipped with a receive-only phase array coil featuring an integrated
combiner and preamplifier, in conjunction with an actively detuned transmit-only resonator.
dw-MRI data was acquired using an Echo Planar Imaging diffusion sequence. We employed
30 uniformly distributed gradient directions, with b-values of 2000 and 4000 s/mm².
Diffusion times were set at 15, 25, 40, and 60 ms, with four images obtained without
diffusion weighting (b = 0, referred to as B0). The repetition time (TR) was set to 7000 ms,
and the echo time (TE) was set to 25 ms. By utilising these combinations alongside higher
b-values, our objective is to integrate diverse imaging contrast strategies, thus enhancing the
segmentation in the analysis and obtaining information about more restricted compartments
(Yovel and Assaf, 2007), allowing the generation of our dw-MRI multi-compartment model.

Regarding the ROIs (Regions of Interest), fourteen horizontal slices were positioned centred
on the hippocampus, with a field of view (FOV) of 25 mm × 25 mm, matrix size of 110 ×
110, in-plane resolution of 0.225 mm × 0.225 mm, and slice thickness of 0.6 mm.
Additionally, three relaxometry sequences were acquired with the same geometry as the
dw-MRI scan: a gradient echo sequence with TR = 1500 ms, 30 equally spaced echo times
(TE) ranging from 3.3 to 83.4 ms, and 3 averages; a T1-weighted sequence with TR = 300
ms, TE = 12.6 ms, and 2 averages; and another T1-weighted sequence with TR = 3000 ms,
TE = 7.7 ms, and 4 averages. Finally, a high-resolution anatomical scan covering the entire
brain was obtained with TR = 8000 ms, TE = 14 ms, 4 averages, FOV = 25 mm × 25 mm,
matrix size = 200 × 200, in-plane resolution of 0.125 mm × 0.125 mm, and 56 slices with a
thickness of 0.5 mm.

The total scan time, including animal positioning, was approximately 2 hours.

4.2.2. Humans Acquisition
For the human experiments, we collaborated with the CUBRIC Institute at Cardiff University,
leveraging their expertise in human neuroimaging. Their facility accommodated our study as
they possess a machine compatible and with the necessary specifications to seamlessly
transfer the MRI acquisition protocols developed in rats to human patients (Jones et al.,
2018). Specifically, by employing gradient intensities comparable to those available in animal
scanners, it allows to achieve longer diffusion times without extreme signal loss. The study
received approval from the local Institutional Review Board at Cardiff University.

Six healthy subjects underwent scanning sessions 5 times each using a 3T Siemens
Connectom scanner, resulting in a total of 30 acquisitions. dw-MRI data was obtained
utilising an Echo Planar Imaging diffusion sequence with the following parameters: TE = 80
ms; TR = 3.9 s; diffusion times of 17.3, 30, 42, and 55 ms; b-values of 2000 and 4000 s/mm²,
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with 30 and 60 uniformly oriented gradient directions, respectively. Each diffusion time
included six B0 images, yielding a total of 384 images. Additional acquisition parameters
were as follows: flip angle of 90°; slice thickness of 2 mm; in-plane voxel size of 2 mm; FOV
of 220 mm × 220 mm; and matrix size of 110 × 110.

The total scan time per subject was approximately 40 minutes.

4.2.3. Analysis and statistics
Initial observations on rat MRI data confirmed the location of the injection and the
symmetrical procedures between both hemispheres. Next, ROIs were manually outlined
within the dentate gyrus of the dorsal hippocampus. The injection trail aided in identifying
the central slice of the injection, from which ROIs were delineated two slices before and up
to two slices after the injection, spanning a total length of 3 mm. Subsequent visual
inspection confirmed that the injection scar was minimal and limited to the central slice,
while excluding heavily damaged brains or those with enlarged ventricles, resulting in the
exclusion of one animal from each of groups 1, 2, 5.1, and 6 (animals already discounted
from the expressed sample size in section 4.1).

The raw dw-MRI data underwent nonlinear registration to the T2-weighted scan for
correction of Echo-planar Imaging distortions. Subsequently, motion and eddy current
distortions were corrected using affine registration.

4.2.3.1. Diffusion Weighted Multi-compartment model (dw-MRI model)

The processed data were then inputted into a custom MATLAB pipeline (R2018a, the
MathWorks), which implemented our novel dw-MRI multi-compartment model. This model
is inspired by the AxCaliber model for white matter (Assaf et al., 2008), but we have tailored
it to grey matter morphology, comprising more cell compartments than white matter (Figure
M.2.A). Importantly, it takes into account the differences in geometry and size of each cell
unit to obtain distinct multicellular and specific water diffusion fingerprints, with the final
objective of differentiating them.

Consequently, the signal is expressed by a complex mathematical expression encompassing
these various compartments:
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In the provided model, the specific parameters for the diffusion signal within different tissue
compartments are as follows, and can be schematically visualised figure M2:

- : Fraction of water undergoing restricted diffusion in cylinders, referred to as the stick 𝑓
𝐼𝐶

fraction, and representing microglia’s ramifications and myelin.
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- : Signal in Watson-dispersed cylinders, representing a main orientation dispersion,𝑆
𝐼𝐶

critical for capturing the slight degree of anisotropy present in grey matter due to axons.

- : Watson dispersion parameter, referred to as the stick dispersion parameter. This  𝐾

parameter accounts for the orientation of the microglia cell ramifications.

- : Fractions of water undergoing restricted diffusion in small spherical (ss) compartments,𝑓
𝑆𝑆 

representing microglia cell bodies.

- : Fractions of water undergoing restricted diffusion in large spherical (Ls) compartments,𝑓
𝐿𝑆 

representing whole astrocytes as a sphere. This is due to the fact that, despite astrocytes

labelled with GFAP appear similar to microglia in their ramified structure, they are covered

by a membrane of actin (Haseleu et al., 2013), which makes them resemble a sphere more

closely than a sphere-and-sticks model used for intracellular water diffusion.

- : Signals of water undergoing restricted diffusion in small spheres, accounting for𝑆
𝑆𝑆 

microglia.

- : Signals of water undergoing restricted diffusion in large spheres, accounting for 𝑆
𝐿𝑆 

astrocytes.

- : Fraction of water hindered in the extracellular space, referring to neurons.𝑓
𝐸𝐶 

- : Signal in the extracellular space modelled as a tensor with radial symmetry.𝑆
𝐼𝐶

- 1 - : Fraction of free water.𝑓
𝑇 

- : Free water signal.𝑆
𝐹𝑊 

The fitting parameters for this model are , , , , , , the extracellular tensor 𝑓
𝐼𝐶

𝑓
𝑆𝑆 

𝑓
𝐿𝑆 

𝐾 𝑅
𝑆𝑆 

𝑅
𝐿𝑆 

diffusivity, and . Water diffusivity inside the restriction is assumed to be mm²/s𝑓
𝑇 

1 × 10−9

as indicated by Zhang et al., (2012), and two different sphere radii are initialised to ensure
convergence of microglia and astrocytes ( . The fitting algorithm utilised an average𝑆

𝑆𝑆 
, 𝑆

𝐿𝑆 
) 

speed of 5.9 seconds per voxel, a common speed for MATLAB scripts used for these types of
analyses.
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Figure. M2: Multi-compartment tissue model. A) Grey matter visual representation constituting the
parenchyma in our model: microglia, astrocytes, neurons, extracellular space: sticks (axons +
dendrites), sticks and small spheres (microglia), large spheres (astrocytes), hindered water
(extracellular matrix), and free water (non-tissue, accounting for neurons). B) Multi-compartment
tissue model formula, explaining specifically the fitting parameters and what they represent in the
biological tissue.

4.2.3.2. Conventional MRI data

Finally, we also acquired conventional MRI sequences in rats experiments to further compare
our new dw-MRI model tissue model with the current standard. To do so, we used a low
b-value to fit the conventional tensor model and generate MD maps. We acquired T1- and
T2-weighted maps to compute the T1/T2 ratio. Aditionally, T2* maps were also obtained,
derived from T2*-weighted images by fitting an exponential decay. Finally, high-resolution
anatomical scans were registered nonlinearly to a rat brain template using an advanced
normalisation approach.

4.2.3.3. Human patient data

In relation to the processing of human patient data, the workflow was very similar to the rat
one, increasing the translatability of the research: Motion, eddy current, and EPI distortions
were corrected using FSL TOPUP and EDDY tools (FSL from FMRIB, Oxford, United
Kingdom). Correction for gradient nonlinearities, signal drift, and Gibbs ringing artefacts was
also carried out. Later on, all diffusion data was registered to a skull-stripped structural
T1-weighted image using EPIREG. B0 scans were then nonlinearly registered to a
high-resolution human brain template, and the inverse transformation was applied to align the
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Desikan grey matter parcellation to the single subject space (Desikan et al., 2006).
Subsequently, all masks were eroded by one voxel using the FSL command fslmaths
manually to reduce potential contamination from adjacent white matter.

Additionally, brain parcellation into grey and white matter was performed for each subject
using the B0 scan, retaining only voxels with minimal white matter contamination (<5%) for
analysis. Intra- and intersubject coefficients of variation were computed for each MRI
measure, and the Desikan parcellation (Desikan et al., 2006) was utilised to determine the
mean and SD of the stick fraction and dispersion parameter in eight ROIs (hippocampus,
cerebellum, substantia nigra, basal ganglia, thalamus, motor, frontal, and occipital cortices).
These metrics were then correlated with pos tmortem histological staining for microglia, as
described in (Mittelbronn et al., 2001).

4.3. Histological Analysis of Inflammation

4.3.1. Tissue processing and immunohistochemistry (IHC)
Immediately after the MRI scanning protocols, rats were euthanized by administering a lethal
dose of sodium pentobarbital (46 mg/kg) via intraperitoneal injection (Dolethal, E.V.S.A.
laboratories, Madrid, Spain). Following euthanasia, rats underwent intracardiac perfusion
with 100 ml of 0.9% warm PBS (Phosphate Buffered Saline) followed by 100 ml of ice-cold
4% PFA (Paraformaldehyde) (BDH, Prolabo, VWR International, Lovaina, Belgium). The
brains were promptly extracted from the skull and fixed in 4% PFA for 1 hour at room
temperature while gently shaking. Subsequently, the brains were embedded in 3%
agarose/PBS (Sigma-Aldrich ref.x, Madrid, Spain) and sliced into 50μm thick serial coronal
sections using a vibratome (VT 1000S, Leica, Wetzlar, Germany).

The coronal sections were then rinsed and permeabilized three times in 1× PBS with Triton
X-100 at 0.5% (Sigma-Aldrich ref.X100, Madrid, Spain) for 10 minutes each. Following
permeabilization, the sections were on blocking solution containing 4% bovine serum
albumin (Sigma-Aldrich ref.A9418, Madrid, Spain) and 2% goat serum donor herd
(Sigma-Aldrich ref.G6767, Madrid, Spain) in 1xPBS with Triton X-100 at 0.5% for 2 hours
at room temperature. Later on, the slices were incubated overnight at 4°C with primary
antibodies against our different cell compartments in 1xPBS with Triton X-100 at 0.5% . For
microglia; Iba-1 (1:1000; Wako Chemicals ref.019-19741, Osaka, Japan); for astrocytes
GFAP (1:1000; Sigma-Aldrich ref.G3893, Madrid, Spain); for myelin basic protein (1:250;
Merck Millipore ref.MAB384, Massachusetts, USA); for dendrites and axon neurofilament
160Kd medium (1:250; Abcam ref.ab134458, Cambridge, United Kingdom): for neuron
population NeuN (1:250; Merck Millipore ref.MAB377, Madrid, Spain)

After primary antibody incubation, the sections were incubated with specific secondary
antibodies conjugated to fluorescent probes, each at 1:500 (Thermo Fisher Scientific,
Waltham, USA) for 2 hours at room temperature in 1xPBS with Triton X-100 at 0.5%.
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Subsequently, the sections were treated with 4′,6-Diamidine-2′-phenylindole dihydrochloride
(DAPI) at 15 mM (Sigma-Aldrich ref.D9542, Madrid, Spain) for 15 minutes at room
temperature in PBS. Finally, the sections were mounted on slides and covered with a
custom-made anti-fading medium using a mixture solution of 1:10 propyl-gallate:Mowiol
(Sigma-Aldrich ref.P3130, Madrid, Spain; Merck Millipore ref. 475904, Massachusetts,
USA), crafted to minimise autofluorescence and prolong the longevity of fluorophores.

For myelin basic protein, an additional step was needed: antigen retrieval for protein
unmasking as myelin sheets are tightly joined. It was performed in 1% citrate buffer on PBS
(Sigma-Aldrich refC9999, Madrid, Spain) and 0.05% Tween-20 (Sigma-Aldrich ref.P7949,
Madrid, Spain) at pH=6, warmed to 80°C in shaking for 15 minutes. Then, the sections
followed the aforementioned steps.

4.3.2. Imaging and data extraction
The tissue sections underwent examination using a computer-assisted morphometry system
comprising a Leica DM4000 fluorescence microscope (Leica, Wetzlar, Germany) equipped
with a QICAM Qimaging camera 22577 (Biocompare, San Francisco, USA) and Neurolucida
morphometric software (MBF, Biosciences, VT, USA). Microglia was visualised and
reconstructed using a Leica HC PLC APO objective 20×/0.5 (Figure. M.3.A), while
astrocytes were visualised with a Leica HC PLC APO objective 40×/0.75 (Figure. M.4.A). A
total of 820 cells (410 microglia, 410 astrocytes) from five cells per dentate gyrus per
hemisphere were randomly selected for analysis. Only cells exhibiting intact and clear
processes were included. Cells were meticulously traced manually throughout the entire
section thickness in an “online” method: manually adjusting the micrometric focus of the
microscope as needed to visualise them totally. Trace information was saved as 2D diagrams
plus the three-dimensional model reconstructions (Figures. M3.A and M4.A).

The metric analysis of the complete morphology was extracted using Neurolucida Explorer
software (MBF, Biosciences, VT, USA). From all the possible parameters, we focused our
attention on the ones with higher similarity with the dw-MRI model and thus could explain
better the water diffusion within these cell compartments embedded in the brain parenchyma.
As shown in figure M.3.B, for microglia we extracted cell body volume quantifying the
volume occupied by the cell body of microglia (as a small sphere for dw-MCM), process
density (stick fraction) and process dispersion (stick dispersion). To obtain process
dispersion, polar plots were constructed and analysed, where lower values indicate a more
uniform distribution of fibres around the cell body.
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Figure. M3: Microglia analysis workflow. A) Microglia reconstruction pipeline for a representative
histological section showing microglia (labelled in green with Iba-1), astrocytes (labelled in red with
GFAP), and cell nuclei (stained in blue with DAPI). 3D reconstruction of microglial cells is
performed under magnification (20x). B) Main parameters extracted from microglia’s reconstruction:
cell body volume, process density and process dispersion. Scale bars = 100 μm.

In the case of the astrocyte population, we performed 3D convex analysis to estimate their
volume (Figure M.4.B) as a big sphere, just as modelled in the dw-MRI model. This is
because our antibody for labelling astrocytes is GFAP, which has been shown to
underrepresent the morphology of astrocytes. As explained, all the ramifications of
GFAP-positive astrocytes are covered by a membrane of actin, as demonstrated in the
microphotograph from Haseleu et al., 2013, included in Figure M.4.B (GFAP depicted in red,
actin membrane in green). To address this challenge and accurately quantify astrocytic
volume we employed convex analysis. Specifically, this method entails estimating the
volume from lines connecting all the extreme points of the astrocytes’ ramifications, forming
a polygon (Rodieck 1973, SheikhBahaei et al., 2018). Thus, detailed reconstruction of each
GFAP-positive process in 3D was still necessary to execute this analysis accurately (Figure
M.4.A).
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Figure. M4: Astrocyte analysis workflow. A) Astrocyte reconstruction pipeline for a representative
histological section showing microglia (labelled in green with Iba-1), astrocytes (labelled in red with
GFAP), and cell nuclei (stained in blue with DAPI). 3D reconstruction of astrocyte cells is performed
under magnification (40x). B) Left: microphotography from Haseleu et al., (2013) highlights the
challenge with using GFAP labelling for astrocyte morphology (GFAP for astrocytes in red,
Phalloidin for actin membrane in green, DAPI for cell nuclei in blue), as it underrepresents its
volume. Right: Main parameter extracted from astrocyte’s reconstruction to overcome this limitation:
convex hull. Scale bars = 100 μm.

Microglia and astrocyte cell density analysis was conducted as follows: Images were captured
in 12-bit greyscale using the specified microscope, and the dentate gyrus was manually
delineated following the Franklin and Paxinos rat brain atlas (Franklin and Paxinos, 2019).
Quantification was semi-automated using Icy software and the spot detector tool (Icy
Software, Paris, France). The threshold for detecting positive nuclei was established for each
condition based on the average nuclei size (converted to pixel size) and a signal-to-noise ratio
greater than 23% of the cell body intensity value in relation to the background level,
following the Rayleigh criterion for resolution and the ability to distinguish two closely
spaced points (Rayleigh, 1896). The signal-to-noise ratio was computed by placing a line that
intersects both the cell body and the background, from which the fluorescence intensity was
extracted along the entire profile. This process was repeated for several microglia and
astrocytes to assess the overall staining quality for each batch of histology. Data were
collected from both control and treated hemispheres in at least five slices per rat. The analysis
pipeline can be visualised in Figure M.5.
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Figure. M5: Density analysis pipeline A) Example for microglia density quantification: a green line
line is placed intersecting both the cell body and the background, from which the fluorescence
intensity is extracted along the entire profile allowing calculation of the signal over background ratio.
Subsequently, the software can accurately identify all microglia in the microphotographs. B) Same for
astrocytes. Scale bars = 100 μm.

For analysing the state of myelin sheets, ramifications of neurons (including both axons and
dendrites), and neuronal loss, we quantified the labelling intensity for each corresponding
marker: MBP, Neurofilament, and NeuN, respectively (Figure M.6). To achieve this, we
acquired images in 12-bit greyscale. The analysis was performed using Icy software. In this
case, we placed two ROIs measuring 100 μm2 in the dentate gyrus and used the
ROIs-statistics tool to obtain the intensity value of each ROI. For MBP and neurofilament
analysis, the ROIs were positioned on the hilus, as previously described in the literature
(Long et al., 2021) (Figure M6.A-B). For NeuN analysis, the ROIs were placed in the granule
cell layer, where neuronal cell bodies are predominantly located (Amaral et al., 2007) (Figure
M.6.C). The data was obtained from both hemispheres and in at least five slices per animal.
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Figure. M6: Intensity analysis pipeline. Green squares represent the 100μm2 ROIs used for the
intensity analysis. A) Example for MBP analysis, placing the ROIs in the hilus layer. B) Similar for
neurofilament. C) Same approach for NeuN analysis, with ROIs positioned in the granule cell layer.
Scale bars = 100 μm.

Finally, in table 1, we present a summary of the correspondences between the measurements
obtained from the dw-MRI model and the measurements obtained from the histological
analysis.

Table. M.1: Table summary comparing dw-MRI model measurements and histological
measurements.

4.4. Statistics and graphical representation
For statistical analysis and representation of the main results, we utilised Rstudio (RStudio
2015 Inc., Boston, MA) and GraphPad Prism 7 software (GraphPad Software Inc., La Jolla,
CA, USA). Following the assessment of data normality distribution, we conducted paired
t-tests between the control and injected hemispheres for each time point for both dw-MRI and
histological results. For linear regressions, we employed Pearson correlation, and significance
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was determined using Fisher’s (1925) test. For conventional MRI data, repeated-measures
analysis of variance (ANOVA) was employed to assess significant effects of the injection and
group, followed by post hoc t-tests to compare injected versus control hemisphere, with
corrections for multiple comparisons.

For representation, we focused on changes rather than absolute magnitudes. Consequently, all
data presented in the following results section (both imaging and histology) are calculated as
ratios of change, as indicated by the following formula:

𝑐ℎ𝑎𝑛𝑔𝑒 = 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑐𝑜𝑛𝑡𝑟𝑜𝑙  

Each animal in our study serves as its own control, with one hemisphere treated and the other
serving as the control. This provides the opportunity to detect relative changes within a
controlled setting and offers several benefits. First, it adheres to the “reduction” principle of
the 3Rs rule in animal research (replacement, reduction, and refinement). By utilising each
animal as its own control, we have significantly minimised the number of animals required
for this research. Secondly, it enables us to effectively account for variability between
animals, thereby mitigating discrepancies in cellular states and across subjects. Thirdly, it
facilitates the transferability of the model to other brain regions, compensating for variability
between areas by targeting specific compartments for both microglia and astrocytes (Olah et
al., 2011, Bayraktar et al., 2014, Bernardinelli et al., 2014, Khak and Sofroniew, 2015,
Escartin et al., 2021). This versatility allows for the detection of changes in specific
populations and enables comparison with control areas within the same region. Lastly, given
the similarity between inflammatory responses in humans and rats and the comparable size of
the cells (Andriezen et al., 1983, Sofroniew et al., 2014, Savage et al., 2019, Paolicelli et al.,
2022), this approach holds promise for fast and direct translatability to human patients. This
potential for clinical application enhances its future utility as an imaging tool in hospitals, a
capability further supported by our testing within this research.
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V. Results

5.1. Characterising glia reaction with histology and MRI
While various attempts have been made to quantify microglia density using dw-MRI (Yi et
al., 2019; Taquet et al., 2019), there are currently no tools capable of specifically quantifying
microglial or astrocytic reactions in vivo and non-invasively. In this section, we elaborate on
our results obtained from the LPS intracerebral injection model, focusing on glial population
dynamics. This model, which induces an early microglial reaction followed by a late
astrocytic reaction (Jeong et al., 2019), enables us to distinguish and examine their separate
contributions to both dw-MRI and histological signals (Figure R.1.A).

5.1.1. Histological glial response to LPS immunological challenge
Our initial approach aimed to effectively demonstrate the glia dynamics as shown in the
original publication of the LPS model (Jeong et al., 2019) while simultaneously validating the
histological procedures outlined in the methods section. Firstly, we examined the staining of
Iba-1 and GFAP for microglia and astrocytes, respectively, at different reaction states for
groups 1, 2, and 4 from the animal models of neuroinflammation explained in methods.
Secondly, we sought to validate the initial choice of histological measures to correspond with
the dw-MRI model.

As depicted in Figure R.1.B, upon initial observation, it is evident that in the control group,
microglia exhibit a uniform distribution along the layers of the dentate gyrus, consistent with
previously published observations (Jinno et al., 2007). Conversely, astrocytes demonstrate a
higher density of cell bodies in the molecular layer of the dentate gyrus, with their processes
extending throughout the granular layer and hilus. Based on these distributions, we selected
the hilar region for quantitative measures and comparisons across models and time points.

Focusing specifically on the first time point, 8 hours post the intracerebral injection of LPS
(Figure R.1.B), it is apparent that microglia has been significantly affected; there is a
noticeable loss of processes throughout most of the dentate gyrus compared to the
saline-injected hemisphere. Conversely, no visual differences were observed in astrocytes at
this time point. At 24 hours post-injection (Figure R.1.B), there is a further increase in the
microglial ramification phenotype, accompanied by an apparent enlargement of their cell
body size. Regarding astrocytes, an expansion of their volume is indeed observed. Lastly, it
was observed that the hippocampus returns to its normal state after 15 days from the
injection, both at the microglial and astrocytic levels (Figure R.1.B). Importantly, in both
Iba-1 and GFAP staining, we observed high-quality labelling, even of the most distal and thin
processes, consistent across all conditions. These results, in summary, demonstrate the
effectiveness of characterising microglia and astrocyte reactions with Iba-1 and GFAP.
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Figure R.1: Microglia and astrocytes main results. A) Experimental Schema of LPS experiments.
B) Representative microphotographs of the dentate gyrus showing microglia (green), astrocytes (red)
and their co-localization with cell nuclei (merge) for the control group and 8h, 24h and 15 days post
LPS injection. Dashed line surrounds the granular layer of the dentate gyrus. C) Histological results
for microglia, expressed as change vs control for process density, cell size and microglia cell density. .
D) Same for astrocytes. Asterisks represent significant paired t-test difference between injected and
control (**p < 0.01 and ***p < 0.001). Error bars represent SD. Scale bar = 100 μm.
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Quantitatively, we assessed microglia and astrocyte reactions as described in the methods.
For microglia (Figure R.1.C), we focused on process density, cell size, and their cell density.
As expected from the observations, a rapid microglial reaction was detected, and a paired
t-test comparison with the control hemisphere revealed the significance of these results and
the low variance between subjects. By 24 hours post-LPS, this effect was maintained, with an
additional increase in microglial cell body volume. Additionally, we did not find differences
in microglia cell density at any time point.

Regarding astrocytes (Figure R.1.D), there was not a consistent change in convex hull size at
8 hours post-injection, nor in astrocyte cell density, validating the expected solely
microgliosis at this time point (Jeong et al., 2019). At 24 hours post-injection, we found the
predicted reaction in the astrocyte population: there was a substantial increase in convex hull
size at the histological level for all subjects in the study. Finally, after 15 days of recovery,
astrocytes returned toward baseline, albeit with high variability between subjects. In relation
to astrocyte cell density, we did not find differences for 24 hours or 15 days post-injection
either.

These results effectively demonstrate that the model of Jeong et al. (2019) works as expected
in our hands, resulting in early microgliosis with no concomitant astrogliosis at 8 hours
post-injection, microglia and astrocyte reaction at 24 hours, and a return to baseline at 15
days. These findings are crucial as they pave the way for the next step in our research:
developing the specific dw-MRI model capable of mirroring these changes.

5.1.2. Microglia reaction characterised using Iba-1 staining and MRI
After validating the animal model of inflammation, we proceeded to validate our dw-MRI
model, designed to capture the microglia population as a model of small spheres and sticks
with a Watson dispersion. To achieve this, we calculated the stick fraction to infer microglia
ramification, small sphere radius for cell size, and additionally, the stick dispersion to
understand how the ramifications are distributed around the cell body of microglia.

The results are presented in Figure R.2, where we display the dw-MRI model outcomes
(Figure R.2.B) alongside the already shown microglia histological results (Figure R.2.B) for a
comprehensive comparison, but now adding the process dispersion values of microglia
ramifications quantified in histology.

As depicted in the figure, a significant reduction in stick dispersion was observed at both 8h
and 24h post-injection, as evidenced in the histological micrometric results, indicating that
the stick fraction variable effectively mirrors microglial processes. Furthermore, regarding
the process dispersion of the current ramifications, we found no significant differences for
either the dw-MRI model or the histological results at 8h post-injection. However, at 24h, an
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increase in the dispersion K value was observed, indicating less dispersion of the current
ramifications of microglia. This outcome is attributed to the topological distribution of these
ramifications around the microglia cell body, as the few that remain are found to be at the
poles of the cell.

Figure R.2: Microglia reaction characterization with dw-MRI and histology. A) Experimental Schema of
LPS experiments. B) Microglial results for the dw-MRI model, expressed as change vs control for stick fraction,
small sphere radius and stick dispersion. C) Histological results for microglia, expressed as change vs control
for: process density, cell size and microglia cell density (same as Figure R.1) and process dispersion. D) Mean
stick fraction maps at 24 hours after injection, normalised to a rat brain template and averaged over all rats.
Asterisks represent significant paired t-test difference between injected and control (*p < 0.1, **p < 0.01 and
***p < 0.001). Error bars represent SD.
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The corresponding dw-MRI variable, stick dispersion, follows the same trend with the same
directional result: no significant effects were observed at 8h, but there were at 24h
post-injection. However, regarding the cell size of the microglia cell body, an increase in
small sphere size was detected at both 8h post-injection and 24 hours, while it was only
observed in histology at 8h post-injection. At 15 days post-injection, no significant results
were observed for any of the dw-MRI models, mirroring the histological results.

Overall, these findings demonstrate the potential to recover a microglia-specific signal from
the dw-MRI model, capable of revealing a microglial reaction in vivo and non-invasively
(Figure R2.D), following the establishment of a strong correlation between imaging and
histological parameters.

5.1.2.1. Microglia reaction on PLX-LPS animals

Next, to further confirm the microglial origin and continue validating our model, we depleted
microglia from the system using the PLX animal model (group 3 from animal models of
neuroinflammation), which was also injected with LPS (Figure R.3.A)

The initial step was to validate the effect on microglia depletion of the PLX treatment (Figure
R.3), for which we have focused on 24 hours post-injection of the LPS to later isolate
astrocyte reaction. As illustrated in the microphotographs (Figure R.3.B), microglial
disappearance is nearly complete, consistent with the results reported by Hang et al. (2017).
To further validate the effect, we quantified the number of ramifications in the residual
microglia compared to PLX sham rats not injected with LPS, and the results indicated a
sixfold reduction in ramifications compared to control microglia.

Subsequently, we quantified the microglia-related dw-MRI features in these animals. As can
be seen by the stripped bars at Figure 2.B, we found that the microglia related parameters
indeed disappeared when animals were pretreated with PLX, being true for stick fraction,
small sphere radius and stick dispersion.

These results conclusively demonstrate that the microglia results captured previously by
dw-MRI were, in fact, microglial-specific.
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Figure R.3: Microglia in PLX animals. Experimental Schema of LPS experiment for Group 3 of
animals (PLX animals). B) Representative microphotographs of the dentate gyrus showing microglia
(green), astrocytes (red) and cell nuclei (blue) for sham-control animals and PLX - 24 hours post LPS
animals. In the detail, a zoom-in of a microglia cell for both conditions. Dashed line surrounds the
granular layer of the dentate gyrus. C) Ramification per microglia quantifications for both groups.
Asterisks represent significant paired t-test difference between injected and control ( ***p < 0.001).
Error bars represent SD. Scale bar = 100 μm.

5.1.3. Astrocyte reaction characterised using GFAP staining and MRI
In the previous section, we demonstrated that our dw-MRI model is capable of imaging
specific microglial reactions. Our subsequent objective was to further assess the capability of
the dw-MRI model with the other glial population of interest: astrocytes. To accomplish this,
we calculated the big sphere radius to estimate astrocyte volume and examined it alongside
its histological counterpart, convex hull size.
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Similar to microglia, we present the results of the dw-MRI model (Figure R.4.B) and place
again the histological ones for a more robust comparison (Figure R.4.C). As we can notice in
the quantifications, at 8 hours post-injection, there was no discernible astrocyte reaction
measured with the big-sphere radius, consistent with the histological findings where no
differences were found for convex hull size at this time point. These results further validate
the previous findings regarding microglial specificity, as no astrocyte reaction was detected
by the dw-MRI model at this time point. Transitioning to the 24-hour post-injection period,
importantly, we observed a significant and notable increase in the big sphere radius, aligning
with the reported results of convex hull size from histology. Finally, at 15 days post-injection,
dw-MRI indicated no significant changes in astrocyte populations, once again matching the
histological counterparts.

5.1.3.1. Astrocyte reaction on PLX-LPS animals

Although the dw-MRI model mirrors the histological results characterising astrocytic
reaction, elucidating its specificity in a microglia free reaction environment remained
essential. To address this, we investigated the results of the model on the PLX-LPS animals
(group 3 from animal models of neuroinflammation) without microglia in the system (Figure
R.3), resulting in a unique astrocyte reaction.

As depicted in Figure R.4, represented by the striped bars, we observed a substantial increase
in convex hull size for astrocytes, surpassing even the levels seen in animals 24 hours
post-injection. These findings align with observations previously reported by others,
suggesting that in the absence of microglia, the astrocytic reaction can be more pronounced
(Van Zeller et al., 2022). Regarding the big sphere radius, as determined by the dw-MRI
model, it closely corresponds to the histological results: the big sphere radius exhibited a
significant increase in these animals, with the magnitude of change paralleling the
histological findings.

Consequently, the results obtained for the astrocytic compartment demonstrate the potential
to quantify an astrocyte-specific signal from dw-MRI, distinctly from a microglia signal,
opening avenues to map astrocytic reactions in vivo (Figure R.4.D).
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Figure R.4: Astrocyte reaction characterization with dw-MRI and histology. A) Experimental
Schema of LPS experiments. B) Astrocyte results for the dw-MRI model, expressed as change vs
control for the big sphere radius. C) Histological results for astrocytes, expressed as change vs control
of convex hull size (same as Figure R.1) D) Large sphere radius maps at 24 hours after injection,
averaged over all rats. Asterisks represent significant paired t-test difference between injected and
control (*p < 0.1 and ***p < 0.001). Error bars represent SD.
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5.1.4. LPS protocol preserves neuronal and myelin integrity
Finally, we aimed to determine if there was any neurodegeneration or demyelination
following the injection of LPS at different time points. This is crucial because, as highlighted
in the introduction, different tissue configurations can yield similar results with dw-MRI
analysis (Scarpazza et al., 2018; Ligneul et al., 2024), emphasising the necessity of ensuring
the specificity of our model and the glial origin of the presented results.

To achieve this, we conducted intensity analysis on MBP and Neurofil staining to infer
myelin and axon/dendrite states, respectively. The results are depicted in Figure R.5.

Figure R.5: LPS protocol preserves neuronal and myelin integrity. A) Experimental Schema of
LPS experiments B) Myelin state results by labelling MBP protein: Representative microphotographs
of the dentate gyrus showing MBP staining for control 8 hours, 24 hours and 15 days post-LPS
injection. Below: Intensity value of MBP in arbitrary units (a.u.), expressed as change vs control.
Dashed line surrounds the granular layer of the dentate gyrus. C) Same for axon and dendrites state
with neurofilament staining. Error bars represent SD. Scale bar = 100 μm.
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The intensity analysis revealed no significant differences in MBP staining at any of the time
points, including 8 hours, 24 hours, and the recovery phase beyond 15 days (Figure R.5.B).
Similarly, the analysis of neurofilament showed no differences in staining intensity across
these different time points (Figure R.5.C).

These results further validate the experimental model of LPS, demonstrating that the LPS rat
model is capable of inducing specific neuroinflammation without concomitantly causing
neuronal death or demyelination (Jeong et al., 2019). Importantly, they also underscore the
specificity of our dw-MRI multicompartment model for the current results on reflecting glia
reaction detection.

5.2. Distinguishing glia reaction with concomitant neurodegeneration
In addition to microglia and astrocyte dynamics on health and disease, other phenomena as
neurodegeneration often coexist with neuroinflammation (Ward et al., 2015, McGeer et al.,
1993, Dickson et al., 1993, Stephenson et al., 2018, Mayne et al., 2020). This highlights the
necessity of a tool capable of distinguishing between these two signals, both for research and
clinical purposes. Furthermore, considering the reported challenge of misinterpreting
dw-MRI results due to different tissue configurations (Scarpazza et al., 2018; Ligneul et al.,
2024), there's a pressing need to expand our research to test and validate the dw-MRI model
in additional scenarios.

Specifically, we utilised a known scenario of neurodegeneration with concomitant microglia
reaction by ibotenic acid injection and 14 days of waiting (Drouin-Ouellet et al., 2011)
(Figure R.6.A). To quantify the reaction, we quantify NeuN intensity and conduct
morphometric reconstructions of microglia and astrocytes.

5.2.1 Neuronal death with microglia reaction characterised using NeuN staining
and MRI
First, we investigated the histological reactions of glial and neuronal populations in this
model. As illustrated in Figure R.6.C.D, microglia exhibited a significant loss of their
ramification, consistent with the published results of the model (Drouin-Ouellet et al., 2011)
and similarly as observed in the LPS model (Figure R.1.C and 2.C). This outcome was
accompanied by an increase in process dispersion (indicating reduction), mirroring again the
trend observed in the LPS model (Figure R.1.C and 2.C). Concerning the cell size of
microglial cell bodies, we did not discriminate any significant changes. However, we did
observe a notable increase in the number of microglia in the system, as evidenced by the
density results (Figure R.6.C). In relation to astrocytes, as expected, we did not observe any
observable differences in the size of the astrocyte population (Figure R.6.C).
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Figure R.6: Neuronal death characterization with dw-MRI and histology. A) Experimental
Schema of ibotenic acid experiments. B) Microglia (stick fraction, small sphere radius, stick
dispersion and small sphere fraction) and neuron (tissue fractions= results for the dw-MRI model,
expressed as change vs control. C) Histological results for microglia (process density, cell size,
process dispersion, Iba-1 cell density), neurons (NeuN intensity) and astrocytes (convex size)
expressed as change vs control D) Representative microphotographs of the dentate gyrus showing
microglia (green), astrocytes (red) and cell nuclei (blue) for a control and an ibotenic acid animal.
Below: similarly for neurons (pink). Dashed line surrounds the granular layer of the dentate gyrus.
Asterisks represent significant paired t-test difference between injected and control (*p < 0.1, **p <
0.01 ***p < 0.001 and ****p<0.0001). Error bars represent SD.Scale bars = 100 μm.
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Next, we investigated whether these changes were mirrored by the dw-MRI model. The
results are presented in Figure R.6.B, which also displays the LPS results for better
comparison due to the similarity of the histological outcomes. We observed a significant
decrease in the stick fraction parameter accompanied by an increase in dispersion, closely
mirroring the results of microglia histology. Importantly, regarding neuronal death, measured
by tissue fraction as explained in the methods, we observed a significant decrease, matching
the NeuN results. Notably when comparing this with the LPS model results, we observed
striking similarities in microglial diffusion outcomes, except for the tissue fraction, which
was absent in the LPS model. Finally, we even observed that the parameter of microglial
proliferation was tightly mirrored as well: the number of small sphere fractions indicated,
similar to histology, a substantial increase in microglia in the analysed area.

These results underscore two crucial findings. Firstly, the parameter of the dw-MRI model
quantifying microglial cell density demonstrated promising outcomes: the density of small
spheres, corresponding to microglial cell density in histological analysis, closely mimicked
the histology. Secondly, this model reaffirmed the effectiveness of our model in detecting
microgliosis independent of concomitant neurodegeneration, demonstrating its specificity and
robustness, without being confounded by other cell unit reactions in the model.

5.2.2. Isolated neuronal death characterisation
To further demonstrate our ability to distinguish and quantify between neuroinflammation
and neurodegeneration, as well as the impact of microglia reaction on the measured tissue
fraction from the previous section, we conducted an additional experiment using an
additional group of animals injected with ibotenic acid but treated with minocycline (group
5.1) (Figure 7.A). Minocycline is an anti-inflammatory drug known for its ability to reduce
microglial and astrocytic reaction (Cheng et al., 2015).

The results of these animals are shown in Figure R.7, where NeuN intensity is plotted against
tissue fraction within the same plot. We observed a significant decrease in NeuN intensity
upon injection, although less pronounced than in animals without minocycline treatment.
Nevertheless, importantly, we note that this result correlates directionally and in magnitude
with the diffusion dw-MRI results.

From these experiments, we can conclude that our dw-MRI units are specific to their
intended purpose, reaffirming not only its robustness and specificity but also the quantitative
value of our dw-MRI model
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Figure R.7: Isolated neuronal death characterisation. A) Experimental Schema of ibotenic acid
experiments with minocycline treatment. B) dw-MRI model (tissue fraction) and histological results
(NeuN intensity) for neurons, expressed as change vs control. C) Representative microphotographs of
the dentate gyrus showing microglia (green), astrocytes (red) and cell nuclei (blue) for control and
ibotenic acid treated with minocycline. Below: similarly for neurons (pink). Dashed line surrounds the
granular layer of the dentate gyrus. Asterisks represent significant paired t-test difference between
injected and control (*p < 0.1 and **p < 0.01). Error bars represent SD. Scale bars = 100 μm.

5.3. Specificity of the model in the presence of demyelination
In the preceding sections, we have demonstrated the capability of our model to differentiate
between microglia and astrocyte reaction, while also avoiding confusion in the presence of
concomitant neuronal loss. However, to further enhance the specificity of the model, we
incorporated another tissue unit: myelin. This is important because myelin dysregulation
often accompanies neuroinflammation (Tallantyre et al., 2009; Karussis, Young et al., 2010,
2014; Wingerchuk et al., 2015).
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To address this, we employed another well-established model of immune attack: lysolecithin
intracerebral injection (Woodruff & Franklin, 1999), a microgliotoxin known to induce
considerable demyelination without axonal damage within 14-24 days post-injection
(Woodruff and Franklin, 1999) (group 6 of animals) (Figure R.8.A). For the analysis of these
results, microglia and astrocytes were reconstructed as usual. For assessing demyelination,
we measured MBP labelling as previously indicated.

5.3.1. Myelin reaction characterised using MBP staining and MRI
At the histological level (Figure R.8.C-D), concerning the microglia and astrocyte
populations, we observed no discernible reaction to the lysolecithin, consistent with
previously reported results (Woodruff & Franklin, 1999). Regarding the myelin unit, the
primary target of lysolecithin, we indeed observed a significant reduction in the intensity of
MBP labelling in the treated hemisphere compared to the control. Although the reduction
varied among animals, it was significant (Figure R.8.C).

Next, we characterised the results for the dw-MRI model (Figure R.8.B). As explained in the
method, for myelin, we utilised a stick fraction similar to that used for microglia but in a
non-overlapping manner. This is because we can differentiate microglia from myelin units
thanks to the combination of other parameters related to microglia: stick dispersion and small
sphere radius. The results, as seen in Figure R.8.B, follow our prediction: we find a significant
decrease in the stick fraction signal, but not in stick dispersion or small sphere radius. As
observed in the LPS model (Figure R.2) and Ibotenic model (Figure R.6), a reduction of
microglia stick fraction was accompanied by a change in stick dispersion.

To corroborate our predictions and further characterise the results, we computed four
simulated dw-MRI environments with different phenotypic characteristics of each cell unit
(Figure R.9.A-D). Neuron ramifications were defined by the size and dispersion of their
processes measured in the bibliography (Papageorgiu et al., 2015; Maisonnave and
Garcia-Cairasco, 2007).

The synthetic environments modelled represent the following scenarios: a control brain with
microglia, astrocytes, neurons, and the myelin compartment (Figure R.9.A), followed by
microglia reaction represented by a 50% reduction of its ramifications and a 10% increase in
cell size (Figure R.9.B), reflecting what we observed in the 24-hour post-LPS injection results
(Figure R.1). The third environment consists of neuronal loss by a 50% reduction in dendrites
(Figure R.9.C), similar to the ibotenic acid injection results (Figure R.6). Finally, the last
synthetic environment (Figure R.8.D) corresponds to the current model of
lysolecithin-induced demyelination (Figure R.8).
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Figure R.8: Myelin reaction characterised using MBP staining and MRI. A) Experimental
Schema of lysolecithin experiments. B) dw-MRI model results for microglia (stick fraction, small
sphere radius and stick dispersion) and astrocytes (big sphere density), expressed as change vs control.
C) Histological results for microglia (process density, cell size and process dispersion) and astrocytes
(Convex Size) expressed as change vs control. D) Representative microphotographs of the dentate
gyrus showing microglia (green) and astrocytes (red), and below for myelin (yellow) for both control
and a lysolecithin treated animal. Dashed line surrounds the granular layer of the dentate gyrus.
Asterisks represent significant paired t-test difference between injected and control (*p < 0.1 and **p
< 0.01). Error bars represent SD. Scale bars = 100 μm.
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For each of the environments, we calculated the K dispersion parameter for estimating the
ramification dispersion. As seen in the results (Figure R.9.C), we notice a significant increase
in K (meaning reduction), which aligns with previously reported findings for LPS data (Figure
R.1). This result is markedly different from the paradigm of neuronal loss, both in magnitude
and direction, and closely mirrors the results for the ibotenic acid group (Figure R.6).
Importantly, demyelination has no discernible effect on the K parameter, consistent with the
lysolecithin results (Figure R.8) and our predictions.

Figure R.9: Dispersion parameter at different in silico scenarios. Different synthetic scenarios of
brain parenchyma modelled by a different combination of microglia, astrocytes, neurons and myelin.
A) Control brain with all the compartment mentioned. B) Microglia reaction paradigm, with a
reduction of 50% of the ramifications and an increase of cell size of 10%. C) Neuronal loss paradigm,
with a reduction of 50% of the dendrites. D) Demyelination paradigm, with no myelin in the system.
E) Results for K dispersion parameter for each condition, expressed as change vs control. Asterisks
represent a significant paired t-test difference between injected and control (*p < 0.1 and **p < 0.01).
Error bars represent SD.

These findings underscore that microglia reaction and demyelination are effectively
discriminated against by incorporating other microglia parameters into the equation,
especially stick dispersion. Overall, this unequivocally validates our diffusion model's ability
to distinguish microglia ramifications from myelin state and adds a promising possibility of
detecting myelin degeneration.

72



5.4. Translation to human patients
Until now, our model's predictions have been validated through successful differentiation
between microglia and astrocyte reactions, even in scenarios involving neuronal or myelin
loss, in animal inflammation models.

However, as our ultimate goal is to develop a tool capable of detecting these tissue situations
in human patients, non-invasively and in vivo, the next essential step was to evaluate our tool
in human patients. We anticipated a high translatability from the tool, as the main
characteristics of neuroinflammation are shared across species (Andriezen et al., 1983;
Sofroniew et al., 2014; Savage et al., 2019; Paolicelli et al., 2022).

In the following section, I will outline the main results of the clinical trial conducted for this
purpose.

5.4.1. Quantifying human microglia density at whole brain in vivo
We collaborated with the CUBRIC Institute, holders of a 3T Siemens Connectome MRI
machine compatible with the necessary specifications to translate our scanning protocols to
human patients (Jones et al., 2018). Our focus was particularly on calculating the density of
microglia across different brain regions, taking advantage of its naturally heterogeneous
distribution across its anatomy (Mittelbronn et al., 2001), in six healthy human participants
(Figure R.10.A).

Firstly, we computed the stick fraction for the average of all the patients and represented it as
a stick fraction heat map, showing both sagittal and coronal slices in Figure R.10.B. In the
figure, differences in microglia density in certain brain areas are already evident, such as the
cerebellum exhibiting lower density than the hippocampus.

Secondly, we numerically computed microglia density by combining both stick fraction and
stick dispersion to ensure the specificity of microglia, as explained in the previous section.
This was done for eight brain regions: cerebellum, motor cortex, frontal lobe, occipital lobe,
basal ganglia, substantia nigra, hippocampus, and thalamus. To demonstrate the feasibility of
our calculations, we compared this in vivo characterization with post mortem quantifications
of microglia with Iba-1 from the bibliography (Mittelbronn et al., (2001). The results,
presented in Figure R.10.C, revealed a high correlation between the patterns of microglia cell
density obtained from our results and those published on human tissue) A multiple linear
regression demonstrated that this correlation is indeed statistically significant.

These findings demonstrate the high potential utility of our tool for human patients. While
further validation is required, our tool has shown promising capabilities in calculating
microglia cell density in vivo and non-invasively in human patients.
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Figure R.10: Quantifying human microglia density at whole brain in vivo. A) Workflow of the
proof-of-concept experiment. B) Stick fraction maps according to the dw-MRI model, normalised to
the brain template (Desikan et al., 2006), averaged across subjects C) Multiple linear regression,
conducted using stick fraction and dispersion to explain microglia density measured using histological
staining of post mortem human tissue in eight grey matter regions (hippocampus, cerebellum,
substantia nigra, basal ganglia, thalamus, motor, frontal, and occipital cortices) as reported in
(Mittelbronn et al., 2001). Regression confidence intervals were calculated using bootstrap.

5.5. Comparison with conventional MRI techniques
Previous methods for modelling diffusion MRI in the brain parenchyma have indeed led to
remarkable discoveries, thanks to their ability to assess brain structure non-invasively.
However, as we've discussed in our research, applying these methods to grey matter remains
challenging due to the potential for different tissue configurations to yield the same results
(Scarpazza et al., 2018; Ligneul et al., 2024).

In the last part of our research, to highlight the importance of the developed framework, we
present the conventional MRI measures typically used in both research and clinical settings:
MD, T1/T2 ratio, T2*, and extracellular diffusivity. We calculated these values for all rat
models utilised in our research (Figure R.11.A), taking advantage of the fact that we have
characterised meticulously their tissue reactions.

Regarding MD, we did not observe significant differences at 8 hours post-LPS injection,
despite the histological results evidenced a significant decrease in the ramifications of
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microglia compared to the saline-injected hemisphere (Figure R.3). In relation to the other
animal models, we observed a significant increase in MD. However, this increase was similar
across all models despite the quantified histological differences in their tissues, highlighting
the lack of cell unit specificity of this variable.

Concerning the T1/T2 ratio, typically linked to myelin content in both white and grey matter
(Glasser et al., 2011; Ganzetti et al., 2014, Niewenhuys and Broere., 2017) we noted a
reduction in all three LPS conditions, while the histology demonstrated no change (Figure
R.5). About T2*, we did not detect significant changes for almost any condition, except for
ibotenic acid injection (Figure R.6), which, in fact, had very similar results histologically as
the LPS model (Figure R.1).

Figure R.11: Comparison with conventional MRI techniques. A) Experimental workflow for all
the animal models in the research. B) Results for conventional MRI parameters: mean diffusivity,
T1/Tw ratio, T2* star and extra-cellular diffusivity, expressed as change vs control. Asterisks
represent a significant paired difference between injected and control. (*p < 0.1, **p < 0.01 and ***p
< 0.001). Error bars represent SD.

At last, extracellular diffusivity followed a similar trend as MD, suggesting an increase in the
treated hemisphere across all rat models, even for the LPS 15 day post-injection model,
where no significant changes were demonstrated at the histological level for microglia or
astrocytes (Figure R.1).
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Overall, these findings underscore the importance of handling conventional MRI data with
care when dealing with complex cerebral grey matter tissue. We have demonstrated that
different tissue scenarios can produce similar results and may even suggest an effect where
there may be none. These results emphasise the significance of our approach and model,
highlighting the necessity of further advancements in the field of imaging multi-tissue
compartments.
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VI. Discussion
In recent years, our understanding of neuroinflammation has undergone a significant shift,
recognizing it as an intricate phenomenon involving multiple layers of complexity. While
traditionally viewed as protective, emerging research suggests that dysregulated or prolonged
reaction of these cells may contribute to the progression and even the onset of some diseases
as Alzheimer’s Disease (Davies et al., 2017; Streit et al., 2009, Kim et al., 2024, Rachmian et
al., 2024), Parkinson's disease (Cai et al., 2014; Arena et al., 2022), multiple sclerosis
(Sanchez-Guajardo et al., 2015, Distéfano-Gagné et al., 2023), amyotrophic lateral sclerosis
(Cooper-Knock et al., 2017, Carke and Patani, 2022) and stroke (Guruswamy and ElAli.,
2017, Wang et al., 2022, Planas 2024). Similarly, astrocytes have been implicated in
Huntington's disease, amyotrophic lateral sclerosis, and Alzheimer's disease (Simpson et al.,
2010; Phatnani et al., 2013; Kim et al., 2024). Furthermore, it is now recognized that these
cell populations exhibit dynamic responses even in their "resting state," influenced by factors
such as age, sex, brain area, and environmental cues, as we mentioned in the introduction.
These influences regulate genetic transcription, epigenetics, and phenomics, among other
factors, ultimately dictating their roles and behaviours in health and disease (Escartin et al.,
2021; Paolicelli et al., 2022). Furthermore, it have been found morphological shifts across a
wide spectrum of this conditions (Simpson et al., 2010; Phatnani et al., 2013; Guruswamy
and ElAli, 2017; Davies et al., 2017; Arranz and Stropper et al., 2019; De Santis et al., 2020,
Kim et al., 2024, De Santis et al., 2020) and other diseases like HIV infection (Kong et al.,
2024).

These studies underscore the critical need for tools capable of investigating these complex
reactions. The ability to non-invasively image and track these morphological changes in vivo
could revolutionise our comprehension of these cells, their implications in disease, and ease
the way for the identification of early diagnostic biomarkers and the design and monitoring of
new treatments targeting microglia or astrocytes. However, to date, there is no imaging tool
specially designed to discern the cellular signature of microglia and astrocyte reaction.

In our research, we have developed a multi-compartment diffusion model for grey matter
tissue with dw-MRI, designed to image the unique geometrical and size characteristics of
microglia and astrocyte populations. We have validated this model against their histological
counterparts in animal models of neuroinflammation, employing precise morphometric post
mortem quantifications. Our findings unveiled three distinct dw-MRI parameters specific to
microglia and one for astrocytes. Furthermore, we have tested these parameters across
scenarios involving solely microgliosis or astrogliosis, alongside concurrent
neurodegeneration or demyelination, with a successful outcome. Additionally, we've
showcased its translational potential by applying it to healthy human subjects in a
proof-of-concept study. We firmly believe that this tool will have a profound impact on both
research and clinical domains, providing a novel and validated framework for in vivo,
non-invasive imaging of microglia and astrocyte morphology with multicellular specificity.
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6.1. Animal models of inflammation
One of the primary pillars in achieving our objective was the utilisation of animal
inflammation models. These models allowed us the opportunity to discern microglial or
astrocytic reactions at various time points with specificity. By integrating data from these
animal models with their corresponding histological analyses, we were able to groundwork
for the development of our effective in vivo strategy. In this section, I will discuss the results
in relation to the animal models employed in our research and elucidate how the used
histological variables successfully measured their respective changes.

Initially, we employed an LPS-driven inflammatory challenge, with the hypothesis of
eliciting a primarily microglial reaction within 8 hours, followed by concurrent microglial
and astrocytic reactions at 24 hours, and eventual return to baseline by 15 days (Jeong et al.,
2010). Our findings aligned well with these predictions, as we observed a pronounced
microglial reaction at 8 hours, with no concurrent astrocytic response (Figure R.1.C). This
microglial reaction was characterised by a reduced ramification density, consistent with
similar observations in studies such as Hung et al. (2023), which also reported a less ramified
microglial morphology in an analogous paradigm. However, our results diverged from studies
where LPS was administered via intraperitoneal injection, inducing peripheral inflammation
rather than a localised microglial response, thereby prompting different phenotypic reactions
in microglia cells with an increase number of ramifications (Chen et al., 2012, Huang et al.,
2020). This discrepancy in response has been documented by others (Sheppard et al., 2019),
demonstrating that direct exposure to LPS in cell culture diminishes microglial arborization,
possibly explaining these divergences.

At 24 hours (Figure R.1.C), we continued to observe a notable reduction in microglial
processes alongside a significant increase in cell size, corroborating findings from Jeong et al.
(2019) and later supported by Hung et al. (2023). Additionally, we made a novel observation
of a clear decrease in the dispersion of microglial processes, with a predominant
directionality evident. In the PLX group, as anticipated, we effectively depleted microglia
from the system (Figure R.3), consistent with previous findings (Han et al., 2017).

Regarding astrocytic responses, we identified a delayed reaction characterised by an increase
in GFAP size (Figure R.1.D), affirming the expected outcomes from our model and similar
methodologies (Jeong et al., 2019, Ambrosini et al., 2005, Campbell et al., 2012). We
assessed this astrocytic reaction by measuring changes in convex hull volume, with our
results indicating the effectiveness of this volume estimate in tracking astrocytic reactions,
aligning with previous studies (Ambrosini et al., 2005, Wilhelmsomm et al., 2006,
Carvalho-Paul et al., 2018). However, it is crucial to acknowledge that the accuracy of this
analysis relies on the quality of staining, as it relies on the creation of a polygon by
connecting all reconstructed ramifications. Thus, the choice of a robust labelling strategy
remains crucial for precise measurements, such as GFAP, which labels thin processes in both
healthy and diseased states (Griemsmann et al., 2015, Haim and Rowitch 2017).
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Regarding the density of both cell populations, we did not observe quantifiable differences.
This contrasts with previous findings indicating elevated numbers of both astrocytes and
microglia following LPS administration. However, we cannot draw any conclusion as they do
not indicate the concentration, and the waiting time post-injection is different, from 4 hours
(Bharani et al. 2017). Finally, regarding neuronal loss in the LPS model, we did not reach
concentrations known to induce neuronal loss, from 5ug (Li et al., 2004) to 20ug (Pugh et al.,
2007). However, a limitation of our study is that we did not verify neuronal loss in our
histological analyses. Although the granule cell layer appeared qualitatively intact with DAPI
staining (Fig. R.1) and the analysis of MBP and Neurofil revealed no differences versus the
control hemisphere, a quantitative analysis of NeuN would have been necessary to
corroborate these observations.

Using the ibotenic acid model, a well-established approach for inducing neuronal loss
(Drouin-Ouellet et al., 2011), we observed pronounced microglial reactions (Figure R.4.C), as
reported as well by others (Thomsen et al., 2015). These reactions were similar to those
induced by LPS (Figure R.1.C), characterised by reduced ramification density and dispersion,
along with reduced cell dispersion. However, we also found a novel result: it increases the
microglia cell density. To the best of our knowledge, this was only demonstrated with
injections in neonatal rats followed by a two-month waiting period (Wai Huy et al., 2019).
Regarding the neuronal loss, we did observe a significant decrease of NeuN intensity in the
granule cell layer of the dentate gyrus, consistent with findings by Pak et al. (2022) and
supporting the expected mechanism of action of ibotenic acid (Drouin-Ouellet et al., 2011).
Ibotenic is known to damage neurons expressing NMDA receptors, such as those found in the
dentate gyrus granule cell layer (Zinkand et al., 1992; Abe et al., 1992, Drouin-Ouellet et al.,
2011), as evidenced by our quantified results.

Next, we treated another group with minocycline to attenuate microglial reaction and isolate
the neurodegeneration signature (Drouin-Ouellet et al., 2011; Cheng et al., 2015). As
hypothesised, we still observed neuronal loss, although with a smaller effect (Figure R.7).
These results align with previous research directly pointing to neuroinflammation as a
catalyst of neurodegeneration (Drouin-Ouellet et al., 2011; Gómez-Nicola et al., 2013;
Thomsen et al., 2015).

The final model we utilised in our research involved inducing demyelination using a
well-established method of lysolecithin intracerebral injection, known to produce
demyelination within 14-24 days (Woodruff & Franklin, 1999). The results, shown in
Fig.R.8, reveal a significant decrease in myelin fraction as measured by labelling MBP
protein intensity, a method used by others (Tilborg et al. 2017, Long et al. 2021). These
results align with the original lysolecithin model proposed by Woodruff & Franklin (1999)
and have been supported over the years by subsequent studies (Azin et al., 2013; Yang et al.,
2022). However, the findings of Yang et al. (2022), showed a microglia reaction, in contrast
to our measurements (Fig. R.8). These results may be influenced by their shorter waiting time
post-injection (7 days). However, empirical data would be necessary to confirm this
hypothesis.

81



In summary, our analysis has validated the effectiveness of the models chosen for developing
our tool, including the LPS, Ibotenic acid, and lysolecithin models. Our findings align with
the majority of existing literature that employs similar methodologies and histological
measurements, as demonstrated for each of them.

Furthermore, these results possess another significant attribute: reproducibility. Despite
assertions of heterogeneity, such as those regarding LPS models (Da Silva et al., 2024), we
have demonstrated that the majority of our findings exhibit low variability and align closely
with the existing literature employing similar methodology. This serves to further validate the
suitability of these models for the subsequent stages or improvements of this and other
investigations.

6.2. Imaging Neuroinflammation non invasively in vivo
After confirming our ability to target specific and single populations, microglia or astrocytes,
and track their morphological changes with histology, we entered into validating whether our
dw-MRI multicompartment model could accurately reflect these phenomical changes. Here,
we demonstrate, through the integration of different animal models and verified outputs, that
we have successfully identified specific parameters to track microglia and astrocyte reactions.
For microglia, we have identified three parameters, stick fraction, stick dispersion, and small
sphere radius, that effectively capture microglial dynamics over time when used in
combination. These parameters closely mirror histological results for both the LPS model
(Figure R.2) and the Ibotenic model (Figure R.4). Importantly, these parameters were absent
in the PLX groups (Figure R.2) and remained unaffected by astrocyte reaction, maintaining
specificity for both solely microgliosis or microgliosis with astrogliosis (Figure R.2 and
Figure R.4). Moreover, their specificity persisted in scenarios of neurodegeneration,
distinguishing between glia reaction and proliferation independent of neuronal loss (Figure
R.7). Additionally, our results showed that even in demyelination scenarios, typical in
diseases like multiple sclerosis (Tallantyre et al., 2009; Karussis, 2014), the specifics of the
microglia variables remained consistent (Figure R.8). These findings are parallel to a
previous published model, SANDI (Palombo et al., 2020), which also modelled ramified
cells, neurons, using sticks and spheres. They demonstrated, as we did here, that restricted
diffusion with predefined geometry and size can aid in separating multicellularity sources of
the dw-MRI signal. However, our results provide a clearer understanding as the validation is
supported by quantitative morphometric analysis at the cellular level in the same brain
regions using a combination of animal models.

For astrocytes, we propose modelling them using a large sphere. This is because, despite their
ramified appearance, they are surrounded by an actin membrane (Haseleu et al., 2013), giving
them more of a spherical cell structure. Our results have shown its sensitivity in tracking
astrocyte reactions for the LPS model (Figure R.4), while no detection was observed in the
ibotenic acid and lysolecithin models, accurately reflecting histological dynamics. To our
knowledge, this approach represents the first modelling of astrocytes in the literature until a
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recent preprint (Barsoum et al., 2024). Furthermore, we have identified a dw-MRI parameter
to track neurodegeneration: tissue fraction (Figure R.6), although further experiments are
necessary to validate with the same level of detail as microglia and astrocytes. This parameter
has promising implications in both basic and clinical research, as it commonly accompanies
neuroinflammation (McGeer et al., 1993, Dickson et al., 1993, Stephenson et al., 2018,
Mayne et al., 2020).

Figure D.1: Imaging Neuroinflammation non invasively and in vivo, an MRI-histology
approach. Graphical abstract illustrating the main strategy and results of the project. On the left,
microscopic reconstructions of microglia (top) and astrocytes (bottom) are shown, from LPS
experiments. On the right, the corresponding representations using the dw-MRI model, highlighting
the accuracy of our dw-MRI multicompartment model in mirroring the morphological changes
detected at histological level.

Importantly, we attribute part of our success to the measurement of relative changes in
morphology rather than absolute quantities, considering the considerable heterogeneity within
both astrocyte and microglia populations. Microglia, for instance, exhibit diverse
morphologies depending on factors such as brain region (Grabert et al., 2016, Tan et al.,
2022), age (Villa et al., 2016, Tay et al., 2017), and sex (Lenz and McCarthy, 2015, McCarthy
and Nugent 2017), which have been extensively reviewed recently (Vidal-Itriago et al., 2022,
Paolicelli et al., 2022). Similarly, astrocytes display variations with age and brain region
(Bernardinelli et al., 2014, Khak and Sofroniew, 2015, Escartin et al., 2021). Therefore,
basing our project on a single brain area, rat strain, or age group would limit its applicability
in both animal models and humans patients. We believe these limitations were effectively
mitigated by measuring changes on the treated hemisphere versus the control one,
demonstrating a high correlation for both histology and dw-MRI between both hemispheres.
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These conclusions also underscore the importance of selecting appropriate histological
variables to correlate with biophysical models of diffusion. We conducted an exhaustive
literature review before choosing the variables to analyse with histology. The literature
documents a wide range of variables for both microglia (Fernández-Arjona et al., 2017;
Heindl et al., 2018; Vendonk et al., 2016) and astrocytes (SheikhBahaei et al., 2018;
Carvalho-Paulo et al., 2018). For instance, Sholl analysis is commonly used for microglia
(Kongsui et al., 2014, Fernández-Arjona et al., 2017, Heindl et al., 2018, Athammer et al.,
2020), while total ramification length is often considered for astrocytes (Cerbai et al., 2012,
Carvalho-Paulo et al., 2018, Zhang et al., 2020), among many others. However, these
variables focus into very detailed characteristics of glial populations, so we found more
"general variables" encapsulating cell geometry and size with minimal complexity, aligning
better with counterparts of the dw-MRI model. Convex hull analysis emerged as a promising
tool for morphological assessment of astrocytes, having been used previously by others
(Ambrosini et al., 2005, Wilhelmsomm et al., 2006, Carvalho-Paulo et al., 2018). In our
analysis it showed a high correlation with corresponding dw-MRI measures. Regarding
microglia, ramification dispersion and branching density, showed a high correlation between
histology and imaging.

In conclusion, these results demonstrate our ability to distinguish microglia and astrocyte
reactions (Figure D.1), both between themselves and regardless of a background of
neurodegeneration or myelin loss. These findings open new ways of looking at brain tissue
with MRI tools, as there were previously no models for astrocytes, and very limited for
microglia, only for density estimation.

6.2.1. The value of our model and the emergence of new ones

Since its publication in May 2022, our paper has significantly impacted the MRI field. With
over 18,000 downloads and more than 50 citations on Google Scholar, and a field-weighted
citation impact of 2.93 in Scopus, placing it in the top 8% worldwide, its influence is evident.
Furthermore, our dissemination article has garnered over 1200 reads, enhancing its impact
and understanding across various fields and populations (Garcia-Hernandez et al., 2023).

The value of our work has been highlighted in several publications. For instance, Merenstein
et al. (2023) utilised similar ramification orientation calculations to measure microstructural
changes in restricted compartments after a learning task. Likewise, another model was
developed using sticks and spheres to quantify neuron density, comparing the results with the
histological data reported in Allen Brain Atlas. Kor et al. (2022) advocated for more studies
like ours that compare histology with dw-MRI, emphasising the necessity of advanced and
validated multicompartment models. Reviews by DiPiero et al. (2022) and Xia et al. (2023)
highlighted the power of our model for discerning microglia contributions to the image in
brain development studies and expanding immunotherapies.
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Meanwhile, other researchers have been working to fill existing gaps in the field. Reveley et
al. (2024) verified the use of another dw-MRI variable for measuring myelin content in vivo
in monkey grey matter, validating it as well with histology: diffusion kurtosis. Barsoum et al.
(2024) developed an MRI marker for astrogliosis validating with GFAP histological
quantifications. Additionally, alternative MRI modalities, such as functional MRI, are also
being explored, as seen in Beliard et al. (2024), where they aim to detect demyelination
through changes in the hemodynamic response in grey matter tissue.

To sum up, since its release in May 2022, our model has been a groundbreaking innovation.
Its adoption by other researchers underscores its utility in measuring microstructural changes
and advancing in multicompartment models. As well as the parallel efforts to address current
gaps, underscoring the need for this kind of tools: the field is moving toward a unified
objective of multicellular imaging with dw-MRI.

6.3. Implications and perspectives from our evidences: from research
to clinical purposes
We have shown that our parameters for microglia and astrocyte have demonstrated high
fidelity with the histological counterparts in tracking morphological changes in a specific
manner in different conditions. Very importantly, we have shown as well that its translation is
possible in a proof-of-concept experiment. Our framework was adapted to a human MRI
scanner with 6 healthy patients, and we successfully tested that our dw-MRI model it is able
to capture the differential microglia density across brain regions (Figure R.10), following the
post mortem quantifications from Mittelbronn et al., (2001), resulting in, for example, higher
microglia concentration in the hippocampus than the cerebellum, as expected (Lawson et al.,
1990, Tan et al., 2020) (Figure D.2). Specifically, this was calculated by the combination of
stick fraction and stick dispersion, a combination with high fidelity to microglia as
demonstrated by the animals models, but as well with our in silico computations in different
hypothetical brain scenarios (Figure R.9). These results are in accordance with previous work
demonstrating that quantifying microglia density with multi compartment MRI is possible (Yi
et al., 2019, Taquet et al., 2019). However, our approach was the first in the literature, to the
best of our knowledge, that has demonstrated its direct utility with human patients without
further modifications, now also achieved by Barakovic et al., 2024 by modelling microglia in
a similar manner in multiple sclerosis patients (Barakovic et al., 2024).

But how multicellular models of dw-MRI can help the understanding of microglia and
astrocyte contributions to health and disease?
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Figure D.2 Imaging microglia and astrocyte in vivo, from research to clinical purposes. Artistic
schematization illustrating implications of our model, showing the visualisation of microglia and
astrocytes using a magnet, with red representing the North pole and blue representing the South pole.
Importantly, this technique applies to both rodent and human brains with several perspectives and
benefits for the neuroscience field.

Our findings underscore the effectiveness of conventional clinical parameters in detecting
tissue changes following microglia or astrocyte reactions (Figure R.11). However, these
changes exhibit similar directions and magnitudes across diverse tissue units, thereby
constraining their interpretative and applicative scope in both basic research and clinical
contexts. Nonetheless, ongoing investigations, exemplified by Goebl et al., (2024), are trying
to create tools to re-analyze already acquired data with a focus on cellular specificity,
particularly in conditions such as multiple sclerosis. Additionally, our previous work in De
Santis et al., (2020), evidenced that the observed increase in MD could be attributed to a
reduction in the volume of microglial filaments in alcohol use disorders. This finding served
as a cornerstone, suggesting a direct influence of microglia on MD alterations. Going further,
our present results have demonstrated the potential to detect the multicellular source of a
signal, and for example, by comparing a affected area with the healthy contralateral one or by
comparing it with bibliography data, we hypothesise that we are able to monitor the
mentioned morphological changes associated to diseases as multiple sclerosis or Alzheimer
(Simpson et al., 2010; Phatnani et al., 2013; Guruswamy and ElAli, 2017; Davies et al., 2017;
Arranz and Stropper et al., 2019; De Santis et al., 2020; Shahidehpour et al., 2021; Kim et al.,
2024). Supporting our idea, Rios-Carrillos et al. (2023) have suggested using our model to
overcome limitations in machine learning automatic classification of histopathologies in
white matter. Additionally, Mills et al. (2022) highlighted our model as a promising
alternative to mitigate limitations of PET imaging in clinical settings, shedding light on
microglia status in different diseases. The practical application of sticks and spheres to track
microglia in multiple sclerosis patients by Barakovic et al. (2024) further supports our
hypothesis and perspectives.

Our dw-MRI model tool also opens new avenues for tracking the novel therapies targeting
microglia and astrocyte reactions in pathological scenarios, such as the ones generated
specifically for Alzheimer's disease and multiple sclerosis in the latest years (Wilbanks et al.,
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2019, Janus et al., 2020, Geladaris et al., 2024, Wasén et al., 2024, Guadalupi et al., 2024).
We believe our DW-MRI model can capture the associated reactions when the drugs generate
observable changes in the morphology of microglia and/or astrocytes, as evidenced by the
histological changes shown in Geladris et al. (2024). Specifically, by scanning animals
before, during, and after treatment, alterations in the specific contribution of the target
population to the dw-MRI signal could be detected.

However, and at this point of the discussion, an important question arises: What if the disease
does not generate morphological changes typically considered ‘reactive’ in microglia or
astrocytes but rather induces a specific disease-associated profile? As emphasised in
compendiums for microglia and astrocytes (Escartin et al., 2021, Paolicelli et al., 2022),
characterising glia requires consideration of their various layers of complexity, as they exhibit
a continuum of behaviour from genetic to morphological levels. Is it possible to merge
multiple layers of complexity in one single tool for a comprehensive characterization of glial
roles in a given scenario? Recent research, such as that by Androvic et al. (2023), suggests
promising avenues for integrating structural, molecular, and morphological profiles of
microglia. By combining spatial transcriptomics with electron microscopy, Androvic et al.
were able to identify heterogeneous microglia populations responding to interferon. By
correlating transcriptomic profiles with histological morphological data, they successfully
clustered different microglia populations, ultimately linking these features with gene
expression. This integration enables a deeper understanding of microglial dynamics, bridging
the gap between morphology, genetic expression and transcriptomics. We believe that
augmenting our model with an additional layer would be possible and would enhance the
interpretability of MRI results. For instance, by incorporating variables related to microglial
reaction in health and disease, such as transcriptomic profiles (Chiu et al., 2013, Wes et al.,
2016, Pavlou et al., 2019, Maurya et al., 2023, Matusova et al., 2023, Rachmian et al., 2024)
or epigenomics signatures (Cho et al., 2015, Datta et al., 2018, Pavlou et al., 2019, Welle et
al., 2021, Petralla et al., 2021). Supporting this idea, some variables are already being
obtained in clinical settings to improve the interpretation of MRI signals. For instance, blood
sample collection, as demonstrated by Barakovic et al. (2024), can provide additional insights
to complement sphere and stick characterization of microglia, by measuring serum
neurofilament, a proxy of axonal damage. Incorporating these multidimensional approaches
would not only enrich our understanding of glial dynamics but also prepare the ground for
more targeted and effective interventions in neurological disorders.

6.4. Limitations
Despite the aforementioned results and implications, this study presents some limitations.
Our methodological decisions in constructing the model are limited by one biophysical
variable we did not consider: the exchange of water between the glial compartments and the
extracellular space. While we assumed this water interchange to be minimal based on
previous studies (Pasternak et al., 2009), it has been demonstrated that both microglia and
astrocytes possess active aquaporins in their membrane (Gao et al., 2006, Roberta and
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Rosella, 2010), specialised channels for water extrusion, such as aquaporin 1 (Gao et al.,
2006) and aquaporin 4, the most common one in astrocytes (Xiao and Hu, 2014).
Additionally, and as example, aquaporin 1 has been implicated in pathological scenarios like
multiple sclerosis (Satoh et al., 2007) and haemorrhage (Amiry-Moghaddam and Ottersen,
2003). So, despite our findings suggesting minimal influence of water exchange, a future
comprehensive study could aim to enhance the model's complexity by incorporating these
variables (Nilsson et al., 2013) and testing it against the MRI data we have already acquired,
offering additional new avenues for diagnosing diseases like multiple sclerosis.

Besides, a possible limitation of our model is that we have not incorporated another very glial
cell type: oligodendrocytes. They are the principal myelinators of the central nervous system
(Penfeld 1924, Bauman and Pham-Dinh, 2001, Simons and Nave, 2015, Franklin et al., 2021)
and they are also linked to the progression of certain diseases and chronic inflammation
(Ozawa et al., 2004, Kragh et al., 2013, Chen et al., 2022, Gim et al., 2022). The exclusion of
this specific glial type may have impacted the accuracy of our results in mapping microglia
and astrocytes. However, after calculating the dimensions of oligodendrocytes, we find that
their ramifications can double in number and triplicate in length compared to microglia (Chan
et al., 2013), and they have at least double the size of our astrocytes when considering the
convex hull. Additionally, supporting this conclusion, we did not observe any alteration in the
signal of astrocytes or microglia in the lysolecithin model (Figure R.8). After demyelination,
the morphology of oligodendrocytes would certainly have been affected.

Finally, while we have demonstrated that our model is directly translatable to human patients
by the use of research MRI scanners, its translation to routinary hospital machines is limited
without further modifications. The major constraint is that the protocol needs adaptations
since the magnetic gradients power requirements exceed what typical hospital MRI machines
can provide. Additionally, these machines usually have software constraints that prevent the
modification of parameters such as b-value or diffusion time for research purposes. Lately,
another significant constraint is the time required for each patient acquisition, which can last
up to 40 minutes per session as we have indicated. When combined with the conventional
variables typically acquired (MD, T1/T2, T2*, and extracellular diffusivity), this can extend
the total acquisition time to 1 hour and 30 minutes for a single patient. Practically, this
presents a significant time burden. This limitation is currently an investigation line (see
Futures lines).

6.5. Future lines
In summary, our progress with dw-MRI is groundbreaking, enabling non-invasive imaging of
neuroinflammation dynamics in living subjects for the first time in the literature. We've also
highlighted the value of multicellular models for understanding grey matter, which has
implications for both basic and clinical research, interrogating microglia and astrocyte
morphological dynamics in health and disease. Despite its current limitations, these
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advancements mark a major step forward in studying brain phenomena related to glial
responses.

However, although significant progress has been achieved, there are still unanswered
questions and opportunities for improvement, prompting further research in three primary
directions:

● Improving tissue characterisation and sensitivity: In the future, to further characterise
the tissue, we will include specific variables for oligodendrocytes in the dw-MRI
model, with the specific use of animal models targeting oligodendrocytes (Abraham et
al., 2023). We will also refine the compartments of the model already developed to
increase sensitivity, by testing in animals models of diseases such as Alzheimer's or
multiple sclerosis with milder morphological glial phenotypes than those presented in
this research. Furthermore, we will also investigate the incorporation of a water
exchange variable for each of the compartments in the dw-MRI model.

● Adapting for hospital MRI machines. To achieve this integration, we need to make
adjustments to reduce acquisition time and adapt acquisition and power parameters.
This might mean simplifying the acquisition protocols or reducing the required
variables for the dw-MRI analysis. Implementing the first solution would require
redoing experiments with animal models of neuroinflammation. However, the second
option would only involve re-analyzing the existing data to validate its feasibility with
a lower number of variables, especially given the completed histological validation.
It's important to note that Silvia De Santis and her laboratory are actively working on
these research aspects. They are using artificial intelligence methods to minimise the
number of variables needed for analysis without compromising result accuracy.

● Exploring glial dynamics beyond pathology: Our model also opens new avenues for
understanding how microglia and astrocytes respond to various brain phenomena. For
instance, it would allow to further understand the role of glia in learning (Sardinha et
al., 2017; Kol et al., 2020; Abreu et al., 2023) by examining the source of the
observable differences in conventional MRI parameters after learning paradigms in
rodents (Blumenfeld-Katzir et al., 2011; Merenstein et al., 2023). Alternatively, and as
another example, our model can be utilised to investigate the involvement of
microglia in the maternal brain during birth, delivery, and postpartum, as directly
suggested by the authors (Paternina-Die et al., 2024).
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VII. Conclusions

1. We have identified three dw-MRI model parameters that specifically characterise
microglia reaction: small sphere radius, stick fraction, and stick dispersion. These
parameters show a high correlation with their histological counterparts, validating
their specificity.

2. We have discovered one diffusion parameter that specifically characterises astrocytes
reaction: big sphere radius. This parameter also shows a high correlation with its
histological counterpart, validating its specificity.

3. The model has demonstrated great robustness in differentiating microglia and
astrocyte reactions, even in scenarios such as neurodegeneration and demyelination.

4. We have identified a promising variable for measuring neurodegeneration: tissue
fraction, which shows a strong correlation between histology and dw-MRI model
results.

5. The proof of concept study in healthy patients has been satisfactory, accurately
estimating microglia density in different brain areas, demonstrating the high
translational potential of the presented model.
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VII. Conclusiones

1. Hemos identificado tres parámetros del modelo de IRMd que caracterizan
específicamente la reacción de la microglía: radio de esfera pequeña, fracción de barra
y dispersión de barra. Estos parámetros muestran una alta correlación con sus
contrapartes histológicas, validando su especificidad.

2. Hemos descubierto un parámetro de difusión que caracteriza específicamente la
reacción de los astrocitos: radio de esfera grande. Este parámetro también muestra una
alta correlación con su contraparte histológica, validando su especificidad.

3. El modelo ha demostrado una gran robustez en la diferenciación de las reacciones de
microglía y astrocitos, incluso en escenarios como la neurodegeneración y la
desmielinización.

4. Hemos identificado una variable prometedora para medir la neurodegeneración:
fracción de tejido, que muestra una fuerte correlación entre los resultados de
histología y del modelo de IRMd.

5. El estudio de prueba de concepto en pacientes sanos ha sido satisfactorio, estimando
con precisión la densidad de la microglía en diferentes áreas del cerebro, demostrando
el alto potencial de traducción del modelo presentado.
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Mapping microglia and astrocyte activation in vivo using diffusion 
MRI 
Raquel Garcia-Hernandez1 , Antonio Cerdán Cerdá1, Alejandro Trouve Carpena1, Mark Drakesmith2†, Kristin Koller2 , 

Derek K. Jones2 , Santiago Canals1*, Silvia De Santis 1,2* 

While glia are increasingly implicated in the pathophysiology of psychiatric and neurodegenerative disorders, available methods for imaging 
these cells in vivo involve either invasive procedures or positron emission tomography radiotracers, which afford low resolution and specificity. 
Here, we present a noninvasive diffusion-weighted magnetic resonance imaging (MRI) method to image changes in glia morphology. Using 
rat models of neuroinflammation, degeneration, and demyelination, we demonstrate that diffusion-weighte d MRI carries a fingerprint of 
microglia and astrocyte activation and that specific signatures from each population can be quantified noninvasively. The method 
is sensitive to changes in glia morphology and proliferation, providing a quantitative a ccount of neuroinflammation, regardless of the  
existence of a concomitant neuronal loss or demyelinating injury. We prove the translational value of the approach showing significant 
associations between MRI and histological microglia markers in humans. This framework holds the potential to transform basic and 
clinical research by clarifying the role of inflammation in health and disease. 

 

INTRODUCTION 

Brain diseases with a degenerative component such as Alzheimer’s, 

Parkinson’s, multiple sclerosis, and dementia are a pressing prob- 
lem for developed societies with aging populations (1–3). Accumu- 
lating evidence suggests chronic neuroinflammation, the sustained 
activation of microglia  and astrocytes, to strongly influence neuro- 
degeneration and contribute to its progression. A major question is 
whether inhibition of the inflammatory response has the ability to 
reverse or slow down its symptoms (4). In addition, abnormal 
immune activation during puberty and adolescence has been 
associated with increased vulnerability to brain disorders later in life 
(5), making the characterization of the inflammatory profile along 
the life span a hot topic. Therapies targeting glial cells are currently 
being proposed as disease-altering treatments to improve the 
outcome of neurological disorders, with extremely promising results (4, 
6, 7). Furthermore, for many brain diseases, neuroinflammation is 
emerging as a cause, rather than a consequence, of the pathogenesis 
(8); thus, characterizing the tissue inflammatory state could provide 
valuable early disease biomarkers. In this context, desired proper- 
ties of such biomarkers would be the capacity to detect both changes 
in morphology and proliferation/depletion (both hallmarks of glia 
activation), and to discriminate inflammation with and without 
neurodegeneration. In addition, the set of biomarkers should show 
a response specific to glia, which can be teased apart from the re- 
sponse to other tissue insults relevant in some neurodegenerative 
diseases, e.g., demyelination. 

While imaging techniques are widely adopted to monitor neuro- 
logical conditions, noninvasive approaches able to specifically 
characterize brain inflammation in vivo are lacking. The current gold 
standard is positron emission tomography (PET)–based targeting of 
the 18-kDa translocator protein. While difficult to generalize due 

to different binding genotypes across individuals (9), PET is associated 
with ionizing radiation exposure, which limits its use in vulnerable 
populations and longitudinal studies, and also has low spatial reso- 
lution, making it unsuitable to image small structures. In addition, 
while PET’s main advantage relates to molecular specificity of tracer 
binding, inflammation-specific radiotracers express across multiple 
cell types (microglia, astrocytes, and endothelium). Last, a signifi- 
cant tracer uptake in the periphery makes it hard to separate central 
from peripheral inflammation (10). Diffusion-weighted magnetic 
resonance imaging (dw-MRI), on the other hand, has the unique 
ability to image brain microstructure in vivo, noinvasively, and with 
high resolution by capturing the random motion of water molecules 
in brain parenchyma (11). 

While the dw-MRI signal is potentially sensitive to all extracellular 
and intracellular spaces that restrict water displacement in the tissue, 
current formulations are mostly designed for white matter and 
axons. A few recent studies, establishing the groundwork for this 
work, showed that conventional MRI signal can be sensitive to 
various alterations in microglia  (12–14), but none so far showed 
specificity to microglia  and astrocyte activation, or inflammation in 
the presence of neurodegeneration. Achieving specificity is of key 
importance as neurodegenerative diseases manifest through different 
mechanisms, involving specific cell populations, all playing poten- 
tially different roles in disease causation and progression. By com- 
bining advanced dw-MRI sequences with mathematical models 
based on neurobiological knowledge of brain parenchyma morphology, 
the diffusion characteristics within specific tissue compartments, and 
even cell types, could be measured (15). 

With this idea in mind, we developed an innovative strategy to 
image microglia  and astrocyte activation in gray matter using 
dw-MRI, by building a microstructural multicompartment tissue 
model informed by knowledge of microglia and astrocyte morphology. 

  To validate the model, we first used an established rat paradigm of 
1Instituto de Neurocienc ias, CSIC/UMH, San Juan de Alicante, Alicante, Spain. 
2CUBRIC, School of Psychology, Cardiff University, Cardiff, UK. 
*Correspondin g author. Email: dsilvia@u mh.es (S.D.S.); scanals@u mh.es (S.C.) 
†Present address: Communicable Disease Surveillan ce Centre, Public Health Wales, 

2 Capital Quarter, Tyndall Street, Cardiff, CF10 4BZ, Wales, UK. 

inflammation based on intracerebral lipopolysaccharide (LPS) 
administration (16). In this paradigm, neuronal viability and mor- 
phology are preserved, while inducing microglial activation within 
a few hours, and a delayed astrocytic response that is detectable only 
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24 hours after injection (17). Therefore, glial responses can be tran- 
siently dissociated from neuronal degeneration, and the signature of  
reactive microglia  investigated independently of any astrogliosis. 
Then, to isolate the imaging fingerprint of astrocyte activation, we 
repeated the LPS experiment but pretreating the animals with the 
CSF1R inhibitor PLX5622 (Plexxikon Inc.), which is known to 
temporally deplete around 90% of the microglia  (18). Then, we used 
an established paradigm of neuronal damage, based on ibotenic acid 
administration (19), to test whether the model was able to 
disentangle neuroinflammatory signatures with and without a con- 
comitant neurodegeneration. This is pivotal for demonstrating the 
utility of the framework as a biomarker discovery platform for the 
inflammatory status in neurodegenerative diseases, where both glia 
activation and neuronal damage are key players. Last, we used an 
established paradigm of demyelination, based on focal administration 
of lysolecithin (20), to demonstrate that the developed biomarkers 
are not confounded by tissue alterations frequently found in brain 
disorders and with a strong impact on water diffusivity. 

We demonstrate that the dw-MRI signal carries the fingerprint 
of microglial and astrocyte activation, with signatures specific to 
each glia population, reflecting the morphological changes as 
validated postmortem by quantitative immunohistochemistry. We 
demonstrate that the framework is both sensitive and specific to 
inflammation with and without neurodegeneration so that the two 
conditions can be teased apart. In addition, we demonstrate that the 
biomarker set can discriminate between inflammation and 
demyelination, supporting the possibility to interrogate and charac- 
terize brain parenchyma with compartment-specific biomarkers. 
We demonstrate the translational value of the approach in a cohort 
of healthy humans at high resolution, in which we performed a 
reproducibility analysis. Statistically significant association with 
known microglia density patterns in the human brain supports the 
utility of the method to generate reliable glia biomarkers. A frame- 
work able to characterize relevant aspects of tissue microstructure 
during inflammation, in vivo and noninvasively, is expected to have 
a tremendous impact on our understanding of the pathophysiology 
of many brain conditions and transform current diagnostic practice 
and treatment monitor strategies. 

 
 

RESULT S 

Microstructural model of diffusion and immunological 
challenge in rats 
We built a  model of gray matter diffusivity, as detailed in Materials 
and Methods. Briefly, the model accounts for water diffusion in the 
microglial compartment corresponding to small cell somas, modeled 
as small spheres, with thin cellular processes, modeled as sticks, 
growing radially with a dispersion captured by a dispersion param- 
eter (according to a Watson distribution of orientations), and an 
astrocytic compartment consisting of large globular cells, modeled 
as large spheres (21). Note that while glial fibrillary acidic protein 
(GFAP) stains the cytoskeleton of the cell, astrocytes have a globular 
shape (22). Both compartments are embedded in an extracellular 
space compartment, composed of a tensor-like subcompartment 
(hindered water in contact with structures and cells) and a free water 
compartment of water undergoing unrestricted diffusion. All MRI 
markers analyzed (stick fraction, stick dispersion, small and big 
sphere radius, and tissue fraction) are defined in Materials and 
Methods. Changes in the tissue fraction (the reciprocal of the free 

water signal) are interpreted as a surrogate measure of tissue loss, 
i.e., of degeneration (23). We then tested the mathematical model with 
three experimental paradigms. In the first one, neuroinflammation 
without neurodegenerations is induced by an injection of LPS; in 
the second, neuroinflammation with degeneration is induced by an 
injection of ibotenic acid; in the third one, we induced demyelination 
using injections of lysolecithin, which causes a transient, rapidly 
resolving inflammation and a long-lasting demyelination (at least 3 
weeks) without remyelination. All injections were performed in one 
hemisphere targeting the dentate gyrus of the hippocampus, with the 
contralateral side as within-subjects control (vehicle injected; see 
Materials and Methods for details). 

 
Microglia activation characterized using Iba-1 
staining and MRI 
Morphological analysis of Iba-1+ cells by histology in the tissue 
at different time points after LPS injection demonstrated a fast 
microglial reaction with retraction of cellular processes at 8 hours, 
which progressed at 24 hours with an additional increase in the 
microglial cell body size and an increase in the process dispersion 
parameter (indicating less dispersion), as shown in Fig. 1 (B and C). 
No changes in cell density are found (fig. S6). The distinct and time-
dependent changes in microglial cell morphology were tightly 
mirrored by the imaging parameters specifically related to the 
microglia  compartment, i.e., sticks (cellular processes) and the small 
spheres (cell soma), as shown in Fig. 1E. Accordingly, the stick frac- 
tion was significantly reduced at 8 hours in the injected versus 
control hippocampus and further reduced at 24 hours. The stick 
dispersion parameter was increased at 24 hours, and the radius of 
the small sphere component was significantly increased at 8 and 24 
hours. These LPS-induced changes disappeared when the animals 
were depleted of microglia  by pretreatment with PLX5622 (fig. S7), 
demonstrating the specificity of these MRI signatures to microglia. 
Moreover, when looking at interindividual variability, a strong association 
was found between MRI-derived microglial marker change and their 
histological counterparts at all measured time points (Fig. 1, F and G). 
Last, 2 weeks after the injection, when complete recovery was expected, 
all parameters measured from both histology and MRI converged, 
showing no statistically significant difference between injected and 
control hemispheres. Overall, these results demonstrated the possibility 
to recover a microglia-specific signal from dw-MRI with capacity to 
unmask a microglial reaction in vivo (Fig. 1H). Whole grey matter 
average map of the stick fraction is reported in fig. S8. 

Astrocyte activation characterized using GFAP 
staining and MRI 
We next performed a comparable analysis with astrocytes (labeled 
as GFAP+ cells), taking advantage of the distinct time course of their 
response to LPS injection. This cell population, unlike microglia, 
showed no significant alterations in either density or morphology at 
8 hours after LPS injection, as shown in Fig. 2 (A and C). However, 
at 24 hours, astrocytes grow in volume as measured by the mean 
radius of the convex hull (Fig. 2C; see Materials and Methods for 
details). The associated MRI compartment for astrocytes, i.e., the 
large spheres, followed the same pattern of changes across condi- 
tions (Fig. 2D). Volume of GFAP+ cells and the mean radius of the 
large spheres measured by dw-MRI grew in parallel at 24 hours after 
LPS injection, were insensitive to microglia depletion with PLX5622, 
and recovered toward baseline levels at 15 days after injection. 
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Fig. 1. Histological characterization of microglia reaction and its associated MRI signature. (A) Experimental scheme showing bilateral stereotaxic injection of LPS 

(left hemisphere)/salin e (right hemisphere) and the composition of the four groups: Six animals were scanned 8 hours after in jection, 11 animals were scanned 24 hours 

after injection, 7 animals were treated with PLX5622 for 7 days before the injection and then scanned 24 hours after injection, and 5 animals were scanned 15 days or more 

after injection. (B) Normaliz ed change (Pinjected − Pcontrol)/P cont ro l in process density, cell size, and process dispersion parameter for the injected versus control hippocamp u s,  

measured in Iba-1+–stain ed microglia for the different groups. Asterisks represent significant paired difference between injected and control (* *P < 0.01 and ***P < 0.001) .  

Error bars represent SD. IHC, immunohistoch emistry . (C) Morphology reconstruction of representative microglia at the different times. (D) Geometr ical model used for  

microglia. (E) Normaliz ed change (Pinjected − Pcontrol)/P co ntr ol between MRI parameter calculated in the injected versus control hemisphere for the microglia compartm en t.  

Asterisks represent significant paired difference between injected and control (*P < 0.05 and ***P < 0.001). (F and G) Correlations between stick fraction from MRI and process  

density from Iba-1 at 8 (F) and 24 hours after injection (G). (H) Mean stick fraction maps at 24 hours after injection, normalized to a rat brain template and averaged over all rats. 
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Fig. 2. Histolog ica l characteriza t ion of astrocyte reaction and its associated MRI signature. (A) Morphology reconstruction of representative astrocytes at the different times 

in black and two-dimensional (2D) convex hull in orange. (B) Geometr ical model used for astrocytes. (C) Normaliz ed change (Pinjected − Pcontrol)/P co ntr ol in convex hull mean  

radius for the injected versus control hippocampus, measured in GFAP +-stained astrocytes for the different groups. Asterisks represent significant paired differen ce between  

injected and control (***P < 0.001). Error bars represent SD. (D) Normalized change (Pinjected − Pcontrol)/P cont ro l between MRI-derived large sphere radius calculated in the 

injected versus control hemisphere for the astrocyte compartment (shown in the inset). Asterisks represent significant paired difference between injected and control 

(*P < 0.05). (E) Correlation between mean sphere radius from MRI and convex hull mean radius from GFAP. (F) Large sphere radius maps at 24 hours after injection, normalized 

to a rat brain template and averaged over all rats. 
 

Accordingly, their interindividual variability showed a strong 
correlation (Fig. 2E). Therefore, the results obtained for the astro- 
cytic component also demonstrate the possibility of recovering an 
astrocyte-specific signal from dw-MRI and the capacity to map 
astrocytic reactions in vivo (Fig. 2F). 

 
Concomitant microglia activation and neuronal death 
characterized using NeuN staining and MRI 
To challenge the capability of the developed model to distinguish 
between pure inflammation and inflammation with concomitant 

neurodegeneration, a cohort of animals was injected as before, but 
with ibotenic acid, using the contralateral (right) hemisphere as 
control (saline injected). Histological staining demonstrated that 
ibotenic acid at the chosen concentration induced a microglial 
reaction characterized by retraction of the cellular processes with 
increased dispersion parameter and a significant increase in cell 
density (Fig. 3, A and B). No alterations in astrocytes were observed, 
as shown in the Supplementary Materials (fig. S9). Neuronal staining 
with NeuN unveiled a large decrease in staining intensity in the 
injected hemisphere, demonstrating the severe neuronal loss induced 
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Fig. 3. Characterization of inflammation in the presence of neuronal death. (A) Normalized change (Pinjected − Pcontrol)/Pcon tro l in histological measures for the injected  

versus control hippocampus. Asterisks represent significant paired difference between injected and control (*P < 0.05, **P < 0.01, and ****P < 0.0001). (B) NeuN and 

GFAP–Iba-1 staining of a representative animal (left, control; right, injected). GL, granular layer. (C) Normaliz ed change (Pinjected − Pcontrol)/Pcon tro l in MRI parameter calculated in 

the ibotenic-injected versus control hemisphere for microglia and neuron compartments (light gray). For comparison, the same parameters obtained in group 2 of the LPS-injected  

animals are reported in white. Asterisks represent significant paired difference between injected and control (*P < 0.05 and **P < 0.01). (D) Normaliz ed change (Pinjected – Pcontro l)/ 

Pcontrol for MRI and histological markers of neuronal death calculated separately in the untreated animals and in those treated with minocycline. Asterisks represent 

significant unpaired difference between the two groups (*P < 0.05 and **P < 0.01). 

 

by ibotenic acid (19). These histological findings were tightly 
mirrored by the MRI parameters (Fig. 3C), with a significant de- 
crease of stick fraction, increase in the stick dispersion parameter, 
and, notably, increase in the small sphere fraction. In Fig. 3C, the MRI 
parameters measured in the LPS cohort at 8 hours after injection, 
where we detected microglia activation but no neuronal damage 
(Fig. 1), are shown here in white to facilitate the comparison of 
hallmarks of a glia reaction with and without neuronal damage. 
Furthermore, a distinct signature for microglia  proliferation, captured 
by the small sphere fraction, differentiating LPS from ibotenic lesions, 
could be extracted from the dw-MRI data (Fig. 3C). 

The tissue fraction component was significantly decreased in the 
injected hemisphere, compared to control, and only for the ibotenic 
acid injection not for LPS, suggesting an association with neuronal 
degeneration. To test this hypothesis, we pretreated the animals with 
minocycline, an anti-inflammatory drug (24), and repeated the 
ibotenic acid injections as before. NeuN staining demonstrated 
the protective effect of minocycline on ibotenic-induced neuronal 

death, and the MRI parameter tissue fraction captured this effect, 
showing a significant reduction of the ibotenic-induced decrease in 
this parameter. These results demonstrated the utility of the tissue 
fraction component to monitor neuronal degeneration. 

Specificity of the model in the presence of demyelination 
A reduction in the myelin content can occur in some brain dis- 
orders, which could challenge the specificity of the model. To inves- 
tigate this possibility, we demyelinated the hippocampus in one 
hemisphere with an injection of lysolecithin and waited until the 
induced inflammation was resolved. Demyelination was confirmed 
as a decrease in the myelin basic protein content in the injected 
hemisphere (Fig. 4A) and resolved inflammation with glia staining 
showing no morphological changes (Fig. 4C). In agreement with 
our model (see below), the only parameter from the MRI biomarker 
that showed some sensitivity to demyelination was the microglia- 
associated stick fraction (Fig. 4D). However, demyelination and 
microglia  activation were efficiently discriminated by considering 
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Fig. 4. Specificity of glia biomarkers in demyelinated tissue. (A) Normalized change (Pinjected − Pcontrol)/Pcontro l in histological Myelin basic protein measures for the injected  

versus control hippocampus. (B) MBP staining of a representative animal (left, control; right, injected). (C) Normaliz ed change (Pinjected − Pcontrol)/P co ntro l in histo- logical 

staining calculated in the lysolecithin-injected versus control hemisphere for microglia and astrocyte compartments. (D) Same as (C) but for MRI parameters. 

 

the other microglia compartment parameters, namely, the stick 
dispersion parameter and the small sphere radius. This finding was 
further supported by the simulation in fig. S10. 

Comparison with conventional MRI techniques 
To highlight the importance of the developed framework, it is 
important to show that conventional MRI is sensitive to morpho- 
logical changes due to inflammation, but cannot disentangle the 
different populations involved across different conditions, as shown 
in fig. S4. Glia activation, neuronal loss, and demyelination all caused 
an increase in mean diffusivity, but different conditions could not 
be differentiated. A clear reduction of T1/T2 is observed in all three 
conditions, while histology demonstrates no myelin change (fig. S3). 
T2* does not have enough sensitivity to reflect glia morphological 
changes at any stages, but a significant reduction is observed in the 
presence of neuronal loss. 

Translation to human 
As a proof of concept for the translational validity of these results 
and to evaluate the reproducibility of the proposed imaging frame- 
work, we adapted the MRI protocol to a human 3T Connectom 
scanner (25) and acquired data from a healthy cohort at high 

resolution (2 mm isotropic). As shown in Fig. 5, the multicompartment 
model (MCM) applied to these data returned values for the within- 
subjects coefficient of variations (CoV) in the range of 1.5 to 8% and 
between-subjects CoV in the range of 2.6 to 15%, which are in the 
range of conventional MRI measures routinely used in the clinics 
with diagnostic value. Last, we took advantage of the known hetero- 
geneous distribution of microglial cell densities across brain regions 
in humans to test the ability of our framework to quantify microglial 
cell populations in vivo. We found that the patterns of microglia cell 
density measured postmortem in humans across different gray 
matter regions (26) can be explained by two microglia-related MRI 
parameters, the stick fraction and the stick dispersion parameter. A 
multiple linear regression showed a significant correlation between 
histological and MRI measures (P = 0.03; Fig. 6). 

 
 

DISCUSSION 

Diffusion MRI signal has great potential to reveal the inflammatory 
component in numerous brain conditions (27), and several efforts 
have been made to provide microstructural models able to capture 
features belonging to distinct tissue subcompartments, for example, 
by including dendrite dispersion (28, 29) or a  compartment for the 
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Fig. 5. Feasibility of the framework translation to human and MR parameter reproducibility analysis. (A) Boxplot of stick fraction as measured separately in the 

hippocampus of six subjects scanned five times (s1 to s6) and pooling all subjects together (red). The same is shown for the stick dispersion parameter (B), small sphere 

radius (C), large sphere radius (D), mean diffusivity (E), and fractional anisotropy (F). (G) Average coefficient of variation calculated within subject (light gray) and between  subjects 

(striped). (H) Region of interest (ROI) in the hippocampus used for the reproducibility analysis, defined according to (56). 

 

 

Fig. 6. Correlation between the stick fraction and microglia density in human brain. (A) Stick fraction according to the MCM normalized to the brain template defined  

in (56), masked for gray matter tissue, and averaged across subjects. (B) Multiple linear regression using stick fraction and dispersion to explain microglia density measured 

using histological staining of postmortem human tissue in eight gray matter regions (hippocampus, cerebellum, substantia nigra, basal ganglia, thalamus, motor, 

frontal, and occipital cortices) as reported in (26). Regression confidence intervals are calculated using bootstrap. 

 

soma of neurons (30). While specificity to glia can be achieved, to 
some extent, by looking at diffusion of brain metabolites using 
diffusion-weighted magnetic resonance spectroscopy (31), to date, 
no imaging framework is available to specifically look at the cellular 
signature of glia  activation. Here, we propose and validate a strategy 
to image microglia and astrocyte activation in gray matter using 
diffusion MRI and demonstrate its translational validity to humans. 
By taking advantage of the different activation windows of glia  in an 
LPS-driven immunological challenge in rats, and by using pharma- 
cological tools to deplete microglia  in the brain, we were able to 

dissect the MRI signatures of specific glial responses. We identified 
three MRI parameters, namely, the stick fraction, the stick dispersion, 
and the small sphere size, which, combined, provide sensitivity to, 
and only to, microglia  activation. Similarly, the large sphere size is 
sensitive to astrocyte activation. In addition, using injections of 
ibotenic acid, we demonstrate that the framework can distinguish 
between glia activation and proliferation, independently of an 
underlying neurodegenerative process. Glia proliferation is an 
important aspect of the inflammatory reaction and a major compo- 
nent in the evolution of chronic neurodegeneration (32). Modulating 



 

 8 of 12 

 

 

ibotenic acid–induced neurodegeneration with anti-inflammatory 
pretreatments, we further unveil an MRI parameter with capacity to 
monitor neuronal loss. The possibility of teasing apart the contribu- 
tion of inflammation and neuronal loss has direct implications for 
understanding the contribution of the brain innate immune response 
to disease progression, where both components are key players 
in the pathophysiology and can be targeted by disease-modifying 
treatments. 

Last, we tested the robustness of the developed biomarker set for 
inflammation in a condition of demyelination. We found that, even 
in a  condition of severe demyelination only comparable to multiple 
sclerosis, microglia-associated MRI parameters such as the stick 
dispersion parameter and the small sphere size, and the astrocyte- 
associated big sphere size, were not confounded. This result, which 
allows differentiating demyelination and inflammation, is expected 
not only from basic geometric reasoning but also from our in silico 
simulation (Supplementary Materials). The MRI stick fraction was, 
however, decreased by demyelination. This result was expected as 
myelin is invisible to diffusion-weighted sequences, but its loss 
causes an increase in the extracellular water fraction. This reweighting 
of the volume fractions is well characterized in white matter, where 
the restricted fraction is used as an index sensitive to demyelination 
in multiple sclerosis (33, 34), and can be easily corrected by including 
myelin-specific sequences (35). This result provides important pre- 
viously undisclosed information for the interpretation of the volume 
fractions in dw-MRI. 

Our results are supported by quantitative cell morphology 
analysis. The validation of MRI results is challenging due to several 
factors, including the need to co-register regions of interest (ROIs) 
with very different sizes and properties and the need for tissue 
fixation in histological preparations (36). To overcome these limita- 
tions, here, we relied on measuring changes rather than absolute 
magnitude of quantities. We demonstrate that there is a very high 
correlation between the changes found in injected versus control 
regions, as measured using MRI and histology in the rat hippocampus, 
suggesting that our imaging measures truly capture the hallmark of 
glia activation with high sensitivity. Future work is needed to 
confirm this finding in the whole brain, possibly exploring the 
combined use of different antibodies (e.g., NDRG2 and S100-beta 
for astrocytes) (37, 38) and of other compounds/conditions eliciting 
inflammation. Furthermore, while the present methodology can 
detect morphological changes that indicate a status of LPS- or 
ibotenic-induced activation, future work is needed to dissect the 
functional status of the different glia populations (39). 

The proposed MRI methodology was adapted to a human MRI 
scanner, and healthy subjects were recruited to perform a reproducibility 
study, demonstrating that the glia  biomarkers are highly reproducible 
between different MRI sessions and in line with CoVs calculated 
for conventional MRI parameters routinely used in clinical settings 
(40). In vivo variability of MRI-derived microglia biomarkers can 
explain known patterns of cell density measured postmortem in 
humans across several regions of the brain parenchyma. While 
further work is needed to test the model in the presence of, e.g., a  
neurodegenerative condition, the results establish the value of the 
developed MRI framework to quantify glial reactions noninvasively 
in humans. 

Our results have implications in the interpretation of several 
imaging studies published so far. On one hand, we propose that 
since diffusion MRI signal is sensitive to glia activation, the biological 

substrate of some of the alterations reported in numerous brain 
conditions could be driven by changes in glia morphology, rather than 
the conventional interpretation as “neural damage or degeneration.” 
For example, multiple sclerosis causes not only demyelination and 
neuronal damage but also inflammation (2), which, according to our 
results, is likely contributing to the observed differences in MRI 
parameters between control and patients. On the other hand, our 
results obtained with traditional MRI, like the mean diffusivity, 
show that conventional parameters are sensitive to morphological 
changes due to inflammation, but cannot disentangle the different 
populations or compartments involved (microglia, astrocytes, 
neurons, and myelin) (41). This implies that the biological substrate 
of the observed changes is invisible to conventional MRI. 

This study has some limitations. The MCM does not explicitly 
differentiate between microglia processes and neuronal dendrites. 
However, basic geometrical reasoning supports the idea that axon 
and dendrite reorganization would affect the stick dispersion 
parameter in a different way than microglia process retraction and 
would thus be easily distinguished from a microglia activation. We 
support this idea using in silico simulations, included as the 
Supplementary Materials (fig. S10), which show that while microglia 
process retraction leads to significant increase in the dispersion 
parameter k, dendrite loss leads to a significant decrease. Further 
experimental data will be required to validate this result. Nevertheless, 
the MRI results obtained in the animal cohort, which received 
injection of ibotenic acid, demonstrated that the proposed framework 
is already capable of distinguishing between glia activation with and 
without neuronal loss, the fundamental pathological feature of 
neurodegenerative diseases. 

Water exchange between compartments has not been taken into 
account in the model under a  slow exchange assumption, supported 
by recent literature (42). While future work is needed to confirm 
this assumption, or possibly refine the model through the use of 
more advanced acquisition and analysis protocols (43, 44), the 
strong association found between histology and MRI indicates that 
the contribution of exchange between compartments has to be little 
in our experimental paradigms. 

The injection procedure used to deliver the toxins or saline in the 
brain is expected to induce a low-grade inflammation just by 
mechanical trauma. While all precautions have been taken to mini- 
mize such damage (inserting slowly the syringe and let it rest before 
injecting, analyzing a large volume around the injection), we cannot 
exclude that the area adjacent to the injection scan in both control 
and experimental hemispheres presents a light inflammatory 
phenotype. However, all the results are reported as changes in 
experimental versus control hemispheres, rather than absolute values; 
this highlights the net effect of the toxin (toxin + injection versus 
injection alone). 

Last, the voxel size for human imaging, while much smaller than 
most dw-MRI studies (2 mm versus 2.5 to 3 mm), still allows for 
certain partial volume effects with adjacent structures, which we, 
however, mitigated by eroding by one voxel the ROIs, by parcellating 
the brains into gray and white matter, and by retaining only the 
voxels with negligible white matter content. In general, given the 
caveats of implementing dw-MRI experiments with varying diffu- 
sion time in humans (fundamental to estimate compartment sizes) 
in regular clinical scanners, future studies addressing translation of 
the experimental protocol for different hardware configurations are 
needed. 
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To conclude, we proposed here a new generation of noninvasive 
glia-centric biomarkers, which are expected to transform the study of many 
diseases associated with a glial response: those where inflammation is 
as a known or possible cause, as well as those in which the glial reaction 
can serve as a powerful early diagnostic and/or prognostic marker. 

 
MATERI ALS AND METHODS 

Animal preparation 
All animal experiments were approved by the Institutional Animal 
Care and Use Committee of the Instituto de Neurociencias de 
Alicante, Alicante, Spain, and comply with the Spanish (law 32/2007) 
and European regulations (EU directive 86/609, EU decree 2001-486, 
and EU recommendation 2007/526/EC). Rats were housed in groups 
(4, 5), with 12-hour/12-hour light/dark cycle, lights on at 8:00, at room 
temperature (23 ± 2°C) and free access to food and water. Glia activa- 
tion was achieved by intracranial injection in the dorsal hippocampus 
(coordinates: bregma, −3.8 mm; superior-inferior, 3.0 mm; 2 mm 
from midline in the left hemisphere) of 2 µl of saline and LPS at a 
concentration of 2.5 µg/µl. The opposite hemisphere was injected 
with the same amount of saline. In a cohort of animals, microglia 
depletion was achieved by administering the CSF1R inhibitor 
PLX5622 (Plexxikon Inc.) in two ways: as a dietary supplement in 
standard chow at 1200 ppm (Research Diets) and with an intra- 
peritoneal injection of 50 mg/kg in vehicle with a dose volume of 
10 ml/kg once a day for 7 days. Another cohort of rats received the 
same chow without enrichment and was injected intraperitoneally 
once a day with the same doses of vehicle. Less than 24 hours after 
the last injection, all the rats were injected LPS according to the 
procedure described above. Neuronal death was achieved by injecting 
1 µl of saline and ibotenic acid at a concentration of 2.5 µg/µl in the 
dorsal hippocampus (same coordinates). The opposite hemisphere 
was injected with the same amount of saline. A subgroup of animals 
underwent minocycline treatment [45 mg/kg dissolved in phosphate- 
buffered saline (PBS) at a  concentration of 13.5 mg/ml; Sigma-Aldrich, 
Madrid, Spain] according to (19). Minocycline was administered 
intraperitoneally 12 hours before the surgery, 30 min before the surgery, 
and once a day for 3 days at 24-hour intervals. Demyelination was 
achieved by injecting 1 µl of saline and lysolecithin at a  concentration 
of 1% in the dorsal hippocampus (same coordinates). The opposite 
hemisphere was injected with the same amount of saline. 

After different post-injection delays, the rats were scanned in the 
MRI scanner and immediately perfused for ex vivo MRI immuno- 
histological analysis of Iba-1+ and GFAP+. A total of 43 rats were 
used, with weights in the range of 250 to 300 g, divided in six groups. 
Sample size was chosen on the basis of power calculation performed 
using, as expected effect size, the mean diffusivity changes reported 
in rat GM in a previous study looking at inflammation (45). 

Group 1 (n = 6) received the LPS injection and was scanned and 
perfused after 8 hours. Group 2a (n = 7) received the LPS injection 
and was scanned and perfused after 24 hours. Group 2b (n = 4) was 
treated with control chow and injected with vehicle for 7 days, then 
received the LPS injection, and was scanned and perfused after 
24 hours. Group 3 (n = 7) was treated with PLX5622 for 7 days, then 
received the LPS injection, and was scanned and perfused after 
24 hours. Group 4 (n = 5) received the LPS injection and was scanned 
and perfused after a  minimum of 15 days or more if the ventricular 
enlargement was not reabsorbed. No statistically significant differences 
were detected between groups 2a and 2b (control for PLX5622 chow), 

so they were merged into a single group for the rest of the analysis. 
Groups 5a and 5b (n = 9) received an ibotenic acid injection and 
were scanned and perfused at 14 days after surgery. Group 5b 
(n = 6) was treated with minocycline for 5 days. Last, group 6 (n = 5) 
received lysolecithin injection and was scanned and perfused within 
2 to 3 weeks. Experimental design is reported in fig. S1. 

MRI experiment 
Rats 
MRI experiments on rats were performed on a 7-T scanner (Bruker, 
BioSpect 70/30, Ettlingen, Germany) using a receive-only phase 
array coil with integrated combiner and preamplifier in combination 
with an actively detuned transmit-only resonator. Dw-MRI data 
were acquired using an Echo Planar Imaging diffusion sequence, 
with 30 uniform distributed gradient directions, b = 2000 and 4000 
s/mm2, diffusion times 15, 25, 40, and 60 ms with four images 
without diffusion weight (b = 0, called B0), repetition time (TR) = 
7000 ms, and echo time (TE) = 25 ms. Fourteen horizontal slices 
were set up centered in the hippocampus with field of view (FOV) = 
25 mm × 25 mm, matrix size = 110 × 110, in-plane resolution = 
0.225 mm × 0.225 mm, and slice thickness = 0.6 mm. In addition, 
three relaxometry sequences were acquired with the same geometry 
of the dw-MRI scan: a  gradient echo sequence with TR = 1500 ms, 
30 TE equally spaced between 3.3 and 83.4 ms, and 3 averages; a 
T1-weighted sequence with TR = 300 ms, TE = 12.6 ms, and 2 aver- 
ages; and a T1-weighted sequence with TR = 3000 ms, TE = 7.7 ms, 
and 4 averages. Last, a  high-resolution anatomical scan with full brain 
coverage was acquired with TR = 8000 ms, TE = 14 ms, 4 averages, 
FOV = 25 mm × 25 mm, matrix size = 200 × 200, in-plane resolution = 
0.125 mm × 0.125 mm, and 56 slices of thickness = 0.5 mm. Total 
scan time including animal positioning was around 2 hours. 
Humans 
Six healthy subjects were scanned five times in a 3T Siemens 
Connectom scanner, for a total of 30 acquisitions. The study was 
approved by the local Institutional Review Board. Dw-MRI data 
were acquired using an Echo Planar Imaging diffusion sequence 
with the following parameters: TE = 80 ms; TR = 3.9 s; diffusion 
times 17.3, 30, 42, and 55 ms; b values of 2000 and 4000 s/mm2, each 
with 30 and 60 uniformly orientated gradient directions, respectively; 
and six B0 images per diffusion time, yielding a total 384 images. 
Additional parameters used were as follows: flip angle, 90°; slice 
thickness, 2 mm; in-plane voxel size, 2 mm; FOV, 220 mm × 
220 mm; matrix size, 110 × 110. Total scan time was around 40 min 
per subject. 

MRI analysis and statistics 
Rat MRI data were processed as follows. Preliminary data were used 
to verify the reach of a 2-µl injection, confirming that the liquid 
filled the whole dentate gyrus. So, ROIs for the analysis were manually 
drawn in the dentate gyrus of the dorsal hippocampus; the injection 
trace was used to locate the central slice, and ROIs were drawn from 
two slices before the injection, and up to two slices after, for a  total 
length of 3 mm covered. Visual check assured that the injection scar 
was limited to the central slice only and excluded from the analysis 
heavily damaged brains and/or brains with enlarged ventricles (one 
animal was excluded from group 1, one from group 2, one from 
group 5b, and one from group 6). 

Raw dw-MRI data were nonlinearly registered to the T2-weighted 
scan to correct for Echo-planar Imaging distortions, corrected for 
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motion and eddy current distortions using affine registration, and 
then fed to a custom routine written in MATLAB (R2018a, the 
MathWorks), which fits the signal to an MCM of diffusion. The MCM 
is inspired by the AxCaliber model for white matter (15) but is 
adapted to gray matter morphology. The model comprises one com- 
partment of water undergoing restricted diffusion in cylindric geom- 
etry (representing water trapped into cell ramifications and axons) 
with negligible radius; a main orientation and a Watson dispersion 
term (29); two spherically restricted compartments (46); one extra- 
cellular space matrix, aligned with the main cylinder orientation and 
modeled as a tensor; and one free water compartment, modeled ac- 
cording to (23, 29). The main cylinder orientation is necessary to pick 
up the small degree of anisotropy present in gray matter due to axons 
(47). Hence, the signal is expressed by the following expression: 

 
S = fIC × SIC(k) + fSS × SSS(RSS) + fLS × SLS(RLS) + fEC 

× SEC + (1‐ fT) × SFW 

where fIC is the fraction of water undergoing restricted diffusion in 
cylinders, called stick fraction throughout the paper; SIC is the signal 
in Watson-dispersed cylinders expressed according to equation 2 of 
(26); k is the Watson dispersion parameter, called stick dispersion 
parameter throughout the paper; fSS and fLS are the fractions of water 
undergoing restricted diffusion in the two spherical compart- ments; 
SSS and SLS are the signals of water undergoing restricted diffusion 
in spheres expressed according to equation 18 of (46), which depend 
on the radii of the two spherical compartments RSS and RLS, 
respectively; fEC is the fraction of water hindered in the extracellular 
space; SIC is the signal in the extracellular space modeled as a tensor 
with radial symmetry, whose main orientation is linked to the main 
orientation of the cylindrical compartment; 1-fT is the fraction of 
free water (defined as one minus the tissue fraction fT to help the 
discussion); and SFW is the free water signal, defined as in (23). The 
fitting parameters are fIC, fSS and fLS, k, RSS and RLS, the extracellular 
tensor diffusivity, and fT. Water diffusivity inside restriction is 
assumed to be 1 × 10−9 mm2/s (29), but no tortuosity assumption is 
made. The convergence of two different sphere radii is ensured by 
different initializations (4 and 8 µm, respectively) and 
nonoverlapping variability range. The fitting algorithm is based on 
the lsqnonlin routine available in MATLAB. Average processing 
time per voxel is 5.9 s. The MCM is illustrated in fig. S2. 

The low b value shell was used to fit the conventional tensor 
model and produce maps of the mean diffusivity. T1- and T2-weighted 
maps were also used to calculate the T1/T2 ratio, which is considered 
a proxy for myelination (48). T2* maps were calculated by fitting an 
exponential decay to the T2*-weighted images acquired at different 
echo times. In addition, for illustration purposes, the high-resolution 
anatomical scans were nonlinearly registered to a rat brain template 
(49) using an advanced normalization approach (50). Repeated- 
measures analysis of variance (ANOVA) was used to check for sig- 
nificant effect of the injection and of the group. Following significant 
effect, post hoc t tests were used to compare injected versus control 
hemisphere and corrected for multiple comparisons. 

Similarly, human MRI data were preprocessed as follows. Motion, 
eddy current, and EPI distortions were corrected using FSL TOPUP 
and EDDY tools (51). Correction for gradient nonlinearities (52), 
signal drift (53), and Gibbs ringing artifacts (54) was also performed. 

All diffusion data were then registered to a skull-stripped (55) struc- 
tural T1-weighted image using EPIREG (51). B0 scans were non- 
linearly registered to a high-resolution human brain template (56) 
using an advanced normalization approach (50); then, the inverse 
transformation was applied to bring the Desikan GM parcellation in 
the single subject space. All masks were eroded by one voxel using 
the FSL command fslmaths to mitigate possible contamination from 
adjacent white matter. In addition, for each subject, the B0 scan was 
used for brain parcellation into gray and white matter, and only 
voxels with minimal white matter contamination (<5%) were 
retained for the analysis. Both intra- and intersubject coefficients of 
variations were calculated for each MRI measure. The Desikan 
parcellization was used to calculate mean and SD of the stick fraction 
and dispersion parameter in eight ROIs (hippocampus, cerebellum, 
substantia nigra, basal ganglia, thalamus, motor, frontal, and occipital 
cortices), which were correlated with postmortem histological stain- 
ing for microglia, as reported in (26). 

Tissue processing and immunohistochemistry 
Rats were deeply anesthetized with a lethal dose of sodium pentobarbital, 
46 mg/kg, injected intraperitoneally (Dolethal, E.V.S.A. laboratories, 
Madrid, Spain). Rats were then perfused intracardially with 100 
ml of 0.9% PBS and 100 ml of ice-cold 4% paraformaldehyde (PFA; 
BDH, Prolabo, VWR International, Lovaina, Belgium). Brains 
were immediately extracted from the skull and fixed for 1 hour 
in 4% PFA. Afterward, brains were included in 3% agarose/ 
PBS (Sigma-Aldrich, Madrid, Spain) and cut in vibratome (VT 
1000S, Leica, Wetzlar, Germany) in 50-µm-thick serial coronal 
sections. 

Coronal sections were rinsed and permeabilized three times in 
1× PBS with Triton X-100 at 0.5% (Sigma-Aldrich, Madrid, Spain) 
for 10 min each. Then, they were blocked in the same solution with 
4% bovine serum albumin (Sigma-Aldrich, Madrid, Spain) and 2% 
goat serum donor herd (Sigma-Aldrich, Madrid, Spain) for 2 hours 
at room temperature. The slices were then incubated for one night 
at 4°C with primary antibodies for Iba-1 (1:1000; Wako Chemicals, 
Osaka, Japan), GFAP (1:1000; Sigma-Aldrich, Madrid, Spain), myelin 
basic protein (1:250; Merck Millipore, Massachusetts, USA), neuro- 
filament 360Kd medium (1:250; Abcam, Cambridge, United Kingdom), 
and NeuN (1:250; Sigma-Aldrich, Madrid, Spain) to label microglia, 
astrocytes, myelin, neuron processes, and nuclei, respectively. The 
sections were subsequently incubated in specific secondary anti- 
bodies conjugated to the fluorescent probes, each at 1:500 (Thermo 
Fisher Scientific, Waltham, USA) for 2 hours at room temperature. 
Sections were then treated with 4′,6-Diamidine-2′-phenylindole 
dihydrochloride (DAPI) at 15 mM (Sigma-Aldrich, Madrid, Spain) 
during 15 min at room temperature. Last, sections were mounted on 
slides and covered with an anti-fading medium using a mix solu- tion 
of 1:10 propyl-gallate:Mowiol (P3130, Sigma-Aldrich, Madrid, 
Spain; 475904, Merck Millipore, Massachusetts, USA). For myelin 
labeling, antigen retrieval was performed in 1% citrate buffer (Sigma- 
Aldrich, Madrid, Spain) and 0.05% Tween 20 (Sigma -Aldrich, 
Madrid, Spain), warmed to 80°C for protein unmasking. The rest of 
the steps were done as described above. 
Imaging and data extraction 
The tissue sections were then examined using a computer-assisted 
morphometry system consisting of a  Leica DM4000 fluoresce micro- 
scope equipped with a QICAM Qimaging camera 22577 (Biocompare, 
San Francisco, USA) and Neurolucida morphometric software (MBF, 
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Biosciences, VT, USA). Microglia  were visualized and reconstructed 
under Leica HC PLC APO objective 20×/0.5, and astrocytes were 
visualized under Leica HC PLC APO objective 40×/0.75. Five cells 
per hippocampus per hemisphere were randomly selected for a total 
of 820 cells included for analysis (410 microglia, 410 astrocytes). 
Only cells that displayed intact and clear processes were included. 
Areas close to the injection scar were avoided. Cells were traced 
through the entire thickness of the sections, and trace information was 
then saved as three-dimensional (3D) reconstructions or rendered 
into a 2D diagram of each cell following analysis requirement. 

Metric analysis of reconstructed cells was extracted using 
Neurolucida  Explorer software (MBF, Biosciences, VT, USA) and 
Imaris (Bitplane, Belfast, United Kingdom): cell body perimeter, 
number of primary processes, number of nodes (branch points), 
complexity ([Sum of the terminal orders + Number of terminals] * 
[Total dendritic length/Number of primary dendrites]), fiber density 
and dendograms, cell size, and polar plots (fig. S5). Polar plots were 
analyzed to extract fiber orientation and the dispersion parameter in 
a plane parallel to the microscope, where higher values mean more 
uniform distribution of the fibers around the cell body. 3D convex 
analysis was performed to estimate astrocyte volume and overcome 
the limitations of GFAP labeling (57–59). The volume estimation 
in the analysis is defined as the area of the polygon created from 
straight lines connecting the most distal points of the astrocyte 
processes. 

Density analysis was performed on 12-bit gray scale pictures 
acquired with the described system. ROIs were manually delineated 
following the Franklin and Paxinos rat brain atlas (49), covering the 
complete hippocampus in each hemisphere, for at least five slices 
per rat. Analysis was performed using Icy software (59) in a semi- 
automatic manner. The threshold for detection of positive nuclei 
was set for each condition, setting average nuclei size and a signal/ 
noise ratio higher than 23%, according to Rayleigh criterion for 
resolution and discrimination between two points. 

Myelin, neurofilament, and neural nuclei fluorescent analysis 
was also performed on pictures acquired with the described system 
and analyzed using Icy software (59). Two ROIs of 200 µm2 were 
placed per hippocampus per hemisphere in at least five slices per rat 
to obtain the corresponding intensity values. 
Data analysis and statistics 
The statistical analysis was done using GraphPad Prism 7 software 
(GraphPad Software Inc., La Jolla, CA, USA) and RStudio (RStudio 
2015 Inc., Boston, MA). The presence of outlier values and parametric 
distribution were checked. We applied paired t tests for comparing, 
for each time point, control hemisphere versus injected hemisphere. 
Pearson’s correlation was used for regression analysis, and coefficients 
were transformed to apply Fisher’s 1925 test (60) for significant values. 
Polar analysis and dispersion estimation were performed to obtain 
the dispersion parameter (61). 
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Fig. S1: Experimental design and hypothesis based on previous literature 

- 
 

Experimental scheme showing bilateral stereotaxic injection of LPS (left hemisphere) / saline (right hemisphere) and the 

composition of the six groups: 6 animals were scanned 8 hours post- injection, 11 animals were scanned 24 hours post-injection, 

8 animals were treated with PLX5622 for 7 days before the injection and then scanned 24 hours post-injection, and 5 animals  

were scanned 15 days or more post-injection. The last two rows show stereotaxic injection of ibotenic acid / lysolecithin (left 

hemisphere) or saline (right hemisphere) in a group of animals. Some (n=6) of the animals injected with ibotenic acid were 

previously treated with minocycline. 



Fig. S2: Multi-compartment model 
 

 
 

a, Multi-compartment tissue model comprising one compartment of water undergoing restricted diffusion in cylindric 

geometry (representing water trapped into cell ramifications) with a main orientation and a Watson dispersion term, two 

spherically restricted compartments, one extracellular space matrix, aligned with the main cylinder orientation and modelled 

as a tensor, and one compartment of water undergoing free diffusion. b, The compartments defined in a are combined to visually 

represent the different cell types constituting the parenchyma in our model: microglia, astrocytes, neurons, extracellular space. 



Fig. S3 : Histology of myelin basic protein and neurofilament 
 

 

 
 

a, Myelin basic protein quantification results, plotted as mean and standard deviation, accompanied by representative 

microphotographs of the histological labelling at the different time points. b, same for Neurofilament. Scale bar=100 μm. 



Fig. S4: conventional MRI parameters in LPS-injected hemisphere versus control 
 

 

 
 

Normalized change (Pinjected-Pcontrol)/Pcontrol between MRI-derived mean diffusivity, T1/T2, T2* and extracellular diffusivity from 

the multi-compartment model, calculated in the injected vs control hemisphere for the astrocyte compartment (shown in the 

insert). Asterisks represent significant paired difference between injected and control. Error bars represent standard deviation. 



Fig. S5: Histology main methods and morphometric features obtained 
 

 

a, Representative microphotographs of the histological labelling at the different time points. Green= Iba1 (microglia), red= 

GFAP (astrocytes), Blue= DAPI (Cell nuclei). Scale bar= 100 μm b, zoom in of a microglia and astrocyte and their 3D 

reconstruction for morphometric analysis. c, microglia cell size extraction by cross-sectional area determination. d, Microglia’s 

fiber density extraction, showing two representative cases of high and low densities. f, Astrocyte’s convex hull extraction. e, 

Microglia’s polar plots for fiber orientation analysis, showing two representative cases of low Watson dispersion parameter k 

(indicating high fiber dispersion along the main orientation) and high k (indicating low fiber dispersion). 



Fig. S6: Microglia density at the different timepoints after LPS injections 

 

 
Normalized change (Pinjected-Pcontrol)/Pcontrol in microglial density at the different time points, calculated in the LPS-injected vs 

control hemisphere for the whole hippocampus. Error bars represent standard deviation. 

 
Fig. S7: Microglia depletion in PLX5622-treated versus control animals 

 

a, Representative microphotographs of a control rat and PLX5622-treated rat, respectively. Green= Iba1 (microglia), red= 

GFAP (astrocytes), Blue= DAPI (Cell nuclei). Scale bar= 100 μm b, Nodes number and complexity quantifications of 

microglia in both cases, plotted as mean and standard deviation. Asterisks represent significant t-test difference between 

injected and control. 



Fig. S8: Whole GM average maps of stick fraction in rats 
 

 

 
 

Stick fraction according to the multi-compartment model normalized to the rat brain template defined in (49), masked for grey 

matter tissue, and averaged across subjects. 

 
 
 

 
Fig. S9: GFAP staining in rats injected with ibotenic acid 

 

 

 

 
Normalized change (Pinjected-Pcontrol)/Pcontrol in GFAP convex hull size and density, calculated in the ibotenic-injected vs control 

hemisphere for the whole hippocampus. Error bars represent standard deviation. 



Fig. S10: Dispersion parameter k in condition of microglia activation, neuronal loss and demyelination 

MRI synthetic signal was generated for a geometry composed by microglia, astrocytes and neurons. Microglia and dendrites 

were characterized by size and processes/dendrite dispersions as measured in (62) (microglia) and (63)(neurons), as schematized 

in panel a. A myelin compartment was also included, with a g-ratio of 0.7. MRI synthetic signal was generated in a similar 

substrate, but with a 50% reduction of microglia ramification, and a 10% increase in cell body size as schematized in panel b. 

A third substrate, instead, simulated a 50% reduction of dendrites, as illustrated in panel c. Finally, a fourth substrate was 

generated with no myelin and increased extra-axonal diffusivity. 2*10^3 noisy repetitions (Rician noise) were generated, and 

the resulting signal was fitted using the MCM to extract the dispersion parameter k. Normalized difference in k ((kx-ka)/ka, 

were x=b,c,d) are reported in panel e. Asterisks represent significant differences in the 1-sample t-test (*=P<0.05, **=P<0.01). 
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