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ABSTRACT

ABSTRACT

Grik4 1s the gene responsible for encoding the high-aftinity GluK4 subunit of the kainate
receptors. Increased dosage of this subunit in the forebrain was linked to an increased
level of anxiety, lack of social communication, and depression. On the synaptic level,
abnormal synaptic transmission was also reported. The manifestations of this abnormal
expression have not been investigated at the circuit level, nor the correlations between
those circuits and the abnormal patterns of the behavior previously reported. In this line
of work, we aspired to use different non-invasive magnetic resonance imaging (MRI)
modalities to elucidate any disturbance that might stem from the increased dosage of
Grik4 and how those changes might explain the abnormal behaviors. MRI offers a non-
invasive way to look into the intact brain in vivo. Resting-state functional MRI casts light
on how the brain function at rest on the network level and has the capability to detect any
anomalies that might occur within or between those networks. On the microstructural
level, the diffusion MRI is concerned with the underlying features of the tissues, using
the diffusion of water molecules as a proxy for that end. Moving more macroscopically,
using structural scans, voxel-based morphometry can detect subtle differences in the mor-
phology of the different brain structures. We recorded videos of our animals performing
two tasks that have long been linked to anxiety, the open field and the plus-maze tests
before acquiring structural and functional scans. Lastly, we recorded blood-oxygenation-
level dependent (BOLD) signals in a different set of animals during electrical stimulation

of specific white matter tracts in order to investigate how neuronal activity propagates.

Our analysis showed a vast spectrum of changes in the transgenic group relative to the
animals in the control group. On the resting-state networks level, we observed an increase
in the within-network strength spanning different structures such as the hippocampus,
some regions of the cortex, and the hypothalamus. The increased internal coherence or
strength in the networks contrasted with a significant reduction in between-networks con-
nectivity for some regions such as parts of the cortex and the hypothalamus, suggesting
long-range network decorrelation. Supporting this idea, major white matter (WM) tracts,
such as the corpus callosum and the hippocampal commissure, suffered from substantial
changes compatible with an important reduction in myelination and/or a decrease in the
mean axonal diameter. Macrostructurally speaking, the overexpression of GluK4 subunit

had a bimodal effect, with expansion in some cortical areas in the transgenic animals

-7 -



ABSTRACT

accompanied by a shrinkage in the subcortical regions. Upon stimulating the brain with
an electrical current, we noticed a difference in activity propagation between the two
hemispheres. In transgenic animals, the evoked activity remained more confined to the
stimulated hemisphere, again consistent with an impaired long-range connectivity. The
structural changes both, at the micro and macro level, were in tight correlation with dif-
ferent aspects of the behavior including markers of anxiety such as the time spent in the
open arms vs the closed arms in the plus-maze test and the time spent in the center vs the
corners in the open field test. Our findings reveal how the disruption of kainate receptors,
or more globally the glutamate receptors, and the abnormal synaptic transmission can
translate into brain-wide changes in connectivity and alter the functional equilibrium be-
tween macro-and mesoscopic networks. The postsynaptic enhancement previously re-
ported in the transgenic animals was here reflected in the BOLD signal and measured as
an increase in the within-network strength. Importantly, the correlations between the
structural changes and the behavior help to put the developmental changes and their be-

havioral ramifications into context.

RESUMEN

Grik4 es el gen responsable de codificar la subunidad GluK4 de alta afinidad de los re-
ceptores de kainato. El aumento de la dosis de esta subunidad en el prosencéfalo se rela-
cion6 con un mayor nivel de ansiedad, falta de comunicacion social y depresion. A nivel
sinaptico, también se informd una transmision sinaptica anormal. Las manifestaciones de
esta expresion anormal no se han investigado a nivel de circuito, ni las correlaciones entre
esos circuitos y los patrones anormales de la conducta previamente informada. En esta
linea de trabajo, aspiramos a utilizar diferentes modalidades de imagenes por resonancia
magnética (MRI) no invasivas para dilucidar cualquier alteracion que pudiera derivarse
del aumento de la dosis de Grik4 y como esos cambios podrian explicar los comporta-
mientos anormales. La resonancia magnética ofrece una forma no invasiva de observar el
cerebro intacto in vivo. La resonancia magnética funcional en estado de reposo arroja luz
sobre como funciona el cerebro en reposo en el nivel de la red y tiene la capacidad de
detectar cualquier anomalia que pueda ocurrir dentro o entre esas redes. En el nivel mi-
croestructural, la resonancia magnética de difusion se ocupa de las caracteristicas subya-
centes de los tejidos utilizando la difusion de moléculas de agua como un proxy para ese

fin. Moviéndose mas macroscOpicamente, utilizando escaneos estructurales, la
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morfometria basada en voxeles puede detectar diferencias sutiles en la morfologia de las
diferentes estructuras cerebrales. Grabamos videos de nuestros animales realizando dos
tareas que durante mucho tiempo se han relacionado con la ansiedad, el campo abierto y
las pruebas de laberinto positivo antes de adquirir escaneos estructurales y funcionales.
Por ultimo, registramos senales dependientes del nivel de oxigenacion de la sangre
(BOLD) en un grupo diferente de animales durante la estimulacion eléctrica de tractos
especificos de materia blanca para investigar como se propaga la actividad neuronal.
Nuestro analisis mostrd un amplio espectro de cambios en el grupo transgénico en rela-
cion con los animales en el grupo de control. En el nivel de las redes de estado de reposo,
observamos un aumento en la fuerza dentro de la red que abarca diferentes estructuras
como el hipocampo, algunas regiones de la corteza y el hipotalamo. La mayor coherencia
interna o fuerza en las redes contrastd con una reduccion significativa en la conectividad
entre redes para algunas regiones como partes de la corteza y el hipotalamo, lo que sugiere
una descorrelacion de redes de largo alcance. Apoyando esta idea, los grandes tractos de
materia blanca (WM), como el cuerpo calloso y la comisura del hipocampo, sufrieron
cambios sustanciales compatibles con una importante reduccion de la mielinizaciéony / o
una disminucion del diametro axonal medio. Macroestructuralmente hablando, la sobre-
expresion de la subunidad GluK4 tuvo un efecto bimodal, con expansion en algunas areas
corticales en los animales transgénicos acompafniada de una contraccion en las regiones
subcorticales. Al estimular el cerebro con una corriente eléctrica, notamos una diferencia
en la propagacion de la actividad entre las dos hemiesferas. En los animales transgénicos,
la actividad evocada permanecié mas confinada al hemisferio estimulado, de nuevo con-
sistente con una conectividad de largo alcance deteriorada. Los cambios estructurales,
tanto a nivel micro como macro, estaban en estrecha correlacion con diferentes aspectos
de la conducta, incluidos marcadores de ansiedad como el tiempo pasado con los brazos
abiertos frente a los brazos cerrados en la prueba del laberinto positivo y el tiempo pasado
en el centro vs las esquinas en la prueba de campo abierto. Nuestros hallazgos revelan
como la interrupcion de los receptores de kainato, o més globalmente los receptores de
glutamato, y la transmision sindptica anormal pueden traducirse en cambios de conecti-
vidad en todo el cerebro y alterar el equilibrio funcional entre las redes macro y mesos-
copicas. La mejora postsindptica informada anteriormente en los animales transgénicos
se reflejo aqui en la sefial BOLD y se midié6 como un aumento en la fuerza dentro de la

red. Es importante destacar que las correlaciones entre los cambios estructurales y el
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comportamiento ayudan a contextualizar los cambios en el desarrollo y sus ramificacio-

nes conductuales.
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obably nothing has intrigued humanity for the last few centuries more than

how the brain works. How is it possible that such a small organ defines who

we are and how we behave and interact with the outside world. However, the

journey to understand the brain has taken many turns and has run through
numerous obstacles. The first mention of the brain can be traced back to Ancient Egypt,
where the infamous Edwin Smith Surgical Papyrus was scripted approximately 1700 B.C.
In a particularly interested case of a patient with a fractured skull, the papyrus described
what appeared to be the folding of the cortex as a reminiscent of the “corrugations which
form on molten copper” and the brain as an organ was referred to as the “marrow of the
skull” (Breasted 2013). The notion that the brain is the organ of mind as opposed to the
heart came much later as one of the many contributions of the famed Golden Age of the
Greek culture. Thanks to Hippocrates and his followers, the brain was finally brought into
light as the major controlling center of the body (Finger 2004). Even though they did not
know how it works, they still contemplated the brain as responsible for all the functions

and emotions that a human might do or experience.

A shred of more solid evidence regarding brain functions started arising from studying
cases of brain damage in the nineteenth century. Classical examples are the contributions
by Paul Broca and Carl Wernicke, who stumbled across cases of patients with an apparent
inability to speak or comprehend the language, while maintaining the cognitive and men-
tal functions intact. The autopsy of those patients led to the description of the brain areas
involved in speech generation and language comprehension. Those areas were named

Broca’s and Wernicke’s areas in their honor (Berker et al., 1986).

The introduction of microscopes and advancements in staining and preparing specimens
pushed the boundaries of all the biology-related sciences. By the mid of the nineteenth
century, the cell theory, that all living tissues are forming from cells arranged as a net,
was already in place as a piece of common knowledge. Using only a microscope and
endless passion and tenacity, Ramon y Cajal dedicated his life to studying the anatomy
of the nervous system. Cajal’s observations led him to believe that the nerve cells were
the building blocks of the nervous system and can be regarded as independent units, but
unlike other tissues, they were not arranged in as a web or reticulum. These ideas compose
the essence of what we now know as the “neuron doctrine” (Ramoén y Cajal 1909). Es-

tablishing the neuron as the computational units of the brain can be regarded as a major
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step in the quest of understanding how the brain operates. The next step was to understand

how these units talk to each other.

1. Neural transmission

Our understanding of how neurons communicate among themselves has gone through
dramatic changes over the years. It was believed until the late 1890s that neurons are
connected through an intact physical connection and impulses from one nerve cell to an-
other is transferred by means of physical continuity. Thanks to the work of Ramén y Cajal
and others (Ramon y Cajal 1909), we now know that tiny gaps are separating those neu-
rons. It was not until 1899 that this was changed when C. S. Sherrington declared that
neurons are “anatomically discontinuous, physiologically continuous” and he continued
to say, “a feature of the concatenation of neurons more probably explicative of modifica-
tion and delay of nerve impulses is the synapse” and the term “synapse” was born (Dav-
enport 1991). The discovery of adrenaline by the end of the nineteenth century paved the
way for the development of our understanding of how nerve cells might communicate
with each other through chemical transmission. The tremendous work of pioneers like
Oliver, Shifer (Oliver and Schéfer 1895), Langley (Langley 1901), Elliot (Elliott 1905),
and Loewi Loewi 1935 helped to establish the role of neurotransmitters and receptors in
the process of conveying impulses between neurons. An average neuron can form and

receive up to several thousand of these connections (Mack et al., 2013).

Although in some special cases, the direct connection between two adjacent cells might
be found, where the cytoplasm of two cells is attached via channels called gap junction,
chemical synapses are the place where the sheer majority of communication between
neurons takes place through the release of the neurotransmitters as mentioned earlier.
Chemical transmission undergoes numerous steps from the synthesis and storage of neu-
rotransmitters in the presynaptic vesicles to unloading in the synaptic cleft when a stim-
ulation arrives at the presynaptic neuron. Upon the release of neurotransmitters in the
synapses, they bind to specific receptors, those receptors are responsible for decoding the
chemical message conveyed by neurotransmitters into an electric response that propa-

gates to following neurons (Fig. 1).
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Within the brain and the spinal cord, two main effects ensue from the fast-synaptic trans-
mission: excitation and inhibition with Glutamate being the predominant excitatory neu-

rotransmitter and y-aminobutyric acid (GABA) the main inhibitory neurotransmitter.

Presynaptic
action potential

Presynaptic
nerve
terminal

L)
Excitatory /Transmltter Receptor-
postsynaptic channel

potential (i{) (]( }{ S{ (H) Post-
mV synaptlc
S5 jl{ j'{ j'[

. T ~—

Delay 1ms

Fig. 1 | Chemical synaptic transmission. (A) The arrival of the action potential at the presynaptic
nerve terminal causing the opening of the voltage-gated Ca®* channels. (B) The neurotransmitter
vesicles fuse with the presynaptic cell membrane unloading the neurotransmitters into the synap-
tic cleft. (C) The released neurotransmitters bind to the receptors on the postsynaptic membrane

causing the propagation of the action potential to the postsynaptic nerve terminal (Kandel et al.,
2013).

1.1. Glutamate receptors

Glutamate interacts with two broad types of receptors, ionotropic (neurotransmitter gated
ion channels) and metabotropic receptors (Fig. 2). Ionotropic receptors are permeable to
cations such as sodium ions (Na*) which leads depolarization and hence to direct excita-
tion. On the other hand, activation of GABA receptors prompts the influx of anions like
chloride ions (CI'), hyperpolarizing the neuron cell membrane, i.e., moving the membrane

potential away from the firing threshold (Traynelis et al., 2010, Brady et al., 2012).

1.1.1. Ionotropic receptors

As indicated, Glutamate receptors fall into one of two major categories, ionotropic Glu-
tamate receptors (1GluRs) which essentially are postsynaptic channels allowing cations
influx upon Glutamate binding and are responsible for the fast and brief synaptic actions
and metabotropic Glutamate receptors (mGluRs) that activate an intracellular cascade af-
ter being activated with Glutamate and lead to a slower but longer-lasting effects com-

pared to the other type (Mack et al., 2013).
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Glutamate Receptor Subtypes
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Fig. 2 | Glutamate receptors subtypes and their signaling mechanisms. The two main Gluta-
mate receptor families consist of the ionotropic family and the metabotropic family. Each family
has multiple members that function a little bit differently from the other members, however, the
members of each family share a similar signaling mechanisms (adapted from Hassel and
Dingledine 2012, Kandel et al., 2013). Abbreviations: PCP, phencyclidine; Glu, Glutamate; Gly,
Glycine.

The 1GluRs assemble into four big families of receptors encoded by a sum of 18 genes.
Those families are a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-
methyl-D-aspartate (NMDA), kainate (KA), and delta receptors. Sometimes AMPA re-
ceptors and kainate receptors are referred to as the non-NMDA receptors. AMPA and
NMDA receptors are the major players behind postsynaptic excitatory currents, while KA
receptors can be found pre and postsynaptically. Delta receptors are still poorly under-
stood with their functions remain enigmatic due to their inability to gate an ion channel

following Glutamate binding which renders them electrically silent (Valbuena and Lerma

2016).

1.1.1.1. AMPA receptors (AMPARS)

AMPARSs currents have an extraordinary fast kinetics peak at a sub-millisecond level
making these receptors primed for fast depolarization and propagation of impulses to the

postsynaptic neurons. Four distinct genes (Grial—Gria4) encode for the four subunits
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(GluA1-4) that constitute the AMPARSs (Fig. 2). AMPARSs subunits can assemble to form
tetramers of homo- or heteromers structure with the heterotetramers type being the pre-

ponderant in the brain (Jonas and Burnashev 1995).
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Fig. 3 | Molecular structure of ionotropic Glutamate receptors. (A) Crystal structure of a
GluA2 AMPA receptor consisting of four GluA2 subunits (tetrameric receptor). (B) Crystal struc-
ture of GluN1a/GluN2B NMDA receptor. (C) Schematic representation of an ionotropic Gluta-
mate receptor showing the domains that form the receptor. (D) Stereotypical excitatory postsyn-
aptic current showing the difference in kinetics between the AMPA and NMDA receptors re-
sponse (adapted from Kandel et al., 2013, Iacobucci and Popescu 2017).

Each of the aforementioned subunits can be divided into four well-defined domains: an
extracellular N-terminal domain (NTD; also known as the amino-terminal domain or
ATD), a ligand-binding domain (LBD), transmembrane domain (TMD) forming the ion
channel embedded in the membrane, and a C-terminal domain (CTD) in the cytoplasm
(Fig. 3C). The TMD consists of three transmembrane o-helices designated as (M1, M3,
M4), the M2 forms a loop between M1 and M3 helices (Greger et al., 2017). All the
subunits in the different classes of iGluRs share this modular structure (Fig. 3A). The
receptor as a whole has an extracellular region (ECR) occupying the vast majority of the
receptor (Fig. 3A), and a highly flexible structure of an intertwined dimer of dimers (Sob-
olevsky et al., 2009).

The subunit assembly of AMPARSs crucially determines the properties of the receptor
such as ion conductance, trafficking, and calcium permeability (Erreger et al., 2004).
Most of these properties are governed by the presence or absence of the GluA2 subunit.
The post-transcriptional modifications of mRNA of this unit lead to the replacement of
the negatively charged glutamine amino acid with a positively charged amino acid, R607,

changing the ion channel conductance and leaving the receptor impermeable to Ca?* with
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a linear or an outwardly rectifying current-voltage relationship. This particular site is

dubbed “Q/R” site (Q for glutamine and R for arginine).

AMPARSs have fast kinetics and a small single-channel conductance (Fig. 3D), and they
tend to get inactivated and desensitized rapidly upon exposure to agonists like Glutamate
or AMPA with a low affinity to natural agonists such as L-Glutamate (Dingledine et al.,
1999). A typical AMPAR would have a brief response to Glutamate causing an opening
of the pores of the channels permeable to Na* and K" ions (Fig. 2). This response rises
and decays rapidly within a small window of 1-2 ms as determined by its subunit com-
position and the density of the receptor, in addition to the time course of the neurotrans-
mitter release and uptake. The AMPAR-mediated excitatory postsynaptic potential
(EPSP) is large, with a fast rise and decay, and can trigger an action potential within a

rapid time course (Geiger et al., 1997).

AMPARSs can be found widely expressed throughout the brain in neurons and glia alike.
They are also expressed in a wide variety of neurons in the peripheral nervous system and
even in some nonneuronal cell types (Wisden and Seeburg 1993, Belachew and Gallo
2004). Within the adult brain, especially in the pyramidal cells of the hippocampus and
the cerebral neocortex, GluA1 and GluA2 receptors comprise the vast majority of AM-
PARs, with a minor existence of GluA3/GluA4 receptors (Lu et al., 2009). Structures like
the cerebellum, the retina, and the reticular thalamic nucleus display a different pattern
with GluA4 receptors being highly enriched as GluA2/GluA4 heteromers (Keinanen et
al., 1990, Gallo et al., 1992).

Changes in the strength of the connections between nerve cells is widely accepted to un-
derpin the mechanism by which memories are encoded and learning is happening. Among
the multiple models of such synaptic plasticity, long-term potentiation (LTP) and long-
term depression (LTD) are the most studied (Martin et al., 2000). The complicity of AM-
PARs changes in the expression and the maintenance of such forms has long been impli-
cated. A staggering volume of literature suggests a critical role for AMPARSs phosphory-

lation in different forms of synaptic plasticity and memory retention.

Phosphorylation of GluA1 subunit seems to be necessary for signaling mechanisms in-
volved in LTP. Various studies have proven a critical role for this phosphorylation

through knock-in studies and inhibition or deletion of protein kinases implicated in the
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phosphorylation process. Phosphorylation of GluA1 seems necessary in AMPARSs upreg-
ulation and delivery of the receptors from extrasynaptic locations to the synapse during
LTP. Absent this role, in most cases, this form of potentiation was greatly diminished or
was absent altogether. Through different mechanisms, studies have shown also that LTD
emanates from the rapid removal of synaptic AMPARSs through a pathway involving en-
docytosis and entailing various steps of dephosphorylation and phosphorylation of AM-
PAR subunits (Shepherd and Huganir 2007).

1.1.1.2. NMDA receptors (NMDARSs)

NMDRs represent the second major class of iGluRs and can be distinguished from the
rest of 1GluRs by several unique features. Analogous to the rest of iGluRs, NMDARs
exist in heterotetramers (Fig. 3B). Unlike AMPARs, NMDARs tetramers are made of
seven possible subunits, GluN1 encoded by a single GRINI gene, four GRIN2 genes that
encode GluN2A-D, and two GRIN3 genes encoding GluN3A-B (Fig. 2). GluN1 subunit
is encoded by a single gene, but, due to alternative splicing, can exist in eight different
isoforms dubbed GluN1-1a-4a and GluN1-1b-4b. The assembly of the receptor forms a
central ion channel pore that is permeable to Ca?* as well as to Na* and K* and subject
voltage-dependent blockade by extracellular Mg?* (Fig. 2). In a striking breach of the
1GluRs norm, NMDARSs require two agonists for the ion channel to be activated (Fig. 2).
Besides Glutamate, the receptor requires a second agonist which can be either glycine or
D-serine (Lerma et al., 1990). The Glutamate remains the de facto controller of the chan-
nel activation since the glycine or D-serine exist in surplus in the extracellular space.
Utilizing glycine or D-serine as a coagonist greatly depends on the brain region as well
as on the receptor subcellular localization. Some reports suggested the D-serine to be the
coagonist at synapses with the glycine role confined to the extrasynaptic locations. The
necessity of a second agonist offers an extra layer of regulation for the receptors function
as the changes in the surrounding levels of the coagonist can modulate the synaptic acti-

vation (Paoletti et al., 2013, Hansen et al., 2018).

The release of Glutamate in the brain synapses activates excitatory postsynaptic currents
(EPSCs) and the time course of these currents can be broken into two components: a fast
component with rapid rise and decay mediated by AMPARs and another slower compo-
nent with slow rise and decay mediated by the NMDARs (Fig. 3D) (Hestrin et al., 1990,
Sah etal., 1990, Trussell et al., 1993, Geiger et al., 1997). In resting condition, NMDARs
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are typically occluded by Mg?", but upon the release of Glutamate into the synaptic cleft,
the rapid activation of AMPA/KA receptors leads to depolarization of the cell membrane
relieving the blockade of the NMDARSs ion channel (Mayer et al., 1984, Nowak et al.,
1984). The prolonged activation of NMDARs is proposed to be the result of a higher
affinity of those receptors to Glutamate which leads to slower dissociation from the re-

ceptor (Lester et al., 1990, Lester and Jahr 1992).

Owing to the relatively big number of subunits, NMDARs exist in many different forms
of subunit assembly and, as with AMPARSs, these forms affect the functions and the prop-
erties of the receptor—Attributing certain functions or defining special properties to each
form of the receptors remain an active area of research since studying each kind in isola-

tion proved to be a daunting task (Hatton and Paoletti 2005, Hansen et al., 2014).

As briefed in the AMPARSs, the modular structure of the iGluRs subunits is highly con-
served. Each subunit consists of four distinct domains: a large extracellular ATD or NTD,
a bi-lobed LBD, ion channel-forming TMD, and an intracellular CTD (Fig. 3B, C). Three
helices form the TMD (M1, M2, and M4) and a membrane re-entrant loop (M2) connect-
ing M1 and M3. The ATD exists in a clamshell-like structure and harbors an extra binding
site for multiple substances acting as allosteric modulators such as zinc ions and polyam-
ines. The LBD is composed of two polypeptide chain segments, namely S1 and S2 form-
ing a kidney-shaped formation serves as a binding site for glycine or D-serine in the case
of GluN1 or GluN3 and for Glutamate in GluN2 subunits. The amino acid residue sitting
at the tip of the M2 reentrant loop of the TMD (Q/R/N site; N for asparagine) determines
Ca’" permeability and Mg?* block (Hansen et al., 2017).

NMDAR:sS act as the trigger of LTP or LTD as a function of their voltage-dependent Mg?*
block. Following the depolarization of the cell membrane and the relief of the Mg?*, the
influx of Ca?" activates various kinases that initiate various pathways end up with the
incorporation of more synaptic AMPARs in the case of LTP or their retrieval from their

synaptic sites (Lau and Zukin 2007).

1.1.1.3. Kainate receptors (KARs)

The third class of iGluRs is the KARs, characterized by their high affinity to kainate, a
derivative of the seaweed known as “kaininso”. The history of KARs from their isolation

for the first time to the investigation and characterization of their properties and functions
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highlights an important chapter of iGluRs knowledge due to their peculiar roles in regu-

lating neuronal networks.

The characterization of KARs proved over the years to be elusive and far from easy, as
most of the pharmacological agents lack specificity and can act on both AMPARs and
KARs. The existence of pure functional KARs has long been questioned and often they
were pooled together under the name of non-NMDA receptors along with AMPARs.

The cloning of the first KARs subunits in the early 1990s paved the way to the subsequent
revolution in describing and studying these receptors. GluK 1 subunit was first cloned in
1990 (Bettler et al., 1990) and not so long after, the same group successfully cloned two
other subunits that were later designated as GluK2 and GluK3 (Bettler et al., 1990,
Egebjerg et al., 1991). Receptors with high affinity to kainate were described in dorsal
root ganglion cells of the peripheral nervous system, albeit they were also sensitive to

AMPA (Huettner 1990).

The first evidence of specific KARs within the brain that were responsive to kainate, but
not to AMPA came in 1993. In their seminal article, Lerma et al. described for the first
time, in dissociated hippocampal cultures, neurons that were selectively sensitive to
kainate and not AMPA and with molecular properties akin of receptors composed of ho-
momeric of GluK2 early described (Lerma et al., 1993). The development of compounds
able to block AMPARs responses while savoring KARs’ such as GYKI 53655 made it
possible to isolate currents ensuing from KARs (Paternain et al., 1995, Contractor et al.,

2011).

KARs form, like the rest of iGluRs, tetrameric receptors made from five unique subunits:
GluK1, GluK2, GluK3, GluK4, and GluK5. GluK1-3 subunits can form homomeric or
heteromeric receptors, whereas GluK4-5 are only capable of forming heteromeric chan-
nels with a partner of GluK1-3. GluK4-5 receptors have a higher affinity to kainate more

than GluK1-3 receptors (for a review, see Lerma et al., 2001).

KARs subunits share the common modular structure of iGluRs subunits with a large ex-
tracellular NTD, TMD forming the ion gating channel and composed of four domains
(M1, M2, and M3) and a hydrophobic M2 loop, CTD intracellularly, and an LBD made
of two modular lobes: D1 and D2 (Fig. 3C) (Lerma 2003).
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Fig. 4 | KARs and their signaling pathways. (A) Glutamate receptors arrangement in the con-
nection between the Mossy fibers and the pyramidal cells of the CA3 region showing the presyn-
aptic locations of the KARs. (B) Stimulating Mossy fibers with short impulses train in the pres-
ence and absence of AMPAR antagonist (GYKI 53655). (C) The canonical and the non-canonical
signaling pathways of the KARs. (D) EPSCs of the three Glutamate receptors showing the differ-

ence in kinetics (adapted from Lerma 2003, 2011, Lerma and Marques 2013).
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Description of the distribution of KARs subunits within the different brain’s compart-
ments lag behind since the detection methods available such as specific antibodies against
the different subunits, are still limited. The introduction of some specific antisera made it
possible to define some charts depicting the expression of these subunits, but most of this
knowledge relies on in situ hybridization data. GluK1 subunit is mainly expressed in the
interneurons of the hippocampus and the cortex as well as in Purkinje cells and sensory
neurons, whilst GluK2 exists in preponderance in the principal cells of the cerebellum
and the hippocampus. GluK3 subunit is expressed poorly and is restricted to layer IV of
the neocortex and the dentate gyrus (DG) of the hippocampus. GluK4 has a wide distri-
bution in the hippocampus Cornus Ammonis 3 (CA3) and DG as well as in the neocortex,
and the Purkinje cells. GluK5 is profusely expressed throughout the brain (Lerma and
Marques 2013).
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The isolation of pure kainate receptors cast a question of whether KARs are involved in
postsynaptic activation. The introduction of selective antagonists to AMPARs like GYKI
53655 made it possible to examine such an intriguing postulation (Fig. 4B). Early studies
failed to record EPSC due to KARs in the presence of NMDARs and AMPARSs blockers
(Lerma 1997), however, subsequent research presented evidence of a role of KARs in
synaptic transmission. Repetitive stimulation of the connections between the granule cells
and the CA3 pyramidal cells, named the mossy fibers, in the presence of AMPARs and
NMDARs blockers elicited a small current with slow rise and decay time akin to that of
NMDARs (Fig. 4D); this current was abolished upon the introduction of the antagonist
CNQX (Castillo et al., 1997, Vignes and Collingridge 1997). The slow kinetics of the
EPSCs mediated by KARs stirred up a controversy as this kinetics cannot be explained
by the properties and affinity of the recombinant receptors which these receptors share

with the fast-kinetics AMPARs (Lerma 1997).

The mystery was solved by the discovery of two auxiliary proteins Netol and Neto?2 that
interact with KARs (Fig. 4C) (Zhang et al., 2009). Straub et al. reported that upon the
coexpression of Netol with GluK2 receptors in recombinant systems, the KARs dis-
played slower kinetics that was faster earlier in these systems which suggests a role for
Neto proteins in receptors’ affinity. He further showed that knockout mice that lack Netol
KAR synaptic component has fast kinetics similar to those of AMPARs (Lerma 2011,
Straub et al., 2011).

Another interesting aspect of the KARs is their ability to act through two distinct path-
ways: a canonical traditional one through ligand gating and another non-canonical way
via a metabotropic mechanism involving second messengers (Fig. 3C). KARs have an
abundant localization presynaptically in both excitatory and inhibitory terminals (Fig.
4A) modulating the release modulating neurotransmitters release and controlling cells

excitability (Valbuena and Lerma 2016).

In excitatory synapses, presynaptic KARs modulate the release of Glutamate either en-
hancing or inhibiting it in a bidirectional manner. In synapses such as mossy fibers to
CA3, nanomolar concentrations of kainate elicit facilitation in Glutamate release, while
higher concentrations lead to a decrease in Glutamate release (Lerma 2003). Dependence
of such action on presynaptic rather than synaptic KARs was demonstrated by showing

that these effects remained intact after destruction of the postsynaptic CA3 pyramidal
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cells while they were abrogated upon the destruction of the afferent mossy fibers (Represa

et al., 1987).

Perhaps the first postulation of the involvement of KARs in decreasing inhibition in the
hippocampus came in 1981 by Sloviter and Damiano when they investigated the epilep-
togenic effect of kainic acid (Sloviter and Damiano 1981). The complicity of KARs and
not AMPARSs in the inhibition decrease came much later by studies demonstrating that
KARs indeed can inhibit GABA release at inhibitory synapses in rat hippocampus mani-
fested as a decrease in evoked inhibitory postsynaptic current (IPSC) (Rodriguez-Moreno
et al., 1997, Vignes et al., 1998). This inhibition is likely due to a metabotropic process
and independent of ion channel current as it was sensitive to disruption of the G protein
signal transduction pathway using Pertussis toxin (Rodriguez-Moreno and Lerma 1998).
Changes in properties such as an increase in synaptic transmission failure and decrease
in miniature [PSCs frequency prompted the idea that these effects are mediated by pre-

synaptic KARs (Clarke et al., 1997, Rodriguez-Moreno et al., 1997)

On the other hand, other studies reported facilitation, rather than inhibition, of GABA
release. Cossart et al reported an increase in miniature IPSCs and a reduction in neuro-
transmission failures upon application of exogenous kainate or Glutamate at CA1 inter-
neurons inhibitory synapses which the authors attributed to presynaptic KARs through an
ionotropic pathway (Cossart et al., 2001). These findings and others ignited a controversy
about the role of KARs in the modulation of GABA release and the involvement of pre-
synaptic receptors in such bidirectional modulation. One way to reconcile this paradox
was the conjecture that the two effects can be dissociated and ascribed to two different
populations of KARs with two disparate pharmacological profiles and signaling pathways
with the metabotropic pathway mediate the inhibition and the facilitation mediated by the

ionotropic pathway (Valbuena et al., 2019).

KARs metabotropic signaling pathway is not limited to the presynaptic receptors as it has
been also described in a subset of postsynaptic receptors. It is well established that KARs
in CA1 interneurons and CA3 pyramidal neurons mediate postsynaptic currents, how-
ever, in the Schaffer collateral-CA1 pyramidal cells, KARs elicit no ionotropic participa-
tion to synaptic responses (Bureau et al., 1999). It has been very speculative until Melyan
and team provided a different insight; they demonstrated that these receptors are not func-

tionless, instead they exert their action through a metabotropic pathway (Melyan et al.,
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2002). These receptors are reported to cause a long-lasting inhibition of the slow afterhy-
perpolarization current (Isanp), which in turn causes an increase in neuronal excitability
(Melyan et al., 2002). Interestingly, the same metabotropic effect was also described in
CA3 pyramidal neurons, where KARs activation inhibits slow (Isanp) and medium (Imanp)
afterhyperpolarization currents alike (Fisahn 2005); indicating that both signaling modes
can coexist at the same synapses (for a review on metabotropic signaling in KARs, see

Rodrigues and Lerma 2012, Valbuena and Lerma 2016).

From these shreds of evidence and more, we can safely conclude that KARs are control-
ling both the excitability and inhibition of neurons throughout the different brain regions
using disparate signaling mechanisms bestowing a capability to regulate and control the

neuronal circuits and further the brain functions upon the KARs.

Neuronal growth and maturation during development is another critical process where
KARs significantly contribute. Tashiro and others investigated the participation of KARs
in the regulation of axonal filopodial motility from the mossy fibers of the hippocampus
(Tashiro et al., 2003). The results showed that, once again, KARs bidirectionally regulate
filopodial motility where it gets enhanced in younger slices and inhibited in mature ones
in a concentration-dependent manner. The authors proposed a two-step model of synap-
togenesis, whereby in early stages of development the rapid dilution of Glutamate due to
the large extracellular space limits the amount of neurotransmitter available for KARs
which by their turn promote the filopodial motility to find its synaptic targets. Conversely,
KARs stimulation inhibits such motility once these contacts are already there in later
stages of development where the extracellular space is much limited allowing for a high
concentration of Glutamate to reach the receptors. Intriguingly, the motility enhancement
was putatively dependent on voltage-gated Ca?* channels, whilst a PTx-sensitive G-pro-
tein downstream mechanism seemed to be responsible for the inhibition, which prompted
the authors to attribute these different processes to two different populations of KARs
with different affinities and downstream pathways (Tashiro et al., 2003, Valbuena and

Lerma 2016).

Another study investigated the implications of KARs in neurite outgrowth. Marques et
al. showed that in dorsal root ganglion neurons (DRG), KARs bidirectionally modify
neurite outgrowth. Low concentration of the agonist elicited an enhancement in neurite

outgrowth accompanied by a maturation delay, whilst high doses, akin to filopodial
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motility, leads to a restricted neuronal outgrowth with stimulation to the maturation of
neurons (Marques et al., 2013). It appears in the case of neurite growth, unlike filopodial
motility regulation, that a canonical pathway is implicated in the restriction of neuronal
outgrowth, while a non-canonical mechanism incorporating CRMP2 protein is liable to

the other effect (Marques et al., 2013).

These studies paint quite a picture of a critical role played by KARs during development
involving two different scenarios: in an actively developing brain, high-affinity KARs
will respond to the low amount of endogenous Glutamate available and promote filopo-
dial motility and neurite outgrowth while putting a cap on neuronal maturation. Once
these developing neurons find their targets and establish their connections, low-affinity
KARs would come into play limiting the motility and suppressing neurite outgrowth

while promoting neurons maturation.

KARs have also been linked to many disorders such as schizophrenia, bipolar disorder,
and autism, but the heterogeneous build of these disorders and the likely involvement of
many several genes cast a lot of adversaries on a role played by KARs. Some studies
reported a change to KAR subunits expression in schizophrenia (Benes et al., 2001, Scarr
et al., 2005), while others failed to detect any change (Dracheva et al., 2008). The pitfall
of these studies is using mRNA as a proxy for protein expression, which is not always the
case; the development of more specific antibodies against KAR subunits can further con-

firm or refute these findings (Lerma and Marques 2013).

Paddock et al. examined the correlation between a myriad of genetic markers and re-
sponse to treatment in number of patients diagnosed with major depressive disorder; they
reported a new marker in the gene of GRIK4 that were more abundant in the cases that
showed better response to treatment more than the cases that did not, hinting at a role
played by KARs in modulating response to certain kinds of depression treatments (Pad-
dock et al., 2007). GRIK3, as well, has been linked to major depressive disorder and

schizophrenia (see Lerma and Marques 2013 for a review and the references within).

Mice studies lent very useful insights. Genetic ablation of Grik4 gene in mice gave rise
to animals that performed better in tests assessing anxiety and depression-like behavior
while manifesting hyperactivity and other hallmarks of schizophrenia and bipolar disor-

der (Catches et al., 2012, Lowry et al., 2013). These studies imply a protective role for
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the lack of Grik4 gene. However, human studies seem to defy these findings. Pickard et
al. identified the disruption of GRIK4 gene as a risk factor for schizophrenia and learning
disability in the Scottish population (Pickard et al., 2006). In a case-control study, the
same group reported that a variant within GRIK4 gene was negatively associated with the
risk of developing bipolar disorder (Pickard et al., 2008). An increase in GRIK4 mRNA
(Pickard et al., 2008) and protein (Knight et al., 2012) abundance granting a protective
effect against bipolar disorder through increasing GluK4 subunit affluence. Using func-
tional magnetic resonance imaging (fMRI), Whalley and team demonstrated that the same
GRIK4 variant modifies hippocampal function (Whalley et al., 2009). In two healthy
groups, there was an increase in the left hippocampal activity during face processing task
in the group carrying the protective haplotype which might indicate that the protective
role played by GRIK4 is exerted through modulation of the activity of the hippocampus
(Whalley et al., 2009).

This contradiction between mice and human studies might be reconciled by considering
the problem of interpreting the readouts of the behavior results rather than a problem of
contradictory results. Indeed, in his study, Lowry reported that the knockout animals were
suffering from learning and memory deficits (Lowry et al., 2013). On the other hand,
some of the behavior tests such as the forced swimming test can be interpreted as a

readout of depressive-like behavior rather than a sign of mania Lerma and Marques 2013.

In a genome-wide study, as discussed thoroughly below, Griswold et al. identified several
copy number variants (CNVs) in a number of genes that might be implicated in the etiol-
ogy of ASD (Griswold et al., 2012). Among these genes were GRIK2 and GRIK4, the
genes encoding for the subunits GluK2 and GluK4, respectively; GRIK4 was found to be
duplicated de novo (Griswold et al., 2012). Recent findings from animal studies lent sup-

port to the engagement of duplicated GRIK4 in ASD.

1.1.1.4. Delta receptors

The fourth and last flavor of iGluRs is the d receptors (GluDs). They were first discovered
by homology screening in the early 1990s and were considered as part of iGluRs super-
family on the basis of the amino acid sequence similarity to other members of iGluRs
despite their inability to bind to Glutamate (Yamazaki et al., 1992, Araki et al., 1993,

Lomeli et al., 1993). GluDs share the same characteristic modular structure of iGluRs
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(Fig. 3C). GRID1 and GRID?2 genes encode for the two subunits that constitute GluDs,
namely GluD1 and GluD2 and they are thought to exist as homomers in vivo (Gereau and
Swanson 2008). On the account of the lack of known endogenous ligands, GluDs have
long been dubbed as “orphan receptors” (Lomeli et al., 1993). The status-quo has since
been challenged as two endogenous ligands for GluD2 have been reported; D-serine was
found to be able to bind to the LBD of GluD2 in the cerebellum (Kakegawa et al., 2011)
and Cblinl protein to the ATD (Matsuda et al., 2010, Uemura et al., 2010). Endogenous
ligands for GluD1 receptors are yet to be discovered, however, D-serine and various
members of the Cbln family proteins have been reported to bind to GluD1 receptors in

vitro (Matsuda et al., 2010, Yasumura et al., 2012). Metabotropic receptors

Until the mid of 1980s, the general consensus in the scientific community was that the
actions of Glutamate within the brain are only mediated by means of ligand-gated ion
channels. However, this consensus was dramatically changed on the account of the char-
acterization of multiple Glutamate receptors that exert their actions through a second mes-

senger system pathway which later came to be identified as mGluRs (Conn and Pin 1997).

The mGluRs are the second superfamily of Glutamate receptors (Fig. 2). This family of
receptors belongs to the most abundant type of receptors in the animal genome, the mem-
brane-bound G-protein-coupled receptors (GPCRs) and more specifically to family C of
GPCRs. Unlike ion-gated channels, GPCRs work through a second messenger cascade.
Activation of GPCRs upon ligand binding leads to a conformational change that activates
the attached G protein which initiates various effects within the cell, modulating many
targets such as enzymes or ion channels. GPCRs can be activated not only by neurotrans-
mitters but also are responsive to photons and a multitude of small peptides. Like the rest
of GPCRs, mGluRs consist of seven transmembrane domains and an intracellular C-ter-
minal domain. Members of family C of GPCRs are characterized by the presence of an
exceptionally large extracellular N-terminal domain harboring the ligand-binding site of

the receptor (Fig. 2) (Pin et al., 2003).

Eight types of mGluRs have been identified so far (Fig. 2) with different expression pro-
files throughout the brain in neuronal cells and glia alike. Based on sequence homology,
mGluRs can be broken down into three groups. Group I consists of mGluRs 1 and 5 and
predominantly expressed in postsynaptic sites where they tend to modulate neuronal ex-

citability through activation of various ion channels. Conversely, Group II consists of 2
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and 3 and Group III 0f 4,6,7, and 8 and they both mostly localized presynaptically playing
an inhibitory role on the release of Glutamate and GABA (Niswender and Conn 2010).

Thanks to genetically modified mice, we now know a plethora of information about the
putative functions of mGluRs. Knocking out various types of mGluRs leads to animals
suffering from different patterns of anomalies such as abnormal synaptic plasticity, gait
problems, learning and memory deficits, anxiety, and depression to name a few (for a

review, see Niswender and Conn 2010 and the references therein).

1.2. Glutamate receptors dysfunction

Owing to the critical role GluRs play in the CNS as the major excitatory neurotransmitter,
aberrations in the function or development of the glutamatergic synapses can lead to dire

consequences cognitively and intellectually (Volk et al., 2015).

A faulty synaptic function has been described in nearly all classes of intellectual disabil-
ity. In Down Syndrome (DS) for instance, a key regulator of AMAPRs and NMDARs
function and expression goes by the name sorting nexin 27 (SNX27) is significantly re-
duced (Wang et al., 2013, Hussain et al., 2014). Interestingly, mice lacking SNX27
showed diminished glutamatergic synaptic transmission along with total loss of LTP me-
diated by NMDARs (Wang et al., 2013). The mice which had SNX27 protein level re-
stored exhibited normal synaptic function coupled with normal cognitive functions
(Wang et al., 2013). Likewise, in Rett syndrome where the animals that recapitulate the

disorder show a diminished glutamatergic synaptic transmission (Dani et al., 2005).

Aside from proteins that affect glutamatergic synaptic function, various mutations in 1G-
luRs subunits have been extensively studied. GluA3 is the most commonly mutated sub-
unit in intellectual disability with mutations in other subunits such as GluA2, Gluk1-4,
GluN1, and GIuN2A-B have been also described (see Soto et al., 2014 for a detailed
review). Despite the lack of direct involvement of mutations in GluRs, the fragile X men-
tal retardation protein (FMRP), the lack of which is responsible for fragile X syndrome
(FXS), interact with various synaptic proteins including GluA1 and GluA2 (Volk et al.,
2015). Another apparent synaptic dysfunction in the most common inherited form of in-
tellectual disability is the disruption of mGluRs-dependent plasticity as revealed by ani-
mal studies (Moretto et al., 2018).
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The implication of faulty glutamatergic pathways in schizophrenia has been always chal-
lenging to establish. The psychotic symptoms that ensue from the administration of
NMDARs antagonists such as ketamine and phencyclidine gave some merit to a model
of Glutamate hypofunction in schizophrenia (reviewed in Tsai and Coyle 2002). It is quite
undebatable that schizophrenia is a complex disorder with the complicity of multiple gene
mutations rendering pinpointing a single gene or a group of genes as a key risk unfeasible.
Genome-wide association studies (GWAS) shed some light on multiple Glutamate subu-
nits genes that associated with schizophrenia such as GRIN2A and GRIA 1 (Schizophrenia
Working Group of the Psychiatric Genomics 2014).

The case with ASD, as detailed below, is quite similar to schizophrenia in terms of the
involvement of multiple risk genes. The time window when the symptoms of ASD start
to show early in childhood coincides with the period of active synapses formation and
maturation (Volk et al., 2015). The majority of genetic cases of ASD can be attributed to
mutations in gene families such as SHANK, NLGN, and NRXN (Chaste and Leboyer
2012). These families encode for multiple proteins at the heart of glutamatergic synapses
regulation and maturation both pre and postsynaptically (Moretto et al., 2018). Indeed,
postmortem studies and ASD animal models confirmed abnormal synaptic density and
trafficking (Volk et al., 2015). Disruptions in NMDARs subunits, particularly in
GluN2A-B have a prominent role in ASD risk as they can lead to hyperactivation of
NMDARs disturbing the delicate balance of excitation/inhibition within the brain cir-

cuitry (Burnashev and Szepetowski 2015).

2. Autism Spectrum Disorder (ASD)

Autism spectrum disorder (ASD) is a neurodevelopmental disorder spanning a myriad
group of heterogeneous disorders that vary etiologically and clinically with early onset of
symptoms, typically in the first two years of life (Health 2018). According to the world
health organization (WHO), ASD affects 1 in 160 children globally with more prevalence
in boys than girls (Fombonne 2001, Elsabbagh et al., 2012). Recent epidemiologic studies
have witnessed a surge in the number of autism cases, which might not reflect an “autism
epidemic” as much it reflects an increase of consciousness among professionals as well
as among the public of the disease and a widening in the diagnostic criteria (Fombonne

2001, Gernsbacher et al., 2005).
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ASD was first described in 1943 by the American psychiatrist, L. Kanner as “a new form
of emotional disorder” (Kanner 1943). The illness was simultaneously described by H.

Asperger and was referred to as Asperger’s syndrome (Asperger 1944).

2.1. Presentation and symptoms

Autism symptoms can be fully described on the basis of three main behavioral symptoms:
diminished social interactions, problems in communication with others, and pervasive-
ness of repetitive behaviors and restricted interests (Miles 2011). These symptoms com-
prise the constellation of the diagnosis of autism as per the fifth edition of the diagnostic
and statistical manual of mental disorders (DSM-V), the American psychiatric associa-
tion’s guide used to diagnose individuals with mental disorders. The new edition of the
DSM guide expanded to include Asperger’s syndrome and pervasive development disor-
der (PDD) under the wider umbrella of ASD. However, different individuals with ASD
can have different presentations and different comorbidities and these presentations are
amenable to change over the course of life (Werner and Dawson 2005). Such heteroge-

neity poses a difficulty in terms of diagnosis and treatment of autism.

2.2. Risk factors

Environmental causes have long been considered to be the major culprit behind ASD
cases. This perception was not negated until the 1980s when twin studies compared the
concurrence of autism in identical and fraternal twins and concluded that there is a major

genetic component to autism and it is over 90% heritable (Monaco and Bailey 2001).

Since then, a substantial number of genes have been identified and linked to ASD sus-
ceptibility. Genetic causes of autism can be broadly categorized into chromosomal aber-
rations, single-gene mutations, and CNVs which constitute the majority of the genetic
abnormalities pertaining to ASD (Miles 2011). Due to underpowered studies and failure
of replication, only two genome-wide chromosomal abnormalities can be considered a
risk factor for ASD; one on chromosome 7q35 (Abrahams and Geschwind 2008) and the
other on 20p13 (Werling et al., 2014).

CNV is a variation in the chromosomal structure of more than 1K nucleotides. This var-
1ation can be common (exists in more than 1% of the population) or rare (in less than 1%

of the population), de novo (appears in offspring, but does not exist in parents) or
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transmitted (passed from parents to children). A plethora of CNVs risk factors for ASD
has been identified including variants at chromosomal regions 1921, 7q11.23, 15q11-13,
16p11.2, and 22q11.2 (for a review, see Geschwind and State 2015). Albeit considered
as risk factors for ASD, these CNVs are considered as risk factors for a number of neu-
rodevelopmental disorders as well including schizophrenia and bipolar disorder to name

a few (Malhotra and Sebat 2012).

GWAS studies enabled the identification of multiple genes associated with the develop-
ment of ASD. ANK2, ARIDIB, CACNA2D3, FOXPI1, GRIN2B, and SCN2A are examples
of such genes with de novo mutations (lossifov et al., 2014). These genes are mainly
involved in synaptic transmission and development, action potentials propagation, and
chromatin remodeling, especially in the neural cells in the brain (De Rubeis et al.,
2014). Of particular interest are genes taking part in the function of glutamatergic synap-
ses. SHANK genes family, for example, encodes for multiple scaffolding post-synaptic
proteins (Grabrucker et al., 2011). A recent meta-analysis showed that mutations in
SHANK genes were present in 1% of the cases diagnosed with ASD, with SHANK3 mu-
tations to be the most prevalent in most cases of ASD and different degrees of mental
disability (Leblond et al., 2014). Other genes encode for some of the Glutamate receptor
subunits such as GRIDI, GRIK2, and GRIK4 were also linked to increasing the risk of
ASD (Griswold et al., 2012).

Despite the high heritability index, the environmental factors still come into play as a risk
factor in developing ASD. Different factors such as activation of the immune system of
the pregnant mother due to an infection (Smith et al., 2007), neonatal exposure to neuro-
toxins (Berman et al., 2007b), or oxidative stress (James et al., 2009) were deeply inves-
tigated. Albeit done mostly in mice, these studies shed some light on what might contrib-

ute to the development of neurodevelopmental disorders such as ASD.

A recent study conducted on subjects from five different countries and included a little
more than two million subjects tried to elucidate the contribution of multiple genetic and
non-genetic factors in the development of ASD (Bai et al., 2019). The study unequivo-
cally reported the genetic factors to be the major risk with a huge leap in developing ASD
and non-shared environmental factors such as cesarean delivery to come second with a
little evidence for a contribution of maternal or shared environmental factors (Bai et al.,

2019).
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2.3. ASD animal models

Over the years, mouse (Mus musculus) emerged as the animal of choice as a model for
various diseases through genetic manipulation; stemming from the relative ease of han-
dling and breeding. Genetic manipulation can come in two distinct flavors, disrupting a
gene of interest rendering it inoperative (gene knock-out) or the introduction of a desira-
ble mutation or sequence in a particular gene of interest (gene knock-in) (Schroeder et
al., 2017). Numerous mice models of ASD were designed over the years by inducing
mutations in candidate genes identified in individuals diagnosed with ASD (see above).
These models paved the ground for studying the disorder in-depth and enabled testing

new treatments.

Trying to model autistic behavioral phenotypes in animal models proved to be a daunting
task, owing to the heterogeneity and the variability of these phenotypes and being
uniquely human as mentioned previously. On account of the work of several behavioral
neuroscientists, we now have a multitude of paradigms examining different aspects of
mouse social and communication deficits aiming to mimic those diagnostic hallmarks of

humans (Silverman et al., 2010b).

An animal model of autism must satisfy a few criteria to serve as an effective model.
These criteria can be summarized into three major points: face validity (replicating symp-
toms of individuals diagnosed with ASD), construct validity (suffering from the same
molecular and anatomical abnormalities as the human subjects), and predictive validity
(exhibiting similar outcomes to treatment strategies in terms of symptoms and progres-

sion of the ailment) (Crawley 2008).

Different tests are designed to examine different facets of animal behavior. Anxiety and
anxiety-like behaviors can be explored using elevated plus-maze (EPM) and light-dark
exploration. Tests like Y-maze and open field (OF) tests are designed to assess explora-
tory behaviors of the animals as well as their locomotion. Motor coordination and loco-
motion can be further assessed using the rotarod paradigm. Other tests, like the three-
chambered social test, try to probe the sociability of the animal, one of the salient impair-
ments in ASD, by introducing a familiar or a novel animal and examine how the already-

introduced animal will react (for a review, see Silverman et al., 2010b).
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BTBR T/+ t#f/J (BTBR) inbred strain was reported to lack communication between the
two brain hemispheres as a result of corpus callosum absence. Moreover, it suffers from
an abnormal reduction in the hippocampal commissure (Wahlsten et al., 2003). Based on
behavioral phenotyping, BTBR strain serves as an excellent model of autism; as it dis-
plays a myriad of social and communication abnormalities. In particular, diminished so-
cial interaction reciprocity as demonstrated by the three-chambered test (Moy et al., 2007,
Yang et al., 2007, McFarlane et al., 2008), impaired communication that can be deduced
from the unusual ultrasonic vocalization pattern in those animals (Scattoni et al., 2008,
Wohr et al., 2011), and abundance of repetitive behavior manifested from repetitive self-
grooming (Yang et al., 2007, McFarlane et al., 2008, Silverman et al., 2010a) recapitulat-
ing face validity of the diagnostic features of ASD.

Another promising model is the Shank3 mutant mice. As mentioned previously, SHANK
and SHANK3 mutations specifically have a high prevalence in ASD cases. Disruption of
the Shank3 gene in mice (knocking-out) led to autistic-like behavior in those animals
manifested as abrasions of social interaction and affluence of repetitive behavior such as
compulsive self-grooming that might prompt skin lesions (Pega et al., 2011, Wang et al.,
2016). Abnormal ultrasonic vocalizations were also observed in Shank3 mutant mice
hinting at atypical communication (Bozdagi et al., 2010, Wang et al., 2016). Wang et al.
reported anxiety-like behaviors in those animals demonstrated as reduced locomotion and
period spent in the center in the OF paradigm and delayed entrance to the lighted chamber

associated with fewer transitions between the light-dark chambers (Wang et al., 2016).

Another prominent example of aberrations in genes implicated in ASD in humans trans-
lating into an ASD model in mice in the GluK4°¥*" animals. Transgenic animals overex-
pressing Grik4 in the forebrain exhibited an aberrant synaptic transmission in addition to
a number of behavioral abnormalities such as social impairments and anxiety recapitulat-
ing the hallmarks of ASD in humans, prompting to use these animals as a model of ASD

(Aller et al., 2015, Arora et al., 2018).

Given the huge evolutionary gulf between humans and rodents, mice models might not
be the optimum candidates to recapitulate the intricateness that is the human behavior and
higher cognitive functions (Berry-Kravis et al., 2016). A number of non-human primate
models have emerged recently modeling different neurodevelopmental disorders aspiring

to better describe these disorders (Katsnelson 2018). Interestingly, monkey-models have
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also come into play with SHANK3 as a model of autism. A SHANK3-mutant macaque,
engineered using CRISPR-Cas9 technology, displayed a wide range of behavioral abnor-
malities reminiscent of those formerly observed in Shank3 mutant mice like impaired
social interaction, vocalization scarcity, repetitive behavior preponderance, mobility re-

duction, and abnormal sleeping patterns (Zhou et al., 2019).

3. Magnetic resonance imaging (MRI)

Backed by multiple Nobel prizes and a promise of a sneak peek inside the intact brain,
MRI revolutionized not only neuroscience and brain research but also multiple branches
of medicine. The idea of nuclear magnetic resonance (NMR), the concept behind all
forms of MRI, has developed slowly over the first half of the last century and benefited
from the contributions of numerous brilliant scientists such as Pauli, Rabi, Purcell, Bloch,
and many more. The concept of resonance, simply put, means that if the spinning fre-
quency (resonant frequency) of the atomic nuclei could be matched by a frequency from
an outside magnetic field, the atomic nuclei will absorb energy from the field and move
a higher energy level (Fig. 5). The energy emitted as the nuclei go back to their original
state forms the basis of the MRI signal (see Huettel et al., 2014). This signal starts off
strong and decays over time and how fast this decaying time is, depends on many factors
and can vary between tissues and conditions. Of particular interest, is the T> and the T>*
times. Measuring these quantities in different conditions and in different tissue types is

what is usually described as a contrast, e.g., T> or T>* contrast.

The field of chemistry was the first profiter of the new technique. NMR proved to be an
invaluable resource in chemical analyses and understanding the chemical composition of
different samples. Probably ensuing from this huge success in chemical analysis, NMR

was not deployed in medicine or biology until much later.
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Fig. 5 | Demonstration of
the resonance phenomenon.
(A) Atomic nuclei align
themselves in the direction of
the constant magnetic field
with more atoms occupying
low-energy state. (B) Upon
introducing the electromagn-
etic pulse oscillating as the
same frequency as the spin-
ing atoms (resonant frequ-
ency), some atoms move to a
high-energy level. (C) Once
the excitation pulse stops, at-
oms go back to the low-en-
ergy level releasing radio-fre-
quency wave (MRI signal)
that can be detected (adapted
from Huettel et al., 2014).

3.1. Functional magnetic resonance imaging (fMRI)

As already established, until the end of the 20th century the only available way to peek
into the human brain’s functions was through lucky coincidences as was the case with
Broca and Wernicke. The circumstances of Broca, Wernicke, and many others of natu-
rally occurring lesions or injuries contributed dramatically to our knowledge about the
inner organization of the brain and its functions. However, these circumstances were far
from being the norm and upon the unlikely happening of such coincidences, the damage

is usually widespread, far from localized, and altogether hard to interpret.

This limited situation shifted dramatically after the introduction of MRI and further the
development of fMRI which gave, in a uniquely elegant way, a mean by which we can
look into the brain in action. An appreciation of where the MRI technique and its various
modalities stand among other common neuroscience techniques in terms of both the spa-

tial and temporal resolution can be perceived from figure 6.

3.1.1. Origin of the signal

The blood-oxygenation-level dependent (BOLD) contrast forms the basis of most of the
functional imaging of the brain while at rest or engaged in a task. It is basically the MRI
signal is sensitive to the amount of oxygen in the blood. The magnetic properties of he-

moglobin and its variation based on its bounding to oxygen has long been known.
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Fig. 6 | Spatial and temporal resolution of different neuroscience techniques. The MRI tech-
niques in general offer a unique spatial and temporal resolution compared to the rest of the tool
frequently used to investigate the brain (adapted from Garcia et al., 2018). Abbreviations: dMRI,
diffusion MRI; ECOG, electrocorticography; EEG, electroencephalography; fMRI, functional
MRI; MEG, magnetoencephalography.

The Nobel laureate Pauling and his student Coryell published in 1936 a phenomenal study
reporting oxygenated hemoglobin (Hb) to be diamagnetic, i.e., lacking a magnetic mo-
ment, while deoxygenated hemoglobin (dHb) was reported to be paramagnetic displaying
a considerable magnetic moment with difference of about 20% of their magnetic suscep-
tibility (Pauling and Coryell 1936). These paramagnetic properties were postulated to af-
fect and distort the surrounding magnetic field causing the protons to precess at slightly
different frequencies. Thanks to the work of Thulborn and others in the early 1980s, we

now know that, indeed, deoxygenated blood leads to a faster decay of the transversal

decay of the MRI signal and this decay is more evident the stronger the magnetic field
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(Thulborn et al., 1982, Thulborn 2012). These results established, at least in part, that

blood oxygenation level could be measured by means of MRI.

Searching for a signal correlates of the physiological conditions in the brain, Seiji Ogawa
stumbled across a very intriguing finding (Fig. 7A). He noticed, upon acquiring T>* con-
trast (which is particularly sensitive to the protons inhomogeneities), the presence of dark
lines in the images of a dead rodent that were never reported before. These lines would
disappear when the animal was breathing pure oxygen and started to be apparent once the
animal was chocking (Fig. 7A). He speculated, bearing Thulborn earlier work in mind,
that these lines were due to magnetic susceptibility around blood vessels due to the para-
magnetic properties of the dHb (Ogawa et al., 1990b). Ogawa coined the term BOLD
contrast reflecting the fact this contrast was dependent on dHB content of the blood and
proposed it as a rival for positron emission tomography (PET) to study brain activity
(Ogawa et al., 1990a). He speculated that this contrast is determined by the participation
of two factors: the supply through blood flow to the tissue and the demand of oxygen by
the tissue as it extracts it from the blood (Ogawa et al., 1990a, Ogawa 2012, Thulborn
2012).

At this point of history, it was known, as a courtesy of the early work of Roy and
Sherrington (Roy and Sherrington 1890) and the later meticulous work of Fox and
Raichle using PET (Fox and Raichle 1986) that stimulating the brain with an activity
leads to an increase in the blood flow. While the cerebral blood flow (CBF) is coupled
with a regional increase in the metabolic rate of glucose, it does not show the same rate
of coupling with oxygen metabolic rate (CMRO:) (Fox and Raichle 1986, Fox 2012).
Ogawa interpreted these findings as a regional activation in the brain would lead to an
elevation in the venous blood oxygenation which would lead to a change in magnetic
susceptibility due to the paramagnetic dHb prompting to use the BOLD contrast to “map
human mental operations” (Fig. 7B) (Ogawa et al., 1992).

Hemodynamic response (HDR) describes the changes in blood oxygenation triggered by
neuronal activity that eventually lead to changes in the MR signal that can be captured by
the BOLD contrast (Fig. 7C, D).
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Fig. 7 | Origin the BOLD signal and the hemodynamic response function. (A) Ogawa’s ob-
served that dead or asphyxiated rats showed black lines (red arrows) that disappeared upon breath-
ing oxygen. (B) BOLD response changes and the accompanying changes in venous blood com-
position from rest (more deoxygenate Hb) to activity (more oxygenated hemoglobin). (C, D) He-
modynamic response function upon stimulation (C) and extended stimulation (D) and an example
of activated brain. (E) Comparison of the relative changes in BOLD signal (in red) compared to
the cerebral blood volume (in black) and flow (in blue) (adapted from Huettel et al., 2014). Ab-
breviations: BOLD, blood oxygen level-dependent; CBF, cerebral blood flow; CBV, cerebral
blood volume; Hb, hemoglobin.
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The waveform description of such an event is usually referred to as the hemodynamic
response function (HRF). HRF can vary significantly between different brain regions
(Handwerker et al., 2004) and from an individual to another (D'Esposito et al., 1999,
D'Esposito et al., 2003), however, it is usually described by the canonical double gamma
function. This waveform captures the intricate interplay of the CBF, the CBV, and the
blood oxygenation in generating the BOLD signal (Fig. 7E).

Following a stimulus, the neurons usually respond in a brief time window of tens of mil-
lisecond (Fig. 7B-D), while the HDR is not evident until 1 or 2 seconds later prompting
to describe HDR as a sluggish response that lags the events that trigger it (Buxton et al.,
1998). Canonically, such a response can be broken down into phases. The response usu-
ally starts with an initial dip for 1 to 2 s allegedly due to accumulation of dHb following
as the active neurons are extracting oxygen which leads to accumulation of dHb and loss
of MR signal prior to the overflow of fresh blood (Fig. 7C) (Buxton et al., 1998). Follow-
ing this brief dip around 2s after the initial stimulus, the signal starts to increase over the
baseline and reaching its maximum value 5 s after the stimulus in what is called the peak.
This increase in the signal after the initial dip is corresponding to the increase in the CBF
and the CBV providing necessary oxygen to the active zone and washing the dHb and
increasing the MR signal as it does so (Fig. 7B, E). This excess or “generous” delivery of
oxygen has been speculated as a safety mechanism preventing the neurons from going
through hypoxia (Leithner et al., 2009, Leithner and Royl 2014). The signal starts to drop
again following the abolishment of the stimulus to a below-baseline level for an extended
period of time before it goes back to the pre-stimulus level (Buxton et al., 1998). The
post-stimulus undershoot can persist up to 20 s after the stimulus and can be attributed to

a myriad of biophysical and metabolic factors.

3.1.2. Neural correlates of task-based fMRI

How these vascular events are correlated with the underlying neuronal activity is known
as neurovascular coupling. Neurovascular coupling stands as one of the most significant
areas of dispute as it fundamentally affects how we can interpret the fMRI results. The
exact nature of the neuronal firing and changes in blood oxygenation is still largely a
poorly understood question with no simple answer. However, assembling pointers from
different reports that tried to tackle this fundamental issue can paint us a picture or at least

a general idea of who those phenomena are correlated. In their tour de force 2001 article,
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Logothetis and colleagues investigate the relationship between neural firing and the
BOLD signal (Logothetis et al., 2001). They simultaneously recorded single-, multi-unit
activity, and local field potential (LFP) along with BOLD fMRI in the visual cortex of
anesthetized monkeys (Logothetis et al., 2001). Among these measures, LFP responses
were found to provide the best estimate of the BOLD signal; these results prompted the
authors to conclude that the BOLD signal unequivocally reflects the underlying neural
responses triggered by a stimulus (but see Sirotin and Das 2009, Logothetis 2010) and
that the signal reflects incoming input to the active areas and local processing within these

areas instead of output spiking activity (Logothetis et al., 2001, Logothetis 2008).

Using the rat cerebellum as a model, Lauritzen and his group conducted a number of
thorough studies aiming to elucidate how CBF and CMRO: correlate with the underlying
synaptic activity (for a review, see Lauritzen et al., 2012). They indicated that the hemo-
dynamic signal is context-dependent as it tends to be capricious and more than often un-
predictable, for instance in the cerebellum, activation of the Purkinje cell or the inhibitory
neurons can lead to a positive BOLD response that might be interpreted as excitation or
inhibition (Lauritzen et al., 2012). They also reported different control mechanisms for
the CBF and the CMRO: following a stimulus; the hemodynamic signal can largely be
explained by the rise in Ca®* level in neurons and supporting astrocytes, whilst they found
that the turnover of ATP better explains the increase in oxygen metabolism (Lauritzen
2005, Lauritzen et al., 2012). Accordingly, the hemodynamic response cannot tell us ex-
actly what is going on the synaptic level, additionally, the dichotomy in the control mech-
anisms between the CBF and CMRO: can explain the uncoupling between both of them
as previously indicated. Collectively, from all these reports we can safely assume that the
BOLD signal nonlinearly captures a certain aspect of synaptic activity and information

processing that happen on this level.

3.1.3. Task-based fMRI in ASD

The inherent flexibility of task-based fMRI invigorated the effort to use it as an auxiliary
tool in clinical investigation. Based on the task assigned to the subject in question, task-
based fMRI can hack into different networks and catch them in action. ASD is an epitome
of the abnormalities that task-based fMRI might help in elucidating its etiology and the
pathways involved. Based on the symptoms of the patient, an experiment can be designed

to investigate a certain system or a network in the brain, especially those responsible for
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emotional processing in what is usually referred to as “the social brain” such as the medial
prefrontal cortex and the amygdala. Face processing task was the most common paradigm
used to investigate ASD as faces represent the most typical social cue. Exposing to faces
in neurotypical subjects would elicit activation in various brain areas including the fusi-
form gyrus, the amygdala, the orbitofrontal cortex, and the superior temporal sulcus
(Kanwisher et al., 1997, Grill-Spector et al., 2004). The majority of studies reported a
significant hypoactivation in the fusiform gyrus in ASD subjects compared to controls
(see for example, Pierce et al., 2001, Pelphrey et al., 2007, Humphreys et al., 2008,
Corbett et al., 2009, Hall et al., 2010), while other studies reported normal fusiform gyrus
activation in ASD participants (Pierce et al., 2004, Pierce and Redcay 2008, Sterling et
al., 2008). The uniqueness of nearly every subject with ASD and the complexity of fMRI,

its design, and interpreting the results must be always considered.

3.2. Resting-state fMRI

Up until now, we have discussed the most common type of fMRI, which is often referred
to as the task-based fMRI where the subject is sitting inside the scanner and is exposed
to a certain stimulus like a visual stimulus or asked to engage in a certain task such as
tapping the finger according to a specific paradigm aiming to understand the localization
of different functions in the brain. The second flavor of fMRI is the resting-state fMRI
(rstMRI) where the main goal is to understand the coarse network structure of the brain

and how these networks communicate with each other.

It has long been appreciated that the brain is never actually at “rest”, instead, it is never
idle as the brain has to be working constantly to keep the body functions regardless of the
observable behavior. The rest in the resting-state is an operational definition where the
subject is experiencing a constant condition rather than exposed to a certain stimulus or
a behavioral task. The first characterization of resting-state fluctuations came in 1994 by
Bharat Biswal in the Medical College of Wisconsin when he noticed a persistent source
of noise in his BOLD fMRI data after filtering the respiration and heart rate signal out
(for a brief history see, Lowe and Medicine 2010, Biswal 2012). Interestingly, those low-
frequency noise signals were showing a pattern of temporal correlation between the left
and right sensorimotor cortices (Biswal 2012). He later conducted a more-thorough study
using 11 subjects performing motor tasks alternating with periods of no task where the

subjects were instructed to try to abstain from particular thoughts or cognitive tasks
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(Biswal et al., 1995). Using a low-pass filter with 0.08Hz as a frequency cut-off, Biswal
found a strong temporal correlation between the areas of the motor cortex that were active
during the motor task in the data of no task (Biswal et al., 1995). This phenomenon of
low-frequency spontaneous oscillations was dubbed as resting-state and the temporal cor-
relations were designated to be resting-state functional connectivity (RSFC) (Biswal et
al., 1995, Biswal 2012). Those observed correlations were replicated many times by the
same group as well as other investigators, albeit with different conditions and analysis
methods (Biswal et al., 1997a, Biswal et al., 1997b, Lowe et al., 1998, Xiong et al., 1999,
Arfanakis et al., 2000, Li et al., 2000, Lowe et al., 2000, Stein et al., 2000). These con-
nectivity patterns were shown to be highly conserved in other species, for instance Vin-
cent el al. showed patterns of functional connectivity in the brains of anesthetized mon-
keys (Vincent et al., 2007) and Pawela et al. demonstrated the same in rodents (Pawela et

al., 2008).

3.2.1. Resting-state networks (RSNs)

A group of interconnected brain regions is usually referred to as a network and in case
the fluctuations of these regions during rest are showing correlations these regions are
commonly called an RSN (Fig. 8). In their pursuit to define a “baseline” brain activity
level, Raichle et al., using a big pile of human PET data, defined multiple brain regions
that exhibited a decrease from the baseline activity in a task-independent manner (Raichle
et al., 2001). Based on these findings, the authors posited a default state or mode that the
brain exists in absent an attention-taxing task (Raichle et al., 2001). These results were in
resemblance to an earlier study done by Binder and team, where the same regions of the
brain were more active during rest than during a task, albeit the study was done using
rsfMRI (Binder et al., 1999). The pivotal article by Greicius and others demonstrated that
most of these regions referred to by the previous studies were in fact correlated during
rest (Greicius et al., 2003). Moreover, the study emphasized that these correlations still

hold during passive sensory tasks such as visual stimulation (Greicius et al., 2003).
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Fig. 8 | Resting-state networks and time-series. (A) Most common resting-state networks dis-
playing functional connectivity patterns. (B) Typical time-series averaged over a resting-state
network. (C) Default mode network in different species overlaid on the brain surface (adapted
from Smucny et al., 2014, Raichle 2015). Abbreviations: ACC, anterior cingulate cortex;
Au/TeA, auditory/temporal association cortex; Cg, cingulate cortex; DMN, default mode net-
work; hpc, hippocampus; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; PPC, pos-
terior parietal cortex; RS, retrosplenial cortex; RS/PCC, restrosplenial/posterior cingulate cortex.

In the modern literature, the default mode network (DMN) is mostly defined as three
major brain areas: the ventromedial prefrontal cortex (vmPFC), the dorsomedial prefron-
tal cortex (dmPFC), and the posterior cingulate cortex (PCC) and the precuneus plus the
lateral parietal cortex (Raichle 2015) which is in great resemblance to studies we have
discussed above (Fig. 8C). The robustness of the DMN across studies during conscious-
ness or sedation (Greicius et al., 2008) gave it huge validation and acceptance in the com-
munity and spurred the interest to further investigate its functions. Animal studies have
further lent validation to the existence of DMN (Fig. 8C) by showing that the network is
highly conserved among species such as monkeys (Vincent et al., 2007), cats (Popa et al.,
2009), rats (Lu et al., 2012), and mice (Stafford et al., 2014) with a little differences (for
a review about DMN, see Buckner et al., 2008, Buckner 2012, Raichle 2015, Buckner
and DiNicola 2019).

Interesting as it is, the DMN is not a unique case as more RSNs were identified spanning
different cortical and subcortical areas of the gray matter (GM) within the brain. Using a

blind source separation method like the independent component analysis (ICA)
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(Beckmann and Smith 2004), many statistically independent neural networks with spatio-
temporal correlations were isolated such as executive control network, the visual network,
the salience network, the sensorimotor network, the dorsal attention network, and the au-
ditory network (Fig. 8A) (Beckmann et al., 2005, De Luca et al., 2006). Interestingly,
these RSNs mirrored with a high similarity the networks that get activated during differ-

ent tasks implying that these networks are always active (Smith et al., 2009).

3.2.2. Neural origin of resting state f{MRI

The neural origins of these oscillations are still enigmatic and a hot topic of debate and
ongoing research. Nonetheless, a few remarkable efforts are worth mentioning. In the
quest to establish blood-related origin to these oscillations, one of Biswal’s first experi-
ments demonstrated the temporal correlations and the magnitude of the oscillations were
diminished upon exposing a subject to 5% CO», which affects CBF and oxygen concen-
tration, and were restored after switching back to normal air-breathing akin to Ogawa’s
early results of the BOLD signal discussed above Biswal et al., 1997a. Taking advantage
of the then-newly introduced arterial spin technique (ASL), Biswal showed that temporal
correlations between the two sensorimotor cortices were existent in ASL data as well,
albeit to a lower extent, substantiating a direct relationship between these oscillations and

the blood flow at least partially (Biswal et al., 1997b).

Aside from the landmark results from Logothetis et al. earlier study discussed previously,
which plausibly hold true for spontaneous fluctuations as well, a few groups tried to con-
comitantly use electroencephalography (EEG) and fMRI to record activity from human
subjects during rest (Laufs et al., 2003, Mantini et al., 2007, Scheeringa et al., 2012). EEG
measures both the excitatory and the inhibitory potentials of the pyramidal cells perpen-
dicular to the surface of the cortex through the electrical activity that reaches the scalp.
These studies reported an association between the activity within some of the RSNs and
certain bands of broad EEG frequency spectra indicating that the electrical activity fluc-
tuation in the power of higher frequency might be the electrophysiological correlate of
the low-frequency oscillations of the rsfMRI (for a review, see Fox and Raichle 2007,
Laufs 2008, Scholvinck et al., 2013, Keilholz 2014). In a recent report, Lake and group
managed to record resting-state spontaneous fluctuations along with Ca?* signal from ex-
citatory neurons (Lake et al., 2020). Interestingly enough, they reported that Ca®* signal

accounts for at least 30% of the variance of the BOLD resting-state fluctuations.
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Furthermore, brain parcellations based on the Ca®" signal was substantially similar to
those based on the resting-state signal (Lake et al., 2020). From these studies we can
safely conclude that the BOLD spontaneous fluctuations are indeed reflecting brain ac-
tivity. Which aspect of the brain activity those fluctuations represent exactly remains an

open question.

3.2.3. Using fMRI in animal models

The extraordinary success of fMRI in humans spurred the interest to extend it to animals,
hoping to take advantage of the advanced genetic manipulation techniques and the feasi-
bility of doing more invasive work and back translate this work to humans (Pan et al.,
2015). Animals use has a long history in investigating the mechanisms and neural origins
of the neurovascular coupling of the BOLD signal (reviewed in Martin 2014). A big
chunk of our knowledge pertaining to the nature and origin of the fMRI signal came from
earlier studies in animals (Logothetis et al., 2001, Goense et al., 2012). The dichotomy
between how positive and negative BOLD responses emerge were predominantly eluci-
dated through studies done in monkeys (Goense et al., 2012), rats (Rancillac et al., 2006,
Devor et al., 2007, Kocharyan et al., 2007, Devor et al., 2008, Enager et al., 2009, Shih
et al., 2013), and mice (Huang et al., 1996, Sharp et al., 2015 (reviewed inMartin 2014).

Due to apparent challenges, using task-based fMRI with animals, especially rats and
mice, a different paradigm is taking place. Exposing the animal to a sensory stimulus such
as electrical stimulation to the paws (Hyder et al., 1994, Ogawa et al., 2000, Van Camp
et al., 2005, Devor et al., 2008, Jeffrey-Gauthier et al., 2013), stimulation of the whiskers
(Yang et al., 1996, Lu et al., 2004, Chen et al., 2020), flashing lights into the eyes (Van
Camp et al., 2006, Niranjan et al., 2016), apply odors (Schafer et al., 2005, Schafer et al.,
2006, Reed et al., 2013, Chen et al., 2020), or a sound (Blazquez Freches et al., 2018,
Chen et al., 2020). Another popular approach is directly stimulating the desired structure
by means of electrical stimulation or through optogenetics tools. Brain stimulation by
directly applying an electrical current through MR-compatible electrodes gained substan-
tial popularity in recent years due to its ability to reach deep brain structures that cannot
be engaged via simple sensory paradigms. This approach considerably pushed our under-
standing of circuit connectivity between different brain areas by observing how the signal
transferred following applying the stimulation. Using tungsten custom-built electrode,

Van Den Berge and co-authors were able to map the connectivity of the striatal output
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(Van Den Berge et al., 2017). A remarkable study came from Canals et al. where they,
using glass-coated iridium electrodes to stimulate the performant pathway, provided the
first evidence ever of LTP using fMRI (Canals et al., 2009). Other studies also success-
fully used other types of material to craft MR-compatible electrodes such as carbon fiber

(Moreno et al., 2016).

Following the optogenetics revolution over the last years (Deisseroth 2011), concomitant
use of fMRI combined with optogenetics modulation started to be a mainstream trend in
the current literature. In their tour de force article, Lee and team demonstrated for the first
time that light stimulation of excitatory neurons infected with channelrhodopsin 2 was,

in fact, capable of eliciting a positive BOLD response (Lee et al., 2010).

Drug research benefited tremendously from applying fMRI in animals. By comparing the
patterns of brain activity before and after administration of a certain drug, researchers can
gather important insights about the effectiveness of the substance in question (Jonckers
etal., 2013, Jonckers et al., 2015). Pain and analgesia research particularly has flourished
on the awake of animals fMRI due to the widespread of animal models of pain and the
feasibility to test how analgesics can alter the pain perception in the brain (see, Borsook

and Becerra 2011).

The rsfMRI research in animals got its fair share of attention as well. As we briefed ear-
lier, the DMN was demonstrated to be conserved across different animal species includ-
ing monkeys (Vincent et al., 2007), rats (Lu et al., 2012), and mice (Stafford et al., 2014).
Another interesting aspect of rsfMRI research in animals and specifically in mice is using
RSFC to study the different disease models aiming to extract endophenotypes that might
be translated back to humans with these conditions. This approach has been successfully
employed with models of Alzheimer’s disease (Shah et al., 2013, Grandjean et al., 2014b,
Zerbi et al., 2014), ASD (Dodero et al., 2013, Squillace et al., 2014, Sforazzini et al.,
2016, Liska et al., 2017, Michetti et al., 2017, Bertero et al., 2018, Pagani et al., 2019),
and schizophrenia (Errico et al., 2015) (for a review, see Pan et al., 2015, Gozzi and

Schwarz 2016).

In summary, fMRI (both the task-based and the resting-state) is an interesting tool for it
provides a spectacular insight into the intrinsic activity of the brain and has the potential

to make it as an objective diagnostic tool and a clinical biomarker for plenty of brain
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disorders, ASD included. However, various hurdles need to be overcome and numerous
limitations need to be addressed. Starting from defining minimum requirements for ac-
quisition as it has a profound impact on the results. Despite the reasonable statistical ro-
bustness and the consistency of the spatial components, determining the appropriate num-
ber of components to which the signal can be decomposed into is far from resolved con-
flicting (in case of the rsfMRI), the problem is even more extensive when trying to reach
a conclusion about a single subject as, to date, there is no standard spatial template of
networks to which new subjects can be compared. Because of these issues and more, the
analysis pipelines need to be standardized and fully described. On a separate note, if fMRI
were to make it into the clinic, the internal physiological mechanism that leads to these

oscillations needs to be vividly understood.

3.3. Diffusion MRI (dMRI)

The notion that MRI can be used to give insights about diffusion in tissues on a molecular
level is quite old and can be dated back to the 1980s (Le Bihan and Breton 1985, Merboldt
etal., 1985, Taylor and Bushell 1985, Le Bihan et al., 1986). Albeit theoretically feasible,
the technical difficulties impeded the development of the technique until much later years

that witnessed the introduction of higher field strengths (Basser et al., 1994).

The interest in diffusion as a phenomenon can be traced back to Robert Brown when he
noticed in 1826 that pollen grains in a water suspension were moving in what seemed to
be a random kind of motion (Brown 1828). Being a botanist, he first attributed that kind
of “peculiar” motion to biological underpinnings, however, he observed the same pattern
in different inanimate and inorganic substances which urged him to refute the biological
conjecture (Brown 1828). We now know that the molecules and atoms of substances are
in constant motion, colliding with each other, and transfer energy among themselves.
Having weaker bonds, molecules of liquids and gases can move more freely than those
in the solid-state which can explain why a drop of ink will spread in a glass of water. The
mathematical foundations of diffusion were later laid down courtesy of the work done by
early prominent scientists such as Adolf Fick (Fick 1855) and much later by Albert Ein-
stein (Einstein 1905, 1956).
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3.3.1. The origin of diffusion and how signal is generated

The diffusion of water molecules inside living tissues is the main concern of dMRI (Fig.
9A). Absent obstacles, water molecules will move freely in all directions obstructed only
by other molecules. This kind of diffusion is usually called isotropic diffusion (Fig. 9B)
and it leads to a Gaussian distribution of particle displacements with a zero mean. A zero
mean does not imply lack of displacement, but rather indicates that a molecule is highly
likely to circle back to its initial position (Rowe et al., 2016). The deviation from this
Gaussian displacement can give us pointers about the geometric characters of the under-
lying tissue. Isotropic or free diffusion exists only in finite compartments in the brain such
as ventricles where the cerebrospinal fluid (CSF) molecules exhibit free diffusion (Fig.
9B). If, on the other hand, those water molecules impeded by a barrier or an obstacle, the
diffusion will be restricted or hindered (Fig. 9A). The restricted diffusion depicts a situa-
tion where the water molecules are restricted within a barrier that prevents the motion in
a particular direction beyond a certain threshold. These conditions can be met in the pres-
ence of a barrier such as the cell membrane where the water molecules are trapped intra-
cellularly and can freely move only along the main direction of the cell, but not perpen-
dicular to that direction (Rowe et al., 2016). The extracellular water molecules in the
interstitial spaces between cells are subjected to a slightly different regime where they are
impeded by obstacles albeit not confined to a certain space as in restricted diffusion. This
causes the diffusion to be reduced in certain directions in an obstacle-dependent manner.
As opposed to isotropic diffusion when the water molecules are moving along the main
axis of a confined compartment such as inside a cell or a cylinder, this kind of direction-
ally dependent diffusion is commonly referred to as “anisotropic diffusion” (Fig. 9B)

(Jones 2010, Van Hecke et al., 2015).

3.3.2. Diffusion tensor imaging (DTI)

The tensor model was introduced in 1994 by Peter Basser and team in 1994 and is con-
sidered as the most popular model of diffusion (Basser et al., 1994). Despite its simplicity,
the tensor model has reasonable acquisition requirements that make it an attractive choice

and further outs it on track for adoption in clinical research (Mori and Zhang 2006).

For freely diffusing water molecules such as those in the CSF or in a glass of water where

the diffusivity does not depend on the orientation of the tissue, the self-diffusion
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coefficient D of water in each 3D cube (voxel) of the brain can simply be calculated using
only one diffusion-weighted image (DWI) and one b image (an image with no diffusion)

by simply applying the infamous Stejskal-Tanner equation (Stejskal and Tanner 1965).
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Fig. 9 | Diffusion and diffusion tensor imaging. (A) Different types of diffusion water molecules
encounter with different barriers. (B) Difference between anisotropic (parallel to the axon) and
isotropic diffusion (in all directions). (C) Geometric representation of the diffusion tensor as an
ellipsoid and its main eigen vectors (¢) and values (L) and the different maps calculated from
them. (D) Demonstration of fiber tractography and the corresponding shapes of the diffusion el-
lipsoid (adapted from Mori and Tournier 2013, Van Hecke et al., 2015). Abbreviations: AD,
axial diffusivity; DEC FA, directionally-encoded color fractional anisotropy; FA, fractional ani-
sotropy; MD, mean diffusivity; RD, radial diffusivity.

While this approximation holds for freely diffusing molecules or along a single axis, in
the case of hindered or restricted diffusion in tissues such as the WM, the situation is quite
different. Due to the presence of multiple biological obstacles such as proteins and mem-
branes (Fig. 9A), the diffusion tends to be restricted or hindered. In such cases, the diffu-
sion can no longer be fully described by a single coefficient, instead, the apparent diffu-

sion coefficient (ADC) is calculated across multiple since the diffusion in those
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circumstances is often anisotropic and depends on the measurement direction (Mori and

Tournier 2013).

This anisotropic diffusion will be modeled as an ellipsoid (Fig. 9C) and a tensor D is used
to represent such ellipsoid mathematically (Kingsley 2006). The tensor is 3 x 3 symmetric
matrix with 6 unique elements, the diagonal elements (Dyy, Dy, D,,) represent the ADC

across x,y,and z directions and the off-diagonal (Dy, Dy, D,,,;) elements represent the

Xy’

covariance between pairs of axes (Basser et al., 1994).

3.3.2.1. DTI parametric maps

Using the three eigenvalues we can extract multiple quantitative measurements that can
give us insights about some of the microstructural features of the underlying tissue (Fig.
9C). Measures such as mean diffusivity (MD), fractional anisotropy (FA), axial diffusiv-
ity (AD), and radial diffusivity (RD) are the forerunners for most used in the literature
that employ DTI to study brain structures or abnormalities (Basser 1995). ThMD and the
FA are typically reported in most studies. They are not opposite values; however, MD is
a measure of the overall diffusivity within each voxel and tends to be higher in regions
where the isotropic diffusion is prevalent such as the ventricles (Le Bihan and Johansen-
Berg 2012). On the other hand, FA reports the fraction of diffusion that is anisotropic and
regions with white matter fibers such as the corpus callosum tend to display bigger FA

values (Le Bihan and Johansen-Berg 2012).

Interestingly, combining a directionally-encoded color map of the principal eigenvector
with the FA map (DEC FA map) following the same color code can be a very informative
and fast way to evaluate the quality of the DTI dataset by simply investigating the main
tracts and their directions as encoded by colors (Fig. 9C) (Pajevic and Pierpaoli 1999).

3.3.2.2. Tractography

One more intriguing aspect of using DTI is that we can use the orientation information
given by the main eigenvector to reconstruct streamlines representing the WM tracts
(Conturo et al., 1999, Jones et al., 1999, Mori et al., 1999, Basser et al., 2000, Lazar et
al., 2003, Tournier et al., 2011). The process, famously known as tractography (Fig. 9D),
typically starts from a seed point usually defined as a certain voxel in an area of particular

interest by building a streamline along the diffusion orientation from both ends (Chung
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etal., 2011). The streamline gets updated step by step along the orientation of the princi-
pal eigenvector and gets terminated once it reaches a voxel with low anisotropy as repre-
sented by a low FA value (Fig. 9D) (Tournier et al., 2011). Different algorithms with
various degrees of complexity and different acquisition requirements exist, nonetheless
capturing the exact anatomy of the brain using tractography still is a formidable task
(Curran et al., 2016). Histological studies of postmortem studies in humans (Stieltjes et
al., 2001, Catani et al., 2002) and tracer studies in animals (Parker et al., 2002, Dauguet
et al., 2007, Delettre et al., 2019) have shown that tractography can generate tracts that
accurately match the underlying anatomy at least in the most prominent tracts (reviewed

in Jbabdi and Johansen-Berg 2011).

3.3.2.3. Limitations

Despite its ability to accurately capture some of the innate features of the underlying tis-
sues, the tensor model, like any other model, suffers from a number of limitations. While
these shortcomings do not limit the use of the model itself, caution in interpreting the
results and using these results to guide further investigation must be deployed (Jones et

al., 2013).

The complexity of the brain casts a tremendous challenge for attempts to model any as-
pect of its processing mathematically. Modeling diffusion using the tensor model, or any
other model is no exception as they assume a simpler version of diffusion within the brain
that rarely captures the real thing. A case in point is that the tensor model assumes a
Gaussian diffusion which appears to be far-fetched even in the coherently oriented main
tracts of the white matter due to the presence of many biological barriers. Assuming
Gaussian diffusion inherently means that any restricted diffusion will be translated into
hindered diffusion (Curran et al., 2016). Moving further from the main tracts such as the
corpus callosum where the fibers run mono-directionally, it is hard to encounter fibers
running coherently along a single direction as the tensor model assumes. The more real-
istic situation is that multiple fibers with different and sometimes opposing directions run
in each voxel. Another critical drawback in the tensor model is pertaining to the exchange
between compartments where the model assumes none. The exchange between intra and
extracellular compartments is a continuously occurring phenomenon and water molecules

cross the barrier between intra and extracellular compartments constantly leading to
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variations in temperature (Jones et al., 2013, Mori and Tournier 2013, Van Hecke et al.,

2015).

3.3.3. Other diffusion models

The simplicity of the tensor model and the reasonable acquisition time made it an enticing
choice for the sheer majority of dMRI studies. However, other models have also been
developed over the years trying to tackle the shortcomings of the tensor model and pro-
vide richer information about the brain tissues. Diffusion kurtosis imaging is one of these
techniques (Jensen et al., 2005, Lu et al., 2006). While DTTI is concerned with modeling
the hindered Gaussian diffusion, DKI aims at modeling the deviation from Gaussianity,
hence it tries to model the restricted diffusion in the intracellular compartments (Jensen

et al., 2005, Lu et al., 2006).

A different kind of models are those try to fit a multi-compartment biophysical model to
the diffusion data and try to separate the signal contributions of the intra and extracellular
compartments (reviewed in Alexander et al., 2019). The composite hindered and re-
stricted models of diffusion (CHARMED) in its simplest form models the intracellular
compartment as impermeable parallel cylinders and the extracellular compartment as a
diffusion tensor (Assaf et al., 2004, Assaf and Basser 2005). Other multi-compartment
models such as the neurite orientation dispersion and density imaging (NODDI) model
the diffusion signal as three compartments namely, the intra and extracellular compart-
ments, and the CSF (Zhang et al., 2012). These correspond to the three distinct types of
diffusion observed in the brain: the restricted, the hindered, and the free diffusion. One
spectacular feature of the NODDI model is that it models the intracellular diffusion as
sticks with zero diameters (Zhang et al., 2012). These models yield many parameter maps
that extend far beyond the typical MD and FA maps we get from the tensor model. Some
of these measures can be considered as proxies to things such as axon diameter and neu-

rite density.

One major drawback of these advanced models beside the inherent simplicity is that they
usually require more demanding data acquisition protocols such as requiring multi-shell
acquisition with multiple b-values. These steep acquisition requirements usually translate
into longer acquisition time limiting their clinical potential and bound them to preclinical

research and animal studies (Alexander et al., 2019).
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Another recent advancement in the field of dMRI is extracting metrics from the different
fiber populations. This can be considered as moving a few steps further than what the
common tractography achieves. By estimating the orientation distributions of the differ-
ent fiber populations (FODs) withing each voxel (in what came to be known as fixels
(Raffelt et al., 2015)), numerous metrics can be calculated. One prominent example of
those approaches is the fixel-based analysis (FBA), where we can calculate metrics re-
flecting the morphological changes in each fiber population within each voxel. Metrics
such as fiber density (FD), fiber cross-section (FC), and the combined measure of both
(FDC) are all common output to such analysis (Fig. 10). The FD carries information about
the intra-axonal volume and the FC is pertaining to the corss-section of those bundles,
while the combined measure (the FDC) returns what can be considered as the closest
measure to what volume-based morphometry (see below) usually reports (reviewed in

Dhollander 2020).

Normal fiber bundle

Fig. 10 | Schematic vis-
ualization of a hori-
zontal section of a fiber
333583 bundle. The changes in
the morphology of the
bundle can be a red-uc-
tion in density, cross-sec-
tion, or both (adapted
from Raffelt et al., 2017).

Reduced fiber density Reduced cross-section Reduced fiber density &
cross-section

3.3.4. Clinical applications of dMRI

Given the rich information, dMRI can convey about the microstructure of the brain WM,
introducing dMRI to the clinic has been for a long-sought-after goal. DMRI and at the

heart of it, DTI has been used in numerous studies to study not only brain abnormalities
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and dysfunctions, but also to investigate the plasticity of the brain and in planning surgical

procedures by means of tractography (Van Hecke et al., 2015).

DTTI has been used extensively in a multitude of psychiatric and neurodevelopmental dis-
orders for instance schizophrenia (Ellison-Wright and Bullmore 2009, Kyriakopoulos and
Frangou 2009, Fornito et al., 2012), major depressive disorder , bipolar disorder (Veder-
ine et al., 2011, Emsell et al., 2013a, Emsell et al., 2013b, Emsell et al., 2014, Sarrazin et
al., 2014), obsessive-compulsive disorder (Liao et al., 2013), attention deficit hyperactiv-
ity disorder (Peterson et al., 2011, van Ewijk et al., 2012), and alcohol use disorder (De
Santis et al., 2019). Other studies have focused on demonstrating structural changes fol-
lowing learning using DTT as a way of demonstrating brain plasticity (Blumenfeld-Katzir
et al., 2011, Hofstetter et al., 2013). Another promising area of dMRI is aiding in neuro-
surgical planning. Tractography has been successfully employed in several studies where
it was used to delineate important white matter tracts that should be preserved during
tumor resection surgeries (Berman et al., 2007a, Kamada et al., 2009, Ohue et al., 2011,

Costabile et al., 2019).

The relatively-easy use of dMRI has spurred the interest in the venue of animal models
as well, where it is employed alone or along with more-invasive techniques to investigate
models of different disorders. Studies in animal models of neurodevelopmental and psy-
chiatric disorders have yielded astounding findings. The DTI and rarely more advanced
models have been used to investigate disorders such as Alzheimer’s disease (Vanhoutte
et al., 2013), Parkinson’s disease (Cong et al., 2016), multiple sclerosis (Crombe et al.,
2018), Huntington’s disease (Xiang et al., 2011), ASD (Ellegood et al., 2011),
Alcoholism (De Santis et al., 2019), and schizophrenia (Wu et al., 2016). Deploying
dMRI in animal models is still at its infancy but taking big leaps by the day (reviewed in
Eed et al., 2020).

3.4. Voxel-based morphometry (VBM)

Human brains share a common global structure, however subtle anatomical differences
can still be detected between different populations such as the morphological differences
between males and females (Ruigrok et al., 2014). Some ailments have the potential to
alter the cortical or the subcortical structures within the brain, changes such as atrophy

that can be elucidated in group-level comparison with healthy subjects.
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VBM is an unbiased automated technique aiming at detecting those subtle regional
changes in the entire brain structure (Wright et al., 1995, Ashburner and Friston 2000,
2001). The technique typically uses anatomical images and it works by bringing all the
subjects involved in a given study to the same anatomical space, segment the brain into
GM, WM, and CSF , and then uses some parameters extracted from the transformations
used in moving each single subject to get a voxel-by-voxel estimation of the volumetric
differences between the groups incorporated in the study (Ashburner and Friston 2000,
Good et al., 2001). The accuracy and the pragmatic nature of the technique in addition to
the safe and non-invasive nature of MRI played a major role in furthering its popularity

and adoption in numerous studies (Mechelli et al., 2005, Whitwell 2009).

Well-documented alterations that ensue from the normal aging process (Good et al., 2001)
or conditions such as Alzheimer’s disease (Karas et al., 2004) and Parkinson’s disease
(Price et al., 2004) were the prime candidates for investigation using the new technique.
Another interesting application of VBM was testing whether learning can lead to tangible
structural changes in the brain. A fascinating study was conducted by Maguire and others
where they demonstrated that posterior hippocampi in London taxi drivers were signifi-
cantly bigger than control subjects with this increase in size positively correlated with the
years spent as a driver elucidating how spatial learning can lead to structural changes in

the gray matter (Maguire et al., 2000).

Comparing the findings of visual and manual inspection to those from VBM showed great
correspondence corroborating and validating the technique (Good et al., 2002, Giuliani

et al., 2005, Davies et al., 2009, Pergher et al., 2019).

VBM has been for long an important tool in the arsenal of searching for the structural
correlates of ASD and other disorders. The vast majority of the literature suggests mor-
phological alterations in tissue structures of ASD subjects, however, the direction of these
changes is highly debatable (Chen et al., 2011). One important issue to take into consid-
eration when attempting to interpret these findings is the age group under investigation
as studies have compared different age groups from infancy to adolescence all the way to
adulthood. By assembling all these findings together, we can deduce that ASD subjects
undergo abnormal trajectory of development with cortical and subcortical structures ex-
pand early in development and later this development get stalled or the other way around

with multiple interaction from other factors such as gender as demonstrated by multiple
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meta-analyses (Chen et al., 2011, Via et al., 2011, Haar et al., 2016, Carlisi et al., 2017,
van Rooij et al., 2018, Bedford et al., 2019).
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4. Aim of the thesis project

The project at hand aimed mainly at exploring the changes that the overexpression of the
GluK4 subunit (Aller et al., 2015, Arora et al., 2018) can induce beyond the synaptic and
molecular levels. MRI techniques were perfectly suitable to tackle this task. By using the
proper modality, different aspects of the brain and brain circuits can be investigated. We
employed structural and functional MRI for that end. Moreover, we set out to explore
how changes unraveled with MRI, if any, can explain or relate to the behavioral abnor-

malities.
The specific aims of the work were:

1) To investigate how GluK4 overexpression can change the communication within

and between the resting-state networks of the brain.

2) To investigate the effects of GluK4 overexpression on the microstructure of the

white matter (WM) fibers.

3) To investigate changes in the volumes of the different brain regions in response

to the overexpression induced by the Grik4 gene.

4) To establish the relationship between the parameters extracted from the MRI anal-

yses and the behavioral metrics extracted from the behavioral tasks.

5) To investigate how the hippocampal neurons respond to electrical stimulation

with different frequencies.

6) To investigate how morphological and microstructural changes can affect signal

transfer between the brain hemispheres in the transgenic and in the control groups.
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1. Animals

All experimental procedures used in this work have been conducted according to the
Spanish and European Union regulations (2010/63/EU) and have been approved by the
bioethical committees of the Instituto de Neurociencias de Alicante and the Consejo Su-
perior de Investigaciones Cientificas. Mice were group-housed in ventilated cages and
maintained in a standard pathogen-free environment with ad libitum access to food and
water and the cages were weekly changed. The temperature was maintained at 23 °C and

humidity at (40-60%) on a 12h light/dark cycle.

Two groups, each consisting of 34 male mice aging between 8-12 weeks were used in all
the experiments (Fig. 11). The genotype of the animals in all the experiments was un-
known to the experimenter during the acquisition and the initial stages of the data analy-
sis. We used the first group to perform the behavioral tasks and later to acquire the
rsfMRI, dMRI, and 3D images (Fig. 12). The second group was further split into two
groups; one subgroup was used in the perforant pathway stimulation experiments and the

other one in the CA3 experiments.

1.1. Genotyping

DNA extracted from tail samples was used to assess the Grik4 recombination of wild-
type (WT) and GluK4°¥" animals (as described in Aller et al., 2015) using a polymerase
chain reaction (PCR) consisting of the following thermal cycle: 3 minutes at 94 °C; 30
seconds at 94 °C, 30 seconds at 62 °C, and 30 seconds at 72 °C repeated for 35 consecu-

tive cycles terminated by 8 minutes at 72 °C.

2. Behavioral tests

Open field (OF) and elevated plus maze (EPM) tests were performed on the first group
(34 male mice consisting of 17 GluK4"* wild-type control and 17 Gluk4°*" animals).

The OF tests were run by placing each individual mouse in a square arena (50 x 50 cm)
illuminated by light bulbs with an intensity of 30 lux for 30 min. The setup for the EPM
tests was a cross-shaped metal structure featuring one pair of arms enclosed by 30 cm
walls and another pair of open arms, illuminated from the top by a white neon lamp. Each

arm was 50 cm tall and 10 cm wide and the experimenter would place the animal in the
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10 x 10 cm square that separates the four arms for 10 min. SMART video tracking (Har-
vard Apparatus) system was used to record the videos of the animals while performing
the tests and, for videos of more than one animal, FFmpeg was used to separate them into
individual videos with only one animal per video. DeepLabCut (Mathis et al., 2018) was
used offline for pose estimation and tracking the animals’ movements in each frame. We
used 20 frames and 10,000 iterations (20 frames and 50,000 in case of EPM videos) to
train the neural networks to detect the lower part of the animal’s body. Using the body’s
x and y coordinates, we calculated different behavioral metrics such as the distance trav-
eled, the velocity, the time spent in each compartment, and the ratio between time spent

in the different compartments as well as maps representing animal’s trajectories. The code

used for the analysis is available (git repository: https://github.com/amrka/Behavior

_OF_EPM/tree/master).

A B

N = 34 male mice,
17 WT, 17 GluK4°e"
N=34
Performed behavior tests

N = 34 male mice,
17 WT, 17 GluK4°e"

7 WT, 8 GluK4°"e"
Stimulating the perforant pathwa

¥

N =15 male mice,
N=1
Collapsed under anesthesia y

N =19 male mice,
10 WT, 9 GluK4°"*
Stimulating the CA3

] 4

32
16 WT, 16 GluK4°"e
MRI acquisition

N=1
[Excluded due to hydrocephaly

AR

4

Y

32
Included in VBM analysis

N=2
Collapsed during acquisition
Y

N =30
16 WT, 14 GluK4°"e
Included in rsfMRI analysis

N=1
Excluded due to excessive
motion
Y

N =29
16 WT, 13 GluK4°"*"
Included in dMRI analysis

z

Fig. 11 | Number of animals used in the current project. Two groups (each of 34 mice) were
used, split equally between the two genotypes. (A) The group of animals used in the behavioral,
rsfMRI, dMRI, and VBM experiments. (B) The group of animals used for brain stimulation ex-
periments; one subgroup was used to stimulate the perforant pathway and the other one was used
to stimulate the CA3 region of the hippocampus. Abbreviations: dMRI, diffusion MRI; rsfMRI,
resting-state fMRI; VBM, voxel-based morphometry; WT, wild-type.
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8-12 wks mouse

Behavioral experiments

48 h

P Jaepee

Anatomical dMRI
y\f\ image (1000 s/mm?)

- Induction of anesthesia - End of experiment

- Injection of Urethane v - \ - \ - Sacrificing the animal

| time (min)

1

Start of MRI rsfMRI dMRI

experiment (2500 s/mm?)
)

Fig. 12 | Schematic overview of the experimental design. We typically use adult mice aging
between 8-12 weeks. The animal would go first through a battery of behavioral tests consists of
an open field and an elevated plus-maze test. At least 48 h after performing the behavioral tasks,
we inject our anesthetic (urethane) and fix the animal inside the MRI machine. The MRI sequence
consists of three modules: resting-state fMRI (along with an anatomical image in the same space),
diffusion MRI (2 shells of 1000 s/mm? and 2500 s/mm?), and a 3D volumetric image. The timeline
represents the amount of time (in min) that every module consumes. The figure represents a typ-
ical acquisition; however, the order of the acquisition might change on occasions, especially,
when waiting for the animal’s temperature to stabilize. Abbreviations: dMRI, diffusion MRI;
rsfMRI, resting-state fMRI; wks, weeks.

3. Brain MRI

Animals were anesthetized with 1.2-1.4 g/kg intraperitoneal injection of urethane
(U2500, Sigma-Aldrich) divided into two-three doses until the animal losses withdrawal
reflexes. The crystals were dissolved in sterile 0.9% normal saline solution warmed to
room temperature and mixed until complete dissolution. The solution is usually prepared
in bulk and stored at -20 °C in small 2 ml Eppendorf tubes for later use. Urethane was
chosen as it is a stable, long-lasting anesthetic and it has a minimal effect on the fMRI
signal (Grandjean et al., 2014a, Schlegel et al., 2015). The animal would then be brought
down to the MRI facility where its head was fixed to a custom-built holder with MRI-
compatible bite and ear bars. The animal was constantly supplied with O> through a face-
mask. The body temperature was monitored through an anal probe and maintained at 37
+ 0.5 °C by the means of a heating blanket. All the experiments were carried out using a

horizontal 7 T MRI scanner with a 30 cm diameter bore (Biospec 70/30, Bruker Medical,
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Ettlingen, Germany). All scans were acquired at least 48h after the behavioral experi-

ments.

An additional animal was scanned with agarose gel on the right side of the head to clearly
identify the right side from the left side of the brain during data processing due to its

magnetic susceptibility and distinctive look in the MRI scans.

3.1. Acquisition protocols

3.1.1. Resting-state fMRI

T>* images were acquired in 16 coronal slices using a gradient-echo echo-planar imaging
(GE-EPI) sequence covering the whole brain with the following parameters: repetition
time (TR) of 2000 ms, echo time (TE) of 15 ms, field of view (FOV) of 25 x 25 mm?,
matrix size (MS) of 100 x 100, and slice thickness of 0.8 mm to produce a voxel size of
0.25 x 0.25 x 0.8 mm?. A total of 750 volumes were acquired consecutively for 25
minutes (Fig. 12). An additional T>-w anatomical image was acquired in the same space
using a rapid acquisition with relaxation enhancement (RARE) sequence with the follow-
ing parameters: TR of 2500 ms, TE of 14 ms, 6 averages, FOV of 25 x 25 mm?, MS of
200 x 200, a slice thickness of 0.8 mm to yield a voxel size of 0.125 x 0.125 x 0.8 mm?>.

These kinds of acquisitions lasted 22 minutes and 45 seconds.

3.1.2. Diffusion MRI

DWIs were acquired using a 2-shell spin-echo EPI (SE-EPI) sequence across 19 contig-
uous coronal slices with no gaps to cover the whole brain. The following parameters were
employed: TR = 9500 ms, TE = 25.8 ms, diffusion time (A) = 15 ms, gradient duration
(8) = 3 ms, flip angle = 90°, number of averages = 6, FOV = 20 x 20 mm?, MS = 100 x
100, and slice thickness = 0.8 mm to produce a voxel size of 0.2 x 0.2 x 0.8 mm?. The
first shell consisted of 20 noncollinear unique gradient directions with a b-value of 1000
s/mm? in addition to 2 images without diffusion gradients (2 b0 images) that mounted to
41 minutes and 48 seconds of acquisition time (Fig. 12). Another 45 unique directions
were acquired with a b-value of 2500 s/mm? along with 4 b0 images and acquisition time

of 1 hour, 33 minutes, and 6 seconds as the second shell.
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3.1.3. 3D structural images

Scans of 3D volumetric images were acquired with a RARE sequence with the following
parameters: TR = 1000 ms, TE = 46.8 ms, number of averages =4, FOV =17 x 11 x §
mm?, MS =170 x 110 x 80, and an isotropic voxel resolution of 0.1 mm?. The acquisition

took 1 hour, 10 minutes, and 24 seconds (Fig. 12).

3.2. Data processing

The analysis was done using multiple tools from FSL 5.0.11 (Jenkinson et al., 2012)
(www.fmrib.ox.ac.uk/fsl), SPM (Friston et al., 1994) (www.fil.ion.ucl.ac.uk/spm), AFNI
(Cox 1996) (afni.nimh.nih.gov/afni), ANTs (Avants et al., 2011) (http://stnava.github.io/
ANTSs/), MRtrix3 (Tournier et al., 2019) (https://www.mrtrix.org/), ExploreDTI (Lee-

mans et al., 2009) (https://www.exploredti.com/), Dipy (Garyfallidis et al., 2014)
(https://dipy.org/), MDT Python toolbox (Harms et al., 2017) (https://github.com/robbert-
harms/MDT), and ITKSnap (Yushkevich et al., 2006) (http://www. itksnap.org/). All the

processing workflows were implemented using the Nipype Python library (Gorgolewski

et al., 2011) (https://nipype.readthedocs.io/).

The analysis was run on a computer cluster server (Trueno cluster, operated by

Comunidad de Calculo Cientifico del CSIC, Madrid) running CentOs Linux 7.

Raw data from all modules was converted from Bruker’s data format (2dseq) to Nifti

format using pvcpnv.pl script (https:/github.com/matthew-brett/pvconv) then the

voxel size was augmented by a factor of 10 to match the human brain’s dimension making

the usage of the various software feasible.

3.2.1. Resting-state fMRI (git repository: https://github.com/amrka/
RS fMRI Mice)

The skull tissue was manually removed from the anatomical images using ITKSnap
(Yushkevich et al., 2006). The brain-extracted images were then corrected for bias field
using the N4BiasFieldCorrection ANTs command. The resulting images were
then used to create a study based anatomical template using buildtemplateparal-
lel. sh. Correction for head motion was done using rigid-body registration of 6 degrees

of freedom (dof) to the middle volume using MCFLIRT (Jenkinson et al., 2002).
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Removing the skull from around the EPI scans was technically challenging. We used one
EPI volume from each subject to create an EPI template and the skull was removed man-
ually from this template. The middle volume of each subject was then moved to this tem-
plate using rigid registration and the back-transformed image was then binarized and used
to remove the skull from the motion-corrected images. The images were then blurred to
increase the SNR using an in-plane FWHM kernel of 4 X 4 mm as implemented in AFNI’s
3dBlurToFWHM function. Different kernel sizes were tried (such as 3 x 3 mm and 5 x
5 mm), however, we found that 4 x 4 gives the middle ground and the desired level of
smoothing with a reasonable ability to distinguish the anatomical features. In order to
unify the mean signal level between animals, we normalized the global signal using the

following equation:

(1000)
median intensity of presmoothed iamges

4D images *

High-pass filtering using a cutoff 100 sec was then performed to remove the low-fre-
quency noise and to keep the signal associated with resting-state networks (> 0.01 Hz).
To get rid of the noise artifacts that were not filtered out in the high-pass filtering step,
the within-subject independent component analysis (ICA) as implemented in FSL’s ME-
LODIC was used (Beckmann and Smith 2004). The signal was decomposed into 15, 20,
and 25 components to check which number of dimensions capture the resting-state net-
work better. We finally chose the 20 dimensions as we observed that the networks were
better reserved and less fragmented using this number of dimensions. The components
were then classified as signal or noise manually based on the guidelines outlined by (Zerbi
et al., 2015, Griffanti et al., 2017). Briefly, for a component to be considered as a signal
it needs to overlap with a known GM structure, to have a smooth time-series, and to have
a low-frequency power spectrum. The signal corresponding to the components classified

as noise was then regressed out of the functional data.

The middle volume of 4D data that was extracted earlier (see above) was co-registered to
the bias-field corrected anatomical images using 6 dof of linear rigid-body transfor-
mations (FLIRT). The anatomical images were non-linearly registered to the study based

anatomical template using ANTs (Fig. 13).
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The transformations from the native space to the anatomical space and from the anatom-
ical space to the template space were combined and the filtered functional data of each
subject was transformed to the anatomical template to allow combining all the subjects

together.

To perform a group-level analysis, the preprocessed 4D images of all subjects were con-
catenated and group ICA analysis was run using MELODIC. The concatenated data was
decomposed into 10, 15, 20, 25, 30, 40, and 50 dimensions. The 20 dimensions decom-
position gave the best representation of the resting-state networks (Zerbi et al., 2015). We
excluded 3 components that did not overlap with any known network and the rest 17
components were used in further analysis. We then ran the Dual Regression (DR) and
used the 2™ stage maps in assessing the within-component connectivity (Nickerson et al.,
2017). To assess between-component connectivity strengths, FSLNets was used; normal-
ized full correlation, inverse covariance partial correlation, and partial correlation regu-
larized with Ridge regression (tho = 0.1) between components were calculated (see Smith
et al., 2011 for details). The different networks were hierarchically clustered to reveal the
internal organization of the networks based on their full correlations and using Ward’s

clustering method (Thirion et al., 2014).

N.B. all the subject-level operations were done in the EPI’s native space and the group-
level operations were performed in the space of the anatomical template. Transformations

into the high-resolution space was done only for visualization purposes.

3.2.2. Diffusion MRI (git repository: https://github.com/amrka/Diffu-
sion MRI Analysis)

The skull was removed from the 1%t shell (1000 s/mm?) by manually drawing a mask
around the b0 image of each subject using ITKSnap software (Yushkevich et al., 2006).
The data was corrected for Eddy current and motion distortions using eddy correct
(FSL) with the first b0 image as a reference and 12 dof (Fig. 14). The diffusion tensor
was then fit to each voxel using weighted least squares algorithm as implemented in
dtifit (FSL). We used the FA maps of all the animals to create a study-based template

using buildtemplateparallel. sh script (ANTS).
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Fig. 13 | Processing of the resting states fMRI data. The pipeline used to process the rsfMRI
images with the major steps and packages used. The raw data was transformed from Bruker’s
format (2dseq) to the more-useful Nifti format. EPI and anatomical images were processed sepa-
rately and combined in later in the co-registration step. The light-yellow box highlights the initial
conversion of the raw data. The light-red and gray boxes delineate the processing steps for the
anatomical and the functional scans. Abbreviations: dof, degrees of freedom; EPI, echo-planar

imaging; ICA, independent component analysis; SyN, symmetrical normalization (non-linear).

-70 -



METHODS

The skull was removed from the 2" shell (2500 s/mm?) using the same mask previously
drawn. The Nifti data from both shells (b = 1000 s/mm?, b = 2500 s/mm?) were then
combined and corrected for Eddy current distortions using eddy correct (FSL) (Fig.
14). We then proceeded to fit various multi-compartment models to this data as detailed

below.

3.2.2.1. Kurtosis

The linear REKINDLE algorithm (Tax et al., 2015) as implemented in ExploreDTI and
the RESTORE nonlinear algorithm (Chang et al., 2005) as implemented in dipy were
used to estimate the kurtosis tensor voxel-wise in each subject. The kurtosis tensor was
later used to calculate a number of parametric maps: FA, MD, AD, RD, kurtosis anisot-
ropy (KA), mean kurtosis (MK), axial kurtosis (AK), radial kurtosis (RK), axonal water
fraction (AWF), and tortuosity (tort).

3.2.2.2. NODDI

The NODDI multicompartment model was fit to the data using the NODDI Matlab

Toolbox (https://www.nitrc.org/projects/noddi_toolbox). The Gauss-Newton nonlinear

algorithm was used for optimization. The orientation dispersion index (ODI) and the neu-
rite density or the intracellular volume fraction (FICVF) were obtained from fitting the
model to the data. An ODI study-based template was built as previously using
buildtemplateparallel. sh instead of using the aforementioned FA study-tem-

plate on the account of failed attempts of reregistering ODI maps to that template.

3.2.2.3. CHARMED

The MDT python toolbox was used to fit the CHARMED model to the data. The restricted
compartment was modeled as two cylinders using the Levenberg-Marquardt as an opti-
mization algorithm. The following maps were calculated from the model: the FA, MD,

AD, RD, the restricted fraction (FR), and the intra-axonal diffusivity (IAD).

3.2.2.4. Tract-based spatial statistics (TBSS)

TBSS is a fully-automated voxel-wise whole-brain analysis method that was developed

as a mean to address the shortcomings of the VBM-style analysis where registration
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misalignments and the unresolved issue of the smoothing kernel size are a common con-

cern (Smith et al., 2006).

Due to some technical challenges imposed by the nature of the mice data, the standard
TBSS pipeline could not be followed faithfully (Fig. 14). Our modified pipeline was com-
posed of: (1) the erosion step was emitted as it led to the removal of viable brain tissues.
(2) we used the study-based template mentioned earlier as a target for registration. Due
to the poor performance of the FSL’s native non-linear registration algorithm (FNIRT)
on mice data and the proven superiority of the ANTs-SyN registration algorithm (Klein
et al., 2009), the latter algorithm was used to non-linearly register the individual FA map
to the study based template; (3) a mean image was created from all the registered FA
images and this mean image was used to create the WM skeleton; (4) heeding the FSL’s
developers’ recommendation, a threshold of 0.2 was used to create the mean skeleton
mask onto which all the FA maps were projected. As for the non-FA maps such as MD,
AD, and RD, the transformations from the FA maps to the template were used to move
these maps to respective template space. The same FA skeleton mask was again used to
project the individual maps. All the different maps generated from fitting (the diffusion
tensor, kurtosis tensor, NODDI, and CHARMED) went through the same modified TBSS

pipeline.

3.2.2.5. Fixel-based analysis

The processing pipeline was constructed using MRtrix3 version 0.3.91, following the in-

structions outlined in the software’s documentation (https://mrtrix.readthedocs.io; Raffelt

et al., 2017). The multi-shell augmented, brain-extracted Nifti images were denoised us-
ing dwidenoise command and then corrected for Eddy current and motion distortions
using FSL’s eddy correct as mentioned previously. The response functions for the
WM, GM, and CSF were determined using dwi2repsonse command employing
“dhollander” algorithm. Tissue-specific average response functions were calculated from
all subjects using average response command. The individual preprocessed images
along with their masks were upsampled to an isotropic resolution of 2 mm? (0.2 mm?
without augmentation). To estimate the WM fiber orientation distribution (FOD) from
the average response functions, constrained spherical deconvolution (CSD) was used by
invoking the dwi2fod command with the multi-shell, multi-tissue CSD (msmt-CSD)

algorithm as an argument. A joint bias field correction and global intensity normalization

-72 -



METHODS

were then run for each individual FOD with mtnormalize command and these FODs
were later used to create a population template to which all the individual’s FOD was
registered (mrregister). The brain mask for each subject was brought to the FOD
population template and the intersection of those masks was designated as the population
template mask; this step is necessary to ensure that any later operation is performed in
voxels that contain data from all subjects. A fixel mask for the ODF template was created
using fod2fixel and a peak value of 0.06; this mask determines the fixels where the
statistical analysis will be conducted later and the threshold was chosen based on visual
assessment to avoid including gray matter tissues in the analysis and limit our operations
to the WM fibers only. However, choosing a higher value such as 0.1, 0.2, or 0.3 removed
some of the crossing fibers in some of the WM tracts along with the GM, hence we de-
cided to settle with a rather lower value in spite including some GM tissues in our analy-
sis. The subjects’ FODs were then brought to the FOD template space using the transfor-
mations calculated previously in the registration step and once in template space, they
were segmented using the command fod2fixel one more time to identify the fixels
apparent fiber density (AFD) or fiber density (FD) for short in each voxel. The fixels of
each subject were reoriented using the affine transformations from earlier registration and
then matched across subjects and each one of them and the template. This was achieved
using the commands fixelreorient and fixelcorrespondence, respectively.
The fixel-based metrics fiber cross-section (FC) and its log (as per MRtrix3 documenta-
tion, ensures a Gaussian distribution) were calculated along with the combined measure
of fiber density and cross-section (FDC), the output of multiplying the FD and FC in each
subject. FBA uses connectivity-based fixel enhancement (CFE) (Raffelt et al., 2017) as
an alternative to the FSL’s threshold-free cluster enhancement (TFCE) for statistical in-
ference by using the probabilistic global tractography connectivity information. In order
to achieve that, we ran a whole-brain global tractography on the population FOD template
using tckgen with an angle of 215°, a maximum length of 250, a minimum length of
10, a power of 1, and 2 million streamlines produced. In order to reduce the bias in the
whole-brain tractogram, tcksift command was employed and 200 thousand stream-

lines that resulted from the operation were used in the subsequent statistical analysis.
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3.2.2.6. Tractography and fiber tracts analysis:

ExploreDTI was used to perform a whole-brain deterministic tractography for the multi-
shell data using an FA threshold of 0.2, a maximum angle deviation of 30°, step size of
0.1, and a seeding of 2 mm. To extract the corpus callosum (cc) fibers, we used one AND
mask and one NOT mask. Briefly, to avoid drawing these masks separately, we used the
FA study-based template to draw a cc mask and we used the inverse of the previously-
calculated transformations to put this mask in each subject’s space and this mask was
designated as the AND mask. To prevent the software from including other undesired
tracts, we used the rest of the brain as the NOT mask and back-transformed them individ-
ually. The resulting cc tracts were checked visually to make sure the desired outcome was
obtained. Segmenting the cc tracts to different parts such as the genu, internal capsule,
and external capsule was technically challenging, hence we decided to isolate the cc tracts
as a single unit. Following the isolation of those tracts, Multiple metrics such as the av-
erage tract length. The average values from previous analyses such as FA, MD, ODI, FR,

.... were also calculated across the cc tracts.

3.2.3. 3D structural images (https://github.com/amrka/VBM Mice)

The raw images were converted to Nifti format and the voxel sizes were augmented. Im-
ages were corrected for bias field using ANTs. The bias-field corrected images were fed
into buildtemplateparallel.sh to create a 3D study-based template. Manual
segmentation (ITKSnap) was used to remove the skull from the template. The skull-
striped template was used then to remove the skull from the individual subjects with

antsBrainExtraction. sh script.

To avoid creating inaccurate, manually-drawn GM, WM, and CSF priors, we registered
our study-based template to the high resolution, Turone mouse brain template and atlas

(TMBTA) (Barriere et al., 2020, https://www.nitrc.org/projects /tmbta 2019) using

ANTSs non-linear registration. We brought the probabilistic GM, WM, and CSF maps to
our in-house template using the inverse transformations. Those priors were used for ini-
tialization in At ropos in segmenting the individual images into the 3 probabilistic maps

(Fig. 15).
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Fig. 14 | Processing of the two shells of the diffusion MRI data. The light-yellow box indicates
the initial phase of converting the raw data, the light green one highlights the preprocessing
phases, fitting the different models’ stage is highlighted in light red. The modified TBSS pipeline
in enclosed in light blue with a red cross mark highlighting the step in the original pipeline that
was removed in our analysis. Abbreviations: AD, axial diffusivity; AK, axial kurtosis;
CHARMED, The composite hindered and restricted models of diffusion; dof, degrees of freedom;
DWIs, diffusion-weighted images; FA, fractional anisotropy; FICVF, intracellular volume frac-
tion (neurite density); FR, restricted fraction; IAD, intra-axonal diffusivity; KA, kurtosis anisot-
ropy; MD, mean diffusivity; MK, mean kurtosis; NODDI, neurite orientation dispersion and den-
sity imaging; ODI, orientation dispersion index; RD, radial diffusivity; RK, radial kurtosis; SyN,
symmetrical normalization (non-linear).
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The GM maps were modulated by multiplying them by the Jacobian determinants calcu-
lated from the registration non-linear warp field only. The modulation is a necessary step
to compensate for shrinkage and expansion that might happen during the registration step
(Ashburner and Friston 2000). The modulated GM images were then smoothed with an

isotropic kernel of 3 mm?.

Region of interests (ROIs) analysis was done using the structural atlas of the TMBTA
template. The labels were back-registered to the native space of each subject and the
number of voxels within each ROI was calculated using ANTs’ LabelGeome-
tryMeasures and used later for statistical analysis (Fig. 15). The volume in mm?® was

calculated for each ROI as the number of voxels * voxel size (0.1 x 0.1 x 0.1).

3.3. Statistical analysis

Of the 34 mice performed the behavioral tasks, 1 animal collapsed upon injecting with
urethane and before the MRI acquisition session. Another animal displayed a hydroce-
phalic brain and was excluded from the analysis. Due to excessive motion that could not
be corrected, an extra animal was excluded from the dMRI data processing and subse-
quent statistical analysis. Two mice collapsed during the acquisition session and their
rsfMRI and dMRI scans were not considered (Fig. 11). This finally mounted to the inclu-
sion of the data from 30 animals in the rstMRI analysis (16 WT, 14 Gluk4°¥®"), 29 mice
in the dMRI analysis (16 WT, 13 Gluk4°¥*"), and 32 in the 3D images analysis (16 WT,
16 Gluk4°ver).

We generated design matrices to assess the genotype effect between the two groups.
Voxel-wise statistical analyses for the 2" stage maps of the DR, FSLNets, TBSS, and
VBM were done using the nonparametric permutations test as implemented in FSL’s
palm (Winkler et al., 2016). The analyses were done using 10,000 permutations (5,000
for DR), TFCE-enhancement, and family-wise error rate (FWER) correction for multiple
comparisons. DR results were further corrected across modalities (considering different
ICA components as modalities). P values < 0.05 were deemed significant. Fixel-wise FD,
log (FC), and FDC statistical inferences were done using 10,000 permutations as well
with CFE enhancement and FWER correction for multiple comparisons (fixelcfes-

tats).
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Fig. 15 | Processing of the structural 3D images. The figure represents the major steps used in
the voxel-based morphometry analysis. After converting the raw data into Nifti and removing the
skull, the study-based template was registered to the TMBTA high-resolution template and the
template’s priors were brought to the study-template space to be used in individual subject’s seg-
mentation. The gray matters were modulated by the Jacobian determinants calculated from the
warp field of the non-linear transformations. Abbreviations: GM, gray matter; SyN, symmetrical
normalization (non-linear); TMBTA, the Turone mouse brain template and atlas.

Voxel-wise Pearson correlation coefficients between DR, skeletonized dMRI, and mod-
ulated GM maps and the different parameters extracted from behavioral videos. The be-
tween-networks connectivity correlation with the behavioral parameters were also as-
sessed in the same manner. To calculate how significant the coefficients are, we per-
formed a one-sample t-test using 10,000 permutations (5,000 for DR maps), TFCE en-

hancement, and FWER correction for multiple comparisons.
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For visualization purposes, the anatomical and the 3D study-based templates were both
registered to a down-sampled version (0.03 mm?) of the Australian mouse brain mapping

consortium (AMBMC) and the transformations were used to bring the statistical maps to

the AMBMC space (http://www. imaging.org.au/AMBMC). Statistical maps resulted
from the dMRI analyses were displayed on the FOD template. Statistical maps with sig-

nificant values were displayed as 1- P values (hence the higher, the more significant).

To compare the average values calculated from the cc fiber tracts in dMRI maps, multiple
independent t-tests were done using the nonparametric permutation test and 10,000 per-
mutations. Values below P value of 0.05 were considered significant. Raincloud plots

(Allen et al., 2019) were used to display the data.

In the case of 3D images, we performed a whole-brain ROI analysis using TMBTA atlas
regions. We used 10,000 permutations and FWER corrected the results for multiple com-

parisons across the whole brain regions.

4. Stimulation experiments

4.1. Animals

A separate batch of 34 animals was used for the stimulation experiments (Fig. 11). For
the perforant pathway stimulation experiments, 7 wild-type males and 8 GluK4°¥*" males;
for the CA3 stimulation, 10 wild-type males and 9 GluK4°"*" males were used. Two ex-
periments were done featuring applying intracerebral electrical microstimulation to the
perforant pathway and to the CA3 region of the hippocampus. T>* images were recorded

during electrical stimulation applied using MRI-compatible carbon-fiber glass electrodes.

4.2. Fabrication of the electrodes

Electrical current was applied using bipolar carbon-fiber glass electrodes (Shyu et al.,
2004, Moreno et al., 2016, Perez-Cervera et al., 2018). Carbon-fiber threads (Goodfellow

Cambridge Limited, England) of 7 um diameter were bundled together and carefully in-
serted into both sides of a theta-shaped glass capillary (World Precision Instruments).
Each pipette is pulled to produce a tip diameter of 200 um and a resistance of 40-65 kQ
(Fig. 16D) depending on the structure to which electrical stimulation is going to be ap-

plied. Regular copper wire is then attached to the carbon fibers of both sides using
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conducting silver epoxy resin (RS Components, Spain). The attachment points are then
isolated with a clear nonconducting epoxy resin. The tip of the electrode is then bent by
heating to produce a right angle with the electrode’s body. The electrodes were inserted
using a stereotaxic frame into the desired structure and fixed to the skull with dental ce-
ment. Toothpaste was used to cover the exposed part of the skull in order to minimize the
signal loss due to magnetic susceptibility. The electrodes were positioned in the perforant
pathway at 4.2 mm anterior-posteriorly, 15 mm medio-laterally from Bregma, and 1.2
mm vertically from the skull surface (Fig. 16A). To target the CA3 region, the electrodes
were placed at 1.9 mm anterior-posteriorly, 16 medio-laterally from Bregma, and 115
vertically from the skull surface (Fig. 16B). Experiments were performed using urethane
anesthesia (see above). The places of the electrodes in both experiments were confirmed
by the presence of the electrode’s artifact in the anatomical image acquired along with

the functional scans.

4.3. Stimulation protocols

Multiple stimulation protocols were used in stimulating both structures. Each protocol
consists of different stimulation (5, 10, 20, 40 Hz) frequency of 800 pAmp and 4s of
stimulation. For each frequency, 3 consecutive runs of 150 volumes of fMRI each were
acquired such that every 30s there is a 4s electrical stimulus mounting up to 10 trains of
stimulation per run starting with the lowest frequency (Fig. 16). An anatomical image
was acquired for each animal before collecting the functional scans. The electrical stim-
ulations were applied through the carbon-fiber electrodes using a constant current source
and a pulse generator (STG2004, Multichannel Systems, Reutlingen, Germany). The
fMRI and the anatomical images were acquired using the same parameters employed in

acquiring the resting-state and their anatomical images (see above).

4.4. Processing and statistical analysis (git repository: https://
github.com/amrka/stimulation_perforant pathway, * CA3)

The same preprocessing pipeline that we used for preprocessing the rsfMRI data and the
anatomical images were deployed with the stimulation scans. A minor distinction was the
omission of the ICA cleaning step (Fig. 13). The statistical analysis was done on three-
levels. The stimulation boxcar was convolved with the traditional double-gamma hemo-

dynamic response function (HRF) to produce the predicted response (the regressor). The
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Fig. 16 | Experimental design of the stimulation experiments. (A, B) show the place of the
stimulation electrode in the stereotaxic coordinates of Paxinos and Franklin (Paxinos and Franklin
2004); (A) in the perforant pathway at 4.2 mm posterior to the Bregma, (B) in the CA3 region of
the hippocampus at 1.9 mm posterior to the Bregma. (C) Shows the stimulation protocol with the
different frequencies used (5, 10, 20, and 40 Hz). Each stimulation cycle consists of 4 sec of
stimulation and 26 of rest for a total of 10 cycles (300 sec) per run. (D) Micrograph of most
anterior part (the tip) of the bipolar glass electrode showing the two threads of carbon fiber sepa-
rated by borosilicate glass septum (adapted from Moreno et al., 2016). (E) A picture of upper part
of the glass electrode. Abbreviations, CF, carbon fiber; S, septum.

high-pass filtered functional time-series of each frequency were then fit to the regressor
in a voxel-wise manner using £ilm gls (FSL). An experiment would be deemed suc-

cessful and later incorporated in higher levels of analysis if there is an activation in any
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frequency. For this lower level of analysis, Z (Gaussianised T) statistic images were clus-
tered using a threshold of Z > 2.3 and a cluster significance threshold of p < .05 corrected
for the whole brain using Gaussian random fields theory (GRFT). In the second-level of
analysis, the three runs of each frequency were mixed for each subject using a fixed-
effects model and using a cluster threshold > 2.3 and significance level < 0.05 corrected
for the whole brain using GRFT (flameo). The third-level or group-level analysis com-
prised of a mixed-effect model (f1ameo) with a cluster threshold > 3.1 (following the
recommendations of Eklund et al., 2016) and a significance level < 0.05 with GRFT cor-
rection for the whole-brain analysis. Two one-sample t-tests were performed to test the
positive and negative activation of each group and two two-sample t-tests were performed
to compare the two groups. We used the same study-based template previously con-
structed as a target for group comparisons and the same template was registered to the

AMBMC model for better visualization.

The percentage change in the BOLD signal was calculated in each animal using a hippo-
campus mask extracted from the TMBTA atlas and registered back to each subject’s
space. The signal was scaled by the regressor height and divided by the mean signal. The
average signal in the hippocampus across all sessions was averaged across all animals in

each group. The final signal was smoothed using a sliding window of the size of 5.
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1. Animals description

Two groups of animals performed the OF and EPM behavior tasks and were later scanned
using MRI. The first group consisted of 17 wild-type animals, the second group consisted
of 17 previously generated (Aller et al., 2015, Arora et al., 2018) Grik4°"®" transgenic
animals. Those animals overexpress Grik4, the gene responsible for encoding the KA
high-affinity subunit, GluK4. The majority of this overexpression happens in the fore-
brain regions leading to multiple synaptic anomalies (Aller et al., 2015). The animals
were between. 10-12 weeks at the time of performing the behavioral tasks with no signif-
icant weight difference between the two groups. Of the 34 animals that performed the OF
and EPM tests, 3 animals died as a result of the anesthesia, one animal was excluded on
the account of having a hydrocephalic brain, and another animal’s scans were removed
due to excessive head motion during DWIs acquisition that could not be rectified. This
brought the final tally of the animals’ data that was analyzed to (32 animals in case of

VBM analysis, 30 for rsfMRI analysis, and 29 in dMRI analysis).

1.1. Tracking and pose estimation

In order to investigate how different behavioral phenotypes are correlated with the MRI
data, we started by allowing the animals to perform two standard behavioral tasks, namely
the OF and the EPM tasks. We collected footages of each animal performing 30 mins of
OF and 10 mins of EPM and used DeepLabCut (Mathis et al., 2018) to track the animals
and later we used this tracking information to extract plenty of information such as the
animal's speed, the average distance traveled, and preferences in terms of corners to name
a few. Even though we used rather mild parameters to perform the training of the neural
nets (30 frames and 50,000 iterations in case of the OF task and 20 frames and only 10,000
iterations for the EPM task), the tracking was quite seamless (Fig. 17). The neural nets
were able to identify the animals even in situations (e.g. around the corners) where only
parts of the animal are visible. This tracking was also uninterrupted by the mild shadow
that can be cast by the edges of the box in case of the arena in the OF task or the reflections
of the animal on the smooth, polished surface of the closed arm internal walls in the EPM
device. Compared to our previous experiences with tracking software that uses segmen-
tation algorithms, using DeepLabcut seems to be superior in almost every way posing

only the challenge of the steep computational resources that sometimes might be required.
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We designed an in-house algorithm to extract the metrics from the x and y coordinates in
each frame that resulted from performing the tracking. Our code is completely data-driven
and does not require any extra input from the user rather than the tracked element’s coor-
dinates (Fig. 17). For example, in the OF arena, the code will automatically divide the
arena into four corners and a middle sector and separate the frames that belong to each
sector (Fig. 17B). Similarly, the code will separate the EPM arena into two closed arms,

a center, and two open arms (Fig. 17D).

A

Fig. 17 | Animals tracking and different compartments segmentation using DeepLabCut.
(A, C) Example of an animal tracked during an open field (A) and an EPM (C) tasks showing
trail points of the animal’s position in red during 10 consecutive frames. (B) Data-driven segmen-
tation of the OF arena into four corners and center. (D) Data-driven segmentation of the EPM into
two open and two closed arms. The videos were converted into grayscale to accentuate the trail
points. Abbreviations: EPM, elevated plus maze; OF, open field.
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For comparison, we also performed the tracking with commercial software and compared
the output from our code to our design. We found the results to be quite similar giving an

extra edge to depending on open-source tools rather than commercial ones.

1.2. Animals performance in behavioral tasks

The earlier work from our lab (Aller et al., 2015) demonstrated, using a wider battery of
behavior tasks, that GluK4°¥*" animals suffer from a severe form of anxiety and lack of
motivation for social interaction reflected by their poor performance in OF, EPM, dark-
light box, and three-chambered tests. Despite the lack of such extensive battery of tasks,
our results from OF and EPM demonstrated similar results. While wild-type animals seem
to be eager to explore the whole arena in the OF test (Fig. 18A), the GluK4°¥*" mice lim-
ited themselves to the corners with obvious avoidance of the center region of the arena
(Fig. 18B). This can be seen from trajectories of the animals as well as from the density

maps that show where the animals prefer to spend their time.

Fig. 18 | Transgenic animals overexpressing Grik4 elicit manifestations of anxiety. The figure

shows the trajectory and density maps of representative animals during performing an OF (A, B)
or an EPM task (C, D). WT animals (A, C) explore more and spend more time in the center area.
On the other hand, transgenic animals (C, D) prefer to stay localized in the corners or the close
arms and trying to avoid the center regions. Abbreviations: EPM, elevated plus maze; OF, open
field; WT, wild-type.

The results of the EPM task cemented these observations, where the wild-type animals
would explore both pairs of arms (albeit not equally) and visit the center area more often

(Fig. 18C) than a transgenic animal would do (Fig. 18D). Both OF and EPM tests have
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been long used (Lalonde and Strazielle 2008) to assess anxiety and related abnormalities
in mice. As we demonstrated previously (Aller et al., 2015) this pattern of behavior cannot
be attributed to motor deficiency, since the animals perform motor tasks indifferently

from their WT counterparts.

2. MRI acquisition and techniques

While the previous work from our lab investigated the effect of overexpressing Grik4
gene on the neurons of the hippocampus and the amygdala on the synaptic level (Aller et
al., 2015, Arora et al., 2018), we tried in this body of work to unfold the effects of this
overexpression on the circuit level as well as on the microstructural level employing MRI
as our technique of choice. we acquired three different modalities, namely, rsfMRI with
their anatomical images, multishell dMRI, and 3D images. The whole acquisition time,
along with positioning the animal inside the machine, took an average of five hours. Us-
ing urethane as the anesthetic agent provided the long-term stability needed for such an

extended acquisition.

2.1. Image quality enhancement

The small size of the mouse brain poses a lot of challenges related to the SNR. To over-
come these challenges, we used a phased array coil with full-brain coverage and filled the
ear canals of each animal with toothpaste to decrease the magnetic susceptibility that re-
sults from air pockets inside the ear canals (Fig. 19B). This magnetic susceptibility is of
particular interest to tissues adjacent to ear canals such as the amygdala. Using these ad-

ditions, we were able to collect high-quality images with reasonable SNR.

The second challenge was to accurately determine the right from the left side of the brain.
The raw data as generated by the machine is usually unusable. Only by converting it to a
more standard format (e.g. Nifti), it can be used. However, different software uses differ-
ent conventions (anatomical vs. radiological) to define the right and left sides. While these
conventions might be appropriate in human subjects, it is quite irrelevant when it comes
to mice. To avoid all confusion resulted from this discrepancy, we imaged one animal
with agarose gel positioned on the right side of the head (Fig. 19A). This animal was
processed with the rest of the animals to guarantee that we correctly identify the sides of

the brain at any phase of the analysis.
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Fig. 19 | Agarose gel used to clearly demark the right side of the brain. Putting agarose gel

on the right side of the head indicates the right side. (A) Shows an image acquired with agarose
gel put on the right side of the animal’s head and (B) Shows the same planes in a different animal
acquired without using the agarose gel. The little white arrows pointing at the agarose gray
patches and the small azure arrow indicates the place of the toothpaste in the ear canal.

2.2. Resting-state fMRI and functional connectivity

We used rsfMRI to assess how the different brain networks interact and how this interac-
tion might change between and within those networks upon the overexpression of the
KAR high-affinity subunit GluK4. RsfMRI has long been used to investigate abnormality

in multiple psychological conditions in both humans and animals.

2.2.1. Raw data

We acquired 750 EPI volumes per animal and an anatomical scan in the same anatomical
space (Fig. 20B). As we were trying to maintain a TR of 2 sec with a reasonable in-plane
resolution, we could not perform an isotropic acquisition. However, with an in-plane res-
olution of 0.25 x 0.25 mm? and a slice thickness of 0.8 mm we were able to get a high
SNR in reasonable acquisition time. Keeping the functional acquisition time to a mini-
mum was a particularly important concern as, due to the anesthesia and the long experi-
ments, the animal might start to lose temperature or even collapse. Along with the EPI
volumes, we acquired an additional anatomical image to co-register the EPI volumes to

(Fig. 20A).
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Fig. 20 | Ortho view of raw anatomical and EPI scans acquired in the same anatomical space.
(A)an anatomical image from a representative subject. (B) functional scans acquired using GE-
EPI protocol in the same space as the anatomical image from the same subject. Abbreviations:
EPI, echo-planar imaging; rsfMRI, resting-state functional MRI.

2.2.2. Single-subjects ICA components classification

We started our rsfMRI analysis by an initial phase of preprocessing included multiple
steps (see Methods section and Fig. 13) such as motion correction, smoothing, and high-
pass filtering. We decomposed the preprocessed 4D data of each subject into 20 inde-
pendent components (networks) using ICA. For each subject, we classified the compo-
nents manually into signal or noise depending on the location of the peak of the signal,
its time-series, and the power spectrum (Zerbi et al., 2015, Griffanti et al., 2017). The
motion plots of each subject were also examined to see if any sudden jumps coincide with
irregularities in the time-series of the ICA components (Fig. 21A). Figure 21 gives exam-
ples of components that were classified as noise (Fig. 21A, B) or as a signal (Fig. 21C,
D). Noise components usually have the signal peak lies either outside the known gray
matter structures, close to a major vasculature, or in the CSF (Fig. 21B). Looking at the
time-series for sudden jumps can also be a major indicative (Fig. 21A). RsfMRI fluctua-
tions usually occupy the lower segment of the frequency spectrum (0.1-0.3 Hz); compo-
nents with power spectra in the higher frequencies or extended over multiple segments
are usually classified as noise (Fig. 21A). Adversely, components with fluctuations of
neural origin have power spectra predominately localized in the lower-frequency band

(Fig. 21C, D).
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2.2.3. Group ICA components

The noise components were regressed out of each subject and the filtered data from all
subjects was concatenated and decomposed using probabilistic ICA into 20 networks. We
visually identified 17 of those components as relevant RSNs with neurobiological origin
(Fig. 22) and 3 components as noise (Fig. 23). We were able to identify multiple networks
overlapping with known anatomical regions and agree with networks previously reported
(Nasrallah et al., 2014, Zerbi et al., 2015, Grandjean et al., 2020). The identified networks
can be globally divided into cortical networks, sub-cortical networks, and cerebellar net-
works (Fig. 22). The cortical networks span the olfactory bulbs and parts of the cortex
such as the somatosensory cortex, the motor cortex, the visual cortex, and the cingulate
cortex. Structures such as the hippocampus, the amygdala, the thalamus, and the striatum
were considered to be sub-cortical networks. We recognized three different networks as
part of the cerebellar nuclei including the 6th cerebellar lobule, the lateral and medial
cerebellar nucleus, and the gigantocellular reticular nucleus. Noise components, on the
other hand, were the components lying in the ventricles (Fig. 23B), the WM (Fig. 23C),
or showing the ringing effect that characterizes components resulting from motion arti-

facts (Fig. 23A).
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Fig. 21 | Manual classification of ICA components into signal and noise using the signal
spatial location, BOLD time-series, and power spectrum. (A, B) Examples of components
classified as noise. (C, D) Examples of components classified as a signal. (A) Notice the sudden
jumps in the time-series indicated by the small black arrows and their correspondence with jumps
in the volumes across the x-axis indicating that the component is a motion artifact. The power
spectrum is showing fluctuations across all frequency bands. (B) Another noise component with
fluctuations frequencies in the right place of the power spectrum and no major jumps in the time-
series, however, it is overlapping with a major ventricle. (C, D) Components with smooth time-
series, fluctuations in the lower frequency band, and overlapping with known gray matter struc-
tures, thus both were classified as signals. Each component is showed overlaid on an EPI volume
and the corresponding anatomical plane. Abbreviations: BOLD: blood-oxygenation-level de-
pendent; EPI, echo-planar imaging; ICA, independent component analysis.
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Cortical networks

g + M1+ M2
+S1+hpc

Fig. 22 | RSNs identified by ICA. We used probabilistic ICA on the concatenated prefiltered
group data from all subjects (30 mice) to identify different RSNs. We identified networks in the
cerebral cortex, the thalamus, the hippocampus, the amygdala, the striatum, and the cerebellum.
All components showed significant overlap with known anatomical structures and were labeled
based on Paxinos’ mouse brain atlas (Paxinos and Franklin 2004). The images are shown in ana-
tomical view overlaid on AMBMC high-resolution template and the networks are scaled in
pseudo-z-scores, i.e., how many standard deviations away from the background noise.
Abbreviations: 6CP, 6th cerebellar lobule; Acb, accumbens nucleus; AHP, anterior
hypothalamic nucleus; AMBMC, Australian mouse brain mapping consortium; Amg,
Amygdala; CA1, cornu ammonis-1; CA3, cornu ammonis-3; Cg, cingulate cortex; Cpu, caudate
putamen; DG, dentate gyrus; DM, dorsomedial hypothalamic nucleus; ICA, independent compo-
nent analysis; Gi, gigantocellular reticular nucleus; hpc, hippocampus; Lat, lateral cerebellar
nucleus; LH, lateral hypothalamic area; M1, 1° motor cortex; M2, 2° motor cortex; Med, medial
cerebellar nucleus; MO, medial orbital cortex; OB, olfactory bulb; RS, retrosplenial cortex;
RSN, resting-state networks; S1, 1° somatosensory cortex; SC, superior colliculus; V1, 1° visual
cortex; V2, 2° visual cortex.
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Motion Vascular @ White matter
artifact artifact artifact

Fig. 23 | Group-components classified as noise using probabilistic group ICA. (A) A compo-
nent showing the ringing effect on the periphery of the brain indicating a motion artifact. (B) A
component with its peak in the ventricle. (C) A component lying in the white matter. The images
are shown in anatomical view overlaid on AMBMC high-resolution template. Abbreviations:
AMBMC, Australian mouse brain mapping consortium; ICA, independent component anal-
ysis.

2.2.4. DMN network

s W12 RS Fig. 24 | Default mode network identified from multi-
ple ICA components. From the group-ICA analysis, we
identified multiple components with anatomical struc-
tures similar to those recognized to be the default-mode
network. The images are shown in anatomical view over-
layed on AMBMC high-resolution template and the net-
work is thresholded pseudo in z-score. Abbreviations:
cg, cingulum; DHP, dorsal hippocampus; M1, 1° motor
cortex; M2, 2° motor cortex; MO, medial orbital cortex;
PrL, prelimbic cortex; RS, retrosplenial cortex; S1, 1° so-
matosensory cortex.
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2.2.5. Between components analysis

We assessed the correlation between the different RSNs using FSLNets. After regressing
out the components previously dubbed as noise, the rest of the components from both
groups were used as nodes for the subsequent network analysis. We calculated the edge
strength between each pair of the components (Fig. 25) using three correlation measures.
The normalized full correlation coefficient (Fig. 25A), unregularized partial correlation
(Fig. 25B), and partial correlation regularized with Ridge regression (L2-norm) and a rho
value of 0.1 (Fig. 25C) were all employed for this purpose (see Smith et al., 2011 for
more details about computing these coefficients). Using the full correlation edge
strengths, we performed a hierarchical clustering of the different nodes (Fig. 26A, B) to
depict how the networks are organized inside the mice brains. Next, we examined how
the interaction strengths in the three measures are altered in GluK4°"*" animals with re-

spect to the control group (Fig. 26C, D).

The mean interaction strengths did not differ much among the three measures used as
evident from the color maps in Fig. 25. The highest interaction strengths were observed
between the anterior and dorsomedial hypothalamus, the caudate putamen and the ante-
rior hypothalamus, anterior and posterior parts of the olfactory bulb, and the dorsal hip-
pocampus and the 6™ cerebellar lobule. Strong anticorrelations were also observed be-
tween the amygdala and lateral hypothalamus, the posterior olfactory bulb and parts of
the cortex (including the cingulate cortex, 1°, 2° motor cortices, and the somatosensory
cortex), 6™ cerebellar lobule and the same parts of the cortex, and the gigantocellular
reticular nucleus and the network consists of the retrosplenial cortex, the 1°, and 2° visual

cortices.

The hierarchical clustering algorithm was able to separate the RSNs into three big clusters
(Fig. 26A, B) that were further differentiated into much finer clusters. Interestingly, com-
ponents of the DMN (the cingulate cortex, the motor cortices, and the dorsal hippocam-
pus) were grouped together as part of the middle cluster. Other clusters consisted of struc-

tures with high interaction strengths as detailed previously.

The interaction strengths were also assessed between the two genotypes. The two groups
seemed to display similar interaction strengths irrespective of the measure investigated.

The interaction strength between two particular nodes (namely, the motor cortex and
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lateral hypothalamus) showed a significant difference that survived the FWER multiple-
comparison correction (P = 0.01) in cases of the partial correlation (Fig. 26C). The dif-
ference between the two nodes was quite similar in the case of the regularized correlation
coefficient, however, it did not reach statistical significance (P = 0.062) after FWER cor-
rection (Fig. 26D). Upon further inspection, we deduced that the difference is not due to
a change in the interaction strength, but rather due to shifting from the positive correlation
in the case of GluK4""* (Fig. 26C) to negative correlation in the case of GluK4°'* (Fig.
26D). Such a shift can have important implications for the effect of Glutamate on func-

tional connectivity.

Partial correlation is considered to be superior to normal correlation when the goal is to
assess the direct connection between two nodes. However, caution should always be prac-
ticed in interpreting the meaning of such correlations as it depends on many factors such

as the number of nodes in the analysis and the number of volumes acquired in the dataset.
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Fig. 25 | Between-RSNs group average: (A) full correlation, (B) partial correlation, and (C)
regularized partial correlation showing similar connectivity patterns. The values were cal-
culated by performing a one-sample t-test on the full correlation (A), the partial correlation (B),
and regularized partial correlation (C) coefficients between the RSNs resulted from the ICA anal-
ysis from both groups. The results are shown in z-score calculated from t-stats. Abbreviations:
ICA, independent component analysis; RSNs, resting-state networks.

2.2.6. Within-components analysis

In order to investigate the genotype effects of the extra copy of the Grik4 gene on the
RSN previously identified, we used Dual Regression to perform RSNs voxel-wise com-
parison between the two genotypes. The results were enhanced using TFCE and corrected
for multiple comparisons using FWER correction and the results were further corrected
networks. The voxel-wise analysis unearthed a strong unidirectional genotypic effect on
the functional coactivation of multiple networks (Fig. 27) in favor of the GluK4°¥*" ani-

mals.
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Fig. 26 | Hierarchical clustering of the 17 RSNs calculated from the group-ICA analysis
based on their full correlations. (A) Shows the hierarchy, the full correlation (below diagonal),
and the partial correlation (above diagonal) between the RSNs extracted from all subjects. (B)
Shows the hierarchy, the full correlation (below diagonal), and the regularized partial correlation
(above diagonal) between the RSNs extracted from all subjects. The significant differences be-
tween the two genotypes in correlation strength are highlighted by a yellow box and showed
below each matrix. (C) Raincloud plots of the difference in partial correlation strength and (D)
regularized partial correlation strength between the motor cortex network and the lateral hypo-
thalamus. Abbreviations: ICA, independent component analysis; RSNs, resting-state networks.

The cerebellar networks are showing a stronger connection with the hippocampus espe-
cially the dorsal part as well as an increase in the within-network connection (Fig. 27A).
A similar increase in the within-network connection is also observed in the hippocampus
(Fig. 27B), regions of the cortex spanning the retrosplenial and visual cortices (Fig. 27C),
and in the lateral hypothalamic network (Fig. 27E). The network consists of the olfactory
bulb and the medial orbital cortex shows an increase in the functional connection with
parts of the cortex such as the somatosensory cortex (Fig. 27F). All the changes in the

intra-components functional connectivity appear to follow the same direction, where it
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increases in the transgenic group with respect to the wild-type animals. On the other hand,
we failed to see any brain regions where the GluK4°*" showed a decrease in the intra-

network functional synchronization relative to the GluK4"" animals.

.‘ ‘ 3 I Z-score 12

GluK** < GluK4°ve"

Fig. 27 | Dual Regression analysis shows increased intra-network connectivity in the
GluK4°*" animals with respect to the GluK4™" counterparts (16 GluK4™" vs 14 GluK4°**").
(A, B, C, D, E, F) Comparison of various RSNs between the two genotypes overlaid on the
AMBMC high-resolution template. Each panel shows the ICA network calculated from all sub-
jects displayed as pseudo-z-score scaled between 3-12 on top and a statistical map of the signifi-
cant differences (TFCE, FWER P value <0.05) between the two groups corrected across networks
(shown in blue). The P values are shown as 1 — P to facilitate visualization (an increase means
more significant values). Abbreviations: AMBMC, Australian mouse brain mapping consor-
tium; FWER, family-wise error rate; ICA, independent component analysis; RSNs, resting-state
networks; TFCE, threshold-free cluster enhancement.

2.2.7. Correlations of RSFC with behavior

We ran a correlation analysis between the metrics previously calculated from the behavior

tasks and the functional connectivity of ICA networks to find out how those networks
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correlation can affect or modify the behavior. The strength of number of networks showed
inflated correlation coefficient with the different metrics, however, none of these corre-
lations survived the one-sample t-test after correcting the results for multiple comparisons
across voxels and netorks. The only differences that survived after such an aggressive
correction were correlations with a network that later discarded as noise (Fig. 23C). We

did not take those results into considerations for obvious reasons.

Collectively, the GluK4°¥*" animals appear to have faulty RSNs (Table 1). These abnor-
malities exist on both levels intra- and inter-networks levels. On the intra-network level,
there is an increase in the strength i.e., how the networks connected to themselves. Con-
versely, the link between those networks appeared to be weakened in the transgenic ani-

mals.

2.3. Diffusion MRI

Microstructural abnormalities have been constantly observed in the literature in both hu-
man subjects diagnosed with ASD and in animal models (see Introduction). With this in
mind, we acquired DWIs with two different b-values and fit various biophysical models
in order to investigate the microstructural changes that Grik4 overexpression might in-

duce.

Z @ Bvecs (1000 s/mm2)

Bvecs (2500 s/mm?)

¢ Fig. 28 | Sampling

o 4 scheme of the gradient

® y vectors used to ac-

° ° quire the DWIs. The

o vectors of both shells

L v X (1000, 2500 s/mm?)

° v PY were spatially sampled

on a sphere. Abbrevia-

tions: DWIs, diffusion-
o weighted images.

-99 .



RESULTS

2.3.1. Raw data and acquisition schemes

We acquired DWIs using a spin-echo EPI protocol with two different b-values (two
shells). The first shell was acquired using a b-value of 1000 s/mm? and consisted of 20
DWIs with 20 unique gradient orientations (Fig. 29B) and 2 images without diffusion (2
b0 images) (Fig. 29A). The second shell, on the other hand, was acquired with a higher
b-value (2500 s/mm?), 45 DWIs across 45 unique directions (Fig. 29C), and 4 b0 images.
The gradient directions in both shells were spatially sampled on a sphere (Fig. 28) for

better estimation of the diffusion models.

Fig. 29 | Ortho view of raw DWIs acquired using spin-echo EPI protocol from a representa-
tive animal. (A) Shows an example DWI without diffusion weighting (b0 image). (B) A DWI
image acquired using a b-value of 1000 s/mm? showing higher SNR. (C) A DWI acquired with a
b-value of 2500 s/mm?* with apparent loss in SNR. Abbreviations: DWI, diffusion-weighted im-
age; EPI, echo-planar imaging; SNR, signal-to-noise ratio.
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2.3.2. Diffusion tensor imaging

The conventional tensor model (Basser et al., 1994) was fit to the DWIs acquired with
the b-value of 1000 s/mm?. The maps resulted from fitting the model (FA, MD, AD, and
RD) were compared between the two genotypes and then correlated with the behavioral
measures previously estimated (see Methods section). We used the TBSS (Smith et al.,
2006) to map the voxel-wise differences between the two groups and later used the values
from tracts to perform the linear regression with the metrics obtained from the behavior

tasks.

GluK4°¥e exhibited a significant bilateral decrease in the FA values in the major WM
fibers including the genu of the cc, the fornix, the forceps minor of the cc, the external
capsule, the medial forebrain bundle, the fimbria, the splenium, the forceps major of the
cc, and the dorsal hippocampal commissure (Fig. 30A). In the case of the rest of the maps
(MD, AD, and RD), GluK4°¥*" animals showed a significant increase in the values of
those maps compared to the GluK4™* animals, albeit, not widespread as the changes in
the FA values. These increases in the MD values were quite limited and quite localized
to the dorsal hippocampal commissure (Fig. 30B). The significant increase in the
GluK4°ver RD values spanned the same set of structures that witnessed the decrease in FA
values including the different parts of the cc (Fig. 30C). The increases in the AD values
in favor of the transgenic group were mainly in the superior colliculus (Fig. 31A). Inter-
estingly, despite being limited, those regions displayed a strong linear correlation with
the ratio of time spent in the open arms/time spent in the closed arms of the EPM. Those
correlations were significant enough to survive the FWER multiple comparison correc-

tion (Fig. 31B).
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Fig. 30 | TBSS analysis shows the significant genotypic effect of Grik4 overexpression on FA,
MD, and RD maps of the tensor model (P < 0.05, TFCE, FWER corrected). (A) Shows re-
gions where GluK4°**" animals show a significant decrease (in red-yellow) in FA values relative
to the control. (B, C) Regions with a significant increase (in blue) in MD (B) or RD (C) in
GluK4over animals with respect to GluK4+/+ animals. The values are shown as 1- P (higher
means more significant) to facilitate the visualization of the results. The statistical maps are over-
laid on a study-based template and its WM skeleton (displayed in green). Abbreviations: DTI,
diffusion tensor imaging; FA, fractional anisotropy; FWER, family-wise error rate; MD, mean
diffusivity; RD, radial diffusivity; TBSS, tract-based spatial statistics; TFCE, threshold-free clus-
ter enhancement.
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Fig. 31 | TBSS analysis of the AD values of the tensor model. (A) Shows a significant increase
in the AD values in the GluK4°**" animals in comparison with the wild-type animals. (B) Regions
showing a significant positive correlation between the AD values and the time spent in the open
arms/time spent in the closed arms of the EPM (left) and the linear regression of the voxel that
shows the highest P value in the one-sample t-test (right). All statistical maps are shown has P
values < 0.05 (TFCE enhanced, FWER corrected). The statistical maps are overlaid on a study-
based template and its WM skeleton (displayed in green). Abbreviations: AD, axial diffusivity;
DTI, diffusion tensor imaging; EPM, elevate plus maze; FWER, family-wise error rate; TBSS,
tract-based spatial statistics; TFCE, threshold-free cluster enhancement; WM, white matter.

2.3.3. Kurtosis

After processing the first shell (1000 s/mm?) of the diffusion data to fit the tensor model
and obtain the FA, MD, RD, and AD maps, we merged the two shells together and used
that merged data to fit multiple biophysical models trying to extract more information
about the microstructure of the underlying tissue. We started by fitting the kurtosis model
which, essentially, tries to measure the deviation from Gaussian behavior as opposed to
the tensor model that is mainly concerned with the Gaussian diffusion. By fitting the
kurtosis model to our multi-shell data, we obtained multiple maps that reflect different
aspects of the microstructural properties. We used two different algorithms to fit the
model (linear and non-linear) as an anticipation for the problems that might arise from

the unusual nature of the mice data and the high noise element that might present itself as
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a hurdle to accurately reach the global minimum. We did not observe a significant differ-
ence between the fitting results of the two models. We took this as an optimistic indication
that both algorithms were able to reach the global minimum and hence producing similar

results.

On the voxel-wise level, the TBSS analysis showed a difference between the two groups
only in FA values (Fig. 32A). Akin to the FA maps of the tensor model, the GluK4°"'
animals displayed a significant decrease in the DKI FA values relative to the GluK4™*,
The differences were mainly in the genu, the splenium, the forceps major of the cc, and

the dorsal hippocampal commissure (Fig. 32A).

proved to be significant after performing the one-sample t-test and the FWER correction
for multiple comparisons. We found a significant positive correlation between the FA
values in the external capsule, the internal capsule, the fimbria, the splenium of the cc,
the forceps major of the cc, the superior colliculus, and the dorsal hippocampal commis-
sure (Fig. 32B). Multiple maps elicited a significant negative correlation with the distance
traveled previously mentioned including the AWF, RD, MK, and AK maps (Fig. 32C,
Fig. 33). Voxels of the AWF (Fig. 32C) and AK (Fig. 33C) maps located nearly in all the
major WM tracts displayed such a strong negative correlation. Those tracts included the
genu, the body, the splenium, the forceps minor and major of the cc, the fimbria, the
fornix, the internal capsule, and the dorsal hippocampal commissure (Fig. 32C, Fig. 33C).
The negative correlations with RD and MK maps were still significant, however, not
widely distributed as in the case of the AWF and AK maps. The RD significant correla-
tions were only observed in the internal capsule, the external capsule, the fimbria, and the
superior colliculus (Fig. 33A). The internal capsule, the fimbria, the dorsal hippocampal
commissure, and the superior colliculus in the MK maps (Fig. 33B) showed a similar

negative correlation with the distance traveled in the OF behavioral experiment.
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Fig. 32 | TBSS analysis of the FA and AWF values of the kurtosis model. (A) Shows a signif-
icant decrease in the FA values in the GluK4°*" animals in comparison with the wild-type ani-
mals. (B) Regions showing a significant positive correlation between the FA values and the dis-
tance traveled in the OF arena in meters (left) and the linear regression of the voxel that shows
the highest P value in the one-sample t-test (right). (C) Voxels where the AWF show significant
anticorrelation with distance traveled in the OF arena (left) and the linear regression of the voxel
that shows the highest P value in the one-sample t-test (right). All statistical maps are shown has
P values < 0.05 (TFCE enhanced, FWER corrected). The statistical maps are overlaid on a study-
based template and its WM skeleton (displayed in green). Abbreviations: AWF, axonal water
fraction; FA, fractional anisotropy; FWER, family-wise error rate; OF, open field; TBSS, tract-
based spatial statistics; TFCE, threshold-free cluster enhancement; WM, white matter.

Kurtosis AWF Corr.

On the other hand, the distance traveled in the arena of the OF test was strongly correlated

to a multitude of DKI maps in both directions. We considered only those correlations that
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Fig. 33 | Kurtosis model maps show a significant negative correlation with the distance trav-
eled in the OF arena in meters. (A) Regions showing anticorrelation correlation between the
RD values and the distance traveled in the OF (left) and the linear regression of the voxel that
shows the highest P value in the one-sample t-test (right). (B) MK maps (right) and linear regres-
sion of the highest voxel (left). (C) AK maps (right) and linear regression (left). All statistical
maps are shown has P values < 0.05 (TFCE enhanced, FWER corrected). The statistical maps are
overlaid on a study-based template and its WM skeleton (displayed in green). Abbreviations:
AK, axial kurtosis; FWER, family-wise error rate; MK, mean kurtosis; OF, open field; RD, radial
diffusivity; TBSS, tract-based spatial statistics; TFCE, threshold-free cluster enhancement; WM,
white matter.

Kurtosis AK Corr.

- 106 -



RESULTS

2.3.4. NODDI model
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Fig. 34 | TBSS analysis of the NODDI maps. (A) Reveals a significant decrease in FICVF maps
in GluK4°**" animals with respect to the WT animals. (B) Shows structures with significant neg-
ative correlations with the ratio of the time spent in open arms/the time spent in the closed arms
of the EPM (right) and the linear regression plot of the voxel with the highest P value (right). All
statistical maps are shown has P values < 0.05 (TFCE enhanced, FWER corrected). The statistical
maps are overlaid on a study-based template and its WM skeleton (displayed in green). Abbre-
viations: EPM, elevated plus maze; FICVF, intracellular volume fraction (neurite density);
FWER, family-wise error rate; NODDI, neurite orientation dispersion and density imaging; OF,
open field; TFCE, threshold-free cluster enhancement; TBSS, tract-based spatial statistics; WM,
white matter; WT, wild-type.
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The second biophysical model we fit to our data was the NODDI model (Zhang et al.,
2012). NODDI model tries to probe the tissue microstructural properties by fitting a
multi-compartment model to the DWIs. The fitting returns several maps reflecting differ-
ent aspects of tissue microstructure including the neurite density and the orientation dis-
persion. Our TBSS analysis returned significant changes only in the neurite density maps
(the FICVF maps). There was a significant decrease in the neurite density values in favor
of the GluK4°¥*" animals (Fig. 34A). Those changes were found in the genu, the body, the
forceps minor and major, the splenium of the cc, the external and internal capsule, the

dorsal hippocampal commissure, and the superior colliculus.
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Fig. 35 | TBSS analysis of the FA maps of the CHARMED model. (A) Regions that show a
significant decrease in the FA values in the GluK4°*" animals. (B) Structures where FA values
are significantly correlated with the velocity in the OF arena in cm/sec (left) and the linear regres-
sion plot of the voxel with the highest P value (right). (C) Structures where FA values are signif-
icantly correlated with the distance traveled in the OF arena in meters. All statistical maps are
shown has P values < 0.05 (TFCE enhanced, FWER corrected). The statistical maps are overlaid
on a study-based template and its WM skeleton (displayed in green). Abbreviations:
CHARMED, composite hindered and restricted models of diffusion; FA, fractional anisotropy;
FWER, family-wise error rate; OF, open field; TBSS, tract-based spatial statistics; TFCE, thresh-
old-free cluster enhancement; WM, white matter.
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We also observed an anticorrelation between the FICVF values and the ratio of the time
spent in the open arms to the time spent in the closed arms of the EPM task (Fig. 34B).
The significant correlations were limited to the splenium, the forceps major of the cc, and
the dorsal hippocampal commissure (Fig. 34B). Whereas we failed to see any significant
differences between the two groups in the ODI maps and moreover those maps did not
display any correlations with behavioral measures that survived the multiple comparison

correction.

2.3.5. CHARMED model
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Fig. 36 | Voxel-wise analysis shows CHARMED FA values are positively correlated with the
time spent in the spent / time spent the corners of the OF arena (left) and the linear regres-
sion plot of the voxel with the highest P value (right). All statistical maps are shown has P
values < 0.05 (TFCE enhanced, FWER corrected). The statistical maps are overlaid on a study-
based template and its WM skeleton (displayed in green). Abbreviations: CHARMED, compo-
site hindered and restricted models of diffusion; FA, fractional anisotropy; FWER, family-wise

error rate; OF, open field; TFCE, threshold-free cluster enhancement; WM, white matter.
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The CHARMED model using a multi-compartment model (Assaf and Basser 2005) sim-
ilar to the one used in the NODDI model previously discussed. The maps returned from
fitting the model also give various information about different characteristics of the tis-
sues investigated such as the IAD and FR along with the conventional FA, MD, RD, and
AD maps the result from modeling the extracellular compartment as a tensor model (see

above).

Akin to the DTI model, the FA values were significantly different between the two groups
investigated. GluK4°¥*" group suffered from a significant decrease in the FA values in the
voxels spanning all the regions of the cc (the genu, body, splenium, and the forceps minor
and major) in addition to the fornix, the fimbria, and the dorsal hippocampal commissure

(Fig. 35A). Most of these regions showed a strong positive correlation with metrics
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extracted from behavior tasks an especially the OF task, where the FA maps were found
to be significantly correlated with the velocity in the arena (Fig. 35B), the distance trav-
eled (Fig. 35C), and the ratio between the time spent in the center and the time spent in
the corners (Fig. 36). The structures afflicted with such correlations varied slightly in each
set of maps. For instance, while the body of the cc was found to correlate significantly
with the time in center/time in corners measure (Fig. 36), that structure exhibited the same
pattern neither with the velocity (Fig. 35B nor with the distance traveled (Fig. 35C)

measures.

Comparing the FR maps between groups returned quite similar results to those of the FA
maps; where FR values were found to be diminished in GluK4°"*" animals upon compar-
ison with the WT counterparts (Fig. 37A). On the correlation with behavioral measures
frontier, the FR values were found to be anticorrelated to both the speed and the distance

traveled in the EPM arena instead of the OF one (Fig. 37B, C).

Changes in the IAD was in the same direction as the FA and FR maps (decreased in the
GluK4°¥*" animals), but not as widespread as the changes in those maps (Fig. 38A). Only
minor changes were observed in a limited number of voxels in the external capsule, the
forceps major of the cc, and the dorsal hippocampal commissure. The IAD values in the
superior colliculus were found to be positively correlated with the ratio between time

spent in the open arms and the time spent in the closed arms of the EPM (Fig. 38B).
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CHARMED FR
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Fig. 37 | Voxel-wise analysis of the FR maps of the CHARMED model between the GluK4°™*"
and GluK4"" animals. (A) Regions where FR is significantly reduced in the GluK4°**" animals
when compared to control animals. (B) Structures with a significant negative correlation between
the FR values and the velocity during performing the EPM task (left) and the linear regression
plot of the voxel with the highest P value (right). (C) Structures with a significant negative cor-
relation between the FR values and the distance traveled in the EPM arena (left) and the linear
regression plot of the voxel with the highest P value (right). All statistical maps are shown has P
values < 0.05 (TFCE enhanced, FWER corrected). The statistical maps are overlaid on a study-
based template and its WM skeleton (displayed in green). Abbreviations: CHARMED, compo-
site hindered and restricted models of diffusion; FR, restricted fraction; EPM, elevated plus maze;
FWER, family-wise error rate; TFCE, threshold-free cluster enhancement; WM, white matter.
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CHARMED IAD
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Fig. 38 | TBSS analysis of the IAD values between the GluK4°**" and GluK4"* animals. (A)
Regions with decreased IAD values in the GIuK4°**" animals relative to WT. (B) Regions where
the IAD values are correlated with the ratio of the time spent in the open arms to the time spent
in the closed arms of the EPM arena (left) and the linear regression plot of the voxel with the
highest P value (right). All statistical maps are shown has P values < 0.05 (TFCE enhanced,
FWER corrected). The statistical maps are overlaid on a study-based template and its WM skel-
eton (displayed in green). Abbreviations: CHARMED, composite hindered and restricted mod-
els of diffusion; EPM, elevated plus maze; FWER, family-wise error rate; IAD, intra-axonal dif-
fusivity; TBSS, tract-based spatial statistics; TFCE, threshold-free cluster enhancement; WM,
white matter; WT, wild-type.
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2.3.6. FBA analysis

The models we used to fit to our data whether in the simplest form such as the tensor
model or more elaborate as in the case of the kurtosis, the NODDI, or the CHARMED
models, typically return voxel-averaged measures. Despite the ability of some of these
models such as the CHARMED to resolve the contributions of crossing fibers, theoreti-
cally at the very least, they remain unable to pin the changes to a certain fiber population
within each analysis unit (i.e., the voxel). To tackle such shortcomings and in order to
complement our results, we used the newly introduced FBA (Raffelt et al., 2017) as im-
plemented in the MRtrix3 software (Tournier et al., 2019). FBA approach tries to quantify

the micro and macrostructural changes in the different fiber populations within each

-112 -



RESULTS

voxel; hence the name fixel (fiber population within a voxel) in FBA (Raffelt et al., 2015).
Using that approach enabled us to get information about the fibers density and their cross-

sectional differences between our two groups.

We estimated the FOD functions from the response functions obtained from the WM, the
GM, and the CSF. We ascertained that each FOD was estimated correctly to reflect the
contributions from the respective tissue compartment (Fig. 39). Figure 2.23 shows the
three estimated FODs from a representative subject displayed in different colors and as
evident from the figure, each color reflects a different tissue type. The WM FOD from all
subjects were used to construct a group-based template (Fig. 40A, B). The FODs of the
template were later converted to fixels (Fig. 40C) and used to run the probabilistic trac-
tography (Fig. 40D). The metrics for the FD, FC, and FDC were derived from the fixels
and were compared (see Introduction and Fig. 10 for more information) between the two

groups across the tractogram (Fig. 40D).

Fig. 39 | Estimation of the multi-tissue FODs. The FODs estimated from each tissue was con-
verted to a different color (blue for WM, green for GM, and red for CSF). The figure shows how
accurately the FODs are determined and not distorted by the partial volume effect between dif-
ferent tissue types. Abbreviations: CSF, cerebrospinal fluid; FOD, fiber orientation distribution;
GM, gray matter; WM, white matter.
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Fig. 40 | Group-based template of the WM FODs from all subjects. (A) Shows the template
in grayscale with the WM appearing in white. (B) FODs of the group-based template with two
zoomed regions in yellow boxes; part of the cc showing the probability distribution of the fibers
orientation mainly going horizontally (up) and part of the GM and CSF tissues with the probabil-
ity distribution of the fibers going in all directions (down). (C) Fixels derived from the template
FODs with an enlarged region of the cc in the yellow box showing the direction of the fixels going
horizontally. (D) Probabilistic tractogram derived from the template showing in the yellow box
the direction of the fibers of the cc in red (horizontally) and in green parts of the fibers run verti-
cally in the cortex. Abbreviations: cc, corpus callosum; CSF, cerebrospinal fluid; FOD, fiber
orientation distribution; GM, gray matter; WM, white matter.

FBA shows a significant decrease in all three measures (FD, FC, and FDC) in the
GluK4°¥*" animals compared to the GluK4"" animals (Fig. 41). However, the magnitude
and distribution of these changes vary considerably between the three metrics. Micro-
structural fiber density (FD measure) decreased significantly in the GluK°"*" animals in
the genu and body of the cc, the external capsule, the dorsal hippocampal commissure,
and the forceps major of the cc (Fig. 41A). These changes were more widespread in the
case of log (FC) where the macrostructural differences were observed the whole length
of the cc in addition to the fimbria, the dorsal hippocampal commissure, and parts of the
superior colliculus (Fig. 41B). The differences in the combined measure of the FD and
FC (FDC) showed similar spatial spread across the previously mentioned structures (Fig.

41C).
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GluKa*’* > Gluk4over
Fig. 41 | FBA analysis shows fixels with a significant decrease in the microstructural as well
as in the macrostructural measures in the GluK4°**" in comparison with the GluK4*" ani-
mals. (A) Shows the differences between the two groups in the FD microstructural measure. (B)
Differences in the log of the FC macrostructural measure. (C) Differences in the FDC combined
measure of FD and FC. All statistical maps are shown has P values < 0.05 (TFCE enhanced,
FWER corrected). The statistical maps are overlaid on a group-based FOD template of the WM.
Abbreviations: FBA, fixel-based analysis; FC, fiber cross-section; FD, fiber density; FDC, com-
bined measure of fiber density and cross-section; FOD, fiber orientation distribution; FWER,
family-wise error rate; TFCE, threshold-free cluster enhancement; WM, white matter.

2.3.7. Statistics across the cc tracts

While voxel-wise analysis represented by the TBSS analysis can give us an idea about
the changes between the group in a voxel-by-voxel manner, we sought after other types
of analyses that can give us an idea about the average changes across whole structures
such as the cc. We ran deterministic tractography on each subject and extracted the fibers
that represent the whole cc (Fig. 42A, B, C). We then calculated the average values of

each map previously investigated using TBSS (see above) across the tracts of the cc. The
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global changes in the cc tracts reflected, to some extent, the same results we previously
encountered upon using the TBSS (Fig. 30-38). There were significant decreases in the
DTI FA, DTI AD, kurtosis FA, CHARMED FA, and NODDI FICVF in the GluK4°"
animals with respect to their GluK** counterparts (Fig. 42D). There was a significant
increase in the average ODI values across the cc tracts in the GluK°"*" animals that we
could not observe using the voxel-wise analysis. Adversely, the voxel-wise analysis un-
earthed differences in the MD and RD values of the tensor model along with changes in
the FR values of the CHARMED model that did not pass the significance threshold in the
tract-based analysis. The changes might not be this big or not distributed uniformly across
the tracts of the cc; such that to reach the same findings, we need to segment the cc to

smaller tracts.

We also compared some descriptive measures of the cc tracts such as the length and num-
ber of fibers among other things. However, we could not find any significant differences

between the two groups to be reported (results not shown).

The differences observed in dMRI point at fundamental changes in the microstructure of
the major WM fibers. These changes were reflected in different measures calculated from
various models (Table 1). We can interpret these findings in different manners. We tend
to think that what we are witnessing is a loss of myelination or axonal thickness in various
tracts such as the cc and the hippocampal commissure. The correlation of the dMRI pa-

rameters with the behavior further augment our conjecture.
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Fig 42 | tract-based statistics along the cc fibers. (A) Shows the cc fibers from a representative
subject. (B) A different view of the cc fibers from the top. (C) The same cc fibers overlaid on a
coronal slice of an FA map. Tracts are color-coded, red fibers run horizontally, green fibers run
vertically, and blue fibers run anterior-posterior. (D) Raincloud plots (Allen et al., 2019) of the cc
tracts measures that showed significant differences between the two groups. *P < 0.05 and **P <
0.01. Abbreviations: AD, axial diffusivity; CHARMED, composite hindered and restricted mod-
els of diffusion; DTI, diffusion tensor imaging; FA, fractional anisotropy; FICVF, intracellular
volume fraction (neurite density); NODDI, neurite orientation dispersion and density imaging;
ODI, orientation dispersion index.

2.4. Voxel-based morphometry analysis

VBM analysis presented itself as the go-to method in investigating volumetric changes in
the intact brain (Ashburner and Friston 2000). While the technique can be quite straight
forward in brain images acquired from humans or non-human primates, the process can
be rather tricky in small animals like mice. The most arduous step is segmenting the
structural 3D images into GM, WM, and CSF priors. We exploited the newly introduced
TMBTA template and its priors (Barriere et al., 2020) in order to get the most faithful

segmentation of the tissues. We used our subjects to construct a study-based template
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(Fig. 43A), registered this template to the TMBTA template, and used the inverse trans-
formations to bring the GM (Fig. 43B), the WM (Fig. 43C), the CSF (Fig. 43D), and the
parcellation atlas (Fig. 43E) to our study-template space.

Fig. 43 | VBM study-based template and its priors and atlas calculated from all subjects. (A)
Shows the template after extracting the skull. (B) The GM prior. (C) The WM prior. (D) The CSF
prior. (E) The atlas parcellation. Those priors and atlas were calculated by registering the study-
based template to the TMBTA high-resolution template (Barriére et al., 2020) and apply the in-
verse transformations to bring the priors and atlas to the in-house template. Abbreviations: CSF,
cerebrospinal fluid; GM, gray matter; TMBTA, Turone mouse brain template and atlas; VBM,
voxel-based morphometry; WM, white matter.

On the single subject’s level (Fig. 44A), we removed the skull tissue (Fig. 44C), regis-
tered each subject to the study-based template (Fig. 43), and used the previously calcu-
lated priors to obtain an accurate segmentation of the GM (Fig. 44C). We proceeded to
calculate the Jacobian determinants (Fig. 44D) for each subject from the non-linear warp
transformations and modulated the GM priors by multiplying them by those determinants
(Fig. 44E). The smoothed modulated GM images (Fig. 44F) were later used for the actual

statistical analysis.
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Fig. 44 | Processing of a single subject’s 3D structural image. (A) Shows the raw data of the
subject. (B) Skull removal. (B) The GM prior. (D) The Jacobian determinants calculated from the
warp field of the non-linear transformations. (E) Modulated GM after multiplying by the Jacobian
determinants. (F) Smoothed modulated GM image after applying the smoothing kernel. Abbre-
viations: GM, gray matter.

VBM analysis revealed multiple robust differences in both directions between the
GluK4°¥*r animals and the WT group (Fig. 45A). GluK4°**" animals presented a signifi-
cant shrinkage in multiple subcortical structures including the hippocampus, the striatum,
the thalamus, and the cerebellum. These changes were localized in the piriform cortex,
the caudate putamen, the accumbens nucleus, the septal nucleus, the bed nuclei of the
stria terminalis, the globus pallidus, the hypothalamic nuclei, the thalamic nuclei, the CA1
region of the hippocampus, the dentate gyrus, the subiculum, the nucleus raphe, regions
of the superior and inferior colliculus, and parts of the cerebellum (Fig. 45A). These vol-
umetric decreases were accompanied by the expansion of several regions of the cortex in
favor of the GluK4°*" animals (Fig. 45A). The prelimbic cortex, the olfactory nucleus,

the insular cortex, the orbital cortex, the primary and secondary motor cortex, the
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cingulate cortex, the primary and secondary somatosensory cortex, the retrosplenial cor-
tex, the primary and secondary visual cortex, the entorhinal cortex, and the amygdala are
all structures that showed a significant volumetric increase in the GluK4°"*" group relative
to the other group (Fig. 45A). The differences in both cases (shrinkage and expansion)
were quite bilateral and symmetric across the midline. These results were robust enough
to survive a quite drastic way of correction for multiple comparisons such as FWER cor-

rection.

We performed a ROIs analysis as well across the whole regions that exist in the TMBTA
atlas parcellation (Barriere et al., 2020) with 1320 ROIs. The results of the analysis un-
earthed multiple structures with P < 0.05, however, they were not robust enough to sur-
vive the FWER multiple comparison correction across all the ROIs included in the anal-

ysis. We did not consider any results that did not survive the correction.

Aside from the volumetric differences between the two groups, we found also some struc-
tures with strong correlations with some aspects of the behavior (Fig. 45B, C). The vol-
umes of the lateral septal nucleus and the bed nuclei of the stria terminalis appeared to be
positively correlated with the ratio between the time spent in the open arms and the time
spent in the closed arms of the EPM (Fig. 45B). Conversely, this ratio was found to be
negatively correlated with the volumes of the restrosplenial cortex, the cingulate cortex,
the prelimbic cortex (Fig. 45C). These correlations were found to be significant after per-
forming the one-sample t-test and they survived the FWER correction for multiple com-

parisons.

These volumetric changes strongly suggest that the effects of the GluK4 overexpression
are not fixed across the whole brain (Table 1). This extra copy of the Grik4 gene seems
to have a structure-sensitive effects, where its presence in one region can mean expansion,

while in other regions can mean shrinkage.

-120 -



RESULTS

.
Gluk4a*’* < GlukaoVver

B

DD ® v

(demeaned)

Time in center / time in arms
1
o
o
N

Correlation

(Time in center / time in arms ) I RN

NN
Volume [um?]

C

@DDD® v

1-P .
Correlation
(Time in center / time in arms)

(demeaned)

Time in center / time in arms
1
o
S

&

h VoIEme [ﬁ.m3] )

Fig. 45 | VBM analysis reveals multiple structural changes between the GluK4***" and
GluK4™" animals. (A) Voxel-wise comparison between the two groups; structures that witnessed
shrinkage in GluK4°**" animals with respect to the control group are shown in red-yellow, struc-
tures with expansion in GluK4°**" animals are shown blue-light blue. (B) Structures with signifi-
cant positive correlation with the time spent in open arms/time spent in closed arms of the EPM
(left) and the linear regression plot of the voxel with the highest P value (right). (C) Structures
with significant negative correlation with the time spent in open arms/time spent in closed arms
of the EPM (left) and the linear regression plot of the voxel with the highest P value (right). All
statistical maps (P < 0.05) are TFCE enhanced, FWER corrected for multiple comparisons, and
overlaid on AMBMC high-resolution template. P values are shown as 1 — P (an increase means
more significant). Abbreviations: AMBMC, the Australian mouse brain mapping consortium;
EPM, elevated plus maze; FWER, family-wise error rate; TFCE, threshold-free cluster enhance-
ment; VBM, voxel-based morphometry.
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Table 1 | Summary of the multi-modal results.
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Modality Sub-modality Affected structures
(GluK4°*" vs GluK4*")
Within-network 1Strength: olfactory bulbs, cor-
strength tex, hippocampus, cerebellum.
rsfMRI Between-networks | Strength: motor cortex-hypo-
strength thalamus.
DTI LFA: cc/ec, fi, 1, he.
TMD: he.
TRD: cc/ec, fi, £, he.
TAD: sc.
dMRI
Kurtosis LFA: cc, hc.
NODDI LFICVF: cc/ec, ic, hc, sc.
CHARMED LFA: cc/ec, fi, 1, he.
LFR: cc/ec, ic, fi, f, he.
LIAD: cc/ec, hce.
FBA LFD: cc/ec,he.
LFC: cc, fi, hc, sc.
LFDC: cc/ec, fi, he, sc.
1GM volume: cortex, Amg.
VBM Modulated GM |GM volume: hippocampus, stri-
atum, thalamus, cerebellum.

Abbreviations: AD, axial diffusivity; Amg, amygdala; cc, corpus callosum; CHARMED, The
composite hindered and restricted models of diffusion; dMRI, diffusion MRI; DTI, diffusion ten-
sor imaging; ec, external capsule; f, fornix; FA, fractional anisotropy; FBA, fixel-based analysis;
FC, fiber cross-section; FD, fiber density; FDC, combined measure of fiber density and cross-
section.; fi, fimbria; FICVF, intra-cellular volume fraction (neurite density); FR, restricted frac-
tion; GM, gray matter; hc, hippocampal commissure; IAD, intra-axonal diffusivity; ic, internal
capsule; MD, mean diffusivity; NODDI, neurite orientation dispersion and density imaging; RD,
radial diffusivity; rsfMRI, resting-state fMRI; sc, superior colliculus; VBM, voxel-based mor-
phometry.

3. Stimulation of the perforant pathway and the CA3

We stimulated two different regions within the brain in order to investigate the functional
ramifications of the increased dosage of the Grik4 gene. While we used the rsfMRI to
give us a window into the functional effects of the overexpression of Grik4 on the brain
at rest, the stimulation experiments complemented those experiments by looking at the

brain reactions upon applying external stimuli to different brain structures.
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We used MRI-compatible glass electrodes with conductive threads of carbon to apply
micro-electrical stimulation to the perforant pathway (Fig. 46A, C) and to the CA3 region
of the hippocampus (B, D). Using electrodes to apply direct stimulation makes it feasible
to target and activate deep brain structures such as the hippocampus that would not be
accessible otherwise (Perez-Cervera et al., 2018). The stimulation protocols consisted of
10 cycles, 30 sec each (Canals et al., 2008); such that 4 sec of stimulation is followed by
26 sec of rest to allow the hemodynamic response to stabilize back to the base level. We

used four different frequencies: 5, 10, 20, and 40 Hz.

3.1. Quality and nature of the BOLD signal

The artifacts induced by our glass electrodes were small and quite limited (Fig. 46). We
covered the exposed parts of the skull with toothpaste and further covered the whole skull,
above and around the electrode, with agarose gel (Fig. 46A, B). Using all of these
measures, we managed to decrease the susceptibility artifacts and to acquire an excellent
signal (Fig. 47). As evident from Fig. 46, both the anatomical and the EPI images have
limited artifacts and minor signal dropouts (Fig. 46A-D). Limited as they were, the elec-
trodes artifacts were visible enough to ascertain that the electrodes are positioned cor-
rectly to stimulate the desired structure. Based on those artifacts, we were able to exclude
animals with extensive structural damages and animals with electrodes inserted incor-

rectly.

Stimulating the perforant pathway as well as the CA3 region (800 pAmp) led to an acti-
vation of the hippocampus and the dentate gyrus (Fig. 47). The activation varied relative
to the structure stimulated as well as to the frequency of the stimulation. Despite the close
similarity of the activation patterns between our two groups, some differences still pre-
sented themselves. We used the canonical double-gamma function to model the BOLD
hemodynamic response from our data (Fig. 48). The canonical function described our
data quite nicely with a small deviation pertinent to a slightly-shifted peak that might
have resulted from the sampling rate (Fig. 48).
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Fig. 46 | Raw anatomical and EPI images showing the placement of the electrodes. (A, B)
The placement of the electrode in the anatomical image in the perforant pathway (A) and the CA3
region (B). (C, D) The location of the electrodes in the perforant pathway (C) and in the CA3
region (D) in an EPI image. (E, F) Planes from Paxinos’ mouse atlas (Paxinos and Franklin 2004)
showing the insertion location of the electrodes in the perforant pathway (E) and the CA3 region
(F). The small white arrows are showing the places of the electrodes’ artifacts and agarose gel

used to decrease the magnetic susceptibility. Abbreviations: EPI, echo-planar imaging.
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Fig. 47 | BOLD activation maps and signal time-series from a single subject. (A) Activation
map from a single subject upon activating the perforant pathway (left) and the time-series from a
single voxel (right). (B) Activation map from a single subject upon stimualting the CA3 region
(left) and the single voxel time-series (right). Both activation maps are overlaid on an EPI func-
tional image. Abbreviations: EPI, echo-planar imaging.

Fig. 48 | BOLD Hemodynamic re-
sponse function. An example showing
percentage change in the BOLD hemo-
dynamic response averaged across mul-
tiple subjects (orange line) and the ca-
nonical double-gamma function used to
\ model the response (dashed blue line).
The orange shading represents the
SEM. The is inverted to signal that re-
sponse we get is a negative BOLD re-
sponse. Abbreviations: BOLD, blood-
Peak oxygenation-level dependent; SEM,
standard error of the mean.
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3.2. Frequency-dependent activation and propagation upon
stimulating the perforant pathway

The electrical stimulation in all the experiments using different frequencies evoked a neg-

ative BOLD response (Lauritzen et al., 2012) in all the animals tested regardless of the
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genotype (Fig. 49-55). We did not detect any positive activation in any experiment which
might signal to an effect of the blood vessels initiated by the urethane anesthetic used to
perform the experiments. As visible from the BOLD percentage changes in Figures 49-

55, the signal decreases below the base level after each epoch of stimulation.

Stimulating the perforant pathway elicited activation in the whole hippocampus regions
including the CA1, CA2, CA3, and the dentate gyrus (Fig. 49-52) in a frequency-depend-
ent manner. Applying a frequency with 5 cycles per second (5 Hz) during the 4-sec stim-
ulation protocol did not induce any visible activation in the hippocampal or the extra-
hippocampal structures in most of the subjects tested; we stopped acquiring images using

the 5 Hz stimulation protocol after the first few animals in order to save time.

Applying electrical stimulation with frequencies higher than 5 Hz (i.e., 10, 20, and 40 Hz)
evoked responses in almost all of our animals. The stimulation patterns varied as a func-
tion of the frequency as well as a function of the genotype. Stimulation with 10 Hz fre-
quency in the GluK4"* animals evoked a detectable BOLD response in wide regions of
the dentate gyrus, the CA1, and the CA3 regions of the hippocampus ipsilaterally along
with an extra-hippocampal structure such as the subiculum that was activated as well (Fig.
49A); while in the side opposite to the electrode (contralateral side), activity was detected
only in limited regions of the dentate gyrus, CAl, and CA3 (Fig. 49A). As for the
GluK4°¥er animals, there was a light activation detected in the dentate gyrus, the CA3
regions with no activation in the CA1 or any extra-hippocampal structure in the side ip-
silateral to the electrode (Fig. 49B); in the other side of the brain, there was no activation

evoked at all (49B).
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Fig. 49 | BOLD responses evoked by stimulating the perforant pathway with 10 Hz electrical
stimulation. (A) Responses evoked in the GluK4™" WT group (left) and the percentage change
in the BOLD response averaged withing the hippocampus (right). (B) Responses evoked in the
GluK4°"" TG group (left) and the percentage change in the BOLD response averaged withing the
hippocampus (right). (C) The GluK4°*" animals’ response (blue) overlaid on the response from
the GluK4"" animals (red) on the left side and on the right their respective BOLD percentage
change in the hippocampus. The statistical maps are shown overlaid on the AMBMC high-reso-
lution template. The uppercase R letter in the lower right side indicates the ipsilateral side of the
brain. Results shown here are one-sample t-test (WT = 8; TG = 8) using cluster forming threshold
(Z > 3.1) and corrected at P < 0.05 using Gaussian random field theory. The gray lines indicate
the time period when the stimulation happens; the shading in each time-series depicts the SEM.
Abbreviations: AMBMC, Australian mouse brain mapping consortium; BOLD, blood-oxygen-
ation-level dependent; CA1, cornu ammonis-1; CA3, cornu ammonis-3; DG, dentate gyrus; fi,
fimbria; R, right side; S, subiculum; SEM, standard error of the mean; TG, transgenic; WT, wild-

type.

GluK4°'e'

GluK4°Ve'/ GluK4 **

The activation induced by the 20 Hz frequency protocols was substantially bigger and
more widely spread than that of the 10 Hz protocols in both groups (Fig. 50). In both
groups, there was activation to the whole dentate gyrus and big parts of the CA1 and CA3
structures as well as to the subiculum and the lateral septal nucleus (Fig. 50A, B) on the
ipsilateral side of the electrode. Contralaterally, the GluK4"" animals showed a similar
BOLD response to the ipsilateral side (Fig. 50A); where the dentate gyrus, the CA1, the
CA3, and the subiculum were all activated (Fig. 50A). Conversely, the activation in the

GluK4°¥*" animals was very limited across the midline and only small parts of the
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aforementioned structures showed responses in the hippocampus with the extra-hippo-

campal activation evident only in the subiculum (Fig. 50B).
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Fig. 50 | BOLD responses evoked by stimulating the perforant pathway with 20 Hz electrical
stimulation. (A) Responses evoked in the GluK4™" WT group (left) and the percentage change
in the BOLD response averaged withing the hippocampus (right). (B) Responses evoked in the
GluK4°" TG group (left) and the percentage change in the BOLD response averaged withing the
hippocampus (right). (C) The GluK4°**" animals’ response (blue) overlaid on the response from
the GluK4"" animals (red) on the left side and on the right their respective BOLD percentage
change in the hippocampus. The statistical maps are shown overlaid on the AMBMC high-reso-
lution template. The uppercase R letter in the lower right side indicates the ipsilateral side of the
brain. Results shown here are one-sample t-test (WT = 8; TG = 8) using cluster forming threshold
(Z > 3.1) and corrected at P < 0.05 using Gaussian random field theory. The gray lines indicate
the time period when the stimulation happens; the shading in each time-series indicates the SEM.
Abbreviations: AMBMC, Australian mouse brain mapping consortium; BOLD, blood-oxygen-
ation-level dependent; CA1, cornu ammonis-1; CA3, cornu ammonis-3; DG, dentate gyrus; LS,
lateral septal nucleus; R, right side; S, subiculum; SEM, standard error of the mean; TG, trans-
genic; WT, wild-type.

The highest frequency used in this set of experiments was the 40 Hz frequency (Fig. 51).
The BOLD response elicited from such frequency was relatively similar to the 20 Hz,
however, in the case of the 40 Hz stimulation protocol, there were more extra-hippocam-
pal structures employed in both groups (Fig. 51). The contralateral activation in the
GluK4°¥*" animals was very limited and almost absent (Fig. 51B); while in the control

group, there was a robust activation contralaterally (Fig. 51A).
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Fig. 51 | BOLD responses evoked by stimulating the perforant pathway with 40 Hz electrical

+/+

stimulation. (A) Responses evoked in the GIuK4™ WT group (left) and the percentage change
in the BOLD response averaged withing the hippocampus (right). (B) Responses evoked in the
GluK4°"" TG group (left) and the percentage change in the BOLD response averaged withing the
hippocampus (right). (C) The GluK4°*" animals’ response (blue) overlaid on the response from
the GluK4"" animals (red) on the left side and on the right their respective BOLD percentage
change in the hippocampus. The statistical maps are shown overlaid on the AMBMC high-reso-
lution template. The uppercase R letter in the lower right side indicates the ipsilateral side of the
brain. Results shown here are one-sample t-test (WT = 7; TG = 8) using cluster forming threshold
(Z > 3.1) and corrected at P < 0.05 using Gaussian random field theory. The gray lines indicate
the time period when the stimulation happens; the shading in each time-series indicates the SEM.
Abbreviations: AMBMC, Australian mouse brain mapping consortium; BOLD, blood-oxygen-
ation-level dependent; CA1, cornu ammonis-1; CA3, cornu ammonis-3; DG, dentate gyrus; LS,
lateral septal nucleus; R, right side; S, subiculum; SEM, standard error of the mean; TG, trans-
genic; WT, wild-type.

Our voxel-wise analysis did not return any differences between the groups neither in the

amplitudes nor the kinetics of the activation (Fig. 49-51). The absence of a voxel-wise

difference was similar across all the frequencies.

3.3. Frequency-dependent activation and propagation upon
stimulating the CA3 region

Directly stimulating the CA3 region of the hippocampus with our glass electrodes evoked
bigger and more-extended figures of activation than those activation elicited upon apply-

ing the same-frequency stimulations to the perforant pathway (Fig. 52-55). Another
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interesting finding was the discrepancy between the CA3 and the perforant pathway ex-
periments regarding the signal propagation ipsilaterally and contralaterally. As mentioned
above, upon stimulating the perforant pathway, there was substantial activation to the side
of the electrode and limited propagation to the contralateral side and frequency and gen-
otypic dependent manner (see above). However, in the CA3 experiments, quite the oppo-
site was observed (see below); where the activation was ipsilaterally restricted and less

bounded contralaterally.

By contrast to the perforant pathway’s experiments, applying stimulations using a 5 Hz
frequency protocol evoked a response in both transgenic as well as the control group (Fig.
52A, B). Despite the slow frequency, the GluK4 """ animals showed activation in the den-
tate gyrus, the CAl, the CA3 ipsilaterally and contralaterally with wider responses ob-
served in the side opposite to the electrode (Fig. 52A); aside from the hippocampal struc-
tures, the activation extended to the subiculum, the lateral septal nucleus, and a small part
of the cingulate cortex (Fig. 52A). The contralateral BOLD responses in the transgenic
animals were bounded to the dentate gyrus and small parts of the CA1 and CA3 of the
hippocampus; contralaterally, there was minimal or complete lack of activation to any

structure in some transgenic animals (Fig. 52B).
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Fig. 52 | BOLD responses evoked by stimulating the CA3 region with 05 Hz electrical stim-
ulation. (A) Responses evoked in the GluK4"* WT group (left) and the percentage change in the
BOLD response averaged withing the hippocampus (right). (B) Responses evoked in the
GluK4°"" TG group (left) and the percentage change in the BOLD response averaged withing the
hippocampus (right). (C) The GluK4°**" animals’ response (blue) overlaid on the response from
the GluK4"" animals (red) on the left side and on the right their respective BOLD percentage
change in the hippocampus. The statistical maps are shown overlaid on the AMBMC high-reso-
lution template. The uppercase R letter in the lower right side indicates the ipsilateral side of the
brain. Results shown here are one-sample t-test (WT = 7; TG = 8) using cluster forming threshold
(Z > 3.1) and corrected at P < 0.05 using Gaussian random field theory. The gray lines indicate
the time period when the stimulation happens; the shading in each time-series depicts the SEM.
Abbreviations: AMBMC, Australian mouse brain mapping consortium; BOLD, blood-oxygen-
ation-level dependent; CA1, cornu ammonis-1; CA3, cornu ammonis-3; Cg, cingulate cortex;
DG, dentate gyrus; fi, fimbria; LS, lateral septal nucleus; R, right side; S, subiculum; SEM, stand-
ard error of the mean; TG, transgenic; WT, wild-type.

The activation with 10 Hz protocols led to quite a symmetric activation across the midline
in both groups (Fig. 53). In both groups, the activation extended to all regions of the
hippocampus, namely the dentate gyrus, the CA1, and the CA3. The BOLD response in
GluK4°¥er animals elicited in most of the dentate gyrus and the CA3, however, in the
ipsilateral side, the activation was very limited in the CAl region (Fig. 53B). In the
GluK4™* group, the activation observed in the ipsilateral CA1 region was less than its
contralateral counterpart (Fig. 53A). Another notable difference between the two groups
was the propagation to cortical areas; where the activation in the transgenic group was

mainly restricted to the hippocampal region (Fig. 53B), the activity in the control group
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expanded beyond the hippocampal to the lateral septal nucleus, the cingulate cortex, and
the infralimbic cortex (Fig. 53A). The subiculum was activated in both sides respective

to the place of the electrode was no apparent difference group-wise (Fig. 53A, B).
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Fig. 53 | BOLD responses evoked by stimulating the CA3 region with 10 Hz electrical stim-
ulation. (A) Responses evoked in the GluK4"* WT group (left) and the percentage change in the
BOLD response averaged withing the hippocampus (right). (B) Responses evoked in the
GluK4°" TG group (left) and the percentage change in the BOLD response averaged withing the
hippocampus (right). (C) The GluK4°**" animals’ response (blue) overlaid on the response from
the GluK4"" animals (red) on the left side and on the right their respective BOLD percentage
change in the hippocampus. The statistical maps are shown overlaid on the AMBMC high-reso-
lution template. The uppercase R letter in the lower right side indicates the ipsilateral side of the
brain. Results shown here are one-sample t-test (WT = 10; TG = 9) using cluster forming thresh-
old (Z>3.1) and corrected at P < 0.05 using Gaussian random field theory. The gray lines indicate
the time period when the stimulation happens; the shading in each time-series represents the SEM.
Abbreviations: AMBMC, Australian mouse brain mapping consortium; BOLD, blood-oxygen-
ation-level dependent; CA1, cornu ammonis-1; CA3, cornu ammonis-3; Cg, cingulate cortex;
DG, dentate gyrus; fi, fimbria; IL, infralimbic cortex; LS, lateral septal nucleus; R, right side; S,
subiculum; SEM, standard error of the mean; TG, transgenic; WT, wild-type.

Applying electrical stimulation with a 20 cycle per second (20 Hz) for four seconds elic-
ited, by far, the biggest and the widest response of all the protocols used regardless of the
genotype or the side of the electrode (Fig. 54). With such an overwhelming figure of

activation, we did not observe any fundamental changes induced by overexpressing the
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Grik4 gene (Fig. 54A, B). The BOLD response was ubiquitous in all the regions of the
hippocampus ipsilaterally and contralaterally. The activity propagated beyond the hippo-
campal and hippocampal-adjacent regions to different parts of the cortex such as the mo-
tor cortex, the somatosensory cortex, the cingulate cortex (Fig. 54). The caudate putamen
and some hypothalamic nuclei were included in the extra-hippocampal structures that

showed BOLD response upon applying the 20 Hz stimulations.

CA3 - 20 Hz

w

+/+
Gluka™

50 100 150 200 250
Time (sec)

GluK4°ver

50 100 150 200 250
Time (sec)

TS TesTenY)

Fig. 54 | BOLD responses evoked by stimulating the CA3 region with 20 Hz electrical stim-
ulation. (A) Responses evoked in the GluK4"* WT group (left) and the percentage change in the
BOLD response averaged withing the hippocampus (right). (B) Responses evoked in the
GluK4°*" TG group (left) and the percentage change in the BOLD response averaged withing the
hippocampus (right). (C) The GluK4°**" animals’ response (blue) overlaid on the response from
the GluK4"" animals (red) on the left side and on the right their respective BOLD percentage
change in the hippocampus. The statistical maps are shown overlaid on the AMBMC high-reso-
lution template. The uppercase R letter in the lower right side indicates the ipsilateral side of the
brain. Results shown here are one-sample t-test (WT = 10; TG = 9) using cluster forming thresh-
old (Z>3.1) and corrected at P < 0.05 using Gaussian random field theory. The gray lines indicate
the time period when the stimulation happens; the shading in each time-series indicates the SEM.
Abbreviations: AMBMC, Australian mouse brain mapping consortium; BOLD, blood-oxygen-
ation-level dependent; CA1, cornu ammonis-1; CA3, cornu ammonis-3; Cpu, caudate putamen;
DEn, dorsal endopiriform nucleus; DG, dentate gyrus; Lo, lateral orbital cortex; M1, 1° motor
cortex; M2, 2° motor cortex; R, right side; S, subiculum; S1, 1° somatosensory cortex; SEM,
standard error of the mean; TG, transgenic; WT, wild-type.
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In what seems to follow an inverted U-shape function, the activation pattern regressed
significantly with applying a higher frequency (40 Hz) akin to that induced by the 10 Hz
protocol (Fig. 55). Once more, as was the case with the 10 Hz stimulation, the activity
pattern was quite symmetric across the midline in both genotypes (Fig. 55A, B). How-
ever, there was a slight increase in the ipsilateral activity in the GluK4over animals such
that the CA1 region of the hippocampus was completely activated (Fig. 55B). The extra-
hippocampal regions that showed BOLD response was limited to small regions of the

infralimbic cortex along with the lateral septal nucleus in both genotypes (Fig. 55A, B).
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Fig. 55 | BOLD responses evoked by stimulating the CA3 region with 40 Hz electrical stim-
ulation. (A) Responses evoked in the GluK4"* WT group (left) and the percentage change in the
BOLD response averaged withing the hippocampus (right). (B) Responses evoked in the
GluK4°*" TG group (left) and the percentage change in the BOLD response averaged withing the
hippocampus (right). (C) The GluK4°*" animals’ response (blue) overlaid on the response from
the GluK4"" animals (red) on the left side and on the right their respective BOLD percentage
change in the hippocampus. The statistical maps are shown overlaid on the AMBMC high-reso-
lution template. The uppercase R letter in the lower right side indicates the ipsilateral side of the
brain. Results shown here are one-sample t-test (WT = 10; TG = 9) using cluster forming thresh-
old (Z>3.1) and corrected at P < 0.05 using Gaussian random field theory. The gray lines indicate
the time period when the stimulation happens; the shading in each time-series depicts the SEM.
Abbreviations: AMBMC, Australian mouse brain mapping consortium; BOLD, blood-oxygen-
ation-level dependent; CA1, cornu ammonis-1; CA3, cornu ammonis-3; Cg, cingulate cortex;
DG, dentate gyrus; IL, infralimbic cortex; LS, lateral septal nucleus; R, right side; S, subiculum;
SEM, standard error of the mean; TG, transgenic; WT, wild-type.
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As was the case in stimulating the perforant pathway (see above), the voxel-wise analysis
did not return any significant difference regarding the amplitude of the kinetics of the

signal s questioned.

Taken together, those experiments show that the BOLD response elicited in the hippo-
campus upon applying electrical stimulation is linearly correlated to the frequency of the
stimulation applied until a certain point; at which the response evoked starts to decline
(inverted U-shape function). The same thing can be applied to the extra-hippocampal ac-
tivity propagation; higher frequencies can expand the BOLD activity to limited regions
of the cortex (Fig. 54 for example). The latter notion is specifically accurate in the case
of directly stimulating the CA3 region where the activity induced by 20 Hz was observed
in various regions beyond the hippocampus (Fig. 54) and such regions declined with the
40 Hz frequency (Fig. 55). We believe that stimulating the perforant pathway follows the
same paradigm. Albeit, the peak frequency might be higher. Our findings from those ex-
periments solidify the notion that frequency is a salient factor in hippocampal and extra-

hippocampal activation as was observed in other reports (Moreno et al., 2016).
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DISCUSSION

In this study, we evaluated how an increased dosage of Grik4 gene affects the functional
networks of the mouse brain as well as its effects on the micro and macrostructure of the
different brain structures. We also investigated how this is reflected in the functional
communication within and between the different networks. Furthermore, we looked into
multiple scenarios of how the response elicited by electrically stimulating the brain might

differ as a result of overexpressing GluK4.

Our investigation led to some insights both on the functional as well as on the structural
level. Interestingly, those findings were in line with other studies performed on ASD
models both in mice as well as in non-human primates. The work arguably entertains
different scenarios. From one side, our work highlights how disruption of a single gene
encodes for a Glutamate receptor subunit can have a ripple effect that can echo through
both the structural and functional organization of the brain. On the other hand, these ef-
fects were not unique neither on the functional frontier nor on the structural one. This
goes in the bandwagon of different pathways can lead to similar outputs i.e., the same
disorder can emerge from different origins regardless of the nature of that origin let it be
a faulty gene responsible for synaptic transmission like in our case or a gene responsible

for synaptic scaffolding like the case of SHANK3.

1. Decomposing the resting-state signal using ICA iden-

tified conserved resting-state networks

We used GE-EPI protocols to acquire 750 volumes of resting-state functional data. After
standard preprocessing steps, ICA was employed to decompose the concatenated signal
from all subjects into resting-state networks that were later used for Dual Regression and
statistical analysis. We were able to isolate most of the commonly identified networks
such as the olfactory bulb, motor cortex, somatosensory cortex, amygdala, visual cortex,
dorsal hippocampus, nucleus accumbens, septum, hypothalamus, ventral hippocampus,
gigantocellular reticular nucleus, and culmen lobule IV (Fig. 3.6). Also, we were able to
identify multiple components that overlap with what is considered to be the mouse’s
DMN (Fig. 3.7). Some components, especially those of the somatosensory cortex are ei-
ther incomplete or lacking from our networks. We attribute this to signal dropout in those

parts of the cortex in some animals.
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Those reported networks have repeatedly identified in different studies using different
acquisition and analysis protocols (Jonckers et al., 2011 Mechling et al., 2014 Nasrallah
et al., 2014 Sforazzini et al., 2014, Zerbi et al., 2015) and even using different anesthetics
(Grandjean et al., 2014a Bukhari et al., 2017). Recently, in an across-labs study,
Grandjean et al., used 17 different rest-state datasets from different labs and reported the
convergence of most of these datasets to common spatially defined networks (Grandjean

et al., 2020).

Those results gave a tangible testimonial on how robust and stable those networks are
regardless of the acquisition protocol and more importantly on how conserved those net-
works are between different species (see Introduction for more details about those net-
works in other species). Our ability to isolate those networks, we believe, lend credence
to both our acquisition protocol, quality of our data, handling of the animals, and more

specifically to our preprocessing and analysis pipelines.

2. GluK4 overexpression harnesses short-range syn-

chronizations while hinders long-range synchronization

Resting-state fMRI was used to identify multiple resting-state networks and further to
determine the coherence within and between those networks. We used the group ICA
resting-state networks to estimate the corresponding networks in each subject. Those sub-
ject-specific maps were then utilized to (Beckmann et al., 2005, Filippini et al., 2009)
calculate a subject-wise measure of the synchroneity within each network in addition to
the synchroneity strength between each pair of networks (see Methods for more details).
We finally performed a group comparison to assess how the GluK4 overexpression af-

fects those networks and the communication within and between them.

The group-wise comparisons returned multiple differences between the GluK4°'*" ani-
mals and their WT counterparts. GluK4°"*" animals showed multiple networks with in-
creased within-network strength as demonstrated by increased synchroneity within these
networks. These networks included the hippocampus, the hypothalamus, the cerebellum,
the striatum, and the cortical parts of the DMN such as the cingulate, the retrosplenial,
the somatosensory, and the motor cortices. Conversely, the connection strength between

the motor cortex and the posterior part of the hypothalamus was hindered in the GluK4°Ver
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when compared to the GluK4"* animals. As we mentioned before, it was not much of a
decrease in the connection strength as it was flipping the connection from a positive cor-
relation to a negative correlation, in other words, converting the correlation between the

two components to an anti-correlation.

Each RSN has a putative function and any disturbance in that network is, supposedly,
going to affect the function ascribed to that network somehow (Greicius 2008). The net-
works afflicted with abnormalities are responsible for a wide range of cognitive and sen-
sory stimuli perception. We could not observe any direct correlation between the fluctu-
ations within those networks and the metrics we extracted from the behavioral tasks. That
can simply mean that those networks are not affecting the behavior or the effect is done
through an intermediary cascade or a non-linear correlation and that is not reflected in the
metrics we used to test the correlations. We tend to believe the latter rather the former.
Studies that used rsfMRI to investigate ASD in humans were significantly divided when
it comes to correlation with behavior; some of those studies reported associations where
others could not find this association (see Hong et al., 2020). Given this discrepancys, it is
quite challenging to assign the blame for the behavioral phenotype to any single network
instead, it could mean that the global pattern of connectivity, and not a single element, is
the reason behind the behavioral abnormalities. On the other hand, the problem might be
within the behavioral tasks themselves as such they are not refined enough to detect subtle
changes in behavior and more refined tests would display the absent connection with the

resting-state networks.

A more general way to describe the effects of the overexpression of GluK4 on the RSN
would be to categorize those effects as an increase in the short distance connection ac-
companied by a decrease in the long-distance connections. This pattern has actually been
described repeatedly in characterizing ASD in human subjects (Cherkassky et al., 2006;
Kennedy and Courchesne 2008, Assaf et al., 2010). This might mean that the connection
between the different brain regions is disrupted to the extent that each network is unaware
of the rest and is overcommunicating or “talking only to itself” (Courchesne and Pierce
2005). In vivo recordings seem to point in the same direction where functional connec-
tivity in the GluK4°¥" animals appear to be higher relative to the wild-type animals (Aller
etal., 2015).
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Whether we call it overcommunication or increased strength, the more pressing matter is
how can we interpret those findings in terms of underlying machinery? Even though the
functional connectivity is essentially a statistical construct, the neuronal origin of the
spontaneous BOLD fluctuations is well accepted (Laufs et al., 2003, Brookes et al., 2011).
A recent study has successfully managed to record rstMRI simultaneously with fluores-
cent Ca?" signal (Lake et al., 2020). According to the authors, the Ca®* signal recorded
from excitatory neurons accounts for 30% of the BOLD spontaneous activity (Lake et al.,
2020). Moreover, they found that parcellations derived from the spontaneous Ca>" signal
and BOLD fluctuation were quite consistent (Lake et al., 2020). Other studies have found
a direct correlation between the concentration of the neurotransmitters Glutamate and
GABA and the strength of the resting-state networks (Kapogiannis et al., 2013, Stagg et
al., 2014). Kapogiannis et al., disclosed a positive relationship between the intrinsic local
connectivity and the Glutamate/GABA ratio (Kapogiannis et al., 2013), while Stagg et
al., using Dual Regression reported a negative correlation between the GABA concentra-
tion and the strength of the motor network (Stagg et al., 2014). Glutamate and GABA are
considered to be the major excitatory and inhibitory neurotransmitters in the brain and

are usually used as a surrogate for the excitation/inhibition balance.

The increase in local network strength or the overcommunication and the anticorrelation
between networks observed in our data can be readily explained by the surfeit in the
GluK4 subunit that disturbs the balance between excitation and inhibition. Comparing
the expression of the exogenous Grik4 (Aller et al., Aller et al., 2015) and the networks
whose strength increased in GluK4°*" animals lends support to the previous argument,
where the affected networks overlap with the structures where the overexpression of
GluK4 was observed. The anticorrelation between the motor network and the hypotha-
lamic one is nonetheless difficult to interpret. However, it is not far-fetched to assume
that the between-network correlation is a proxy measure for the Glutamate/GABA ratio
between those networks. We know already that the overexpression of GluK4 is not uni-
fied across all structures (Aller et al., 2015). This mismatched overexpression along with
the ensued excitation/inhibition imbalance can be responsible for shifting the correlation
between those structures from a positive correlation to a negative one. We also do not
know whether the anticorrelation between those specific networks has a special meaning

or it is more of a global pattern and only that difference was big enough to be detected
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after strong statistical thresholding. Getting to the bottom of that issue requires a bigger

study with a higher power.

The putative sensitivity of the functional network strength to the internal concentrations
of Glutamate and GABA can have important clinical implications. The
excitation/inhibition imbalance has long been invoked for various neurodevelopmental
disorder and finding a biomarker sensitive to this balance can provide a great aid in the
diagnosis of these disorders (Javitt et al., 2011). Our data shows not only that the
functional connectivity is capable of detecting the increased excitation, but also to

pinpoint this increase to the local structures where it happens.

3. GluK4°**" changes the micro and the macrostructure

of the white matter fibers

We used an SE-EPI protocol to acquire multi-shell DWIs with two different b-values. We
tried to extract as much information about the underlying microstructural properties of
the WM tracts as feasible. Fitting simpler models such as the DTI model were comple-
mented by more complex models such as the CHARMED and NODDI models. Aside
from those models, we sought after newly introduced approaches that use CSD to esti-

mate more-interpretable parameters such as the fiber density and cross-section.

Group comparisons showed multiple irregularities. Irregularities such as a decrease in
fractional anisotropy (FA), intracellular volume fraction (FICVF), restricted fraction
(FR), and intra-axonal diffusivity (IAD) and an increase in radial discursivity (RD) and
axial diffusivity (AD) values in the GluK4°**" animal when compared with the control.
Those changes were observed in most of the major WM tracts including the cc, the inter-
nal capsule, the external capsule, and the hippocampal commissure. Fixel metrics of those
fibers such as the fiber density (FD), the fiber cross-section (FC), and the combined meas-
ure of both (FDC) also witnessed a significant decrease in the transgenic group relative
to the wild-type group. These differences were apparent voxel-wise as well as upon av-

eraging the values across the whole tracts of the corpus callosum/external capsule (cc/ec).

Interpreting the findings from dMRI has always been challenging. The major hurdle in

front of a meaningful biological interpretation is the absence of a one-to-one
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correspondence between any of the diffusion parameter and a specific aspect of the struc-
ture of the underlying tissue (Assaf et al., 2019). A change in one of the diffusion param-
eters such as FA can mean a change in myelin thickness, axonal diameters, axonal den-

sity, or tissue integrity (Assaf et al., 2019).

A decrease in FA values accompanied by an increase in both MD and RD values in
GluK4°¥er animals technically mean that there is less diffusion parallel to the axon direc-
tion and more diffusion perpendicular to that direction. But what does this tell us about
the tissue properties? RD has long been considered to be an index of myelination such
that its increase has been regularly attached to a decrease in axon myelination in animal
models (Song et al., 2002, Song et al., 2005, Janve et al., 2013). Using myelin basic pro-
tein (MBP) as a surrogate for myelination, Chang et al., found that MBP is robustly cor-
related with both FA and RD values (Chang et al., 2017). MBP was positively correlated
to FA values in WM fibers, while RD was negatively correlated to only a subset of those
fibers (Chang et al., 2017). It is worth mentioning also that both values were found to be
negatively correlated relative to one another (De Santis et al., 2014). Our next concern
was whether this is biologically plausible in our model or to put it in different words, does
GluK4 have a role in myelination? Glial cells express Glutamate receptors and AMPARS
and KARs are primarily expressed in oligodendrocytes (Steinhduser and Gallo 1996).
Overactivation of KARs alone or along with AMPARs was found to have a certain exci-
totoxic effect on the oligodendrocytes that lead to their death in vitro (Sdnchez-Goémez
and Matute 1999). So, whether exerting such effect through overactivation of AMPARSs
or KARs, it is quite plausible that the overexpression of GluK4 could negatively affect
the axons myelination. This could mean that the tissues are not as intact as they should
and that leads to more perpendicular and less parallel diffusion. We do acknowledge the
precautions and warnings issued by Wheeler-Kingshott and team (Wheeler-Kingshott and
Cercignani 2009) regarding the overinterpretation of the AD and RD meaning. However,
we are building our speculation on biologically relevant information specific to our model

in order to support the diffusion results.

Both the NODDI and the CHARMED models aim at separating the contribution of the
intra- and extracellular compartments in the diffusion signal. Despite some differences
inherent to each model, both models define a quantity corresponding to the axonal pack-

ing density. In our data, the FR and the FICVF form the CHARMED and the NODDI
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models show a significant decrease in the transgenic animals compared to the wild-type
ones. Both metrics are corresponding to the fraction of the total diffusion that is intra-
axonal and these metrics are frequently described to reflect the axonal density. The simi-
larity of the results of the two metrics gives merit to the notion that they are reflecting the
same underlying quantity. FICVF decrease with dispersion index (ODI) increase are usu-
ally interpreted in neurodegenerative disorders to indicate a decreased axonal density
emitting from axonal damage or degeneration along with demyelination (reviewed in
Kamiya et al., 2020). We believe that the decrease in those parameters is merely reflecting

that the axons are less dense due to the loss of myelin.

The tracts with significant differences in FBA analysis are mostly those that show differ-
ences in the voxel-wise analysis of the other models. However, it appears that not all the
affected fibers suffer from the same anomalies. The fiber bundles of the cc/ec, for exam-
ple, appear to have smaller diameters and regular density while the cingulate bundle, the
fimbria, and the fornix appear to have lower density and normal cross-section (Fig. 3.25).
This can also be interpreted in terms of demyelination. As expected, both types of change
are reflected in the combined measure which is the closest equivalent to the results of the
VBM in the gray matter i.e., there is an apparent change in the volume in most of the WM
tracts regardless of the driving force behind such a change. The only aspect that is still
lacking of this type of analysis, is the histological validation. There is still a shortage of
article that validated the FBA results against any of the histological gold standard.

Considered together, these findings point at distinct changes in two WM populations. The
first population consists of the fibers of the cc/ec and the hippocampal commissure where
there is a loss of myelin and a decrease in the axonal diameters of those fibers and a
second set of fibers including the cingulate bundle, the fimbria, and the fornix where they
suffer also from a significant decrease in myelin, but without a change in the diameter.
The FD measure cannot differentiate whether the lower density is due to lower axon count
or due to axons with smaller diameters (Dhollander 2020). Bearing that in mind, we tend
to explain the decrease in density in those fibers as demyelination rather than a decrease
in the number of fibers on the account of failing to find a significant difference between

the number of the tracts extracted from running the tractography.

The studies performed on human subjects with ASD give more traction to our interpreta-

tion. Most of these studies reported that ASD subjects exhibit a decrease in FA
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accompanied by an increase in both the MD and the RD values in all the major WM tracts
(Travers et al., 2012, Ameis and Catani 2015). Collectively, the postmortem studies
showed that the large-diameter fibers, especially the most anterior ones, suffer from loss
of myelin thickness (Zikopoulos and Barbas 2013). We believe this to be the case in our
animals as well. Getting to the bottom of that issue requires a more-thorough histological
investigation; examining those fibers with electron microscopy will definitely unravel

more specific details than those obtained with dMRI.

Our next concern was whether these changes translate into functional abnormalities or
their magnitude is not big enough to inflict harm on the functional synchronization be-
tween the different brain regions. As we discussed before, enhanced short-range connec-
tion coupled with diminished long-range connection is ubiquitous in GluK4°"*" animals.
WM tracts are the major responsible for connecting and precisely synchronizing infor-
mation transfer between the different brain structures (Fields 2008). The disruption in the
WM fibers could explain, at least partially, this perceived lack of synchronization be-
tween the brain networks. Applying direct stimulation to the brain showed distinctively
different patterns of spread. It seems that the efficiency of conveying the stimulation is
diminished in the GluK4°¥*" animals compared to the GluK4** animals. This pattern is
more evident at lower frequencies (e.g. 5 and 10 Hz) more than at higher frequencies such
as 20 or 40 Hz and upon applying the stimulation directly to a major WM pathway such
as the perforant pathway. We do not have any evidence to support a claim of a problem-
atic interhemispheric connection. Our belief'is tipped in favor of explaining those findings
as evidence of lower conductance in the cc fibers due to the putative decrease in mye-
lination. While this assumption is reasonable in the perforant pathway, it does not explain
why the signal moves better to the contralateral hemisphere upon stimulating the CA3
than in the ipsilateral one. This could be because of the resistance the signal faces in the
axons within the hippocampus is higher than that of the hippocampal commissure fibers

that connect the two hippocampi.

The kurtosis results were also quite puzzling. The comparison of the FA values obtained
from fitting the kurtosis tensor to our data was quite similar to those of the DTI. However,
there were no significant differences in the MD, RD, or AD values between the two
groups. Fitting the kurtosis tensor requires the estimation of 21 parameters vs only 6 pa-

rameters in the case of the conventional tensor (Jensen and Helpern 2010). This can be
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problematic in the presence of noise that is generated from scanning a small-sized object
such as the mouse brain. However, it appears that some parameters are better estimated
in some regions than in others since some tracts in a number of maps such as those in FA,
RD, AWF, MK, and AK showed a significant correlation with different aspects of the

behavior.

Simply put, we speculate that the WM fibers in the GluK4°*" animals are experiencing a
widespread disruption in their microstructure. Most of those fibers suffer from a decrease
in diameter and/or demyelination making signal conductance suffer dramatically. Func-
tionally, this anomaly hinders how the different brain regions communicate with each

other and how the information is transferred between distant regions.

4. Overexpression of Grik4 has an opposing, tissue-spe-

cific effect on brain morphology

Inserting an exogenous Grik4 transgene into a WT mouse’s fertilized egg led to a wide
overexpression of KAR GluK4 subunit (Aller et al., 2015). This overexpression was de-
tected in the neocortex, the hippocampus, and the striatum with different ratios of increase
(Aller et al., 2015). The morphometric analysis returned a myriad of changes between the
two groups, where structures such as the hippocampus, the striatum, the thalamus, and
the cerebellum appeared to have decreased in size in the GluK4°¥*" animals relative to the
control group (Fig. 3.29). That shrinkage was found to be in contradiction to what was
observed in the neocortex, where there seemed to be an overall expansion in the GluK4°v'

animals with respect to the GluK4"* animals.

We are tempted to ascribe the increased dosage of the GluK4 subunit for these changes.
The expression profile of the exogenous subunit appears to be localized in those structures
that underwent shrinkage or expansion in the GluK4°'*" animals. However, it appears that
this effect is tissue-specific such that the overexpression in a certain structure can lead to
an increase in this structure’s size (e.g. the neocortex), while in a different location (e.g.
the hippocampus) can lead to the opposite outcome. Establishing a correlation between
the percentage of change in any structure’s size and the ratio of increase in GluK4 subunit

expression in that structure would potentially add more weight to this argument.
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We could not encounter other reports in the literature that evaluated the effects of over-
or under-expression of other Glutamate subunits on the global morphology of the brain.
However, we do not think of the GluK4 subunit as a one-of-a-kind or a snowflake, rather
we believe that it is a crucial part of a bigger signaling pathway; any interruptions to that
pathway can lead to the same outcome. However, it would be definitely intriguing to see
how morphological changes might unfold as a result of abnormal expression of the dif-

ferent subunits of the KARs or the rest of the Glutamate receptors.

5. Tissue’s micro and macrostructural properties con-

trol behavioral phenotypes

One of our aims in doing this project was to address whether the structural and functional
changes as probed by MRI can explain the variability in behavior that we observed earlier
(Aller et al., 2015, Arora et al., 2018). We did not perform the correlation analysis sepa-
rately for each group as we believe that the relationship should be the same in both groups.
This notion was confirmed by visually inspecting the linear regression plots between the
various MRI parameters and the metrics extracted from the behavioral tasks (Fig. 3.15-
3.22, Fig. 3.29). The points from the two groups were not clustered separately, instead
they were intermixed in a random fashion. We only reported those structures whose cor-
relations remained significant (P < 0.05) after correcting for multiple comparisons. We
did not take into consideration those correlations which did not make the cut as there is
no way to assert whether these relationships were due to real correlations or just a con-
found of sampling variability (see Methods section for more details about statistical cor-

rections).

We observed various structural, but not functional connectivity, parameters from differ-
ent anatomical regions that were positively or negatively correlated with some aspects of
the behavior. We found that values from maps such as the AD, FA, FR, and IAD are
positively correlated with measures extracted from behavioral tasks including the ratio
between time spent in open arms and time spent in closed arms in the EPM arena and the
distance traveled in the OF arena. While the values from other maps including the RD,
AWF, MK, AK, and FICVF were negatively correlated with the aforementioned

measures. In both cases, the correlations were prevalent in most voxels of the WM tracts
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included in the analysis, especially the different regions of the cc (the genu, body, sple-
nium) and the hippocampal commissure (Fig. 3.15-3.22).

We discussed earlier the value of the OF and EPM in addressing anxiety and anxiety-like
behaviors. On the other hand, these maps are surrogates of different aspects of the micro-
structural properties such as intracellular and extracellular diffusion, axonal diameter, fi-
ber myelination, and axonal density (see above). The markers that indicate a decrease in
myelination such as the FA, RD, FICVF, FR, and AWF appear to have the most predom-
inant effect on directing the behavior. Surprisingly enough, the kurtosis maps such as the
RD, MK, AK, and AWF which did not show any difference between the two groups
showed a significant correlation with behavior. This could mean that the non-Gaussian
diffusion within those tracts reflects certain axonal qualities that are quite important for
signal transduction. Only these properties are not different between the two groups. In
our opinion, these properties come together to ensure a seamless information transfer
(Fields 2008) and changes in these properties affect this transfer and hence derive the

behavior out of normality.

On the macrostructural level, we found that the size of the lateral septal nucleus and the
bed nuclei of the stria terminalis to be positively correlated with time spent in open
arms/time spent in closed arms, while the size of some cortical structures (such as the
cingulate, retrosplenial, prelimbic cortices) to be anticorrelated with that ratio (Fig. 3.29).
The lateral septal nucleus is speculated to modulate fear and anxiety behavior (see
Sheehan et al., 2004 for a review), this modulation is quite disputed whether it is anxio-
genic or anxiolytic (see Anthony et al., 2014). The correlation between the volume of that
structure and the time in open arms/time in closed arms (a clear marker of anxiety) can
explain why some animals suffer from more anxiety than others. The shrinkage of such
important structures, we believe, has a strong negative effect on animals’ behavior and
especially on fear and anxiety. Conversely, the expansion of multiple regions of the cortex
was correlated with increased anxiety in our animals. These cortical regions which can
be considered as a part of the mice prefrontal cortex (Laubach et al., 2018) are considered
in humans as well as in rodents to be a cognitive hub. Studies have connected the pre-
frontal cortex and its vast connections with social behavior in rodents and humans alike

in multiple studies (reviewed in Bicks et al., 2015).
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Functionally speaking, there were a number of correlations with various resting-state net-
works. However, none of these correlations survived the multiple comparisons correc-
tions (data not shown). Also, this might be due to the stringency of the FWER correction,

we preferred to stick with the more robust findings.

All in all, we feel confident to conclude that negative alterations in microstructural prop-
erties of the WM tracts as demonstrated by dMRI and changes in macrostructural prop-
erties as probed with VBM can explain the increased anxiety phenotype that we observe
in our animals. We do not know if these aberrations are the direct cause for increasing
anxiety or there is another lurking variable that controls both. We speculate that the over-
expression of Grik4, through unknown mechanisms, drives the structural changes we ob-
serve and those changes, through an intermediary mechanism, come together to change
the behavioral phenotype. These results shed light on another advantage of MRI i.e., as-

sessing the relationship between behavior and tissue properties in vivo.

6. GluK4°**" animals recapitulate autism neuroimaging

endophenotypes in animals and humans

Aller et al. examined the ramifications of overexpressing the GluK4 subunit on the syn-
aptic level as well as on the behavioral level (Aller et al., 2015). We aspired in this line
of work to investigate the intermediary stage between these two levels on the circuit’s
frontier. Much like human subjects with ASD suffer from the triad of prevalence of re-
petitive behavior, defective social interaction, and aberrant communication (Miles 2011),
models that claim to replicate this condition in animals demonstrate abnormal behavior
or autistic-like behavior such as excessive self-grooming, lack of interest in interacting
with other animals, and defective ultrasonic vocalizations (see Introduction for examples

on those models).

An endophenotype can be considered as a quantifiable intermediary ground between what
can be perceived physically such as the behavioral phenotype and the more distal geno-
type that can only be elucidated through complicated tests (Gottesman and Gould 2003).
Neuroimaging markers can easily fill this void and if harnessed enough, each change in

one of those markers can be traced to a defective genetic function Mahajan and Mostofsky
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2015. Moreover, we can detect changes in those markers ahead of the development of the

behavioral phenotype giving a wider window for treatment.

The neuroimaging findings in ASD are largely heterogeneous with an apparent difficulty
in replicating many studies (He et al., 2020). These disconcerting facts cast a shadow on
the value and the usability of neuroimaging in investigating complex disorders such as
ASD, let alone using neuroimaging as a diagnostic tool. A more progressive approach
tends to recognize these disparities and attribute them to the inherent complexity of the
neurodevelopmental disorders, not just ASD. Some studies have already used findings
from different reports to break down the seemingly-heterogeneous neuroimaging findings
into clusters with similar observations (Hong et al., 2020). This practice has led to recog-
nizing different subtypes of ASD where markers such as functional connectivity vary
widely between subtypes while remaining consistent within the same subtype (Hong et
al., 2020). The same practice was extended to animal models. Ellegood and others have
used structural data from 26 mice model to cluster those models into three clusters where
the volumes of many regions varied by shrinkage and expansion (Ellegood et al., 2015).
Closely similar work was conducted recently by Zerbi and team where, instead of struc-
tural data, they used functional connectivity data to cluster 16 ASD model into four clus-

ters (Zerbi et al., 2020).

These results open a new horizon into looking at neuroimaging findings in neurodevel-
opmental disorders. While it is true that those findings do not converge into a single sig-
nature, more informant research that aims into linking genetic abnormalities with neu-
roimaging markers from different modalities with the behavioral phenotypes can proba-

bly help to establish signatures for different subtypes.

Despite the aforementioned disparity between clusters, a number of global patterns per-
sisted. For example, while connectivity strength can increase or decreases depending on
the ASD subtype, networks such as the somato-motor networks and the DMN appeared
to be always affected (Zerbi et al., 2020). The same can be said regarding the volumetric
changes where big regions of the cortex, the cerebellum, the striatum, and the hypothala-
mus are always affected (Ellegood et al., 2015). In spite of the absence of similar analysis
regarding the dMRI results, we anticipate that the same diversity will be encountered. In
the limited number of available studies that used DTI to investigate ASD in mice models,

the prevalent pattern appears to be the decrease in FA and the increase in the MD values
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mainly the cc fibers (Eed et al., 2020). Even though our model was not included in any
of those studies, we believe that our findings would perfectly fit within one of those sub-
types where a common etiology is shared such as the TREM2KO mice where an immune
receptor is knocked out leading to excessive excitatory neurotransmission, decreased

long-range functional connectivity, and abnormal social behavior (Filipello et al., 2018).

The elucidation of such subtypes is quite encouraging to the idea that these subtypes could
be sharing an etiology such that some faulty signaling cascades could be common within
the same subtype. Only by linking the genetic abnormalities with the neuroimaging mark-
ers to the behavior, a true endophenotype could emerge. Our data is a much-needed step
in this direction where genetic analysis is accompanied by electrophysiology, neuroim-
aging, and behavioral tests. Not only were we coupling genetics with neuroimaging, but
we also used all the common modalities that have the potential to be a diagnostic tool one

day.

7. BOLD response is not mediated by postsynaptic glu-

tamatergic events

Our findings from the stimulation experiments are in quite a disagreement with those
from human studies. The results from our experiments unequivocally revealed a striking
difference between the two groups in signal propagation (Fig. 3.33-3.39). Albeit these
differences were not complemented by either a change in the amplitude or the kinetics of
the BOLD signal. We know from our previous work (Aller et al., 2015, Arora et al., 2018)
that the GluK4°¥*" animals suffer from an imbalanced excitation/inhibition which begs the
question of why this was not reflected in the BOLD response. In humans, Whalley et al.
demonstrated that subjects with an indel variant in the GRIK4 gene have higher hippo-
campal activation upon performing a face-processing task (Whalley et al., 2009). The
indel variant grants the afflicted subjects an increase in the GLUK4 expression and an
apparent protection against the bipolar disorder (Pickard et al., 2008). Our results, how-

ever, did not reflect such modulation.

This discrepancy could have ensued from the difference between the two species, an un-
derpowered study, or a questionable statistical practice. The obvious answer would be the

evolutionary gulf between the two species; to our knowledge, the traditional face-
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processing task (Kanwisher et al., 1997) is infeasible in rodents for obvious reason, leav-
ing the exact replication of these findings a long shot. The difference between the two
species is quite determinant in a fundamental issue that is crucial to the BOLD contrast
which is the brain energy expenditure on glutamatergic signaling. Attwell and Laughlin
elegantly demonstrated that postsynaptic signaling (mostly glutamatergic) consumes up
to 34% of the energy in rodents’ brains, while this percentage can reach up to 74% in
primates (Attwell and Laughlin 2001). If the BOLD signal is actually sensitive to energy
consumption by the neurons, this might explain the difference between our findings and

those reported in humans.

In the recent years, multiple reports have called into question (Button et al., 2013) the
long tradition of small sample sizes in task-based fMRI studies in humans (see for exam-
ple, Friston 2012 and the rebuttal Friston 2013, Ingre 2013, Lindquist et al., 2013). In
Whalley’s article, the sample size is quite limited (n = 18, 24) which can call into question
whether the perceived difference in activation was a true effect or just a false positive

one. A study with a bigger sample size might be warranted in order to still this issue.

The other statistical issue in Whalley’s article was the small volume correction they em-
ployed. Performing statistical inference on ROIs in fMRI analysis with small volume
correction can be problematic (see Poldrack 2007 for a review). If chosen poorly 1.e., not
independent from the data included in the analysis, can lead to an inflated false positive
rate (see Kriegeskorte et al., 2009, Vul et al., 2009, Kriegeskorte et al., 2010, Vul and
Pashler 2012 for an extended discussion about the circular analysis). We cannot confi-
dently say that performing a whole-brain correction would change the outcome, but it

would certainly a step towards settling the discrepancy.

The disagreement between our results and earlier reports could simply reflect an inherent
limitation to the BOLD response; it does not reflect the postsynaptic component of the
neuronal activity. How the BOLD contrast is related to the neuronal activity is a complex
question with no straightforward answer (we advise the interested reader to review
Huettel et al., 2014, chapter 7). We elaborated earlier (see Introduction for more) that the
BOLD response was found to be coupled with the LFP response rather than the single or
multiunit recording in concomitant acquisition (Logothetis et al., 2001); Logothetis and
associates explained these finding such that the BOLD response reflects the integrative

aspect of local processing that happens in the active area rather than the output of this
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activation (Logothetis et al., 2001). We believe that this is the case in our animal, where
the increase in the KARs and AMPARs mediated EPSCs (Aller et al., 2015, Arora et al.,
2018) are not reflected in the BOLD response. In this scenario the differences observed
in Whalley’s et al. article, pending the statistical validation, is due to a phenomenon other
than hyperexcitability. The notion introduced earlier (Pickard et al., 2008) that they found
the indel variant has a protective value against the bipolar disorder, while the imbalance
between excitation/inhibition has been always linked to a negative outcome (for instance,
Dani et al., 2005, Gibson et al., 2008, Kehrer et al., 2008, Bateup et al., 2011, Wallace et
al., 2012) might give some credence to that postulation. In a nutshell, we are tempted to
believe that our results are not in conflict with others conducted in humans instead, they
reflect different aspects of the underlying neuronal functionality and/or the inherent dif-

ference between humans and rodents.

8. Negative BOLD response under urethane anesthesia

is driven by excitation, rather than, inhibition

Applying electrical microsimulation through MRI-compatible electrodes led to prevalent
negative BOLD response (NBR) in the hippocampus and the extra-hippocampal regions,
regardless of the point of stimulation, the frequency, or the genotype (Fig. 3.33-3.38).
The robustness, the replicability of the NBR across subjects, and its correlation with the
stimulation paradigm tempted us into ruling out a random noise or a motion artifact origin

for the signal.

The underlying neuronal origin of the NBR is an old issue as old as the BOLD contrast
itself and just as controversial. The most common interpretation of the origin of the
BOLD signal involves the cerebral blood flow (CBF), the cerebral blood volume (CBV),
the cerebral metabolic rate of oxygen (CMRo2), the cerebral metabolic rate of glucose
(CMRgw), and the delicate balance between these factors (Logothetis 2008, Huettel et al.,
2014, chapter 7).

The interplay of these aforementioned factors in response to neuronal activity determines
whether a positive or a negative BOLD will ensue. Synaptic inhibition, an imbalance
between CMRo; and CBF, and vasoconstriction initiated by neurotransmitters are all

events that have been linked to NBR (for an interesting review about NBR, see Lauritzen
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et al., 2012). In these circumstances, vasoconstriction and increased deoxygenated hemo-
globin that result from neuronal hyperpolarization are the culprit behind the sustained
NBR (Devor et al., 2008, Schifer et al., 2012). Despite the fact that most articles that
reported an NBR attributed it to a decrease in synaptic activity, others have provided
evidence advocating for an NBR resulted from an increase in neuronal activity (see for
instance, Harel et al., 2002, Shih et al., 2009 where NBR was attached to increased spik-
ing activity).

Even though a lot of investigations that tackled the NBR phenomenon were performed
on animals, the effect of anesthetics (when used) was the focus of little-to-no attention.
We used urethane at a moderate dosage (1.3 g/kg) to induce anesthesia before performing
the surgery to implant the electrodes. Urethane is known for its long-lasting effect and its
minimal effect on the cardiovascular, the respiratory systems, and neurotransmission
(Hara and Harris 2002). However, some reports have indicated that, at certain concentra-
tions, urethane has the potential to depress the contractability of the vascular smooth mus-
cles (Maggi and Meli 1986). In an interesting article, Liu et al. found that that most of the
positive BOLD response they observed under isoflurane and medetomidine, was rendered
negative upon using urethane as anesthetics (Liu et al., 2012); the authors interpreted
these findings as a mixture of urethane’s effect on the blood flow as well as the multi-
channel blocking effects (Liu et al., 2012). Other groups, however, reported positive
BOLD response and no NBR using also urethane as an anesthetic (Canals et al., 2008,
Moreno et al., 2016). The effect of urethane concentration and the species of the animals
used can be safely neglected since all of the previous studies used quite similar concen-

trations of urethane in the same model animals (rats).

The data acquired under urethane is even scarcer in mice. In two different studies, elicit-
ing BOLD responses by sensory stimulation returned only positive activation under four
different anesthetics including urethane (Schroeter et al., 2014, Schlegel et al., 2015).
Jego and team reported positive BOLD responses upon stimulating the hippocampus us-
ing a similar paradigm to ours (Jego et al., 2014); only medetomidine was used to induce
sleep. These results that apparently are contradictory can be interpreted either as the NBR
is a “capricious phenomenon” as indicated by Lauritzen and others (Lauritzen et al., 2012)

(it depends on the structure affected) or as a reflection of the breaking down of
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neurovascular coupling due to anesthesia (Sharp et al., 2015). There is no evidence that

those two scenarios are mutually exclusives.

We believe, at least, in our case the breaking down of the neurovascular coupling due to
anesthesia is responsible for the NBR. Huang et al. stated that the BOLD response is
likely to be a contribution of two factors working together or one of them acting sepa-
rately; those factors are the blood oxygenation and vessel radius (Huang et al., 1996).
Under urethane anesthesia, the blood vessels are dilated and quite unresponsive and hence
only one factor is controlling the signal which is the blood oxygenation. Upon activation,
there is plenty of blood to provide oxygen to the active neurons, their activity leads to the
accumulation of deoxygenated blood that is not perfused away courtesy of the unrespon-
sive blood vessel. Since the BOLD response is actually only sensitive to the paramagnetic
deoxygenated blood, the accumulation of this type of blood causes the negative response
even though the neurons are being activated. This effect is probably more evident in our
mice as an implication of the surgeries. A definitive evidence is still lacking to prove or
negate this conjecture. It would be really interesting to perform a somatosensory stimu-
lation paradigm in awake mice and observe how the signal changes on the contralateral

and the ipsilateral sides upon injecting the animal with urethane.

9. Limitations and future directions

In this body of investigation, we tried to probe the structural and functional substrates of
overexpressing GluK4 KAR subunit. Our research showed a wide variety of abnormali-
ties on both frontiers. However, the work suffered from various shortcomings that should

be noticed and rectified in similar future endeavors.

We restricted our experiments to mice males for various biological and technical reasons.
One of our preliminary goals was to isolate the effects of increasing the dose of Grik4
gene and with this in mind, we were trying to eliminate all the variability between the
two groups under investigation including background, environment, age, weight, and
gender. On the other hand, our mice females exhibited a significant difference in body
weight and subsequently in the dosage of anesthesia required to put them to sleep. Those

two factors had the potential to confound our results so we took the decision of restricting
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the work to males only. Increasing the total number of animals in future experiments

might help those differences to converge.

Another important issue was the cross-sectional nature of the work. Better insights and
deeper understanding of how synaptic transmission can translate into structural and func-
tional abnormalities could be obtained by observing the animals at different time points.
Given the non-invasive nature of the MRI, the same number of animals would be used.
This 1s particularly important also because all the synaptic transmission experiments were
conducted on young animals (p17 for example). It would be interesting to see how struc-

tural and functional MRI results develop over different ages.

We did all of our functional scans under anesthesia. Anesthesia is quite important in such
experiments in order to limit the head movement of the animal in the scanning bed. As
has been shown extensively in the literature, anesthesia does have a deleterious effect on
the BOLD signal and the resting-state networks. Conducting the experiments on awake
animals might be a step forward in establishing a relationship between activities on cel-

lular and network levels. Furthermore, it will help to settle the issue of the NBR.

Even though OF and EPM provides a good proxy for the anxiety, they are not refined
enough and can reflect multiple things. Acquiring more refined behavioral tests with so-
cial nature and assessing their correlation with the functional and structural imaging will
add a huge value to those modules. We discussed earlier how the correlation between
resting-state networks and behavior is lacking and how this might be due to the nature of

the behavioral tasks.

Concurrent recording of BOLD response side by side with single unit recording could
confirm or negate our hypothesis about the activation that drives negative BOLD re-
sponse. Another way to approach this question would be to use GABA-transaminase in-
hibitors and see if this causes elevation or demotion of the response. An elevation would
falsify our hypothesis and proves that the activity was, after all, driven by neuronal deac-

tivation.
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Conclusions

We analyzed the implications of the increased dosage of Grik4 gene in the brain using
multi-parametric MRI to unearth changes on the functional and structural levels that
might stem from such expression. The results indicate various alterations on both levels,
in addition to the correlations between some of those changes and the behavioral tasks
the animal performed prior to the scanning sessions. In light of those findings, we feel
confident to conclude that the overexpression of GluK4 subunit, and probably many
more, can widely affect the brain networks and induce many developmental changes that
are associated with alteration in the behavior. On the other hand, the MRI technique with
its various modalities proved not only to be able to detect theses anomalies, but also to

accurately pinpoint them to structures where they occur.

Conclusiones

Analizamos las implicaciones del aumento de la dosis del gen Grik4 en el cerebro me-
diante resonancia magnética multiparamétrica para descubrir cambios en los niveles fun-
cionales y estructurales que podrian derivarse de dicha expresion. Los resultados indican
varias alteraciones en ambos niveles, ademas de las correlaciones entre algunos de esos
cambios y las tareas de comportamiento que el animal realizaba antes de las sesiones de
exploracion. A la luz de esos hallazgos, nos sentimos confiados para concluir que la so-
breexpresion de la subunidad GluK4, y probablemente muchas mas, pueden afectar am-
pliamente las redes cerebrales e inducir muchos cambios en el desarrollo asociados con
la alteracion del comportamiento. Por otro lado, la técnica de resonancia magnética con
sus diversas modalidades demostr6 no solo poder detectar estas anomalias, sino también

sefalarlas con precision a las estructuras donde ocurren.
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Abstract - Preclinical MRI approaches constitute a key tool to study a wide variety of
neurological and psychiatric illnesses, allowing a more direct investigation of the disorder
substrate and, at the same time, the possibility of back-translating such findings to human
subjects. However, the lack of consensus on the optimal experimental scheme used to acquire
the data has led to relatively high heterogeneity in the choice of protocols, which can potentially
impact the comparison between results obtained by different groups, even using the same
animal model. This is especially true for diffusion-weighted MRI data, where certain
experimental choices can impact not only on the accuracy and precision of the extracted
biomarkers, but also on their biological meaning. With this in mind, we extensively examined
preclinical imaging studies that used diffusion-weighted MRI to investigate neurodegenerative,
neurodevelopmental and psychiatric disorders in rodent models. In this review, we discuss the
main findings for each preclinical model, with a special focus on the analysis and comparison
of the different acquisition strategies used across studies and their impact on the heterogeneity
of the findings.



Introduction

Magnetic resonance imaging (MRI), a technique widely used in the clinical
practice as a diagnostic tool, has revealed a fundamental importance as a powerful, non-
invasive analysis tool also in animal studies and, more specifically, in preclinical
pharmaceutical research. The development of high field scanners (e.g. 7T) has
significantly improved the spatial resolution, granting access to the investigation of
small animals like rodents. Indeed, in recent years, knock-out or transgenic mice, where
specific genes have been removed or altered, have been widely used in fundamental
research. The combination of these models with this powerful imaging technique can
shed light onto how genetic alterations derived into pathologies. Because of its non-
invasiveness, MRI allows repeated observations on the same subject as well as
longitudinal studies and is being increasingly used in rodent models of brain diseases.

The landscape of MRI can widely be divided into two major areas: structural and
functional. Structural MRI is mainly concerned with conveying information about the
underlying tissue properties, while patterns of brain activity can be measured and
compared using functional contrasts. Structural contrasts such as T, and T, are suited
for mapping brain anatomy and hence are widely used in clinical investigation to extract
key information such as cortical thickness and the volume of different anatomical
structures. Conversely, functional contrasts are meant to catch the brain in action.
Sensitizing the machine to events such as blood oxygenation or blood flow is the basis
for blood oxygenation level-dependent and cerebral blood flow functional MRI.

Diffusion weighted MRI (dw-MRI) belongs to the structural domain (see Huettel
et al., 2014 for a review about the different contrasts), but it stands out due its ability to
extract information about the microstructural properties (as in the range of microns) of
the tissue in contrast with millimeters level other structural modalities work on.

Amongst the different contrasts available, dw-MRI is widely used to study the
brain and brain-related pathologies. This review examines the experimental procedures
used to infer structural differences in murine neurodegenerative, neurodevelopment and
psychiatric models versus wild type animals. The manuscript is structured as follows.
First, we briefly explain the fundaments of dw-MRI and introduce the different
parameters that define the acquisition scheme. We then describe the most popular model
used to fit the diffusion signal, the diffusion tensor imaging (DTI), along with some of

the most used advanced models. After introducing the state-of-the-art of preclinical



modelling, we highlight the relevant aspects that hamper the results homogeneity and,
ultimately, the transference to the clinic. The body of this article consists of an overview
of the different experimental strains and preparations, dw-MRI acquisition parameters,
biophysical models, and main results that where reported so far using dw-MRI to

characterize the most common pathologies of the central nervous system.

Diffusion-weighted MRI: theory, experimental scheme, and biophysical

models

Dw-MRI contrast is sensitive to the random displacement of water molecules,
which in biological tissues is constantly hindered by the presence of barriers in the form
of cell membranes and other organelles inside the cell. By probing the path water
molecules follow while diffusing, important characteristics of the underlying
microstructure can be measured (see Jones 2010, Emsell et al., 2016).

Sensitizing the MRI signal to diffusion usually requires a diffusion-sensitized
acquisition sequence; the pulsed gradient spin echo (PGSE) is the most common
(Stejskal and Tanner 1965). The measured signal is an exponential decay defined as
follows:

S=25,-e"bP (1.1)

Where:
1)
b=y?6262(A-3) (12)

So represents the signal in absence of diffusion weighting, S is the signal, D is the
diffusion coefficient of the water molecules, y is the gyromagnetic ratio, G is the
strength of the gradient applied, o is gradient duration, and A is the time difference
between the two gradient pulses. The diffusion time A describes the amount of time the
water molecules are allowed to displace before acquiring the signal. The PGSE
sequence is illustrated in Fig. 1. A typical diffusion experiment will encompass several

diffusion-weighted images along different noncollinear, non-coplanar unique directions



along with one or more images acquired without gradient, serving as a reference. The
amount of diffusion weighting applied is quantified by the b-value (Le Bihan and
Breton 1985).

TE
)
— echo
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--------------- "w”\”\
90° 180° |

Figure 1: Pulsed gradient spin echo (PGSE) sequence. The basic PGSE sequence
consists of two radio-frequency pulses, an excitation pulse (90°), a refocusing pulse
(180°), and two gradient pulses (green trapezoids). G represent the strength, and 6 the
duration of the gradient. The diffusion time, A, is the time from the start of the first

gradient pulse to the start of the second gradient pulse. TE is the echo time.

Since its inception by Basser et al., in 1994, diffusion tensor imaging (DTI) has
gained wide acceptance as the go-to method of modelling the diffusion signal as a
consequence of its simplicity, robustness, and the reasonable acquisition parameters
(Basser et al., 1994). DTI uses a 3 x 3 apparent diffusion tensor to represent diffusion in
3D space (see Kingsley 2006). Multiple measures can be calculated from the diffusion
tensor; the most frequently used are fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (L1), and radial diffusivity (RD) (Basser 1995).

Despite its popularity, DTI suffers from a number of limitations, the main one
being that it assumes that the diffusion follows a Gaussian distribution, while the signal
can also come from intracellular water molecules where restrictions generate a deviation
from Gaussian behaviour (Curran et al., 2016). Numerous advanced models have been
developed over the years to mend the pitfalls of the DTI model. Diffusion kurtosis
imaging (DKI) quantifies the degree to which the diffusing water molecules
displacement probability deviates from the Gaussian distribution, which gives a more
realistic view of the diffusion in tissues like the gray matter where the non-Gaussian

diffusion is ubiquitous. The same PGSE is usually used in DKI, however, it requires



higher b-values along with a larger number of gradient orientations, as the calculations
are more complex than those of DTI (Jensen et al., 2005, Lu et al., 2006, Jensen et al.,
2011, reviewed in Jensen and Helpern 2010).

Other approaches aim at modelling the signal as a multi-compartment model
separating the contributions of the intra from extracellular compartments (see Alexander
et al., 2019 for a review). The composite hindered and restricted model of diffusion
(CHARMED), for instance, assumes two models of diffusion: an intra-axonal restricted
diffusion, and a hindered diffusion happening elsewhere. A notable strength of such a
model is that it can, to a certain degree, resolve the issue of crossing-fibers within the
same voxel. A simpler approach such as neurite orientation dispersion and density
imaging (NODDI) models instead the dispersion around a single fiber direction (Zhang
etal., 2012).

These models have definitely enriched the insights we gain from dw-MRI by
providing a more realistic view of the diffusion process more than the usual DTI.
However, they require a multi-shell acquisition and higher b-values that might lead to
higher noise (Alexander et al., 2019).

Animal models and dw-MRI

The recent developments in molecular biology and genome editing techniques
have echoed through all fields and MRI was no exception. The ability to recapitulate
human disorders using animal models opened a big window for a closer look into these
diseases using the rich varieties of MRI modalities. Due to the physical gap between
humans and small animals like rodents, scanning small animals require special set-ups
to accommodate the smaller size. Custom coils and higher field strengths are needed in
order to produce a useful resolution and an improved SNR. Other things such as
anesthesia, mechanisms for head fixation to limit motion artifacts and maintaining the
animal’s core temperature and respiration rate also often require special attention and
maintenance.

A major roadblock in the face of moving dw-MRI more into the clinic is the lack
of solid validation of the pathological correlates of the changes frequently elucidated by
imaging. Histological samples obtained posthumously from patients are rarely available
and hard to get. Using animal models comes in handy in such cases, where the post-

MRI histological examination is becoming mainstream. Using immunohistochemical



techniques, things such as axons demyelination, B-amyloid accumulation, and changes
in cell morphology can be investigated, quantified, and further linked to the dw-MRI
findings, establishing a framework to understand the meaning of the variations in the
imaging contrast (Oguz et al., 2012). These advantages do not come without a cost. Due
to the evolutionary gulf between humans and rodents, these models cannot recapitulate
all the aspects of a given disorder; instead, they can be thought of as a representation of
a certain aspect of the disease and hence caution should always be employed when
interpreting or extrapolating such findings to human studies (Jones 2010). In addition,
correlating histological and imaging findings has its own shortcomings, like the
difficulty of matching images between the two modalities (Horowitz et al., 2015).

Another important issue to take into account when looking at preclinical dw-MRI
results and their translatability to humans, is the lack of a homogeneous strategy for
designing the experimental protocol. While some parameters mostly impact on the
SNR, others affect the range of diffusion on which the study is focusing. Specifically,
changing the diffusion time A might shift the sensitivity of the analysis from mostly
extracellular water to restricted water. Similarly, a high b-value will give more
information about compartment undergoing slower diffusion compared to lower b-
values (Assaf et al., 2008). In addition, both high A and high b-values will translate into
a lower SNR, potentially affecting the sensitivity to changes (Hagmann et al., 2006).
Also the choice of the biophysical model used to analyze the data impacts on the results,
where more advanced models can increase both sensitivity and specificity to changes
compared to DTI (De Santis et al., 2017). Finally, the number of unique orientations
determines the accuracy and the precision of the obtained parameters and generally, a
number below 20-30 is considered suboptimal (Jones and Basser 2004).

To assess the homogeneity of the results and the employed experimental protocol
across studies, we searched the PubMed website for preclinical studies using dw-MRI
to investigate neurodegenerative or neurodevelopmental disorders and employing
rodents. Entrez tool from the Biopython library was used to scrape the website (git

repository: https://github.com/amrka/pubmed_scrape_dw-MRI_preclinical). A

combination of terms was used in the search including, "diffusion tensor imaging AND
mice", “diffusion tensor imaging AND rats", "diffusion tensor imaging AND ferrets",
"diffusion MRl AND mice", "diffusion MRI AND rats", and "diffusion MRl AND
ferrets". The unique hits were refined manually in order to remove irrelevant articles.

We only included results reported by the authors which reached statistical significance,


https://github.com/amrka/pubmed_scrape_dw-MRI_preclinical

regardless of the analysis or the statistical methods used. A summary of the disease, the
model used, acquisition parameters, and the most relevant results can be found in Tables
1-2, and the main experimental parameters are plotted for the different diseases

investigated in Figure 2.
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Figure 2. Dw-MRI parameters used in Neurodegenerative (blue), Neurodevelopment
(purple) and Psychiatric (orange) preclinical models in vivo (a-f) and ex vivo (g-1). Each
plot represent one dw-MRI parameter: (a,g) b-Value; (b,h) number of noncollinear,
non-coplanar gradient directions; (c,i) gradient duration, d; (d,j) diffusion time, A; (e,k)
echo time, TE; (f,1) repetition time, TR. The dashed line represents the mean parameter
value calculated across all included articles. The narrow continuous line represents
mean in specific neuropathology. Dots represent the corresponding parameter values
used in each article. Abbreviations: AD=Alzheimer’s disease; PD=Parkinson’s disease;
MS=Multiple sclerosis; HD=Huntington’s disease; ASD=Autism spectrum disorder;

Alc=Alcoholism; SCZ=Schizophrenia.

Neurodegenerative diseases

Diseases such as Alzheimer’s, Parkinson’s, Huntington’s, and multiple sclerosis
together represent the most prevalent neurodegenerative disorders, with a total burden
of 23% of the disability-adjusted life years, which is expected to further grow by 2030
(World Health Organization). The deposition of misfolded Amyloid-p (AB) plaques
between nerve cells and tau neurofibrillary tangles inside the neurons are the most
prominent hallmarks of Alzheimer’s disease (AD); such aggregation starts a cascade of
events, involving inflammation, neuronal and synaptic degeneration, and formation of
tau neurofibrillary tangles, that eventually leads to cognitive deterioration (Small and
Duff 2008). AD has been linked to mutations in genes responsible for the formation and
cleavage of Amyloid-p such as amyloid precursor protein (APP), y-secretase proteins
presenilin 1 (PSEN1), and presenilin 2 (PSEN2) (Small and Duff 2008). Other genetic
risk factors such as APOE and TREM2 genes have been linked to sporadic and early-
onset forms of AD (Scheltens et al., 2016).

Being unique to humans, finding an effective animal model that recapitulates the
entire biology of AD remains elusive; genetically modified mice engineered to
overexpress APP are an important tool, but replicate only one aspect of the disorder
(Drummond and Wisniewski 2017). The majority of the articles examined for this
review used APP/PSEN1 mouse model with APP gene carrying the Swedish double
mutation (KM670/671NL) and PSEN1 with one type of mutations such as L166p
(Vanhoutte et al., 2013) or AE9 (Qin et al., 2013). A preponderance of studies using



models with APP harboring the Swedish double mutations (Tg2576) with no PSEN1
mutations was still observed (Harms et al., 2006). Both kinds of models give rise to
amyloid deposition in various brain structures but differ in the time course of such
deposition. Other models incorporate other mutations aiming to better replicate the
disorder by allowing the formation of tau-neurofibrillary tangles such as the triple
transgenic (3xTg) model (Snow et al., 2017). Not surprisingly, the mouse was the
animal of choice occupying the biggest chunk of the literature with a few articles
settling for using rats instead (Munoz-Moreno et al., 2018, Anckaerts et al., 2019).
Owing to the rodents’ small-sized brains, a strong magnetic field is mandatory. Field
strengths between 4.7 T to 11.7 T were employed in all the studies.

FA, MD, L1, and RD are the most commonly reported scalar measures whether in
region of interest (ROI), voxel-based (VBA) type of analysis, or both. Results showed a
good agreement between studies regardless of the model used, the acquisition
parameters, or the type of the analysis. Most studies reported a decrease in FA
accompanied by an increase in MD in white matter structures such as the corpus
callosum, fornix, internal capsule, and external capsule as well as in gray matter tissues
including the hippocampus, large parts of the cortex, and the thalamus (Fig. 3a) (Shu et
al., 2013, Qin et al., 2013). Using the same model and similar acquisition parameters
with slightly younger animals, Zerbi and coworkers showed a voxel-wise increase in
MD in the fimbria and the hippocampus, but lower MD in the body of the corpus
callosum, the fornix, and the cerebral peduncle (Zerbi et al., 2013). This discrepancy
cannot be explained by different amyloid deposition patterns. Interestingly, Zerbi et al.
used a b-value of 1000 s/mm?, while Qin and Shu et al. chose a b-value of 800 s/mm?.
This slight difference can translate into a better SNR, but also a different sensitivity to
hindered versus restricted compartments. A staggering amount of human studies seems
to be in accordance with the former results (see for example Stahl et al., 2007, Zhang et
al., 2007, Agosta et al.,, 2011, Shu et al., 2011). Post-mortem literature reported
alterations in the microstructure in various brain tissues, including loss of myelin,
cellular death, and neurodegeneration. Such alterations affect the structural integrity and
can be the cause behind the decrease in FA values and the increase in MD, respectively.
Intriguingly, the results from applying advanced models seem to corroborate these
findings. Using DKI, some studies have reported an increase in all three of DKI metrics
(axial kurtosis (AK), mean kurtosis (MK), and radial kurtosis (RK)) in parts of the

cortex, whilst they did not report any change in those metrics in the hippocampus or any

10



of the white matter main tracts (Vanhoutte et al., 2013, Praet et al., 2018). One
interpretation might be that DKI is sensitive to certain aspects of the underlying
abnormalities that DTI metrics are impartial to. Using NODDI on an animal model of
tau pathology, a strong correlation between the tau burden in the cortex and
hippocampus and the neural density in these structures has been found (Colgan et al.,
2016). Such correlations might hint at a sensitivity of NODDI metrics towards tau-
related pathology, however, the results are quite limited by the small sample size.

RD and L1 are fairly reported alongside FA and MD with no general consensus on
the direction of the changes in the different structures. A longitudinal study showed a
decrease in RD values at 12 months, then reported an increase in these values at 16 and
18 months (Sun et al., 2005). However, as elegantly demonstrated by Wheeler-
Kingshott et al., the lax usage of the L1 and RD should be discouraged especially in
regions such as the gray matter where crossing fibers are ubiquitous (Wheeler-Kingshott
and Cercignani 2009).

A progressive loss of dopaminergic neurons in the substantia negra (SN) and
together with the deposition of a misfolded protein called a-synuclein intracellularly,
forming the Lewy bodies, constitutes the cardinal hallmarks of Parkinson’s disease
(PD) (Poewe et al., 2017). Unlike AD, the majority of PD incidents are idiopathic with
a marginal number of cases that can be attributed to heritable factors or exposure to
environmental toxins (Nalls et al., 2014, Ascherio and Schwarzschild 2016). Creating
an effective animal model of PD that embodies the disorder’s pathophysiology remains
elusive (Beal 2010) with most of the studies settling for the traditional toxin-treated
models. Toxins such as 6-hydroxydopamine (6-OHDA), rotenone, and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) were unilaterally injected either directly in
the SN itself (see, for example, Liu et al., 2017), the striatum (Perlbarg et al., 2018), or
the medial forebrain bundle in a few studies (Monnot et al., 2017). Interestingly, PD
studies witnessed a surge in using rats, rather than mice, as the animal of choice,
probably to facilitate performing the surgeries of the intracranial injection. A few
studies used transgenic mice or rats harboring mutations that were linked to the familial
form of PD in humans, such as TNWT-61 transgenic mice that overexpress a-synuclein
(Khairnar et al., 2015, Khairnar et al., 2016, Khairnar et al., 2017), or rat models
featuring a knock-out of PINK1, as it has been implicated in cases of familial early-
onset parkinsonism (Ferris et al., 2018). Despite the recapitulation of some of the

hallmarks of PD, these models lack the neurodegeneration of the dopaminergic neurons,
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limiting their potential to symptomatic research. Perhaps the most interesting animal
model would be the one known as the MitoPark mouse, which faithfully mimics most
of the hallmarks of PD including the progressive neurodegeneration; however, the fact
that it is not built on a human genetic mutation limits its potential (Beal 2010).

Unfortunately, due to the variation in the substance injected, doses, and site of
injection, comparing the results between different studies is quite challenging (Table 1).
The SN as the structure associated the most with PD, showed different values of DTI
scalar metrics across different studies (Fig. 3b). Using models of both 6-OHDA and
rotenone, Liu et al. reported an immediate FA decrease in the SN, followed by an
increase six weeks after the injection in comparison with the sham controls (Liu et al.,
2018a), while a persistent decrease after one and six weeks was also reported (Fang et
al., 2018). This decrease in FA was also observed in the MitoPark animals (Cong et al.,
2016).

A number of studies used DKI to investigate TNWT-61 animal model at different
stages. Many structures showed an increase in all three kurtosis measures (MK, AK,
RK). The changes in the SN, ipsilaterally to the injection, start as early as six months of
age, while they can appear by three months in regions such as the striatum (Khairnar et
al., 2015, Khairnar et al., 2016, Khairnar et al., 2017). These findings might favor the
DKI metrics as more sensitive measures than the DT ones that could have the potential
to serve as an early diagnostic tool.

Huntington’s disease (HD) emerges from a mutation in the HTT gene that encodes
for a protein of unknown function called Huntingtin. The mutated form of Huntingtin
protein tends to have a toxic effect on neurons, especially the striatum’s medium spiny
neurons. This toxicity is usually manifested as motor as well as cognitive and
behavioral symptoms (Bates et al., 2015). The understanding of the molecular
background of HD is very well reflected in the rodent models used to study the illness.
All the models have an HTT gene featuring a different number of CAG repeats, the very
same repeats associated with the disease in humans (Blockx et al., 2012a, Teo et al.,
2016, Gatto et al., 2019). The use of transgenic rat model (TgHD) was quite common in
giving this model an edge due to the brain size and the possible enhanced SNR (Table
1). The homogeneity of the molecular background of the models was also evident in
terms of the results. Even though there was a wide gap in the ages of the animals used,
the results seemed to be in accordance with each other. The values of FA in all the

articles that reported a significant change in the corpus callosum or its various sub-
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components were found to be decreased with the respect to the control animals (Chyi
and Chang 1999, Xiang et al., 2011, Garcia-Miralles et al., 2016, Teo et al., 2016, Gatto
et al., 2019), while this was reversed in some of the gray matter structures such as the
striatum (Fig. 3c) (Blockx et al., 2012b, Antonsen et al., 2013). Using a simple
acquisition protocol of only one shell of 800 s/mm? and 6 directions, Blockx et al. failed
to unearth any differences (Blockx et al., 2011), whilst using a multi-shell acquisition of
severn shells, they reported numerous significant in changes (Blockx et al., 20123,
Blockx et al., 2012b).

Multiple sclerosis (MS) is a severe disease which causes demyelination and axonal
damage, both focally and globally (Filippi et al., 2018). Due to the poorly understood
etiology, the available animal models poorly recapitulate the disorder such that the
demyelination in those models is induced while the MS has a spontaneous onset (Rice
2012). The most popular model is what is called experimental autoimmune
encephalomyelitis (EAE) where the animals are immunized with a myelin antigen to
harness the immunity to attack its own myelin (Rice 2012). The other available models
feature toxic demyelination, where the animals are is that toxic to the oligodendrocytes
such as cuprizone.

The literature reviewed used exclusively the EAE (Nishioka et al., 2017, Crombe
et al., 2018) or the cuprizone model (CPZ) (Song et al., 2005, Atkinson et al., 2019),
while one article experimented with a mixed model of both worlds (Boretius et al.,
2012). As expected, a diminished FA was observed in the corpus callosum and, more
importantly, in the optic nerve and the optic tracts (Fig. 3d) (Sun et al., 2007, Nishioka
et al., 2017, Nishioka et al., 2019) recapitulating an important feature of MS in humans
where patients suffer from visual deficits (Table 1). A significant difference in the MD
values between MS models and their corresponding control was reported only twice
(Crombe et al., 2018, Atkinson et al., 2019). Both studies used reasonable acquisition
protcols consist of two shells and a sufficient number of directions. Factors such as
different diffusion time and spatial resolution might be in play in such adverserial
results. Diffusion times of 12 ms with a resolution of 82 x 81 x 203 um® (Crombe et al.,
2018), 10 ms with resolution of 156 x 156 x 1000 umg (Atkinson et al., 2019) have
been reported. Despite the gain in SNR, the lower resolution used in this latter study
makes the partial volume effect a real concern here.
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Stress

Figure 3. Visual representation of the number of studies reporting increase (in red)
and/or decrease (in blue) in FA and MD in neurodegenerative (a-d) and
neurodevelopmental and mood disorders (e-h) in the most affected structures. Results
are overlaid on a high-resolution template of a mouse brain (a, d, €) or a rat brain (b, c,
f, g, h) depending on which animal model is used more frequently in each disease.
Results are calculated as ((# of studies reporting an FA or an MD increase - # of studies
reporting an FA or an MD decrease) / total # of studies). FA results are displayed on the
left hemispheres and MD results are displayed on the right hemispheres. We used the
AMBMC MRI mouse brain template and atlas (Richards et al., 2011, Ullmann et al.,
2013, Ullmann et al., 2014, Janke and Ullmann 2015) and the SIGMA MRI rat brain
template and atlas (Barriere et al., 2019). Abbreviations: FA, fractional anisotropy;
AD, Alzheimer’s disease; Alc, Alcoholism; ASD, Autism spectrum disorder; cc/ec,
corpus callosum/external capsule; ctx, different parts of the cortex; HD, Huntington’s
disease; hpc, hippocampus; ic, internal capsule; MD, mean diffusivity; MS, multiple
sclerosis; opt, optic tract; PD, Parkinson’s disease; R, right; SCZ, schizophrenia; sn,

substantia nigra; str, striatum.

Neurodevelopmental and psychiatric disorders

While preclinical models of neurodegenerative disorders have a long tradition in
biomedical research, more recently imaging techniques have been applied also to look
at subtle changes in psychiatric and neurodevlopmental animal models. Autism
spectrum disorders (ASD) describe a myriad of heterogeneous neurodevelopmental
disorders characterized by ill-forms of communication with others, the pervasiveness of

repetitive behaviors, and social disinterest (Miles 2011). A growing body of evidence
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defined the genetic component, rather than the environmental, to be the major cause
behind ASD. Genome-wide association studies (GWAS) studies have identified a
number of genes associated with a high risk of developing ASD such as ANK2,
ARID1B, CACNA2D3, FOXP1, GRIK4, and GRIN2B (lossifov et al., 2014). Such
mutations inspired the development of animal models trying to recapitulate the essence
of ASD. However, interpreting such results must be put in the context of the uniqueness
of the disorder to humans.

Due to the heterogeneity that comes with ASD, our search highlighted the usage of
various models aiming at recapitulating different mutations, with a limited number of
articles using the same model. Such a limitation made it challenging to compare the
models to each other. However, some global patterns were observed (Table 2). The
majority of the articles reported a decrease in FA in WM structures such as the corpus
callosum, the external capsule, the fornix, and the anterior commissure (for instance,
Ellegood et al., 2011, Dodero et al., 2013, Zerbi et al., 2019) as well as some other GM
tissues such as the hippocampus, the cerebellum, and the thalamus (Fig. 3e) (Ellegood
et al., 2011). This decrease was accompanied in some cases with an increase in RD or
other scalar metrics. The opposite change in FA and RD, albeit to a lower extent, was
also reported. In his longitudinal study, for instance, Kumar et al. reported a trend of
increasing FA values in the corpus callosum that peaked at P70 where compared to a
cross-sectional control, was significantly different (Kumar et al., 2012). This could hint
at a change in the model throughout its lifetime reminiscent of the ASD in humans as
briefed earlier. Such a discrepancy can emanate from a multitude of factors, not least of
all the very nature of ASD rather than the models themselves, or can be attributed to
poor acquisition protocols, where most of the literature reported the use of only 6
directions which, potentially, can lead to a poor tensor estimation (Ellegood et al., 2011,
Kumar et al., 2012, Kumar et al., 2014, Kumar et al., 2018, Pervolaraki et al., 2019).
Another prominent drawback in the literature analyzed is the dominant use of male
animals in most of the studies (Kumar et al., 2012, Zerbi et al., 2019).

Aside from the direction of the change in FA and RD, these articles seem to agree
on a change in the microstructure of the white matter tracts running between different
brain structures, giving support to the tantalizing hypothesis that ASD is a connectivity
problem where long-range connectivity is diminished in favor of increased local
connectivity (Belmonte et al., 2004, Courchesne and Pierce 2005, Rippon et al., 2007,
Rane et al., 2015).
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Another interesting facet of the ASD literature included is the uprising trend of
scanning the brains post-fixation (ex vivo) rather than in vivo. Despite the lack of
definitive proof that one approach is superior to the other, the process of fixation does
affect some properties of the tissue and can lead to significant shrinkage in the axons
(Horowitz Horowitz et al., 2015) casting some doubts on the findings of such studies.

Akin to ASD, Schizophrenia (SCZ) is a multifarious disorder with presentations
that differ from case to case. SCZ appears to be the product of complex intercalation
between a multitude of genetic and environmental risk factors. GWAS studies identified
plenty of genes to be associated with an increased risk of developing SCZ including
those implicated in various vital functions such as immunity, synaptic function, and
development. Various pieces of evidence point at the complicity of a faulty
dopaminergic and glutamatergic neurotransmission in the genesis of the positive and the
negative symptoms of SCZ, respectively (Kahn et al., 2015, Owen et al., 2016, Marder
and Cannon 2019).

Administration of agents such as amphetamine or phencyclidine, that interfere
with the dopaminergic or the glutamatergic pathways, was the classical way of
generating animals recapitulating some of the SCZ aspects (Katsnelson 2014). In the
current literature, animals treated with N-methyl-d-aspartate receptor (NMDAR)
antagonists agents such as MK801 (dizocilpine) (Wu et al., 2016) or prenatally exposed
to compounds such as methylazoxymethanol acetate (MAM) (Chin et al., 2011) or
endotoxins such as polyinosinic:polycytidylic acid (poly I:C) (Missault et al., 2019, Di
Biase et al., 2020) were used as SCZ animal models. Other transgenic models that lack
essential genes such as Gelm knock-out (Gelm KO) (Corcoba et al., 2015) or express a
faulty protein were also used such as EGR3 rat model (Ma et al., 2015).

The results depicted a general pattern of diminished FA and increased RD values
in all the tissues examined including the corpus callosum (Fig. 3f), the fornix, and the
cingulum (Table 2). The non-conflicting results are probably emitting from the limited
number of the studies conducted rather than reflecting a solid underlying dysfunction in
the microstructure, since every model is mostly affected in a different manner. In
addition, it should be noticed that the experimental setup chosen is quite homogeneous

across the different studies, as evident from Figure 1.

Due to its global impact as a major risk factor for a wide variety of illnesses and

ultimately for premature death, the consumption of alcohol and its correlation with
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health problem has been for long a subject of meticulous scrutiny (Rehm et al., 2003,
Ezzati et al., 2006). The deleterious effect the alcohol has on the brain tissue is very
well established, and changes in the WM microstructure are widely studied employing
dw-MRI.

All the studies were performed on rats, except for one study that used ferrets (Tang
et al., 2018). Different studies employed different protocols to deliver various doses of
alcohol, some of which were aiming at inducing chronic alcohol consumption (Vetreno
etal., 2016, Luo et al., 2017), while the others were mimicking the binge drinking cases
(Pfefferbaum et al., 2015). As was the case in ASD, all the studies aside from one (Tang
et al., 2018) incorporated only male rats in their investigation.

As per the studies investigated, alcohol seems to affect GM tissues such as the
cerebellum, the neocortex, the thalamus, and the somatosensory cortex. Some studies
also found significant differences in the WM tracts including the corpus callosum and
the fornix (Pfefferbaum et al., 2015, De Santis et al., 2019). The changes in the corpus
callosum and the fornix seem to follow the same direction with a decrease in the FA and
L1 values and an increase in the values of MD and RD (Fig. 3g and Table 2). Unlike in
WM, a decrease, rather than an increase, was reported for MD values in GM tissues
when alcohol esposed animals were compared to their respective control (Vetreno et al.,
2016, Chen et al., 2017), although the studies used two different alcohol delivery
approaches (chronic versus acute) and different experimental strategies. Although in the
case of the later study, the decrease in the MD values was not progressive as the values
after 2 hours of administration slightly towered over the 30 minutes after administration
values before it decreased again (Chen et al., 2017).

Chen and others, using DKI in a longitudinal study, showed an initial decrease in
the MK metric in the frontal lobe 30 minutes after acute administration of alcohol,
followed by a significant increase two and six hours after compared to the naive control
and the 30 minutes post-consumption time point (Chen et al., 2017). Besides giving
credence to the sensitivity of DKI to minor changes, these results could mean that
alcohol has an acute early-stage effect (Sippel 1974, Tabakoff et al., 1976) followed by
a long-lasting effect (Crews et al., 2006, Crews and Nixon 2009, Kane and Drew 2016).
Interestingly, in another longitudinal study, De Santis et al. reported changes in the
corpus callosum and the fornix that progressed even after 6 weeks of abstinence (De
Santis et al., 2019).
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Stress is essentially a coping response to threats that might challenge the
individual's existence and can provide an adaptation mechanism to changes that might
occur in the subject’s homeostasis. Chronic exposure to stress during different life
stages can lead to several social abnormalities and aberrant interactions, as well as to
developing depression and different forms of aggression (Lupien et al., 2009,
Roozendaal et al., 2009, Sandi and Haller 2015). Rodents studies of stress seem to
follow the same paradigm of using mainstream animals such as C57 mice (Grandjean et
al., 2016, Liu et al., 2018b) or stress-hyper-reactive animals such as Wister Kyoto
(WKY) rats (Zalsman et al., 2015, Zalsman et al., 2017). The animals were then
exposed to different types of stressors for various amounts of time to mimic the state of
chronic stress exposure. The stressors can vary between putting the rodent with an
aggressor, wetting cage, elevated platform, or restraining. Some protocols include using
more than one stressor (Hemanth Kumar et al., 2014). The animals are typically
screened to test their resilience to stress experienced earlier and then categorized into
anhedonic susceptible animals and resilient animals. Results indicate that indeed
chronic stress can have a physical toll on the brain’s microstructure. Numerous
structures that are implicated in the stress response such as the hippocampus (Fig. 3h),
the amygdala, and the hypothalamus were found to be affected in these studies.
However, the paradigms used to induce stress varied widely between studies in addition
to a wide discrepancy in the acquisition parameters which might explain the apparent
contradictions. A vivid example would be the DKI results reported in some of the
studies included (Delgado y Palacios et al., 2011, Khan et al., 2016, Khan et al., 201843,
Khan et al., 2018Db). Despite using the same stress-inducing protocols, the findings
varied substantially (Table 2). A noteworthy issue is the use of two values with only 9
directions to estimate the kurtosis tensor (Khan et al., 2018a), while the minimum

requirments are 15 directions per b-value (Jensen and Helpern 2010).

Conclusions

Dw-MRI is a powerful tool to investigate microstructural abnormalities in the
intact brain. Tapping the potential of such technique in preclinical investigation has the
potential to boost our understanding of a multitude of disorders. However, using dw-

MRI is a delicate process and requires strong knowledge of proper acquisition
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parameters; in this review, we highlighted several cases in which the observed
heterogeneity of the results can be at least partially explained by the experimental
choice, rather than by true biological variability in the model. Future work is needed to
reach a consensus on the optimal experimental scheme to be used; however, a few
points can be highlighted. We encourage, whenever possible, the use of a stronger
magnetic field (7-11T or higher for mice and at least 4.7T or higher for rats). If one is
interested in information coming from the extracellular space, a conventional DTI
sequence with b=1000 s/mm? and a minimum of 30 directions, as used in the majority
of the studies included in this review, is recommended. For pathologies in which axonal
involvement is expected, we suggest increasing the b-value range and the diffusion time
to explore higher b-values and access more advanced dw-MRI models, keeping in mind
that the reduction in the SNR needs to be compensated with more directions and/or
more repetitions. Lastly, whenever possible, an isotropic resolution should be the first

choice followed by an in-plane isotropic acquisition.
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Table 1. Summary of the neurodegenerative studies included in the review.

No.
‘ Control Model : Max B- . . Results
Article Disor Animal | Model name | sample sample ek No value(s/mm2 d'.r 9 | I e in model compared to WT
der : g strength | shells ctio | exvivo
size size ) ns lor?
Badea et al., AD Mice CVN-AD 8 9 9.4T 1 1595 12 Exvivo | VBA: |FA; ROIs: |[FA,
2016 JAD, 1RD, 1ADC
Thiessen et AD Mice TgCRNDS8 4 7 T 8 1345 64 Invivo | ROIs: No differences
al., 2010
Mueggler et AD Mice APP23 5-6 8-10 7T 5 2000 N/A | Invivo [ ROIs: [ADC
al., 2004
Munoz- AD Rats TgF344-AD 9 9 T 1 1000 60 Invivo | ROIs: [FA-W, 1FD-W
Moreno et al.,
2018
Snow et al., AD Mice 3xTg 8 7 7T 1 1000 6 Invivo | ROIs: |[FA, |AD
2017
Shuetal., AD Mice APP/PS1 9 9 7T 1 800 N/A | Invivo | VBA:1FA, 1AD, 1MD,
2013 1RD; ROIs: 1FA, 1AD,
tMD, 1RD
Qinetal., AD Mice APP/PS1 9 9 T 1 800 30 Invivo | VBA: 1FA, 1AD, tMD,
2013 1RD; ROIs: 1FA, 1AD,
TMD, 1RD: cortex
Muller et al., AD Mice Tg2576 5 7 11.7T 1 1000 30 Invivo | VBA: 1FA, |FA, |AD,
2013 IMD, |RD; ROIs: |FA
Praet et al., AD Mice APP/PS1 20 19 7T 7 2800 140 | Invivo | VBA: |FA, 1RD, 1AK;
2018 ROIs: |FA, 1RD, 1AD,
JAD, tMD, 1AK, 1MK,
TRK
Harms et al., AD Mice APPsw 9-10 9-10 T 1 1890 20 Exvivo | ROIs: |[RA
2006 (Tg2576)
Sunetal., AD Mice APPsw 8 8 47T 1 764 6 Invivo | ROIs: 1RD, |Tr, |AD,
2005 (Tg2576) IRD, |[RA
Kastyak- AD Mice 3XTg 3-4 8 T 1 1034 30 Invivo | ROIs (In vivo): No
Ibrahim et al., 7 ex vivo | differences; ROIs (Ex
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2013.

vivo): No differences

Song et al., AD Mice PDAPP 8-20 10-11 47T 764 6 Invivo | ROIs: |RA, 1Tr, 1RD,
2004 1AD
Shenetal., AD Mice APP/PS1 12 12 7T 1000 30 Invivo | ROIS: No differences
2018
Colganetal,, | AD Mice rTg4510 5 5 94T 2000 50 Invivo | ROIs: 1IsoVF, |IsoVF,
2016 INDI,
INDItMD1FA |FA,
10DI, |ODI
Vanhoutteet | AD Mice APP/PS1 5 5 94T 2800 210 Invivo | ROIs: 1tMK, 1rRK, 1rAK
al., 2013
Zerbietal., AD Mice apoE4 9-10 8-10 11.7T 1000 30 Invivo | VBA (apoE4): 1MD,
2014 apoE-KO LFA; ROIs (apoE4):
tMD, 1AD; VBA (apoE-
KO): 1MD, |FA
ROIs (apoE4-KO): No
differences
Grandjeanet | AD Mice arcAp 7-10 8-11 94T 690 36 Invivo | VBA: |FA; ROIs: |[FA
al., 2014
Grandjeanet | AD Mice arcAP 11-12 9-12 9.4T 1000 36 Invivo | VBA (arcAp): No
al., 2016b E22AAP differences; ROIls
PSAPP (arcAP); 1FA, 1AD,|RD
VBA (E22AAB): No
differences; ROls
(E22AAB): No differences
VBA (PSAPP): No
differences; ROls
(PSAPP): |[FA
Zerbi etal., AD Mice APP/PS1 15 9 11.7T 1000 30 Invivo | VBA: |FA, 1FA, |[MD,
2013 tMD, |AD, tAD, |RD,
1RD; ROIs: |FA, |MD,
tMD, |AD, 1AD, 1RD
Anckaerts et AD Rats TgF344-AD 10 11 7T 800 60 Invivo | VBA: |FA, 1FA, [MD,
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al., 2019 tMD, |AD, 1AD, |RD,
TRD; ROIs: |[FA
. | | |
Khairnar et PD Mice TNWT-61 7 7 94T 2500 150 Invivo | VBA (TBSS): MK,
al., 2015 1AK, 1RK, |MD, |RD;
ROIs: TAK, 1RK, |RD,
IMD, |AD, |RD
Khairnar et PD Mice TNWT-61 15 15 9.4T 2500 150 | Invivo | VBA (TBSS): MK,
al., 2017 1AK, |AD; ROIs: TMK,
1AK, 1RK, |RD, 1FA
Khairnar et PD Mice TNWT-61 12 9 94T 2500 150 Invivo | VBA (TBSS): MK,
al., 2016 1AK, 1FA, |AD, |RD;
ROIs: TMK, 1AK, 1RK,
IMD, |AD, |RD
Arab et al., PD Mice METH 5-6 9-11 9.4T 2500 150 | Invivo | VBA (TBSS): 1FA, 1RK,
2019 IMD, |AD, |RD; ROISs:
IMK, |RK, 1AD, 1RD,
tMK, |MD, |RD, 1FA
Congetal., PD Mice MitoPark 9 6 7T 1200 30 Invivo | ROIs: |[ADC, |FA
2016
Perlbarg et PD Rats 6-OHDA 5 10 11.7T 1500 81 Invivo | ROIs: 1FA, tMD, 1AD
al., 2018
Ferris et al., PD Rats PINK1 15 15 T 1000 10 Invivo | ROIs: No differences
2018
Caietal., PD Rats PINK1 10 10 T 1000 10 Invivo | ROIs: |ADC, |AD, |RD,
2019 JFA
Liuetal., PD Rats Rotenone 6 12 3T 1000 15 Invivo | ROIs (Rotenone): |FA;
2018a 6-OHDA ROIs (6-OHDA): |FA,
1FA
Boska et al., PD Mice MPTP 5 5 T 800 12 Invivo | ROIs: |[FA, 1MD, tAD,
2007 1RD
Liuetal., PD Rats Rotenone 6 12 3T 1000 15 Invivo | ROIs: |[FA, tMD
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2017

Soria et al., PD Rats 6-OHDA inj 4 8 7T 1000 30 Invivo | ROIs: |[FA, |AD, 1RD
2011
Van Camp et PD Rats 6-OHDA 4 5 T 800 7 Invivo | ROIs: No differences;
al., 2009 VBA: 1FA; VBA-guided
ROIs: 1FA, |L1
Monnot et al., PD Rats 6-OHDA 4 4 94T 1250 30 Exvivo | VBA: |FA, 1RD; ROIs:
2017 No differences
Fang et al., PD Rats 6-OHDA 8 8 3T 1000 15 Invivo | ROIs: |[FA
2018

Blockx et al., HD Rats TgHD 5-6 6 94T 2800 107 Invivo | ROIs: |[FA, [MD, |AD,
2012a IRD, 1FA, tMD, 1AD,
1RD, tMK, 1AK, 1RK,
1KA
Blockx etal.,, | HD Rats TgHD 7 7 9.4T 2800 105 Invivo | ROIs: 1FA, 1MD, 1AD,
2012b 1RD, 1KA, 1RK
Gatto et al., HD Mice R6/2 3 3 17.6T 1500 12 Exvivo | ROIs: |FA, 1MD, 1AD,
2019 TRD
Garcia- HD Mice YAC128 7 8 T 1500 30 Invivo | VBA: |FA; ROIs: |[FA
Miralles et
al., 2016
Teoetal., HD Mice YAC128 8-13 8-14 T 1500 30 Invivo | VBA (YACI128): [FA;
2016 Rats BACHD 1000 256 ROIs (YAC128): |[FA;
ROIs (BACHD): |FA
Xiang et al., HD Mice R6/2 3 3 11.7T 1500 6 Exvivo | ROIs: [FA
2011
Gatto et al., HD Mice YFP, R6/2 3 3 9.4T 1000 12 Exvivo | ROIs: |FA
2015
Antonsen et HD Rats TgHD 4 5 T 800 12 Exvivo | VBA: 1FA, |MD, |AD,
al., 2013 IRD, 1RD; ROIs: 1FA,
IMD, |AD, |RD
Blockx etal.,, | HD Rats TgHD 10 10 94T 800 6 Invivo | ROIs: No differences
2011
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Nishioka et MS Mice EAE 5 5 11.7T 1 850 21 Invivo | ROIs: |[FA, 1RD
al., 2017
Atkinson et MS Mice CPz 5-6 6-8 7T 1 1000 30 Invivo | ROIs (in vivo): |FA,
al., 2019 9.4T 3000 30 exvivo | TRD; VBA (TBSS): in
vivo: |FA, 1MD, 1RD,
1L1; ROIs (ex vivo): |FA
Crombeetal., | MS Mice EAE 15 16 47T 2 2700 65 In vivo
2018 ROIs: |MD, |AD
Sunetal., MS Mice EAE 16 16 47T 1 847 6 Invivo | ROIs: |AD, 1RD
2007
Plancheetal., | MS Mice EAE 12 12 47T 1 2000 30 Invivo | ROIs: |[FA, 1AD
2017 2
Nishioka et MS Mice EAE 8 4-7 11.7T 1 850 21 Invivo | ROIs: |Tr, |FA, |AD,
al., 2019 TRD
Boretius et MS Mice CpPz 5 5 94T 1 1000 12 Invivo | ROIs: |[FA, |AD, 1RD
al., 2012 CPZ + EAE
Song etal., MS Mice CpPz 8 6-12 47T 1 1600 6 Exvivo | ROIs: |RA, 1RD, 1Tr
2005

Abbreviations: 1, increase; |, decrease; ADC, apparent diffusion coefficient; AK, axial kurtosis; FA, fractional anisotropy; FA-W, weighted fractional anisotropy; FD-
W, weighted fiber density; HD, Huntington’s disease; IsoVF, isotropic volume fraction; KA, kurtosis anisotropy; KO, Knock-out; L1, axial diffusivity; MD, mean
diffusivity; MK, mean kurtosis; MS, multiple sclerosis; N/A, not aplicable; NDI, neurite density; ODI, orientation dispersion index; PD, Parkinson’s disease; RA,
relative anisotropy; rAK, relative axial kurtosis; RD, radial diffusivity; RK, radial kurtosis; rMK, relative mean kurtosis; ROI, region of interest; rRK, relative radial
kurtosis; T, tesla; TBSS, tract-based spatial statistics; Tr, trace; VBA, voxel-based analysis; WT, wild type. Sample sizes are displayed as (minimum-maximum) in cases
where there are different age groups or multiple models in the same study.
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Table 2. Summary of neurodevelopmental/psychiatric disorders included in the review.

No.

‘ Control Model : Max B- . . Results
Article DIEus Animal | Model name | sample sample ek A value(s/mm?2 d'.r 5| VIVOOI' i model compared to WT
der : g strength | shells ctio | exvivo
size size ) ns lort
Liskaetal., | ASD Mice Cntnap2” 13 10 T 1 3000 81 Ex vivo | Tractography: No
2017 differences
Zerbietal., | ASD | Mice Fmr1™ 23 26 7T 2 180 | Exvivo | ROIs: |[FA, 1RD
2019 2000
Wilkes etal., | ASD Mice C58/J 10 17 17,6 2 60 Exvivo | ROIs: [FA, |AD
2019 3000
Kumaretal., | ASD Mice BALB/cJ 11-12 27-28 94T 1 786.73 6 Invivo | ROIs (cross-sectional):
2012 |FA, 1FA, tMD; ROIs
(longitudinal): 1FA
Ellegood et | ASD Mice BTBR 12 12 7T 1 1917 30 Exvivo | VBA: [FA, 1FA; ROIs:
al., 2013 T+tf/J IFA
(BTBR)
Kumaretal.,, | ASD Mice NL-3 7-9 5-10 94T 1 902 6 Ex vivo | ROIs: No differences
2014
Ellegood et ASD Mice NL-3 8 8 T 1 1956 6 Exvivo | VBA: |FA, 1RD; ROIs:
al., 2011 No differences
Doderoetal., | ASD Mice BTBR 9 9 T 1 1262 81 Exvivo | VBA (TBSS): |FA; ROIs:
2013 T+tf/J |FA
(BTBR)
Haberl etal.,, | ASD Mice Fmr1™ 12 7 11.7T 1 1000 30 Invivo | ROIs: [FA
2015
Kumaretal., | ASD Mice 16p11.2 12 9 94T 1 902 6 Exvivo | VBA (TBSS): |FA, |[FA
2018 hemideletio
n
(del/+)
Pervolaraki et | ASD Mice Nrxn2a KO 6 6 94T 1 1200 6 Exvivo | ROIs: 1FA, [FA, tAD,

al., 2019

IRD, |ADC
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Missault et

I

VBA: No differences

SCz Rats Poly I:C 11 10-15 T 800 60 In vivo
al., 2019
Zhangetal,, | SCZ Mice ErbB4-KO 27 23 7T 800 30 Invivo | VBA: |[FA
2019 (ErbB4-/-)
Corcoba et SCz Mice Gclm KO 16 15 1417 1000 6 Invivo | ROIs: |[FA, 1RD
al., 2015
Maetal., SCz Rats EGR3 6 6 3T 1000 32 Invivo | ROIs: No differences;
2015 Fiber tracts: No
differences
Chin et al., SCz Rats MAM 7 4 7T 730 30 Invivo | ROIs: |[FA
2011
Di Biase et SCz Rats Poly I:C 8 9 T 1400 50 Invivo | VBA (TBSS): 1Fw
al., 2020
Gimenez et SCz Mice MAP6-KO 8 8 7T 1500 6 Ex vivo | No differences in
al., 2017 transversal ADC
Wu et al., SCz Rats MK801 11 12 T 800 60 Invivo | VBA: |FA; ROIs: [FA,
2016 tMD, 1AD, 1RD

Vetrenoetal., | Alc Rats Intragastric 7 7 94T N/A 12 Exvivo | ROIs: 1FA, |[MD, |AD
2016
Luo etal., Alc Rats Intragastric 10 10 T 1031.7 6 Invivo | ROIs: |[FA
2017
Chenetal., Alc Rats Intragastric 5 10 T 2000 60 Invivo | ROIs: MK, tMK, |FA,
2017 1FA, |MD, 1MD
Pfefferbaum Alc Rats Intragastric 9 10 3T 1464 6 Invivo | VBA (TBSS): |FA
et al., 2015
De Santis et Alc Rats Marchigian 9 9-18 T 1000 30 Invivo | VBA (TBSS) (Imo
al., 2019 Sardinian consumption): |FA,

™MD, |L1, 1RD; Fiber
tracts (1 mo
consumption): |FA,
TMD, 1RD; VBA
(TBSS): (2 wks): |FA,
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JL1; VBA (TBSS) (6 wks
abistenance): |FA, |L1,
TRD
Tang et al., Alc Ferrets | Intraperiton 6 6 T 2 4000 128 | Exvivo | ROIs: 1FA, |MK, |AK,
2018 eal IRK
. . _______ |
Liuetal., Stress Mice CSDS 7 7-10 7T 1 1000 30 Invivo | ROIs: |FA, tMD, 1RD
2018b
Grandjean et | Stress Mice CPS 27 26 94T 1 1000 36 Invivo | VBA: No differences;
al., 2016a ROIs: 1FA
Zalsmanet | Stress Rats WKY 20 20 T 1 1000 15 Invivo | VBA: |FA, 1FA, TMD,
al., 2017 1AD, |AD, 1RD
Fiber tracts: |FA, tMD,
1AD, 1RD
Zalsman et Stress Rats WKY 22 19 T 1 1000 15 Invivo | VBA: tADC, |[FA, 1FA
al., 2015
Hemanth Stress Rats CMS 10 10 T 1 700 46 Invivo | ROIs: |[FA, 1FA, TMD,
Kumar et al., IMD, 1AD, 1RD
2014
Khanetal., | Stress Rats CMS 8 8 9.4T 2 2500 18 Invivo | ROIs: 1FA, 1AD, TtAK,
2018a TRK
van der Marel | Depr Rats 5-HTT" 11 14 47T 1 1250 50 Invivo | VBA (TBSS): No
etal., 2013 essio differences; ROIs: |FA:
n genu cc
Delgadoy | Stress Rats CMS 7 7 94T 7 2800 210 Invivo | ROIs: [MK, |RK
Palacios et
al., 2011
Khan etal., | Stress Rats CMS 8 8 9.4 14 8000 156 Exvivo | ROIs: 1NDI, |MD, |Des
2016 DL
Khan et al.,
2018b

Abbreviations: 1, increase; |, decrease; Deff, extracellular diffusivity; ADC, apparent diffusion coefficient; AK, axial kurtosis; Alc, Alcoholism; ASD, autism spectrum
disorder; DL, intraneurite diffusivity; FA, fractional anisotropy; FA-W, weighted fractional anisotropy; FD-W, weighted fiber density; Fw, extracellular water fraction;
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KO, Knock-out; L1, axial diffusivity; MD, mean diffusivity; MK, mean kurtosis; mo, month; N/A, not aplicable; NDI, neurite density; RD, radial diffusivity; RK, radial
kurtosis; ROI, region of interest; SCZ, schizophrenia; T, tesla; TBSS, tract-based spatial statistics; Tr, trace; VBA, xoxel-based analysis; wk, week; WT, wild type Poly
I:C, polyinosinic:polycytidylic Acid; MAM, methylazoxymethanol acetate; WKY, Wistar-Kyoto strain; CMS, chronic mild stress; CPS, chronic psychosocial stress;
CSDS, chronic social defeat; MK801, dizocilpine. Sample sizes are displayed as (minimum-maximum) in cases where there are different age groups or multiple models
in the same study.
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