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Brain studies of mouse models for neurogenetic
disorders using in vivo magnetic resonance imaging
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Magnetic resonance imaging (MRI) is a technique commonly used to detect neural abnormalities in routine
clinical practice. It is perhaps less well known that the technique can be adapted to measure various
anatomical and physiological features of small laboratory rodents. This review focuses on the potential of the
MRI technique to image the brain of (transgenic) mouse models for neurological diseases, and aims to
introduce these exciting new technological developments to the non-specialist reader. European Journal of

Human Genetics (2001) 9, 153 -159.
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Introduction

The recent progress in gene technology resulted in an
explosive increase of genetically modified mouse models.
Such models are only valuable if they demonstrate a
substantial similarity with the human pathology. Since most
typical neurological disorders include age-dependent neuro-
nal and behavioural changes, it is important to accurately
validate newly developed mice models for these character-
istics.! Only in vivo non-invasive methods allow the follow up
of age-dependent changes and allow to combine the
observed neuropathologic features with observed abnormal-
ities in behaviour and brain function within the same mouse.
In spite of the impact of in vivo imaging techniques such as
magnetic resonance imaging (MRI)?> in routine clinical
practice and in human neuroscience (Figure 1), MRI studies
on mice are scarce. The reason for the delayed exploitation of
these in vivo methods for transgenic mice research is the fact
that technical developments allowed adaptation of the
techniques from the human clinic to a micro version suitable
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to measure small animals only recently.® This was stimulated
by the progressive interest (and expansion) in knockout and
transgenic mouse models and the more general pressure to
perform research in an animal saving and animal friendly
environment. MRI provides an excellent method for the
proposed characterisation of genetically modified mice. Itis a
powerful, non-invasive technique that provides high-resolu-
tion brain images. It can be performed on anesthetized
animals, so that the animal does not have to be sacrificed and
can be measured over a series of time intervals. The latter
allows comparison of mouse data with patient MRI data base
material.

This review introduces magnetic resonance imaging as a
tool to study the brain of mouse models with neurogenetic
diseases and presents an overview of initial MRI studies that
have pioneered this technique to study neuroanatomic
abnormalities in genetically modified mice. In addition,
possible future applications are discussed.

Magnetic resonance imaging

MRI is based on the registration of the resonance energy
transmitted by protons placed in a magnetic field that return
to equilibrium after excitation. To start an MRI recording, the
sample (eg an animal) is positioned in a strong magnetic field
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Figure 1 Sagittal MRI recording of a child affected with X-
linked hydrocephalus. Note gross enlargement of the lateral
ventricles. The dotted line indicates the shape of a normal-sized
ventricle. In contrast to the animal illustrations shown, the
ventricle appears black due to the selection of different MRI-
parameters.

(Figure 2A). As hydrogen nuclei (protons) can be considered
as tiny magnets, the magnetic field causes protons to
orientate parallel or antiparallel with respect to the magnetic
field. By subsequent application of a sequence of radio
frequency pulses, administered through the radio frequency
antenna (Figure 2B), the protons are forced away from their
equilibrium position. When excitation is interrupted, the
protons will return or ‘relax’ to their equilibrium position
and the resulting resonance is recorded and used to generate
MR images. Together with the application of magnetic field
gradients to localise the concentration and relaxation
properties of protons (‘H), primarily in water, a digital image
is obtained which reflects the spatial distribution of 'H in the
object. By choosing an appropriate pulse sequence, the
intensity of an MR image can be made to reflect one or more
of several MRI parameters. Such parameters, in turn, are
sensitive to the physiochemical environment of the 'H, eg
whether the protons are found in free water, in bound water,
or in CH, groups of lipids. While proton density refers to
concentration of 'H nuclei, the T, or spin-spin relaxation
time depends on ratio free-to-bound water, the haemody-
namics, and the oxygenation status of the tissue. The
contribution of macromolecules and lipids is reflected by
the T; or spin-lattice relaxation time. The applied imaging
sequences will determine whether an image will be proton
density-, T;- or T-weighted.

MRI recordings can be acquired in any desired direction, as
a series of consecutive slices (Figure 3) or as an entire 3D set.
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Figure 2 7T magnet with horizontal 8 cm diameter bore of a
SMIS (UK) MR instrument providing access to an animal holding
system (see insert) equipped with an RF antenna in which the
mouse can be inserted.

Appropriate software allows 3D reconstruction from the
obtained 3D data set (Figure 4).

Why study mice?

The mouse (and its close relative, the rat) have the most
intensively studied nervous systems of all animals. This is
mainly due to their relatively inexpensive costs and rapid
breeding rates. Literally tens of thousands of studies have
been performed on the organisation and function of their
nervous systems: from studies of axonal pathways, neuro-
transmitter expression patterns, and synaptic organisation to
physiological and behavioural experiments. Consequently,
there is a wealth of information about the rodent central
nervous system and its similarities and differences with
primates and humans. This, combined with the detailed
knowledge of mouse genetics and the relative ease with
which the genome can be manipulated, makes mice the
preferred system to use genetic approaches to model human
diseases of the nervous system. This is not to say mice are the



ideal model system. The small size of mice makes some types
of experiments difficult.

Moreover, there is often concern expressed regarding the
usefulness of the mouse nervous system as a model for the
human nervous system. However, it is important to
consider the alternative models. The brains of submamma-

Figure 3 Two in vivo obtained coronal T,-weighted high
resolution MRI images of the head of a control mouse displaying
the brain and a clear distinction between cerebrospinal fluid (3rd
and lateral ventricles as highlighted structures), white matter
structures (eg corpus callosum as dark lines) and gray matter.

Figure 4 3D MR image of a live fragile X mouse. This is the
result of a set of MR images obtained from the head of the
mouse and submitted to an image processing protocol resulting
in the systematic segmentation of the brain and subsequent 3D
reconstruction.

Table 1
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lian models such as chick, frog, and zebra fish have brains
that are substantially different from mammals. For exam-
ple, the submammalian cerebellum is homologous to the
mammalian vermis, while the cerebral hemispheres in
mammals are not represented in these animals. It is true
that mammals ‘higher’ than rodents have a central nervous
system with organisations more similar to humans and the
larger size of some of these mammals facilitates certain
types of studies. However, the larger size comes with
disadvantages of slower reproduction and development
and lack of powerful genetics.

Neuroanatomic mouse studies

The use of MRI to study the neuroanatomy of the brain of
knockout or otherwise genetically modified mouse models
has been relatively limited (see Table 1). A first study that
made use of MRI to determine possible brain abnormalities of
a mutant mouse model appeared in 1992.* In this study, the
brain of a mouse model for Down syndrome, containing
three copies of mouse chromosome 16 was compared with
control littermates. Formalin-fixed animals at day 17 of
gestation were imaged. Although the primary aim of this
study was to detect placental abnormalities, the brain was
analysed too. Under the conditions used, hardly any details
were visible within the brain, but it was noticed that the
trisomy 16 fetuses had a smaller cerebellum. Histological
sections confirmed this observation.

The same group of authors reported near microscopic
resolution of the mouse brain 2 years later.> The brain of two
control BALB/c mice were imaged in vivo at 38 days of age and
compared with histological slices of littermates from the
same age. Structural features of the cerebral cortex, hippo-
campus, thalamus, cerebellum, and brain stem could be
clearly recognized on 125 um thick T,-weighted coronal
slices. Within these brain structures, regions of higher signal
intensity could be discerned, corresponding to perikaryal and

Neuroanatomic differences observed with MRI between human syndromes and corresponding mouse models

Principal neurologic abnormalities reported
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Human disease in human MRI studies Mouse model MRI mouse brain abnormalities Reference
Down syndrome trisomie 16 decreased cerebellar volume 4
Phenylketonuria (PKU)  demyelination of deep cerebral white matter ~ Pah®™? mutant none 5
Aspartylglucosaminuria  cerebral atrophy AGA mutant cerebral atrophy 8

(AGU) hypointensity of deep gray matter hypointensity of deep gray matter
Encephalitus focal brain damage virus inoculation focal brain damage
Scrapie spongiform encephalopathie PrP¢ overexpressing  spongiform encephalopathie 7

neural grafts

X-linked enlarged ventricular system LTcam1 knockout enlarged ventricular system 11

hydrocephalus aqueduct of Sylvius stenosis altered shape of the Sylvius

aqueduct
reduced size of cerebellar reduced cerebellar vermis

Fragile X syndrome reduced size of cerebellar vermis Fmr1 knockout none 17

increased volume of total brain,
ventricular system, hippocampus,
and subcortical gray
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dendritic-rich regions. In the same study, phenylalanine
hydroxylase-deficient mice, a mouse model for the human
disorder phenylketonuria (PKU) were compared with control
littermates. Mouse images were generated in situ on sagitally
cut but unfixed mouse heads, but no differences between
knockout and control littermates were observed. Absence of
specific brain abnormalities in phenylalanine hydroxylase-
deficient mice contrasts with the increased demyelination of
periventricular deep cerebral white matter observed in
human PKU patients.

Cranial MRI also enabled the detection of focal encepha-
litis after intranasal inoculation of healthy mice with herpes
simplex virus.® In analogy with human patients with
encephalitis caused by herpes simplex virus, decreased signal
intensity was observed on T;-weighted images in isolated foci
throughout the mouse brain, while an increased signal
intensity was observed on T,-weighted images. Subsequent
histopathological findings on the same animals correlated
well with the MRI findings.

A very elegant experimental design was used to study the
end stage of scrapie.” As mice infected with scrapie have a
short life span, transgenic neural tissue overexpressing the
normal cellular prior protein PrPc was transplanted into the
forebrain of Prnp knockout mice and infected with scrapie
prions. Because the knockout mice are refractory to scrapie,
the disease remains restricted to the graft, and consequently
the mice live much longer than scrapie-sensitive mice do.
Using predominantly T;-weighted MRI, this enabled the
assessment of changes of this part of the brain over a
prolonged period of time. Spongiosis with small vacuoles was
encountered after 70-140 days of infection. Giant vacuolisa-
tion occurs after 150-300 days, but disappeared at later
stages (450 days).

Construction of a mouse model for the neurodegenerative
lysosomal storage disease aspartylglucosaminuria (AGU), by
disrupting exon 8 of the aspartylglucosaminidase gene (AGA)
allowed comparison of brain pathology between the human
syndrome and its mouse model.® In man, cerebral atrophy is
visible as an increased volume of the lateral ventricles. In
addition, deep gray matter structures are reported hypoin-
tense on MRI recordings. Homozygous AGA mice were
recorded by T,-weighted MRI at the age of 6 months and
shown to have prominent ventricles and hypointense deep
gray matter structures as compared to cortical gray matter.
The neuropathology of the mouse model thus closely
resembles the human situation.

Two in vivo studies on the neuroanatomy of the mouse
brain of two different knockout mouse models for human
mental retardation syndromes have been performed by our
group. In both studies, full 3D images of the whole mouse
brain were generated. In addition to a descriptive study of the
neuroanatomy of the mutant mouse models, we measured
the size of the various brain structures in the mouse models
reported abnormal in the corresponding human syndromes,
thus using more of the potentials of MRI.
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The first knockout mouse model studied by us was an
L1CAM knockout. Mutations in the L1CAM gene on Xq28
in man cause a variety of neurological disorders, including
X-linked hydrocephalus.® Initial analysis suggested that the
L1CAM knockout model was a good model for the human
disease, as in parallel with human patients, L1CAM
knockout mice showed errors in axon guidance at the
corticospinal tract,'® and deficits in cognitive function
tests.!! However, using conventional, pathological techni-
ques, we were unable to detect hydrocephalus in the mouse
model. Thus, we imaged the whole mouse brain and
compared it with the control littermates. 3D reconstruc-
tions were made and the brain regions relevant in human
pathology identified and delineated. Subsequently the
volumes of the various ventricular systems and brain
regions were calculated according to a newly defined
algorithm.'? Only after careful examination of the images
and statistical analysis of the data, were we able to
demonstrate ventricular dilatation of the 4th and lateral,
but not of the 3rd ventricle, elongation of the aqueduct of
Sylvius, and cerebellar vermis hypoplasia (Figure 5). It has
to be added though, that another group that independently
constructed an L1ICAM knockout mouse model'? did see
large hydrocephalus when the knockout mice were bred in
a 129xC_Bl/6 background, while no abnormalities in
ventricular size were noted when these, like our LICAM
knockouts, were bred in a pure 129 background.

Another mouse model imaged by us extensively is the
FMR1 knockout mouse, an animal model for fragile X
syndrome. This is the most common form of inherited

Figure 5 (A) Two in vivo obtained coronal images of the mouse
brain, taken at the level of the 4th ventricle, with on the left, the
brain of an L1- knockout, showing a different sized brain and
cerebellum and a differently shaped 4th ventricle. As compared
to the normal littermate on the right. (B) Two in vivo obtained
midsagital images of the mouse brain, with an L1-knockout on
the left, showing a vermis (C) with a smaller size and a different
shape, as compared to the littermate on the right.



mental retardation, characterised by mild to moderate
mental retardation, mild dysmorphic features, macro-
orchidism (enlarged testicles) and behavioural problems,
including hyperactivity and autistiform behaviour.'* The
mouse model has been studied extensively, and shown to
be a good model for the human disorder, exhibiting
abnormalities in cognitive function tests and macro-
orchidism.'>'® MRI recordings of the mouse model were
initiated because MRI studies in human patients reported
several brain abnormalities, including a smaller size of the
cerebellar vermis and ventricular dilatation, abnormalities
that could potentially be linked to the behavioral problems
of patients. However, no abnormalities were found in the
brain structures of the knockout mice that were previously
identified in humans.'”

Lessons from initial studies

This overview illustrates that with current technology it is
possible to image the mouse brain in vivo and inspect its
major regions, including cerebellum, olfactory bulb, brain
stem, hippocampus, cortical grey, etc. Longitudinal studies
on one and the same animal have been performed,” and
volumetric measurements of different parts of the brain are
feasible.!!"'” In general, with the aid of a specific mouse
brain atlas'® the various brain regions are readily identified
as the MRI images resemble the histological sections.
However, on MRI the size and shape of the various
components of the ventricular system differ markedly from
histological views. In particular, the lateral ventricles that
appear as major components on fixed and stained sections
are hardly visible on sagittal MRI recordings. This is due to
their smaller shape, as illustrated on coronal MRI images.
Apparently the ventricular system is severely affected by
the fixation and/or staining procedures inevitable in
pathological research.

The neuroanatomy of some of these mouse models
corresponds well with the abnormalities described in the
corresponding human disorders. For example, the mice
infected with scrapie showed all the characteristics thought
typical of the human infection and the AGA mice did show
prominent ventricles and hypointense deep grey matter
structures as observed in humans affected with this lysosomal
storage disease. In other mouse models, the relation between
human and mouse neuropathology is less obvious: The PKU
knockout does not show evidence for increased demyelation
of deep cerebral white mater thought characteristic for
human patients; fragile X mice show no evidence for vermis
hypoplasia or ventricular dilatation repeatedly reported in
human patients; L1CAM mice show ventricular dilatation of
lateral and 4th ventricle, reported abnormal in human
patients, but not of the 3rd, which is also reported to be
enlarged in human patients.

The authors of these studies acknowledge the differences
between human and mouse pathology, but point out that
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human pathology is often neither completely nor correctly
described, and raise several questions: Is increased demyeli-
nisation of deep cerebral white matter characteristic for
human PKU patients?; Do fragile X patients really have a
brain structure different from controls?; What is the brain
pathology of patients with mutations in the LICAM gene? It
is, for instance, not known whether the vermis hypoplasia
and the increased size of the 4th ventricle is a general feature
of human L1CAM patients. The cerebellar structures of only
five patients with this rare disease have been imaged, and
although four of those appeared to have a smaller size of the
midsagittal cerebellar structure, the small number of patients
analysed in this study makes it impossible to draw general
conclusions regarding the size of the cerebellar vermis in
human patients.

Another explanation for the observed differences in
pathology between human patients and the corresponding
knockout mice may be the influence of genetic background.
It is well established that genetic background may have a
profound influence on the various genetic manipulations in
mice."? For example, deletion of the hypoxanthine phos-
phoribosyl-transferase (HPRT) results in Lesch-Nyhan disease
in man but has no apparent effect in mice.?° Some patients
with X-linked hydrocephalus show major enlargement of the
ventricular system (Figure 1), while other members of the

Figure 6 In vivo obtained coronal MR image of the head of a
mouse on the left, and maximal signal intensity projections in
the coronal plane of the corresponding blood vessels (angio-

graphy).

Figure 7 Maximal signal intensity projections in the coronal
plane of the cerebrospinal fluid filled spaces in the brain of an L1-
knockout mouse on the left and of a control littermate on the
right displaying the difference in size and shape of the 4th
ventricle and the aqueduct (ventriculography).
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same family may show only a very limited enlargement as a
consequence of the same L1CAM mutation.’ This situation is
reflected in the knockout mouse model, where gross
hydrocephalus is observed when the mice are bred in a
129 x C_Bl/6 mixed genetic background, while only a small
enlargement of the ventricular system is observed when the
mice are bred in a pure 129 background.'!3

Perspective

It has been demonstrated that detailed mouse brain
imaging providing high resolution morphological informa-
tion from a living mouse is feasible using MRI microscopy
with current technology. Nonetheless, the resolution of the
technique may still increase with the development of new
MRI equipment, new software for image analysis and with
improved pulse-sequences to induce magnetic resonance.

Perhaps even more exciting MRI developments include
spin-off techniques which share the characteristic that the
signal is derived from proton resonance. However, the
contrast is no longer a function of proton density, T; and
T, only, but also from physiological parameters. For
instance, functional magnetic resonance imaging (fMRI)
allows the study of regional activity in the living brain. The
contrast in these images is based on changes in the local
blood perfusion and/or increase in local oxyhaemoglobin vs
deoxyhaemoglobin ratio.?"?* and is then referred to as
Blood Oxygenation Level Dependent (BOLD) contrast.
Using BOLD MRI (fMRI) it has been feasible to trace brain
activation in rats?>® and initial results in mice are
promising.?* In addition, the MRI contrast can also be
used to measure flow rates in blood vessels or to obtain
high resolution images of the vascular bed or cerebrospinal
fluid filled spaces in the case of angiography®® (Figure 6)
and ventriculography (Figure 7), respectively.

A major potential of MRI is that different measurements
can be combined in a single examination. This will offer the
possibility of comprehensive brain studies, combining
anatomical with functional information. Such an integrated
picture of the brain may help understand brain (mal)func-
tion in genetically modified mouse models.
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