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Introduction

Animal models are frequently used in the study of complex human diseases. These disease models
represent selected aspects or occasionally the full spectrum of the corresponding human disease.
Complex diseases of the nervous system, including vascular, inflammatory, neoplastic and
neurodegenerative diseases are commonly studied in murine models. Mouse colonies are relatively
easy to maintain, and the wide availability of transgenic animals coupled with the capability of
generating new, genetically modified mice from well characterized “standard” strains represents a
major advantage in identifying and exploring molecular pathogenic mechanisms relevant to the given
condition.

One of the most common ways to approach research questions in biomedical sciences is to visualize
tissue compartments or cellular interactions in various tissues. Standard optical microscopy-based
techniques allow for studies of ex vivo tissue with high resolution and with a varying degree of
specificity depending on the staining method used. Newer intravital microscopy techniques are also
emerging and have become very useful tools in monitoring cellular motion and cell-cell interactions.
Since most disease processes are dynamic, non-invasive in vivo imaging modalities are of great
advantage as they allow for investigations at multiple different time points. MRI investigations in mice
allow for translational projects — the radiological features known to accompany human diseases can
often be modeled and studied in details. The first manuscript describing MR imaging of a rat was
published over 30 years ago.[2] MRI has the capability of studying live organisms without exposing
them to potentially harmful ionizing radiation. Besides anatomical imaging, MRl is also capable of
providing physiological information about several important aspects of biological processes. These
include circulation and cerebrospinal fluid (CSF) flow, cerebral blood volume distribution, activity
mapping with fMRI or Mn*" based techniques, metabolite distribution with chemical shift imaging,
diffusion or perfusion properties of the studied tissue, or in vivo pH measurement via phosphorous
MRS.

Technical aspects of small animal MR imaging

Many universities and research institutions now own small animal MRl imaging systems, most
commonly as part of a core facility. Most facilities use 4-16 Tesla narrow bore magnets; with 7 Tesla
becoming the most common option. The two leading manufacturers of these systems are Bruker
Biospin (Ettlingen, Germany) and Varian Medical Systems, Inc (Palo Alto, CA). Both vertical and
horizontal bore systems are available. Usually, in facilities run by biochemists, vertical bore NMR
spectrometers equipped with gradient coils and imaging probes are used; whereas in facilities run by
MRI physicists or radiologists, horizontal bore magnets are more common. Obviously, the physical
principles remain the same regardless of orientation of the bore; however, horizontal bore system
often allow for easier monitoring of the mice and larger flexibility in customizing the probes and coils.
Most facilities employ their own engineers and technicians. Larger facilities often develop not only
their own pulse sequences and post-processing software tools, but also design their own hardware,
including RF coils and rodent head stabilizing probes. Although most commonly only the field strength
is mentioned when discussing the differences between imaging systems; however, the utilized coils are
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equally important, and can literally make or break the success of a CNS MRI research program. Custom
made coils specific to the studied research question often have significantly better SNR than stock
coils.

While MR image acquisition is a very complex process in and of itself, image analysis is often far more
time consuming and computation intense process than acquisition. Some image processing and
visualization tools generally are included with the scanner manufacturers’ software, but they are
generally insufficient to provide the desired detailed answers. Several commercially available
biomedical image post-processing software packages are available and many research institutions
develop their own software applications for this purpose. Notable examples of image analysis software
are Analyze [3, 4], SPM [5] the freely downloadable NIH image (http://rsb.info.nih.gov/nih-
image/)[6][6][6], or AFNI (http://afni.nimh.nih.gov/). Most of these provide basic analysis methods
including intensity, ROI-based surface or volume measurements; they also include tools for slice
extraction from 3D volumes, and for a variety of 3D visualizations. Several offer segmentation,
coregistration, and tools for complex analysis requiring image algebra methods, including DTI
visualization, perfusion calculations, or fMRI visualization tools.

Special requirements for small rodent MR imaging

MRI requires the study subjects to be completely immobilized, and the importance of this can’t be
stressed enough. In order to achieve this goal, general anesthesia must be used in small animal
experiments.[7] In most cases, this means inhalational anesthesia. Unlike injectable agents,
inhalational anesthesia is administered continuously, and can be calibrated to the specific
requirements posed by the animal and the experiment. The investigators need to be aware that the
anesthesia may in some cases alter the desired imaging outcome; this is especially true for cerebral
blood volume and functional MRI studies.[8] In most cases, animal monitoring while under anesthesia
is an important requirement. This includes monitoring of core temperature, respiratory rate and ECG.
This is also important from the standpoint of gated acquisition, which is often needed in an effort to
eliminate respiration or cardiac motion-related artifacts during acquisition. The most commonly used
systems are manufactured by SA Instruments, Inc (Stony Brook, NY; http://www.i4sa.com/).

The core temperature inside narrow-bore scanners can easily be in the low 50 °F range (15-20 °C).
Various heating system are utilized in an effort to maintain the normal core temperature of the
animals while in the scanner. These are usually supplied by the vendors of the imaging systems
directly.



FIG. 1. Custom designed mouse probe. Mounting plane (A) custom designed for 20 cm bore
MRI. Stereotaxic device (B) showing ear and teeth bars plus gas anesthetic supply and
scavenging lines.[9]

Besides the anesthesia and maintaining a suitable core temperature, another important factor is that
probe should keep the animal stable during the imaging session.” &% Most small animal systems are
shipped with mouse and rat probes, but many labs develop custom-made holders for specific
applications (FIG.1). A good probe will achieve maximal stabilization without any trauma to the animal.
Ideally, probes should allow for easily reproducible stereotactic placement.

Differences between small animal imaging and human MRI: advantages and disadvantages of higher
field strength

It is important to understand that the study of experimental animals with MRI differs in more ways
than just the smaller scale that rodent imaging requires; however, the smaller scale itself is a major
problem to overcome (FIG. 2.) Most animal magnets operate at high field strength, in the range of 4-16
Tesla, as opposed to the standard clinical scanners in the 1.5-3 Tesla range. The relaxation properties
are different at this field strength. The SAR or specific absorption rate becomes a key limiting factor at
higher field strength for in vivo experiments; novel pulse sequences may be required to overcome the
limitations this poses. Lower flip angle or higher TR may need to be used to allow for image acquisition
without potentially dangerous energy absorption and related heating of the tissue, however, these
parameters obviously have a major influence on image contrast.



FIG. 2. Extracted brain and spinal cord of a SJL/J mouse. The entire mouse brain is about the
size of the caudate nucleus in a human brain.

Most investigators would like to obtain image sets of excellent resolution and high SNR in a very little
time. It is important to recognize that each of the above three component (SNR, resolution, imaging
time) are interdependent. For example, the price one pays for a good SNR is frequently a lower
resolution and/or longer acquisition time. Or, if both good SNR and resolution are the goals, then the
imaging time usually needs to be prolonged. Finding an acceptable balance may be a difficult task;
several parameters of the studied model should be considered when trying to optimize image
acquisition.

Living organisms can be considered inhomogeneous samples, with compartmentalized organs.
Gaseous, solid, and various consistencies of liquid (from fluid to gelatinous) substances can be found in
living organisms. These different consistencies have different magnetic susceptibilities, and while this
in general does not represent a major problem at lower field strength, it becomes a very important
problem at the higher field strength used in small animal imaging and MRI microscopy. Magnetic
susceptibility is a known source of artifacts. One of the best known is the loss of brain signal near air-
filled sinuses. Gradient echo based sequences are especially prone to these artifacts. It can also
interfere with fat suppression and diffusion experiments. Several methods have been proposed to
reduce these artifacts, including the GESEPI sequence.[11, 12] In GE imaging, slice selection correction
methods have also been tried and successfully used.[13, 14] For spin echo multislice studies, the use of
phase-phase encoding was found helpful in reducing susceptibility related artifacts. Variants of fast
spin echo (FSE) or RARE (rapid acquisition relaxation enhancement) [15] sequences use RF refocused
echoes, which eliminate or reduce much of the susceptibility-related artifacts.

It should also be noted that in some applications, susceptibility-related artifacts might be of benefit.
Iron oxide based negative contrast agents (small or ultra small superparamagnetic iron oxide particles
or (U)SPIO-s) are detectable through their property of generating strong susceptibility effects. Since
susceptibility artifacts are stronger at high field strength, these contrast materials are especially



suitable for small animal imaging. Susceptibility weighted imaging or SWI is another novel method that
takes advantage of this issue, and represents a novel tissue contrast [16, 17].

MRI of the central nervous system in small animal models

Several neurological disease models have been studied with small animal MRI. One of the most basic
applications is to generate 3D anatomical atlases of rodent brains. This has been accomplished by
several groups.[18-21] Similarly, MRI atlases describing mouse embryonic development have also been
generated and reported.[22] A web-based application assembled by the California Institute of
Technology allows insight into one of these databases.[23][23][23] Examples of in vivo and ex vivo
anatomical imaging is shown on FIGs. 3 and 4 [9].

FIG. 3. . A) Anatomical imaging of rat spinal cord in vivo. Note the excellent delineation

between gray and white matter. B) In vivo rat cord, T2 weighted study. Spinal cord injury is

clearly shown on sagittal image, also on axial cuts (a-c) at different levels across the lesion. [9]
In basic neuroscience research, tract tracing via MRI is an important and as of yet under-utilized
application. This technique utilizes paramagnetic Mn™" ions. Neurons pass the Mn*" ions to each other
via the synaptic junctures, thus allowing visualization of neural pathways by MRI.[24-27] It is believed
that Mn""ions enter the cells due to receptor activated calcium channel opening. Once inside the cell,
Mn*" ions utilize axonal microtubule transport mechanisms to get to the axon terminal. During synaptic
transmission, Mn"" is released from the pre-synaptic neuron. It is able to enter the post-synaptic
neuron via calcium channels.[25] Thus Mn*" will accumulate in activated chains of neurons, leading to
increased signal intensity in activated parts of the CNS. If applied topically to parts of the cortex, to
olfactory neurons, or to the retina, Mn™ can be used for tract tracing. While this technique requires
invasive administration of this novel contrast material, the possibility of in vivo tract tracing is in itself a
remarkable achievement. An example for MEMRI is shown on Figure 5 [28]



FIG. 4. 7 Tesla (300 MHz) MR microscopy of ex vivo mouse head. Note excellent anatomical
resolution of sagittal (top) coronal (middle) and axial (bottom row) images extracted from a 3D
dataset. The high SNR and high isotropic resolution (100 um/pixel) are achieved at the expense
of long scanning time (33 h). Other parameters: FOV 51.2x25.6x25.6 mm?, matrix size
512x256x%x256, TR 1.8 s, TE 50 ms.[9]

Functional MRI studies can also be conducted in small rodents. fMRI studies are based on the blood
oxygen level dependent (BOLD) principle. Blood flow and oxy/deoxy-hemoglobin related changes in
activated areas of the cortex produce mild hypointensity on T2* images. [29, 30]'[31, 32] . Images
obtained in the activated and non-activated state can be used to generate activity maps, including
sensory or visual cortex mapping in animals.[31, 33] One potential limitation shown by several studies
is that inhaled anesthetics may alter the signal. Also, mild hypocapnia may be helpful in establishing
BOLD contrast. Some rodent fMRI studies also utilized SPIO/USPIO contrast materials to enhance signal
loss at the activated areas,[32] these techniques also allow the measurement of cerebral blood
volume.[32, 34, 35]



Figure 5. Typical gray matter lesion in a
rat model of hypoxic-ischemic injury
(arrows in TIWI and T2WI) was observed
in late phase by MEMRI after Mn2+
injection in Day 7, which was not visible
in the T2WI, TIWI and ADC map [28].

Inflammatory diseases of the CNS are frequently studied in animal models. The most common models
include experimental allergic encephalomyelitis (EAE), Theiler’s Murine Encephalitis Virus infection
(TMEV) and toxic demyelination models. Similar to human diseases, lesion formation can be monitored
by T2 weighted sequences (FIG.6.).

FIG. 6. Demyelinating lesions in interferon-y receptor knockout mice following Theiler’s virus
infection. Note the high signal intensity areas in the brainstem and near the thalamus on these
T2 weighted in vivo images. [9]

Gadolinium enhancement can be used to monitor the blood-brain barrier permeability associated with
new lesion formation.[36] Atrophy measurements become important for the chronic aspects of these
diseases, volumetric MRI techniques based on 3D acquisition sequences [36, 37] are key components in
the study of brain atrophy. Diffusion weighted imaging (DWI) is also important in these models, since
this technique may show lesion formation even earlier than gadolinium contrast imaging.[38] By the
use of diffusion tensor imaging (DTI) methods, tract integrity can also be studied.[39] Voxel based MR
spectroscopy (MRS, see below) or chemical shift imaging studies are also used, mainly to assess axonal
integrity and membrane turnover.[37, 40]

Cell specific and molecular imaging studies are now used in the study of several disease models.[41-43]
In the near future, a surge of these techniques is expected, as the correlation between conventional
histology and MRI methods is best achieved by the use of these tools. Several groups have reported



success with immune cell-specific imaging, utilizing superparamagnetic contrast materials (SP1O and
USPIO) that are either internalized by cells after ex vivo incubation, or bound to the cells by specific
antibodies [41, 43-47] (FIG. 6.). Another potential application of similar USPIO-based labeling
techniques is to follow the distribution of biologically active proteins.[41]

FIG. 6. CD8+ T-cell labeling with USPIO conjugated antibodies in Theiler’s encephalitis virus
infection. Left image: T1 weighted study shows faint hyperintense areas in cerebellum. Middle
image: T2* weighted image shows hypointensities in cerebellum. Right image: composite
image, using a mask generated by dividing the T1 weighted image matrix with the T2*

weighted[9]

Optic neuritis is an inflammatory demyelinating disease affecting the second cranial nerve. It can
represent a standalone disease, but is also a common component of MS and NMO. Due to the
uniformity of the ON fibers, animal models of ON can be studied using advanced MRI methods. (Figure
7)[48].

i

FIG. 7. Optic nerves (indicated by arrows) from the EAE-affected mouse appear hypointense (B) in RA (relative
anisotropy) maps compared with the control (A). Decreased axial diffusivity (D) and increased radial diffusivity (F) in
optic nerves from EAE-affected mice were observed in the expanded views of axial (C and D) and radial diffusivity (E
and F) corresponding to the rectangles in (A) and (B).[48]



Iron deposition as a component in the pathology of neurodegenerative diseases can also be studied by
MRI. This is even seen in certain MS models, as recently reported by our team of investigators(Figure
8.) [49]. Since iron is known to cause susceptibility-related artifacts and high fields strength imaging is
more prone to those artifacts (see above), small animal MRl is very suitable to study this
phenomenon.[50]

FIG. 8. Example of progressive thalamic T2 hypointensity in a virally induced MS model at 1 (A), 4 (B), 6
(C) and 12 (D) months post disease induction. A—D represent coronal slices extracted from the original
3D datasets. Note the hypointensity of the medio-dorsal thalamic nucleus and the increasing
hypointensity at the later time points (arrows).

In the study of neurodegenerative disease models, morphometric studies can be used for atrophy
measurements. Both global brain atrophy measurements as well as focal volume loss of brain
structures can be assessed using MRI.[50-53] One example is the recently reported cerebellar cortical
atrophy in an EAE model. [49]

Alzheimer’s pathology has been very difficult to study with MRI. However, through the use of novel
contrast agents, one group has reported good success in imaging Alzheimer plagques ex vivo.[54, 55]
More recently, even without contrast agents, plague imaging in small rodent models has become
possible both ex vivo[56] and in vivo (Figure 9)[57].[58][57][57]
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FIG. 9. 12-month-old AD mouse. In vivo (a, b) and ex vivo (c, d) T,SE-weighted MR images, Thioflavin-S-
stained (e, f) and iron-stained (g, h) histological brain sections have been precisely spatially registered
over a circumscribed area of the cortex, indicated by the box. The boxes in the right column (scale bar,
100 um) represent 3x magnified portions of the adjacent parent image in the left column (scale bar,
1.0 mm). The numbered arrows indicate individual plaques visualized in each of the four different
image types that matched with the linked-cursor system. [57]

MRS studies are also frequently used in the study of neurodegenerative diseases, mainly to assess
axonal pathology by studying the NAA (N-acetyl aspartate) peak.[59] Phosphorous MRS studies can
also be used to study energy metabolites[60][59][59].

Experimental stroke models in small rodents are frequently studied with MRl methods. These generally
require classic MR imaging modalities, including T1, T2 and proton density imaging. Newer techniques
include the use of diffusion and perfusion imaging, also MRS for determining certain metabolites.[61,
62] Many groups have used experimental MCA ligation combined with hypoxia in rats or mice as
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models for human stroke.[63] DWI sequences are especially powerful in detecting early ischemia, and
many studies have utilized this resource in animal imaging, along with perfusion studies that are
capable of visualizing the penumbra — the area at risk for infarction that potentially can be salvaged
(FIG. 10). [62, 64]

FIG. 10. Diffusion and perfusion weighted MRI studies in a rodent model. (A) diffusion weighted
image; (B) perfusion image; (C) diffusion-perfusion mismatch. The area of diffusion-perfusion
mismatch is thought to represent potentially salvageable areas in stroke and brain injury
models. [9]

When DTl is done with a fast imaging sequence like EPI, the temporal resolution of scanning can be as
low as every 20-30 seconds/entire brain scan, allowing close monitoring of stroke development. MRS
studies have also been conducted, mainly looking at the lactate peak, which becomes prominent when
anaerobic glycolysis predominates.[61, 62, 65] Another important aspect is the NAA peak, that may
show decrease in completed strokes, but may remain normal if the animals still can recover from the
ischemic event.[66] MRA[67] and CBV/CBF studies [34] have been done and evaluated in several
stroke models. These studies can accurately characterize the blood flow and blood volume during
ischemia.

Several models of brain trauma have been developed in experimental animals. These range from
diffuse injuries to controlled cortical impacts, chemical insult, non-impact models. MRI allows
monitoring of the damaged tissue, also the tissue at risk.[10, 68, 69] For this purpose DWI/DTI/MT
(magnetization transfer) techniques are often used, similarly to stroke studies described above (FIG.
11.) MR spectroscopy is also utilized for the study of tissue injury in the CNS (FIG. 12.).[70, 71]
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FIG. 11. Diffusion weighted longitudinal
imaging time course study of rat brain
prior to and following traumatic brain
injury. Sagittal slice (A) showing position
of coronal slices. Coronal slice (B) prior
to injury; (C) coronal slice 24 hours after
injury; (D) 96 hours after injury. Images
C and D were obtained without the use
of scout images and without the use of
slice localization, by utilizing a
stereotactic probe designed at
Georgetown University (FIG. 1.)[9]




FIG. 12. . In vivo spectra from left and right side of rat brain following traumatic brain injury. A
single 8 ul voxel was positioned on lesion and another on the contralateral side. Differences in
Lactate, Glutamate, NAAG, NAA and myo-inositol are evident on in-vivo MRS.

Animal models of brain tumors are also frequently studied by MRl and MRS (FIG. 13.).[72][73, 74] The
basic T1 and T2 weighted techniques may not always allow an obvious delineation between healthy
and tumor infiltrated tissue; advanced MRI methods and cell labeling techniques may allow for the
identification of transplanted tumor cells and may enable monitoring of their growth and expansion.

FIG. 13. Brain tumor imaging in nude mouse[75][74][74]. Left panel: T2 weighted in vivo dataset
showing tumor growth on axial and coronal images. Note infiltrating tumor mass in thalamus
and basal ganglia. Right panel: semitransparent 3D rendering of the same dataset. Using
advanced post-processing methods, the 3D dataset was segmented based on the signal
characteristics from healthy brain tissue vs. tumor infiltrated tissue.[9]

The use of intravenous contrast materials may show blood brain barrier breakdown in certain tumor
models; also MRS studies (proton and phosphorous) can be used to study biochemical differences
between cancerous and normal tissue in vivo. Diffusion and perfusion studies, along with blood flow
and blood oxygen level dependent studies [76][75][75] may also provide useful information, since
tumor cells generally show increased metabolism.

Conclusion

Over the last several years, microscopic resolution in vivo MRI has become a popular and versatile tool
in the study of CNS diseases. MR image resolution of tens of microns in all three dimensions can now
be achieved for in vivo studies, but for most practical application, an isometric resolution of
approximately 100 micron appears to be sufficient. Because of the obstacles encountered with



physiological microscopic movements of tissues due to circulation, breathing, fluid flow, significantly
higher resolutions are probably unrealistic for in vivo applications. Small animal MRI research is an
important translational research tool in the study of CNS diseases. New developments from the fields
of NMR and clinical MRI research both find their way to small animal experimental MRI research. Since
a growing number of human CNS diseases have MRI-based diagnostic criteria, translational MR
research utilizing rodent models allows insight into important substrates of tissue dysfunction related
to these clinically relevant MRI findings. The increased versatility that microscopic resolution MRI
provides will lead to an enhanced understanding of critically important biological processes, and will
likely result in the development of new diagnostic and treatment approaches in a variety of human
CNS diseases.
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