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Abstract

A magjor goal of modern MRI development is to image neural circuits in the central nervous
system. Critical to thismission is the ability to describe a number of important parameters
associated with neural circuits. These include functional neural architecture, functiona activation
of neural circuits, anatomical and functional connectivity of neural circuits, as well as factors that
may alter neural circuits such as trafficking of immune cells and brain precursor cellsin the brain.
Remarkably, avariety of work in human and animal brain has demonstrated that all of these
features of neural circuits can be visualized with MRI. Here a brief summary is given of new
directions that should prove useful in analysis of the normal and pathological human brain and for
studies of relevant pre-clinical animal models of neurological and psychiatric disorders. At present
thereislittle work imaging neural circuitsin the heart with MRI, however, where applicable
present devel opments and prospects for the future are discussed.

Introduction

Over the last two and a half decades, Magnetic Resonance Imaging (MRI) has become a
critical tool for the diagnosis and management of human disease, especially of disorders of
the central nervous system (CNS). Theimpact of MRI owesto its ability to make high
resolution images that have contrast to pathology. In addition, gadolinium based MRI
contrast agents in routine clinical use are relatively safe and sensitive to specific pathology
such as disruption of the blood brain barrier caused by brain tumors [1] or multiple sclerosis
[2] and delayed accumulation or enhancement caused by cell death in heart [3].

The past ten years has seen an explosion in the range of applications of MRI. This has been
due to the development of new “functional” MRI techniquesin the late 1980's and early
1990’ s that have enabled contrast to be generated to a wide range of physiological processes.
Sensitizing MRI to water diffusion has enabled an early view of tissue damage, providing
important information for the diagnosis and treatment of stroke [4, 5]. The anisotropy of
water diffusion in white matter had led to rapidly increasing use of MRI to study white
matter tractsin normal and diseased brain [4, 6, 7]. In addition, there have been attempts to
use diffusion anisotropy to map fiber orientation in the heart [8]. Finally, the sensitivity of
MRI to blood volume [9], blood flow [10], and most importantly blood oxygenation [11] has
led to detailed mapping of perfusion in the heart and brain activity during awide range of
cognitive tasks[12, 13]. Similarly, in the heart, quantitative perfusion techniques are having
abroad impact [14]. Thus, there has been a transformation in MRI from applications aimed
primarily at detecting anatomical markers of disease processes, towards approaches that
include the acquisition of functional information. Together with continued technological
advancement and the development of sophisticated MR contrast agents, this has led to
improved understanding of normal and abnormal organ function that has begun to have
widespread clinical impact.

MRI is continuing to develop at afast pace and recent devel opments in technology are
enabling the anatomical and functional basis of neural circuitsto be visualized at increased
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resolution with novel contrast sensitive to specific aspects of neural circuits. The mgjority of
thiswork has progressed in the CNS, however, it is anticipated that the lessons learned will
have growing application in the peripheral nervous system. The goal of this short review is
to emphasize those newer developments which are predicted to have increasing impact on
studying the normal and pathological brain in the next five to ten years. Throughout the
history of MRI of brain, fruitful new directions have arisen from work on animal models as
well as the human brain. Current developments that are presently only applicable to animal
models, such as development of novel contrast agents, are discussed as well. When
applicable, the relevance to imaging the heart is discussed.

MRI of Brain is Beginning to Visualize Functional Architecture Directly

Inthe CNS, MRI contrast has traditionally been used to distinguish grey matter, white
matter and CSF. However, it iswell known from cytoarchitectural studies using awide
range of histological stainsthat there is remarkable degree of heterogeneity in white and
grey matter structures. Indeed, this heterogeneity in histological stains has been used for
decades to subdivide the brain into functional areas [15-17]. Thus, it would be a great step
forward for defining neural circuitsin vivo if MRI could directly visualize this functional
heterogeneity. The ability to detect cortical myelin based on well established MRI contrast
was originally described by Clark and co-workers[18] as an approach for using MRI to
accomplish cytoarchitectonics in vivo. This idea has received renewed attention [19-21] but
has not yet reached the point of widespread application. In animal brains, reports of being
able to detect laminar structures with MRI have been limited to the olfactory bulb [22]. For
detecting functional neuroanatomy there has been much interest in using MnCl,, as an MRI
contrast agent administered systemically to rodents [23, 24]. About aday after delivering
MnCl, image features that define architectural boundaries are readily apparent. The laminar
structure of the hippocampus, olfactory bulb, cerebellum, and cortex have been readily
observed (Fig 1). It should be straightforward to use this laminar contrast to subdivide the
brain into many functionally specific regions. This near histological contrast is beginning to
find application in studying the changes in brain architecture caused by diseasein pre-
clinical models of awide range of neurological disorders[25]. MnCl, has been used to
image heart and shown to be able to delineate ischemic regions [26].

A shortcoming of using MnCls isthat it is a know neurotoxin. Mn2* is also an essential
heavy metal, therefore, results from the animal can be trandlated to human only after careful
consideration of safety. However, very recent work using high field MRI indicates that there
exists endogenous contrast that will be sensitive to details of functional neuroarchitecture
[27]. The ability of MRI to study brain anatomy is primarily determined by resolution and
contrast, both of which have seen dramatic improvementsin recent years. A large part of
this improvement relates to the advent of high field MRI, and the improvementsin detector
technology in recent years [28, 29]. At the NIH, sensitivity gains dueto increasesin
magnetic field strength to 7.0 T and parallel detectors with up to 32 elements are leading to
increases in sensitivity ranging from 10-25 fold (depending on brain area) over data obtained
using single detector receiversat 1.5 T. This order of magnitude improvement in sensitivity
can be used to increase spatia resolution and in recent MRI of human brain, pixel volumes
of around 50 nl (equivalent to 350 micron isotropic voxels) have been acquired [27, 30]. At
these high magnetic fields, substantial contrast improvement can be achieved with so called
To*-weighted or magnetic susceptibility contrast. Thistype of MRI contrast is generated
primarily by local variationsin myelin, iron, and deoxy-hemoglobin concentration and
forms the basis for BOLD based fMRI and has been used previously to map venous
architecture in the brain [31]. Interestingly and surprisingly, at the high sensitivity and
resolution afforded at 7 T, susceptibility contrast allows direct visualization of brain
architecture. Figure 2a shows a dlice from a normal volunteer taken with susceptibility
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weighted contrast. A large degree of contrast variation is observed throughout the slice.
Specific major fiber bundles are readily detected in white matter (Figure 2b). This high
resolution identification of fiber bundles nicely complements the lower resolution
information currently available with diffusion tensor MRI [6]. It will be interesting in future
work to seeif individual fiber bundles can be followed to enable tractography between
functional areas of the brain Susceptibility contrast has also recently been shown to vary
across cortical layers [27], opening up the possibility to robustly detect individual layersin
grey matter (Fig. 2c). This contrast was an order of magnitude higher than that described
previously using T1 weighted MRI [19]. The robust detection of cortical heterogeneity
should enable classification of functional brain regionsin individuals. Furthermore, the high
contrast and resolution available with susceptibility contrast at high field make this
technique promising for the study of diseasesin which myelin, iron or deoxyhemoglobin is
locally altered, such as Multiple Sclerosis (MS) [32] (Fig 2d), Alzheimer’s Disease (AD)
[33-35], brain tumors [36], and stroke [37].

To* contrast has been applied to the heart as well asto the brain. By adding exogenous T,*
contrast agents, Vignaud et al. [38] have been able to map capillary orientation by looking at
signal intensity as a function of orientation with respect to the magnetic field. T2* images of
the rodent heart have shown exquisite anatomical features such as fiber orientation and the
microvasculature [39]. While not finding widespread application to the heart as yet, the wide
availability of high field MRI should increase the general usefulness of these approaches.

Functional MRI Can Detect Correlated Network Activity

Increasingly, MRI studies of the brain are aimed at the collection of functional information.
The purpose of these studies is to develop a general understanding of normal brain function,
and to detect functional abnormalitiesin disease. These methods rely on contrast intrinsic to
the physiologic processes that underlie brain function. An important aspect of thisisthat
there are local increasesin blood flow to regions of increased neuronal activity. Thisforms
the basis of functional MRI (fMRI), which either directly, through perfusion fMRI [10], or
indirectly, through blood oxygen level dependent (BOLD) fMRI [11], allows detection of
activity dependent blood flow changes. This ability to non-invasively map brain activity has
had a tremendous impact on the field of cognitive neuroscience. Localization of areas of the
brain involved in complex cognitive tasks is now routine and has enabled definition of the
neuronal networksinvolved in awide range of normal and abnormal behavior. The temporal
resolution of fMRI is presently too slow to map the flow of information through neural
circuits, however, modeling and work that combines EEG with fMRI show great promise
[40, 41]. While most fMRI work relies on analysis of group data, it has had large
implications for understanding the cause and pathophysiology of diseases of the brain.
Exciting new results providing an understanding of brain plasticity after injury and using
fMRI for biofeedback make it likely that clinical applications will grow. Recently the FDA
has approved use of fMRI for pre-surgical planning on individuals.

There have been some fMRI studies investigating input from the CNS into autonomic
control of cardiovascular function. These studies have helped to define the role of the
anterior cingulate cortex, the medial prefrontal cortex, and the insular cortex in regulating
sympathetic outflow to the heart [42]. There is growing evidence that there are connections
between cortical dysfunction and dysfunction of autonomic control of the heart [43]. Future
studies correlating fMRI with vagal activity should improve the understanding the role of
the CNSin cardiovascular disease.

An interesting new application of fMRI isthe study of functional brain connectivity which
shows much promise for determining the network connectivity of activated brain regions.
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Recent studies have shown that spontaneous blood flow variations in the brain occur in
distinct spatial patterns, in which functionally related regions vary in atemporally correlated
fashion. These “resting state fluctuations” in absence of external stimuli were first described
in motor cortex and showed that motor areas in different hemispheres co-varied in
synchrony [44]. There has been much work trying to determine if these associated regions
arise due to artifacts associated with MRI or are of vascular origin. Many groups have now
developed robust ways to remove potential MRI artifacts that can arise due to breathing or
cardiac pulsations [45]. Importantly, it has been shown that the metabolic costs of these
resting state fluctuations are the same as that found for task induced fMRI changes, strongly
arguing for aneuronal contribution [46]. Whole-brain analysis of these resting state
correlations have shown that multiple independent spatial patterns exist that potentially
provide information about the brain’s intrinsic communication and connectivity (Figure 3,
[47]). Preliminary clinical studies have shown that these patterns are altered in various
diseasesincluding AD [48] and M S [49], suggesting a possible diagnostic role for fMRI
resting state connectivity studies.

A drawback of fMRI studiesisthat they rely on vascular changes for contrast and so are
dependent on proper neurovascular control. It has become clear that the biological basis of
neuro-vascular control is quite complex [50] and therefore MRI techniques that can more
directly measure neuronal activity would be important for imaging neural circuits. There are
two areas where there have been attempts to make a more direct measure of neuronal
activity. Oneis based on the use of Mn?* jon as a surrogate of calcium influx. It has been
appreciated for many years that Mn?* can enter excitable cells via voltage gated calcium
channels, thus influx and accumulation of MnZ* in an area of the brain has been shown to
allow mapping active regions of therat cortex [51]. This early work required breaking the
blood brain barrier to enable rapid access of Mn?* to the brain. Many groups working in a
large range of animal models have used the activity dependence of manganese enhanced
MRI to map brain regions involved in awide range of tasks. Recent work in the mouse
auditory system [52] and rat hypothalmus [53] indicates that it may be possible to make
maps of activity without breaking the blood brain barrier. Furthermore, it has been shown
that Mn2* uptake into the heart is affected by cardiac workload, enabling MRI to estimate
calcium influx into the heart [54].

First attempts have been described to make MRI contrast agents that can detect therisein
calcium that is known to occur with activity in analogy to fluorescence indicators of
calcium. Agents that respond to changes in calcium based on controlling the relaxivity of
gadolinium chelates [55] or controlling the aggregation of iron oxide [56] have been
proposed and are promising tools for measuring brain activity. Finally, there has been an
interest in using MRI to directly detect the magnetic field produced by neuronal currents
[57]. While there have been preliminary demonstrations of using MRI to directly measure
neuronal currents, these results remain controversial. Models that can predict the signal
changes that may arise from neuronal currents will be critical [58]. While still far from being
well established, these innovative approaches to measuring neuronal activity offer promise
for increasing the specificity of MRI to measure brain function.

Emerging MRI Approaches Relevant to Imaging Neural Circuits

In vivo neuronal tract tracing

While diffusion tensor based MRI tools are enabling detailed studies of white matter
connectivity [4], they do not as yet enable acquiring the kind of detailed anatomical
connectivity that classical neuronal tract tracersyield. A major drawback of these classical
tracersisthat they al require histological procedures or optical imaging which is restricted
to surface regions. The Mn2* ion has been discussed above because it |eads to anatomical
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MRI contrast and because it can accumulate in active regions. A third property of Mn?* is
that it is transported in an anterograde direction in neurons and can cross synapses making it
possible to use manganese enhanced MRI to trace connectionsin the brain in a manner
analogousto classical tract tracers. The first demonstration of the use of manganese
enhanced MRI for neurona tract tracing was in the rodent olfactory and visual pathway
[59]. It has now been used in many species such as non-human primates and song birds [60].
Manganese enhanced MRI has been used to visualize regional connectivity from awide
variety of brain regions, attesting to the general applicability of this approach. Recently, it
has been shown that the tracing properties of Mn?* will enable functional brain structures to
be resolved. Connections from the thalamus to the cortex imaged with Mn?* allow
visuaization of the known preference for input into specific cortical layers[61] and
individual glomeruli have been resolved as Mn2* tracks through the ol factory nervesinto the
glomerular layer of the olfactory bulb (Figure 4). The tract tracing properties of Mn?* have
enabled manganese enhanced MRI to be applied to a number of pre-clinical animal models
of arange of diseases such as AD [62], stroke [63], and spinal chord injury [64]. There have
been no reported attempts to use Mn?* to trace neural circuits in the heart, however, such
studies should be possible.

Tracking Cells Important to Brain Function by MRI

Another areathat is having alarge impact in pre-clinical MRI studies of animalsis cell
tracking. It has been shown by a number of groups that specific cells can be robustly labeled
with avariety of MRI contrast agents and that trafficking of these cells can be followed [65].
Studies have shown that immune cell infiltration into the brain can be detected [66] and that
stem cells injected into the brain can be followed [67]. The first human applications of this
exciting new frontier are beginning to appear [67, 68]. Using iron oxide contrast, it has been
shown that it is possible to detect single cellswith MRI both in vitro and in vivo [69].
Furthermore, judicious injection of MRI contrast near the site of production of neural
progenitors in the subventricular zone of the rodent enables imaging the migration of these
cellsto the olfactory bulb [70]. There results taken together indicate that it will be possible
to use MRI to understand the important emerging role of trafficking of cellsin remodeling
neural circuitsin the normal and diseased brain. The early results in humans using approved
iron oxide contrast agents indicate that this approach will have alarge impact on the clinical
uses of MRI.

Conclusions

The development of fMRI and diffusion tensor based MRI tractography has led to an
immense activity in imaging neural circuits in the human brain. There have been alarge
number of applications of these tools to study the normal brain and awide range of diseases
of the brain. MRI applied to visualization of the anatomy and function of neural circuitsin
the heart is much more challenging. However, it is clear that a number of interesting avenues
are being explored that have the potential to greatly expand MRI of neural circuits.
Emerging high resolution, susceptibility weighted MRI of the human brain has demonstrated
the potential to routinely measure the wide range of functional anatomy that existsin the
brain. Similar results have been obtained from animal brain using contrast agents and, in
particular, manganese enhanced MRI. While much less work has been done in the heart, it is
clear that these novel MRI approaches will enable better delineation of cardiac anatomy,
especialy fiber orientation and remodeling due to ischemia.

fMRI is progressing from analyzing activation to specific tasks to looking at intrinsically
correlated activity throughout the brain. All of thiswork islimited by its dependence on the
complexities of using vascular responses to infer neural activity. It is expected that there will
be a growing amount of work using fMRI techniques to study the role of the CNSin
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autonomic control. Attemptsto find MRI contrast more directly related to neuronal activity
isreceiving increasing attention. Finally, there has been alarge increase in developing
functional contrast or molecular contrast agents for imaging neural circuits. Manganese
enhanced MRI to perform neural tract tracing and the rapidly growing application of MRI to
visuaize cell migration and are two promising areas that have already impacted pre-clinical
animal studies and are ripe for widespread application to the human brain. These new
molecular imaging approaches are most actively being developed for studying cancer and
brain, however extension to the heart should be possible. Taken together we would argue
that MRI is poised to continue develop rapidly to enable more and more sophisticated
analysis of neural circuitsin health and disease.
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Figure 1.
Manganese enhanced MRI enables functional neuroarchitecture to be detected in the in vivo

rat brain. Images were taken 24-48 hours after intravenous infusion of MnCl, at 100 micron
resolution using and 11.7 T animal MRI system. Scalebar = 1mm. A) Cell layers of the
hippocampus; B) Layersin the cerebellum, and C) layersin cerebral cortex. Images adapted
from [24].
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Figure 2.
High resolution in-vivo human brain anatomy using multi-channel detectorsat 7.0 T and

susceptibility contrast using signal magnitude (A) and phase (C-D) at 25-50 nl resolution An
axial brain slice (A, scale bar 20 mm) shows strong contrast variation throughout the image.
Substantial contrast variations are also seen in the major fiber bundles (B, scale bar 20 mm)
including the internal and external capsule (ic, ec), the genu and splenium of the corpus
callosum (ge, sp), and the optic radiation (or). Within the visual cortex (C, scalebar 5 mm)
intracortical detail allows identification of the line of Gennari (darkening in central layer). In
MS (D, scalebar 5 mm), signal phase allow high resolution imaging of small peri-vascular
lesions (image courtesy of Francesca Bagnato and Henry McFarland, NIH).
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Figure 3.

Spatial patterns of correlated BOLD fMRI activity in humans during rest. Spontaneous
activity occursin distinct spatial patterns, many of which show hemispheric symmetry. Each
color represents a single activity pattern that occurred consistently over 11 subjects (for
methodological details see[71]. Image courtesy of Masaki Fukunaga, LFMI, NINDS, NIH.
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Figure4.

Injection of MnCl5, into specific brain regions enables MRI of neuronal tracts at the level of
functional units of the brain. A) Layer specific tracing from rat thalamus to cortex showing
enhancement primarily in layer 4 and with less enhancement in deep layer 5 consistent with
the known input layers [61] (Image courtesy of Jason Tucciarone, LFMI, NINDS, NIH). B)
Individual glomeruli from the surface of the bulb imaged using manganese enhanced MRI
after administration of MnCl, to the nose and presentation of a specific odor (Image
courtesy of Kai-Chuang Hsiang, LFMI, NINDS, NIH). Both images were acquired from an
11.7 animal MRI system using resolutions of 100 um (A) and 75 um (B).
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