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Abstract

One of the greatest challenges of modern neuroscience is to incorporate our growing knowledge of
molecular and cellular-scale physiology into integrated, organismic-scale models of brain function
in behavior and cognition. Molecular-level functional magnetic resonance imaging (molecular
fMRI) is a new technology that can help bridge these scales by mapping defined microscopic
phenomena over large, optically-inaccessible regions of the living brain. In this review, we explain
how MRI-detectable imaging probes can be used to sensitize noninvasive imaging to
mechanistically-significant components of neural processing. We discuss how a combination of
innovative probe design, advanced imaging methods, and strategies for brain delivery can make
molecular fMRI an increasingly successful approach for spatiotemporally-resolved studies of
diverse neural phenomena, perhaps eventually in people.

INTRODUCTION

The landscape of brain research today is divided [1]. On one side is human cognitive
neuroscience, which depends on noninvasive whole-brain neuroimaging tools with
extraordinary capabilities but limited explanatory power, as exemplified by functional
magnetic resonance imaging (fMRI) [2]. On the other side is reductionist neurobiology,
which harnesses increasingly powerful but typically invasive techniques that operate on the
cellular and molecular levels in animals and model systems [3].

A new technique called “molecular fMRI” has the potential to help bridge this divide.
Molecular fMRI is an alternative form of fMRI that monitors brain activity through the use
of chemical or genetically-encoded probes designed to sense specific molecular and cellular
targets in the brain [4]. Molecular fMRI readouts thus reflect distinct molecular hallmarks of
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neural activity, rather than the complex coupling between neural activity and blood flow that
underlies conventional hemodynamic fMRI [5]. The imaging probes used in molecular fMRI
are analogous to state-of-the-art optical imaging agents like fluorescent dyes and proteins
[6], but they influence magnetic signals rather than visible light, and they can be detected in
deep brain regions and over wide fields of view that are currently inaccessible to optical
methods. For this reason, molecular fMRI may extend the reach of deep tissue activity
measurements in animals and eventually allow cellular-level, mechanistically informative
neuroimaging in human subjects.

The goals of molecular fMRI technology development are threefold: (1) permit noninvasive
analogs of the sorts of optical imaging now possible using tools like GCaMP6 [7]; (2)
increase the set of physiological phenomena that can be measured by dynamic imaging in
deep tissue and intact brains; and (3) enable molecular-level measurements of brain function
at high spatial and temporal resolution in people. Current technology is still far from
realizing these goals, but significant progress is being made. Earlier reviews have focused
largely on the design principles of molecular fMRI probes, and on technical aspects of probe
development and validation [4,8]. Here we adopt a more goal-oriented perspective in
discussing recent advances and prospects for molecular fMRI methodologies that could
enable neuroscientists of multiple stripes to probe entire brains with molecular precision.

Prospects for emulating optical activity imaging using fMRI

Establishing an MRI-based version of high-resolution optical neuroimaging techniques
requires both sensors and imaging methods that are up to the task. A considerable hurdle has
been the development of MRI probes for measuring calcium ions, which have long been the
favored targets in optical imaging. The first calcium sensor detectable by magnetic
resonance techniques was a fluorinated analog of the calcium chelator 1,2-bis-(o-
aminophenoxy)ethane- N, N, NV, N-tetraacetic acid) (BAPTA) [9]. Fluorinated BAPTA reports
calcium via spectroscopic signals that are too weak to enable imaging of low calcium
concentrations under normal circumstances. A clever strategy called chemical exchange
saturation transfer (CEST) enabled Bar-Shir et al. to partially override this limitation,
however [10]. They reported detection of 0.5 pM Ca2* using 500 uM 5,5"-difluoro-BAPTA
(Figure 1a), although they required many minutes to acquire images at millimeter-scale
resolution in vitro.

More easily detectable calcium imaging probes have been synthesized using paramagnetic
or superparamagnetic building blocks that incorporate metals like gadolinium, iron, and
manganese. The first such probe was a Gd3*-based contrast agent for 7;-weighted MRI,
reported by Meade and colleagues in 1999 [11]. It was comparable in size to fluorescent
calcium indicators like fura-2 and Oregon Green BAPTA [12,13], and it worked by
producing calcium-dependent brightening in 7;-weighted MRI. Many modifications to this
original design have since been made, suitable for both addressing intracellular (0-100 uM)
and extracellular (0.1-2 mM) calcium concentration ranges in neural tissue [14,15]. In a
2016 paper by Moussaron et al. [16], one such agent was injected at a concentration of 10
mM Gd3* into mouse kidney and shown to respond within five minutes to bolus intravenous
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injection of 10 pmol CaCly; this was the first published evidence of functionality for a 7;-
based calcium probe /n vivo (Figure 1b).

Calcium sensors have also been formed by combining calcium-binding actuation domains
with magnetic iron oxide nanoparticles [17]; these probes are visualized by 7,-weighted
MRI and can function at low levels (~1 uM in calcium binding sites) that are unlikely to
perturb endogenous calcium concentrations. Although early nanoparticle probes displayed
kinetics on the order of minutes, improved versions achieved responses within a few seconds
[18], suitable for functional imaging with temporal resolution comparable to current fMRI
techniques (Figure 1c). Very recently, Okada and colleagues introduced a new magnetic
calcium-responsive nanoparticle (MaCaReNa) sensor designed to report extracellular Ca*
fluctuations associated with neural activity [19]. Intracranially injected MaCaReNas allowed
repeated detection of brain activation in response to chemical and electrophysiological
stimuli in rats, constituting the first demonstration of molecular fMRI using an MRI calcium
sensor in the living brain. Although response times on the order of seconds were reported in
this study, there is still need to improve kinetic properties of the probe, optimize brain
delivery, and further characterize the relationships between MaCaReNa-based signals and
underlying neural activity patterns. The MaCaReNa probes may already permit meaningful
experimental applications of calcium-dependent molecular fMRI in some contexts, however.

In addition to developing suitable imaging agents, emulating optical neuroimaging using
MRI requires fast, high-resolution data acquisition methods. The theoretical spatial
resolution of MRI is in the 1-10 pm range for biological tissue [20], but approaching this
limit with reasonable signal-to-noise ratio (SNR) usually requires scan times longer than an
hour [21-23]. A practical standard for fMRI with high spatiotemporal resolution was set by
Yu, Koretsky, and colleagues, who demonstrated the possibility of performing hemodynamic
functional imaging in rats at the level of single venules and arterioles, resolved with voxel
sizes of 100 x 100 x 500 pm and a frame rate of 10 Hz on a 14 T scanner [24] (Figure 2).
Strategies for improving SNR per unit time have included reducing the number of data
points required per image via a strategy called compressed sensing, which exploits the same
principles involved in producing JPEG images [25,26]. A second approach has been to
reduce the field of view. In one example, Yu éf al. achieved fMRI temporal resolution of 50
ms at 11.7 T for voxels of about 50 um x 1 mm x 1 mm by using line-scanning techniques
similar to those sometimes used in ultrafast optical imaging [27]. Finally, it is possible to
improve the amount of data acquired per scan by exploiting multicoil detection systems and
excitation strategies that allow multiple fields of view to be imaged simultaneously [28,29].
Extrapolating from current benchmarks, a combination of compressed sensing and multicoil
imaging should enable video rate fMRI to be performed with isotropic spatial resolutions of
about 150 um at MRI field strengths above 20 T, which are already becoming available for
some applications and are expected to be safe for neuroimaging [30].

MRI sensors for additional targets in the brain

Expanding the list of brain processes accessible to imaging is a major goal for the further
development of molecular fMRI technology. Neurotransmitters are particularly important
targets in this regard. In the most advanced work to date, MRI sensors based on the

Curr Opin Neurobiol. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ghosh et al.

Page 4

paramagnetic metalloprotein P450-BM3h have been employed to map striatal dopamine
release patterns elicited by rewarding brain stimulation that simulates drugs of abuse [31]
(Figure 3a—c), and to measure changes in serotonin reuptake rates in response to clinically-
relevant monoamine transporter blockers such as the antidepressant fluoxetine [32].
Metalloprotein MRI sensors must generally be applied at concentrations above 10 uM in
order to affect image contrast substantially, however; they thus exhibit limited analyte
sensitivity and can also perturb neurotransmitter dynamics through buffering and slow
interaction kinetics (e.9. k,z= 0.02 s™1 for dopamine-sensitive BM3h) [31]. Promising
avenues for future work therefore include improvement of these tools, as well as targeting of
additional neurotransmitters such as glutamate and -y-aminobutyric acid.

In addition to sensing neurotransmitters, the development of genetic reporters has been a
major focus of efforts in the field [33]. Reporters detectable by MRI could permit repeated
noninvasive whole-brain imaging of gene expression patterns in single animals, and could
therefore prove useful for noninvasive studies of neuroplasticity or activity-dependent
processes [34]. The first validated approaches to genetic imaging in MRI used reporter
enzyme-activated contrast agents [35], metalloproteins like the iron storage complex ferritin
[36,37], or transporters capable of catalyzing intracellular metal accumulation [38-41].
Despite ongoing efforts to improve the functionality of such systems through protein
engineering [42-44], none of these methods yet seems to be powerful enough for robust
application /n vivo. Some strategies that rely on intracellular metal accumulation come with
the particular pitfall that they can incur oxidative damage or other toxic side effects in cells
[45]. An elegant way to sidestep this problem employs the CEST technique for detection of
exchangeable protons on diamagnetic species such as labile proton-rich polypeptides or
reporter enzyme products [46,47], although detection sensitivity is limited with these
approaches as well.

A common theme in the development of neurotransmitter sensors and genetic MRI reporters
is the need for improved signal changes. Theoretical studies predict that significant gains in
the potency of 7; and CEST-based contrast agents may be possible [48,49], improving
detectability of these species to concentrations below 10 uM. Magnetic nanoparticle probes
can already be detected at submicromolar levels, but they exhibit relatively slow response
rates. Modeling results suggest routes for improvement of their kinetics however [50,51],
and reduction of nanoparticle dimensions will also likely facilitate brain delivery and
applications in living tissue. Demonstration of calcium-dependent molecular fMRI using
MaCaReNa probes in rat brain [19] further supports the idea that suitably constructed
magnetic particle-based sensors could be suitable for functional imaging of
neurotransmitters and additional targets /n vivo.

Several recent studies have explored novel contrast mechanisms that might also provide high
sensitivity to molecular targets in the brain [52]. In one approach, water-permeable channels
were employed as gene reporters that alter signal in diffusion-weighted MRI scans [53,54];
it might become possible to modulate this signal on a relatively fast timescale by coupling
the water permeability of the channels to the presence of analytes of interest. In a second
approach, the endogenous phenomenon of neurovascular coupling, which underlies
conventional hemodynamic fMRI as well as a host of other functional imaging approaches,
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was “hijacked” and employed as a specific readout of enzyme activity and gene expression
[55] (Figure 3d—f). The published work employs vasoactive molecules based on calcitonin
gene-related peptide (CGRP) as contrast agents that can be detected at nanomolar
concentrations when secreted by cells or applied exogenously, but future variants could
involve engineering other aspects of vascular biology to report on a wide variety of neural
signaling processes.

Given the variety of MRI contrast sources available, an intriguing direction for future
technology development might be to combine different sensors for simultaneous
measurement of multiple analytes at the same time; this would be analogous to using
fluorescent probes with different excitation and emission wavelengths in parallel for optical
imaging. CEST contrast is particularly conducive to such multiplexing [56,57], but
implementing this for molecular fMRI in practice would increase scan times, reducing the
already limited temporal resolution of CEST-based detection methods [50]. Acquisition
schemes that simultaneously measure 7; and 75 or 7>* relaxation-weighted signals offer the
possibility of applying 77 and 7, weighting agents in combination [58]. Separating 7; and
T, effects from different probes is complicated however by the fact that most relevant
contrast agents have some effect on both parameters.

Toward molecular fMRI in humans

Progress with molecular fMRI tools for animal studies is accelerating, but some of the
greatest payoffs of this technology may ultimately be achieved in human subjects. It is in
only people that molecular fMRI could be applied to examine neural correlates of high level
cognitive processes or subjective perceptual experiences in depth; in human patients
molecular fMRI could also come to guide diagnosis and treatment of brain diseases by
defining new biomarkers or mechanistically significant hallmarks of neural processing. In
order to make translation of molecular fMRI methods feasible, two major criteria must be
satisfied: (1) completely noninvasive delivery of imaging probes must be possible; and (2)
contrast agents must be nontoxic and stable enough for human use.

Noninvasive brain delivery of MRI contrast agents requires a strategy for getting them across
the blood-brain barrier (BBB), the system of intercellular connections that keeps most
blood-borne substances from penetrating the central nervous system [59]. A leading
technique for enabling this uses ultrasound pressure waves, in conjunction with intravenous
acoustically-absorbant microbubbles, to transiently disrupt the BBB [60] (Figure 4a—c).
Ultrasound-mediated BBB disruption permits analytes of widely varying sizes to enter the
brain over a period of roughly one hour following sonication [61]. A recent clinical trial
demonstrated successful delivery of chemotherapeutics and MRI contrast agents among a set
of fifteen brain tumor patients, proving the potential of ultrasound for delivery of molecular
imaging agents in people [62]. Last year, the first clinical trial of ultrasound-mediated BBB
opening in Alzheimer’s disease (AD) patients began, with brain delivery of a gadolinium
contrast agent again used as the basis for monitoring BBB disruption [63]. If this trial proves
successful, then ultrasound-facilitated delivery techniques might prove safe for application
in additional neurological patient populations. On the other hand, evidence of inflammation
has been reported following transcranial ultrasound in animal models [64], and similar side
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effects may also arise in conjunction with older osmotic shock-mediated BBB opening
methodology [65]. BBB disruption techniques might therefore prove most suitable for

application of molecular fMRI tools in urgent care situations, but could be too risky for
application in more healthy subjects.

The safest approaches to brain delivery of molecular fMRI probes would rely on probes that
cross the BBB on their own. Spontaneously permeable agents can make use of three
pathways for traversing the barrier: passive transport across cell membranes, compatibility
with endogenous solute carrier-mediated transport (CMT) systems, or affinity for receptors
that mediate trans-BBB transport of macromolecules [66] (Figure 4d). Synthesis of
lipophilic MRI contrast agents and sensors is a challenge because most agents incorporate
highly polar metal complexes. Some efforts have attempted to circumvent this problem by
creating imaging agents based on nonstandard planar aromatic chelators [67]; these were
recently demonstrated to penetrate cells and enable detection of intracellular enzymes by
MRI [68].

Receptor mediated transport (RMT)-catalyzed brain delivery of imaging agents has been
demonstrated by incorporating probes into so-called molecular Trojan horses—molecules
that themselves undergo RMT and carry along whatever species are associated with them
[69]. The best explored Trojan horse-based approaches involve conjugating agents to
proteins that bind to the transferrin and insulin receptors on the BBB (Figure 4e—f). These
strategies have been shown to promote safe, high efficiency delivery of antibody derivatives
to primate brain [70,71]. Some of the more sensitive MRI agents, such as vasoprobes, might
be delivered this way. Higher probe doses might be deliverable by packaging high
concentrations into nanoparticles, which could then be conjugated to Trojan horses. In an
example of this approach, Koffie et a/. loaded imaging probes into nanoparticles of polybutyl
cyanoacrylate, which are coated /n7 vivo by endogenous apolipo-protein E, a substrate for
trans-BBB RMT [72]. Following intravenous injection of complexes containing the MRI
contrast agent gadobutrol, the authors observed enhancement of 7;-weighted brain image
intensity.

If molecular fMRI agents are to be used in people, they must be nontoxic as well as
deliverable to the brain. Fortunately, several contrast agent architectures are already
approved for human use; these include both iron oxide nanoparticles and small molecule
metal chelates, which are used in approximately 30% of all clinical MRI scans [73]. Some
gadolinium-based 77 contrast agents have recently received negative publicity due to the link
between Gd3* release and nephrogenic systemic fibrosis, a rare but devastating disorder
[74]; additional reports have documented metal accumulation in the brains of some MRI
subjects [75]. The more stable macrocyclic gadolinium agents are unlikely to display this
problem however [76], and there are also now substantial efforts to develop gadolinium-free
71 agents that achieve their effects using paramagnetic manganese, iron, or organic radicals
[77-79].

Incorporation of clinically acceptable building blocks into responsive agents for
neuroimaging could create new risks, so further clinical testing will be required before
human use of such agents. It seems unlikely that this process will be motivated primarily by
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the potential benefits of molecular fMRI agents for basic research. Instead, clinical testing
and approval of molecular fMRI tools will be driven by medical needs. Diagnostic
applications of molecular neuroimaging agents can easily be imagined. For example,
calcium sensors could be powerful tools for measuring signaling abnormalities implicated in
brain diseases such as autism and Alzheimer’s disease [80,81]. Neurotransmitter sensors
could be useful for monitoring therapy in disorders that affect particular neurochemical
systems, like Parkinson’s disease or major depression. This kind of context—where
molecular fMRI agents are used as “companion diagnostics” to assess efficacy of drugs or
other biological treatments—could in fact provide a general route for clinical adoption of
novel neuroimaging probes [82].

Molecular fMRI methodology is already being applied for unprecedented mesoscale
mapping of neurophysiological processes in animals, and could eventually be deployed in
people. Although applications to date are restricted by the relative insensitivity of most
existing responsive imaging probes, substantial efforts are now underway to improve probe
characteristics, facilitate brain delivery, explore novel MRI contrast mechanisms, and expand
the repertoire of molecular targets that can be sensed in the nervous system. There is much
work to be done, but the need for this research is outstanding. Molecular fMRI and related
neuroimaging techniques offer special promise for improving our ability to relate large-scale
integrative functions of the brain to mechanistically informative molecular and cellular
variables. Establishing these relationships is essential for explaining how low-level
neurophysiology guides high-level behavior and cognition, a problem around which both
sides of our divided field can come together.
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HIGHLIGHTS

. Molecular fMRI combines noninvasive imaging with target-sensitive
molecular probes.

. Ca2*-sensitive probes and fast fMRI methods could emulate optical calcium
imaging.

. Additional probes target neurochemicals and proteins via multiple contrast
mechanisms.

. Brain delivery techniques and clinical compatibility raise prospects for human
use.
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Figure 1.
Calcium sensors potentially suitable for molecular fMRI. (a) The 5,5'-difluoro-BAPTA

imaging agent used in the approach of ref. [10]. Calcium binding (blue) causes reversible
changes in the electronic structure of the agent, and shift the spectroscopic signals associated
with the fluorine atoms (magenta). (b) Standard proton MRI scan (left), fluorine MRI scan
(middle), and fluorine MRI with CEST contrast (right) showing fluorinated BAPTA in the
presence of calcium, magnesium, or zinc ions, as indicated in the left panel. Only calcium
induces substantial signal change in the CEST image, allowing specific detection of calcium
using the agent. (c) A gadolinium-based calcium sensor described in ref. [16]. In the
presumed mechanism of this probe, one or more of the ligands that coordinate Gd3* (green)
in the calcium-free form (left) is sequestered upon calcium binding (right), freeing up
additional sites for water molecules (magenta) to interact with Gd3* and induce 73 MRI
contrast enhancement. Conjugation of the agent to a nanoparticle scaffold (gray, not to scale)
increases retention time of the agent in tissue. (d) MRI contrast change following injection
of the probe into mouse kidney, before (left) vs. after (right) stimulation with intravenous
CaCl,. (e) Mechanism of calcium-responsive magnetic nanoparticle sensors in ref. [18].
Clustering of the nanoparticles (gray) is driven by polydendate interactions between
calmodulin (red) and a calmodulin-binding peptide (green) attached to a tetrameric
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molecular scaffold (magenta). (f) Reversible clustering and declustering is measured within
seconds of exposure of the sensors to excess Ca2* or EDTA. Inset shows substantial 75-
weighted MRI signal differences measured between EDTA (black arrowhead) and calcium-
enriched (blue arrowhead) conditions for nonfunctional control nanoparticles (left) or
functional bicomponent sensors (right).
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Figure 2.
Hemodynamic fMRI of neural activity signatures resolved at high spatiotemporal resolution.

(a) Yu et al. [24] expressed channelrhodopsin-2 (ChR2) in rat somatosensory cortex and
evoked neural responses using optogenetic stimulation via an implanted fiber (blue). Top
panel shows orientation of MRI scans in (b—d) and bottom panel shows ChR2 expression
pattern in a perpendicular slice. (b) A technique called multi-gradient imaging was used to
identify single vessels based on contrast signatures in high resolution MRI scans (field of
view corresponds to yellow slices in (a)). (c) Features in two forms of hemodynamic fMRI
—Dblood oxygen level-dependent contrast (BOLD, top right) and cerebral blood volume-
dependent contrast (CBV, bottom right)—could be correlated with regions identified as
venules (top left) or arterioles (bottom left) based on data as in (b) (green boxed region).
Figure adapted from ref. [24].
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Figure 3.
Molecular fMRI using polypeptide-based imaging agents. (a) Structure of a P450-BM3h

variant engineered by Brustad et a/. [83] for selective sensing of the neurotransmitter
dopamine in 7;-weighted MRI. The sensing mechanism arises from the ability of dopamine
(DA, blue) binding to regulate water access to the paramagnetic heme group (green label) in
the core of the protein. (b) Dopamine binding to the P450 derivative alters the strength
(relaxivity) of the contrast agent, as shown by /n vitro measurements in PBS and dopamine-
containing buffers; inset shows corresponding MRI images. (c) Quantitative mapping of
dopamine release in rat ventral striatum, elicited by MFB stimulation in the experiments of
Lee et al. [31]. Panels depict anatomical MRI (grayscale) and atlas divisions (white) in three
striatal slices of 1 mm thickness, with color overlay indicating peak dopamine release
concentrations determined from raw MRI signal time courses. Scale bar = 2 mm; adapted
from ref. [31]. (d) Strategy of hijacking hemodynamic responses using molecular agents.
Vasoprobes such as the potent vasodilator CGRP agonize receptors on vascular smooth
muscle cells (left), promoting relaxation and vasodilation (middle), and leading to changes
in blood flow that give rise to MRI signals detectable by hemodynamic molecular fMRI, as
well as other imaging techniques. (e) Application of vasoprobe-based molecular imaging for
detecting enzyme activity. The schematic (top) shows that a caged vasoprobe is inhibited by
a blocking domain; in the presence of an enzyme (red), the blocking domain is removed by
cleavage of recognition sequence connecting the two (red line segment). The example at
bottom demonstrates this principle applied to detection of the protease caspase-3. Enzyme
cleaved (right) but not uncleaved (left) probe produces engineered hemodynamic responses
upon injection into rat brain, permitting visualization by hemodynamic MRI. Scale indicates
statistical significance of the detection. (f) Vasoprobes can function as gene reporters by
being expressed and secreted from genetically engineered cells (top). Engineered CGRP-
expressing human embryonic kidney cells were implanted into rat brain and could be
detected by 7,-weighted MRI after 24 hours (bottom left). MRI signal changes coincided
with co-expression of a fluorescent protein (mKate), visualized by postmortem histology
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(bottom right). Control cells not expressing the vasoprobe did not produce substantial MRI
signatures. Scale bar = 2 mm; (d-f) adapted from ref. [55].
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Figure 4.
Delivery of imaging probes across the blood-brain barrier (BBB). (a) Simplified schematic

demonstrating the opening of the tight junctions between the endothelial cells of the BBB
upon application of ultrasound waves in conjunction with intravascular microbubbles
(bubbles not shown). Penetration of multiple blood-born species (colored shapes) following
BBB disruption takes place, without specificity for imaging reporters per se. (b) Kovacs et
al. [64] demonstrated the use of an implantable ultrasound transducer to transiently open the
BBB of cancer patients in a clinical trial. (c) A gadolinium-based MRI contrast agent was
intravenously administered to monitor BBB opening; leakage of the contrast agent into the
brain into the sonicated region (yellow box) can be discerned by comparing images acquired
before (left) vs. after (right) sonication. Figure adapted from ref. 64. (d) Mechanisms of
spontaneous BBB penetration by imaging agents: (left) transcellular diffusion by lipophilic
molecules (red); (middle) carrier-mediated transport (CMT) of imaging agents (star)
attached to CMT substrates (black diamond); and (right) and receptor-mediated transport
(RMT) of receptor-targeted complexes (light purple circle) incorporating an imaging agent
(star), which in some cases may be released once the complex enters the brain. (e) Diagram
of a typical Trojan horse construct based on an antibody with variable domains targeted
against human insulin receptor (purple), conjugated to imaging agents (stars). (f) Boado et
al. [71] demonstrated Trojan horse-mediated brain delivery of a radiolabeled therapeutic
anti-HIR conjugate in nonhuman primates. Autoradiography of postmortem brain sections
from a monkey treated with unconjugated agent (left) vs. a monkey treated with anti-HIR-
conjugated probe (right) illustrate strong brain uptake dependent on the anti-HIR construct.
Radiolabel density indicated by yellow-red-back color scale. This technique could be
adapted for delivery of MRI contrast agents, although only the most potent agents are likely
to be appropriate. Figure adapted from ref. 71.
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