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Abstract

An intricate interplay of signaling molecules underlies brain activity, yet studying these
molecular events in living whole organisms remains a challenge. Magnetic resonance
imaging (MRI) is the most promising imaging modality for development of molecular
signaling sensors with deeper tissue penetration than optical imaging, and better spatial
resolution and more dynamic potential in sensor design, compared to radioactive probes.
MRI molecular sensors, however, have largely required micromolar concentrations to
achieve detectable signals. In order to detect signaling molecules in the brain at their
native low nanomolar concentrations, an improvement in MRI molecular sensors is
necessary. Here we introduce a new in vivo imaging paradigm that uses vasoactive
probes (vasoprobes) that couple molecular signals to vascular responses. We apply the
vasoprobes to detect molecular targets at nanomolar concentrations in living rodent
brains, thus satisfying the sensitivity requirement for imaging endogenous signaling
events.

Even with more sensitive probes, molecular imaging of the brain is further
complicated by the presence of the blood-brain barrier (BBB), designed by nature to
protect this most vital of organs. We have therefore implemented a means to permit
noninvasive delivery of imaging agents following ultrasonic BBB opening. We use the
ultrasound technique to deliver another potent class of contrast agents,
superparamagnetic iron oxides, and we show that effective permeation of brain tissue is
achieved using this approach. We have also designed ultrasensitive vasoprobe variants
designed to permeate the brain completely noninvasively, using endogenous transporter-
mediated mechanisms. We present preliminary results based on this approach and
discuss future directions.
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Chapter 1: Introduction

Currently, neuroscience faces the challenge of integrating the knowledge of cellular and

molecular mechanistic information into the organism-wide study of brain function in

behavior and cognitive processes. On the one hand, functional magnetic resonance

imaging (fMRI) 1 enables noninvasive whole brain activity studies, but lacks the

mechanistic information underlying the visualized brain activity. On the other hand, the

reductionist neurobiology2 approaches to structurally resolve neural networks are

increasingly powerful yet typically invasive.

Molecular fMRI can bridge this gap by studying defined molecular signaling events

over large regions of intact living brains3 4. The ability to detect individual molecular

signaling targets would allow in vivo study of mechanistic information about cellular and

molecular processes in whole living organisms, unlike fMRI where the readout is based

on complex coupling of neuronal activity to blood flow changes 5. Molecular fMRI readouts

are equivalent to optical imaging agents like fluorescent dyes or proteins 6 ,7, but they

influence magnetic signals instead of visible light, which makes them detectable in deep

brain regions currently not achievable for optical tools. Hence, molecular fMRI can extend

molecular mechanistic studies to intact living animals and may eventually allow

mechanistic neuroimaging in humans.

There are two areas of growth for molecular fMRI: 1) increasing the number of

physiological phenomena that can be studied by development of new and improvement

of existing molecular probes, and 2) enabling noninvasive molecular fMRI by developing

strategies for noninvasive brain-wide delivery of molecular probes. In the following
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chapters of this thesis we address both of these areas, but first we provide some

background on currently available molecular fMRI probes and strategies for their delivery

to the brain.

Molecular fMRI probes

Here we summarize the existing state-of-the-art probes for calcium ions,

neurotransmitters, and enzymes.

Calcium ions play an essential role in signal transduction and, as a result, have

long been favored as a target for optical imaging and became one of the first targets for

molecular fMRI probes. One class of calcium sensors is based on paramagnetic

gadolinium, iron, or manganese building blocks that change their Ti-weighted

enhancement properties upon calcium binding (Figure 1-1a). For example, a Gd3*-based

sensor displayed 10 pm calcium sensitivity in vivo 8 while a recent Mn 3+-based sensor was

used to report on intracellular calcium fluctuations by MRI for the first time in vivo 9.

Another class of calcium sensors is based on superparamagnetic iron-oxide

nanoparticles (SPIONs). In this approach, nanoparticles interact with calcium-binding

proteins (Figure 1-1b) and produce a T2-weighted signal enhancement upon calcium

binding1 01 1. This technique was recently demonstrated in living rodent brains 12.

Expanding the menu of potential molecular targets available to image and

associated with brain activity is a major goal for molecular fMRI. Neurotransmitters are of

particular importance as they are directly involved in, and often regulate, neuronal

signaling. So far, paramagnetic metalloprotein domains have been used to map

dopamine release patterns following rewarding stimulation 13 (Figure 1-1c) and to
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measure changes in serotonin reuptake in response to antidepressants14 in living rodent

brains. However, in general metalloprotein-based MRI sensors have to be applied at a

minimum of 10 pM concentration to achieve detectable MRI signal change in vivo.

Subsequent work has focused on circumventing this inherent requirement for high

concentration of the sensor by tapping into the endogenous contrast already available in

vasculature. The concentration requirement is lowered by coupling molecular events to

vascular responses: for example 100 nM of the vasoactive peptide, called calcitonin gene

reported receptor (CGRP), -based sensor triggered fMRI response upon sensing

enzymes in living rodent brains 15 (Figure 1-ld-e).

In this thesis we expand the vasoactive peptide sensor to localize implanted

targets at nanomolar concentrations in living rodent brains and show utility of two other

a

A AEl c~Iivasodilation
t[CAMP] hemodynamic

before Ca2+ after Ca2+ 0molecular fMRI

b

....- Log(p)

10
enzyme

[DA] (pM)

Figure 1-1. Molecular fMRI probes. a: MRI contrast change in a calcium sensor infused mouse
kidney before vs after l.V. injection of CaC2. b: Mechanism of SPIONs clustering in the presence
of calcium 0. c: Quantitative mapping of dopamine release following rewarding stimulation in rat
brain13, scale bar = 2mm. d: Strategy for coupling molecular signals to vascular responses. e:
Mechanism to utilize vasoprobes for enzyme detection and in vivo detection of caspase-3 at
nanomolar concentrations15

Note: figure adapted from Ghosh et al 20183 with author's permission.
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vasoactive probes: pituitary adenylate cyclase-activating polypeptide (PACAP) and

Maxadilan as additional platforms for vasoprobe-based sensing (Chapters 2 and 4).

Strategies for noninvasive brain delivery

To enable whole brain molecular fMRI studies in animals and potential translation of

mechanistic neuroimaging to humans, noninvasive delivery to the entire brain must be

possible. Nature seems to be working against us in this aspect, protecting the brain as a

vital organ with brain vasculature lined with the blood-brain barrier (BBB), which is

composed of tight junctions between the endothelial cells lining the vessels to prevent

potentially damaging substances in the blood from entering the brain16 17 . Various

strategies have been developed for transporting sensors across the BBB in a noninvasive

way.

One of the most prominent and well-studied approaches is to transiently open the

BBB using ultrasound waves following l.V. administration of microbubbles 18 (Figure 1-

2a). The BBB stays open for >1 h following its ultrasound-mediated opening. Various sized

entities19 have been successfully delivered to the brain using this approach, including

paramagnetic agents (e.g. gadolinium) 20, genetically-encoded vectors 21-23, stem cells 24 ,

and chemotherapeutic agents 25 - 2 7. The potential for ultrasound-mediated BBB disruption

extends to humans as recent clinical trials demonstrated successful delivery of

chemotherapeutics in brain tumor patients 28. Furthermore, the clinical trials for BBB

opening in Alzheimer's patients 29 are underway and could extend the use of this

technique to other neurological disorders.

An even safer approach is to rely on probes that cross the BBB on their own.
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Spontaneously crossing agents predominantly make use of one of the three pathways

through the BBB available (Figure 1-2b): 1) passive transport, 2) carrier mediated

transcytosis, or 3) receptor mediated transcytosis (RMT). Passive transport requires small

size of the probes (<400 daltons) and lipophilic properties 30, precluding most of the

molecular probes from being good candidates for this route of transport. Receptor

mediated transcytosis is of particular interest as a potential delivery platform of molecular

sensors to the brain. In this mechanism an antibody that binds a BBB-crossing receptor

is often referred to as a 'trojan horse' 31 because the antibody is recognized by the BBB

as a BBB-crossing entity and yet these antibodies can carry substances into the brain

that would not otherwise be permitted to enter. Trojan horses can carry large cargo across

the BBB making them particularly attractive for molecular fMRI. Multiple trojan horse

receptors have been identified and extensively tested, including transferrin receptor32 ,

insulin receptor33 , and a promising FC5 transporter34

RMT generally suffers from low dose delivered (<1% of injected dose) to the brain

compared to the total dose injected intravenously (l.V.). As a result, sensors that function

at low concentrations are particularly well-suited for this delivery method, such as the

aforementioned vasoprobes that function at nanomolar concentration in vivo.

In this thesis we utilize the ultrasound-mediated BBB opening combined with

particularly small SPIONs to achieve wide-spread delivery to brain parenchyma (Chapter

3), and we explore loading vasoprobes as a cargo in RMT and using their nanomolar

potency as a potential readout of BBB crossing (Chapter 4).
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Ultrasound Lipid-solubility CMT RMT

P J

Intact BBB G R
Release

Figure 1-2. Strategies for delivery across the BBB. a: Schematic of transient ultrasound-mediated BBB
opening. b: Schematic of endogenous transport mechanisms across the BBB; CMT- carrier mediated
transcytosis, RMT-receptor mediated transcytosis.
Note: figure adapted from Ghosh et al 20183 with author's permission.

Conclusion

Molecular fMRI has the potential to provide mechanistic information in living intact

organisms. The translation of this technique to humans will likely be driven by clinical

needs. Overcoming the challenge of noninvasive delivery to the brain would make

molecular fMRI a great technique for spatiotemporally resolved studies of diverse

molecular events. The diagnostic applications of molecular fMRI could be envisioned for

calcium signaling abnormalities implicated in autism and Alzheimer's disease36 ,37, and

neurotransmitter sensors could evaluate therapy outcomes for disorders that affect

specific neurochemical systems e.g. Parkinson's disease or major depression. Molecular

fMRI can definitely help us understand mechanistic processes in whole animal organisms

and, we envision, someday could bring mechanistic neuroimaging to the clinical setting

as a companion diagnostic 38 to access efficacy of drugs in treatment- of neurological

disorders.
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Chapter 2: Target-responsive vasoactive probes for ultrasensitive molecular

imaging

Introduction

All biological processes depend on the action of numerous small molecules that

coordinate communication and metabolism across multiple spatial and temporal scales.

By mapping such species with minimal invasiveness in whole living organisms, molecular

imaging could provide insight into diverse physiological functions and their disruption in

disease. Fluorescent sensors are commonly used to monitor molecular processes at high

resolution in vivo, but detection of fluorescent probes in most organisms is limited to

superficial regions by optical scattering and absorption 2 . Sensitive detection of probes

at subnanomolar concentrations in deep tissue is possible using nuclear imaging, but

analyte-responsive probes for nuclear techniques are not available, so these methods

can only measure localization and kinetics of the tracers themselves3 4 . Magnetic

resonance imaging (MRI) contrast agents are detectable in deep tissue, and can be

sensitized to a variety of biologically-relevant targets. However, imaging agents for MRI

are usually only detectable at micromolar concentrations, or at similar mass doses when

nanoparticle contrast agents are used. This creates challenges for delivery of the probes,

increases the potential for physiological disruptions or toxicity, and often means that only

high analyte levels can be detected.

Vasoactive probes (vasoprobes) are a new class of imaging agent that could

address the challenge of achieving sensitive detection of analytes in deep tissue with

noninvasive detection at an organ- or organism-wide scale. Effective vasoprobes can be
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derived from potent vasodilatory peptides that induce relaxation of the smooth muscle

cells that surround most blood vessels (VSMCs). This in turn leads to spatiotemporally

localized changes in blood flow, volume, and oxygenation that can be sensitively detected

by a variety of imaging techniques, including MRI 5, ultrasound 6, nuclear imaging7 , and

optical methods 8. Recent results show that vasoprobes can be detected at nanomolar

concentrations in the rodent brain, and that both secretion and proteolytic uncaging of

vasoprobes give rise to specific signatures in imaging9. We therefore reasoned that the

vasoprobe contrast mechanism could also be harnessed to create sensors for

biologically-important molecules, and that target-responsive vasoprobes could facilitate

detection of molecular species at the nanomolar concentrations characteristic of many

signaling molecules, biochemical markers, and therapeutic agents.

Here, we develop a vasoprobe-based strategy for sensing small molecules by

hemodynamic imaging in vivo. We engineer suitable imaging agents with the aid of a cell-

based in vitro bioassay, and show that the resulting probes permit target-activated

detection of nanomolar-scale molecular ligands in live rat brains. We focus initially on

detection of biotin and biotinylated targets, but further demonstrate the generality of our

design by tuning it for detection of an important neurotransmitter - dopamine, thus

indicating the potential of vasoprobe technology for studying a wide variety of molecular

phenomena in the brain and other organs.
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Results

Note: In vitro vasoprobe engineering and optimization were performed by Dr. Robert

Ohlendorf, the neurotransmitter construct synthesis was done by Dr. Ali Barandov, and

the imaging of histological slices was done in collaboration with Dr. Peter Harvey.

Platform for vasoactive sensor construction

We chose to derive ligand-sensitive vasoprobes from the potent vasodilator pituitary

adenylate cyclase-activating polypeptide (PACAP), a 38-residue peptide that activates G

protein-coupled receptor-dependent cyclic adenosine monophosphate (cAMP) signaling

in VSMCs with half-maximal effective doses (EC5o) in the sub-nanomolar range 10 (Figure

2-1a). Although PACAP is also involved in additional biological processes, the subtlety of

PACAP knockout phenotypes" suggests that transiently applied PACAP-derived

vasoprobes are unlikely to produce substantial physiological side-effects. The fact that

PACAP lacks disulfide bonds also makes it more amenable to molecular bioengineering

efforts than calcitonin gene-related peptide, which was used for initial demonstrations of

the vasoprobe principle9 but contains two disulfide bonds.

Our goal was to bring about PACAP-dependent hemodynamic image contrast that

is activated only in the presence of target molecules. To that end, we envisioned a design

wherein a PACAP derivative is labeled with a tethered version of the target molecule of

interest, which in turn interacts with a protein domain that selectively binds either the

tethered target or the target molecule itself in competition (Figure 2-1b). In the absence

of the target molecule, the protein domain would remain bound to the PACAP moiety via
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Figure 2-1. Platform for vasoactive sensor construction. a: Strategy for coupling PACAP activity to
hemodynamic imaging signals. b: Schematic of PACAP-dependent vasoactivity, activated only in the
presence of target ligands. c: Map of group MRI signal change following intracranial delivery of 1 pM
PACAP compared to control, n=4, overlayed on an anatomical image. d: Group time course from the region
underneath the cannula tip following intracranial delivery of 1 pM PACAP compared to control, n=4. e:
Mean MRI signal change in the regions underneath the cannula tip after the plateau has been reached,
n=4.

the tethered ligand, blocking PACAP from activating its receptors. The presence of

elevated concentrations of the target molecule in tissue, however, would cause release

of the PACAP derivative from the blocking protein, uncaging its bioactivity and evoking a

local hemodynamic imaging signal.

To verify that PACAP could be a suitable basis for constructing such sensors, we

first examined whether this peptide could function as an effective vasoprobe in the living

rat brain (Figure 2-1 c). Intracranial delivery of 1 pM PACAP caused a hemodynamic blood

oxygenation level-dependent (BOLD) signal change of 6.6 0.7% in T2* relaxation-

weighted MRI compared to only 2.3 0.7% in response to control injections of artificial

cerebrospinal fluid (CSF) vehicle (Figure 2-ld-e). Furthermore, PACAP-dependent

responses could be visualized over multiple sequential blocks of injection (data not
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shown). These results suggested that PACAP can indeed function as a platform for

ligand-dependent vasoactive sensor design.

Engineering a vasoactive sensor

To demonstrate the PACAP-based vasoactive sensor principle, we decided initially

to construct a sensor for the small molecule biotin. As biotin is widely used as a labeling

moiety, a vasoactive biotin sensor would be immediately useful as a means of detecting

endogenously or exogenously biotin-labeled species in tissue, thus acting as an in vivo

analog of widely-used histological approaches. With a molecular weight of 244 Da, biotin

is similar in size and characteristics to many endogenous signaling molecules and

metabolites, so we anticipated that an imaging sensor for biotin could subsequently be

adapted for detection of other small molecule targets. The tetrameric 53 kDa protein

streptavidin (SA) and its close relatives bind tightly to both free and functionalized biotin

derivatives12 , and are obvious candidates to act as blocking domains for a sensor

constructed according to the design of Figure 2-1 b.

The proposed sensor design requires site-specific tethering of biotin to PACAP in a

way that (1) does not severely interfere with receptor activation, (2) allows for binding of

the blocking protein domain, and (3) results in a sufficient activity change between

blocked and unblocked states, such that substantial vasodilation occurs only in the

unblocked state. We used a combination of structural data13 and previous structure-

function analysis results to identify candidate biotin attachment sites likely to satisfy these

criteria (Figure 2-2b). A set of PACAP derivatives was prepared, for which each of these

sequence positions was replaced with a lysine-biotin residue.
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Vasosensor activation by biotinylated targets. j: Biotin vasosensor activation by biotinylated protein target
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To rapidly screen these variants, we established a luminescence assay in

mammalian cells that models PACAP-related vasoactivity by quantitatively reporting

cAMP production in response to activation of the PACAP receptor PAC1 (Figure 2-2a).

Titration of PACAP derivatives in this assay enabled EC5o values to be obtained for each

variant, in both the presence and absence of SA (Figure 2-2c-d). With the exception of

several residues near the N-terminus, biotinylation of most PACAP residues is well

tolerated in the absence of SA, with variants displaying EC5o values only modestly lower

than the value exhibited by wild-type PACAP (Figure 2-2d). Losses of potency by -300-

fold upon biotinylation of positions 2-5 is consistent with previous studies reporting the

requirement for these residues in receptor activation10 3 .

Addition of SA to the biotinylated PACAP variants produces variable effects on

bioactivity. Residues close to the C-terminus that tolerate biotinylation well show only

modest activity reduction upon SA addition. Similarly, PACAP variants biotinylated near

the N-terminus that already show low activity are only slightly further compromised by

addition of SA. Among the tested residues, biotinylation of sites in the mid-region of the

peptide produced the greatest SA-dependent dynamic range in receptor activation. In

particular, a PACAP variant biotinylated at residue Y1 0 (PACAP-1 0-BT) provides the best

combination of preserved bioactivity and sensitivity to SA binding.

We wondered whether residual bioactivity of PACAP-10-BT in the presence of SA

is due to incomplete binding of SA or to the presence of a minor unbiotinylated PACAP

population that fails to bind SA even in the presence of excess protein. We sought to

improve availability of biotin to SA binding by extending the linker between biotin and the

PACAP backbone at position 10, but this had no apparent effect on SA-mediated blocking
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in the receptor activation assay (data not shown). We also repurified PACAP-10-BT in an

attempt to further deplete unbiotinylated peptide contaminants, but found no effect on the

peptide's EC50 in the presence of SA. On the other hand, biotinylating PACAP at residue

20 along with residue 10 produced a variant, PACAP-10,20-BT, with reduced potency in

the presence of SA, suggesting that further occlusion of the receptor-binding interface is

the key to improving the SA-dependent dynamic range of PACAP derivatives. PACAP-

10,20-BT displays an EC5o of 61 7 pM that is reduced by a factor of 115 22 in the

presence of SA (Figure 2-2d). Addition of further PACAP biotinylation sites did not

substantially improve on these properties.

Detecting biotin with nanomolar sensitivity in vitro

The combination of PACAP-10,20-BT and SA could in principle function as a

vasoprobe-based biotin sensor, but the characteristic dissociation time of SA from biotin

is too long for meaningful applications based on the competition principle of Figure 2-1a.

To achieve effective biotin sensing, we therefore replaced the tethered biotin residues in

PACAP-10,20-BT with desthiobiotin, a similar compound that binds SA with 10,000-fold

lower affinity14 than biotin and can be easily displaced by it15. The resulting peptide,

PACAP-10,20-dBT, is not as effectively blocked by SA as PACAP-10,20-BT, but addition

of further biotinylation sites addressed this problem (Figure 2-2e). A variant in which

tethered desthiobiotins were attached at positions 10, 20, and 32 proved optimal;

displaying a robust 63-fold difference in potency we expected would be suitable for biotin

sensing.
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A functional vasoprobe-based sensor for biotin (VS-BT) was formed by mixing 1 nM

PACAP-10,20-32-dBT with two-fold molar excess of SA (Figure 2-2f-g). Titration of this

sensor with varying amounts of biotin in the PAC1 bioassay reveals an EC5o for biotin

detection of 120 10 nM (Figure 2-2h). This range is sensitive enough to detect typical

biotinylation levels associated with biotin display or labeling technologies, but not so

sensitive as to be triggered by endogenous plasma biotin levels. The response of VS-BT

to biotin reaches steady state quickly, and is reversible over repeated cycles of excess

SA and biotin addition (data not shown).

To test functionality of VS-BT in more naturalistic contexts, we used the PAC1

bioassay to evaluate the sensor's in vitro responses to biotin moieties immobilized on

molecules and cells. Bovine serum albumin (BSA) was treated with N-

hydroxysuccinimidobiotin (NHS-biotin) to prepare a representative protein-conjugated

target containing biotin. When challenged with this target, VS-BT produces a strong

response, exhibiting a robust change in PAC1 receptor activation, which is not produced

by BSA alone (Figure 2i-j). A cellular target containing 50 nM biotin was similarly prepared

by treating HEK293 cells with NHS-biotin. This target elicits a 70% change in VS-BT

bioactivity, compared with untreated HEK cells, according to the receptor activation assay

(Figure 2k-1). These results show that VS-BT maintains sensitivity and selectivity for biotin

even in biological environments, suggesting the suitability of vasoprobe-based sensors

for applications in vivo.
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Ultrasensitive vasoprobe-based molecular imaging in vivo

Biotin is widely used as a labeling agent in vivo, and an effective biotin sensor could

be used to map the location and dynamics of biotinylated cells and molecules in living

organisms. To evaluate this approach, we implanted biotinylated and nonbiotinylated cells

into rat cortex and performed molecular imaging of these targets using VS-BT (Figure 2-

3a). In order to survey a large region of the brain with minimal invasiveness, including but

not limited to the cell implantation site, the vasoprobe was infused into the CSF at the

rostral extent of the cortex. Spreading of imaging agents introduced using this route was

verified by injecting the conventional contrast agent gadolinium

diethylenetriaminepentaacetic acid (Gd-DTPA) and then visualizing the results by T1-

weighted imaging. Indeed, a volume of 40 pL of 200 mM Gd-DTPA produced strong

spread throughout the anterior quadrant of the brain, enhancing contrast across a large

volume including the cell implantation site, as well as additional regions of the olfactory

bulb, frontal cortex, prelimbic cortex, motor cortex, and cingulate cortex (Figure 2-3b).

In the area of the implanted cells, VS-BT produces MRI readouts with BOLD contrast

that clearly distinguishes biotinylated from control xenografts (Figure 2-3d-g).

Comparison of histological results with vasoprobe-based images from individual animals

confirms colocalization of the VS-BT-mediated signal with the biotin-containing

xenografts (Figure 2-3c). Estimation of biotin content in the test cell implants indicates

that biotin concentrations of about 50 nM were present, far below analyte levels

detectable by conventional paramagnetic MRI contrast agents. The data of Figure 3 thus
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Figure 2-3. Ultrasensitive vasoprobe-based molecular imaging in vivo. a: Schematic of in vivo experimental
design: distal vasoprobe delivery to bilaterally xenografted cells. b: Validation of CSF delivery technique
via infusion of 200 mM of Gd-DTPA, the spread is visualized by signal change in Ti-weighted MRI
overlayed on the anatomical image. c: Histological evidence of vasoprobe reaching xenografted cell
populations; from left to right: MRI signal change overlayed on anatomical image, vasoprobe blocking
domain streptavidin-DyLight 488 bound to xenografted biotinylated cells, and cell population localized by
DAPI staining. d: Map of correlation beta coefficient matching signature of vasoactive probe MRI readout
overlayed on the anatomical image; left: HEK+biotin, right: HEK-biotin, F statistic=1.1, n=5. e: Group time
course from the region covered by xenografted cells following distal delivery of 2 pM vasoprobe compared
to control, n=5. f: Consistent increase in MRI signal in each animal for biotinylated cells compared to
control, n=5. g: Mean MRI signal change in the region covered by xenografted cells after the signal has
stabilized, n=5.

demonstrate that nanomolar target concentrations can be imaged using VS-BT in

conjunction with wide-field CSF delivery methods in rat brain.

Neurotransmitter-sensitive vasoprobe

The architecture of VS-BT could in principle be generalized for sensing a wide

variety of small molecule targets. Neurochemicals are of particular interest because of
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conjugated with tethered dopamine (see panel b) at residues 10, 20 and 32 and blocked by a dopamine-
specific IgG antibody (green). Elevated concentrations of free dopamine (red) bind the antibody and
release blocking. b: Structure of dopamine-maleimide compounds for labeling PACAP38 residues 10, 20
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Excess of free dopamine (100 pM) fully activates the vasosensor (red). d: Dopamine activates dopamine
vasosensor PACAP38-10-20-DA with EC5o of 5.6 0.5 pM.

their distinct functional roles in the nervous system and their importance in health and

disease. Although neurotransmitter sensors for MRI have been reported, they are not

sensitive enough to report the submicromolar extracellular concentrations characteristic

of many species.

To adapt the vasoprobe-based sensing mechanism for neurotransmitter detection,

we mutated PACAP residues Y1 0, K20 and K32 to cysteines and conjugated the resulting

thiol groups to synthetic thiol-reactive derivative of dopamine (DA) (Figure 2-4a-b). The

conjugate showed EC50 values of 5.6 0.5 pM for PAC1 receptor activation in the cell-

based assay (Figure 2-4d), indicating that tolerance for modification of PACAP at the 10,

20, and 32 positions is general. Vasoprobe sensor for DA was formed by mixing the
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modified peptides with immunoglobulins (IgGs) directed against the tethered

neurotransmitter moieties, giving rise to the dopamine sensor VS-DA (Figure 2-4c). In this

sensor, the IgGs function as protein blocking domains according to the design of Figure

2-1 b, analogously to the SA component in VS-BT.

Discussion

Our work introduces target-responsive PACAP-based vasoprobes as a versatile

platform for imaging small molecules in deep tissue with nanomolar sensitivity. Vasoprobe

sensors are applied at concentrations more than 1,000-fold lower than conventional MRI

agents and comparable to some nuclear imaging probes, making them particularly

suitable for detection of the many biological targets that are present only at submicromolar

concentrations in vivo. We designed the biotin-sensitive vasoprobe VS-BT, which is able

to visualize biotin-labeled cell populations in MRI following wide-field delivery of the probe

in live rat brains. Combined with in vitro or in vivo16 biotinylation approaches, VS-BT could

permit the mapping of target biomolecules or cell populations over time, using a variety

of noninvasive imaging modalities. We demonstrate adaptability of the vasoprobe-based

architecture by designing agents that detect single digit pM levels of the neurotransmitter

DA. Incorporation of alternative tethered targets and cognate binding domains could

permit a wide variety of further vasoprobe-based sensors to be constructed, in some

cases leveraging well-characterized components of previously described fluorescent

imaging probes17 2 .

The high sensitivity of vasoprobe-based agents for their targets arises in large part

from their exploitation of physiological amplification pathways built into the vasculature. A
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cost to this mechanism is that the results are not as easy to interpret quantitatively as

imaging signals provided by simpler means, such as relaxation changes provided by

conventional MRI contrast agents. Nevertheless, quantification of vasoprobe targets

should be possible in contexts where calibration of vasoprobe-mediated signals can be

performed as a function of known analyte concentrations. The PAC1 activation assay

used here could provide an external standard for this; for instance, if we suppose that the

biotin-triggered VS-BT responses of Figure 2-2f constitute about half the maximum

response of -20% observed in similar hemodynamic imaging experiments, then we would

crudely but correctly infer that the amount of biotin detected approximately matches the

in vitro EC5o of VS-BT for biotin. This external calibration approach could be improved by

performing explicit measurements of maximal hemodynamic changes in situ, using

established techniques. The best approach to quantification of vasoprobe sensor

responses, however, would involve internal calibration using analyte standards applied in

living control subjects.

The spatiotemporal properties of vasoprobe-based analyte sensing likewise follow

largely from their unique hemodynamic mechanism. The probes are compatible with a

variety of highly refined in vivo imaging methods, including magnetic, nuclear, ultrasonic,

and optical approaches that in some cases provide spatial detail on the order of single

blood vessels (< 100 pm). The temporal resolution of vasoprobe-based sensors is likely

to be limited by hemodynamic response time courses on the order of seconds, and may

be further limited by the kinetics of the competitive interactions between analytes and the

blocking domains used in the vasoprobe sensor designs presented here. For

neurotransmitter sensing, kinetic characteristics of vasoprobes may thus be comparable
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to previous neurotransmitter-sensitive MRI probes, which display response time

constants of tens of seconds; these are favorable with respect to receptor displacement

strategies used in positron emission tomography, which generally require measurements

lasting tens of minutes.

The sensor architecture we describe here entails the combination of -5 kDa PACAP

derivatives with proteins that range from 60 to 150 kDa in molecular weight. Even the

largest of these has a hydrodynamic radius on the order of 5 nm, smaller than most

nanoparticle-based imaging agents. The relatively small size and high potency of

vasoprobe-based sensors should facilitate delivery of these probes to a variety of tissues

in which they are predicted to elicit analyte-dependent hemodynamic responses. The

brain is of particular interest because of its important chemical signaling systems and

inaccessibility to most diagnostic agents. Interestingly, PACAP derivatives have been

shown in earlier studies to spontaneously permeate the blood-brain barrier, suggesting

the possibility of completely noninvasive delivery of PACAP-based sensors to the central

nervous system. Although this avenue remains to be explored, the experiments presented

here already demonstrate that vasoprobes can access large fields of view in the rodent

brain following minimally-invasive intra-CSF infusion. Potent and responsive vasoprobe-

based sensors, when applied using such delivery approaches, could thus provide

unprecedented capability for monitoring small molecule targets throughout much of the

body.
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Methods

Peptide synthesis. Various PACAP-based constructs were designed by Dr. Robert

Ohlendorf and synthetized and purified by Peptides and HPLC core at the Koch Institute

for Integrative Cancer Research at MIT.

In vitro assessment of PACAP-based constructs. These methods were performed as

previously described in Chapter 4 of Dr. Adrian Slusarczyk's thesis 27.

Preparation of neurotransmitter conjugates. The neurotransmitter, dopamine, was

functionalized with a maleimido moiety to provide a facile and selective conjugation with

specific amino acid sequence through the sulfhydryl groups of cysteins. Addition of the

maleimido functional group was achieved by reacting dopamine with N-succinimidyl 3-

maleimidopropionate in anhydrous dimethylformamide and further purification using high

performance liquid chromatography (HPLC). The resulting functionalized

neurotransmitter, DA-Mal, was reacted with specific amino acid sequence in PBS buffer

(1X, pH 7.4) using an excess of DA-Mal (6 equiv.). The conjugate was purified by HPLC

and its molecular structure was confirmed by high-resolution matrix assisted laser

desorption/ionization mass spectrometry (MALDI-MS).

Animal procedures. All animal procedures were conducted in accordance with National

Institutes of Health guidelines and with the approval of the MIT Committee on Animal
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Care. All experiments were performed with male Sprague-Dawley rats, age 7-9 weeks,

supplied by Charles River Laboratories (Wilmington, MA).

Magnetic Resonance Imaging (MRI). Seventeen Sprague-Dawley rats were used for in

vivo MRI experiments. Data were acquired on a 7T 20 cm inner diameter, horizontal bore

magnet (Bruker BioSpin MRI GmbH, Ettlingen, Germany) with surface and volume

radiofrequency coils (Doty Scientific, Columbia, SC) positioned as described in the

following sections.

Surgery for assessment of vasoactive probe injection. Four rats underwent surgery

to implant bilateral cannula guides over the caudateputamen region of the striatum (CPu).

The rats were induced using 3% isoflurane (ISO) anesthesia and maintained using 2%

ISO with vacuum suction turned on to remove excess anesthetic. The rats were injected

subcutaneously with 1.2 mg/kg of sustained release buprenorphine for analgesia. The

rats' eyes were covered with paralube vet ointment (Dechra Veterinary Products,

Overland Park, KS) to prevent eyes from drying from exposure to ISO. The rats' heads

were shaved and cleaned with alcohol and povidone-iodine prep pads for easy access to

the skull. Using sterile surgical equipment, the skin over the skull was retracted and the

skull cleaned of tissue so that the sutures on the skull were clearly visible. The holes were

drilled through the skull for the cannula guides bilaterally at 3 mm lateral to midline, 0.5

mm anterior from bregma. A small 26 GA needle was used to puncture the dura in each

of the drilled holes, allowing smooth access to the brain parenchyma. The holes were air

dried and bilateral connected custom-made cannula guides (22 GA PEEK, 6 mm distance
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between the guides, Plastics One Inc, Roanoke, VA) were inserted into the holes. The

guides were protruding 1 mm into the brain parenchyma. The guides were secured to the

skull using white dental cement (C&B Metabond, Parkell, Edgewood, NY). Next, an in-

house-made head post was attached to the rats' skulls posterior to the cannula guides

implantation site using the white dental cement. After the cement dried, the pink cold cure

dental cement (Teets Denture Material, Patterson Dental, Saint Paul, MN) was applied

over the white cement to secure the entire implant. Tissue glue was applied to seal the

surface connecting the cement and skin areas around the implant. Cannula guides were

sealed with dummy cannulas (protruding as far as the guide) to avoid exposure of brain

tissue during the recovery period.

MRI assessment of injected PACAP probes.

Experimental setup. Seven days after the implantation of the bilateral cannulas, four

rats were imaged during PACAP intracranial infusion. For the imaging experiments,

animals were anesthetized using 2% ISO in oxygen for induction. After numbing the

trachea with lidocaine, the animals were intubated intratracheally using a 16 GA plastic

part of the Surflash I.V. catheter (Terumo Medical Products, Somerset, NJ). The rats were

then connected to a small animal respirator (Inspira Advanced Safety Ventilator; Harvard

Apparatus, Holliston, MA), and fixed via their headposts into a custom built cradle for

imaging with a commercial surface radiofrequency coil (Doty Scientific, Columbia, SC)

fitting snugly around the headpost. Breathing rate and end-tidal expired isoflurane were

continuously monitored. Once positioned in the cradle, the anesthesia was lowered to

0.75% ISO and the rats were paralyzed with pancuronium (1 mg/kg IP bolus for induction,
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2 mg/kg/h IP infusion) to prevent motion artifacts during imaging. Immediately before each

experiment, two injection internal cannulas, designed to protrude 4 mm into the brain past

the cannula guides reaching into the CPu region of the striatum (28 GA PEEK internal

cannula, Plastics One, Roanoke, VA, USA), were attached to 25 pl Hamilton glass

syringes and prefilled with the appropriate intracranial injection solution (aCSF or 1 pM

PACAP in aCSF). Injection cannulas were then lowered, while applying positive pressure

of 0.01 pL/min to avoid air bubbles, into the previously implanted bilateral cannula guides.

Next, the Hamilton syringes were placed in a remote infuse/withdraw dual syringe pump

(PHD 2000 Syringe Pump; Harvard Apparatus, Holliston, MA). Animals with their

radiofrequency (surface and volume) coils (Doty Scientific, Columbia, SC) were inserted

into the magnet bore and locked in a position such that the head of the animal was at the

center of the magnet bore.

MRI and data analysis. Animals were scanned by MRI to measure the changes in

hemodynamic contrast following intracranial injections. High resolution T2-weighted

anatomical scans of each animal were obtained using a rapid acquisition with relaxation

enhancement (RARE) pulse sequence with echo time (TE) = 44 ms, repetition time (TR)

= 2,500 ms, RARE factor 8, spatial resolution 100 pm x 100 pm x 1 mm, and matrix size

256 x 256 with seven slices. Hemodynamic contrast image series were acquired using a

gradient echo planar imaging (EPI) pulse sequence with TE = 25 ms, TR = 2,000 ms,

spatial resolution 390 pm x 390 pm x 1 mm, and matrix size 64 x 64 with seven slices.

Ten minutes of baseline measurement with 4 s per time point were acquired before probe

infusion. Following this baseline period, while continuously collecting EPI scans, the

infusion pump was remotely turned on to commence intracranial injection (in the
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parenchymal tissue) of 1 pl aliquots of 1 pM PACAP or control solutions at the rate of 0.1

pl/min through the cannulas. EPI scans continued being collected for 30 minutes after the

infusion of the PACAP probe has stopped for the total scan time of 50 minutes. MRI data

was processed and analyzed using the AFNI software. The AFNI 3dAllineate command

was used to align each animal's EPI data set to the corresponding RARE anatomical

image. Each animal's image data were then aligned to the cannula tip of a reference

anatomical MRI. We scaled each animal's data assigning the mean of the baseline time

period to 100 using AFNI's 3dcalc command. To identify voxels with significant increases

or decreases in BOLD signal, we compared the signal of 10 minutes after the infusion to

the baseline in the group concatenated data. For visualization, group signal change maps

were overlaid on a reference anatomical image. Time courses were obtained by

averaging MRI signal over 1.2 x 1.2 mm regions of interest defined around cannula tip

locations in individual animals' datasets and standard error was calculated across animals

using MATLAB. The plateau percent signal change was determined by comparing signal

values during baseline and after the infusion conditions.

Preparation of cells for in vivo implantation. HEK293 Freestyle cells were separated

into two 10 mL samples with 30 million cells/sample. The cells were washed twice with

10 mL ice cold PBS (pH 7.4) and resuspended in 1 mL each. The test sample was

biotinylated by adding 120 pL of biotinylation reagent (EZ-link NHS-ester, ThermoFisher

Scientific, Waltham, MA). 120 pL of PBS (pH 7.4) was added to the control cells. The

cells were nutated for 30 minutes at room temperature and another 30 minutes at 4 OC.

The cells were washed three times with ice cold PBS (pH 7.4) and resuspended in 100
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pL of aCSF. The cells were biotinylated immediately before their implantation in a rat

brain.

In vivo implantation of the cells and the distal delivery cannula for MRI imaging.

Five rats underwent surgery to implant the test and control cells bilaterally and to implant

the distal delivery cannula at the rostral extent of the cortex (5.2 mm anterior from the

bregma, on the midline). The rats were inducted using 3% isoflurane (ISO) anesthesia

and maintained using 2% ISO with vacuum suction turned on to remove excess

anesthetic. The rats' eyes were covered with paralube vet ointment (Dechra Veterinary

Products, Overland Park, KS) to prevent eyes from drying from exposure to ISO. The rats'

heads were shaved and cleaned with alcohol and povidone-iodine prep pads for easy

access to the skull. The skin over the skull was retracted and the skull cleaned of tissue

so that the sutures on the skull were clearly visible. Three holes were drilled through the

skull: one for the distal injection just behind the olfactory bulbs (5.2 mm anterior from the

bregma, on the midline), and two for the cell injections bilaterally 2 mm lateral to midline,

3.2 mm anterior from bregma. A small 26 GA needle was used to puncture the dura in

each of the drilled holes, allowing smooth access to the brain parenchyma and the holes

were air dried. Immediately before each experiment, two injection metal internal cannulas,

designed to minimize damage caused to the brain tissue (33 GA, Plastics One, Roanoke,

VA, USA), were attached to 25 pl Hamilton glass syringes and prefilled with the freshly

biotinylated or control HEK cells. The injection cannula were then lowered 2mm into the

brain parenchyma and 3 pL of the cell suspension (-0.5 million of cells) was injected over

30 minutes at a rate of 0.1 pL/min. After the cell injection was completed, the cannulae
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were removed and the cell injection holes were dried and sealed with an SEcure Dual-

Cure Resin Cement (Parkell Inc., Edgewood, NY). The cannula guide for the distal

injection (22 GA PEEK, blunt, no protrusion into the brain parenchyma, Plastics One Inc,

Roanoke, VA) was inserted into the most anterior hole. The guide was secured to the

skull using white dental cement (C&B Metabond, Parkell, Edgewood, NY). Next, an in-

house-made head post was attached to the rats' skulls posterior to the cannula guides

implantation site using the white dental cement. After the cement dried, the pink cold cure

dental cement (Teets Denture Material, Patterson Dental, Saint Paul, MN) was applied

over the white cement to secure the entire implant. Tissue glue was applied to seal the

surface connecting the cement and skin areas around the implant. The cannula guide

was sealed with a dummy cannula (protruding as far as the guide) to avoid exposure of

brain tissue before the MRI assessment.

MRI of gadolinium delivery.

The distal intra-CSF cannula guide and headpost were implanted as described above.

One hour after the implantation of the distal delivery cannula, four rats were imaged during

Gd-DTPA infusion through the distal intra-CSF cannula. Animals were anesthetized using

2% ISO in oxygen. After intubation, as described above, the rats were connected to a

small animal respirator (Inspira Advanced Safety Ventilator; Harvard Apparatus,

Holliston, MA), and fixed via their headposts into a custom built cradle for imaging with a

commercial surface radiofrequency coil (Doty Scientific, Columbia, SC) fitting snugly

around the headpost. Breathing rate and end-tidal expired isoflurane were continuously

monitored. Immediately before each experiment, the internal cannula, designed to
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protrude 0.25 mm past the CSF delivery cannula guide (28 GA PEEK internal cannula,

Plastics One, Roanoke, VA, USA), was attached to 50 pl Hamilton glass syringe and

prefilled with gadolinium T1 agent (200 mM of Gd-DTPA in aCSF). The injection cannula

was then lowered, while applying positive pressure of 0.1 pL/min to avoid air bubbles, into

the previously implanted cannula guide. Next, the Hamilton syringe was placed in a

remote infuse/withdraw dual syringe pump (PHD 2000 Syringe Pump; Harvard

Apparatus, Holliston, MA). Animals with their radiofrequency (surface and volume) coils

(Doty Scientific, Columbia, SC) were inserted into the magnet bore and locked in a

position such that the head of the animal was at the center of the magnet bore. Animals

were scanned by MRI to measure the extent of spread of the T1 gadolinium agent

throughout the brain. High resolution T2-weighted anatomical scans of each animal were

obtained using a rapid acquisition with relaxation enhancement (RARE) pulse sequence

with TE = 44 ms, TR = 2,500 ms, RARE factor 8, spatial resolution 100 pm x 100 pm x 1

mm, and matrix size 256 x 256 with seven slices. T contrast was monitored using T1-

weighted FLASH pulse sequence with TE = 5 ms, TR = 93.75 ms, spatial resolution 400

pm x 400 pm x 1 mm, and matrix size 64 x 64 with seven slices. Ten minutes of baseline

measurement with 30 s long FLASH scan per time point were acquired before T agent

infusion. Following this baseline period, while continuously collecting FLASH T scans,

the infusion pump was remotely turned on to commence distal sensor injection (into the

CSF) of 40 pl aliquot of 200 mM Gd-DTPA in aCSF at the rate of 1 pl/min through the

distal delivery cannula. FLASH T scans continued being collected for 10 minutes after

the infusion of the T1 agent has stopped for the total scan time of 60 minutes. MRI data

was processed and analyzed using the AFNI software. Each animal's data was
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normalized by assigning the mean of the baseline time period to 100% using AFNI's

3dcalc command. To identify voxels with significant increases or decreases in T signal,

the signal after the infusion was compared to the baseline in each animal. For

visualization, a representative animal signal change map was overlaid on a reference

sagittal anatomical image.

MRI of implanted cells.

Experimental setup. One hour after the implantation of the cells and the distal delivery

cannula, five rats were imaged during caged PACAP-based biotin sensor intra-CSF

infusion. For the imaging experiments, animals were anesthetized using 2% ISO in

oxygen for induction. After numbing the trachea with lidocaine, the animals were intubated

intratracheally using a 16 GA plastic part of the Surflash I.V. catheter (Terumo Medical

Products, Somerset, NJ). The rats were then connected to a small animal respirator

(Inspira Advanced Safety Ventilator; Harvard Apparatus, Holliston, MA), and fixed via

their headposts into a custom-built cradle for imaging with a commercial surface

radiofrequency coil (Doty Scientific, Columbia, SC) fitting snugly around the headpost.

Breathing rate and end-tidal expired isoflurane were continuously monitored. Once

positioned in the cradle, the anesthesia was switched to 0.05 mg/mL Dormitor mixed with

1 mg/mL pancuronium for paralysis (1 mL/kg IP bolus for induction, 2 mL/kg/h IP infusion

afterwards) to prevent motion artifacts during imaging. Immediately before each

experiment, the internal cannula, designed to protrude 0.25 mm past the CSF delivery

cannula guide (28 GA PEEK internal cannula, Plastics One, Roanoke, VA, USA), was

attached to 50 pl Hamilton glass syringe and prefilled with the caged PACAP-based biotin
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sensor (2 pM PACAP-3-desthiobiotin mixed with 20 pM Streptavidin). The injection

cannula was then lowered, while applying positive pressure of 0.1 pL/min to avoid air

bubbles, into the previously implanted cannula guide. Next, the Hamilton syringe was

placed in a remote infuse/withdraw dual syringe pump (PHD 2000 Syringe Pump; Harvard

Apparatus, Holliston, MA). Animals with their radiofrequency (surface and volume) coils

(Doty Scientific, Columbia, SC) were inserted into the magnet bore and locked in a

position such that the head of the animal was at the center of the magnet bore.

MRI and data analysis. Animals were scanned by MRI to measure the changes in

hemodynamic contrast at the site of xenografted cells following distal sensor injection.

High resolution T2-weighted anatomical scans of each animal were obtained using a rapid

acquisition with relaxation enhancement (RARE) pulse sequence with TE = 44 ms, TR =

2,500 ms, RARE factor 8, spatial resolution 100 pm x 100 pm x 1 mm, and matrix size

256 x 256 with seven slices. Hemodynamic contrast image series were acquired using a

gradient echo planar imaging (EPI) pulse sequence with TE = 25 ms, TR = 2,000 ms,

spatial resolution 390 pm x 390 pm x 1 mm, and matrix size 64 x 64 with seven slices.

Ten minutes of baseline measurement with 4 s per time point were acquired before probe

infusion. Following this baseline period, while continuously collecting EPI scans, infusion

pump was remotely turned on to commence distal sensor injection (into the CSF) of 40 pl

aliquot of 2 pM PACAP-3-desthiobiotin caged with 20 pM Streptavidin at a rate of 1 pl/min

through the distal delivery cannula. EPI scans continued being collected for 10 minutes

after the infusion of the sensor had stopped for a total scan time of 60 minutes. MRI data

was processed and analyzed using the AFNI software. The AFNI 3dAllineate command

was used to align each animal's EPI data set to the corresponding RARE anatomical
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image. Each animal's image data were then aligned to the cell injection site of a reference

anatomical MRI and normalized by assigning the mean of the baseline time period to 100

using AFNI's 3dcalc command. To identify voxels with signal changes characteristic of

vasodilatory response, AFNI's 3dDeconvolve command using PACAP-specific signal

time course was used as a stimulus and regressing against the motion parameters of

each animal. For visualization, group beta coefficient maps, thresholded by the F statistic,

were overlaid on a reference anatomical image. Representative animal signal change

maps were overlaid on a reference anatomical image for comparison of the MRI cell

localization data to the sensor localization fluorescence images. Time courses were

obtained by averaging MRI signal over 2.5 x 2.5 mm regions of interest defined as the

area of the cell implantation in individual animals' datasets and standard error was

calculated across animals using MATLAB. The plateau percent signal change was

determined by comparing signal values during baseline and after the infusion conditions.

Histology. After biotinylated and control cell implantation and distal sensor infusion as

described above with the exception of replacing Streptavidin caging domain with

Streptavidin-DyLight 488 to allow fluorescent visualization, animals were transcardially

perfused with phosphate buffered saline followed by 4% paraformaldehyde in phosphate

buffered saline. Brains were extracted, post-fixed overnight at 4 'C, and sectioned the

following day. Free-floating sections (50 pm) were cut using a vibratome (Leica VT1 200

S, Leica Microsystems Gmbh, Wetzlar, Germany), mounted on glass slides with

Invitrogen ProLong Gold Antifade Mountant (Fisher Scientific Company, Ottawa, Ontario,

Canada) and protected with a coverslip. The sensor diffusion into the area of the cell

40



implantation was visualized by green fluorescence due to the presence of DyLight 488 on

the biotinylated cell side of the brain. The biotin on the cell surface outcompeted

Streptavidin-DyLight 488 from PACAP-3-desthiobiotin and made it possible to visualize

that the sensor does travel to the cell implantation site. The xenografted cells were

visualized using DAPI staining (1:1000), followed by one wash with PBS + 0.5% BSA.

The fluorescence imaging was performed using confocal microscopy (Axio Imager 2;

Zeiss, Thornwood, NY).
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Chapter 3: Largescale noninvasive delivery of nanoparticles to brain parenchyma

Introduction

The ever-expanding menu of molecular fMRI probes includes protein-based sensors, like

the vasoprobes of Chapter 2, as well as many other interesting contrast agents, but to

study and treat the brain, widespread delivery to the brain parenchyma is essential. One

way to transport molecular probes to the brain is to transiently open the BBB. Numerous

studies have shown that focused ultrasound-mediated BBB opening is successful in

delivering various targets1- 6 to highly localized regions of the brain, hence effectively

improving treatment of brain tumors 7. However, focused ultrasound, resulting in very

targeted delivery, is not suitable for treatment of diseases with unclear or scattered

lesions in various areas of the brain, like Alzheimer's disease8,9. Likewise, widespread

delivery of molecular sensors into the brain is highly desirable to probe the interplay of

signaling molecules in the brain. The utility of unfocused ultrasound has been

demonstrated in mice to detect amyloid plaques9 and map neuronal activity with

manganese10 .

Here, unfocused ultrasound-mediated BBB opening is applied to rats, which allows

widespread delivery throughout a quarter of the rat brain. The efficacy of this delivery

technique is tested on a model of the promising novel platforms for sensing calcium

signaling in the brain based on superparamagnetic iron oxide nanoparticles (SPIONs)11

13. We previously proposed SPIONs as a potential alternative to gadolinium-based T1

contrast agents14 after Gd 3+ release was linked to nephrogenic systemic fibrosis1 5 - a rare
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but devastating disorder. We further optimized the previously reported SPIONs by

shrinking their core to 1 nanometer to facilitate SPIONs spreading through the brain

parenchyma after opening the BBB 16.

Here we visualize widespread delivery of 1 nm SPIONs into brain parenchyma by

Ti-weighted MRI imaging in live rodent brains and iron staining in histological analysis

following widespread ultrasound-mediated BBB disruption. We further demonstrate that

vasculature in sonicated brains remains intact, which validates this technique as a

potential delivery vehicle for imaging agents that aspire to study large regions of the brain.

Results

Note: Synthesis and size determination of SPIONs were performed by Dr. He Wei, the

imaging of histological slices was done in collaboration with Dr. Peter Harvey, and the

iron staining was done in collaboration with Dr. He Wei.

Synthesis and size determination of 1 nm SPIONs

We minimized the size of SPIONs to just 1 nm core size by adjusting the solvent mixture

and control of thermal decomposition temperature (Figure 3-1a). Since our nanoparticles

are too small to be detectable using transmission electron microscopy, we quantified the

hydrodynamic diameter (HD) of the resulting nanoparticles by size-exclusion column

(SuperoseT M 6) calibrated by protein standards 17, 18 (Figure 3-1b). We indirectly

determined the size of the iron oxide core after the ligand exchange from previous

experience that the water soluble zwitterion-based ligand used to coat the iron oxide core
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Figure 3-1. Characterization of 1 nm SPIONs: a: Synthesis steps of 1 nm SPIONs; b: Hydrodynamic
diameter (HD) characterization by size-exclusion column as previously described in Wei et al 2012 and
20131718

always adds 2 nm to the total hydrodynamic diameter 4 19. Since the HD is determined to

be 3 nm, the nanoparticles' inorganic core must be 1 nm, resulting in small SPIONs that

are well suited to effectively penetrate brain parenchyma.

MRI assessment of I nm SPIONs delivery to the brain by microbubble-enhanced

ultrasound BBB opening

We applied ultrasound waves in combination with microbubbles circulating in vasculature

to transiently open the BBB in rodent brains (Figure 3-2a). In this mode of BBB opening,

the tight junctions, located in between the endothelial cells lining blood vessels in the

brain, widen and allow analytes to diffuse into the brain. We successfully delivered 1 nm

SPIONs into the brain via intravenous (I.V.) injection following ultrasound-mediated BBB-

disruption. The T1 contrast change due to SPIONs is visible by eye in raw MRI signal

intensity change (Figure 3-2c) following intravenous administration of contrast compared
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Figure 3-2. In vivo MRI assessment of SPIONs delivery to the brain: a: Schematic of ultrasound-mediated
delivery across the BBB; b: Relaxivity measurements at 9.4 T comparing 1 nm SPIONs to Gd-DTPA; c:
Raw MRI signal intensity change in a representative animal of each group after I.V. injection of 50 mM 1
nm SPIONs compared to 50 mM Gd-DTPA control, and no sonication condition. d: Group signal change
(SC) maps overlayed on anatomical images visualizing areas with sustained MRI signal increase after I.V.
injection of 1 nm SPIONs or Gd-DTPA control (n=4 for each condition). e: Quantification of the size of the
delivery volume in the brain for each condition tested, standard error reported across animals. f: Time
courses of MRI signal in region of interest with sustained delivery to the brain in sonicated (+US) vs.
unsonicated (-US) brains after L.V. delivery of 1 nm SPIONs or Gd-DTPA control; I.V. injection occurs
between 5-10 minutes on the time course.
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to control unsonicated brains. We visualized and quantified the regions with sustained

high Ti-weighted signal in MRI following I.V. contrast injection (Figure 3-2d-e) signifying

regions of contrast agent delivery to the brain. The signal in areas less affected by

sonication tends to decay following the initial spike by contrast injected into vasculature.

Interestingly, with the same sonication and injection conditions, the spread of Gd-DTPA

in the brain is broader and results in higher MRI signal compared to 1 nm SPIONs (Figure

3-2c-f). We hypothesize that the wider spread and the higher signal change for gadolinium

occurs because there are more molecules of Gd-DTPA injected than total number of

nanoparticles, since the 50 mM concentration is determined by iron content and each

nanoparticle contains multiple iron oxides. Additionally, Gd-DTPA size is on the order of

1 nm, -threefold smaller than 3 nm HD diameter of the SPIONs, likely allowing better

spread and tissue permeability for the smaller agent. We also compared the relaxivities

of 1 nm SPIONs and Gd-DTPA and found SPIONs longitudinal relaxivity to be slightly

lower (ri = 3.33 mM-1s-1) compared to Gd-DTPA (r1 = 4.10 mM- 1s-1) (Figure 3-2b), which

would result in moderately lower contrast enhancement in vivo.

Histological assessment of the spread of 1 nm SPIONs in the brain tissue and of

the health of vasculature post-BBB opening

We assessed the SPION spread through the brain tissue by iron staining in histological

slices. We found that the SPION deposits followed the shape of regions of sustained MRI

signal increase following the I.V. contrast injection (Figure 3-31.a). No iron deposits were

found in unsonicated brain (Figure 3-31.c) and only slight iron deposition was visualized

at the bottom of the brain in most intense sonication area following Gd-DTPA I.V. injection
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Figure 3-3. Histological assessment of the spread of SPIONs in the brain. The three columns indicate three
delivery conditions, each at 50 mM a: 1 nm SPIONs after sonication (+US), b: Gd-DTPA after sonication,
and c: 1 nm SPIONs without sonication (-US). The rows indicate different type of data illustrating SPION
spread in brain parenchyma 1: MRI signal change overlaid on anatomical image in histologically analyzed
animals (left), and brightfield image of sonicated brain half following iron staining (right); the black arrows
indicate stained iron-deposits; scale bar = 2 mm. II: 10x magnification of histological brain slices in
brightfield, the white arrows indicate stained SPIONs that appear to have crossed into brain parenchyma;
scale bar = 200 pm. III: tomato lectin - DyLight 488 staining of endothelial cells lining vasculature at 20x
magnification; scale bar = 20 pm.

(Figure 3-31.b). The iron deposits in the gadolinium control animal most likely come from

extravasated red-blood cells, which is evidenced by their disappearance within 2 weeks

after slice preparation, consistent with unstable heme groups. BBB opening efficiently

delivers SPIONs into brain parenchyma (Figure 3-311). There is no apparent difference in

vasculature appearance for sonicated brains compared to control animals (Figure 3-3111),

suggesting that the integrity of blood vessels in sonicated animals remains intact.
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Discussion

We have demonstrated largescale delivery of nanoparticles into deep regions of brain

parenchyma in living rodent brains following ultrasound-mediated BBB opening. Currently

the delivery region covers around a quarter of the brain but the technique has potential to

be expanded to cover the entire rat brain by applying multiple sonications over four

quadrants of the brain. However, multiple sonication approach would need to be

optimized to avoid potential overlap of sonicated brain regions, which could create areas

in the brain where repeated sonication damaged vasculature, in turn complicating the

ability to study mechanistic processes in these areas.

Ultrasound-mediated BBB opening could be applied to deliver various imaging

agents across the BBB, thus potentially enabling mechanistic neuroimaging of the entire

brain. Based on previous studies 6, we would expect the efficiency of delivery to be size-

dependent: the larger the imaging agent, the less efficient its delivery and the stronger

ultrasound parameters need to be applied for the agent to successfully get across the

BBB. We have demonstrated some evidence towards the size dependence of the delivery

as demonstrated by -three times broader spread of -1nm HD Gd-DTPA (quantified by

sustained MRI signal increase in Figure 3-2d-e) compared to 3 nm HD SPIONs, which

would suggest proportional dependence of the spread in brain parenchyma to the size of

the delivered moiety. However, the results presented here are complicated because the

concentration of nanoparticles was determined by iron content, resulting in fewer

nanoparticles injected compared to the number of Gd-DTPA molecules because each

nanoparticle is loaded with multiple iron oxides. A better comparison of the size-
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dependence of the spread in the brain would match the Gd-DTPA concentration to the

number of nanoparticle molecules per volume unit.

As a next step, we would apply the same sonication to attempt to deliver slightly

larger moieties that could study molecular signaling events in the brain, e.g. 6 nm HD

SPIONs functionalized for calcium detection, which are currently in development in our

group. Another promising imaging agents that could benefit from ultrasound-mediated

delivery are the vasoprobes discussed in Chapter 2. The vasoprobe sensors are on the

order of 5 nm HD, making them similar in size to the smallest existing functionalized

SPIONs and potentially small enough for widespread delivery throughout the brain using

ultrasound. Furthermore, the demonstrated health of vasculature following ultrasound-

mediated BBB opening suggests that vascular readouts afforded by theses sensors could

be fully functional following the sonication. If ultrasound-mediated delivery of vasoprobe

sensors would be successful, these probes would enable unprecedented ability to sense

small molecule targets at nanomolar concentrations throughout large regions in the brain.

Methods

Synthesis and size-characterization of i nm SPIONs. These methods were performed

as previously described in Dr. He Wei's thesis19.

Relaxivity characterization of inm SPIONs using 9.4 T MRI. MRI data were acquired

on a 9.4 T Bruker Biospec system. Longitudinal and transverse relaxivity (r1 and r2)

measurements were acquired using a 2D spin echo sequence (echo time (TE) = 10,
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20, 30, 40, and 50 ms, repetition time (TR) = 100, 200, 300, 400, and 500 ms). ri and

r2 values were generated using MATLAB scripts (Mathworks, Natick, MA) written in

house.

Animal procedures. All animal procedures were conducted in accordance with National

Institutes of Health guidelines and with the approval of the MIT Committee on Animal

Care. All experiments were performed with male Sprague-Dawley rats, age 5-6 weeks,

supplied by Charles River Laboratories (Wilmington, MA).

Magnetic Resonance Imaging. Twelve Sprague-Dawley rats were used for in vivo MRI

experiments. Data were acquired on a 9.4 T 20 cm inner diameter, horizontal bore magnet

(Bruker BioSpec MRI, Ettlingen, Germany) with the surface and volume radiofrequency

coil setup (Bruker, Billerica, MA) positioned as described in the following sections.

Semi-permanent tail vein catheter placement. Twelve aneasthesized rats underwent

the placement of the tail vein catheter for microbubble injection for BBB disruption and

contrast delivery in the MRI scanner. The tail vein was visualized by application of alcohol

to the skin of the tail. A catheter (24 GA Surflo, Terumo, Somerset, NJ) was slowly

inserted into the tail vein until obvious blood back-flow was achieved. The catheter was

secured to the tail by placing a tongue depressor (Puritan, Guilford, ME) underneath the

tail and taping the tail and the tongue depressor together using surgical tape. The catheter

was flushed with 0.5% heparin in PBS to prevent clotting and secured with a stopper until

the contrast infusion in the MRI.

51



Ultrasound-mediated disruption of the BBB. Eight rats underwent the procedure to

disrupt their BBB using ultrasound. The rats were induced using 3% isoflurane (ISO)

anesthesia and maintained using 2% ISO with vacuum suction turned on to remove

excess anesthetic. The rats' eyes were covered with paralube vet ointment (Dechra

Veterinary Products, Overland Park, KS) to prevent eyes from drying from exposure to

ISO. The rats' heads were shaved and cleaned with alcohol and povidone-iodine prep

pads for easy access to the skull. Using sterile surgical equipment, the skin over the skull

was retracted and the skull cleared of tissue so that coronal and sagittal sutures on the

skull were clearly visible. The sonication equipment was assembled by attaching the

custom-made transducer (XDR060B S/N 008 500 kHz x 25 mm Planar Transducer, Sonic

Concepts, Bothwell, WA) to its housing holder filled with slowly circulating de-ionized

water (degassed overnight). The sound waves were generated by function generator

(25MHz Arbitrary Waveform/Function Generator, BK Precision, Yorba Linda, CA) with the

following settings: 500 kHz driving frequency, 0.2 V amplitude, 5,000 burst count, and 1

s burst rate. The signal was amplified by power amplifier (ENI Model 550L RF Power

Amplifier 50 Watts Linear, Bell Electronics, Renton, WA), went through impedance

matching network (Fundamental Resonance Impedance Matching Network, Sonic

Concepts, Bothwell, WA) and, finally, to the transducer. The transducer housing assembly

center was positioned 1mm above the skull, 2 mm from the midline and 3 mm posterior

to bregma, and was coupled with ultrasound transmission gel (Parker Aquasonic,

Fairfield, NJ) to the skull to avoid air interface. The sonication was started by turning on

the signal from the function generator and lasted 5 minutes. Immediately after the
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sonication was turned on, 50 pL of microbubbles (Optison Perflutren Protein-Type A

Microspheres Injectable Suspension, GE Healthcare, Chicago, IL) were injected through

the tail vein catheter and flushed with 0.2 mL of 0.5% heparin in PBS. The sonication

happened within 10 - 20 minutes after the degassed water was taken off from vacuum.

After the sonication was completed, the skin was glued together using tissue glue and the

animal was immediately transferred to the MRI scanner for imaging.

MRI assessment of the delivery of contrast agent.

Experimental setup. Immediately after the surgical preparation, twelve rats (8 having

undergone sonication + 4 unsonicated control animals, all with tail vein catheter in place)

were imaged during T1 contrast l.V. infusion. For the imaging experiments, animals were

anesthetized using 2% ISO in oxygen-enhanced air. The animals were fixed by ear bars

into a custom built cradle for imaging with a commercial surface radiofrequency phase

array (Bruker, Billerica, MA) fitting snugly around the head. Heart rate and Sp02 were

continuously monitored. Immediately before each experiment, the I.V. tail vein injection

catheter was attached via non-sticky tubing (PTFE 0.7 mm id 1.6 mm od, Agilent

Technologies, Santa Clara, CA) to a 10 mL plastic syringe that was prefilled with the

appropriate I.V. injection solution (50 mM of 1 nm SPIONs or 50 mM of Gd-DTPA). Next,

the syringe was placed in a remote infuse/withdraw dual syringe pump (PHD 2000

Syringe Pump; Harvard Apparatus, Holliston, MA). Animals within the radiofrequency

(surface and volume) coil setup (Bruker, Billerica, MA) were inserted into the magnet bore

and locked in a position such that the head of the animal was at the center of the magnet

bore.
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MRI acquisition. Animals were scanned by MRI to measure the changes in T contrast

following I.V. injections. High resolution T2-weighted anatomical scans of each animal

were obtained using a rapid acquisition with relaxation enhancement (RARE) pulse

sequence with TE = 56 ms, TR = 5,000 ms, RARE factor 8, spatial resolution 156 pm x

156 pm x 1 mm, and matrix size 128 x 128 with six slices. Ti-weighted contrast time series

were acquired using a RARE pulse sequence with TE = 8.45 ms, TR = 680 ms, spatial

resolution 400 pm x 400 pm x 1 mm, and matrix size 50 x 50 with six slices. Five minutes

of baseline measurement with 30 s per time point were acquired before contrast infusion.

Following this baseline period, while continuously collecting RARE Ti-weighted scans,

the infusion pump was remotely turned on to commence I.V. injection of 1 mL of either 50

mM 1 nm SPIONs or 50 mM Gd-DTPA solutions at a rate of 0.2 mL/min through the tail

vein catheter. RARE scans continued being collected for 20 minutes after the infusion of

the Ti contrast agent had stopped for a total scan time of 30 minutes. This contrast

injection process happened 45 - 60 minutes after sonication.

MRI data analysis. MRI data was processed and analyzed using the AFNI software. The

AFNI 3dAllineate command was used to align each animal's dataset to the reference

anatomical image. Each animal's data was normalized by assigning the mean of the

baseline time period to 100% using AFNI's 3dcalc command. To identify voxels with

significant delivery to the brain according to Ti-weighted signal, the signal 20 minutes

after the contrast injection was compared to the signal immediately after the contrast

infusion in the group concatenated data. This change is indicative of delivery as the

contrast in the blood vessels would decrease after the infusion has stopped through renal

clearance, whereas the signal in brain parenchyma with contrast present would continue

54



to increase as more contrast is accumulated there over time. The regions of contrast

delivery were characterized as voxels with signal change increase, after the contrast

injection has stopped, of 1.5% or greater. For visualization, group signal change maps

were overlaid on a reference anatomical image. The time courses were obtained from

sphere regions of interest with 0.8 mm radius defined around peak signal change areas

in the group dataset; the standard error was calculated across animals using MATLAB.

Histology. Following MRI, animals were transcardially perfused with phosphate buffered

saline containing 2 mg/kg tomato lectin labeled with DyLight 488 (Vector Laboratories,

Burlingame, CA) followed by 4% paraformaldehyde in phosphate buffered saline. Brains

were extracted, post-fixed overnight at 4 0C, and sectioned within a week. Free-floating

sections (50 pm) were cut using a vibratome (Leica VT1200 S, Leica Microsystems

Gmbh, Wetzlar, Germany), mounted on glass slides with Invitrogen ProLong Gold

Antifade Mountant (Fisher Scientific Company, Ottawa, Ontario, Canada), and protected

with a coverslip. The health of vasculature in sonicated brains was visualized by DyLight

488 on tomato lectin, which binds to the vascular endothelial cells. The fluorescence

imaging was performed using confocal microscopy (Axio Imager 2; Zeiss, Thornwood,

NY).

Iron quantification in brain slices by Prussian Blue staining. Previously extracted (as

described above) 50 pm brain slices were submerged in 0.5 mL of iron stain (1:1 mixture

of potassium ferrocyanide and hydrochloric acid, Abcam, Cambridge, MA) for 30 minutes.

The slices were then rinsed 4 times with 0.5 mL of distilled water, dehydrated in 0.5 mL
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of 95% alcohol followed by 0.5 mL of absolute alcohol. The slices were then mounted on

glass slides with Invitrogen ProLong Gold Antifade Mountant (Fisher Scientific Company,

Ottawa, Ontario, Canada) and protected with a coverslip. The slides were imaged in

brightfield microscope at 1.25x and 1 Ox magnifications.
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Chapter 4: Towards a magnetic resonance-based readout of crossing the intact blood-

brain barrier by antibody-based therapeutics targeted to the brain

Introduction

The ability to readily detect drug delivery to the brain across the blood-brain barrier (BBB)

would accelerate and simplify the development of brain-targeted therapeutics. The blood-

brain barrier poses an obstacle in reaching the brain by pharmaceuticals injected through

the bloodstream' 2 . Large molecules cannot pass across the BBB, which impairs the

delivery of most therapeutic constructs targeted to the brain. Previous studies have shown

that it is possible to hijack the natural transport mechanisms to the brain i.e. receptor-

mediated transcytosis, in which the drug constructs are engineered to bind the receptors

on the luminal side of vascular endothelium and, upon binding, the constructs are

transported across the endothelial cells into the brain parenchyma proper3. However,

extensive fine-tuning is required to ensure that the constructs get released on the brain

side of the endothelium 4. Instead of being released, the constructs can be degraded in

the cell during the transport process, or the constructs might be transported to the brain

side of the cell but, being bound too tightly, they might not be released once in the brain,

precluding their pharmacologic function. The existing methods of accessing BBB crossing

cannot distinguish between the constructs that reached the brain tissue and the ones

stuck in endothelium. As a result, the expected pharmaceutical action is used as a readout

of both the drug activity and the BBB crossing. The lengthy time of such a readout - the
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pharmaceutical effect can take weeks to manifest - and the convolution of drug activity

and BBB crossing make troubleshooting and optimization cumbersome.

Here, we summarize our initial efforts to develop a fast non-invasive way of

accessing whether the constructs got into the brain, which, if eventually successful, would

accelerate pre-clinical and clinical drug development for brain disorders such as

Alzheimer's disease.

We used a new MRI imaging strategy recently developed in our laboratory, to detect

BBB crossing. In this fundamentally novel technique, we artificially perturb blood flow by

administering a vasoactive probe. The abundant magnetic contrast afforded by blood thus

serves to amplify the detected molecular signal, allowing 1,000-fold lower quantities of

probes to be used, compared to conventional MRI contrast agents. This method is

especially suitable for detecting BBB crossing because the receptors for our vasoactive

probes are on the brain side of the vascular endothelium requiring the probes to be

released from the endothelium into the brain for vasodilation to occur.

In this chapter, we (1) establish the utility of a vasoactive probe called Maxadilan,

which is reported to be more stable in the bloodstream compared to PACAP5 used as the

basis of vasoprobes discussed in Chapter 2, as an MRI-based readout of delivery to the

brain parenchyma; (2) report the initial MRI signal effects after I.V. injections of the BBB-

crossing antibody tagged with Maxadilan; and (3) discuss the caveat we have discovered

that I.V. administration of a vasoactive peptides causes cardiovascular response

manifesting as global heart rate increase. Further, we discuss troubleshooting steps

necessary to take this work forward.

59



Results

Note: The in vitro characterization and expression of all discussed variants of Maxadilan

were performed by Dr. Adrian Slusarczyk and previously reported in his thesis 6.

Maxadilan-based hemodynamic imaging

Our probe design is based on a vasoactive peptide called Maxadilan (Figure 4-1a), which

comes from sandflies and causes vasodilation in mammalian skin by activating the PACI

receptor with sub-nanomolar potency. The PAC1 receptor is an endogenous target of

PACAP, which allowed us to use the CHO cell luminescence bioassay of Chapter 2 as a

readout of PAC1 receptor activation by Maxadilan and its derivatives in vitro. For initial

testing of Maxadilan vasodilatory activity, we fused the N-terminus of Maxadilan to the C-

terminus of GFP via a previously reported linker7 (Figure 4-1b). The attachment of

Maxadilan to GFP mimicked the necessity to eventually attach the vasoprobe to a BBB-

crossing antibody and allowed us to ascertain that Maxadilan still retains sub-nanomolar

potency (Figure 4-1c-d). This result allowed the project to move forward as the delivery

of nanomolar concentrations is achievable using trojan-horse antibodies 8 .

Its high potency, even when attached to a large protein domain, makes Maxadilan

attractive as a potential platform to detect BBB-crossing entities. Before proceeding

further with engineering of Maxadilan and attaching it to a BBB-crossing antibody we first

validated Maxadilan-dependent imaging contrast in the living rat brains (Figure 4-1e).

Intracranial delivery of GFP-Maxadilan caused an easily detectable hemodynamic signal

of 4.7 0.8% in T2*-weighted MRI compared to 2.4 0.5% in response to control

injections of artificial cerebrospinal fluid (aCSF) vehicle (Figure 4-1f).
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Figure 4-1. Maxadilan-based hemodynamic imaging: a: Sequence of Maxadilan vasoactive peptide with
disulfide bonds shown as lines; b: The probe form used for in vitro characterization and in vivo testing: N-
terminus of Maxadilan was attached to the C-terminus of GFP to resemble attachment to a large BBB-
crossing antibody and ensure sufficient vasodilatory activity in this configuration. c: Comparison of PACAP
and GFP-Maxadilan activities assessed by CHO cell-based bioassay for PAC1 receptor activation. d:
potency values for PACAP and GFP-Maxadilan showing that nanomolar concentrations of GFP-
Maxadilan are sufficient to cause receptor activation. e: In vivo MRI hemodynamic signal change due to
intracranial injection of 100 nM GFP-Maxadilan vs control, signal change map was overlayed on the
anatomical scan, n=6; f: Mean MRI signal change from a region underneath the cannula tip for the GFP-
Maxadilan injection vs control with reported standard error.
Note: Panels a-d were adapted from the doctoral thesis by Dr. Adrian Slusarczyk with author's
permission6 .

Active BBB-crossing construct design and in vivo testing

After validating the Maxadilan vasoprobe as a viable source for hemodynamic imaging

with attachment of a large blocking domain, we next designed the BBB-crossing construct

leveraging Maxadilan. We used the process of receptor-mediated transcytosis9 as a basis
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for transport to the brain (Figure 4-2a). In this process, the shuttle antibody binds to its

receptor on vascular endothelial cells, gets recognized as an entity to be transported

across the BBB, transported across the endothelial cell in a vesicle and released on the

brain parenchyma side of the BBB, thus being delivered across. Further, we chose to

work with a shuttle antibody called FC5 101 1, a robust and well-studied antibody fragment

that is known to cross BBB8 ,12 ,11. We designed our probe to have FC5 on the transcytosis

arm of the antibody and our vasoprobe attached as cargo (Figure 4-2b). Next, we showed

that the BBB-crossing vasoprobe (FC5-Maxadilan fusion) still activates its PAC1 receptor

at subnanomolar concentrations (Figure 4-2c).

We observed robust MRI signal increase following l.V. administration of the BBB-

crossing vasoprobe compared to the control injection (Figure 4-2d-e). The steep

dynamics of the response, its wide spread throughout the brain, and the signal decrease

after the injection (Figure 4-2d) surprised us because FC5 is reported to accumulate in

the brain over hours. These findings made us question whether vasoprobes injected I.V.

produce systemic cardiovascular responses that affect the brain MRI signals. The BBB-

crossing vasoprobe would only be effective as a readout of BBB crossing if its activity

was dependent upon BBB-crossing and reaching PAC1 receptors on vascular smooth

muscle cells on the brain side of the BBB (Figure 4-2a).
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Figure 4-2. BBB-crossing construct design and in vivo testing: a: Schematic of the receptor-mediated
transcytosis, which we leverage in our probe design; b: BBB-crossing construct design: shuttle antibody
(FC5) is fused to Maxadilan vasoactive peptide. c: Comparison of FC5 BBB-crossing construct with and
without Maxadilan in CHO cell-based bioassay for PAC1 receptor activation. d: Brain-wide MRI signal
following l.V. injection of FC5-Maxadilan 6 mg/kg construct vs control. e: In vivo MRI hemodynamic signal
change due to I.V. administration of FC5-Maxadilan overlayed on the anatomical scan.
Note: Panels a-c were adapted from the doctoral thesis by Dr. Adrian Slusarczyk with author's permission.
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Figure 4-3. Vasoprobe I.V. injection effect on heart rate: a: Heart rate increase following IV. injection of 1
ml of 2 pM vasoprobe; b: Heart rate change following l.V. injection of control. Gray bars indicate the
duration of l.V. injection.

To examine the possibility of systemic vasoprobe effects, we monitored heart rate

after vasoprobe I.V. injections compared to control injections and saw robust (>10%)

heart rate increase even at small (2 pM) doses of vasoprobes (Figure 4-3a-b). Increasing

doses of vasoprobes and lighter anesthesia magnified increase in heart rate following the

I.V. injection (data not shown). Such an increase in heart rate could explain the increase

in brain MRI signal following the I.V. injection of a BBB-permeable vasoprobe, regardless

of its ability to penetrate the BBB.

Discussion

We have established Maxadilan vasoprobe as a promising platform for development of

BBB-crossing constructs. Maxadilan tolerates attachments of protein fusion domains (we

tested GFP and an FC5-based shuttle antibody) well and retains its vasodilatory ability

both in vitro and in rodent brains. However, we discovered a global cardiovascular effect

upon I.V. injection of BBB-crossing constructs. In order to function as an assay to detect

BBB crossing, vasoprobe-shuttle antibody fusion must cause vasodilation only upon
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crossing the endothelial cells forming the BBB. Currently, the injected construct is able to

penetrate into tissue in all organs that do not possess the BBB. Hence, the vasoprobe is

able to activate PACI receptors in virtually the entire organism (excluding the brain),

triggering global cardiovascular response, detectable by profound heart rate increase

upon injection of vasoprobes I.V.

The global cardiovascular effect we observed must be inhibited in order for

vasoprobes to be considered as a potential basis for detection of BBB crossing. To

remove these global effects, we would aim to prevent the vasoprobe from activating its

receptor (PAC1 for Maxadilan) in the entire organism (except the brain). We could

achieve this by I.V. injection of the receptor inhibitor that does not cross the BBB (e.g.

PACAP(6-38)14 ). We could either co-inject the inhibitor with the BBB-crossing construct,

or inject the inhibitor beforehand followed by vasoprobe construct injection after the

dilatory activity elsewhere has been prevented. The timing of this process would need to

be optimized.

Another avenue would be to characterize the systemic cardiovascular response

well, across many animals, such that we could confidently correct MRI signal for any

global effects. To this end, we could inject varying concentrations of a vasoprobe-antibody

construct that does not cross the BBB, the construct should be as similar to the BBB-

crossing construct as possible to give an identical global effect. We could then average

the brain signal across many animals for each vasoprobe concentration and subtract (or

regress) this signal from the response received due to BBB-crossing construct, hence

hopefully isolating a brain-specific dilatory effect. Care should be taken to keep these
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experiments as similar as possible (same anesthesia, animal age, length of surgical prep,

MRI scanning method, vasoactive construct concentration).

Another possibility would be to wait until the global cardiovascular effect dissipates.

This effect could be monitored using heart rate indication and establishing how long it

takes for the heart rate to return to baseline following the injection of the vasodilatory

probe. Our experiments indicate that the heart rate stabilizes -10 minutes following the

IV. injection of vasoprobes at single digit micromolar concentrations (Figure 4-3a),

however, the heart rate stabilizes at an increased level by -6% compared to the heart

rate prior to vasoprobe injection. After the duration of the global effect has been

established, we could compare the MRI signal over time in animals that received BBB-

crossing construct injection vs control animals and we would expect the brains with

successfully delivered vasoprobe constructs to have an increasing trend due to

vasoprobes activating their receptors on vascular smooth muscle cells past the BBB. We

would expect fresh BBB-crossing constructs to be transported across the BBB over a long

time as the antibodies are known to be stable in the bloodstream for days15 .
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Figure 4-4. Concept of triggering dilation once the BBB-crossing construct gets transported into the brain:
deliver caged vasoprobe on a shuttle antibody I.V., wait for any global vasodilatory signal to dissipate,
trigger the vasodilatory readout by injecting a triggering BBB-penetrating molecule I.V., and observe
hemodynamic signal in areas where the BBB-crossing construct got delivered to the brain.

A further strategy for creating specific readouts of BBB crossing would be to trigger

the readout of BBB crossing after the BBB-crossing construct has accumulated in the

brain (Figure 4-4). To this end, we would merge the shuttle antibody with the caged design

of the small molecule sensor described in Chapter 2 (Figure 2-1 b); the shuttle antibody

could be fused to streptavidin, which in turn binds desthiobiotin attached to vasoprobe.

For the readout of BBB crossing, we would first inject the BBB-crossing construct I.V.,

allow time for its accumulation in the brain and for any global cardiovascular signals to

dissipate. Next, we would trigger the readout of BBB-crossing by pulsing the system with

biotin delivered L.V. since biotin is a class B vitamin and is naturally transported to the

brain16. Biotin would outcompete vasoprobes from their binding sites on streptavidin,

freeing vasoprobes to bind their receptors and triggering hemodynamic readout in all

brain regions where BBB-crossing construct got delivered.

There are two additional areas of study that could help us understand and improve

candidate vasoprobe-mediated readouts of BBB-crossing: (1) mapping the vasoactive
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probe receptor expression levels throughout the brain and understanding what signal

change we could expect in different areas of the brain as a readout of delivery; and (2)

characterizing the effectiveness of BBB-crossing of our constructs by staining for

vasculature and injected BBB-crossing constructs.

Knowing what the positive readout of the delivery to the brain looks like throughout

the entire brain is crucial for applying this method as a readout of delivery of any additional

cargo. We do not expect the MRI signal change throughout the brain to be equal because

the receptors of the vasoactive probes vary in distribution in different brain regions 17. We

would expect the signal increase to be larger in areas with bigger receptor expression

levels, and smaller in regions with fewer receptors. The signal change variability could be

studied by delivering BBB-crossing vasoactive constructs across many animals and

averaging the MRI signal response, hence creating a map of "normal" readout of BBB-

crossing. These results would be dependent on showing delivery across the brain by

other common methods such as immunohistochemistry, as discussed in the next

paragraph. Another way to characterize the signal change variability due to varying levels

of vasoprobe receptors throughout the brain would be to inject the BBB-crossing

vasoprobe construct intracranially into regions of different receptor expression levels. This

approach would allow us to access the expected magnitude of signal change in different

areas of the brain, independent of solving the global cardiovascular effect issue.

Another essential, and perhaps obvious, test is to check whether the BBB-crossing

vasoactive constructs cross the BBB. To this end, we would fuse the BBB-crossing

constructs to a fluorescent tag, extract the brains at different times following the tagged

BBB-crossing construct I.V. injections, and stain vasculature with tomato lectin as
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described in Chapter 3. We would then visualize the injected constructs relative to

vasculature endothelial cells, allowing us to determine the BBB-crossing ability of the

injected probes throughout the brain. The determination of BBB-crossing can also be

accomplished independent of solving the global cardiovascular effect.

We have outlined the areas of study that would help to move this work forward and

to further characterize vasoprobes as a potential readout of blood-brain barrier

permeability by antibody-based conjugates targeted to the brain. If successful, this

technique would simplify drug development targeted to the brain and would remove the

need to extract the brain to access delivery of new drugs and the effectiveness of new

delivery vehicles alike.

Methods

In vitro assessment and expression of Maxadilan-based contrasts. These methods

were performed as previously described in Chapter 4 of Dr. Adrian Slusarczyk's thesis 6 .

Animal procedures. All animal procedures were conducted in accordance with National

Institutes of Health guidelines and with the approval of the MIT Committee on Animal

Care. All experiments were performed with male Sprague-Dawley rats, age 7-9 weeks,

supplied by Charles River Laboratories (Wilmington, MA).
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Magnetic Resonance imaging (MRI). Fourteen Sprague-Dawley rats were used for in

vivo MRI experiments. Data were acquired on a 7 T 20 cm inner diameter, horizontal bore

magnet (Bruker BioSpin MRI GmbH, Ettlingen, Germany).

Surgery for assessment of vasoactive probe injection. Six rats underwent surgery to

implant bilateral cannula guides and two rats underwent surgery to implant headpost

alone for positioning in the cradle during MRI scans. The rats were inducted using 3%

isoflurane (ISO) anesthesia and maintained using 2% ISO with vacuum suction turned on

to remove excess anesthetic. The rats were injected subcutaneously with 1.2 mg/kg of

sustained release buprenorphine for analgesia. The rats' eyes were covered with

paralube vet ointment (Dechra Veterinary Products, Overland Park, KS) to prevent eyes

from drying from exposure to ISO. The rats' heads were shaved and cleaned with alcohol

and povidone-iodine prep pads for easy access to the skull. Using sterile surgical

equipment, the skin over the skull was retracted and the skull cleaned of tissue so that

the sutures on the skull were clearly visible. The holes were drilled through the skull for

the cannula guides bilaterally equidistant to midline. A small 26 GA needle was used to

puncture the dura in each of the drilled holes, allowing smooth access to the brain

parenchyma. The holes were air dried and bilateral connected custom-made cannula

guides (22 GA PEEK, 6mm distance between the guides, Plastics One Inc, Roanoke, VA)

were inserted into the holes. The guides were protruding 1 mm into the brain parenchyma.

The guides were secured to the skull using white dental cement (C&B Metabond, Parkell,

Edgewood, NY). Next, an in-house-made head post was attached to the rats' skulls

posterior to the cannula guides implantation site using the white dental cement. After the
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cement dried, the pink cold cure dental cement (Teets Denture Material, Patterson Dental,

Saint Paul, MN) was applied over the white cement to secure the entire implant. Tissue

glue was applied to seal the surface connecting the cement and skin areas around the

implant. Cannula guides were sealed with dummy cannulas (protruding as far as the

guide) to avoid exposure of brain tissue during the three-day recovery period.

MRI assessment of injected Maxadilan probes.

Experimental setup. Seven days after the implantation of the bilateral cannulas, six rats

were imaged during Maxadilan intracranial infusion. For the imaging experiments,

animals were anesthetized using 2% ISO in oxygen for induction. After numbing the

trachea with lidocaine, the animals were intubated intratracheally using a 16 GA plastic

part of the Surflash I.V. catheter (Terumo Medical Products, Somerset, NJ). The rats were

then connected to a small animal respirator (Inspira Advanced Safety Ventilator; Harvard

Apparatus, Holliston, MA), and fixed via their headposts into a custom built cradle for

imaging with a commercial surface radiofrequency coil (Doty Scientific, Columbia, SC)

fitting snugly around the headpost. Breathing rate and end-tidal expired isoflurane were

continuously monitored. Once positioned in the cradle, the anesthesia was lowered to

0.75% ISO to allow for hemodynamic responses. Immediately before each experiment,

two injection internal cannulas were attached to 25 pl Hamilton glass syringes and

prefilled with the appropriate intracranial injection solution (aCSF or 100 nM Maxadilan in

aCSF). Injection cannulas were then lowered, while applying positive pressure of 0.01

pl/min to avoid air bubbles, into the previously implanted bilateral cannula guides. Next,

the Hamilton syringes were placed in a remote infuse/withdraw dual syringe pump (PHD
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2000 Syringe Pump; Harvard Apparatus, Holliston, MA). Animals with their

radiofrequency (surface and volume) coils (Doty Scientific, Columbia, SC) were inserted

into the magnet bore and locked in a position such that the head of the animal was at the

center of the magnet bore.

MRI and data analysis. Animals were scanned by MRI to measure the changes in

hemodynamic contrast following intracranial injections. High resolution T2-weighted

anatomical scans of each animal were obtained using a rapid acquisition with relaxation

enhancement (RARE) pulse sequence with echo time (TE) 44 ms, recycle time (TR)

2,500 ms, RARE factor 8, spatial resolution 100 pm x 100 pm x 1 mm, and matrix size

256 x 256. Hemodynamic contrast image series were acquired using a gradient echo

planar imaging (EPI) pulse sequence with TE 17 ms, TR 4,000 ms, spatial resolution 390

pm x 390 pm x 1 mm, and matrix size 64 x 46. Five minutes of baseline measurement

with 4 s per time point were acquired before probe infusion. Following this baseline period,

while continuously collecting EPI scans, infusion pump was remotely turned on to

commence intracranial injection (in the parenchymal tissue) of 1 pl aliquots of 100 nM

Maxadilan or control solutions at the rate of 0.1 pl/min through the cannulas. EPI scans

continued being collected for 15 minutes after the infusion of the Maxadilan probe has

stopped for the total scan time of 30 minutes. MRI data was processed and analyzed

using the AFNI software. The AFNI 3dAllineate command was used to align each animal's

EPI data set to the corresponding RARE anatomical image. Each animal's image data

were then aligned to the cannula tip of a reference anatomical MRI. We scaled each

animal's data assigning the mean of the baseline time period to 100 using AFNI's 3dcalc

command. To identify voxels with significant increases or decreases in BOLD signal, we
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compared the signal of 5 minutes after the infusion to the baseline in the group

concatenated data. For visualization, group signal change maps were overlaid on a

reference anatomical image. The plateau percent signal change was determined by

comparing signal values during baseline and after the infusion conditions over 1.2 x 1.2

mrnm regions of interest defined around cannula tip locations in individual animals' datasets

and standard error was calculated across animals using MATLAB.

Semi-permanent tail vein catheter placement. Six anaesthetized rats underwent the

placement of the tail vein catheter for BBB-crossing vasoactive construct injection in the

MRI scanner. The tail vein was visualized by application of alcohol to the skin of the tail.

A catheter (24 GA Surflo, Terumo, Somerset, NJ) was slowly inserted into the tail vein

until clear blood back-flow was achieved. The catheter was secured to the tail by placing

a tongue depressor (Puritan, Guilford, ME) underneath the tail and taping the tail and the

tongue depressor together using surgical tape. The catheter was flushed with 0.5%

heparin in PBS to prevent clotting and secured with a stopper until the contrast infusion

in the MRI.

MRI assessment of BBB-crossing vasoactive constructs.

Experimental setup. Seven days after headpost implantation as described above, two

rats were imaged during l.V. infusion of BBB-crossing FC5-Maxadilan construct vs

control. For the imaging experiments, animals were anesthetized using 2% ISO in oxygen

for induction. After numbing the trachea with lidocaine, the animals were intubated

intratracheally using a 16 GA plastic part of the Surflash l.V. catheter (Terumo Medical
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Products, Somerset, NJ). The rats were then connected to a small animal respirator

(Inspira Advanced Safety Ventilator; Harvard Apparatus, Holliston, MA), and fixed via

their headposts into a custom built cradle for imaging with a commercial surface

radiofrequency coil (Doty Scientific, Columbia, SC) fitting snugly around the headpost.

Breathing rate and end-tidal expired isoflurane were continuously monitored. Once

positioned in the cradle, the anesthesia was lowered to 0.75% ISO to allow for

hemodynamic responses. Immediately before each experiment, the I.V. tail vein injection

catheter was attached via tubing to a plastic syringe and was prefilled with the appropriate

I.V. injection solution (6 mg/ml of FC5-Maxadilan or PBS control). Next, the syringe was

placed in a remote infuse/withdraw dual syringe pump (PHD 2000 Syringe Pump; Harvard

Apparatus, Holliston, MA). Animals with their radiofrequency (surface and volume) coils

(Doty Scientific, Columbia, SC) were inserted into the magnet bore and locked in a

position such that the head of the animal was at the center of the magnet bore.

MRI and data analysis. Animals were scanned by MRI to measure the changes in

hemodynamic contrast following intracranial injections. High resolution T2-weighted

anatomical scans of each animal were obtained using a rapid acquisition with relaxation

enhancement (RARE) pulse sequence with echo time (TE) 44 ms, recycle time (TR)

2,500 ms, RARE factor 8, spatial resolution 100 pm x 100 pm x 1 mm, and matrix size

256 x 144. Hemodynamic contrast image series were acquired using a T2*-weighted

RARE pulse sequence with effective TE 44 ms, TR 2222 ms, spatial resolution 200 pm x

200 pm x 1 mm, and matrix size 128 x 72. Ten minutes of baseline measurement with 1

min per time point were acquired before probe infusion. Following this baseline period,

while continuously collecting time series scans, infusion pump was remotely turned on to
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commence IV. injection of 1 ml of 6 mg/kg FC5-Maxadilan or control solutions at the rate

of 0.2 ml/min through the tail vein catheter. Time series scans continued being collected

for 75 minutes after I.V. infusion of the BBB-crossing Maxadilan probe has stopped for

the total scan time of 90 minutes. MRI data was processed and analyzed using the AFNI

software. We scaled each animal's data assigning the mean of the baseline time period

to 100% using AFNI's 3dcalc command. To identify voxels with significant increases or

decreases in BOLD signal, we compared the signal from end of time series to the baseline

for each animal. For visualization, signal change maps were overlaid on a reference

anatomical image. The time courses from the entire brain were plotted for both the BBB-

crossing construct and the control injections.

Heart rate monitoring following administration of vasoactive peptides. Four rats

were injected with varying concentrations of vasoprobes I.V. while monitoring and

recording the heart rate before and after the injection. CGRP was used as vasoprobe for

these experiments due to its affordability and ease of purchase. The animals were

anesthetized using 0.75% ISO to allow for hemodynamic changes as would be the case

during vasoprobe injections in the MRI scanner. One ml of 2 mM or 2 pM CGRP or saline

control were injected I.V. at 0.2 ml/min through a semi-permanent catheter. The heart rate

was monitored and recorded 10 minutes prior the injection, during the injection and for 15

minutes after the injection.
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