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ABSTRACT

The brain is in continuous communication with the rest of the body. Nerves connect
the peripheral and central nervous system, and complex vasculature networks selectively
permit passage of small molecules with an exogenous origin into the brain parenchyma. Al-
though brain-body interactions underpin a host of cognitive and physiological phenomena,
they are often overlooked in studies of brain biology and mental function. We studied as-
pects of the interaction between brain and body using functional and molecular magnetic
resonance imaging (MRI), in combination with other tools. In a first project, we examined
properties of the blood-brain barrier (BBB). The BBB is a highly selective collection of en-
dothelial cells and tight junction proteins that restrict passage of extracerebral substances
from the blood vessels into the brain tissue. We disrupted and bypassed the BBB to deliver
an MRI contrast agent and quantitatively assessed the resulting contrast dynamics. We
discovered that individual brain regions display method-independent susceptibility to BBB
disruption and washout, suggesting principles for calibrating drug delivery and understand-
ing the propensity for chemical exchange across the BBB. We then used one of the wide-field
brain delivery techniques to apply a novel contrast agent for the study of the cholinergic sys-
tem, a neurochemical pathway important for motor control mechanisms in both the central
and peripheral nervous systems. Kinetic modeling of probe distributions revealed intrinsic
localization of cholinergic enzymes. Finally, we applied related neuroimaging tools to an
animal model of substance abuse, a pathology for which brain-body interactions are par-
ticularly engaged but underappreciated. We designed a study to investigate the role of the
insula, a cortical mediator of peripheral physiological signals, in responses to opioid expo-
sure. With molecular imaging approaches, we show the insula shapes drug-dependent brain
phenotypes and physiological responses during substance exposure and withdrawal. In all,
this work serves as a demonstration of the power of quantitative neuroimaging methods for
multifaceted investigation of brain and body relationships.

Thesis supervisor: Alan Jasanoff
Title: Professor of Biological Engineering
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Chapter 1

Introduction

The brain is in continuous communication with the rest of the body. Nerves con-
nect the peripheral and central nervous system, and complex vasculature networks
selectively permit passage of small molecules with an exogenous origin into the brain
parenchyma [1-3]. While brain-body connections are explicit in the study of physi-
ological functions such as breathing and heart rate, when the brain is studied in the
context of mind, behavior, and cognition, there is a tendency to approach the brain
independently of the remainder of the body [4]. This is likely due to the fact that the
brain is treated as a physical substrate of mind. A body of literature indicates humans
are intuitive Dualists - that is they consider mind distinct from their corporeal form
[5]. What emerges is a contradiction. We acknowledge the brain as a biological organ
physically communicating with the rest of the body. Yet, we still approach neurosci-
entific questions with our intuitions of brain-body duality. To approach neuroscience
with an appreciation for brain and body integration, we require adequate tools and
methods to support incisive hypotheses.

This thesis approaches this nexus using the tools of functional and molecular MRI.
This includes characterizing physical routes for bypassing the blood-brain barrier
(BBB), applying a cholinergic agent designed to study aspects of brain-body biology,

and discerning functional significance of brain-body coupling in a pathology that is,
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at times, attributed exclusively to the brain.

1.1 Varied spatiotemporal approaches in neuroscience

The tools used to study the nervous system dictate the spatiotemporal scope of
hypotheses. In fact, these differing scales lead to a bifurcation of molecular and
systems-level neuroscience. The tools available to each subfield determine the ques-
tions that researchers are able to ask. For instance, molecular scientists may choose
to investigate the structure of cells in the nervous system with post-mortem histology,
or they may employ patch clamp electrophysiology to study how dynamics in neuro-
transmitter release alter neuronal activity |6, 7|]. Modern-day neuroscience was born
out of these molecular investigations. As early as the 1880s, the scientist Santiago
Ramon y Cajal was using histological staining methods to make foundational discov-
eries. Incubating tissue in potassium dichromate and silver nitrate, he was able to
visualize neurons which lead to his conclusion that the nervous system is represented
by individual cellular elements. The concept of a synapse in which information travels
along axons to cell bodies and dendrites emerged from this work. [8, 9]. Now with
modern optical techniques, it is possible to image at resolutions as precise as 100s of
nanometers. This has led to discoveries ranging from the structure of striosomal and
dopaminergic fibers in dendrons to the organization of chromatin in nuclear structures
[10].

While microscale structure and function is important, so are the larger-scale dy-
namic processes governing the living brain. All stimuli achieve effects through mul-
tiregional interactions that ultimately give rise to coordinated behavior. Studying
structures or activity in a single region cannot possibly explain how brain activity
gives rise to cognition and action. This is where systems neuroscientists play a key
role. Systems neuroscientists employ a variety of tools including electrode arrays,

positron emission tomography (PET), magnetic resonance imaging (MRI), wide-field
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optical imaging, and computational modeling [11].

A natural question is how we can relate these molecular events to their influence
on larger scale systems and vice versa. For example, in studying reward, one may
ask how influxes of dopamine in subcortical neurons influence downstream activity
in the cerebral cortex. The effort to create and employ tools at this spatiotemporal
intersection has led to the emerging field of “molecular systems neuroscience” in which

molecular-level events can be mapped to macroscopic brain states and behavior. [12].

1.2 Limits of current neurobiological methods in bridg-
ing the spatiotemporal gap

The capacity of our tools dictates the scientific questions we are able to explore
(Figure 1). Often, spatial information must be sacrificed for temporal precision and
vice versa. For instance, while RNA sequencing allows us to obtain a comprehensive
list of transcriptional activity across the whole brain, it is restricted to presenting us
the activity at precisely one point in time as it relies on post mortem tissue [13]. Col-
lecting multiple points requires large cohorts and does not allow serial measurements
from the same subject [14]. Alternatively, optical gene reporters (i.e., fluorophores
and luciferases) allow for a temporally dynamic read-out of gene expression, but they
often lack spatial range. This is because optical imaging is limited in deeper tissue
as a result of light scattering and absorption [15]. Recordings using these optical
reporters often require implantation of cranial windows to bypass the skull, but even
this only provides information from a fraction of the brain and fails to capture whole-
brain dynamics [16]. How then do we achieve molecular information with greater
spatiotemporal resolution and range?

Noninvasive imaging methods famous for their application in medicine, such as
positron emission tomography (PET) and magnetic resonance imaging (MRI), offer a
promising solution. Both methods allow volumetric imaging across the whole brain.

While PET relies on the detection of radioactive tracers, MRI tracks magnetic prop-
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erties of tissue. When comparing the advantages of selecting either PET to MRI for
a study, a major consideration is spatial resolution. PET offers resolution of down
to 1 to 2 mm [17]. While this may be effective for human studies, it is often too im-
precise when using small-animal models. The average mouse brain is approximately
9 x 5 x 11 mm in size, and can be sampled only coarsely with PET [18]. MRI has
an advantage in that it has the ability to collect data in the submillimeter range. A
single unit of volumetric space (voxel) used for mouse MRI is typically about 100 x
100 x 500 pm [19]. Furthermore PET imaging has a temporal resolution of tens of
seconds to minutes while MRI is able to collect images on the orders of milliseconds
to seconds. Thus, MRI has an edge in providing the spatiotemporal characteristics

desired for studying neurobiological mechanisms.

1.3 Magnetic resonance imaging (MRI) and MRI
probe development

MRI can measure numerous properties of living tissue, but a dominant application
in neuroscience is the use of functional MRI (fMRI) to image neural activity patterns
in the living brain. Typically, fMRI records increases in neural activity by tracking
changes in blood flow, a concept known as hemodynamics [20]. While many types
of hemodynamic contrast exist, the most used is a method known as blood oxygen
level-dependent (BOLD) imaging. When a portion of the brain becomes metabol-
ically active, an increase in blood flow will induce oxygenation of the paramagnetic
hemoglobin circulating in that region. This produces a detectable alteration in an
MRI signaling parameter known as To* [21]. MRI signal parameters describe changes
in nuclear spins, and Ty* relaxivity represents the dephasing of nuclear spins in the
plan transverse from equilibrium due to adjacent spin-spin interactions (Ts), as well
as additional inhomogeneities due to the magnetic field stability. This is in contrast
to the parameter T, relaxivity which captures longitudinal magnetization back to

equilibrium following a radio frequency (RF) perturbation [22]. While this technique
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has been broadly explored in the literature, a common issue underlies many of the
findings — the precise molecular changes inducing particular blood oxygen changes
are unknown. The process of neuronal induced changes in blood flow, known as neu-
rovascular coupling, is thought to be influenced by a number of signaling pathways.
This includes the action of neuronally-derived substances such as nitric oxide (NO)
and glutamate [23]. Distinguishing individual molecular or cellular components of
neural function is impossible using conventional fMRI methods, however.

Instead, we must use MRI-responsive sensors specific to our analyte of interest.
Previous work from our lab has led to a suite of these MRI probes (Figure 2). This
includes engineered proteins with iron-containing heme domains that shift T; relax-
ivity following binding to dopamine and serotonin [24, 25]. Other approaches have
conjugated iron nanoparticles to analyte-responsive proteins and small molecules |26,
27]. An alternative class of sensors takes advantage of metalloporphyrins that are
cleaved in the presence of an enyzyme of interest [28, 29]. Most of these probes have
been applied locally in single brain regions. However, when we attempt to apply these

sensors to the whole brain, we are met with the blood-brain barrier.

1.4 Confronting the blood-brain barrier

In 1885, Paul Ehlrich reported that intravenous injection of various dyes lead
to staining in almost all animal tissue except the brain and spinal cord [30, 31].
However, the explanation for this phenomena was widely debated for decades. It
was not until 1967 in which electron microscopy revealed that horseradish peroxi-
dase (HRP) was trapped in the lumen of the CNS endothelium. Complexes of tight
junctions joined the endothelial cells and formed a contiguous, largely impenetrable
endothelium [32]. We now refer to this selectively permeable structure of tightly con-
nected endothelium as the blood-brain barrier (BBB). Unlike cellular junctions in
other organs of the body, the brain’s blood-brain barrier is more selective typically

only passing small, lipophilic molecules [33]. This selectivity of the BBB poses is-
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sues in transporting exogenous molecular into brain parenchyma. By some accounts
only 5% of small-molecule therapeutics effectively cross the BBB on their own [34].
However, exceptions exist thanks to natural mechanisms of transport. This includes
passive diffusion of lipophilic molecules include ion channels, passage of bioessential
polar molecules via carrier-mediated transport, receptor-mediated transporters, and
adsorption-mediated transcytosis (Figure 3) [35].

To surpass the blood-brain barrier is to physically bypass a brain-body distinction.
We need to imagine how to apply diagnostics and therapeutics past this impediment.
Molecules can be engineered to hijack or curtail these natural mechanisms. A great
way to study how the BBB may be disrupted or bypassed is molecular imaging.

Disruption can be achieved either mechanically or chemically. The mechanical
approach of choice is ultrasound-mediated (US) BBB disruption. This is due to its
ability reversibly disrupt tight junctions of the BBB with a transducer remaining
physically outside the brain tissue. It is an increasingly popular approach currently
being implemented in various clinical trials [36, 37]. While ultrasound was first being
reported as a means of brain delivery as early as 1956, its first widespread use in
human trials began in 2017 [38]. Ultrasound can be applied in a focused or unfocused
manner depending on the acoustic wave beam length. Focused US targets precise
regions of interest while unfocused US spans larger tissue volumes [39]. Besides me-
chanical disruption, one can also imagine chemical disruption. One such approach is
to induce osmolarity. This is done by introducing hypertonic solutions that shrink
endothelial cells to subsequently break tight junctions. This has been exhibited with
formulations of arabinose, mannitol, saline, and urea among others [40]. However
variable outcomes has lead to limited clinical usage [41].

Another approach is to ignore the vasculature altogether and infuse agents through
the cerebrospinal fluid (CSF). This approach is being used clinically for chemother-
apy and pain management [42, 43|. Given the ability to access CSF, one may ask
why explore delivery via the vasculature in the first place. The first is that accessing

the CSF involves invasive catheterization. Improper implantation can lead to CSF
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leakage, infection, and depending on where it is accessed, damage to the spinal cord
[44]. The second reason to consider vasculature is the comparatively limited physical
access CSF delivery affords. In humans, the mean percentage of total ventricle volume
within total brain volume has been cited as 2% while the cerebral blood volume is
thought to be closer to 4.25% [45, 46]. A larger portion of brain volume is dedicated
to the vasculature system. While the density of the ventricles is highly localized ,
every neuron is within 15 um of a blood vessel [47]. Thus, both CSF (for its relative
ease of access) and intravasculature delivery (for the promiscuity of blood vessels in
the brain) are attractive options in surpassing the BBB. A quantitative comparison

of methods surpassing the BBB is presented in Chapter 2.

1.5 Widefield application of an MRI probe for inves-
tigating the cholinergic system

In Chapter 3 of this thesis we describe the application of a CSF delivery technique
in a proof-of-concept study of a new molecular imaging probe designed to study the
biology of acetylcholine, a neurotransmitter at the heart of brain-body interactions.
Acetylcholine (Ach) was the first discovered neurotransmitter and is present in both
the peripheral and central nervous system [48]. Its transmission is terminated at the
synaptic cleft by cholinesterase, a serine hydrolase [49]. One direct way Ach modulates
brain-body physiology is by modulating the vagal nerve, a physically connection from
the brain stem to branches of nerves in visceral organs [50]. Additionally, Ach cir-
culating in the blood is introduced into the brain parenchyma via specialized choline
transporters in the blood-brain barrier [51].

Regulation of homeostatic brain-to-body ACh communication diverges in disease
[52]. In neurodegenerative diseases such as Alzheimer’s, there is a degeneration of
cholinergic neurons. Longitudinal studies of the administration of cholinesterase in-
hibitors have suggested improvement of long-term cognitive decline [53, 54]. In autism
spectrum disorder (ASD), cholinergic dysfunction has also been implicated. The

structure and size of neurons in the basal forebrain cholinergic nucleus of young chil-

18



dren with ASD is abnormal [55]. There is also a reported reduction of M1 type
muscarinic-cholinergic receptors (mAChR) in the cortex, cerebellum, thalamus, and
striatum in the post-mortem tissue of humans with ASD [56]. As in Alzheimer’s, ad-
ministration of cholinesterase inhibitors have been explored as an avenue of treatment
for ASD. Systemic administration of the acetylcholineesterase inhibitor, Donepezil,
was shown to mitigate cognitive and social deficiency in mouse models of autism [57].

The literature reveals that much of our understanding of cholinergic functions
has been explored in post-mortem tissue or through indirect behavioral and cogni-
tive measurements. To better understand these dynamics in living tissue, molecular

imaging probes of cholinergic function serves as an attractive route of investigation.

1.6 A molecular systems approach for studying the
neurobiology of substance abuse

Ultimately, our aim is to apply an integrated view of the brain and body to
investigate brain states and behavior. An application space that is commonly ridden
with a dualist view is substance abuse. The brain is seen as the locus of addiction
whereas in fact, brain-body interactions lie at its core. Thus, the neurobiology of
opioid dependence serves as a valuable application space for the molecular imaging
approaches developed in Chapter 2 and 3.

Opioid use disorder (OUD) is a chronic disorder that is initiated by hedonic ef-
fects. This transitions into negative consequences of withdrawal following long-term
abuse [58]. On a molecular level, it is known that opioids bind to endogenous opioid
receptors in both the central and peripheral nervous system. This includes mu (u),
kappa (k), and delta () receptors [59]. In particular, the activation of p-opioid recep-
tors (endorphins) produces rewarding analgesic and euphoric effects [60]. A hallmark
of the disorder is that long-term exposure to opioids induces tolerance, meaning more
opioid is needed to produce the same level of reward [58|. To understand the disorder,

a heavy amount of focus has been placed on observing changes in the brain following

19



intoxication. Following opioid exposure, altered hemodynamic response and tran-
scriptional activity is observed in the regions of the canonical dopaminergic pathway,
namely the ventral tegmental area and nucleus accumbens [61, 62]|. After long term
abuse, withdrawal from opioids induces negative affect and physical symptoms such
as piloerection, chills, insomnia, gastrointestinal distress, and aches [63]. Mitigating
adverse effects plays a role in this cycle of addictive behavior.

Fundamentally, the abuse of opioids manifests beyond the brain. The rewarding
experience of intoxication is paired to peripheral analgesia, and severe, adverse so-
matic symptoms plague chronic users experiencing withdrawal. To understand the
brain-body connection in this space, we designed a study to investigate the insula,
a cortical mediator of physiological signals from the body [64]. We hypothesized
that (1) in opioid abuse, the insula mediates striatal connectivity in canonical reward
pathways and (2) the insular cortex mediates physiological symptoms of withdrawal
following chronic opioid use. To test our first hypothesis, we implemented a molecular
tool previously developed in the lab, Paramus [65]. This is a paramagnetic conjugate
of the GABA 4 agonist muscimol. Its delivery allows us for the simultaneous reduction
of neuronal excitability while visualizing the agent’s spread. Acute fentanyl exposure
was performed in the MRI with and without a Paramus infusion to the insular cortex.
The resultant impact on striatal network connectivty was examined. Additionally, we
used a genetically encodable probe in conjunction with functional MRI to examine
insular modulation of the withdrawal state. Designer Receptors Activated Only by
Designer Drug (DREADDs) are receptors activated by small molecule chemical ac-
tuators [66]. Using an inhibitory version of the DREADD, hM4Di [67], we silenced
neuronal activity in the insula during withdrawal. We paired neuroimaging studies
with behavioral tests that showed a deviation of peripheral, somatic symptoms follow-
ing insular inhibition. Ultimately this pairing of neuroimaging and behavior illustrate
the interplay of brain and body in opioid abuse. This work is outline in Chapter 4 of
this thesis.
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1.7 Organization of the thesis

This thesis is composed of five chapters. The first is this introduction. Chapter
2 is “Quantitative comparison of methods for wide-field delivery of small molecules

7

across the blood-brain barrier.” Here we quantitatively evaluate and compare three
strategies for wide-field brain delivery that employ transient BBB disruption or in-
fusion via the cerebrospinal fluid (CSF) in rats. This work directly informed our
widefield brain delivery approach used in Chapter 3, “Probing cholinergic activity by
MRI.” Here we investigate a neurochemical pathway important for motor control
mechanisms in both the central and peripheral nervous systems. In Chapter 4, “In-
vestigating interoception in opioid dependence,” we apply molecular imaging tools in
the context fentanyl abuse. This is a phenomena often attributed solely to the brain,

but in truth, brain-body interactions lie at its core. Chapter 5 addresses conclusions

and future directions of this work.
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Figure 1.1: Spatiotemporal resolutions of neuroscience tools.
EEG = electroencephalograhy, fMRI = functional MRI, MEG = magnetoen-
cephalography, PET = positron emission tomography (adapted from Grinvald
and Hildesheim, 2004(68])
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Figure 1.3: Natural mechanisms of BBB transport.
From Wong, et. al, 2013 [35].
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Chapter 2

Quantitative comparison of methods
for wide-field delivery of small
molecules across the blood-brain
barrier

This work was done in collaboration with Dr. Sarah Bricault and Dr. Pete Harvey.
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2.1 Abstract

Delivery of therapeutic and diagnostic agents to the central nervous system is hin-
dered by the blood-brain barrier (BBB), a system of tightly juxtaposed endothelial and
perivascular cells that prevents extravasation of most blood-borne molecules. Brain-
wide administration of exogenous molecules past the BBB could address many pur-
poses, but achieving systematic delivery remains a challenge. Here we quantitatively
evaluate and compare three strategies for wide-field brain delivery that employ transient
BBB disruption or infusion via the cerebrospinal fluid (CSF) in rats. Using molecu-
lar magnetic resonance imaging (MRI) techniques, we find that the three techniques
produce spatially differentiated labeling patterns, with the most homogeneous delivery
produced either using chemically mediated or unfocused ultrasound-based BBB manip-
ulation methods. Contrast enhancement distributions are similar following chemical
and ultrasound procedures, suggesting that BBB structures in different brain areas dis-
play consistent susceptibility to disruption. Regional washout rates apparently track
density of blood vessels and tight junction proteins but deviate in the chemically-
mediated condition likely due to the density of the endogenous ligand receptor. Our
results thus document systematic spatial variation of BBB properties while offering
guidance about brain-wide application of molecular technologies in neuroscience and

neuromedicine.
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2.2 Introduction

The blood-brain barrier (BBB) shields the brain from harmful and useful substances
alike [69, 70]. Although the barrier protects effectively against many toxins and in-
fectious agents, it also bars entry to most drugs, complicating the treatment of disor-
ders such as brain cancer, neuroinflammatory conditions, and neurological conditions
[71]. By some accounts, only 5% of small-molecule therapeutics effectively cross the
BBB on their own [34]. Tools of modern biomedicine, including engineered proteins,
nanoparticles, and cells, are even more likely to be hindered because of their larger
sizes. Important reagents in basic science, such as chemical actuators, imaging probes,
and viral vectors, are also blocked, complicating fundamental investigations of brain
biology. In some cases, reagents have been engineered to undergo spontaneous BBB
permeation, for instance by conjugating them to substrates of receptor-mediated tran-
scytosis across the BBB [72, 73|. Such strategies require modification of each substance
to be administered, however, and still result in relatively inefficient delivery. For other
molecules, more active strategies are required to facilitate brain delivery. Discovering
and characterizing minimally disruptive ways to bypass the BBB when needed is thus
an outstanding challenge in biomedical research.

Several techniques for minimally invasive brain delivery of BBB-impermeant sub-
stances have emerged. Infusion of chemicals into the cerebrospinal fluid (CSF) has
long been used to bypass the BBB, and studies of CSF flow profiles have shown that
infusion into specific fluid reservoirs can enable injected agents to spread throughout
much of the brain [74, 75|. Physical disruption of the BBB using low frequency (<
2 MHz) transcranial focused ultrasound (US) has been used to permit substances to
enter the brain from the vasculature with spatial selectivity, and a small number of
studies have shown that unfocused US can also facilitate delivery to large brain ar-
eas in small animals [76-79|. Finally, chemically induced BBB disruption techniques
have also demonstrated promise for wide-field delivery of various agents from the vas-
culature. Delivery of small molecules and nanoparticles has been demonstrated using

a specific approach in which BBB disruption is promoted by intravenous infusion of
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lysophosphatidic acid (LPA), an approach that parallels effects of clinically applied
hyperosmotic BBB disruption methods [80-82].

To decide how to choose and use methods for wide-field delivery of small molecules,
it is important to understand how these techniques compare under analogous situa-
tions. How do CSF delivery or BBB disruption techniques perform under matched
conditions in which the same molecule is delivered using each modality? Are there
areas of the brain that are accessed preferentially by one delivery method or another?
How do kinetics of labeling and washout compare among the methods? Can regional
or technique-dependent differences in trans-BBB delivery performance be understood
mechanistically? Here we address these questions by combining brain administration
methods with noninvasive molecular imaging in rodents. Quantitative comparison of
the wide-field delivery techniques using consistent experimental parameters identifies
strengths and weaknesses of each technique, indicating approaches that could provide

optimal utility for numerous contexts in basic and preclinical neuroscience research.
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2.3 Results

2.3.1 Paradigms for wide-field delivery of a small molecule con-

trast agent

To compare delivery techniques, we assessed the ability of each method to achieve
brain-wide distributions of gadoteridol, a small (559 Da), neutral gadolinium complex
that causes brightening in longitudinal relaxation time (7)-weighted magnetic reso-
nance imaging (MRI) [83]. We measured gadoteridol-induced contrast changes using in
vivo MRI of Sprague-Dawley rats, following four treatments (Figure la,b): (1) intra-
venous delivery without BBB disruption (a negative control); (2) intravenous delivery
in conjunction with wide-field microbubble-assisted US-mediated BBB disruption, us-
ing a 2.5 cm-diameter unfocused transducer; (3) intracarotid delivery with chemically
mediated BBB disruption using coinfusion of 2 mg/kg LPA; and (4) intra-CSF delivery
via infusion into the cisterna magna, a CSF reservoir that has been shown to facilitate
brain-wide spread of injected substances. For the peripheral delivery treatments (1-3),
a 1 mL dose of 500 mM gadoteridol was injected intravascularly. For the intra-CSF
method (4) a 100 pL dose of 25 mM contrast agent was administered, under the suppo-
sition that dilution of this amount throughout 2 mL brain tissue would produce roughly
the same final concentration as present in blood after the intravascular injections [84,
85].

MRI results from parasagittal and coronal slices show that all the treatments, except
the negative control, produce strong T'i-weighted signal enhancements in the brain,
reflective of substantial gadoteridol delivery to representative animals. The bases of
these image effects are quantitatively indicated by maps of the longitudinal relaxation
rate Ry (= 1/T), a physical parameter that determines 7'; contrast and varies linearly
with the gadoteridol concentration by previously reported factors of 2.75 mMs! at
7T and 2.64 mMs! at 9.4T [86, 87].

Differences in R; over baseline values of about 0.430 £ 0.002 s! in untreated con-

trol rat brains indicate that all three delivery techniques produce widespread effects

29



corresponding to gadoteridol concentrations of up to 100 pM (Figure 1c). Changes
could be further quantified by examining histograms of R; values obtained from multi-
ple animals per condition (Figure 1d). Average relaxation rates measured from control
animals were 0.507 + 0.004 s (n = 4), whereas values measured from US, and LPA,
and CSF animals were 1.033 + 0.056 s (n = 3), 1.410 £ 0.187 s! (n = 5), and 1.090
+ 0.093 st (n = 4), respectively. Most voxels in the three delivery conditions displayed
R, values more than two standard deviations above the mean R; for the control con-
dition: 91.75 £ 0.35% for US, 99.29 + 0.36% for LPA, and 75.99 + 8.32% for CSF
techniques, respectively. These results indicate that trans-BBB and intra-CSF delivery
schemes were all highly effective at spreading gadoteridol over large volumes of brain

tissue.

2.3.2 Quantification of spatial aspects of brain delivery

Although each of the three tested methods successfully achieved wide-field brain deliv-
ery of gadoteridol, the maps of Figure 1 clearly show that there is spatial heterogeneity
of the resulting R; enhancements. We sought to characterize this heterogeneity and
determine its reproducibility. Mean and standard deviation maps depicting changes in
R, were obtained from animals subjected to US-mediated, LPA-mediated, and intra-
CSF delivery of gadoteridol (Figure 2a). Results indicate that US-mediated delivery
accesses tissue fairly homogeneously in a swath of tissue with full-width at half-height
of 3.9 mm, likely reflecting the limited pressure field afforded by the transducer; this
could be extended by applying multiple sonications (|77|, Supplementary Figure 1).
LPA-assisted delivery produces more homogeneous delivery along the rostrocaudal axis,
but with a left-right asymmetry resulting from unilateral infusion through the carotid
artery (Supplementary Figure 2). Additionally, delivering LPA via the tail vein shows
contrast agent enhancement, but less enhancement than via the carotid artery route
(Supplementary Figure 3). Intra-CSF delivery is less homogeneous, tending to reach
ventral areas and regions close to the ventricles and cisterns for which the partial vol-
ume of CSF might be high [75]. In our hands, the most reproducible results were
obtained using the US technique, as indicated by the low standard deviations of R;
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throughout the sagittal section analyzed. Although LPA results were less reproducible,
normalization of contrast changes by the whole brain signals after LPA-mediated de-
livery narrowed the distribution of ROI results (Supplementary Figure 4), suggesting
that relative susceptibility of ROIs to chemical disruption was largely conserved across
animals.

To form a more systematic impression of delivery efficacy to different brain areas, we
analyzed gadoteridol-mediated R; enhancements over regions of interest (ROIs) based
on a standard brain atlas (Figure 2b). Mean changes in R; from baseline (R; values)
varied by as much as four-fold over the different ROIs (Figure 2c). The hypothalamus
and ventral striatum experienced effective delivery using all three techniques, whereas
the cerebellum was poorly accessed in each case. Quantitative comparison of ROI-level
delivery results (Figure 2d,e) showed very close correspondence between average R
values obtained using the US and LPA techniques (Pearson’s correlation coefficient, CC
=0.97, p = 6.35E-7, n = 10 ROIs), but much looser correspondence between intra-CSF
infusion and LPA-mediated delivery (CC = -0.16, p = 0.64). The comparison between
CSF infusion and US-mediated delivery (Supplementary Figure 5) was similarly weak
(CC =-0.16 p = 0.63).

2.3.3 Kinetic analysis of contrast agent dynamics after delivery

Contrast changes induced by US-mediated, LPA-assisted, and CSF infusion-based
gadoteridol delivery using the procedures of Figure 1 were measured over a period
of 100-200 minutes following each procedure, raising the possibility of comparing the
dynamics of molecular delivery using each approach. We examined the R; time series
results to determine whether information could be obtained in this way. Despite stark
differences in the nature and timing of the three delivery protocols, all three methods
resulted in brain-wide MRI signal increases that peaked on the order of an hour after
the delivery treatment (Figure 3a). Similar temporal profiles were observed within
individual ROIs as well (Supplementary Figure 6). Mean times to peak were 30.67 +
8.67 min for US, 30.60 £+ 5.27 min for LPA, and 65.6 + 4.29 min for CSF delivery

(Figure 3b), indicating that gadoteridol continued to enter the brain or spread from
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initial sites of entry for many minutes following each procedure.

To analyze this process more precisely, we fit the time series at each voxel to a linear
two-compartment kinetic model in which all sources of out-of-voxel gadoteridol were
lumped into one compartment and the within-voxel contrast was represented by the
second compartment (Supplementary Figure 7). The time course of relaxivity change

predicted in this scenario is given by:

AK,
kout - kln

®(t) = (ehnt — kot

(Eq.1)
where the rate constant k;, describes influx of agent into a voxel, k,,; describes efflux,
and c is a scaling constant. Data from each voxel exhibiting substantial R; changes
were fit to Eq. 1, yielding parameter estimates from 94.82 + 0.86%, 90.38 + 1.94%, and
55.09 + 10.73% voxels across 3-5 animals in the US, LPA, and CSF delivery conditions,
respectively (Figure 3c). Average fitted values of k,,; and k;, are diagrammed in Figure
3d and Supplementary Figure 8.

Values of k,,; in particular reflect dissipation of contrast agent after each delivery
procedure is largely completed, so we surmised that these rate constants might reflect
consistent properties of small molecule transport in the brain. Indeed, mean k,,; values
do fall in a relatively uniform range, with brain-wide averages of 0.0077 + 0.00010 s
for US, 0.0102 £ 0.00009 st for LPA, and 0.0087 £ 0.00013 s! for CSF delivery
data (Figure 3e). MRI signal decreases were significantly slower following US versus
LPA delivery in deep brain areas including the ventral striatum and hypothalamus
(t-test p = 0.0165 and 0.009, n = 2 US, 4 LPA). This is reflected in the lack of
significant correlation between the LPA and US as well as the LPA and CSF k,,; values
(CC=0.0125, p=0.9727, CC=.5503, p=0.0993, Supplementary Figure 9). However,
the ko, values for US and CSF delivery were significantly correlated (CC=0.774 and
p=0.0086, Figure 3f).
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2.3.4 Molecular correlates of brain delivery and washout

The close correspondence of trans-BBB delivery profiles achieved following US and
LPA treatments led us to wonder whether specific tissue properties could account for
the observed contrast distributions. We speculated that determinants could include
the density of blood vessels, from which contrast agent enters the tissue in the pres-
ence of a compromised BBB, and the prevalence of tight junctions that promote BBB
integrity and are disrupted by US or LPA [88, 89]. To examine the importance of
these factors, we used immunohistochemistry to label markers of vascular endothelial
cells (tomato lectin), tight junction protein Claudin-5, and the LPA receptor across
sagittal brain slices approximately matched to the MRI geometry of Figs. 1-3 (Figure
4a.b Supplementary Figure 10). Both markers stained with varying intensities across
the field of view and could be quantified in maps and ROIs similar to those used to
characterize contrast agent delivery parameters measured by MRI.

The staining results indicate that some of the regions that experienced the greatest
k ous were the most densely vascularized. Reflecting this, the spatial correlation between
contrast agent clearance by the US-mediated method and vascular histology measures
was and 0.734 (p =0.0383) for tomato lectin staining and 0.729 (p =0.0400) for Claudin-
5 staining (Figure 4c¢,d, Supplementary Table 1). Given the deep brain regions (ventral
striatum and hypothalamus) were already implicated as having divergent profiles of
clearance in the LPA condition, we expected these regions to remain as outliers. This
was indeed the case (CC=0.201 and p=0.578 for lectin, CC=-0.3766 and p=0.283 for
Claudin-5) with significant correlation only occurring in the absence of these regions
(CC=0.979 and p=8.23x10"" for lectin, CC=0.9971 and p=1.19x107% for Claudin-5).
In CSF delivery, the spatial correlations between k,,; values and histology measures
(CC=0.741 and p=0.086 for lectin, CC=0.788 and p=0.007 for Claudin-5) indicated
these trends persist independent of whether the initial delivery was vascular. These
findings thus suggest that tissue parameters, rather than biophysical properties of the
delivery methods themselves, largely determine the efficacy of wide-field trains-BBB

delivery of small molecules to the brain.
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2.4 Discussion

Achieving wide-field delivery of chemicals to the brain remains a formidable challenge
for applications in biotechnology and biomedicine. Here we have used molecular MRI
to assess performance of three wide-field delivery techniques that each enable the ex-
ogenous contrast agent gadoteridol to reach broad regions of brain tissue in rodents.
We found that US- and LPA-mediated BBB disruption promote variegated but spa-
tially similar profiles of delivery throughout cortical and subcortical areas. Conversely,
CSF infusion via the cisterna magna produced less homogeneous distributions that
were more pronounced around CSF reservoirs and ventral brain regions, consistent
with previous reports |75, 90]. Analysis of MRI time courses following delivery showed
that contrast changes peak about an hour after treatment with each method, and that
average washout rate constants of order 0.01 s are observed for all brain regions fol-
lowing each delivery approach. Some of our spatial results appeared to reflect the
distribution of markers in brain vasculature, emphasizing the interaction of delivery
parameters with physiological characteristics of the brain itself.

Each of the brain delivery methods we evaluated displayed pros and cons with
respect to the others. The US technique produced widespread and relatively stable
contrast enhancement (k,,; values twofold lower than for LPA). Although it required
specialized equipment and coinjection of microbubbles, results obtained with this ap-
proach were quite reproducible [91]. Even using the 2.5 cm-diameter flat transducer
we applied, the US technique could not produce uniform brain labeling, but we found
that application of US treatment at four isocenters could address this limitation. The
LPA-mediated delivery method was the easiest to implement in our hands. Although
the technique as we applied it involved preimplantation with a carotid catheter, subse-
quent delivery results could be readily obtained following just a single acute injection
via the catheter. Intra-CSF delivery was the most invasive procedure and the least
effective in reaching multiple brain areas, but it uses less of the injected substance and
does not impinge on peripheral tissues and organs. A combination of these methods

might be most effective at delivering substances everywhere in the brain. In particular,
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the CSF method we used was adept at accessing caudal and ventral structures that
the US and LPA methods addressed less successfully.

A limitation of our analysis is the fact that we had to make arbitrary choices about
the way we implemented each of the delivery methods. This involved choosing timing,
injection routes, concentrations, and other parameters for all techniques, plus appa-
ratus for the US method. In addition, we performed all delivery experiments in rats,
using a single molecule—the hydrophilic but neutral MRI contrast agent gadoteri-
dol—as a delivery substrate. Each of the methods we used is likely to scale differently
for brains and species of different size, with brain-wide distributions more difficult to
achieve for larger brains due to transport issues, among other factors. Larger or more
hydrophobic molecules will also be more difficult to deliver. Previous studies have
shown that trans-BBB delivery of large agents results in much more restricted spread
from vascular compartments [92, 93|; the same consideration applies to spreading from
the perivascular Virchow-Robin space following intra-CSF injection [94].

Two of our findings are likely to hold despite these concerns, however: First, the
complementary characteristics of intra-CSF and trans-BBB molecular delivery profiles
follow neuroanatomical features that are conserved across mammalian species and natu-
rally independent of the delivered molecule. Complementarity of CSF and trans-BBB
delivery profiles is therefore likely to persist across species and substrates. Second,
spatial similarities we have documented between wide-field US and LPA trans-BBB
delivery distributions, which arise from different mechanisms but also parallel vascular
markers, suggest that specifics of how the protocols are implemented are less impor-
tant than tissue parameters in determining spatial contours of the delivery results. This
conclusion may apply to brain delivery methods untested in our experiments, such as
techniques that employ osmotic shock or perhaps even receptor-mediated transport
pathways [73, 82|. The comparative study we present here may thus offer both a
guide to applying the specific brain delivery techniques we assessed and a basis for

anticipating results of delivery approaches that are yet to be investigated.
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Figure 2.1: Methods of wide-field delivery.

(a) Diagram showing the placement of the sagittal slice (2 mm from midline) and
coronal slice (5 mm behind the olfactory bulb). (b) Schematics showing ultrasound
(US), LPA-assissted, and intra-CSF delivery of the contrast agent. (c) Representative
Ti-weighted images and Ry maps showing distribution of contrast agent 20 minutes
post-injection. (d) Histograms displaying the distribution of voxels following each
delivery techinique as compared to the intravenous negative control.
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Figure 2.2: Spatial aspects of brain delivery.

(a) Mean and standard deviation of R, following contrast agent delivery. (b) Atlas
with relevant regions of interest. (c) AR, for each technique by ROI. (d) Correlation
between LPA and US AR; across ROIs along with their linear fit. Gray represents
the 95% confidence interval for the linear fit. (e) Correlation between LPA and CSF
AR; across ROIs.
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Figure 2.3: Kinetics of contrast agent delivery.

(a) Time course of mean R; post-injection. (b) Time to peak whole brain contrast
agent enhancement for each method. (c¢) Representative voxel fit to the kinetic
model. (d) Average k,,; in each condition. (e) ROI-level values of k,,;. Shaded
regions represent regions with less than 50% of voxels achieving a fit to the kinetic
model. (f) Correlation of US and CM k,,; values.
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Figure 2.4: Molecular correlates of brain delivery.
(a) Lectin staining in a parasagittal brain slice. (b) Claudin-5 staining. (c)
Correlation of k,,; and lectin fluorescence. (d) Correlation of k,,; and lectin
fluorescence.
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2.5 Materials and Methods

Animals

All animal procedures were performed in strict compliance with US Federal guide-
lines, with oversight by the MIT Committee on Animal Care. Male Sprague-Dawley
rats (150-300g) were purchased from Charles River Laboratories (Wilmington, MA)
and used for the in vivo data presented in this paper. Animals procured for LPA-
mediated delivery or control IV injection experiments were pre-implanted with chronic
carotid artery catheters targeting the left side of the brain. All animals were housed

and maintained on a 12h light /dark cycle with ad libitum access to food and water.

Chemicals

All chemicals were obtained from MilliporeSigma (Burlington, MA) unless other-
wise noted. Gadoteridol contrast agent formulations used for all brain delivery ex-
periments were obtained from Bracco (Milan, Italy). Optison microbubbles used in

US-mediated delivery experiments were obtained from GE Healthcare (Chicago, IL).

US-mediated brain delivery

Six rats were used for US-mediated brain delivery experiments. Animals were anes-
thetized with 2% isoflurane and then underwent the placement of the tail vein catheter
for microbubble injection and contrast agent delivery. The tail vein was visualized by
application of alcohol to the skin, and a catheter (24G Surflo, Terumo, Somerset, NJ)
was slowly inserted into the vein until obvious blood back-flow was observed. 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 phosphate buffered saline (PBS)
to prevent clotting and secured with a stopper prior to contrast agent infusion.

Animals subsequently underwent ultrasound-mediated BBB disruption. The rats
were maintained under 2% isoflurane anesthesia. Heads were shaved and cleaned with

alcohol and povidone-iodine prep pads for easy access to the skull. The skin over the
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skull was retracted and the skull cleaned to visualize the coronal and sagittal sutures.
Ultrasound transmission gel (Parker Aquasonic, Fairfield, NJ) was applied to the ex-
posed skull. An ultrasound transducer housing was then positioned in contact with the
gel, with its center 1 mm above the skull, 2 mm lateral and 3 mm posterior to bregma.
The housing was filled with circulating degassed and deionized water and was affixed
to a custom transducer with 25 mm diameter and 500 kHz peak operating frequency
(Sonic Concepts, Bothwell, WA). Ultrasound waveforms were generated using a 25
MHz function generator (BK Precision, Yorba Linda, CA) using the following settings:
500 kHz driving frequency, 0.2 V amplitude, 5,000 burst count, and 1s burst rate.
Waveforms were amplified using an ENI model 550L radiofrequency power amplifier
(Bell Electronics, Renton, WA) conditioned through an impedance matching network
(Sonic Concepts) connected to the transducer itself.

Sonication was applied to each animal for 5 min. Immediately after the sonication
was initiated, 50 nLi of Optison microbubble ultrasound contrast agent (GE Healthcare,
Chicago, IL) was injected through the tail vein catheter and flushed with 0.2 mL of
0.5% heparin in PBS. After sonication was completed, the skin was glued together
using tissue glue and the animal was immediately transferred to the MRI scanner for

imaging.

LPA-mediated brain delivery

LPA-mediated delivery procedures were applied to five rats. Animals were pre-
implanted with chronic carotid artery catheters targeting the left side of the brain. Each
rat was anesthetized with 3% isoflurane and its catheter clip was removed. Catheter
patency was verified and animals no backflow were excluded. The catheter was then
connected to an injection line and the animal was moved to the scanner. Isoflurane
was reduced to 1.5%, a level that was maintained for the duration of the experiment.
Respiration, heart rate, and blood oxygen saturation were monitored, and temperature
was maintained with a circulating warm water pad (Gaymar, Orchard Park, NY) for
the remainder of the procedure. Animals were imaged before and after a 1 mL carotid

artery injection of 2 mg/mL LPA plus 500 mM gadoteridol or 500 mM Gd alone,
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delivered over approximately 17 sec in each case. The imaging continued after the
injection for 1-3 hours. A subset of these animals were briefly recovered following the

procedure, and demonstrated normal behaviors.

Intra-CSF injection

Intra-CSF delivery procedures were applied to four rats. A 1-mm incision was made
on the atlanto-occipital membrane between the skull and C1 vertebrae to gain access
to the cisterna magna. The incision was washed four times with sterile Gibco DPBS
1X (Thermo Fischer, Waltham, MA) to remove excess blood and CSF. A 28G plastic
injection cannula (PlasticsOne, Roanoke, VA) was implanted through the incision and
secured by tissue glue. A remote infuse/withdraw dual syringe pump was used to infuse
gadoteridol solution (25 mM) at a rate of 5 pL/min for 20 min at a depth of lmm.
Upon the completion of infusion, the cannula was left in place for an additional 5 min
before removal. The incision was closed using tissue glue and tissue cement. Animals

were then transferred to a holder and placed in an MRI scanner for imaging.

Magnetic resonance imaging

Rats were imaged before and after procedures conducted outside the scanner. All
animals were imaged using 7 T (CSF) or 9.4T (LPA and US) Biospec MRI scanners
(Bruker, Ettlingen, Germany) scanner operating with birdcage transmit and surface
receive coils. T; and T mapping data were acquired using a RAREVTR (rapid
acquisition with relaxation enhancement with variable repetition time) scan with TR
values of 5000, 3000, 1500, 1000, 500, 250, 150, and 120 msand TE values of 10, 30,
50, 70, and 90ms in both the coronal and sagittal planes. A single slice was acquired
for each scan sequence, with slice thickness of 1 mm, flip angle of 180°, RARE factor
of 2, FOV of 5 x 2.5 cm (sagittal) or 2.5 x 2.5 cm (coronal), and matrix sizes of 150
x 75 (sagittal) or 75 x 75 (coronal). The coronal slice was positioned 5 mm posterior
to the dip in the olfactory bulb, and sagittal slices were positioned 2 mm lateral to
the midline on both left and right. Throughout imaging, data acquisition alternated

between these three map scans (coronal, sagittal left, and sagittal right).
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MRI data analysis
All analysis was performed in MATLAB (Wolfram) using custom scripts. To convert
raw 1';-weighted MRI data to R; maps, the raw signal intensities at different TR values

for each voxel were fit to the exponential a*e™>™

where z is the measured signal at
different TR values, a is a constant parameter, and c is the R; value for that voxel.
Voxels for which R; values could not be obtained from this procedure, or for which
fitted R, values were excessively high (> 5 s!) were excluded from further analysis.

To convert raw MRI data to Ry signal maps, the raw values at different TE values
for each voxel were fit to the exponential a*(1-¢*"°), where x was the signal at different
TE values, a was a constant fit parameter, and ¢ was equal to 1/T5 and was the Ry value
for the voxel. Voxels with an Ry value that exceeded 80, or for which the exponential
failed to find a fit, were excluded from analysis as they represented poor quality data
(usually poor signal to noise).

Further analysis was performed using R; maps obtained by the procedure described
above. Reported R; histograms were computed for left sagittal slices, ipsilateral to BBB
disruptions created by US and LPA techniques. ROIs were defined from a custom atlas
adapted from the 7*" edition Paxinos rat brain atlas. R; maps were scaled and fit to
the atlas Delta R; values were obtained by subtracting post-injection maps from the
maps obtained pre-injection.

To obtain the average time courses, maps from each treatment group were binned
into 20 minute intervals, and the mean R; for an ROI of interest was computed for
each time period. To compute the kinetic parameters k;, and k,,, individual voxels
were using non-linear least squares in the MATLAB curve fitting toolbox. Only fits
with an R? above 0.8 were accepted. After curve fitting, average k;, and k,y for
ROIs were computed if greater than half of the voxels in that region had a successful
curve fit. Linear correlation was assessed with the Pearson correlation coefficient.
Statistical tests used in this study are noted throughout the paper, and error bars and

error margins reflect SEM over animals, unless otherwise specified.
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Histology procedures

Lycopersicon Esculentum (Tomato) Lectin (LEL, TL), Texas Red from Vector Lab-
oratories was given to four rats approximately 300g each. Each rat was anesthetized
with 3% isoflurane for five minutes before being transferred to 1.5% isoflurane. A
tail vein catheter (24G Surflo, Terumo, Somerset, NJ) was slowly inserted into the
vein until obvious blood back-flow was observed. For one rat, 1 mL of tomato
lectin was administered. For the other three, 300 ul. was administered. After lectin
administration, rats were given 5 minutes before transcardial perfusion with PBS.

Following perfusion with PBS, the brain tissue was extracted and flash frozen in an
isopentane and liquid nitrogen bath for approximately 30 seconds. Brains were trans-
ferred to a container pre-chilled on dry ice and then stored at -80C. For fixation, tissue
was then embedded in OCT compound inside a cryomold and stored at -80C. All
were parasagittally sectioned at a cryostat to 14 um thickness.

Antibody staining was performed on the brains from the three 300 uL lectin in-
fused rats. Sections approximately 2 mm from midline were selected. Overnight
incubation with primary antibodies was performed at 4C (1:100 dilution, 33-9100 or
35-2500, Invitrogen). This was followed by 2 hours of secondary incubation (1:500,
A28175, Invitrogen) and 10 minutes incubation with 1:2000 Hoechst nuclei stain at
room temperature.

The stained brain sections were mounted on glass slides with Invitrogen ProLong
Gold Antifade (Fisher Scientific Company) and protected with a coverslip. Fluores-

cence imaging was performed using a confocal microscope (Axio Imager 2, Zeiss)

Histology data analysis

Fluorescence images of parasagittal brain slices were imported into MATLAB and
down-sampled to match the resolution of the MRI data before alignment to the atlas.
To calculate the correlation of histological markers with kinetic paramters, ROIs with

more than 50% of voxels possessing a valid k,,; fits were assessed.
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Figure S1: The impact of ultrasound sonication on delivery across the BBB.
(a) AR; as a parameter of distance from the ultrasound sonicator. (b) The whole

brain average AR, for rats receiving a single sonication (n=3) or multiple sonications
(n=3).
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Figure S2: The lateralization of contrast agent delivery.
The heavy lateralization of the LPA rats reflect the route of delivery through a left
carotid catheter. Ultrasound rats have more delivery on the side of the sonicator
placement.
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A physical interpretation of ks is that it is the washout rate from compartment 2 (the
brain) and k; is the washout rate from the input compartment. Thus, the equation

can be rewritten in the following manner:
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Figure S10: LPARg staining in parasagittal slice.
(a) Whole brain staining (LPARg = green, Hoescht = blue, lectin = red, scale bar =
2mm). (b) Expression of LPARg localized around vasculature (scale bar = 100 pm).
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Lectin Fluoresence (a.u.)

Claudin-5 Fluoresence (a.u.)

LPA Ko 0.201 (p=0.578) -0.3766 (p—.283)
LPA Koy (w/o vSt and HT) | 0.979 (p=8.23x10~7) 0.9971 (p—1.19x1079)

US Kout 0.734 (p—0.038) 0.792 (p—0.040)

CM Kout 0.7741 (p—0.086) 0.788 (p—0.007)

Table S1: Correlation of vascular marker and tight junction protein to k.
The Pearson correlation coefficient and p-value is listed for each condition.
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Chapter 3

Probing cholinergic activity with MRI

This work was done in collaboration with Dr. Sajal Sen.
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3.1 Abstract

Developing molecular imaging strategies to monitor cholinergic function in living tissue
is of outstanding interest in neuroscience. A tractable approach in this regard is to mea-
sure activity of cholinesterase enzymes (ChEs), which lyse choline esters at synapses.
Although optical and nuclear imaging probes have been available to study ChEs, exist-
ing strategies tend to lack spatiotemporal resolution or suffer from hazardous exposure
to radioactivity. To address this problem, we have developed an imaging probe that
allows activity of ChE to be mapped using magnetic resonance imaging (MRI). Our
agent, called ChERT, undergoes enzymatic processing that reduces its solubility, pro-
moting accumulation near sites of ChE activity. ChERT produces particularly strong
MRI contrast enhancements in brain regions known to be enriched in ChE; these signals
could also be confirmed by postmortem fluorescence and photoacoustic imaging owing
to the strong optical activity of ChERT. ChERT-mediated MRI changes were sup-
pressed in the presence of the ChE inhibitor tacrine, further supporting the specificity
of the molecular imaging results. ChERT should thus provide a means for preclinical
assessment of phenotypes and treatments that interact with ChE, in the long term
possibly including cholinergic activity monitoring and ChE-related disease diagnosis in

humans.
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3.2 Introduction

Acetylcholine (ACh) is a prominent neurotransmitter in the peripheral and central
nervous system and a key component of cholinergic activity. Hydrolysis of ACh at
synapses is critical for keeping the cholinergic system functional and neural system
regulated [95]. Cholinesterase enzymes (ChE), namely, acetylcholinesterase (AChE)
and butyrylcholinesterase (BChE), play a vital role by catalyzing this hydrolysis re-
action [96]. Cholinergic dysfunction, especially abnormal ChE activity, have been
associated with neurological diseases and disorders. In fact, several ChE inhibitors
have been approved by the Federal Drug Admnistration for symptomatic treatment of
Alzheimer’s disease [97|. Therefore, developing probe technologies for real-time and in
situ monitoring of intrinsic ChE in vivo is of significant interest.

To this end, several probes have been developed for monitoring AChE and BChE
activity via fluorescence imaging and nuclear imaging, namely, SPECT and PET tech-
niques [98-100]. These sensors provided valuable information for monitoring enzyme
activity and high throughput screening of inhibitors. However, applications of optical
probes are limited by trade-offs between depth and resolution, and use of radioligands
incur harmful exposure to radiation. Histochemical analyses and enzyme-specific im-
munostaining have been reported for investigating ChE distributions in brain, but they
can only provide information at a singular post-mortem timepoint [101, 102]. Mag-
netic resonance imaging (MRI) can overcome these challenges by extending the reach
of deep tissue activity measurements in vivo. Developing ChE-responsive MRI contrast
agents provides a non-radioactive platform with better spatiotemporal resolution for
longitudinal studies of cholinergic activity.

Previous work from our lab has demonstrated the the use of a “solubility switch"
mechanism to detect enzymes using molecular level MRI. Specifically, secreted alkaline
phosphatase (SEAP) catalyzes conversion of a soluble MRI contrast agent into an in-
soluble product that accumulates at sites of phosphatase activity. This approach aids
the visualization of enzyme distribution [29]. We surmised that a related mechanism

could be used to generate a probe with selective accumulation and contrast enhance-
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ment at sites of ChE activity. This mechanism provides two powerful advantages for
ChE detection by molecular-level MRI. First, enzymatic amplification as the basis for
MRI detection allows for a single unit of enzyme to act on multiple units of contrast.
Second, the ChE-mediated hydrophobicity changes provides a mechanisms for assessing
ChE activity over a broad range of temporal scales.

MRI probes based on gadolinium texaphyrin (Gd-Tex) platforms constitute an at-
tractive basis for implementing this design (Figure 1a). Historically, Gd-Tex has been
widely used as a tumor-selective MRI contrast agent, but more recently, it has been
explored as a basis for neuroimaging sensors [103, 104]. Gd-Tex’s hydrophobic nature
makes it particularly amenable to the solubility switch approach. Besides absorbing
strongly in the visible range, the versatile Tex platform will also enable the new ChE
probes to be detectable by photoacoustic tomography (PAT) and fluorescence imag-
ing. This multi-modality will permit the valuable integration of readouts over a range
of spatial scales, both in living subjects and postmortem tissue. To this end, we have
created and characterized a small library of candidate ChE-activity dependent imaging

agents, termed as ChE Responsive Texaphyrins (ChERT).

3.3 Results

3.3.1 Design and synthesis of a cholinesterase responsive texa-
phyrin molecule

ChERT compounds were synthesized via an amide coupling reaction of the bis-amine
version of Tex, Gd-Tex-(NHj)s, to novel choline-derivative synthons (Figure 1b). It
is worth noting that in this work, Gd-Tex-(NH;), was obtained using a modified syn-
thetic protocol that makes the reaction more feasible at a large scale as it does not
require an inert atmosphere and dry reagents (Supplementary Figure 1). The library
compounds use the same Tex framework with the linkers varying the distance and
rigidity between the metal and choline moiety (Figure lc, Supplementary Figures 2-

5). After purification and characterization of the target compounds (Supplementary
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Figures 6,7), stability of these complexes was compared in conditions emulating the
brain environment. The results showed that within two hours, compounds 1-3 un-
dergo rapid self-hydrolysis into intermediate and product molecules (Supplementary
Figure 8). This hampers these compounds in their ability to evaluate ChE activity.
In contrast, the ChERT compound undergoes self-hydrolysis at a slower rate with no
formation of the product within the first 2 hours. Therefore, in vitro screening tests
helped validate the ChERT compound as the leading candidate for further in vitro and
in vivo studies. A close analog of ChERT that features an amide bond instead of the
ester bond was also synthesized and employed as a control molecule for its lack of a

esterase-cleavable moiety (Figure 1c).

3.3.2 In vitro characterization of ChERT confirms its speci-
ficity to cholinesterase

Next, we tested the cholinesterase sensitivity of ChERT wn wvitro. Liquid chromatog-
raphy mass spectrometry (LCMS) studies indicated that ChERT undergoes complete
bis-ester hydrolysis in the presence of ChE enzymes (Figure 2a, Supplementary Fig-
ure 9). Studies revealed that ChERT is more responsive towards BChE compared to
AChE, which is reflected in the enzyme quantity and corresponding incubation time
required for full conversion to product (Figure 2a). When incubated in the presence
of a ChE inhibitor, tacrine, the product formation can be restricted, as demonstrated
by LCMS results (Supplementary Figure 10). In congruence with its structural design,
the control compound remains intact even after incubation with higher concentrations
of ChE (Figure 2b). A visible color change can be observed from light to brownish
green upon completion of hydrolysis. The product can then be pelleted by centrifu-
gation (Figure 2c). This increase is particle size was confirmed with DLS (Figure 2d,
Supplementary Figure 11). However, a similar trend was not observed with the control
compound or in the presence of tacrine where the particle size remained the same over
the course of its study (Supplementary Figure 12).

Next, ChE-mediated MRI response was monitored using longitudinal relaxation

rate (R;) maps. Before adding the enzyme, ChERT exhibited a relaxivity (ry, slope of
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R; versus concentration) of 12.7 + 0.3 mM s'. The addition of ChE caused a dramatic
48% change in relaxivity when 100 pM ChERT was incubated with 1 U/ml enzyme
over 2 h of incubation at 37 °C, compared to 8.8% with no enzyme added (Figure
2e). Coincubation of ChE inhibitor tacrine with ChE was found to restrict the MRI
change to 12.6% (Figure 2e). The specificity of ChE-dependent MRI signal change
was further confirmed when co-incubation of ChERT with human placenta alkaline
phosphatase or porcine liver esterase did not exhibit a similar response (Supplementary
Figure 13). In comparison, control compound displayed no change in MRI signal, even
after incubation with higher amount of BChE, which justifies the design rationale and
LCMS observation (Supplementary Figure 14). To determine whether ChE-dependent
responses from ChERT can be detected by other imaging modalities, we first monitored
the change using fluorescence spectroscopy. It was observed that ChERT fluorescence,
with an excitation at 470 nm, partially decreased (40%) when incubated (100 pM) in
the presence of BChE (1 U/ml) at 37 °C. (Figure 2f). At analogous conditions, PAT
experiments showed a BChE-responsive dramatic signal increase (357%) for ChERT
compared to the control (15%). For both techniques, ChE-responsive changes can be
restricted to 95% by using tacrine (Figure 2g). Taken in concert, these in vitro results
confirmed that ChERT is responsive to ChE and produces enzyme-dependent contrast

changes detectable by MRI, fluorescence, and photoacoustic modalities.

3.3.3 ChERT exhibits cholinesterase specificity in vivo follow-
ing widefield delivery

To test the predicted activity of the compound in vivo, we delivered ChERT to the
rodent brain. To this end, 25 uL of the contrast agent (5 mM) was infused bilaterally
using intracerebroventricular injection for wide field brain delivery in Sprague-Dawley
rats followed by imaging at a 7T MRI. Using a T1-weighted sequence, a substantial
increase in MRI signal intensity was observed near cortical and thalamic regions on
both sides of the brain compared to the pre-injected version (Figure 3a). Following the
MRI experiments, the rat brains were perfused and extracted for optical imaging and

mass spectrometric studies. Accumulation and identity of the product in the brain

62



were confirmed via LCMS with brain slices (Supplementary Figure 16). Owing to
the strong green color of Tex, the spread of the product can be visualized in intact
perfused brains and brain slices (Figure 3b). Ex vivo PAT experiment demonstrated
strong photoacoustic signal from the presence of the product in the brain (Figure 3c).

We next aimed to assess the differential distribution of cholinesterase in various
subregions throughout the rodent brain. All of this was done in comparison to a con-
trol condition in which the sensor was co-infused with 2.5 mM tacrine inhibitor. In the
ventral tegmental area (VTA) and septal nucleus, a significant difference between the
two conditions was not present (n=8 each condition, Figure 3d). This matches litera-
ture in which a lack of AChE or BChE has been identified in these subregions [101, 102,
105]. However, in the regions such as the lateral habenula and paraventricular thalamus
(PVT), the difference was significant (p=0.0198 and 0.0387, Figure 3d,e). Further-
more, we found subregion specificity that certain thalamic nuclei (anterodorsal and
laterodorsal) exhibited this significant increase in signal in the non-inhibited condition
(p=0.0369, Figure 3d,e). These results match trends in the literature that identify
these thalamic nuclei, lateral habenula, and PVT as regions of high BChE activity
despite lacking much AChE [102].

To investigate the correlation between differential fluorescence signal enhancement
with ChE distribution in the rat brain, we labeled BChE in the brain tissue following
an immunostaining protocol. Selectively higher expression of BChE was observed in
the anterodorsal thalamic nucleus compared to the rest of the thalamus, which is in
accordance with the literature (Figure 3f). From these data combined, we can infer
that higher accumulation of the product occurred in ChE enriched brain regions.

To further check specificity of the enzyme mediated accumulation of the product, we
conducted ICPMS study with the brain slices from both cohorts collected 2 hours post
injection. This revealed that ChERT treated rodent brains had 60% higher amount of
Gd, which is congruence with higher accumulation of the product as concluded from
MRI studies (Figure 3g). Taken in concert, these studies indicate that co-injection of
tacrine caused less product accumulation from ChERT, owing to ChE inhibition, that

was reflected in imaging and mass spectrometric studies.
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3.3.4 Kinetics of ChERT reflect regional cholinesterase activity

Next, to predict cholinesterase activity n vivo, we developed a pharmacokinetic
model. The kinetic parameters, k.,; and K,,, were measured from in vitro studies in
which time dependent product formation following incubation of ChERT with enzyme
was monitored using HPLC (Supplementary Figure 16). The k,,; of cleaved compound
was estimated from previous studies of hydrophobic metallophyrin precipitates [28|.
The k,,; of uncleaved compound was based on the average rate of clearance for a
macrocyclic compound as computed in Chapter 2. The results predicted that within
minutes of probe delivery, changes in T'; relaxation rate occur in approximately inverse
proportion to the local concentration of BChE in the brain, modeled to vary in a
physiologically relevant range from 0.01 to 10 nM (Figure 4b).

We predicted that over an extended time period (2.5 hours), more complex contrast
dynamics are observed, such that BChE-rich areas are predicted to exhibit higher 7'
values due to slower washout of hydrolyzed probe versus the uncleaved ChERT. We
fit our in vivo data to a two-compartment model (as demonstrated in Chapter 2).
This allowed us to extract a k,,; parameter describing the clearance of compound.
The key is shown to in fact be higher (indicating faster clearance) in regions lacking
BChE expression (Figure 4c). Mapping out the the average fitted curve for each region
of interest, we see regions with higher BChE concentration map to slower washout
kinetics (Figure 4d). Such kinetic features are expected to depend quantitatively on

BChE activity levels in tissue.
3.4 Conclusion

In summary, our results demonstrated in this work validate that the rationally designed
probe ChERT can detect cholinesterase activity both in wvitro and in vivo. Benefiting
from the multimodal imaging properties of the texaphyrin framework and solubility
switch mechanism, ChERT showed its utility in mapping cholinesterase distribution in

the rodent brain. Furthermore, a T; weighted MRI contrast dynamics was observed in

64



BChE-enriched regions in the presence or absence of the ChE inhibitor tacrine and the
MRI results from temporal studies can predict BChE activity in a kinetic model. As
future directions, ChERT provides a means for preclinical assessment of phenotypes
and treatments that interact with ChE and ChE-related disease diagnosis. Further
efforts will be focused on improving sensitivity of ChERT towards cholinesterases, in
particular, AChE. Analogs of ChERT can also be manipulated for detecting other

biologically important enzymes playing major roles in the nervous system.
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Figure 3.1: Design of cholinesterase responsive texaphyrin molecule.
(a) The ChERT compound is the synthesis of a Gd-Tex compound with a choline
derivative. In the presence of cholinesterase enzyme, the substrate is cleaved and

forms an insoluble precipitate. (b) Choline-derivative synthons tested with the
bis-amine version of Tex to form candidate compounds. (c¢) The control compound
possesses an amide bond in place of the cleavable ester.
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Figure 3.3: Widefield delivery of ChERT in wvivo.
(a) Representative T1-weighted image showing the increase in MRI siginal intensity
following intracerebroventricular injeciton. (b) Visual spread of the sensor can be see
in both the intact and sliced brain. (c) Ex vivo PAT showing presence of compound
(d) After 90 minutes, ChERT with inhibitor shows statistically significant difference
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paraventricular thamalus (PVT) (p<0.05). (e) Average T-signal of ROIs that have
significant increase overlaid on an atlas image. (f) Fluorescent image of rat brain 90
minutes after ICV infusion of ChERT compared to a BChE stained wild-type brain.
(g) ICP-MS of gadolinium content of brains 2 hours post-injection.
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Figure 3.4: Kinetics of ChERT reflect regional cholinesterase activity.
(a) Schematic of two-compartment model of ChERT delivery (k;,) with ko
representing delivery of uncleaved ChERT (ChERT),,) into brain parenchma, k5,
representing Michaelis-Menten kinetics of conversion to the cleaved compound
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concentration (0.01-10nM). (c) Average ko, fit model fits for ROIs. (d) Simulated
T1-signal obtained from model parameters.
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3.5 DMaterials and Methods

Reagents and materials

Solvents and starting materials were purchased from Fisher Scientific, Ambeed or
Sigma Aldrich and used without further purification unless otherwise specified. Re-
action progress was monitored by thin-layer chromatography (TLC, silica gel 60 Fasy,
EMD Millipore) or by LC-MS analysis (see the “Mass spectrometry” section below for
further details). Texaphyrin and ChERT conjugates were purified by RP-tC18 SPE
(Waters SepPak, waters®) columns containing 10 g or 2 g of C-18 using an increasing
gradient of acetonitrile in either 0.1M ammonium acetate/1% acetic acid aqueous so-
lution or a 0.1M aqueous potassium nitrate, depending on which counter anion (AcO

or NO3) was desired as the ancillary ligands for the gadolinium (III) center.

Optical spectroscopy
UV-visible spectra were recorded on a SpectraMax M2 spectrophotometer from
Molecular Devices. Fluorescence spectra were recorded on a Cary Eclipse spectrofluo-

rometer from Varian.

Photoacoustic Imaging

Photoacoustic data were recorded in the MIT Koch Institute Animal Imaging and
Preclinical Testing Core, using a Fujifilm-Visualsonics Vevo3100/LAZRX ultrasound
and photoacoustic imaging system equipped with a MX250S transducer (1530 MHz,
center transmit: 21 MHz; axial resolution: 75 m). The solutions were injected into
polyurethane tubes, which were immobilized by immersion in 1% agarose gel within
the sample holder chamber. A layer of ultrasound gel was placed between the agarose
gel surface and the transducer. For imaging of ex vivo rat brains, specimens were
placed on an agarose gel bed and embedded in ultrasound gel. The transducer was
then placed on the superior part of the brain, and the PAT signal was recorded. For

3D imaging, the interplanar step was set to 152 m. The excitation laser wavelength
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was set at 750 nm.

Mass spectrometry

Mass spectrometric analyses were carried out in the Massachusetts Institute of
Technology (MIT) Department of Chemistry Instrumentation Facility (DCIF), using
LCMS, QToF, and MALDI-ToF instruments. The low-resolution LCMS studies were
made using a nominal mass Agilent 6125B mass spectrometer attached to an Agilent
1260 Infinity LC. This instrument has an electrospray ionization (ESI) source with fast
polarity switching to measure positive and negative ions simultaneously. The diode
array has a wavelength range of 190 to 640 nm, and a measurable m/z range of 100 to
1500 daltons. The QToF is a high-resolution Agilent 6545 mass spectrometer coupled to
an Agilent Infinity 1260 LC system that relies on a Jet Stream ESI source. The system
has a mass accuracy of 1-3 ppm using real-time calibration, with a mass resolving
power of 45,000 full width at half-maximum (FWHM) at m/z of 2722. MALDI -ToF
measurements were made using a high-resolution Bruker Autoflex LRF Speed mass
spectrometer. For ICPMS, brain slices from two rat cohorts were digested in 70%
nitric acid at 60 °C for 6h and centrifuged at 10000g for 5 mins. The supernatant was
collected and filtered through a 0.22 uM filter with the final residue suspended into 2%

nitric acid. The ICP-MS spectra were recorded on an Agilent 7900 system.

Nuclear magnetic resonance

NMR spectra were recorded in the DCIF on either a three-channel Bruker Avance
Neo 500 MHz spectrometer or a two-channel Bruker Avance-IIT HD Nanobay 400 MHz
spectrometer. Both instruments are equipped with a 5 mm liquid nitrogen-cooled

Prodigy Broadband Observe cryoprobe.

Animals

All animal procedures were performed in strict compliance with US Federal guide-
lines, with oversight by the MIT Committee on Animal Care. Male Sprague-Dawley
rats (150-300g) were purchased from Charles River Laboratories (Wilmington, MA)
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and used for the in vivo data presented in this paper. All animals were housed and

maintained on a 12h light/dark cycle with ad libitum access to food and water.

Intra-CSF infusion

Animals were prepared for cranial surgery to expose the skull. A total of 8 rats received
infusions. Each animal was anesthetized with isoflurane (4% for induction, 1.5-2% for
maintenance). A small hole was drilled into the skull at the following coordinates: .9
mm posterior and +/-1.4 mm lateral to bregma. 33 gauge infusion cannula held by
sterotaxic arms was then lowered into the brain 3.6 mm below the skull surface. 5 mM
ChERT sensor (n=4) or 5 mM ChERT sensor with 2.5 mM tacrine inhibitor (n=4) was
infused at a rate of 0.15 pL/min (25uL per side). The syringe was slowly removed 5
minutes after the infusion. Skin incisions were closed by sterile sutures. Skin incisions
were closes with Vetbond tissue adhesive (MIT Pharmacy), and rats were transferred

to the MRI for scanning.

Magnetic resonance imaging

All animals were imaged using a 7T Biospec MRI scanner (Bruker, Ettlingen, Ger-
many) scanner operating with custom-made surface coils. High resolution anatomical
images were obtained with a TurboRARE (rapid acquisition with relaxation enhance-
ment) sequence with a TF of 33ms, TR of 2.5 s, a RARE factor of 8, and 12 averages.
The geometry of the scan incorporated 256x256 matrices over a 2.25 x 2.25 cm FOV
for a 18-slice volume with 1 mm slice thickness aligned at the olfactory bulb. This
was followed by repetitions of a Ti-weighted FLASH sequence. Parameters were a TE
of 4.245 ms, FA = 30, TR = 250 ms, FOV = 1.92x 1.2 cm, 128x80 matrices for an
in-plane resolution of approximately 150 x 150 um, and 18 slices with slice thickness
= 1 mm.

For each scan session, rats were kept at 1.5% isoflurane in oxygen-enriched air.
Animals were warmed using a water-heating pad. Heart rate and blood oxygenation

saturation level were continuously monitored using an MRI-compatible infrared pulse
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oximeter (Nonin Medical, Plymouth, MN).

MRI data analysis

Images were reconstructed in ParaVision 7 software and then imported into into
the National Institute of Health AFNI software package. Alignment was performed
by registering high-resolution anatomical images of each rat to a Waxholm coordinate
space rat brain atlas. The images were then motion corrected using rigid-body volume
correction.

All further analysis was performed in MATLAB (Wolfram) using custom scripts.
ROIs were obtained from the Waxholm atlas. For determining ROI- level signal differ-
ences measurements were taken from images at 1.5 hours post-injection in the ChERT
and ChERT with inhibitor conditions. A two-tailed, paired sample t-test was used to

quantify p-values.

In wvitro kinetic parameter determination

ChERT (substrate) was incubated with 1 U/ml BChE (1.8 nM) at different con-
centrations (25 uM, 50 uM, 75 uM, and 100 uM) at 37C. Aliquots from the solution
were collected at different timepoints (1 mins, 5 mins, 10 mins, 15 mins, 20 mins, and
30 mins) and subjected to HPLC monitoring. The formation of the product was calcu-
lated using the area obtained from HPLC chromatogram. Using the Lineweaver-Burk
plot (double-reciprocal plot) using Vg (initial velocity) and [substrate|], we obtained

Vinaz, K, and K., values, respectively.

Kinetic modeling

The MATLAB SimBiology toolbox was used to model the Michaelis-Menten ki-
netics uncleaved ChERT converting to its cleaved and precipitated form, as well as
the compound’s clearance from the parenchyma. The following conditions were used:
initial concentration = 5 mM, k.o, = 9645 min~!, K,,, = 148 uM, and enzyme concen-
trations = 0.01 nM, 0.1 nM, 1 nM, and 1 nM. The clearance of uncleaved agent was

estimated to be 0.01 min~! based on the average rate of clearance of a macrocyclic
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compound estimated in Chapter 2. The clearance of cleaved agent in its precipitated
form was estimated to have a half-life of 2 days based on previous literature of a similar
agent [29].

Kinetic modeling in vivo used the T;-weighted signal collected 2.5 hours post-
injection. The average signal of an ROI was extracted from data fit to the Waxholm
atlas. This data was fit to a two compartment model roughly approximating the influx
of Ty-weighted agent (in both its cleaved and uncleaved form) as well as its efflux from

the parenchyma (reference Chapter 2 for the derivation of the 2-compartment model).

AK,
kin - kout

(ekoutt _ kint)

ga(t) = e

Only fits with an R? above 0.7 were accepted. For each ROI, the fitted parameters

were averaged across rats.

Immunohistochemistry

The animals were transcardially perfused with PBS followed by 4% paraformalde-
hyde in PBS. The brains were extracted, post-fixed overnight at 4°C and sectioned the
following day. Free-floating sections (50pm thick) were cut using a vibratome (Leica
VT1200 S, Leica Microsystems GmbH). We performed antigen retrieval by incubating
brain sections in sodium citrate buffer (pH 6) for 30min at 80°C. For blocking unspe-
cific antigen-antibody interactions, we used 10% donkey serum. Expression of BChE
was assessed by overnight incubation with primary antibodies (1:100 dilution, 4 °C,
AF-9024, R&D Systems), followed by a 1h incubation with matching secondary an-
tibodies anti-Goat Alexa Fluor 488 (1:400 dilution, A11055, Invitrogen, RT). Finally,
we incubated brain slices with Hoechst for 10 mins (1:2000 dilution, H3570, Invitro-
gen) for nuclei staining. The stained brain sections were mounted on glass slides with
Invitrogen ProLong Gold Antifade (Fisher Scientific Company) and protected with a
coverslip. Fluorescence imaging was performed using a confocal microscope (Axio Im-

ager 2, Zeiss).
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3.6 Supplementary Information
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Texaphyrin component | Choline component | Final Product | Self-hydrolosis into product (%)
MGd-Bis amine L1 ChERT 0
MGd-Bis amine L2 Control 0
MGd-Bis amine L3 1 35
MGd-Bis amine L4 2 39
MGd-Bis amine L5 3 42

Table S1: Summary of compounds investigated for ChERT sensor.
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Figure S6: HPLC chromatograms of compounds.
(a) ChERT, (b) Control, C) Compound 1, (d) Compound 2, (¢) Compound 3.

82



sl

0 200 400 600 800 1000 1200 1400
m/z

Figure S7: ESI-MS spectra of compounds.
(a) ChERT, (b) Control, C) Compound 1, (d) Compound 3.
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Figure S9: Self-hydrolysis pattern for library of sensors and control.
For each case, 100 uM compound was incubated in aCSF and 10 uM BSA for 2 h at
37 °C. Conversion was calculated from HPLC chromatogram area.
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Figure S10: Enzymatic hydrolysis of ChERT can be restricted by using ChE inhibitor.
(a) ChERT (100 M), (b) ChERT with 1 U/ml BChE, and (¢) ChERT with 1 U/ml
BChE with tacrine (50 pM) in aCSF + 10 uM BSA incubated for 2 h at 37 °C
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Figure S11: Time dependent DLS study of ChERT.
100 uM of ChERT was incubated with 1 U/ml BChE in aCSF + 10 uM BSA for 2 h
at 37 °C.
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Figure S12: DLS studies with ChERT.
ChERT or control (100¢M) compound in the absence of BChE (1 U/ml) or control in
the presence of BChE showed no change in particle size over 2h of incubation at
37°C.
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Figure S13: MRI relaxivity of ChERT in the presence of multiple enzymes.
BChE (1.8 nM), alkaline phosphatase from human placenta (20 nM), and porcine
liver esterase (20 nM) were incubated with 100 M ChERT for 2h at 37°C.
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Figure S14: MRI relaxivity change of 100 uM ChERT or control compound.
In the presence of 1 U/ml.
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Figure S15: HPLC chromatogram from ChERT treated rat brain slice.
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Figure S16: Lineweaver-burk plot of ChERT compound.
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3.7 Supplementary Methods

Modified synthesis of M Gd-Bis amine

Tex-OH [104] (400 mg, 0.458 mmol, 1 equiv.) was mixed with PPhs (360 mg, 3
equiv.) and phthalimide (202 mg, 3 equiv.) and kept under vacuum for 3 h. To
this mixture was added 90 ml dry DCM. The resulting red solution was cooled over
ice for about 15 minutes under Ar. Following this, DIAD (280 pL, 3 equiv.) was
added to the solution dropwise. The reaction mixture was allowed to warm slowly to
ambient temperature. Once confirmed of the completion of the reaction by LCMS,
the solvent was removed under reduced pressure to obtain Tex-phthalimide. To the
resulting residue, were added Gd(OAc)3.HyO (dried overnight) (603 mg, 5 equiv.) and
dry methanol (90 mL). The solution was stirred at 60° C for 3.5 h and the reaction
progress was monitored using LCMS. Once completed, the solvent was evaporated
under reduced pressure which resulted in obtaining MGd-phthalimide as a mixture
and was further used without purification for the next step.

To the mixture containing MGd-phthalimide, 25 mL methanol and 20 mL methy-
lamine were added. After 45 min of stirring, Ar was bubbled through the reaction
mixture to remove excess methylamine. Next, the solution was cooled over ice and
to that, acetic acid was added dropwise. Once the excess amine was quenched, the
solution was poured into 300 mL aqueous 0.1 M ammonium acetate/0.1% acetic acid
solution. Using a reverse phase C18 column, MGd-Bis amine was separated from the
mixture using ACN:water (gradient from 10:90 to 30:70, the target elutes with 20:80
mixture). MGd-Bis amine solution was concentrated and lyophilized to obtain as dark

green powder. Characterization matches previous literature [106]. Yield: 198 mg, 42%.

Synthesis of L1 and L2
6-(benzyloxy)-6-oxohexanoic acid (100 mg, 0.424 mmol, 1 equiv.) was mixed with

choline chloride (for L1-Bz) (65 mg, 1.1 equiv.) or (2-Aminoethyl)trimethylammonium
chloride hydrochloride (for L2-Bz) (64 mg, 1.1 equiv.) in 3 ml ACN. To that mixture
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added EDC.HCI (243 mg, 3 equiv.) and DMAP (26 mg, 0.5 equiv.) and the reaction
mixture was stirred for overnight. Once confirmed of the reaction completion using
LCMS, the solvent was evaporated and the target compound was separated using a
reverse phase C18 column (eluent solution - ACN:water, used gradient from 10:90 to
40:60, target products elute with 30:70). Following the concentration of the target
compound, sodium hexafluorophosphate was added in excess to precipitate out L1-Bz
or L2-Bz which was collected by Buchner funnel filtration. Yield: L1-Bz — 135 mg,
71%, L2-Bz — 148 mg, 77%.

L1-Bz - 'H NMR, (500 MHz, DMSO-dg): 7.43 — 7.31 (m, 4H), 5.09 (s, 2H), 4.45
(dq, J = 5.0, 2.4 Hz, 2H), 3.69 — 3.62 (m, 2H), 3.11 (s, 9H), 2.38 (dddd, J = 10.1, 7.6,
4.3, 2.1 Hz, 4H), 1.58 (qt, J = 6.5, 3.6 Hz, 4H).

L1-Bz - 13C NMR (500 MHz, DMSO-dg): 173.08, 172.63, 136.71, 128.93, 128.50,
128.42, 65.85, 64.20, 58.21, 53.39, 33.55, 33.46, 24.27, 24.07.

L2-Bz - 'H NMR (500 MHz, DMSO-dg): 8.11 (t, 1H), 7.41 — 7.30 (m, 5H), 5.08
(s, 2H), 3.46 (m, 2H), 3.33 (m, 2H), 3.08 (s, 9H), 2.36 (dq, J = 6.8, 3.4 Hz, 2H), 2.11
(h, J = 3.0 Hz, 2H), 1.59 — 1.46 (m, J = 3.5 Hz, 4H).

L2-Bz - 3C NMR (500 MHz, DMSO-dg): 173.12, 172.99, 136.73, 128.92, 128.48,
128.39, 65.82, 64.27, 64.25, 64.22, 53.03, 53.00, 52.97, 35.27, 33.63, 33.39, 24.93, 24.48.

Once obtained, L1-Bz (60 mg) or L2-Bz (45 mg) was dispersed in ethyl acetate
and to that solution added Pd/C (20% w/w equiv.). Followed by bubbling Ar for 15
mins, hydrogen was bubbled for overnight. Once reaction completion was confirmed
by LCMS, Pd/C was separated using celite and the solution was evaporated to obtain
L1 (Yield: 42 mg, 85%) or L2 as white powder (Yield: 32 mg, 87%).

L1 - 'H NMR (500 MHz, DMSO-dg): 4.45 (tt, J = 4.9, 2.4 Hz, 2H), 3.68 — 3.61
(m, 2H), 3.12 (s, 9H), 2.36 (t, J = 7.0 Hz, 2H), 2.22 (t, J = 6.9 Hz, 2H), 1.61 — 1.48
(m, 4H).

I3C NMR (500 MHz, DMSO-dg): 174.80, 172.68, 64.21, 58.19, 53.39, 33.85, 33.55,
24.37, 24.20.

L2 - 'H NMR (500 MHz, DMSO-dg) 8.13 (t, J = 5.8 Hz, 1H), 3.46 (q, J = 6.4
Hz, 2H), 3.34 (d, J = 6.7 Hz, 2H), 3.08 (s, 9H), 2.20 (t, J = 6.8 Hz, 2H), 2.11 (¢, J =
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7.0 Hz, 2H), 1.56 - 1.43 (m, 4H).

13C NMR (500 MHz, DMSO-dg): 174.83, 173.04, 64.38, 53.15, 35.41, 33.88, 33.39,
25.07, 24.57.

ESI-MS: L1 — For C;;Hy»2NO, " Exact mass: 232.15. Observed: 232.1, L2 - C;;Ho3NoO3 ™ Exact
mass: 231.17, Observed: 231.1.

Synthesis of ChERT and control

MGd-Bis amine (30 mg, 0.026 mmol, 1 equiv.) and L1 (21 mg, 2.2 equiv.) or L2
(21 mg, 2.2 equiv.) were mixed with HATU (30 mg, 3 equiv.) and DIPEA (13 ul, 3
equiv.) in DMF and the reaction mixture was stirred overnight. Once the reaction
is completed as confirmed by LCMS, solvent was evaporated. The reaction mixture
was subjected to a reverse phase C18 column and the target green band was separated
using ACN:water mixture (gradient from 10:90 to 30:70, target product elutes with
25:75 mixture) to obtain ChERT or Control as green powder. Yield: ChERT-19 mg,
42%; Control - 17 mg, 38%

HPLC: ChERT - R; = 3.4 mins. Control — 3.35 mins.

ESI-MS: ChERT - For C7oH;9sGANgO14%" Exact mass = 1454.71, Observed: (M+2HCOO)/2
= 774.3, (M+HCOO)/3 = 500.5, M/4 = 364.0. Control - C7H;9sGdN1;0152" Exact
mass = 1452.74, Observed: (M+HCOO)/3 = 499.4, M/4 = 363.4.

Synthesis of L3

Choline chloride (250 mg, 1.79 mmol, 1 equiv.) was added into 3 ml dry ACN and
the mixture was cooled over an ice bath until the temperature reaches to 0-5 °C. To the
cooled solution, added 2-bromoacetyl bromide (240 uli, 1.5 equiv.) and the mixture
was stirred for 1-1.5 h. Upon formation of the product, the solvent was evaporated
and DCM was added to precipitate out 2-(2-bromoacetoxy)-N, N, N-trimethylethan-1-
aminium as white solid. Characterization of this solid matches previous literature.
Yield: 380 mg, 70%.

2-(2-bromoacetoxy)- N, N, N-trimethylethan-1-aminium (50 mg, 0.165 mmol, 1 equiv)

was mixed with benzyl 4-hydroxybenzoate (49 mg, 1.3 equiv.) and potassium carbon-
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ate (35 mg, 1.5 equiv.) in 2 ml DMF. The reaction mixture was stirred overnight
and following the completion of the reaction, solvent was evaporated and added 3 ml
dry ACN. The slurry was then filtered through celite and the target compound was
separated from the supernatant using a reverse phase C18 column (eluent solution
- ACN:water, used gradient from 10:90 to 40:60, target product elutes with 30:70).
Following the concentration of the target compound, sodium hexafluorophosphate was
added in excess to precipitate out (x mg, 10 equiv.) to precipitate out L3-Bz as a white
solid. Yield: 75 mg, 88%

'H NMR (500 MHz, DMSO-dg): 'H NMR (500 MHz, DMSO) 8.00 — 7.94 (m, 2H),
7.50 — 7.32 (m, 5H), 7.12 — 7.07 (m, 2H), 5.33 (s, 2H), 4.96 (s, 2H), 4.61 — 4.54 (m,
2H), 3.72 — 3.65 (m, 2H), 3.10 (s, 9H).

13C NMR (500 MHz, DMSO-dg): 168.28, 165.57, 161.87, 136.76, 131.79, 129.00,
128.56, 128.38, 123.10, 115.20, 66.38, 65.13, 64.00, 59.29, 53.44.

Once obtained, L3-Bz (200 mg, 1 equiv.) was dispersed in ethyl acetate and to that
solution added Pd/C (20% w/w equiv.). Followed by bubbling Ar for 15 mins, hydrogen
was bubbled for overnight. Once reaction completion was confirmed by LCMS, Pd/C
was separated using celite and the solution was evaporated to obtain L3 as white
powder. Yield: 148 mg, 82%.

'H NMR (500 MHz, DMSO-dg):  12.72 (s, 1H), 7.93 — 7.88 (m, 2H), 7.08 — 7.03
(m, 2H), 4.95 (s, 2H), 4.60 — 4.55 (m, 2H), 3.73 — 3.66 (m, 2H), 3.10 (s, 9H).

13C NMR (500 MHz, DMSO-dg): 168.38, 167.32, 161.46, 131.78, 124.30, 114.92,
65.09, 64.01, 59.14, 53.42.

ESI-MS: For C;4HooNO5" Exact mass: 282.13. Observed: 282.1.

Synthesis of 1

MGd-Bis amine (30 mg, 0.026 mmol, 1 equiv.) and L3 (24 mg, 2.2 equiv.) were
mixed with HATU (30 mg, 3 equiv.) and DIPEA (13 ul, 3 equiv.) in DMF and the
reaction mixture was stirred overnight. Once the reaction is completed as confirmed
by LCMS, solvent was evaporated. The reaction mixture was subjected to a reverse

phase C18 column and the target green band was separated using ACN:water mixture
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(gradient from 10:90 to 40:60, target product elutes with 25:75 to 30:70 mixture) to
obtain 1 as green powder. Yield:

HPLC: R¢ = 3.65 mins.

ESI-MS: For C76H10sGdNgO4%" Exact mass: 1556.68. Observed: (M+HCOO)/3
= 533.8, M/4 = 389.1.

Synthesis of L4

4-(4-hydroxyphenyl)butanoic acid (170 mg, 0.944 mmol, 1 equiv.) was mixed with
potassium carbonate (160 mg, 1.2 equiv.) in 3 ml DMF and to the mixture added
benzyl bromide (150 ul, 1.2 equiv.). The mixture was stirred overnight to obtain
benzyl 4-(4-hydroxyphenyl)butanoate as a colorless liquid which was separated from
potassium carbonate through celite filtration. Characterization of the product matches
previous literature. (yield: 218 mg, 86%).

2-(2-bromoacetoxy)- N, N, N-trimethylethan-1-aminium (102 mg, 1.2 equiv) was mixed
with benzyl 4-(4-hydroxyphenyl)butanoate (75 mg, 0.277 mmol, 1 equiv.) and potas-
sium carbonate (46 mg, 1.2 equiv.) in 2 ml DMF. The reaction mixture was stirred
overnight and following the completion of the reaction, solvent was evaporated and
added 3 ml dry ACN. The slurry was then filtered through celite and the target com-
pound was separated from the supernatant using a reverse phase C18 column (eluent
solution - ACN:water, used gradient from 10:90 to 40:60, target product elutes with
35:65. To that solution, added excess sodium hexafluorophosphate (1 g, 6 equiv.). The
anion-exchanged L4-Bz solution was separated from excess salt and collected using
another C18 column as a colorless liquid. Yield: 93 mg, 60%

'H NMR (500 MHz, DMSO-dg): 7.41 — 7.32 (m, 5H), 7.14 — 7.07 (m, 2H), 6.89 —
6.83 (m, 2H), 5.09 (s, 2H), 4.80 (s, 2H), 4.60 — 4.52 (m, 2H), 3.09 (s, 9H), 2.54 (s, 2H),
2.35 (t, J = 7.4 Hz, 2H), 1.81 (p, J = 7.5 Hz, 2H).

13C NMR (500 MHz, DMSO-dg):  173.05, 168.87, 156.22, 136.73, 134.67, 129.78,
128.92, 128.50, 114.90, 65.86, 65.10, 64.04, 58.96, 53.41, 33.82, 33.32, 26.97.

Once obtained, L.4-Bz (43 mg, 1 equiv.) was dispersed in ethyl acetate and to that
solution added Pd/C (20% w/w equiv.). Followed by bubbling Ar for 15 mins, hydrogen
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was bubbled for overnight. Once reaction completion was confirmed by LCMS, Pd/C
was separated using celite and the solution was evaporated to obtain L4 as white
powder. Yield: 33 mg, 92%.

'H NMR (500 MHz, DMSO-dg): 7.16 — 7.08 (m, 2H), 6.94 — 6.81 (m, 2H), 4.80 (s,
2H), 4.60 — 4.53 (m, 2H), 3.72 — 3.64 (m, 2H), 3.10 (s, 9H), 2.54 (d, J = 7.6 Hz, 2H),
2.20 (t, J = 7.4 Hz, 2H), 1.76 (p, J = 7.5 Hz, 2H).

13C NMR (500 MHz, DMSO-dg): 174.79, 168.87, 156.18, 134.88, 129.77, 114.88,
65.08, 64.05, 58.94, 53.38, 33.93, 33.47, 26.97.

ESI-MS: For C;7HosNO5 ™ Exact mass: 324.18. Observed: 324.1.

Synthesis of 2

MGd-Bis amine (25 mg, 0.022 mmol, 1 equiv.) and L4 (22 mg, 2.2 equiv.) were
mixed with HATU (25 mg, 3 equiv.) and DIPEA (11 ul, 3 equiv.) in DMF and the
reaction mixture was stirred overnight. Once the reaction is completed as confirmed
by LCMS, solvent was evaporated. The reaction mixture was subjected to a reverse
phase C18 column and the target green band was separated using ACN:water mixture
(gradient from 10:90 to 40:60, target product elutes with 35:65 mixture) to obtain 2
as green powder. Yield: 17 mg, 40%.

HPLC: R¢ = 3.85 mins

Synthesis of L5

3-(benzyloxy)-3-oxopropanoic acid (100 mg, 93 ul, 0.515 mmol, 1 equiv.) was
mixed with overnight dried choline chloride (57 mg, 0.8 equiv.) in 3 ml ACN. To that
mixture added EDC.HCI (198 mg, 2 equiv.) and DMAP (31 mg, 0.5 equiv.) and the
reaction mixture was stirred for overnight. Once confirmed of the reaction completion
using LCMS, the solvent was evaporated and the target compound was separated
using a reverse phase C18 column (eluent solution - ACN:water, used gradient from
10:90 to 30:70, target product elutes with 15:85). Following the concentration of the
target compound, sodium hexafluorophosphate was added to perform anion exchange.

The final product was collected using C18 followed by evaporation of the solvent and
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lyophilization to obtain L5-Bz. Yield: 89 mg, 39%.

'H NMR (500 MHz, DMSO-dg): 7.51 — 7.29 (m, 5H), 5.17 (s, 2H), 4.52 (dp, J =
4.8, 2.4 Hz, 2H), 3.71 — 3.61 (m, 4H), 3.09 (s, 9H).

BC NMR (500 MHz, DMSO-dg):  166.69, 166.46, 136.04, 128.97, 128.73, 128.57,
66.92, 63.92, 59.24, 53.43, 53.40, 53.37, 41.42.

Once obtained, L5-Bz (40 mg, 1 equiv.) was dispersed in ethyl acetate and to that
solution added Pd/C (20% w/w equiv.). Followed by bubbling Ar for 15 mins, hydrogen
was bubbled for overnight. Once reaction completion was confirmed by LCMS, Pd/C
was separated using celite and the solution was evaporated to obtain L5 as colorless
liquid. Yield: 28 mg, 92%.

'H NMR (500 MHz, DMSO-dg): 4.51 (d, J = 5.8 Hz, 2H), 3.72 — 3.64 (m, 2H),
3.45 (s, 2H), 3.12 (s, 9H).

13C NMR (500 MHz, DMSO-dg): 168.31, 166.97, 63.95, 58.96, 53.47, 42.08.

ESI-MS: For CgHsNO," Exact mass: 190.11. Observed: 190.1.

Synthesis of 3

MGd-Bis amine (20 mg, 0.017 mmol, 1 equiv.) and L5 (13 mg, 2.2 equiv.) were
mixed with HATU (20 mg, 3 equiv.) and DIPEA (9 ul, 3 equiv.) in DMF and the
reaction mixture was stirred overnight. Once the reaction is completed as confirmed
by LCMS, solvent was evaporated. The reaction mixture was subjected to a reverse
phase C18 column and the target green band was separated using ACN:water mixture
(gradient from 10:90 to 40:60, target product elutes with 20:80 mixture) to obtain 3
as green powder. Yield: 10 mg, 35%.

HPLC: Rf = 3.25 mins

ESI-MS: For CgyHgs GdNgO14%" Exact mass: 1372.63. Observed mass: (M+HCOO)/3
= 472.3, M /4 = 343.1.
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Chapter 4

Investigating interoception in opioid
dependence
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4.1 Abstract

Brain-body interactions modulate the response to drugs of abuse. Drug consumption
and withdrawal elicit dramatic peripheral responses with representations in brain cir-
cuitry. To characterize the role of interoceptive processes in brain dynamics associated
with substance use disorders, we applied population-level neuroimaging techniques, tar-
geted neural manipulations, and circuit-level activity measurements in rats undergoing
treatment with the synthetic opioid fentanyl. Using functional magnetic resonance
imaging (fMRI), we characterized activity correlations among brain regions during
acute and chronic fentanyl exposure, as well as during naloxone-precipitated with-
drawal. We identified increased functional connectivity in a broad network including
insular cortex, striatum, and nucleus accumbens that followed acute fentanyl adminis-
tration, subsided during chronic exposure, but was then restored with greater ampli-
tude during withdrawal. To investigate the causal role of interoceptive brain regions
in these phenotypes, we examined how fMRI results are affected by pharmacological
inactivation of the anterior insula using a paramagnetic version of the GABA 5 agonist
muscimol. Preliminary data suggest that this treatment blocks the increased functional
connectivity elicited by fentanyl dosing. To test whether interregional neural activity
correlations affected by insular inactivation reflect patterns of direct information flow
at the insula, we performed targeted injections of an inhibitory DREADD bilaterally in
the anterior insular cortices. Together, our work suggests a prominent role for the in-
sular cortex and its associated interoceptive functions in mediating brain-wide changes

arising from fentanyl use and withdrawal.

101



4.2 Introduction

Interoception is the perception of bodily state [107]. It encompassess experiences such
as one’s ability to perceive heartbeats, experience thirst and hunger, and feel pain. It
is thought that the integration of both interoceptive and exteroceptive cues leads to
behavioral outcomes [108]. One theory is that interoceptive processes influence be-
havior that pushes an organism towards a homeostatic state. Aberrant interoceptive
processing can thus lead to an altered behavior state. One way in which this relation-
ship may develop is through the connection between interoceptive cues and activity in
brain regions canonically related to reward processing. For instance, gastric stimula-
tion via the vagal nerve in obese patients induces activity in the orbitofrontal cortex
and striatum [109]. This extends to other aberrant forms of reward processing such
as in drug addiction [110].

In human patients, interoceptive perturbations in subjects with substance use dis-
orders (SUDs) are reflected in abnormal patterns of hemodynamic response in the
anterior insula. The insular cortex is though to be a key mediator of interoceptive
processing . This applies to multiple substances of abuse including nicotine, cocaine,
alcohol, and opioids [83, 111]. These human findings are reflected in rodent studies. In
a model of alcohol use disorder, researchers have identified chemogenetic manipulation
in the anterior insula as a modulator of alcohol consumption [112-114]. In opioid use
disorder, activation has been shown to reverse deficits induced by heroin self adminis-
tration in rats [115]. After extinction, self-administering rats experiencing inactivation
of the insular cortex have increased cue reinstatement [116].

Understanding the role of interoception in addiction requires us to consider the
nature of addiction itself. In a medical context, addiction is referred to as substance
used disorder (SUD). According to the DSM-5, one must exhibit two or more criteria
including but not limited to: an increased tolerance for the substance, repeated at-
tempts to quit or control use, and physical and psychological problems related to use
[117]. The behavior of substance abuse occurs in three stages. In the first phase there

is intoxication by the substance in which regions such as the ventral tegmental area
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(VTA) and ventral striatum are heavily implicated to be involved. This is followed
by a withdrawal phase with associations to structures such as the amygdala. Finally,
there is a period of craving that especially engages cortical regions [118]. The inter-
play of these regions and the ways in which plasticity emerges from dysfunction in the
mesolimbic dopamine system is still being fully elucidated.

While substance use disorder produces a combination of psychological and somatic
symptoms, the disorder is often conceptualized in the framework of cognitive reward
processing and motivation. However, peripheral symptoms and interoceptive process-
ing of alterations in the viscera are implicit to these cycles of abuse [111]. Opioid
use disorder (OUD), in particular, is of interest as it emerges from the engagement of
receptors in both the central and peripheral system. Besides cognitive effects, the drug
is paired with peripheral analgesia. Following chronic use, withdrawal induces strong
somatic symptoms [58, 119]. In analyzing historical scientific literature, we see an at-
tention to the physical symptoms of opioid addiction [120]. In 1942, a surgeon working
for the United States Public Health Service published a clinical study of prisoners tran-
sitioning from a state of active opiate addiction, to withdrawal, and finally, recovery
[121].  The nature of the prison environment controlled several variables related to
caloric access and access to the substance of abuse. Measurements such as weight,
caloric intake, rectal temperature, venous blood composition, and blood pressure were
all taken into account over the course of 9 months. A few major findings emerged
from the data including: (1) While in active opiate addiction, physical function “while
biologically adequate, is incomplete.” The subjects experienced decreased body weight
and elevated body temperature among other symptoms. (2) Metabolism even 9 months
into recovery is altered as the “the basal metabolic rate of the recovered addict is sub-
normal.” These findings are still relevant in modern medical practice as treatment for
opioid use disorder often involves mediating withdrawal symptoms through a taper-
ing of -opioid agonists such as methadone and buprenorphine [119]. We understand
the symptoms to include excessive sweating, tremors, teeth chatter, gastrointestinal
distress, fever, and even anorexia. However, 80 years later, we have failed to bridge

the heavy focus on affective state with this somatic dysfunction present in OUD. How
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peripheral physiological response modulates the CNS in opioid dependence and vice
versa likely contributes to this viscous cycle of abuse.

In order to understand this relationship of brain and body physiology in opioid
dependence, we sought to investigate the cortical hub of interoceptive processing, the
insular cortex. We chose to study fentanyl as it is a highly potent opioid. It also
has major public health implications as the percentage of drug overdoses in the United
States attributed to fentanyl increased from 7% to nearly 65% of all cases between 2010
to 2021 [122]. We hypothesized that brain activity changes during withdrawal depend
on insular function and that manipulations to the insula would tend to normalize
both drug-dependent behavioral and brain phenotypes during fentanyl exposure and
withdrawal.

To test this hypothesis, we performed functional MRI (fMRI) of rats during ad-
ministration of the synthetic opioid fentanyl. In particular, we examined functional
connectivity. Functional connectivity is a measure of how anatomically defined brain
regions share temporally dependent patterns of neuronal activation [123]. It is a par-
ticularly valuable approach as it allows us to understand how networks of brain regions
are functionally coupled to specific brain states [124]. We then employed molecular
tools to inhibit insular activity during intoxication and withdrawal. This revealed
the insula’s role in mediating striatal connectivity. We paired our findings of altered
functional connectivity with behavioral tests to assess the somatic symptoms present

in these conditions.
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4.3 Results

4.3.1 Acute exposure to fentanyl in the ventral anterior insular
cortex and striatum.

In order to assess the impact of acute exposure to fentanyl on functional brain connec-
tivity, we performed functional MRI on Sprague-Dawley male rats lacking any previous
exposure to opioids. Throughout scanning, rats were kept under an anesthetic regimen
of intraperitoneal (IP) dexmedetomidine and a low level of isoflurane in oxygen-enriched
air. Previous studies have indicated that this regimen maintains activity of the rodent
default mode network (DMN) as well as response to sensory cues [125-127]. We veri-
fied sensory responsiveness in our rats by assessing visual response to a flashing light
stimulus under this light anesthesia (Supplementary Figure 1). We performed a one
hour echo-planar-imaging (EPI) scan in which a rat experienced a 20 minutes base-
line period followed by IP injection of 10 ug/kg fentanyl and a subsequent 40 minute
post-injection time period (Figure la).

For each individual rat, we assessed the functional connectivity among regions of
interest. These regions were selected due to their prevalence in reward circuitry as
well as paradigms of opioid use [128-132]. To quantify these relationships, Pearson
correlation coefficients were computed between a regions of interest and all other voxels
in the brain. Fischer z-transformation was to transform the correlation coefficient in
a normally-distributed space. A difference matrix of the resultant z-scores post vs.
pre fentanyl injection was computed for n=6 rats (Figure 1b). Increased connectivity
was observed among regions previously implicated as undergoing increased fMRI signal
change in rats exposed to the less potent opioid, heroin. This includes the striatum,
frontal cortex, and cingulate cortex [133]. More correlation was observed between
the orbitofrontal cortex and nucleus accumbens (p=0.0101), the prelimbic cortex and
orbitofrontal cortex (p=0.0310, Figure 1b). Additionally, increased connectivity was
observed between the anterior insula and striatal subregions. This included the caudate

putamen (p= 0.0309) as well as the nucleus accumbens (p=0.0130, Figure 1c, d).
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4.3.2 Neural correlates and somatic symptoms of pharmacologically-
induced withdrawal

We next exposed rats to chronic fentanyl exposure followed by pharmacologically pre-
cipitated withdrawal. Previous literature has shown that after chronic exposure to
opioids, the administration of naloxone will induce physical signs of withdrawal [134,
135]. Our paradigm involved daily injections of fentanyl ranging from 10 to 50 ug/kg
over the course of five days. On day 6, a dose of 50 ug/kg fentanyl was given 90
minutes before a one hour EPI in which 10 mg/kg of naloxone was given 20 minutes
into the scan.  Just as with our acute fentanyl imaging, we waited 45 minutes after
anesthetic induction before performing functional scanning (Figure 2a).

The correlation matrix reveals significance between the anterior insula and sev-
eral regions previously implicated in rewarding and aversive pathways including the
VTA (p=0.0064), substantia nigra (p=0.0065), and lateral habenula (p=0.0297, Fig-
ure 2b, ¢) [136]. Independent of the insular cortex, it is worth noting that connectivity
between the caudate putamen and nucleus accumbens consistently decreased across
rats (p=0.0075 Figure 2b, c).

In a separate cohort of rats, we tested the behavioral response to naloxone-induced
withdrawal. Just as for the imaging experiments, rats were given increasing doses
of fentanyl over 5 days before assessing withdrawal on day 6. As in the imaging
session, we waited 90 minutes after the fentanyl dose to administer 10 mg/kg of nalox-
one. Compared to a control chronically dosed with saline, we saw increased levels of
teeth chattering, writhing, ptosis, salivation, and fecal boli. This matched reported
symptoms of rat models of opioid withdrawal in the literature [137]. While some
symptoms presented variably across rats, all rats showed an increase in bouts of teeth
chattering and quantities of fecal boli as compared to the control (Figure 2d, p=0.058,
5.7x10™).
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4.3.3 Disruption of insula alters the neural circuitry of reward

We hypothesized that given in the insula’s role in mediateing physiological processing,
it may play a role in mediating engagemetn with the reward system. To explore the
impact of the insular cortex in modulating reward pathways upon acute opioid expo-
sure, we used Paramus, a version of the GABA agonist muscimol that is conjugated
to the paramagnetic contrast agent (Figure 3a) [65]. This allows us to use T;-weighted
MRI imaging to directly visualize the spread of the agent post-injection (Figure 3b).
After a unilateral injection of the agent, we mapped the correlation to both ipsilateral
and contralateral regions of interest (Figure 3c). Correlation between orbitofrontal
cortex and nucleus accumbens, as well as the orbital frontal cortex and prelimbic cor-
tex were no longer significant (p>0.05). Furthermore, the anterior insula and striatal
subregions on the side contralateral to injection show a lack of significant correlation
(vIns-NAc p=0.9620, vIns-CPu p=0.243, Figure 3d). This suggests that the anterior

insular cortex is mediating connections in the reward pathway.

4.3.4 Inhibiting the insular cortex produces a divergent profile
of withdrawal

Given the impact of inhibiting the anterior insula during opioid intoxication, we hy-
pothesized that inhibition of the anterior insular cortex would similarly disrupt striatal
functional connectivity in withdrawal. We aimed to test this in a cell-type specific
manner. To achieve this we bilaterally injected inhibitory Designer Receptors Exclu-
sively Activated by Designer Drugs (hM4Di-DREADDS) in the anterior insula. The
constructs were packaged in an AAV9 and expressed under the control of the neuronal-
specific Syn promoter |66, 138]. Three weeks post-injection, we repeated our previous
paradigm of chronic fentanyl administration. On the day of scanning we injected CNO
(10 mg/kg I.P.) and induced naloxone-precipitated withdrawal in the scanner (Figure
4a).

What we found was that indeed, striatal connectivity was disrupted. In the un-

altered withdrawal condition, the subregions of the striatum showed significantly de-
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creased connectivity, but when we inhibited neuronal activity in the insular cortex, this
significant decrease is abolished (Figure 4b, ¢). In fact, the caudate instead showed
significant increases in connectivity with the amygdala (p=0.0280) and substantia ni-
gra (p=0.0057) while the nucleus accumbens showed increased connectivity with the
orbital frontal nucleus (p=0.0355).

In a separate cohort of DREADD implanted rats, we administered CNO (10 mg/kg
[.P.), waited 30 minutes and tested the behavioral response to naloxone-induced with-
drawal. As with the uninjected rats, the amount of teeth chattering increases post-
naloxone injection. However, the phenotype of excessive fecal boli during withdrawal

is vastly reduced close under anterior insular inhibition (Figure 4d).

4.4 Conclusion

These results implicate the anterior insula as a mediator of reward-related response
in opioid-dependence, particularly among striatal sub-regions. Previous literature has
shown there is structural connection between these regions as a subset of anatomical
projections from the striatum localize to the anterior insula [139]. In addition, previ-
ous neuroimaging studies of reward have shown significant correlation of the ventral
stratium and dorsal striatum to the insular cortex [140, 141]. The altered connectivity
in opioid abuse is supported by evidence in both humans and rats that chronic opioid
exposure and withdrawal leads to neuroadaptation of dopamine release in the dorsal
and ventral striatum [142, 143]. Future directions of this work include examining other
regions known to mediate brain-body interactions. Of particular interest are regions in
the brain stem known to receive viscerosensory information and maintain homeostatic
function. This includes the area postrema and nucleus of the solitary tract (NTS)
[144]. These regions are dense in p-opioid receptor [145]. However, their role in opi-
oid dependence and withdrawal are less understood. Another condition to consider
is investigation of these functional relationships within a self-administration paradigm
[146]. In this model, we can capture drug seeking and voluntary abstinence. This would

allows us to go beyond opioid dependence and understand brain-body physiology in
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drug-seeking and voluntary abstinence behavior.
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Figure 4.1: Acute exposure to fentanyl in a naive rat induces increased func-
tional connectivity between the ventral anterior cortex and striatum.

(a) Diagram of imaging paradigm. Rats were anesthetized. After 45 minutes
(allowing the rat to fully stabilize to the regimen), EPI scanning was performed over
a 1 hour period. A 10 pg/mg dose of fentanyl was given I.P. 20 minutes into the scan.

(b) A difference matrix of the average Z score among ROIs 20-40 minutes after
fentanyl dosing versus the 20 minute period before administration (n=6, p-values
based on a two-tailed t-test). ROIs include the amygdala (Amy), ventral anterior

insula (vIns), posterior insula (pIns), dorsal anterior insula (dIns), nucleus accumbens

(NAc), ventral tegmental area (VTA), orbitofrontal cortex (OFC), hippocampus

(Hippo), hypothalamus (Hypo), periaqueductal gray (PAG), substantia nigra (SN),
lateral habenula (LH), and prelimbic cortex (PrL). (c¢) Seed-based functional
connectivity of the bilateral anterior insular cortices before and after administration
of fentanyl at +3.5, +2.5, and +1.5 mm anterior to bregma. (d) Dot plots showing
the increased connectivity between the ventral insula and striatal regions (t-test,
vIns-CPu p= 0.0309, vIins-NAc p=0.0130).
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Figure 4.2: Neural correlates and somatic symptoms of pharmacologically-
induced withdrawal.

(a) Diagram of imaging paradigm. Rats were dosed with fentanyl 90 minutes before
the EPI. A 10 mg/mg dose of naloxone was given I.P. 20 minutes into the scan. (b) A
difference matrix of the average Z score among ROIs 20-40 minutes after naloxone
dosing versus the 20 minute period before administration (n=6, p-values based on a
two-tailed one sample t-test). (c) Dot plots showing the increased connectivity
between regions of interest: ventral insula and lateral habenula (p=0.0297), ventral
insula and substantia nigra (p=0.0065) ventral insula and VTA (p=0.0064), and
caudate putamen and nucleus accumbens (p=0.0075). (d) Quantification of somatic
symptoms of naloxone-precipitated withdrawal in chronically dosed rats. Bouts of
teeth chattering in rats chronically dosed with fentanyl versus saline show increased
chattering in the fentanyl rats albeit statistically not significant (p=0.058). The
number of fecal boli in fentanyl-dosed rats is consistently higher than in the saline
condition (p=>5.7x10").
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Figure 4.3: Disruption of insula alters the neural circuitry of reward.

(a) Paramus is the conjugatiotion of a Gd-DOTA molecule and muscimol (adapted
from [65]. (b) Representative image of the increased Ti-weighted signal following
local injection of paramus in the left anterior insular cortex. (C) A difference matrix
of the average 7Z score among ROIs 20-40 minutes after fentanyl dosing versus the 20
minute period before administration. Gray shading indicates regions are ipsilateral to
the injection site while the non-shaded regions indicate they are contralateral (n=5,
p-values based on a two-tailed t-test).
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Figure 4.4: Inhibiting the insular cortex produces a divergent profile of with-
drawal.

a) Diagram of imaging paradigm. Rats were dosed with fentanyl 90 minutes before
the EPI. CNO was given 30 minutes before the EPI scan to allow for adequate
induction of the inhibitory hM4Di DREADDS. A 10 mg/mg dose of naloxone was
given I.P. 20 minutes into the scan. (b) A difference matrix of the average Z score
among ROIs 20-40 minutes after naloxone dosing versus the 20 minute period before
administration (n=6, p-values based on a two-tailed one sample t-test). (c¢) Dot plots
showing lack of significant change between CPu and NAc connectivity (p>0.05). (d)
Quantification of somatic symptoms of naloxone-precipitated withdrawal in
chronically dosed rats. Bouts of teeth chattering in rats chronically dosed with
fentanyl versus saline show increased chattering in the fentanyl rats albeit. The
number of fecal boli in fentanyl-dosed rats is approximately the same as in the saline

condition.
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4.5 Materials and Methods

Animals

All animal procedures were performed in strict compliance with US Federal guide-
lines, with oversight by the MIT Committee on Animal Care. Male Sprague-Dawley
rats (150-300g) were purchased from Charles River Laboratories (Wilmington, MA)
and used for the in vivo data presented in this paper. All animals were housed and

maintained on a 12h light/dark cycle with ad libitum access to food and water.

Chemicals

Fentanyl solution (1 mg/mL) was obtained from Millipore Sigma and diluted in
sterile saline solution at 0.05 mg/mL for all experiments. Naloxone hydrochloride was
purchased form Thermo Fisher Scientific and reconstituted in saline at 10 mg/mL.
Clozapine N-oxide hydrochloride (CNO) was sourced from Cayman Chemical and ad-

ministered in saline at a 5 mg/mL concentration.

Stereotaxic injection of viral vectors

Animals were prepared for cranial surgery to expose the desired viral injection site
at the anterior insular cortex. A total of 10 rats received injections. Each animal
was anesthetized with isoflurane (4% for induction, 1.5-2% for maintenance). A small
hole was drilled into the skull above the target sites, 3.0 mm anterior and +/-4.2 mm
lateral to bregma. A Hamilton Neuros syringe (5 nl, Model 75 RN, 33 gauge) was
preloaded with virus (pAAV-hSyn-hM4D(Gi)-mCherry, Addgene Plasmid 50475) were
then lowered into the brain and infused at a rate of 0.1 pL/min at two sites (0.75 uL
per site), 6.1 mm and 5.8 mm below the skull surface. The syringe was slowly removed
5 minutes after the viral injection. Skin incisions were closed by sterile sutures. Slow-
release buprenorphine (0.1 mg/kg, MIT Pharmacy) was administered subcutaneously

to minimize pain and discomfort.
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Paramus infusions

Five rats were used for paramus experiments. Each animal was anesthetized with
isoflurane (4% for induction, 1.5-2% for maintenance). Cranial surgery was performed
to expose the skull. A small hole was drilled into the skull above the target sites,
3.0 mm anterior and either +4.2 mm (n=3) or -4.2mm (n=2) lateral to bregma. A
Hamilton Neuros syringe (5 pL, Model 75 RN, 33 gauge) was preloaded with paramus
contrast agent (synthesized using previously outlined protocol [65]) and then lowered
into the brain and infused at a rate of 0.1 uL/min at two sites (0.75 uL per site), 6.1 mm
and 5.8 mm below the skull surface. The syringe was slowly removed 5 minutes after
the infusion. Skin incisions were closes with Vetbond tissue adhesive (MIT Pharmacy),

and rats were transferred to the MRI for scanning.

Chronic fentanyl dosing
A cohort of six rats were given chronic fentanyl. Once every 24 hours for five days,
rats were given increasing doses of fentanyl: 0.01, 0.02, 0.03, 0.04, and 0.05 mg/kg.

Imaging and/or behavioral testing was performed on day 6.

Magnetic resonance imaging

All animals were imaged using a 7T Biospec MRI scanner (Bruker, Ettlingen, Ger-
many) scanner operating with custom-made surface coils. High resolution anatomical
images were obtained with a TurboRARE (rapid acquisition with relaxation enhance-
ment) sequence with a TE of 33ms, TR of 2.5 s, a RARE factor of 8, and 12 averages.
The geometry of the scan incorporated 256x256 matrices over a 2.25 x 2.25 cm FOV for
a 15-slice volume with 1 mm slice thickness. This was followed by 1800 repetitions of
a Ty *-weighted echo planar imaging (EPI) sequence. Parameters were a TE of 16 ms,
FA = 80.9, TR = 2s, FOV = 2.25x 2.25 cm, 64x64 matrices for an in-plane resolution
of approximately 350 x 350 um, and 15 slices with slice thickness = 1 mm.

For each scan session, rats were induced with 3% isoflurane in a 2:1 oxygen to air
mix and administered a bolus of 0.1 mg/kg dexmedetomidine (MIT Pharmacy). This

was followed by a maintenance dose at 0.1 mg/kg/hr. Isoflurane was decreased from
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1.5% to 0.75% over 15 minutes and maintained at this level for the rest of the scan.
Animals were warmed using a water-heating pad. Heart rate and blood oxygenation
saturation level were continuously monitored using an MRI-compatible infrared pulse
oximeter (Nonin Medical, Plymouth, MN). The EPI scan sequence began 45 minutes
after the initial dexmedetomidine bolus.

For acute fentanyl experiments, a dose of 0.01 mg/kg of fentanyl was given over 10
seconds at 20 mintues into the EPI. For the naloxone-precipitated withdrawal scans,
0.05 mg/kg of fentanyl was given 90 minutes before the EPI and 10 mg/kg of naloxone
was given at 20 minutes into the EPI. For DREADD experiments, 5 mg/kg of CNO

was given 60 minutes before the EPI.

MRI data analysis

Images were reconstruction in ParaVision 7 software and then imported into into
the National Institute of Health AFNI software package. Alignment was performed
by registering high-resolution anatomical images of each rat to a Waxholm coordinate
space rat brain atlas. Pre-processing steps included: motion correction using rigid-
body volume correction and Fourier interpolation, spatial smoothing with a Gaussian
spatial kernel of 1 mm FWHM, scaling voxel data to the mean of its time series, and
least square detrending of the data with removal of first order Legendre polynomials.

All further analysis was performed in MATLAB (Wolfram) using custom scripts.
The signal-to-noise ratio of data was computed and voxels with a tSNR <10 were
omitted from the rest of the analysis. Motion parameters previously obtained during
the rigid-body motion correction and the mean global signal were linearly regressed
from the data. ROIs obtained from the Waxholm atlas were used to computed seed-
based maps. The average time course of an ROI was correlated to all other voxels
in the brain. Z-scores was obtained by taking the inverse hyperbolic tangent of the
Pearson correlation coefficient.

Maps illustrating Z-score values displayed voxels in which the p-value of the Pearson
correlation coefficent was above 0.05. Correlation matrices were computed by taking

the average correlation between two ROIs. Difference matrices were computed from
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the Z-scores obtained for the first 20 minutes and last 20 minutes of a 1-hour EPI scan

session. A two-tailed, paired sample t-test was used to quantify p-values.

Behavioral experiments

To record withdrawal behavior in wild-type rats, we applied the chronic fentanyl
dosing protocol (n=6) or a saline control (n=5). On day 6, 10 mg/kg of naloxone was
given 90 minutes a dose of 0.05 mg/kg fentanyl or saline. Rats were placed in a Plexiglas
box housed inside a MedAssociates behavioral chamber. Three IR cameras were placed
around the box and rat behavior was recorded at 20 frames/second. Recording lasted
for 40 minutes post-naloxone injection. For rats with DREADDs, CNO was given 30
minutes before the naloxone injection (n=2 had chronic fentanyl, n=2 had been given
the saline control).

The resultant behavior was quantified manually for the entire 40 minute recording.

This included the bouts of teeth chatters and the number of fecal boli expelled.
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4.6 Supplemental Figures
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Figure S1: Visual response under light anesthetic regime.

(a) The percent signal change in regions related to visual pathway, trace is averaged
over 6 trials and gray shaded regions represent the time period when a flashing light
stimulus was on (10 Hz for 20 seconds). (b) Beta coefficient of the BOLD visual
response
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Chapter 5

Conclusion

The work in the thesis demonstrates methods for investigating brain-body interac-
tions. This includes characterization of routes to bybass the blood-brain barrier and
the application of a cholinergic imaging agent to study a system key in brain-body
physiology. Imaging methods were applied to a pathology that is often solely at-
tributed to brain dysfunciton in the revised context of whole body physiology. Despite
these developments, there is work must be done to achieve holistic understanding of

brain-body interactions in neurobiology.

5.1 Future directions in assessing and bypassing the
blood brain barrier

Our quantitative assessment of disrupting and bypassing the BBB not only allowed
us to assess the benefits of various delivery approaches, but it allowed us to assess in-
nate properties of the BBB itself. In practical terms, our study shows that the most
homogeneous profiles of delivery can be achieved through disruption of tight junc-
tions, either mechanically or chemically. Given the dilution of exogenous molecules
in the vasculature, exogenous agents limited in concentration benefit from intra-CSF
delivery where they are less diluted before reaching the parenchyma. Techincally

speaking, chemical disruption is the easiest to implement as it only requires estab-
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lishing a peripheral catheter. Ultrasound uses specialized electronics, and in larger
mammals, skull shaving may be required. Intra-CSF is the most invasive procedure
as it requires access the ventricular space. However, a practiced surgeon is capable of
becoming reliable in this procedure.

It is worth noting that there are some important caveats to our study. First, all our
work was done with a neutral and relatively small contrast agent, gadoteridol. Assess-
ing the transport of larger molecules possessing differing amounts of hydrophobicity
and charge will allow us to see how likely these delivery methods are to translate
to diverse classes of drugs and imaging agents. Second, we only assessed a single
instance of administration. In clinic, multiple doses are often administered. Assess-
ing the integrity of BBB recovery following repeated disruptions will provide insight
into the safety of these techniques for long-term therapeutic use. It will also tell us
something about the intrinsic rigidity of tight junction protein architecture and BBB
homeostasis.

A remaining question is the exact the mechanism of LPA-mediated BBB deliv-
ery. There is evidence suggesting it induces permeability via the Rho/Rho kinase
(ROCK) pathway [147, 148]. However, the precise mechanism of LPA inducing tran-
sient BBB permeability is not fully understood. A viable approach to probe this ques-
tion is to assess molecular changes in 3-D models of vascualture networks co-cultured
with neurons and glial cells. Using previously engineered microfluidic models of the
blood—brain barrier, we can assess changes in permeability under different conditions

of LPA exposure [149].

5.2 Further assessment of the cholinergic system

Our studies demonstrate the creation of a metalloporphyrin contrast agent capable
of detecting cholinesterase-specific activity (ChE). Through kinetic modeling, we were
able to assess differential distribution of these enzymes in anatomically-defined brain
regions. While we examined these properties in a wild-type rat, it is known that

cholinergic function is dysregulated in diseases such as Alzheimer’s as well as austim
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spectrum disorder (ASD). Thus models of Alzheimers’s such as APOE4 knock-in
rodents and models of syndromic austim such as Fmr! knock-out mice and rats
would serve as ideal systems to test this sensor [150, 151].

Furthermore, given the high concentration of peripheral acetycholine, it is worth
investigating applicatin of this agent through peripheral delivery methods. This can
be tested via intravascular injection (IV) or the intraperitoneal route (IP). Much like
in the brain, we can apply pharmacokinetic modeling to assess relative concentrations
of the enzyme in peripheral tissues. Additionally, given the multimodal nature of the
compound, we are able to take advantage of its alternative properties. For instance,
we can explore the appliction of live photoacoustic tomography imaging [152]. We
can also take advantage of the fluorescence nature of the compound to validate dis-
tribution of cholinesterases in the peripheral nervous system with post-mortem tissue

histology.

5.3 Towards a deeper undertanding of brain-body
physiology in opioid use disorder

The results of our studies of the insular cortex in opioid dependence demonstrate
our approach to investigating the role of brain-body interactions in drug abuse. Of
note is that we used a paradigm in which precise quantities of fentanyl were adminis-
tered to our rats by an experimenter. The benefit of this approach is that it controls
for variables such as the amount of fentanyl given to the subjects and the timing
of dosing. However, the caveat is that we are only capturing the effect of repeated
opioid exposure. To capture drug seeking behavior, a self-administration paradigm
should be implemented. This will allow us to correlate drug seeking behavior (i.e.
lever presses a rodent makes to obtain a fentanyl infusion) with functional activity
measures obtained from our MRI experiments.

Other tools for targeting cell types in the insular cortex can also be explored. An
inspiring approach to capture how the insular cortex modulates peripheral function is

combining Fos-TRAP with chemogenetics [153|. Specifically, neurons expressing the
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immediate early gene c-Fos during withdrawal can be labeled using targeted recom-
bination in active populations (TRAP) [154]. To test if these neurons are sufficient
to drive the somatic symptoms of withdrawal, we can implement chemogenetic ac-
tivation and inhibition of these populations. Combining the molecular specificity
of imaging probes and viral vectors with the imaging capabilities of MRI offers an

exciting world of possibilities for neurobiological investigation.
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