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ABSTRACT

CEREBRAL WASTE CLEARANCE: MEASUREMENTS AND APPLICATIONS

by

JASLEEN KAUR

Adviser: Yang Xia, Ph.D., Quan Jiang, Ph.D.

Cerebral Waste clearance (CWC) is an essential process for brain homeostasis,
which is required for the healthy functioning of all cerebrovascular and parenchymal
brain cells. This dissertation features our current understanding of CWC, both within and
external to the brain parenchyma. We describe the role of the cerebrospinal fluid (CSF)
and its exit routes in mediating CWC. Recent discoveries of the glymphatic system and
meningeal lymphatic vessels (mLVs), and their relevance to CWC and various
neurological conditions are highlighted. Controversies related to CWC research and
potential future directions are presented.

This dissertation is divided into seven chapters that discuss investigations that
used magnetic resonance imaging (MRI) and confocal microscopy imaging to evaluate
the recently identified CWC routes, namely the glymphatic system and the mLVs. The
dissertation begins with an introduction (Chapter- 1). It proceeds with background
(Chapter- 2) based on two published peer-reviewed ‘review’ articles, and three research
projects based on one submitted, one published ‘original research’ articles (Chapters- 3,
4) and one project with negative results (Chapter- 5). Among the three projects described

in this dissertation, the first project (Chapter- 3) aimed to investigate the controversy of
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glymphatic convective bulk flow in the interstitial spaces and explore the association of
perivascular macrophages (PVMs) in assisting the glymphatic system for CWC. Our
findings solidify the glymphatic system hypothesis and indicate the interaction of PVMs
with the glymphatic CSF influx along the arteries and glymphatic CSF efflux along the
veins. The second project (Chapter- 4) aimed to examine the changes in the glymphatic
system in rats with glioblastoma multiforme (GBM) and our results identify reduced
glymphatic influx and clearance due to GBM. The third project (Chapter- 5) aimed to
assess the mLVs as a potential efflux pathway of the glymphatic system under healthy
and diabetic mellitus (DM) conditions. Our results suggest that mLVs are not the major
efflux pathway of the glymphatic system, which is a negative result. The dissertation then
discusses a translational issue for clinical MRI evaluation of the glymphatic system
(Chapter- 6) based on a submitted ‘review’ article and concludes with a summary and

future directions (Chapter- 7).
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CHAPTER ONE

INTRODUCTION

Homeostasis is critical for the proper functioning of the human body, particularly,
homeostasis of high-energy consuming organs like the brain. The substantial amount of
toxic metabolic by-products/interstitial waste products (such as CO., lactate, proteins
including amyloid-p (AB) and tau proteins, etc.) released into the brain due to the high
metabolic activity of neurons in the brain, require rapid exit by several CWC
mechanisms. Otherwise, the accumulation of these metabolic by-products/interstitial
waste products may initiate and or exacerbate several neurological diseases, including the
accumulation of AP in Alzheimer’s disease (AD) and tau in traumatic brain injury (TBI)
[1-12]. Therefore, regulating the entry and exit of various substances in the brain is
essential for proper neuronal functioning and healthy aging [13-15]. There are two
distinct systems set in place to help the brain with this type of regulation, the CSF and the
vascular systems. Interestingly, the CSF and BBB are unique to the central nervous
system (CNS).

The idea that CSF is involved in CWC via a network of perivascular spaces has
existed since at least 1974 [16]. But it did not receive much attention until 2012 when
Nedergaard and colleagues expanded our understanding of the role of CSF in CWC and
proposed the glymphatic system [17]. They and others demonstrated that glymphatic
system dysfunction is associated with a broad range of neurological diseases including,
but not limited to, AD, stroke, TBI, multiple sclerosis, diabetes, and chronic traumatic
encephalopathy, suggesting its involvement in most neurodegenerative diseases [1, 11,
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17-23]. Although dysfunction of the glymphatic system and its impact on CWC is related
to a variety of neurological diseases, controversial aspects concerning the convective bulk
flow of CSF/ISF within the brain parenchyma and the role of aquaporin-4 (AQP4) water
channels in solute transport in the glymphatic system still exist [24-27]. Augmenting the
importance of the glymphatic system's role in CNS homeostasis is the (re)discovery of
the previously unappreciated meningeal lymphatic vessels (mLVs) in the dura [28, 29],
originally proposed at the end of the 18th century [30-32]. Two independent research
groups in 2015 confirmed the existence of the mLVs, and furthermore, indicated that
CSF tracers utilize these mLVs for CWC. Due to the association of various neurological
conditions with the glymphatic system, investigation of their interactions may lead to
new approaches to reduce neurological deficits and to sustain healthy aging. Moreover,
by investigating these neurological diseases using various imaging techniques,
particularly prior to clinical symptom onset, we can potentially identify a therapeutic
target for treatment.

This dissertation is divided into seven chapters. All chapters are based on
individual papers published/submitted to journals. Due to same background context of the
glymphatic system, there may be some repetition between the texts in these chapters.

Chapter- 2 of this dissertation presents background information on fluids in the
brain and their functions, CWC within the brain parenchyma (including the brain stroma
infiltrating the brain parenchyma such as blood vessels and perivascular spaces), and
CWC external to the brain parenchyma. The brain parenchyma consisting primarily of
neurons and glial cells (surrounded by ISF) is the functional tissue for cognitive and

systemic management and is considered responsible for nutrient uptake, and CWC to
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maintain homeostasis. The remaining structural tissue in the brain, the stroma, is
comprised primarily of the blood vessels, which provide the brain with oxygen and
nutrients, and connective tissue. It is important to note that CWC processes taking place
within and external to the brain parenchyma in the CNS are connected and affect one
another. This ‘review’ manuscript has been published in Frontiers in Neuroanatomy [33].
Furthermore, this chapter discusses the role of the glymphatic system in various
neurological diseases based on current evidence and controversies and focuses mainly on
new magnetic resonance imaging (MRI) modeling techniques, along with traditional
computational modeling, for a better understanding of the glymphatic system function.
This ‘review’” manuscript has been published in Diagnostics (Basel) [34].

Chapter- 3 aimed to investigate if diffusion in the brain interstitial spaces is
sufficient to account for the intra-striatally administered tracer dynamics within the
striatum and the corpus callosum of the rat brain utilizing MRI. We first addressed this
argument to determine the involvement of the glymphatic system in brain waste
clearance. Using contrast-enhanced 3D T1-weighted imaging (T1WI1) and diffusion
tensor imaging (DTI), the apparent diffusion coefficients (ADC) in the striatum and
corpus callosum of the rat's brain were evaluated after the intra-striatal infusion of high
molecular-weight contrast agent (Gd-albumin, 70 kD). Furthermore, perivascular
macrophages (PVMs), which are immune cells located within perivascular spaces, have
not been thoroughly explored for their association with the glymphatic system. Therefore,
we investigated tracer uptake by PVMs and the potential association of PVMs in assisting

the glymphatic system for CWC utilizing confocal microscopy imaging after intra-striatal



and intra-cisternal administrations of the tracers, respectively. This ‘original research’
manuscript has been submitted to Scientific Reports for consideration.

Chapter- 4 aimed to investigate the impact of glioblastoma multiforme (GBM),
which is a highly aggressive form of malignant brain cancer, on the functioning of the
glymphatic system in rats utilizing MRI and advanced kinetic modeling. Dynamic 3D
contrast-enhanced T1-weighted imaging (T1WI) with intra-cisterna magna (ICM)
infusion of paramagnetic Gd-DTPA contrast agent was used for MRI glymphatic
measurements in both GBM-induced and control rats. Glymphatic flow in the whole
brain and the olfactory bulb was analyzed using model-derived parameters of arrival
time, infusion rate, clearance rate, and residual that describe the dynamics of CSF tracer
over time. Also, the perineural pathway along the optic nerves was assessed for its
functioning in GBM and control rats. This ‘original research’ manuscript has been
published in Cancer Imaging [35].

Chapter- 5 aimed to investigate the meningeal lymphatics as a potential efflux
pathway of the glymphatic system in Prox1-EGFP™ reporter rats under healthy (non-DM)
and diabetic mellitus (DM) conditions using confocal microscopy imaging. We
hypothesize that DM decreases waste clearance through the meningeal lymphatics.
Although significant strides have been made in characterizing the glymphatic system
pathways through perivascular routes, the efflux pathways of the glymphatic system
external to the brain parenchyma remain largely unclear, mainly due to technical
difficulties of performing minimally invasive in-vivo, ultra-high detection sensitivity

measurements of influx and efflux pathways, and whole brain imaging.



Chapter- 6 discusses the translational issues of clinical MRI evaluation of the
glymphatic system intended for early diagnosis, prevention, and treatment of various
neurological conditions. Evaluation of glymphatic system function by means of MRI has
thus far been largely focused on rodents due to the limitations of intrathecal delivery of
gadolinium-based contrast agents to humans. Although the clinical glymphatic system-
based MRI research is in its early stages, recent studies have identified promising non-
invasive MRI markers associated with glymphatic system alterations in neurological
diseases. This ‘review’ manuscript is under review by NMR in Biomedicine.

Chapter- 7 provides the summary of the dissertation and future directions.



CHAPTER TWO

BACKGROUND

2.1 Fluids in the brain and their functions

2.1.1 CSF production and circulation

CSF is produced in the human brain at a rate of about 0.3-0.4 ml/min, mainly by
specialized ependymal cells such as choroid plexus epithelial cells located in each of the
ventricles. The CSF travels from the lateral ventricles to the third ventricle via the
interventricular foramen of Monro and enters the fourth ventricle via the cerebral
aqueduct of Sylvius. CSF then enters the central canal of the spinal cord via the obex and
also reaches the subarachnoid space via the median aperture of Magendie and the two
lateral apertures of Luschka [36-39]. CSF is eventually drained via the arachnoid villi,
perineural spaces of spinal and cranial nerves, and meningeal lymphatics. However, part
of the CSF is also proposed to enter the brain parenchyma via the periarterial spaces of
the penetrating arteries, mixes with interstitial waste products and ISF, enters the
perivascular spaces (alongside veins by the glymphatic system or along arteries by
intramural periarterial drainage (IPAD) pathway), and finally drains via the CWC
pathways, as indicated in Fig- 2.1A. Recent studies, however, suggest that there may be
additional, previously underappreciated mechanisms involved in CSF production and
regulation [40, 41]. It has been suggested that in addition to the choroid plexus,

capillaries located inside the brain parenchyma also generate CSF [42].



2.1.2 CSF functions and flow behavior

The CSF has multiple functions in the brain including, providing buoyancy and
buffer against injury, and by serving as the CWC route, it maintains CNS homeostasis.
The CSF is also very important for removing high molecular weight waste products and
other debris during recovery from brain injuries, and it provides a pathway for nutrients
and hormones to promote the brain's normal development [43, 44]. The flow of CSF in
the cerebral aqueduct, in the ventricles, and the subarachnoid space is pulsatile due to the
cardiac flow (arterial hemodynamics in the choroid plexus) and pulmonary respiration
[36, 38, 39, 45-47], facilitating rapid influx via the periarterial spaces into the brain
parenchyma. However, within the brain parenchyma, CSF flow may be either via
convective bulk flow and/or diffusion.

2.1.3 ISF production and circulation

ISF is a filtrate of plasma secreted at the BBB of the capillary walls. ISF
surrounds neural cells, makes its way through intercellular clefts of the neuropil, and is
present in the extracellular spaces of the gray and white matter within the brain
parenchyma. It contains interstitial waste products excreted by the cells due to cellular
metabolism and nutrients from capillaries through diffusion. ISF acts as an intermediate
between blood capillaries and brain cells for rapid delivery of oxygen and nutrients (such
as glucose, lactate, and amino acids, etc.) for reliable cellular activity. ISF also acts as a
vehicle for rapid removal of the cellular waste by-products (such as COg, lactate, etc.),
and cell-to-cell communication [43, 48-51]. The CSF acts as a sink for the ISF, and the
CSF-ISF exchange helps in the removal of interstitial waste products from the brain

parenchyma.



2.2 Barriers (BBB and blood-CSF barrier) and their functions

CSF and ISF are similar in composition, however, the CSF is mainly present in
the cerebral ventricles and subarachnoid space covering the entire brain, whereas the ISF
is extracellular fluid and surrounds the cells in the brain parenchyma. Regulation of ionic
composition (such as Na*, CI, K*, Ca?*, Mg?*, etc.) and volumes of these fluids is
essential for the brain cells to function effectively and is supported by barriers such as the
BBB and blood-CSF barrier [43]. The BBB separates blood in the vasculature from ISF
and cells within the brain parenchyma and helps in maintaining the ionic composition of
ISF. The BBB restricts the movement of many substances to/from the brain parenchyma
while delivering substrates (glucose, amino acids, Oz, etc.) for brain cell metabolism and
helps in CWC [14, 43].

Unlike the cerebral capillary endothelial cells that form the BBB, the endothelial
cells of capillaries that supply the choroid plexuses and the circumventricular organs are
fenestrated/leaky and have no tight junctions that is an essential property of the BBB
[52]. The ependymal cells are a layer of cuboidal neuroepithelial cells along the
ventricles facing the ventricular CSF and the ependymal cilia mediate the CSF movement
[52]. The choroidal epithelial cells are connected by tight junctions and constitute the
blood-CSF barrier [14, 43, 53]. The blood-CSF barrier separates blood in the capillaries
from the CSF, regulating the passage of molecules between them.

2.3 Waste clearance within the brain parenchyma

Some neurodegenerative diseases are related to the improper accumulation of
cellular waste by-products [54]. Among them, misfolded proteins are the most difficult to

clear from the brain, and their build-up leads to diseases such as AD [54]. Although
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chaperone proteins in brain cells help proteins fold correctly and limit their aggregation,
folding and aggregation errors do occur, and some proteins are more vulnerable than
others. If misfolded proteins are not identified and removed from the brain parenchyma,
then these interstitial waste products can cause or exacerbate neurological diseases [55-
57]. AP and tau proteins are the two most concerning neurotoxic waste proteins due to
their accumulation in the brain and association with neurological diseases such as AD
and TBI [1-12, 21, 58]. AP is a small protein fragment that is cleaved from a larger
amyloid precursor protein, which extends from the inside to the outside of brain cells. AP
eventually forms amyloid-plaques in the extracellular spaces of the brain parenchyma,
found in AD patients [59, 60]. These AP aggregates impair communication between
neuronal cells, cause nerve inflammation, and are a common cause of dementia in the
elderly. In transgenic mouse models of AD, AP has been associated with cognitive
deficits, tau-phosphorylation, synaptic dysfunction, and neuronal death [61].

Tau protein is an intracellular protein that mainly exists in neurons and helps
stabilize microtubules. They are released to the extracellular space after a rapid increase
in neuronal activity [62]. When misfolded and hyperphosphorylated, tau proteins create
neurofibrillary tangles which disrupt neuronal signal transmission, cause microtubules to
disassemble, and promote mitochondrial dysfunction. In addition to AP protein, tau
protein is also one of the main features of AD [63, 64]. In a recent study, it has been
suggested that both extracellular AP plaques and intracellular tau neurofibrillary tangles
work together in synergy in generating AD [65]. The accumulation and movement of tau
protein in the extracellular space have been related to many neurodegenerative diseases,

such as chronic traumatic encephalopathy, Parkinson’s disease, prion disease, etc. [10,
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66-69]. Since the AP and tau accumulation impairs neurons, they need constant
maintenance and repair, which are essential for learning, memory, and neurological
function.

The brain parenchyma (which consists of the neurons and glial cells) is infiltrated
by the brain stroma (which contains the blood vessels and perivascular spaces) and lacks
lymphatic vessels. CWC at this level consists of the interaction of the brain parenchyma
with the blood vessels and perivascular spaces, which eventually help transport the waste
products outside the cranium. Therefore, waste products can only be removed from the
brain parenchyma by: a) CSF pathways via the perivascular (as indicated in Fig- 2.1B(i))
and periaxonal/perineural routes; b) the vascular pathway via the BBB as indicated in
Fig- 2.1B(ii). Waste products which are small in size (such as CO, K*, lactate, etc.) exit
via the BBB. Whereas waste products which are larger in size, polar in nature (such as
sucrose, inulin, alboumin, dextran, etc.), and lack specific transporters to cross the BBB,
exit via perivascular or periaxonal/perineural routes. However, special solutes which are
larger in size, such as AP [70-72], insulin [73], and transferrin [74], also exit via the BBB
with the help of transcytosis. Yet other substances are first metabolized to other products
(such as glucose metabolizing to CO- and water) before exiting. However, Na*, Cl', and
water are transported by both vascular and CSF pathways [75].

2.3.1 CSF pathways via the perivascular and periaxonal/perineural spaces

The idea that CSF infiltrates the brain parenchyma and is involved in CWC has
been around for a long time. There is an agreement in the field regarding the utility of the
perivascular spaces in CSF-related CWC. However, the exact pathway undertaken by

CSF-related CWC inside the brain parenchyma, as pertaining to the perivascular spaces,
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is under debate. Thus far, two pathways have been strongly put forward: the intramural
periarterial drainage (IPAD) and the glymphatic system. There appears to be consensus in
the field regarding the utility of the periaxonal/perineural spaces in CSF-related CWC
(which span CWC within and external to the brain parenchyma).

2.3.1.1 Intramural periarterial drainage (IPAD)

A study in 2008, in which various soluble tracers were injected into the corpus
striatum of mice, demonstrated diffusion of tracers through the extracellular spaces of the
brain parenchyma and then convective bulk flow drainage along the basement membrane
of capillaries and arterial walls [76]. This indicated that ISF and waste products drain via
the same pathway, termed IPAD [76]; joining the CSF in the subarachnoid space or
dissipation at the base of the skull for further drainage into the cervical lymph nodes
(CLNSs) and/or blood. A recent study in mice demonstrated that following injection of
fluorescent AP into the cisterna magna, the CSF tracer enters the brain parenchyma along
pial-glial basement membranes [77]. It then mixes with ISF and interstitial waste
products and exits along the basement membranes in the walls of capillaries and the
basement membranes between smooth muscle cells in the walls of the cortical arteries
(IPAD pathway) [77], as indicated in Fig- 2.1B(i). Other studies using mathematical and
computational models suggest that arterial pulsations, which were initially considered as
a motive force for IPAD, cannot be the only driving force for the IPAD pathway to
efficiently account for the experimental observations [78]; however, vasomotion induced
by contraction and relaxation of cerebrovascular smooth muscle cells is suggested to be a

more plausible driver for IPAD [79].
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2.3.1.2 The glymphatic system

In 2012, Nedergaard and colleagues performed a series of fluorescence
microscopy experiments that demonstrated the path of CSF circulation within the brain
parenchyma via a network of perivascular spaces, termed the glymphatic system [17].
The glymphatic system hypothesis describes subarachnoid CSF entry into the brain
parenchyma through the periarterial spaces, mixing with parenchymal ISF and interstitial
waste products facilitated by AQP4 water channels embedded in astrocytic end-feet, and
drainage through perivenous spaces surrounding the veins [11, 17, 18, 54, 80-83] as
indicated in Fig- 2.1B(i). So whereas the IPAD pathway demonstrated CSF brain
parenchymal circulation through the separate periarterial basement membranes
(convective influx along pial-glial basement membranes as suggested in the glymphatic
pathway and the efflux along basement membranes between smooth muscle cells in the
walls of arteries [77]), the glymphatic system pathway demonstrated CSF circulation via
the perivascular spaces surrounding the arteries and veins.

Specifically, Nedergaard and colleagues injected tracers into the cisterna magna
of mice and two-photon imaging studies of these mice indicated that the tracer size
matters when determining brain parenchymal tracer distribution [17]. Small molecular
weight CSF fluorescent tracer (Texas Red—dextran-3 (TR-d3): molecular size, 3 kD)
injected into mouse cisterna magna was observed within periarterial spaces and within
brain parenchyma within 30 minutes; indicating unrestricted movement of small
molecular weight tracers into the interstitium. However, large molecular weight CSF
fluorescent tracer (fluorescein isothiocyanate-dextran-2000 (FITC-d2000): molecular

size, 2000 kD) predominantly remained confined in the periarterial spaces; highlighting
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the role of the 20 nm-wide astrocytic end-feet gap junctions [17]. The observation that
both small and large molecular weight tracers entered perivascular spaces alongside
arteries indicate that the transport is facilitated by CSF convective bulk flow via
perivascular spaces.

Transport by AQP4 water channels is thought to play a dominant role in
mediating brain parenchymal entry of CSF tracer from the periarterial spaces [17, 84],
which is driven by the hydrostatic pressure generated by arterial pulsations as proposed in
the glymphatic system [85]. Cerebral arterial pulsations are said to drive the CSF
convective bulk flow in the perivascular spaces and are the key contributors of CSF entry
into the brain parenchyma allowing CSF-ISF fluid exchange in the glymphatic system
[19, 85]. Additionally, astroglial AQP4 supports the convective bulk flow of ISF through
the brain parenchyma to drive the interstitial waste products (e.g., AB) to the perivenous
spaces; in AQP4-null mice, the interstitial waste products clearance is reduced by nearly
70% (demonstrated using intraparenchymal injections in mice) [17].

The CSF mixed with ISF and interstitial waste products such as AP are drained
primarily through the perivenous spaces, which may then reenter associated CSF
compartments, either within the ventricles (for internal cerebral veins), or in the
subarachnoid space (for caudal rhinal veins) [17], or may drain to the blood across the
vasculature via specific transport mechanisms at the BBB [17, 75, 86-88]. The waste
products, which reach the CSF in subarachnoid space may then exit the cranium either
via arachnoid granulations or mLVs or along cranial and spinal nerves [75, 86, 89] as
indicated in Fig- 2.1A. However, and as an attempt to reconcile the IPAD and the

glymphatic system pathways, some speculate that the CSF-ISF mixture may recirculate in
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the brain parenchyma via periarterial spaces and accumulate within the basement
membranes of smooth muscle cells, triggering neurological conditions [17]. There are
still some controversial aspects related to the glymphatic system hypothesis primarily
based on convective bulk flow within the brain parenchyma and AQP4 dependent solute
transport within the brain parenchyma.

The glymphatic system impacts the physiology of the body, such as sleep [81,
83], body posture [90], heart rate [4], aging [4, 22, 58, 85, 91-95], anesthesia [96], etc.
Slight changes in normal physiology can affect the clearance rate of interstitial waste
products from the brain. The glymphatic system in mice is most dynamic during sleep
and removes beta-amyloid with exceptional efficiency, with a more than two-fold
increase in clearance rate [83]. Anesthetics also affect the glymphatic system, and a
nearly 30% increase in solute transport can be seen in rats anesthetized with
dexmedetomidine plus low-dose isoflurane as compared to high-dose isoflurane only
[96]. Results from contrast-enhanced MRI (CE-MRI) in rats validated by quantitative
optical imaging in mice demonstrated the role of body posture/positioning on the
glymphatic system; indicating that the right lateral position is the most efficient for waste
clearance as compared to supine and prone positions [90]. During aging, ventricular
shrinkage and significant reductions in CSF production and pressure, along with
decreased arterial pulsatility (due to arterial stiffening) lead to significant reductions in
glymphatic system function (~80-90% reduction in old mice compared to young mice),
leading to a critical increment in beta-amyloid deposition within the brain parenchyma [4,

22, 85, 91-94].
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The glymphatic system helps in the removal of A, a protein which is a trademark
of AD, from the brain [7, 17, 97]. Decreased glymphatic clearance and increased AP
accumulation have been seen in the aged brain [93], sleep deprivation [81], depression
[8], and obstructive sleep apnea [98], whereas voluntary exercise [99] and Omega-3
polyunsaturated fatty acids [100] promote the glymphatic clearance of Ap.
Dysfunction/impairment of the glymphatic system has been associated with several
neurological diseases including AD [5, 6, 101], TBI [10-12, 22, 102-104], small vessel
disease (SVD) [105, 106], stroke [107-109], diabetes [20], microinfarcts [110, 111],
migraines [112], glaucoma [113], etc. In most of the studies relating glymphatic system
impairments to neurological diseases, it is not clear if the impairments are the cause or
the result of these diseases. Further investigation of neurological diseases and their
interactions with the glymphatic system may lead to new approaches to reduce
neurological deficits and to sustain healthy aging. Moreover, by investigating these
neurological diseases using various imaging techniques, particularly prior to clinical
symptom onset, we can potentially identify a therapeutic window for treatment.

2.3.1.3 Periaxonal/perineural spaces

Various studies have indicated that there is a fast efflux of ISF and waste products
along white matter/axon tracts, in addition to the perivascular spaces discussed above [38,
51, 114-116]. As a gross extension of this, perineural spaces along all twelve pairs of
cranial nerves are also involved in CSF-related CWC,; particularly the olfactory (CNI)
and optic (CNII) cranial nerves, as they are anatomically and histologically considered as
white matter tract extensions [117]. All the cranial nerves’ nuclei/cell bodies lie within

the brain parenchyma. CNI and CNII emerge/originate from the cerebrum (CNI from the
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olfactory bulb and CNII from the lateral geniculate nuclei), and the rest of the cranial
nerves (111-XI11) have their cell bodies in the brainstem. After emerging, cranial nerves
travel within the skull and then exit via foramina in the skull to reach their final
destinations [117, 118]. Therefore, perineural spaces accompanying the cranial nerves
start within the brain parenchyma and make their way outside the brain parenchyma,
along the cranial nerves as indicated in Fig- 2.1A.

2.3.2 Vascular pathway via the blood-brain barrier (BBB)

The vascular CWC involves the BBB. The BBB has long been studied,
particularly for its structure and role in pharmaceutical drug entry. However, its role in
CWC has been understudied.

The BBB consists of continuous endothelial cells joined together with tight
junctions which are further supported by pericytes, the basement membrane, and the
astrocytic end-feet. The microvascular network in the brain is composed of arterioles,
venules, and capillaries. They all display the BBB properties; however, capillaries
represent the largest microvasculature with the tightest junctions at the BBB as compared
to arterioles and venules [119, 120]. The BBB makes the vascular pathway highly
selective, as compared to the CSF pathways, due to the presence of tight junctions in the
gaps between endothelial cells as indicated in Fig- 2.1B(ii). The effective exchange of
products between the brain parenchyma and blood is very important for the influx of
various nutrients and the efflux of metabolic waste products-critical for proper neuronal
functioning. Glucose, COz, Oz, water, and amino acids are some of the major substances
that must be rapidly transported in and out of the brain parenchyma in large quantities to

maintain brain homeostasis. Mechanisms of BBB transfer [14, 75] include:
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2.3.2.1 Passive, non-specific transport

A passive, non-specific transfer can occur via a paracellular or transcellular
pathway. Due to the presence of tight junctions at the BBB, the paracellular pathway is
highly restricted compared to the transcellular pathway; however, this pathway is still
permeable to small solutes. Most of the passive, non-specific transfer occurs via a
transcellular pathway in which waste products such as water, ethanol, methanol, glycerol,
urea, isopropanol, ethylene glycol, etc. must pass/diffuse through the endothelial cell,
crossing both the luminal and abluminal membranes [75]. Yet other non-specific
substances such as ‘BBB-impermeable’ MRI tracers which classically cannot cross the
BBB from the blood to the brain parenchyma, may be able to cross the BBB from the
brain parenchyma to the blood; suggesting BBB directionality to non-specific substances,
as an important area of research requiring further investigation [87, 88].

2.3.2.2 Efflux transporters

Various efflux transporters are present at the BBB such as monocarboxylate
transporter 1 (MCT?1) for the efflux of lactic acid and small monocarboxylic acids,
glucose transporter 1 (GLUTL1) for the transport of glucose, etc. [75]. Various ATP-
Binding Cassette (ABC) transporters (such as P-glycoprotein, MRP2, and BCRP) [121-
123] and solute carrier (SLC) transporters are also present at the BBB. The influx of
chemotherapeutic neurotoxic agents (such as vincristine and doxorubicin) from blood to
the brain parenchyma are prevented by the presence of P-glycoprotein (ABC transporter)
at the luminal membrane of the BBB [75, 124-127]. The absence of P-glycoprotein
showed elevated drug levels (such as neurotoxic pesticide ivermectin, and carcinostatic

drug vinblastine) in knockout mice brain [128, 129]. SLC transporters move the waste
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products from the brain parenchyma to the endothelial cells, and then, either ABC or SLC
transporters may drain these products further from the endothelial cells to the blood [75].

2.3.2.3 Transcytosis

Efflux by transcytosis includes adsorptive-mediated transcytosis (AMT) and
receptor-mediated transcytosis (RMT) for the transport of large substrates across the
BBB. However, there is little evidence for transcytosis in the direction of the brain
parenchyma to the blood, although this parenchymal-blood transcytosis has been reported
in studies involving the transport of AP peptides [70-72], IgG molecules [130, 131],
insulin [73], and transferrin [74] via the interaction with various receptor proteins. Other
non-specific substances such as albumin, inulin, sucrose, and dextran mainly exit the
brain parenchyma via convective bulk flow through the perivascular spaces.

2.4 Waste clearance external to the brain parenchyma

If waste products within the brain parenchyma are eligible to directly cross the
BBB from the brain parenchyma to the blood, then they straightforwardly enter the
highly specialized regional parenchymal venous circulation, which eventually drains into
the dural venous sinuses [132]. However, if waste products enter the CSF compartments,
several efflux routes participate in CWC. Waste products that reach CSF from the brain
parenchyma can be further taken out of the cranium via the proposed CSF outflow
pathways: the arachnoid villi/granulations pathway and lymphatic pathways (which
include peripheral lymphatic pathways via perineural spaces and meningeal lymphatic

pathways) as indicated in Fig- 2.1C.
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2.4.1 Arachnoid villi/granulations pathway

Our classic textbook understanding of the role of the arachnoid villi/granulations
in CSF transport comes from a study conducted over 100 years ago [133]. Our
understanding is that the CSF drains into the venous sinuses via the arachnoid
villi/granulations which are located in the dura mater, providing an open unidirectional
pathway connecting the meninges with the venous system [134, 135] and this is a major
route of exit for the CSF as indicated in Fig- 2.1C(i). However, recent studies have cast
doubt on this understanding, inviting scientists to rethink the exact role and magnitude of
the arachnoid villi/granulation route. Using high-resolution stereomicroscope and
lymphatic-reporter mice, Ma et al. demonstrated that the lymphatic pathway, rather than
the arachnoid villi/granulations, was the major outflow pathway for small and large
molecular weight CSF tracers [136]. Moreover, an MRI study conducted on normal and
hydrocephalic rats, indicated that the superior sagittal sinus was not a significant draining
channel for ventricular CSF tracers compared to the azygos internal cerebral vein,
suggesting direct exit of the CSF tracer via the parenchymal venous circulation as
opposed to exiting via the arachnoid villi/granulations [137]. To address the role of
arachnoid granulations in the outflow of CSF, a recent study investigated the morphology
of the arachnoid granulations in pigs utilizing electron microscopy and
immunohistochemistry. They identified the cranial arachnoid granulation-like dural gap
(CAG-LDG) in the meninges adjacent to the superior sagittal sinus, however they did not
find CAG-LDG in the dura mater adjacent to the transverse sinus. They also
demonstrated the lymphatic endothelial cell marker, Lyve-1 in the CAG-LDG in pigs,

revealing characteristics similar to the lymphatic endothelium. This study provides a
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basis for further research of CSF drainage via these pathways and its relation to CWC-
associated diseases in humans [138].

2.4.2 Peripheral lymphatic pathways

It has been known for a long time that CSF drains via the perineural spaces of the
cranial nerves, especially the CNI in the nasal mucosa pathway for CWC into the
peripheral lymphatics outside the cranium; the nasal mucosa pathway acts as a major
clearance route after intracisternal or intraventricular injections [136]. However, several
researchers have found drainage of CSF tracers along the perineural spaces of the other
cranial nerves, complementary to the nasal mucosa pathway.

2.4.2.1 Nasal mucosa pathway

Many studies provide evidence for the nasal lymphatic pathway as the major
pathway for CSF drainage, via channels in the cribriform plate of the ethmoid bone
draining into the CLNs [139, 140] as indicated in Fig- 2.1C(ii). Macromolecular waste
solutes such as India ink, Albumin, Evans blue dye, etc. [140, 141], and immune cells
such as Green fluorescent protein (GFP)-expressing CD4 T lymphocytes, GFP
monocytes, etc. [142, 143], have all been shown to exit the CNS through the nasal
mucosa into the CLNs. Mollanji et al. also demonstrated the significance of the olfactory-
lymphatic route over the arachnoid villi/granulations route, and represented it as a major
drainage site for CSF transport by blocking the cribriform plate in sheep, indicating an
increase in the resting intracranial pressure and a significant reduction in CSF clearance
[144, 145]. Moreover, studies performed in sheep, pigs, rabbits, rats, mice, monkeys, and
humans using injections of yellow Microfil into the CSF compartment identified the nasal

lymphatic pathway as distinctive for CSF absorption in all mammals, showing the similar
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distribution of Microfil across all species [139]. More recent animal studies have also
demonstrated similar findings and reached similar conclusions [136, 137, 146]. However,
despite the crucial role of the nasal lymphatic pathway in the evacuation of molecular
waste solutes from the CSF in various animal species, a recent in vivo MRI study in
humans showed that, although CSF tracer (Gadobutrol) was found near/below the
cribriform plate, no significant amount of tracer reached the nasal mucosa itself, which
questions the presence of this pathway in , and warrants further research [147].

2.4.2.2 Other perineural spaces

CSF drainage from the subarachnoid space to the lymphatics outside the CNS is
associated with the transport along cranial and spinal nerves [137, 148, 149]. Various
studies have investigated the perineural routes along CNI (as discussed in the previous
section) for CSF drainage into the CLNs, as the major CSF-lymphatic pathway [139, 140,
150]. Complementary to this nasal mucosa pathway, other studies have suggested the
drainage of CSF tracer into extracranial peripheral lymphatics via perineural spaces of
other cranial nerves. Arnold et al. showed the presence of contrast agent, radioisotopes in
the perineural spaces of CNI, and the vestibulocochlear nerve (CNVIII) in guinea pigs a
few minutes following CSF tracer injection, with most of the tracer ending up in dCLNs
[151]. Kida et al. observed the distribution of carbon particles along the perineural spaces
of CNI, CNII, and the oculomotor nerve (CNIII) following the injection of India Ink into
the cisterna magna of rats [140]. Injection of radiolabeled albumin in the lateral ventricles
of sheep also identified the perineural spaces along the CNI, CNII, and CNVIII [152].
Moreover, Microfil infusion in the cisterna magna of neonatal sheep showed distribution

along various cranial and spinal nerves, identifying the perineural routes along the
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trigeminal (CNV), the facial (CNVII), glossopharyngeal (CNIX), vagal (CNX), and
hypoglossal (CNXII) nerves, with ultimate drainage into the extracranial lymphatics
[149]. Lee et al. demonstrated MRI CSF tracer (Gd-DTPA) distribution around/inside the
cochlea (CNVIII) and pronounced efflux along CNX [90]. Recently, Ma et al. found
evidence of tracer exiting the perineural routes along the CNI, CNII, CNV, CNVII,
CNIX, CNX, and accessory (CNXI) in mice after intraventricular infusion, which
ultimately drained to the dCLNs [136]. Recently, Krishnamurthy et al. showed the
distribution of MRI-labeled dextran along the spinal nerves, suggesting these nerves as
the CSF outflow pathways from the spinal subarachnoid space to the lymphatics via
perineural routes; as well as exit along the perineural spaces of cranial nerves (CNI,
CNII, and CNV) [137]. All 12 pairs of cranial nerves and all 31 pairs of spinal nerves are
surrounded with CSF in humans, which drain to regional peripheral lymphatics [153].

Although the utility of perineural spaces, peripheral lymphatic vessels, and CLNs
in CWC have been extensively studied, especially after intraventricular or intracisternal
injections, it remains unclear if perineural routes are the major routes for CWC after the
intraparenchymal injections [136]. Moreover, it is not known if the waste solutes drain
along the cranial nerves or enter the epineurium and then drain within the nerves along
fascicles and/or axons [154]. Therefore, further research is warranted to investigate the
exact mechanism and role of the CSF-lymphatic pathway in CWC.

2.4.3 Meningeal lymphatic pathway

The presence of the mLVs was first introduced by Paolo Mascagni, an Italian
physician at the end of the 18" century [30-32]. He was an excellent anatomist, famous

for his anatomical wax models with his scientific concern in lymphatic vessels in
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meninges. His work presented 28 wax models on the lymphatic system including 3 body-
size models. However, his ideas on lymphatic vessels were not assessed for their value by
contemporary researchers and forgotten [30-32]. Mascagni’s observations were finally
confirmed and presented in detail in 2015 when Louveau et al. identified the mLVs in
mice lining the dural venous sinuses and demonstrated their ability to carry fluid and
immune cells (such as T cells, MHCII*, CD11c", and B220", etc.) to the dCLNs [29].
They also suggested that the mLV's were the primary route for the CSF-lymphatic, as
compared to the nasal mucosa pathway. Also, the mLVs seemed to form a more complex
and larger network along the transverse sinus, as compared to the superior sagittal sinus.
They indicated that the transverse sinus mLVs may help in ISF and interstitial waste
products clearance from the brain parenchyma, following their entry into the CSF
compartment through the recently discovered glymphatic system pathway. At
approximately the same time in 2015, Aspelund et al. demonstrated the presence of the
mLVs in the dura mater of the CNS in mice and their exit via foramina at the base of the
skull alongside the blood vasculature (arteries, veins) and cranial nerves [28] as indicated
in Fig- 2.1C(iii). Their data also suggested the clearance of ISF/CSF and interstitial waste
products from the brain parenchyma to the dCLNs via mLVs after they traversed the
glymphatic pathway. Another study on mice showed the mLVs as the drainage channel
for macromolecules and immune cells in the CSF. They also revealed certain spots called
‘hot spots’ along some mLVs which take up the tracer from CSF quickly after the
injection as compared to other areas of the lymphatic vessels [155]. A recent study in
mice showed the distinct morphological features of mLVs in the dorsal and basal dura

along with their anatomical locations. They also demonstrated the basal mLVs as the
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hotspot for CSF macromolecular clearance and showed the impairment of mLVs and
delayed CSF clearance with aging [156].

Subsequently, the existence of the mLVs was reported using non-invasive, high-
resolution clinical MRI in humans [157, 158] and non-human primates [158]. Studies
using confocal microscopy confirmed the presence of these mLVs in humans and
indicated that, although these vessels served as potential efflux pathways for Ap
clearance from the brain, Ap did not deposit in or around the mLVs [2]. Moreover,
experiments in mice demonstrated that impairments to the mLV's were associated with
decreased macromolecular efflux through the perivascular spaces, which resulted in the
accumulation of AP in the brain parenchyma [58]. This study also demonstrated a
decrease in the diameter of mLVs in old mice and suggested the role of these vessels in
AD pathology as well as in cognitive decline with aging. A recent human study identified
the clearance of MRI contrast agent (Gadodiamide) in putative mLVs, and the
glymphatic system and suggested the impairment of both pathways with aging [159].
Another recent study in mice demonstrated that dorsal mLVs are critical for generating
an effective immune response against brain tumors [160]. Thus, the mLVs provide a
route for draining macromolecules and immune cells from the CNS and therefore
constitute a possible therapeutic target for the treatment of various neurodegenerative
disorders.

2.5 Magnetic resonance imaging and modeling of the glymphatic system

The utility of MRI in investigating the glymphatic system has recently gained
momentum. Although optical imaging techniques such as two-photon microscopy have

classically dominated the field, due to its excellent spatial resolution needed to capture

24



small perivascular spaces, its limitations have pushed investigators towards MRI; MRI
overcomes the low-penetration depth of two-photon microscopy and allows for whole-
brain imaging unlike two-photon microscopy, which is only favorable in imaging small
areas of the brain cortex. Beyond the use of contrast agents, image contrast in MRI can be
easily altered by the elements of the imaging sequences and parameters, unlike two-
photon microscopy. Moreover, different MRI methodologies can evaluate different
elements of the glymphatic system. MRI is also minimally invasive and therefore can be
used to study the glymphatic system in-vivo with minimum disruption in both animals
and humans. Recent examinations of human brain utilizing MRI provided evidence
suggesting that the presence of the glymphatic system in the human brain is analogous to
that found in the rodent brain [161-167].

Modeling the glymphatic system using data from MRI can provide insight into the
glymphatic flow pathways. Iliff et al. [80] demonstrated that MRI is an effective tool to
study the glymphatic pathways, providing good spatial and temporal resolution of the
whole rat brain. MRI modeling has been used to capture the association between
glymphatic system impairments and neurological conditions. Dynamic CE-MRI, along
with multiphoton imaging in mice, showed that stroke profoundly impacts the
functioning of the glymphatic system. During acute focal ischemia, a rapid increase in
CSF influx driven by ischemic spreading depolarizations and vasoconstriction contributes
to brain edema [109]. This study is fundamentally important in changing the mechanism
of stroke-induced edema from the vascular to the glymphatic system [109]. Slow waste
clearance from the brain after subarachnoid hemorrhage (SAH) and ischemic stroke was

demonstrated in whole brain scans using MRI [107, 108]. MRI was utilized to investigate

25



the impairment of the glymphatic system functioning in four stroke models in mice
(SAH, embolic ischemic stroke, intracerebral hemorrhage, and carotid ligature). Severe
glymphatic system impairments were demonstrated with SAH and acute embolic
ischemic stroke, but not with intracerebral hemorrhage and carotid ligature [107]. We
have demonstrated reduction in tracer clearance in rat models of DM compared to age
matched controls using MRI [20]. In-vivo MRI analysis of contrast agent gadolinium-
diethylenetriamine pentaacetic acid (Gd-DTPA) clearance from interstitial space, also
validated by ex-vivo fluorescence microscopic images, showed that the clearance rate
constant is decreased by three times in the hippocampus of DM rats as compared to non-
DM rats [20]. MRI provided the evidence of presence of mLVs in human and non-human
primates for CWC [158]. MRI study in humans also reported decreased glymphatic
system and meningeal lymphatic CSF tracer clearance with increased age [95].

2.5.1 Quantitative bio-physical modeling

Mathematical modeling utilizing MRI data has been performed by various groups
to better understand the dynamics of the glymphatic system flow. In these studies,
mathematical models were developed expressing the dynamics of the nuclear magnetic
resonance (NMR) tracer in a CE-MRI of rodents. The measured MRI signal was assumed
to be proportional to the tracer concentration in the imaging voxels. Therefore, the
dynamic changes of the tracer concentration could be measured by the consecutive MRI
scans. The aim was to develop a mathematical model based on the tracer behavior in the
tissues and underlying tissue characteristics to mimic the measured dynamic changes by
MRI. Thus, solving these models could provide quantitative maps of the glymphatic

dynamics and structure.
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2.5.1.1 Modeling using multi-compartment kinetic framework

Lee et al. [90] introduced a two-compartment kinetic model based on CE-MRI
data to analyze the movement of Gd-DTPA tracer (infused into the cisterna magna) for
three distinct body postures in rats. The brain was divided into two sections for this
experiment (infusion site and all other brain tissues). Comparing the kinetic parameters
(retention and loss) for all the three postures, it was concluded that the glymphatic
transport is most effective while sleeping in the lateral position and less proficient in
prone and supine positions [90]. The limitation of this model is that the parameters were
derived using a global input function from the infusion site instead of using local input
functions separately for each region, which therefore could produce errors for the study
of the glymphatic system [90]. In cerebral permeability and perfusion measurements, a
global input function has long been a major source of inaccuracy [168, 169].

Our recent study presented the local input functions to visualize the more reliable
glymphatic flow pathways of the Gd-DTPA tracer in rats using the two-compartment
model [170]. This model: 1) utilized cluster analysis to group brain voxels into different
regions with similar time signal curves of the contrast-enhanced MRI measurements, 2)
computed the local input functions based on the response to the contrast agent infusion,
and 3) solved the two-compartment Kinetic equations for each region [170]. The
limitation of this model is the absence of a diffusion term in the equations used for
modeling, which may induce errors for waste clearance in the extracellular spaces of the

brain.
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2.5.1.2 Modeling using optimal mass transport framework

Ratner et al. [171, 172] fitted a mathematical model to the dynamic MRI images
of rodent brain injected with Gd-DTPA tracer into the cisterna magna and utilized a 3D
visualization computational tool to visualize the glymphatic flow vector fields. Here, the
tracer flow was estimated between each pair of consecutive MRI images using the theory
of optimal mass transport (OMT) [171, 172]. Some assumptions of this model include the
injected tracer moves along the glymphatic pathway, total injected mass is conserved, and
the image brightness corresponds to the tracer concentration. Glymphatic pathways were
presented as color-coded maps of streamlines per voxel. The OMT algorithm
demonstrated the directionality of the glymphatic system bulk flow qualitatively; but the
measurements do not provide the quantitative values for directionality as well as the
efflux pathways out of the brain [171, 172].

Elkin et al. analyzed the glymphatic pathways using the OMT algorithm with a
Lagrangian framework instead of using the Eulerian framework [173, 174]. The
Lagrangian approach was advantageous in envisioning the time-varying glymphatic fluid
pathways in over 30 minutes in a single image [173]. Modeling based on dynamic CE-
MRI data showed different responses in rats under two different anesthetics. In this
model, the continuity equation for the contrast agent was modified by augmenting the
diffusion term to regularize the fluid flow for continuous pathways in the glymphatic
system [173].

In another study by Elkin et al. [174], they again used the Lagrangian approach
with a modified continuity equation to more precisely model the fluid flow behavior.

Regularized optimal transport procedure and flow pattern analysis (FPA) were used to

28



find the directional information of tracer between the time points of the initial and final
observed density images from CE-MRI of normal rat brains. The major advantage of this
model is that it reduces the errors by five times when compared to the customary OMT
model. However, it still provides qualitative fluid flow information instead of the
quantitative information [174].

In the most recent paper of vascular investigation by Elkin et al., fluid motion was
described by applying OMT regularized model to the human MRI data of ten patients
with head and neck squamous cell carcinoma [175]. The advantages of this model are
that it provides quantitative information for the fluid flow and provides a clear signal
between the neighboring voxels instead of ignoring intervoxel contrast agent movements
[175]. This model can be further used to track the glymphatic pathways showing both
bulk flow and diffusion values which are critical for the complete understanding of the
glymphatic system.

2.5.1.3 Modeling efflux using DTI

Kim et al. [176] used a voxelized model including a diffusion term for
convective-enhanced delivery (CED) of therapeutics for the treatment of various CNS
diseases. This model is of special interest, since it can be utilized to model the efflux
pathways of the glymphatic system. In this model, data from DTI was used to create 3D
computational CED transport models and a semi-automatic segmentation scheme was
used to assign the transport properties on a voxel-by-voxel basis [176]. The voxelized
model approach is advantageous because of being quicker, in contrast with the tedious

slice-by-slice segmentation [176].
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Figure 2.1- Schematic illustration of Cerebral Waste Clearance (CWC). (A)
Schematic model of cerebrospinal fluid (CSF) flow, which is involved in CWC, both
within (B) and external to the brain parenchyma (C). Dotted arrows show the movement
of CSF from the ventricular compartments to the subarachnoid space, entering the brain
parenchyma via periarterial spaces, getting mixed with interstitial waste products as well
as interstitial fluid (ISF), entering the perivenous space, and then draining via perineural
spaces and lymphatics. The waste products also reach the vascular compartments directly
via the blood-brain barrier (BBB) and indirectly via CSF exiting through the arachnoid
villi/granulations. B(i) A magnified schematic image of the glymphatic system, and
intramural periarterial drainage (IPAD) pathways involved in CWC within the brain
parenchyma. B(ii) A magnified schematic image of the vascular pathway via the BBB at
the capillary level. (C) A schematic image of the CSF pathways involved in CWC via the
arachnoid villi C(i) and, lymphatic pathways (including the nasal lymphatics C(ii) and,
the meningeal lymphatics C(iii)). This figure is reproduced from [177] licensed under the
terms of the Creative Commons Attribution License.
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CHAPTER THREE

THE ASSOCIATION BETWEEN GLYMPHATIC SYSTEM AND PERIVASCULAR

MACROPHAGES IN BRAIN WASTE CLEARANCE

3.1 Introduction

The glymphatic system is a newly discovered waste clearance pathway in the
brain [11, 17, 18, 54, 80-83] and is facilitated by aquaporin-4 (AQP4) protein water
channels to promote the convective bulk flow of CSF in the interstitial spaces between
the periarterial and perivenous routes [17, 84]. Cerebral arterial pulsations are thought to
provide hydrostatic pressure, which also contribute to CSF convective bulk flow and
promote CSF-ISF exchange in the glymphatic system [19, 85]. Vasomotions are also
considered a driving force for glymphatic CSF flow [178]. Additionally, parenchymal
border macrophages (PBMs) (including the perivascular macrophages (PVMs) and
leptomeningeal macrophages) regulate the CSF flow via extracellular matrix (ECM)
remodeling, which influences arterial stiffness and pulsations [179]. Also, the dynamic
changes in arterial diameter due to functional hyperemia/neurovascular coupling and
arterial vasomotions accelerate the glymphatic CSF influx and clearance [180].

Similar to the glymphatic hypothesis, some experiments in the past demonstrated
the convective bulk flow of solutes, but it was limited to the perivascular spaces rather
than the whole interstitial space [115, 181-184]. The convective bulk flow of tracers was
also observed along the white matter fiber tracts [38, 51, 114-116]. More recent research
[27] and modeling techniques demonstrate a size-dependent diffusive transport of solutes

throughout the brain parenchyma instead of convective bulk flow [24, 185]. Similarly,
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multiple previous investigations using various molecular-weight tracers have established
that diffusion gradients drive solute transport from the brain parenchyma to nearby CSF
spaces [186-192]. However, it is questionable if the convective bulk flow is limited to the
perivascular spaces or occurs within the brain interstitial space alongside diffusion.

The glymphatic system utilizes the perivascular spaces for CSF-ISF exchange and
clearance of interstitial waste solutes from the brain parenchyma. PVMs are a specific
subpopulation of myeloid cells which are located in the perivascular spaces between the
vascular basement membrane and glial limitations of blood vessels. They are constantly
in direct contact with the CSF and play a significant role in brain homeostasis [193-198].
PVMs were long thought to be produced from bone marrow precursor cells that enter the
brain via the bloodstream and are continually replaced by blood monocytes [199]. Recent
research, however, indicates that P\/Ms are formed early during development by
embryonic precursors derived from the yolk sac and are not replaced by blood monocytes
[198, 200]. It is important to keep in mind that, despite substantial studies on the
glymphatic system, the investigation of PVMs in mediating the glymphatic system is just
emerging.

Both the glymphatic system and the PVMs play important functions in a variety
of neurological conditions. The dysfunction of the glymphatic system has been associated
with numerous neurological conditions such as Alzheimer’s disease (AD) [5, 6, 101],
traumatic brain injury (TBI) [10-12, 22, 102-104], microinfarcts [110, 111], small vessel
disease (SVD) [105, 106], migraine [112], stroke [107-109], diabetes [20], and glaucoma
[113]. Moreover, aging [93, 201], sleep [22, 81], anesthesia [96], body posture [90], etc.

influence the glymphatic system function. P\VMs are scavenger/immune cells that help
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preserve blood-brain barrier (BBB) integrity [202], participate in
macromolecule/pathogens/cellular debris uptake (phagocytosis) [203-206], and antigen
presentation to lymphocytes [199, 207, 208]. They constitute a vital component of the
brain's immune system [193, 209-211] and play a role in a range of neurological
conditions such as AD [212-214], ischemic stroke [215, 216], multiple sclerosis [217-
219], brain infections [220-224], hypertension [225, 226], etc. Recent promising research
has demonstrated the critical function of PVMs in AD and aging; PVMs depletion in
mice leads to a considerable buildup of amyloid-beta (Ap) plaque (an AD-related
protein); in aged-mice macrophage colony-stimulating factor (M-CSF) treatment
significantly increases Matrix metalloproteinase (MMP) activity and reduces the
deposition of extracellular matrix (ECM) protein [179].

Utilizing in-vivo T1WI with Gd-albumin contrast, DTI, and confocal microscopy
imaging, the purposes of this study are to determine 1) if diffusion is sufficient to account
for the intra-striatally administered tracer dynamics within the brain interstitial spaces,
particularly, the striatum, and the corpus callosum of the rat brain, 2) the role of the
glymphatic system in intra-parenchymal tracer transport, 3) tracer uptake by PVMs along
both the arteries and veins, and4) the association between the glymphatic system and the
PVMs.

3.2 Materials and Methods

3.2.1 Animals and Surgical Procedures

All experimental procedures were conducted and performed in accordance with
guidelines of the National Institutes of Health (NIH) for animal research under a protocol

approved by the Institutional Animal Care and Use Committee of Henry Ford Hospital,
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and experimental guidelines of Animal Research: Reporting of In Vivo Experiments
(ARRIVE) (items 8, 10 to 13).
3.2.1.1 Rats

Wistar Rats (3 months, male, Charles River, Wilmington, MA, USA) were
subjected to MRI measurements and ex-vivo fluorescent tracer distribution study using
confocal microscopy after intra-striatal tracer infusion (n=10) and intra-cisternal tracer
infusion (n=4).

3.2.1.2 Intra-striatal surgical procedure

Anesthesia was induced with 3.0% Isoflurane in a gas mixture of N,O (70%) and
02 (30%) and maintained with 1.0% - 1.5% Isoflurane throughout the procedure. For
intra-striatal fluorescent tracer (FITC-Dextran, 70 kD) and MRI contrast agent (Gd-
albumin, 70 kD) infusion, anesthetized rats were placed in a stereotaxic frame (Stoelting
Co., Wood Dale, IL, USA) and the skin was opened to expose the skull. A small burr
hole was made over the right parietal cortex with a hand-held drill (Foredom Electric Co.,
Bethel, CT, USA). A 27-gauge needle was introduced into the right striatum at the
following coordinates based on the rat brain atlas [227]: anterior-posterior (AP) = 0 mm;
midline (ML) = 3.5 mm; vertical depth (VD) =5 mm from bregma. FITC-Dextran (3ul
constituted in artificial CSF at a concentration of 1%) and MRI contrast agent, Gd-
albumin (3ul) were loaded together into a PE-10 catheter (Becton Dickinson,
Cockeysville, MD, USA) and part of the catheter was introduced through the needle track
into the striatum. The skull burr hole was then sealed with bone wax. Rats were taken to
the 7 Tesla (T) magnet for MR imaging immediately after the surgical procedure. The

remaining part of the indwelling catheter was connected to another PE-10 catheter filled
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with saline and attached to a glass Hamilton syringe as an extension out of the MRI
machine.

3.2.1.3 Intra-cisternal surgical procedure and tracer infusion

Anesthetized rats were placed in a stereotaxic frame (Stoelting Co.) and the
atlanto-occipital regions covering the cisterna magna were exposed by tilting the head
downward at ~ 90° angle. The occipital bone was exposed via a midline incision. A small
burr hole was made over the occipital bone 1 mm above the cisterna magna and 1mm
lateral to the midline. The dura mater was carefully exposed and punctured with a 27-
gauge needle. A polyethylene catheter (PE-10 tubing; Becton Dickinson, Cockeysville,
MD, USA) filled with 30 pl of fluorescent tracer (FITC-dextran, 70 kD) was introduced
into the cisterna magna through the puncture to a depth of 1-2 mm with its tip positioned
at the midline of cisterna magna. The indwelling catheter was secured, and the
perforation site was sealed with surgical glue. The skin incision was then stitched. Using
the indwelling catheter connected to a Hamilton syringe, FITC-dextran was administered
at a rate of 1 pl/min for 30 minutes using an infusion pump (Harvard Apparatus,
Holliston, MA, USA). To avoid possible backflow, the indwelling catheter and Hamilton
syringe were left in place after infusion. Rats were sacrificed 2 hours after infusion to
study the dynamics of FITC-dextran in the coronal brain sections using confocal
microscopy imaging.

3.2.2 MRI measurements

A 7 Tesla MRI system (Bruker-Biospin, Billerica, MA, USA) was employed to
perform MRI measurements. The receiver was a quadrature 2x2 surface array coil, while

the transmitter was a body volume birdcage-type coil. Rats were safely placed on an MR-
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compatible holder equipped with stereotaxic ear bars to control head motions and an
adjustable nose cone for anesthetic gas distribution. At the start of the MRI scan, the
holder was inserted into the magnet and placed in the middle. Isoflurane (1.0-1.5%) and a
gas mixture of N2O (70%) and O2 (30%) was utilized as anesthesia during the MRI
measurements, and respiration (50-65 breaths/minute) was carefully observed throughout
the MRI scanning (Biopac Systems Inc., Goleta, CA, USA). The rectal temperatures of
the rats were maintained at 36°C with an air heating blower (Rapid Electric, Brewster,
NY, US).

To measure the dynamics of the Gd-albumin after intra-striatal infusion, 3D T1WI
(TE =4 ms, TR = 18 ms, flip angle = 12°, FOV = 32x32x16 mm?3, matrix = 256x192x96
(resolution of 0.125x0.167x0.167 mm) later interpolated to 256x256x96 voxels
(resolution of 0.125x0.125x0.167 mm)) were acquired using a spin-echo sequence. Two
baseline scans using 3D T1WI sequences were employed prior to infusion, followed by
intra-striatal administration of Gd-albumin + FITC-dextran (6 ul, 70 kD) at an infusion
rate of 0.3 pl/min for 20 min using the indwelling catheter connected to a 100 pl glass
syringe (Hamilton Robotics, Reno, NV, USA) mounted on an infusion pump (Harvard
Apparatus, Holliston, MA, USA). After the end of an infusion, three 3D T1WI sequences
were employed to track the movement of Gd-albumin. Diffusion-weighted (DW) spin-
echo sequence to estimate ADC of water molecules was also employed after the end of
intra-striatal infusion with parameters TE = 40 ms, TR = 1500 ms, b-value = 900 s/mm?,
directions = 6, slice thickness = 0.8 mm, number of slices = 15, FOV = 32x32 mm?,

matrix = 128x128. To avoid possible backflow, the Hamilton syringe was left in place
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after infusion. At the end of the experiment, animals were immediately taken for
sacrifice, and tissues were prepared for ex-vivo confocal microscopy imaging.

3.2.3 Histology

3.2.3.1 Tissue preparation for vibratome sections and immunohistochemistry

Rats were transcardially perfused with saline, followed by 4% paraformaldehyde.
The brains were immersed in 4% paraformaldehyde at 4°C for 48h. Coronal vibratome
sections (100 um, AP = 0.20 to -0.4 mm from bregma) for rats with intra-striatal infusion
and intra-cisternal infusion were processed for single immunofluorescence labeling for
CD206 and alpha-smooth muscle actin (aSMA). Briefly, vibratome coronal brain
sections were incubated with the primary antibody including CD206 (PVMs marker,
Abcam, AB64693, 1:2,000) or aSMA (smooth muscle cells marker, DAKO, M0851,
1:400) for 4 days at 4°C, and then with the secondary antibody conjugated to Cya3.

3.2.3.2 Ex-vivo confocal microscopy imaging

Coronal brain sections were assessed using an Olympus FLUOVIEW FV1200
Biological Confocal Laser Scanning Microscope (Olympus America Inc., Center Valley,
PA). The FV10-ASW software was used to operate the motorized stage, focus, and XYZ
image acquisition. The distribution of FITC-dextran was imaged with FITC (green)
emission channel and CD206 or aSMA staining samples were imaged using cy3 (red)
emission channel. We used Olympus UPlanSApo 10x/0.40 and 40x/0.95 objectives and
laser lines at the excitation wavelength of 473 nm and emission wavelength of 519 nm
for FITC-dextran, excitation wavelength of 559 nm and emission wavelength of 567 nm
for aSMA and CD206. Image scale bars were applied using ImageJ while keeping the
image integrity intact.
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3.2.4 Data Analysis

3.2.4.1 Pseudo-ADC (ADC¥*) calculation from T1WI

To estimate the diffusion parameter from the contrast-enhanced T1WI, we tracked
the distribution of the Gd-albumin over time. We analyzed three TIWI volumes that were
scanned about 4.5, 24, and 28.5 minutes after the end of the tracer infusion. For each
volume, a rough segmentation covering the hyperintensity regions caused by the tracer
near the infusion site and along the corpus callosum was drawn manually using MRIcro
software. The ROIs were then processed in MATLAB to identify the regional boundaries
more precisely. To do this, the tissue inside the manually segmented ROIs was further
segmented into two regions using Otsu's threshold approach [228]. The region with
higher intensities includes the tissue with tracer. The boundaries (surface) of the regions
were identified, as shown in Fig- 3.1A. For each T1 volume, a set of voxels, P(x,y,z), on
the surface of the distributing tracers was calculated, Si={Pi}|i=1,..., N1}, S>={Pi%i=1,...,
N2}, Ss={P%ji=1,..., N3}. Here, N is the number of voxels on each surface and since the
regions were growing as the tracer distributed to the tissues, it is reasonable to assume
N1< N2< Na. Next, the distance traveled by the tracer from each point on a surface to the
closest point on the next surface was calculated. Knowing the dimensionality, d as 3,
distance, Dist, and the traveled time, t, by the tracer, the pseudo apparent diffusion
coefficient can be estimated as:

ADC* = Dist? (3.1)
©2dt
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The estimated diffusion values over the surface points were averaged to achieve
an approximate measure of the ADC* of Gd-albumin in the striatum and along the corpus
callosum.

3.2.4.2 ADC estimation from DTI

The DW MRI data were processed and analyzed using in-house codes in
MATLAB (The MathWorks, Inc., Natick, MA, USA). First, the DW volumes were
motion corrected by a coarse registration using SPM8. Then, similar to the method used
by [229], the DTI tensor was estimated from the DW images. Then, DTI scalar maps
such as fractional anisotropy (FA), apparent diffusion coefficient (ADC), axial (parallel)

diffusion coefficient (Daxi), and radial (perpendicular) diffusion coefficient (Drad) were

calculated as follows:

FA = 1 y (A —2)2+ (A —23)2 + (A, — 13)2 (3.2)
2 A2+ 12
AMA+A,+2
apc = that s (3.3)
3
Daxi = M (3.4)
_tth (3.5)
rad — 2

in which A1> A>> A3 are the sorted eigenvalues of the diffusion tensor in each
voxel. FA is a measure of restricted diffusion, and it is high in white matter fiber bundles.
We used ADC and FA maps to manually segment the infusion site and corpus callosum,

respectively, as shown in Fig- 3.1B.
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Based on the structure of extracellular spaces, the macroscopic diffusion in the
brain tissues is hindered and defined by ADC. ADC is related to the free diffusion

coefficient by a restriction parameter called tortuosity, A.

. (3.6)

" Dunc

Our ADC maps provided the ADC values for water molecules. Using the reported
free diffusion coefficient of water (18 D) as 3x10°® mm?#ms [230] and eqn-3.6, we first
calculated tortuosity for water molecules in the striatum and along the corpus callosum.
Then, assuming the tortuosity for Gd-albumin to be the same as water molecules and
using the reported value 8.29x10® mm?/ms [188] for the free diffusion coefficient of
bovine serum albumin (66 kD) as a substitute for Gd-albumin (70 kD) and egn-3.6 again,
we finally estimated the ADC for Gd-albumin in the striatum and along the corpus
callosum.

The assumption of using the tortuosity for Gd-albumin to be the same as water
molecules despite a huge difference in their molecular weight is reasonable because the
ADC in eqgn-3.6 is inversely proportional to tortuosity squared. Using true (bigger)
tortuosity values for Gd-albumin would give an even smaller ADC value estimated from
DTI, which would even support more in favor of our results that convective bulk flow is
present in addition to diffusion in the brain.

3.2.5 Data quantification and statistical analysis

To evaluate the convective bulk flow in the interstitial spaces of the brain
parenchyma, ROIs were generated near the intra-striatal infusion site and the corpus

callosum. ADC* of Gd-albumin was calculated from T1WIs using the dynamics of
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contrast agent within those ROIs. Similarly, ROIs were used to estimate the ADC of Gd-
albumin from DTI-generated ADC maps. Results of calculated ADC* (from T1WIs) and
estimated ADC (from DTI) using both ROIs are shown as mean + standard error in bar
plots as shown in Fig- 3.1C, D. A two-sample t-test was performed between two groups
with a p < 0.05 statistical significance level in order to determine the convective bulk
flow within the brain parenchyma.

3.3 Results

3.3.1 Convective bulk flow in the interstitial spaces of the brain parenchyma

Gd-albumin (70 kD) was employed as a high molecular weight (MW) tracer to
determine the size-independent convective bulk flow transport within the brain
parenchyma. Due to the very small size of perivascular spaces, convective bulk flow
cannot be directly evaluated using MRI, so we indirectly calculated ADC* values of Gd-
albumin from T1WI. To estimate the diffusion parameter from the contrast-enhanced
T1WI, we analyzed the distribution of the Gd-albumin over time. ADC* values of Gd-
albumin were calculated from the in-vivo T1WIs. Fig- 3.1A shows the ROIs enclosing
the boundary of Gd-albumin movement near the intra-striatal infusion site and along the
corpus callosum 4.5, 24, and 28.5 minutes after the end of infusion, respectively. As seen
in these images, the boundaries kept on expanding, indicating the movement of Gd-
albumin with time. ADC* values calculated from T1WIs using the dynamics of the
contrast agent were affected by both the convective bulk flow and diffusion.

ADC of Gd-albumin was estimated from DTI. The ADC and FA maps derived
from DTI and the ROIs near the infusion site and corpus callosum are shown in Fig-

3.1B. The FA maps were used to draw the ROIs near the infusion site and the corpus
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callosum, since these maps can show the restricted diffusion clearly, especially along the
corpus callosum.

Fig- 3.1C, D show the quantitative comparison of the calculated ADC* (from
T1WIs) and estimated ADC (from DTI) values (Mean + SE) and demonstrates the
significantly higher value of calculated ADC* (Fig- 3.1C, (3.64 +0.8) x 108 vs (1.75 +
0.1) x 10®, p = 0.038, % difference- 70) in the striatum and higher value of calculated
ADC* (Fig- 3.1D, (2.67 £ 0.7) x 10 vs (1.97 + 0.08) x 108, p = 0.34, % difference- 30)
along the corpus callosum compared to the estimated value of ADC from DTI. Our data
demonstrates that calculated ADC* values from T1WIs are higher than estimated ADC
values from DTI, indicating that tracer movement within the brain parenchyma,
particularly in the striatum and the corpus callosum, is supported not only by diffusion
but also involves bulk flow independent of molecular weight of solutes.

3.3.2 Glymphatic system-mediated transport within the brain parenchyma

The tracer movement in the rat brain was examined using confocal microscopy
imaging on coronal brain sections after intra-striatal and intra-cisternal administration of
FITC-dextran, separately. The tracer movement in the striatum and the corpus callosum
was detected 50 minutes after intra-striatal infusion of high MW FITC-dextran (70 kD),
as shown in Fig- 3.2A. The tracer was observed in the perivascular spaces near the
infusion site (Fig- 3.2(A2-A4)), distal from the infusion site (Fig- 3.2(A1, A5)), and in
the perivascular spaces of the contralateral hemisphere of the brain (Fig- 3.2(A6)). Using
an aSMA as a marker to determine arterial vessels, we found that the tracer entered both
the periarterial and perivenous spaces as shown in Fig- 3.4A-1. These images

demonstrate that 50 minutes after intra-striatal infusion, the tracer not only moved far
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from the infusion site but also entered the perivascular spaces of both the veins and the
arteries, indicating the important role of the glymphatic system and convective bulk flow
in the propagation of tracer/interstitial waste solutes within the brain parenchyma. To
minimize the effect of intra-striatal injection on the glymphatic system [84], we
investigated the tracer distribution via the glymphatic system following intra-cisternal
administration of FITC-dextran. The tracer was seen in both the hemispheres (Fig- 3.6)
and was present mostly in the cortical periarterial and perivenous spaces 2 hours post
intra-cisternal infusion, demonstrating the functioning of the glymphatic system and
convective bulk flow in CSF tracer transport, as was previously reported in glymphatic
system studies [17, 80].

3.3.3 PVMs and their association with the glymphatic system

PVMs are a distinct population of resident brain macrophages localized in close
proximity to cerebral blood vessels and express the mannose receptor CD206. We
hypothesized that P\VMs, due to their specific location in the CSF-filled perivascular
spaces, may play an important role in interstitial waster clearance. Using confocal
imaging analysis, we found that after intra-striatal infusion of FITC-dextran, the tracer
was accumulated in cells located within the perivascular spaces of the vasculature (Fig-
3.2). Three-dimensional (3D) XZ and YZ cross-sectional confocal imaging showed that
these cells were present outside the vascular lumen, (Fig- 3.5A). Fig- 3.3A-F are the
confocal images further showing the tracer uptake predominantly by cells within the
perivascular spaces surrounding the medium to large-sized vessels (25-50 um in
diameter) and the co-localization of CD206 immunoreactive cells, a specific marker for

PVMs, indicating that the tracer is primarily taken up by PVMs. The co-localization of
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the tracer and CD206-positive PVMs using 3D cross-sections of XZ (bottom) and YZ
(right) planes obtained from z-stacked confocal microscopy images is shown in Fig-
3.5B. Interestingly, after the intra-striatal infusion of FITC-dextran in the right
hemisphere, the tracer was accumulated in PVMs on the contralateral hemisphere of the
brain as well (Fig- 3.2(A6)). This tracer accumulation by brain-wide PVMs suggests that
PVMs play an essential role in sampling the components of the CSF and the removal of
interstitial waste solutes from the brain.

Next, we performed intra-striatal tracer infusion, to determine if tracer
accumulated PVMs were located in the perivascular spaces of both the arterioles and
venules in which aSMA-immuno positive and negative vessels were used to determine
arterioles and venules, respectively. We detected that CD206 positive PVMs localized to
the perivascular spaces of aSMA* arterioles and aSMA™ venules (Fig- 3.4A-1). This
result suggests that the PVMs filter CSF components during the glymphatic influx along
arteries and glymphatic efflux along veins. We also detected the tracer accumulated
PVMs specifically in the pial-glial periarterial spaces of the glymphatic system instead of
the periarterial spaces along the basement membranes between smooth muscle cells
(SMCs) in the walls of the arteries for intramural periarterial drainage pathway (IPAD)
(Fig- 3.5C). Fig- 3.5C shows the 3D cross-sections of XZ (bottom) and YZ (right) planes
clearly exhibiting the PVMs external to the SMCs in arterioles. This evidence is critical
in confirming that the PVMs and the glymphatic system share the same perivascular
spaces and work hand-in-hand for the removal of interstitial waste solutes from within

the brain parenchyma.
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Again, to minimize the effect of intra-striatal injection on the glymphatic system
[84], we repeated the experiments using the intra-cisternal infusion of FITC-dextran and
further analyzed the tracer uptake by PVMs and their association with the glymphatic
system. Fig- 3.6A is the coronal brain section image showing tracer transport by the
glymphatic system. Again, the tracer and tracer accumulated cells were prevalent in the
perivascular spaces of both the cerebral hemispheres (Fig- 3.6 (A1-A6)). To further
confirm the tracer accumulated cells to be PVMs, we used CD206 staining. Fig- 3.7A-F
show the cells present in perivascular spaces and confirm them to be CD206* PVMs.
aSMA staining was then conducted to establish that PVMs in both peri-arterioles and
peri-venules had taken up the tracer. Fig- 3.8A-1 show the tracer and tracer accumulated
PVMs in perivascular spaces of the vasculature and distinguished the aSMA™ arterioles
from aSMA " veins. Collectively, confocal microscopy images after the intra-striatal and
intra-cisternal infusions of tracers, separately, in the rat brain indicate the crucial function
of PVMs in the uptake of tracer/interstitial waste solutes during glymphatic CSF influx
(along arteries) and efflux (along veins).

3.4 Discussion

The glymphatic system proposes a brain-wide waste clearance through a
specialized network of perivascular spaces and convective bulk flow of CSF, ISF, and
interstitial waste solutes through the interstitial spaces of the brain parenchyma.
However, the glymphatic system hypothesis of convective bulk flow in the interstitial
spaces is not widely accepted and many studies argue in favor of diffusion as a
microscopic mechanism of waste transport in the brain interstitial spaces [24, 27, 185].

Moreover, the association of the PVMs (a specific type of immune cells present in the
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perivascular spaces) with the glymphatic system for interstitial waste clearance has not
been thoroughly investigated.

In this study, to evaluate the transport mechanism in the striatum, we utilized a
high-molecular-weight tracer (Gd-albumin, 70 kD) that is ideally suited to analyze the
size-independent convective bulk flow. The ADC* value calculated from T1WI
accounted for the transport of the contrast agent via both convective bulk flow and
diffusion processes. The ADC value estimated from DTI solely accounted for the
diffusion of the contrast agent. In the striatum, the ADC* calculated from T1WI was 70%
larger than the ADC estimated from DTI as shown in the bar plots of Fig- 3.1C. In the
corpus callosum, the ADC* calculated from T1WI was 30% larger than the ADC
estimated from DTI as shown in the bar plots of Fig- 3.1D. These results demonstrate the
presence of both the convective bulk flow and diffusion in the interstitial spaces of the
brain, consistent with the initially proposed glymphatic system [17]. These findings are
also consistent with a recent study that used a model based on the Lagrangian approach
for optimal mass transport and found that convective bulk flow is the predominant mode
of transport in perivascular spaces, while both convective bulk flow and diffusion are
significant modes of transport within the brain parenchyma [231]. Using a mathematical
model, different research [232] verified the existence of convective bulk flow and
diffusion in the cortex of the human brain. However, both studies utilized small MW
tracers, such as Gd-DOTA (MW-557.6 D) and Gadobutrol (MW-604 D), respectively, to
establish their findings, which are not suited for studying the convective bulk flow in the
brain tissue. Therefore, we attempted to address this controversy by employing Gd-

albumin (70 kD), a high MW tracer that is suitable for this purpose.
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In this study, the DTI-estimated ADC values in the corpus callosum (Fig- 3.1D)
are bigger than ADC values in the striatum (Fig- 3.1C), which is expected given that the
corpus callosum is composed of white matter containing millions of myelinated axons,
and diffusion of solutes is faster along the direction of the fiber tracts. On the other hand,
the T1WI-calculated ADC* values in the corpus callosum (Fig- 3.1D), are lower than the
ADC* values in the striatum (Fig- 3.1C), which may be attributed to the larger bulk flow
near the intra-striatal infusion site due to its proximity to the needle track and the
presence of more vasculature and perivascular spaces in the striatum compared to the
corpus callosum.

In order to assess the role of the glymphatic system and convective bulk flow, we
also employed ex-vivo confocal microscopy imaging and determined if the intra-striatal
infused tracer (FITC-dextran, 70 kD) could be detected along the perivascular spaces of
arteries/arterioles and veins/venules distant from the infusion site. Our findings revealed
the presence of the tracer in the perivascular spaces and brain tissue distant from the
intra-striatal infusion site (Fig- 3.2) indicating the role of convective bulk flow in tracer
transport within the brain parenchyma. The presence of tracer in the periarterial and
perivenous spaces, demonstrating the functioning of the glymphatic system following
intra-striatal infusion, was verified using tSMA labeling to differentiate between
arterioles and venules (Fig- 3.4). Although after intra-striatal infusion, we did not expect
the tracer to enter the periarterial spaces, but this may be due to the re-circulation of the
tracer via the glymphatic system after draining through the perivenous spaces into the
CSF compartments (subarachnoid space or ventricles) [17]. Another plausible reason for

the tracer being present in the periarterial spaces is through the glymphatic system after a
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little amount of tracer leakage into the subarachnoid space via the needle track during the
infusion. The function of the glymphatic system was also verified after the intra-cisternal
infusion of the tracer; the presence of the tracer in both hemispheres of the brain (Fig-
3.6) and in the peri-arteriole and peri-venule spaces (Fig- 3.8) indicate the tracer transport
by the glymphatic system.

The findings of this study using confocal microscopy imaging on coronal brain
sections revealed the presence of PVMs in the perivascular spaces of arterioles external
to the SMCs, the same pathway used by CSF during the glymphatic system influx. The
LYVE1*/CD163" (scavenger receptor cells) PVMs located external to the vascular SMCs
along arteries and separated by basal lamina have been recently demonstrated using
electron microscopy [179]. After the intra-striatal (Fig- 3.2-3.4) and intra-cisternal (Fig-
3.6-3.8) infusions, independently, we further showed the tracer uptake by the PVMs
located in the perivascular spaces of both the arterioles and venules. These findings
indicate that PVMs interact with CSF during both glymphatic influx (along arteries) and
glymphatic efflux (along veins). In fact, PVMs not only interact with CSF but also filter
its components to eliminate potentially toxic interstitial waste solutes and other foreign
solutes/pathogens. This result is consistent with a recently published study in mice
showing that P\V/Ms examine CSF contents as CSF moves into and out of the brain
(following intra-cisternal and intra-striatal injections, respectively) and that P\VM deletion
inhibits CSF influx and efflux [179]. They also observed double positive PVMs after co-
injecting the tracers intra-striatally and intra-cisternally, which support the findings of our
study. Following the impairment of CSF flow dynamics in PVM-depleted mice, further

analysis of the CSF protein content revealed an accumulation of synapse-related proteins
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(such as NRXN1, CDH2, and NRCAM, etc.) and AD-related proteins (such as clusterin,
apolipoprotein, and amyloid precursor protein, etc.). Furthermore, they found LYVE1*
(scavenger receptor cells) PVMs along aSMA" arteries/arterioles and MHCII* (antigen-
presenting cells) PVMs along aSMA" veins/venules, showing the distinct functions of
PVMs identified in perivascular spaces of arteries and veins. They also found increased
fibroblast activity, decreased MMP activity, impaired arterial vasodilatory responses, and
an accumulation of extracellular matrix (ECM) proteins (such as laminin, collagen 1V,
etc.) along aSMA" vessels in PVM-depleted mice, indicating that LYVE1* MHCI'/me9
PVMs regulate the CSF flow dynamics through their capacity to regulate ECM
remodeling, which in turn affects the arterial stiffness and pulsation [179]. A very recent
study has shown that dynamic variations in vascular diameter/vasomotion due to
neurovascular coupling encourage CSF to flow through the perivascular spaces, hence
driving perivascular glymphatic CSF influx and clearance [180]. Collectively, these
findings imply that P\/Ms not only interact with CSF during glymphatic influx and
efflux, but also regulate CSF flow dynamics by modulating arterial stiffness/pulsations,
which is the key contributor to CSF-ISF exchange in the glymphatic system. As a result,
the PVMs are closely related to the glymphatic system, and the two systems collaborate
to clear toxic interstitial waste solutes from the brain and maintain homeostasis.
Furthermore, PVMs have been demonstrated to be the critical players in
regulating the CSF flow dynamics in aging and AD [179]. Also, with aging, the
functioning of the glymphatic system decreases [93, 201], probably due to a decrease in

vascular elasticity and neurovascular coupling [180, 233, 234]. The glymphatic system
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and PVMs should be further investigated as potential novel treatment targets for patients
with AD and age-related disorders.

A drawback of this work is that the intra-striatal infusion is traumatic, severely
suppresses the functioning of the glymphatic system, and disturbs fine pressure gradients
[84] . However, to minimize these effects, we carefully introduced a PE-10 catheter into
the striatum to examine the convective bulk flow within the brain parenchyma.
Additionally, during the intra-striatal infusion in MRI scans, a tiny amount of tracer may
have leaked into the subarachnoid space via the needle track and re-entered the brain
parenchyma via the glymphatic pathways which is another limitation of this study.
However, we employed a low infusion rate of 0.3 pl/min to minimize this kind of tracer
leakage. Another drawback of this study is that the evaluation of ADC values of Gd-
albumin from T1WIs and DTI could have some flaws. First, we used a regional growing
scheme to assess the distance that the Gd-albumin particles traveled between two MRI
scans. In this process, the segmentation of tissues containing the tracer is not very precise
due to limited contrast to noise ratio (CNR). Second, we had to assume the tortuosity for
Gd-albumin to be the same as water molecules. Although this could impose an
overestimation bias for the DTI-estimated ADC values, our conclusion that diffusion
alone is not sufficient for the tracer movement within the brain parenchyma remains
valid, as we discussed in section 3.2.4.2.

3.5 Conclusion

To examine the solute transport mechanism in the brain interstitial spaces, we
utilized high MW Gd-albumin for intra-striatal administration. In the striatum and along

the corpus callosum, the ADC* calculated from T1WI was 70% and 30% higher,
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respectively, than the ADC estimated from DTI, suggesting the existence of both the
convective bulk flow and diffusion in the interstitial spaces of the brain. Confocal
microscopy imaging revealed tracer in the peri-arteriole and peri-venule spaces, as well
as in brain tissue distant from the intra-striatal infusion site, indicating the contribution of
the glymphatic system and convective bulk flow to parenchymal tracer transport, which
was also confirmed after intra-cisternal tracer infusion. PVMs were observed in the pial-
glial perivascular spaces utilized by the glymphatic CSF influx and efflux for interstitial
waste clearance. This study additionally showed tracer uptake by PVMs in both the peri-
arteriole and peri-venule spaces following intra-striatal and intra-cisternal administration
of the tracers, separately. P\VMs regulate the CSF flow dynamics, hence indirectly
supporting the functioning of the glymphatic system. Collectively, the findings of this
study suggest a significant role of PVMs in interstitial waste clearance during glymphatic
CSF influx along arteries and glymphatic CSF efflux along veins. A better understanding
of the association between these pathways may lead to new therapeutic strategies for

numerous neurological conditions.
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Figure 3.1- (A) T1-weighted images 4.5, 24, and 28.5 minutes after the end of tracer
infusion, shown in the coronal view, for illustration. The boundaries of the tracer were
calculated using MATLAB from the initial manual segmentation. (B) Images of ADC,
and FA maps resulted from DTI. (C, D) Bar plots showing the average ADC* of Gd-
albumin calculated from T1WI and ADC estimated from DT] in the striatum (C), and
along the corpus callosum (D) of rat brain after the intra-striatal administration of Gd-
albumin with * p<0.05. Error bars indicate the standard errors.
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Figure 3.2- Intra-striatal administration of FITC-dextran (70 kD) in the rat brain. (A)
shows the movement of the tracer in the striatum and the corpus callosum 50 minutes
after infusion in coronal brain section. The presence of a tracer (green) in the perivascular
spaces near the infusion site (A2-A4), far from the infusion site (A1, A5), and on the
contralateral hemisphere (A6), can be seen using confocal microscopy imaging.
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Intra-striatal Infusion

FITC-dextran (70 kD) CD206 (PVM marker)

Figure 3.3- FITC-dextran tracer uptake by the perivascular macrophages (PVMs) present
in the perivascular spaces after intra-striatal administration. (A, D) show the tracer
(green) accumulated cells using the FITC channel, (B, E) show the CD206 staining (red)
which is a specific marker for PVM using the cy3 channel, (C, F) are the images from the
merged channel showing the co-localization (yellow) of CD206 antibody with tracer
accumulated cells, confirming them to be PVM.
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Intra-striatal Infusion
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Figure 3.4- Presence of FITC-dextran and PVMs in the peri-arteriole and peri-venule
spaces after intra-striatal administration of FITC-dextran. (A) shows the tracer and tracer
accumulated cells (green) in the perivascular spaces of vasculature, (B) shows the aSMA
staining (red) specific for smooth muscle cells (SMCs), (C) merged channel shows the
presence of aSMA for SMC in arteriole and absence of aSMA in venules. (D, G) are the
sub-images of (A) showing the magnified view of vessels, (E, H) are the sub-images of
(B) showing the magnified view of aSMA staining, (F, 1) are the sub-images of (C)
showing the magnified view of aSMA™ arteriole (1) and aSMA" venule (F). (1, F)
distinguished the arterioles from veins and confirm the presence of tracer accumulated
PVM in the peri-venule and peri-arteriole spaces.
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Figure 3.5- 3D cross sections of XZ and YZ planes obtained using z-stacked confocal
microscopy imaging. The horizontal and vertical crosslines shown in the projection
image represent the XZ and YZ planes shown at the bottom and right sides, respectively.
(A) shows the presence of tracer and tracer accumulated PVM (green) external to the
lumen, preferably in the perivascular space of the vasculature, (B) shows the co-
localization (yellow) of PVM with the CD206 antibody (red), (C) shows the PVM
external to the SMCs (red) in the perivascular spaces utilized by the glymphatic system.\
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Intra-cisternal Infusion
t=2 hours
FITC-dextran (70 kD)

Figure 3.6- Intra-cisternal administration of FITC-dextran in the rat brain. (A) coronal
brain section image 2 hours after infusion. (A1-A6) sub-images of (A) showing the
magnified view of the presence of tracer and tracer accumulated cells (green) in the
perivascular spaces in both the hemispheres of the brain.
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Intra-cisternal Infusion
FITC-dextran (70 kD) CD206 (PVM marker)

Figure 3.7- FITC-dextran tracer uptake by the perivascular macrophages (PVMs) present
in the perivascular spaces after intra-cisternal administration of FITC-dextran. (A, D)
show the tracer uptake by cells (green) in the perivascular spaces using the FITC channel
of confocal imaging, (B, E) show the CD206 staining (red) which is a specific marker for
PVM using the cy3 channel, (C, F) are the images from the merged channel (yellow)
showing the co-localization of PVM with CD206 staining, confirming the tracer uptake

by PVM.
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Intra-cisternal Infusion
FITC-dextran (70 kD) aSMA (SMC marker)

H Arteriole
50 ym

Figure 3.8- Presence of FITC-dextran and PVMs in the peri-arteriole and peri-venule
spaces after intra-cisternal administration of FITC-dextran. (A) shows the tracer and
tracer accumulated PVM (green) in the perivascular spaces of vessels, (B) shows the
aSMA staining (red), (C) merged channel showing the aSMA* penetrating arteriole and
aSMA venule. (D, G) independent images of venule and arteriole, (E, H) aSMA
staining, (F, I) merged channels identifying the tracer accumulated PVMs in the
perivascular spaces of arterioles (1) and venules (F).
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CHAPTER FOUR

IMAGING GLYMPHATIC RESPONSE TO GLIOBLASTOMA

4.1 Introduction

Glioblastoma multiforme (GBM) is a type of glioma that arises from astrocytes
and is the most aggressive form of brain tumor, classified as grade 4 in malignancy by the
World Health Organization [235]. In the United States, roughly 14,000 new instances of
GBM are diagnosed each year. The average survival rate for people with GBM is about
14-16 months after diagnosis. Treatments after diagnosis include surgery followed by
radiation therapy and chemotherapy with temozolomide [236]. With this form of tumor,
fewer than 5% of patients survive for five years or more [237]. The microenvironment in
GBM facilitates the invasion of tumor cells into the surrounding healthy brain tissue
[238].

The glymphatic system, discovered in 2012 [17], provides a pathway for
cerebrospinal fluid (CSF) to circulate within the brain parenchyma and interact with
interstitial fluid (ISF) and interstitial waste solutes, using the perivascular spaces
surrounding the blood vessels for cerebral waste clearance (CWC). Dysfunction of the
glymphatic system and reduced waste clearance from the brain have been reported in
various neurological disorders including Alzheimer’s disease (AD) [5-7, 17, 101], small
vessel disease (SVD) [105, 106], traumatic brain injury (TBI) [10-12, 22, 102-104],
stroke [107-109], diabetes [20], migraine [112], microinfarcts [110, 111], glaucoma

[113], etc.
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Recently, the dorsal mLVs have been demonstrated to be crucial for producing an
effective immune response against brain tumors and draining glioma cells into cervical
lymph nodes (CLNs), thereby playing a role in extracranial metastasis [239]. Since the
mLVs are the potential efflux pathway for the glymphatic system and further drain the
interstitial waste solutes to the CLNSs [28, 29, 58, 155], we speculate that within the brain
parenchyma, the glymphatic pathway may facilitate tumor invasion by providing a
perivascular route for GBM cells to migrate away from the primary tumor location and
invade healthy brain tissue. The highly invasive nature of GBM cells is a primary reason
for the failure of conventional treatment methods [240]. Exploring tumor cell infiltration
techniques and devising anti-invasive therapies are thus of great importance. Since the
glymphatic system allows CSF to circulate within the brain parenchyma, it may also
facilitate efficient drug delivery for GBM via intra-cisterna magna (ICM) injection. Thus,
a better understanding of the functioning of the glymphatic system with GBM may have
important implications for both the progression and treatment of GBM.

Using dynamic contrast-enhanced magnetic resonance imaging (CE-MRI) and our
kinetic modeling, the aim of the present study is to investigate the response of the
glymphatic system in rats to GBM. Our data suggest that GBM rats have an impaired
glymphatic system as well as reduced CSF tracer outflow along optic nerves. The
glymphatic response to GBM may impact tumor cell migration, infiltration, and drug

delivery administration via the ICM pathway.
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4.2 Materials and Methods

4.2.1 Animal Tumor Model and Experimental Methods

All experimental procedures were approved by the Institutional Animal Care and
Use Committee of Henry Ford Health, and experimental guidelines of ARRIVE (items 8,
10 to 13). All procedures were carried out under the National Institutes of Health (NIH)
Guidelines for the Care and Use of Laboratory Animals.
4.2.1.1 Rats

GBM-induced rats (3 months, male, Charles River's immunodeficient Rowett
Nude (RNU), n=6) and age-matched control rats without tumor implantation (male, n=8,
Charles River’s Wistar, Wilmington, MA, US) were subjected to the same experimental
procedures, including the ICM surgery for infusion of contrast agent and MRI
measurements.

4.2.1.2 Cell Culture

Primary human glioblastoma cells HF2354 were isolated from resected GBM
tissue at Henry Ford Hospital and maintained in DMEM/F-12 medium (11330032,
Thermo Fisher Scientific, Waltham, MA, USA) containing 25 pg/ml Gentamicin (G1272,
Sigma-Aldrich, Burlington, MA, USA), Pen/Strep (1x, 15640-055, Gibco, MA, USA),
1xN2 supplement (17502048, ThermoFisher Scientific, Waltham, MA, USA), 50ug/ml
BSA (A4919-5G, Sigma-Aldrich, Burlington, MA, USA), 20 ng/ml EFG (AF-100-15,
Peprotech, Cranbury, NJ, USA) and 20 ng/ml FGFb (100-18B, Peprotech, Cranbury, NJ,

USA).
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4.2.1.3 Intracranial Tumor Implantation

Nude rats were anesthetized with ketamine (80 mg/kg) and xylazine (13mg/kg)
administered intraperitoneally (IP). After being secured in a stereotaxic device, a 3-4 mm
incision was made directly down the midline, the scalp was retracted, and the cranium
was exposed. Using a drill, a 2 mm craniotomy was made on the right hemisphere
anterior to the coronal suture. Tumor cells were injected intra-parenchymally into the
right hemisphere using a 10 pl Hamilton syringe at 2.5 mm depth, 1.5 mm to the right,
and 1.0 mm anterior to the bregma. A volume of 5 ul of HF2354 glioblastoma cells
(5x10°) was injected intracerebrally. The craniotomy was sealed with bone wax and the
incision was closed with a 4-0 silk suture.

4.2.1.4 Catheter Implantation into the cisterna magna

Prior to the MRI investigations, all rats were surgically prepped for catheter
implantation into the cisterna magna for infusion. Isoflurane (3.0%) and a gas
combination of N2O (70%) and O (30%) were used to anesthetize the rats, and once the
rats were stable, the isoflurane was maintained in the range of 1.0% - 1.5%. After fixing
the head in a stereotactic frame, the dorsal skin and muscle at the midline of the neck
were incised, exposing the occipital bone. A 1 mm diameter hole was drilled through the
skull using a Micromotor (Foredom Electric Co., Bethel, CT, USA), lateral to the midline
of the skull and about 1 mm above the cisterna magna to expose the dura mater. A 27-
gauge needle was used to puncture the dura mater. A part (approximately 2 mm long
segment) of the polyethylene catheter (PE-10 tubing; Becton Dickinson, Cockeysville,
MD, USA), approximately 10 pl in a volume filled with saline, was inserted into the

cisterna magna. After that, the dura mater opening was sealed with glue, and a section of
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outer tubing was superglued to the occipital bone. Finally, the skin and muscle incisions
were sutured. In order to prepare for infusion, Gd-DTPA (21.7 mM) was loaded into a
PE-10 catheter tube and linked to the indwelling catheter as an extension out of the MRI
machine.

4.2.2 MRI measurements

A 7 Tesla MRI scanner (Bruker-Biospin, Billerica, MA, USA) was used to
acquire images. A 2x2 surface array coil was utilized as the receiver, while a body
volume birdcage-type coil was employed as the transmitter. The catheterized animal was
securely fastened to an MR-compatible holder outfitted with an adjustable nose cone for
anesthetic gas delivery and stereotaxic ear bars to restrain the head movement. The holder
was pushed into the magnet and positioned at the center at the beginning of the MRI
scan. A fast gradient echo imaging sequence was employed to assure the accurate
positioning of the animal in the magnet. The animal’s respiration (50-65 breaths/minute)
was monitored (Biopac Systems Inc., Goleta, CA, USA), and their anesthesia was
maintained throughout MRI measurements using Isoflurane (1.0-1.5%) and a gas
combination of N2O (70%) and O2 (30%) (Piramal Inc., Bethlehem, PA, US). An air
heating blower (Rapid Electric, Brewster, NY, US) with feedback control was employed
to keep the animal’s rectal temperatures at 36+1°C.

To detect the tumor volume, coronal T2-weighted imaging (T2WI1) with TE = 15,
30, 45, 60, 75, and 90 ms, TR = 3 s, FOV = 32x32 mm?, matrix = 256x256, thickness =
0.8 mm, slices = 15 was performed. The volume of the GBM was estimated as the sum of
the tumor area in each slice multiplied by the slice thickness. Upon the attainment of the

tumor volumes in the range of 22-77 mm?, all rats were investigated using a dynamic CE-
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MRI technique as in previous investigations [20, 80]. Fig- 4.1A shows the T2WI of the
tumor enclosed in a red dashed line on the coronal section of the rat’s brain. To measure
the dynamics of the CSF tracer through the glymphatic system, 3D TIWI (TE =4 ms, TR
=18 ms, flip angle = 12°, FOV = 32x32x16 mm?, matrix = 256x192x96 (resolution of
0.125%0.167x0.167 mm) later interpolated to 256x256x96 voxels (resolution of
0.125x0.125x0.167 mm)) with paramagnetic contrast agent infusion of Gd-DTPA was
performed. The 3D T1WI sequences continued for 5 hours, beginning with three baseline
scans prior to infusion, followed by ICM administration of Gd-DTPA (85 ul, 21 mM) as
a CSF tracer at an infusion rate of 1.67 pl/min for 50 min, using the indwelling catheter
connected to a 100 pl glass syringe (Hamilton Robotics, Reno, NV, US) mounted on an
infusion pump (Harvard Apparatus, Holliston, MA, US).

4.2.3 Data Analysis

Imaging was performed for up to 5 hours after ICM infusion to track the CSF tracer
distribution in the brain over time. Motion correction for the brain was accomplished
using algorithms in MATLAB and by co-registering all the volumes to the first-time
point volume [241]. Furthermore, the average of all co-registered and brain-extracted
T1WIs for each animal was aligned to the reference animal to create a common spatial
space for all the animals. The intensity value at each time, Ix(t), was used to figure out the
time signal curve (TSC), which shows how the density of the tracer changes over time in

each voxel x.

L (t) — L (to) (4.1)

TSCe(®) = =75

where to is the time before infusion began.
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Voxels of each brain were then clustered into comparable areas based on the
tracer's propagation profile during the experiment. Following clustering, the average TSC
of the voxels within each cluster was allocated to that cluster. Benefiting from clustering
the tissues, we identified a local input function for any formed cluster among the TSCs of
its neighboring clusters. Compared to the previous modeling with the global input
function obtained from the TSC of the whole brain [90], our local input function selected
for each cluster reduces errors for the modeling of CSF tracer dynamics and provides a
more accurate estimation of the parameters of the glymphatic system.

To better determine the kinetics of tracer influx and clearance following Gd-
DTPA infusion, four parameters were extracted from the TSC for each tissue cluster.
Arrival time (ta) is defined as the time at which the tracer enters each cluster location
following infusion. Each cluster's arrival time was calculated from its TSC by identifying
the time at which the signal begins to increase and remains elevated for at least three
subsequent time points. The infusion rate (IR) is defined as the slope of TSC between the
time of arrival (t2) and the time at which TSC reaches its highest value (tmax) throughout
the accumulation phase for each cluster.

1 = TSC(tmax) = TSC(t) (4.2)

tmax — la
The clearance rate is defined as the slope of TSC for each cluster between the
time at which TSC achieves its highest value and the time at which TSC relaxes at the
end of the experiment. Residual (Res) is the quantity of tracer that stays in the brain

tissues at the end of an experiment.
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TSC(t,ng) — TSC(ty) 4.3)
Res% = X 100
es% TSC (tmae)

where TSC(ta) is equal to zero.
After calculating the kinetic parameters in each cluster from its average TSC,
parametric scalar maps of these parameters were generated as previously described [170].

4.2.4 Data quantification and statistical analysis

To evaluate the dynamics of CSF tracer distribution throughout the glymphatic
system, regions of interest (ROIs) for the olfactory bulb and whole brain were manually
identified on 3D T1WIs (Fig- 4.1B, C). TSCs were extracted from these particular areas
using ROIs, and their Kinetic characteristics were then evaluated between control and
GBM rats. TSCs for each tissue ROI were normalized using the bone TSC for each
animal. Evaluations of the parametric scalar maps and data quantifications were
performed based on these ROIls. Results of each ROI for rats with and without GBM are
shown as mean * standard error (SE) (Fig- 4.1D, E). A two-sample t-test was conducted
between two groups with a p < 0.05 statistical significance level in order to identify the
effects of GBM on the glymphatic system.

4.3 Results

4.3.1 Signal intensity plots based on TSCs alterations with glioblastoma

TSCs acquired from the same brain areas (olfactory bulb and whole brain
(Fig- 4.1B, C)) exhibited different temporal profiles between control and GBM rats as
shown in Fig- 4.1D, E. TSCs from GBM rats revealed an initial signal rise at later time
points, a reduced percentage of signal change from the baseline, and a delayed signal

reduction after the peak signal as compared to the control rats. The slower rate of signal
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rise before peak values with less percentage of signal change from the baseline and a
slower rate of signal drop after peak values seen in these brain areas in GBM rats imply a
reduced influx and delayed clearance of CSF tracer via the glymphatic system,
respectively.

4.3.2 Impaired glymphatic influx and clearance of CSF tracer with glioblastoma

A comparison of CSF tracer transport through the glymphatic system over time in
control and GBM rats is shown in Fig- 4.2. We investigated whether GBM has an impact
on the glymphatic system influx and clearance mechanisms. During the 5-hour MR
imaging session, the 3D dynamic T1WIs in representative control (Fig- 4.2B) and GBM
(Fig- 4.2C) rats demonstrate the influx of Gd-DTPA contrast agent through time-
dependent anatomical channels of perivascular spaces and other anatomical locations.
The anatomical regions for the glymphatic system are marked in Fig- 4.2A. As shown in
Fig- 4.2B, T1WIs in a control rat show the kinetics of Gd-DTPA as the CSF
paramagnetic contrast agent enters the cisterna magna, the contrast agent enters the
perivascular space of the basal artery, and the pituitary recess 15 minutes after infusion,
the contrast agent movement along the olfactory artery, the olfactory bulb, and pineal
recess 30 minutes after infusion, enhancement of contrast agent in the brain 90 min after
infusion, clearance of contrast agent from the brain 3 hours after infusion, and clearance
of contrast agent from the brain at the end of the experiment (5 hours after infusion).
Within 15 minutes of infusion, the Gd-DTPA tracer was seen within the perivascular
spaces around the arteries at the surface of the brain. Gd-DTPA entered the perivascular

spaces of the penetrating arteries 30 minutes after infusion. Tracer entered the majority of
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brain regions and started to clear out 3 hours after infusion, and most of the Gd-DTPA
was cleared from the brain and olfactory bulb 5 hours after infusion.

When compared to a control rat, the time-matched T1WIs in a GBM rat as shown
in Fig- 4.2C show a different contrast agent distribution, including increased tracer
intensity in the cerebellum (when a tracer is excessively intense, the signal saturates and
appears as black area, as seen in the cerebellum of a GBM rat), decreased tracer intensity
in the perivascular spaces around the arteries and the olfactory bulb, and increased tracer
intensity at 5 hours after Gd-DTPA infusion. Together, these data show that in GBM rats,
more CSF tracer is retained in the cerebellum and less is taken up by the brain with less
influx of contrast agent through the periarterial spaces, pituitary recess, and pineal recess
than in control non-GBM animals. Additionally, GBM rats exhibit a decline in tracer
clearance over time in the olfactory bulb and other brain regions. These dynamic images
(Fig- 4.2) and their quantitative data (Fig- 4.1D, E) suggest an impaired glymphatic
influx and clearance of CSF tracer in GBM rats.

4.3.3 Reduced glymphatic flow of CSF tracer with glioblastoma

Scalar maps of kinetic parameters were evaluated using our model of the
glymphatic system [170] by calculating the TSCs of each cluster that represent the
glymphatic flow of the CSF tracer in the brain. Fig- 4.3 shows the scalar parametric maps
of representative control and GBM rats. When the arrival time maps of control and GBM
rats (Fig- 4.3A, B) were compared, it was observed that the tracer took longer to reach
the perivascular spaces along the arteries in the GBM rat, reflecting a slower bulk speed
of CSF in the perivascular spaces. Additionally, it took longer for the tracer to reach the

olfactory bulb and the whole brain of the GBM rat as demonstrated in Fig- 4.3B. In
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comparison to the control rat (Fig- 4.3C), the infusion rate maps in Fig- 4.3D
demonstrate delayed infusion in the perivascular spaces along the arteries in the GBM rat.
Tracer infusion was also slower in the olfactory bulb and other brain regions of the GBM
rat. Clearance rate maps indicate that the tracer was cleared more slowly from the
olfactory bulb and whole brain of the GBM rat (Fig- 4.3F) than the control rat (Fig-
4.3E). Residual maps indicated that the GBM rat (Fig- 4.3H) retained more tracer than
the control rat (Fig- 4.3G) throughout the brain and the olfactory bulb at the end of the
experiment.

Fig- 4.4 shows the guantitative comparison of arrival time, infusion rate,
clearance rate, and residual of the CSF tracer in GBM and control group rats. Late arrival
time of tracer (Fig- 4.4A; Olfactory Bulb: 43.15£1.91 vs. 33.21+2.10, p=0.002; Whole
Brain: 42.79+4.59 vs. 47.95+4.30, p=0.21), significantly decreased infusion rate (Fig-
4.4B; Olfactory Bulb: 17.56+2.88 vs. 49.23+3.59, p<0.001; Whole Brain: 12.23+1.86 vs.
27.25+2.01, p<0.001), significantly decreased clearance rate (Fig- 4.4C; Olfactory Bulb:
5.51+1.10 vs. 10.54+0.45, p<0.001; Whole Brain: 2.63+0.36 vs. 4.17+0.38, p<0.001),
and more tracer residual (Fig- 4.4D; Olfactory Bulb: 58.58+2.80 vs. 47.24+2.67, p=0.06;
Whole Brain: 72.70+3.81 vs. 57.00£5.76, p=0.007) in the evaluated brain areas were
found in the GBM rats compared to the control rats. Consistent with signal intensity plots
(Fig- 4.1) and representative 3D T1WIs (Fig- 4.2), the scalar parametric maps (Fig- 4.3)
and their quantified data (Fig- 4.4) with statistical differences between control and GBM

rats suggest a compromised glymphatic flow in the GBM rats.
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4.3.4 Impaired perineural pathway along optic nerves with glioblastoma

In rodents, macromolecular tracers from the subarachnoid space are drained into
the extracranial lymphatics through perineural pathways surrounding the departing
cranial nerves, including the optic nerves [136, 137, 140]. We assessed the tracer
intensity along the optic nerves in control and GBM rats to see if these perineural outflow
channels were active in GBM rats. Fig- 4.5 shows T1WIs of Gd-DTPA contrast along the
optic nerves over time after ICM infusion. As shown in T1WIs, a representative GBM rat
(Fig- 4.5B) exhibited less tracer along the perineural spaces of the optic nerves than a
control rat (Fig- 4.5A), indicating that this outflow pathway is compromised in GBM
rats.

4.4 Discussion
GBM is an aggressive type of brain tumor that may have a substantial influence
on the glymphatic system, which is responsible for eliminating toxic interstitial waste
solutes from the brain parenchyma. The typical path of the CSF through the brain may be
compromised by GBM as these tumors grow with an increasing volume within brain
tissue devoid of lymphatic vessels.

In this study, we investigated the response of the glymphatic system in rats with
GBM using dynamic CE-MRI and advanced kinetic modeling. To the best of our
knowledge, this is the first study to assess the glymphatic response to human-derived
GBM in a rat model. The MRI data indicate that GBM rats have decreased glymphatic
transport in the brain, with evidence of impaired glymphatic influx and clearance in the
presence of GBM. Consistent with T1WIs, our parametric scalar maps, and representative

quantified data identified a decreased glymphatic flow of CSF tracer in the GBM rats
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compared to the control rats. Our data also revealed a compromised CSF tracer outflow
via the perineural spaces along the optic nerves in GBM rats.

The olfactory bulb is sensitive to changes in the glymphatic system [80, 171]. In
order to evaluate the glymphatic system function in rats with GBM, we designated the
olfactory bulb and whole brain as ROIs. The signal intensity plots evaluated using TSCs
(Fig- 4.1D, E) showed a slower rate of signal increase before peak values with less
percentage of signal change from the baseline and a slower rate of signal decline after
peak values in GBM rats than in control rats, implying a reduced influx and delayed
clearance of CSF tracer via the glymphatic system. Consistently, the dynamic tracer
concentration changes in T1WIs over time in GBM rats indicated reduced perivascular
CSF flow along basal, olfactory, and other arteries (Fig- 4.2C), as well as increased tracer
retention at the end of the experiment, indicating an impaired glymphatic influx and
clearance in GBM rats. The glymphatic system's performance may be affected by tumor-
associated inflammation, angiogenesis, and edema. Also, tumor growth may increase
intracranial pressure (ICP), obstructing CSF flow and impairing the glymphatic system.
AQP4 water channels are responsible for the periarterial influx of subarachnoid CSF into
the brain parenchyma, the CSF-ISF exchange, and the perivenous efflux of CSF-ISF and
interstitial waste solutes [80, 85]. Reduced glymphatic influx and clearance suggest
alteration of astrocyte function and downregulation of AQP4 expression due to GBM.
Reduced AQP4 expression with glioma has been demonstrated in a recent study [242].

Our study demonstrated the presence of Gd-DTPA tracer in the perivascular
spaces along arteries and other anatomical routes that participate in the glymphatic

system. However, reduced amounts of tracer entered into the brain of the GBM rats
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compared to the control rats, and more tracer was retained in the cerebellum (Fig- 4.2C),
possibly due to elevated ICP and edema present in GBM rats than in control rats.
Elevated ICP has been demonstrated in glioma rats [242]. This outcome is consistent with
a recent study in glioma mice which demonstrated that after ICM infusion, less tracer
entered the brain and was instead directed into the spinal space. They also demonstrated
significant lymphatic outflow of CSF tracer from the sacral region in glioma versus
control mice [243]. With cerebral edema and elevated ICP, CSF production also
decreases in the brain [244, 245]. Reduced production and decreased outflow of CSF may
have a significant impact on the glymphatic system, consistent with reduced glymphatic
influx and clearance in the GBM rats observed in our study. In addition, the tumor and its
microenvironment may hinder the glymphatic pathway which affects the influx and
clearance of CSF tracer.

We employed advanced kinetic modeling to seek a better understanding of the
function of the glymphatic system with GBM, and our efforts focused on the parametric
scalar maps (Fig- 4.3) and quantitative analysis (Fig- 4.4). Scalar maps suggested slower
arrival of CSF tracer in the GBM rats (Fig- 4.3B, 4.4A) than in the control rats,
suggesting a reduced bulk speed of CSF in the perivascular spaces as compared to the
control rats. Scalar maps also suggested significantly slower infusion of tracer (Fig-
4.3D, 4.4B), significantly slower clearance of tracer (Fig- 4.3F, 4.4C), and more tracer
residual (Fig- 4.3H, 4.4D) in the GBM rats than in the control rats. The parametric scalar
maps and regional quantifications with statistical differences between control and GBM
groups suggest a compromised glymphatic flow in the GBM rats. Reduced glymphatic

flow and clearance may cause toxic solutes and pro-inflammatory signaling molecules
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such as cytokines and chemokines to accumulate in the brain, causing persistent
inflammation and thereby possibly encouraging the growth of GBM.

Our data also demonstrated reduced CSF tracer intensity in the perineural spaces
of optic nerves in GBM rats (Fig- 4.5B), indicating compromised perineural pathway.
These data are also consistent with a prior study demonstrating that glioma mice have
impaired perineural outflow channels [243]. Our data show that the Gd-DTPA signal in
the olfactory bulb, as well as in the entire brain of control rats, significantly decreased
over time after reaching peak intensity; however, in contrast, the signal intensity was
relatively steady in GBM rats (Fig- 4.1D, E). This difference between GBM and control
rat data is indicative of a reduced tracer outflow in GBM rats through the glymphatic
pathways to further drain to the extracranial lymphatic vessels. Our results are consistent
with earlier work, which showed that glioma mice exhibited reduced CSF drainage
through the extracranial lymphatics and had significantly reduced signal intensity in the
deep cervical lymph nodes and mandibular lymph nodes compared with control mice
[243]. Reduced CSF outflow would likely result in less tumor-specific antigen being
drained to cervical lymph nodes, resulting in reduced anti-tumoral T-cell activation and a
weaker immunological response.

The dorsal mLVs have been shown to provide a pathway for tumor cells to drain
into deep cervical lymph nodes and potentially contribute to extracranial metastasis
[239]. However, within the brain parenchyma, the tumor cells invade the brain tissue
diffusely via active cell migration [246, 247] primarily driven by the attachment-
detachment mechanism of glioma cells and the dynamic remodeling of extracellular

matrix [240]. Tumor cells also invade other brain regions via the perivascular spaces and
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white-matter tracts [240]. While the precise association between the glymphatic system
and GBM cell infiltration is unknown, the glymphatic system convective flux could play
an important role in tumor cell migration. Future studies are required to determine the
precise relationship between these processes. Understanding if and how the glymphatic
system influences GBM growth may lead to the identification of new treatment strategies
for inhibiting GBM cell invasion and increasing the survival rate of patients.

A contributing factor to the essentially ineffective treatment outcomes of GBM is
that invading tumor cells are not exposed to the existing standard-of-care therapies.
Generally, the therapeutic antibodies are administered by intravenous infusion [248, 249].
However, only a few antibodies enter the brain tissue due to the presence of the BBB
[250]. While antibodies have restricted diffusive transport in the brain's extracellular
space [25, 251], glymphatic perivascular and intra-parenchymal convective flow may be
used to improve their delivery into the brain. Increasing plasma osmolality by injecting
hypertonic saline or mannitol intraperitoneally has been shown to lower the ICP while
increasing the glymphatic influx of ICM-injected antibodies without disruption of the
BBB [252]. This technique overcomes the impaired glymphatic influx seen in the brain of
awake mice and has been shown to effectively improve the delivery of an A antibody,
achieving a 5-fold increment in antibody binding to Ap plaques while using significantly
fewer antibodies in an AD model [252]. Thus, utilizing the brain-wide system of
perivascular spaces and enhancing the glymphatic activity by increasing plasma
osmolality and lowering the ICP may augment the delivery of anti-tumor drugs to the
patients. Future research on utilizing the glymphatic pathway as a means to enhance drug

delivery in GBM patients warrants investigation.
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Additional studies measuring the glymphatic system are required due to the
heterogeneity of GBM and the impact that age, gender, tumor size, and stage of the
disease may have on the CSF flow. The anatomical and physiological (such as brain
mass, metabolic rate, vascular pulsatility, AQP4 density, etc.) distinctions between
human and rodent brains should be kept in mind when translating animal experimental
results to humans.

4.5 Conclusion

To assess the response of the glymphatic system to GBM, we employed GBM-
induced RNU rats and CE-MRI to dynamically monitor the Gd-DTPA contrast agent
infused into the cisterna magna. 3D T1WI measurements indicate reduced tracer entry
into the brain of GBM rats with some of the tracer confined in the cerebellum compared
with control rats. Dynamic T1WIs and signal intensity plots reveal a delayed periarterial
influx of CSF tracer and a reduced glymphatic clearance in GBM rats compared with
control rats. Parametric scalar maps and regional quantitative analysis derived using
kinetic modeling demonstrate significantly slower tracer arrival, slower periarterial
glymphatic influx, delayed glymphatic clearance, and more retention of tracer in the
GBM rats than in control rats. Our study also indicates the compromised perineural
pathway along the optic nerves with GBM. Consideration should be given to utilizing the
brain-wide perivascular glymphatic pathway along with increasing plasma osmolality to

increase drug delivery through ICM for the treatment of GBM.
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Figure 4.1- (A) T2WI shows the location of the tumor at 2.5 mm depth, 1.5 mm to the
right, and 1.0 mm anterior to the bregma on the right hemisphere of the coronal section of
the rat brain. The red dashed line encloses the whole tumor. Regions of interest (ROISs)
for the olfactory bulb and whole brain are shown as colored anatomical areas in (B, C) on
the sagittal sections of the rat brain. The time signal curves (TSCs) (D, E) are acquired
from the related ROIs. Compared to the control rats, the TSCs measured from the GBM
rats show an initial signal increase at later time points, a lower percentage of signal
change from the baseline, and a slow signal decrease after the peak signal.
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Figure 4.2- Dynamic tracer concentration changes in Control and GBM representative
rats. (A)Visualization of key anatomical structures in the rat brain including the olfactory
bulb, pituitary recess, pineal recess, ICM infusion site, and relevant arterial segments
including the olfactory artery, lateral orbitofrontal artery, azygos of the anterior cerebral
artery (azACA), and internal frontal artery (IFA). (B, C) shows the time evolution of
contrast agent in control (B) and GBM (C) rats using CE-MRI, demonstrating influx (0-
30 min) and anatomical glymphatic enhancement 90 min, 3 hours, and 5 hours after ICM
infusion of Gd-DTPA.
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Figure 4.3- Scalar maps in Control and GBM representative rats. Hotter color (towards
red) indicates quicker arrival time, faster infusion rate, faster clearance rate, and more
residual of CSF tracer. (A, B) Arrival time maps suggest a lower bulk speed of CSF
tracer in the periarterial spaces and olfactory bulb of GBM rats. (C, D) Infusion rate maps
suggest a slower infusion of tracer in the periarterial spaces and olfactory bulb of GBM
rats. (E, F) Clearance rate maps suggest slower clearance of tracer from the olfactory
bulb and other brain regions of the GBM rats. (G, H) Residual maps suggest more tracer
residual in GBM rats at the end of the experiment.
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Figure 4.4- Comparison of glymphatic flow in the investigated brain areas (olfactory
bulb and whole brain). Slower arrival time (A), significantly reduced infusion rate (B),
significantly reduced clearance rate (C), and increased residual of tracer (D) in
corresponding brain regions were found in the GBM rats compared to the control rats
with * p<0.05, ** p<0.01.
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Figure 4.5- The perineural outflow pathway in Control and GBM rats. Red arrows point
to the optic nerves. CE-MRI in representative Control (A) and GBM (B) rats show the
dynamics of contrast agent in the perineural spaces along the optic nerves before
infusion, 15 min, 30 min, 90 min, 3 hours, and 5 hours after the infusion of Gd-DTPA in
the cisterna magna. These images suggest compromised outflow of CSF tracer from the
perineural spaces along the optic nerves in GBM rats.
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CHAPTER FIVE

MENINGEAL LYMPHATICS AS THE EFFLUX PATHWAY OF THE
GLYMPHATIC SYSTEM

5.1 Background and Aim

With an increasing US aging population, it is imperative to gain a better insight
into the pathophysiology of neurological disecases such as Alzheimer’s disease and stroke;
and, into chronic conditions such as type 1l diabetes mellitus (DM) which lead to
neurological impairments. The glymphatic system has been implicated in these
neurological conditions, as well as in many others including traumatic brain injury (TBI),
multiple sclerosis, and chronic traumatic encephalopathy [5, 11, 17-21, 81, 85, 93, 155].
It is becoming increasingly apparent that this waste removal mechanism is pivotal in
neurological diseases. Although significant strides have been made in characterizing the
glymphatic system’s influx pathways, the efflux pathways external to the brain
parenchyma remain largely unclear, mainly due to technical difficulties of performing
minimally invasive in vivo, ultra-high detection sensitivity measurements of influx and
efflux pathways, and whole brain imaging. The meningeal lymphatic vessels (mLVs) has
been recently proposed as a potential efflux pathway of the glymphatic system (the
arachnoid granulations, blood-brain-barrier (BBB), and the perineural spaces along the
olfactory nerves being the other three potential efflux pathways) [28, 29, 58, 139, 140,
152, 155]. In fact, Louveau et al. demonstrated that ablation of the mLVs was associated
with a congestion of the glymphatic system and a resultant decrease in waste clearance,

serving as an aggravating factor for Alzheimer’s disease pathology and age-associated
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cognitive decline in mice [58, 155]. The aim of this study was to investigate the mLVs as
a potential efflux pathway of the glymphatic system under healthy (non-DM) and diabetic
mellitus (DM) conditions in Prox1-EGFP™ reporter rats (Prox1, Prospero homeobox
protein 1; EGFP, enhanced green fluorescent protein). We hypothesize that DM
decreases waste clearance through the meningeal lymphatics.

5.2 Materials and Methods

5.2.1 Surgical procedure and sample preparation

Sprague-Dawley Prox1-EGFP* reporter healthy rats were anesthetized with
ketamine/xylazine intraperitoneally (IP). Intra-cisterna magna (ICM) surgery was
conducted as previously reported in chapters 3 and 4, and 10 pl of quantum dots 655
(QD655) (ThermoFisher) were infused using an infusion pump at a rate of 1 pl/min. Rats
were sacrificed at 15 mins, 30 mins, 40 mins, and 2 hrs after the infusion, and dura mater
was perfused with PBS followed by 4% paraformaldehyde. For visualization of mLVs,
the dorsal dura was carefully detached from the skull and mounted on a glass slide, which
was then covered with a coverslip. The basal dura, on the other hand, was obtained
without detachment from the basal cranium and decalcified with 0.5 M EDTA at 4 °C for
2 days making it softer and more amenable before being mounted on the glass slide. The
dorsal and basal dura mater were then examined using an Olympus FLUOVIEW FV1200
Biological Confocal Laser Scanning Microscope to investigate mLVs as a possible efflux

pathway for the glymphatic system.
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5.3 Results and Discussion

5.3.1 Dorsal mLV:s are not the major efflux pathway for CSF tracer

To evaluate the dorsal mLVs as a potential efflux pathway for the glymphatic
system, we examined the mLVs at different time points following the ICM infusion of
QD655, using confocal microscopy imaging. 15 mins after the ICM infusion, QD655 was
not observed within the dorsal mLVs (Fig- 5.1A, B). Following that, we monitored the
dorsal mLVs at 30 mins (Fig- 5.2A, B), 40 mins (Fig- 5.3A, B), and 2 hrs (Fig- 5.4A)
after ICM infusions of QD655. The QD655 was detected in the dorsal dura mater (Fig-
5.1A, B) and the superior sagittal sinus (Fig- 5.2A) of the dural venous sinus, but it was
absent within the mLVs. This finding implies that the dorsal mLVs are not the major
glymphatic efflux pathway for CSF tracer clearance from the brain. These findings
contradict a previous work that showed the presence of QD655 in the dorsal mLVs along
the superior sagittal sinus and transverse sinus from 5 to 60 minutes after ICM injection
in Prox1-EGFP mice [155]. However, recent research found that dorsal mLVs play a
minimal role in the clearance of CSF tracer following ICM injection of QD705 in mice
[156], which supports our findings.

5.3.2 Basal mLVs are not the major efflux pathway for CSF tracer

Basal mLVs have been demonstrated as the hotspots for clearance of CSF
macromolecules and their impairment with aging in mice [156]. We investigated the
clearance of CSF tracer (QD655) through basal mLVs after ICM infusion in rats. We
initially scanned the basal dura after detaching it from the skull and mounting on a glass
slide with coverslip, however, this resulted in damaged dura mater with few intact mLVs.

As a result, we attempted scanning without detaching the basal dura from the skull, but
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due to the curvature of the skull, focusing on the basal mLVs was challenging. Therefore,
we utilized decalcifying agent 0.5 M EDTA to soften the skull attached to the basal dura,
as another research group [156] had done earlier for mice basal mLVs. After soaking for
two days, we began scanning basal mLVs by placing the decalcified cranium on a glass
slide and covering it with a glass slip. We did not identify QD655 in the basal mLVs of
Prox1-EGFP animals at 15 minutes (Fig- 5.1C, D), 30 minutes (Fig- 5.2C, D), 40
minutes (Fig- 5.3C, D), or 2 hours (Fig- 5.4B, C) after ICM infusion, but it was found in
the surrounding spaces and the vasculature. This finding contradicts previous research
that found QD705 was prevalent in basal mLVs 5 minutes after ICM infusion and
became abundant at 15 minutes [156].

Our findings show that the dorsal and basal mLVs are not the primary efflux
routes for clearance of CSF tracer/interstitial waste solutes from the glymphatic system.
This is a negative conclusion, particularly for the dorsal mLVs. There has been some
debate (as discussed at the ISMRM conference in 2023 and Lymphatic Forum virtual
conference in 2021) recently as to whether mLVs drain cerebrospinal fluid, particularly
those vessels located dorsally along the transverse sinuses and some research groups in
attempting to replicate the published experiments have reached the same results as we
found. Due to the unfavorable results of this work, we did not proceed with the
experiments using DM animals and comparing CSF solute efflux through the mLVs in
healthy and DM rats. Our study, however, suggests the need of re-evaluation of mLVs

pathway as a potential efflux pathway of the glymphatic system.
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Figure 5.1- Dorsal (A, B) and Basal (C, D) mLVs 15 minutes after the ICM infusion of
CSF tracer (QD655) using Confocal microscopy imaging.
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Dorsal mLVs

PROX1-GFP QD655 Merge

%x

Basal mLVs
PROX1-GFP

Figure 5.2- Dorsal (A, B) and Basal (C, D) mLVs 30 minutes after the ICM infusion of
CSF tracer (QD655) using Confocal microscopy imaging.
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40 mins after ICM infusion
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Figure 5.3- Dorsal (A, B) and Basal (C, D) mLVs 40 minutes after the ICM infusion of
CSF tracer (QD655) using Confocal microscopy imaging.
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2 hrs after ICM infusion
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Figure 5.4- Dorsal (A) and Basal (B, C) mLVs 2 hours after the ICM infusion of CSF
tracer (QD655) using Confocal microscopy imaging.
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CHAPTER SIX

CLINICAL MRI EVALUATION OF GLYMPHATIC FUNCTION

6.1 Introduction

The relationship between the glymphatic system and a number of neurological
conditions, covered in previous chapters, emphasizes the importance of monitoring
glymphatic system functioning in humans for the early diagnosis and treatment of
neurological disorders. This chapter mainly focuses on translational issues of MRI studies
to-date of the glymphatic system in humans, as well as prospective non-invasive
techniques to translate the glymphatic system MRI measurements from animals to
humans.

6.2 MRI measurements of glymphatic related CSF/ISF flow

In 2012, the glymphatic system was initially investigated in-vivo using CSF
fluorescent agents injected into the cisterna magna of the mouse brain [17] . The
dynamics of the CSF tracer entering and leaving the brain parenchyma via the
perivascular pathway were seen using a two-photon laser scanning microscope [17]. This
method allows for in-vivo, real-time observations that can examine molecular-size-based
distributions within the brain parenchyma. However, this method is invasive since it
necessitates the removal of a section of the animal's cranial bone, and it has a low
penetration depth that only allows the cortical regions to be examined. Moreover, this
technique cannot be translated to humans to non-invasively investigate the glymphatic
transport across the whole human brain. After the initial publication supporting the

glymphatic hypothesis, additional research examined the glymphatic system using MR,
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since MRI is non-invasive and provides kinetics of gadolinium-based contrast agents
throughout the brain [80]. By measuring the movement of this contrast agent over time,
researchers can assess the function of the glymphatic system and identify potential
abnormalities.

Some MRI-based research studies later discovered that the animal study findings
of a glymphatic system are also present in the human brain [161-167]. Currently, the
most reliable MRI glymphatic studies in humans are those that are minimally invasive,
requiring an intrathecal administration of a gadolinium-based MRI contrast agent, a
method not suitable for long-term clinical measurements. Also, high-dose gadolinium-
based contrast agents may result in encephalopathy, a potentially neurotoxic condition
[253-255]. This procedure is also time-consuming since patients must return for scanning
at various intervals in order to analyze the dynamics of the contrast agent via the
glymphatic system.

In addition to the gadolinium-based tracer studies, various non-invasive,
diversified MRI techniques, such as phase-contrast and diffusion-weighted imaging have
been proposed for clinical-related glymphatic measurements in patients.

6.2.1 Gadolinium-based MRI

6.2.1.1 Intrathecal administration of gadolinium-based contrast agent

The first glymphatic study in humans was carried out using T1-weighted imaging
in control and in idiopathic normal pressure hydrocephalus (iNPH) patients after
intrathecal administration of Gadobutrol. In contrast to the control group, glymphatic
MRI scans performed over 24 hours revealed delayed glymphatic clearance in patients

with INPH [165]. Overnight, the brain parenchyma of both control and iNPH patients
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displayed peaked tracer enhancement, presumably highlighting the important role of
sleep in the glymphatic system. Later, T1-weighted MRI scans were carried out at
specific intervals, such as 24 hours, 48 hours, and 4 weeks in iNPH dementia patients and
in reference individuals. This study also demonstrated delayed glymphatic clearance in
iNPH dementia patients [164]. Additionally, it has been suggested that dementia in iNPH
patients may result from reduced glymphatic clearance and more accumulation of toxic
waste solutes in the brain [162]. Using T1-weighted MRI, Eide et al. found that the
intrathecally injected CSF tracer (Gadobutrol) drains to the cervical lymph nodes and that
the tracer enhancement in the lymph nodes coincides with the glymphatic enhancement
instead of CSF enhancement [161]. Using T1 maps, the glymphatic flow in a patient was
quantified following intrathecal Gadobutrol administration [166]. In line with the
findings of animal research, a recent human investigation revealed that both the recently
discovered waste clearance pathways (glymphatic pathway and putative meningeal
lymphatic pathway) deteriorate with aging and exhibit reduced clearance from the brain
[159]. Reduced clearance from the human brain with sleep deprivation [256] and poor
quality of sleep [257] have been demonstrated using intrathecal administration of
Gadobutrol.

6.2.1.2 Intravenous administration of gadolinium-based contrast agent

The glymphatic system in the human and animal brain has also been studied using
intravenous gadolinium-based contrast agent infusion; however because of the presence
of BBB, the concentration of tracer that enters from the blood to the CSF is too low to be
identified directly by T1-weighted MRI [258-261]. Furthermore, after intravenous

injection of a gadolinium-based contrast agent, it was demonstrated that older patients
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(above 37 years old) had considerably increased degree of tracer leakage from the
cortical veins to the nearby CSF space [262, 263]. Another study found that, when
compared to controls, early AD patients had significantly elevated rates of BBB leakage
in both the cortex and total gray matter [264]. The intravenous administration of a single
dose gadolinium-based contrast agent over 24 hours may be utilized to track the transfer
of gadolinium-based contrast agents to the CSF by 3D-real inversion recovery (IR)
imaging and to the CSF and brain parenchyma by MR fingerprinting. Signal intensity
changes over time in the CSF may serve as a potential biomarker for the glymphatic
system functioning in the clinical setting [265, 266].

6.2.1.3 Challenges of gadolinium-based MRI in humans

A main difference between human and rodent studies of the glymphatic system
using an intrathecal MRI contrast agent is the time course of the gadolinium-based CSF
tracer influx and clearance from the brain. It takes ~30 minutes for the tracer to start to
distribute throughout the brain parenchyma and about 6-8 hours for the tracer to clear out
from a rat’s brain [20, 80]. However, for a human brain, tracer starts to distribute
throughout the brain parenchyma 1-2 hours after infusion, and significant clearance may
take up to 48 hours or more [164]. Slower CSF tracer uptake and clearance in the human
brain than in the rat brain may be linked to physiological factors such as changes in
vascular pulsatility, metabolic rate, brain mass, AQP4 density, etc. [154]. Therefore, to
estimate the brain-wide concentration profile of the CSF tracer, the subject needs to be
scanned at multiple times points (at least 3 times: baseline, at or near the maximum level
of tracer enhancement, and when the tracer is almost cleared from the brain). The CSF

tracer's concentration profile will be more precisely obtained by additional scanning over
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time. This can readily be done for rodents because the animals can be kept in the MRI
setting for the whole-time course of ~ 5-6 hours under anesthesia, but not in humans.
Furthermore, the need for intrathecal injection of gadolinium-based MRI contrast agent,
as well as the association of high-dose contrast agent with encephalopathy, makes this
approach challenging. Despite the difficulties and limitations, gadolinium-based MRI
studies remain the most accurate and reliable method to evaluate the glymphatic system
in humans currently. However, there is a compelling need to develop patient convenient
techniques for clinical glymphatic examinations.

6.2.2 Diffusion-weighted MRI

In diffusion-weighted MR imaging, the diffusion parameter is estimated based on
the phase shift due to the diffusion of water molecules in response to diffusion-sensitizing
gradients during the imaging interval. Recent human studies of the glymphatic system are
using DTI based analysis along the perivascular space (DTI-ALPS)-index [267].
However, DTI-ALPS may only measure diffusion contribution but not glymphatic flow.
This index is a measure of water diffusivity in the perivascular space, perpendicular to
the fiber bundles in the white matter outside of the lateral ventricular body, which is
correlated with interstitial fluid dynamics [267]. A high ALPS index is an indication of
an effective clearance of waste solutes through the glymphatic system [267]. DTI with a
low b-value diffusion gradient (5-10 s/mm?) can be used to assess bulk flow CSF velocity
in ventricles (and possibly in perivascular spaces) and then associate bulk flow CSF
velocity with the glymphatic clearance function. Higher order diffusion-weighted
imaging along with muti-compartment modeling has also shown promising results to link

water diffusion with glymphatic system function [268-276].
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6.2.2.1 DTI-ALPS

Recently, many studies have employed DTI-ALPS to associate glymphatic system
impairment with neurological diseases such as AD [267, 277-280], Parkinson's disease
(PD) [281], iINPH [282-284], diabetes [285], subacute ischemic stroke [286], and cerebral
small vessel disease (CSVD) [287, 288]. One of the main advantages of this method is
that it does not need a special imaging protocol. A regular clinical DTI protocol is
sufficient to calculate the ALPS index. Also, this index can be extracted from available
DTI data sets, retrospectively. Moreover, the ALPS index is robust under a fixed imaging
method even when different scanners are used [289]. The reproducibility of the ALPS
index can be improved by reorienting the DTI maps to a standard atlas [290] and by
preserving tensor vector orientation information [291].

In 36 patients with AD, 44 patients with mild cognitive impairment (MCI), and 31
healthy controls, the ALPS index was significantly lower in the AD group compared to
the controls [277]. The lower ALPS index suggests lower water diffusivity along the
perivascular space and dysfunction of the glymphatic system. In another study on 130
patients with young-onset Alzheimer's disease (YOAD) and 137 age-matched controls
(CTLs), the YOAD group had a significantly lower ALPS-index [279]. The effect of
aging and cognitive impairment on the glymphatic system was investigated in an elderly
cohort of 10 normal, 10 MCI, and 16 AD subjects [280]. DTI-ALPS index was
significantly correlated with the cognitive scores and reduced in both MCI and AD
groups compared with the control group [280]. In a study of Parkinson's disease (PD)
[281], (25 PD patients with normal cognition (PDN), 25 PD patients with mild cognitive

impairment (PD-MCI), 38 PD patients with dementia (PDD), and 47 normal controls
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(NC)), lower diffusivity along the perivascular space, represented by lower ALPS index,
was found in PD-MCI and PDD groups. The DTI-ALPS indexes of three groups (each
group consists of 12 subjects) of iINPH, pseudo idiopathic normal pressure hydrocephalus
(piNPH), and control were compared [282]. The ALPS index was significantly different
among all three groups and lowest in the iNPH group. In another study, the DTI-ALPS
index of a group of 16 iNPH was lower than in a control group of 16 subjects [283]. In
addition, iINPH patients unresponsive to the treatment had an even lower ALPS index
than the iINPH patients with symptomatic relief due to the treatment [283]. A DTI-ALPS
study on 20 patients with type 2 diabetes mellitus (T2DM) showed a reduced ALPS index
compared to the control group of 10 subjects, and the impaired water diffusivity was
associated with the severity of T2DM [285]. In an elegant study on cerebral small vessel
disease (CSVD) patients, supported by intrathecal administration of gadolinium, the DTI-
APLS approach was found to be a promising non-invasive tool to connect CSVD with
glymphatic clearance impairment [287]. This study employed a large population of 2219
community-dwelling people and concluded that reduced ALPS indexes are associated
with the severity and typical neuroimaging markers of CSVD in the aging population
[288]. One of the limitations of DTI ALPS is that it uses a high b-value (~1000 s/mm?)
which only measures diffusion but not perivascular flow.

6.2.2.2 Low b-value DTI

Some studies have correlated the diffusion coefficient measured by low b-value
DTI to the velocity of the spins bulk flow [292-303]. A low b-value diffusion gradient (5-
10 s/mm?) can be used to assess bulk flow velocities [292, 293, 304], perfusion imaging

[305], and functional MRI [294]. Apparent diffusion coefficient (ADC) measurements
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using low b-values show restricted diffusion of CSF in choroid plexus cysts [295]. By
employing low b-value DTI [297], CSF regions in the brain (particularly around the
foramen of Monro, the aqueduct, the prepontine cistern, the middle cerebral artery, and
the Sylvian fissure) are found to have a large and anisotropic diffusivity, showing an
intensive pseudorandom flow of CSF. Low b-value DTI measurements of the Sylvian
sinus reveal that the driving force behind CSF flow pulsation is independent of direct
artery pulsations and may be connected to cerebral hemisphere pulsations [298]. A
comprehensive animal investigation [299] demonstrated that the directional CSF flow has
a distinct effect on diffusion signals by examining the influence of CSF flow on the
diffusion signals at low b values of the ventricle in live and sacrificed rat brains.
Additionally, it was demonstrated that the ADC may be used to evaluate both the
pathological condition of the brain and the flow of CSF [299]. By employing phase
contrast imaging, the phase shift in MRI diffusion images was used to measure the CSF
flow velocity in optic nerve in patients with normal tension glaucoma [300] and in
patients with idiopathic intracranial hypertension (11H) [301]. In both patient groups, CSF
flow velocity was lower than that of the healthy controls.

6.2.2.3 Dual-compartment DTI

DTI acquisitions with low and high b-values can be used in dual-compartment
modeling for fast and slow diffusion [268-270]. In dual-compartment DTI, at least two
sets of DTI with low b-value (50-150 s/mm?) and high b-value (900-1500 s/mm?) are
acquired. Then, the data are fit to a bi-exponential model with fast and slow diffusion
coefficients. Dual compartment analysis of DT data showed that diffusivity parameters

increase from PM to AM and were associated with an increase in the volume fraction of
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CSF-like free water [268]. Moreover, during sleep slow-ADC (which is dominated by
diffusion) is increased, while fast-ADC (which is dominated by bulk flow) decreases
[269]. Another study on healthy adults [270] discovered an increase in water diffusivity
(measured by DTI) overnight during sleep. This was positively correlated to the
proportion of total sleep time spent in rapid eye movement (REM) sleep (measured by
EEG). Moreover, it was found that CSF flow (measured by PC-MRI) increases overnight.

6.2.2.4 Advanced DWI methods

To evaluate the glymphatic system, DTI can only detect micro displacement of
the molecules (in the order of um) which is not suitable to measure bulk movement and
velocity of the flow in the perivascular spaces and in the brain parenchyma. Diffusion-
weighted MRI sequences with ultra-long echo times (TE) were designed to quantify fluid
flow within perivascular channels [271]. In this technique, a diffusion-encoding gradient
was employed to quantify the fluid motion within the perivascular space surrounding the
middle cerebral artery (MCA) of the rat brain [271]. These methods need a relatively
long acquisition time and therefore are not suitable for clinical studies. To solve this
issue, Wen et al. (2022) proposed a diffusion imaging and analytical framework called
dynamic Diffusion-weighted Imaging (dDWI1), which uses retrospective cardiac gating
data to analyze DW images with a b-value of 150 s/mm? to detect CSF dynamics in the
surface perivascular space surrounding the arteries throughout a cardiac cycle [292].
dDWI can detect pulsatile CSF waveforms in the perivascular spaces close to both big
and small arteries [292]. In [273], the CSF dynamics were assessed using a scoring
method by creating Diffusion ANalysis of fluid DYnamics with Incremental Strength of

Motion proving gradient (DANDY ISM) maps from DWIs, with multiple b values of 0,
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50, 100, 200, 300, 500, 700, and 1000 s/mm?. However, an apparent significant drawback
of this method is the lack of quantitative information. It is reliant on qualitative DWI
contrast, which is sensitive to acquisition parameters and thus is hard to generalize.
Furthermore, its scoring methodology entails a somewhat labor-intensive process,
potentially restricting its applicability in both research and in clinical studies.

6.2.2.5 Estimating CSF/ISF diffusion from CE-MRI

It is worth noting that ADC of CSF tracer can also be estimated from T1-weighted
images [306]. However, it is totally different from ADC estimated from DTI. ADC
estimated from T1-weighted images is affected by both bulk flow and diffusion. In [306],
ADC of glymphatic CSF was determined at the macro-level based on the distribution of
Gadobutrol in CSF and brain tissue following intrathecal injection using PDE-constrained
optimization and employing CSF-tracer concentrations at multiple time-points during 48
hours [306]. The ADC estimated from this approach is higher than the corresponding
numbers acquired using DTI.

6.2.3 Phase Contrast MRI

One of the key aspects of studying the glymphatic system is to measure the flow
dynamics of CSF within the glymphatic pathway and study its alteration under different
neurological conditions. Phase contrast MRI (PC-MRI) has been developed to quantify
the cerebral fluid (such as blood or CSF) dynamics from the phase information of the
MRI signal [307-309]. This is accomplished by the fact that the phase of the MRI signal
shifts due to the movement of the particles (spins) during the imaging intervals. As the
main component of the glymphatic system is CSF, any neurological disease affecting the

glymphatic system may also alter the CSF dynamics in ventricular/perivascular spaces.
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Generally, a dysfunction of the glymphatic system in clearing the waste solutes could be
associated with slower CSF velocity in ventricular/perivascular spaces. Therefore, PC-
MRI may be a potential tool to detect glymphatic system alteration in neurological
diseases by investigating the CSF dynamics.

6.2.3.1 PC-MRI in neurological conditions

PC-MRI has been examined for use in neurological conditions that primarily
affect CSF. Quantitative measurements of aqueduct CSF flow, including peak systolic
velocity (PSV), peak mean velocity, and agueduct CSF stroke volume can differentiate
normal-pressure hydrocephalus (NPH) from brain atrophy [310]. In fact, NPH patients
show significantly elevated PSV, peak mean velocity, and stroke volume values [310].
When a ventricular shunt is suspected of malfunctioning, CSF flow assessed by PC-MRI
within the parenchymal section may accurately reveal the shunt's functional condition
[311, 312]. In a study, employing PC-MRI [313] to quantify CSF flow dynamics at the
aqueduct level, it was found that schizophrenic patients have lower CSF peak velocity
and lower average CSF flow than controls. Moreover, the average CSF velocity was
significantly reduced in patients with violent behavior compared to non-violent patients.
PC-MRI can characterize blood flow pulsatility in cerebral arteries, larger cerebral veins,
and CSF [314, 315]. Patients with hypertension have reduced CSF flow dynamics as
evaluated by Cine PC-MRI, which is related to their elevated systolic blood pressure
[316]. Other applications of using PC-MRI include assessing CSF flow blockage before
intraventricular chemotherapy infusions [317], evaluating acute intracranial
hydrodynamic changes after subarachnoid hemorrhage [318], a cognitive deficit in

elderly patients [319], multiple sclerosis (MS) [320], Chiari type | [321], idiopathic
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intracranial hypertension (I11H) patients [322, 323], and idiopathic normal pressure
hydrocephalus [324].

6.2.3.2 PC-MRI validation

The reliability of CSF and cerebral blood flow (CBF) flow quantities using PC-
MRI was validated in the cerebral aqueduct (CA) and C2-C3 areas [325], which makes it
an excellent tool to study flow dynamics in the central nervous system. Many factors
such as body posture [326] and the rate and depth of respiration [327, 328] can rapidly
modify the CSF flow dynamics in and out of the skull. However, there are no appreciable
differences between age and sex in the typical CSF flow characteristics evaluated by PC-
MRI at the aqueduct [329]. By assessing net CSF flow and stroke volume in the aqueduct
over the cardiac cycle using PC-MRI, it was found that PC-MRI cannot be directly linked
to the CSF production in the lateral ventricles because the net CSF flow is confounded by
respiration effects [330].

6.2.3.3 PC-MRI limitations

The use of PC-MRI to determine flow velocity has limitations. The PC-MRI slice
orientation with regard to the direction of flow should be carefully adjusted. A slice
orientation of less than 10° from the vessel's axial plane is required for reliable CBF
quantifications [331]. A typical clinical PC-MRI scan may measure speeds as low as 1 to
5 cm/s, which is acceptable for CSF flow [292]. Partial volume effects may also act as a
limitation in PC-MRI due to the limited spatial resolution of MRI for small perivascular
spaces that provide a challenge to distinguish between blood and CSF flow.

Detecting CSF flow dynamics in the perivascular spaces solely using PC-MRI is

problematic. Perivascular CSF is too difficult to map and measure with PC-MRI because
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it is slower than blood flow and is hindered by diffusion weighting [292, 332-334].
Furthermore, it is significantly slower in rodents than in human brains, where PC-MRI is
hampered by gradient hardware defects that cause phase inaccuracy.

6.3 Other MRI measurements of glymphatic related CSF/ISF flow

Other techniques for visualizing CSF dynamics include MRI tracer studies using
stable isotope 'O, radioisotope (RI) cisternography using **In-DTPA, and computed
tomography (CT) cisternography using an iodine-based compound. The direct stable
isotope 'O technique, however, has reduced signal-to-noise ratio, limited spatial
resolution, and necessitates specialized equipment for 2’O detection [335, 336]. Rl and
CT cisternography investigations, on the other hand, require ionizing radiation. However,
there is an indirect stable isotope 1O method using proton MRI to identify 1’O-labeled
water tracer dynamics in the brain parenchyma and CSF spaces, and the role of AQP4 in
water influx into the CSF [335-337]. Unfortunately, 1’O-labeled water is expensive, with
prices per milliliter reaching several hundred dollars, and an intravenous dose may
necessitate more than 100 ml [338].

To evaluate the CSF dynamics, non-invasive inversion pulse techniques without
the use of any external tracer administration have been used including Spatial modulation
of magnetization (SPAMM) [339, 340], Time-spatial labeling inversion pulse (Time-
SLIP) [341, 342], and arterial spin labeling (ASL) [41, 343]. SPAMM has been employed
to study intracranial CSF transport in order to detect irregularities in CSF dynamics
[339]. This technique, for example, was used in cases with Chiari malformation to assess
the CSF flow following cranio-cervical junction decompression [340]. Another approach

for visualizing CSF movement is Time-SLIP MRI, which involves delivering a slab of

103



inversion pulse to CSF in the area of interest. This approach demonstrated that CSF is
refluxed from the third to lateral ventricles in the normal brain, implying active exchange
through the foramen of Monro. In hydrocephalus patients, however, no CSF reflux was
identified [341, 342]. The role of AQP4 in water exchange across the blood-brain
interface has been investigated utilizing the ASL approach [343]. By calculating the time
it takes for magnetically labeled intravascular water to pass the blood-brain interface,
multiple echo time ASL was utilized to assess the blood-brain interface's water
permeability. The findings showed that AQP4-deficient animals had slower exchange
rates than wild-type mice, highlighting how sensitive the method was to the absence of
AQP4 water channels [343]. The Time-SLIP [341, 342] and ASL [41, 343] have shown
reduced CSF flow across the choroid plexus in the lateral ventricles except in the area
adjacent to the foramen of Monro. Also, rapid brain-wide blood-to-CSF water transport
including brain parenchyma and the subarachnoid spaces has been demonstrated. These
findings suggest that there may be additional, previously underappreciated mechanisms
involved in CSF production and regulation [40, 41]. It has been suggested that in addition
to the choroid plexus, capillaries located inside the brain parenchyma also generate CSF
[42].

T2 component analysis has the potential to evaluate the glymphatic system in the
brain [344]. It is feasible to isolate the decaying signal's individual T2 components from
the multi-echo images. The distribution of extracellular water and its T2 values may be
seen by altering the color table to produce the color map. It has been observed that CSF
in the subarachnoid space and ventricles have long T2, but short T2 components have

been observed in the brain surface, dura's surface, blood vessels in the subarachnoid
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space, and brain parenchyma (T2 is longer than intracellular components but shorter than

CSF). This can be considered similar to the dispersion of waste products in the brain

[344]. Low-frequency CSF oscillations have been measured using ultrafast fMRI [345].
6.4 Discussion

MRI based clinical research of the glymphatic system is still in an early stage.
Currently, using gadolinium-based MRI contrast agents is the most accurate approach to
measure CSF dynamics associated with this system. The limitations of this method are
the long-time monitoring period (up to 72 hours) of the patients and the need to inject
(intrathecal or intravenous) an MRI contrast agent. Moreover, the tracer enhancement
could be low if insufficient dose for tracer is used. Using 'O as a contrast agent is too
expensive. Also, it can diffuse in both directions from blood to brain parenchyma and
vice versa. Therefore, it is difficult to distinguish the contributions of glymphatic and
vascular systems in the clearance of ’O. On the other hand, techniques like Diffusion-
weighted MRI and PC-MRI are showing promise to detect CSF dynamics in ventricles,
and in perivascular and interstitial spaces without a need for a contrast agent
administration.

It should be noted that many clinical studies evaluating the CSF dynamics can be
indirectly linked to the glymphatic system. A decrease in CSF velocity measured by PC-
MRI at the cerebral aqueduct may indicate insufficient glymphatic flow and inefficient
CWC. Similarly, an altered ADC measured by low b-value DTI in the ventricles may
imply that CSF flow is altered, and this can be caused by a change in the glymphatic
system function or structure of the ventricles. The variation in CSF flow, however, may

be caused by mechanisms other than the glymphatic system, such as vascular pulsations.
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Another drawback of these methods is that they can only be used on specific areas of the
brain, such as the ventricles, where there is sufficient CSF for MRI detection.

As noted above, to study the glymphatic system using MRI, parameters related to
both the anatomical structures and the CSF dynamics should be considered. Among the
recent MRI techniques, diffusion MRI has the most potential for clinical application.
Firstly, it does not require any contrast agent to be administered. By using a low b-value
diffusion gradient, the fluid dynamics within the perivascular spaces can be measured.
Moreover, by incorporating the phase part of the MRI signal, the vasculature pathways
can be mapped, and hence the perivascular routes can be identified. Finally, by using a
high b-value diffusion gradient, the dynamics of CSF due to diffusion can be measured.
However, several limitations need to be addressed. First, in order to have a reliable
estimate of fluid dynamics, the diffusion gradient should be applied in the direction of
CSF flow. Due to the intricate network of vasculature in the brain, diffusion gradients in
several directions are required to examine the CSF flow in the perivascular spaces of the
whole brain. Moreover, for better modeling of fast and slow diffusion along with the
convective flow, encoding diffusions with several b-values (from 0 to 1000 s'/mm?) are
required. Next, since the perivascular spaces are thin, less than 2 mm [346], a high-
resolution MRI system is needed. Therefore, a high-resolution diffusion MRI with
multiple b-values is needed which likely necessitates long scanning times. Importantly,
prior knowledge of the blood flow velocity and directionality is required in order to map
the vasculature utilizing the phase component of the diffusion signal. The DTI-ALPS
technique is a very promising tool to detect glymphatic system alterations in neurological

diseases, indirectly. Recently, this technique has been widely used due to the ease of
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acquiring the DTI data using a clinical MRI setting. However, this technique is limited to
the analysis of a specific brain region, i.e., the white matter outside of the lateral
ventricular body and it only measures diffusion, not the glymphatic flow.

Overall, the investigation of the glymphatic system in the human brain is in its
early stages and warrants further scientific progress. Recent clinical reports incorporating
diffusion MRI have shown promising results for measuring glymphatic fluid transport in
clinical settings. However, optimization and validation with improved modeling are

needed.
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CHAPTER SEVEN

SUMMARY AND FUTURE DIRECTIONS

In this dissertation, we have presented important investigations related to the
glymphatic system, PVMs, and mLVs. First, we addressed the debate regarding
glymphatic convective bulk flow in the interstitial spaces of the brain parenchyma. We
further investigated the PVVMs for their association with the glymphatic system for CWC
in rats. Second, we investigated the response of glymphatic system pathway and
perineural pathway along the optic nerves to GBM in rats. Third, we evaluated the mLVs
as a possible efflux pathway of the glymphatic system external to the brain parenchyma
in transgenic rats.

In the first project (Chapter- 3), we found that in the striatum and the corpus
callosum, the pseudo-ADC (ADC¥*) calculated from T1WI was 70% and 30% larger,
respectively, than the ADC estimated from DTI, demonstrating the presence of both
convective bulk flow and diffusion in the interstitial spaces of the brain. Confocal
imaging revealed the tracer uptake by PVMs, indicating the interaction of PVMs with the
glymphatic CSF influx along the arteries and glymphatic CSF efflux along the veins. Our
findings solidified the glymphatic system hypothesis for the clearance of interstitial waste
solutes from the brain parenchyma. Furthermore, our data suggested that PV Ms play an
important function in glymphatic system-mediated CWC. The glymphatic system and
PVMs could be targeted to enhance CWC in patients with waste-associated neurological
conditions and aging. A better understanding of the association between these pathways

may lead to new therapeutic strategies for numerous neurological conditions.
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In the second project (Chapter- 4), 3D dynamic T1WI data identified reduced
glymphatic influx and clearance, indicating an impaired glymphatic system due to GBM.
Kinetic modeling and quantitative analyses consistently indicated significantly reduced
infusion rate, clearance rate, and increased residual of CSF tracer in GBM rats compared
to control rats, suggesting restricted glymphatic flow in the brain with GBM. Our results
also demonstrated reduced CSF tracer intensity in the perineural spaces along the optic
nerves in GBM rats, indicating compromised CSF tracer efflux via this pathway.
Reduced glymphatic clearance may lead to the accumulation of toxic waste solutes and
pro-inflammatory signaling molecules which may affect the progression of the GBM.
While the precise association between the glymphatic system and GBM cell infiltration is
unknown, the glymphatic system convective flux could play an important role in tumor
cell migration. The highly invasive nature of GBM cells is a primary reason for the
failure of conventional treatment methods. On the other hand, utilizing the brain-wide
system of perivascular spaces and enhancing the glymphatic activity by increasing
plasma osmolality and lowering the ICP may augment the delivery of anti-tumor drugs to
the patients. Thus, a better understanding of the functioning of the glymphatic system
with GBM may have important implications for both the progression and treatment of
GBM. Future research on utilizing the glymphatic pathway as a means to enhance drug
delivery in GBM patients warrants investigation.

Finally, in the third project (Chapter 5), confocal microscopy images revealed the
absence of the CSF tracer (QD655) in both the dorsal and basal mLVs of Prox-1 EGFP*
rats at 15 mins, 30 mins, 40 mins, and 2 hours after the ICM infusion. Our results suggest

that mLVs are not the major efflux pathway for the glymphatic system, which is a
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negative result. We did not continue this study as planned in the DM rats to evaluate the
effect of this condition on CWC through the mLVs and the glymphatic system. Our study
suggests further need of re-evaluation of this pathway as a potential efflux pathway of the
glymphatic system.

We also discussed clinical translational issues of the MRI methods for glymphatic
related measurements (Chapter 6). MRI based clinical research of the glymphatic system
is still in its early stages and warrants further scientific progress. Currently, using
gadolinium-based MRI contrast agents is the most accurate approach to measure CSF
dynamics associated with this system. The limitations of this method are the multiple
measurements at different time points during the monitoring period (up to 72 hours) of
the patients and the need to invasively inject (intrathecal) MRI contrast agent. On the
other hand, techniques like Diffusion-weighted MRI and PC-MRI are promising to detect
CSF dynamics in ventricles, and in perivascular and interstitial spaces without a need for
a contrast agent administration in clinical settings. However, optimization and validation
of these approaches with improved modeling are needed.

Overall, this dissertation discusses critical pathways for the removal of CSF/ISF
and interstitial waste products from within and external to the brain parenchyma. It is a
difficult task to classify these pathways by level of importance, as the scientific
community remains unsure of the relative contribution of each of these pathways to the
overall process of CWC. It may very well be that all these pathways must work in concert
to ensure the effective and proper removal of toxic waste products from the brain and
ensure healthy neuronal functioning. Maintaining healthy sleep patterns and daily

physical exercise may improve the protein waste evacuation, perivascular fluid
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circulation, ISF-CSF exchange and cognitive functioning with aging [46, 99]. Further
investigations are needed to synchronously assess the full picture of CWC. Specifically,
further investigations should include: 1) developing imaging methodologies and
sophisticated modeling techniques which can reliably measure and evaluate CWC in
patients; 2) investigating other mechanisms related to CWC, such as the function of
PVMs; 3) investigating the relationship between CWC and different neurological
diseases; 4) discovering therapeutic targets to improve CWC and their clinical translation
to patients; 5) systematically investigating the glymphatic system efflux pathways in
humans; 6) reexamination of the arachnoid villi/granulations for their possible role in
CSF outflow; and 7) in vivo reexamination of the nasal lymphatic pathway via the

cribriform plate in the humans.
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Abstract

Background

The glymphatic system actively exchanges cerebrospinal fluid (CSF) and interstitial fluid
(ISF) to eliminate toxic interstitial waste solutes from the brain parenchyma. Impairment of
the glymphatic system has been linked to several neurological conditions. Glioblastoma, also
known as Glioblastoma multiforme (GBM) is a highly aggressive form of malignant brain
cancer within the glioma category. However, the impact of GBM on the functioning of the
glymphatic system has not been investigated. Using dynamic contrast-enhanced magnetic
resonance imaging (CE-MRI) and advanced kinetic modeling, we examined the changes in
the glymphatic system in rats with GBM.
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