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Abstract

Historically, the complex anatomical landscape of the central nervous system and the
physiology that governs it presented a challenge for scientists interested in elucidating
fundamental properties of solute trafficking in the central nervous system. This resulted in a
wide range of conflicting models of fundamental physiological processes, such as the
production and reabsorption of cerebrospinal fluid in the cranium. Major advances were
recently made in the study of solute trafficking between the brain and cerebrospinal fluid,
and the reabsorption of cerebrospinal fluid and solutes therein. These findings challenge the
previous assumptions about where cerebrospinal fluid (CSF) circulates through the cranium
and how it is reabsorbed. One such finding is the characterization of differentiated lymphatic
vessels in the dura mater of the mouse. Discovered independently by two different groups,
this revealed a new potential pathway for the efflux of macromolecules, cells, and fluid out
of the central nervous system. Although interest in this putative pathway between the
intracranial space and deep cervical lymph nodes (IDCLNs) was invigorated by these
findings, several important gaps in our current knowledge exist. First and foremost is the
translational relevance of this finding to human anatomy. Although robust characterizations
were carried out in the rodent, it remains unclear if the human meninges contain analogous
lymphatic structures. Second, since the discovery of a lymphatic network in the meninges,
there was widespread speculation that it plays a role in the development of neurological
disease, particularly in Alzheimer’s dementia. While this is possible, foundational studies
examining the trafficking of amyloid beta along this pathway do not yet exist. Third, there is
a paucity of data in the literature concerning the physiological parameters that mediate the

lymphatic absorption of solutes in the brain and cerebrospinal fluid. The work described in
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this dissertation aims to address these knowledge gaps using a combination of light
microscopy, transgenic animal models, and experimental manipulation of physiological
parameters that act on this biological system.

To examine the translational importance of the meningeal lymphatic system, we
began by examining sections of the human meninges with a combined approach of spectral
unmixing and immunofluorescence. We found that, like in the rodent meninges, lymphatic
vessels also populate the human meninges and express similar molecular signatures. Unlike
the rodent, however, we identified vessels with variable morphology that may belong to
distinct subpopulations of lymphatic vasculature. To begin to examine the role of the
meningeal lymphatic system in Alzheimer’s dementia, we examined meningeal samples
collected from subjects with Alzheimer’s dementia and control subjects. We did not identify
any significant deposition of amyloid beta in the meninges of Alzheimer’s dementia or
control subjects.

Because the nature of this experiment was limited to associations between amyloid
beta immunoreactivity and lymphatic vessels in the human meninges, we next infused a
fluorescently-labeled species of amyloid beta into the brain and cerebrospinal fluid of mice
to identify if it can be trafficked out of these compartments via the lymphatic system.
Indeed, we found that exogenous amyloid beta was trafficked out of both compartments via
the lymphatic system, suggesting that this previously unstudied pathway contributes to the
clearance of amyloid beta from intracranial compartments. If this efflux pathway was
responsible for reduced amyloid beta efflux observed in aging and Alzheimer’s dementia
patients, we would anticipate an age-related reduction in lymphatic function. We tested this

hypothesis by measuring the efflux rate of solutes, including amyloid beta, from the CSF in

XV



young and aged mice. We noted a significant reduction in lymphatic solute efflux in the aged
group compared to the young group. This supports the hypothesis that a reduction in
lymphatic solute efflux from the cranium contributes to the accumulation of amyloid beta in
the brain of aging and Alzheimer’s dementia patients.

Finally, to determine the physiological controls on lymphatic efflux from the
cranium, we considered the known mediators of lymphatic solute uptake in peripheral
systems. In the peripheral lymphatic system, arousal state is a potent regulator of lymphatic
flow, with multiple reports of anesthesia reducing lymphatic uptake and flow velocity.
Therefore, to test whether lymphatic solute uptake in the intracranial space is affected by
anesthesia, we considered lymphatic drainage in awake and anesthetized mice. Similar to the
peripheral lymphatic system, the rate of lymphatic drainage from the brain was markedly
reduced in anesthetized mice compared to waking mice. However, we discovered that
without intubation and ventilation, anesthetized mice rapidly develop a respiratory acidosis,
hypoxemia, and oxygen desaturation. Correction of normal physiological values with
intubation and mechanical ventilation resulted in recovery of lymphatic solute drainage,
suggesting that hypoxemia, hypercapnia, and/or respiratory rate affect this process. Using
different ventilation parameters and hypercapnic challenge with CO», we determined that
hypercapnia, not respiratory rate or hypoxia, is responsible for the majority of impairment of
lymphatic drainage in anesthetized and non-intubated mice.

Together, these findings confirm that humans have an analogous lymphatic network
in the meninges, that lymphatic drainage of amyloid beta and other solutes is impaired in

aging rodents, and that arterial CO, tension modulates lymphatic drainage of the cranium.
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These findings may inform future studies of Alzheimer’s dementia and provide valuable

insight into lymphatic reabsorption in different physiological states.
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Chapter One: Introduction



The Anatomy and Physiology of the Body’s “Third Circulation”

An Overview of the Intracranial Topography

The intracranial space in humans features a landscape of bone, meninges, gray and
white matter, cerebral blood vessels, and cerebrospinal fluid. This complexity is reflected in
the diversity of interfaces between the tissues found within the cranium and has complicated
centuries of investigations focused in this region. Broadly, the intracranial space is defined by
the bony boundaries of the skull that can be roughly divided into the superior and inferior
aspects called the calvarium and skull base. Immediately deep to the skull is the meninges,
composed of three layers called the dura, arachnoid, and pia mater (Figure 1). Together, the
meningeal layers completely ensheathe the cerebrospinal fluid and brain. Cerebral blood
vessels traverse the meningeal layers, with arteries passing through the subarachnoid space
and running along the pia mater before entering into the cortex. The gyrencephalic human
brain features cortical gyri and sulci perfused by these penetrating arteries and arterioles
(Figure 1). The majority of venous blood is drained into the venous sinuses via bridging
veins, which also traverse the pia, arachnoid, and inner aspect of the dura mater. In the skull
base, cranial nerves pass across the meninges and through ventral fossa in the skull. The
interfaces between these features, especially the cerebral vasculature and cranial nerves that
pass across the meningeal boundaries, give rise to a convoluted pathway for fluid and solutes
that are trafficked through the intracranial space. Special consideration to the key features of

fluid movement and solute trafficking in the CNS will be discussed in the following sections.



The Ventricular System

The cerebral ventricular system is composed of four cavernous and connected fluid-
filled spaces called ventricles. These ventricles are characterized anatomically by their
location within the brain, forming two lateral ventricles, a third ventricle, and a fourth
ventricle. The lateral ventricles are connected to the third ventricle via the foramen of
Monro and the third ventricle is connected to the fourth ventricle via the cerebral aqueduct.
Interestingly, the entire ventricular system is lined with ciliated ependymal cells that actively
beat, generating small currents near the surface of the ventricle (Faubel et al., 2016). Each
ventricle features a specialized vascular CSF-secreting organ called the choroid plexus, which
will be discussed in greater detail below. Historically, the ventricular system was considered
to be central to human consciousness with each ventricle containing a spéritus animalis that
performed specific cognitive and spiritual functions. Indeed, the Roman physician Galen of
Pergamon described the ventricular-pneumatic system, whereby the human spirit and the
source of cognitive function was seated within the ventricles (Manzoni, 1998). Since then,
the attributed purpose of the ventricular system has changed, with most modern models
asserting that the principle functions of the ventricular system are the production of CSF
and the circulation of neuroendocrine signaling molecules. Much attention was dedicated to
pathological changes in the ventricular system in different disease states, including
hydrocephalus which features volumetric changes in the ventricles due to obstruction of

outflow tracts and yet unknown etiologies.

Subarachnoid, cisternal, and perivascular spaces

The subarachnoid space (SAS) is continuous with the ventricular system, connected

via the foramina of Luschka and Magendie. The patency of these apertures facilitates the

3



movement of fluid between the ventricular system and the SAS, as characterized in detail by
Key and Retzius in 1875 (Key and Retzius, 1875). The SAS contains the majority of CSF
within the CNS and allows for CSF circulation around the entire brain. Due to variations in
neuroanatomy, several regions called cisterns host relatively large volumes of CSF in the
SAS. These interconnected cisterns also must remain patent for effective CSF circulation.

In some regions of the brain, including the space between the corpus callosum and
the thalamus, the pia mater invaginates around dense vascular structures, forming an
anatomical region called the tela choroidea (Tubbs et al., 2008). This is perhaps best
characterized in the velum interpositum, which forms a cisternal space in close proximity to
the quadrigeminal cistern shown in Figure 1. Although this anatomical region is known
clinically for its tendency to form cysts and expand in hydrocephalus (Rhoton, 2002; Zohdi
and Elkheshin, 2012), the association between these layers of pia mater with the choroidal
structures in the third ventricle demonstrate the diversity of the meningeal topography
within the cranium. As previously noted, large intracranial arteries and veins generally enter
into the SAS, passing through ventral cisterns before passing through the pia and into the
cortex. Interestingly, as they penetrate into the cortex, the single layer of the pia mater at the
cortical surface continuously ensheathes the blood vessels. Deeper in the cortex, this pial
sheath becomes increasingly discontinuous and eventually there is direct contact between the
basement membrane of the blood vessels and the surrounding astrocytic endfeet within the
brain (Morris et al., 2014; Zhang et al., 1990). Between the vascular basement membrane and
the astrocytic endfoot is a fluid-filled space commonly called the perivascular space (PVS).
This space is thought to exist around both arteries and veins, but there are conflicting

reports regarding the continuity of this space around capillaries (Lam et al., 2017; Pizzo et al.,



2018). The fluid in the PVS is thought to be similar in character to CSF, owing to the fact
that the SAS and PVS are continuous (Abbott et al., 2018; Bedussi et al., 2017; Ichimura et
al., 1991). There is also evidence that fluid in the PVS exchanges with the interstitial fluid
(ISF) in the brain (Cserr, 1983; Iliff et al., 2012; Rennels et al., 1990, 1985). These studies led
some to speculate that the CSF and ISF compartments are in equilibrium, however the
specific gravity of the fluid in these compartments is 1.003 and 1.040, respectively,

suggesting that the soluble constituents in these compartments are different (Bradley, 1970a).

Cerebrospinal fluid

CSF i1s a clear fluid that fills the ventricular system and SAS. Many functions are
ascribed to CSF, including distribution of neuroendocrine signaling molecules such as
hormone signaling factors and melatonin (Leston et al., 2010; Skinner and Malpaux, 1999),
buffering the CNS (Shibata et al., 1976; Swanson and Rosengren, 1962), and protecting the
brain from the rigid bone of the cranium during changes in ICP and head movement. CSF is
essentially isotonic relative to serum, but contains far less proteinaceous material (0.6 g/L
and 70 g/L, respectively). Because the patenchyma of the brain lacks a traditional lymphatic
system, the relative paucity of protein and other macromolecules in the CSF led many to
speculate that the CSF serves as a sink for solutes that extravasate from the bloodstream or
that are produced in the brain. This is evidenced by the appearance of brain-derived amyloid
beta, tau, and alpha synuclein in the CSF, which vary with the progression of
neurodegenerative disease (Kang et al., 2013; Mattsson et al., 2009; Noguchi-Shinohara et al.,
2009).

Pathologically, the obstruction of CSF circulation can lead to accumulation of CSF in
the ventricular system, a condition called hydrocephalus. Congenital hydrocephalus affects
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roughly 1 in 1000 infants (Tully and Dobyns, 2014), which is currently treated either with
ventricular shunts or endoscopic third ventriculostomy, both of which have relatively poor
success rates. Thus, the production, circulation, and reabsorption of CSF were of interest to
the neurological and neurosurgical communities for decades. In this section, these aspects of

CSF physiology are discussed.

Production

It is widely believed that the majority of CSF is formed by the choroid plexus,
though claims of transependymal and pial CSF production exist in the literature
(Hammerstad et al., 1969; Pollay and Curl, 1967; Sato et al., 1972). However, because of the
technical complexity of experiments that report extrachoroidal CSF production, it is difficult
to conclude that these mechanisms of CSF production occur under physiological conditions.
The choroid plexus is a specialized vascular organ found in each of the ventricles and
features a single layer of cuboidal epithelium overlying a basement membrane and blood
vessels (Figure 1). Arterial blood supplying the choroid plexus varies by location, with the
anterior choroidal artery supplying the lateral and third ventricles, while the posterior inferior
cerebellar artery and anterior inferior arteries often supply the choroid plexus of the fourth
ventricle (Sharifi et al., 2005). Although the production of CSF was suspected at the choroid
plexus, the scientific community lacked empirical evidence until a series of experiments were
performed by Walter Dandy and Kenneth Blackfan. To test this hypothesis, they surgically
obstructed one of the lateral ventricles in the dog. Following the procedure, the dogs
displayed symptoms of hydrocephalus, including lethargy and vomiting. Examination of the
gross brain demonstrated ventriculomegaly and the authors concluded that CSF must be

formed in the ventricles, speculating that the source was the choroid plexus because of its
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unique vascular structure (Dandy and Blackfan, 1913). This experiment precipitated much
interest in the formation of CSF at the choroid plexus.

Decades later, a series of inhibitors including ouabain were used to demonstrate that
CSF production was dependent on Na"™-K" ATPase (Davson and Segal, 1970; Pollay et al.,
1985) and microdissections of the choroid plexus were found to contain multiple subunits of
the Na"-K" ATPase heterodimer (Zlokovic et al., 1993). Similar experimental approaches
were undertaken to demonstrate the presence of other ion cotransporters in the choroid
plexus, including inhibition of Na"K"2Cl with butmetanide (Bairamian et al., 1991; Keep et
al., 1994), Na"HCOs with dihydrogen-4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid
(Practorius et al., 2004), and Na"H" with amiloride (Murphy and Johanson, 1989). In
addition to these ion cotransporters, a critical role for carbonic anhydrase was shown in the
choroid plexus. Indeed, the carbonic anhydrase inhibitor acetazolamide reduces CSF
production in multiple species, and is currently used to reduce intracranial pressure in
humans (Carrion et al., 2001; Faraci et al., 1990; Uldall et al., 2017). The potent effect of
carbonic anhydrase inhibition on CSF production suggests that the handling of HCOy  is
critically important for the production of new CSF at the choroid plexus. Another critical
aspect of CSF production is the transportation of water from the intravascular to the
intraventricular compartment. In the choroid plexus, the molecular water channel aquaporin-
1 (AQP1) is abundantly expressed at the apical membrane. Interestingly, there appears to be
a lack of AQP1 expressed in the basolateral membrane, raising the question of how water
movement is facilitated into the choroidal epithelium (Nielsen et al., 1993). In addition to the
lateralization of AQP1 in the choroid plexus, several other observations raised questions

about the mechanism of CSF production beyond passive movement of water after secretion



of ions into the ventricles. For instance, in 2001 Oshio et al. reported that the deletion and
subsequent loss of AQP1 in the choroid plexus only reduced CSF production by 25%
(Oshio et al., 2005). Although this experiment clearly demonstrates a relationship between
AQP1 and the magnitude of CSF production, it also challenges the assertion that
transmembrane water channels are required for this critical process. Were hydrostatic
pressure gradients between the intravascular and intraventricular compartments responsible
for the production of CSF, one would expect that experimental manipulation of arterial
blood pressure would alter the rate of CSF secretion. However, when this experiment was
performed, it was found that CSF production was unchanged at varying hydrostatic
pressures between -10 and +30 cm HoO (Heisey et al., 1962). Thus, the mechanisms
governing water transport in the choroid plexus, and therefore CSF production are
incompletely understood.

In mammals, the estimated rate of CSF secretion is remarkably similar, ranging from
0.18-0.625 ul. minute 'mg™ (as reviewed by Cserr, 1971). Interestingly, the rate of CSF
secretion in humans is subject to diurnal fluctuation, with maximum and minimum CSF
production at approximately 0200 and 1800, respectively (Nilsson et al., 1992b). Although
the total volume of CSF in humans ranges from 150-200 mL, the total daily volume of CSF
produced in the human is estimated at 650 mL, therefore CSF turnover occurs several times

per day (Nilsson et al., 1992b).

Circulation

CSF circulation has been a subject of great interest since modern models were first
proposed by Harvey Cushing and Lewis Weed in the early 20th century (Cushing, 1914;

Weed, 1917). Early studies demonstrated a hydrostatic pressure gradient between the
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ventricles and the subarachnoid space, which led investigators to postulate that this
hydrostatic gradient enabled directional circulation of CSF from the choroid plexus toward
sites of reabsorption (Tourtelloutte, 1968). Indeed, magnetic resonance imaging (MRI)
revealed net CSF flow through the cerebral aqueduct and out of the ventricular system
(Nilsson et al., 1992b). This study further demonstrated that cranial/caudal movement of
CSF was actually bidirectional and entrained to the cardiac cycle, with caudal CSF flow
during the systolic phase and cranial CSF flow during the diastolic phase. Despite the large
bidirectional flux of CSF, a small net movement in the caudal direction was still found. Thus,
these findings suggest that CSF flows out of the ventricles and into the SAS before being
reabsorbed. However, it was also recognized early on that the cardiac and respiratory cycles
also contributed to the movement of CSF (Bradley, 1970b). In 2011, these findings were
later confirmed using cine phase contrast MRI by Sweetman and Linninger, who
simultaneously measured the heart rate, cerebral blood flow, and CSF flow in a human
subject to model three-dimensional CSF movement in the cranium (Sweetman and
Linninger, 2011). Their model predicted pressure waves generated during cardiac systole that
originate in the ventral cisterns and tracked superiorly into the lateral ventricles. The authors
observed that this small but reproducible 10% phase lag results in biphasic systolic
expansion of the cerebral vasculature. They concluded that this may be due to the expansion
of proximal arteries in the ventral SAS that travels distally and superiotly into the brain,
eventually compressing the dorsal SAS and ventricles. Since then, it was further clarified that
while both the cardiac and respiratory cycle contribute to CSF movement, the magnitude of
CSF movement entrained with the respiratory cycle was greater than the cardiac cycle

(Dreha-Kulaczewski et al., 2015).



Along with the net movement of fluid, solutes within the CSF are trafficked by bulk
flow throughout the ventricular system, SAS, and PVS. As mentioned above, this
observation led many to speculate about exchange of solutes between the CSF and ISF
compartments at the PVS as a means of neuroendocrine signaling, electrolyte homeostasis,
and removal of macromolecules produced in the brain (Cserr et al., 1981; Rennels et al.,
1990, 1985; Scott et al., 1977). Though some models integrate PVS fluid movement as part
of CSF circulation, a quantitative fraction of total CSF that ‘circulates’ through this pathway

is not currently known.

Reabsorption

Multiple sites of CSF reabsorption are known, including efflux at the cribriform
plate, arachnoid granulations, perineural sheaths, and into the cervical lymphatic trunk,
which drains into the deep cervical lymph nodes (DCLNs). These efflux pathways were
elucidated by infusing ink, gelatin, or polymers into the subarachnoid space (Dandy and
Blackfan, 1913; Hill, 1896; Johnston et al., 2004; Weed, 1914a). In the absence of
noninvasive techniques, these studies provided exceptional insight into the intracranial
distribution of soluble materials infused into the CSF. Early reports were often inconsistent,
with some groups only observing reabsorption in the arachnoid granulations and others
observing reabsorption in the skull base. These incongruent findings raised much contention
in the field and are likely due to inconsistent methods. For instance, some eatly studies
considered tracer infusion into cadaveric human heads while others infused tracers into the
SAS of dogs, rabbits, sheep, or rats. These experiments were also criticized for their use of
supraphysiological infusion pressures, toxic substances, and, in some cases, being carried out

in deceased animals. Importantly, the type of tracer, anesthesia used, and time between the
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infusion and sacrificing the animals was also inconsistent between these studies, all of which
may contribute to the conflicting results that were reported.

Regardless of the inconsistencies, there is evidence for CSF reabsorption at the
arachnoid granulations, which are valvular diverticula of the arachnoid mater that pass across
the dura mater and into the lumen of the dural venous sinuses (Gomez et al., 1974a). The
arachnoid granulations are thought to play a functional role as one-way valves that allow for
direct efflux of CSF from the SAS into the venous sinuses or tributary veins. Interestingly,
the microscopic architecture of the arachnoid granulations is state-dependent. Indeed, in
physiological states wherein hydrostatic pressure in the SAS exceeds that of the venous
sinuses, microvilli on these granulations are observable with scanning electron microscopy
(Gomez et al., 1974b). However, the microvilli appear to collapse when the venous pressure
exceeds that of the SAS, which is thought to reduce the likelihood of blood cells and plasma
passing into the SAS. (Gomez and Potts, 1974). On the luminal side, the arachnoid
granulations are lined with vascular endothelial cells, and most studies examining the
ultrastructural quality of the arachnoid granulations reported that the luminal endothelial
lining is continuous (Shabo and Maxwell, 1968; Upton and Weller, 1985). This raises
questions about the mechanism of CSF reabsorption at this interface, however the
abundance of pinocytotic vesicles in the arachnoid and endothelial cells led some to
speculate that pinocytosis may be the dominant mechanism by which CSF enters into the
blood stream. In terms of functional studies, Lewis Weed performed multiple experiments in
the early 20" century showing that infusion of ferrocyanide and iron-ammonium citrate into
the SAS resulted in accumulation of these tracers in the arachnoid granulations (Weed,

1914b, 1914a). Weed’s interpretation of this finding was that the arachnoid granulations
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provided a direct path for reabsorption of CSF into the bloodstream (Weed, 1938). Other
reports from independent labs reported similar findings (Dandy and Blackfan, 1913; Gomez
et al., 1974b; Hill, 1896), and provided the foundation for the central dogma stating that the
arachnoid granulations are the dominant pathway by which CSF irreversibly escapes from
the cranium.

Throughout early studies of CSF reabsorption, lymphatic drainage of tracers infused
into the SAS was noted, but considered to be a delayed and relatively minor efflux pathway
(Weed, 1938). Later in the 20™ century, multiple studies renewed interest in lymphatic
drainage of CSF. Specifically, the use of radiolabeled solutes allowed for quantitative
measurement of lymphatic CSF efflux and it was found that between 15 and 50% of
radiolabeled proteins exited the cranium via the lymphatic pathway in animal models
(Bradbury et al., 1981; Bradbury and Cole, 1980; Bradbury and Westrop, 1983a; Cserr et al.,
1992). These reports challenged the existing models of CSF reabsorption and returned
scientific focus on the lymphatic component of CSF efflux. Perhaps what is most surprising
about the observation that lymphatic pathways are a major drainage route for solute
clearance from the brain is that the brain parenchyma lacks a differentiated lymphatic
network. Though it was clear that solutes in the interstitial space eventually exit the cranium
via the cervical lymphatic vasculature, the intracranial trafficking pathway remained unclear.
To investigate a putative connection between the SAS and the cervical lymphatic trunk,
several groups infused polymers or ink into the SAS of rodents, sheep, and nonhuman
primates (Boulton et al., 1999, 1998; Johnston et al., 2004; Kida et al., 1993; Zakharov et al.,
2004). In these studies, the intracranial tracer distribution was reported in close proximity to

the cribriform plate and around cranial nerves exiting the anterior skull base. Upon
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dissecting or sectioning the head, the tracers were found to traverse the cribriform plate and
deposited in the nasal turbinates, which are known to contain dense lymphatic networks.
The interpretation of this finding was that efflux via the cribriform plate and cranial nerves
in the anterior skull base is one pathway by which the CSF exits the cranium and is trafficked
into the cervical lymphatic trunk. Another pathway for CSF efflux was recently addressed by
two groups, who independently described a network of differentiated lymphatic tissues in
the rodent meninges that absorb solutes injected into the brain and CSF (Aspelund et al.,
2015; 1liff et al., 2015; Louveau et al., 2015). These studies will be discussed in greater detail
in the section entitled ““The Meningeal Lymphatic System.”

Other pathways for CSF efflux were proposed by Elman in the early 20" century,
including along nerve roots in the spinal cord and the spinal arachnoid granulations (Elman,
1923). Although Elman’s studies were not quantitative in nature, he observed relatively less
ferrocyanide tracer accumulation in the spinal than in the cranial arachnoid granulations and
concluded that the spinal arachnoid granulations likely played a minor role in CSF
reabsorption under physiological states. Nevertheless, they may perform a critical
supplementary role if the function of the intracranial granulations is compromised. Perhaps
the earliest suggestion of this was by Lewis Weed who critiqued a study performed by Walter
Dandy, wherein Dandy surgically separated the intracranial dural sinuses from the arachnoid
granulations in dogs (Dandy, 1929). Dandy reported that the dogs did not develop pathology
associated with this presumed blockage of CSF reabsorption. Weed argued that since the
spinal arachnoid granulations were not separated, that they may compensate for CSF efflux

in the setting of impairment of the intracranial arachnoid granulations (Weed, 1938).
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Together, these are the known pathways for CSF reabsorption. Although there is
much contention in the literature regarding the dominant site of reabsorption, it is clear that
multiple sites exist and likely contribute in this essential function. Because there are
undoubtedly differences between CSF efflux in humans and other mammals, further
clarification of CSF reabsorption using noninvasive and quantitative neuroimaging in

humans is needed.

Solute Trafficking in the CNS

The movement of ions, small molecules, and macromolecular solutes through the
CNS is restricted at multiple barriers and interfaces, including the blood-brain barrier (BBB),
the blood-CSF barriers, and the interface between the PVS and brain parenchyma. Many
physiochemical properties affect the movement of these solutes, including lipophilicity,
molecular weight, hydrodynamic radius, and charge. In the following sections, the
mechanisms of passive and active transport at these interfaces will be discussed. Once a
solute enters into the ISF, PVS, or SAS, there is evidence that several forces may act on
solutes including diffusion, advection, convection, and dispersion. Diffusion is defined as the
net movement of solutes down a chemical concentration gradient. It is a phenomenon
driven by the stochastic movement of solutes in a solvent, thus it is temperature-dependent
and is inversely related to the molecular weight of the solute. The diffusion process is
generally isotropic, or non-directional with exception to the chemical gradient. Despite this,
the rate of net movement of solutes via diffusion depends on the tortuosity of the path and
apparent anisotropic diffusion can be observed in highly organized and linear pathways. This

feature of diffusion is particularly evident in the extracellular space (ECS) of the human
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brain, which features dense and highly tortuous neuronal and glial cell bodies in gray matter
as well as parallel bundles of myelinated white matter tracts. Alternatively, multiple reports
demonstrated the action of advection, or bulk flow, in the movement of solutes in the brain.
Advection is defined as the net movement of solutes in a medium secondary to the
movement of the medium. Unlike diffusion, solute advection occurs without respect to the
physiochemical properties of the solute and the motive force for bulk flow is a hydrostatic
pressure gradient. As a consequence, the rate of solute movement by bulk flow is generally
much higher than that of diffusion. It is important to note that advection and convection are
used interchangeably in referring to bulk flow within the neurophysiology literature. More
specifically, the term convection actually describes both advection and diffusion together.
Throughout this work, the terms advection and bulk flow will be used interchangeably,
whereas the term convection will be used to describe both bulk flow and diffusion. Finally, it
is also thought that dispersion contributes to solute movement in the CNS. Similar to
advection, solute transport due to dispersion occurs via movement of water generated by
hydrostatic pressure gradients. However, instead of net solute and solvent movement, net
solute movement occurs in the absence of net solvent movement. As discussed in the
previous section, the magnitude of CSF movement in the ventricular system, SAS, and PVS
is large, yet the net movement of CSF is comparatively small due to reversal of the vector
during cardiac diastole and expiration. In the sections to follow, the evidence for these

mechanisms of solutes movement in the brain will be discussed in greater detail.

Solute influx into the brain’s extracellular space

Soluble proteins, lipids, and carbohydrates are either trafficked into the brain across
the blood-brain, blood-CSF barriers, and fenestrated endothelium in citcumventricular
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organs or they are produced within the brain parenchyma. Passive movement across the
BBB favors nonpolar molecules due to tight junctions between continuous endothelial cells,
but several mechanisms including receptor-mediated transcytosis exist to transport polarized
solutes such as glucose and amino acids into the brain. In terms of fluid movement, the
majority of water in the blood stream crosses the BBB with every pass, despite the tight
junctions between the cerebral endothelium. This leads to a staggering volume of water
exchange across the BBB. As outlined by Hladky and Barrand, if cerebral blood flow in man
is estimated to be 800 mL min™, adjusting for leukocyte and erythrocyte volume in the
blood, we might expect to see ~680 L of water exchanged at the BBB on a daily basis
(Hladky and Barrand, 2016). However, net water movement from the intravascular to the
interstitial compartments is very low due to very similar rates of water influx and efflux
across the BBB due to Starling forces (Sweet et al., 1950). The blood-CSF barrier is
composed of at least two interfaces; the choroid plexus and the arachnoid membrane.
Unfortunately, besides structural studies, very little is known about solute movement at the
CSF-arachnoid interface (Vandenabeele et al., 1990). It is clear, however, that the arachnoid
mater contains a significant barrier to solute and fluid movement in the form of arachnoid
cells joined together by tight junctions (Nabeshima et al., 1975). Unlike most of the brain,
the endothelium at the choroid plexus is fenestrated. Despite its fenestrations, movement of
most polar molecules across the choroidal epithelium requires transcellular transport
mechanisms, similar to the BBB. Interestingly, while these barriers express similar transport
proteins for solute trafficking, the actual solutes vary between the interfaces. For instance,
higher levels of transthyretin and insulin-like growth factor-II are secreted into the CSF at

the choroid plexus than the BBB, while more glucose and amino acids are trafficked across
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the BBB than the blood-CSF barrier (Nilsson et al., 1992a). Together, these selective barriers
tightly regulate the movement of solutes into the brain at the blood-CSF and BBB. Several
brain regions called the circumventricular organs feature a fenestrated endothelium which
allows direct passage of solutes in the bloodstream into the ISF. Although there is
documented heterogeneity of vascular permeability in these organs, most are permissive to
the passage of dextrans up to 3 kDa (Morita et al., 2016; Willis et al., 2007). A size-based
exclusion of molecules over 10 kDa is still noted, however, which appears to be related to
the integrity of the basement membrane (Willis et al., 2007). Although the vascular
permeability facilitates the secretion of neuroendocrine signaling molecules into the blood
stream, its significance in the physiological absorption of solutes from the bloodstream into

the ISF is relatively understudied.

Mechanisms governing solute behavior into, and efflux out of, the extracellular space

The fate of solutes that arrive in the fluid-filled ECS of the brain, either by crossing
the BBB or being secreted into the ISF from the intracellular space of neurons, glia, or
pericytes, has been intensely studied for several decades. In the living rodent, the ECS ranges
from 38-64 nm in width (Thorne and Nicholson, 2006) and contains not only ISF, but
matrices of extracellular proteins, including heparin sulfate and chondroitin sulfate (Thorne
et al., 2008). Using integrative optical imaging, Thorne and colleagues demonstrated that
solutes with a hydrodynamic radius of up to 35 nm can diffuse through the ECS, and
interact with proteins in the ECS (Thorne et al., 2008). Interestingly, the diffusion of solutes
through this space is dependent on the tortuosity and the density of the extracellular matrix
(Nicholson and Phillips, 1981). This finding is used as a mechanistic underpinning of the
observation that myelinated white matter tracts display higher fractional anisotropy than gray
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matter on diffusion tensor imaging magnetic resonance imaging (Basser et al., 1994; Basser
and Pierpaoli, 1990).

In addition to isotropic diffusion due to Brownian motion, multiple groups believe
that convective fluid movement occurs in the ECS of the brain (Cserr et al., 1977; Iliff et al.,
2012; Ray et al., 2019; Rennels et al., 1990, 1985; Rosenberg et al., 1980). Fluid convection
consists of both diffusion and bulk fluid movement and although the rate of solute
movement via diffusion is dependent on concentration gradient and molecular weight, bulk
fluid movement transports molecules without respect to molecular weight or concentration
gradient. Perhaps the first evidence underpinning this claim was provided by Cserr and
colleagues in 1977, which featured the injection of triturated polyethylene glycol (4 kDa) and
dextrans (70 kDa) in the rat caudate nucleus and measurement of their rate of efflux. Four
hours after the initial tracer injection, the authors reported that there was no difference in
the quantity of tracer remaining in the caudate, indicating that advection contributed to their
efflux from the ECS (Cserr et al., 1977). Shortly after this work was published, another
group used ventricular perfusion of triturated sucrose in the cat to calculate apparent
diffusion constants in white and gray matter with respect to time (Rosenberg and Kyner,
1980). They found that their initial model, which assumed no advection occurred in the
brain parenchyma, accurately predicted the movement of sucrose through the striatal gray
matter but not the periventricular white matter. Once they factored advection into the
modeling equation, it predicted both accurately. The authors concluded that advection
contributes to solute movement in the white matter, but not gray matter. Thus, although
advection in the brain was reported by both groups, conflicting findings in different brain

subregions emerged in even the earliest investigations. Since these studies were published,
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several conflicting reports on advection in the gray matter were also reported. The
observation that solutes of different molecular weights have similar clearance rates in the
gray matter was reproduced by the same lab (Cserr et al., 1981) as well as more recently by
two independent groups (Groothuis et al., 2007; Iliff et al., 2012). Using an orthogonal
approach, Smith and colleagues co-injected 10, 70, and 2000 kDa dextrans into the mouse
striatum and measured the tracer distribution using confocal microscopy (Smith et al., 2017).
They report a strong size-dependence on solute distribution around the injection site. These
authors also investigated whether solute movement in the cortical gray matter is directional,
which would support the notion of advection. To accomplish this, they employed a light-
microscopy based technique called fluorescence recovery after photobleaching, where a 500
kDa tracer distributed throughout the mouse cortex in equilibrium was photobleached and
the rate of fluorescence recovery in the photobleached region was subsequently measured.
The authors reported that fluorescence recovery was not directional, further suggesting that
solute movement in the ECS of gray matter is not influenced by bulk flow. Based on these
findings, the authors of this study concluded that diffusive forces, not advection, dominate
in the gray matter. In an attempt to reconcile these discrepant findings, multiple groups
attempted to model ISF movement in the brain. To date, most of these models support the
notion that diffusion or dispersion, but not bulk flow dominates in moving solutes in the
gray matter (Asgari et al., 2016; Faghih and Sharp, 2018; Holter et al., 2017a; Jin et al., 2010).
Notwithstanding the differences in the gray matter, it is generally agreed that advection
occurs in the ventricular system, SAS, PVS, and in white matter tracts.

The thoughtful work of Cserr and colleagues also demonstrated that solutes injected

into the brain parenchyma escaped into the CSF, which reinvigorated scientific interest in
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the mechanisms underlying molecular efflux from the brain (Cserr, 1983; Cserr et al., 1981,
1977). Indeed, multiple groups demonstrated that solutes of varying molecular size are
rapidly transported both into and out of the PVS at rates that far surpass diffusion (J. Iliff et
al., 2013; 1liff et al., 2012; Rennels et al., 1990, 1985).

Until recently, however, physiological controls on exchange between the CSF and
ISF were not clearly described. In an effort to generate a unified model of solute exchange
between the ISF and CSF, a brain-wide perivascular system for exchange of fluid and solutes
was recently proposed (Iliff et al., 2012). This study found that CSF-ISF exchange at the
perivascular interface requires perivascular localization of the aquaporin-4 (AQP4) water
channel expressed at the astroglial endfoot throughout the brain, therefore this system was
called the “glymphatic system” (Iliff et al., 2012). Follow up studies characterizing this
physiology suggest that the motive force for exchange between these compartments is, in
part, due to arterial pulsation (Iliff et al., 2013b). These findings were interpreted in the
context of prior studies that suggested that parenchymal solutes escape from the brain via
convective flow (N. J. Abbott, 2004; Cserr, Cooper, Suri, & Patlak, 1981). Together, these
studies provided mechanistic insight into the trafficking of solutes and fluid into and out of
the brain. Shortly after the initial characterization of the glymphatic system, reductions in the
magnitude of ISF-CSF exchange were reported in states of aging and disease (Gaberel et al.,
2014; Goulay et al., 2017; Iliff et al., 2014; Kress et al., 2014; Wang et al., 2017).

Other studies have questioned mechanistic elements of the glymphatic system,
including the claim that AQP4 is required for molecular exchange between the
compartments and arterial pulsations establish the motive force for fluid movement (Faghih

and Sharp, 2018; Smith et al., 2017). In 2017, Smith and colleagues attempted to reproduce
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the key findings described by Iliff et al. in 2012; namely that bulk flow facilitates solute
movement in a brain-wide fashion, that parenchymal bulk flow was dependent on AQP4
expression at the astrocytic endfoot, and that hydrodynamic pressure waves from arterial
pulsations provided the motive force for parenchymal bulk flow (Smith et al., 2017). To test
these questions, Smith and colleagues measured solute (dextrans of varying hydrodynamic
radii) influx and movement throughout the gray matter, CSF-ISF exchange in transgenic
AQP4 knockout mice and rats, fluorescence recovery after photobleaching, and measured
CSF-ISF exchange in mice moments after euthanasia. In each of these approaches, the
authors reported conflicting results compared to those found by Iliff et al. These conflicting
experimental findings are supported by modeling studies that suggest that diffusion, not bulk
flow, is the dominant mechanism acting on solutes in the gray matter (Faghih and Sharp,
2018; Holter et al., 2017b). Together, these studies have brought major elements of the
glymphatic system into question. Notwithstanding the conflicting reports focused on the
mechanisms driving CSF-ISF exchange, there is essentially no contention in the literature
that solutes can exchange between the CSF and ISF compartments.

Although the glymphatic system is still under active study and our understanding of
its underlying mechanisms is still being refined (Abbott et al., 2018; Holter et al., 2017a;
Smith et al., 2017), there is much interest in developing methods for non-invasive
measurement of CSF-ISF exchange in rodents and humans. After the initial characterization
of the glymphatic system using fluorescent tracers and multiphoton microscopy, steps were
quickly taken to develop robust magnetic resonance imaging protocols with gadolinium-
based contrast enhanced cisternography to measure the magnitude of CSF-ISF exchange in

the rodent (Iliff et al., 2013; Yang et al., 2013). Shortly thereafter, an elegant case study was
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published by Eide and Ringstad recapitulating these preclinical studies in a human subject
with suspected CSF leakage (Eide and Ringstad, 2015). Through repeated imaging of the
brain after intrathecal infusion of gadobutrol in this subject, the authors concluded that ISF-
CSF exchange exists in the human as well as the rodent. Further work by Eide and Ringstad
confirmed these findings in 30 patients with suspected CSF leaks and/or normal pressure
hydrocephalus (Eide and Ringstad, 2018). Together, these studies provide confirmation that
exchange between the CSF and ISF occurs in the human, and that this process may be

impaired in the setting of pathology.

Physiological aspects of solute efflux from the brain

Because the brain parenchyma lacks a traditional lymphatic system, the physiological
mediators of solute efflux from the brain, including across the BBB and CSF-ISF exchange
are of great interest to physiologists focused on efflux of solutes, including drugs, from the
brain. Several important efforts to elucidate the physiological controls on exchange between
these two compartments exist in the literature. First, in an elegant study by Groothuis and
colleagues, the relative contribution of transcapillary, diffusion, and convection was
measured in different physiological states of almost 500 rats (Groothuis et al., 2007). In the
first arm of this study, the authors measured the half-life and total efflux constant of
molecules that are passively transported through the brain like urea, inulin, and sucrose, 10-
70 kDa dextrans. They also measured these parameters in several actively transported
molecules like para-aminohippuric acid, cytosine arabinoside, azidothymidine, and a 6 kDa
oligonucleotide. This data set proved to be exceptionally useful for estimating the relative

contribution of diffusion across the BBB, transporter-mediated efflux, and convective efflux.
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For example, to measure these parameters for para-aminohippuric acid, the authors relied on

the following equation,

keff = kp + kcsf + kx (l)

where ke represents the total rate of solute efflux, k, represents diffusion across the BBB,
kess represents convective solute efflux, and k represents yet transporter-mediated clearance
mechanisms. For para-aminohippuric acid, the rate of diffusional influx (k,’, 0.012 g mL" hr'
") and efflux across the BBB was assumed to be equal, but the magnitude of the constant
was strongly dependent on the volume of the ECS (0.16 mL g") and the size and
lipophilicity of the molecule based on previous studies (Fenstermacher and Rapoport, 1984).
Because there are no known molecular changes in para-aminohippuric acid, the authors

therefore calculated k, from equation 1 using the following equation,

k, = k" / Volume of ECS 2)

to generate 2 BBB diffusion constant of 0.075 hr™'. Because the rate of convective efflux is
independent of a molecule’s chemical properties, ke was generated by simply averaging the
measured ke for the solutes that are passively transported and not metabolized (0.3 hr™).
From this arm of the study, the authors concluded that the relative contribution of
convection to solute efflux from the brain was strongly dependent on magnitude of k; and
specifically highlighted the variability of solute lipophilicity, though they assumed the ECS
volume and other physiological characteristics were held constant.

The second arm of this study focused on physiological parameters that may affect

convective efflux. To test this, they compared the rate of '*C-sucrose clearance in rats that
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were either awake and freely behaving or restrained, anesthetized with pentobarbital or
ketamine/xylazine, treated with adenosine or epinephrine or induced hypovolemia. These
conditions allowed for the examination of movement, cardiovascular dynamics, and cerebral
metabolic demand on the rate of convection in the brain. They reported that the only
physiological conditions associated with a change in sucrose clearance were the adenosine-
and pentobarbital-treated rats, increasing and decreasing the rate of efflux, respectively.
Similar hemodynamic changes were measured in both treatment groups, including a
reduction in mean blood pressure which led the authors to conclude that this effect may
involve cerebral metabolic demands. Also included in their study without remark from the
authors was a clear increase in clearance of “C-sucrose in animals anesthetized with
ketamine/xylazine compared to awake and restrained mice (0.2657 * 0.04 hr' and 0.15 +
0.06 hr'', respectively). Together, the experiments in this arm of their study suggest that
different anesthetic agents have different effects on solute clearance via bulk flow.

The work of Xie and colleagues aimed to interrogate several additional physiological
mediators of parenchymal solute movement with orthogonal approaches, including two-
photon light microscopy and real-time tetramethylammonium iontophoresis to study
changes in the volume of the ECS (Xie et al., 2013). To accomplish this, the authors infused
a fluorescent tracer into the SAS and measured its influx into the cortex as a proxy for CSF-
ISF exchange in sleeping and waking mice. In this technically impressive experiment, the
authors measured the influx of a tracer into the cortex of the same animal while sleeping and
awake. They noted a striking reduction in the tracer penetration in the waking state
compared to the sleeping state. Given the changes in the dominant neuronal oscillations

during sleep, the authors measured brain activity with electroencephalography and were able
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to recapitulate these firing patterns with ketamine-xylazine anesthesia. When the
multiphoton experiments were repeated comparing cortical tracer penetration before and
after ketamine-xylazine anesthesia, they observed a similar increase in tracer penetration
when the animals were anesthetized. The authors went on to demonstrate that rapid changes
in the volume of the ECS occur between sleeping and waking states, with an increase of over
60% in the ECS volume of sleeping mice. The mechanism underlying the rapid structural
remodeling was inhibited by a cocktail of adrenergic inhibitors, including prazosin,
atipamezole, and propranolol. These findings suggest that adrenergic tone in the CNS may
also have a strong effect on parenchymal solute movement. It is important to note that the
systemic effects of the adrenergic inhibition were not controlled in this experiment.
Therefore, adrenergic inhibition may have confounding effects on the cardiovascular system
that also contribute to CSF-ISF exchange, such as modulating vascular pulsatility(]. Iliff et

al,, 2013).

Physiological aspects of solute efflux from the cerebrospinal fluid

Once in the SAS, molecules may escape via several efflux pathways outlined in the
“Cerebrospinal fluid” section above, or may remain in the CSF if efflux from this
compartment is impaired. Because of the dominant notion that CSF reabsorption occurs via
bulk efflux across the arachnoid granulations, early studies of CSF reabsorption attempted to
measure the “resistance” to reabsorption using a formula developed by Davson (Czosnyka et

al., 2003; Ekstedt, 1978),

ICPpasctine = Resre x Rate of CSF Production + P 3)

Where Resr is the resistance of bulk CSF efflux and Py is the pressure in the superior sagittal

sinus. Following this logic, many studies measure the resistance to CSF efflux by infusing
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artificial CSF or saline into the intrathecal space and monitoring changes in ICP. This led to
the derivation of the following equation, which facilitates experimental estimation of the Rese

parameter,

ICPP()st—infusion‘ ICPbaseline = R(ISF X Rate Of IﬂfU.SiOﬁ (4)

Where ICPposuinfusion 18 the steady state ICP achieved after constant intrathecal infusion. This
model relies on several assumptions, including that the only bulk reabsorption occurs in the
dural venous sinuses, that CSF formation is constant across the course of the intrathecal
infusion, and that CSF absorption is proportional to the pressure difference between the
venous sinuses and the ICP (Boon et al., 1997; Ekstedt, 1978; Vastola, 1980). Despite these
very limiting assumptions, this technique was used widely to study neurological diseases
thought to be associated with reduced CSF reabsorption such as normal pressure
hydrocephalus and communicating hydrocephalus.

Studies focused on the physiological mediators of lymphatic CSF reabsorption are
remarkably few. In fact, to date the only studies available on this subject were described in
the 1983 by Bradbury and colleagues (Bradbury and Westrop, 1983). The authors infused
radioiodinated albumin into the lateral ventricle of the rabbit, cannulated the cervical
lymphatic trunk, and measured the rate of tracer efflux into the lymph. The authors included
several groups, including different head positions, infusion rates, and mechanical or chemical
obstruction of the olfactory fossa with kaolin or cyanoacrylate glue. Together, these
experimental groups allowed the authors to test the effect of CSF flow rate, intracranial
pressure, and the anatomical importance of the nasal turbinates in the lymphatic drainage of
solutes in the CSF. Interestingly, they found that chemical or mechanical obstruction of the

cribriform plate markedly reduced the rate of radiolabeled albumin into the lymphatic trunk.
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This suggests that the olfactory fossa or olfactory nerve endings that extend across the
cribriform plate provide an important contribution to lymphatic drainage of solutes in the
CSF. The effect of head positioning was tested by performing the tracer infusion into the
rabbit in a prone position with the head either elevated or lowered twenty degrees from the
control position. While the lowered head position was not associated with a significant
change in lymphatic drainage, the elevated head position markedly reduced the rate of
lymphatic drainage. From these data, the authors concluded that this was not particularly
surprising and suggested that gravitational effects likely contributed to this observation.
However, in the context of more recent findings regarding fluid movement, it is also likely
that the altered tracer efflux may also be due to changes in cerebral blood flow and
intracranial pressure associated with postural changes. As noted above, this study stands
alone as the only study to evaluate physiological factors that influence solute efflux into the

cervical lymphatic vasculature.

Lymphatic Biology and the Meningeal Lymphatic System

The molecular determinants governing lymphatic vascular biology have received little
attention in the past. Indeed, until the end of the 20™ century there was still a paucity of
insight into critical signaling pathways that govern proliferation and development of
lymphatic vessels in the mammal (Jeltsch et al., 1997; Joukov et al., 1998). Similarly, relatively
few studies investigate the physiological properties that govern the function of lymphatic
vessels. This section will highlight the major elements of lymphatic biology established in the
peripheral lymphatic system and comprehensively outline the known literature describing the

meningeal lymphatic vasculature at the commencement of the work in this dissertation.
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The structure and function of lymphatic vessels in peripheral tissues

Lymphatic vessels are broadly classified into two categories: initial lymphatic vessels,
also called lymphatic capillaries, and collecting vessels. Initial lymphatic vessels are blind-
ending capillaries that interdigitate into capillary beds throughout the body. These vessels
absorb fluid, macromolecules, and cells in the ECS. After these constituents enter into the
lumen of lymphatic capillaries, they are collectively referred to as lymph. Reflux of lymph in
lymphatic capillaries is prevented by pseudo-valvular structures in the lymphatic
endothelium, as lymphatic capillaries generally lack traditional valves (Trzewik et al., 2001).
This pseudo-valve consists of gaps between endothelial cells, where high levels of lymphatic
vessel hyaluronan receptor-1 (LYVET1) are expressed. Interactions between LYVE1 and
hyaluronic acid in the ECS provide an anchor between lymphatic capillaries and the ECS
(Leak and Burke, 1968). Upon increases in ISF pressure, these anchoring points facilitate a
transient opening between lymphatic endothelial cells and movement of ISF into the lumen
of the capillary. With reduction in ISF pressure, this opening is again minimized, preventing
reflux of the newly-formed lymph (Galie and Spilker, 2009; Mendoza and Schmid-
Schonbein, 2003). Lymphatic capillaries also lack smooth muscle cells in the vessel wall and
therefore rely on other mechanisms to achieve directional conduction of lymph. Lymph is
drained from lymphatic capillaries into downstream collecting lymphatic vessels, which are
more anatomically robust. Unlike lymphatic capillaries collecting vessels are lined with
smooth muscle cells and generally contain valvular structures. Because of this, individual
regions of a collecting vessel bounded by valves are referred to as lymphangions.
Lymphangions are considered the basic unit of the collecting lymphatic vessel and

experiments focused on conduction of lymph often focus on the actions of smooth muscle
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cells in individual lymphangions. Lymph in collecting vessels eventually drains back into the
bloodstream at lymphatico-venous anastomoses, the largest of which is typically found at the
left subclavian vein in the human body.

Conduction of lymph throughout the body relies on two major mechanisms: intrinsic
and extrinsic pumping. Intrinsic pumping describes the contraction of smooth muscle cells
in the lymphatic vessel wall. Contraction of the lymphangion is analogous to the contraction
of the heart, with both changes in preload and afterload affecting lymph output from
individual lymphangions. Experimentally, lymphangion contraction frequency and
contractility can be increased by increasing preload, suggesting that transmural pressure is an
important physiological mediator of intrinsic pumping (Gashev et al., 2004). Extrinsic
pumping describes the cyclical compression and relaxation of lymphatic vessels due to
changes in the volume of the ECS. Illustrative examples of this are in the heart and skeletal
muscle, which elicit substantial volumetric changes in the ECS during contraction and
relaxation. Thus, current estimates of the relative importance of intrinsic and extrinsic
pumping depend of the tissue or organ, as the contribution of extrinsic pumping may change
substantially across tissues.

The importance of the lymphatic system in the human body becomes immediately
apparent in pathological contexts where lymphatic drainage is disrupted. For example, the
Filarioidea roundworm develops parasitically in human lymphatic vessels and causing
lymphatic inflammation that ultimately leads to sclerosis of large collecting vessels. The
resulting lymphatic insufficiency causes catastrophic accumulation of edema upstream of the

affect region and can lead to elephantiasis if untreated. Less severe examples include
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iatrogenic lymphedema secondary to oncological surgery and genetic mutations resulting in

abnormal lymphatic development.

Meningeal lymphatic structure and function

The disparate experimental findings that up to 50% of parenchymal solutes escape
from the cranium via the cervical lymphatic trunk and the lack of traditional lymphatic
vasculature in the brain have puzzled physiologists for decades. Furthermore, solutes of
wide-ranging hydrodynamic radii drain into the DCLNs from the CSF and brain, suggesting
that lymphatic solute clearance from the cranium is not size selective for macromolecular
solutes up to ~27 nm (Figure 2). Recently, the several groups characterized lymphatic vessels
in the meninges overlying the brain and proposed that these vessels may be the anatomical
link between the brain and cervical lymphatic vasculature (Aspelund et al., 2015; Louveau et
al., 2015). Meningeal lymphatic vessels are distributed anatomically in parallel with dural
venous sinuses and arteries, reflecting anatomical patterns observed in peripheral tissues
(Figure 3). In the initial characterization in the rodent, both groups demonstrated that
lymphatic vessels in the meninges express hyaluronic acid receptor LYVE1, prospero
homeobox 1 (PROX1), podoplanin (PDPN) and vascular endothelial growth factor receptor
3 (VEGFR3) which are common molecular markers of lymphatic endothelium. Both groups
also assessed expression of CD31 these lymphatic vessels, but reported differing results.
While Aspelund and colleagues found they were mostly CD31-negative, Louveau and
colleagues reported that meningeal lymphatic vessels express CD31. Although mixed
findings about CD31 expression in lymphatic endothelium exist in the literature, most
studies report very low levels of CD31 expression (Lokmic et al., 2015; Podgrabinska et al.,
2002). Louveau and colleagues went on to demonstrate that unlike the dural venous sinuses
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and arteries, these lymphatic vessels do not contain smooth muscle cells in the vessel wall.
Both groups examined meningeal lymphatic vessels for the presence of valvular structures,
which were only found in the skull base by Aspelund and colleagues. Together, these
findings led both groups to conclude that the meningeal lymphatic vessels under study were
likely lymphatic capillaries and not collecting vessels.

Functionally, these vessels contain leukocytes organized in a linear fashion, the
silhouettes of which can be visualized in vivo with 2-photon microscopy (Figure 4). These
cells were shown to be CD3" T cells by immunofluorescence performed by Louveau et al.
At the time of the report, it was unclear whether these leukocytes originated from the
subarachnoid or dural compartments of the intracranial space. In addition to containing
cells, both labs showed CSF or parenchymal tracers of different sizes including quantum
dots or a 20 kDa polyethylene-glycol dye colocalized with meningeal lymphatic vessels in the
calvarium and skull base. Importantly, this suggests that intracranial lymphatic vessels can
access and participate in the clearance of solutes in the CSF. It was further shown that
modest changes in vessel diameter or solute accumulation in the meningeal lymphatic vessels
can be elicited by ligating the cervical lymphatic trunk inferior to the DCLNs. The
morphological changes observed in meningeal lymphatic vessels after ligation of the cervical
lymphatic trunk were interpreted as lymphatic insufficiency. A similar ligation experiment
reported by Louveau and colleagues demonstrated increased T cell counts in the meninges,
suggesting that the patency of cervical lymphatic trunk has effects on immune cell trafficking
in addition to solute and fluid efflux.

These initial studies raised many questions about role of the meningeal lymphatic

system in physiological and pathophysiological contexts. Although the functional data
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described above was provided to argue that the meningeal lymphatic vessels can absorb
solutes in the brain and CSF, it was unclear how these solutes might cross the arachnoid
mater. Indeed, the arachnoid cell layer forms a significant biological barrier between the CSF
and the lymphatic vessels associated with the dura mater. This ambiguity was partially due to
the difficulty in sectioning the intact cranium to identify the exact meningeal layers that are
invested by lymphatic capillaries. The mechanisms that underlie lymphatic solute absorption
from the CSF are also unclear. For instance, although lymphatic capillaries can absorb
solutes from the ISF via transient intercellular gaps as discussed above, cutaneous lymphatic
endothelial cells express low density lipoprotein receptor-related protein 1 (LRP1). This
receptor facilitates active transport of solutes via transcellular trafficking, therefore the
lymphatic vasculature in the meninges may also feature potential mechanisms of active
transport. This may be particularly important in the setting of Alzheimer’s dementia (AD),
because LRP1-mediated clearance of AB is a well-known mechanism of AB efflux at the
BBB. This mechanism of AB clearance will be discussed in greater detail within the following
section. Furthermore, despite evidence that these vessels were found near foramina in the
base of the skull, the path that these lymphatic vessels take as they exit the cranium also
remained unclear. The characterization of lymphatic vessels in the meninges also quickly
drew attention from neurodegeneration and neuroinflammation research communities, with
widespread speculation that meningeal lymphatic function may influence the development or

progression of diseases such as multiple sclerosis and AD.
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Alzheimer’s Dementia

Clinical and neuropathological Alzheimer’s dementia

Late onset AD is the most common form of dementia, and the risk of developing
AD increases greatly with age. Clinical AD is characterized by progressive memory loss,
difficulty completing familiar tasks, trouble understanding spatial relationships, and mood
changes. The clinical progression of AD features marked brain atrophy (Fox, Freeborough,
& Rossor, 1996) and the number of affected brain regions increases as cognitive impairment
progresses. Typically, atrophy is first noted in the entorhinal cortex and hippocampus in
cognitively intact patients and later involves the parietal and frontal cortex as cognitive
impairment worsens (Scahill, Schott, Stevens, Rossor, & Fox, 2002). The diagnosis of AD
requires the presence of neuritic plaques and neurofibrillary tangles in the brain, composed
mostly of amyloid beta (AB) and tau proteins, respectively (Hyman et al., 2012; Selkoe,
2001a). The severity of cognitive impairment generally correlates with the burden of
neurofibrillary tangles and neuritic plaques (Hyman et al., 2012), however these hallmarks of
AD can be found in the aging human brain without clinical detection of cognitive
impairment, suggesting that individual responses to Af and tau aggregation may vary
substantially (Bennett et al., 2006; Rodrigue et al., 2012). Although both tau and A
aggregate in the ECS, A received substantial attention for its potential role in the
pathogenesis of AD. This is largely due to the formulation of the “amyloid cascade
hypothesis,” which postulates that deposition of AB occurs in the ECS upstream of the
aggregation of tau in neurofibrillary tangles, synaptic loss, and cognitive impairment. The
amyloid cascade hypothesis is founded upon the observation that AB is the principle protein
found in neuritic plaques and that familial AD is generally caused by mutations in APP
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which alter its proteolytic processing (Hardy and Higgins, 1992). Combining these findings
with data demonstrating that AB has cytotoxic effects on neurons, this hypothesis dominated

AD research since its development in 1992.

Mechanisms of Af formation and toxicity

The physiological role of amyloid precursor protein (APP) remains pootly
understood. However, because of its association with AD, the molecular processing of the
protein was also studied in great detail. Multiple cells express APP in the CNS, including
neurons, oligodendrocytes, and endothelial cells. In the neuron, APP is translated in the
soma and trafficked into nerve processes via anterograde axonal transport (Koo et al., 1990).
APP is inserted into the cell membrane where it is subject to multiple enzymatic cleavage
events. This includes cleavage by the a-secretase enzyme resulting in the production of
sAPPua, followed by a second cleavage by y-secretase enzyme (also referred to as presenilin).
This processing sequence is considered to be a non-amyloidogenic pathway because the a-
secretase cleavage site exists within the region of APP that contains AB (Lichtenthaler, 2012).
Alternatively, APP may be reinternalized into an endosomal compartment and cleaved by
the 3-secretase enzyme (Koo and Squazzo, 1994; Vassar et al., 1999). Unlike a-secretase
cleavage, cleavage by 3-secretase occurs outside of the AB domain, producing the
amyloidogenic precursor to AB, sSAPPB. Subsequent cleavage of sSAPPS by the y-secretase
enzyme in the endosome produces AB (Vassar et al., 1999). This AR peptide is then
trafficked back to the membrane and is transferred to the extracellular compartment via
exocytosis. It is important to note that several isoforms of A can be produced from
proteolytic processing of the APP protein. Most common and relevant to AD pathology are
the ABi40 and ABisisoforms (Selkoe, 2001b). The thermodynamic stability varies between
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isoforms, with significant biological consequence. Specifically, the ABi.4 isoform contains
more hydrophobic residues, conferring increased self-aggregation properties relative to the
ABisoisoform. Both ABi4 and ABi4 are found in diffuse and neuritic plaques.

In the ECS, A enters into equilibrium between monomers, soluble oligomers, and
insoluble fibrils. The hydrodynamic radius and free energy of the Af species in these pools
varies widely. Indeed, the estimated hydrodynamic radius of monomeric is only ~0.9 nm
(Nag et al., 2011), while AB oligomers may reach up to 50 nm (Garai et al., 2008) and
insoluble fibrillary species may extend to greater than 200 nm. The diversity of radii,
particularly between monomeric and oligomeric forms of Af reflects the fact that oligomers
may contain up to 30-mers of A peptides. As noted above, the thermodynamic stability also
varies between these pools, increasing from monomeric to oligomeric and from oligomeric
to fibrillary forms. Small oligomeric AB species have high free energy and generally quickly
transition into larger oligomeric structures under physiological conditions, suggesting within-
pool variability of structural stability as well (Nag et al., 2011). The structural differences in
these pools give rise to different biological properties that affect toxicity and clearance
mechanisms. Several studies reported that the neurotoxicity of A increases
disproportionately with increasing orders of the oligomeric forms. Although the magnitude
of the estimated toxicity varies from study to study, up to a threefold increase in cytotoxicity
from monomeric to dimeric AB forms was reported in in vitro studies, further increasing
with trimer and tetrameric A (Ono et al., 2009). Many mechanisms of A toxicity are
proposed, including neuronal excitotoxicity, inhibition of long term potentiation, formation
of ion channels in the cell membrane, and (Bode et al., 2017; Li et al., 2011; Serra-Batiste et

al., 2016; Walsh et al., 2002). Almost all of these mechanisms are attributed to oligomeric
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species of AP, which generated significant interest in converting A species in the oligomeric
pool back into the monomeric pool to reduce its toxicity and increase its clearance from the

CNS.

AR trafficking in the CNS

Histological evidence of AB in the AD brain raised questions about whether
pathological changes in endogenous A production or clearance underlie its accumulation in
the CNS. There is clear evidence that increased production of APP and subsequent A in
the CNS is sufficient to induce the development of AD. Perhaps the best example of this
phenomenon in humans is the overexpression of APP after chromosomal nondisjunction
giving rise to trisomy of chromosome 21, which contains the gene encoding APP. This extra
copy of chromosome 21 results in the relative overexpression of APP and results in early-
onset AD, which is observed in up to 28% of Down’s syndrome patients by the age of thirty
(Lai and Williams, 1989; Wisniewski et al., 1985). Although the overproduction of Af is
sufficient to induce AD, it is often not a feature of late-onset AD. Indeed, recent evidence
demonstrated that A production is unchanged in AD, but the clearance of AB is reduced
(Mawuenyega et al., 2010). This key finding suggests that disruption of Af efflux is
responsible for the loss of A homeostasis observed in late-onset AD. Therefore, in most
patients with AD, the impairment of AB efflux appears to cause A aggregation in the CNS.

Several endogenous pathways exist for Af clearance in the CNS, including cellular
degradation, efflux across the BBB directly into the bloodstream, and via trafficking from
the ISF into the CSF. For cell-mediated degradation of AB, several studies indicated that
LRP1 expressed by multiple cell lineages plays an important role of AR degradation. This
includes the facilitation of efflux across endothelial cells into the bloodstream across the
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BBB, and astrocytic and neuronal cellular degradation (Kanekiyo et al., 2013; Liu et al., 2017;
Storck et al., 2015). Microglial behavior also appears to influence A dynamics in the ISF,
however there are conflicting reports about whether the dominant behavior of microglia is
to degrade or propagate Af in normal conditions (laccarino et al., 2016; Venegas et al.,
2017). In terms of CSF-ISF exchange, several findings support the notion that Af is
removed from the brain via efflux into the CSF. Multiple species of A are detectable in the
CSF of humans at steady state (Bateman et al., 2000) and the concentration of A in the CSF
varies reliably with the progression of clinical AD. In rodent models, disruption of CSF-ISF
exchange via genetic deletion of the AQP4 water channel reduces the clearance rate of
radiolabeled AB (Iliff et al., 2012). Together, these findings suggest that CSF-ISF exchange
contributes to parenchymal clearance of AJ. The relative contributions of these AB clearance
pathways were not empirically determined, though experimental disruption of each acutely is

sufficient to induce AB accumulation in rodent models of AD.

The physiological effectors of A exchange into the CSF are still incompletely
understood, however many studies suggest a link between sleep and AB clearance via efflux
into the CSF. Perhaps the eatliest evidence supporting this notion is a report describing
variations in the concentration of CSF and ISF A associated with circadian rhythm and
sleep-wake states. A study in 2009 by Kang and colleagues demonstrated a diurnal pattern in
ISF and CSF AB, where AB in both compartments increased with wakefulness and decreased
with sleep in human subjects and a mouse model of AD (Kang et al., 2009). This study
demonstrated that ISF A levels could be reduced with an orexin antagonist, suggesting a

causative link between wakefulness and the concentration of ISF AB. Similar diurnal ISF A
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patterns were reported in the APPswe/PS16E9 mouse line, as well as CSF Af in human
subjects with presenilin mutations (Roh et al., 2012). Importantly, these findings were
corroborated in the human by Huang and colleagues (Huang et al., 2012) found that CSF AJ
displays a diurnal variation in 20 young (35.5% 10 year old) healthy subjects, with maximum
and minimum CSF Af near 2100 and 0900 hours, respectively. This study also found that
the amplitude of this rhythm was reduced in aged subjects with CNS amyloidosis compared
to age-matched controls. Together, these findings suggest that A production, clearance,
and/or CSF-ISF solute exchange may be entrained to the sleep cycle. It is important to note
that subsequent studies in other patient populations did not observe diurnal variation in A,
however these differences were attributed to differences in patient populations and sampling
techniques (Cicognola et al., 2016; Moghekar, Goh, Li, Albert, & O’Brien, 2012; Slats et al.,
2012). Furthering the hypothesis that AB trafficking in the CNS is dependent on the sleep
cycle, an elegant study by Shokri-Kojori et al. (Shokri-Kojori et al., 2018) recently
demonstrated that one night of sleep deprivation increases parenchymal A8 burden by 5% in
20 healthy control subjects (39.8%£10.4 years old). This study provides direct evidence that
parenchymal A is acutely affected by the sleep wake cycle. In patients with AD, complaints
of sleep and circadian disruption are common and include insomnia and fragmentation of
sleep architecture (Weldemichael & Grossberg, 2010). However, the relationship between
sleep disruption and accumulation of Af in the brain is complicated by the association of
AD with aging and brain atrophy, both of which are also linked to sleep disruption (Landry,
Best, & Liu-Ambrose, 2015; Myers & Badia, 1995; Sexton, Storsve, Walhovd, Johansen-

Berg, & Fjell, 2014).
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Notwithstanding the complex and likely bidirectional relationship between AD and
sleep disruption, there is also evidence that aging impairs clearance of parenchymal A as
well as CSF-ISF exchange. In 2014, Kress and colleagues reported that parenchymal
clearance of radiolabeled A is reduced by up to 40% in aged mice compared to young mice
(Kress et al., 2014). In the same study, they demonstrated that CSF-ISF exchange of 3 kDa
and 45 kDa molecules is reduced by approximately 40% and 70%, respectively. Although the
variety of Af clearance mechanisms outlined above were not controlled in this study, the
association between attenuated CSF-ISF exchange and reduced A clearance suggests that
reduced CSF-ISF exchange may partially contribute to the impairment of Af clearance in
aged mice. Shortly after this study was published, other age-related effects on AR efflux from
the CSF were described by Patterson and colleagues, who demonstrated that CSF AB
clearance is reduced in non-demented aging patients (Patterson et al., 2015). In this study,
they found that AR and ABs, turnover rates were slowed in the CSF of aged human subjects
(73.3 £ 6.6 years old) in comparison to younger controls (48.0 £14.6 years old). Moreover, a
remarkable 2.5 fold difference in AB half-life was reported between 30 year old and 80 year
old participants, suggesting that A has a markedly increased residence time in the aged
human CSF. Together, the evidence that AB clearance from the ISF and CSF is reduced with
aging and in AD patients strengthened the hypothesis that age-related impairment in Af
clearance pathways underlies the accumulation of Af in the CNS of AD subjects.

The question of which AB efflux pathway dominates under physiological conditions
is an interesting and important one. Though this is difficult to assess experimentally, Af
clearance kinetics provide insight into this process. One study that employed a

microimmunoelectrode to measure the rate of AB clearance in the mouse brain reported a
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fast and slow phase of AB efflux (Yuede et al., 2016). Overall, the contribution of the fast
phase to AB clearance was smaller than that of the slow phase, suggesting that multiple
clearance mechanisms act on ISF Af simultaneously. In a clever experimental manipulation
they inhibited p-glycoprotein, a BBB transport protein, and found that this increased the
half-life of exogenous AB, but only during a slow clearance phase. The authors concluded
that p-glycoprotein-dependent Af efflux across the BBB accounts for a relatively large
contribution to AB clearance on a local level. The fast phase of AB clearance remains
unknown and may be made up by several processes including advection, proteolytic

degradation and/or cellular uptake.

Therapies for AD

As noted above, investigations throughout the last two decades drove major
advances in the scientific understanding of AD pathogenesis. Despite these advances,
patients suffering from AD still lack any FDA-approved options for disease modifying
therapies and must rely on drugs that manage symptoms associated with AD instead. This
includes acetylcholinesterase inhibitors and NMDA receptor blockers to help with
progressive memory loss and confusion. To test the amyloid cascade hypothesis, multiple
therapies were developed to modify the production, aggregation, or clearance of A in the
human brain. These include small molecule inhibitors of 3-secretase (Egan et al., 2018;
Kennedy et al., 20106) and y-secretase (Doody et al., 2013; Dovey et al., 2001), and anti-AB
antibodies that facilitate immune-mediated clearance of parenchymal A (Honig et al., 2018;
Salloway et al., 2014). Despite their ability to slow the production or increase the clearance of
AB, every clinical trial examining these drugs in AD patients failed to show efficacy in
slowing the progression of cognitive impairment compared to placebo. This led some to
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question the validity of the amyloid cascade hypothesis and focus on other histological
elements such as tau. Others have speculated that by the time patients are experiencing
clinical symptoms of AD, the disease may function in an AB-independent fashion. In this
case, successful clearance of plaques containing AB in the human brain would not be
sufficient to prevent the neuroinflammatory processes responsible for progressive synaptic
loss and atrophy in the cognitively-impaired brain. Thus, as in biomedical research focused
on other human diseases, efforts toward early identification and treatment of patients with
increased risk of developing AD have already begun. There is hope that ongoing clinical
trials that enroll subjects with mild cognitive impairment will help to define the therapeutic

window of therapies targeting A, if such a window exists.

The Meningeal Lymphatic System, CSF Physiology, and

Alzheimer’s dementia

With the strong clinical evidence in human subjects demonstrating that exchange
between the CSF and ISF compartments is conserved in humans and further preclinical
evidence in rodents suggesting that impairment of CSF-ISF exchange can slow clearance of
AR and tau proteins, the question of whether glymphatic function is impaired in the setting
of neurodegenerative disease has become more intriguing (Iliff et al., 2014; Xu et al., 2015).
Still, for solute exchange between these compartments to facilitate reduction of waste in the
brain, there must be irreversible loss of A from the CSF to prevent reflux into the brain.
Unlike in the ISF compartment, the mechanisms responsible for A clearance from the CSF
have received almost no scientific attention in the past. The characterization of the

meningeal lymphatic system raised important questions about the possibility of lymphatic
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clearance of soluble A produced in the brain parenchyma. Indeed, since these reports
emerged in 2015 there were widespread speculations about a putative role for the meningeal
lymphatic system in AD (Iliff et al., 2015; Louveau et al., 20106; Tarasoff-Conway et al.,
2015).

My global hypothesis is that impairment of lymphatic drainage from the brain
underlies the age-related accumulation of Af in the AD brain. Before performing
experimental manipulations to test this hypothesis, however, there are fundamental
questions that should be answered. These include (1) whether this meningeal lymphatic
system, which was characterized in the rodent, also exists in the human, (2) if soluble A@ can
be trafficked out of the cranium and whether this process is impaired with increasing age,
and (3) if there are identifiable physiological mediators of this process. To answer these

fundamental questions, the specific aims of this dissertation are described below.

Specific aims
Determine if the human meninges contains lymphatic vasculature

The translational significance of any findings of meningeal lymphatic vessels in
rodent models would be vastly reduced if an analogous system does not exist within the
human meninges. To test this prediction, we examined the human meninges using a
combination of immunofluorescence and spectral unmixing to reduce the widespread
autofluorescence encountered in meningeal tissue. As a step toward understanding the
potential role for meningeal lymphatic vessels in AD, we compared the structure of
meningeal lymphatic vessels in AD and control subjects. We also considered deposition of

AR in association with these vessels between AD and control subjects.
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Determine the role of the meningeal hymphatic system in the efflux of AP

To assess the role of lymphatic AB clearance, we first evaluated whether exogenous
soluble A is cleared from the brain and CSF via the cervical lymphatic vasculature. Due to
the reported reduction in Af clearance from the CSF in aging humans, we next evaluated the
clearance of solutes, including AB, from the CSF in young and aged mice. Structural changes
in lymphatic vessels associated with aging were also assessed by measuring the diameter and

distribution of lymphatic vessels in meningeal whole mounts of young and aged mice.

Determine physiological controls on lymphatic solute efflux

To evaluate some of the physiological mediators of lymphatic solute absorption from
the brain and CSF, we measured the efflux of two dextrans in co-injected into the motor
cortex of mice that were subsequently kept under anesthesia or awakened and allowed to
freely behave. We further identified differences in the physiological state in anesthetized
mice, including the tension of O, and PaCO; in the arterial blood. Next, we evaluated the
correction of these parameters to determine their effect on lymphatic drainage from the

brain and CSF.
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Figure 1. Topography of the intracranial space.

A. Ilustration of a sagittal section of the human brain. Inset demonstrates the blood-CSF
interface found at the choroid plexus. B. Illustration of the cortical blood supply to the
human brain. Inset shows a coronal section demonstrating the distribution of penetrating
arteries in the cortical gray matter. Panel A was adapted from the Textbook OpenStax

Anatomy and Physiology under Creative Commons licensing Attribution 4.0.
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Figure 2. Molecular exchange between the CSF and ISF is size dependent, but lymphatic

drainage is not.
A. Tracers infused into the CSF are trafficked into the DCLNs. B. Coronal brain sections
demonstrating size-dependent penetration of CSF tracer into the brain. C. 70 kDa and 2000

kDa tracers are both drained into the DCLNEs.
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Transverse Sinus

Figure 3. Lymphatic vessels in the rodent meninges.
LYVE1+ lymphatic vessels are distributed throughout the rodent meninges in close association with
venous sinuses and cranial nerves. Representative images on left and right show LYVE1+ lymphatic

vessels (arrows) associated with the superior sagittal sinus and transverse sinus in the calvarium.
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A

12 min post-infusion 20 min post-infusion 32 min post-infusion 64 min post-infusion

B

0 min post-infusion 50 min post-infusion 50 min post-infusion

Figure 4. Time course of intracisternal tracer distribution around the superior sagittal sinus
and visualization of meningeal lymphatic-like vessels.

A. In vivo time course of perivascular flow around the superior sagittal sinus. B. Left,
illustration of thin skull preparation for multiphoton imaging. Right, In vivo perivascular
tracer reveals lymphatic-like vessels associated with the superior sagittal sinus. Arrows

represent lymphatic-like vessels lined with leukocyte-sized silhouettes.
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Chapter Two: Characterizing the Human

Meningeal Lymphatic System

Elements of this chapter were published in Brain, Bebavior, and Immunity:
Goodman JR, Adham ZO, Lund AW, Woltjer R], Iliff JJ. “Characterization of dural sinus-

associated lymphatic vasculature in human Alzheimer’s disease subjects.” Brain, Bebavior, and
Immunity. 2018 Jul 25. doi: 10.1016/1.bbi.2018.07.020.
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Introduction

Alzheimer’s dementia (AD) is the leading cause of dementia worldwide and is diagnosed
histopathologically by the presence of intracellular neurofibrillary tangles and extracellular
amyloid beta (AB) plaques (Glabe, 2005; Selkoe, 2001a). In sporadic AD, production of Af
remains relatively stable during the aging process, yet the slowing of Af clearance observed
among aging and AD subjects suggests that impairment of endogenous Af clearance may
underlie AB deposition in the human brain (Mawuenyega et al., 2010; Patterson et al., 2015).
AR is removed from the brain interstitium through several mechanisms, including local
cellular degradation, receptor-mediated efflux across the blood-brain barrier, and
perivascular exchange into the cerebrospinal fluid (CSF) compartment via the glymphatic
system (Iliff et al., 2012; Ramanathan et al., 2015; Tarasoff-Conway et al., 2015).

The characterization of a meningeal lymphatic vascular system in mice has important
implications for our understanding of interstitial homeostasis in the brain and central
nervous system (CNS), CSF physiology, and CNS immune surveillance (Aspelund et al.,
2015; 1liff et al., 2015; Louveau et al., 2015). These findings were recently confirmed in three
human subjects and in nonhuman primates by Absinta et al.(Absinta et al., 2017) who
visualized the meningeal lymphatic network by contrast-enhanced magnetic resonance
imaging and immunohistochemical detection of meningeal lymphatic vessels with molecular
markers of lymphatic endothelial cells. In both mice and humans, meningeal lymphatic
vessels are distributed along large blood vessels and cranial nerves in the dura mater,
reflecting patterns observed in the peripheral lymphatic vasculature. In mice, meningeal
lymphatic vessels absorb macromolecules from the brain and CSF and transport these

solutes to the deep cervical lymph nodes (DCLNSs). This efflux route provides an anatomical
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basis for the experimental observation that molecules introduced into the CNS accumulate
in the DCLNs (Boulton et al., 1999; Bradbury and Cole, 1980; Cserr et al., 1992). Although
meningeal lymphatic function remains largely unexplored, this pathway is speculated to play
an important role in the clearance of pathological waste products such as AJ from the brain
interstitium and CSF (Louveau et al., 2015; Tarasoff-Conway et al., 2015). However, to our
knowledge, no studies have evaluated whether changes in meningeal lymphatic vessel
structure or function are observed in the setting of AD. It also remains unclear if A is
deposited in the walls of meningeal lymphatic vessels as is observed along leptomeningeal
and intraparenchymal arteries in the cerebral amyloid angiopathy (CAA) that is present in

more than 90% of AD brains (Kalaria and Ballard, 1999).

Methods

Human Tissue Samples

Samples were collected after obtaining consent from subjects or legal next of kin as
part of donation to the Oregon Brain Bank. During the autopsy, human dural tissue
containing the superior sagittal sinus was collected by pathologists at Oregon Health &
Science University. Samples were fixed in 10% formalin for variable time periods before
being processed and embedded in paraftin. This manuscript does not contain any
identifiable personal patient information. Braak neurofibrillary tangle and CERAD amyloid
plaque scores of AD-related pathologies were determined by standard procedures (Braak and
Braak, 1995; Mirra et al., 1991). Non-AD diagnoses were established via comprehensive

gross and histopathologic exam as described elsewhere (Erten-Lyons et al., 2013).
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Throughout tissue preparation and image acquisition, researchers were blinded to the

subjects’ demographic information and diagnosis.

Tissue Preparation

7 um coronal sections of paraffin-embedded human dura and superior sagittal sinus
were cut and mounted on glass slides (Star Frost). Slides were baked at 50C overnight,
deparaffinized using citrus clearing solvent, rehydrated using graded steps of ethanol, and

rinsed in distilled water.

Immunofluoresence

Tissues were incubated in 10% formic acid for 10 minutes, steamed in citrate buffer
(pH 6.0) for 30 minutes, and incubated overnight at 4C in 0.3% PBS triton with 2% donkey
serum, 2.5% bovine serum albumin blocking buffer. Tissues were then incubated in primary
antibodies diluted in blocking buffer overnight at 4C (1:40 D240 Podoplanin mouse
monoclonal antibody, 1:800 4G8 pan-Af mouse monoclonal antibody, 1:300 6E10 pan-AJ
mouse monoclonal antibody BioLLegend 803001, 1:100 LYVET1 rabbit polyclonal antibody
Abcam 36993, 1:500 a-smooth muscle actin polyclonal antibody Abcam ab5694, 1:300 rabbit
CD31 antibody Abcam ab28364). Corresponding fluorescent secondary antibodies were
diluted 1:500 in blocking buffer and were incubated overnight at 4C. Tissues stained with
Hoechst 33342 were incubated in 1:50,000 working solution for 10 minutes. Tissues stained
with X-34 (Sigma) were incubated in 500 pM X-34 for 10 minutes, rinsed in DI water,
incubated in 0.2% NaOH/80% EtOH for 2 minutes, and rehydrated in DI water for 10
minutes (Styren, et al., 2000). Slides were mounted using mowiol 4-88 mounting media

(Sigma, cat. 81381). Because the podoplanin and AB (6E10 and 4G8) antibodies were
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generated in the mouse, sequential sections were stained and compared to identify co-

localized immunoreactivity.

Confocal Microscopy and Spectral Unmixing

Images were acquired in single frames or z-stacks using the Zeiss LSM 880 with a
20x objective. Due to abundance of autofluorescent material in the aged human meninges, a
spectral unmixing strategy was implemented to separate nonspecific background signal from
signal due to antibody binding. Specifically, the spectral profile of signal emitted during
excitation in lambda mode was measured in unstained, Hoechst only, and Hoechst +
secondary antibody treated meningeal tissue samples. After identifying the spectral signature
of nonspecific signals in these reference tissues, spectrally separated images were acquired in
real time using Emission Fingerprinting. Post image processing (including image
thresholding, noise reduction, and maximum intensity z-stack projections) was carried out

using Image] software.

Results

We first considered human meningeal tissue samples with conventional confocal
microscopy, however we quickly identified that the abundant autofluorescence between 405
and 594 nm strongly confounded any subsequent interpretation of the data (Figure 5A).
Therefore, we developed a spectral unmixing approach to excluding autofluorescent signal
from specific fluorescent signal from secondary antibodies (Figure 5B). To define the
presence and distribution of lymphatic vessels in human meningeal tissue, we used

immunofluorescence in post mortem coronal sections of superior sagittal sinus (SSS, Figure
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6A-B) derived from control subjects (n=5), AD subjects (n=0), and subjects diagnosed with
mixed dementia or other neurological diseases (n=10). Demographic information including
age at death, gender, clinical-pathological diagnosis, Braak stage, and Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) score (neuritic A plaque burden) for
each subject are reported in Table 1. To visualize podoplanin (PDPN, a lymphatic
endothelial cell marker) immunofluorescence across the large SSS histological sample, we
employed whole-slide fluorescence microscopy. Individual PDPN+ lymphatic vessels were
visualized by high resolution microscopy with spectral unmixing to segment out tissue
autofluorescence. We observed PDPN+ vessels in 19/21 subject samples, including 6/6 AD
subjects, 4/5 control subjects, and 9/10 subjects with mixed dementia or other neurological
diseases (Table 1).

PDPN+ lymphatic vessels with two distinct morphologies were observed in human
postmortem SSS samples. One vessel type reflected traditional initial lymphatic morphology,
with a single layer of endothelium, no smooth muscle or red blood cells, unoccupied lumen,
and irregular morphology (Figure 6C). For simplicity, these PDPN+ vessels were termed
“Type 17 lymphatic vessels. A second vessel type, termed “Type 27, was observed that
exhibited an irregular endothelial border and material within the lumen, resembling the
lymphatic vessels described in human autopsy samples by Louveau and colleagues (Louveau
et al., 2015) (Figure 6C). In contrast to meningeal arteries and veins (Figure 6D), both vessel
types were negative for the blood endothelial cell marker CD31 (Figure 6E), indicating that
PDPN+ Type 1 and Type 2 vessels are not meningeal blood vessels. Like other peripheral
lymphatic vessels, Type 1 vessels also labeled with the LYVE-1, however Type 2 vessels did

not (Figure 6F). Type 1 and 2 lymphatic vessels exhibited specific distributions within the
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dural tissue, with Type 1 vessels distributing within the periosteal and meningeal layers of the
dura mater, and Type 2 vessels distributed between the SSS and periosteal layer of the dura
(Figure 6B). As reported in the rodent, lymphatic vessels of both types were negative for the
vascular smooth muscle cell marker smooth muscle actin (Figure 6E).

Both Type 1 and 2 lymphatic vessels were readily detectable in both control and AD
subjects (Figure 7A, Table 1). To determine if there were structural differences in the
lymphatic vessels of AD and control subjects, we measured the circumference of 5
lymphatic vessels per subject. We found no difference in lymphatic vessel circumference
between AD and control subjects, with an average circumference of 350 = 60 pm and 380 *
80 um, respectively (Figure 7B).

The deposition of AB in leptomeningeal and intraparenchymal cerebral arterial walls
is a common feature among AD subjects that is thought to reflect the role of perivascular
spaces as routes for efflux of A from the brain parenchyma (Carare et al., 2008; Kalaria and
Ballard, 1999; Weller et al., 2007). We hypothesized that if the meningeal lymphatic
vasculature participates in clearance of AB, then AB deposition may also occur along the
meningeal lymphatic vessels of AD subjects. To evaluate this hypothesis, we labeled
sequential cortical and SSS sections with the 6E10 and 4G8 A antibody clones, which
display differential detection of prefibrillar oligomeric AB. Specifically, the 4G8 antibody
binds to both fibrillar and prefibrillar oligomeric AB, while the 6E10 antibody only binds
fibrillar A (Kayed et al., 2007). As expected, AR immunoreactivity was largely absent from
frontal cortical sections from control subjects while AD subjects exhibited dense frontal
cortical AB immunoreactivity (Figure 8A). In the dura mater, we observed that Af reactivity

was clone-specific in both AD and control subjects, with widespread, diffuse
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immunoreactivity detected in the meninges by the anti-A@ 6E10 clone, but scant reactivity
with the anti-AB 4G8 clone (Figure 8A, Table 2). Several dural blood vessels also exhibited
AB immunoreactivity, though more were found in sections labeled with the 6E10 clone than
the 4G8 clone (Figure 8). Interestingly, when staining with the 6E10 clone, we observed Af
immunofluorescence in the walls of dural lymphatic vessels, with 3/6 AD and 0/5 control
subjects exhibiting AB6E10+PDPN+ lymphatic vessels (Figure 3B, Table 2). However,
labeling with the 4G8 antibody did not result in PDPN+ lymphatic vessel-associated
immunoreactivity (Figure 8B, Table 2). As noted above, the 4G8 antibody readily labeled
cortical AB plaques, leptomeningeal Af, and AB associated with dural arteries (Figure 8A).

Because the 6E10 antibody only detects fibrillary species of AB, we surmised that if
the immunoreactivity we observed with the 6E10 antibody was specific to AB, then similar
patterns would be observed when staining with a congophilic dye such as Congo red or X-
34. Importantly, there was no observable positive Congo red or X-34 labeling in meningeal
sections of both control and AD subjects using this approach (Figure 8A-B). The lack of
positive staining with both the 4G8 antibody and congophilic dyes argue that the anti-AJ
6E10-immunoreactivity seen in dural tissue from control and AD subjects and in association
with meningeal lymphatic vessels reflects non-specific antibody binding rather than the

specific localization of AB to these structures.

Discussion

Confirmation of a lymphatic vessel network in the human meninges

Our observation of lymphatic vessels in the dura mater of 19/21 human subjects

corroborates the recent report of lymphatic vessels in three human subjects by Absinta and
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colleagues(Absinta et al., 2017). Together, these reports confirm that the meningeal
lymphatic system is conserved among rodents, non-human primates, and humans.

While the PDPN+LYVE1+CD31- (Type 1) lymphatic vessels identified in the
present study are consistent with peripheral tissue lymphatic capillaries and those described
in the murine SSS (Louveau et al., 2015), we also identify PDPN+LYVE1-CD31- (Type 2)
dural vessels. In mice, LYVET is heterogeneously expressed along the lymphatic hierarchy
with progressive loss of expression in precollectors and collecting vessels. Thus, the Type 2
vessels we observe may represent a precollector (PDPN+LYVE1-SMA-) rather than
capillary phenotype. Alternatively, inflammation can induce internalization and degradation
of LYVE1, which may contribute to the discrepancy observed between naive murine and
post mortem human tissue (Johnson et al., 2007). As inflammatory cells are inconspicuous in
both AD and control dura, this possibility seems less likely. Finally, though our data reveals
that these structures lack staining for CD31 and are therefore not meningeal blood vessels, it
is possible that these Type 2 structures lined with PDPN+ cells are also non-lymphatic.
Future studies in non-human primate or human dura mater should consider orthogonal
approaches such as flow sorting coupled with quantitative PCR to provide greater insight
into the identity of these putative lymphatic vessels.

Our findings also highlight other differences between the human and rodent
meningeal lymphatic system. In the murine meninges, the superior sagittal sinus is typically
flanked by two lymphatic capillaries, whereas in the human subjects within our study, we
noted >5 vessels in subjects that had identifiable lymphatic vessels associated with this
considerably larger structure. Furthermore, murine meningeal lymphatic vessels typically

display a measured diameter of 20-30 pm (Aspelund et al., 2015; Louveau et al., 2015)
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whereas the calculated diameter range of human meningeal lymphatic vessels in our study
varied widely from 19-470 um. These findings corroborate the wide diameter range reported
by Absinta and colleagues (Absinta et al., 2017). These differences, as well as the anatomical
distribution of Type 1 and Type 2 vessels may have functional significance; dural Type 1
vessels may absorb the interstitial fluid within the dura itself while Type 2 vessels, although
apparently lacking contractile mural cells, may conduct CNS- and dura-derived lymph
towards the cervical lymphatic drainage. These possibilities are clearly speculative, and

further functional studies will be necessary to evaluate them.

Absence of Af deposition in the meninges, meningeal blood vessels, and meningeal

lymphatic vessels

The dura mater and several identified dural lymphatic vessels displayed diffuse
immunoreactivity when stained with the 6E10 clone, but this pattern was not observed when
staining with the 4G8 antibody clone. This was unexpected because the 4G8 antibody
identifies a broader range of A species, binding both prefibrillar AR oligomers and fibrillary
AB, whereas the 6E10 antibody only binds fibrillary AB (Kayed et al., 2007). Despite the fact
that these antibodies bind to different epitopes on the extracellular domain of the Af protein
(Aho et al., 2010), the staining patterns of dense-core AB plaques that contain fibrillary A3
are relatively similar (Liu et al., 2015; Rak et al., 2007). To determine if the 6E10
immunoreactivity was fibrillary A or nonspecific, we stained dural samples both Congo Red
and X-34, which detect fibrillary AB in an antibody-independent manner, were also negative.
Taken with our observation that the dura mater of 4/5 control subjects displayed diffuse
immunoreactivity with the 6E10 antibody, these findings suggest that Af is not deposited in

the dura and that the 6E10-positive labeling was likely non-specific.
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These findings suggest that although interstitial AR exchanges into the CSF
compartment, it does not appear to appreciably deposit within or along meningeal lymphatic
vessels associated with the SSS. This does not necessarily indicate that these lymphatic
vessels do not participate in the clearance of soluble A from brain tissue, but rather may
simply reflect the fact that AR does not specifically deposit along these structures. The
relative absence of mural cells investing the meningeal lymphatic vasculature or differences
in the physical (such as pulsation) or chemical environment (such as vessel wall matrix
composition) of the lymphatic versus arterial wall may prevent A associated with these
vessels from aggregating as it does in the wall of leptomeningeal or intraparenchymal
arteries. Indeed, it was recently suggested that the unique chemical and shear environment
within the cerebral arterial wall may underlie the AB deposition that is characteristic of
cerebral amyloid angiopathy (Trumbore, 2016). Furthermore, tracer studies carried out in
experimental animals and human subjects suggest that solutes in the CSF are transported
along perineural routes through the basal cisterns and through the cribriform plate (Bedussi
et al,, 2017; Johnston et al., 2004). Thus meningeal lymphatic vessels in the calvarium may
play only a minor role in AB clearance from the CSF, compared to those at the base of the

skull.

Study Limitations

The use of the spectral unmixing approach was critical to defining small PDPN+
lymphatic vessels in the highly autofluorescent human meninges. Despite this, we still
observed some nonspecific staining, which was attributable to secondary antibody binding.
This issue is common to immunofluorescence in post mortem human tissue, highlighting the
importance of using strategies to overcome endogenous tissue autofluorescence, and for the
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use of approaches to evaluate meningeal lymphatic function that are orthogonal to
microscopy.

Although this is the largest human cohort evaluated for meningeal lymphatic vessels,
another limitation of this study is the relatively small sample size and narrow anatomical
focus, including SSS tissue from 21 subjects, 6 of which were diagnosed with AD and 5 of
which were control subjects. Since the concentration of Af in the CSF and brain vary with
the stage of AD, this may affect the detection of Af in the dura mater. Future studies will
benefit from including a larger number of subjects with a wide range of CERAD scores,
allowing subjects to be stratified by stage of AD. Additionally, the use of ELISA-based
assessment of AB from fresh-frozen meningeal tissues may provide a more sensitive readout
for AB burden in this compartment in aging or AD. In this way, potential AD stage-
associated changes in lymphatic vessel-Af association could be more comprehensively
defined.

This study was further limited by the general scarcity of post mortem meningeal
tissue and the time-intensive use of spectral unmixing in large tissue sections in order to
detect small vessels within an intensely autofluorescent tissue. It is possible that changes in
lymphatic vessel abundance, structure, and association with A may vary in different
meningeal compartments, thus the findings that we report may not generalizable to the
wider meningeal lymphatic vasculature. In future studies, it will be important to characterize
meningeal lymphatic vessels from other dural sinus structures (such as the transverse and
straight sinuses) and meninges in the skull base, including those associated with cranial

nerves.
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Conclusions

Together, these findings confirm the presence of meningeal lymphatic vasculature in
humans and provide insight into two possible populations of lymphatic vessels in the
meninges: one with traditional characteristics of lymphatic vessel morphology and another
with atypical morphology. We also report the absence of A deposition in the wall of dural
lymphatic vessels and that the use of multiple approaches is critical for accurate detection of
A in meningeal tissue. These findings suggest that although the meningeal lymphatic vessels
in the calvarium may contribute to the clearance of interstitial solutes including Ap from the
brain parenchyma, A does not appear to deposit in these potential efflux pathways in the
same manner that it does along peri-arterial pathways in the setting of cerebral amyloid

angiopathy.

60



| -
Confocal Microscopy with
Spectral Unmixing

Standard Confocal Microscopy

Figure 5. Spectral unmixing differentiates lymphatic vessels from autofluorescence in the
human meninges.

A. Coronal sections of the human meninges acquired with conventional confocal
microscopy display widespread autofluorescent signal. B. Comparison of conventional
confocal microscopy and confocal microscopy with spectral unmixing in paraffin-embedded

human meningeal tissue.
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Figure 6. Lympbhatic vessels with variable morphology invest the human meninges.

A. Representative image of coronal section of human superior sagittal sinus and meninges.
B. Schematic demonstrating regions of the meninges where lymphatic vessels were found.
Yellow regions represent the general distribution of Type 1 vessels and orange regions
represent Type 2 vessels. C. Representative images of Type 1 and 2 lymphatic vessels
(arrows). D. Dural blood vessels, including arteries (solid arrowhead) and veins (hollow
arrowhead), labeled with vascular smooth muscle cell marker alpha-smooth muscle actin
(aSMA) and the blood endothelial cell marker CD31. E. Dural lymphatic vessels do not co-
label with aSMA or CD31. F. Type 1 vessels are PDPN+LYVE1+ and Type 2 vessels are
PDPN+LYVE1-. Scale bars in C and D represent 100 pm and bars in E and F represent 50

pm.
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Figure 7. Meningeal lymphatic vessels in AD and control subjects.

A. Frontal cortical AB plaques and leptomeningeal vascular A deposition in control and AD

subjects. Type 1 and Type 2 meningeal lymphatic vessels (arrows) are readily detected among

both groups. B. Quantification of lymphatic vessel circumference (14 Type 1 and 6 Type 2

vessels in control subjects; 22 Type 1 and 8 Type 2 in AD subjects). Columns on left reflect

all vessels from all subjects (n = 20 and 30 from control and AD subjects, respectively).

Columns on right reflect subject-wise averages of lymphatic vessel circumferences (n = 4

and 6 control and AD subjects, respectively). No group-wise differences in lymphatic vessel

circumference were observed (unpaired two-tailed T-test with Welch’s correction, p= 0.78

and 0.85 for individual vessels and average vessels per subject, respectively).
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Figure 8. Dural lymphatic vasculature and meningeal AB immunoreactivity in AD subjects.
A. Detection of A immunoreactivity with 6E10 and 4G8 clones, and A aggregates with
the congophilic X-34 dye in frontal cortex (top), within dural tissue (middle), and in
meningeal blood vessels (bottom, arrowhead). B. Representative Type 1 (left) and Type 2
(right) lymphatic vessel (arrows). Sequential slices stained with PDPN, 6E10, 4G8 and X-34
shows that co-localization between PDPN and the 6E10 in some vessels. PDPN co-
localization with 4G8 immunoreactivity or with X-34 labeling was not observed. Scale bars
in frontal cortex micrographs represent 20 um and scale bars in other micrographs represent

50 um. Figure 2. Meningeal lymphatic vessels in AD and control subjects.
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Type 1 Type 2

Braak  CERAD ' phatic  Lymphatic

Subject = Age Sex Diagnosis

Stage Score Vessels Vessels

1 35 F Control NA 0

2 73 M Control NA 0 + +
3 11 M Control NA 0 - -
4 75 M Control NA 0 + +
5 41 M Control NA 0 +
6 57 M AD 6 3 - +
7 70 M AD 6 3 + +
8 85 F AD 6 2 + +
9 86 F AD 6 2 + +
10 69 F AD 6 3 + +
11 79 M AD 6 2 + +
12 75 F Angld 6 1 - +
13 89 F LBD 4 1 + +
14 85 M LBD 3 0 + -
15 74 LBD, HPC 4 0 - +

Sclerosis
16 >89 F ScPlilr)(Ssis 4 1 - -
17 73 F FTD/Tau 3 0 - +
18 79 M MS 2 0 + +
19 71 M PD 0 0 - +
20 70 F Psychosis 0 0 - +
Leuko-
21 66 F  encephalopat 1 0 + +
hy

Table 1. Description of pathology observed in meninges and brain of individual subjects
included in the study.

M, Male, F Female. AD, Alzheimer’s disease; LBD, Lewy Body Dementia; HPC,
hippocampal; FTD, frontal temporal dementia; MS, multiple sclerosis; PD, Parkinson’s

disease; NA, not applicable (Braak staging in control subjects were not evaluated).
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Table 2. Detailed results of amyloid beta reactivity and distribution in AD and control

subjects.

aSMA, Smooth muscle actin; N/A, Not applicable (no meningeal lymphatic vessels

observed).
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Chapter Three: Evaluating Meningeal Lymphatic

Function in the Context of Alzheimer’s Dementia
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Introduction

Recent evidence in the human and mouse suggest that diurnal rhythms exist in the
concentrations of interstitial fluid (ISF) and cerebrospinal fluid (CSF) amyloid beta (AB), and
that loss of these diurnal rhythms is a feature of aging and the Alzheimer’s dementia (AD,
Huang et al., 2012; Roh et al., 2012). Evidence from studies in human subjects also suggests
that clearance of AR from the CSF is impaired in AD and aging human subjects
(Mawuenyega et al., 2010; Patterson et al., 2015). In human subjects without a presenilin
mutation or trisomy 21, these changes in Af clearance appear to occur in the absence of
altered AP production. Though there are very few studies considering solute clearance from
the CSF in AD, two recent studies implemented dynamic positron emission tomography to
measure this parameter in subjects with AD and healthy control subjects. Interestingly, both
studies found that the rate of solute efflux from the CSF is impaired in subjects with AD
compared to age-matched controls (de Leon et al., 2017; Schubert et al., 2019). Moreover, in
the same study Shubert and colleagues demonstrated that the rate of CSF efflux is impaired
in subjects with mild cognitive impairment. Collectively, these findings suggest that after
entering into the CSF compartment, the reabsorption of Af in the CSF is impaired in both
aging and AD.

One critically understudied pathway for solute efflux in the CSF is the lymphatic
pathway. Recent evidence demonstrated the presence of lymphatic vessels in the meninges
of rodents (Aspelund et al., 2015; Louveau et al., 2015). This reinvigorated interest in the
role of lymphatic vessels in draining solutes from the brain and CSF, and prompted
widespread interest in possible connections between meningeal lymphatic function and the

development of progressive neurodegenerative diseases like AD. Preclinical studies in the
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rodent and human suggest that lymphatic function also declines with age (Chevalier et al.,
1996; Gashev and Chatterjee, 2013; Unno et al., 2011). Therefore, one possibility is that age-
related decline in lymphatic function undetlies the age-related reduction in Af clearance
observed in humans. To begin to address this, however, foundational experiments
characterizing lymphatic AB trafficking are necessary to determine if this is a pathway for A
clearance from the CSF. In this study, we characterized the trafficking of exogenous
fluorescently-tagged AP into the CSF and brain of mice and measured the accumulation of
the AB in the deep cervical lymph nodes (IDCLNSs) which are functionally downstream of
lymphatic pathways that drain the central nervous system (CNS). To measure lymphatic
drainage of AB in a more physiological context, we also measured anti-Af immunoreactivity
in the DCLNSs of aged Tg2576 mice, which overexpress a mutant isoform of amyloid
precursor protein under the prion-related protein promoter.

Together, the findings presented in this study demonstrate that A is trafficked out
of the brain and CSF via the lymphatic pathway, and confirm that lymphatic efflux is
impaired in the aged animal. We believe these findings will inform future investigations of

meningeal lymphatic biology in the context of AD.

Methods

Animals

Male and female 8-10 week old C57BL/6] mice from Jackson Laboratories wete
used for all experiments except those featuring the use of the Tg2576 mouse. The Tg2576
mouse expresses a mutant form of amyloid precursor protein (isoform 695) with the Swedish

mutation (KM670/671NL) under the hamster prion protein promoter. These mice were
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purchased from Taconic and bred and aged in house. All mice were acclimated to their
housing for several days before experiments were performed. For studies comparing young
and aged mice, mice were aged in house for 14 months before performing experiments. All
experiments were approved by the Institutional Animal Care and Use Committee of Oregon

Health & Science University.

Intraparenchymal and intracisternal tracer injections

Anesthesia was induced in mice via an intraperitoneal dose of ketamine/xylazine
((1.75 mg ketamine/0.25 mg xylazine per 20 gram mouse) and animals were placed in 3-
point stereotaxic apparatus. A surgical plane of anesthesia was ensured throughout the
procedure by regular pedal reflex checks. During all surgical procedures, mice were placed
on a heating pad or under a heating lamp to maintain body temperature.

For intraparenchymal injections, a 2 cm midline scalp incision was made over the
sagittal suture and skin was reflected to locate bregma. A burr hole was introduced in the
right parietal bone (0.4 mm caudal, 1 mm lateral to bregma) using a Microtorque II drill. A
26 Ga needle (Hamilton) was inserted to a depth of 1 mm and rested for 10 minutes before
injecting 1 pl. of AB1-40 Hilyte-555 (Anaspec) at a rate of 100 nl./minute. After
completion of the injection, the needle was removed from the brain and the incision was
closed with cyanoacrylate glue. Animals were removed from stereotaxic apparatus and placed
on a heating pad at 37C for the duration of the experiment. Animals were sacrificed
30minutes after the initiation of the injection via intracardiac infusion of saline unless
otherwise noted. In the event that tracer was injected into the lateral ventricle, evidenced by
widespread perivascular but not parenchymal fluorescent signal, animals were excluded from
the study.
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For intracisternal infusions, animals received the same intraperitoneal dose of a
ketamine/xylazine. A 2 cm midline incision was made caudally from lambda. Skin was
reflected laterally and blunt dissected to expose muscle. The most superficial muscle layer
was sectioned and reflected laterally and the deeper layers were kept intact and reflected
laterally using 6-0 braided suture. The atlanto-occipital membrane was visualized via blunt
dissection through ligamentous tissue and the bevel of a 30.5-gauge needle attached to PE-
10 tubing was inserted into the cisterna magna. Needle placement was secured using
cyanoacrylate glue. 2 ul. 1:1 solution of 10 kDa dextran (Thermofisher) and AB1-40 Hilyte-
555 (Anaspec) was infused into the cisterna magna at a rate of 1 pl./minute.

For experiments utilizing intraparenchymal and intracisternal tracer infusion, calvaria,
skull bases, and DCLNs were imaged using fluorescence dissection microscopy (Zeiss

AxioZoom V16).

In vivo dynamic measurement of lymphatic drainage

Preceding intracisternal infusion, anesthetized mice were placed on heating pad in a
supine position. Fur on anterior cervical region was removed using the chemical depilatory
agent Nair. A 3 cm midline incision was made from the superior aspect of the sternum to
the inferior aspect of the mandible. Submandibular gland was blunt dissected and reflected
laterally to expose the sternocleidomastoid and trachea. 6-0 suture was passed beneath the
muscle belly of the sternocleidomastoid and the muscle was reflected laterally to expose the
DCLN. After insuring a high quality surgical field, mice were placed in stereotaxic apparatus
and underwent intracisternal infusion. Immediately after completion of intracisternal co-
infusion, mice were placed under fluorescence dissection microscope (Zeiss AxioZoom V106)
and imaged every minute for 1 hour.

71



Immunofluorescence

Mice were fixation-perfused with fresh 4% paraformaldehyde stored at 4c. The
calvarium, brain, skull base, and DCLNs were harvested and post-fixed in 4%
paraformaldehyde overnight at 4c.

Whole mount calvaria were decalcified in 0.5M EDTA for 72 hours, blocked
overnight in blocking buffer (5% donkey serum, 2% bovine serum albumin in 0.3% triton-X
100 phosphate buffered saline) stained with primary antibodies overnight, washed 3x in PBS,
stained with secondary antibodies, and washed 3x in PBS. All steps were performed at 4c.
Calvaria were mounted using mowiol 4-88 with clothespins securing the coverslip in place
while drying.

Brains and DCLNs were dehydrated by submersion in 30% sucrose overnight at 4c,
frozen in OCT by submersion in 2-methylbutane on dry ice, and stored at -80c. 100 um
brain sections were collected as floating sections in PBS and 20 um deep cervical lymph
node sections were collected directly onto glass slides. Brain sections were washed 3x with
PBS and mounted using mowiol 4-88. Lymph node sections were washed 3x PBS, stained
overnight with primary antibody, washed 3x in PBS, stained with secondary antibody for 4
hours at room temperature, washed 3x in PBS, and mounted with mowiol 4-88.

All sections were imaged using either the LSM880 (Zeiss) or AxioScan (Zeiss) within
48 hours of mounting using the same laser power, photomultiplier voltage, and gain across
groups. Post-image processing was performed using Image]. This includes image
thresholding, fluorescence intensity measurements, and maximum intensity z-stack

projections.
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Antibodies

Primary antibodies were used as follows: Rat LYVE1 (1:1000), Mouse A3 4G8 clone
(1:300, biotinylated), Rabbit CD31(1:300). Donkey secondary antibodies (1:500,
ThermoVFisher) against rat, mouse, and rabbit were used for secondary detection in brain
calvarium tissue. To avoid detection of mouse IgG in lymph nodes, streptavidin-Cy5
secondary antibody (2 pg/mL, Jackson ImmunoResearch Laboratories) was used to detect

AB in lymph nodes of Tg2576 mice.

Statistics

All statistical analyses were performed using GraphPad Prism 7. Data are presented
as the mean * standard error and individual values are represented as black circles overlying
graphs. 2-way ANOVA with and without repeated measures and Sidak’s post hoc correction
for multiple comparisons was implemented for groupwise comparisons. An unpaired t-test
with Welch’s correction was used for pairwise comparisons. Results with a p-value less than

or equal to 0.05 are considered significant.

Results

Efflux of A via the meningeal lymphatic pathway

To test the prediction that the meningeal lymphatic pathway participates in the
clearance of AB, we injected exogenous ABi.4 Hilyte-555 into the CSF and motor cortex,
and harvested the brain and DCLNs 30 minutes after the injection. Indeed, we found that
ABi.40 injected into either compartment was drained into the DCLNs, suggesting that

lymphatic uptake is a pathway by which ABi.4 is removed from the cranium (Figure 9A).
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Although exogenous A is cleared via the lymphatic system, it may not be an important
physiological pathway relative to other known mechanisms of AB clearance. Therefore, we
examined the meningeal lymphatic vessels and DCLNs of Tg2576 mice aged 8-12 months.
After confirming the presence of parenchymal senile plaques and vascular amyloidosis
(Figure 9B), we co-labeled whole mount meningeal preparations and DCLN sections for
LYVEI, a marker of lymphatic endothelium, and the pan-AB 4G8 antibody. Interestingly,
we noted AP immunoreactivity around the dural sinuses which co-localized with
immunoreactivity for LYVE]1, suggesting that meningeal lymphatic vessels may absorb Af
produced in the brain. We further observed AB immunoreactivity in the DCLNSs, but not in
the inguinal lymph nodes of the Tg2576 mice, which are unlikely to have physiological

access to AP in the CSF (Figure 9C).

Aging and lymphatic solute efflux

Historically, studies of AD have focused on mechanisms of parenchymal A@
clearance (Tarasoff-Conway et al., 2015). However, the inverse association between aging
and clearance of A from the CSF raises questions about mechanisms of AB clearance from
the CSF (Patterson et al., 2015). Indeed, in studies of lymphatic function in peripheral
organs, aging reduces uptake of interstitial solutes (Chevalier et al., 1996; Nagai et al., 2011;
Proulx et al., 2017). To test the hypothesis that the elevated concentration of AB in the CSF
is due to age-related reduction in lymphatic function, we co-infused a 1:1 solution of Afi.4
Hilyte-555 and a 10 kDa dextran conjugated to Cascade Blue into the CSF of young and old
mice (Figure 10A). Similar to the findings reported by Kress and colleagues (Kress et al.,
2014), we observed an age-related reduction in parenchymal tracer penetration with both
ABi40 and 10 kDa dextran (Figure 10B, 2-way ANOVA P<0.01 and <0.0001, respectively).
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To measure lymphatic clearance of these tracers, we used fluorescence dissection
microscopy to acquire images of the DCLN in the blue channel (10 kDa dextran) over the
course of 60 minutes. We noted a severe reduction in the rate of solute efflux into the
DCLNSs of aged animals in comparison to young animals (Figure 10C, two-way ANOVA
with repeated measures, p<0.05). In fact, impairment of lymphatic outflow in aged animals
was so great that both the ABi40 and 10 kDa dextran were largely undetectable using
fluorescence dissection microscopy after 60 minutes. To compare tracer efflux into the
DCLNSs of old and young mice, we used confocal microscopy on sections of the DCLLN's
(Figure 10D). Interestingly, we did not find a statistically significant reduction in lymphatic
efflux of the 10 kDa dextran (Unpaired t test with Welch’s correction, p=0.07) or ABi.40 in

the DCLNs of young and aged mice (Unpaired t test with Welch’s correction, p=0.75).

Structural analysis of the meningeal lymphatic vasculature in young and aged mice

Given the robust effect of aging on impairment of lymphatic CSF drainage, we next
examined the structural features of the meningeal lymphatic vasculature in old and young
mice. We hypothesized that if the meningeal lymphatic vessels in the calvarium play an
important role in lymphatic drainage, then lymphatic capillaries in aged animals would
display distended morphology due to reduction in lymphatic flow to the DCLNSs. To
accomplish this, we used immunofluorescence and confocal microscopy to measure the
diameter and branching morphology of LYVE1" lymphatic vessels in the calvarium of the
old and young mice that underwent intracisternal infusion of ABi.4 and 10 kDa dextran
(Figure 10A). We did not observe any statistical difference between the vessel width in
lymphatic vessels associated with the superior sagittal sinus (Unpaired t test with Welch’s
correction, p=0.99) or the transverse sinus (Unpaired t test with Welch’s correction,
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p=0.09). This was surprising because it was previously shown that acute surgical ligation of
the cervical lymphatic trunk resulted in increased meningeal lymphatic diameter (Louveau et
al., 2015). Similarly, we found no difference in the number of vessels, nor in the branching
number (Figure 11A).

Because of the discrepancy between the marked reduction in lymphatic CSF drainage
in aged mice and the lack of morphological change in lymphatic capillaries in the calvarium,
we further investigated the colocalization between the fluorescence intensity of ABi4 and 10
kDa dextran and LYVE1" lymphatic endothelium (Figure 11B). Specifically, we surmised
that if these lymphatic capillaries absorb solutes from the CSF, then the signal intensity from
these fluorescent solutes will be increased in regions associated with lymphatic endothelium.
The rationale behind this assertion is that initial lymphatic capillaries concentrate solutes
relative to the interstitial fluid (Brace et al., 1977; Casley-Smith and Sims, 1976; Zawieja and
Barber, 1987). We acquired micrographs along the superior sagittal sinus and the transverse
sinus, and compared ABi4 and 10 kDa dextran fluorescence intensity within the lymphatic
endothelium in young and old mice. Using this approach, we did not observe increased
uptake of either ARy or 10 kDa dextran in lymphatic vessels associated with the superior
sagittal sinus or the transverse sinus compared to signal more generally associated with

venous sinuses (Figure 11B).

Discussion

In this study, we demonstrate that both exogenous and endogenous Af escapes out
of the cranium via the cervical lymphatic pathway. To our knowledge, this is the first study

to describe AP trafficking along the lymphatic pathway, though one previous report
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considered A in the lymph nodes of Tg2576 mice (Pappolla et al., 2014). This confirms the
widespread speculation that the lymphatic system participates in the clearance of AB from
the CSF.

Having observed that the lymphatic system participates in the clearance of A3, we
surmised that age-related changes in the meningeal lymphatic system would lead to reduction
of solute clearance, including AB, from the CSF as was described in human subjects
(Patterson et al., 2015). As we predicted, we found that lymphatic function is reduced in
aged mice compared to young mice. The magnitude of this effect was surprising, as very
little observable tracer efflux was noted in any of the aged mice. Because this is a major path
for solute efflux in the rodent, this suggests that solute trafficking is dramatically altered in
the aged animal. In the same mice, we found that CSF-ISF exchange was reduced in the aged
group compared to the young group. Interestingly, we found a significant effect of aging on
parenchymal penetration of both A4 and 10 kDa dextrans. This suggests that in aging,
both lymphatic efflux and CSF-ISF exchange are impaired. Whether the residence time of
these solutes in the CSF is increased or their distribution into the spinal cord is altered is not
yet clear. This may be resolved in future experiments by using in vivo magnetic resonance
imaging to simultaneously measure tracer distribution in multiple compartments (See
Appendix A). Importantly, we found that analysis of tracer distribution across lymph node
sections was unable to detect any difference between old and young animals, despite the
obvious difference between these groups shown by fluorescence dissection microscopy,
which suggests that this approach is inappropriate for measuring lymphatic drainage of

solutes from the brain and CSF.

77



In previous studies, age-related reduction in lymphatic function was associated with
decreased contractility in collecting vessels, which slows uptake at the lymphatic capillary bed
(Chevalier et al., 1996; Nagai et al., 2011). It was also demonstrated that the meningeal
lymphatic vessels in the calvarium and skull base appear to dilate with acute ligation of the
cervical lymphatic trunk (Aspelund et al., 2015; Louveau et al., 2015). We anticipated that the
profound reduction in meningeal lymphatic drainage in aged mice would be accompanied by
signs of lymphatic pathology, including distension or atrophy of lymphatic capillaries. Yet,
when we considered these parameters in lymphatic vessels in the calvarium, we did not
detect any statistical difference in vessel number or morphology between young and old
mice. It is important to note, however, that lymphatic vessels associated with the transverse
sinus may be larger than those in younger animals and this study may be underpowered to
detect this difference. For instance, a post-hoc power analysis conducted on these results
suggested that 10, not 7, animals would be needed per group to detect a statistically
significant difference between these groups. This finding suggests that lymphatic vessels in
the calvarium either do not display any morphological changes associated with pathology in
aged animals with profound impairment of lymphatic drainage from the cranium or that the
lymphatic vessels we considered do not participate in a significant portion of CSF drainage.
In a previous study, it was demonstrated that obstruction of the cribriform plate with
cyanoacrylate glue reduces lymphatic drainage of radiolabeled tracers in the CSF (Bradbury
and Westrop, 1983). Thus, one possibility is that the major component of solute efflux
observed in the cervical lymphatic trunk occurs across the cribriform plate or in lymphatic
vessels within skull base, not in the lymphatic vessels in the calvarium. Another possibility is

that pathological changes in the endothelial cells of meningeal lymphatic capillaries of the
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calvarium may not be reflected by morphological changes, but may still result in reduced
function. For instance, changes in the junctions between lymphatic endothelial cells in
capillaries from “button-like” to “zipper-like” junctions can alter the fluid and solute
absorption substantially (Lund et al., 2016). Although these changes can be measured by VE-
Cadherin expression patterns, they were not assessed in our study. Still, because lymph
formation and flow is possible through capillaries with both junction types, we find it
unlikely that junctional differences between young and old mice would account for the
magnitude of the difference observed in our in vivo lymphatic drainage experiment.

One of the key assumptions in previous studies considering meningeal lymphatic
biology is that increased colocalization between fluorescent tracer injected into the brain or
CSF and meningeal lymphatic vessels demonstrates functional uptake of that tracer into
lymphatic vessels (Aspelund et al., 2015; Louveau et al., 2015). In line with this rationale,
multiple studies have demonstrated that solutes are more concentrated in initial lymphatic
vessels than in the ISF, suggesting that functional lymphatic capillaries should demonstrate
increased solute concentration (Brace et al., 1977; Casley-Smith and Sims, 1976).
Interestingly, we found that meningeal lymphatic vessels in the calvarium did not display
enhanced ABi4 or 10 kDa dextran fluorescence intensity in either young or aged animals.
Although our findings initially seemed at odds with previous reports, there are several
important details of the aforementioned studies that may explain this seeming disparity. For
instance, Aspelund and colleagues reported colocalization between meningeal lymphatic
vessels in the skull base and a parenchymal infrared dye, but did not report similar
measurements in the calvarium (Aspelund et al., 2015). In contrast, Louveau and colleagues

focused on the meningeal lymphatic vessels in the calvarium. In this study, they reported
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that lymphatic vessels in the calvarium absorb Evans Blue infused into the CSF as measured
by colocalization between fluorescence intensity in the superior sagittal sinus and lymphatic
vessels. Unfortunately, it is unclear if a statistical test was performed to assess a difference
between tracer intensity in lymphatic vessels and the superior sagittal sinus. If a greater mean
fluorescence intensity were found in regions associated with the lymphatic vessels, this
would suggest specific uptake into the lymphatic vessels, rather than simple colocalization
with the superior sagittal sinus. Although Louveau et al. also provided visualization of
lymphatic uptake of quantum dots using in vivo two-photon microscopy, no additional
comparison was made between signal intensity observed in the lymphatic vessel and the
adjacent superior sagittal sinus. Therefore, our finding that tracer intensity does not increase
in meningeal lymphatic vessels in the calvarium is consistent with the findings of Louveau et
al., however our interpretation of the data is divergent. Our observation that lymphatic
vessels in the calvarium do not concentrate AB14 or 10 kDa dextran raises important
questions about the relative importance of the lymphatic capillaries in the calvarium with
respect to efflux of soluble waste products in the central nervous system.

Together, these findings suggest that lymphatic uptake of solutes from the CSF is
significantly impaired; similar to what is reported in peripheral lymphatic vessels. They also
demonstrate that that soluble AP is trafficked out of the CSF along this pathway and that
there may be differences in CSF efflux along anatomically-distinct subpopulations of
lymphatic vessels in the meninges. Further examination of lymphatic function in the base of

the skull is necessary to determine the relative importance of the meningeal lymphatic system

in AP clearance from the CSF.
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In conclusion, these findings have important implications for the study of AD.
Clearance of solutes in the CSF, including A, is reduced in both the aging human and
mouse, indicating that one or more clearance mechanisms acting on the CSF is impaired
with aging. In the current study, we identify that one efflux pathway for AP is dramatically
impaired in aging mice. Although it is tempting to conclude that the impairment of
lymphatic drainage undetlies the age-related reduction in AP clearance rate, several
important mechanistic experiments are still needed. Specifically, a study considering the
temporal relationship between lymphatic function, CSF AP levels, and parenchymal AP
deposition is needed to determine if lymphatic impairment precedes the reduction in Af3
clearance from the CSF. Furthermore, manipulation of lymphatic function in a mouse model
of AD would provide mechanistic insight into the relationship between parenchymal Af3
deposition and lymphatic function. Future studies in our lab will focus on genetic and

surgical modulation of lymphatic function to elucidate the relative contribution of the

lymphatic system in AB clearance from the brain.
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Figure 9. Exogenous and endogenous A are cleared via the meningeal lymphatic
vasculature.

A. Exogenous AB1-40 injected into either the cerebrospinal fluid (top) or the brain
parenchyma (bottom) is cleared from the cranium via the deep cervical lymph nodes
(n=3/group). B. AB in the Tg2576 mouse meninges colocalizes with meningeal lymphatic
vessels in the mouse calvarium (n=4). Lines approximate the transverse sinus and arrows
represent lymphatic vessels. C. A (arrowheads) is trafficked into the deep cervical lymph

nodes (left, n=4), but not the inguinal lymph nodes (right, n=4). TS, Transverse Sinus.
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Figure 10. Aging slows meningeal lymphatic clearance of 10 kDa dextran in the CSF.

A. Cartoon and experimental schematic (n=7/group). B. Left, representative brain sections
from young and old mice 60 minutes after infusion. Right, parenchymal distribution of 10
kDa dextran and AB1-40 in old and young mice. C. Left, representative images of deep
cervical lymph nodes in young and old mice with respect to time. Right, average 10kDa
dextran fluorescence intensity in the deep cervical lymph node of young and old animals
with respect to time. D. Top, measurement of fluorescent tracer in the subcapsular sinus of
deep cervical lymph nodes in young and old mice. Bottom, representative images of deep
cervical lymph node sections in young and old mice. Groupwise differences were assessed
using two-way ANOVA and Sidak’s correction for multiple comparisons. Pairwise
differences were assessed using an Unpaired t test with Welch’s correction. *p<0.05,

**p<0.01, ns, not significant.
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Figure 11. Aging does not alter the morphology of meningeal lymphatic vessels in the
calvarium.

A. Top, Structural analysis of meningeal lymphatic vessels associated with the supetior
sagittal sinus and transverse sinus in young and old mice. Bottom, Representative images of
lymphatic vessels near the superior sagittal sinus and the transverse sinus in old and young
animals. B. Colocalization between 10 kDa dextran or AB1-40 and LYVE1+ and sinus-

associated regions in lymphatic vessels in young and old mice.
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Chapter Four: Elucidating Physiological Controls
on Lymphatic Drainage from the Brain and

Cerebrospinal Fluid
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Introduction

Throughout the last several decades, reports emerged that challenge the notion that
CSF reabsorption occurs predominantly through direct efflux from the subarachnoid space
into the dural venous sinuses at the arachnoid granulations. Indeed, work from the Westrop,
Cserr, and Johnston laboratories provided a critical foundation of studies supporting that
CSF efflux also occurs via lymphatic reabsorption (Boulton et al., 1999, 1998; Bradbury et
al., 1981; Bradbury and Cole, 1980; Bradbury and Westrop, 1983; Cserr and Knopf, 1992;
Johnston et al., 2004). In addition to measuring lymphatic efflux of CSF, Bradbury and
colleagues showed that the major component of lymphatic CSF efflux occurs at the
cribriform plate in the base of the skull by demonstrating a dramatic reduction in efflux
when the cribriform plate was sealed with cyanoacrylate glue (Bradbury and Westrop, 1983).
More recently, interest in this pathway was reinvigorated by the description of a lymphatic
capillary network in the meninges of rodents (Aspelund et al., 2015; Louveau et al., 2015)
and humans (Absinta et al., 2017; Goodman et al., 2018). The characterization of these
lymphatic capillaries led several groups to argue that lymphatic CSF efflux from the cranium
occurs predominantly via these lymphatic vessels, which were most robustly characterized in
the calvarium rather than in the skull base (Louveau et al., 2015; Raper et al., 2016).
However, little evidence of direct solute uptake by meningeal lymphatic capillaries exists
(Aspelund et al., 2015), with most groups relying on measuring tracers infused into the CSF
at the deep cervical lymph nodes (IDCLNSs). Because of this, others maintain that the
majority of lymphatic CSF efflux occurs in the base of the skull (Ma et al., 2019, 2017).
While the relative importance of these sites in lymphatic solute uptake remains to be

determined, even less is known about physiological mediators of this CSF efflux pathway.
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In peripheral organs, lymphatic reabsorption of solutes in the interstitial fluid (ISF) is
mediated by cyclical changes in the extracellular volume, termed extrinsic pumping, and
contractions of smooth muscle cells lining lymphatic collecting vessels, termed intrinsic
pumping. Previous work showed the importance of extrinsic pumping in lymphatic clearance
of ISF solutes by demonstrating reduced lymphatic function under anesthesia, which can be
rescued by physical compression of the tissue the lymphatic vessels reside in (Proulx et al.,
2017). However, the unique homeostatic maintenance of pressure and volume in the
intracranial space may confer properties to lymphatic drainage from the brain in awake and
anesthetized states that are distinct from peripheral organs. Recently, a study found that
lymphatic drainage from the CNS is markedly reduced in anesthetized mice compared to
awake mice, suggesting a possible difference in lymphatic solute drainage in different states
of arousal (Ma et al., 2019). The authors concluded that, like in peripheral tissues, anesthesia
impairs lymphatic uptake of tracers in the CSF and furthermore that CSF efflux is inversely
proportional to perivascular fluid movement. This raises very interesting questions about the
relationship between CSF-ISF exchange via the perivascular space and CSF efflux. However,
anesthesia can dramatically alter an animal’s physiological state by reducing its respiratory
drive and causing subsequent derangements in the arterial blood gas (Massey and Richerson,
2017). Therefore, we sought to determine the effect of ventilation and arterial tension of O,
and CO; on lymphatic reabsorption of solutes in the CSF. To accomplish this, we measured
lymphatic efflux into the DCLNs in nonventilated and ventilated mice after
intraparenchymal and intracisternal coinjections of fluorescent dextrans (70 and 2000 kDa).
In addition to measuring tracer distribution in the DCLNs, we also measured the

parenchymal and intracranial distribution of solutes injected into these compartments to
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determine if arterial blood gases or ventilation altered tracer distribution throughout the

cranium.

Materials and Methods

Animals

Male and female 8-10 week old C57BL/6] mice from Jackson Laboratories were
used for experiments. Mice were acclimated to their housing for several days before
experiments were performed. For all surgical experiments, the core body temperature was
monitored via rectal thermometer and maintained using either a heating pad or heating lamp.
All experiments were approved by the Institutional Animal Care and Use Committee of

Oregon Health & Science University.

Intraparenchymal tracer injections

Anesthesia was induced using 3% isoflurane and animals were placed in 3-point
stereotaxic apparatus. Isoflurane was reduced to 2% and a surgical plane of anesthesia was
ensured throughout the procedure by regular pedal reflex checks. A 2 cm midline incision
was made in the scalp over the sagittal suture and the skin was reflected to locate bregma.
After allowing the skull to dry, a burr hole was introduced in the right parietal bone (0.4 mm
caudal, 1 mm lateral to bregma) using a Microtorque II drill. A 26 Ga needle (Hamilton) was
inserted to a depth of 1 mm and rested for 10 minutes before injecting 1 uL. of 1:1 solution
of 70 and 2000 kDa dextran (25 mg/ml. and 10 mg/ml.,, respectively; ThermoFisher) at a
rate of 100 nL./minute. During the injection, for animals that were to remain under

anesthesia, isoflurane was tapered off and mice received an intraperitoneal dose of
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ketamine/xylazine (1.75 mg ketamine/0.25 mg xylazine per 20 gram mouse). The needle was
removed from the brain following the injection and incision was closed with cyanoacrylate
glue. Animals were removed from stereotaxic apparatus and either placed on a heating pad
for the duration of the experiment (anesthetized group) or placed in their housing box after
righting response was observed (awake group). Animals were sacrificed at 30, 60, and 120
minutes via intracardiac infusion of saline. In the event that tracer was injected into the

lateral ventricle, animals were excluded from the study.

Intracisternal tracer injections

For intracisternal injections, anesthesia was induced using 3% isoflurane and animals
were placed in 3-point stereotaxic apparatus. Isoflurane was reduced to 2% and a 2 cm
midline incision was made caudally from lambda. Skin was reflected laterally and blunt
dissected to expose muscle. The most superficial muscle layer was sectioned and reflected
laterally and the deeper layers were kept intact and reflected laterally using 6-0 braided
suture. The atlanto-occipital membrane was visualized via blunt dissection through
ligamentous tissue and the bevel of a 30.5-gauge needle attached to PE-10 tubing was
inserted into the cisterna magna. 2 uL. 1:1 solution of 70 and 2000 kDa dextran (25 mg/mL
and 10 mg/mlL,, respectively; ThermoFisher) was infused into the cisterna magna at a rate of
1 uL./minute. During the injection, for animals that were to remain under anesthesia,
isoflurane was tapered off and mice received an intraperitoneal dose of ketamine/xylazine
(1.75 mg ketamine/0.25 mg xylazine per 20 gram mouse). To minimize tracer leakage,
cyanoacrylate glue was placed over the atlanto-occipital membrane and the incision was

reapproximated. All mice that were awakened displayed the righting reflex within 8 minutes
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of the injection start time. 30 minutes after initiation of the injection, animals were fixation

perfused.

Mechanical ventilation

For experiments featuring ventilation of the mice, mice were anesthetized via
intraperitoneal ketamine/xylazine and endotracheally intubated with a Becton Dickinson
intravenous 22 ga catheter after Spoelstra et al., 2005.(Rivera et al., 2005) Mice were
ventilated immediately on 100% inspired O, after intubation using a mechanical ventilator
designed specifically for mice (Hugo Sachs Elektronik MiniVent type 845). In experiments
featuring hypercapnic challenge, the inspired gas was switched to a mixture of 5% CO; and
95% O, throughout the duration of hypercapnic challenge. In all experiments, the end
expiratory pressure was set to +3 cm HoO, the inspiratory pressure was set to +10 cm H,O,
and tidal volume was set to 250 ulL.. Symmetrical chest rise and consistent effluent gas in the
positive end expiratory column during expiration were used as criteria for accurate
placement of the endotracheal tube. After insuring successful intubation, mice were
paralyzed with an intraperitoneal dose of succinylcholine (25 mg/kg) to prevent the animals
from challenging the ventilator. Heart rate and muscle tone readings were monitored using
electrocardiogram and electromyography to insure depth of anesthesia but not recorded for

experimental purposes.

Monitoring of physiological parameters

Arterial blood for blood gas measurements was either collected at the end of
experiments or repeated sampling from the femoral artery. After termination of the

experiment, blood was collected directly from the left ventricle via cardiac puncture. For
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repeated blood gas measurement, the superficial femoral artery was isolated and ligated with
5-0 braided suture. Immediately proximal to the ligature, a small incision in the arterial wall
was made with microvascular scissors, with temporary compression applied proximally to
prevent bleeding. Blood was collected directly from the femoral artery at relevant time
points. All arterial blood samples were analyzed immediately using a handheld blood gas
analyzer (iStat, CG8+ cartridge). Cerebral blood flow and intracranial pressure were
monitored simultaneously during experiments. To accomplish this, the mouse was placed in
a 3-point stereotactic apparatus during mechanical ventilation and the scalp was visualized
using a chemical depilatory agent. A 2 cm midline incision was made and the scalp was
reflected laterally to visualize the cranium. A Laser Doppler Flometry probe (Moor
Instruments DRT4) was placed over the left parietal bone to measure cerebral blood flow.
For intracranial pressure (ICP) monitoring, a small burr hole was made in the right parietal
bone using a Microtorque 11 drill. The burr hole was carefully made to avoid damaging the
dura mater, and after visualizing the brain, a pressure transducer (SPR-1000, Millar
Instruments) was lowered through the dura mater into the parietal cortex for
intraparenchymal monitoring. To insure accurate probe placement and monitoring at the
beginning and end of every experiment, transient compression of the abdomen was used to
approximate a Valsalva maneuver, which transiently increased ICP by 25-35 mmHg before

returning to baseline.

Microscopy

Mice were fixation-perfused with fresh 4% paraformaldehyde stored at 4°c. The
calvarium, brain, skull base, and DCLNs were harvested and post-fixed in 4%
paraformaldehyde overnight at 4°c. Calvaria, skull bases, and DCLNs were imaged
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immediately using fluorescence dissection microscopy (Zeiss AxioZoom V16). Brains were
dehydrated by submersion in 30% sucrose overnight at 4°c, frozen in OCT by submersion in
2-methylbutane on dry ice, and stored at -80°c. 100 um brain sections were collected as
floating sections in PBS. Brain sections were washed 3x with PBS and mounted using
mowiol 4-88. All sections were imaged using either the LSM880 (Zeiss) or AxioScan (Zeiss)
within 48 hours of mounting using the same laser power, photomultiplier voltage, and gain
across groups. Post-image processing was performed using Image]. This includes image
thresholding, fluorescence intensity measurements, and maximum intensity z-stack

projections. All post-image processing was performed blinded to experimental groups.

Statistics

All statistical analyses were performed using GraphPad Prism 7. Data are presented
as the mean * standard error and individual values are represented as black circles overlying
graphs. 2-way ANOVA with and without repeated measures and Sidak’s post hoc correction
for multiple comparisons was implemented for groupwise comparisons. An unpaired t-test
with Welch’s correction was used for pairwise comparisons. Results with a p-value less than

or equal to 0.05 are considered significant.

Results

Parenchymal distribution and drainage of solutes in freely-breathing mice

To test the effect of anesthesia on parenchymal solute distribution and meningeal
lymphatic drainage, we co-injected 70 and 2000 kDa dextrans into the motor cortex of adult

mice. Upon completion of the injection, mice were either awakened and behaved freely in
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cither their home cage or remained under anesthesia for 30, 60, or 120 minutes (Figure 12A
and Figure 19A). In mice survived for 120 minutes, we measured fluorescence intensity in
subregions from three representative coronal sections to map tracer distribution in the brain
parenchyma (Figure 12B and Figure 19B). We observed a state-dependent effect on tracer
distribution in cortical regions, with greater 70 kDa dextran fluorescence intensity observed
in cortices of awake mice compared to anesthetized mice (Figure 12B, two-way ANOVA
with repeated measures, p= 0.03 and 0.05 for ipsi- and contralateral, respectively). This
effect was not observed in the subcortical white matter of the corpus callosum (Figure 12B,
two-way ANOVA with repeated measures, p=0.6 and 0.4 for ipsi- and contralateral,
respectively). To exclude the possibility that this finding was an artifact of variation in tracer
injection, we compared tracer distribution in brain section of mice at 30 minutes and found
no difference in cortical tracer intensity of awake or anesthetized mice (Figure 20, two-way
ANOVA, p= 0.44 and 0.99 for ipsi- and contralateral, respectively). Interestingly, this effect
was also dependent on the tracer size, as we found no difference in the distribution of the
2000 kDa tracer in any brain section or subregion (Figure 19B).

To determine the cranial distribution of solutes after they exit the brain, we
considered the calvarium and the skull base of mice 30 minutes after cortical injection. In the
calvarium, we measured fluorescence intensity of around the SSS and meninges adjacent to
the SSS (Figure 12C and Figure 19C). In the base of the skull, we measured fluorescence
intensity near the trigeminal nerve (CN V) and in the meninges overlying the rostral aspect
of the basiphenoid bone (Figure 12C and 19C). Though we did not observe an effect of

anesthesia on the cranial distribution of tracer, we found that the majority of tracer was
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distributed along the base of the skull, rather than in the calvarium (two-way ANOVA,

p<0.0001).

To determine the effect of anesthesia on lymphatic clearance of parenchymal solutes,
we harvested and measured fluorescence intensity of tracer in the DCLNs from mice at 30,
60, and 120 minutes (Figure 12D and Figure 19D). Interestingly, we observed a significant
reduction in the rate of lymphatic tracer clearance in anesthetized animals compared to
awake animals (two-way ANOVA, p<0.01). We also observed that, although the dextrans
were delivered into the right motor cortex, the tracer distribution occurred bilaterally in the

DCLN:Ss, suggesting that lymphatic drainage of solutes is not lateralized (Figure 21).

Arterial blood gases in anesthetized mice

Several types of anesthesia, including ketamine/xylazine are known to depress the
hypercapnic ventilatory response, which is responsible for modulating respiratory rate in
response to changes in the blood pH (Massey and Richerson, 2017). This results in the
development of an acute respiratory acidosis, characterized by reduced respiratory rate,
lowered blood pH, increased arterial tension of CO,, and normal HCO3". To determine the
effect of ketamine/xylazine anesthesia on the arterial blood gases (ABGs) of wild type mice,
we anesthetized mice and sampled blood from the superficial femoral artery after thirty
minutes of anesthesia. We observed a significant respiratory acidosis in non-intubated mice,
with a blood pH of 7.22 * 0.03, and paCO2 of 64 £4 mmHg (Figure 13). Mice were also
hypoxemic and oxygen desaturated, with an average paO, and oxygen saturation of 50 * 4
mmHg and 74 £ 5%, respectively (Figure 13). To correct these derangements in blood gases,
we endotracheally intubated mice and empirically determined ventilation settings that

corrected the ABGs (Figure 13). We found that mice ventilated at a rate of 300 breaths min™
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(BPM) on 100% O corrected the paCO,, paO,, O, saturation, and pH (Figure 13).
Furthermore, to control for the effect of respiratory rate, we also characterized the ABGs of

mice before and after hypercapnic challenge with 5% CO; for 30 minutes (Figure 13).

Intracranial distribution and drainage of parenchymal solutes in mechanically-

ventilated mice

We surmised that the severe derangement in ABGs in freely breathing anesthetized
mice may contribute to the arousal state differences reported in previous studies due to
changes in cerebral blood flow (CBF) or ICP. Indeed, a well characterized direct relationship
between arterial CO, and CBF exists in humans and rodents, wherein dilation of the cerebral
blood vessels is directly mediated by elevations in paCO,. This cerebrovascular response to
paCO; results in increased flow velocity in cerebral blood vessels and causing a global
increase in CBF across the brain (Beasley et al., 1979; Kety and Schmidt, 1948; Markwalder
et al., 1984). This response may subsequently increase ICP depending on the magnitude of
change in CBF. Furthermore, vascular pulsatility was proposed as one of the motive forces
for CSF-ISF exchange, which is also altered by hypercapnia (Czosnyka et al., 1996; 1liff et al.,
2013). Therefore, to test the effect of hypercapnia on lymphatic parenchymal solute
drainage, we repeated the analysis of parenchymal tracer drainage in mice that were
ventilated at a high respiratory rate (300 BPM), high respiratory rate with 5% CO; inspired
gas (300 BPM + 5% COy), or mice that were awake and freely behaving in their home cage.
Mice in all groups were sacrificed via fixation perfusion 30 minutes after the injection was
initiated, and the calvaria, brains, skull bases, and DCLNs of these mice and measured tracer

distribution in each compartment.
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Similar to the parenchymal distribution of tracers in awake and nonintubated
anesthetized mice at 30 minutes, we did not observe any difference in the parenchymal
distribution of tracers among ventilation states. In these animals, we again noted greater
tracer distribution in the base of the skull compared to the calvarium (Figure 14A and Figure
22A). Considering lymphatic drainage, we observed that parenchymal tracer absorption was
rescued in mice ventilated at 300 BPM, and this rescue of lymphatic drainage was blocked by

inducing hypercapnia via adding 5% CO:into the inspired gas (Figure 14B and Figure 22B).

Intracranial distribution and drainage of CSF solutes in mechanically-ventilated mice

Recent studies focused on the exchange between the CSF and ISF compartments,
comparing anesthetized and freely behaving awake mice. Specifically, several groups showed
that the rate of solute exchange is altered in the anesthetized mouse, though conflicting
reports claimed that ketamine/xylazine either increases or decreases CSF-ISF exchange
(Gakuba et al., 2018; Ma et al., 2019; Xie et al., 2013). An inverse relationship between
lymphatic CSF drainage and CSF-ISF exchange was proposed on the basis of similar
comparisons between anesthetized and awake mice (Ma et al., 2019). Therefore, we sought
to determine if hypercapnia alters solute exchange between the CSF and ISF and to confirm
that lymphatic drainage of solutes in the CSF is directly impaired in the hypercapnic state. To
test this, we co-infused 70 and 2000 kDa dextrans directly into the CSF at the cisterna magna
of mice that were ventilated at 300 BPM, 300 BPM + 5% CO,, or 300 BPM and
subsequently awakened. Mice were intubated and anesthetized with isoflurane during the
infusion, after which the incision was reapproximated, and the mice were either extubated
and allowed to awaken and freely behave in their home cage or tapered isoflurane off and
maintained anesthesia with intraperitoneal ketamine/xylazine for 30 minutes. In all groups,
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the duratomy was sealed with cyanoacrylate glue before removing the needle to prevent
reflux of the tracer. We harvested the calvaria, brains, skull bases, and DCLNs of these mice
and measured tracer distribution in each compartment.

For both tracer sizes, we observed a significant groupwise effect on CSF-ISF
exchange considering the total area coverage (Figure 15 and Figure 23, p<0.001 and p<0.01,
respectively). We performed multiple post-hoc comparisons and observed an increase in
CSF-ISF exchange in mice ventilated at 300 BPM compared to the awake and hypercapnic
challenge groups (Figure 15 and Figure 23). Similar to the intraparenchymal injections, we
observed greater mean fluorescence intensity in the skull base meninges and perineural
region of the trigeminal nerve than in the SSS and meninges in the calvarium in all groups
(Figure 16A and Figure 24A). Unlike parenchymal tracer drainage, we did not observe
statistically-significant differences in tracer distribution across the DCLNSs in different

ventilation states (Figure 16B and Figure 24B).

Monitoring cerebral blood flow and intracranial pressure during hypercapnic

challenge

To examine possible mechanisms underlying the observation that hypercapnia
reduces the rate of lymphatic absorption of parenchymal solutes, we monitored the changes
in cerebral blood flow and intracranial pressure in an independent experiment. We
monitored these parameters simultaneously at baseline (300 BPM) and for 15 minutes after
initiation of hypercapnic challenge (300 BPM + 5% CO,). At the end of each experiment, we
confirmed hypercapnia in mice via arterial blood gas measurements of blood collected from

the left cardiac ventricle. Although we observed a modest increase in cerebral blood flow
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after induction of hypercapnia, this was not sufficient to increase intracranial pressure

(Figure 17).

Discussion

Historically, conflicting findings were reported in many studies focused on solute
trafficking in the brain and CSF. The underlying cause behind these discrepancies remains
unclear. Recently, some groups indicated that one source of variability may be different
anesthetic regimens. Anesthesia is used ubiquitously throughout biomedical research to
perform animal surgery and accomplish various interventions in animal models of human
disease. Although intubation and mechanical ventilation is regulatly used in humans, these
practices are inconsistently implemented in mice. Given that most studies focused on solute
trafficking in the CNS do not use ventilation to control arterial blood gases, the type of
anesthesia used and the depth of anesthesia achieved may have an important bearing on
experimental outcomes. In the current study, we found that hypercapnia affects several
parameters of solute trafficking in the CNS, including lymphatic drainage and CSF-ISF
exchange. Thus, differences in the arterial CO; tension may contribute to the discrepancies
in the literature. We also observed several fundamental aspects of solute trafficking in the

brain and CSF that may inform future studies focused on lymphatic drainage from the brain.

Solute trafficking in awake and nonintubated anesthetized mice

Our observation that tracer distribution after intracortical injection is reduced in
non-intubated anesthetized mice compared to awake mice is consistent with previous reports

of increased parenchymal solute clearance in mice anesthetized with ketamine/xylazine
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anesthesia (Groothuis et al., 2007; Xie et al., 2013). Moreover, our observation that gray
matter distribution of the 70 kDa, but not 2000 kDa dextran was altered by anesthesia
suggests a size-based effect on interstitial solute distribution. Given the large difference in
approximate hydrodynamic radii of the 70 kDa and 2000 kDa dextrans (6.49 and 26.89 nm,
respectively (Armstrong et al., 2004), it is possible that the distribution of the 2000 kDa
dextran was unchanged in anesthetized mice due to its inability to traffic within the gray
matter. However, this tracer was selected with respect to current estimates of the
parenchymal extracellular space, which Thorne and colleagues report accommodates the
movement of solutes with hydrodynamic radii of up to 35 nm (Thorne and Nicholson,
2000). Unlike the size-dependent effect on tracer distribution in the gray matter, we did not
observe any effect of anesthesia on either tracer’s distribution in the subcortical white
matter, suggesting that once a solute enters into the white matter it travels in a state and size-

independent manner.

Interestingly, despite the fact that interstitial tracer distribution was affected by
anesthesia, we found that after tracer exchanged into the CSF compartment, it was equally
distributed in awake and anesthetized mice, concentrating in the meninges and perineural
space in the anterior skull base. This finding suggests that the extraparenchymal behavior of
solutes in CSF is unlikely to be governed by the same physiological mechanisms that
determine interstitial solutes distribution. Moreover, we observed that once tracer enters into
the CSF, it is distributed bilaterally in the skull base, which is reflected by our observation
that both DCLNs display similar tracer distribution after injection into the right cortex

(Figure 21).
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Notwithstanding the similar tracer signal distribution in the calvarium and skull base,
the rate of tracer accumulation in the DCLNs was markedly reduced in non-ventilated
anesthetized mice. Together, these findings suggest that lymphatic absorption of solutes
from the brain may be dependent on at least two functions: (1) the rate of solute exchange
between the ISF and CSF, (2) the rate of lymphatic solute absorption from the CSF (Figure
18). Without considering the physiological status of the mouse, the finding that anesthesia
impairs lymphatic drainage from the brain is in accordance with previous work assessing
lymphatic function in peripheral tissues and the CNS by Proulx and colleagues (Ma et al.,
2019; Proulx et al., 2017). In their 2017 study, the authors reported rescue of lymphatic
tracer uptake in the mouse footpad via massage, indicating that anesthesia-mediated
impairment of lymphatic function is due to extrinsic lymphatic pumping. However, in the
current study we observed significant pathological changes in the arterial blood gas of

nonintubated mice after 30 minutes of ketamine/xylazine anesthesia.

Pathological changes in arterial blood gas alter solute distribution in the CNS

Consistent with previous findings reported in the literature, we observed that
ketamine/xylazine causes free-breathing mice to develop a respiratory acidosis, hypercapnia,
and hypoxemia. Correction of these pathological changes in the mouse with endotracheal
intubation and mechanical ventilation at a respiratory rate of 300 BPM rescued lymphatic
drainage of solutes injected into brain parenchyma, while 300 BPM + 5% CO, corrected the
O desaturation and hypoxemia but did not rescue lymphatic drainage. Because we found
that hypercapnic challenge alone was sufficient to reduce lymphatic uptake of solutes in
cortex, we concluded that hypercapnia has a strong effect on lymphatic drainage from the
brain.
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As suggested above, lymphatic solute clearance from the brain may also be
dependent on the rate of CSF-ISF exchange. If hypercapnia affects CSF-ISF exchange, this
may explain the reduction of lymphatic drainage in hypercapnic mice. To evaluate this
possibility, we measured the effect of hypercapnia on CSF-ISF exchange. As a proxy for
CSF-ISF exchange, we injected tracers into the cisterna magna and measured their
penetration into the brain parenchyma. Interestingly, we found that tracer penetration into
the brain was highest in anesthetized animals with normalized arterial blood gases and that
hypercapnia reduced tracer penetration into the brain. Parenchymal tracer penetration was
not solely determined by arterial CO» tension, however, because the awake group (which
presumably has normal arterial blood gases) had the lowest tracer penetration. This finding is
consistent with previous findings that suggest ketamine/xylazine anesthesia potentiates CSF-
ISF exchange and clearance of solutes (Groothuis et al., 2007; Xie et al., 2013), and suggests
that hypercapnia may reduce the magnitude of this effect. One key difference between the
findings in this study and those reported by Xie and colleagues is that their anesthetized mice
were not mechanically ventilated. Given our observations that hypercapnia develops in
nonventilated mice and that hypercapnia reduces CSF-ISF exchange, we would anticipate
that Xie and colleagues would not have observed an effect of anesthesia on CSF-ISF
exchange. One possible explanation for this inconsistency is the difference in technical
approaches to measuring CSF-ISF exchange. Xie and colleagues utilized a multiphoton
microsopy approach to measuring cortical penetration in vivo, whereas we used confocal
microscopy across multiple brain sections. Although multiphoton microscopy is spatially
limited, it enables greater temporal resolution for measuring CSF-ISF exchanges in addition

to repeated measures, which may increase the sensitivity of detecting differences in a
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dynamic biological process like CSF-ISF exchange. Still, our findings suggest that the

magnitude of this effect may be underestimated in the absence of mechanical ventilation.

One mechanism that may contribute to the impairment of CSF-ISF exchange in
hypercapnic mice is the direct effect of hypercapnia on the cerebral vasculature. Iliff and
colleagues previously demonstrated that the motive force for CSF-ISF exchange is due to
arterial pulsatility by showing increased parenchymal tracer penetration after administering
the inotropic agent dobutamine (Iliff et al., 2013). In the rabbit, hypercapnic challenge
resulting in arterial tension of CO; similar to that in our study (67 mmHg) reduced
cerebrovascular pulsatility index by 47+16% (Czosnyka et al., 1996). Therefore, reductions in
vascular pulsatility due to hypercapnia may underlie the impairment of CSF-ISF exchange

that we observed in hypercapnic mice.

In terms of lymphatic solute drainage from the CSF, we did not observe a difference
in solute uptake from the CSF in different ventilation states at 30 minutes. We suspect that
the rate of lymphatic solute uptake from the CSF is far more rapid from those in the brain
and that the lymph nodes were saturated at 30 minutes in all groups. Although this
experiment failed to demonstrate that hypercapnia reduces lymphatic absorption of solutes
directly from the CSF, several other findings in this study suggest that the formation of
lymph from the CSF is also subject to physiological control by hypercapnia or the waking
state. First is the observation that although CSF-ISF exchange is lowest in the waking state,
lymphatic drainage of parenchymal solutes is maximized. This indicates that despite the
relatively low availability of tracer in the CSF, more of it is being absorbed by the lymphatic
vasculature in a normocapnic, waking state. Second, while CSF-ISF exchange is also reduced

in a hypercapnic state, lymphatic clearance of parenchymal tracer is minimized. Together,
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these findings suggest that impairment of CSF-ISF exchange is not sufficient to reduce
lymphatic drainage of solutes in the brain. Therefore, while hypercapnia alters solute
exchange between the CSF and ISF, we think it likely that either hypercapnia or the waking
state also acts on the lymphatic absorption of solutes (Figure 18). Future studies evaluating
the effect of hypercapnia on lymphatic drainage directly from the CSF should consider
earlier time points, or measure lymphatic drainage dynamically to directly demonstrate this

relationship.

We hypothesized that changes in ICP secondary to increased CBF caused by
hypercapnia may modulate lymphatic drainage. However, we were unable to detect
substantial changes in ICP after hypercapnic challenge despite detecting a modest increase in
CBF using transcranial laser Doppler flowmetry. Studies considering the direct effects of
hypercapnia on lymphatic contractility and flow dynamics are uncommon in the literature,
with only two studies identified by the authors of the current study. These studies reported
transient and acute increases in lymphatic flow velocity during hypercapnia in lambs, dogs,
and pups that were attributed to increased production of ISF related to increased hydrostatic
pressure in the pulmonary capillary bed (Haberkern and Bland, 1981; Stinson et al., 1977).
However, large hydrostatic pressure gradients exist at baseline between cerebral capillaries
and the ISF, with little net water flux into the brain (Sweet et al., 1950). Thus, global cerebral
edema secondary to respiratory acidosis is rarely reported in the humans, with reported cases

describing paCO; >85 mmHg (Joyce and McGee, 2011; Roh et al., 2016).

Although ISF production may not be strongly dependent on CBF, one might
surmise that CSF production is increased at the choroid plexus in hypercapnic states, thereby

altering the hydrostatic pressure gradient between the CSF and lymph compartments. On
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the contrary, studies in the literature report that CSF production is actually reduced in the
setting of respiratory acidosis. Specifically, hypercapnia increases plasma-derived solutes in
the CSF during hypercapnia in rodents, which was previously attributed to increased CSF
production at the choroid plexus (Habgood, 1995). Furthermore, if hypercapnia-mediated
impairment of CSF production underlies the reduction in lymphatic reabsorption, we would
expect to observe reductions in intracranial solute distribution in hypercapnic mice
compared to waking mice. Conversely, we found no statistical differences in the intracranial
tracer distribution between hypercapnic and waking mice. Thus, lymphatic access to these

solutes in different cranial regions does not appear to be impaired by hypercapnia.

Another possibility is that extrinsic pumping of lymph is affected by hypercapnia.
One major candidate for extrinsic pumping mechanisms in the intracranial space is the
intracranial pressure wave, which is propagated across both the brain and the CSF with
distinct periodicity. Intracranial pulsatility, measured as the amplitude of ICP waves, is
dependent on parenchymal compliance as well as several hemodynamic factors including
cerebral perfusion pressure, heart rate, and vascular pulsatility (Czosnyka et al., 1996; Eide,
2016; Piper, 1997; Wagshul et al., 2011). If ICP waves contribute to conduction of lymph
through capillaries, one would anticipate that their magnitude or periodicity would be
reduced by hypercapnia. However, the periodicity of ICP waves, largely due to heart rate, is
not changed with increasing paCO, (Rothe et al., 1990). To our knowledge, empirical tests of
the potential relationship between ICP wave magnitude and hypercapnia are unreported in
the literature. As described above, previous studies demonstrated that vascular pulsatility is
reduced with hypercapnia (Czosnyka et al., 1996), which is a major component of the motive

force for ICP waves. Therefore, one possibility is that although there was not a detectable
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increase in ICP during hypercapnic challenge, reduced vascular pulsatility in hypercapnic
mice may affect ICP waveforms. Future studies can employ Fourier transformation of
continuous ICP monitoring data to assess the cardiac components of ICP waves in
hypercapnic and normocapnic mice. Furthermore, vascular pulsatility can be
pharmacologically manipulated with inotropic agents to directly test this hypothesis in future

experiments.

In measuring solute behavior in the ISF and CSF, it is critical to establish and
maintain physiologic control of experimental animals. In this study, we show that without
intubation and adequate ventilation, mice develop significant derangements in oxygen
saturation, paO», and paCO; that contribute to marked physiological effects on solute
exchange between the brain and CSF and lymphatic absorption via the cervical lymphatic
vasculature. We believe that labs should establish ventilation protocols empirically based on
arterial blood gas measurements, since dead space volume and ventilator parameters may

vary from lab to lab.
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Figure 12. Anesthesia reduces interstitial distribution of macromolecules and slows
lymphatic drainage of interstitial tracer.

A. Cartoon and experimental schematic (n=6/group). B. Left, Ovetlay of approximate
dextran-70 (red) distribution in three brain regions 120 minutes following intracortical
injection. Black and gray regions in the reference section represent cortical and corpus
callosum regions of interest, respectively. Right, Corresponding subregion analysis of cortex
and corpus callosum. C. Left, Representative images of 70 kDa tracer distribution in the
calvarium and anterior skull base. Right, Quantification of fluorescence intensity in
segmented regions. D. Left, Representative deep cervical lymph nodes 30 minutes after
parenchymal injection of 70 kDa dextran. Right, Quantification of tracer distribution in the
deep cervical lymph nodes of mice 30, 60, and 120 minutes after parenchymal tracer
injection. Groupwise differences were assessed using two-way ANOVA and Sidak’s
correction for multiple comparisons. M, Meninges; SSS, Superior Sagittal Sinus; V and CN

V, trigeminal nerve, **p<0.01; ns, not significant.
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Figure 13. Characterization of arterial blood gases in nonintubated, intubated, and C02-

challenged mice. Left, arterial blood gas in non-intubated mice (gray) and intubated mice

mechanically ventilated at different respiratory rates.
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Figure 14. Intracranial tracer distribution and lymphatic drainage of parenchymal tracer in
mechanically ventilated mice.

A. Intracranial distribution of 70 kDa dextran, including the superior sagittal sinus (SSS), and
meninges in the calvarium and the trigeminal nerve (CN V) and meninges in the skull base.

B. Signal intensity in the deep cervical lymph nodes (DCLNSs) after 30 minutes after

injection.
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Figure 15. Hypercapnia reduces CSF-ISF exchange of 70 kDa tracer in mice.

A, Representative coronal brain sections taken from mice 30 minutes after intracisternal

tracer infusion. B, Quantification of total area coverage by tracer at three brain regions. C,

Average area coverage in brain subregions averaged across three brain sections. **p<0.01,

**p<0.001.
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Figure 16. Intracranial tracer distribution and lymphatic drainage of 70 kDa dextran injected
into the CSF of mechanically ventilated mice.

A. Intracranial distribution of 70 kDa dextran, including the superior sagittal sinus (SSS), and
meninges in the calvarium and the trigeminal nerve (CN V) and meninges in the skull base.
B. Signal intensity in the deep cervical lymph nodes (DCLNs) after 30 minutes after injection

and ventilation at different respiratory rates.
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Figure 17. Cerebral blood flow and intracranial pressure during hypercapnic challenge.
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based on the data presented in this dissertation.
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Figure 19. Anesthesia reduces interstitial distribution of macromolecules and slows
lymphatic drainage of interstitial tracer.

A. Cartoon and experimental schematic. B. Left, Overlay of approximate 2000 kDa (green)
distribution in three brain regions 120 minutes following intracortical injection. Black and
gray regions in the reference section represent cortical and corpus callosum regions of
interest, respectively. Right, Corresponding subregion analysis of cortex and corpus
callosum. C. Left, Representative images of 2000 kDa tracer distribution in the calvarium
and anterior skull base. Right, Quantification of fluorescence intensity in segmented regions.
D. Top, Representative deep cervical lymph nodes 30 minutes after parenchymal injection of
2000 kDa dextran. Bottom, Quantification of tracer distribution in the deep cervical lymph
nodes of mice 30, 60, and 120 minutes after parenchymal tracer injection. Graphs represent
mean intensity and error bars represent SEM. Groupwise differences were assessed using
two-way ANOVA with repeated measures and Sidak’s correction for multiple comparisons.
M, Meninges; SSS, Superior Sagittal Sinus; V and CN V, trigeminal nerve, **p<0.01; ns, not

significant.
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Figure 20. Effect of anesthesia on interstitial
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represent cortical and corpus callosum regions of interest, respectively. Right, Corresponding

subregion analysis of cortex and corpus callosum showing no difference in distribution 30

minutes after injection.
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Figure 21. Tracers injected into the right motor cortex drain into deep cervical lymph nodes
bilaterally.

Left, representative ipsilateral and contralateral lymph nodes 60 minutes after injection of 70
kDa dextran. Right, representative ipsilateral and contralateral lymph nodes 60 minutes after
injection of 2000 kDa dextran. Points on graph represent pair-matched tracer distribution in

deep cervical lymph nodes of individual animals.

115



300 BPM
2300 BPM +
5% CO2
EAwake
0244 e
7]
Q
{=2]
£
c
Q
=
1000 2000 3000 4000 5000

Mean Fluorescence Intensity (AU)

300 BPM 300 BPM + 5% CO2

p= 0.068 * %

" I " |
=z
3 40-
o L °
= 0e®
8
g_"» 20-

i °

300 BPM 300 BPM Awake
5% C02

Figure 22. Intracranial tracer distribution and lymphatic drainage of 2000 kDa dextran
injected into the motor cortex of mechanically ventilated mice.

A. Intracranial distribution of 2000 kDa dextran, including the superior sagittal sinus (SSS),
and meninges in the calvarium and the trigeminal nerve (CN V) and meninges in the skull

base. B. Signal intensity in the deep cervical lymph nodes (DCLNSs) after 30 minutes after

injection and ventilation at different respiratory rates.
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Figure 23. Hypercapnia reduces CSF-ISF exchange of 2000 kDa tracer in mice.
A, Representative coronal brain sections taken from mice 30 minutes after intracisternal
tracer infusion. B, Quantification of total area coverage by tracer at three brain regions. C,

Average area coverage in brain subregions averaged across three brain sections. ¥*p<0.05,

#kp<0.01.
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Figure 24. Intracranial tracer distribution and lymphatic drainage of 2000 kDa dextran
injected into the CSF of mechanically ventilated mice.

A. Intracranial distribution of 2000 kDa dextran, including the superior sagittal sinus (SSS),
and meninges in the calvarium and the trigeminal nerve (CN V) and meninges in the skull
base. B. Signal intensity in the deep cervical lymph nodes (DCLNs) after 30 minutes after

injection and ventilation at different respiratory rates.
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Chapter Five: Discussion and Future Directions
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Summary

The anatomy and physiology of the meningeal lymphatic system was intensely
studied since its characterization in 2015. Independent discoveries from other labs
dramatically expanded our understanding of this previously understudied system. As with
many exciting new fields, conflicting reports about the form and function of the meningeal
lymphatic vasculature in pathological settings now exist. In this chapter, these recent findings
will be comprehensively discussed in the context of the data presented in this dissertation.

Future directions of this research will also be discussed.

Identification of meningeal lymphatic vessels in the human dura mater

The characterization of the meningeal lymphatic system in the rodent raised many
questions about its role in human pathology. After their initial characterization, there was
also a question of what meningeal layer these lymphatic vessels are found in, since the rodent
meningeal layer are difficult to separate surgically (Raper et al., 2016). As a first step toward
determining if these findings in the rodent were also conserved in humans, we developed an
approach to identifying meningeal lymphatic vessels in the human dura mater using confocal
microscopy with spectral unmixing. We implemented this technique in examining the largest
cohort of meninges published to date, with tissues collected from non-demented control
subjects, subjects with AD pathology, and subjects with Lewy Body Disease pathology. We
identified lymphatic vessels in the dura mater of almost all of the subjects, indicating that a
network of lymphatic capillaries also exists in the human meninges. Meningeal lymphatic
vessels were also detected in two subjects by Absinta and colleagues using conventional
immunohistochemical methods (Absinta et al., 2017). As noted in Chapter 2, we found that

two possible subpopulations of lymphatic vessels in the meninges, which appeared to have
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different anatomical distributions. In addition to the different molecular signatures
(PDPN'LYVE1" and PDPN'LYVEL1), we also observed an increased density of lymphatic
vessels in the human meninges compared to the rodent. The implications of these
observations are not yet clear and will be informed by future studies in the human meninges.
Although these findings confirmed the presence of lymphatic vessels in the human
meninges, they also raise questions about solute trafficking via these vessels in the dura
mater. For instance, it is unclear how or if solutes in the brain and CSF are trafficked across
the arachnoid membrane and across the endosteal layer of the dura mater in order to be
accessible to the lymphatic vessels that we observed in the human dura mater. This
fundamental question was not addressed in any published studies and is a significant
assumption made by several groups that suggest lymphatic vessels in the calvarium
contribute to the efflux of solutes from the brain and CSF. Because we only considered
samples of dura mater associated with the superior sagittal sinus, one possibility is that
lymphatic vessels are distributed in different layers in the meninges throughout the cranium.
This may confer differential access to solutes and fluid in the subarachnoid space, and would
be easily evaluated by sampling meninges throughout the cranium and determining the
histological distribution of lymphatic vessels with the same imaging techniques described in
Chapter 2. Another possibility is that these lymphatic vessels in the dura mater do not

contribute to the absorption of solutes and CSF in the subarachnoid space.

The meningeal lymphatic system in Alzheimer’s Dementia

After the initial characterization of the meningeal lymphatic system, there was
widespread speculation regarding its involvement in the development of AD pathogenesis
(Iliff et al., 2015; Louveau et al., 2017, 2016; Tarasoff-Conway et al., 2015). Until very
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recently, however, no empirical evidence was available to support these claims. In 2018, the
preclinical work of DaMesquita and colleagues provided significant progress in the study of
the meningeal lymphatic system in aging and AD. In this study, several approaches were
used to examine the role of the meningeal lymphatic system in aging and AD. Chief among
them were the use of three approaches to modulate lymphatic drainage from the brain and
CSF. To ablate the lymphatic capillaries in the meninges, DaMesquita and colleagues
performed intracisternal injection of a photoactivatable small molecule called verteporfin.
Upon exposure to light in the far-red spectrum, verteporfin generates highly-reactive oxygen
free radicals that are cytotoxic to cells, which causes sclerosis of blood vessels when used
clinically. Therefore, after intracisternal delivery of verteporfin, the authors exposed the
calvarium of the mouse to transcranial phototherapy for 83 seconds. To augment lymphatic
function in the meninges, the authors both delivered recombinant mutant vascular
endothelial growth factor C C156S (VEGF-C“"®) transcranially using a hydrogel elution
technique and developed a vector driving expression of murine VEGF-C under the
cytomegalovirus promoter. This vector was then packaged into the adeno-associated virus 1
serotype and 1 x 10" vector genomes were injected into the CSF of mice. In an extensive
series of experiments, the authors reported that impairment of the meningeal lymphatic
system via verteporfin treatment reduces CSF-ISF exchange, impairs learning and memory,
and exacerbates the progression of AD phenotypes in a mouse model of AD. These findings
wete later corroborated by Wang and colleagues in the APP/PS1 mouse model of AD
(Wang et al., 2019). DaMesquita et al., also found that augmentation of meningeal lymphatic
function via both approaches increased CSF-ISF exchange and improved learning and

memorty in aged mice, but did not slow the progression of AD pathology and cognitive
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impairment in 5XFAD mice. Together, these findings suggest a major role for the meningeal
lymphatic system in the steady state homeostasis of the CNS, as well as the development of
AD.

Considering these findings in the context of the experiments described in this
dissertation, there is one major congruency. Along with DaMesquita and colleagues, we have
demonstrated that aging impairs lymphatic drainage from the CSF. This phenomenon was
also observed by Ma and colleagues, with each group using tracers of different molecular
weight and hydrodynamic radius (Ma et al., 2017). Although the magnitude of efflux varied
between studies, this may be explained in part by the varying anesthetic regimens, sensitivity
of fluorescent tracer detection, and age of mice used. These observations from three
independent labs strongly suggests that, in the rodent, the rate of solute efflux from the CSF
via the cervical lymphatic vasculature is reduced with increasing age. As discussed in Chapter
3, lymphatic function in peripheral tissues is also impaired as humans age, which indicates
that lymphatic drainage of solutes in the brain and CSF are subject to the same age-related
effects. Whether this is due to changes in extrinsic or intrinsic lymphatic pumping
mechanisms is yet to be determined. If this phenomenon is conserved in humans, this may

help to explain the reduction in AP clearance from the CSF observed in aging humans

without parenchymal AP pathology (Patterson et al., 2015). Outside of AD, this may also
have important implications for trafficking of immune cells in the SAS and meninges. In
2015, Louveau and colleagues demonstrated that acute obstruction of the cervical lymphatic
trunk increased the number of meningeal T cells, therefore it would be very interesting to
explore the effects of aging on meningeal immune cell populations (Louveau et al., 2015).

This may also inform the pathophysiology of idiopathic normal pressure hydrocephalus,
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which is a disease that features dementia, incontinence, and gait abnormalities secondary to
the development of idiopathic communicating hydrocephalus. Idiopathic normal pressure
hydrocephalus is strongly linked to aging, with prevalence in one epidemiological study
increasing from 0.2% to 6% before and after 80 years of age (Jaraj et al., 2014). To test these
age-related effects in humans directly, a quantitative and noninvasive means of measuring
solute efflux into the DCLNSs is needed. Lymphatic drainage of CSF in humans is now
possible with contrast enhanced magnetic resonance imaging (Eide et al., 2018; Eide and
Ringstad, 2018; Ringstad et al., 2017). However, because intrathecal contrast is necessary for
measurement of solute efflux, this approach is unlikely to be used in healthy volunteers to
study the effects of aging on lymphatic solute clearance from the CSF. One possibility to
address this issue would be the development of an MRI sequence analogous to arterial spin
labeling or phase contrast MRI, which allow for noninvasive monitoring of water movement
in the intracranial space.

Several incongruencies also exist between the findings reported by DaMesquita et al.

and those in this dissertation. The authors reported that, unlike their observations in the
human meninges, they did not observe deposition of AP} in the meninges of the 5XFAD
mouse. Indeed, both their finding that the human meninges contains AP and that a mouse
model of AD did not contain A are in contrast to the findings reported in this dissertation.
First considering the discrepancy between the findings of AP in the human meninges, one
possible explanation is that the monoclonal antibody, 6E10, employed by DaMesquita and

colleagues is binding nonspecifically in the meninges, resulting in a false positive result due

to technical approach. Indeed, we reported that the 6E10 clone binds nonspecifically in the

human meninges when monomeric, oligomeric, and fibrillar AP species are decidedly absent
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(Goodman et al., 2018). Another simple approach for quantitative evaluation of AP} burden
in the human meninges would be to homogenize meningeal tissue samples and quantify A3
using an enzyme-linked immunosorbent assay. Though antibody-dependent, this quantitative
approach could be used to demonstrate burden of AP in the AD meninges without the

confounding variables of autofluoresence or nonspecific staining observed in studies using

immunofluorescence. An explanation for the discrepancy between findings in the mouse
meninges is less straightforward. One possibility may be a difference in the kinetics of AP
deposition between the 5XFAD mouse used by DaMesquita and colleagues and the Tg2576
mouse used in our studies. The fundamental differences between these mice are the number
of mutations encoded in the APP and presenilin genes and the promoter driving expression
of APP. Expression of APP and presenilin in the 5XFAD mouse is mediated by the Thyl
promoter and its APP contains the Florida (I716V), Swedish (K670N/M671L), and London
(V717I) mutations), while its presenilin contains the M146L and 1.286V mutations. The
Tg2576 mouse only contains the Swedish mutation (K670N/M671L) in APP, driven by the
hamster prion-related protein promoter. The difference in number and type of mutations
results in remarkable differences in the progression of cognitive impairment and
neuropathology in the two mice. The 5XFAD mouse develops severe AP pathology at 2
months, whereas the Tg2576 mouse does not develop AB pathology until 11-12 months of

age. With this major temporal difference in the parenchymal deposition of AP} between

models, it is perhaps not surprising that the meningeal burden of AP is also different.
Another possibility is that the additional mutations in APP and presenilin in the 5XFAD

mouse bias production of thermodynamically-stable isoforms of AP to the extent that
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quantitatively less AP is exchanged into the CSF and subsequently deposited into the
meninges. A third possible explanation is that deposition of AP} in the meninges is actually

due to expression of APP within the meninges itself, not due to AP trafficking from the
brain. For instance, the promoters differ between mouse models, with Thy1 driving
expression in the 5XFAD mouse and hamster prion-related protein driving expression in the
Tg2576 mouse (Hsiao et al., 1996; Oakley et al., 20006). Although we are not aware of
transcriptional profiling efforts in the meninges, if cells in the arachnoid or dura mater
express the prion-related protein and do not express Thyl, this would also account for the
difference in findings. Examination of A deposition in the meninges of other mouse
models of AD may shed light on this issue.

Another major inconsistency between the work of DaMesquita and colleagues and
this dissertation is with respect to age-related changes in the meningeal lymphatic
vasculature. In this dissertation, we found that although there was a dramatic reduction in
lymphatic drainage from the CSF, there was no change in the diameter, branching, or
number, of lymphatic vessels in the calvarium. This either indicates a divergence between the
form and function of lymphatic vasculature in the meninges which may be explained by
molecular changes that alter lymph formation or propagation, or it suggests that the
lymphatic vessels in the meninges do not play a role in the clearance of solutes from the
brain and CSF. In contrast, DaMesquita reported a reduction in the diameter and percent
coverage of lymphatic vessels in the calvarium of aged mice. They further showed that
recovery of lymphatic vessels in the calvarium of aged mice via overexpression of murine
VEGFC was associated with increased lymphatic drainage. This draws a link between the

presence of meningeal lymphatic vessels in the calvarium and lymphatic drainage to the
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DCLNSs. One possible explanation for this inconsistency is that “aged mice” used by
DaMesquita were 20-24 months, whereas the “aged mice” used in this dissertation were 14
months old. If atrophy of lymphatic vessels in the calvarium was preceded by a marked
reduction in their function at least 6 months prior to detectable structural changes, it is
conceivable that these findings are compatible.

Notwithstanding the differences in these experimental outcomes, three important
conclusions can be made from these data when taken together. First, we have definitively
demonstrated that soluble forms of AP are drained from the brain and CSF via the cervical
lymphatic vasculature. This confirms the widespread suspicion that lymphatic drainage
patticipates in the clearance of APB. Second, three studies demonstrated that lymphatic
drainage of these compartments is impaired in aging mice. Considering that lymphatic

drainage is one mechanism of A clearance from the CNS, this suppotts the notion that age-

related reduction of AP clearance from the CSF is, in part, due to the attenuation of
lymphatic drainage with increasing age. Third, two independent groups also demonstrated
that impairment of lymphatic outflow from the cranium increases the rate of parenchymal
AP accumulation in rodents. These findings strongly suggest a role for lymphatic drainage in
the progression of AD and CNS amyloidosis.

Several knowledge gaps exist with regard to lymphatic function and the development
of AD. It is currently unclear if these age-related effects on lymphatic function occur in
humans which may be evaluated if a noninvasive means of measuring lymphatic outflow of
CSF can be developed. When this assay becomes clinically feasible, the rate of lymphatic
efflux can be measured in conjunction with positron emission tomography to quantify
patenchymal A} burden to assess this relationship directly in humans (Cselényi et al., 2012;
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Rinne et al., 2010). The relative importance of lymphatic AP clearance remains to be

determined in the context of other AP clearance pathways, cellular degradation, efflux across
the BBB, and other CSF efflux pathways. This question is very difficult to answer
experimentally due to the complexity of AP trafficking in the CNS and high likelihood of
inadvertently altering multiple efflux parameters with pharmacological, genetic, or surgical
interventions. In addition to these critical unknowns, a rigorous evaluation of the rate of
lymphatic impairment as animals age would provide valuable insight into the temporal nature
of this relationship. As described above, evidence now exists that obstruction of the flow of
lymph in the cervical lymphatic trunk increases the deposition of AP in the brain. Were this
directly relevant to humans, one would expect to observe an increase in the incidence of AD
in patients undergoing cervical lymphadenectomy and radical neck dissections secondary to
malignancy. However, this relationship is not described in the literature, which may be due
to compensatory lymphatic drainage on the contralateral side or limited long-term survival in
this patient population. Although the lack of evidence for this relationship does not argue
against it, it is possible that the mouse models used by Wang et al. and DaMesquita et al. may

overestimate the importance of lymphatic drainage, given the rate and type of A}
production in these mice. Indeed, compensatory AP clearance pathways may be upregulated
in humans and less aggressive models that better recapitulate the pathogenesis of late-onset
AD. These possibilities could be evaluated by measuring the progression of AP pathology in

patients after cervical lymphadenectomy using radiolabeled positron emission tomography
ligands. By answering these key questions, the therapeutic value of targeting lymphatic

drainage in AD can be determined.
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The physiology of CSF reabsorption

The study of the physiological mechanisms that control CSF-ISF exchange and
lymphatic drainage of solutes is in its infancy, but several important studies made significant
progress (J. Iliff et al., 2013; Lee et al., 2015; Xie et al., 2013). One early study demonstrated
that exchange between the ISF and CSF compartments is maximized in the sleeping and
anesthetized animal and that adrenergic tone in the CNS appears to mediate this effect by
inducing changes in the volume of the ECS (Xie et al., 2013). A subsequent study of
lymphatic drainage from the CSF demonstrated that ketamine/xylazine anesthesia reduced
the rate of lymphatic clearance from this compartment, in stark contrast to robust lymphatic
clearance observed in the waking animal (Ma et al., 2019). The authors interpreted these
findings in the context of prior studies they had published along with the work of Xie and
colleagues, leading them to speculate on a possible relationship between CSF-ISF exchange,
lymphatic drainage, and arousal state (Ma et al., 2019; Proulx et al., 2017; Xie et al., 2013). In
Chapter 4, we reported similar findings with respect to lymphatic clearance from the brain
parenchyma. However, in pursuit of the underlying mechanism, we also discovered that
hypercapnia can acutely reduce lymphatic drainage of solutes from the brain. Considering
the relationship between CSF-ISF exchange and hypercapnia, we also observed that
hypercapnia reduced exchange between the two compartments, while establishing
normocapnia in anesthetized mice increased exchange relative to the awake mice.

Together, these findings serve two major purposes: they provide evidence of
physiological derangements in arterial blood gas that rapidly develop in mice after induction
of anesthesia and they provide valuable insight into the biology of solute trafficking in the

CNS. Indeed, the hypercapnia, hypoxemia, and oxygen desaturation that was observed in
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free-breathing animals likely represents the typical arterial blood gas status of most mice
undergoing ketamine/xylazine anesthesia for as little as 30 minutes. This finding is likely
generalizable to other anesthetic agents that depress the respiratory drive and hypercapnic
ventilatory response, such as isoflurane and urethane (Massey and Richerson, 2017). Due to
the strong relationship between cerebral blood flow and arterial tension of COs, this is
particularly important in experiments related to neurophysiology and solute trafficking in the
CNS.

The experiments described in Chapter 4 are the first to draw a link between the rate
of parenchymal solute efflux via the lymphatic vasculature and arterial tension of COs.
Though the underlying mechanism still remains unclear, we suspect that events downstream
of COz-mediated elevations in cerebral blood flow likely play a significant role. Regardless of
the mechanism, this effect of hypercapnia on lymphatic drainage may alter the interpretation
of the experiments in Chapter 3 that described an age-related reduction in lymphatic
function. For instance, because all of these experiments were conducted in free-breathing
anesthetized mice, it is possible that aged mice are more sensitive to anesthetic agents or
become more severely hypercapnic than young mice, but that lymphatic drainage is unaltered
by age. Future experiments should confirm that lymphatic drainage is reduced in
normocapnic aged mice. One would expect that if this physiology is conserved in humans,
that chronic states of hypercapnia might be associated with hydrocephalus or AD pathology.
Such states are complicated by coexisting pathologies that often involve the nervous system.
However some of these conditions such as sleep apnea and chronic obstructive pulmonary
disease are associated with increased risk of developing cognitive impairment and AD-like

pathology (Daulatzai, 2015; Elias et al., 2018; Rusanen et al., 2013). Using the in vivo
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techniques to measure lymphatic drainage from the CSF described in Chapter 3, the
relationship between chronic hypercapnia and lymphatic CSF drainage can be directly tested
in mouse models of chronic obstructive pulmonary disease (Ghorani et al., 2017). In an
orthogonal approach, clearance of AP from the brain and CSF could be measured in mouse
models of AD subjected to chronic hypercapnia compared to normocapnic mice. Moreover,
associations between idiopathic normal pressure hydrocephalus and sleep apnea also exist in
the literature (Roman et al., 2018). Preclinical studies considering the effect of chronic
hypercapnia on CSF reabsorption and cognitive decline would provide insight into a causal
relationship between the two phenomena.

Several additional insights into solute trafficking were described in Chapter 4 of this
dissertation, which highlight a number of assumptions in the literature. One major
assumption that is widely pervasive in recently-published articles is that solute efflux into the
cervical lymphatic trunk occurs by the meningeal lymphatic vasculature. This is likely
because the newly-discovered lymphatic vasculature in the dura mater is seemingly upstream
of the cervical lymphatic trunk. Several studies suggest that capillaries in the dura mater of
the calvarium are major contributors to lymphatic drainage from the brain to the cervical
lymph (Da Mesquita et al., 2018; Louveau et al., 2015). Other studies also make this
assumption, with a similar association between lymphatic drainage and the presence of
lymphatic vessels in the calvarium reported by Antila and colleagues in 2017 (Antila et al.,
2017). This study featured an orthogonal approach to ablation of the meningeal lymphatic
vasculature, wherein a VEGF-C-Ig chimeric protein trap was overexpressed in the rodent
brain via CNS transduction with adeno-associated virus 9. Although these groups identified

an inverse association between density of lymphatic vessels in the calvarium and lymphatic
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drainage from the brain, this is not necessary for impairment of lymphatic drainage as we
demonstrated in Chapter 4. At best, until the relative importance of lymphatic vessels
distributed throughout the cranium, these vessels may serve as a proxy for the presence or
absence of lymphatic vessels distributed throughout the cranium in regions that are more
difficult to assess. Another assumption is widely made in the literature is that solutes in the
SAS are equally accessible to lymphatic vessels in different intracranial regions. However, we
consistently observed that tracer distribution was higher in the skull base than in the
calvarium, regardless of whether the tracer was injected into the cortex or into the cisterna
magna. A similar trend was reported by Ma and colleagues, who reported higher tracer
intensity in the cisterns (Ma et al., 2019). When considering this in the context of our finding
that there was no increase in tracer colocalized with LYVE1" vessels in the calvarium, and
our finding that lymphatic capillaries are located within the human dura mater (not the SAS
or arachnoid mater), this calls the biological relevance of the meningeal lymphatic vessels in
the calvarium into question. To date, only one published study reported colocalization
between intracranial lymphatic vessels and a fluorescent tracer injected into the brain, and
this was in lymphatic vessels associated with the pterygopalatine artery in the anterior skull
base (Aspelund et al., 2015).

Thus, future experiments may gain valuable insight from studying lymphatic
vasculature in the skull base. Several techniques may facilitate evaluation of lymphatic vessels
in the skull base. One such technique is in situ whole head sectioning with
holocraniohistochemistry, which enables the cranial distribution of tracers to be visualized
with the brain and cranial nerves intact (Tomlinson et al., 2017). This technique is

compatible with immunofluorescence and intracisternal tracer infusion, which makes it a
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strong candidate for pursuing similar questions evaluated in this dissertation. Another
technique that would facilitate interrogation of this anatomical region features a combination
of tissue clearing and light sheet microscopy. Recent advances in tissue clearing enable
clearing of ossified structures like the cranium and whole-mouse imaging techniques were
also successfully developed, which will facilitate the characterization of lymphatic vessels in

this complex anatomical region (Cai et al., 2018; Greenbaum et al., 2017; Yang et al., 2014).

Conclusions and Future Directions

In conclusion, in this dissertation I have demonstrated that meningeal lymphatic
vessels exist in the human dura mater, that soluble forms of AP} are cleared from the brain
and CSF via the lymphatic system, and that lymphatic drainage of solutes from the brain and
CSF 1s a dynamic process that is regulated in part by hypercapnia. Future studies are likely to
elucidate other physiological controls on this system and its relevance to other neurological
diseases, such as multiple sclerosis and communicating hydrocephalus.

With respect to the role of the lymphatic system in solute trafficking from the brain
and CSF, several critical unknowns still exist. First, it is of utmost importance to
systematically identify the intracranial meningeal lymphatic vessels that have access to solutes
in the CSF. Considering the findings in this dissertation in the context of previous work, it is
clear that solutes are unequally distributed throughout the cranium, with preferential
distribution to the base of the skull. This corresponds with the only region that has
meningeal lymphatic vessels that colocalize with increased tracer intensity. This unknown
could be addressed by infusing an electron-dense tracer, such as quantum dots, into the
subarachnoid space and using transmission electron microscopy to map its distribution

throughout the leptomeninges and dura mater, including its entry into the lumen of
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meningeal lymphatic vessels. Second, the relationship between aging and impairment of
cervical lymphatic drainage which has been shown by multiple groups must be more
carefully characterized. Specifically, identifying the age-related mechanism responsible for
hindering the efflux of solutes into the cervical lymphatic trunk, whether lymphatic or
otherwise. This is important because there are strong temporal relationships between the
accumulation of pathological proteins, such as AP, in the brain with increasing age.
Therefore, expanding our understanding of the natural progression of lymphatic impairment
in aging in addition to the molecular changes in aging lymphatic endothelial cells may
provide critical insight into this process. This can be accomplished by developing an MRI-
based in vivo drainage assay that can be performed repeatedly on rodents repeatedly to
measure within-animal impairment of lymphatic function as animals age. Second, the
transcriptional profile of meningeal lymphatic endothelial cells from different regions of the
cranium in the young, middle aged, and old mice can be quantitatively assessed using
fluorescence-activated cell sorting and subsequent RN Aseq. This would expand on the work
described in this dissertation and by DaMesquita and colleagues, and may provide insight
into the molecular mechanisms that contribute to reduced lymphatic drainage in aging mice.
Finally, because we found that hypercapnia impairs lymphatic drainage in part by reducing
CSF-ISF exchange, further examination of the connection between CSF-ISF exchange and
lymphatic drainage of solutes in the brain is critically important to the greater scientific
understanding of this clearance pathway. As noted in previous sections, solute efflux from
the brain via CSF-ISF exchange is at least a two-step process that requires irreversible escape

from the CSF compartment. The further elucidation of physiological parameters that
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influence one or both of these compartments will undoubtedly provide insight into
translationally-relevant biology.

The continued investigation of the meningeal lymphatic system in health and disease
is imperative because it is clear that lymphatic drainage from the brain and CSF is a relatively
important contributor to CSF reabsorption and is impaired by aging, which is a significant
risk factor for diseases like AD and communicating hydrocephalus. As noted in chapter one
of this dissertation, multiple sites of CSF reabsorption exist, including efflux across the
cribriform plate along olfactory nerve endings and along cranial nerves in the skull base
(Johnston et al., 2004; Zakharov et al., 2004)., therefore understanding the importance of the
meningeal lymphatic system relative to these other pathways will inform investigations that
aim to treat diseases associated with CSF reabsorption. In seeking disease-modifying
solutions, an understanding of the relevant pathophysiology is paramount, which must first
arise from a firm understanding of the physiology of CSF reabsorption. Despite the eatly
conflicting reports, the meningeal lymphatic system remains a promising and understudied

path for solute efflux from the brain and CSF.
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Appendix A: Pilot experiments
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Ablation of the Meningeal Lymphatic Vasculature

There is widespread interest in studying the function of the meningeal lymphatic
system in the context of neurodegenerative disease, multiple sclerosis, and hydrocephalus.
However, there are currently no targeted approaches to ablating the meningeal lymphatic
vasculature. Indeed, the only existing approach to obstructing the meningeal lymphatic
vasculature in the literature features injection of verteporfin (Visudyne) and subsequent
activation of verteporfins via light exposure over the calvarium (Da Mesquita et al., 2018).
Although this approach reportedly ablates the meningeal lymphatic vessels, two major
limitations will likely preclude its widespread usage. First, the mechanism of lymphatic
ablation is through widespread generation of reactive oxygen species, which cause the
sclerosis of blood and lymphatic vessels. Though it was not thoroughly characterized,
widespread neuroinflammation likely results after light-induced activation of verteporfins in
the subarachnoid space. Second, ablation is likely confined to the calvarium due to low
penetration of light in the skull base, which only represents one anatomical subpopulation of
meningeal lymphatic vessels. Thus, a critical need still exists for a targeted approach to
ablating the meningeal lymphatic vasculature throughout the cranium.

To target the meningeal lymphatic vasculature in a minimally-invasive manner, we
crossed the inducible diphtheria toxin receptor (DTR) mouse (Buch et al., 2005), which
conditionally expresses the DTR in a cre recombinase-dependent manner, with the LYVE1-
cre mouse, thereby inducing the expression of DTR in LYVE1+ cells. In a previous study,
systemic treatment of diphtheria toxin (DT) in the iDTR;LYVE1-cre mouse via
intraperitoneal injection resulted in septicemia associated with loss of intestinal lymphatic

lacteals (Gardenier et al., 2016). To avoid systemic side effects, we administered a relatively
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low dose of DT (10-100 ng) into the subarachnoid space via injection into the cisterna
magna. Previous studies suggested that lymphatic ablation occurs within 24 hours of
systemic administration. Thus, in early pilot trials we sacrificed mice 24 hours after
intracisternal infusion and examined the meningeal lymphatic vasculature, deep cervical
lymph nodes, and jejunum using conventional confocal microscopy. We found that this
novel approach produces robust ablation of the meningeal lymphatic vasculature (Figure 25),
and planned a subsequent survival study to ensure that mice recovered from the infusion
without significant weight loss or neurological deficits (Figure 25A). Despite treatment with
perioperative buprenorphine and fluids, and soft food, mice consistently demonstrated
weight loss and anecdotal gait instability when treated with a dose of DT that effectively
ablated LYVE1+ cells in the meninges (Figure 25C and Figure 25D). Interestingly, we did
not note disruption of the jejunal lymphatic lacteals in these mice as previously reported. It is
possible that the acute ablation of the meningeal lymphatic vasculature induced
hydrocephalus in mice, however ventricular volume and intracranial pressure was not
systematically assessed in these mice. Chronic lymphatic insufficiency, such as that modeled
by the K14-VEGFR-3-Ig mouse developed by Mikinen and colleagues, does not result in
gait instability and weight loss. This suggests either that developmental compensation for the
loss of lymphatic vessels prevents these pathological developments or that ablation of the
meningeal lymphatic vasculature is not the underlying cause of the symptoms observed in

iDTR;LYVE1-cre mice treated with intracisternal DT.
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Figure 25. Ablation of meningeal lymphatic vessels in the mouse with intracisternal
diphtheria toxin results in fatal weight loss.

A. Experimental time course for survival study. B. Representative images of meningeal
lymphatic vessels, deep cervical lymph nodes, and jejunums stained with LYVE1 and PDPN
after intracisternal infusion of DT. C. Time course of weight loss in mice treated with 10 ng
DT. D. Survival analysis of LYVE1;iDTR and LYVElcre- only mice treated with varying

doses of intracisternal DT.
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Inducing lymphangiogenesis in the meninges

Similar to the rationale for ablation of the meningeal lymphatic vasculature, future
study of these lymphatic vessels requires the development of specific tools to augment
function of lymphatic vessels in these meninges. In 2015, Louveau and colleagues reported
that the meningeal lymphatic vessels responded to a single infusion of intracisternal infusion
of recombinant human vascular endothelial growth factor C mutant C156S (VEGF-C“"%),
as measured by an increase in lymphatic capillary diameter (Louveau et al., 2015). This is

-CP% 50 the transmembrane

presumably accomplished through direct effects of VEGEF
tyrosine kinase receptor, VEGFR3, of lymphatic endothelial cells. However, this was a
transient effect and was lost several weeks after infusion. Therefore, we reasoned that

C“"® in the brain may achieve CSF concentrations of

chronic overexpression of VEGF-
VEGF-C“"* that are sufficient to induce meningeal lymphangiogenesis.

To increase the likelihood that cells transduced with VEGF-C*® would secrete this
cytokine into the ISF, we interrogated a publicly-available RNASeq database of cell-specific
gene expression throughout the CNS for cells that express VEGF-A. We assumed that cells
that express and secrete VEGF-A would contain the cellular machinery required for post-
transcriptional processing and secretion of VEGF-C"”®. We found that astrocytes are
responsible for expressing most of the VEGF-A found in the brain, which agonizes the
VEGER receptor on vascular endothelium (Figure 26A). This query also confirmed very low
endogenous expression of VEGF-C and VEGFR3 in the CNS, which minimizes the risk of
off-target effects of VEGF-C*"**(Figure 26B). Therefore, to achieve astrocytic specificity,

we generated a vector driven under the truncated glial fibrillary acidic protein (GFAP)

promoter, GFAABCI1D, followed by a P2A and enhanced green fluorescent protein (eGFP)
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sequence to measure cellular expression in vitro. Transfection of this vector into primary
murine astrocytes demonstrated effective astrocytic expression of the vector as measured by
eGFP expression in cells (Figure 27A). Subsequent analysis of the conditioned media using

C5% mutant

enzyme-linked immunosorbent assay (ELISA) specific to the human VEGF-
confirmed secretion of VEGF-C“"** into the media (Figure 27A). These results suggested
that introduction of the construct into murine astrocytes would result in robust expression
of VEGF-C“®,

To avoid potential cytotoxic effects of long-term overexpression of eGFP in murine
astrocytes, we generated two contructs: an expetimental vector containing VEGF-C***® and
a control vector containing eGFP only (Ansari et al., 2016; Kalyanaraman and Zielonka,
2017). These constructs were packaged into the adeno-associated virus 9 variant PHP.B,
which has demonstrably superior transduction efficiency of CNS targets compared to other
serotypes that were currently available (Deverman et al., 2016). Combined with a sham
transduction group, this would provide insight into effects of brain-wide overexpression of
VEGF-C"* on the meningeal lymphatic vasculature and approximate transduction
efficiency in the brain. We inoculated mice with 2.35x10" vector genomes via retro-otbital
injection and sacrificed them 4 weeks after inoculation. Samples of CSF, brain tissue, and the
calvarium were collected at the time of sacrifice. Using confocal microscopy and
immunofluorescence, we noted expression of eGFP in astrocytes throughout the brain,
including cortical regions without high expression of GFAP (Figure 27B). Interestingly,
despite the widespread expression of VEGF-C“"*®, we did not detect elevated levels of

VEGF-C®% in the CSF of mice inoculated with the experimental vector compared to the

control vector and sham transduced mice (Figure 27C). Considering the meningeal lymphatic
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vasculature in the calvarium of these mice, we did not detect any changes in the diameter,
branching, or total number of lymphatic capillaries in the experimental group compared to
the eGFP control (Figure 27D). Because the experimental construct did not contain eGFP
and failed to increase VEGF-C“"® in the CSF, expression of VEGF-C“”* in the brain was
confirmed by reverse transcriptase polymerase chain reaction (data not shown).

This experiment failed to demonstrate proof of principle for brain-wide expression
of VEGF-C"® as a means of inducing lymphangiogenesis in the meninges. It is important
to note that we did not measure lymphatic absorption of solutes in the CSF after viral
transduction. Given the previous evidence that injection or overexpression of VEGF-C**®
results in structural changes in lymphatic capillaries throughout the body, we anticipated that
structural readouts would be sufficient to detect lymphangiogenesis (Cao et al., 1998;
Veikkola et al., 2001). However, it is possible that brain-wide astrocytic overexpression of
VEGF-C"* increases lymphatic uptake of solutes from the CSF in the absence of structural

changes. We consider this possibility unlikely, but may be easily ruled out by measuring

lymphatic efflux of fluorescent or superparamagnetic tracers in future experiments.
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Figure 26. Expression of VEGF and VEGER proteins throughout the CNS.

A. Expression of VEGF-A and VEGEFR stratified by CNS cell-type. B. Expression of
VEGF-C and VEGFR3 stratified by CNS cell type. Data are sourced from the publically-
available Brain RNASeq database (Zhang et al., 2014).
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Figure 27. Brain-wide astrocytic overexpression of VEGFC156S is insufficient to induce

meningeal lymphangiogenesis.

A. Left, Vector construct and expression of eGFP in primary murine astrocytes after

transfection. Right, quantification of VEGFC156S protein in conditioned media 72 hours

after transfection. B. Representative images of cortical astrocytes expressing eGFP 4 weeks

after transduction with AAV9 PHP.B. C. Quantification of VEGFC156S in the CSF 4 weeks

after transduction. D. Left, representative images of meningeal lymphatic vessels associated

with the superior sagittal sinus and transverse sinus. Right, quantification of meningeal

lymphatic vessel diameter in mice transduced with virus containing experimental and control

vectors
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Measuring solute trafficking in the CSF with dynamic contrast-

enhanced magnetic resonance imaging

One of the greatest technical limitations of the experiments described in this
dissertation is the reliance of fluorescent tracers for measurements of solute trafficking in the
CSF. The inherent problem with this approach is that detection of the fluorescent tracer in
vivo requires complex surgical approaches, such as thin skull preparation for multiphoton
microscopy (Figure 4) or surgical dissection of the anterior cervical region to visualize the
deep cervical lymph nodes. Even with these solutions, visualization of fluorescent tracers
can only currently be measured in one region at a time. A more desirable approach would
facilitate measurement of tracer distribution in multiple compartments of the intact animal
such as the entire brain, ventricular system, cisterns, nasal turbinates, spinal cord, and deep
cervical lymph nodes. Were this approach quantitative, this would enable a more complete
scientific understanding of how solutes behave once introduced into the brain or CSF. To
generate proof of principle for one such approach we coupled the use of ultra high-field 12T
MRI and contrast-enhanced cisternography using gadolinium and ferumoxytol, two tracers
with different paramagnetic properties. We optimized acquisition sequences that facilitated
the collection of three-dimensional T1-weighted images with exceptional resolution of the
mouse and rat head and neck every 5-10 minutes.

Gadolinium, which is an FDA-approved MRI contrast agent, increases the signal
intensity of T1-weighted voxels. Because gadolinium is a relatively small contrast agent, it is
readily exchanged into the interstitial fluid of the brain. Therefore, measurements can be
made from the same dataset to compare the rate of tracer influx into brain subregions, efflux

pathways, and other intracranial compartments in a noninvasive manner. Theoretically this
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would also allow for the development of rate constants for solute transition between these
compartments. First, to demonstrate that average changes in voxel intensity can be made
simultaneously using this approach, gadolinium contrast was infused into the cisterna magna
and the mouse head was repeatedly imaged for 80 minutes. This approach facilitated the
simultaneous measurement of changes in three dimensional voxel intensity in multiple
regions of interest, including the brain, ventricles, and nasal turbinates. Indeed, we measured
the relative enhancement of tracer efflux into the nasal turbinates relative to its distribution
in the ventricles (Figure 28).

Unlike gadolinium, which is a much smaller agent, ferumoxytol is a
superparamagnetic oxide molecule that is encased by a polyglucose sorbitol
carboxymethylether, extending its hydrodynamic radius to 17-31 nm, which generally
prevents its exchange from the perivascular space into the brain parenchyma in rodent
models. Ferumoxytol potently reduces the signal intensity of T2 and T2*-weighted MR
imaging, and the resultant intensity reduction can be measured as the contrast agent is
distributed throughout the central nervous system (Figure 29). Contrary to T2 and T2*-
weighted images, ferumoxytol appears hyperintense in T1-weighted images at low
concentrations, and hypointense at higher concentrations (Figure 29). In a similar
experiment, we infused ferumoxytol into the cisterna magna of rats in an effort to measure
lymphatic uptake and cisternal distribution of the tracer with respect to time. In these data,
we were able to measure distribution of ferumoxytol into the basal cisterns (Figure 29) and
deep cervical lymph nodes (Figure 30).

Considering these pilot experiments, we believe that use of dynamic contrast-

enhanced MRI will enable more sophisticated measurement of solute trafficking throughout
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the CNS. This will be particularly useful when examining relevant pathways for extracranial
solute efflux, physiological conditions that may affect intracranial solute distribution
including adrenergic tone, hypoxia and hypercapnia, as well as different ventilation states.
Furthermore, the unique properties of gadolinium and ferumoxytol contrast agents can be
exploited to interrogate a variety of scientific questions related to this space in addition to

the behavior of different sized molecules.
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Exploring potential mechanisms of lymph propagation in the

meningeal lymphatic vasculature

As described in Chapter 1, the directional propagation of lymph requires several
structural features. In lymphatic capillaries, transient structural deformation of endothelial
cells results in a gap formation that facilitates fluid movement from the ISF into the lumen
of lymphatic capillaries. In lymphatic collecting vessels, physical valvular structures
analogous to those in veins define boundaries in lymphangions and prevent reflux of fluid
during contraction and relaxation of the lymphatic wall. The general lack of valvular
structures in meningeal lymphatic vessels in the calvarium led many to conclude that these
vessels are likely lymphatic capillaries, not collecting vessels (Aspelund et al., 2015; Louveau
et al., 2015). Although rarely documented in the literature, pericytes can surround lymphatic
capillaries in abnormal developmental and pathological contexts(Petrova et al., 2004).
Recently reports suggest that pericytes contribute to the tone of blood vessels, which raises
the possibility that lymphatic tone may also be, in part, generated by pericytes. To investigate
this possibility, we used immunolabeling and confocal microscopy to evaluate whether
lymphatic vessels in the meninges were associated with pericytes. To label pericytes, we
harvested dural samples from NG2-DsRed mice, which robustly express the fluorescent
DsRed protein in oligodendrocytes and pericytes (Zhu et al., 2007) and labeled lymphatic
capillaries with LYVE1 or VEGFR3.

To our surprise, we observed that some VEGFR3-positive lymphatic vessels in the
meninges which did not express LYVE1 appeared to be ensheathed with pericytes (Figure
31). Although the majority of lymphatic vessels did not appear to be invested with pericytes,

it is possible that lymphatic function differs between vessels ensheathed by perciytes and
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those that are not. Subsequent attempts to reproduce these findings and investigate
functional differences between vessels were unsuccessful. One possible explanation for the
lack of reproducibility in this observation is technical failure of the approach. We predicted
that this inconsistency may be due to the degradation of the VEGFR3 antibody (AF743,
R&D Systems); however upon testing new antibody from the same company, we were still
unable to identify VEGFR3"LYVE1 lymphatic vessels in the dura mater of NG2-DsRed
mice. This antibody is polyclonal, therefore another possibility is that the original antibody
used was comprised of clonal antibody species that recognized different epitopes on the
VEGFR3"LYVE! lymphatic vessels. Another possibility is that the VEGFR3 antibody used
to produce this initial observation contained clonal species that recognized VEGER or
VEGFR2, and that the immunoreactivity around VEGFR3'LYVE1 vessels actually
represents blood vessel capillaries. However, the structure of the VEGFR3'LYVE! vessels
more closely resembles lymphatic capillary morphology than blood vessel morphology.
Nonetheless, this could be easily ruled out by colabeling the vessels with PDPN and CD31,
which are expressed by meningeal lymphatic vessels and blood vessels, respectively. Further
investigation in this area may provide interesting insight into the mechanisms that govern

movement of lymph through intracranial lymphatic capillary networks.
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VEGFR3

Figure 31. Pericytes ensheathe subpopulations of VEGFR3-positive vessels in the meninges.

Immunofluorescence reveals that some lymphatic vessels in the dura mater of the calvarium
are invested with pericytes. Lymphatic vessels are denoted by VEGFR3-positivity and

pericytes are denoted by NG2-positivity.
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