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1. Abstract

The cerebrospinal fluid describes a clear fluid circulating in the subarachnoid space (SAS) of the central
nervous system (CNS). It is localized between the semi-permeable pia mater and the tight barrier of the
arachnoid mater.

The amount of around 150 mL of cerebrospinal fluid (CSF) circulates up to four times per day in the
human central nervous system cumulating to a production of 500 mL of cerebrospinal fluid per day by
the human central nervous system (PARDRIDGE, 2016). The production is mainly localized in the
choroid plexus in the ventricles while the ependymal cells lining the cerebrospinal fluid system seem to
have only a minor role in this process (CSERR, BUNDGAARD, 1984).

On the one hand, the central nervous system swims in the cerebrospinal fluid. As a consequence, the
cerebrospinal fluid works as a buffer a against mechanical impact on the brain. Moreover, its metabolic
and nutritional functions are essential for the function of our central nervous system. The cerebrospinal
fluid eliminates toxic metabolites and foreign substances which harm the susceptible chemical
homeostasis created by the blood-cerebrospinal fluid barrier. Therefore, an immunological function with
a steady process of clearance prevents neurological infections and a toxic chemical milieu.

A disrupted cerebrospinal fluid system creates a high variability of diseases, from which the disfunction
in controlling the amount of cerebrospinal fluid is the most public one. Most common medical issues
are the hydrocephalus or the idiopathic intracranial hypertension. In addition to that, many
neurodegenerative and neuroinflammatory diseases emenate mainly from a lack of elimination of toxic
metabolites. For example, the genesis of a disease like Alzheimer’s dementia is explained by the
accumulation of toxic metabolites, called B-amyloid-plaques. It keeps under strong scientific debate if
this has its source in a dysfunctional cerebrospinal fluid outflow. Unfortunately, there isn’'t any
consensus on how the elimination of these metabolites works and which anatomical structures are part
of this process. However, it is essential to know the process of central nervous system outflow to explain
how the central nervous system is cleared by toxic metabolites to finally understand and heal
neurodegenerative diseases like Alzheimer’s dementia.

The importance of cerebrospinal fluid for the function of the central nervous system leads to an early
scientific effort to get a better understanding. In the 18™ century, the first description of arachnoid villi
resulted in the theory of a cerebrospinal fluid outflow through the arachnoid villi. This hypothessis
delivered a possible connection between the subarachnoid space and the venous system. However, in
the 19™ century, the cervical lymph nodes (CLN) were detected as a cerebrospinal fluid drainage
localization and new descriptions of cerebrospinal fluid drainage along cranial nerves were established
as a new idea of cerebrospinal fluid outflow. These findings are the basis for the current understanding.
The cerebrospinal fluid outflow to the lymphatic system appears as the major pathway supported by a
high density of publications in the last years.



Major nervous dysfunctions like Alzheimer’s disease are correlated with increased age. The impaired
elimination of toxic metabolites due to an inefficient circulation of cerebrospinal fluid, as part of the
aging process, dominates current debates. Therefore, it is necessary to observe not only the
characteristics of a heterogeneous group of animals or humans. Moreover, it is necessary to take a look
at physiological processes that change with aging to understand the age correlation of many neuronal
diseases. In this experiment, observations in two groups of mice at different ages demonstrated a
significantly decreased cerebrospinal fluid outflow for elder mice. New pathways of the cerebrospinal
fluid outflow were shown that change due to age, confirming descriptions of other groups. By using 9,4
T Magnetic resonance imaging (MRI) and low rate infusion in the lateral ventricle, dynamic imaging
under physiological, in vivo conditions was established. On the one hand, Magnetic resonance imaging
allows an overview of the whole skull in combination with a high resolution of anatomical structures
and tissues. As a consequence, the visualized anatomical structure with tracer increase can be identified.
The bulk of the contrast agent drained rapidly to the subarachnoid space of the basal cisterns while only
a minor increase was detectable at the dorsal aspect of the skull. The cerebrospinal fluid outflow follows
predominantly the ventral cranium through the cribriform plate to the collected by the lymphatic vessels
in the nasopharyngeal area. Therefore, a major part of the cerebrospinal fluid flows through the ventral
aspect of the skull while the dorsal skull has a minor function contrary to recently published observations

(ILIFF et al., 2012; LOUVEAU et al., 2015; OLIVER et al., 2020).

2. Introduction

2.1. Anatomical Pathway of cerebrospinal fluid outflow

The observations of CSF outflow were initiated in the 18" century. In the beginning, the basic
observations were limited to the anatomical structures that are part of the intracranial CSF circulation.
As shown in Figure 1, the blue arrow illustrates the first descriptions and further investigations of the
arachnoid villi and a potential CSF outflow through the arachnoid barrier. In the 19" century, CLN were
claimed as an endpoint of CSF pathways along with the cranial nerves, as shown by the yellow arrow
in Figure 1. Moreover, CSF routes through the ventral aspect of the skull like the nasal cavity were
described for the first time. These studies proved several times the drainage of CSF to the CLN which
is commonly accepted today. However, the pathway from the SAS to CLN remained discussed as recent
publications focus on the role of lymphatic vessels in the CSF circulation, demonstrated by the green

arrow. Today, there is a strong debate about the CSF outflow pathway from the SAS to the CLN.
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Figure 1: Chronological summary of key explorations of cerebrospinal fluid outflow

The blue arrow indicates the focus on the arachnoid pathway as the major CSF outflow passage. At the beginning
of the 18" century, Pacchioni described as the first person the presence of arachnoid villi which resulted in the
publication of many more studies which confirmed or opposed the CSF outflow through the arachnoid villi. The
role of the cranial nerves as a part of the CSF outflow is illustrated by the yellow arrow. It was established over a
century later, as Schwalbe could detect a CSF outflow along the cranial nerves outside the skull. Many years later,
the CSF could be detected in the CLN, which was interpreted as an outflow along with cranial nerves to the CLN.
The importance of the lymphatic system, illustrated by the green arrow, was established by studies over the last
years and is the main idea for the CSF outflow currently. Especially the recently published studies by Ma et al.
indicate a CSF outflow along the cranial nerves to the lymphatic system. They concluded, that the CSF outflow is
mainly drained to the lymphatic system and from there, the tracers reach the blood system.

2.1.1. Arachnoid villi

Over 300 years ago, the arachnoid villi were firstly described by the Italian Pacchioni. He published
observations in humans showing arachnoid structures penetrating the dura mater (WOOLLAM, 1957).
This structural connection between the CSF system in the SAS and the venous system in the subdural
space would create a stable pathway for a potential CSF outflow. Confirmation for this theory came
from the experiments of Key and Retzius in 1875. In their work, they injected Berlin blue dye in the
SAS and reported an accumulation of their tracer in the arachnoid villi and drainage through them to the
venous system (KEY, 1875). At the top of the arachnoid formations, a layer of cells has a direct
connection to the venous system (LE GROS CLARK, 1920). The work of Key and Retzius was
criticized for using high injection pressure around 60 mmHg which could have led to a rupture of the

arachnoid membrane (HOFFMANN, THIEL, 1956).

Therefore, several decades later, Weed published a concept of CSF outflow using the arachnoid villi.
He inserted a cannula in the intrathecal space of the upper lumbar spinal cord and infused an isotonic
solution. Weed took care that the infusion pressure was at maximum slightly about the physiological
intracranial pressure (ICP) around 9-13 mmHg to prevent pressure damage at the arachnoid membrane.
After the infusion, the animals were killed and the brain and the meninges were formalin-fixed. In his
findings, he observed an accumulation of tracer through the whole CSF shortly after injection. Several
hours later, only a few granulations were found in the sinus while the arachnoid villi along the
perisagittal superior sinus (PSS) were filled with the tracer. Afterward, he observed the arachnoid villi
in serial cuttings by using light microscopy, which made him the first person who examined the
microscopic structure of the arachnoid villi. He described a lack of valves or stomata in the arachnoid
villi which would require an active transport mechanism for CSF outflow (WEED, 1914a, b, ¢).

Furthermore, the electron microscopy showed that the arachnoid did not penetrate the dura through the
endothelial layer which is why the presence of tight junctions was suggested (ALKSNE, LOVINGS,
1972). Even after establishing a higher ICP, creating distension of the arachnoid projection, they stayed

in contact with the dura by this endothelial layer. As a result, the authors were sure that there must be
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an active process like micropinocytosis to transport molecules outside the brain, although these findings
were not fit with the knowledge of a fast bulk flow for the molecules (DAVSON et al., 1970). As a
compromise, a possible system of vacuoles in the covering cells of the SAS was proposed to transport
molecules from the CSF to the venous system like in the canal of Schlemm (WEED, 1914c). This

mechanism would allow a dynamic flow that supports the bulk flow theory.

A point of criticism against Weed's hypothesis was the post-mortem examination of the structures. It
was mentioned that after the ex vivo fixation, diffusion of the dye particles was supported.
Reproductions of his work showed an accumulation in bones and ligaments around the CSF and the
neck tissue (ERLICH et al., 1989; SPERANSKY AD, 1943).

Dandy separated the hemispheres from the dura mater and could not observe an accumulation of CSF
or edema in the brain parenchyma. This disagrees with the hypothesis, that the pathway through the
arachnoid villi is a potential major CSF route because the connection between the arachnoid villi and

the venous system was not intact anymore (DANDY, 1929).

Finally, we have to admit that the complete role of the arachnoid villi is not understood yet. The
condition of active transport through the arachnoid barrier disagrees with the knowledge of a rapid CSF
outflow. Therefore, the CSF pathway through the arachnoid barrier in the venous system is disqualified
as a major passage. However, it can be discussed whether the arachnoid barrier opens under high ICP
and works as a backup mechanism to prevent higher, unphysiological ICP. The common opinion
declares the arachnoid layer as a strong barrier that allows no passive flow through it. Therefore, no
anatomical mechanism is known that would explain the drainage through this barrier. Moreover, no in

vivo study was produced that could show a CSF drainage directly from the SAS to the blood.

2.1.2. Cranial nerves

The outflow along cranial nerves had been detected by Schwalbe in 1869. He was the first person, that
showed an accumulation in the nasal cavity and the orbit after tracer injection. Therefore, he suggested
that the CSF follows the cranial nerves on their route outside the skull which as he described an
accumulation within the sheath of the optic nerve (SCHWALBE, 1869). These sheaths seemed to be a
projection of the SAS outside the skull. Extracranially, the arachnoid membrane was penetrated, and the
CNS drained into the lymphatic system. Mortensen and Sullivan demonstrated tracers accumulation in
the lymphatic vessels of the nasal cavity and transport along with lymphatics in the pharynx to the deep
cervical lymph nodes (DCLN)(MORTENSEN, 1933).
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Several hypotheses had been established to explain the drainage of CSF from the perineural space (PNS)
of the olfactory nerve to the lymphatics.

The first idea assumed that the perineural cells are loosely connected to the nerve which would make an
easy flow in the interstitial space possible. As a consequence, the perineurium would have no barrier
function and a free CSF circulation to the interstitial space and the lymphatic vessels would be a
potential pathway (MARTINEZ et al., 1973). Fitting with this theory, Czerniawska described a
retrograde passage that transported tracers from the nasal cavity in the SAS and potentially to the brain
(CZERNIAWSKA, 1970). This could be a plausible explanation for the virus penetration in the CNS.
The second proposal characterized the perineurium as a tight barrier as the meninges which would
require an active transport of CSF to the lymphatics. This concept disagrees with the concept of rapid
bulk outflow (JACKSON et al., 1979).

The last proposed solution is penetration of lymphatic vessels penetrate through the cribriform plate and
direct access to the SAS (ANTILA et al., 2017; ASPELUND et al., 2015). Experiments indicated that
the arachnoid barrier does not exist anymore above the cribriform plate and does not follow along with
the cranial nerve outside the skull (WELLER et al., 2018). As a result, the lymphatics would be able to
drain passively CSF from the SAS.

The optic nerve is extracranially surrounded by the meningeal layers contrary to the olfactory nerve.
The meningeal layer reaches until entering the sclera, which is a significant structural difference from
the discontinuous arachnoid of the olfactory nerve. However, intraorbital tracer drainage through
intercellular channels in the arachnoid indicate that the arachnoid barrier at the end of the SAS is not
intact anymore (SHEN et al., 1985).

The connective tissue of the orbit contains lymphatic vessels which access the mandibular lymph nodes.
The CSF outflow along with the optic nerve seems to provide an important outflow route as the orbit-
draining lymphatics showed tracer accumulation 10 min after intraventricular injection (MA et al.,
2019b). However, no study was able to quantify the role of the optic nerve route in comparison to the
olfactory nerve. The strong accumulation in the mandibular lymph nodes could be explained by

lymphatic drainage from the nasal and orbital region.

Concerning the neuronal outflow route, the jugular foramen has a prominent role as the exit point of
three cranial nerves. Among these, the glossopharyngeal, vagus, and accessory cranial nerves. It has
been demonstrated that tracer is transported through the jugular foramen connected to the lymphatic

vessels draining to the DCLN (MA et al., 2017).
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2.1.3. Lymphatic vessels

The lymphatic vessels in the dura reawakened scientific focus in 2015, after the redescription of their
presence by two CNS studies (ASPELUND et al., 2015; LOUVEAU et al., 2015). Their findings
indicate a strong presence of dural lymphatics at the base of the skull and the venous sinuses like the
PSS and transverse sinuses (ASPELUND et al., 2015). These lymphatics seem to be enabled to transport
immune cells and fluid from the CSF to the DCLN as they offer a direct connection. Moreover, the

concept of the CNS without the presence of lymphatics was falsified.

Using 2-photon imaging, the group of Kipnis detected endothelial and different immune cells by
immunohistochemistry. Their method visualized a high presence of immune cells in the abluminal space
around the sinuses (LOUVEAU et al., 2015). Further investigations of the perisinusoidal vessels
detected markers for the expression of lymphatic endothelial cells at these vessels. As a consequence, it
was shown that these vessels are lymphatics running parallel along with the sinuses offering a distinct
lumen. Investigations with an electron microscope showed that the lymphatic vessels around the sinuses
have similar characteristics to the periphery ones, even though they recognized unique characteristics
concerning distribution and organization. After intraventricular tracer injection, observations with
multiphoton microscopy showed a tracer accumulation in the dural lymphatic vessels around the SSS.
Therefore, they resumed the presence of connections between the SAS and the dural lymphatics at
several locations like the transverse sinus. However, no anatomical confirmation exists to prove this
connection. Moreover, other studies were unable to detect tracer drainage to the dorsal lymphatic vessels

(AHN et al., 2019; MA et al., 2017).

The first in vivo imaging study using X-ray observed tracer outflow after injection in the SAS
(MORTENSEN, 1933; WUSTMANN, 1933). The contrast agent drained through the PNS of the
olfactory nerve to the nasal cavity. From there, the pathway continued over lymphatic vessels to the
SLN and DCLN. Besides the nasal cavity, tracer accumulation was detected in the perineurium of the
optic nerve and the papillae where it flowed along the facial veins to the SLN. Moreover, a smaller part
of the tracer was near the larger blood vessels and another cranial nerve which are leaving at the base of

the skull (WUSTMANN, 1933).

In the 1950™ the first approach had been made to quantify the role of the lymphatics as a major pathway
for the CSF outflow. However, this work was a throwback for the supporters of the lymphatic pathway.
After injecting Evans blue into the SAS of cats and rabbits, the concentration of dye was estimated by
cannulations over several times up to 24 hours at the circulating blood and the cervical and thoracic duct
lymph. The different chronological increase of contrast led to the hypothesis, that lymphatics play a
minor role in the elimination of the blood system (COURTICE, SIMMONDS, 1951). However, the

cannulization was a point of criticism, because it was argued, their calculation in only one lymphatic
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trunk draining to the DCL is not representative (FOLDY et al., 1959). Therefore, they repeated the work
but measured the concentration of dye in cannulated lymph comparing these values with blood from the
jugular vein and femoral artery. They could demonstrate that the accumulation firstly appeared in the
lymphatic system and later in the blood system.

The work of Bradburry calculated the tracer clearance to cervical lymphatic vessels after tracer injection
in the SAS for rabbits and cats. However, for rabbits, only 30% of the injected dye was detectable within
the cervical lymphatics while in cats the participation of the lymphatic system was even lower around
only around 13%. However, up to 50% of the injected tracer was undetectable adding the measured
tracer amount in CNS, blood system, and lymphatics (BRADBURY, COLE, 1980). The discrepancies
indicate that the tracer has to accumulate in other regions which had not been calculated by the study.
A direct flow from the SAS to the cervical lymphatics would have not shown such a big amount of
undetectable tracer. Potential routes through other lymphatic pathways that play a role between the SAS
and the blood system were missed.

Several years later, the blocking of the cribriform plate with cyanoacrylate glue reduced the tracer
accumulation in the DCLN from 14,8% to 1,9% which indicates a major role for the nasal region in the
CSF outflow (BRADBURY, WESTROP, 1983). Andres et al visualized dural lymphatic vessels
surrounding the PSS close to the blood vessels of the dura mater. These lymphatics leave the skull by
following the sinus transversus and meningeal artery or at the cribriform plate (ANDRES et al., 1987).
Recent works used the technical progress and new methods of imaging. Ma et al used near-infrared
(NIR) imaging while injecting a 40kDa macromolecular tracer in the CSF. They could demonstrate a
strong outflow of tracer along with the cranial nerves and an immediate accumulation in the extracranial
lymphatic vessels. The NRI allowed them to follow the tracer under dynamic physiological conditions
and showed an increase of contrast in the SLN and DCLN before reaching the blood system (MA et al.,
2017). Besides the outflow was less efficient in older mice than in young ones (MA et al., 2017) while
anesthetized and glioblastoma-bearing animals showed a lack of outflow too (MA et al., 2019c).
Intraventricular injection confirmed the outflow along with the cranial nerves (MA et al., 2019a).
Another MRI-based study claimed that the CSF outflow would be dominated by the meningeal
lymphatic vessels leaving the basal skull (AHN et al., 2019). The CSF seemed to drain through the exit
points like petrosquamous fissure, jugular, and stylomastoid foramen. It could be demonstrated by
immunostaining that the arachnoid barrier is not intact when the nerves penetrate the meningeal layers
at the exit points. As a consequence, the tracer could perfectly drain from the SAS into the lymphatic
vessels. However, the group did not show the perineural routes of the optic and olfactory nerve.

Therefore, this work seems to be incomplete even if drainage to the DCLN was demonstrated.
To summarize, lymphatic vessels were described at several locations in the meningeal layers. However,

the existence of a intact barrier of arachnoid objects the concept of CSF outflow from the SAS to the

dural lymphatics (BRADBURY, 1979; KRISCH et al., 1983). As the arachnoid barrier establishes a
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separation between the CNS and the dura, it seems that the lymphatics in the dura exist for the collection
of extravasated fluid. This idea is confirmed by intravenous tracer injection that was collected by these
dural lymphatic vessels (ABSINTA et al., 2017). The intact arachnoid barrier around the whole brain is
especially prominent at the base of the skull. However, it shows interruptions at exit points of cranial
nerves (BROCHNER et al., 2015). The penetration of the cranial nerves through skull and meningeal
layers offers a potential connection between the SAS and lymphatic vessels. It is still unknown, in which

dimension the drainage through these vessels participates in the CSF outflow process in general.

2.2. Clinical relevance

The CSF as a clearance pathway for molecules and toxic metabolites offers an essential function to
remain the fragile chemical and molecular balance of a optimal environment for the brain. Besides the
elimination of foreign molecules and metabolites, immunological and nutritional function are discussed.
A dysfunctional CSF outflow could be part of the etiology of several neurodegenerative and

neuroinflammatory diseases and is associated with hydrocephalus, pseudotumor cerebri and more.

Glioblastoma is one of the most dangerous neurological tumors. Even after medical progress in surgery
and chemotherapy, the survival duration is fewer than 15 months even (MA et al., 2019¢). The origin of
glioblastoma are degenerated astrocytes in the CNS. The strong vascularization and following damage
on the blood-brain barrier (BBB) result in peritumoral edema and higher ICP (MACK et al., 2017).
Fitting with the theory of a CSF bulk outflow, it is plausible that the CSF outflow is accelerated under
increased ICP (BOULTON et al., 1998; HEISEY et al., 1962). However, under pathological conditions
of an active-spreading glioblastoma with intracranial edema, this was never observed. On the one hand,
the increased amount of fluid could accelerate the CSF flow, while others claim that the tumor could
block CSF outflow. A decelerated CSF flow would explain the clinical observations of persistent
intracranial edema. Moreover, the rare presence of extracranial metastasis (LUN et al., 2011) and the
limited immunological response against the tumor (PRINS, LIAU, 2004) indicate an impaired CSF flow
under the glioblastoma condition. Therefore, a better understanding of the malfunction of physiological
processes under glioblastoma conditions could support a better supply and drainage of intrathecal drugs
or glioblastoma antigen presentation and containment of edema.

It was observed that glioma breading mice showed a reduced tracer accumulation along the cranial
nerves at the front of the skull and a massive reduction of contrast in the CLN. Using a combination of
MRI and NRI imaging, bolus injection in the cisterna magna of glioma mice showed massively reduced
tracer accumulation in the CLN and along the PNS compared to physiological conditions. Measurements
in the DCLN and SCLN indicted a significantly reduced tracer accumulation in these structures, too.

Tracer transportation time to the saphenous vein was massively increased following NIR-imaging. Post-
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mortem analyses detected tracer intensity at the optical nerve was reduced significantly in glioblastoma
mice. In addition to that, the lymphatic vessels leading from the orbital region to the SLN did not show
detectable tracer accumulation at all or very slightly increased contrast (MA et al., 2019c¢).

Generally, the outflow was delayed compared to non-glioblastoma mice and most of the tracer remained
in the cisterna magna. While the contrast in the control group showed a steady decrease in the cisterna
magna, the glioblastoma group indicated a nearly constant level of contrast. Quantification of contrast
at the dorsal brain surface and the basal skull showed a massive decreased outflow compared to the
control group. Instead of the physiological routes, which show a very limited CSF drainage to the spinal
cord, the tracer of the glioblastoma mice drained to the SAS of the spinal. Furthermore, dye drainage to
the lymphatics in glioblastoma mice was only detectable, when the contrast was visible in the sacral
spinal cord. The tracer was detectable in the iliac and caudal mesenteric lymph nodes indicating a CSF
passage from the spinal cord to the lymph nodes and the blood system. Therefore, the spinal regions
seem to work as a compensative outflow route for the CSF.

Concerning the outflow to the blood system, the study did not find any evidence for a direct CSF flow
to the blood system. Delayed detection of tracer in the blood system after a contrast increase in the
lymphatic system indicated a CSF flow through the lymphatics in the blood system. However, the
glioblastoma group showed a delayed increase in the blood system, although the highly vascularized
tumor impairs the BBB (JAIN et al., 2007). Therefore, under glioblastoma conditions, especially with
an increased size of the tumor, a direct leakage of CSF to the blood system could be possible. However,
the study could not confirm any direct passage to the blood system at all, but the pathological condition.
While other types of cancer are characterized by lymphangiogenesis, the intracranial and
intraparenchymal glioblastoma grows within a tissue without lymphatic structures (JENNY et al., 2006).
As a consequence, the physiological anti-tumor immunological response is reduced. Moreover, the
impaired CSF circulation could support inflammatory processes as clearance of toxic metabolites and
pro-inflammatory cytokines is blocked. Furthermore, the tumor-antigen presentation is minimalized,
because the antigen transportation by CSF to the CLN is reduced. Therefore, the proliferation of T-cells
and restricts immunological response is limited (MA et al., 2019c).

As aresult, glioblastoma impacts CSF circulation in a way that intensifies the creation of the intracranial
edema as the physiological CSF passages are blocked. However, the spinal cord seems to compensate
at least a part of the CSF outflow, as the spine was described as another CSF outflow pathway under
increased ICP (EISENBERG et al., 1974; FAULHAUER, DONAUER, 1985; WELCH, 1977). The
changed CSF circulation could affect the efficiency of intrathecal drug application and restricts an

adequate antigen presentation in the CLN which is required for a sufficient immunological response.
Alzheimer’s disease is the most common neurological disorder and will affect public health more and

more in the next decades due to demographical developments. Interestingly, the mechanism of this

disease is not finally understood as many questions remain unsolved. Due to the high relevance for the
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health system, scientific research in this field is accelerating. In general, Alzheimer’s dementia is
explained by the intraparenchymal accumulation of senile plaques build-up by amyloid-8 and
intracellular neurofibrillary tangles. It is generally accepted that the increasing levels of amyloid-8 result
in a dysfunctional synaptic work that increases tau accumulation and neurofibrillary tangles formation
(HARDY, SELKOE, 2002; KARRAN et al., 2011). These processes cause neurodegeneration through
neuroinflammation with astrogliosis and microgliosis (ROGERS et al., 2002) visible by the decreasing
cognitive capacity. As described by Ma et al, the reduced CSF outflow in aged mice could benefit this
neuroinflammatory process. The synaptic activity produces B-amyloid as a waste product which is
formed by several steps including B- and y-secretases and amyloid protein precursor. The different 3-
amyloids are responsible for the senile plaques resulting in Alzheimer’s diseases and the intraluminal
blocking of cerebral and leptomeningeal arteries responsible for cerebral amyloid angiopathy (ATTEMS
etal., 2011).

However, physiological changes like a decreased CSF outflow due to increased age seem to support the
progress of Alzheimer. In the end, an explanation which mechanisms in detail are changed due to age,
could not be given at the moment. As our current lack of knowledge is a major reason for an insufficient
treatment of Alzheimer’s disease, more effort is necessary. A better understanding of the CSF outflow
and the potential elimination of the senile plaques would be significant progress to invent new

therapeutic solutions.

2.3. The current debate raised by new imaging methods

2.3.1. Overview of technological tools available for cerebrospinal fluid

investigation

The current process in the knowledge of CSF outflow is mainly explained by the invention of new
technological methods allowing a more detailed and in vivo observation. The first studies until the
beginning of the 20™ century were dominated by tracer injection with post-mortem observation (WEED,
1914a, b, c). This method has the disadvantage to ignore post-mortem tracer movement which falsifies
the results. In the 1930™, the in vivo imaging by X-ray was a great technical progression to demonstrate
the CSF outflow not only in post-mortem slides (MORTENSEN, 1933; WUSTMANN, 1933). However,
X-ray is characterized by the high density of bone. Therefore, it lacks an efficient visualization of the
neuronal exit points at the base of the skull which appears important for the CSF outflow. Moreover, in
competition with progressed methods like MRI, the X-ray fails to give details about the soft tissue which

makes it hard for the scientist to define the anatomical structure of tracer accumulation.
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NIR imaging is a more advanced version of in vivo imaging with a contrast agent. The method requires
a compatible contrast agent and detects the movement of the tracer by measuring the optical density.
The injected tracer has other, defined optical characteristics than the surrounding tissue. This allows the
detection of our tracer and the demonstration of the CSF outflow in a non-harmful noninvasive way. In
addition to that, the NIR imaging offers a high image rate with intervals of only a few seconds while
MRI takes several minutes. However, MRI has the advantage to have a better tissular resolution creating
a better anatomical orientation where the detected tracer is accumulating. Both techniques can be
detected digitally and objectively, by using software for the exact quantification of the tracer amount
which the two-photon imaging is unable to offer (ILIFF et al., 2012; LOUVEAU et al., 2015). The
detailed, but limited visualization of the NIR imaging fails to demonstrate an observation of the
complete brain structures. Moreover, it demonstrates a relatively superficial level of imaging reaching
only millimeters compared to MRI. The MRI creates a wider and deeper overview of the CSF outflow
by demonstrating the time-correlated outflow of the tracer. Moreover, the high resolution of soft-tissue
structures allows a detailed, anatomical localization of the tracer and allows to identify the anatomical

structures presenting the CSF outflow pathway (MA et al., 2019b).

MRI allows in vivo imaging of a wider area than the other methods. The sequential image taking allows
a chronological interpretation by demonstrating the contrast agent movement on several time points. A
big advantage against the NIR imaging which focuses on a narrow window. However, NIR-imaging
gives nearly all-time imaging while the MRI image requires more time and is limited to sequences every
4-5 min. The less resolute images compared to the NRI imaging are another disadvantage. Figure 2
shows an overview of the three major technical methods that a relevant for the demonstration of the CSF
outflow. It is clear, that the different methods distinguish between different points creating specific
advantages and disadvantages. However, we decided that the advantages of a wield and deep view

predominate the moderate improved temporal resolution that the NIR imaging offers.
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Characteristic Magnetic resonance imaging | Near-infrared imaging 2-photon imaging

Depth of region imaged

High spatial resolution +++ +++ +

Cellular resolution + ++ +++
Temporal resolution ++ +++ +++
Brain activity ++H+ +++ +++
Anesthetized mouse +++ +++ +t
Awake mouse - ++ ++t

Figure 2: Overview of the benefits and disadvantages of the different imaging methods

The table shows the characteristics of the most common imaging methods which are used in studies concerning
CSF outflow. These methods include MRI, NIR imaging, and 2-photon imaging. At the left, the features of imaging
are summarized while the number of ,,+” indicates the quality of imaging. Three ,,+” are the best value that a
method could require, while one + indicates that the feature is not optimized in this method. The ,,— at the end
should show that the combination of awake mice and the imaging method is not possible as it requires at least a
narcotic condition.

A publication that supports the glymphatic pathway worked mainly with the 2-photon imaging (HEISEY
et al., 1962). Two-photon imaging method requires a compatible contrast agent which is injected into
the CSF. The low energy and the limitation on a focal area are less damaging for the tissue and especially
useful for living samples. The infrared light concentrates only in the focal area to collect enough photons
for excitation. The concentrated energy allows a high spatial resolution. The lack of out-of-focus light
and the high wavelengths allow a visualization without image blurry and photodamage resulting in a
high-quality resolution (BENNINGER, PISTON, 2013). As shown in Figure 2, the narrowed view fails
to calculate the CSF outflow in the area around the limited area of observation. However, by using a
thinner bone, the skull would be still intact and high-resolute images can be taken until 1-2 mm below
the surface of the cortex under physiological conditions. This depth is sufficient for visualization of the
perivascular space (PVS) in the cortical hemispheres. The creation of detailed images can be useful to

demonstrate the processes and structures around PVS that could be part of CSF (MA et al., 2019b).
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2.3.2. 2-Photon imaging-based study

The first important study using this method quantified the CSF flow to the brain parenchyma (ILIFF et
al., 2012). After intracisternal injection, the tracer was visible in the PVS of cortical arteries and
arterioles. They described tracer at the surface of the cortex and due to the limited depth of imaging with
this method, a tracer accumulation 50-120 pm below the cortical surface. As molecules of different
weights and sizes were detectable in the cortical PVS, the group claimed that the transport to the PVS
occurred by bulk flow. However, only the smaller particles entered the interstitium while the bigger
molecules remained in the PVS. However, these observations were limited to the surface of the cortical
area. Because of the methodical limitation of deeper imaging, the observation in the deeper brain
parenchyma requires a post-mortem visualization. By the use of vibratome sections and genetic-
modified mice allowing the distinguishment between veins and arteries, the group detected immediate
tracer accumulation along with the whole arterial blood network in the brain parenchyma, especially in
the region of the thalamus and basal ganglia. More than one hour later, the tracer was slowly detected
in the venous system which seemed to allow the exit of CSF from the skull. These CSF routes outside
the skull were dominated by medial internal cerebral veins and the lateral-ventral caudal rhinal veins.
However, the post-mortem tracer movement due to unphysiological conditions could falsify these

results.

The group of Kipnis found that lymphatic vessels are present around the dural sinuses that are directly
connected with the DCLN (LOUVEAU et al., 2015). The process of immunohistochemistry was able
to detect lymphatic endothelial cells within the meninges. These seemed to create a distinct lumen
around the dural sinuses which enables them to transport fluids independently of the cardiovascular
system. Moreover, this method demonstrated that many T-cells were aligned around these lymphatic
vessels. Even though the lymphatic vessels in the meninges are characterized by similar structural and
morphological aspects as the peripheral lymphatics, the organization is different. The networks drain
from the eyes and the olfactory bulb reaching the venous sinuses. However, the lymphatics do not offer
the complexity and density as their counterparts in the periphery. Within the meningeal area, the vessels
became larger and more complex in the transverse sinus compared with the PSS.

This observation fits with the description of the publication of Ahn et al (AHN et al., 2019). In addition
to that, they demonstrated even more density of lymphatic vessels at the base of the skull, while the 2-
Photon-imaging is limited to the visualization of the dorsal skull. As a consequence, this study ignores
the morphological advanced structures of lymphatics at the base of the skull, which is a major CSF
pathway, as explained below.

In their experiments, the contrast agent was injected intraventricularly. By the use of 2-photon imaging,
they observed the tracer drainage through the thinned skull. Some contrast agent was detectable in

lymphatic vessels surrounding the PSS. As a result, the group suggested that this pathway works parallel
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to the glymphatic outflow through the arachnoid projection in the dural sinuses (JOHANSON et al.,
2008; WELLER et al., 2009).

To confirm their hypothesis, that the meningeal lymphatic vessels directly drain to the DCLN, they
injected intraventricular Evans blue and observed the DCLN over two hours. 30 min post-injection, the
tracer was visible in the DCLN and the meningeal vessels, before accumulation in the SCLN. When the
group injected the same tracer in the nasal mucosa, no tracer was detectable in the CLN, which is why
they claimed that the meningeal lymphatic vessels are the major passage for the CSF instead of the
cranial nerves and the cribriform plate. The resection of the lymphatic vessels that drain into the DCLN
resulted in the interruption of the physiological pathway as no tracer was evident in these lymph nodes.

Instead, an increase in diameter was observed in the meningeal vessels.

However, these findings were challenged by different studies, using NIR imaging or MRI. As described
below, the groups of Ma et al. were unable to confirm the tracer uptake in meningeal vessels (MA et al.,
2017). These results were replicated by the MRI-based studies of Ahn et al. 2019 (AHN et al., 2019).
The narrowed window of visualization and the focus on the meningeal vessels ignores that the tracer
could reach the CLN on other routes, like the base of the skull. Moreover, the absence of imaging
windows for the cranial nerves ignores another potential pathway, which was demonstrated by several
in vivo studies. As a result, the uptake of tracers in the DCLN has been demonstrated more again, while
the passage through the dorsal meningeal lymphatic vessels around the PSS and transverse sinus was

not confirmed by other studies (MA et al., 2017).

2.3.3. Near-infrared imaging-based studies

Recently, NIR imaging was used in a study from 2017 by Ma et al. (MA et al., 2017). They were the
first group that injected intraventricular NIR imaging compatible tracers in lymphatic vessels reporter
mice to detect the lymphatic outflow in detail. 10 min post-injection, the animals were euthanatized, and
the NIR images were taken 10 min, 30 min and 60 min after infusion. Firstly, the group demonstrated
that their method could confirm the hypothesis of CSF outflow along the PNS to the CLN, which was
the case. Afterwards, they investigated the relative contribution of the CSF to the systemic circulation
in the blood system compared to the outflow in the lymphatic vessels. The results of the study
demonstrated a significant difference in CSF outflow between 18-months-old mice versus younger two-
month-old animals indicating a decreasing dynamic of CSF outflow with age. From the medical
perspective, this physiological lack of CSF dynamic with age could be a potential explanation for many
neurodegenerative diseases like Alzheimer’s dementia, which are correlated with increasing age. As
described, the focal limitation of the NRI imaging required an observation at several locations. The

study identified a tracer accumulation in the CLN and the PNS of the cranial nerves. Moreover, the
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cribriform plate showed contrast enhancement indicating that the tracer drains through the pharynx into
the DCLN. However, a tracer in the dural lymphatics could not be detected. Focusing on the saphenous
vein and the posterior facial vein to detect the role of the venous drainage for the CSF outflow, the dye
could be demonstrated in venous vessels 30 min after infusion while we could observe an increase of
contrast in the CLN after 10 min. Therefore, it could be assumed that the lymphatic pathway has a major
role in the CSF outflow. However, 10 min post-injection, an accumulation of tracer was demonstrated
in the PVS of arteries of the Circle of Willis within the SAS spreading along the middle cerebral artery
to the cortical hemispheres. After 60 min the PVS of the whole venous and arterial blood system in the
brain contained contrast agent. Tracer penetrated in the so-called Virchow-Robin spaces suggesting a

glymphatic flow too (ILIFF et al., 2012).

2.3.4. Magnetic resonance imaging-based studies

Ahn et al. used the MRI to show the CSF outflow along the lymphatics at the base of the skull following
the cranial nerves which have their exit points there (AHN et al., 2019). They wanted to show the
pathway along these nerves and the morphological structure which could explain the detailed passage
outside the SAS in the lymphatic system. The base of the skull presents a confusing area of several exit
points containing different nerves and vessels of all origins. The MRI with a wider window of
visualization can demonstrate the CSF outflow in this region is of major importance in comparison to
the dorsal skull. Moreover, the study showed that the morphological structure of the lymphatics in this
region is changed with age, a fact that fits with the reduced CSF outflow in elder mice (MA et al., 2017).
Investigating the morphology of the meningeal lymphatic vessels in Prox1-GFP lymphatic reporter
mice, they concluded that the lymphatics in the meninges around the dorsal sinuses got a less wide
lumen and do not have any valves while the lymphatics around the petrosquamosal and sigmoid sinus
seems to be morphological like the peripheral lymphatics due to valves and a wider lumen. Moreover,
the junctional pattern of the basal lymphatics impresses by loose and discontinuous morphology which
enables them for the uptake of macromolecular CSF particles. Instead, the tight junctional pattern in the
dorsal meningeal vessels offends this function. The morphological aspects of the basal lymphatic vessels
led to the hypothesis, that they appear to offer a dual function due to the uptake and transportation of
the CSF (AHN et al., 2019). In addition to that, a thinner dura layer and a loser arachnoid barrier in the
basal skull in combination with a higher density of capillaries of lymphatic vessels around the SAS
compared to the dorsal area indicated a basal outflow. The parallel exit of lymphatics and cranial nerves
through the skull foramina makes a perineural lymphatic drainage plausible (WELCH, POLLAY, 1963).
However, the removal of cranial nerves did not affect the function of the surrounding lymphatics which
challenges the hypothesis of perineural drainage. The intracisternal bolus injection resulted in a tracer

accumulation in the CLN before a detection in the dorsal meningeal lymphatic vessels. After the signal
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peak in the cisterna magna, a basal outflow to the lymph nodes was detectable immediately. However,
the dorsal lymphatics showed a slowed and reduced tracer accumulation. Referring to the study of Ma
etal. 2017 (MA etal., 2017), the group investigated the structural characteristics of meningeal lymphatic
vessels. Therefore, they distinguished their observation between a group of 3-months old mice and an
elder group which was 24-27 years old. They described that in the elder mice, the density of lymphatic
branches around the PSS and the dorsal skull was reduced. However, focusing on the base of the skull,
the lymphatics revealed the opposite reaction than in the dorsal area due to a hyperplastic, higher
branched lymphatic network. Interestingly, middle-aged mice are characterized by a reduced lymphatic
network in the dorsal skull, while the base of the skull did not show any changes compared to young
mice. Investigations of the morphological changes indicate that the hyperplastic basal lymphatics in old
mice are less functional than in young mice as fewer valves, a dysmorphological collagen exhibition
and other aged related restrict efficient drainage. Comparing these findings with lymphatics in peripheral
organs, they could not confirm these age-related variations in the periphery. As a result, they assumed
that these processes are organ-specific and explain the slowed CSF outflow in aged mice, as they

claimed the basal skull as a major CSF pathway.

However, their focus on the basal skull ignores the olfactory with the cribriform plate and nasal cavity
as a relevant pathway, which was described by several studies (MA et al., 2017). Moreover, the optic
nerves, as another potential route, were not imaged. Therefore, it is impossible to quantify the
importance of all described pathways. As illustrated in Figure 3 A, MRI allows to detect the CSF
circulation within the whole skull and show all relevant pathways in vivo in one animal. Visualization
of the role of the basal skull and the frontal cranial nerves in the same animals in comparison to tracer
drainage in the dorsal skull would be possible. The detailed quantification of tracer drainage over time

leads to an exact and extensive description of all relevant passages.

The recently published studies require a final MRI-based work that demonstrates the CSF outflow and
shows the detailed passage. As shown in Figure 3 B, the NRI-based study by Ma et al. in 2017 has the
disadvantage that the mice were euthanized before taking the images (MA et al., 2017). The group
demonstrated the flow and accumulation of tracer in the lymph nodes and cranial nerves at different
time points, but they were not quantified in the same mice. However, their idea that the CSF drains
through the cribriform plate over the pharynx to the CLN seems to be right although the narrowed
window of the NRI imaging requires a method offering a chronological overview to confirm this

hypothesis.
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Figure 3: Schematic comparison of magnetic resonance imaging- and near-infrared imaging-based methods
for cerebrospinal fluid investigation

A: Intraventricular implantation of an MRI-compatible cannula while fixing the head with a stereotactic frame.
Afterward, the animal is transported in the MRI. The 60 min infusion and the MRI measurement are started
(DECKER etal., 2022). Reprinted and adapted with permission [JCI Insight], [Decker Y, Krdamer J, Xin L, Miiller
A, Scheller A, Fassbender K, Proulx ST (2022) Magnetic resonance imaging of cerebrospinal fluid outflow after
low-rate lateral ventricle infusion in mice. JCI Insight 7:e150881]; https://doi.org/10.1172/jci.insight. 150881,
permission  conveyed  through  Copyright  Clearance  Center, Inc. under the license
https://creativecommons.org/licenses/by-nc-sa/4.0/legalcode. B: The mouse is intraventricularly injected over x
min while fixated in the same stereotactic frame. After the chosen time, the animal is killed, and the near-infrared
images are taken. Reprinted and adapted with permission [JCI Insight], [Decker Y, Krédmer J, Xin L, Miiller A,
Scheller A, Fassbender K, Proulx ST (2022) Magnetic resonance imaging of cerebrospinal fluid outflow after low-
rate lateral ventricle infusion in mice. JCI Insight 7:e150881]; https://doi.org/10.1172/jci.insight.150881,
permission  conveyed  through  Copyright  Clearance  Center, Inc. under the license
https://creativecommons.org/licenses/by-nc-sa/4.0/legalcode.

In a second study, after an intraventricular bolus injection over 2,5 minutes, the group observed mice in
different stadiums (MA et al., 2019b). Their findings describe a difference between awake and ketamine-

anesthetized mice. While the outflow through the lymphatics seems to be more rapid in the awake mice,
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the glymphatic perivascular seems to be the major pathway in the anesthetized mice. They concluded
that the faster tracer elimination out of the CSF in awake mice impaired the perivascular pathway.

The PVS contrast seemed to be wider in vivo while the contrast agent was limited on the area near the
ventricle and did not drain to the cortical blood vessels. However, when killing the mice, the tracer could
be detected in the cortical blood system due to post-mortem vasoconstriction of the middle cerebral
artery. This post-mortem tracer movement was confirmed by the same study as tracer accumulation in
the cortex parenchyma increased only after the death. However, the detailed mechanism of CSF outflow
along PVS remains unsolved as the drainage along veins to the CSF or a direct connection with the dural
lymphatics vessels keep discussed (ASPELUND et al., 2015; ILIFF et al., 2015; LOUVEAU et al.,
2015). An outflow along PVS could be not demonstrated for awake mice. An important role for the
Circle of Willis was described as the anatomical connection of the arteries in this region as stomata
within the pia mater could provide a CSF outflow pathway to the PVS (PIZZO et al., 2018; ZERVAS
et al., 1982). Rostral of the Circle of Willis, the localization of the optical and olfactory nerve could
explain the outflow from the basal cisterns either to the Circle of Willis or the cranial nerves depending
on the physiological conditions. The group concluded that even in awake mice, a part of the CSF outflow

has to appear over the PVS even if they did not understand the anatomical conditions in detail.

Another MRI-based study injected the tracer into the cisterna magna. The mice were distinguished into
two groups by using different narcotics. The anesthesia was processed with isoflurane in one group,
while the other group was anesthetized by ketamine/xylazine (STANTON et al., 2021).

The tracer was first detectable in the Circle of Willis and the subarachnoid cisterns. Afterward, the CSF
drained along with the middle cerebral artery in the parenchyma from where it reached the olfactory
bulb. An increase of contrast had been shown 1,5 mm dorsally of the middle cerebral artery, while 3
mm dorsal of the artery no increase was observed. Moreover, the tracer could be found in the basal
foramina and Basilary artery. An increase of contrast along with the olfactory bulb and the nasal
turbinate fits with the findings in our work. In addition to that, the pharyngeal lymphatics indicate a
significant contrast enhancement. Under isoflurane, the contrast enhancement along with the arterial
structures like the middle cerebral artery, the Circle of Willis, or the Basilary artery was significantly
decreased compared to the ketamine/xylazine group. It was concluded that under ketamine/xylazine, the
CSF transport appears to dominate through the spinal cord or along with the olfactory bulb and the nasal
turbinate to the pharyngeal pathway (MA et al., 2019a; MA et al., 2017). Under the anesthesia with

isoflurane, the CSF outflow seemed to follow the vagus nerve and leave the skull by the basal foramina.
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2.4. Different pathway concepts of cerebrospinal fluid drainage to cervical

lymph nodes

The recently published studies have in common that they focus on three models of the CSF outflow
pathways to the DCLN. On the one hand, several publishers are convinced by a dominant CSF drainage
along the glymphatic pathway that drains through the brain parenchyma and along the dorsal aspect of
the skull, as illustrated in Figure 4 A. This model of glymphatic CSF outflow was especially postulated
by the group of lliff et al. (ILIFF et al., 2012; LOUVEAU etal., 2018; LOUVEAU et al., 2015; OLIVER
et al., 2020; RUSTENHOVEN et al., 2021). However, these observations are challenged by several
studies describing a predominantly outflow along the ventral and basal aspect of the skull (AHN et al.,
2019; MA et al., 2019a).

As recent publications rediscovered the presence of lateral ventricle within the dura (AHN et al., 2019;
ASPELUND et al., 2015; LOUVEAU et al., 2015) and a discussion was started on a potential CSF
outflow along these. As a consequence, it was claimed that the major CSF outflow drains along with the
dorsal venous sinuses like the PSS and transverse sinus (HEISEY et al., 1962; HOFFMANN, THIEL,
1956). These studies claim the presence of a glymphatic pathway meaning that the tracer drains along
with the PVS through the brain parenchyma, as illustrated in Figure 4 A. After the passage of the
arachnoid projections, the tracer drains to the PVS of the venous sinuses. Afterward, the contrast agent
would flow in the dural lymphatic vessels along with these sinuses. Therefore, the CSF outflow to the
DCLN would dominate along the dorsal aspect of the skull.

Other findings challenged this model of CSF outflow, as they described tracer drainage to the DCLN
along the cranial nerves at the base and the front of the skull which is shown in Figure 4 B (MA et al.,
2019a; MA et al., 2017; PIZZO et al., 2018; STANTON et al., 2021). By using NIR imaging and MRI
to reevaluate the CSF outflow in mice, they described a major pathway along the PNS to the nasal cavity
and orbital space. After reaching the front of the skull, the tracer follows the lymphatic vessels draining
in the DCLN. Moreover, the base of the skull with several foramina, working as an exit point for other
cranial nerves, is described as a parallel outflow pathway (MA et al., 2019a).

The third model, which is shown in Figure 4 C, illustrates the work of Ahn et al. By using MRI, they
focused on the role of the base of the skull. On the microscopic view, they observed a more branched
network of lymphatics with an advanced morphological structure for a potential CSF outflow at the base
of the skull compared to the lymphatics around the venous sinus at the dorsal skull. In their opinion, the
morphological characteristics of basal meningeal lymphatics and the localization close to the exit points
of the cranial nerves that allows a CSF outflow from the SAS defines the basal region of the skull as a

major pathway (AHN et al., 2019).
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Figure 4: A consensus exists on cerebrospinal fluid outflow to the deep cervical lymph nodes, although the
pathways to the deep cervical lymph nodes are still under debate

A: According to hypothesis 1, CSF drains with the glymphatic pathway through the brain parenchyma. The tracer
next flows along the perivascular meningeal lymphatics at the dorsal side of the skull and reaches the DCLN
(OLIVER et al., 2020). Reprinted with permission of Cell; Volume 182, Issue 2; Oliver G, Kipnis J, Randolph GJ,
Harvey NL; The Lymphatic Vasculature in the 21st Century: Novel Functional Roles in Homeostasis and Disease.
Page 270-296; Copyright Elsevier (2020). B: According to hypothesis 2, the tracer outflow dominates through the
front and the base of the skull along PNS, leaving the skull through the neuronal exit points. From there, the CSF
reaches the CLN (MA et al., 2019c). Reprinted with permission [ROCKEFELLER UNIVERSITY PRESS], ©
2019, Ma et al.; Originally published in Journal of Experimental Medicine. https://doi.org/10.1084/jem.20190351.
C: According to hypothesis 3, the CSF drains along with the basal venous sinuses in the PVS. Especially the PSS
and the transverse sinus dominate in this pathway. With increased age, the CSF outflow is slowed down in the
PVS leading to a reduced accumulation in the DCLN (AHN et al., 2019). Reprinted with permission of [Springer
Nature]: [Ahn JH, Cho H, Kim J-H, Kim SH, Ham J-S, Park I, Suh SH, Hong SP, Song J-H, Hong Y-K, Jeong Y,
Park S-H, Koh GY (2019) Meningeal lymphatic vessels at the skull base drain cerebrospinal fluid. Nature 572:62—
66], https://doi.org/10.1038/s41586-019-1419-5, permission conveyed through Copyright Clearance Center, Inc.
under the license https://creativecommons.org/licenses/by-nc-sa/4.0/legalcode.

2.5. Aim of study

As described previously, recent studies have challenged historical views regarding CSF outflow.
Anatomical pathways of CSF outflow are under intense debate in the scientific community and no

consensus has been reached.
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In this study, using newly developed methods that combine slow-rate infusion of contrast agent

associated with dynamic contrast-enhancement MRI), we have tried to clarify conflicting observations.

1. Our first aim was to identify the different anatomic routes used by CSF.
To do so we aimed at developing a method to preserve the physiological integrity of CSF
circulation by developing a slow-rate infusion method that avoids the creation of artificial,
pressure-related CSF movement.
We also aimed at optimizing the method to image by MRI the whole head including the

surrounding tissue of the CLN with high spatial and temporal resolution.

2. After the determination of the different CSF outflow routes, our second aim was to identify
which ones were the major route(s).
In dynamic contrast-enhancement MRI, it is not able to estimate the relative contribution of
each clearance pathway and determine the major outflow routes. For example, a site with slower
dynamics would appear to have more overall flux than an area with rapid transport of contrast
agent and a faster washout.
We used the advantage, that the differences in CSF outflow between young and aged mice were
already known as aged mice show a reduced outflow. This development can only be explained
at major outflow pathways for CSF that would show the expected differences between young
and aged animals. By this observation, it would be possible to reveal the major CSF outflow

route(s).

3. Material and method
3.1. Mice

Female, wild-type mice (Janvier, France) that are characterized on the C57BL/6 background were used.
For the experiment, the mice were distinguished into a group of 2-3 months old animals and a group at
24 months of age. Although the group of elder mice is described as aged mice in our work, this age is
declared as mid-aged. Aged mice are defined as animals older than 24 months. However, we used the
term aged mice in this work. The animals were kept in a closed, pathogen-free environment until their
use for the experimental process. The experiments with the animals are approved by the Landesamt fiir

Gesundheit und Verbraucherschutz, Saarbruecken, Germany (license number 31/2018 and 45/2019).
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3.2. Anesthesia

In the morning before the surgery, the mouse is transported to the operation room. Then, it got time to
adapt to the new environment.

The anesthesia is reached through intraperitoneal injection of ketamine (100mg/kg) and xylazine
(20mg/kg), which guarantee sufficient pain relief and anesthesia. While the surgery, the infusion, and
the MRI, we applied isoflurane through the inhalation mask in oxygen-enriched air. The used isoflurane
doses were adjusted to the depth of the narcotic stadium. Generally, the isoflurane doses were kept
steady between 0,5 and 1% with 98% O2 to prevent and respiratory rate lower than 140 breaths per
minute. The animals could breathe spontaneously in the whole experimental procedure. The monitoring
of the vital parameters as the respiratory rate and the body temperature were measured non-invasive (SA
Instruments, Stony Brook, NY). A body temperature between 36,5°C and 37,5°C was the aim. To keep
the animal at a physiological temperature, the mouse was planted on water bath-operated thermal pads
too.

Figure 5 shows the used stereotactic frame (Kopf Instruments, Tujunga, CA) that allows to fix the head
between the two ear bars on both sides. The frontal side of the skull is localized in the nose bare, where

the anesthesia is applied.

n syringe

Figure 5: Stereotactic surgery tool
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[lustration of the used stereotactic frame (Kopf Instruments, Tujunga, CA). Descriptions are made to show the
several functional parts of the stereotactic frame. The mouse is fixed between the ear bars on the side of the skull
while the nose is placed in the nose bar. Above, the holder for the Hamilton syringe can be moved in 3 dimensions.
This enables the user to place the cannula at the exact position.

3.3. Surgical operation

The skull was shaved to get a free view of the periost of the skull. Afterward, the head of the mouse was
fixed in a stereotactic frame (Kopf Instruments, Tujunga, CA). To uncover the scull, a small incision
along at the occipital suture sagittal was made. By using some tweezers, the skin was pulled up. Under
the stereomicroscope, a 1,2 cm long, longitudinal incision from the anterior to the occipital side of the
skull was done by using feather scissors. Around the suture cross, the cut was extended along the suture
coronals with the same method. Afterward, the flaps of skin were removed by the tweezers. As a
consequence, we got a free view of the suture cross. The operation protocol was copied from DeVos et
al. 2013 (DEVOS et al., 2013).

A mixture of bupivacaine and lidocaine was put on the uncovered periost (mixture of 1:1). Then, the
bone was thinned with a Proxxon GG 12 Engraving drill (Proxxon, Niersbach, Germany). With the help
of the stereotactic frame, the exact position to insert the 2,5 mm long, MRI-compatible 28G
microcannula (#3280P/PK/Spc; Plastics One) was calculated.

Firstly, the bregma was the point of orientation on the skull. The correct position for the insertion of
the cannula is reached 0,95 mm at lateral and 0,22 mm caudal from the bregma. Then, the cannula was
localized above the lateral ventricle and inserted 2,5 mm ventral of the skull surface (MA et al., 2019a).
The successfully placed cannula was sealed with cyanoacrylate glue. The skin was replaced over the
infusion area and reconnected by 2-3 stitching. The implanted and anesthetized animal is transported in
prone position to the MRI cradle (BioSpec Avance III 94/20; Bruker Biospin GmbH, Ettlingen,
Germany) and was examined without application of the contrast agent. Afterward, Gadospin D
(nanoPET Pharma GmbH, Germany) solution with at a Gadolinium G concentration of 25 mM was
filled in a 1-1,5m long polyethylene catheter. The catheter was connected to the microcannula and a 10
pL syringe which is regulated by NanoJet syringe pump (Chemyx Inc., Stafford, TX, USA). The
microcannula and the syringe pump are MRI-compatible.

The skin was closed with a medical adhesive bandage around the microcannula.

For the surgical operations, 15-25 minutes were calculated.
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3.4. Dvnamic magnetic resonance imaging

The imaging of the CSF circulation was performed by horizontal-bore 9,4 T animal scanner (BioSpec
Avance III 94/20; Bruker Biospin GmbH, Ettlingen, Germany) with a BGA12S gradient system with
ParaVision 6.0.1 (Bruker Biospin GmbH) and a lineary polarized coil with an inner diameter of 40 mm
(Bruker Bipspin GmbH). Immediately after the infusion of the contrast agent the MRI was performed
on anesthetized, prone-positioned animals. To detect the contrast enhancement, a three-dimensional
time of flight gradient recalled echo sequence (3D-TOF-GRE) was adapted from previous imaging
processes of lymphatic vessels. The recovery time of 12,0 ms, echo time of 2,5 ms, flip angle 25 °,
matrix 600 x 432 x 180, a field of view 36,00 mm x 25,92 mm x 18,00 mm, one average, and a scan
time of 4 min 19 s 200 ms were the chosen imaging parameters. Furthermore, next to the animal’s head,
a phantom was planted to calculate the intensity normalization over time. The phantom contained a
dilution of 5 mM Gadolinium and 0,9 % NaCl.

Firstly, a baseline scan was taken to control the position of the implanted cannula and to guaranty the
physiological anatomy of the CNS. The Gadospin D solution of 25 mM was infused constantly at a rate
of 0,1 uL/min for 60 minutes. This rate means around 1/3 of the estimated CSF production rate in mice
(Davson and Segal, 1996; 29867199). In the end, 6 pL of a solution based on 25mM Gadospin D
(nanoPET Pharma GmbH, Germany) were injected in lateral ventricle.

The performed 3D images were analyzed by Horos software (version 3.3.6, Horos Project). In the
software, the ROIs were drawn manually in two sections for each mouse. The data from the sections
were averaged. For each section, the contrast of the phantom was quantified and the measured ROI’s

were normalized.

3.5. Statistics

Other successful, reproducible studies were the reference for the size of the two groups (Ma et al. 2017,
30306266). The statistical analyses were done with GraphPad Prism 5 (GraphPad). All values are
presented as mean +- Standard error of the mean (SEM). The means were compared by common
unpaired two-tailed Student’s t-test. For the comparison of measured values, two-way ANOVAs
followed by Bonferroni’s posthoc test were used. A p-value below 0,05 indicated statistical significance.
As explained, the ROIs were drawn manually in the HOROS software (version 3.3.6, Horos Project),
shown in Figure 6. Figure 6 A illustrates the manually placed ROI on the lateral ventricle. The contrast
enhancement was quantified in the contralateral lateral ventricle of the infusion site. The massive
contrast enhancement at the site of infusion leads to black spots creating artificially reduced values. The
lateral ventricles are separated by a permeable membrane and show a comparable increase. However,

the contralateral ventricle did not produce artificial black spots. Therefore, it was taken as ROI and the
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measured values are more reliable. After the correct positioning of the ROIs, the HOROS software

calculated the contrast enhancement. This process was done for each slide of the MRI images.

A

Draw ROI with HOROS software

Intensity normalization

Figure 6: Data processing of the magnetic resonance imaging

A: ROIs were drawn manually in the HOROS software in the correct position. Here, the lateral ventricle is taken
as an example. The HOROS software calculates the contrast value at this region. B The ROI was drawn on the
phantom, the polyethylene tubing that contains the contrast agent. This quantification was necessary to normalize
the ROI value of measured regions. It was calculated in every slide.

Scale bar 1 mm.

To achieve the normalized value of contrast increase over time, the quantified value of the ROI was
divided by the measured value of the phantom. The measurement of the phantom is illustrated in Figure
6 B. For the calculation of the percentage change, the pre-infusion ROI was taken as the basis. This
value was substrate from the measured contrast increase in the slide of interest. As a result, the absolute
change was quantified and was divided by the baseline value. For getting the percentage change, it was
multiplicated by 100. At the end, the percentage change of contrast enhancement over time is calculated
by the following equation: [(normalized signal intensity — normalized pre-infusion intensity) /

(normalized pre-infusion intensity)] x 100).
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For the calculation of the volume of the lateral ventricle and the lymph nodes, the software 3DSlicer,
version 4.11 (www.slicer.org), was used. All MRI images were imported from Horos software. The used
slides for each animal were standardized, as the slide with the highest intensity in the lateral ventricle.
or lymph node was taken. Figure 7 demonstrates the applicated steps in the software on the example of
a DCLN as region of interest. At first, as shown in Figure 7 A, two segments were chosen to paint the
lymph node and the surrounding, non-lymphatic tissue. The painting was done for all three dimensions
with the segment editor module. As shown in Figure 7 B, the painted segments required a smoothing
with Gaussian 1,500 mm and the application of ,,Grow from seeds”. Finally, a 3D construction of the
lymph node was designed, and the software calculated the volume with segment statistics module,

illustrated by Figure 7 C.
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Figure 7

Screenshots from the different steps in the software Slicer 3D 4.11 (www.slicer.org). The red circles illustrate the

applicated buttons. The left side shows the change of painting after the implementation of the processes. A:

Through the segment editor module two segments were chosen. One segment paints the tissue of interest (lateral

ventricle or lymph node) and the other segment the surrounding tissue for better definability. B: The two segments
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require smoothing, which was applicated with Gaussian 1,500 mm. The implementation of ,,Grow from seeds”
generates the final reconstruction of the structure which is ready for reconstruction. These steps were performed
in the segment editor module, too. C: The 3D model is calculated in segment statistics module by the software. As
marked in blue, ,,Quantification” and ,,Segment statistics” were applied and the volume was quantified.

All statistical analyses were done by GraphPad Prism (GraphPad). The contrast values are presented as
mean +-SEM. Unpaired two-tailed Student’s test was used to compare two groups. Two-way ANOVA
was applicated to compare with age as a between-subject factor and time points as a within-subject
factor. Then, Bonferroni’s posthoc test was done. Statistical significance was reached by a p-value

<0,05.

4. Results

4.1. Validation of the experimental method

At first, it is necessary to confirm the findings that are already accepted as the accumulation in the CLN
(MA etal., 2019a; MA et al., 2017; MA et al., 2019b). As the study is the first that works with the MRI-
based, slow-rate infusion, a confirmation of previous descriptions is required that showed tracer
accumulation after bolus injection (MA et al., 2019a; MA et al., 2017; MA et al., 2019b). As the mouse
produces around 35 pL CSF per day (DAVSON, SEGAL, 1966), bolus injections of 5-10 puL could
create an unphysiological elevated ICP. As a result, I decided to establish a method with a slower and
physiological tracer application. However, the establishment of a new method of tracer infusion requires
confirmation as a valid method. Therefore, the demonstration of tracer accumulation in the CLN after
tracer infusion is necessary. As shown in Figure 8 A, the quantification of the contrast enhancement in
the DCLN indicates a similar increase compared to bolus injection illustrated by Figure 8 B (MA et al.,
2019a; MA et al., 2017; MA et al., 2019b). Moreover, Figure 8 illustrates, that the tracer accumulation
in the CLN is delayed and reduced in aged mice as observed after bolus injection (BRADY et al., 2020;
LIU et al., 2020; MA et al., 2017). As a result, my experimental setup of slow rate infusion and imaging

1s valid.
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Figure 8: Tracer detection in cervical lymph nodes by magnetic resonance imaging is in accordance with
previously published near-infrared imaging observations

A: The signal in the DCLN increases 15 min post-infusion for the whole time of infusion duration of 60 min. After
the infusion, the contrast keeps steady on a high level. B: The MRI-based study found a similar increase as the
near-infrared imaging-based study. C: The contrast in the SLN increases slower over the same time and peaks
below the quantification of the DCLN. Reprinted with permission of [Springer Nature]: [Ma Q, Ineichen BV,
Detmar M, Proulx ST (2017) Outflow of cerebrospinal fluid is predominantly through lymphatic vessels and is
reduced in aged mice. Nat Commun 8:1434], https://doi.org/10.1038/s41467-017-01484-6, permission conveyed
through Copyright Clearance Center, Inc. under the license https:/creativecommons.org/licenses/by-nc-
sa/4.0/legalcode. D: The other study found a slower and reduced increase compared to the DCLN too. Reprinted
with permission of [Springer Nature]: Outflow of cerebrospinal fluid is predominantly through lymphatic vessels
and is reduced in aged mice. Nat Commun 8:1434], https://doi.org/10.1038/s41467-017-01484-6, permission
conveyed through Copyright Clearance Center, Inc. under the license https://creativecommons.org/licenses/by-nc-

sa/4.0/legalcode.
Data are expressed as mean + SEM of n=7 young mice and are representative of three independent experiments.

Observations of the CLN show that the peak of contrast enhancement is significantly reduced in elder
mice compared to the younger animals. As shown for the DCLN in Figure 9 A and the SLN in Figure
10 A, the magnetic resonance images show a significantly slowed increase of contrast enhancement in
aged mice. In lymph nodes, the contrast agent peaks at the surface of the nodes while the inner tissue
shows less contrast enhancement. The illustrations in Figure 9 B and Figure 10 B indicate that the
volume of the SLN and DCLN between aged and young mice is not significantly reduced. Therefore,

the possibility of an artificially reduced contrast enhancement due to increased volume of the CLN is
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eliminated. As a consequence, the physiological process of aging seems to be responsible for this change
in CSF dynamics. However, the details of this process keep unsolved.

Moreover, as shown in Figure 9 C, the increase of contrast in DCLN starts around 15 min post-injection
in both groups while the acceleration is significantly reduced in elder mice. The SLN, as shown in Figure
10 C, demonstrate a similar finding as the acceleration is significantly slower in the aged group.
However, the increase of contrast starts for the young mice around 15 min too. However, in the group
of elder mice, a contrast enhancement is observed after nearly 30 min. The application of bolus injection
and NIR imaging demonstrated similar findings (MA et al., 2017). As described before, the contrast
quantification in young mice is significantly increased 30 min post-injection and still higher than in aged
mice 60 min post-infusion in the CLN.

Figure 9 D and 10 D shows the decreased and slowed contrast enhancement in the CLN that is detectable
after bolus-injection and NIR imaging too (MA et al., 2017). Therefore, the method of slow rate infusion

and MRI confirms common knowledge and is valid.
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Figure 9: Reduced tracer detection in deep cervical lymph nodes of elder mice by magnetic resonance
imaging is in accordance with previously published near-infrared imaging-based observations

A: Magnetic resonacne images directly post-infusion and 30 min, 60 min, and 90 min post-infusion. The upper
series shows an example for a young mouse and the series below for an elder mouse. The subjective view indicates
a reduced contrast for the aged mouse. B: The 3D reconstruction by Slicer 3D of the DCLN in both groups shows
a similar macroscopic size. The volume calculation for all used mice shows no significant difference due to age.
The volumes are compared with a two-tailed Student’s t-test. Scale bars: 0,3 mm. C: The increase of contrast is
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significantly delayed and reduced in elder mice. However, the acceleration of tracer accumulation starts in both
groups around 15 min. Quantifications of the different ROIs are expressed as the mean + SEM of n= 7 young mice
vs n=6 aged mice and are representative of three independent experiments. *p<0.05 (two-way ANOVA followed
by Bonferroni’s posthoc test). Reprinted and adapted with permission [JCI Insight], [Decker Y, Krdmer J, Xin L,
Miiller A, Scheller A, Fassbender K, Proulx ST (2022) Magnetic resonance imaging of cerebrospinal fluid outflow
after low-rate lateral ventricle infusion in mice. JCI Insight 7:¢150881]; https://doi.org/10.1172/jci.insight. 150881,
permission  conveyed  through  Copyright  Clearance  Center, Inc. under the license
https://creativecommons.org/licenses/by-nc-sa/4.0/legalcode. D: NIR imaging demonstrates a significantly
reduced accumulation 30 min post-injection in aged mice. The contrast decreases after 60 min in the young mice
while the aged group shows still an increase. Reprinted with permission of [Springer Nature]: [Ma Q, Ineichen
BV, Detmar M, Proulx ST (2017) Outflow of cerebrospinal fluid is predominantly through lymphatic vessels and
is reduced in aged mice. Nat Commun 8:1434], https://doi.org/10.1038/s41467-017-01484-6, permission
conveyed through Copyright Clearance Center, Inc. under the license https://creativecommons.org/licenses/by-nc-

sa/4.0/legalcode.
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Figure 10: Reduced tracer detection in submandibular lymph nodes of elder mice by magnetic resonance
imaging is in accordance with previously published near-infrared imaging-based observations

A: Magnetic resonance images directly post-infusion and 30 min, 60 min, and 90 min post-infusion. The upper
series shows an example for an elder mouse and the series below a young mouse. The subjective view indicates a
reduced contrast for the aged mouse. B: The 3D reconstruction of the DCLN in both groups by SLICER-3D shows
a similar macroscopic size. The volume calculations for all used mice show no significant difference due to age.
The volumes are compared with a two-tailed Student’s t-test. Scale bars: 0,3 mm. C: The increase of contrast is
significantly slowed and reduced in elder mice. However, the acceleration of tracer accumulation starts in both
groups around 20 min. Quantifications of the different ROIs are expressed as the mean + SEM of n= 7 young mice
vs n=6 aged mice and are representative of three independent experiments. *p<0.05 (two-way ANOVA followed
by Bonferroni’s posthoc test). Reprinted and adapted with permission [JCI Insight], [Decker Y, Krdamer J, Xin L,
Miiller A, Scheller A, Fassbender K, Proulx ST (2022) Magnetic resonance imaging of cerebrospinal fluid outflow
after low-rate lateral ventricle infusion in mice. JCI Insight 7:¢150881]; https://doi.org/10.1172/jci.insight. 150881,
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permission  conveyed  through  Copyright  Clearance  Center, Inc. under the license
https://creativecommons.org/licenses/by-nc-sa/4.0/legalcode. D: NIR imaging demonstrates a significantly
reduced accumulation 30 min post-injection in aged mice. Reprinted with permission of [Springer Nature]: [Ma
Q, Ineichen BV, Detmar M, Proulx ST (2017) Outflow of cerebrospinal fluid is predominantly through lymphatic
vessels and is reduced in aged mice. Nat Commun 8:1434], https://doi.org/10.1038/s41467-017-01484-6,
permission  conveyed  through  Copyright  Clearance  Center, Inc. under the license
https://creativecommons.org/licenses/by-nc-sa/4.0/legalcode.

Therefore, as shown in Figure 11, the tracer distribution can be tracked back after the infusion by MRI.
Figure 11 A highlights all the relevant regions, that play a role in the CSF outflow. As shown in Figure
11 B, an overview was created that demonstrates the tracer accumulation at several time points and
enabled us to visualize the tracer accumulation in three dimensions. 15 minutes after infusion the tracer
is detectable at the basal cisterns and the olfactory bulbs. After passing more time, contrast enhancement
is detectable in the nasopharyngeal region. Moreover, an increase in the CLN starts 20 minutes after
infusion. The observation of the overview in Figure 11 indicates a continuous anatomical pathway from
the nasal cavity along with the nasopharyngeal region to the DCLN. Moreover, a connection between
the SLN and the DCLN is detectable, which was described by another publication too (MA et al., 2017).

In Figure 11 C, further descriptions of relevant anatomical structures in the MRI are visible.
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Figure 11: Dynamic contrast-enhanced magnetic resonance imaging showed a continuous efflux of contrast
agent from the nasal region through lymphatic vessels toward cervical lymph nodes following slow-rate
infusion

A: Maximum intensity projection of the mural head with HOROS software. The quantified regions are highlighted.
The yellow color shows the nasal cavity, blue color shows the lymphatics in the pharyngeal region draining to the
CLN in green color. The red line demonstrates the location of the jugular foramen. B: Timeline demonstrates the
mural head before injection and the tracer flow 4-, 30-, 60- and 90-min post-infusion. The tracer was infused
successfully without any leakage or diffusion after 4 min. The CSF system is filled with the tracer after 30 min.
An hour post-infusion, increased contrast in the nasal region and the lymphatics around the CLN are detectable.
Moreover, the CLN are recognizable due to tracer accumulation. After 90 min, the tracer accumulation in the
named regions after 60 min increases even more. C: MRI overview on the CNS and a mural head and neck after
intraventricular injection 90 min post-infusion. The arrows indicate the relevant regions for CSF outflow. A
massive tracer accumulation is detectable within the CSF system in the spine and in basal part of the brain.
Moreover, a diffuse contrast was visible in the nasal region. The CLN are significantly filled with contrast agent.
Data are representative of n = 7 mice and three independent experiments. Scale bars: 3 mm.

Reprinted and adapted with permission [JCI Insight], [Decker Y, Krimer J, Xin L, Miiller A, Scheller A,
Fassbender K, Proulx ST (2022) Magnetic resonance imaging of cerebrospinal fluid outflow after low-rate lateral
ventricle infusion in mice. JCI Insight 7:e150881]; https://doi.org/10.1172/jci.insight.150881, permission
conveyed through Copyright Clearance Center, Inc. under the license https://creativecommons.org/licenses/by-nc-

sa/4.0/legalcode.
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4.2. Perivascular space at the base of the skull as a potential pathway

The recent demonstrations of decreased tracer outflow in aged mice compared to younger animals could
be confirmed by this study (BRADY etal., 2020; MA et al., 2017). As shown in Figure 12 A, the contrast
enhancement on the infusion site was determined firstly. The group of aged mice indicate a significantly
delayed increase although the peak values are higher for the aged animals. The decrease of contrast
agent starts around 40 min post-infusion while it peaks around 60 min in the group of aged mice. Figure
12 B demonstrates that a potential increased size of the lateral ventricle due to age is not detectable. The
volume of the lateral ventricle in both groups of mice was quantified by the software SLICER 3D as
visualized below (Figure 12 B). Neither the 3D reconstruction nor the calculation of the volumes lead
to a significant difference. As a result, the delayed increase and higher peak values in aged mice are
explained by a reduced CSF dynamic due to a lower flow rate to the third ventricle. Observation of the
third ventricle shows a similar contrast enhancement (Additional data). The delayed peak of contrast
confirms the observations of a reduced CSF dynamic in aged mice (BRADY et al., 2020; MA et al.,
2017).
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Figure 12: Quantification of the contrast increase over time at the injection site and comparison of the
ventricular size depending on the age

A: Intraventricular contrast enhancement in the contralateral ventricle of infusion site. A massive contrast increase
can be detected. The graphical illustration indicates a reduced acceleration with a higher contrast increase.
Quantifications of the different ROIs are expressed as the mean = SEM of n= 7 young mice vs n=6 aged mice and
are representative of three independent experiments. *p<0.05 (two-way ANOVA followed by Bonferroni’s
posthoc test). B: The size of the lateral ventricle is compared between young and aged mice leading to no
significant difference by illustrating and measurement with the software SLICER 3D. Ventricle volumes of young
and aged mice are compared with an unpaired two-tailed Student’s t-test.

Reprinted and adapted with permission [JCI Insight], [Decker Y, Kriamer J, Xin L, Miiller A, Scheller A,
Fassbender K, Proulx ST (2022) Magnetic resonance imaging of cerebrospinal fluid outflow after low-rate lateral
ventricle infusion in mice. JCI Insight 7:e150881]; https://doi.org/10.1172/jci.insight.150881, permission
conveyed through Copyright Clearance Center, Inc. under the license https://creativecommons.org/licenses/by-nc-

sa/4.0/legalcode.

Moreover, the relevant arterial network at the base of the skull was quantified which is presented by the
Circle of Willis and the Carotid cistern. As illustrated in Figure 13 B/C, in both regions, a massive
increase of contrast was visible (> 700% compared to baseline, Figure 13 B/C), which was delayed
again in the group of elder mice. Besides, the young mice peaked between 30 and 60 min and started to
decrease after 60 min. However, the aged mice demonstrated a quantitatively weaker contrast

enhancement at the beginning compared to young animals. These results indicate a major role for this
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area in the CSF outflow pathway. Anatomically, the area around this network of blood vessels is
characterized by cranial nerves leaving the skull with these arteries. As described, in the study by Ma et
al 2019, the Circle of Willis may play a role in the CSF outflow, because of an anatomical connection
between the arteries and the CSF (MA et al., 2019b). In the pia mater around these arteries, stomata
exist and provide a pathway for CSF outflow to the PVS (PIZZO et al., 2018; ZERVAS et al., 1982).
The massive increase in the PVS around the Circle of Willis and Carotid cistern confirms this
hypothesis.

Another important motivation of my work is the evaluation of CSF outflow at the dorsal aspect of the
skull along with the PVS of the venous sinuses within the meninges. In 2012, Iliff et al. published the
concept of the glymphatic pathway describing a CSF flow along the cerebral arteries to the interstitial
space (HOFFMANN, THIEL, 1956). From there, CSF would drain to the PVS of the venous system,
and after the penetration of the arachnoid barrier draining along with the venous sinuses within the
meninges where it enters the lymphatic system (ILIFF et al., 2012). Therefore, the dorsal brain
parenchyma was quantified which should show an increase in contrast following this model. Moreover,
the PVS around the PSS should show a tracer accumulation too. However, the MRI images indicate
only a minimal amount of tracer drains through this claimed pathway. Referring to Figure 12 D and E,
in no mouse, the quantified ROI’s showed a significant amount of contrast agent around the venous
sinus at the dorsal aspect of the skull. As a consequence, the glymphatic pathway was not observed in
our study. The tracer drainage appears to dominate along the basal and ventral aspect of the skull as
these regions showed significant contrast enhancement. This observation fits with the morphological
advantages of lymphatics at the base of the skull compared to the counterparts at the dorsal part of the
skull (AHN et al., 2019).
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Figure 13: Cerebrospinal fluid outflow drains along within the cranium at the base of the skull
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At the top overview of the anatomic localization of the ROlIs is illustrated by the yellow marks. Illustrations show
the MRI images at several timepoints added by the graphs with the temporal contrast acceleration. The images are
taken before injection, directly post-injection, and afterward in an interval of 30-, 60-, and 90-min post-injection.
The upper row demonstrates an example for a young mouse while below an elder mouse is shown. In the graphs,
the group of old mice is demonstrated by the blue color, while the young mice are shown black. A: The Circle of
Willis shows a significant contrast accumulation that accelerates stronger in young mice over the whole
observation time. After 60 min in young mice, the contrast is slightly decreasing, and the aged mice show still an
increase. B: The Carotid Cistern shows a similar behavior as the Circle of Willis. C: The upper dorsal brain
parenchyma is flat for both groups. D: The PSS shows no significant contrast enhancement for both groups.
Quantifications of the different ROIs are expressed as the mean = SEM of n= 7 young mice vs n=6 aged mice and
are representative of three independent experiments. *p<0.05, (two-way ANOVA followed by Bonferroni’s
posthoc test). Scale bars: 1 mm.

Reprinted and adapted with permission [JCI Insight], [Decker Y, Kriamer J, Xin L, Miiller A, Scheller A,
Fassbender K, Proulx ST (2022) Magnetic resonance imaging of cerebrospinal fluid outflow after low-rate lateral
ventricle infusion in mice. JCI Insight 7:e150881]; https://doi.org/10.1172/jci.insight.150881, permission
conveyed through Copyright Clearance Center, Inc. under the license https://creativecommons.org/licenses/by-nc-

sa/4.0/legalcode.

4.3. Perineural cerebrospinal fluid outflow along with cranial nerves

After the quantification of the role of the base of the skull, the previously mentioned CSF transport along
with the cranial nerves through the frontal aspect of the skull has to be quantified. The transport along
with the olfactory nerves to the nasal cavity and the passage along the optical nerves to the orbital region
was described before (BRADY et al., 2020; MA et al., 2019a; MA et al., 2017; PIZZO et al., 2018;
STANTON et al., 2021). Therefore, the ROIs were placed at the anatomical routes of these nerves. In
Figure 14 B, the nasal turbinates as the drainage location of the olfactory nerve and the nasopharyngeal
region are quantified. Comparing the nasal turbinates to other quantified regions of major CSF outflow,
a moderate increase of contrast is detectable (young mice: 170%; aged mice: 85%). Facing the
circumstances of quantification, it is obvious that the anatomical structure of the nasal cavity is the
explanation for these artificial low values. Its twisted system of mucosal tissue and air-filled respiratory
capacities leads to a massive tracer diffusion. Moreover, the placed ROI quantifies not only the enhanced
mucosal tissue but the air-filled space too. Therefore, the nasal cavity plays a more important role in the
CSF outflow as the low increase of contrast agent suggests.

A recent study by Ma et al. demonstrated drainage of contrast agent through the nasopharyngeal area
(MA etal., 2017). Our findings demonstrated in Figure 14 C, indicate a massive increase of contrast for
both groups of mice (Young mice: 710%; aged mice: 570%). Therefore, the quantification indicates that
the tracer distributes along with the olfactory nerve to the nasal cavity and the nasopharyngeal region to
the DCLN. Referring back to Figure 8, the increase of contrast in the DCLN appeared around 20 min
post-infusion. This chronological increase of contrast in the described areas confirms this model, as the
nasal turbinates and the nasopharyngeal region show a contrast enhancement around 10-15 min post-

injection.
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The jugular foramen at the base of the skull was of particular interest for the group of Ahn et al. and is
accepted as a potential CSF pathway by several groups (AHN et al., 2019; MA et al., 2017). As a result,
this region is quantified too, as shown in Figure 14 D. Contrary to other quantified areas, the jugular
region indicates a stronger increase of contrast in aged mice compared to the young mice. In both groups,
the contrast enhancement was observed immediately post-infusion which does not suggest a correlation
between the jugular region and the model of CSF outflow along with the olfactory and optical nerves.
Instead, it appeared that the jugular region is an area of tracer accumulation rather than a point of CSF

efflux. Moreover, a passage from the jugular foramen to the DCLN is not visible in the MRI.
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Figure 14: Cerebrospinal fluid outflow from the cranium is reduced for elder mice in the nasal turbinates
and the nasopharynx but not in the jugular region

The top overview of the anatomic localization of the ROIs is illustrated by the yellow marks. Illustrations show
the MRI images at several timepoints added by the graphs with the temporal contrast acceleration. The images are
taken before injection, directly post-injection, and afterward at intervals of 30-, 60-, and 90-min post-injection.
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The upper row demonstrates an example of a young mouse. Below that, an elder mouse is shown. In the graphs,
the group of old mice is demonstrated by the blue color, while the young mice are shown as black. A: The nasal
cavity shows a contrast enhancement that diffuses within the whole mucosa of the region. An contrast increase is
visible, even if not as massive as in other regions. The contrast acceleration is reduced in old mice compared to
the younger group. B: The lymphatics along the pharyngeal area indicate a massive increase with even more a
delay in the old mice. In the young mice, the contrast starts decreasing slightly after 60 min, in elder mice and
rising increase is still visible. C: The jugular foramen shows an opposite behavior of increase. The group of the
old mice shows a higher and accelerated rise of contrast compared to the young mice.

Quantifications of the different ROIs are expressed as the mean = SEM of n= 7 young mice vs n=6 aged mice and
are representative of three independent experiments. *p<0.05 (two-way ANOVA followed by Bonferroni’s
posthoc test). Scale bars: 1 mm.

Reprinted and adapted with permission [JCI Insight], [Decker Y, Krimer J, Xin L, Miiller A, Scheller A,
Fassbender K, Proulx ST (2022) Magnetic resonance imaging of cerebrospinal fluid outflow after low-rate lateral
ventricle infusion in mice. JCI Insight 7:e150881]; https://doi.org/10.1172/jci.insight.150881, permission
conveyed through Copyright Clearance Center, Inc. under the license https://creativecommons.org/licenses/by-nc-

sa/4.0/legalcode.

5. Discussion

5.1. Experimental setup

As described in previous studies I confirmed a significantly reduced CSF outflow in the group of aged
mice compared to younger mice. In vivo, MRI demonstrates a major outflow through the ventral aspect
of the skull through the basal cisterns and the cribriform plate which drains to the CLN.

The method of the experimental setup by MRI is established by previous studies in rodents (AHN et al.,
2019; PIZZO et al., 2018; STANTON et al., 2021). However, these studies injected the contrast agent
through a cannula in the cisterna magna and observed the efflux to the CLN. Instead, the infusion of
contrast agent in the lateral ventricle follows the physiological CSF flow, as the lateral ventricle contains
the choroid plexus that produces the CSF. The CSF circulation was demonstrated within the ventricular
system and the following outflow from the SAS to the CLN. Moreover, my method does not show any
manipulation of the animals that could lead to artificial tracer distribution. However, other publications
described a strong manipulation after the tracer injection in the cisterna magna, as ,,the muscle was
pinched to apply some pressure on the cisterna magna prior to the needle removal” (LOUVEAU et al.,
2018). This artificial pressure could explain the discrepancy between their observation of a tracer
accumulation within the brain parenchyma while I failed to demonstrate it with slow rate infusion under

physiological pressure.

The separation in two groups of mice of different ages allows a confirmation of the reduced CSF outflow
with age that was described by previous groups (AHN et al., 2019; BRADY et al., 2020; MA et al.,
2019¢; NAGRA, JOHNSTON, 2007). A delayed contrast enhancement is visible for several locations
on the CSF pathway like the lateral ventricle, the basal cisterns, the nasal turbinate, and the
nasopharyngeal collecting lymphatic vessels leading to a delayed increase in the CLN as well. As a

result, the dynamics of CSF circulation are impaired in aged mice. Several publications tried to answer
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the question of which anatomical and structural changes influence CSF dynamics with aging. A reduced
production rate of CSF in the choroid plexus results in a decreased volume of CSF (LIU et al., 2020;
PRESTON, 2001), as well as morphological changes in the lymphatic vessels within the dura (AHN et
al., 2019) or an impaired function of the lymphatic vessels that drain the CSF outside the brain
(KARAMAN etal., 2015; PROULX et al., 2017), are proposed. The role of the decreased CSF dynamics
with age in the pathology of neurodegenerative diseases remains discussed (AHN et al., 2019).
However, we take advantage of the differences in the CSF outflow between the two groups of mice to
work out the relative importance of several potential CSF pathways. The delayed contrast enhancement
in the CLN of aged mice has to be explained by a reduced bulk flow in the major CSF passages. As our
findings are unable to demonstrate a relevant outflow along the dorsal aspect of the skull, we concluded
that the CSF passage dominance along the ventral part of the skull like the cribriform plate (ERLICH et
al., 1986; FABER, 1937; MA et al., 2017; NORWOOD et al., 2019; SCHWALBE, 1869; WEED,
1914c), the PNS of the optic nerves (ERLICH et al., 1989; LUDEMANN et al., 2005; MA et al., 2017),
and the jugular foramina (AHN et al., 2019; ASPELUND et al., 2015; MA et al., 2017; SCHWALBE,
1869; STANTON et al., 2021). The expected contrast enhancement at the front of the skull confirms
this hypothesis as well as the delayed increase of contrast in aged mice in this region (Figure 14). The
model of CSF drainage through the cribriform plate to the DCLN follows the results of several other
publications (BRADBURY, WESTROP, 1983; BRADY et al., 2020; JOHNSTON et al., 2004; KIDA
et al., 1993). Blocking the cribriform plate resulted in increased ICP and a decreased tracer elimination
from the CNS which is strong evidence for this pathway (BRADBURY, WESTROP, 1983; MOLLANIJI
et al., 2001).

Another factor that influences the CSF outflow is the chosen type of anesthesia. A recent study
demonstrated that under isoflurane anesthesia, the amount of contrast agent around the cribriform plate
is significantly decreased indicating a reduced CSF outflow through this region compared to other types
of anesthesia. The contrast enhancement was increased along the cranial nerves in the jugular foramen
under 1,5 % anesthesia (STANTON et al., 2021). These differences in CSF dynamics under several
types of anesthesia were demonstrated in earlier studies too (HABLITZ et al., 2019; MA et al., 2019a;
MA et al., 2019b). Therefore, a shift of CSF flow direction under different conditions has to be
considered. Moreover, many pathologies like glioblastoma or hydrocephalus could block CSF pathways
and redirect the CSF flow (MA et al., 2019¢; VOELZ et al., 2007).
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5.2. Limitations of the current study

The used method of imaging by MRI is limited in the visualization of microscopic processes that enable
CSF outflow. As MRI gives us an overview of the major localizations for CSF circulation while we
cannot determine for sure within which microscopic anatomical structure the CSF drains. Histological
observations are required for detailed observation of perivascular lymphatic vessels or the CSF drainage
through the cribriform plate. Our study shows the major CSF pathways but cannot deliver an explanation
for the physiological processes that enable this flow. Therefore, our study should be understood as the
basis for further histological investigation.

Moreover, the contrast quantification using the MRI approach reveals disadvantages whe the amount of
contrast agent that drains through the nasal turbinate is measured. Due to the anatomical characteristics
of the nasal tissue, the wide diffusion of tracer within the nasal tissue led to artificially reduced values
of contrast increase. Although the use of a macromolecular tracer should limit the diffusion within the
nasal mucosal tissue, only a further histological investigation could elucidate the exact anatomical routes
that CSF is passing in this region. Only these histological are able to clarify the major role of the

cribriform plate.

5.3. Experimental results compared with recent studies and cerebrospinal fluid

concepts

The quantification of the ROIs planted on the dorsal aspect of the skull like around the PSS or above
the cortical hemispheres indicates a minimal increase of contrast. However, these findings challenge the
concepts that are published in recent studies. These publications claim that a major CSF outflow appears
through the dorsal dura (ILIFF et al., 2012; LOUVEAU et al., 2018; LOUVEAU et al., 2015; OLIVER
et al., 2020; RUSTENHOVEN et al., 2021) which was extended to the human species (RINGSTAD,
EIDE, 2020). The dynamics of contrast enhancement in our study demonstrate a major CSF pathway
through the basal cisterns and the SAS along with the Circle of Willis. The hypothesis of the ventral
aspect of the skull as a major CSF pathway agrees with several publications (AHN et al., 2019;
GAKUBA etal., 2018; MA et al., 2019b; PIZZO et al., 2018; STANTON et al., 2021; YAMADA et al.,
2005). As a consequence, the minimal increase of contrast at the cortical hemisphere and around the
dural sinuses indicates that some contrast agent reaches the dorsal aspect of the skull (MA et al., 2019a;
PIZZO et al., 2018), although the role of the dorsal aspect of the skull remains unclear.

However, the arachnoid layer provides a strong barrier that opposes a bulk flow of CSF(ALKSNE,
LOVINGS, 1972; WEED, 1914a, b, c¢). Several studies were unable to confirm an in vivo CSF drainage

through the arachnoid barrier although ex vivo studies showed an artificial contrast enhancement
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(FABER, 1937; SPERANSKY AD, 1943). Therefore, the details of the described tracer passage from
the CNS to the dural lymphatics keep unexplained. As a result, the studies supporting the glymphatic
pathway failed to deliver a detailed explanation of how the tracer reaches the dural lymphatics at the
dorsal aspect of the skull due to the technical limitation of the imaging methods (HEISEY et al., 1962).
The arachnoid barrier provides strong anatomical evidence that opposed the theory of a glymphatic
pathway, as the presence of arachnoid projections in the dural sinuses could not be validated (ALKSNE,
LOVINGS, 1972; DAVSON et al., 1970). However, the exit points of the cranial nerves at the basal and
frontal aspect of the skull provide a discontinuity of the arachnoid layer (ANTILA et al., 2017;
ASPELUND et al., 2015).

These findings challenge the study published by Ahn et al. which claims that CSF drains mostly along
the basal meningeal lymphatic vessels through the jugular foramen. However, the study ignores
completely the nasal region and the cribriform plate which were not observed. Therefore, the relative
importance of the nasal region compared to the jugular foramen was not demonstrated. Moreover, the
different experimental conditions like another location of injection and the different injection rates are

a possible explanation for this discrepancy between this study and mine.

However, the dynamic imaging by MRI requires further histological investigation as we still do not
understand the microscopic processes that enable an outflow of CSF to the lymphatic vessels. To get
further knowledge about these processes, another histological experiment was established following this
work to investigate how CSF tracer flow through the cribriform plate into the lymphatic vessels appears
(DECKER et al., 2022). Using the same infusion protocol as the MRI-based method, Alexa Fluor 647-
labeled ovalbumin (AF647-OVA) was infused, and the amount of tracer measured at decalcified DCLN
and cranium. The lymphatic vessels were marked by anti-lymphatic vessel endothelial hyaluronan
receptor 1 (anti LYVE-1) antibodies. At the two coronal sections of the nasal cavity shown in Figure 15
A/B, the tracer flow is strictly associated with olfactory nerves that drain through the cribriform plate
and spreads throughout the nasal mucosal tissue. The detailed microscopic view of the nasopharynx,
illustrated in Figure 15 C to E, demonstrates the presence of lymphatic vessels on both sides containing
AF647-OVA. Figure 15 F-J shows the drainage of tracer within the sinuses of lymphatic vessels that
assess the DCLN. As a result, the histological approach confirms the CSF pathway that was
demonstrated by MRI. Therefore, in vivo dynamic MRI and immunochemistry prove the CSF pathway
along with the cribriform plate and nasopharynx to the DCLN.
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Figure 15: Histological validation of cerebrospinal fluid tracer drainage through the cribriform plate and
nasopharyngeal lymphatics to deep cervical lymph nodes

Fluorescently labeled ovalbumin was low-rate infused intraventricularly (0.1 uL/min for 60 minutes), and the mice
were analyzed of tracer efflux postmortem after 90 minutes. (A and B) Coronal sections of decalcified skulls show
significant outflow of ovalbumin into the nasal mucosal tissues. Ovalbumin (purple) can be observed crossing the
cribriform plate alongside several olfactory nerve bundles (indicated with *). Lymphatic vessels (stained with
LYVE-I in green) can be detectable near the nasopharynx under the nasal turbinates. Scale bars: 500 um (A), 200
um (B). (C—-E) High-magnification view of the nasopharyngeal region is marked by the yellow box in B,
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demonstrating ovalbumin signal within the LYVE-1" lymphatic vessels. Scale bars: 10 pm. (F and G) Sections of
deep cervical lymph nodes show a close association of ovalbumin signal within lymphatic sinuses stained with
LYVE-I1. Scale bars: 200 um. (H-J) High-magnification view of the region is marked by the yellow box in F,
demonstrating ovalbumin signal within the LYVE-1" lymphatic sinuses.

Scale bars: 20 um. Data are representative of n = 6 mice and 2 independent experiments.

Reprinted and adapted with permission [JCI Insight], [Decker Y, Krimer J, Xin L, Miiller A, Scheller A,
Fassbender K, Proulx ST (2022) Magnetic resonance imaging of cerebrospinal fluid outflow after low-rate lateral
ventricle infusion in mice. JCI Insight 7:e150881]; https://doi.org/10.1172/jci.insight.150881, permission
conveyed through Copyright Clearance Center, Inc. under the license https://creativecommons.org/licenses/by-nc-

sa/4.0/legalcode.

Other recent publications concerning the neuropathology of many neuronal disorders refer to the
glymphatic pathway as a CSF clearance passage along with the arterial PVS through the brain
parenchyma to the venous PVS. These vessels are described as penetrating veins and arteries on the
superficial brain (ILIFF et al., 2012; LOUVEAU et al., 2015). However, this theory faces several issues.
On the one hand, the studies based on 2-photon imaging lack a sufficient depth of imaging, which allows
perfect detection of tracer within the PVS on the superficial brain and a moderate accumulation along
the deeper veins. These observations were interpreted as a CSF drainage along the parenchymal vessels
(ILIFF etal.,2012; LOUVEAU et al., 2015). After intraventricular tracer injection, the groups following
this experimental setup did not report tracer circulation (BEDUSSI et al., 2017; ZHANG et al., 1990).
A study that injected tracer intraventricular in awake mice reported no tracer circulation (XIE et al.,
2013) which led to the conclusion that CSF does not circulate after intraventricular and intrathecally
application (ILIFF et al., 2012; XIE et al., 2013). Even though intraventricular injection is a common
method for the observation of distribution, clearance, and activity of intrathecally applicated drugs and
therapeutics (GLASCOCK et al., 2011).

Therefore, there is a misconception under the supporters of the glymphatic pathway (FERRIS, 2021) as
our findings after intraventricular infusion demonstrates massive CSF dynamics. Moreover, the tracer
dynamics are shown in awake and anesthetized mice with the same injection location, Corresponding
to my findings, no contrast enhancement is detectable in the subcortical brain parenchyma. Instead, their
findings demonstrate that the anesthesia blocks the tracer in the SAS and superficial cerebral
hemispheres and the death of the animals promotes the tracer influx in the PVS (MA et al., 2019b). As
a consequence, the death and the following preparation is the only reason for the tracer detection in the
deeper layers of the cortical hemispheres (ILIFF et al., 2012; LOUVEAU et al., 2015). The hypothesis
of the glymphatic pathway has to be reconsidered as it faces several challenging findings that are unable

to show evidence for this model.
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5.4. Clinical relevance for humans

The situation in humans remains unsolved as recent studies published results that once show a significant
CSF flow along with the cribriform plate while others were unable to demonstrate this pathway (DE
LEON et al., 2017; JOHNSTON et al., 2004; LOWHAGEN et al., 1994; MELIN et al., 2020). One of
these studies injected a low-weight molecular Gadolinium tracer intrathecal at the lumbar spine of
patients with various CSF disorders. Afterward, the contrast enhancement at the nasal turbinates was
measured at several time points. As no significant increase appeared, it was concluded that the CSF
outflow drains along another route although contrast enhancement below the nasal cavity was shown
(MELIN et al., 2020). However, as explained before, the quantification of contrast enhancement in the
nasal cavity is technically difficult with the MRI because the tracer spreads diffusely in the nasal
mucosal tissue. This technical problem can explain the difficulty of the signal detection in the nasal area
after the crossing of the cribriform plate. However, even the infusion of a macromolecular contrast agent
in our study, which should be cleared dominantly through the nasal pathway, did not solve that technical

problem sufficiently.

As Alzheimer’s dementia is one of the most challenging diseases that the human species is facing,
several publications were made. A recent study ablated the meningeal lymphatic vessels within the dura
at the dorsal aspect of the skull (DA MESQUITA et al., 2021). The ablation was absolved by Visudyne
injection and transcranial photoconversion. The animals were characterized by the genetic expression
of typical mutations in familial Alzheimer’s disease. After the ablation of these vessels, a significant
increase of 3-plaques within the brain parenchyma was observed, compared to a group of physiological,
unablated mice. Moreover, increased mobilization of myeloid cells was observable. The increased
neuroinflammation and accumulation of amyloid plaques could be explained by a general inflammation
through the injection of Visudyne and transcranial photoconversion. The expression of proinflammatory
cytokines leading to general neuroinflammation induced the accumulation of amyloid, as a casualty
between neuroinflammation and Alzheimer’s disease was described (CAl et al., 2014; TUPPO, ARIAS,
2005). In the second group of mice, a vascular endothelial growth factor was applicated and the group
showed neither increased neuroinflammation nor accumulation of plaques. However, the missing
irritation of the Visudyne injection prevents a circle of inflammation and amyloid accumulation. As a
consequence, the role of meningeal lymphatic vessels as a major drainage pathway for CSF and
metabolites has to be reevaluated. In addition to that, the missed observation of the frontal aspect of the
skull and the base of the skull is a point of criticism. These regions were demonstrated as major CSF
outflow pathways by several groups and have to evaluate (AHN et al., 2019; GAKUBA et al., 2018;
MA et al., 2019b; PIZZO et al., 2018; STANTON et al., 2021; YAMADA et al., 2005).

Another recent publication indicates that the MRI-based method for the detection of CSF drainage can
be adopted on a wider clinical application (EIDE et al., 2021). The hydrophilic contrast agent gadobutrol
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was injected into the lumbar CSF and the contrast enhancement was measured with parallel
quantification of the gadobutrol quantification in taken blood samples for 48 hours. The human
participants are divided into two groups. On the one hand, the patients suffered from various
neurological diseases like idiopathic normal pressure hydrocephalus or idiopathic intracranial
hypertension. On the other hand, a reference group with no recognizable CSF disturbance was
established. The study demonstrates a positive linear correlation between the tracer enrichment in the
cisterna magna and the blood for the reference group. The various neurological diseases resulted in a
change in CSF outflow dynamics depending on the individual CSF disorder. These findings fit with
other publications that observed the CSF dynamics under specific neurological issues like glioblastoma
(MA et al., 2019c). The contrast enhancement in the blood peaks before the parasagittal sinus confirms
our findings that the CSF efflux along this route has a minor role. The correlation between tracer
enrichment at the cisterna magna and the blood increases with age. As a result, the differences in CSF
outflow between different ages can be demonstrated in the human species too.

As a consequence, a different CSF outflow depending on the age was shown for humans too. Moreover,
the minor role of the parasagittal sinus at the dorsal aspect of the skull can be transferred to humans.
The tracer enrichment peaked in the lymph nodes before a peak in the blood was observed, indicating a
CSF drainage to the lymphatic system independently from the blood system (EIDE et al., 2021).
Moreover, current observations in humans describe a major role of the CSF regarding the immunological
processes within the brain (CROESE et al., 2021). The authors claim the presence of immunological
niches within the CNS that release immunological active cells and cytokines. The choroid plexus, the
meningeal layers, and the CSF are defined as such niches. After releasing these cells in the CSF, they
drain within the CSF to the CLN. Their observations describe a major CSF drainage along the cranial
nerves at the base of the skull and the nasal region to the CLN which maintains the CSF pressure. These
findings confirm our model of a bulk flow along these routes. However, the meningeal sinuses are
described as a pathway for immune cells supported by channels within the arachnoid projections. As
explained at the beginning, the active transport by channels delivers an insufficient mechanism that

opposes the theory of a bulk flow.

5.5. Conclusion

To conclude, the slow rate infusion of a macromolecular gadolinium contrast agent combined with
dynamic MRI shows a tracer distribution from the lateral ventricle predominantly through the cribriform
plate along the nasal region to the collection of lymphatic vessels in the nasopharyngeal region that drain
the CLN. These CSF dynamics are reduced with aging as the contrast enhancement at the nasal region

was delayed and reduced. The experimental setup allows further MRI-based studies in mice with
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neurological disorders to the relevance for the neuropathology. However, the ideal experimental setup
that allows a transformation on the human species is not available yet. As many questions are raised
concerning the reliability and validity of experiments in animals, more effort must be made. Before any
experimental method is transferred to humans, the findings and experimental methods must be
successfully replicated several times by other groups to guarantee reliability and validity. However, the
establishment of this method in human patients could generate new findings on the drug delivery within
the CNS through the BBB. As a result, the effectiveness of intrathecal drug application can be detected
which could help to invent new therapies for various neurological disorders. As the intrathecal
application of drugs avoids the restriction of the BBB, a significant advantage compared to systemically
applicated drugs is the consequence (PARDRIDGE, 2005). Many intrathecal therapeutics are under
current investigation to treat neurodegenerative diseases like spinal muscular atrophy (FINKEL et al.,
2016; WURSTER et al., 2019), amyotrophic lateral sclerosis, spinocerebellar ataxia, and dementia
(CHEN et al., 2020; HARDCASTLE et al., 2018; MCCAMPBELL et al., 2018; NGUYEN et al., 2018;
NIU et al., 2018).
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RESOURCE AND TECHNICAL ADVANCE

The anatomical routes for the clearance of cerebrospinal fluid (CSF) remain incompletely understood. However,
recent evidence has given strong support for routes leading to lymphatic vessels. A current debate centers upon the
routes through which CSF can access lymphatics, with evidence emerging for either direct routes to meningeal
lymphatics or along cranial nerves to reach lymphatics outside the skull. Here, a method was established to infuse
contrast agent into the ventricles using indwelling cannulae during imaging of mice at 2 and 12 months of age by
magnetic resonance imaging. As expected, a substantial decline in overall CSF turnover was found with aging.
Quantifications demonstrated that the bulk of the contrast agent flowed from the ventricles to the subarachnoid
space in the basal cisterns. Comparatively little contrast agent signal was found at the dorsal aspect of the skull. The
imaging dynamics from the 2 cohorts revealed that the contrast agent was cleared from the cranium through the
cribriform plate to the nasopharyngeal lymphatics. On decalcified sections, we confirmed that fluorescently labeled
ovalbumin drained through the cribriform plate and could be found within lymphatics surrounding the nasopharynx.
In conclusion, routes leading to nasopharyngeal lymphatics appear to be a major efflux pathway for cranial CSF.
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Introduction

Cerebrospinal fluid (CSF) is produced within the ventricles by the choroid plexuses and circulates within the
subarachnoid spaces around the brain and spinal cord. Historically, it was concluded that CSF leaves the central
nervous system (CNS) via direct pathways through outcroppings of arachnoid tissue into the venous sinuses of the
dura mater (1, 2). However, in recent decades it has become commonly accepted that lymphatic vessels play a
significant role in the process of CSF drainage (3-6). Recent studies in rodents have demonstrated that lymphatic
vessels appear to be the exclusive clearance route for tracers injected into the CSF, even for low-molecular weight
solutes (7, 8). An active area of research has focused upon the anatomical routes of outflow that CSF takes to access
the lymphatic vessels. Support exists for access of CSF to lymphatic vessels that have been recently rediscovered in
the dura mater (9-11) and for efflux along cranial or spinal nerves to reach extracranial lymphatics (7, 12-15). Of the
perineural routes, evidence in many different species exists for routes along olfactory nerves through the cribriform
plate (5, 10, 16-20).

Imaging techniques have long been utilized to assess CSF outflow of tracers (6). Traditionally, these techniques have
employed x-ray or scintigraphic measurements (21, 22). Recently, 2-photon and near-infra- red fluorescence
techniques (7-9, 13, 14, 23) have been developed to allow sensitive in vivo readouts to allow sensitive in vivo
readouts within the CNS (imaging through skull or through spine), at specific efflux path- ways (imaging through
vomeronasal bones into the nasal region or imaging of lymphatic vessels draining to the superficial cervical or
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mandibular lymph nodes), or to the systemic blood from multiple efflux pathways. However, these methods can only
allow assessments at one particular region at a relatively superficial level. On the other hand, contrast-enhanced
magnetic resonance imaging (CE-MRI) techniques have the advan- tage of 3D imaging of the entire cranial or spinal
regions in the context of the surrounding soft tissue anat- omy, with sufficient temporal resolution to track the
dynamics of contrast agent outflow, and have a more immediate translational potential to the clinic (8, 11-13, 15, 24).

RESOURCE AND TECHNICAL ADVANCE

One valid criticism of tracer injection studies is that they may inherently introduce artifacts because of relatively large
acute volumes introduced into the CSF. In the mouse, with an estimated CSF volume of 35 pL (2), injections of 5 to 10
pL. made within a short period likely introduce elevated pressure conditions that will affect the dynamics and routes
of outflow (8, 25). Our group has attempted to address this issue by establishment of an indwelling cannula into the
lateral ventricle of mice that allows slow infusion during imaging acquisition (13) at rates below the published rates
for CSF production (2, 26). We have utilized this cannula system to allow MRI measurements of spinal CSF
distribution and sacral outflow during the infusion of contrast agent (13). Similar cisterna magna infusion setups have
also recently been employed by other groups to examine cranial CSF distribution (12, 15).

Alterations in CSF circulation may have significant effects on the pathogenesis of neurological condi- tions associated
with the aging process, including dementia and stroke. Many research groups have now demonstrated that a slower
overall efflux of CSF occurs during the aging process (7, 11, 14). Thus, we have utilized this expected difference in CSF
turnover dynamics between younger (2-3 months old) and older (12 months old) mice to aid in validation of MRI
quantifications. Second, we have investigated potential efflux routes by analyzing the contrast agent signal dynamics
at several locations within the CNS and the cervical lymph nodes. We hypothesized that differences in signal dynamics
quantified between the 2 age groups would be apparent only at the major site(s) of efflux.

Results

Tracer infused into the lateral ventricle follows a continuous outflow route from the nasal cavity to the draining cervical
lymph nodes. Since CSF is principally produced by the choroid plexuses that are located in the ventricles, we decided
to analyze the flow of tracer following an intraventricular low-rate infusion of a 17 kDa dendritic gadolinium-based
contrast agent, GadoSpin D (Figure 1A). We chose GadoSpin D rather than a low-molec- ular weight contrast agent to
limit potential diffusion into the brain parenchyma from the ventricular injection site. After stereotactic implantation
of an indwelling cannula in the right lateral ventricle, mice were posi- tioned in a prone position on a horizontal MRI
platform. A polyethylene line filled with contrast agent was subsequently connected at one end to the cannula and at
the other end to an infusion pump. After a baseline precontrast scan, an infusion of the contrast agent was started at a
rate of 0.1 pL/min for 60 minutes, and a series of CE-MRI images were collected over the course of 90 minutes. This
experimental setup allowed us to acquire images of the animal throughout the infusion of a macromolecular contrast
agent at rates not excessive beyond physiological levels.

We first determined the general pattern of the spread of GadoSpin D by generating maximum-in- tensity projection
images at each time point to allow a 3D dynamic visualization of the contrast agent (Supplemental Video 1;
supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.150881DS1). An initial
filling of the ventricular system was apparent, spreading ventrally to the basal cisterns and under the olfactory bulbs
within the first 15 minutes after the start of the infusion. With increasing time, the signal intensity of the tracers was
progressively detectable in the nasal cavity, in the nasopharyngeal region, and in the deep and superficial lymph
nodes (Figure 1B). Moreover, as observed in Figure 1C and Supplemental Video 1, it was possible to identify a
continuous anatomic route along the nasopharynx that emerged from the nasal cavity and connected to the deep
cervical lymph nodes. Con- nections also were apparent from the deep cervical lymphatics to the superficial cervical
(or mandibular) lymph nodes, as previously shown using near-infrared imaging (7).

Reduced tracer clearance from the ventricles and slower efflux to draining lymph nodes in older mice. It has recently
been demonstrated that CSF production and drainage are both reduced in aged mice, suggesting that the overall CSF
turnover is slower with aging (7, 14, 27). During and immediately after the low-rate intraventricular infusion, we
investigated the clearance of GadoSpin D from the ventricular system in 2 groups of mice of either 2-3 months (n = 7)
or 12 months of age (n = 6). While the low-rate infusion of contrast agent took place during the first 60 minutes, we
observed that the signal intensity in the con- tralateral ventricles reached a peak at around 40 minutes and then
progressively decreased in both age groups (Figure 2A and Supplemental Figure 1A). At later time points, we could
observe significantly stronger decreased signal intensity in the contralateral ventricles of the group of younger mice.
As no significant difference was observed in the volume of the contralateral ventricles (Figure 2B) between the 2
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groups, we concluded that a decrease in the rate of CSF turnover was responsible for the reduced con- trast agent
clearance observed in the 12-month-old mice.
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Figure 1. Dynamic CE-MRI shows continuous efflux of contrast agent from the nasal region through lymphatic vessels to
cervical lymph nodes following low-rate ventricular infusion. (A) Schematic representation of the experimental setup. MRI-
compatible cannulae were stereotactically implanted into the ventricle of 2- to 3-month-old C57BL/6] mice anesthetized with
ketamine/xylazine. The animals were then transferred into a horizontal-bore 9.4 T MRI. Polyethylene tubing containing the contrast
agent (GadoSpin D solution from nanoPET Pharma GmbH at 25 mM Gd)

was attached connecting the cannula and the infusion pump. Before contrast agent infusion, T1-weighted (3D time-of-flight gradient
recalled echo sequence) MRI measurements were started and followed by intraventricular low-rate infusion (0.1 pL/min) of the
contrast agent while MRI acqui- sitions continued. (B) Representative signal dynamics using maximum-intensity projections
visualizing the entire head-neck region. Following the beginning of contrast agent infusion, enhancement of the signal intensity in
the ventricle is detectable at 4 minutes, in the nasal cavity at 17 min- utes, and in the neck lymph nodes at 30 and 60 minutes. (C)
Visualization of the spread of contrast agent after 90 minutes demonstrating continu- ous signal enhancement from the cribriform
plate to the nasopharyngeal lymphatic vessels to cervical lymph nodes. Data are representative of n = 7 mice and 3 independent
experiments. Scale bars: 3 mm.

Our previous studies have shown that lymphatic outflow from CSF is reduced in 18-month-old mice compared with 2-
month-old mice following a bolus injection of a macromolecular fluorescently labeled tracer (7). We tested whether
this difference would be apparent by MRI in 12-month-old mice by quan- tifying the signal intensity of the contrast
agent in regions of interest (ROIs) positioned in the deep and superficial cervical lymph nodes. Dynamic CE-MRI
quantification revealed less contrast agent signal in both groups of cervical lymph nodes in the 12-month-old mice
compared with the group of younger mice (Figure 2, C and D; and Supplemental Figure 1, B and C). Quantifications of
the volume of 3D reconstructions of the cervical lymph nodes also did not show significant differences between the 2
age groups (Supplemental Figure 1, D and E).

In sum, we observed that with aging, a low-rate infusion of a macromolecular contrast agent was asso- ciated with
reduced clearance from the ventricles and a delayed transport to draining lymph nodes, which is consistent with
previous studies by our group and others. Thus, we next aimed to exploit these differences in CSF turnover dynamics
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between the 2 age groups of mice to help identify major efflux routes from the ventricular system to the lymphatic
system.

Contrast agent flows along the ventral aspect of the brain and down the spine. CSF has recently been proposed to reach
the dura mater on the dorsal aspect of the skull, where it is hypothesized to be either directly or indirectly drained by
meningeal lymphatic vessels leading to the deep cervical lymph nodes (9, 28-30). Previous work
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Figure 2. Clearance from ventricles and efflux to lymph nodes are reduced in 12-month-old mice. Visualization of tracer
spread after low-rate intraven- tricular infusion (0.1 uL/min) of a GadoSpin D solution at 25 mM Gd; data acquired with a series of
T1-weighted MRI measurements (3D time-of-flight gradient recalled echo sequence). (A) Signal dynamics of GadoSpin D contrast
agent showing clearance from the contralateral ventricles in the horizon- tal plane in young (2-3 months) and 12-month-old mice.
(B) Representative images of 3D reconstruction of the contralateral ventricles of young and 12-month-old mice. Ventricle volumes of
young and 12-month-old mice were compared with 2-tailed Student’s t test. (C and D) Signal dynamics in the horizontal plane of
GadoSpin D tracer efflux to deep and superficial cervical lymph nodes in young and 12-month-old mice. ROIs shown in yellow. Data
are expressed as mean + SEM of 2- to 3-month-old mice (n = 7) vs. 12-month-old mice (n = 6) and are representative of 3
independent experiments. *P < 0.05 (2-way ANOVA followed by Bonferroni’s post hoc test). Scale bars: 1 mm.

has highlighted lymphatic vessels in the dural tissue surrounding the sagittal and the transverse sinuses to be
“hotspots” for uptake from the CSF. Thus, following intraventricular infusion of GadoSpin D, we quantified the signal
intensity in 2 ROIs of the dorsal aspect of the skull in proximity to these regions. In both areas, we could observe only
a limited maximum change in signal intensity compared to baseline (sagittal sinus ROI: <42%; quadrigeminal cistern
ROI: <120%) and no significant differences at any time point between the groups of 2-month-old and 12-month-old
mice (Figure 3, A-C; and Supplemental Figure 2, A and B).



On the other hand, quantifications of ROIs in the ventral region (at the basal cisterns around the circle of Willis and
the internal carotid artery) showed a substantial increase in maximum change in signal intensity compared with
baseline (circle of Willis ROI: >700%; internal carotid ROI: >700%), suggesting that this area is a major site of contrast
agent bulk flow (Figure 3, A, D, and E; and Supplemental Figure 2, C and D). Moreover, in the 2 regions investigated,
the signal intensity was quantitatively significantly higher at earlier time points in young mice compared with the
group of 12-month-old mice. These results indicate that an infused macromolec- ular tracer principally flows with the
CSF through the ventral, rather than dorsal, aspect of the skull.
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Because CSF leaving the ventricles has free communication with the subarachnoid space around the spinal cord, we
also quantified the dynamics in the ventral aspect of the cervical spine (Supplemental Fig- ure 3A). We observed a
rapid increase in signal intensity, in the group of young mice, that reached a max- imum percentage change of more
than 600%. Conversely, in the group of 12-month-old mice, the signal intensity increase was delayed and only reached
approximately half of the value observed in young mice. Thus, CSF tracer flow from the ventricular system to the
spine can be easily demonstrated with CE-MRI and exhibits the expected decline with aging.

Recent work has introduced the concept of glymphatic flow that would theoretically aid in CSF/solute penetration
into the brain parenchyma along para-arterial spaces. Recent MRI studies have shown that low-molecular weight
contrast agents, such as gadoteric acid, do indeed demonstrate signal enhancement within the parenchyma (31-36).
However, we were unable to confirm a significant influx of the GadoSpin D contrast agent (17 kDa) into the brain
cortex in either group (maximum percentage change of 17%) (Supplemental Figure 3B). This limited signal
enhancement of a macromolecular contrast agent within the brain is consistent with our earlier study (8) and others
(12).

Thus, we conclude from this study that bulk flow routes to the basal cisterns and the subarachnoid space of the spinal
canal are major pathways for CSF macromolecular distribution from the ventricular system.

Dynamics of CSF contrast agent outflow support route(s) leading to the nasopharyngeal lymphatics. After observing that
a substantial portion of the tracer reached the basal cisterns, we aimed to elucidate the potential anatom- ical
pathways from this location that might be used to reach the cervical draining lymph nodes. Based on our observation
that the bulk of the contrast agent appeared to flow continuously from the region of the olfactory bulbs to the
nasopharynx and to the draining lymph nodes, we first quantified the changes in signal intensity in ROIs localized in
the nasal turbinates and the nasopharynx (Figure 4, A-C; and Supplemental Figure 4, A and B). Dynamic imaging
showed, in the group of 12-month-old mice, a delayed and significantly reduced transport of contrast agent in these 2
regions.

At other regions suggested to be efflux sites from the skull, CSF contrast agent signal could be detected in the jugular
region below the skull and around the optic nerves (Figure 4, A, D, and E; and Supplemental Figure 4, C and D).
However, at these 2 regions, our quantifications revealed that no significant differences in the signal intensity at any
time point were observed between the young and 12-month-old groups. In fact, the jugular region appeared to show a
trend toward increased signal intensity over time in the 12-month-old mice compared with the young mice, indicating
that this region may be a site of accumulation of contrast agent. An earlier report has shown that dural lymphatic
vessels of this region become more hyperplastic with age (11).

Thus, because the expected differences in signal dynamics between young and older animals were only detectable in
the nasal turbinates and the nasopharyngeal areas, we conclude that this route is a major path- way for CSF clearance
from the cranium to the cervical lymph nodes.

Histological confirmation of CSF outflow route(s) to the nasopharyngeal lymphatics. Interestingly, the signal
quantifications revealed that only a minimal increase of signal (170% in young mice, 85% in 12-month- old mice)
could be detected within the turbinates themselves in either group, whereas much larger signal increases were
detected at the nasopharynx (710% in young mice, 570% in 12-month-old mice). This may suggest that the contrast
agent distributes to a large area throughout the nasal cavity after effluxing through the cribriform plate before
draining to the lymphatic vessels near the nasopharynx leading to the lymph nodes, as appears to be evident from the
sagittal view in Supplemental Video 1.

To further evaluate how CSF tracers drain through the cribriform plate to reach lymphatics sur- rounding the
nasopharynx, we injected Alexa Fluor 647-labeled ovalbumin (AF647-OVA) using the same slow infusion protocol
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employed within the MRI and then assessed the presence of tracer on sec- tions from decalcified craniums and deep
cervical lymph nodes. Lymphatic vessels were identified using anti-lymphatic vessel endothelial hyaluronan receptor
1 (anti-LYVE-1) antibodies. As seen in Figure 5, A and B, which were taken from 2 coronal sections at different levels
of the nasal cavity, AF647-OVA was clearly associated with olfactory nerves crossing the cribriform plate and was
distributed throughout a wide volume of nasal mucosal tissue. A rich network of LYVE-1*lymphatic vessels exists
laterally on both sides of the nasopharynx, and these vessels could be found to contain AF647-0OVA signal (Figure 5, C-
E). Deep cervical lymph nodes located downstream of this site also contained AF647-OVA that was found within
LYVE-1*lymphatic sinuses (Figure 5, F-]). Thus, this serves as histological confirmation of the CSF drainage route
visible on MRI.
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Figure 3. CSF predominantly clears along the ventral aspect of the skull. Visualization of tracer clearance after low-rate
intraventricular infusion (0.1 pL/min) of GadoSpin D solution at 25 mM Gd. Data were acquired with a series of T1-weighted MRI
measurements (3D time-of-flight gradient recalled echo sequence). (A) Overview scheme of ROI location. (B and C) Coronal sections
demonstrating in 2- to 3-month- and 12-month-old mice the dynamics of CSF efflux in representative ROIs (shown in yellow) of the
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dorsal aspect of the skull: in the perisagittal superior sinus and the quadrigeminal cisterns. (D and E) Horizontal sections showing
the dynamics of CSF efflux in the ventral aspect of the skull in 2- to 3-month- and 12-month-old mice: around the circle of Willis and
around the internal carotid (ROIs in yellow). Quantifications of the different ROIs are expressed as the mean * SEM of 2- to 3-month-
old mice (n = 7) vs. 12-month-old mice (n = 6) and are representative of 3 independent experiments. *P < 0.05 (2-way ANOVA
followed by Bonferroni’s post hoc test). Scale bars: 1 mm.

Discussion

In this study, we have assessed CSF outflow by MRI in 2 age groups (2-3 months and 12 months) of mice by utilizing
an indwelling catheter system, allowing low-rate infusion of a macromolecular contrast agent during image
acquisitions. Similar to previous reports, we found slower dynamics of CSF circulation in the older cohort of mice
compared with the younger mice. Imaging of the contrast agent dynamics in the
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Figure 4. Clearance of CSF from the cranium is reduced with aging in the nasal turbinates and the nasopharynx but not in
the jugular region and around the optic nerves. Imaging of tracer clearance after low-rate intraventricular infusion (0.1 pL/min)
of GadoSpin D solution at 25 mM Gd. Data were acquired with a series of T1-weighted MRI measurements (3D time-of-flight gradient
recalled echo sequence). (A) Overview scheme of ROI location. (B) Horizontal sections demonstrat- ing the dynamics of CSF efflux to
nasal turbinates in 2- to 3-month- and 12-month-old mice. (C) Sagittal sections reveal the dynamics of contrast agent in the
nasopharynx in the 2 groups of mice. (D) Coronal sections demonstrating the CSF efflux from the jugular region in the groups of mice
of different ages. (E) Horizontal sections showing CSF efflux along the optic nerves in the groups of mice of different ages.
Quantifications of the different ROIs (shown in yellow) are expressed as the mean + SEM of 2- to 3-month-old mice (n =7) vs. 12-
month-old mice (n = 6) and are representative of 3 indepen- dent experiments. *P < 0.05 (2-way ANOVA followed by Bonferroni’s
post hoc test). Scale bars: 1 mm.

cranial region revealed that the bulk of the CSF flowed ventrally under the brain through the basal cisterns and exited
through the cribriform plate to be collected by lymphatics in the nasopharyngeal region.

Our methods are similar to those in recent publications utilizing MRI for examination of CSF flow in rodents (11, 12,
15). In these studies, the authors infused contrast agents during the MRI acquisi- tion into the cisterna magna through
a cannula and examined the efflux routes from the cranial cavity.
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In our study, we chose to infuse into the ventricles, close to the source of production at the choroid plex- uses, which
allowed assessment of the clearance from the ventricular system, as well as distribution to and efflux from the
subarachnoid space.

We observed minimal contrast agent signal in the dorsal region near the dural sinuses or above the cortical
hemispheres. Thus, this is contrary to a concept of a major pathway of CSF outflow at the dorsal dura, as pro- posed in
several recent studies in mice (9, 28, 29) and recently extended to the human situation (37). Instead, the dynamics
clearly indicated that the majority of contrast agent traversed the basal cisterns with pathways from the cisterna
magna to the subarachnoid space around the circle of Willis. This is consistent with both historical data (1, 38) and
other recent MRI studies (8, 11, 12, 15, 24, 33). While it is clear that some portion of CSF does reach the surface of the
cortical hemispheres as well as the subarachnoid cisterns located near the dural sinuses (12, 13, 39, 40), the
significance and ultimate egress route(s) for this flow remain open questions.

As we anticipated, our data indicate a reduction in CSF outflow in older mice consistent with previous reports (7, 11,
14, 41). We were able to detect delays in 12 month-old animals in CSF clearance and transport at several locations
along the CSF flow pathways, including the lateral ventricle, basal cisterns, cervical spinal sub- arachnoid space, nasal
turbinates, nasopharyngeal lymphatics, and CNS-draining lymph nodes. Thus, the data are indicative of an overall
reduction in CSF turnover with aging. The reason for this diminished turnover of CSF is not yet clear; however, it may
be related to a reduced CSF production by the choroid plexuses (27, 42), morphological changes in the dural
lymphatics (11), or a reduced transport within lymphatic vessels outside the CNS (43-45). Whether this slowed CSF
circulation plays a role in the development of neurodegenerative disorders associated with aging, as speculated in
many recent studies (11, 46), remains to be determined.

We took advantage of the differences in contrast agent dynamics between the 2 age groups of mice to attempt to
elucidate the relative importance of several potential efflux routes. We hypothesized that only along major bulk flow
pathways for CSF egress would the patterns of contrast agent dynamics between the 2 age groups mirror those seen
at the downstream lymph nodes. Since we found that lim- ited contrast agent signal was apparent along the dorsal
aspect of the skull, we focused these efforts on potential efflux routes from the basal cisterns. From this location,
evidence exists in the literature for outflow to the lymphatic system through the cribriform plate (1, 5, 7, 16, 17, 19,
47), along the sheaths surrounding the optic nerves (7, 48, 49), through the jugular foramina (7, 10, 11, 15, 47), and
from the spinal column (13, 23, 50). Of these routes, in our study, only the spinal and nasal regions appeared to
exhibit the expected contrast enhancement dynamics between the 2 age groups of mice. An outflow pathway to the
lymphatic system does indeed exist in rodents from the sacral region of the spine; how- ever, our previous work and
others have determined that under normal conditions the spinal pathways are minor compared with the cranial efflux
routes (13, 51, 52). Thus, the resulting conclusion of a major CSF outflow pathway through the cribriform plate would
be in agreement with many previous studies (14, 18, 53, 54). Strong supporting evidence for this conclusion comes
from experiments that blocked this pathway, which resulted in dramatic decreases in tracer recovery outside the CNS
and increased intracranial pressure during fluid challenge (53, 55). However, we cannot rule out at this point that
more direct pathways may exist, extending from the basal skull to reach the nasopharyngeal lymphatics.
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This conclusion appears to conflict with that of Ahn et al. in rats (11), who determined using MRI with a
macromolecular contrast agent that basal meningeal lymphatic vessels draining through the jugular foram- ina are the
main route for CSF macromolecular uptake and drainage. It must be noted that in their study Ahn et al. did not
investigate any potential efflux through the cribriform plate region. However, another possible explanation for this
discrepancy may be due to different experimental conditions between our study and Ahn et al. In a recent, elegant
MRI study by Stanton et al., the authors demonstrated that the choice of anesthesia has a significant effect on the
amount of efflux through the cribriform plate, with mice under isoflurane anesthesia demonstrating much less
gadolinium diethylenetriaminepentaacetic acid signal in this area (15). This study is consistent with earlier work
demonstrating differences in CSF flow dynamics under different types of anesthesia (8, 13, 56). The authors
demonstrated that mice under 1.5% anesthesia exhibit- ed more signal at the jugular foramina along the cranial
nerves and also within the spinal canal, indicating that shunting of the CSF flow may occur under certain conditions
(15). This potential redirection of flow is an important factor to consider, especially in the context of pathological
conditions such as hydrocephalus or glioblastoma, which may block CSF outflow pathways at the skull and reroute
flow to the spine (57, 58).

The situation in humans remains unresolved (6). Studies have presented evidence both for and against efflux of
contrast agent through the cribriform plate (54, 59-61). One recent clinical MRI study concluded
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200 um 200 um

Figure 5. Histological validation of CSF tracer efflux through the cribriform plate to nasopharyngeal lymphatics and to deep
cervical lymph nodes. Fluorescently labeled ovalbumin (OVA) was introduced via low-rate intraventricular infusion (0.1 pL/min
for 60 minutes), and at 90 minutes the mice were sacrificed for postmortem analysis of tracer efflux. (A and B) Coronal sections of
decalcified skulls demonstrating substantial efflux of OVA into the nasal mucosal tissues. OVA (purple) can be seen crossing the
cribriform plate alongside several olfactory nerve bundles (indicated with *). Lymphatic vessels (stained with LYVE-1 in green) can
be found in proximity to the nasopharynx under the nasal turbinates. Scale bars: 500 pm (A), 200 um (B). (C-E) High-magnification

69



view of the nasopharyngeal region indicated by the yellow box in B, demonstrating OVA signal within the LYVE-1*lymphatic vessels.
Scale bars: 10 um. (F and G) Sections of deep cervical lymph nodes indicating close association of OVA signal within lymphatic
sinuses stained with LYVE-1. Scale bars: 200 um. (H-J) High-magnification view of the region indicated by the yellow box in F,
demonstrating OVA signal within the LYVE-1* lymphatic sinuses. Scale bars: 20 um. Data are representative of n = 6 mice and 2
independent experiments.

that CSF efflux to the nasal region is minimal in humans (61). This study used a low-molecular weight gadolinium
contrast agent injected into the lumbar intrathecal space and examined the nasal turbinates at multiple time points in
patients with various CSF circulation disorders. Although contrast agent was observable in almost half of the patients
below the cribriform plate along the olfactory nerves, the authors were unable to observe a significant increase of
signal within the nasal cavity at any time point. Our current study demonstrates the technical difficulty of detecting
significant contrast agent signal enhancement with- in nasal tissue using an MRI approach, even though we employed
a macromolecular contrast agent that should clear exclusively from the nasal submucosa through lymphatics (53).
While the exact anatomical routes remain to be elucidated, it was evident from our decalcified sections after
ovalbumin infusion that the tracer spread throughout a wide volume of the nasal tissue after crossing the cribriform
plate, which may partially account for the difficulty in detecting signal with MRI in humans.
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In sum, through establishment of a technique allowing dynamic CE-MRI under low-rate infusion of gadolinium
contrast agents, we conclude that CSF distributes from the ventricles to the subarachnoid space ventral to the brain
and in a caudal direction down the spine. Under our experimental conditions, a major outflow route from the cranium
appeared to be through the nasal region to reach lymphatic vessels near the nasopharynx before draining to the
cervical lymph nodes. With aging, the dynamics of clearance from the ventricles and flow through the nasal turbinates
and nasopharyngeal lymphatics to the lymph nodes were reduced. These experiments have set the stage for further
MRI evaluation of CSF outflow in mouse models of neurological disorders.

Methods

Mice. Female wild-type mice (Janvier) on a C57BL/6 background were kept under specific pathogen-free conditions
until they were used for experimental studies.

Surgical preparation. Mice were anesthetized by intraperitoneal injection of 100 mg/kg ketamine and 20 mg/kg
xylazine and fixed in a stereotaxic frame (Kopf Instruments). Under this anesthesia, the skull was thinned with a
Proxxon GG 12 engraving drill. A 28 G, 2.5 mm long, MRI-compatible microcannula (3280P/PK/Spc; Plastics One) was
inserted stereotactically 0.95 mm lateral and 0.22 mm caudal to the bregma and 2.50 mm ventral to the skull surface
(13). The microcannula was sealed with cyanoacrylate glue. Animals were transferred into the magnet in a prone
position on an MRI cradle (BioSpec Avance III 94/20; Bruker BioSpin GmbH). A 1 to 1.5 m long polyethylene catheter
filled with a GadoSpin D (nano- PET Pharma GmbH) solution at a Gd concentration of 25 mM was connected to the
MRI-compatible microcannula and a 10 pL syringe operated by an MRI-compatible Nano]et syringe pump (Chemyx
Inc.). The skin incision was then closed with a medical adhesive bandage around the cannula and the catheter.
Animals were allowed to breathe spontaneously during the entire experimental procedure. Respiratory rate and
temperature were measured with noninvasive probes (SA Instruments). Throughout the experiment, the body
temperature was maintained between 36.5°C and 37.5°C. During the MRI measurement, the initial anesthetic was
supplemented as necessary with 0.5%-1% isoflurane delivered in 98% O, to keep the breath- ing rate less than 140

breaths/min.

Dynamic CE-MRI of the head and neck. Animals were examined in a horizontal-bore 9.4 T animal scan- ner (BioSpec
Avance 111 94/20) with a BGA12S gradient system with ParaVision 6.0.1 and a linearly polar- ized coil with an inner
diameter of 40 mm (all from Bruker BioSpin GmbH). Contrast-enhanced imaging was achieved with a 3D time-of-
flight gradient recalled echo sequence originally adapted for imaging of peripheral lymph vessels (62) with a recovery
time of 12.0 ms, echo time of 2.5 ms, flip angle of 25°, matrix of 600 x 432 x 180, field of view of 36.00 mm x 25.92 mm
x 18.00 mm, 1 average, and a scan time of 4 minutes, 19 seconds, 200 milliseconds. A phantom placed in the vicinity of
the animal’s head (solution diluted in 0.9% NacCl at 5 mM Gd) was used for image intensity normalization over the
time series. Follow- ing a precontrast scan, a GadoSpin D solution at 25 mM Gd was infused at a constant rate of 0.1
pL/min for 60 minutes. Total scan time was between 95 and 99 minutes.

Data processing. ROIs were manually drawn around the different anatomical regions investigated with Horos (version
3.3.6, Horos Project). Signal intensity was normalized using the reference phan- tom. The normalized ROI value
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(provided in Supplemental Figures 1-4) was calculated by dividing the original ROI value by the phantom value of the
same scan. Contrast agent efflux over time was deter- mined by calculating the percentage change of signal intensity
as a function of time after infusion of the contrast agent using the following equation: [(normalized signal intensity —
normalized precontrast intensity)/(normalized precontrast intensity)] x 100. Ventricle and lymph node volumes
were quanti- fied using semiautomatic segmentation tools in 3DSlicer, version 4.11 (https://www.slicer.org). All the
Digital Imaging and Communications in Medicine (DICOM) image files were imported into 3DSlicer for segmentation
and 3D modeling. The ROI was first defined and segmented with the segment editor module. The model maker
module was used to create the 3D model. Finally, the volume was deter- mined via the segment statistics module.

Histological analysis of tracer efflux to lymphatics. For experiments where ventricular infusions were followed by
histological analysis, an identical procedure was used with the following modifications: a solution of AF647-OVA
(Thermo Fisher Scientific) dissolved in artificial CSF (Harvard Apparatus) at a concentration of 5 mg/mL was infused
at a constant rate of 0.1 uL./min for 60 minutes; the 2- to 3-month-old wild-type mice were sacrificed at the end of the
infusion.

JCI Insight 2022;7(3):e150881 https://doi.org/10.1172/jci.insight.150881 1 0

RESOURCE AND TECHNICAL ADVANCE

For decalcification, intracardiac perfusion with PBS and 4% paraformaldehyde (PFA) was performed. Afterward, the
mice were decapitated followed by the removal of skin, muscles, incisors, and the lower jaw from the cranium. The
cranium was then immersed in 4% PFA for overnight fixation before being placed in 14% EDTA for 7 days (refreshed
daily) at 4°C. Decalcified tissue was then immersed in 30% sucrose for 3 days for cryoprotection before OCT
embedding. Then, 20 um thick coronal sections were cut from a cryostat (CryoStar NX50, Epredia) and stored at -
80°C. For immunofluorescence staining of LYVE-1, frozen tissues were first hydrated with PBS for 10 minutes, then
permeabilized by 0.1% Triton X-100 for 10 minutes. For blocking, 10% goat serum was used for 1 hour at room
temperature. Tissues were incubated with primary antibody (rabbit anti-LYVE-1, AngioBio, catalog 11-034, 1:600
dilution) for 3 hours at room temperature and then washed with PBS before incubating with secondary antibody
(goat anti-rabbit Alexa Fluor 488, 1:500 dilution, catalog A27034, Invitrogen) for 2 hours at room tem- perature.
Imaging of the nasal region was done under a Zeiss Axio Zoom.V16 microscope equipped with a Teledyne
Photometrics Prime BSI Scientific CMOS camera combined with a CoolLED pE-4000 illumination system and ZEN 2
software (Zeiss). Higher magnification images were then acquired using a Zeiss LSM800 confocal microscope.

For processing of draining lymph nodes, cervical lymph nodes were postfixed in 4% PFA at 4°C over- night. Lymph
nodes were further immersed in 30% sucrose for 2 days at 4°C before being snap-frozen in melting isopentane with
liquid nitrogen. The frozen tissue was cut serially into 15 um sections with a cryo- stat microtome (Leica
Microsystems). Sections were incubated with an anti-LYVE-1 (eBioscience, clone ALY7, 1:200) primary antibody for 2
hours at room temperature before incubation with a donkey anti-rat (catalog A21208, Invitrogen, 1:1000) secondary
antibody conjugated with Alexa Fluor 488 for 1 hour at room temperature. Sections were finally counterstained with
DAPI. ROIs were acquired with a Zeiss LSM 880 Axio Observer.

Statistics. Statistical analyses were performed with GraphPad Prism 5. Graphs represent mean + SEM. Means of 2
groups were compared using an unpaired 2-tailed Student’s ¢ test. Two-way ANOVAs were used for comparison, with
time points being a within-subject factor and age being a between-subject factor, followed by Bonferroni’s post hoc
test. A P value less than 0.05 was considered statistically significant.

Study approval. All mouse experiments were approved by the Landesamt fiir Gesundheit und Ver- braucherschutz,
Saarbriicken, Germany (license numbers 31/2018 and 45/2019).
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