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The hippocampus is susceptible to protein aggregation in neurodegenerative diseases
such as Alzheimer’s disease. This protein accumulation is partially attributed to an
impaired clearance; however, the removal pathways for fluids and waste products are
not fully understood. The aim of this study was therefore to map the clearance pathways
from the mouse brain. A mixture of two fluorescently labeled tracers with different
molecular weights was infused into the hippocampus. A small subset of mice (n = 3)
was sacrificed directly after an infusion period of 10 min to determine dispersion of the
tracer due to the infusion, while another group was sacrificed after spreading of the
tracers for an additional 80 min (n = 7). Upon sacrifice, mice were frozen and sectioned
as a whole by the use of a custom-built automated imaging cryomicrotome. Detailed
3D reconstructions were created to map the tracer spreading. We observed that tracers
distributed over the hippocampus and entered adjacent brain structures, such as the
cortex and cerebroventricular system. An important clearance pathway was found along
the ventral part of the hippocampus and its bordering interpeduncular cistern. From
there, tracers left the brain via the subarachnoid spaces in the directions of both the
nose and the spinal cord. Although both tracers followed the same route, the small
tracer distributed further, implying a major role for diffusion in addition to convection.
Taken together, these results reveal an important clearance pathway of solutes from
the hippocampus.
Keywords: cerebrospinal fluid, hippocampus, interstitial fluid, solute clearance, subarachnoid space, 3D imaging
cryomicrotome

INTRODUCTION
Several neurodegenerative diseases are characterized by the accumulation and aggregation of
proteins. These include aggregates of amyloid-β in Alzheimer’s disease, α-synuclein in Parkinson’s
disease, and huntingtin in Huntington’s disease (Ross and Poirier, 2004). Even though these
neurodegenerative diseases exhibit differences in clinical manifestation and the anatomical brain
regions that are affected, the process of degeneration associated with protein aggregation appears
to be remarkably similar (Davis et al., 2018; Soto and Pritzkow, 2018). Multiple studies hypothesized
that these accumulations stem from a disrupted balance between the production and clearance of
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experimental procedure. The animals were housed in groups on
a 12-h light/12-h dark schedule and had free access to standard
laboratory food and water. All experiments were approved by
the Academic Medical Center Animal Ethics Committee, and
were conducted in accordance with the ARRIVE guidelines and
European Union guidelines for the welfare of laboratory animals
(Directive 2010/63/EU).

these proteins. The traditional view on waste clearance is drainage
of interstitial fluid (ISF) into the cerebrospinal fluid (CSF),
in combination with removal across the blood–brain barrier
(Tarasoff-Conway et al., 2015). However, a study by Iliff and
colleagues challenged this view and proposed an additional
clearance route via the so-called glymphatic system. In this
pathway, subarachnoid CSF enters the brain parenchyma via
perivascular spaces along penetrating arteries, where it mixes
with the ISF. From there, the fluid disperses toward the
perivenous spaces and leaves the brain interstitium into the
subarachnoid space, a process that depends on glial cells (Iliff
et al., 2012). Once in this compartment, solutes and CSF can
exit the skull through arachnoid villi or along perineural routes
through the foramina in the skull that drain into the extracranial
lymphatic vessels, as shown in mice (Ma et al., 2017).
The extent to which specific anatomical brain regions use
particular clearance pathways is not completely clear. In previous
work by our group, fluorescently labeled tracers were infused
into the striatum of mice to investigate the clearance route from
this brain structure (Bedussi et al., 2015). The majority of the
tracers drained into the adjacent lateral ventricle, from where
they dispersed along the cisterns on the ventral side of the brain.
Subsequent clearance of the large molecular weight tracer was
observed across the cribriform plate, which is in agreement with
the observations in the study of Ma et al. (2017).
In the present study, we aimed to outline the clearance
pathways from the hippocampus of mice. This anatomical brain
structure is known to be susceptible to protein aggregation of
particularly amyloid-β, and is therefore one of the most affected
brain regions in Alzheimer’s disease (Braak and Braak, 1991;
Selkoe, 2002; Ross and Poirier, 2004). Since injection of tracers
in the brain may affect physiological parameters, such as the
intracranial pressure (ICP), we minimized the quantity and
infusion rate of the tracer solution. Yet, tracer infusion inevitably
leads to dispersion of the tracer due to the infusion itself. For this
reason, we sacrificed a subset of animals directly after infusion
to reveal the experimentally induced spreading of the tracer. The
majority of animals were sacrificed after an additional spreading
period that followed the tracer infusion, which aimed to examine
dispersion through physiological mechanisms. Whole mice, with
an intact cranium, were subsequently sectioned in an imaging
cryomicrotome, and tracer distribution was assessed using the
resulting 3D reconstructions.

Chemicals and Reagents
Two different fluorescently labeled dextrans were used as tracers
to study the clearance pathways from the mouse hippocampus.
Fluorescein labeled dextran (D7136, 500 kDa, Ex 494 nm/Em
512 nm) and Texas Red labeled dextran (D3328, 3 kDa, Ex
595 nm/Em 615 nm) were purchased from Molecular Probes, and
were dissolved in artificial CSF (aCSF—135 mM NaCl, 5.4 mM
KCl, 1 mM MgCl2 , 1.8 mM CaCl2 , 5 mM HEPES, pH 7.4) to a
final concentration of 30 mg/mL.

Surgical Procedure
Animals were weighed prior to the experimental procedure
(36.1 ± 1.4 g, n = 10). The surgical procedure was performed
under isoflurane inhalation anesthesia (Pharmachemie B.V.)
and was kept between 2.0 and 3.0% in O2 at a delivery
rate of 2.0 L/min. After induction of the general anesthesia,
the core body temperature was measured with a rectal
probe and was maintained at 36–37◦ C using a heating pad.
Ophthalmic ointment (Duratears , Alcon) was applied to prevent
dehydration of the eyes. Mice were turned in the prone position,
and the head was immobilized in a stereotaxic frame (Stoelting).
The scalp was shaved, and a longitudinal incision was made
to expose the skull. The stereotaxic coordinates of the CA1
region of the hippocampus were determined according to the
Paxinos and Franklin mouse brain atlas (second edition, 2001)
as 2.0 mm caudal from bregma, 1.6 mm lateral from the sagittal
suture, and 1.5 mm ventral from the skull surface. 10% xylocaine
(AstraZeneca B.V.) was applied as additional local anesthesia, and
a small hole was drilled using a dental drill. A 34-gauge needle
(Hamilton) was inserted, which was connected to a polythene
catheter and syringe. Subsequently, 1.0 µL of the dextran mixture
was infused at a controlled flow rate of 0.1 µL/min using a syringe
pump (Harvard Apparatus). A subset of mice was sacrificed
directly after infusion of the tracer mixture (10 min). The other
group of animals was kept anesthetized for an additional 80 min
to allow the tracer mixture to spread through the brain, while
the needle was kept in place. These time points were based
on data from a previous study by our group (Bedussi et al.,
2015). Prior to sacrifice, heparin (LEO Pharma) was injected
into the bloodstream via the dorsal penile vein and was allowed
to circulate for 2 min. Animals were then sacrificed with an
overdose of Euthasol (AST Farma B.V.) that was injected
intravenously. All mice were subsequently transcardially perfused
with phosphate-buffered saline (PBS). The teeth and skin were
removed in order to protect the knife and prevent artifacts that
may develop during the sectioning and imaging procedures in
the imaging cryomicrotome. Animals were then snap-frozen in
liquid nitrogen as a whole and stored at −20◦ C until further use.
R

MATERIALS AND METHODS
Animals
In this study, a total of 11 male mice were used. These mice
were randomly assigned to two different experimental groups:
one group of three mice that were sacrificed directly after
infusion of the fluorescent tracers, and one group of eight mice
that were sacrificed after an additional spreading period after
tracer infusion. One mouse died during the experiment, leaving
seven mice in this experimental group. The C57BL/6JOlaHsd
mice were obtained from Harlan (Netherlands) at 12 weeks
of age. They were kept until 39.7 ± 0.1 weeks of age for the
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Figure 3, the Mann–Whitney U test was performed to compare
the dispersion volumes of the fluorescent tracers. Differences
between the two experimental groups were considered significant
if p ≤ 0.05. Statistical analyses were performed in IBM SPSS
Statistics (version 26), and GraphPad Prism Software (version
8.0.2) was used to visualize the data.

3D Cryomicrotome Imaging
Whole mice were embedded in a cylindrical holder in 3.0%
carboxymethylcellulose sodium solvent (Sigma) mixed with 0.1%
black ink (VWR), and were frozen at −20◦ C for at least 24 h. 3D
optical imaging was performed using a custom-built automated
imaging cryomicrotome (Spaan et al., 2005; van den Wijngaard
et al., 2013). All samples were serially cut from the thorax to
the nose in slices of 45 µm. After each slice, the surface of
the remaining tissue was imaged using a 4096 × 4096 pixels,
16-bit cooled charged-coupled device (CCD) camera (Apogee
Alta U-16) equipped with an adjustable focus lens (Nikon 70180 mm). Images of the fluorescent tracers were acquired using
LED illumination in combination with narrow-band excitation
and emission filters. Fluorescein labeled dextran was visualized at
Ex 480 nm (bandwidth 20 nm)/Em 535 nm (bandwidth 50 nm)
for 6000 ms, while Ex 577 nm (bandwidth 20 nm)/Em 635 nm
(bandwidth 30 nm) for 8000 ms was used for the Texas Red
labeled dextran. Reflection images were also obtained to visualize
the contours of the sample at Ex 577 nm (bandwidth 20 nm)/Em
577 nm (bandwidth 30 nm) for 500 ms. All images were acquired
using 1 × 1 binning, resulting in an in-plane resolution of 15 µm.

RESULTS
3D Reconstruction of the Tracer
Dispersion Patterns
To outline the clearance pathways from the hippocampus
in mice, we infused fluorescently labeled dextrans as tracer
molecules and assessed their dispersion through the body.
The tracer mixture consisted of two dextrans with different
conjugated fluorophores and molecular weights. The low
molecular weight, Texas Red labeled tracer has a comparable
weight to that of the amyloid-β protein and should therefore
reflect the removal pathway via the ISF of this and other
endogenous proteins and solutes of a similar size. We also
included a high molecular weight fluorescein labeled tracer,
which we anticipated to show relatively little dispersion via
diffusion, but rather relies on bulk flow.
Since the distribution of these tracers may be affected by the
infusion itself, we sacrificed the animals at two different time
points. A small subset of mice (n = 3) was sacrificed directly after
tracer infusion, while another group (n = 7) was kept anesthetized
for an additional 80 min to allow further dispersion of the tracers
trough physiological mechanisms. Figure 1 shows representative
3D reconstructions of the tracer dispersion both after infusion
and the additional spreading period. The 3D reconstructions of
the dispersion of the fluorescein and Texas Red labeled dextrans
for the individual mice are shown in Supplementary Figures 1,
2, respectively.

Image Processing and Analysis
Sequential images were pre-processed using a program written
in LabVIEW (National Instruments, Austin, TX, United States).
Artifacts due to stuck pixels were eliminated by assigning these
pixels the median value of their neighbors. Images were scaled
to an isotropic voxel size of 45 µm. In-house developed software
was subsequently used to stack the sequential images, to segment
the distribution pattern of the tracers, and to create 3D polygon
meshes representing the tracer spreading. For segmentation, a
fixed intensity threshold was set for each fluorescent tracer,
excluding all voxels with an intensity below the threshold value.
The threshold was determined by examining the intensity values
in regions where the tracer was absent, e.g., bone and muscle
tissue, and was set at a level that ensured tracer was not
segmented due to tissue autofluorescence. Intensity thresholds of
the individual tracers were kept constant between all mice.
The total dispersion volumes of the different tracers were
calculated by adding up the number of voxels with intensities
above the threshold and multiplying this count by the voxel
volume. Next to this, two observers (DN and EB) assessed the
tracer distribution by scoring either the presence or absence of
the fluorescent dextrans in a number of different anatomical
structures. This was examined in all individual slices of the total
imaged volume of each mouse. Both observers were blinded to
the experimental group the mice were allocated.

Tracer Dispersion to Different
Anatomical Structures
Based on the 3D reconstructions of the tracer distribution as
shown in Figure 1, we observed that the two fluorescently
labeled dextrans dispersed both in the rostral and in the caudal
direction from the infusion site. To get more insight in the
spreading into different anatomical structures, we visualized
and assessed the tracer dispersion through the central nervous
system in the individual 2D images. Due to the limited spatial
resolution in the images, small anatomical structures such as
the subarachnoid space and cisterns could not be precisely
delineated, which precludes the quantitative measurement of
tracer signal. The presence of each tracer was therefore scored
qualitatively in a number of structures, including adjacent brain
regions to the hippocampus, different CSF compartments, and
the spinal cord. Table 1 shows the proportion of mice that showed
the presence of the two fluorescent dextrans in the different
anatomical regions. We observed the presence of tracer in a high
proportion of animals in the interpeduncular cistern, and lateral
and third ventricles in both experimental groups. This finding

Statistical Analysis
A generalized estimating equation (GEE) model was used to
estimate the effect size of the experimental procedure on the
dispersion of the two different fluorescent tracers through the
central nervous system. The presence of fluorescence signal of the
individual tracers was used as the dependent variable. Odds ratios
(OR) with 95% confidence intervals (CI) and their corresponding
p-values are given. All other data are reported as mean ± SEM. In

Frontiers in Neuroscience | www.frontiersin.org

3

March 2021 | Volume 15 | Article 631325

Naessens et al.

Solute Clearance From the Hippocampus

FIGURE 1 | Representative 3D reconstructions of the tracer distribution through the body. The polygon meshes delineate regions above a fixed intensity threshold
that was kept constant for each fluorescent tracer. (A,B) The dispersion of Texas Red labeled and fluorescein labeled dextrans after the infusion period of 10 min.
(C,D) The spreading pattern of the same fluorescent tracers after an additional spreading period of 80 min that followed the infusion period of 10 min. Scale bar
represents 5000 µm.

The extent of dispersion during the additional spreading
period within the brain and surrounding structures was analyzed
by a GEE model for each fluorescent dextran. This revealed an
OR of 2.77 and 95% CI of 0.97–7.87 for the fluorescein labeled
tracer, with a p-value of 0.057. For the Texas Red labeled tracer,
the model showed an OR of 5.06 and 95% CI of 1.36–18.82. The
corresponding p-value of this dextran was 0.015, which indicates
strong association between the presence of the Texas Red tracer
and additional spreading period that followed infusion.

suggests that the tracers distributed over the hippocampus
and entered the bordering CSF compartments. Once in this
compartment, fluorescent dextrans further dispersed through
the brain via the subarachnoid spaces and fourth ventricle.
Eventually, both tracers ended up in the nasal turbinates and
spinal nerves from where they may leave the central nervous
system. In Figure 2, detailed images showing the presence of
the fluorescein labeled tracers in the two different experimental
groups are depicted. Figure 2A demonstrates a sagittal view
of a mouse and indicates the positions of representative detail
images of the nasal turbinates (Figures 2B,F), infusion site in
the hippocampus (Figures 2C,G), dispersion in the hippocampus
caudal to the infusion site (Figures 2D,H), and spinal nerves
(Figures 2E,I). In Supplementary Figure 3, the dispersion
to and through these structures is shown in a sagittal view
of a mouse sacrificed after the additional spreading period
of 80 min after infusion. A sequential images series from
cranial to caudal of a mouse head and thorax is shown in
Supplementary Video 1.
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Quantification of the Tracer Dispersion
Volume
To further study the distribution of the two fluorescent dextrans
from the hippocampus in mice, we quantified the total dispersion
volume of the individual tracers in the different experimental
groups. Even though we used a relatively low infusion rate,
it is inevitable that the infusion itself leads to dispersion
of the tracer mixture. The spreading of the tracers in the
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TABLE 1 | Proportion of mice that showed tracer presence in different anatomical structures.
Fluorescein labeled dextran
Anatomical structure

Texas Red labeled dextran

10 min infusion
(n = 3)

10 min infusion + 80 min additional
spreading (n = 7) p = 0.057

10 min infusion
(n = 3)

10 min infusion + 80 min additional
spreading (n = 7) *p ≤ 0.05

Nasal turbinates

0.67

1.00

0.33

1.00

Olfactory bulb

0.00

0.57

0.00

0.14

Cortex

0.33

0.43

0.67

0.86

Hippocampus

1.00

1.00

1.00

1.00

Striatum

0.00

0.00

0.67

0.86

Subarachnoid space (cerebrum)

0.33

0.57

0.33

0.86

Lateral ventricle

1.00

0.86

1.00

1.00

Third ventricle

0.67

0.86

1.00

1.00

Fourth ventricle

0.33

0.71

0.14

0.86

Interpeduncular cistern

1.00

0.71

1.00

0.86

Subarachnoid space (cerebellum)

0.33

0.71

0.67

1.00

Spinal cord

0.33

0.86

0.33

1.00

Spinal nerves

0.00

0.86

0.33

1.00

Fluorescein labeled and Texas Red labeled tracer presence was scored in 13 different anatomical regions, as seen from rostral to caudal. Shown are the proportions of
tracer presence for the subset of mice that were sacrificed directly after infusion of the tracer and the group of mice sacrificed after an additional spreading period of
80 min after infusion, referred to as “10 min infusion” and “10 min infusion + 80 min additional spreading,” respectively. To estimate the effect size of the experimental
procedure on the dispersion of the fluorescein and Texas Red labeled dextrans, a GEE model was used.

to study the fluid dynamics within the interstitium and the
exchange between the CSF and the ISF. These studies require
the injection of tracer molecules into the brain, which may affect
endogenous processes of tracer dispersion. Previous work from
our group and others showed that in rats intrathecal infusion
leads to an increase in ICP at infusion rates of 3.0 µL/min or
higher (Yang et al., 2013; Bedussi et al., 2017b). In mice, an
infusion rate of 0.34 µL/min already slightly elevates the ICP
when injected in the cisterna magna (Bedussi et al., 2017a). In
the current study, we reduced the infusion rate even further to
0.1 µL/min, in order to minimize changes in ICP. In addition
to this low pump rate, we also scaled down the infused tracer
solution quantity to 1.0 µL. This quantity is analogous to a
volume of 1.0 mm3 , which may seem a small amount. However,
knowing that the extracellular space occupies approximately 20%
of the total brain volume, it actually replaces the ISF of 5.0 mm3 of
brain tissue (Hrabetova et al., 2018). The study by Ma et al. (2005)
showed average volumes of 453.2 and 25.7 mm3 of the whole
brain and hippocampus, respectively, in the same strain of mice
used in our study. These numbers demonstrate that the impact of
the infusion of even a relatively small quantity of tracer solution
in the rodent brain is substantial. Therefore, in order to reveal
the tracer distribution due to the infusion itself, we included a
subset of mice that was sacrificed directly after infusion. The
inclusion of this experimental group allowed us to untangle
the contribution of experimentally induced dispersion from
dispersion through physiological mechanisms by comparison of
distribution volumes with the other group of mice sacrificed after
an additional spreading period. Even though we thus minimized
both the infusion rate and infused tracer solution quantity, the
data from this experimental group show that tracers already
distributed over a substantial volume in the hippocampus during
the infusion period.

subset of mice sacrificed directly after infusion is therefore
expected to be dominated by the infusion of the tracer solution
rather than the endogenous mechanisms. Figure 3 shows the
dispersion volumes of the two different fluorescently labeled
dextrans in both experimental groups. To put these volumes in
perspective, the dispersion volumes in the subset of mice that
were sacrificed directly after infusion occupy 4–8% of the total
mouse brain volume.
Next, we compared the dispersion volumes between the two
time points for the individual tracers. We observed that this
volume substantially increased after the additional dispersion
period of 80 min for Texas Red labeled dextran only. For this
tracer, we found a significant 2.5-fold increase in volume after
the additional spreading period (p ≤ 0.05). The volume of the
fluorescein labeled tracer did not significantly change.

DISCUSSION
In this study, we have examined clearance pathways for
solutes from the hippocampus in mice. A custom-built 3D
imaging cryomicrotome was used to visualize and quantify the
distribution pattern of different fluorescently labeled dextrans.
The two tracers distributed over the hippocampus, entered
adjacent brain structures, and finally left the brain both in
the direction of the nose and the spinal cord. Furthermore,
using two time points, we untangled the contribution of
experimentally induced tracer spreading from endogenous
mechanisms. These data map the removal pathway for solutes
and waste products via the ISF and CSF compartment, and may
aid in a better understanding of the exact clearance routes from
the mouse brain.
Injection of tracer molecules and contrast agents in the brain
parenchyma or CSF compartment is a frequently used technique
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FIGURE 2 | Detail images of tracer dispersion to different anatomical structures. (A) A sagittal view of the imaged volume of the mouse. The vertical lines indicate the
positions of relevant anatomical structures as shown in the axial views of the mouse in (B–I). Panels (B–E) demonstrate segmentation of the fluorescein labeled
tracer above the fixed intensity threshold in a mouse sacrificed directly after infusion, while (F–I) show this for a mouse that was sacrificed after an additional
spreading period of 80 min. (B) and (F) indicate tracer presence in the nasal turbinates, (C) and (G) demonstrate this for the infusion site in the CA3 region of the
hippocampus, (D) and (H) for the hippocampus caudal to the infusion site, and (E) and (I) for the spinal nerves. The arrows indicate tracer dispersion to the nasal
turbinates and spinal nerves in (F) and (I), respectively. Scale bar represents 3500 µm.

Many studies investigating the fluid transport in the rodent
brain rely on the post mortem imaging of in vivo infused tracer
(Iliff et al., 2012; Kress et al., 2014; Albargothy et al., 2018; Berliner
et al., 2019). This, in combination with immunohistochemistry,
enables a detailed visualization of the tracer distribution ranging
from the cellular level up to the whole brain. However, the
process of fixation that is often used to preserve the tissue
may cause artifacts that could influence the interpretation of
the data. A study by Mestre et al. (2018) showed that during
perfusion fixation of the animal with 4% paraformaldehyde, the

Frontiers in Neuroscience | www.frontiersin.org

size of the perivascular space changed dramatically, leading to a
redistribution of the tracer. This unintended spreading may also
develop in brains that are preserved by immersion fixation, as
different fixative solutions can cause either shrinkage or swelling
of the tissue (McFadden et al., 2019). In addition, one other recent
study reported a remarkable discrepancy in the spreading pattern
of intrathecally injected tracers between in vivo and ex vivo
measurements in mice. In anesthetized animals, tracer spread
was limited to the perivascular spaces of the larger blood vessels
on the surface of the brain, whereas immediately after death,
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FIGURE 3 | Volume measurements of the tracer dispersion. The dispersion volume was significantly increased for the low molecular weight dextran labeled with
Texas Red. For the high molecular weight fluorescein labeled dextran, the dispersion volume was much more variable and did not reach statistical significance. Data
represent n = 3 for the subset of animals that were sacrificed directly after the infusion period of 10 min, and n = 6 or n = 7 for the group of mice that were sacrificed
after an additional spreading period of 80 min after infusion. Values are mean ± SEM. ∗ p ≤ 0.05 (Mann–Whitney U test).

remained intact. This revealed important drainage pathways
from the brain via these spaces both to the spinal cord
and to the cribriform plate that will be easily missed when
only examining tracer dispersion in the dissected brain tissue.
Another advantage of preserving the animal as a whole is
that this shortens the time period between death and tissue
fixation, thereby presumably reducing the post mortem artifacts
of tracer dispersion as described by Mestre et al. (2018)
and Ma et al. (2019b).
This technique, furthermore, permits the visualization of
multiple fluorophores. As a result, a number of fluorescent
probes and other detectable molecules of different sizes can be
examined in the same experiment. Because of this property, the
imaging cryomicrotome enables the assessment of convective and
diffusive transport of tracer molecules in the brain interstitium. In
this study, we observed that in the group of mice sacrificed after
an additional spreading period after infusion, both fluorescent
tracers distributed to various anatomical structures. However,
our finding that the extent to which the tracers dispersed
through the brain and surrounding structures was larger for
the Texas Red labeled tracer suggests an enhanced dispersion
of this smaller tracer through the central nervous system. In
addition, quantification of the tracer dispersion volume revealed
that the actual distribution area only increased significantly after
the additional spreading period for this same small, Texas Red
labeled tracer. These findings may therefore indicate a prominent
role for solute dispersion via diffusion in addition to convection,
which appears to result mainly from injection. Tracers distributed
over the hippocampus and entered adjacent brain structures,
such as the cortex and CSF compartment. Once in the CSF
compartment, tracers left the brain via the ventricular system,
subarachnoid spaces, and cisterns in the directions of the nose
and spinal cord. Tracers subsequently left the central nervous
system via the cribriform plate and spinal nerves, after which the

tracers rapidly entered these spaces along the penetrating vessels
in the brain parenchyma (Ma et al., 2019b). This phenomenon
may be explained by a widening of the perivascular spaces as a
result of the sudden drop in blood pressure that occurs upon
death. These findings, together, indicate that the distribution of
fluorescent tracers in histological sections may not accurately
reflect the dispersion in living mice.
To avoid these post mortem artifacts, studies on the glymphatic
system have used in vivo imaging techniques as magnetic
resonance imaging (MRI) and two-photon microscopy (Iliff et al.,
2012, 2013a,b; Kress et al., 2014). These imaging modalities
permit the dynamic measurement and visualization of fluid
transport in the rodent brain. Besides this noteworthy feature,
MRI provides imaging of the entire brain and has therefore
become one of the most valuable tools for evaluating CSF–ISF
exchange in vivo. However, despite the advancements that have
recently been made, this technique still has limited spatial and
temporal resolution to assess perivascular flow (Mestre et al.,
2018). Two-photon laser scanning microscopy overcomes this
lack of resolution and therefore allows the detailed imaging of
perivascular spaces. However, this technique is only capable of
visualizing these spaces in small, superficial areas of the brain
cortex, due to its small field of view and restricted penetration
depth (Iliff et al., 2013b; Kress et al., 2014).
The custom-built 3D imaging cryomicrotome may overcome
a number of these limitations. This device enables sectioning
and high-resolution imaging of large tissue samples such
as the human heart, as well as whole mice and rats
because of its ability to slice through bone tissue. In the
current study, this latter characteristic allowed for the detailed
visualization of the fluorescent tracers throughout the entire
mouse head and thorax. Since this approach does not require
the dissection of the brain, all connections within the CSF
compartment, including its cisterns and subarachnoid space,
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signal intensity became too low to detect. These data confirm
findings of other studies such as Ma et al. (2019a) and Brady
et al. (2020), which reinforce the role of CSF as a clearance
pathway for waste materials. Particularly solutes for which no
transporters are present at the blood–brain barrier, or insoluble
aggregates of molecules, may depend on such mechanisms.
Exactly how tracers reach the CSF compartment could not
be determined. Despite the higher resolution of the imaging
cryomicrotome when compared to other imaging modalities,
e.g., MRI, the resolution is still too limited to assess whether
tracers dispersed via the perivascular spaces to these structures,
or simply crossed boundaries between the brain parenchyma
and CSF compartment via relatively permeable structures such
as the ependyma.
A methodological limitation of using two different
fluorophores is the difference in their specific spectral
properties. Fluorescein was detected at short-wavelength
emission, at which tissue autofluorescence was also observed
in particular structures, such as the nose and blood vessels. As
a consequence, the differentiation between the true signal of
the tracer and background fluorescence required a relatively
high threshold. Even though this threshold was carefully
chosen, we cannot fully rule out a minor contribution of
tissue autofluorescence to the dispersion volume quantification
of this tracer in some cases. This may, in turn, explain the
higher variation observed in the dispersion volumes of the
fluorescein labeled tracer when compared to the Texas Red
labeled tracer. This latter tracer showed a higher signal-to-noise
ratio; however, segmentation of this more diffusely spread
dextran was still determined by an arbitrary threshold. Since
these limitations may hinder the quantitative comparison
of tracer molecules with different fluorophores, we did not
directly compare the dispersion pattern and volume of the
two dextran tracers in this study. Another limitation is the
small sample size and restricted number of time points in the
current work. In future studies, a larger sample size and the
addition of later time points may allow a better discrimination
of endogenous mechanisms versus experimentally induced
tracer dispersion.
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Supplementary Figure 1 | 3D reconstructions of the fluorescein labeled tracer
distribution through the body of the individual mice. The polygon meshes delineate
regions above the fixed intensity threshold of the fluorescein labeled dextran.
Panels (A–C) show the dispersion of this tracer in the individual mice that were
sacrificed after the infusion period of 10 min, whereas panels (D–J) show this for
the individual mice sacrificed after the additional spreading period of 80 min that
followed the infusion period of 10 min. Scale bar represents 5000 µm.

CONCLUSION

Supplementary Figure 2 | 3D reconstructions of the Texas Red labeled tracer
distribution through the body of the individual mice. The polygon meshes delineate
regions above the fixed intensity threshold of the Texas Red labeled dextran.
Panels (A–C) show the dispersion of this tracer in the individual mice that were
sacrificed after the infusion period of 10 min, whereas panels (D–I) show this for
the individual mice sacrificed after the additional spreading period of 80 min that
followed the infusion period of 10 min. Scale bar represents 5000 µm.

In conclusion, the present study assessed clearance pathways of
solutes from the mouse brain by the use of a whole body imaging
procedure. This revealed that fluorescent tracers travel through
the hippocampus, enter adjacent brain structures, and eventually
leave the brain in the direction of the cribriform plate and spinal
cord via the CSF compartment. We also observed that even a
limited infusion rate and volume of tracers cause experimentally
induced dispersion over a substantial brain volume. In the time
frame of the current study, only a low molecular weight tracer
showed further distribution, implying an important contribution
of diffusion for solute transport in the brain. Taken together, these
results reveal how solutes leave the hippocampus, which may
aid in a better understanding of waste clearance in the healthy
and diseased brain.
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Supplementary Figure 3 | Sagittal view of the tracer dispersion to different
anatomical structures. Panel (A) shows a raw sagittal image of the imaged volume
of a mouse that was sacrificed after an additional spreading period of 80 min.
Panel (B) demonstrates segmentation of the fluorescein labeled dextran above the
fixed intensity threshold in this same image. The arrows indicate tracer dispersion
to the nasal turbinates and spinal nerves. Scale bar represents 3500 µm.
Supplementary Video 1 | Sequential image series from cranial to caudal in a
mouse head and thorax. A sequential image series of axial images show the
dispersion of the large, fluorescein labeled dextran tracer through the mouse head
and thorax after infusion in the hippocampus.
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