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Abstract

Cerebrospinal fluid (CSF) outflow from the brain occurs through absorption into the arachnoid
villi and, more predominantly, through meningeal and olfactory lymphatics that ultimately drain
into the peripheral lymphatics. Impaired CSF outflow has been postulated as a contributing
mechanism in Alzheimer’s disease (AD). Herein we conducted near-infrared fluorescence imaging
of CSF outflow into the peripheral lymph nodes (LNs) and of peripheral lymphatic function in a
transgenic mouse model of AD (5XFAD) and wild-type (WT) littermates. CSF outflow was
assessed from change in fluorescence intensity in the submandibular LNs as a function of time
following bolus, an intrathecal injection of indocyanine green (ICG). Peripheral lymphatic
function was measured by assessing lymphangion contractile function in lymphatics draining into
the popliteal LN following intradermal ICG injection in the dorsal aspect of the hind paw. The
results show 1) significantly impaired CSF outflow into the submandibular LNs of 5XFAD mice
and 2) reduced contractile frequency in the peripheral lymphatics as compared to WT mice.
Impaired CSF clearance was also evidenced by reduction of fluorescence on ventral surfaces of
extracted brains of 5XFAD mice at euthanasia. These results support the hypothesis that lymphatic
congestion caused by reduced peripheral lymphatic function could limit CSF outflow and may
contribute to the cause and/or progression of AD.
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INTRODUCTION

Although the etiology of the Alzheimer’s disease (AD) is not definitely known, misfolding,
aggregation, and brain deposition of misfolded protein aggregates in the form of amyloid
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deposits and neurofibrillary tangles are considered triggering factors of the pathology [1].
Amyloid-B (AB) peptides with 40 and 42 amino acids result from the proteolytic processing
of the amyloid-p protein precursor (ABPP) and form the major component of amyloid
plaques deposited in the brain of AD patients [2]. It has been hypothesized that Ap
accumulation results from an imbalance between AR production and its clearance [1, 2]. A
is removed by various mechanisms, including degradation by enzymes [3-6], the uptake by
microglial or astrocytic phagocytosis [3,4], interstitial fluid (ISF) flow along smooth muscle
cell basement membranes in the walls of cerebral arteries, also known as intramural
periarterial drainage [7-9], and CSF absorption into the venous arachnoid villi and into
peripheral lymphatic system from the perivascular and perineural compartments [1, 2, 10,
11].

Consistent with recent revisions in Starling’s law that predict minimal fluid reabsorption into
venous blood vessels [12], the predominant clearance of CSF is most likely through the
cribriform plate into nasal lymphatics. Previous studies in many mammals including humans
show that CSF transport is observed in the perineurial compartments of the olfactory nerves
external to the cranium, which merge into extensive lymphatic networks associated with the
submucosa of the olfactory epithelium, ethmoid turbinates, and adjacent nasal septum
following injection of the contrast agent into the cranial subarachnoid compartment [13-15].
CSF is also transported from the sub-arachnoid space into the perivascular (Virchow-Robin)
arterial compartments wherein the water channel protein, Aquaporin-4 (AQP4), located on
the foot processes of astrocytes, is thought to facilitate convective flow that exchanges
macromolecules with ISF across the brain parenchyma before emptying into the peri-venous
compartments that empty into the cervical lymph nodes (LNs) [10]. These astroglial water
channels are termed the “glymphatics” because they act as a “pseudo” lymphatic system by
cleansing excess macromolecules from the interstitial space. The glymphatic pathway may
be important for AB clearance [10]. Glymphatic transport has been shown to be suppressed
in double transgenic mice overexpressing mutated forms of the genes for human APP and
presenilin 1 (PS1), both genes associated to familial forms of AD [16]. ISF is also known to
drain out of the brain along the intramural periarterial drainage to cervical LNs [17].
Regardless of how CSF is cleared through cribriform or meningeal lymphatics or through
these newly discovered glymphatic pathways, CSF outflow from the brain is directed to the
LNs draining the head and neck region, which constitute 1/3 of the LNs within the
peripheral lymphatic system [18]. Peripheral lymphatics constitute a functional
unidirectional vascular system that is responsible for draining collected interstitial fluid
(lymph) and waste products to the venous circulation for processing. Lymphatic transport
occurs via extrinsic (passive) mechanisms as well as intrinsic contractile activity of
lymphangions, which consist of lymphatic vessel segments bounded upstream and
downstream with valves that open and close in concert smooth muscle contraction to propel
lymph unidirectionally, often against gravity through the lymphatic network draining into
the supraclavicular vein. Lymphangion activity can be impaired by pro-inflammatory
cytokines [19], leading to lymphatic congestion or regional edema. Whether impaired
peripheral lymphatic function and congestion reduces CSF outflow in AD remains to be
demonstrated.
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In this study, we show altered CSF clearance through the lymphatics in 5XFAD transgenic
mice and impaired peripheral lymphatic function as compared to their age-matched wild-
type (WT) littermates. Our study suggests that lymphatic congestion that is associated with
defective peripheral lymphatic pump function could cause or further impair CSF outflow
and contribute to the progression of AD.

MATERIALS AND METHODS

Animals

Animals were maintained in a specific pathogen-free mouse facility accredited by The
Association for Assessment and Accreditation of Laboratory Animal Care International. All
animal protocols were reviewed and approved by the Institutional Animal Care and Use
Committee at the University of Texas Health Science Center-Houston. All experiments were
performed in accordance with institutional guidelines. 5XFAD mice overexpress mutant
human APP(695) with the Swedish (K670N, M671L), Florida (1716V), and London (V7171)
familial AD mutations along with human PS1 harboring M146L and L286V mutations both
directed towards neurons [20, 21]. Six to eight-month-old female and male 5XFAD and WT
mice were housed and fed irradiated pelleted food and purified, acidified water. For all
procedures, mice were anesthetized with isofluorane and maintained at 37°C on a warming
pad. Animals were clipped and residual hair removed using depilatory cream (Nair, Church
& Dwight Co., Inc.) 24 h before imaging. Peripheral lymphatic function was first imaged
following intradermal (i.d.) injection of indocyanine green (ICG). Following 1.5 months
after i.d. administered ICG had completely cleared from the body, intrathecal (i.t.) injection
of ICG was conducted for imaging, followed immediately with another i.t. ICG injection 1.5
months later that contained Evan’s blue dye (EBD) to visualize the uptake into the brain
upon euthanasia. Figure 1 details the animal protocol.

Tracer administration

For peripheral lymphatic imaging, ICG (0.25 mg; Akorn, Inc., Buffalo Grove, IL) was
dissolved in a mixture of distilled water and 0.9% sodium chloride in a volume ratio of 1:9
and 2 pl of ICG injected i.d. to the dorsal aspect of the left foot using 34-gauge needles. For
imaging CSF outflow, the fifth-sixth lumbar vertebrae (L5-L6) area was disinfected using
betadine and a small incision (~1 cm) made between the L5 and L6 vertebrae for i.t. ICG
injection [22]. A 31-gauge needle (BD Ultra-Fine™ Il Short Needle or Hamilton syringe)
was inserted between L5 and L6 vertebrae and a tail flick response was observed as
indication of correct position of the needle in the intradural space [22]. I.t. injection of 10 pl
of ICG or, at the final imaging session, of a mixture of ICG (5 pl and Evan’s blue dye (5 ul
2%) was performed immediately after a tail flick. The incision was closed with surgical glue
(3M Vetbond, 3M Animal care products). The injection site was covered with the black
electrical tape to prevent oversaturation of the camera.

In vivo and ex vivo imaging

Near-infrared (NIR) fluorescent images were acquired immediately after and for up to 20
min after i.d. ICG injections using a custom-built NIR fluorescence imaging (NIRFI) system
as described previously [23-26]. One and half months after i.d. injection, non-invasive
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NIRFI was also performed 0.2, 0.5, 1, 2, 4, 6, and 24 h after i.t. ICG injection. About one
and half months later, a second i.t. injection of a mixture of ICG and EBD was performed
and 30 min afterward, the animal was euthanized and the brain was dissected and imaged.
To achieve a greater magnification for NIRFI, a macrolens (Infinity K2/SC video lens,
Edmund Optics Inc.) was used. The camera exposure time for NIRFI was 200 ms for /n vivo
and 100 ms for ex vivo imaging.

Analysis of lymphatic vessel function and CSF outflow to LNs

ImageJ (National Institutes of Health, Washington, DC) was used to analyze the
fluorescence imaging data in the following manner. To assess lymphatic contractility, a fixed
region of interest (ROI) in a fluorescent afferent lymph channel was defined on fluorescence
images. The mean of the fluorescence intensity within each ROI in each fluorescence image
was then calculated and plotted as a function of imaging time as previously described
[23-26]. To test if CSF outflow to peripheral LNs is affected in AD mice, average NIR
fluorescent radiance (mW-cm=2.sr~1) in submandibular LNs (SMLNs) were measured [27].

Assessment of CSF spread on ventral surface of the brain

The spread of ICG in the base of the brain was quantified at euthanasia. NIR fluorescent
images were thresholded at the same fluorescence radiance and then converted into binary
images using ImageJ using the procedures described by others [28]. Briefly, the ventral
surface of the brain was segmented into 6 ROIs. Quadrants ROI1 through ROI4 were defined
rostrally to the pons and based on the division of the ventral surface by sagittal midline and a
perpendicular line passing through the hypophyseal stalk. ROI5 was defined from the caudal
to the rostral border of the pons and ROI6 from the caudal border of the brain-stem to the
caudal border of the pons. The percentage of the area of each ROI with ICG fluorescence
was quantified.

Thioflavine S staining and burden quantification

For evaluation of neuropathological changes, 5XFAD and WT animals were sacrificed. The
brain was collected and fixed in formalin for histological analysis, as we previously
described [29]. The extent of amyloid deposition was measured by image analysis using 1
mm thickness serial coronal brain slices stained with Thioflavin S (ThS) at 0.025% in
ethanol 50% for 8 min. Free-floating sections were rinsed and cover slipped with mounting
medium for fluorescence (Vector). Five slices per animal were analyzed. Photomicrographs
of samples examined under an epifluorescent microscope (DMI6000B, Leica) were
imported into ImageJ, and converted to gray scale images. Threshold intensity was used to
quantify amyloid burden. Load of AB, defined as the area labeled per total area analyzed,
was quantified.

Statistical analysis

Data was presented as average valueststandard deviation (SD) unless otherwise indicated.
Statistical analysis was performed with Prism 7 (Graphpad Software, Inc). The Mann-
Whitney test or t-test was used for comparisons between two groups or two-way analysis of
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variance (ANOVA) with bonferroni’s multiple comparisons test among groups. The
significance level is set as p< 0.05.

RESULTS

CSF outflow following i.t. injection is in impaired in AD mice

To determine whether the CSF outflow into peripheral LNs is compromised during AD
neuropathology progression, 5XFAD mice with substantial amyloid burden in the brain (Fig.
2) and WT age-matched littermates were i.t. injected with ICG and imaged using NIRFI to
measure lymphatic outflow. Immediately following i.t. injection, ICG transits to the
subarachnoid space and through the cribriform vessels to the SMLNs, as seen from ventral
NIR fluorescent images in Fig. 3A and Fig. 3B shows the average and standard deviation of
calibrated fluorescence radiance (mW-cm=2-sr~1) collected from the tissue surface as a
function of time after i.t. administration for 5XFAD (7= 7) and WT littermates (7= 11). The
highest fluorescence radiance occurred at 0.5-h post injection in 5XFAD and age-matched
WT mice and the radiance decreased over time. Significantly higher fluorescence radiance
was found in WT mice than age-matched 5XFAD mice at 0.2, 0.5, and 1 h post injection, but
no statistically significant difference existed after 2 h.

Peripheral lymphatic function following intradermal injection is impaired in AD mice

Figure 4 shows the anatomy and contractile function in the hind limbs of typical 5XFAD and
WT animals. Figure 4D shows example traces of the fluorescence radiance of ROIs that
emptied and refilled with ICG-laden lymph in 5XFAD (grey) and WT (black) mice. Figure
4E shows that significantly reduced lymphatic contractile activity was observed in 5XFAD
mice as compared to age-matched WT mice, suggesting that in addition to impaired CSF
outflow into the lymphatics, impaired peripheral lymphatic function also accompanies
disease.

CSF distribution on ventral surface of the brain of AD mice is limited

To follow the drainage of CSF, 5XFAD and WT animals were allowed to recover after ICG
administration and, 1.5 months later, a second injection was performed. Brains were excised
30 min after i.t. injection of a mixture of ICG and EBD. Ventral surfaces were imaged to
determine whether distribution of ICG/EBD in perivascular compartments is altered in
5XFAD mice. As shown in typical images of WT (Fig. 5A) and 5XFAD (Fig. 5B) mouse
brains, we observed distribution of EBD in perivascular compartments of the WT mouse
brain, whereas less perivascular distribution of EBD was detected in age-matched 5XFAD
mice. ICG diffusion was measured in 6 different regions of interest (ROI), including the
right (ROI1) and left (ROI2) frontal and temporal cortical areas that contain the anterior and
middle cerebral artery, the right (ROI13) and left (RO14) temporal cortical areas containing
the internal carotid, and the medullar region that contains the basilar, posterior cerebral, and
anterior cerebellar arteries (ROI5), and the anterior-inferior cerebellar and vertebral arteries
(ROI6) [28]. Quantification from ex vivo NIRFI (Fig. 5Aiii, 5Bvi) showed significantly
reduced fluorescent area in ROIs 1, 3, and 4 in 5XFAD mice when compared to age-matched
WT mice (Fig. 5C).
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DISCUSSION

Because the central nervous system is devoid of a lymphatic vasculature, the pathological
accumulation of cellular waste products has been attributed to defects in 1) blood-brain
barrier clearance, 2) intracellular degradation and autophagy, and/or 3) extracellular
degradation and phagocytosis. Herein, we have shown that CSF distribution in the brain and
CSF drainage into the peripheral lymphatics is impaired in a well-established animal model
of AD compared to age-matched WT littermates. More strikingly, we have also found that in
these same AD animals, the peripheral contractile pumping activity is also diminished when
compared to age-matched WT littermates, suggesting that impaired CSF outflow into the
lymphatics could be caused by systemic lymphatic congestion.

Although the mechanism for intrinsic, contractile lymphatic “pumping” remains unknown
and controversial [30-32], investigators have found that lymphangion activity declines with
age [33] and that inflammatory cells and mediators of inflammation impact their
contractility [19, 34-39]. For example, we have shown that systemic or regional i.d. injection
of proinflammatory cytokines interleukin (IL)-6, IL-1p, and tumor-necrosis factor (TNF)-a
acutely decreases the contractile frequency of lymphangions, an effect that can be inhibited
by pre-administration of an inducible nitric oxide synthase (iNOS) inhibitor [19]. Systemic,
intraperitoneal injection of lipopolysaccharide (LPS) has been shown to result in acute,
transiently high levels of IL-6, IL-1B, and TNF-a [19], which, under chronic LPS
administrations, induces enhanced AP generation in the brains of WT mice [40]. It is well
known that TNF-a is involved in the pathogenesis of AD [41] and that CSF of AD patients
has been shown to have TNF-a levels 25x that of normal subjects [42]. In addition, cerebral
accumulation of AP triggers a sustained and chronic inflammatory response that includes the
activation of microglia, resident macrophages of the brain, leading to increased production
of IL-6, IL-1pB, NO, and iNOS, and phagocytic capacity [43-47]. When the blood-brain
barrier function is compromised, as known to occur at different stages of AD [48],
infiltration of peripheral macrophages further alters local pro-inflammatory cytokine levels.
These pro-inflammatory cytokines may play a role in neurotoxicity, induce tau
hyperphosphorylation and formation of neurofibrillary tangles [49], but upon drainage into
the lymphatics may also further impede lymphatic contractile function [19], resulting in
congestion and reduced CSF outflow. It is known that 9-12-month-old 5XFAD mice have
extensive amyloid burden and neuroinflammation at the time our experiments were
performed. As a result, CSF drainage of pre-inflammatory cytokines into the peripheral
lymphatics, including from the spinal canal to sciatic lymph nodes that also drain the hind
limbs, may result in impairment of the systemic lymphatic pump.

Using a transgenic mouse model expressing a vascular endothelial growth factor (VEGF)-
C/D trap and complete aplasia of the initial, meningeal lymphatics in the dura, Aspelund and
coworkers [50] showed impaired macromolecule clearance from the parenchyma to the
cervical LNs, indicating the importance of fluid entrance into the initial lymphatics and CSF
clearance into the peripheral lymphatics. Impaired glymphatics [51] has also been shown to
be increased with age and precedes significant A deposits, further indicating the
importance of CSF outflow into the lymphatics as a significant factor in the development of
AD [52]. Whether neuroinflammation and amyloid deposition in AD directly causes or is
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caused by impaired lymphatic congestion and reduced CSF outflow remains to be
investigated. Herein, we have shown that reduced CSF outflow in an AD model
accompanies impaired peripheral lymphatic function. The implication of this work is that
CSF outflow may be impacted by overall lymphovascular health and strategies to
systemically improve peripheral lymphatic function could represent a therapeutic or even
preventative strategy against AD.
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Fig. 1.

Timeline of animal experimentation.
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Fig. 2.

5)?FAD mice show high ThS-positive AP deposits as compared to age-matched WT mice.
Epifluorescent microscopic images of ThS staining shown in the whole brains of 5XFAD
and age-matched WT mice (A). The burden of ThS-positive amyloid plaques was
significantly higher in AD mice compared with WT mice (B). (= 3-7 animals/group, five
sections per animal).***p < 0.0001. Error bars are SE of the mean.
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Fig. 3.

In?rathecally injected ICG is drained to the SMLNSs. To evaluate whether CSF outflow into
the peripheral SMLN of AD mice is impaired, we injected ICG intrathecally into 5XFAD
and WT mice. A) NIR fluorescent images in the ventral view of WT and 5XFAD mice 10
min, 30 min, 1 h, 2 h, 4 h, and 6 h after i.t. injection of ICG. Inset, white light images.
Arrow, SMLNSs. B) Quantification of average fluorescent radiance (mW-cm=2-sr71) in
SMLNs. *p=0.018. **p=0.007.
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Fig. 4.

To evaluate whether peripheral lymphatic function in AD mice is reduced, we injected ICG
intradermally to the foot of 5XFAD and WT mice. Representative white light (A) and
fluorescent (B, C) images 20 mins after i.d. injection of ICG to WT (A, B) and 5XFAD (C)
mice. Asterisk: ICG injection site. D) Normalized fluorescent radiance profiles as a function
of time in ROI 1 (WT; black) and ROI 2 (5XFAD; grey). E) Quantification of lymphatic
contraction frequency in WT (n=11) and 5XFAD mice (n=7). *p=0.029.
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Fig. 5.
Intrathecally injected ICG is distributed along the perivascular subarachnoid space over the
ventral surface of the brain. To quantitatively and qualitatively evaluate whether CSF
distribution in the base of the brain of AD mice is limited, we injected a mixture of EBD and
ICG intrathecally to 5XFAD and WT mice. £x vivo EBD color images showing perivascular
distribution of EBD and ICG in WT (A) and 5XFAD (B) mice. Red boxes in A and B in
brains are represented at higher magnification (i, ii, iv, and v). The corresponding NIR
fluorescent images were also shown in iii and vi for WT and 5XFAD mice, respectively. C)
Quantification of percentage of the average area of ICG distribution in ROIs 1 through 6
(inset) on the ventral brain of WT (n7=8) and 5XFAD (n7=5) mice. *p < 0.05.
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