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Studies have demonstrated that a functional network of meningeal lymphatic vessels exists in the brain.
However, it is unknown whether lymphatic vessels could also extend deep into the brain parenchyma
and whether the vessels could be regulated by stressful life events. We used tissue clearing techniques,
immunostaining, light-sheet whole-brain imaging, confocal imaging in thick brain sections and flow
cytometry to demonstrate the existence of lymphatic vessels deep in the brain parenchyma. Chronic
unpredictable mild stress or chronic corticosterone treatment was used to examine the regulation of
brain lymphatic vessels by stressful events. Western blotting and coimmunoprecipitation were used to
provide mechanistic insights. We demonstrated the existence of lymphatic vessels deep in the brain
parenchyma and characterized their features in the cortex, cerebellum, hippocampus, midbrain, and
brainstem. Furthermore, we showed that deep brain lymphatic vessels can be regulated by stressful life
events. Chronic stress reduced the length and areas of lymphatic vessels in the hippocampus and thalamus
but increased the diameter of lymphatic vessels in the amygdala. No changes were observed in prefrontal
cortex, lateral habenula, or dorsal raphe nucleus. Chronic corticosterone treatment reduced lymphatic
endothelial cell markers in the hippocampus. Mechanistically, chronic stress might reduce hippocampal
lymphatic vessels by down-regulating vascular endothelial growth factor C receptors and up-regulating
vascular endothelial growth factor C neutralization mechanisms. Our results provide new insights into the
characteristic features of deep brain lymphatic vessels, as well as their regulation by stressful life events.
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Introduction

Lymphatic vessels play a key role in waste clearance, fluid trans-
port, and immune surveillance in the periphery [1]. In the brain,
a glial lymphatic (glymphatic) pathway was identified. The glym-
phatic path exchanges cerebrospinal fluid and interstitial fluid
through the spaces between blood endothelial cells and astro-
cytes [2]. A network of lymphatic vessels was later discovered
in the meninges of the mouse brain [3]. Follow-up studies
demonstrated that such a meningeal lymphatic network also
exists in nonhuman primates and humans [4]. Functionally, the
meningeal lymphatic vessels drain macromolecules, waste, and
immune cells from the cerebrospinal fluid to cervical lymph
nodes in the peripheral lymphatic system [3,5]. Developmentally,
meningeal lymphatic vessels growth is modulated by vascular
endothelial growth factor C (VEGF-C) signaling pathway [5].
Evidence suggest that meningeal lymphatic vessels can be reg-
ulated during certain brain pathologies including aging [6,7],
Alzheimer’s disease [7], Parkinson’s disease [8], and/or traumatic
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brain injuries [9]. Although a study on whole-mount immuno-
fluorescence preparations of the skull and brain reported that
no lymphatic vessels were observed on pia mater and brain
parenchyma [10], it remains unknown whether lymphatic ves-
sels could extend deep into brain tissues. If so, it is also unknown
whether deep brain lymphatic vessels are rigid or can dynami-
cally change in response to external environmental factors.
Stressful life events are part of individuals’ daily lives. Stress
triggers physiological responses in an organism’s body, such as
increases in stress hormones, changes in inflammatory medi-
ators, and elevations in cytokines [11]. Therefore, chronic stress
has been linked to a range of diseases, including cardiovascular
diseases, cancer, anxiety, depression, and immune system dys-
functions [12]. Chronic stress also reduces the circulation of
the glymphatic system in the brain [13] and causes remodeling
of the lymphatic vessels inside breast cancer tumors [14]. Thus,
we hypothesized that chronic stress might be one of the major
external environmental factors regulating deep brain lymphatic
vessels. In the current study, we used tissue clearing techniques,
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fluorescent immunostaining, brain imaging, and flow cytom-
etry to determine the presence of deep brain lymphatic vessels
and characterize them. We also studied how chronic stress
affects these vessels.

Results

Detection of lymphatic vessels deep in the

mouse brain

LYVEL1 is a major marker of mature lymphatic vessels [15]. Tissue
clearing methods, on the other hand, facilitate investigations of
the spatial characteristics of certain structures inside opaque tis-
sues. Therefore, we combined iDISCO+ (immunolabeling-enabled
three-dimensional imaging of solvent-cleared organs) tissue clear-
ing [16], LYVE1 immunostaining, and light-sheet whole-brain
imaging to detect the lymphatic vessels deep in the brain and
studied their characteristics and distribution in different brain
regions (Fig. 1A). We first verified the specificity of the LYVE1
antibody used in the current study by using Western blotting and
coimmunoprecipitation (Fig. S1A and B). The 3-dimensional (3D)
reconstruction of the mouse brain showed LY VE1-positive signals
that were consistently detected on the meninges of the brain, espe-
cially around the superior sagittal sinus area (Fig. 1B and Movie
S1). LYVEI signals were not present in the ventricles (Fig. S1C).
Optical sectioning of the whole brain revealed that the LYVE1
signal remained deep inside the brain, resembling vessel-like struc-
tures. Vessel-like structures were observed in the cortex, cerebel-
lum, hippocampus, midbrain, and brainstem (Fig. 1C). In contrast,
little, if any, signal was detected in the striatum (Fig. 1C, horizontal
section).

To confirm these observations, we used CLARITY [17], immu-
nostaining, and confocal microscopy imaging in thick brain sec-
tions (Fig. 1D). Again, the LYVEI signal, resembling vessel-like
structures, was detected not only in meningeal areas but also in
the cortex, hippocampus, and midbrain (Fig. 1E). We examined
whether the observed vessels in the brain were accompanied by
blood vessels, as reported previously for lymphatic vessels in the
periphery [18]. Coimmunostaining of CD34 (blood vessel marker)
and LYVEI revealed that the LY VE1-labeled vessel-like structures
ran parallel to the blood vessels and that the branching of
LYVEI-stained vessels was less extensive than that of the blood
vessels (Fig. 1F and Movie S2). The CD34 labeled blood vessels
network was more complex and extensive than the LY VE1-labeled
vessel-like network (Movie S2). Coimmunostaining of LYVE1 and
the red blood cells marker CD235a revealed no colocalization of
the signals in the brain (Fig. 1G), indicating that the LY VE1-labeled
vessels do nothave red blood cells inside them. Coimmunostaining
of CD3 (a T cell marker) and LYVEI revealed the presence of
T cells in LYVE1-labeled vessel-like structures (Fig. 1H). Finally,
we also found that LYVEI signal in the identified brain vessels
colocalized with 3 other lymphatic endothelial cell markers includ-
ing podoplanin, vascular endothelial growth factor receptor
3 (VEGFR3), and the transcription factor PROX1 [19] (Fig. 11to
K). Thus, functional lymphatic vessels could be detected not
only within meningeal structures on the brain but also deep
in the brain.

Characteristics and distribution of deep brain

lymphatic vessels
Using the IMARIS surface algorithm, we masked the whole brain.
Brain regions with the strongest and most extensive LYVE1
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signals (the cortex, olfactory bulb, hippocampus, midbrain,
brainstem, and cerebellum) were delineated (see Materials and
Methods), their 3D structures were constructed, and their lym-
phatic vessels were analyzed (Fig. 2A and B, Fig. S1D, and Movie
S3). We found that the average diameter of lymphatic vessels in
different brain regions ranged from 5 to 14 pm (Fig. 2A to L) and
that the vessels in these regions showed low branching. We then
analyzed different brain regions separately and found that the
lymphatic vessels within the olfactory bulb (Fig. 2C), cortex (Fig.
2D and E), and dorsal midbrain (superior and inferior colliculus,
Fig. 2F) were approximately perpendicular to the lymphatic net-
work on the outer surface of the brain, suggesting that the vessels
in these areas originated from the lymphatic vessels within the
meninges. Deep in the midbrain, the lymphatic network in the
ventral part of the hypothalamus originated from the ventral
surface of the brain and was directed up toward the dorsal part
of the hypothalamus, where the density of vessels gradually
declined until it was too weak to be observed (up to ~350 pm
from the lower brain surface). Lymphatic vessels within this area
were mixed, i.e., they were perpendicular and parallel to the pia
mater (Fig. 2G). In the brainstem, the lymphatic vessels also orig-
inated from the outer surface and were perpendicular to the pia
mater. Furthermore, brainstem lymphatic networks were not
detected deep in the central part of the brainstem (~450 pm from
the outside surface, Fig. 2H and I). In the cerebellum, we found
that the lymphatic vessels were grown from the lymphatic net-
work on the cerebellum surface, extended deep into the cerebel-
lum, and continued parallel to the surface (Fig. 2J). In the space
separating the hippocampus and midbrain, we found that the
outer lymphatic network extensively supplied both regions with
lymphatic vessels. Within the hippocampus, the vessels extended
dorsolaterally to cover almost the entire hippocampus, with a
lower network density being observed in the dentate gyrus (Fig.
2K and Movie S4). Within the thalamus, the pattern was very
similar to that observed in the cortex (Fig. 21).

Chronic stress regulates deep brain

lymphatic vessels
To investigate whether deep brain lymphatic vessels could be
influenced by external environmental factors, such as stressful
life events, we exposed mice to chronic unpredictable mild
stress (see Materials and Methods and Table S1) and checked
for changes in deep brain lymphatic vessels in different brain
areas implicated in psychiatric/stress disorders. Exposure to
chronic unpredictable mild stress resulted in a gradual reduc-
tion in the consumption of the sucrose solution (~16% decrease
at Day 21, Fig. S2A and B). Chronically stressed mice (Stress
group) also exhibited longer immobility time in the force
swimming test (~14% increase, Fig. S2A and C), shorter explo-
ration in the center of the open field (~33% decrease), and no
changes in locomotor activity (Fig. S2A and D). Thus, the
3-week chronic unpredictable mild stress protocol was effec-
tive in inducing anhedonia-like, depression-like, and anxiety-
like behaviors in mice. In further support of the protocol
efficacy, chronic stress also resulted in gradual reductions in
body weight gain and increases in blood corticosterone (~85%
increase, Fig. S2E and F). Regarding the immune system, we
found that the Stress group had hypotrophy of the thymus
gland but not of the spleen (Fig. S2G and H; for all statistical
analyses, see Tables S2 to S4).

Using iDISCO+, immunostaining, and whole-brain imaging
of mice in the Control and Stress groups, we found that the
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Fig. 1. Lymphatic vessels exist deep in the mouse brain. (A) Schematic representation of experimental design of iDISCO+ tissue clearing procedure, immunostaining, and
whole-brain imaging by light-sheet microscopy. (B) Light-sheet microscope fluorescent images of LYVE1 immunostaining of cleared whole-mount brain from different views.
(C) Examples of optical sections taken from of whole-mount mouse brain from coronal (Y), sagittal (X), horizontal (Z), and orthogonal planes. Insets: Selected areas within
the optical sections magnified to show the fluorescent signal of LYVEI staining. (D) Schematic representation of experimental design of CLARITY tissue clearing procedure,
immunostaining, and confocal microscopy imaging of thick brain sections. (E) Confocal images of LYVEL fluorescent in cleared 1-mm-thick coronal brain section from mouse
brain. Selected areas within the section magnified to show the fluorescent signal of LYVE1 staining in different areas. (F) Coimmunostaining of LYVEl and CD34 in 1-mm coronal
section. (G) Coimmunostaining of LYVE1 and CD235a in 16-pm brain section. (H) Same as (F) but coimmunostaining of LYVE1 and CD3. White arrows indicate T cells detected
within the deep brain lymphatic vessels. (I) Coimmunostaining of LYVEL and podoplanin (PDPN) in 16-um brain section. (J) Same as (I) but coimmunostaining of LYVE1 and

VEGFR3. (K) Same as (I) but coimmunostaining of LYVEL and PROX1. DAPI, 4’ 6-diamidino-2-phenylindole.
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Fig.2.Characteristics of deep brain lymphatic vessels. (A) and (B) 3D reconstruction of whole brain with 3D reconstruction of the selected and analyzed brain regions. Different
brain regions highlighted in (A) and (B) are color-coded throughout all the images below. (C to L) Top: Original LYVE1 signals. Bottom: IMARIS processed images by using
Filament and Surface algorithm showing the origin of the deep brain lymphatic vessels in each brain region and their branching, direction, and diameter (@). OB, olfactory
bulb; MOs, secondary motor cortex; MOp, primary motor cortex; ACAd, anterior cingulate cortex dorsalis; ACAv, anterior cingulate cortex ventralis; LD, lateral dorsal nucleus
of thalamus; LP, lateral posterior nucleus of the thalamus; PO, posterior complex of the thalamus; Tu, tuberal nucleus; PG, pontine gray; SPVC, caudal part of spinal nucleus of
the trigeminal; TRN, tegmental reticular nucleus (all in brainstem); SCs, sensory superior colliculus; SCm, motor superior colliculus; IC, inferior colliculus; SIM, simple lobule
(in midbrain); ANCr1, ansiform lobule crus 1 (in cerebellum).
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length and total area of hippocampal lymphatic vessels were
decreased in mice in the Stress group in comparison with mice
in the Control group (~10% decrease for length and ~14%
decrease for area, Fig. 3A and B and Movie S5). The dorsal and
ventral hippocampus were shown to respond differently to
stress [20]. Analysis of the dorsal vs. ventral hippocampus
revealed that reductions in length (~14% decrease) and area
(~18% decrease) occurred in the dorsal but not the ventral hip-
pocampus (Fig. 3A, C, and D). No differences were observed in
the diameter of lymphatic vessels between the mice in the Stress
and Control groups (Fig. 3E). These findings were confirmed
by using CLARITY and confocal imaging in brain sections of
mice in the Stress and Control groups. We found reductions in
length and area but not diameter in the hippocampal lymphatic
vessels of mice in the Stress group (Fig. 3F to ] and Movie S6).
Similar to the hippocampus results, whole-brain imaging
revealed that chronic stress reduced the length (~41% decrease)
and area (~38% decrease) but not the diameter of lymphatic
vessels in the thalamus (Fig. S3A). In the amygdala, chronic
stress increased lymphatic vessels diameter (~42% increase) but
not length or areas (Fig. 3K to N).

In contrast, no changes in the length, area, or diameter of
lymphatic vessels were found in the medial prefrontal cortex
(Fig. S3B). Because the prefrontal cortex has been implicated
in psychiatric and stress disorders [21], we confirmed these
results by using CLARITY and confocal imaging analysis (Fig.
S3C). Whole-brain imaging analysis also showed no effects of
chronic stress on the lymphatic vessels within 2 other brain
areas implicated in psychiatric/stress disorders, namely, the
dorsal raphe nucleus and lateral habenula [22] (Fig. S3D and
E; for all statistical analyses, see Tables S2 to S4). Therefore,
deep brain lymphatic vessels within the hippocampus, amyg-
dala, and thalamus appeared to be responsive to, and could be
regulated by, external environmental factors, such as repeated
stressful experiences.

To further demonstrate the presence of deep brain lym-
phatic vessels and their regulation by stress using different
approaches, we detected lymphatic vessel markers by flow
cytometry and studied their regulation by chronic corticos-
terone treatment (alternative animal model of chronic stress)
[23,24].

Using flow cytometry, we found that 2 markers of lym-
phatic endothelial cells, namely, LYVEI and podoplanin, can
be detected in the hippocampus as well as in the ear (used as
positive control) of control mice (Fig. 30 and Fig. S4A and
B). As an additional control, LYVE1 and podoplanin signals
that were codetected with the macrophages marker (CD45)
were excluded (Fig. 30 and Fig. S4A and B). Furthermore,
similar to chronic mild stress, we found that chronic treat-
ment with corticosterone resulted in anhedonia-/depression-/
anxiety-like behavior (Fig. S4C to F). In line with our immu-
nohistochemistry and imaging studies, we found that chronic
corticosterone treatment reduced the percentage of LY VE1-positive
cells in the hippocampus of treated mice in comparison with con-
trol mice (~38% decrease, Fig. 3P). Therefore, using immunohis-
tochemistry, light-sheet microscopy, confocal microscopy, flow
cytometry, multiple lymphatic vessel markers (LYVE-1, podo-
planin, VEGFR3, and PROX1), and 2 different animal models
of stress-like pathologies, we demonstrate that lymphatic ves-
sels can be detected deep in brain tissue and that the vessels
can be regulated by stressful life events in brain region-dependent
manner.
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VEGF signaling might contribute to the regulation of

deep brain lymphatic vessels by stress

Chronic stress is associated with changes in inflammation and
immune systems [25] as well as growth factors [26]. On the other
hand, lymphatic vessels are known to be regulated by a balance
between destructive inflammatory mediators (interleukin-1f
[IL-1p] and tumor necrosis factor-o [TNF-a]) and pro-growing
VEGF signaling [27].

To provide mechanistic insights into how chronic stress
reduced lymphatic vessels, we used quantitative Western blot
analysis to first quantify inflammatory factors in the hippocam-
pus of mice in the Control and Stress groups. We found that
chronic stress up-regulated IL-1p (17 kD) but not IL-1p (31 kD)
in the hippocampi of mice in the Stress group (Fig. 4A to C).
Furthermore, the expression of the inflammatory factor TNF-a
was not regulated by stress (Fig. 4A and D). Therefore, we con-
cluded that destructive inflammatory processes might not be
the major factor underlying the effects of stress on deep brain
lymphatic vessels in the hippocampus. VEGEF-C signaling plays
an important role in lymphatic endothelial cell proliferation
and lymphatic vessel generation [5]. Next, we quantified the
expression of VEGF-C as well as VEGFR3 and VEGF receptor
2 (VEGFR?2) in the hippocampus of mice in the Stress and
Control groups. We found that although chronic stress did not
change VEGEF-C expression (Fig. 4E and F), it down-regulated
the expression of VEGFR2 and VEGFR3 (Fig. 4E, G, and H).

VEGF-C can be neutralized and become ineffective by bind-
ing to a cleaved and soluble form of its receptor 2 (sVEGFR2)
[28,29]. Therefore, the normal VEGF-C expression level in mice
in the Stress group (Fig. 4E and F) might not mean that all
VEGE-C was functional. We quantified sVEGFR2 in the hip-
pocampus and found that chronic stress resulted in increases in
the sVEGFR2/VEGFR?2 ratio (~47% increase, Fig. 4I), suggest-
ing that the cleaved and soluble form of receptor 2 was
up-regulated by stress. Using coimmunoprecipitation, we found
that VEGF-C can interact with sVEGFR2 in the mouse hip-
pocampus (Fig. 4]). Using hippocampal lysates from mice in the
Stress and Control groups, we combined coimmunoprecipita-
tion with quantitative Western blotting to determine the portion
of VEGF-C binding to each form of receptor 2 (nonfunctional
soluble and functional nonsoluble). We found that in control
hippocampal lysates, the majority of VEGF-C was bound to the
functional full-length receptor, as the VEGF-C::sVEGFR2/
VEGE-C::VEGFR?2 ratio was below 1 (~0.6, Fig. 4K and I). This
ratio was found to be higher in hippocampal lysates from mice
in the Stress group (~149% increase, Fig. 4K and I; for all statis-
tical analyses, see Tables S2 to S4), indicating that the majority
of VEGF-C in the hippocampus of mice in the Stress group
was neutralized and nonfunctional.

Data suggest that chronic stress might reduce hippocampal
lymphatic vessels by reducing the activity of VEGF-C signaling
in 2 ways: down-regulating the expression of its receptors and
decreasing the amount of VEGF-C available for binding to its
functional receptors.

Discussion

In this study, we observed LY VE1-positive vessel-like structures
deep inside the mouse brain parenchyma that can also be labe-
led by 3 other well-known markers of lymphatic vessels; namely,
podoplanin [30], PROX1 [31], and VEGFR3 [32]. In support
of these observations, we also detected lymphatic endothelial
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Fig.3.Chronic stress down-regulates deep brain lymphatic vessels. (A) Representative 3D fluorescent images of hippocampal lymphatic vessels (top) and IMARIS processed
images by using Filament and Surface algorithm (bottom) taken from brains of Control and Stress groups by using iDISCO+ and light-sheet imaging in whole brain. (B to D)
Quantitative analysis of lymphatic vessels length (top) and area (bottom) in whole hippocampus (B), dorsal (C), and ventral (D) parts of the hippocampus. (E) Top: Representative
fluorescent images of lymphatic vessels in dorsal and ventral hippocampus of Control and Stress mice. Bottom: Quantitative analysis of lymphatic vessel diameter in the
hippocampus. Data were obtained by using iDISCO+ and light-sheet imaging in whole brain. (F to J) Same as (A) to (E) but using CLARITY and confocal imaging in thick
brain sections. (K) Top: Representative 3D fluorescent images of IMARIS processed images of amygdala from brains of Control and Stress groups by using iDISCO+ and
light-sheet imaging in whole brain. Bottom: Representative fluorescent images of lymphatic vessels in amygdala of Control and Stress mice. (L to N) Quantitative analysis of
lymphatic vessels length (L), area (M), and diameter (N) in amygdala. (O) Representative dot plots for lymphatic endothelial cells identified by CD31" (endothelial cell marker)
and LYVEL* (lymphatic vessels marker) in the hippocampus and ear (used as positive control tissue) of adult mice. (P) Left: Representative dot plots for lymphatic endothelial
cells identified by CD31" and LYVEL" in the hippocampus of Control or Corticosterone-treated mice. Right: Quantitative analysis of the percentage of lymphatic endothelial
cells identified by CD31* and LYVE1* in the hippocampus of Control or Corticosterone-treated mice. Data are presented as mean + SEM. *#P < 0.05, ##P < 0.01, ***P < 0.001.
For detailed statistical analysis, see Tables S2 to S4.
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Fig.4.Chronic stress down-regulates VEGF-C signaling pathway. (A) Western blot images of IL-1p and TNF-« in Control and Stress groups. The codetection of f-actin bands
served as loading control. (B to D) Quantitative analysis of the 17-kD IL-1p (B), 31-kD IL-1p (C), and TNF-o (D). All data were normalized to the corresponding band of the loading
control B-actin. (E) Western blot images of VEGF-C, VEGFR2, and VEGFR3 as well as the cleaved and soluble VEGFR2 (sVEGFR2) in Control and Stress groups. The codetection
of p-actin bands served as loading control. (F to I) Quantitative analysis of VEGF-C (F), VEGFR3 (G), VEGFR2 (H), and sVEGFR2 (I, presented as sVEGFR2/VEGFR2 ratio). All
data were normalized to the corresponding band of the loading control -actin. (J) Coimmunoprecipitation of VEGF-C and sVEGFR2 in hippocampal lysates by using VEGF-C
antibody. (K) Coimmunoprecipitation of VEGF-C and VEGFR2 or sVEGFR2 in hippocampal lysates obtained from Control or Stress mice by using VEGFR2 and sVEGFR2
antibodies. (L) Quantitative analysis of the fractions of VEGF-C that binds to SVEGR2 as a ratio to that binding to VEGFR2 in Control and Stress groups. Data are presented as
means + SEM. *P < 0.05, **P < 0.01. For detailed statistical analysis, see Tables S2 to S4.

cell markers deep in brain tissue, suggesting the presence of
lymphatic endothelial cells (necessary for forming lymphatic
vessels). In line with the functional criteria used to identify
lymphatic vessels in the periphery, we found that the deep brain
vessels were running along with/parallel to blood vessels, car-
rying T cells inside and lacking blood cells. Based on all that,
the vessels-like structures that we observed have the distinct
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transcriptional/metabolic/growth factors/membrane receptors
markers as well as the typical structural and functional features
of the lymphatic vessels reported before [18,19]. Therefore, we
concluded that these are functional deep brain lymphatic ves-
sels. Structural and distribution analysis revealed that majority
of the deep brain lymphatic vessels originated from the outer
surface of the brain. They run deep into the brain in a vertical
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or parallel direction to that of the pia mater except in the hip-
pocampus, where the vessels travel inside in a dorsolateral
direction. Furthermore, we found that environmental factors,
such as repeated stressful experiences and/or persistent eleva-
tion of stress hormones, regulate the length, areas, or diameters
of the lymphatic vessels in brain region-dependent manner.
Chronic stress might regulate the lymphatic network by VEGF-C
signaling.

In contradiction with the current study, imaging studies in
transgenic mice and/or whole-mount immunostained prepara-
tions of skull and brain of wild-type mice failed to see lymphatic
vessels on the brain parenchyma and pia mater [10]. Several
procedures to visualize lymphatic vessels were described in the
study. For example, some procedures involved overnight fixing
followed by staining and imaging (in wild-type mice). Other
imaging protocols were applied to freshly isolated tissue from
transgenic mice [10]. A careful examination of the immuno-
staining procedures revealed major methodological differences
between both studies that might explain the contradictory find-
ings. The source, dilution, and incubation intervals of LYVEI,
VEGFR3, PROX1, and podoplanin antibodies are different.
Fixing, dehydrating, and staining procedures are also greatly
different. We used detailed and exhaustive fixing, dehydrating,
and antibody incubation protocols that span days to weeks (see
Materials and Methods); meanwhile, the previous study fixed
the tissue overnight before washing and staining procedures
were commenced [10]. Moreover, they used whole-mount tissue
staining [10]. In the current study, we used 2 different proce-
dures of tissue clearing, whole-brain or thick-sections staining
and imaging.

In the rodent brain, the structural and functional features
of the meningeal lymphatic vessels were demonstrated [3].
Similar to these features, we also found a strong signal of
meningeal lymphatic vessels in the superior sagittal sinus and
transverse sinus. The discontinuous pattern of LY VE1 staining
in the deep brain lymphatic vessels observed in the current
study is in line with previous results found in dorsal meningeal
lymphatic vessels [33]. Moreover, our results showed that deep
brain lymphatic vessels have fewer branches, which is in line
with meningeal lymphatic vessels and opposite to peripheral
lymphatic vessels [3]. Finally, the diameter range of deep brain
vessels reported here is similar to that of meningeal lymphatic
vessels [3] but smaller than that of peripheral lymphatic vessels
[34]. Thus, deep brain and meningeal lymphatic vessels have
similar features, but they are distinct from peripheral lymphatic
vessels. Although the current study provides detailed descrip-
tion of the structural characteristics of deep brain lymphatic
vessels, the functional capacity of these vessels to carry lym-
phatic fluid and cells as well as the lymphatic fluid pathway
were not addressed. Future studies should investigate such
functional features.

The hippocampus, thalamus, and amygdala are among major
brain regions implicated in stress disorders [35,36]. Studies show
that these regions can be affected by stress in different ways. For
example, chronic stress reduces dendritic network complexity
and spine density in the hippocampus; meanwhile, it enhances
dendritic arborization and spine formation in amygdala [37].
Stress also impairs hippocampus-dependent learning and mem-
ory but enhances the amygdala- dependent fear learning and
memory [35]. On the other hand, chronic stress promotes
inflammatory mechanisms and suppresses immune system activ-
ity [25]. Thus, one might expect deep brain lymphatic vessels to
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be regulated by stress. Indeed, we found that the lymphatic ves-
sels were changed by chronic stress. Importantly, the stress effects
appeared to be flexible in a bidirectional manner. The length and
areas of lymphatic vessels in the hippocampus and thalamus were
reduced. Meanwhile, although length and areas of the vessels
were not changed, the diameter of lymphatic vessels in the amyg-
dala was increased by chronic stress. Stress had no effects on
other brain regions implicated in stress disorders, such as the
prefrontal cortex, dorsal raphe nucleus, and lateral habenula
[22,35]. Therefore, stressful life events might regulate deep
brain lymphatic vessels in a brain region-dependent manner.
Furthermore, our data also suggest that intrinsic features within
brain regions/subregions could contribute to the stress effects on
lymphatic vessels. Reductions in length and area were mainly
found in the dorsal but not the ventral hippocampus. Studies
show that the dorsal and ventral parts of the hippocampus have
distinct features, including diverse functions, different patterns
of gene expression, altered neuronal connectivity, and different
responses to stress hormones [20], which might have contributed
to the different effects of stress on lymphatic vessels.

Chronic stress is known to down-regulate different growth
factor signaling pathways, including VEGF signaling, in the
hippocampus [26]. High corticosterone treatment was shown
to regulate the stability and functionality of VEGFR2 in vitro
and in vivo [38]. The VEGEF-C signaling pathway is a key reg-
ulator of the growth and maintenance of lymphatic vessels [5].
In the current study, we found that chronic stress down-regulated
VEGF-C signaling in the hippocampus by reducing the expres-
sion of its receptors and the amount of free and functional
VEGEF-C. The latter effect could be mediated by increasing
soluble VEGF receptor 2, which neutralizes VEGF-C efficacy
[28,29]. Therefore, here, we provided some insights into the
molecular mechanisms governing the remodeling of brain lym-
phatic vessels during stress psychopathologies. However, spe-
cific modulations of the signaling pathway in vivo to block or
mimic the stress effects were not performed due to methodo-
logical challenges. Future studies should further elucidate the
role of VEGF-C signaling in regulating brain lymphatic vessels.
Furthermore, we cannot exclude the possibility that stress might
cause lymphatic vessels remodeling by promoting other mech-
anisms in other brain regions such as amygdala.

Aging can impact the immune system functions [39,40], vul-
nerability to stress, and stress-hormones release and function [41].
Recent studies revealed that the structure and function of menin-
geal lymphatic vessels are impaired in aging mice [5,6]. On the
other hand, fluctuations in female sex hormones have been shown
to influence immune system functions [42] and stress responses
[43]. Our data demonstrate the structural characteristics of deep
brain lymphatic vessels and their regulation by stressful life events
in adult male mice. Female and aging mice were not used to min-
imize the number of factors that could impact the structures and
remodeling of the vessels in the brain. Further studies are required
to investigate the role of aging and/or gender in regulating deep
brain lymphatic vessels during stress pathologies.

Taken together, our results demonstrate the presence of lym-
phatic vessels in brain parenchyma and provide new insights into
their characteristic features as well as their regulation by stressful
life events. Future studies should address questions related to the
regulation of these vessels by gender, age, and different brain
pathologies. Further investigations to elucidate the role of
VEGE-C signaling in regulating brain lymphatic vessels are
warranted.
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Materials and Methods

Experimental animals

Male mice (C57BL/6], 3 months old) were purchased from Jie
Si Jie for Laboratory Animals Co., Ltd. China. All mice were
group-housed (4 mice/cage) with food and water ad libitum,
under a 12-h:12-h reversed light:dark cycle. Behavioral exper-
iments were performed during the dark phase under red dim
light. All experiments involving animals were approved by
Fudan University Committee for Animal Care and Use (license
number: SYXK-2020-0032).

Chronic unpredictable mild stress paradigm

Mice were allocated into 2 groups randomly: control group
(Control, n = 20) and chronic unpredictable mild stress group
(Stress, n = 26). Chronic mild stress was performed as described
before [44,45]. To avoid habituation to one repeated stressor
and variations in the intensity of different stressors, we com-
bined restraint stress with other mild unpredictable stressors
(such as tilting, rat odor, and humid bedding) at random time
points (Table S1). Chronic mild stress routinely began in the
morning and was repeated for 21 successive days. Stress mice
were restrained for 2 h daily by placing them into 50-ml
well-ventilated plastic tubes (3-cm internal diameter and 11.5-cm
length) with ventilation holes. Control mice were handled
for 5 min daily in an adjacent room and then were returned to
their home cages. All mice were weighed once every 4 d (8:00
AM to 9:00 AM). One day after behavioral testing, 2 d after last
stress session, mice were sacrificed and brains, adrenal glands,
thymus glands, and spleen were dissected (Fig. S2). Mice brains
were later randomly assigned to different types of experiments.
From these 20 controls and 26 stress mice, we used n = 6/group
for light-sheet microscope imaging, n = 6/group for confocal
imaging, n = 7/group for Western blotting and coimmunopre-
cipitation analysis.

Corticosterone injection paradigm

Mice were randomly assigned to 2 groups: control group (n =
5) and corticosterone injection group (1 = 6). The mice received
a daily injection (i.p.) of either vehicle (5% dimethyl sulfoxide
[DMSO]) or 40 mg/kg corticosterone (dissolved in 5% DMSO)
at 9:00 AM for 14 successive days. One day after behavioral
testing, 3 d after last injection, the mice were sacrificed, and
their hippocampi were precisely dissected for flow cytometry
analysis. In these experiments, we only analyzed the hippocam-
pus because it can be precisely dissected.

Behavioral testing

Sucrose preference test

Sucrose preference test was performed once a week over the
3-week experimental time course. Considering the baseline
test, a total of 4 sucrose preference tests were performed. The
test was conducted in 2 phases: the habituation phase (24 h)
and the testing phase (15 h). The first test (baseline) included
2 phases: the habituation phase (24 h) and the testing phase
(15h). The later 3 tests included test phase only. In the habituation
phase, each mouse was placed in a separate cage and subse-
quently exposed to 2 bottles: one contains water and the other
contains 1% sucrose solution. The location of bottles was
switched after 12 h to prevent position bias. In the testing phase,
each mouse was exposed to both bottles in similar way but only
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for 15 h and the bottles location was switched after 7.5 h. The
water and sucrose solutions intake after test phase was mea-
sured. Sucrose preference ratio was calculated as a percentage
of the total fluid intake.

Open-field test

Each mouse was placed in the center of a bright open-field
apparatus (50-cm length X 50-cm width X 50-cm height) with
afloor divided into 9 equal areas virtually. Then, the mice were
allowed to explore freely for 5 min. The session was recorded
with the Limelight video-tracking system and analyzed using
Limelight software. Total distance (Locomotor activity) and
time in center (anxiety-like behavior) were calculated automat-
ically by the software. In order to avoid any acute effects of the
last stress session on the behavior, the test was conducted 24 h
after the last exposure to stressors.

Forced swimming test

Each mouse was placed in a vertical plexiglass cylinder (14-cm
diameter X 30-cm height) containing water (21 to 23 °C) at a
depth of 18 cm. The water depth was set to prevent animals from
touching the bottom with their tails or hind limbs. The mice
behavior was recorded for 6 min, and the duration of immobility
(s) during the last 4 min was scored. Immobility was character-
ized by motionless floating in the water except those movements
necessary to keep the nostrils above the water. In order to avoid
any acute effects of the last stress session on the behavior, the
test was conducted 24 h after the last exposure to stressors.

Corticosterone measurement

After exposure to a brief stress (cold water 4 °C for 40 s), the mice
were rapidly sacrificed and trunk blood was collected in a 1.5-ml
tube. The blood was centrifuged for 20 min at 4,000 rpm, and
the supernatants of each sample were collected and stored
at —80 °C for corticosterone assays. Serum corticosterone levels
were assayed with an enzyme-linked immunosorbent assay kit
(Corticosterone Parameter assay kit, R&D Systems, KGE009,
USA) according to the manufacturer’s instruction. Samples were
diluted with Calibrator Diluent RD5-43 at dilution 1:25. Then,
150-pl diluted samples were mixed well with 150-p1 Pretreatment
E and incubated for 15 min at room temperature. The superna-
tant was collected after centrifuging and was used for analysis.
After the pretreatment procedure, the reaction and measurement
assay began. First, 50 pl of Corticosterone Primary Antibody
Solution was added to each well and incubated for 1 h at room
temperature with gentle shaking. Then, each well was washed
with 400 pl of Wash Buffer 3 times. Second, 100 pl of Pretreatment
Buffer was added to each well, and then 50 pl of standard, control,
or each sample was added to the appropriate wells. Fifty micro-
liters of the Corticosterone Conjugate solution was also added
to all wells. After 2 h of incubation at room temperature followed
by washing steps, 200 pl of Substrate Solution was added to each
well. Finally, 100 pl of Stop Solution was added to each well. The
optical density of each well was measured at 540 nm within
30 min using a microplate reader MultiScan Go (Thermo, USA).
A standard curve was conducted. All samples were in duplicate,
and the results were expressed as nanograms per milliliter.

iDISCO+ tissue clearing
The mice were placed under deep anesthesia with 2% isoflurane
and then perfused with 20 ml of phosphate-buffered saline
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(PBS) and 20 ml of 4% paraformaldehyde (PFA)/PBS solution.
Brains were quickly harvested and fixed in 4% PFA/PBS at 4 °C
overnight and then postfixed for 1 h at room temperature.
Brains were stored in PBS at 4 °C for further processing. For
tissue clearing, we used the iDISCO+ method as described
online (https://idisco.info/) with a little modification. For pre-
treatment, brains were washed in PBS at room temperature
3 times, 30 min each. The brains were dehydrated at room tem-
perature by gradient methanol aqueous solutions (20%, 40%,
60%, 80%, and 100%, 1 h each). For a final removal of any
residual water, the brains were washed in 100% methanol solu-
tion for additional 2 h. After dehydrating, brains were incu-
bated in 66% dichloromethane/methanol solution overnight at
room temperature and then washed in 100% methanol for 2 h.
Brains were bleached overnight at 4 °C in 5% H,O,/methanol
solution and then rehydrated in a series of methanol solutions
(80%, 60%, 40%, and 20%, PBS;1 h each). After PBS treatment,
brains were washed in PBS-T twice (PBS-T: 0.2% Triton X-100
in PBS, 1 h each).

Once pretreatment was finished, the brains were incubated
in Permeabilization solution (20% DMSO, 2.3% w/v glycine in
PBS-T) for 2 d at 37 °C. Then, the brains were blocked in block-
ing solution (10% DMSO, 6% donkey serum in PTwH [0.2%
Tween 20 and 0.01% w/v heparin in PBS]) for 2 d at 37 °C. The
goat anti-LYVE1 primary antibody was dissolved in blocking
solution (1:100, R&D Systems, AF2125, USA) and was used to
detect lymphatic endothelial cells. The brains were incubated
in primary antibodies solution for 14 d with gentle shaking
(60 rpm), washed 4 to 5 times overnight, and then were incubated
for 10 d with a donkey anti-goat secondary antibody (Alexa488
conjugated, 1:500, Invitrogen, A11055, USA). Finally, the brains
were washed overnight, dehydrated, and then washed in 100%
methanol overnight to remove residual water. Next day, brains
were washed in 66% dichloromethane/methanol solution for
3 h at room temperature and 100% dichloromethane twice,
each for 30 min. Finally, the brains were incubated in 100%
dibenzyl ether until they looked transparent.

The transparent brains were placed in a chamber filled with
dibenzyl ether and were imaged by using the LS18 light-sheet
microscope (Nuohai Life Science, China). After setting the six
3D scanning sides (anterior, posterior, dorsal, ventral, left, and
right) of the brain, 4X objective lens was used to scan. The 488
laser power was set at 95% to scan the whole brain. The Combine
Software (Nuohai Life Science) was used to process the obtained
raw images. For details on antibodies source, dilutions, and
incubation procedures, see Table.

CLARITY tissue clearing

The mice were placed under deep anesthesia with 2% isoflu-
rane, and then with 40 ml of PBS solution followed by 20 ml
of 4% PFA/PBS solution. The CLARITY method we used was
described before [17]. The brain was quickly harvested and
postfixed in a hydrogel solution (4 g of acrylamide, 0.05 g of
bis-acrylamide, 0.25 g of VA-044 initiator, and 4% PFA in PBS)
at 4 °C for 3 d. The brains were then incubated at 37 °C for 3 h
to polymerize and cross-link with the hydrogel matrix. The
brains were cut into 1-mm-thick coronal sections. Then, the
sections were postfixed in 4% PFA/PBS solution. The sections
(including hippocampus region or medial prefrontal cortex
region) were cleared with 4% sodium dodecyl sulfate (SDS)/
PBS solution at 37 °C with gentle rotational shaking. The
clearing solution was replaced daily until the tissues looked
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transparent (after ~3 weeks). The transparent sections were
washed in PBS with 0.1% Triton X-100 at 37 °C with gentle
rotational shaking for 18 h. The washing solution was replaced
every 6 h to remove the residual SDS. The washed brain sections
were immunolabeled with the following primary antibodies
dissolved in PBS supplied with 0.1% Triton X-100 and 0.01%
sodium azide at 37 °C for 48 h: anti-LY VE1 goat antibody (1:50, R&D
Systems, AF2125, USA), anti-CD34 rabbit antibody (1:50,
Abcam, #ab81289, USA), and anti-CD?3 rabbit antibody (1:50,
Abcam, #ab5690). The sections were then washed with PBS-T
6 times (each for 6 h) at 37 °C. They were subsequently immu-
nolabeled with the corresponding secondary antibodies: don-
key anti-goat (1:100, Invitrogen, #A11055) and donkey anti-Rabbit
secondary antibody conjugated with Alexa568 (1:100, Invitrogen,
#A10042) dissolved in PBS supplied with 0.1% Triton X-100
and 0.01% sodium azide at 37 °C for 48 h. After washing, the
transparent and immune-labeled sections were embedded in
70% sorbitol solution at 37 °C until they appeared totally trans-
parent. The embedded sections were placed in a chamber made
of plasticine (1 mm thick) placed on a slide filled with sorbitol
solution, and the upper part of the chamber was gently sealed
using a Wellco dish (Ted Pella, #14032-120, USA) with the glass
surface facing down and hence preventing the formation of
small bubbles on the surface of the brain section. Images were
obtained on a Nikon A1 confocal microscope. Wide-field images
were obtained with 10X objective lens. After setting the edges
of the brain section, scanning range (XY =512 X 512 pmz), and
the scanning depth (Z = maximum visible signals down to
500 pm), the sections were scanned at a speed of 0.5 pm/s, at step
distance = 4 pm, possible overlap = 10%. Before Z scanning,
the laser power, light gain, and offset were set using the intensity
correction option of the Nikon NIS software to get the best
signals. For details on antibody source, dilutions, and incuba-
tion procedures, see Table.

3D reconstruction and images analysis

Bitplane Imaris software 9.7 (Oxford Instruments, UK) was
used to perform 3D reconstruction and 3D data analysis of
the images obtained by iDISCO+ and CLARITY methods.
Several algorithms in the Imaris software were used including
Surface, and Filament. The Surface and Filament algorithm
were used semimanually to determine the brain region mor-
phology and to trace the lymphatic vessels (respectively). The
lymphatic vessel length, diameter, and total volume were cal-
culated by the Imaris software automatically. Relative length
was quantified and normalized as length of lymphatic vessels
cropped region/volume of cropped region. Relative area was
quantified normalized as the total area of lymphatic vessels/
volume of cropped region. For some very small brain regions
such as lateral habenula and dorsal raphe nucleus, it was dif-
ficult to trace filament length and area directly. Therefore, the
total fluorescent signal density was used to estimate the relative
volume of lymphatic vessels in such small regions and was
normalized as described above. For quantification of the lym-
phatic vessel diameter, we identified and sampled 3 represent-
ative vessels with the largest diameters and used them for
comparing the vessel diameter between the groups. The region
was determined according to the Allen Brain Atlas as reference
(https://atlas.brain-map.org/atlas?atlas=602630314). The mid-
dle position of Z sectioning was used to separate dorsal from
ventral hippocampus. The middle point of the main vertical
filament was used to determine the middle Z position.
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Table. Antibodies source, dilutions, and incubation conditions.

Antibody Company Catalog # Dilution Incubate condition Application
Anti-LYVE1 goat antibody R&D Systems, USA AF2125 1:100 37°Cforl4d iDISCO+
Anti-LYVE] antibody R&D Systems, USA AF2125 1:50 37°Cfor2d CLARITY
Anti-CD34 rabbit antibody Abcam, USA ab81289 1:50 37°Cfor2d CLARITY
Anti-CD3 rabbit antibody Abcam, USA ab5690 1:50 37°Cfor2d CLARITY
Anti-LYVE1 goat antibody R&D Systems, USA AF2125 1:200 4°C overnight Coimmunostaining
Anti-Podoplanin mouse Cell Signaling Technology, . o . . .
antibody USA 26981 1:100 4°C overnight Coimmunostaining
Ant_l-VEGFR3 [ehelt Arigo,China ARG65711 1:100 4°C overnight Coimmunostaining
antibody

Anti-PROX1 rabbit Cell Signaling Technology, . 0 . . -
antibody USA 14963 1:50 4°C overnight Coimmunostaining
Anti-CD235a rat antibody BioLegend, USA 116702 1:100 4°C overnight Coimmunostaining
Anti-CD31 rat antibody . . Room temperature for

(APC) BioLegend, USA 102409 1:100 30 min Flow cytometry
Anti-CD45 mouse : i i : Room temperature for

antibody (eFlour450) Invitrogen, USA 48-0459-42 1:100 30 min Flow cytometry
Anti-podoplanin mouse . i ) . Room temperature for

antibody (PE) Invitrogen, USA 12-5381-82 1:100 30 min Flow cytometry
Anti-LYVEl goat antibody ~ R&D Systems, USA AF2125 fagol 2o t%”&‘;sirst”'e El Flow cytometry
Anti-IL-1p rabbit antibody Abcam, USA ab9722 1:1,000 4°C overnight WB
AN o TR Invitrogen, USA AMC3012  1:3000 4°C overnight WB
antibody

ARIPEEED st Arigo,China ARG56212  1:1,000 4°C overnight WB
antibody

ARIREERS s Arigo,China ARGE5711  1:1,000 4°C overnight WB
antibody

Ant_l-VEGFRZ rabbit Cell Signaling Technology, 2479 1:1.000 2°C overnight WB
antibody USA

Anti-soluble VEGFR2 . . . o .

rabbit antibody Arigo,China ARG40762 1:1,000 4°C overnight WB
Antll-[}-actln rabbit Cell Signaling Technology, 4970L 110,000 4°C overnight WB
antibody USA

Anti-EGFP rabbit antibody Proteintech, USA 50430-2-AP  1:1,000 4°C overnight WB
:‘rr:ttilt_)\c/fjil:-c mouse Arigo,China ARG56212 1:100 4°C overnight Coimmunoprecipitation
Anti-VEGFR2 rabbit Cell Signaling Technology, ) o . . s
antibody USA 2479 1:100 4°C overnight Coimmunoprecipitation
Anti-soluble VEGFR2 ) . ) o . . o
rabbit antibody Arigo,China ARG40762 1:100 4°C overnight Coimmunoprecipitation

PE, phycoerythrin; APC, allophycocyanin; WB, Western blotting; EGFP, enhanced green fluorescent protein.

Coimmunostaining in brain sections

Control naive mice were anesthetized with 2% isoflurane and
perfused with 4% PFA; brains were dehydrated by gradient
sucrose solutions and then stored at —80 °C. Brain sections (16 ptm)
were prepared. The sections were washed with 1x PBS and
incubated with blocking solution (3% donkey serum, 0.5%
Triton X-100 in PBS) for 2 h at room temperature. After blocking,
sections were incubated with primary antibodies in blocking
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solution overnight at 4 °C. Next day, sections were washed by
1x PBS and incubated with cyanine-based fluorescent (CF)-
dye-conjugated secondary antibodies for 2 h at room temper-
ature. Primary antibodies used were as follows: anti-LY VE1 goat
antibody (1:200, R&D Systems, AF2125, USA), anti-podoplanin
mouse antibody (1:100, Cell Signaling Technology, #26981),
anti-VEGFR3 rabbit antibody (1:100, Arigo, #ARG65711), anti-
PROXI1 rabbit antibody (1:50, Cell Signaling Technology,

1
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#14963), and anti-CD235a rat antibody (1:100, BioLegend,
#116702). CF-dye-conjugated secondary antibodies (CF488,
CF555, or CF647, Biotium) were used at dilutions of 1:500. For
details on antibody source, dilutions, and incubation proce-
dures, see Table.

Flow cytometry

Mice were anesthetized with 2% isoflurane and perfused with
1x PBS. Brains were isolated and hippocampi were dissected
and digested separately. One mouse ear was chosen and used
as positive-control peripheral tissue. These tissues were cut into
pieces and put in digestion buffer that contained 1x Hanks’
balanced salt solution (HBSS) without Ca*™, Mg2+ (Gibco,
#14175-095), 100 U/ml papain (Sangon, #9001-73-4) or
67.5 U/ml collagenase (Sangon, #9001-12-1) at 37 °C for 30 min
and homogenized during the digestion. Cell suspensions were
filtered over 70-pm strainers (FALCON, #352350), and filters
were washed with 2 ml of 1x HBSS without Ca®" and Mg**.
The mixture was centrifuged at 500g for 5 min. After superna-
tant was discarded, 5-ml 1XxX HBSS (Gibco, #14025-076) with
0.04% bovine serum albumin was used for resuspension the
precipitation and centrifuged at 475g for 5 min. To dilute the
cell suspensions, 400 pl of 1X PBS was used. From the diluted
suspensions, 200 pl were used for flow cytometry. The cell dilu-
tions were incubated with CD31 (rat antibody, APC, BioLegend,
#102409), CD45 (mouse antibody, eFlour450, Invitrogen, #48-
0459-42), podoplanin (mouse antibody, PE, Invitrogen, #12-
5381-82) antibody, and LY VE1 primary antibodies (goat antibody,
R&D Systems, AF2125, USA). For assays with LYVE-1, a don-
key anti-goat Alexa488 (Invitrogen, #A11055) was used as
conjugated secondary antibody. The interaction time was both
limited in 30 min. The mixtures were washed and centrifuged
at 500¢g for 5 min. The pellet was resuspended in 1xX HBSS
containing 2% fetal bovine serum. Samples were acquired on
CytoFLEX Flow Cytometer (Beckman Coulter). Flow cytom-
etry data were analyzed by using CytExpert software (Beckman
Coulter). For details on antibodies source, dilutions, and incu-
bation procedures, see Table.

Western blot

Hippocampal tissue from Control and Stress groups were homog-
enized in radioimmunoprecipitation assay buffer (Beyotime,
#P0013B, China) with protease and phosphatase inhibitors
(Roche, #04906837001, #04693159001, Germany). The samples
were centrifuged at 12,000 rpm at 4 °C for 15 min to obtain the
supernatant (total protein). Equal amounts of proteins were
resolved by 12 to 15% SDS-polyacrylamide gel electrophoresis
gel and then transferred to a polyvinylidene difluoride membrane
by using the BIO-RAD PowerPac Basic system. After blocking,
the membranes were incubated with primary antibody overnight
at 4 °C. After washing, the membranes were incubated with
horseradish peroxidase-linked secondary antibodies: anti-rabbit
(1:5,000, SAB, #1L3032, China) or anti-mouse (1:5,000, Cell
Signaling Technology, #7076s, USA) for 70 min at room temper-
ature. The membranes were incubated with enhanced chemilu-
minescence solution (Tanon, #180-5001, China). The images were
captured by the Tanon 5200 multi-imaging system. Blots’ images
were quantified by using Gel Pro Analyzer software. The
integrated optical density (IOD) of each band was measured, and
the IOD of each band was normalized to the IOD of B-actin bands
in the same lane. Primary antibodies used for quantitative
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Western blot analyses: anti-IL-1p rabbit antibody (1:1,000,
Abcam, #ab9722), anti-TNF-a rabbit antibody (1:3,000,
Invitrogen, #AMC3012), anti-VEGF-C mouse antibody (1:1,000,
Arigo, #ARG56212, China), anti-VEGFR3 rabbit antibody
(1:1,000, Arigo, #ARG65711), anti-VEGFR?2 rabbit antibody
(1:1,000, C-terminal, Cell Signaling Technology, #2479), anti-
soluble VEGFR2 rabbit antibody (1:1,000, N-terminal, Arigo,
#ARG40762) and anti-p-actin rabbit antibody (1:10,000, Cell
Signaling Technology, #4970L). Western blot was also used to
detect the proteins pulled out from coimmunoprecipitation. The
detection procedure was performed as described above. The
following primary antibodies were used for detecting the pulled
out proteins: anti-VEGF-C, anti-VEGFR?2, anti-soluble VEGFR2
(all same as above) and anti-enhanced green fluorescent protein
rabbit antibody (1:1,000, Proteintech, #50430-2-AP). For details
on antibodies source, dilutions, and incubation procedures,
see Table.

Coimmunoprecipitation

Protein lysates from Control or Stress groups were placed on ice
for 30 min and centrifuged at 12,000 rpm, 4 °C for 15 min. The
supernatant was collected and used for coimmunoprecipitation.
Dynabeads Protein G Immunoprecipitation Kit (Invitrogen,
#10007D) was used for coimmunoprecipitation of the native
proteins from the brain tissue lysates. We used mouse monoclo-
nal VEGF-C antibody (1:100, Arigo, #ARG56212) to pull down
the native VEGF-C and its interacting proteins. First, 2-ul anti-
body was mixed with 200 pl containingl.5-mg Dynabeads and
incubated at room temperature for 30 min. Then, 3-mg total
proteins were mixed with Dynabeads-antibody complexes and
incubated at 4 °C for 36 h. After washing, 20 ul Elution buffer,
5 pl 5% loading buffer, and 2l f-mercaptoethanol were added into
the Dynabeads-antibody-antigen complexes and the mixture was
boiled at 99 °C for 5 min to elute proteins. Finally, the eluted
proteins were resolved and bands were detected by Western blot.
For quantifying the amount of VEGF-C that binds to VEGFR2
and to compare it with that that binds to sVEGFR2, 2 pl Rabbit
Monoclonal VEGFR2 Antibody (1:100, C-terminus, Cell Signaling
Technology, #2479) or 2 pl of Rabbit Polyclonal VEGFR?2 anti-
body (1:100. N-terminal, Arigo, #ARG40762) was mixed with
200 pl containingl.5 mg Dynabeads, and incubated at room
temperature for 40 min. Then, 2-mg total proteins were mixed
with each Dynabeads-antibody complex and incubated at 4 °C
for 40 h. After washing, 20 pl Elution buffer, 5 pl 5xloading
buffer, and 2 pl p-mercaptoethanol were added into each com-
plex and the mixtures were boiled at 99 °C for 5 min to elute
proteins. Finally, the eluted proteins of both complexes were
simultaneously resolved and bands were detected / analyzed by
quantitative Western blot. For details on antibodies source, dilu-
tions, and incubation procedures, see Table.

Statistical methods

Kolmogorov-Smirnov normality test was used for detecting the
data normality. F-test was used for detecting the homogeneity
of variance. Two-tailed unpaired t test or Mann-Whitney test
was used for comparisons between 2 groups, depending on the
normality of data. For sucrose preference test and body weight
gain data, 2-way repeated measure ANOVA followed Bonferroni’s
post hoc test was used. All details of statistical tests, analysis and
results of each figure are presented in Table S2. Results of
normality test and homogeneity of variance are reported in
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Table S3. Data of mean, SEM, and n for all groups are reported
in Table S4. Data are presented as means + SEM. Statistical
significance was defined as P < 0.05.

Acknowledgments

Funding: This work was supported by the Natural Science
Foundation (NSF) of China (31970942 and 81573408 to N.A.)
and Shanghai Municipal Science and Technology Major Project
(2018SHZDZX01) and ZJLab, and Shanghai Center for Brain
Science and Brain-Inspired Technology. Author contributions:
N.A. and Y.E. conceived, designed, and supervised the project.
N.A,J.C,B.G.,and Y.G. wrote the early and revised drafts of the
manuscript. All authors contributed to writing the final draft
of the manuscript. J.C., B.G,, Y.G.,and X.T. conducted experiments
and data analysis. W.L. was in charge of project administrative
and financial management. Competing interests: The authors
declare that they have no competing interests.

Data Availability

Data supporting the findings of this study are available in the
main text or the supplementary information. Additional data
related to this paper may be requested from the authors.

Supplementary Materials

Fig. S1. Validation experiments for the LYVEL antibody. No
LYVELI signals in ventricles. Delineation of brain regions
including LYVE1 signals deep in the brain.
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Table S2. Details of the statistical analysis of all datasets.
Table S3. Results of normality and homogeneity of variance
tests.

Table S4. Data of mean, SEM, and N for each group.

Movie S1. LYVEI signals in whole brain.
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Movie S3. Split brain region by using Surface algorithm.
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Movie S5. Lymphatic vessels in hippocampus of Control and
Stress mice (light-sheet microscopy).

Movie S6. Lymphatic vessels in hippocampus of Control and
Stress mice (confocal microscopy).

References

1. Petrova TV, Koh GY. Biological functions of lymphatic vessels.
Science. 2020;369(6500):Article eaax4063.

2. TiftJeffrey J, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA,
Benveniste H, Vates GE, Deane R, Goldman SA, et al. A paravascular
pathway facilitates CSF flow through the brain parenchyma and the
clearance of interstitial solutes, including amyloid p. Sci Transl Med.
2012;4(147):Article 147ralll.

Chang et al. 2023 | https://doi.org/10.34133/research.0120

10.

11.

12.

13.

14.

15.

16.

17.

18.

Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani §J,

Peske JD, Derecki NC, Castle D, Mandell JW, Lee KS, et al.
Structural and functional features of central nervous system
lymphatic vessels. Nature. 2015;523(7560):337-341.

Absinta M, Ha SK, Nair G, Sati P, Luciano NJ, Palisoc M,
Louveau A, Zaghloul KA, Pittaluga S, Kipnis ], et al. Human and
nonhuman primate meninges harbor lymphatic vessels that can be
visualized noninvasively by MRI. eLife. 2017;6:Article €29738.
Antila S, Karaman S, Nurmi H, Airavaara M,

Voutilainen MH, Mathivet T, Chilov D, Li Z, Koppinen T,
Park JH, et al. Development and plasticity of meningeal
lymphatic vessels. ] Exp Med. 2017;214(12):3645-3667.

Ma Q, Ineichen BV, Detmar M, Proulx ST. Outflow of
cerebrospinal fluid is predominantly through lymphatic vessels
and is reduced in aged mice. Nat Commun. 2017;8(1):1434.
Da Mesquita S, Louveau A, Vaccari A, Smirnov I,

Cornelison RC, Kingsmore KM, Contarino C,
Onengut-Gumuscu S, Farber E, Raper D, et al. Functional
aspects of meningeal lymphatics in ageing and Alzheimer's
disease. Nature. 2018;560(7717):185-191.

Zou W, Pu T, Feng W, Lu M, Zheng Y, du R, Xiao M, Hu G.
Blocking meningeal lymphatic drainage aggravates Parkinson's
disease-like pathology in mice overexpressing mutated
a-synuclein. Transl Neurodegener. 2019;8:7.

Bolte AC, Dutta AB, Hurt ME, Smirnov I, Kovacs MA,

McKee CA, Ennerfelt HE, Shapiro D, Nguyen BH, Frost EL,

et al. Meningeal lymphatic dysfunction exacerbates traumatic
brain injury pathogenesis. Nat Commun. 2020;11(1):4524.
Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S,
Detmar M, Wiig H, Alitalo K. A dural lymphatic vascular
system that drains brain interstitial fluid and macromolecules.
J Exp Med. 2015;212(7):991-999.

Zefferino R, Di Gioia S, Conese M. Molecular links between
endocrine, nervous and immune system during chronic stress.
Brain Behav. 2021;11(2):Article e01960.

Glaser R, Kiecolt-Glaser JK. Stress-induced immune dysfunction:
Implications for health. Nat Rev Immunol. 2005;5(3):243-251.
Xia M, Yang L, Sun G, Qi S, Li B. Mechanism of depression

as a risk factor in the development of Alzheimer's disease:

The function of AQP4 and the glymphatic system.
Psychopharmacology. 2017;234(3):365-379.

Le CP, Nowell CJ, Kim-Fuchs C, Botteri E, Hiller JG,

Ismail H, Pimentel MA, Chai MG, Karnezis T,

Rotmensz N, et al. Chronic stress in mice remodels lymph
vasculature to promote tumour cell dissemination. Nat
Commun. 2016;7:10634.

Jacob L, Boisserand LSB, Geraldo LHM, de Brito Neto J,
Mathivet T, Antila S, Barka B, Xu Y, Thomas JM, Pestel J,

et al. Anatomy and function of the vertebral column lymphatic
network in mice. Nat Commun. 2019;10(1):4594.

Renier N, Adams EL, Kirst C, Wu Z, Azevedo R, Kohl J,

Autry AE, Kadiri L, Umadevi Venkataraju K, Zhou Y, et al.
Mapping of brain activity by automated volume analysis of
immediate early genes. Cell. 2016;165(7):1789-1802.

Chung K, Wallace J, Kim SY, Kalyanasundaram S,

Andalman AS, Davidson TJ, Mirzabekov JJ,

Zalocusky KA, Mattis ], Denisin AK, et al. Structural and
molecular interrogation of intact biological systems. Nature.
2013;497(7449):332-337.

Breslin JW, Yang Y, Scallan JP, Sweat RS, Adderley SP,

Murfee WL. Lymphatic vessel network structure and
physiology. Compr Physiol. 2018;9(1):207-299.

13


https://doi.org/10.34133/research.0120

Research

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Rogers PAW, Donoghue JE Girling JE. Endometrial
Lymphangiogensis. Placenta. 2008;29:48-54.

Fanselow MS, Dong HW. Are the dorsal and ventral
hippocampus functionally distinct structures? Neuron.
2010;65(1):7-19.

Marques RC, Vieira L, Marques D, Cantilino A. Transcranial
magnetic stimulation of the medial prefrontal cortex for
psychiatric disorders: A systematic review. Braz ] Psychiatry.
2019;41(5):447-457.

Zhao H, Zhang BL, Yang SJ, Rusak B. The role of lateral
habenula-dorsal raphe nucleus circuits in higher brain functions
and psychiatric illness. Behav Brain Res. 2015;277:89-98.
Ngoupaye GT, Yassi FB, Bahane DAN, Bum EN. Combined
corticosterone treatment and chronic restraint stress lead to
depression associated with early cognitive deficits in mice.
Metab Brain Dis. 2018;33(2):421-431.

Wong EY, Herbert J. Roles of mineralocorticoid and
glucocorticoid receptors in the regulation of progenitor
proliferation in the adult hippocampus. Eur ] Neurosci.
2005;22(4):785-792.

Troubat R, Barone P, Leman S, Desmidt T, Cressant A,
Atanasova B, Brizard B, el Hage W, Surget A, Belzung C, et al.
Neuroinflammation and depression: A review. Eur ] Neurosci.
2021;53(1):151-171.

Shilpa BM, Bhagya V, Harish G, Srinivas Bharath MM,
Shankaranarayana Rao BS. Environmental enrichment
ameliorates chronic immobilisation stress-induced spatial
learning deficits and restores the expression of BDNE,

VEGE, GFAP and glucocorticoid receptors. Prog Neuro-
Psychopharmacol Biol Psychiatry. 2017;76:88-100.

Schwager S, Detmar M. Inflammation and lymphatic function.
Front Immunol. 2019;10:308.

Pavlakovic H, Becker J, Albuquerque R, Wilting J, Ambati J.
Soluble VEGFR-2: An antilymphangiogenic variant of VEGF
receptors. Ann N 'Y Acad Sci. 2010;1207(Suppl 1):E7-E15.
Basagiannis D, Christoforidis S. Constitutive endocytosis of
VEGFR2 protects the receptor against shedding. J Biol Chem.
2016;291(32):16892-16903.

Oliver G, Srinivasan RS. Endothelial cell plasticity: How to
become and remain a lymphatic endothelial cell. Development.
2010;137(3):363-372.

Hong Y-K, Harvey N, Noh YH, Schacht V, Hirakawa S,
Detmar M, Oliver G. Prox1 is a master control gene in the
program specifying lymphatic endothelial cell fate. Dev Dyn.
2002;225(3):351-357.

Chang et al. 2023 | https://doi.org/10.34133/research.0120

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Secker GA, Harvey NL. VEGEFR signaling during lymphatic
vascular development: From progenitor cells to functional
vessels. Dev Dyn. 2015;244(3):323-331.

Ahn JH, Cho H, Kim JH, Kim SH, Ham JS, Park I, Suh SH,
Hong SP, Song JH, Hong YK, et al. Meningeal lymphatic
vessels at the skull base drain cerebrospinal fluid. Nature.
2019;572(7767):62-66.

Karaman S, Buschle D, Luciani P, Leroux JC, Detmar M,
Proulx ST. Decline of lymphatic vessel density and function in
murine skin during aging. Angiogenesis. 2015;18(4):489-498.
McEwen BS. Physiology and neurobiology of stress

and adaptation: Central role of the brain. Physiol Rev.
2007;87(3):873-904.

Yoshii T. The role of the thalamus in post-traumatic stress
disorder. Int ] Mol Sci. 2021;22(4):Article 1730.

Roozendaal B, McEwen BS, Chattarji S. Stress, memory and
the amygdala. Nat Rev Neurosci. 2009;10(6):423-433.

Burne T, Howell KR, Kutiyanawalla A, Pillai A. Long-

term continuous corticosterone treatment decreases

VEGEF receptor-2 expression in frontal cortex. PLOS ONE.
2011;6(5):Article €20198.

Panda A, Arjona A, Sapey E, Bai F, Fikrig E, Montgomery RR,
Lord JM, Shaw AC. Human innate immunosenescence: Causes
and consequences for immunity in old age. Trends Immunol.
2009;30(7):325-333.

Allen WE, Blosser TR, Sullivan ZA, Dulac C, Zhuang X.
Molecular and spatial signatures of mouse brain aging at
single-cell resolution. Cell. 2023;186(1):194-208.e18.
Shibata-Germanos S, Goodman JR, Grieg A, Trivedi CA,
Benson BC, Foti SC, Faro A, Castellan RFP, Correra RM,
Barber M, et al. Structural and functional conservation of
non-lumenized lymphatic endothelial cells in the mammalian
leptomeninges. Acta Neuropathol. 2020;139(2):383-401.

Da Silva JA. Sex hormones, glucocorticoids and autoimmunity:
Facts and hypotheses. Ann Rheum Dis. 1995;54(1):6.

Curtis AL, Bethea T, Valentino RJ. Sexually dimorphic
responses of the brain norepinephrine system to stress and
corticotropin-releasing factor. Neuropsychopharmacology.
2006;31(3):544-554.

Willner P. The chronic mild stress (CMS) model of
depression: History, evaluation and usage. Neurobiol Stress.
2017;6:78-93.

Willner P. Validity, reliability and utility of the chronic mild
stress model of depression: A 10-year review and evaluation.
Psychopharmacology. 1997;134(4):319-329.

14


https://doi.org/10.34133/research.0120

	Characteristic Features of Deep Brain Lymphatic Vessels and Their Regulation by Chronic Stress
	Introduction
	Results
	Detection of lymphatic vessels deep in the mouse brain
	Characteristics and distribution of deep brain lymphatic vessels
	Chronic stress regulates deep brain lymphatic vessels
	VEGF signaling might contribute to the regulation of deep brain lymphatic vessels by stress

	Discussion
	Materials and Methods
	Experimental animals
	Chronic unpredictable mild stress paradigm
	Corticosterone injection paradigm
	Behavioral testing
	Sucrose preference test
	Open-field test
	Forced swimming test

	Corticosterone measurement
	iDISCO+ tissue clearing
	CLARITY tissue clearing
	3D reconstruction and images analysis
	Coimmunostaining in brain sections
	Flow cytometry
	Western blot
	Coimmunoprecipitation
	Statistical methods

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


