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Dual role of vascular endothelial growth factor-C in
post-stroke recovery
Yun Hwa Choi1,2, Martin Hsu3*, Collin Laaker4*, Jenna Port5, Kristóf G. Kovács5, Melinda Herbath5, Heeyoon Yang6, Peter Cismaru5,
Alexis M. Johnson5, Bailey Spellman5, Kelsey Wigand5, Matyas Sandor5, and Zsuzsanna Fabry5

Cerebrospinal fluid (CSF), antigens, and antigen-presenting cells drain from the central nervous system (CNS) into lymphatic
vessels near the cribriform plate and dura, yet the role of these vessels during stroke is unclear. Using a mouse model of
ischemic stroke, transient middle cerebral artery occlusion (tMCAO), we demonstrate stroke-induced lymphangiogenesis
near the cribriform plate, peaking at day 7 and regressing by day 14. Lymphangiogenesis is restricted to the cribriform plate
and deep cervical lymph nodes and is regulated by VEGF-C/VEGFR-3 signaling. The use of a VEGFR-3 inhibitor prevented
lymphangiogenesis and led to improved stroke outcomes at earlier time points, with no effects at later time points. VEGF-C
delivery after tMCAO did not further increase post-stroke lymphangiogenesis, but instead induced larger brain infarcts. Our
data support the damaging role of VEGF-C acutely and a pro-angiogenic role chronically. This nuanced understanding of VEGFR-
3 and VEGF-C in stroke pathology advises caution regarding therapeutic VEGF-C use in stroke.

Introduction
Stroke is the fifth leading cause of death and the leading cause of
long-term disability, according to the American Heart Associa-
tion (Virani et al., 2020). Currently, there is only one Food and
Drug Administration–approved drug available for ischemic
stroke patients, tissue plasminogen activator (tPA) (Kim, 2019;
Özlüer and Avcil, 2017; Knecht et al., 2018). However, tPA is only
given to about 2–6% of ischemic stroke patients due to its narrow
therapeutic window and its potential risk of adverse effects such
as intracerebral hemorrhagic conversion (Kim, 2019; Knecht
et al., 2017, 2018; Alberts, 2017; Gravanis and Tsirka, 2008; Lin
et al., 2018; Barber et al., 2001; Miller et al., 2011). For years,
researchers have tried to develop better therapeutic approaches
for ischemic stroke, but most clinical trials have fallen short (Xu
and Pan, 2013; Chen and Wang, 2016; Cheng et al., 2004; Stroke
Therapy Academic Industry Roundtable II (STAIR-II), 2001).

Stroke leads to acute brain edema that contributes to
blood–brain barrier disruption, inflammation, and homeostatic
disbalance (Rosenberg, 1999). Resolution of brain edema has
been associated with functional lymphatic clearance of the brain
(Si et al., 2006; Chen et al., 2019; Hu et al., 2020). Paradoxically,
both inducing lymphatic vessel formation or inhibiting lym-
phangiogenesis have been proposed as potential therapies for
the resolution of post-stroke brain edemas and accelerating

post-stroke recovery (Esposito et al., 2019; Kim et al., 2021;
Boisserand et al., 2024; Keuters et al., 2024). One of the diffi-
culties of designing lymphatic-targeting therapies in stroke lies
in the uncertainty of the targeted pathways or exact mechanisms.
Different lymphatic vessels around the brain could mediate lym-
phatic clearance, including the dural meningeal lymphatics (Da
Mesquita et al., 2018; Wen et al., 2018), basal lymphatics (Ahn
et al., 2019), and the cribriform plate (CP) lymphatics (Hsu
et al., 2019). These lymphatic vessels have been shown to be in-
volved in transporting fluid, waste, and immune cells in a variety
of pathological states (Alitalo, 2011; Ma et al., 2017). Previ-
ously, our lab has shown that lymphatic vessels near the CP
proliferate and expand in experimental autoimmune en-
cephalomyelitis, a mouse model of autoimmune-mediated
neuroinflammation. These newly formed lymphatic vessels
have immunoregulatory functions that may manage neuro-
inflammatory diseases (Hsu et al., 2019, 2022). Intriguingly, it
was reported that stroke induces lymphangiogenesis at the
dural meningeal lymphatics in mouse intracerebral hemor-
rhage (Tsai et al., 2022) and photothrombosis mouse stroke
models (Yanev et al., 2020); however, whether targeting these
pathways would be beneficial for stroke recovery is still
unknown.
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Manipulating the vascular endothelial growth factor receptor
3/vascular endothelial growth factor-C (VEGFR-3/VEGF-C)–
mediated lymphangiogenesis pathway has been proposed as a
potential therapy for stroke treatment (Esposito et al., 2019;
Yanev et al., 2020; Tsai et al., 2022; Boisserand et al., 2024;
Keuters et al., 2024). VEGF-C is commonly secreted by immune
cells during inflammatory events and binds to VEGFR-3 ex-
pressed on lymphatic vessels to stimulate lymphangiogenesis
(Flister et al., 2010). VEGF-C has been documented to increase in
the central nervous system (CNS) in days following stroke (Gu
et al., 2001; Shin et al., 2008; Bain et al., 2013). However, the
contribution of VEGFR-3/VEGF-C signaling to stroke pathology
still remains controversial. Some reports indicate VEGF-C may
improve post-stroke recovery by promoting the survival of
neural stem cells (Matta et al., 2021) or promoting increases in
CNS clearance through expansion of dural meningeal lymphatic
vessels (Tsai et al., 2022). Conversely, others have suggested that
early widespread blockade of VEGFR-3 and VEGF-C signaling
can reduce ischemic infarction size through reductions in pro-
inflammatory immune activation within the cervical lymph
nodes (Esposito et al., 2019) and counteracting the chemotactic
effect of VEGF-C (Shin et al., 2008).

To clarify the role of lymphatics in post-stroke pathology, we
investigated the impact of ischemic stroke in multiple CNS-
associated lymphatic regions (CP, dura, and basal), and deep
cervical lymph nodes (dCLNs) and tested the effects of VEGFR-3/
VEGF-C signaling on stroke outcome. Using a transient middle
cerebral artery occlusion (tMCAO) mouse model, we found that
after 3 days of tMCAO, lymphangiogenesis occurs near the CP,
which peaked at day 7 and returns to baseline by day 14. We did
not see evidence for lymphangiogenesis at the dural lymphatic
vasculature. Cranial dural meningeal lymphatics adapted to
stroke-induced neuroinflammation by dilation 3 days following
tMCAO. Lymphatic expansion at the CP was associated with
increased interaction between lymphatic endothelial and im-
mune cells, particularly with macrophages and dendritic cells
(DCs). VEGF-C–secreting myeloid cells, including DCs, were
bound to the CP lymphatics, and lymphangiogenesis was in-
hibited with the VEGFR-3 blocker MAZ51. We show significant
fluid drainage through the newly formed lymphatic vessels
during the peak of lymphangiogenesis at the CP in parallel with
increased lymphangiogenesis at the downstream CNS-draining
cervical lymph nodes. We did not find increased lymphangio-
genesis at the distant axillary, inguinal, and popliteal lymph
nodes after stroke. Confirming the therapeutic findings by
others (Esposito et al., 2019), inhibition of VEGFR-3 signaling not
only blocked lymphangiogenesis near the CP and dilation of
cranial dural LVs but also led to smaller brain infarcts and im-
proved motor functions following tMCAO. With the goal of in-
creasing stroke neuroinflammation-induced drainage of the
brain, we administered VEGF-C156S through the left common
carotid artery (CCA) after tMCAO. However, post-stroke VEGF-
C treatment induced larger brain infarcts without further in-
ducing changes in lymphatics in the cranial dura and CP
lymphatics. Our data support that VEGF-C has a dual role in
stroke, exacerbating damage in the acute phase and promoting
lymphangiogenesis in the chronic phase of stroke. Furthermore,

despite a VEGFR-3–dependent induction of lymphangiogenesis
near the CP after ischemic stroke in mice, therapeutic targeting
of these VEGF-C/VEGFR-3 interactions for stroke therapy should
be cautioned.

Results
CP lymphatics undergo lymphangiogenesis after stroke
We first looked to confirm if lymphangiogenesis occurs in
cribriform plate lymphatic vessels (cpLVs) after tMCAO. Our lab
previously showed that lymphangiogenesis occurs at the CP
in the experimental autoimmune encephalomyelitis model of
autoimmune-mediated neuroinflammation (Hsu et al., 2019).
After inducing tMCAO for 60min inwild-typemalemice, stroke
lesion size was measured using T2-weighted magnetic reso-
nance imaging (MRI), and then mice were sacrificed on day 3, 7,
or 14. Additionally, at each time point, whole heads were fixed,
decalcified, and then sectioned for immunohistochemistry (IHC)
of the CP–olfactory region, staining for lymphatic vessel endo-
thelial hyaluronan receptor 1 (Lyve-1) fluorescent antibody to
identify lymphatic vessels at each time point (Fig. 1 A). Coronal
sections allow for visualization of Lyve-1+ cpLVs extending
above the CP positioned between the olfactory bulbs (OB) in
mice (Fig. 1 B). Brain infarction was confirmed at all time points
in sham and tMCAO groups. Infarction areas were calculated to
be between 30 and 40% across days 3, 7, and 14 with slightly
lower percentages at day 14 after tMCAO (Fig. 1 C). Average
Lyve-1+ vessel areas were significantly elevated at day 3,
peaking at day 7, and then decreased at day 14 in the tMCAO
group, while the sham group did not show changes across
those time points (Fig. 1 D). Lymphatic loops and sprouts
morphology are a measurement of increased complexity and
can be used to estimate lymphatic proliferation or lym-
phangiogenesis (Kajiya et al., 2009). The number of loops was
increased at the CP among tMCAO groups at both days 3 and 7,
while the number of sprouts was increased at days 3, 7, and 14
(Fig. 1 E). We also measured the length of cpLVs starting from
the nasal mucosa to the tip of the lymphatic vessels between
the OB. The lengths were increased at days 3 and 7, and then
decreased to similar lengths of sham groups at day 14 (Fig. 1 E).
These data indicate that lymphangiogenesis near the CP oc-
curs and initiates around day 3 and regresses by day 14 after
tMCAO.

We tested whether other lymphatic regions also undergo
lymphangiogenesis after tMCAO. We first investigated basal
lymphatic regions near the optic nerve and nasopharynx (NP),
which are proposed to integrate with cribriform lymphatic
pathways (Yoon et al., 2024; Antila et al., 2024), but we did not
detect increases in Lyve-1 area at any time point after tMCAO
(Fig. S1, A and B). Additionally, we investigated meningeal
lymphatics in the dura above the brain and tested if they un-
derwent changes after tMCAO. We show that average Lyve-1+

vessel areas of the confluence of sinuses (COS) of dural
lymphatics were increased at days 3 and 7 and then returned to
baseline level by day 14 after tMCAO compared with sham
groups (Fig. S1 C). When we looked at the superior sagittal sinus
(SSS) of the dural lymphatics, there was an increase in Lyve-1+
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Figure 1. tMCAO induces lymphangiogenesis at the CP lymphatic vasculature. (A) Experimental timeline. Sham and 60-min tMCAO surgeries were
performed on 10–12-wk-old male mice (25–29 g). Across three time points (days 3, 7, and 14), T2-weighted MRIs of the infarct area and multiple tissue regions
were collected for lymphatic analysis of the CP, optic nerve, NP, dura, and lymph nodes (created using https://BioRender.com). (B) Representative images to
demonstrate the position of Lyve-1+ cpLVs which are positioned between OB from a sham and tMCAO mouse on day 7 after surgery. Sections were stained
with CD11b (red) to visualize myeloid cells and Lyve-1 (white) to visualize cpLVs. Dotted boxes outline Lyve-1+ cpLVs. Scale bars = 300 µm. (C) T2-weighted
MRI images of brain sections between sham and tMCAO at days 3, 7, and 14. Representative images of MRI brain scans after sham and tMCAO. White dashed
lines mark brain infarcts, which are quantified into a graph (n = 8 mice for sham, n = 9 mice for tMCAO; mean ± SEM, **P ≤ 0.01, ****P ≤ 0.0001, two-way
ANOVA). (D) 60-µm coronal sections of CP areas were immunolabeled for Lyve-1 to visualize lymphatic vessels after 3, 7, and 14 days of sham or tMCAO and
quantified. Representative confocal images of lymphatic vessels near the CP. Quantitation of average Lyve-1+ vessel area near the CP (n = 8mice for sham, n = 9
mice for tMCAO; mean ± SEM, ***P ≤ 0.001, ****P ≤0.0001, two-way ANOVA). Scale bars = 100 µm. (E) Quantitation of number of lymphatic loops, sprouts
(see representative image, day 3 tMCAO) and length near the CP after sham and tMCAO at days 3, 7, and 14 (n = 8 mice for sham, n = 9 mice for tMCAO; mean ±
SEM, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, two-way ANOVA). Scale bars = 20 µm. Source data are available for this figure: SourceData F1.
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vessel areas at day 7, which decreased by day 14 after tMCAO
(Fig. S1 E). In order to differentiate between lymphangiogenesis
associated with loop and sprout formation or dilation of lym-
phatic vasculature, we quantified the number of loops and
sprouts of both COS and SSS in dural meningeal lymphatics, but
there were no differences in both regions between sham and
tMCAO groups (Fig. S1, D and F). Quantitation of lymphatic di-
ameter in the COS showed increases at days 3 and 7 and re-
gressed back to a similar diameter of sham groups at day 14 (Fig.
S1 D). The diameter of vessels in the SSS showed increases at day
7 of tMCAO compared to sham (Fig. S1 F). Together, these data
indicate that cranial dural meningeal lymphatics dilate after
stroke but did not have the morphological characteristics of
lymphangiogenesis as seen in the CP.

We also tested whether lymphangiogenesis extended to the
peripheral lymph nodes following stroke. Increased Lyve-1+

areas were observed in dCLNs 7 days following tMCAO (Fig. 2
A); however, these changes were specific to the dCLNs, since
other peripheral lymph nodes such as axillary, inguinal, and
popliteal had no changes in Lyve-1 area during the observation
period (Fig. 2, B–D). These data support the strong regional

cooperation of adaptive lymphatic responses restricted to the
cervical lymphatics and the CP lymphatic vasculature.

Increased cerebrospinal fluid (CSF) accumulation at the CP
lymphatics after stroke
Fluid drainage is a critical function of lymphatic vessels (Petrova
and Koh, 2020), and cerebral edema is a common complication
following ischemic stroke (Brogan and Manno, 2015). To test
fluid drainage following tMCAO, we used T1-weighted MRI to
confirm if expanded CP lymphatics can transport CSF after
7 days of tMCAO by administering gadolinium into the cisterna
magna after taking baseline scans. On the dorsal view, we ob-
served an increase in accumulation of gadolinium near the OB
directly adjacent to the CP (Fig. 3, A–C). Additionally, when we
injected 10 μl of 10% Evans blue dye into the cisterna magna of
tMCAO mice, the Evans blue dye in the coronal sections of CP
regions co-localized with Lyve-1+ lymphatic vessels (Fig. S2, A–C)
and around olfactory nerves (Fig. S2 D). Representative fluores-
cent intensity profile plot of Evans blue dye and Lyve-1 from a
cross-section of the merged image confirmed cpLV co-localization
(dotted line) (Fig. S2 C). Together, these data suggest that CSF can
be drained through lymphangiogenic vessels after tMCAO.

CP lymphatics interact with VEGF-C–producing myeloid cells
after tMCAO
The induction of lymphangiogenesis occurs via the interaction
of secreted VEGF-C binding to VEGFR-3 receptors expressed on
lymphatic endothelial cells (LECs) (Kajiya et al., 2009; Yan et al.,
2017; Aspelund et al., 2014). To test whether VEGF-C is elevated
near the CP lymphatics following tMCAO, we collected decal-
cified CPs from both sham and tMCAO groups and stained for
VEGF-C at 7 days after surgery. While we found some evidence
of VEGF-C expression near cpLVs in sham animals (Fig. 4 A),
VEGF-C in Lyve-1 regions was increased significantly during
tMCAO with VEGFC+ cells binding directly to cpLVs (Fig. 4, B
and C; yellow arrowheads).

Previously we have shown that autoimmune inflammation of
the CNS induces higher adhesion molecule expression on crib-
riform plate lymphatic endothelial cells (cpLECs) and retention
of recruited VEGF-C–producing immune cells at these vessels
(Hsu et al., 2022).We hypothesized cpLECswere also interacting
with immune cells after stroke, and we investigated cell–cell
interactions by analyzing doublets within the flow cytometry
dataset (Halpern et al., 2018; Giladi et al., 2020; Bendall, 2020;
Hsu et al., 2022). We studied the doublets forming between
leukocytes and cpLECs 7 days following tMCAO by gating for
LECs (CD31+, podoplanin [PDPN]+) within CD45+ clusters and
then further gating for macrophage (CD45hi, CD11b+, and
CD11c−), DCs (CD45hi, CD11b+, and CD11c+), CD8 T cells (CD45hi,
CD11b−, CD11c−, and CD8+), CD4 T cells (CD45hi, CD11b−, CD11c−,
and CD4+), and B cells (CD45hi, CD11b−, CD11c−, CD8−, CD4−, and
B220+) in both sham and tMCAO groups (Fig. 4 D). We found
that the number of CD31+, PDPN+ cells, which we identified as
cpLECs in doublets, was increased in tMCAO groups as well as
macrophages and DCs (Fig. 4 E). IHC confirmed that DCs and
macrophages are bound directly to cpLVs following stroke or-
thogonal view of a CP section showed that Lyve-1+ lymphatics

Figure 2. dCLN lymphatics expand after tMCAO. (A–D) Sections of dCLNs
(A) and peripheral lymph nodes such as axillary (B), inguinal (C), and popliteal
(D) were immunolabeled with Lyve-1 fluorescent antibody after 7 days of
sham and tMCAO. Representative confocal images of each lymph node with
orange lines to define the areas of lymph nodes. Scale bars = 100 µm.
Quantitation of percentage of Lyve-1+ vessel area over lymph node areas (n =
6 mice per group for cervical lymph nodes, n = 3 mice per group for axillary,
inguinal, and popliteal lymph nodes; mean ± SEM, ****P ≤ 0.0001, unpaired
Student’s t test). Source data are available for this figure: SourceData F2.
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near the CP are in close contact with CD11b+ and CD11chigh DCs
(Fig. 4 F). To determine if lymphatic-interacting macrophages
and DCs were local sources of VEGF-C following stroke, we
analyzed sections of CP areas stained using fluorescent-labeled
antibodies of Lyve-1, CD11b, CD11c, and VEGF-C. VEGF-
C–expressing CD11b+ cells aggregated near the CP lymphatics
after 7 days of tMCAO in mice (Fig. 4 G). Additionally, we ob-
served VEGF-C–expressing CD11bhigh, CD11c+ and CD11blow,
CD11c+ near the CP (Fig. 4 G). Together, these data show that
VEGF-C is increased at the CP following tMCAO with lymphatic-
interacting macrophages and DCs providing a local source of
VEGF-C at this site after 7 days of tMCAO.

VEGFR-3 inhibition reduces brain infarct and improves early
motor recovery after tMCAO
To understand the role of VEGFR-3/VEGF-C interaction in the
outcome of tMCAO, we used a VEGFR-3 tyrosine kinase inhib-
itor, MAZ51, to inhibit pro-lymphangiogenic signaling and to
assess potential therapeutic effects (Kirkin et al., 2001, 2004).
Either DMSO (solvent control of MAZ51) or MAZ51 was admin-
istered i.p. on days 0, 2, 4, and 6 to control groups and experi-
mental groups (Fig. 5 A). Average Lyve-1+ vessel areas near the CP
were reduced after MAZ51 treatment in tMCAO groups, while
MAZ51 did not induce further regression of lymphatics in sham
groups (Fig. 5, B and C). The COS and SSS of dural meningeal
lymphatics showed decreased Lyve-1 area after MAZ51 in tMCAO
groups (Fig. S3, A and B). Similarly, lymphatics in the dCLNs
showed regression of Lyve-1+ vessels after MAZ51 treatment (Fig.
S3 C). These data confirm that post-stroke lymphangiogenesis
occurs at the CP via the interaction of VEGF-C and VEGFR-3.

To test the role of CP lymphangiogenesis in the pathological
outcomes following stroke, we performed T2-weighted MRI
imaging to measure brain infarction following i.p. administra-
tion of MAZ51. Interestingly, 7 days following tMCAO, MAZ51-

treated mice showed decreased infarction areas compared with
control-treated tMCAO mice (Fig. 5, D and E). During MAZ51
treatments the ladder rung test, open-field, and rotarod, were
also conducted on days 1, 3, 5, and 7 after sham or tMCAO to test
motor function (Fig. S4 A). On the ladder rung test, MAZ51-
treated tMCAO mice showed improvements by making less
foot faults starting from day 3 compared with control-treated
tMCAO mice (Fig. S4 B). In the open-field tests, each mouse was
placed in the center of the box, and their movements were
tracked. Broadly, failure to exit the center zone after initial
placement was associated with motor impairment in the open-
field test (Skillings et al., 2014), as tMCAO mice exhibited “cir-
cling behavior” due to single-side paralysis (Ruan and Yao,
2020) and were unable to travel in a straight line toward the
peripheral wall (Fig. S4 C). Quantification of the latency to exit
the center zone of the box showed that MAZ51-treated tMCAO
mice were quicker to leave the center compared to control-
treated tMCAO mice on day 1 (Fig. S4, D and E). In the rotarod
test, control-treated tMCAO mice showed improvements at day
7, while MAZ51-treated tMCAO mice did not (Fig. S4 F). In
summary,MAZ51-treated tMCAOmice showed better locomotor
ability in ladder rung tests and open-field tests as well as re-
duced brain infarct areas, starting from as early as day 1.
However, these MAZ51-treated tMCAO mice showed hindered
natural recovery along with worse coordination and balance at
day 7 in rotarod tests. This result correlates with regressed
lymphangiogenesis near the CP and lymphatic dilation of dural
meningeal lymphatics after MAZ51 treatment (Fig. S4 G).

Immediate VEGF-C delivery locally to the lesion after tMCAO
does not further elevate CP lymphangiogenesis, but worsens
brain infarct
VEGF-C administration has been proposed to diminish brain
edema, increase brain drainage, and promote regeneration

Figure 3. tMCAO induces CSF accumulation
at the CP lymphatics. (A and B) Representative
T1-weighted MRI scan images of dorsal (A) and
view of mice whole heads between sham and
tMCAO 7 days after surgery. Baseline images
were imaged before gadolinium injection and
serial images over time were imaged after in-
jection. (B) Zoomed representative image from
50-min time point shows increased signal in-
tensity at CP region. (C) Quantitation of average
pixel intensity normalized to baseline of the CP
between sham and tMCAO mice (n = 3 mice for
sham, n = 5 mice for tMCAO; mean ± SEM, *P ≤
0.05, ***P ≤ 0.001, two-way ANOVA with re-
peated measures). Source data are available for
this figure: SourceData F3.
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Figure 4. VEGF-C–producing myeloid cells interact with cpLVs after tMCAO. (A–C) CP sections from sham (A) and tMCAO (B) mice were stained with
VEGF-C and Lyve-1 antibodies 7 days after surgery (peak lymphangiogenesis). VEGF-C+ cells were observed near Lyve-1+ vasculature in sham and tMCAO mice
(yellow arrowheads). VEGF-C fluorescence within Lyve-1+ cpLVs was measured between groups. Mean fluorescent intensity (MFI) of VEGF-C in Lyve-1+ regions
were quantified (C) (n = 3 mice per group; mean ± SEM, *P < 0.05, unpaired Student’s t test). Scale bars = 50 µm, 10 µm. (D) Cell-to-cell interactions between
cpLECs and immune cells were studied by gating for live doublets from the CP cell suspensions. cpLECs were gated as doublets, live, and CD45+, CD31+, and
PDPN+. Macrophages were gated as CD45hi, CD11b+, and CD11c−. DCs were gated as CD45hi, CD11b+, and CD11c+. CD4 T cells were gated as CD45hi, CD11b−,
CD11c−, and CD4+. CD8 T cells were gated as CD45hi, CD11b−, CD11c−, and CD8+. B cells were gated as CD45hi, CD11b−, CD11c−, CD4−, CD8−, and B220+. cpLECs
from singlets were gated as singlets, live, and CD45−, CD31+, and PDPN+. (E) Quantitation of number of cpLECs in singlets, number of cpLECs in doublets, and
number of immune cells in doublets near the CP between sham and tMCAO groups after 7 days. Values presented as fold change normalized relative to healthy
(n = 3 mice per group; mean ± SEM, *P < 0.05, **P ≤ 0.01, unpaired Student’s t test). (F) Representative orthogonal sectional view of CP after 7 days of tMCAO
showing CD11b+, CD11c+ DCs are bound to Lyve-1+ lymphatic vessels. Scale bar = 10 µm. (G) Representative sectional images of CP areas after immunolabeling
with CD11b, CD11c, VEGF-C, and Lyve-1 to visualize immune cells and lymphatic vessels after 7 days of sham and tMCAO. Scale bars = 10 µm. BV = blood
vessels. Source data are available for this figure: SourceData F4.
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following neuroinflammatory damage to the brain (Tsai et al.,
2022; Matta et al., 2021). To test whether this treatment would
be beneficial following ischemic damage to the brain, we in-
duced 60-min ischemia followed by reperfusion using the
tMCAO model. We then administered VEGF-C156S or PBS
through the CCA using a microcatheter on day 0 of the tMCAO
(Fig. 6 A). VEGF-C156S specifically activates VEGFR-3, unlike
endogenous forms of VEGF-C, which can also bind to VEGFR-
2 (Joukov et al., 1998). Quantitation of Lyve-1+ vessels showed
there was no further increase in lymphatic measurements near
the CP, COS, and SSS of dural meningeal lymphatics, or in dCLNs
after VEGF-C156S treatment (Fig. 6 B and Fig. S5). However,
brain infarction was significantly increased after VEGF-C156S
treatment at both days 3 and 7 compared with control-treated
tMCAO mice (Fig. 6 C). To better understand the elevation of
infarct size, we investigated alterations in peripheral immune
cell populations as they may have been influenced by VEGF-
C156S administration. Interestingly, we found that around the
subfornical vessels of the brain, a commonly reported site of
immune cell infiltration into the CNS (Schulz and Engelhardt,

2005; D’Mello et al., 2009), there was an increased number of
CD45+ leukocytes in the perivascular regions of the vessels
(Fig. 6 D). Together, these data suggest that post-stroke VEGF-C
delivery could exacerbate stroke damage, elevate neuro-
inflammation, and promote immune cell aggregation at barrier
sites in the brain while not directly enhancing lymphangio-
genesis surrounding the CNS.

Discussion
Here we showed for the first time that lymphatic vessels near
the CP undergo lymphangiogenesis after tMCAO and that these
newly formed vessels drain CSF as well as retain immune cells
following stroke. As ischemic areas undergo necrosis and
apoptosis due to deprivation of oxygen and nutrients, pro-
inflammatory cytokines and chemokines are released, which
recruit immune cells to the injury site (Gesuete et al., 2016).
Simultaneously, cerebral edema can occur as one of the com-
plications of ischemic stroke (Dostovic et al., 2016). Since the
brain is enclosed within the skull, increased intracranial

Figure 5. MAZ51 blocks post-stroke cpLV vessel expansion and reduces brain infarct size. (A) Experimental design for administering i.p. injection of
DMSO or MAZ51 (VEGFR-3 inhibitor) after reperfusion of tMCAO (day 0). MRI and tissue collection were acquired on day 7 after tMCAO (created using https://
BioRender.com). (B and C) Coronal sections of CP areas were stained with Lyve-1 fluorescent antibody after either control or MAZ51 treatment in sham or
tMCAOmice. Representative confocal images of lymphatic vessels near the CP. Scale bars = 100 µm for CP sections (B). Quantitation of average Lyve-1+ vessel
area near the CP at day 7 after stroke (C) (n = 6 mice per group; mean ± SEM, *P ≤ 0.05, ****P ≤ 0.0001, one-way ANOVA). (D and E) T2-weighted MRI scan
images of brain sections between tMCAO with control or MAZ51 treatment at day 7. Representative images of MRI brain scans (D). White dashed lines mark
brain infarcts which are quantified into a graph (E) (n = 6 mice per group; mean ± SEM, ***P ≤ 0.001, unpaired Student’s t test). Source data are available for
this figure: SourceData F5.
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pressure exerted by the brain and CSF can lead to secondary brain
ischemia through the reduction of cerebral blood flow and in-
creasing tissue hypoxia (Jeon et al., 2014). This can ultimately cause
death in some stroke patients (Jeon et al., 2014; Thorén et al., 2017).
As a result, efficient drainage of fluid from the CNS, especially
during inflammation, is necessary to prevent the worst outcomes.

Multiple routes that drain fluid and cells in the CNS have
been recharacterized recently (Engelhardt et al., 2017; Proulx,
2021; Laaker et al., 2023). However, there are still controversial
debates regarding each route’s contribution to the drainage of
CSF, antigens, and immune cells during both steady state and
neuroinflammation. Several groups have shown that lymphatics
near the CP play significant roles in the drainage of CSF and cells
to CLNs in animals (Hsu et al., 2019; Walter et al., 2006;
Pashenkov et al., 2003; Cserr et al., 1992; Mollanji et al., 2001;
Madarasz et al., 2024), but the role of this pathway in humans is
still unclear with recent reports indicating no evidence of CSF
outflow into the nasal mucosa (Melin et al., 2020) and others
reporting clear visualization (Zhou et al., 2022). However, in-
terestingly recent characterization of the CP lymphatics in mice
has revealed discontinuity of the E-cadherin+ arachnoid layer at
this region, potentially allowing cribriform lymphatic vessels
more permissible access to fluid, antigen, and cells draining in
the subarachnoid space around olfactory nerves (Spera et al.,
2023; Hsu et al., 2022).

This study shows increased numbers of loops and sprouts at
the CP that correlate with increased Lyve-1+ vessel area fol-
lowing stroke. The data presented here indicate that lym-
phangiogenesis near the CP is transient and progressive, starting
at day 3, peaking at day 7, and regressing by day 14. Flow cy-
tometry data confirmed lymphangiogenesis by showing an ex-
pansion of the number of cpLECs after tMCAO. Stroke-induced
lymphangiogenesis was unique to the CP and draining cervical
lymph nodes, as neither the dural meningeal lymphatics nor the
distant lymph nodes showed an increase in lymphatic area and
loops or sprouting. Dural meningeal lymphatics have shown an
increase of diameters in response to VEGF-C, which is naturally
elevated in CSF after stroke due to increased interstitial fluid
pressure and lymphedema (Da Mesquita et al., 2018; Esposito
et al., 2019; Gu et al., 2001; Rutkowski et al., 2006). Other
groups have shown that impairment of dural meningeal
lymphatics affected clearance of macromolecules, but not in-
creased interstitial fluid pressure, which indicates there is an-
other route contributing to removal of extra fluid in the brain
during inflammation (Da Mesquita et al., 2018; Aspelund et al.,
2015). We found that dCLNs experienced post-stroke lym-
phangiogenesis, implying that a greater connection to CNS fluid
and cell drainage pathways may be necessary to drive post-
stroke lymphatic vessel growth in the periphery. We show that
lymphangiogenic vessels at the CP can retain immune cells,

Figure 6. Post-stroke intracatheter delivery of VEGF-C exacerbates stroke damage without inducing additional expansion of cpLVs. (A) Experimental
design for administering control or VEGF-C156S through the artery after reperfusion of tMCAO (day 0) and euthanasia at days 3 and 7 for decalcification steps
(created using https://BioRender.com). (B) Coronal sections of CP areas were stained with Lyve-1 fluorescent antibody after either control or VEGF-C156S
treatment of tMCAOmice at day 7. Representative confocal images of lymphatic vessels near the CP. Quantitation of each image (n = 3 mice per group; mean ±
SEM, unpaired Student’s t test). Scale bars = 100 µm. (C) T2-weighted MRI scanned images of brain sections between tMCAO and tMCAO with VEGF-C156S
treatment at days 3 and 7. Representative images of MRI brain scans. White dashed lines mark brain infarcts, which are quantified into a graph (n = 3 mice per
group, n = 4 mice for tMCAO with VEGF-C156S at day 3; mean ± SEM, *P ≤ 0.05, **P ≤ 0.0, two-way ANOVA with mixed effects). (D) Coronal brain sections
were stained with CD45 fluorescent antibody (Alexa 647) at day 3 after tMCAO/VEGF-C treatment. Subfornical vessels near the third ventricle were analyzed
for perivascular leukocyte cell number. (n = 4 mice for tMCAO, n = 3 mice for tMCAO with VEGF-C156S; mean ± SEM, **P ≤ 0.01, unpaired Student’s t test).
Scale bars = 20 µm. BV = blood vessel. Source data are available for this figure: SourceData F6.
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including macrophages and DCs, after stroke. Previous data
showed that neuroinflammation created an immune regulatory
niche at the CP, in which LECs upregulate genes involved in
leukocyte crosstalk, including those of adhesion molecules,
chemokines, and antigen presentation (Hsu et al., 2022). How
the intimate cellular interactions between inflamed cpLECs and
immune cells contribute to forming an immune regulatory niche
similar to autoimmune diseases described previously (Hsu et al.,
2022) would need to be studied further.

The interaction of VEGF-C and VEGFR-3 has been indicated
as a key driver of lymphangiogenesis (Baluk et al., 2005; Jussila
and Alitalo, 2002). We showed an increase in VEGF-C near the
CP after stroke induction, and additionally we identified that
VEGF-C was produced by CD11b+ immune cells. When lym-
phangiogenesis was inhibited using MAZ51, MAZ51 did not af-
fect the sham groups, which indicates that there may be a
baseline threshold in lymphatic density. Additionally, MAZ51
may inhibit recruitment and activation of immune cells.
Esposito et al. (2019) observed LEC proliferation and activation
of macrophages in the CLNs within 24 h after MCAO in rats.
MAZ51 treatment reduced pro-inflammatory macrophages and
LEC activation, which also resulted in smaller brain infarcts.
They further showed that VEGF-C/VEGFR-3 interaction in-
creased inflammatory responses in LECs in co-cultured macro-
phages in in vitro experiments (Esposito et al., 2019). Combined
with our behavioral data showing improved locomotor ability at
earlier time points, it suggests that inhibiting lymphangiogenesis
withMAZ51 to reduce recruitment of activated pro-inflammatory
immune cells to the brain may be beneficial at an earlier period
after tMCAO.

However, Breslin et al. showed MAZ51 treatment decreased
lymphatic phasic activities and function of lymphatic pumps
(Breslin et al., 2007). In our study, MAZ51-treated tMCAO mice
failed to show natural recovery in rotarod tests after 7 days.
Interestingly, this is when we noticed a peak of lymphangio-
genesis near the CP after tMCAO. As both lymphangiogenesis
and lymphatic dilation were inhibited with MAZ51, the cerebral
edema may further suppress other areas of the brain and induce
secondary damages (Jeon et al., 2014; Wijdicks et al., 2014). Thus,
it is possible that prolonged inhibition of lymphangiogenesis or
lymphatic dilation may affect fluid drainage and recovery after
tMCAO, but further analysis is needed to dissect the exact
mechanism.

Conversely, administering VEGF-C156S directly to the brain
through the CCA resulted in larger brain infarcts. VEGF-C
is a chemokine regulated by infiltrating immune cells and
pro-inflammatory cytokines such as IL-1β and TNF-α, unlike
VEGF-A, which is mostly driven by hypoxia (Jussila and Alitalo,
2002; Enholm et al., 1997; Ristimäki et al., 1998), it is involved in
not only lymphangiogenesis but also recruiting immune cells,
especially those that express VEGFR-3 such as macrophages and
DCs (Li et al., 2016). Thus, it is possible that VEGF-C156S resulted
in increased immune cell recruitment toward core regions of
brain infarcts after tMCAO which caused bigger infarcts com-
pared with control-treated tMCAOmice. These results challenge
recent reports that suggest that VEGF-C delivery after stroke
may offer recovery benefits (Matta et al., 2021; Tsai et al., 2022).

One explanation for this divergence in effects could be the result
of differences in stroke models. Tsai et al. indicated therapeutic
enhancement of meningeal lymphatics via VEGF-C156S, allow-
ing for greater clearance of hematomas, in a model intracerebral
hemorrhage not tMCAO (Tsai et al., 2022). Additionally, VEGF-
C/VEGFR-3 manipulations in the pre-stroke time frame have
now been conducted. Boisserand et al. demonstrated that AAV-
mVEGF-C pretreatment via intra-cisterna magna (ICM) injec-
tion reduces tMCAO infarct size and leads to better post-stroke
recovery (Boisserand et al., 2024). Interestingly, in the experi-
ment by Boisserand et al., lymphatics along CSF drainage routes
were primarily expanded by the ICM AAV-mVEGF-C delivery,
including lymphatics in the dura, dCLN, and lower regions of the
olfactory mucosa (Boisserand et al., 2024). As a result, it is
possible that lymphangiogenesis in cpLVs can also be similarly
induced in this ICM AAV-mVEGF-C model and mediate aspects
of stroke outcome, but further investigations are needed. Sim-
ilarly, AAV-mVEGF-C pretreatment via the intracerebroven-
tricular route was shown to induce dural lymphangiogenesis
and improve motor outcomes, but not reduce infarct size in
tMCAO (Keuters et al., 2024). Thus beneficial manipulation of
VEGF-C/VEGFR-3 signaling could be highly context dependent,
unique to stroke type, stroke location, and route of therapeutic
delivery. Much like current time-dependent tPA treatment
protocols, there is likely a specific therapeutic window in which
VEGF-C/VEGFR-3–modifying therapy might be given. There are
several limitations to our study. We only investigated outcomes
of up to 2 wk after tMCAO in young wild-type male mice. Long-
term impacts should be investigated in aged mice. Furthermore,
we should note that the VEGFR-3 inhibitor MAZ51 at higher
concentrations has been shown to partially inhibit VEGFR-2 and
induce apoptosis (Kirkin et al., 2001, 2004). Additionally,
MAZ51 and VEGF-Cwere administered within a narrowwindow
following tMCAO induction. Finally, while we investigated several
relevant lymphatic regions, there are CNS-relevant lymphatic
regions which we did not investigate, including the transverse
dural, spinal, and several basal lymphatic structures.

In summary, this study showed that lymphatics near the CP
undergo lymphangiogenesis, while dural meningeal lymphatics
are dilated after tMCAO in mice. The lymphangiogenesis was
driven by the interaction of VEGFR-3 and VEGF-C which is
produced by myeloid cells, including DCs and macrophages. The
VEGFR-3 inhibitor blocked lymphangiogenesis after tMCAO and
created smaller brain infarcts. Based on the behavioral test re-
sults, inhibition of VEGFR-3–dependent lymphangiogenesis af-
ter tMCAO seems beneficial at earlier time points, but may have
long-term consequences on recovery depending on the length of
treatment. Administering VEGF-C into the brain directly after
stroke induced bigger brain infarct areas. Together, our data
suggest that VEGF-C has a dual role in stroke, with damaging
impacts in the acute phase but pro-angiogenic in the chronic
phase of stroke. As a result, more research is needed to inves-
tigate an optimal timing of potential VEGFR-3 and VEGF-C
therapeutic manipulations, as well as more specific and safe
targeting of meningeal lymphatic vessels. These data emphasize
caution when targeting the VEGF-C/VEGFR-3 pathway in pro-
moting post-stroke recovery in spite of the impressive effects of
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the VEGF-C/VEGFR-3–mediated pathway on tissue regeneration
following stroke.

Materials and methods
Animals
Male C57BL/6J wild type was purchased from Jackson Labora-
tories and housed in the University of Wisconsin at Madison
Breeding Core and Research Services. Animals were kept in a
pathogen-free facility with 12 h of each dark and light cycle and
access to food and water. All experiments were conducted in
accordance with guidelines from the National Institutes of
Health and the University of Wisconsin-Madison Institutional
Animal Care and Use Committee.

tMCAO
10–12-wk-old male mice (25–29 g) were used for all tMCAO
surgeries. In agreement with the Stroke Therapy Academic
Industry Roundtable (STAIR) criteria (Liu et al., 2009), core
temperature was maintained between 36°C and 37°C during
surgery with a heating pad, and post-surgery mice recovered in
a temperature-controlled chamber. Mice were anesthetized us-
ing isoflurane while providing oxygen during occlusion and
reperfusion surgery. During occlusion, a midline incision was
made and the CCA on the right side was isolated from the vagus
nerve. The external carotid artery and internal carotid artery
were identified from the bifurcation of CCA. Both the bottom of
the CCA and external carotid artery were permanently ligated. A
temporary knot was made near the bifurcation of CCA. A mi-
crovascular clip was made on CCA, and a 6.0 nylon monofila-
ment (602191; Doccol Corp) was inserted into the middle
cerebral artery while loosening the temporary knot carefully.
Temporary knot was tightened again, and the occlusion was
initiated by advancing the filament ∼9–9.5 mm to block
middle cerebral artery blood flow for 60 min. After 60 min,
mice were anesthetized, and the filament was removed. The
temporary knot was tightened as a permanent ligation. For
sham mice, all surgical operations were the same, but the
filament was not inserted. MRI or cresyl violet staining of
stroke regions was used to verify strokes and exclude mice not
presenting lesions.

Flow cytometry
After 7 days of tMCAO, single-cell suspensions from the CP were
resuspended in FACS buffer (pH 7.4, 0.1 M PBS, 1 mMEDTA, and
1% BSA). Importantly, no dissociation protocol was applied to
cell suspension to preserve cell–cell interactions (Giladi et al.,
2020). The cells were then immunolabeled with the ghost dye
UV450 dye and appropriate conjugated antibodies for 30 min at
4°C. The stained cells were washed with FACS buffer and fixed
in 4% PFA (4% paraformaldehyde, 0.1 M PBS). LECs were gated
as CD45−, CD31+, and PDPN+. To identify immune cells bound to
LECs, LECs were gated as CD45+, CD31+, and PDPN+. Among
LECs, DCs were gated as CD11c+ and CD11b+; monocytes/macro-
phages were gated as CD11c− and CD11b+, CD4 T cells as CD11c−

CD11b− and CD4+, CD8 T cells as CD11c−, CD11b−, and CD8+, and
B cells as CD11c−, CD11b−, CD4−, CD8−, and B220+. The data were

acquired using BD LSR II Flow Cytometer (BD Biosciences) and
analyzed using FlowJo software.

Histology
Mice were anesthetized with isoflurane and transcardially per-
fused with 1X PBS followed by 4% PFA. Then, mice were de-
capitated, and the whole heads without skin were fixed in 4%
PFA overnight at 4°C. Then the whole heads were transferred to
14% EDTA for 7 days to decalcify followed by a cryoprotection
step in 40% sucrose for 7 days at 4°C. Then, the heads were
embedded in Tissue-Tek OCT Compound, frozen in dry ice, and
stored at −80°C. Leica CM1800 (Leica Biosystems) cryostat was
used to section each head into 60-μm tissue slides for the CP area
and 30 μm for the brains and lymph nodes. Each section was
mounted on Superfrost Plus microscope slides and stored at
−80°C till staining.

tMCAO infarct quantification
Brain infarction was screened with a 4.7 T small animal MRI
(Agilent Technologies, Inc.) and acquired with VnmrJ (Agilent
Technologies) on days 3, 7, and 14. Animals were anesthetized
using isoflurane through a nose cone during imaging. T2-
weighted MRI scans were measured under the following pa-
rameters: repetition time (TR) = 3,500 ms, thickness = 1.0 mm,
resolution = 192 × 192, and averages = 11. Each image was ana-
lyzed using FIJI software. Ischemic infarct area in percentage
was calculated by dividing infarction area with total area of each
brain section (both hemispheres). Infarct volume was also
quantified and showed a similar trend.

Evans blue dye
Under isoflurane anesthesia using a nose cone, 10 μl of 10%
Evans blue dye was injected into the cisterna magna using a
Hamilton syringe at a rate of 2 μl/min. After allowing the dye to
circulate for 30 min, the mouse was euthanized and the whole
head was analyzed for dye distribution around the CP. MRI was
done with a 4.7 T small animal MRI (Agilent Technologies, Inc.)
and acquired using VnmrJ (Agilent Technologies). 2D T1-
weighted MRI scans were used to detect gadolinium under the
following parameters: repetition time (TR) = 688 ms, echo time
(TE) = 11.26 ms, thickness = 0.5 mm, resolution = 128 × 128, and
averages = 7. These resulted in a time scan of about 5 min. We
repeated this scan after injection for 1 h. Animals were anes-
thetized using isoflurane through a nose cone and 10 ul of gad-
olinium was injected into the cisterna magna at a rate of 2 μl/
min using a Hamilton syringe. Respiratory rates weremonitored
throughout the scans. A baseline scan was acquired prior to
gadolinium injection with the same settings. Images were pro-
cessed and analyzed using FIJI software.

IHC and confocal microscopy
For IHC, sections were rehydrated with 1X PBS for 10 min and
blocking solution (1% BSA and 0.1% Triton-X in 1X PBS) for
60 min. Sections were then incubated with the appropriate
primary antibodies in blocking solution at 4°C overnight in a
humidified chamber. Sections were washed three times with 1X
PBS for 10 min each. As necessary, sections were incubated with
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the appropriate secondary antibodies at room temperature for
120 min and washed afterward. Then, each section was mounted
with Prolong Gold mounting medium with DAPI, and images
were acquired using an Olympus Fluoview FV1200 confocal
microscope with 4×, 10×, or 20× objectives. A detailed list of
reagents and antibodies is provided in Table S1.

Quantification of lymphatic morphology
Lyve-1+ areas of dural lymphatics and dCLNs were calculated on
FIJI software (version 2.3.0/1.53q) using the Analyze Particles
functions. Z stacks of cpLVs, optic nerve, and NP were overlaid,
and Lyve-1+ areas were thresholded on identical settings be-
tween conditions and calculated by the Fiji measure function
(Hsu et al., 2019). Lymphatic vessel loops and sprouts were
counted under identical confocal settings and FIJI software
(Bolte et al., 2020). Lymphatic vessel diameterwas assessedwith
50 random measurements per meningeal sample in each group
along either COS or SSS and then averaged together. All meas-
urements were done by an independent blinded experimenter.

Drug administration
MAZ51 was dissolved in DMSO and i.p. injected at 10 mg/kg of
mouse weight on days 0 (after reperfusion of tMCAO), 2, 4, and
6. Control mice received equivalent volumes of DMSO i.p. on
those same days. VEGF-C156S was dissolved in 1X PBS and 3 µg
was administered through a microcatheter inserted in CCA on
day 0 after reperfusion of tMCAO. Control mice received
equivalent volumes of 1X PBS using the same method on day 0.

Behavior tests
Post-ischemic motor functions were measured using a rotarod
(LE8205; Panlab Harvard Apparatus), ladder rung (LE780;
Panlab Harvard Apparatus), and open-field test (LE802S from
Panlab Harvard Apparatus). Rotarod tests were conducted for
3 min on a rotating cylinder with constant speed at 8 rpm. The
ladder rung test was conducted until each mouse crossed the
tapered 100-cm beam, and the number of foot faults was
counted. An open-field test was used to observe spontaneous
locomotor functions in a 45 (W) × 45 (D) × 40 (H)-cm box for
5 min. An open-field test was analyzed using Smart 3.0 software
(Panlab Harvard Apparatus). All mice were trained with three
tests 2 consecutive days before the surgery and randomized for
sham or tMCAO surgery on day 0. Tests were measured on days
1, 3, 5, and 7 after MAZ51 treatment. All behavioral equipment
was wiped with 70% ethanol between mice.

Statistical analysis
Sample sizes were determined according to power calculation
(80% power, α = 0.05) (Arifin and Zahiruddin, 2017; Charan and
Kantharia, 2013), and age-matched mice were used for each
group, with random group assignments. Statistical analysis of
results was performed with GraphPad Prism 6.0 Software.
When results of two groups were compared, an unpaired Stu-
dent’s t test was used. When results of three or more groups
were compared, one-way ANOVA was used. When results were
compared across different time points, two-way ANOVA with
Sidak’s multiple comparisons tests was used. If the same subjects

were analyzed across multiple time points, two-way ANOVA
with repeated measures were used with Sidak’s multiple com-
parisons. For all statistical tests, the data are portrayed asmean ±
SEM, and the significance is portrayed as: NS (P > 0.05), * (P <
0.05), ** (P < 0.01), *** (P < 0.001), **** (P < 0.0001).

Online supplemental material
Fig. S1 shows the analysis of lymphatic vessels at the optic nerve,
NP, and dura (COS, SSS). Fig. S2 shows the localization of intra-
cisterna magna-injected Evans blue dye at the CP of the tMCAO
mouse. Fig. S3 shows the effects of MAZ51 on dura (COS, SSS)
and dCLNs lymphatic vessel area during sham and post-
tMCAO conditions (day 7). Fig. S4 shows the impact of
MAZ51 on rotarod, foot fault, and open field tests. Fig. S5
shows the effects of immediate VEGF-C156S delivery
through CCA after tMCAO on dura (COS, SSS) and dCLN lym-
phatic area. Loops, sprouts, and length or diameter were also
quantified for CP, COS, and SSS. Table S1 presents the list of
antibodies used in the study. Table S2 presents the list of re-
agents used in the study.

Data availability
Source data are provided with this paper. Data supporting the
findings of this study are available from the corresponding au-
thors upon reasonable request.
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Figure S1. Lymphatic analysis of optic nerve, NP, and dura. (A) Coronal sections of optic nerve regions were stained with Lyve-1 fluorescent antibody in
either control or tMCAO mice at days 3, 7, and 14. Representative confocal images of Lyve-1+ regions near the optic nerve. Quantitation of each image (n = 3–6
mice per group; mean ± SEM, two-way ANOVA). Scale bars = 200 µm. (B) Coronal sections of NP regions were stained with Lyve-1 fluorescent antibody in
either control or tMCAO mice at days 3, 7, and 14. Representative confocal images of Lyve-1+ regions surrounding the NP. Quantitation of each image (n = 3–6
mice per group; mean ± SEM, two-way ANOVA). Scale bars = 200 µm. (C) COS of dural lymphatic vessels was stained with Lyve-1 antibody and imaged using
confocal microscopy after sham and tMCAO at days 3, 7, and 14. Representative confocal images of COS. Scale bars = 500 µm. Quantitation of average Lyve-1+

vessel areas in the COS (n = 8 mice for sham, n = 9 mice for tMCAO; mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, two-way ANOVA). (D) Quantitation of
number of loops, number of sprouts, and lymphatic vessel diameters of COS of dural lymphatic vessels after sham and tMCAO at days 3, 7, and 14 (n = 8 mice
for sham, n = 9 mice for tMCAO; mean ± SEM, **P ≤ 0.01, ****P ≤ 0.0001, two-way ANOVA). (E) SSS of dural lymphatic vessels was immunolabeled with Lyve-
1 fluorescent antibody and imaged after sham and tMCAO at days 3, 7, and 14. Representative confocal images of SSS. Quantitation of average Lyve-1+ vessel
areas in the SSS (n = 8 mice for sham, n = 9 mice for tMCAO; mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001, two-way ANOVA). Scale bars = 500 µm.
(F) Quantitation of number of loops, number of sprouts, and lymphatic vessel diameters of SSS of dural lymphatic vessels after sham and tMCAO at days 3, 7,
and 14 (n = 8 mice for sham, n = 9 mice for tMCAO; mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, two-way ANOVA). Source data are available for this
figure: SourceData FS1.
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Figure S2. CP lymphatic vessels and the perineural space of olfactory nerves can drain CSF after tMCAO. (A) Cartoon schematic of coronally sectioned
OB/CP region. Note the cpLVs interface with both BV and ONB (created using https://BioRender.com). (B) After 7 days of tMCAO, 10% Evans blue dye was
injected into the cisterna magna (30 min) to confirm CSF drainage through lymphatics near the CP. Representative confocal images show overlap of Evans blue
dye and Lyve-1 which interfaces with BV. Scale bars = 50 µm. (C) The intensity profile plot shows co-localization of Evans blue dye within Lyve-1+ cpLVs. No
dye was detected in the lumen of BV, only in the Lyve-1+ perivascular space. (D) Evans blue injected into the cisternamagna accumulates around ONB at the CP
at day 7 of tMCAO. Confocal images show perineural accumulation after tMCAO. Scale bars = 10 µm. BV = blood vessels, ONB = olfactory nerve bundles. Source
data are available for this figure: SourceData FS2.

Figure S3. MAZ51 reduces post-stroke dural and cervical lymph node lymphatic vessel area. (A and B) Quantitation of average Lyve-1+ vessel area near
the COS (A) and SSS (B) of dural lymphatic vessels after either control or MAZ51 treatments between sham and tMCAO (n = 6 mice per group; mean ± SEM, *P
≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001, one-way ANOVA). (C) Quantitation of average Lyve-1+ vessel area within dCLNs. (n = 6 mice per group; mean ± SEM, ****P
≤ 0.0001, one-way ANOVA). Source data are available for this figure: SourceData FS3.
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Figure S4. MAZ51 improves early post-stroke motor outcomes. (A) Experimental timeline of behavioral analysis in MAZ51-treated tMCAO mice (i.p.
injected on days 0, 2, 4, and 6). Mice were tested in rotarod, open field, and foot fault for post-stroke motor function across days 1, 3, 5, and 7 (created using
https://BioRender.com). (B) The ladder rung test was used to measure the total number of foot faults to assess locomotor ability between control-treated
tMCAOmice andMAZ51-treated tMCAOmice at days 1, 3, 5, and 7 (n = 6mice per group; mean ± SEM, *P < 0.05, two-way ANOVAwith repeatedmeasures and
Sidak’s multiple comparison test). (C) An open-field behavioral test was used to track the ability of the mouse to move to the peripheral wall after initial
placement. Healthy/sham mice within seconds move to the peripheral wall. tMCAO mice have difficulty moving in a straight line due to single-side paralysis/
circling behavior and have elevated time to reach the periphery. (D) Latency to reach the periphery of the open-field box was measured between all groups,
including control-treated tMCAO mice and MAZ51-treated tMCAO mice, at days 1, 3, 5, and 7 (n = 6 mice per group; mean ± SEM, **P ≤ 0.05, two-way ANOVA
with repeated measures and Sidak’s multiple comparison test). (E) Representative track maps between tMCAO with control or MAZ51 at days 1 and 7 for
comparison. The blue box indicates the center of the box and the red line indicates the peripheral boundary of the box. While control-treated tMCAO mice
showed difficulties in movement, MAZ51-treated tMCAO mice showed improved locomotor activities at day 1. (F) Latency duration on the rotarod was
measured between control-treated tMCAOmice and MAZ51-treated tMCAO mice at days 1, 3, 5, and 7 (n = 6 mice per group; mean ± SEM, *P < 0.05, two-way
ANOVA with repeated measures and Sidak’s multiple comparison test). (G) Timeline summary of motor function effects of MAZ51 treatment in relation to
relative peak CP lymphangiogenesis (day 7). Early improvements in motor recovery (days 1–3), but late deficit in rotarod (day 7) could be associated with
sustained MAZ51 inhibition of lymphangiogenesis. Peak post-stroke lymphangiogenesis typically occurs at the CP on day 7 after stroke (created using https://
BioRender.com). Source data are available for this figure: SourceData FS4.
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Figure S5. VEGF-C156S delivery through the CCA immediately after tMCAO does not influence lymphatic vessel area at COS, SSS, and dCLN. (A–C)
IHC sections of COS of dural lymphatic vessels (A), SSS of dural lymphatic vessels (B), and sections of dCLN (C) were stained with Lyve-1 fluorescent antibody
after either control or VEGF-C156S treatment of tMCAO mice. Representative confocal images of lymphatic vessels near COS and SSS of dura and dCLN.
Quantitation of each image (n = 3 mice per group; mean ± SEM, unpaired Student’s t test). Scale bars = 500 µm for COS and SSS of dural lymphatic vessels and
100 µm for dCLN. (D) Quantitation of number of loops, sprouts, and vessel length near the cribriform in untreated and VEGF-C–treated tMCAO mice at day 7
(n = 3 mice per group; mean ± SEM, unpaired Student’s t test). (E) Quantitation of number of loops, sprouts, and lymphatic vessel diameter near the dural COS
in untreated and VEGF-C–treated tMCAO mice at day 7 (n = 3 mice per group; mean ± SEM, unpaired Student’s t test). (F) Quantitation of number of loops,
sprouts, and lymphatic vessel diameter near the dural SSS in untreated and VEGF-C–treated tMCAOmice at day 7 (n = 3 mice per group; mean ± SEM, unpaired
Student’s t test). Source data are available for this figure: SourceData FS5.
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Provided online are Table S1 and Table S2. Table S1 shows the antibody list. Table S2 shows the reagent list.
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