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SUMMARY
While brain swelling, associated with fluid accumulation, is a known feature of pediatric cerebral malaria
(CM), how fluid and macromolecules are drained from the brain during recovery from CM is unknown. Using
the experimental CM (ECM) model, we show that fluid accumulation in the brain during CM is driven by vaso-
genic edema and not by perivascular cerebrospinal fluid (CSF) influx. We identify that fluid andmolecules are
removed from the brain extremely quickly in mice with ECM to the deep cervical lymph nodes (dcLNs), pre-
dominantly through basal routes and across the cribriform plate and the nasal lymphatics. In agreement, we
demonstrate that ligation of the afferent lymphatic vessels draining to the dcLNs significantly impairs fluid
drainage from the brain and lowers anti-malarial drug recovery from the ECM syndrome. Collectively, our re-
sults provide insight into the pathways that coordinate recovery from CM.
INTRODUCTION

Cerebral malaria (CM) is a severe complication of Plasmodium

falciparum infection that affects primarily young children in

Sub-Saharan Africa. Currently, there are no specific treatments

for CM, other than parenteral administration of anti-malarial

drugs (principally artemisinin). This treatment fails to prevent

death in 15%–20% of cases, equating to 300–400 thousand

deaths each year.1 Children who survive the syndrome also

frequently exhibit severe neurological disorders that can be

long-lasting, including ataxia, speech disorders, cortical blind-

ness, cognitive impairment, and epilepsy.2–4

While the pathogenesis of pediatric CM is still incompletely un-

derstood, fulminant brain swelling has been identified as a pri-

mary cause of morbidity and mortality.5–9 The cause of brain

swelling during CM has been debated with sequestration of

parasitized cells within the cerebrovasculature, increased blood

flow and loss of autoregulation, cytotoxic edema, and vasogenic

edema all being implicated.5,8 However, extensive vasogenic
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edema has been identified within the brains of children with pe-

diatric CM.8–10 This corresponds with evidence of blood-brain

barrier (BBB) dysfunction (generally in vessels associated with

parasitized red blood cell sequestration or thrombosis) within a

number of brain regions.10–14 Notably, damage to the BBB and

vasogenic edema has also been implicated in causing the sec-

ondary parenchymal pathologies observed in pediatric CM,

including axonal injury, myelin damage, and neuroinflammation

(astrocyte and macrophage activation).11,13 In children who sur-

vive CM, brain swelling is transient and rapidly reversible within a

few days.5,10,14,15 The rapid drainage of vasogenic edema fluid

and amelioration of brain swelling suggests that highly effective

physiological systems operate within the CNS to coordinate re-

covery from CM.

How fluid and macromolecules drain from the cranium is an

area of intense research relevant for understanding homeostatic

regulation of interstitial fluid (ISF) volume, clearance of metabolic

waste and damaging materials, and immune surveillance of the

CNS (reviewed by Rasmussen et al. and others16–20). Various
May 28, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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Figure 1. The kinetics of fluid accumulation and clearance in the brain during ECM and following anti-malarial drug treatment

(A) Schematic outlining the experimental design to examine anti-malarial drug treatment of established ECM. Brains were removed from mice at different time

points following P. berghei ANKA infection and anti-malarial drug (artesunate) treatment.

(B) The brain water content in mice with different severities of ECM, defined by the RMCBS scale (with a score of 11–12 representing established ECM and <7 late

stage ECM), n = 192.

(C) Representative images and calculated proportional leakage of i.v. FITC-albumin in cerebral vessel types during ECM, n = 14.

(D) Reconstructed images showing FITC-albumin leakage across vessel barriers during ECM.

(E) The percentage recovery of mice administered artesunate at different stages of ECM, n = 126 total.

(F) The level of brain water content in mice that survived or failed artesunate treatment of ECM. Student’s t test, n = 44–57, *p < 0.0001.

(G) Time course of brain water content in mice following artesunate treatment (or vehicle control) of established ECM. One-way ANOVA with Dunnett’s post hoc,

n = 4–22, total 79 animals, *p < 0.0001 vs. naive.

(legend continued on next page)
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different routes for ISF and macromolecule efflux from the cra-

nium have been proposed, including drainage through dorsal

and basal lymphatic networks within the meninges.21–25 Cere-

brospinal fluid (CSF) and ISF have also been shown to drain

from the skull by crossing the cribriform plate and egressing

via lymphatic networkswithin the nasal mucosa.26–28 The linkage

between the nasal and meningeal lymphatic networks has been

debated,29 but they appear to connect through the nasopharyn-

geal plexus for draining to the cervical lymph nodes.30

At present, the relative importance of the meningeal and nasal

CNS lymphatic networks for removal of vasogenic edema,

amelioration of brain swelling, and recovery from CM is un-

known. To address this, we have utilized the tractable murine

model of experimental cerebral malaria (ECM). We, and others,

have previously analyzed the ECMmodel for assessing the path-

ways controlling the recovery from CM following anti-malarial

drug treatment.6,31–36 Here, we show that, in mice with ECM

and following anti-malarial drug treatment, fluid and macromol-

ecules are rapidly removed from the brain parenchyma and are

transported, predominantly through basal and nasal routes, to

the deep cervical lymph nodes (dcLNs). Ligation of dcLNs

restricted fluid removal, exacerbated brain swelling, and under-

mined recovery from ECM. Our results provide insight into the

clearance systems employed to support recovery from CM

and help prioritize design of treatments for the syndrome.

RESULTS

The dynamics of water accumulation and removal from
the brain following anti-malarial drug treatment of ECM
To study the physiologic systems that coordinate fluid removal

during recovery from CM, we first validated the murine ECM-

anti-malarial drug cure model (Figure 1A). We confirmed that

ECM was associated with a significant increase in brain water

accumulation and that the severity of ECM, as defined by

RMCBS grading, was directly correlated with the level of brain

water (Figure 1B). Water accumulation during agonal ECM was

associated with vasogenic edema emanating from damage to

the BBB within smooth muscle actin-negative (SMA�) capillaries
and veins, but not SMA+ arteries (Figure 1C). Intravascular

tracers leaking from the damaged BBB accumulated within peri-

vascular spaces (PVSs) and crossed the glial limitans (defined by

AQP4 staining) into the brain parenchyma (Figure 1D). Histologi-

cally, edema during ECM was visible in H&E-stained sections in

thewhitematter andasperivascular cuffing (FigureS1). Crucially,

we also identified that anti-malarial drug (artesunate) treatment

success of ECM was governed by the severity of the syndrome

(as defined by RMCBS score and, by proxy, the level of fluid

accumulation) at time point of treatment, as well as the capacity

to regulate brain water content post-administration (Figures 1E
(H) Representative images and calculated level of vascular leakage (measuring i.v

at 6 and 24 h after anti-malarial drug treatment of established ECM (0 h time poi

(I) Representative images showing vascular leakage (i.v. FITC-albumin) in cerebr

ECM and calculated ICAM-1 expression in the brain following anti-malarial drug

(J) The localization and calculated level of IgG within the brain parenchyma in com

ECM. Statistics for (H)–(J) all one-way ANOVA with Tukey’s post hoc, n = 7–14, *p

standard error of mean.
and 1F). These data indicate that intracerebral fluid accumulation

is a key pathological feature of ECM, controlling the severity of

the syndrome as well as treatment effectiveness, equivalent to

observations in pediatric CM.

We subsequently assessed the dynamics of edematous fluid

accumulation and removal from the brain following anti-malarial

drug treatment of ECM (mice treated at RMCBS 11–12; survival

at this stage of ECM development varied slightly from 40% to

60%, depending on the infection). Fluid accumulation in the

brain continued to increase in the immediate period after anti-

malarial drug administration, peaking at 6–12 h post-treatment,

before returning rapidly to normal levels by 48 h post-adminis-

tration (Figure 1G). Notably, anti-malarial drug administration

failed to mitigate fluid increase compared with vehicle adminis-

tration in the acute 6-h period post-treatment (Figure 1G). In

agreement, anti-malarial drugs failed to substantially repair the

BBB within the first 6 h of treatment (as shown by leakage of

vascular FITC-albumin tracer, injected 30 min prior to termina-

tion) (Figure 1H), potentially providing a mechanistic reason

for the continued mortality seen directly after anti-malarial

drug treatment of CM. The BBB was, however, fully resealed

at 24 h after anti-malarial drug treatment, emphasizing global

and uniform BBB repair (Figure 1H). At the time point of anti-ma-

larial drug treatment, we observed leakage from vessels ex-

pressing high levels of ICAM-1 (a canonical marker of vascular

activation and inflammation) but also from vessels with low

levels or no ICAM-1 (Figure 1I). We also saw little evidence of

leakage in numerous vessels expressing high levels of ICAM-1

(Figure 1I). In addition, vascular ICAM-1 expression was signif-

icantly increased at 24 h post-treatment, when the BBB was

completely resealed, compared with vessels at the time point

of treatment (when BBB leakage was high) (Figure 1I). Thus,

opening and subsequent resealing of the BBB during ECM ap-

peared independent of ICAM-1 expression, and potentially

endothelial inflammation or activation.

To directly analyze how blood-derived macromolecules enter

and subsequently spread within the brain following development

of edema during ECM, we examined the distribution of IgG (as a

representative blood-derived protein) within the brain paren-

chyma. IgG was colocalized with vascular FITC-albumin tracer

and was focally deposited around areas of BBB damage at the

time point of anti-malarial drug treatment (Figure 1J). In contrast,

IgG was spread widely throughout the brain parenchyma at 24 h

after anti-malarial drug treatment (Figure 1J). Thus, edematous

fluid and blood-derived molecules rapidly spread, even after

repair of the BBB, throughout the brain parenchyma in the acute

time period after anti-malarial drug treatment.

Collectively, these data show the importance and the dy-

namics of fluid accumulation and drainage in the brain following

anti-malarial drug treatment of ECM.
. FITC-albumin injected 30 min prior to perfusion and analysis) in brains of mice

nt).

al vessels with and without signs of inflammation (ICAM-1 expression) during

treatment of ECM.

parison with i.v. FITC-albumin in mice following anti-malarial drug treatment of

< 0.05, ***p < 0.0001 vs. naive, #p < 0.05 vs. 0 h. Data are presented as mean ±
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Figure 2. Temporal perturbations in CSF flow in mice with ECM and during recovery from the syndrome

(A) Representative images showing location and level of fluorescent tracers within the brain 30min following injection into CSF (intra cisternamagna [i.c.m.] A647-

ovalbumin, under ketamine/xylazine anesthesia) or blood (i.v. FITC-albumin) in naive mice, mice with ECM (RMCBS 11–12) andmice 18–24 h after treatment with

artesunate.

(B and C) (B) Representative images and (C) 3D vessel reconstruction showing perivascular location of CSF tracer (A647-ovalbumin) in comparison with vascular

leakage (FITC-albumin) in naive mice, mice with ECM, and in mice during recovery from ECM.

(D–F) Mean intensity levels of (D) blood (FITC), and (E) CSF (A647) tracers in brains of mice, and (F) inverse association of CSF (A647) perfusion into brain

compared with vascular leakage (FITC). One-way ANOVA with Dunnett’s post hoc, n = 6–10.

(legend continued on next page)
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Perivascular CSF influx pathways are temporally altered
but do not contribute to edema during ECM following
anti-malarial drug treatment
While our data indicated that intracerebral fluid accumulation

during ECM was most likely due to damage to the BBB and

leakage of fluid from the blood (Figure 1), increased CSF influx

into the brain has been shown to contribute to brain edema

following stroke and potentially other conditions.37 Thus, we

examined the dynamics of CSF influx, and how this correlated

with edematous fluid accumulation and subsequent removal in

mice with ECM and following anti-malarial drug treatment,

respectively. Active BBB leakage was examined through i.v. in-

jection of FITC-albumin and CSF flow was assessed through in-

jection of A647-ovalbumin into the cisterna magna. CSF tracers

injected into the cisternamagna of naivemice showed character-

istic distribution throughout the sub-arachnoid space (SAS) and

were associated with penetrating cortical vessels (Figure 2A). In

contrast, intracisternal tracers injected into mice with ECM failed

to circulate in the SAS and appeared to be excluded from the

brain (Figure 2A). Circulation and penetration of intracisternal

A647-ovalbumin tracer into the brain was, however, elevated in

mice at 18–24 h after anti-malarial drug treatment of ECM (Fig-

ure 2A). As a control, the dynamics of intracisternal A647-oval-

bumin tracer movement was not altered in uninfectedmice given

anti-malarial drugs (Figure S2A). Notably, intracisternal tracers

appeared to accumulate predominantly in PVSs surrounding

blood vessels in naive mice and in mice following anti-malarial

drug treatment of ECM, including in large penetrating SMA+ ar-

teries, consistent with the postulated route of CSF influx within

the glymphatic pathway (Figures 2B, 2C, and S2B). Mirroring

the dynamics of CSF influx, cerebral blood flow was significantly

decreased at the time point of anti-malarial drug treatment and

was upregulated at 18–24 h post-treatment (Figure S2C).

In agreement with data shown in Figure 1, brain-wide damage

to the BBB was evident in mice with ECM (as shown by leakage

of intravascular FITC-albumin tracer), whereas the BBB was

completely resealed (as shown by lack of intravascular tracer

leakage into the brain) at 18–24 h after anti-malarial drug treat-

ment (Figures 2A and 2D). Thus, overall, there was an inverse

relationship between CSF perivascular influx and BBB leakage

in mice with ECM and following anti-malarial drug treatment

(Figures 2E and 2F).

The rate of CSF influx to the brain has been linked to the size of

PVSs surrounding cerebral blood vessels and the expression and

polarization of the water channel AQP4 at the border of the

PVS.37,38 Indeed, vasoconstriction and enlargement of PVSs is

the cause of aberrant CSF flow after stroke.37 Increased and

altered AQP4 expression has also been reported in mice with

ECM and following vasogenic edema in other models.39,40 AQP4

is important for removal of vasogenic edema in conditions associ-

ated with BBB damage (reviewed by Papadopoulos and Verk-
(G–I) (G) Representative images and (H) histograms showing distance between en

AQP4), with (I) calculated diameter of perivascular space in brains of naive mice

(J) Mean expression of AQP4 associated with vessels.

(K) Histograms showing modeled intact and disorganized polarization of AQP4 on

groups of mice with polarized AQP4 expression. Statistics for (I)–(K) all Kruskal-W

4/group. (D–F, I) *p < 0.05, **p < 0.01, ***p < 0.001, ****<0.0001. Data are presen
man41). Consequently, we examined if PVS and AQP4 levels

were altered in mice with ECM and following anti-malarial drug

treatment,potentially affectingclearanceofvasogenicedemafluid

orCSF influx into thebrain, respectively. Interestingly, thediameter

of capillary PVSs (calculated by measuring mean distance be-

tween endothelial cells and AQP4) was significantly increased in

mice with ECM, before reducing slightly (but to a level still above

baseline innaivemice) at 18–24hafter anti-malarial drug treatment

(Figures 2G–2I). In agreement, the sizes of PVSswere significantly

increased in mice with ECM and in mice 18–24 h post-treatment,

as measured histologically within H&E-stained sections (Fig-

ures S3A and S3B). Consequently, dynamic alterations in PVS

size may potentially influence CSF movement during recovery

from ECM but this does not explain collapse in CSF flow during

the established syndrome. There were no differences in either

the expression level or polarization of AQP4 in mice with ECM or

following anti-malarial drug treatment (Figures 2J, 2K, and S3C).

Combined, these data indicate that perivascular CSF influx is

disruptedduringECM,and thatCSF influx is unlikely to contribute

to fluid accumulation during the syndrome. Conversely, CSF flow

is rapidly upregulatedduring recovery andmaycoordinate recov-

ery of brain homeostasis. Alterations in AQP4 are also unlikely to

contribute to altered fluid dynamics in the brain during ECM and

following anti-malarial drug treatment.

Fluid drainage pathways in the brain are highly effective
in mice with ECM and during recovery from the
syndrome
Raised intracranial pressure (ICP), as is observed in CM,6,42,43

has been associated with defective fluid clearance from the

CNS in other conditions.44,45 Consequently, to address whether

the rapid increase in brain water during ECM corresponded with

co-disruption of fluid drainage systems, we injected small

(758 Da A594-hydrazide) and large (45 kDa A647-ovalbumin)

tracers, to model movement and clearance of fluid and macro-

molecules, respectively, into the brain striatum in naive mice,

mice with ECM immediately prior to anti-malarial drug treatment

and into mice at 24 h post-drug treatment (Figure 3A). Intracere-

bral injections intomicewith ECMdid not affect the recovery from

the syndrome following anti-malarial drug treatment, or the ability

to regulate brain water content (Figures S4A–S4C). Injections did

not hit ventricles and there was no evidence of reflux of tracers

along the needle track, including in mice with ECM (Figure S4D).

Artesunate treatment of naive mice did not alter the dynamics of

tracer removal from the brain (Figure S4E). At 1 h after injection,

both small and large tracers were clearly observed within top

and bottom regions of the brain when viewed by stereotaxic mi-

croscopy and surrounding the injection site (Figures 3A and 3B).

The absolute level (fluorescence intensity) of both tracers

trended lower surrounding the injection site and in the top regions

of the brain and were significantly lower in the bottom regions of
dothelial lining of vessels (defined by lectin) and astrocyte endfeet (defined by

, mice with ECM, and in mice 18–24 h after anti-malarial drug treatment.

astrocyte endfeet and calculated proportion of vessels in brains of the different

allis test with Dunnett’s post hoc, 15 cortical vessels analyzed per animal, n =

ted throughout as mean ± standard error of mean.
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Figure 3. Tracer efflux from the brain is rapid in mice with ECM

Small (Alexa 594-hydrazide) and large (Alexa 647-ovalbumin) tracers were injected together into the brain striatum under isoflurane and recovery anesthesia.

(A and B) Representative (A) stereotaxic microscope images of the top and bottom of brain and (B) images surrounding the injection site showing A494 and A647

positions within the brain parenchyma of naive mice, mice with ECM, and in mice 18–24 h following anti-malarial drug treatment at 1 and 3 h post-injection.

(C) Quantitation of fluorescence intensity of the tracers in the top and bottom regions of brain, n = 4–5.

(D) Quantitation of fluorescence intensity of the tracers in the brain sections surrounding the injection site, n = 4–13.

(E and F) The calculated ratio of fluorescence intensity in the brain regions at 3 h post-injection compared with the average intensity at 1 h for each group for

(E) stereomicroscopy images of the top and bottom of the brain and (F) coronal sections of the injection site. Statistics were two-way (C and D) or one-way (E and

F) ANOVAwith Tukey’s post hoc, *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05 compared with equivalent group at 1 h post-injection. Data are presented asmean ±

standard error of mean.
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Figure 4. Tracers accumulate within the perivascular spaces of blood vessels during clearance from the brain

Small (Alexa 594-hydrazide) and large (Alexa 647-ovalbumin) tracerswere injected into the brain striatum of naivemice, micewith ECM, and tomice 18–24 h post-

treatment with artesunate under isoflurane and recovery anesthesia.

(A) Representative images showing the position of the tracers around the striatal (Str) injection site and in the cortex (Ctx) of the brain at 3 h post-injection.

(B) Representative images showing the colocation of the tracers with computationally segmented arteries (lectin+, SMA+), capillaries (lectin+, SMA�, smaller

diameter), and veins (lectin+, SMA�, larger diameter) in the striatum and cortex at 3 h post-injection.

(legend continued on next page)
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the brains of mice with ECM at 1 h post-injection than in the other

groups of mice (Figures 3C and 3D). At 3 h post-injection, the

fluorescence intensity of both tracers were significantly lower in

brains of mice with ECM than in the other groups of mice, when

analyzing macroscopically via stereotaxic microscopy and by

standard microscopy in sections surrounding the injection site

(Figures 3C and 3D). Notably, there was also a statistically signif-

icant faster rate of clearance of both tracers in brains ofmicewith

ECM compared with naive mice and mice following anti-malarial

drug treatment (measuring the ratio of tracer in brain at 3 h

compared with 1 h), with the exception of the A647 tracer when

assessed at the bottom of the brain (Figure 3E). A594-hydrazide

appeared to be removed at a relatively faster rate than the A647-

ovalbumin from around the injection site in all three groups of

mice (Figure 3F), but theA647 tracerwas almost entirely removed

from naive mice at 24 h post-injection, showing that it was not

trapped in the brain parenchyma (Figure S4F). Combined, this

suggests that tracers were rapidly removed (and efflux pathways

were increased rather thandefective) inmicewith the established

ECM syndrome.

Vasogenic edema fluid and material exit the skull
through lymphatic pathways during recovery from ECM
We next examined where the edematous fluid/ISF drained from

the cranium during ECM and following anti-malarial drug treat-

ment. Efflux of ISF and edematous fluid along capillaries and ar-

teries has previously been reported in other conditions,46–48

while ISF and macromolecule efflux along perivenous routes

has been postulated within the glymphatic pathway.16,19,21

Consistent with this, both small and large tracers injected into

the brain striatum appeared to accumulate with cerebral blood

vessels at 3 h post-injection in all three groups of mice

(Figures 4A and 4B). Although there was clear overlap where

the small and large tracers colocalized with identified vessels,

particularly around the injection site, distinct A647-ovalbumin

tracer single-positive and A594-hydrazide tracer single-positive

vessels were also identified, with A594-hydrazide single-positive

vessels found predominantly at the cortex and brain borders

(Figure 4B). The majority of both A647-ovalbumin and A594-hy-

drazide tracer+ vessels were identified as brain capillaries in

naive mice, mice with ECM, and inmice 18–24 h after anti-malar-

ial drug treatment (Figure 4C). The A594-hydrazide tracer ap-

peared to accumulate proportionally to a similar lower level

with both veins and arteries, whereas the A647-ovalbumin tracer

accumulated at proportionally higher levels with veins compared

with SMA+ arteries in all three groups of mice (Figure 4C). When

calculating the percentage of each vessel type within the ipsilat-

eral hemisphere that were colocalized with the intrastriatal-in-

jected tracers, a higher percentage of arteries were positive for
(C and D) Quantification over the entire injected hemisphere (mean of 4,022 vessel

hydrazide and A647-ovalbumin tracer+ vessels that were of each vessel type an

(E) The impact of vessel distance from the injection site on vascular analyses,

combined).

(F) Representative images and 3D reconstructions showing the location of the tw

groups of mice 3 h post-injection. Statistics for (C) and (D): proportions were tran

model using animal as a random effect, and Tukey’s post hoc. *p < 0.05, **p < 0.0

standard error of mean.
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A594-hydrazide comparedwith capillaries and veins. In contrast,

a similar percentage of capillaries, veins, and arteries were pos-

itive for A647-ovlabumin in all three groups of mice (Figure 4D).

As suggested in the qualitative images (Figures 4B and S4G),

the level of tracer, particularly A594-hydrazide, association

with capillaries decreased with distance from the injection site,

and the relative level of A594-hydrazide and A647-ovalbumin

accumulation with arteries and veins appeared to increase in

the cortical and brain border areas, respectively (Figure 4E).

Notably, despite the apparent differences in pattern of accumu-

lation with the different vessel types in the brain, the large and

small tracers equally crossed the glial limitans (demarcated by

AQP4) and entered the vessel paravascular spaces in the

different groups of mice (Figure 4F).

As paravascular transport of ISF can potentially route fluid

and materials to the CSF containing SAS and subsequently to

different lymphatic networks in the cranium,21–30,49–51 we

analyzed the presence of the intrastriatal-injected tracers in

the dorsal, basal, and nasal regions of the brain and skull, as

well as the spinal cord, which is also a drainage site for CSF (Fig-

ure 5A). To assess drainage at these sites, we utilized a rapid

decalcification protocol that allowed us to section the skull while

preserving epitopes for immunohistochemical labeling, and also

the structure of the brain and soft tissues26 (Figure 5A). We also

visualized and quantified the tracers directly in the skull base

and skull cap without further tissue processing (Figure S5).

Both A594-hydrazine and A647-ovalbumin tracers were clearly

observed proximal to the striatal injection site and anterior in

or surrounding the olfactory bulb 1 h post-injection in all three

groups of mice (Figure 5A). There was significantly increased

tracer accumulation at and across the cribriform plate and in

the basal brain regions, in the region of the cavernous sinus

and nasopharyngeal plexus, compared with the dorsal regions

or spine at 1 h post-injection (Figures 5B and 5C). Importantly,

there was no evidence of rerouting or change in accumulation

pattern of the tracers in the brains of mice with ECM or at 18–

24 h after anti-malarial drug treatment, compared with naive

mice at 1 h post-injection (Figures 5B and 5C). At 3 h post-injec-

tion, tracers were also observed in the anterior skull regions and

in the nasal and cribriform regions, as well as the basal brain re-

gions, in all three groups of mice (Figures S5A–S5C). There was,

however, a significant decrease in tracer signal in the different

CNS locations in mice with the established ECM syndrome

when measured at 3 h post-injection (Figure S5D), mirroring

the rapid efflux of tracer from the brain parenchyma in that group

of mice at that time point (Figure 3) compared with naive mice or

in mice recovering from the syndrome after anti-malarial drug

administration. There was no evidence of rerouting of tracers

to different CNS or skull regions at 3 h post-injection compared
s analyzed per animal: n = 4–5 per group) of (C) the relative percentage of A594-

d (D) the percentage of each vessel type that were tracer+.

with shaded area showing 95% confidence interval over 14 animals (groups

o tracers in the perivascular compartment of cerebral vessels in the different

sformed using a centered log-ratio transformation, followed by mixed effects

1 vs. capillary, $p < 0.05, $$p < 0.01 vs. venous. Data are presented as mean ±
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with 1 h post-injection in any of the groups of mice (Figures 5

and S5).

Consistent with evidence of tracer traversal through the cribri-

form plate (Figures 5B and 5C), A647-ovalbumin was observed

associated with Lyve-1+ lymphatic vessels passing through the

cribriform, and in lymphatic vessels at the base of the nasal cav-

ity associated with the nasopharynx at 1 h post-injection in all

three groups of mice (Figure 5D). Background staining in the

A647 channel was negligible in cribriform and nasal lymphatic re-

gions in mice that did not receive any tracer injections, whereas

autofluorescence in the A594 channel after tissue decalcification

prevented accurate tracking of the A594-hydrazide in the nasal

compartments (Figures S6A and S6B). In agreement with data

in Figures 5B and 5C, A647-ovalbumin tracer accumulation

was also observed with Lyve-1+ vessels in the basal compart-

ment (Figure S6C), albeit at qualitatively lower levels than in the

nasal fossae, at 1 h post-injection, with no apparent differences

in tracer colocalization observed within mice with ECM, at 18–

24 h post-treatment and naive mice (Lyve-1+ vessels were

clearly distinguished, despite the high background in these re-

gions after tissue decalcification) (Figures 5D and S6C). In agree-

ment with data in Figures 5B and 5C, A647-ovalbumin was found

in a very limited amount in the pia or colocalized with Lyve-1+

vessels in the spine, with the detected A647-ovalbumin appear-

ing cellular associated (Figure S6D). To examine any potential

drainage of intrastriatal-injected tracers by dorsal lymphatic ves-

sels, we performed dorsal meningeal whole-mount staining. At

3 h post-injection, low levels of A647-ovalbumin tracer was iden-

tified associated with anterior Lyve-1+ vessels (putative

lymphatic vessels lining the superior sagittal sinus) in the dorsal

meninges in all three groups of mice, but was not identified asso-

ciated with larger Lyve-1+ dorsal lymphatic vessels at the sinus

confluence or in location of the transverse sinus (Figure S6E).

The diameter of dorsal lymphatic vessels lining the superior

sagittal sinus was unaltered in mice with ECM and at 18–24 h af-

ter anti-malarial drug treatment compared with naive mice, sug-

gesting that the acute ECM syndrome did not affect the architec-

ture of the dorsal lymphatic network (Figures S7A and S7B).

There was, however, a significant increase in the numbers of

CD45+ leukocytes in vicinity with dorsal lymphatic vessels in

mice at 18–24 h after anti-malarial drug treatment of ECM

compared with naive mice (Figures S7A and S7C), showing

that the dorsal meninges is immunologically active during the re-

covery from the syndrome.
Figure 5. The route of fluid and macromolecule clearance from the cra

Small (Alexa 594-hydrazide) and large (Alexa 647-ovalbumin) tracers were inject

treatment with artesunate under isoflurane and recovery anesthesia.

(A) Representative images of decalcified skulls cut at the midline showing tracer

(B) Representative images (from selected regions in A) showing tracer accumula

and the opening to the spinal canal at 1 h post-injection.

(C) Quantification of tracer accumulation in anatomical sites of tracer egress from

cribriform &p < 0.05 vs. basal).

(D) Tracer accumulation proximal to Lyve-1+ vessels (white arrows) at the cribrifor

(E and F) (E) Representative images and (F) quantification showing the accumula

mice, mice with ECM, and in mice 18–24 h after anti-malarial drug treatment. n =

(G) Calculated percentage of injected dose of 111In-DTPA within the specified org

mice, mice with ECM, and mice 18–24 h post-administration of anti-malarial drug

for (C), (F), and (G); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are p
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The nasal and basal lymphatic networks drain predominantly to

the dcLNs.21–30,49–51 In agreement with the accumulation of

intrastriatal-injected tracers in the vicinity of the dorsal, basal,

and nasal lymphatic networks in naive mice, mice with ECM,

and inmice treatedwith anti-malarial drugs (Figures 5A–5D), there

was clear evidence of tracer drainage to the dcLNs in all groups of

mice at 1 h after intrastriatal injection (Figure 5E). The larger A647-

ovalbumin tracer was predominantly localized in the subcapsular

sinus regions, whereas the small A594-hydrazine tracer was

diffusely spread throughout the dcLN (Figure 5E). While the levels

of the tracers were comparable in the three groups of mice at 1 h

post-injection, there was a significant reduction in tracer intensity

in the dcLN inmicewith ECMat 3 h post-injection, comparedwith

levels in naive mice and in mice 18–24 h after anti-malarial drug

treatment (Figure 5F). This is consistent with the lower levels of re-

sidual tracer in the brain parenchyma of mice with ECM at 3 h

post-intrastriatal injection (Figure 3). Indeed, although the levels

of A594-hydrazidewas significantly lower in the dcLNs in all three

groupsofmice at 3 h post-intrastriatal injection comparedwith 1 h

post-injection, this reduction was most pronounced in the mice

withECM(Figure5F). Similarly,while the levelsofA647-ovalbumin

trended lower in the dcLNs of naive mice and in mice at 18–24 h

after anti-malarial drug treatment at 3 h post-injection compared

with levels at 1 hpost-injection, thiswasonly significantly different

in mice with ECM (Figure 5F). As expected, based on the almost

complete removal of tracers from the brain 24 h post-injection

into the striatum (FigureS4F), bothA647-ovalbumin andA594-hy-

drazide were observed at very low levels in the dcLNs of naive

mice 24 h post-injection (Figure S7D), showing that tracers were

not trapped in the dcLNs long term after drainage from the brain.

To confirm the CNS efflux pathways identified using fluores-

cent tracers, we injected the small radionuclide 111In-DTPA into

the striatum of naive mice, mice with ECM, and mice recovering

from the syndrome 18–24 h following anti-malarial drug treat-

ment. In all three groups of mice, radionuclide was identified

(4 h after injection) draining to the skull base and skull cap and

entering the dcLNs (Figure 5G). While some radionuclide was

detected in the superficial cervical lymph nodes, this was sub-

stantially lower than in the dcLNs (Figure 5G). No tracer was

observed in non-CNS-draining lymph nodes (inguinal as

example). Radionuclide was also observed in the blood (to high

level when calculating the level in the entiremouse blood volume)

(Figure 5G). Consistent with our earlier observations using fluo-

rescent tracers (Figures 3 and S5), we also observed lower levels
nium in mice with ECM

ed into the striatum of naive mice, mice with ECM, and to mice 18–24 h post-

position within the skull at 1 h post-injection.

tion around the cribriform plate, basal brain compartment, dorsal brain region,

the skull. n = 3–4, mixed effects model with Tukey’s post hoc test ($p < 0.05 vs.

m plate (dotted line) and associated with the nasopharynx at 1 h post-injection.

tion of tracers in the dcLNs at 1 and 3 h post-intracerebral injection into naive

4–7, two-way ANOVA with Tukey’s post hoc (#p < 0.05 for 3 vs. 1 h).

ans and CNS components 4 h post-intracerebral (striatum) injection into naive

s. Mixed effects statistical model with Tukey’s post hoc test, n = 6–7. Statistics

resented as mean ± standard error of mean.



Figure 6. Recovery from ECM and resolu-

tion of vasogenic edema depends upon

drainage to the dcLNs

(A) The experimental design to assess how ligation

of lymphatic vessels afferent to dcLNs influences

anti-malarial drug treatment of established ECM.

(B) Representative images showing Alexa 594 and

Alexa 647 expression and localization 3 h post-

injection within the brain parenchyma of naivemice

and mice following surgical ligation of lymphatic

vessels draining to dcLNs (performed 5–7 days

post-surgery).

(C and D) (C) RMCBS score at 6–12 h post-treat-

ment and (D) survival of control mice andmice with

ligation of lymphatic vessels afferent to dcLNs

following anti-malarial drug treatment of estab-

lished ECM. Mann-Whitney U and log rank

(Mantel-Cox) tests, n = 27–29.

(E) Brain water content in control mice and mice

with ligated lymphatic vessels draining to dcLNs,

both 6–12 h after anti-malarial drug treatment of

ECM. Mann-Whitney U test, n = 14–19.

(F and G) (F) Representative SPECT-CT images

showing and (G) calculated level of 111In-DTPA in

brains of mice 30 min and 3 h post-injection into

the striatum, with injection performed at time point

of anti-malarial drug treatment of established ECM

under isofluorane anesthesia.

(H) Skull volume, calculated from CT imaging, in

control mice and mice with surgical ligation of

lymphatic vessels afferent to dcLNs, both 3 h after

anti-malarial drug treatment. Statistics for (G) and

(H) were one-way ANOVA with Tukey’s post hoc,

n = 6–8. (C–E, G–H) *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. Data are presented

throughout as mean ± standard error of mean.
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of 111In-DTPAwithin the brain parenchyma, skull base, and dcLN

locations in mice with ECM than in naive mice at 4 h post-injec-

tion, although levels in the blood trended higher in mice with

ECM, suggesting that the radionuclide drained faster to the blood

in mice with ECM (Figure 5J).

Taken together, these data indicate that vasogenic edema

fluid and macromolecules (differentially assessed using small

and large tracers, respectively), appeared to exit the brain paren-
C

chyma from the parenchyma to the PVS

for efflux to the nasal and basal lymphatic

networks for subsequent drainage out of

the cranium to the dcLNs. These drainage

pathways appeared to operate more effi-

ciently to drain fluid and materials from

the cranium during ECM.

Vasogenic edema clearance
through the dcLNs is essential for
effective recovery from ECM
To directly analyze the importance of

CNS lymphatic networks for the clear-

ance of edema and recovery from ECM,

we ligated the afferent lymphatic vessels

draining to the dcLNs, as performed pre-
viously52 (Figure 6A). Ligation of dcLNs was effective at pre-

venting intrastriatal injected tracer draining to the dcLNs (Fig-

ure 6B). As reported previously,52 short-term ligation of the

afferent lymphatic vessels draining to the dcLNs did not affect

brain water content in naive mice (Figure S8A). While ligation

of dcLNs did not significantly alter the kinetics of ECM develop-

ment (based upon RMCBS monitoring) (Figure S8B), with all

mice treated with anti-malarial drugs at 11–12 on the RMCBS
ell Reports 43, 114217, May 28, 2024 11



Article
ll

OPEN ACCESS
scale, ligation significantly reduced the RMCBS score in mice

6–12 h after anti-malarial drug treatment (when brain water

content reaches maximal following anti-malarial drug treat-

ment; Figure 1G) and significantly reduced survival of mice after

drug treatment (Figures 6C and 6D). Critically, ligation of the

afferent lymphatic vessels draining to the dcLNs also signifi-

cantly reduced the capacity of mice to control brain water con-

tent in the acute 6-h period after anti-malarial drug treatment

(Figure 6E). Consistent with data during development of ECM

(Figure 1B), there was a strong inverse correlation between

RMCBS and brain water content in control mice and mice

with ligated afferent lymphatic vessels draining to the dcLNs

(Figure S8C). Through SPECT-CT analyses, we confirmed that

the inability of mice to control brain water following dcLN liga-

tion was due to reduced capacity to clear fluid from the brain

during acute recovery from the syndrome (Figures 6F and

6G), and failure to control brain volume (Figure 6H). Together,

these data show that drainage of fluid to the dcLNs is a critical

pathway underpinning recovery from ECM.

DISCUSSION

In this study, we have examined the kinetics and routes of fluid

removal from the brain in mice with ECM and following anti-ma-

larial drug treatment of the syndrome. We have demonstrated

the importance of CNS lymphatic networks for effective recovery

from ECM and have shown that prevention of fluid drainage to

the CNS draining dcLNs significantly reduces the capacity to

regulate brain water content and volume, which impairs anti-ma-

larial drug treatment success and recovery from the syndrome.

We have shown that the murine ECMmodel, comparable with

pediatric CM,5–10 is associated with a significant increase in

brain water content and brain swelling, and identified that anti-

malarial drug treatment did not immediately close the BBB or

limit edema. Notably, vascular leakage did not directly corre-

spond with local endothelial cell activation (as defined by

ICAM-1 expression) and, as in pediatric CM,53 endothelial cell

activation persisted after repair of the BBB. As such, although

endothelial cell activation and BBB leakage have been linked

macroscopically during CM,6,14 more investigations are required

to investigate the factors influencing BBB damage on a vessel-

per-vessel basis.

The kinetics of fluid accumulation and sustainedBBBdysfunc-

tion in the acute time period after anti-malarial drug administra-

tion provides a potential explanation for the sub-optimal efficacy

of artesunate for treatment of ECM, where, as in pediatric HCM,

survival or death is determined within 24 h post-treatment.11 The

fact that increased fluid accumulation and brain swelling was still

observed for a period of time after anti-malarial drug treatment

and subsequent closure of the BBB (even when brain endothelial

cells remain highly inflamed) may also help explain the observa-

tions of vasogenic edemawithout signs of apparent BBB disrup-

tion in some MRI studies of children with HCM.8

It was interesting that CSF influx into the brain was disrupted in

mice with the established ECM syndrome and extant BBB

dysfunction, whereas CSF flow was significantly upregulated as

the BBB was repaired and vasogenic edema began to clear. Po-

tential pathological factors that may repress CSF flow during
12 Cell Reports 43, 114217, May 28, 2024
ECM, includebrain swelling andcollapse of theSAS, hemostasis,

and loss of arterial pulsatility, hyperlactemia, hypercapnia, and

respiratory distress,16,19,54–56 although these hypotheses require

experimental validation. Irrespective, alterations in PVS accessi-

bility, or repolarization of AQP4, which are major causes of

reduced CSF perfusion in other models,16,19,38,54 was unlikely

to contribute to impaired CSF flow during ECM or following

anti-malarial drug administration. Instead, our results are consis-

tent with a model where influx of blood products into the PVS

compartment due to BBB damage and vasogenic edema during

ECM creates pressure (hydrostatic and/or osmotic) within the

PVS compartment that inhibits CSF influx via perivascular path-

ways. This may backup CSF within the restricted SAS, possibly

redirecting CSF clearance to bypass parenchyma perfusion.57,58

As theBBB resealed and vasogenic fluid quickly drained from the

cranium 12–24 h after anti-malarial drug treatment, ICP rapidly

lowered, which, combined with reengaged vascular perfusion,

enabled the CSF to flow rapidly down the enlarged PVS

(observed histologically and by IF analyses), entering into the

brain parenchyma. In agreement with this model, inhibition of

vasogenic edema rapidly re-established CSF perfusion in other

diseases.59 Consequently, the rapid CSF influx did not appear

to sustain or exacerbate edema during recovery from ECM, as

in stroke,37 but was potentially important for cleansing the brain

parenchyma, reducing neuroinflammation and allowing the rapid

return of brain health.17,52,60

In direct contrast with the disruption in CSF flow in mice with

established ECM, the fluid and macromolecule clearance sys-

tems in the brain appeared to be upregulated in mice at the

time point of anti-malarial drug treatment. This was demon-

strated by significantly increased efflux of intracerebral injected

high- and low-weight fluorescent tracers and radionuclides

from the brains of mice with ECM than in naive mice or in mice

18–24 h after� anti-malarial drug treatment of the syndrome.

Our results are consistent with the view that vasogenic edema

fluid may move to the low-resistance PVS around cerebral ves-

sels for likely removal to the subarachnoid CSF space, as has

beenshownpreviously for removal for ISF inothermodels.19,61–64

Given that tracers injected into the brain striatum were observed

within the PVS/basement membranes of capillaries, veins, and

arteries in all three groups of mice, the relative importance of

efflux along perivenous routes (proposed within the glymphatic

pathway21,54), versus periarterial and capillary-associated clear-

ancepathways46–48 is, however, unclear.Moreover, our analyses

suggest that different sized tracers may efflux the brain at

different rates and with subtle differences in preference for

different vessel types. As such, the role of bulk fluid flow for the

removal of edematous fluid andmacromolecules from the brains

of mice with ECM and during the recovery from the syndrome re-

quires additional investigation.

How ECM-related pathologic events and alterations in brain

water content promotes increased efficiency of brainwaste clear-

ance warrants further investigation. Indeed, while some studies

have indicated that raised ICP promotes CSF removal,65,66 other

studies have shown this prevents clearance of edematous fluid

and CSF.44,45,67 Nevertheless, our results, obtained employing

an isofluorane and recovery anesthesia regimen optimized to

assess physiologic solute efflux from the brain parenchyma,55
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do show that the rapid onset of edema and brain swelling during

ECM is not due to widespread and catastrophic blockage of fluid

drainage, or disordered expressionor polarization of AQP4.AQP4

has been shown to promote the removal of vasogenic edemafluid

following damage to the BBB in other models.41 Instead, our data

indicate that the rapid accumulation of fluid and associated brain

swelling is due to influx pathways overwhelming CNS clearance

systems.

Following clearance from the brain parenchyma, we observed

injected fluorescent tracers and radionuclides at quantitatively

highest levels at the base of the skull and proximal to the cribri-

form plate and nasopharyngeal lymphatic Lyve-1+ vessels in

mice with ECM and following anti-malarial drug treatment.

Although some tracer was observed dorsally within the

meninges, this was anterior and away from the lymphatic ves-

sels adjacent to the transverse sinus, where the main access

points to the dorsal lymphatic network are located.68 While the

nasal lymphatics may not be anatomically connected with

the meningeal lymphatics,29 both networks converge through

the nasopharyngeal plexus to drain to the dcCLNs.22,23,27,30

Consistent with this, we also saw intrastriatal-injected tracers

rapidly draining to the dcLNs within 1 h post-injection in all three

groups of mice. The quantitatively lower quantities of tracer

observed in the dcLNs of mice with ECM at 3 h post-injection

was likely directly reflective of the low levels of tracers in the

brain parenchyma in this group at this time point. Indeed, fluo-

rescent tracers and small inert molecules draining from the skull

generally egress through lymphatic vessels and lymph nodes

very quickly,22,27 and can pass through a lymph node at a speed

of up to 10mm/min (within an LN of diameter < 2mm), effectively

clearing lymph nodes in <15 min.69–71 Dynamic intravital micro-

scopy comparing the tracer clearance rates through the dcLNs

to the blood in the three groups of mice would be required to

confirm this hypothesis. We did not observe substantial redirec-

tion of fluid drainage via alternative routes in mice with ECM,

such as clearance via the spinal cord.26,45,65,72,73 Critically, liga-

tion of the lymphatic vessels draining to the dcLNs significantly

impaired fluid clearance from the brain. As such, our results indi-

cate that, in mice with ECM and during recovery from the syn-

drome, a significant proportion of vasogenic edema fluid and

macromolecules associate with and exit via the basal and nasal

submucosa lymphatic networks to the dcLNs. In agreement

with this view, perineural outflow along the olfactory nerves

through foramina in the cribriform plate, which also contain

lymphatic vessels, to the nasal lymphatics have been shown

to be major egress sites for CSF.26–30,74

Limitations of the study
Whether the choice of anesthesia in our study exacerbated or

reduced the individual impact of pathological features associ-

atedwith ECMonCSF flow is unclear, but we employed an anes-

thesia regimen (ketamine/xylazine) validated for sensitive and

quantitative assessment of CSF flow, particularly influx into the

brain.55 While we observed clear enlargement of PVSs in the

brains ofmicewith ECM, as has previously been observed inmu-

rine and human CM,39,75–77 PVSs are known to collapse post-

mortem following perfusion and fixation.78 As such, our results

may underrepresent the magnitude of PVS expansion across
the cerebrovascular network during ECM and in mice 18–24 h

post-treatment of the syndrome. We also acknowledge that

our analyses of CSF penetration into the penetrating vessels

and brain parenchyma of mice at 18–24 h post-treatment may

also be influenced through the use of postmortem samples.57

As we were unable to successfully perform intracerebral injec-

tions at 6 h after anti-malarial drug treatment of ECM, when brain

water content and ICP are highest, due to tracer reflux and/or an-

imals failing to survive the surgical procedure, we cannot fully

discount that drainage pathways were not transiently disrupted

at the peak of cerebral edema during ECM. Moreover, as we

were unable to perform intraparenchymal injections into mice

that failed anti-malarial drug treatment (due to treatment success

or failure only being robustly identified after 6 h post-treatment),

we were not able to directly assess if the efficiency of brain efflux

pathways differed in successfully treatedmice ormice that failed

to recover.

Overall, we have provided insight into how the brain recovers

from ECM and, in particular, how fluid is drained from the cra-

nium and brain swelling is controlled. As many of the lymphatic

pathways and systems appear to be conserved, and have equiv-

alent functions, in humans and in mice,29,49 we expect that our

results in the ECM model will be translationally relevant for hu-

man CM, and for other conditions associated with extensive

vasogenic edema. Critically, as we show that fluid influx into

the brain does not immediately cease after anti-malarial drug

treatment, and egress pathways are significantly upregulated

during ECM, our results suggest that adjunctive therapies that

quickly repair the integrity of the BBB hold the greatest potential

for improving treatment success of CM.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ICAM-1 (polyclonal) R&D Cat#: AF796; RRID:AB_2248703

CD31-PE (clone: 390) BioLegend Cat#: 102407; RRID:AB_312902

Smooth muscle actin (polyclonal) Abcam Cat#: ab5694; RRID:AB_2223021

Glial fibrillary acidic protein (clone: G-A-5) Sigma Cat#: G3893; RRID:AB_477010

Lyve1 (polyclonal) Abcam Cat#: ab14917; RRID:AB_301509

CD45 (clone: IBL-3/16) Bio-Rad Cat#: MCA1388; RRID:AB_321729

AQP4 (polyclonal) Millipore Cat#: ABB2218; RRID:AB_11210366

Chemicals, peptides, and recombinant proteins

FITC-Albumin Sigma Cat#: A9771

Ovalbumin, Alexa Fluor 647 Conjugate ThermoFisher Cat#: O34784

Alexa Fluor 594 Hydrazide ThermoFisher Cat#: A10438

Artificial Cerebrospinal Fluid Tocris Bioscience Cat#: 3525

Biotinylated lectin Sigma Cat#: L0651

Experimental models: Organisms/strains

C57BL/6J mice Charles River (UK) RRID:IMSR_JAX:000664

Plasmodium berghei ANKA Leiden Malaria Research Group RRID:NCBITaxon_5823

Software and algorithms

LAS AF v3.1.0.8587 Leica Leica

Fiji ImageJ (v2.15.1) Fiji https://imagej.net/software/fiji/

MoorLAB (v1.0 Moor Instruments Moor Instruments

Nucline (Build 020.0000) Mediso Mediso

VivoQuant (v4.0) Invicro Invicro

Fusion (v2.0) Oxford Instruments Oxford Instruments

GraphPad Prism 10 (v10.0.2) GraphPad GraphPad

SciPy (v1.9.1) SciPy Foundation https://scipy.org/about/

Ilastik (v1.3.3) Berg et al.79 https://www.ilastik.org/

devbio-napari (v0.10.1) Napari https://github.com/haesleinhuepf/devbio-napari

QuPath (v0.4.4) QuPath https://qupath.github.io/
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kevin

Couper (kevin.couper@manchester.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Female C57BL/6J mice (8–10 week old) were purchased from Charles River (UK) (RRID:IMSR_JAX:000664). All mice were housed in

groups of 5 in individually ventilated cages and were randomly assigned to experimental groups. All animal work was approved

following local ethical review by the University of Manchester Animal Procedures and Ethics Committees and was performed in

accordance with the U. K Home Office Animals (Scientific Procedures) Act 1986 (approved H.O. Project License P8829D3B4).

METHOD DETAILS

Plasmodium berghei ANKA infection and tissue preparation
Cryopreserved Plasmodium berghei (Pb) ANKA parasites80 were thawed and passaged once through C57BL/6 mice before being

used to infect experimental animals via intravenous (i.v.) injection of 1x104 pRBCs. Peripheral parasite burden was quantified by

microscopic examination of giemsa-stained thin blood smears. The development and recovery from ECM was monitored using

the RMCBS,81 a neurological scoring system for ECM disease severity. Once mice developed early signs of RMCBS (score 11–

12 on RMCBS, unless otherwise specified), they were treated with artesunate (i.p. injection of 30 mg/kg, Sigma) in sterile PBS. At

the end of most experiments, mice were culled by transcardial perfusion with 4% paraformaldehyde under terminal anesthesia

with isoflurane. For assessment of perivascular spaces in H&E sections, post-fixed brains then underwent processing (dehydration

through alcohols and xylene) andwere embedded in paraffin wax. In specific experiments tomeasure brain water content, mice were

culled by rising concentration of CO2 and brains and tissues were removed without perfusion (to avoid perturbing fluid balance within

the brain). In experiments where radionuclides were administered, animals were culled at the end of the experiment by exsanguina-

tion under terminal anesthesia with isoflurane. Fixed tissues (e.g., brain, skull base, skull cap) were dissected and kept at 4�C prior to

stereomicroscopy.Meninges were collected in somemice, as previously described,82 and used for whole-mount microscopy. Brains

were then post-fixed in 4% PFA for 24 h, cryoprotected with 20% sucrose, and stored at �20�C.

Assessing brain water content
To assess brain water content, freshly dissected brains were weighed before being dehydrated in an oven for 48 h at 90�C. Brain
water content was then calculated as (wet weight - dry weight) O dry weight.83

Administration of FITC-albumin to visualise blood-brain barrier breakdown
Animals were injected i.v. with 100 mL of 20 mg/mL FITC-albumin (Sigma-Aldrich, UK) reconstituted in sterile PBS. The tracer was

allowed to circulate for 30 min prior to brains being removed and processed, as described above.

Administration of tracers via cisterna magna injection
Administration of tracers via the cisterna magna was conducted as previously published.21,78,84 Mice were anesthetised using keta-

mine (70 mg/kg) and xylazine (10 mg/kg), which has been validated as the optimal anesthesia regimen for studying CSF flow within

the glymphatic pathway.85 Surgical areas prepared with shaving, and with the application of betadine and a topical anesthetic (5%

EMLA cream). Mice were then secured in a stereotaxic frame at a downward angle of 45�. A midline skin incision was made at the

base of the skull, and the fascia dissected to expose the dura mater overlying the cisterna magna. A 30G needle (attached to an in-

jection line and microinjector syringe driver) was used to puncture the cisterna centrally at a 45� angle to the mouse head so that 1–

2 mm of the bevel was under the dura. Once in position, the needle was secured in place with cyanoacrylate glue. Mice were then

removed from the stereotaxic frame and placed to rest in a natural posture as 10 mL of A647-Ovalbumin tracer (ThermoFisher, dis-

solved 1%w/v in artificial CSF, Tocris Bioscience) was injected into the cisterna magna over 10 min at 1 mL/min. Following injection,

mice weremaintained under anesthesia for 30min before termination. Mice in which tracer administration was incomplete or leakage

was observed were excluded from analysis. Body temperature was maintained throughout surgery at 37�C using a homeothermic

blanket, and animals recovered from surgery in a heated cabinet (30�C). As intracranial (intraparenchymal) injections can inhibit CSF

flow into the brain,38,86 we did not perform intra cisterna magna and intracranial injections in the same mice.

Administration of tracers via intracerebral injection
Intracerebral tracer injections were conducted using a publishedmethod,52 optimised for quantitatively and accurately assessing the

rate of solute efflux from the brain parenchyma.55 Mice undergoing intracerebral injections were placed under isoflurane anesthesia

(2% in 200mL/minO2 and 500mL/min N2O) for the surgical procedure (approximately 15min), before being allowed to recover for the

remainder of the specified time period prior to termination. Surgical areas prepared with shaving, andwith the application of betadine

and a topical anesthetic (5% EMLA cream). Mice were then secured in a stereotaxic frame in a horizontal angle. A small midline skin

incision wasmade across the top of the head to expose the skull and, using a cotton bud, the skull membrane was dried. A hole in the

skull was drilled at 1.5 mm in the anterior–posterior axis and�1.5 mm in the medial–lateral axis relative to bregma, and a 30G needle

was inserted at a depth of 2.5 mm relative to bregma, which was left in situ for 5 min to allow the needle tract to swell shut to prevent

tracer reflux. 1ul of fluorescent (0.5%A647-ovalbumin and 0.5%A594-hydrazide (Thermofisher) dissolvedw/v in artificial CSF [Tocris

Bioscience]) or radiotracers (see SPECT/CT section below) was then injected over 5 min using a microinjector. The needle was then
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left in situ for 5 min to prevent backflow, before being slowly withdrawn, and the injection site sealed with cyanoacrylate glue. The

mice were removed from the stereotaxic frame, the scalp skin was sutured, and mice recovered for 1 or 3 (fluorescence) or 4 (radio-

tracers) hours prior to culling. Mice in which tracer administration was incomplete or leakage was observed were excluded from anal-

ysis. There was no evidence of accidental ventricular infusion of tracers in any of our experiments. Body temperature wasmaintained

throughout surgery at 37�C using a homeothermic blanket, and animals recovered from surgery in a heated cabinet (30�C).

Stereomicroscopy
Stereomicroscopy images were collected on a Leica M205 FA upright Stereomicroscope using a DFC 565FX camera (Leica) through

LAS AF v3.1.0.8587 software (Leica). Images were processed and analyzed using Fiji ImageJ.

Laser speckle
Mice were anesthetized using isoflurane anesthesia (2% in 200 mL/min O2 and 500 mL/min N2O), and secured in a stereotaxic frame

(World Precision Instruments, USA) positioned under a Moor FLPI2 Full-Field Perfusion Imager (Moor instruments, UK). The scalp

was dissected along the midline, and the skin retracted using surgical clips to expose the skull. An ultrasound gel was then applied

to the skull and covered with a glass coverslip. Imaging was performed at 1-min intervals for 5 min with 20 ms exposure time and a

25-frame filter. Analysis was performed over a region of interest drawn over the entire cortical surface using MoorLAB (Moor instru-

ments, UK).

Ligation of afferent lymphatic vessels draining to dcLNs
The afferent vessels supplying the dcLNs were ligated using a published method.52 Mice were anesthetized with isoflurane, the neck

was shaved and cleaned with betadine, and local analgesia applied (5% EMLA cream). A midline incision was then made 5 mm su-

perior to the clavicle, and the sternocleidomastoid muscle was retracted and the dCLN exposed. The afferent vessels that supply the

dcLNwith lymph from the head and neck were then ligated with 10-0 synthetic, non-absorbable suture. The wound was then sutured

closed, cleaned with betidine and local analgesia re-applied (5% EMLA cream). Sterile saline (0.5mL) and buprenorphine (0.05 mg/

kg) were administered subcutaneously and mice allowed to recover in heated cabinets before being returned to home cages to

recover for 5–7 days prior to infection or further experiments.

Single-Photon emission computerised tomography (SPECT)/CT
Indium chloride (111InCl3) (Curium Pharma, UK) 80 MBq in an ammonium acetate buffer at pH 5.5 was chelated with 10 mL diethyle-

netriamine pentaacetate (DTPA, Sigma Aldrich (UK), 1 mg/ml prepared.87 Mice were anesthetized using isoflurane anesthesia (2% in

200 mL/min O2 and 500 mL/min N2O) and underwent intracerebral injection with 1 mL of 111In-DTPA (molecular weight 542 Da), with

each mouse receiving a dose of �0.5 MBq. At 30 min and 4 h post-injection, mice were imaged using an SPECT/CT scanner

(NanoScan Mediso, Hungary), and animals were allowed to recover from anesthesia between imaging sessions. SPECT images

were obtained in 20 projections over 20–30 min using a four-head scanner with 1.4 mm pinhole collimators. X-ray CT scans were

taken before each SPECT acquisition using a semi-circular method with full scan, 480 projections, maximum FOV, 35kV energy,

300ms exposure time and 1–4 binning. Acquisitions were done using the Nucline v2.01 (Build 020.0000) software (Mediso, Hungary),

while reconstruction of all images and fusion of SPECT with CT images were performed using the Interview Fusion bulletin software

(Mediso, Hungary). The images were further analyzed using VivoQuant 4.0 software (Boston, MA, USA). Midpoint images for the

different view planes of each time point were chosen by using the middle CT slice of all CT slices displaying tissue from the subject.

After the 4-h scan, mice were sacrificed and tissues were harvested. Radioactivity due to 111In decay in tissues was quantified on a

gamma counter (PerkinElmer Inc.) alongside a sample of the injected dose for decay correction and calculations of % of injected

dose (%ID).

Immunohistochemistry and image analysis
Brains were sectioned either at 30 or 100 mmon a freezing sledgemicrotome (Bright, UK) or vibratome (Leica VT1000 S), respectively.

Whole-mount meninges were detached from skull caps under a dissecting microscope.82 Decalcified skulls were sectioned at 20 mm

on a cryostat as described below. Sections were washed twice with PBS, then incubated with blocking solution (1% BSA, 0.05%

Tween 20 in PBS) for 1 h. Blocking solution was then removed, and sections incubated overnight at 4�C with primary antibodies

diluted in fresh blocking solution. The tissues (free-floating brain sections, meninges, or decalcified skull sections) were immuno-

stained with biotinylated lectin (10 mg/mL, Sigma, L0651) and/or primary anti-mouse antibodies against the following targets:

ICAM-1 (1:250, R&D, polyclonal, AF796), CD31-PE (1:100, BioLegend, 390), smooth muscle actin (SMA, 1:500, Abcam, polyclonal,

ab5694), glial fibrillary acidic protein (GFAP) (1:250, Sigma Aldrich, G-A-5), Lyve1 (1:200, Abcam, polyclonal, ab5694), AQP4 (1:250,

Millipore, polyclonal, ABB214), CD45 (1:100, Bio-Rad, IBL-3/16, MCA1388). Sections were then washed twice with PBS with 0.05%

Tween 20, followed by incubation with anti-IgG Alexa-fluor (ThermoFisher) or biotinylated (Vector) secondary antibodies (1:500 in

blocking solution) for 2 h. For confocal assessment of SMA staining, a streptavidin-conjugated Brilliant Violet 421 (BioLegend) fluo-

rophore was used. When necessary, a SuperBoost Alexa 350 Tyramide amplification kit (ThermoFisher) was used, as per manufac-

turer’s instructions. Sections were washed in PBS, mounted from water onto gelatin-coated slides, and covered-slipped with

ProLong Gold (Invitrogen).
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Images for H&E staining, FITC-albumin, ICAM1, IgG, whole-mount meninges, and tracers (A594-Hydrazide and A647-Ovalbumin)

were captured using an Olympus BX63 upright microscope through CellSens Dimension v1 IBL-3/16.16 (Olympus). Analysis of wide-

field microscopy images was performed using Fiji ImageJ. Microscopic regions of FITC leakage into the parenchyma (FITC+ foci)

were distinguished from regions of low or no FITC leakage (FITC�) by thresholding in Fiji ImageJ on 8 fields of view (10x objective)

in the cortex, per mouse. The vessel types present within FITC+ foci were then quantified, with capillaries identifiable by their small

diameter, veins identifiable by their diameter, and arteries identifiable by their diameter and presence of SMA staining. Intensity of

A647-ovalbumin, FITC, IgG and ICAM-1 staining were quantified as the average fluorescence intensity over the entirety of 8 coronal

sections spaced throughout the brain.

Images of AQP4 and for assessment of size of perivascular space, images were captured using an Andor Dragonfly200 spinning

disk upright confocal microscope (with a Leica DM6 FS microscope frame). Images were collected using a Zyla 4.2 Plus sCMOS

camera andmaximal intensity projections presented, and were deconvoluted and analyzed using the Fusion software (Oxford Instru-

ments). For 3D figures, sequences of images were acquired using a Z step size of 100 mm. To analyze the length and fluorescent data

for each channel, a line was draw in the area of interest and the data was exported and analyzed using GraphPad PRISM 10 software

(GraphPad Software) and the Scipy (v1.9.1) package in Python. In this analysis we hypothesised that intact AQP4 polarisation would

be associated with a sharp peak of AQP4 expression associated with a well-defined astrocyte endfoot monolayer, whereas a loss of

polarisation would be associated with a more uneven distribution with several peaks as AQP4 expression relocates way from the

endfeet toward the astrocyte soma.88 We therefore compared the perivascular distribution of AQP4 expression to a modeled version

in which the AQP4was in one peak (a Gaussian distribution), corresponding to the endfoot process. Vessels in which the AQP4 stain-

ing followed a Gaussian distribution were determined to have good fit to the model, and therefore had intact AQP4 polarisation. Im-

ages acquired using Fusion software (Oxford Instruments) were analyzed using IMARIS software (Oxford Instruments) to generate 2D

and 3D images.

The area of perivascular spacewas calculated onH&E sections cut fromparaffin blocks on amicrotome at 5 mm thickness. Areas of

perivascular space were manually annotated on H&E sections in Ilastik (v1.3.3)79 to train pixel- and object-classifiers, allowing areas

of perivascular space to be differentiated from vascular lumen or more general tissue edema. Quantification was performed on 6

fields of view (each 0.7 mm2) in the cortex.

In whole-mountmeninges, the average diameter of lymphatic vessels at the sagittal sinus was calculated frommeasurements at 15

locations per animal. The number of CD45+ cells in the meninges overlying the cortical surface was quantified using QuPath (v0.4.4).

Images of the vascular localisation of intracerebrally injected tracers (Figure 4) were collected on a Leica SP8x AOBS Inverted

confocal using a 20x/0.75 Plan Apo objective. An entire hemisphere of a 100 mm thick coronal section was imaged in 10 z stack po-

sitions for each animal, with maximum intensity projections shown. Images were collected using hybrid detectors with channels

collected sequentially to prevent crosstalk. Image analysis was performed using devbio-napari (v0.10.1) in Python. A vascular

mask was created from the FITC-lectin staining, with arterial portions of the vascular tree identified by reviewing Z-stacks andmanu-

ally annotating vessels with smooth muscle actin staining. Capillaries and veins were then differentiated based upon average vessel

diameter estimated along the skeletons of the vascular structures. The masks of individual vessels were used to calculate the mean

intensity of each tracer associated with the vessel. To assess the impact of distance from the injection site on vascular staining, brains

were divided into annuli of 250 mm diameter centered on the injection site. In total 52298 vessels were analyzed in 14 animals,

including 52298 capillaries, 6633 veins and 969 arteries.

Decalcification of skulls
For tissue decalcification, animals were perfusion-fixed with 4% PFA, and skulls post-fixed for 24h in 4% PFA, then decalcified for

48h in 4% formic acid.26 For localisation of tracers by stereomicroscopy, skulls were divided down themidline for imaging. For immu-

nohistochemistry, decalcified skulls were then cryoprotected in 20% sucrose, frozen and sectioned on a cryostat at 20 mm thickness.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments (n numbers, statistical tests, p value thresholds) can be found in figure legends or panels. Data is

presented as mean ± standard error of mean. All statistical analyses were performed using GraphPad PRISM 10 (GraphPad Soft-

ware) and are detailed alongside relevant n numbers in figure legends. Normality was assessed with Shapiro-Wilk tests, and equal

variances with Brown–Forsythe tests. Transformations and/or corrections were then applied where necessary.
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