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Amyloidosis of bridging veins is a pathologic feature 
of Alzheimer’s disease
Leon C.D. Smyth1,2,3,4�, Daan Verhaege1,2�, Elio Standen-Bloom1,2�, Yue Wu5�, Yiming Gan6�, Steffen E. Storck1,2�, Pavle Boskovic1,2�, 
Benjamin A. Plog1,2�, Tornike Mamuladze1,2�, Jose A. Mazzitelli1,2, Zhuoying Wang5�, Daniel D. Lee1�, Gwendalyn J. Randolph1�, Antoine Drieu7�, 
Katherine E. Schwetye1�, Song Hu5�, Daniel S. Reich8�, Douglas H. Kelley6�, Rupal I. Mehta9,10*�, and Jonathan Kipnis1,2*�

Alzheimer’s disease (AD) is characterized by the accumulation of extracellular aggregated amyloid beta, resulting from impaired waste 
clearance. We recently identified new cerebrospinal fluid (CSF) efflux structures termed arachnoid cuff exit (ACE) points and speculated 
that these may be impacted in AD, leading to impaired waste clearance function. Using 5XFAD mice, we found progressive amyloidosis 
of bridging veins at ACE points. Indeed, in 5XFAD mice, there is impaired CSF efflux to the dura mater, impaired CSF flow along bridging 
veins, and impaired blood flow through bridging veins. These observations suggest that ACE point amyloidosis plays a role in waste 
clearance dysfunction in AD. In postmortem human samples, we also found striking amyloidosis of the bridging veins of individuals 
with AD. Moreover, in human AD specimens, there was prominent bridging vein structural degeneration, indicating advanced 
pathology and stronger deficits in humans. We propose that bridging vein amyloidosis is an underrecognized pathophysiological 
correlate of AD that may impair CSF efflux, intracranial pressure, vascular reactivity, and vascular integrity.

Introduction
Alzheimer’s disease (AD) is characterized by impaired amyloid 
beta (Aβ) clearance (Mawuenyega et al., 2010). Aβ aggregates 
multifocally within the brain, including in parenchymal plaques 
and alongside arteries, causing cerebral amyloid angiopathy 
(CAA) (Long and Holtzman, 2019; Mehta and Schneider, 2021). 
The accumulation of Aβ in the brain is thought to be an important 
trigger for inflammation and tauopathy, which ultimately lead to 
neuronal loss and cognitive decline (Long and Holtzman, 2019).

Waste clearance in the brain is unique. Whereas most organs 
contain lymphatic vessels that are specialized in removing 
wastes and interstitial fluid from the tissue, the central nervous 
system (CNS) lacks lymphatic vessels. Cerebrospinal fluid (CSF) 
perfuses the parenchyma, collecting and transporting intersti
tial waste into the subarachnoid space (Iliff et al., 2012). CSF can 
then flow along bridging veins, which in turn create dis
continuities in the arachnoid barrier, termed arachnoid cuff exit 
(ACE) points (Smyth et al., 2024). ACE points enable wastes to 
exit the subarachnoid space, where they can be drained by 
lymphatic vessels in the dura mater (Smyth et al., 2024). 
Alongside their role in waste clearance, bridging veins are 

important for the regulation of cerebral blood flow and intra
cranial pressure (El Kamouh et al., 2025, Preprint).

ACE points are chokepoints in CSF efflux and also contain 
large smooth muscle-covered bridging veins, suggesting that 
they could be foci for Aβ accumulation (Smyth et al., 2024). 
Bridging vein dilation can regulate the exchange of molecules 
between the dura and the brain, suggesting that changes to the 
perivascular spaces at ACE points are important in regulating 
traffic between these two compartments (Mamuladze et al., 
2025). Furthermore, there are hints of the accumulation of 
amyloid in the dura and around bridging veins (Kovacs et al., 
2016; Da Mesquita et al., 2021; Rustenhoven et al., 2021; Antila 
et al., 2024; Plog et al., 2025). Here, we investigated the impact of 
AD processes on ACE points and defined the consequences for 
waste clearance and vascular function in AD.

Results and discussion
ACE points are cuff-like perivascular structures formed around 
bridging veins exiting the subarachnoid space into the dura 
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mater (Smyth et al., 2024). Because ACE points enable CSF efflux 
to the dura, we aimed to understand whether their function is 
altered in AD, using the 5XFAD mouse model. We therefore la
beled 5XFAD duras with the pan-Aβ antibody D54D2 and the 
ACE point marker dipeptidylpeptidase-4 (DPP4). We observed 
striking amyloidosis in 5XFAD duras, confined mainly to 
bridging veins (Fig. 1, A–C). We speculate that the sharp re
duction in amyloidosis around bridging veins as they exited ACE 
points reflects a transition from the CNS to a compartment 
containing lymphatic vessels (Da Mesquita et al., 2018; Louveau 
et al., 2015). In many mice, we also identified amyloid deposition 

beyond the ACE points around the transverse sinuses (dural 
amyloidosis) (Fig. 1 D). The presence of Aβ in ACE points in 
5XFAD mice confirms the importance of these structures to 
waste clearance. Indeed, the pattern of amyloidosis along the 
dorsal dura mater was reminiscent of studies using exogenous 
tracers (Smyth et al., 2024; Rustenhoven et al., 2021; Louveau 
et al., 2018). Interestingly, using aggregation-specific dyes, we 
found that dural amyloidosis around the transverse sinuses was 
negative for oligothiophene dyes, suggesting that it is less 
heavily aggregated than bridging vein amyloidosis (Fig. S1 A). 
Furthermore, solubility fractionation of dural lysates showed 

Figure 1. Progressive amyloidosis of bridging veins in 5XFAD mice. (A) Representative images of duras from 5-mo-old 5XFAD mice and littermate controls 
stained for the vascular marker PECAM-1, ACE point marker DPP4, and pan-Aβ antibody D54D2. Scale = 2 mm, inset = 200 μm. (B) Quantification of the area of 
Aβ within ACE points and the rest of the dura in 5XFAD mice. Two-tailed paired t test, N = 10. ***P < 0.001. (C) Schematic for the quantification of Aβ intensity, 
relative to ACE points. Line profiles of DPP4 and Aβ intensity, relative to the terminal of the ACE point (0 μm). N = 44 bridging veins from N = 7 5XFAD animals, 
mean ± SEM. (D) Representative image of a 5-mo-old 5XFAD mouse, stained for the vascular marker PECAM-1, ACE point marker DPP4, and pan-Aβ antibody 
D54D2, highlighting bridging vein and dural amyloidosis. Scale = 2 mm, insets = 200 μm. (E) Representative stereomicroscopy images of skull bases (with 
attached dura) stained with the ACE point marker DPP4 and pan-Aβ antibody D54D2. Representative light-sheet microscopy of a cleared skull base with the 
vascular marker PODXL, ACE point marker GLUT1, and pan-Aβ antibody D54D2. Scale = 2 mm, insets = 200 μm. (F) Representative images of amyloidosis of 
bridging veins along the superior sagittal sinus of 5XFAD mice up to 10 mo old. Duras are stained for the vascular marker PECAM-1, ACE point marker DPP4, and 
pan-Aβ antibody D54D2. Scale = 2 mm. (G) Quantification of Aβ staining intensity within the DPP4-positive area of ACE points between 1 and 10 mo in 5XFAD 
mice. Two-way ANOVA with Tukey’s post hoc test. Mean ± SEM. P values are given for the comparison between 1- and 2-mo-old 5XFAD and other time points. 
N = 1–22 mice per time point. ns, P > 0.05, nonsignificant; ***P < 0.001. (H) Representative images of dural amyloidosis around lymphatic vessels at the 
transverse sinus. Blood vasculature is stained with PECAM-1, ACE points with DPP4, lymphatic vessels and macrophages with LYVE-1, as well as the pan-Aβ 
antibody D54D2. Scale = 200 μm.
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that most amyloid was present in the heavily aggregated formic 
acid fraction (Fig. S1 B). Recent work has suggested that there is 
major CSF efflux along the basal cisterns and the basal aspect of 
the brain (Yoon et al., 2024). Surprisingly, no amyloid deposition 
was observed on the basal aspect of the dura, ventral to the 
caudal rhinal vein (Fig. 1 E and Fig. S1, C and D).

We speculated that ACE points may be susceptible to early 
amyloidosis. We found that bridging vein amyloidosis could be 
identified in 5XFAD mice as early as 2 mo old, beginning as small 
aggregates (Fig. 1, F and G). Bridging vein amyloidosis was fully 
penetrant by 5 mo and was particularly prominent around the 
rostral rhinal vein (Fig. S1, E and F). Around 5 mo of age, amy
loidosis progressed beyond ACE points, with dural amyloidosis 
beginning to appear around the transverse sinuses, becoming 
more pronounced until 10 mo (Fig. S1, G and H). Dural amyloi
dosis was also associated with the extensive lymphatic networks 
around the transverse sinus (Fig. 1 H). It is possible that lym
phatic regression in these regions in 5XFAD mice is a result of 
direct exposure to amyloid (Da Mesquita et al., 2021).

Interestingly, between 2 and 4 mo, bridging vein amyloidosis 
was sporadic (Fig. S1 I). Most strikingly, we noted that female 
animals had consistently higher bridging vein amyloidosis at 3–4 
mo of age, likely mirroring stronger parenchymal deposition in 
female 5XFAD mice (Fig. S1, J and K). Activated microglia com
pact Aβ plaques in the brain, but less is understood about the 
interactions of leptomeningeal and perivascular macrophages 
with vascular plaques (Yuan et al., 2016). Here, we observed the 
clustering of macrophages to bridging vein amyloidosis, as well 
as an increase in the expression of lymphatic vessel endothelial 
hyaluronan receptor 1 (LYVE-1) in macrophages within bridging 
veins but not the activation marker MHC-II (Fig. S1, L–N). LYVE- 
1–positive macrophages are highly phagocytic, which may re
strict further buildup of amyloid.

We speculated that a consequence of ACE point amyloidosis 
could be the impaired CSF efflux to the dura. Indeed, we found 
that tracer efflux to the dura was impaired in 10-mo-old 5XFAD 
mice (Fig. 2, A and B). Furthermore, particulate tracers could be 
observed getting stuck in the terminals of ACE points, suggest
ing amyloid may physically occlude or clog ACE points (Fig. 2 C). 
We performed particle tracking analysis of CSF flow at ACE 
points and found that this was also reduced in 5XFAD mice 
(Fig. 2, D and E). The vasculature is critical to pumping CSF 
around the subarachnoid space, and CAA is known to impair 
vascular function, so we speculated that this may play a role in 
disrupted CSF flow in 5XFAD mice (Kozberg et al., 2025; 
Holstein-Rønsbo et al., 2023; Mestre et al., 2018). Indeed, we 
found that the diameter of bridging veins was decreased in 
5XFAD mice, as seen in people with AD and possibly reflecting 
changes in intracranial pressure (Fig. S2, A and B) (El Kamouh 
et al., 2025, Preprint; Pardo et al., 2025). We observed no change 
in the diameter of perivascular spaces at ACE points, although 
aggregated amyloid may still restrict available space and in
crease resistance to CSF efflux (Fig. S2, C and D). To assess 
structural and functional changes to bridging veins in 5XFAD 
mice, we performed photoacoustic imaging before and following 
a hypercapnia challenge that causes vasodilation and increased 
blood flow to bridging veins (Fig. 2 F) (Cao et al., 2017). As in two- 

photon microscopy, we observed reduced baseline diameters of 
bridging veins but also found reduced homeostatic blood flow, 
suggestive of functional impairment (Fig. 2, G–I). Despite amy
loidosis, we saw similar vasodilation in response to hypercapnia, 
and even stronger increases in blood flow (Fig. 2, J–L). These 
results suggest that amyloidosis drives functional changes to 
bridging veins in 5XFAD mice. Although CAA is reported to 
cause smooth muscle degeneration, we observed no degenera
tion of vSMCs in 5XFAD bridging veins by 10 mo in the 5XFAD 
mouse model (Fig. S2, E–G). It is possible that longer exposure to 
Aβ is required before vSMC loss and dysfunction are observed in 
this model. We hypothesize that reduced CSF efflux and vascular 
dysfunction in 5XFAD mice is driven by bridging vein amyloi
dosis; however, the causal relationship between these phe
nomena requires further testing.

To investigate if our findings held true in humans, we col
lected well-preserved postmortem bridging veins from five 
young adults who were cognitively normal, five older adults 
without AD pathology who were cognitively normal, and five old 
adults with AD pathology who exhibited clinical dementia (Fig. 3 
A). As in the mouse model, there was striking deposition of Aβ in 
bridging veins harvested from decedents with AD pathology and 
dementia (Fig. 3 B and Fig. S3 A). Amyloidosis was almost ex
clusively formed by Aβ1-40, suggesting a similar composition to 
CAA found around penetrating and leptomeningeal arteries 
(Fig. 3 C) (Joachim et al., 1988). Amyloidosis was virtually absent 
from cognitively normal younger individuals but was found in 
3/5 of the cognitively normal older individuals and was present 
and severe in all cognitively impaired older adults with AD pa
thology (Fig. 3, D and E). Unlike mice, we observed evidence of 
severe bridging vein vSMC degeneration in individuals with AD 
pathology (Fig. S3, B–D), suggesting that vascular function is 
more strongly impaired in individuals with AD pathology than in 
5XFAD mice. It is possible that ACE point dysfunction represents 
a previously unacknowledged player in CSF dynamics in AD 
through changes in bridging vein structure and function and 
associated ACE points (El Kamouh et al., 2025, Preprint; Mestre 
et al., 2018).

Here, we show that ACE points develop severe amyloidosis in 
5XFAD mice and humans with AD pathology. Furthermore, CSF 
efflux and bridging vein function are impaired in 5XFAD mice, 
suggesting that ACE point dysfunction may be a novel contrib
utor to waste clearance impairment in AD.

The presence of Aβ at ACE points in 5XFAD mice confirms the 
importance of ACE points to cerebral waste clearance and echoes 
previous studies using exogenous tracers (Smyth et al., 2024; 
Rustenhoven et al., 2021; Louveau et al., 2018). It is notable that 
Aβ aggregation was present at high levels at ACE points along the 
superior sagittal sinus, in contrast to CSF tracers. We propose 
that this distribution reflects the different sources (cisterna 
magna vs. parenchyma), kinetics (bolus vs. extended release), 
binding, and uptake of the molecules measured. We suggest that 
ACE points are necessary for CSF efflux to the dura, but that this 
process is also dependent on efficiency of CSF flow near ACE 
points and is echoed by strong tracer signals over the olfactory 
and ambient cisterns, regions of efficient CSF flow that sit un
derneath bridging veins draining into the rostral rhinal vein and 
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Figure 2. Disrupted CSF flow and vascular function at ACE points in 5XFAD mice. (A) Representative images of ICM OVA in the dura of 10-mo-old 5XFAD 
mice and littermate controls 2 h following injection. Scale = 2 mm. (B) Quantification of OVA-positive area in 5XFAD and littermate control duras. Two-tailed 
unpaired Student’s t test. N = 6 5XFAD, N = 5 littermate controls, mean ± SEM. *P < 0.05. (C) Representative images of ICM beads trapped within ACE points of a 
10-mo-old 5XFAD mouse. Scale = 2 mm, inset = 200 μm. (D) Workflow and representative images of particle flow along bridging veins in 8–9-mo-old 5XFAD 
mice and littermate controls. Scale = 200 μm. (E) Quantification of particle flow in 5XFAD and littermate control duras. N = 10 5XFAD, N = 6 littermate controls. 
Two-tailed unpaired Student’s t test, mean ± SEM, *P < 0.05. (F) Experimental paradigm and representative images of blood flow speed in leptomeningeal 
vessels by photoacoustic imaging, colored by blood flow speed. (G) Quantification of baseline diameter in 5XFAD and littermate control bridging veins. N = 8 
5XFAD, N = 6 littermate controls. Two-tailed unpaired Student’s t test, mean ± SEM. *P < 0.05. (H) Quantification of baseline blood flow in 5XFAD and lit
termate control bridging veins. N = 8 5XFAD, N = 6 littermate controls. Two-tailed unpaired Student’s t test, mean ± SEM. *P < 0.05. (I) Quantification of 
baseline oxygen saturation (SO2) in 5XFAD and littermate control bridging veins. N = 8 5XFAD, N = 6 littermate controls. Two-tailed unpaired Student’s t test, 
mean ± SEM. ns, P > 0.05, nonsignificant. (J) Quantification of the change in diameter in 5XFAD and littermate control bridging veins following hypercapnia. N = 8 
5XFAD, N = 6 littermate controls. Two-tailed unpaired Student’s t test, mean ± SEM. ns, P > 0.05, nonsignificant. (K) Quantification of the change in blood flow in 
5XFAD and littermate control bridging veins following hypercapnia. N = 8 5XFAD, N = 6 littermate controls. Two-tailed unpaired Student’s t test, mean ± SEM. 
*P < 0.05. (L) Quantification of the change in oxygen saturation in 5XFAD and littermate control bridging veins following hypercapnia. N = 8 5XFAD, N = 6 
littermate controls. Two-tailed unpaired Student’s t test, mean ± SEM. ns, P > 0.05, nonsignificant.
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transverse sinus (Chen et al., 2022). On the other hand, the 
presence of endogenous wastes at ACE points along the superior 
sagittal sinus indicates that drainage of parenchymal wastes oc
curs at a slower rate and happens locally, at nearby bridging veins.

We also noted the absence of amyloidosis around ACE points 
on the basal side of the dura. This was surprising because large 

volumes of CSF flow along the basal cisterns, and multiple other 
reports have shown CSF tracer efflux along the basal aspect of 
the dura (Yoon et al., 2024; Ahn et al., 2019; Ma et al., 2019). It is 
possible that larger volumes of CSF in the basal cisterns, together 
with faster rates of CSF flow, may prevent significant Aβ ag
gregation in this region. Alternatively, CSF in the basal cisterns 

Figure 3. Amyloidosis of bridging veins in postmortem specimens from cognitively intact adults and cognitively impaired adults with AD pathology 
and dementia. (A) Top: Representative low-magnification image of a formalin-fixed paraffin-embedded dural sample, sectioned coronally through the superior 
sagittal sinus (SSS). Bottom: Representative image of a section through a bridging vein from the dura mater as it drains into the SSS. Scale = 2 mm. (B) Representative 
low-magnification image and schematic of anti–pan-Aβ (4G8) label around a bridging vein in an specimen from an old adult with AD pathology and dementia. Scale = 
200 μm. c.s., cross section; l.s., longitudinal section; VL, vein lumen. (C) Representative images of anti-Aβ1-40 and anti-Aβ1-42 labeling around bridging veins from an 
old adult with AD pathology and dementia. Scale = 200 μm. (D) Representative images of anti–pan-Aβ (4G8) labeling in bridging veins from cognitively normal young 
and old adults without neurological disease and a cognitively impaired adult with AD pathology and dementia. Scale = 200 μm. (E) Quantification of the proportion 
(top row) and intensity (bottom row) of bridging veins stained with anti–pan-Aβ antibody (4G8), and antibodies against anti-Aβ1-40 and anti-Aβ1-42. N = 5. One-way 
ANOVA with Tukey’s post-hoc test, mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05, nonsignificant.
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may have had less chance to exchange with amyloid-containing 
brain regions, such as the cerebral cortex and thalamus, in 
5XFAD mice. We hypothesize that the accumulation of amyloid 
around ACE points on the dorsal surface of the brain leads to an 
increased resistance to CSF flow to the dorsal aspect of the brain 
and the redistribution of flow along the basal surface that has 
been observed in CAA models, and reflecting meningeal lym
phatic dysfunction (Chen et al., 2022; Gursky et al., 2025; 
Papadopoulos et al., 2025). Although these results do not chal
lenge the importance of other routes of amyloid clearance in the 
brain, including the blood–brain barrier (Storck et al., 2016), 
they reiterate the importance of the dura to amyloid removal (Da 
Mesquita et al., 2018, 2021).

The accumulation of Aβ along bridging veins, which begins 
relatively early in 5XFAD mice, suggests that these vessels are 
particularly susceptible to CAA. This is notable because 5XFAD 
mice have relatively low levels of CAA, so the presence of 
bridging vein amyloidosis in 5XFAD mice suggests that it is a 
particularly robust pathology. The impact of amyloidosis on 
veins has been largely overlooked due to the low levels of am
yloidosis in ascending venules. However, Aβ aggregates have 
recently been described around veins in animal models of AD, 
especially in the leptomeninges (Bishay et al., 2022; Klakotskaia 
et al., 2018; Michaud et al., 2013). Furthermore, amyloidosis of 
bridging veins has also been observed in APdE9 mice, suggesting 
that this phenomenon is not unique to the 5XFAD model (Antila 
et al., 2024).

Very little work has been done on amyloidosis in the dura 
mater. However, dural amyloidosis has recently come to light as 
a source of Aβ seeds that can cause iatrogenic CAA (Banerjee 
et al., 2019; Kovacs et al., 2016). One report found that 13 % of 
aged subjects had appreciable dural amyloidosis, and published 
images from this study appear to show deposition around what 
may be a bridging vein (Kovacs et al., 2016). The human findings 
of bridging vein amyloidosis were strikingly similar to our ob
servations in 5XFAD mice, with one key exception. The com
position of Aβ in human bridging veins was mainly Aβ1-40, while 
mice mainly had Aβ1-42. This parallels the preponderance of Aβ1-40 

in CAA (Joachim et al., 1988; Iwatsubo et al., 1994). We propose 
that this discrepancy is a function of 5XFAD mice, which over
whelmingly produce Aβ1-42.

We speculated that the deposition of Aβ around bridging 
veins impacts brain waste clearance through physical obstruc
tion of ACE points and by impacting vascular function. Sup
porting this notion, we have previously found that physical 
obstruction of ACE points through bridging vein dilation leads to 
impaired CSF efflux to the dura (Mamuladze et al., 2025). Here, 
we found reduced CSF tracer appearing in the dorsal dura. 
Furthermore, particle speeds at bridging veins in 5XFAD mice 
were reduced, and particles appeared to become stuck in ACE 
point termini. On the other hand, amyloidosis leads to vascular 
stiffening, which can impair vasomotion that drives CSF through 
the subarachnoid space (Mestre et al., 2018; van Veluw et al., 
2020; Holstein-Rønsbo et al., 2023; Kozberg et al., 2025). Fur
thermore, bridging veins also regulate intracranial pressure and 
volumes (El Kamouh et al., 2025, Preprint). Surprisingly, 
bridging vein reactivity was preserved in 5XFAD mice, 

suggesting that bridging veins can still compensate for the 
accumulation of amyloid in this model through their ability to 
respond to physiological stimuli. However, reduced diameter 
and blood flow through bridging veins at baseline suggest that 
their function is compromised, which may in turn impact in
tracranial pressure and disrupt CSF flow globally (El Kamouh 
et al., 2025, Preprint). Interestingly, bridging vein walls were 
highly degenerated in humans with AD pathology. This sug
gests that vasomotion would be strongly affected in patients or 
potentially leave bridging veins prone to rupture. Indeed, CAA 
was recently shown to be associated with subdural hemor
rhage, a pathology resulting from the rupture of bridging veins 
(Rivier et al., 2024). We suggest that bridging vein amyloidosis 
impairs waste clearance in AD, through its physical obstructive 
properties as well as its hemodynamic impact (Mawuenyega 
et al., 2010).

In summary, we found that bridging vein amyloidosis 
is conserved in mouse models of AD, aged humans, and is 
prominent in AD subjects. Furthermore, we show that bridging 
vein amyloidosis is associated with disrupted CSF efflux at ACE 
points and impaired vascular reactivity of bridging veins in 
mice. These findings raise many questions and future directions 
of research. Although we propose that it is likely that ACE point 
amyloidosis impairs CSF efflux to the dura, we were unable to 
definitively disentangle the causal relationship. Furthermore, 
the relative contribution of ACE point occlusion and vascular 
dysfunction on CSF efflux must also be determined. While the 
factors that trigger amyloidosis around bridging veins remain 
unknown, it is possible that macrophage lysosomes seed amyloid 
deposits in this region, as in the parenchyma (Kaji et al., 2024). 
Likewise, we speculate that other risk factors, such as apolipo
protein E ε4 genotype, may shift deposition to bridging veins. 
We propose that perivenous ACE point amyloidosis is an im
portant pathologic feature of AD that could be targeted to im
prove waste clearance and venous vascular function in AD.

Materials and methods
Animals
All mice were housed and bred in a temperature-controlled 
(22°C) and humidity-controlled (33–39%) environment under a 
12 h–12 h light–dark cycle and were provided with food and 
water ad libitum. No more than five mice were housed together 
per cage and bred in-house. Heterozygous 5XFAD mice (Tg/+) 
were bred with littermate controls (+/+) to maintain a hetero
zygous colony, and heterozygous 5XFAD mice (Tg/+) were 
compared with wild-type littermate controls (+/+) where gen
otypes were compared. Both maternal and paternal 5XFAD 
breeding schemes were used, and the effects of this were not 
investigated. All mice were used between 2 and 12 mo of age. All 
experiments and procedures were approved by the Institutional 
Animal Care and Use Committee at Washington University in St. 
Louis (23-0145). The following strains were used: 5XFAD (B6.Cg- 
Tg(APPSwFlLon, PSEN1*M146L*L286V)6799Vas/Mmjax, JAX, 
034848), Dpp4-CreERT2 (C57BL/6J-Dpp4em1(cre/ERT2)Jkpns/J, JAX, 
039217) (Smyth et al., 2024), and Ai9/LSL-tdTomato (B6.Cg- 
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, JAX, 007909).
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Mouse dura processing
Mice were euthanized by lethal injection of pentobarbital (eu
thasol; 10%, vol/vol), followed by transcardiac perfusion of PBS 
with heparin (20 μ ml−1). The mice were then perfusion-fixed 
with transcardiac perfusion of 10% NBF (Thermo Fisher Scien
tific). Whole heads were dissected and drop fixed in 10% NBF 
overnight. Skullcaps were dissected, and duras were peeled from 
the skullcap and placed in PBS with azide (0.02%, vol/vol) until 
further use. Before staining, duras were washed twice in PBS 
and blocked in normal chicken serum in PBS (5%, vol/vol) for 
30–60 min. Primary antibodies, diluted in normal donkey serum 
(1%, vol/vol) in PBS with azide (0.02%, wt/vol) and Triton X-100 
(0.2%, vol/vol, Sigma-Aldrich), were added to the duras over
night (details are provided in Table S1). The duras were washed 
twice in PBS, and secondary antibodies diluted in normal donkey 
serum (1%, vol/vol) in PBS with azide (0.02%, wt/vol) and Triton 
X-100 (0.2%, vol/vol; Sigma-Aldrich) were added for 3–4 h at 
room temperature (details are provided in Table S1). The duras 
were washed twice in PBS, then placed onto slides and mounted 
using FluorSave mounting medium (Millipore). Images were 
acquired by tile scanning on the VS200-S6 slide scanner 
(Olympus) with a 10× objective (NA 0.4). Final tile scans were 
stitched together to produce widefield images. Regions of in
terest were identified, and high-magnification images were ac
quired using the Stellaris TCS SP8 confocal microscope (Lecia) 
using either a 20× objective (NA 0.75, Leica) or a 40× objective 
(NA 1.30, Leica).

Tissue clearing and light-sheet microscopy
Ventral skulls with dura attached and hemisected skulls with 
brains removed were decalcified in Morse’s solution (10% [wt/ 
vol] sodium citrate [Sigma-Aldrich] and 20% [vol/vol] formic 
acid [Sigma-Aldrich]) overnight. They were then washed in PBS 
and stained with antibodies, as above. They were then washed 
and placed in a refractive index-matching solution (30% [wt/ 
vol] sucrose, 25% [wt/vol] urea, 26% [wt/vol] iohexol, and dis
solved in iodixanol; refractive index = 1.50–1.51) overnight (Lee 
et al., 2025). Samples were then secured in a light-sheet cuvette 
containing mineral oil (refractive index 1.515). Images were ac
quired on an UltraMicroscope II (Miltenyi Biotec) light-sheet 
fluorescence microscope with a 4 μm z-step size. Imaris (Ox
ford Instruments, v.9.9.1) was used for image processing and 
visualization.

Intracisterna magna injections
Mice were anaesthetized with ketamine–xylazine (100 and 
10 mg ml−1) to achieve a surgical anesthetic plane. The neck was 
shaved and cleaned with a solution of iodine in 70% (vol/vol) 
ethanol. The mice were placed in a stereotactic frame, and the 
skin over the back of the neck was cut. The cisterna magna 
was exposed by cutting the nuchal muscles. Ovalbumin- 
AlexaFluor647 conjugate (2.5 μl, 1 mg/ml in artificial CSF; 
O34781; Thermo Fisher Scientific) was then injected into the 
cisterna magna with a 5 μl Hamilton syringe with a 33-gauge 
needle at a rate of ∼2.5 μl min. The needle was then removed, 
and mice were allowed to recover on a heating pad for 2 h before 
sacrifice and assessment of the dura mater.

Intravital imaging of particulate tracers in the CSF
Mice were anaesthetized with ketamine–xylazine (100 and 
10 mg ml−1) to achieve a surgical anesthetic plane. The neck was 
shaved and cleaned with a solution of iodine in 70% (vol/vol) 
ethanol. The mice were placed in a stereotaxic frame, and the 
scalp was cut. A thin-skull window overlying a dorsal cerebral 
bridging vein was prepared through careful drilling over an 
∼2 mm2 area. Care was taken to use the drill at a slow speed and 
to avoid thinning the skull too much, as this can damage the 
arachnoid mater. Mice were then sutured and allowed to recover 
on a heating pad. Mice were kept for 7–10 days after surgery for 
further recovery. Mice were then anaesthetized with ketamine– 
xylazine (100 and 10 mg ml−1), and the skin over the back of the 
neck was shaved. Mice were then prepared for intracisterna 
magna injection as above. A length of P10 tubing attached to a 
syringe pump was filled with 0.5-μm fluorescent beads (0.5%, 
wt/vol; internally dyed yellow-green carboxylate-modified 
polystyrene spheres; F8813; Thermo Fisher Scientific) was fit
ted with a 30-G needle tip and gently inserted into the cisterna 
magna of the mouse. Superglue was placed at the insertion and 
rapidly cured with a drop of glue accelerator. The scalp was then 
resected, and a drop of GenTeal Tears gel was placed over the 
thinned region. Beads were then injected at a rate of 0.25 μl/min 
for 60 min, and the region was monitored for particle appear
ance with a fluorescent stereomicroscope (Leica). Once beads 
had reached the region, particle movement was imaged in the 
GFP channel, which showed both beads and vessels, at a rate of 
5 Hz for 10 min.

Particle tracking analysis
To measure the speed of CSF flow, we have quantified the motion 
of the microspheres in each registered time series of images 
using an automated particle tracking algorithm in MATLAB. 
This algorithm individually locates each particle with subpixel 
accuracy, tracks its location throughout the time series of 
images, and calculates its velocity in each frame. The tem
poral resolution is ∼4.83 frames per second, and the spatial 
resolution is ∼1.58 μm per pixel. Each image of the recording 
has 2,048 × 2,048 pixels. A time series of positions and ve
locities is obtained for each particle. To ensure that no stag
nant particles were included in our measurements, particle 
tracks with a total displacement lower than a given threshold, 
typically two pixels, were excluded from the analysis. Par
ticles not located around the perivascular spaces of the vein 
were excluded by masking. To compute the time-averaged 
flow velocity and speed, the domain was divided into ∼410 × 
410 boxes of resolution 5 × 5 pixels each. All individual ve
locity measurements for a given time interval were then 
binned and averaged according to their box positions. Stag
nant or nearly stagnant regions were excluded when calcu
lating the changes in flow speed. To evaluate flow speed, we 
computed the spatial root-mean-square of all speed meas
urements obtained at each instant of time. To calculate the 
downstream velocity, we computed the dot product between 
the time-average flow direction and the instantaneous ve
locity of the particles of all velocity measurements obtained 
at each instant of time.
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Tamoxifen-induced recombination
To recombine Dpp4-CreERT2/LSL-tdTomato mice, tamoxifen 
(2 mg/day) was injected for five sequential days. Mice were al
lowed to recover for at least 1 wk prior to imaging.

Two-photon imaging
Skull thinning in Dpp4-CreERT2/LSL-tdTomato mice was 
performed as above. Mice were allowed to recover for at least 
1 wk prior to imaging. Mice were then anaesthetized with 
ketamine–xylazine (100 and 10 mg ml−1), and the scalp was 
resected. A headplate was glued to the head and placed in a 
head frame to prevent motion artefact. A drop of saline was 
placed over the thinned region, and imaging was performed 
using the A1RHD25 MP microscope (Nikon Instruments) 
equipped with a resonant scanner. Immediately before scan
ning, mice were injected retro-orbitally with 0.1 mg of 70-kDa 
FITC-dextran (90718; Sigma-Aldrich). Z-stack images (2-μm 
intervals) were acquired using Nikon Elements (v.5.20, Ni
kon) using the Nikon × 25 water-dipping objective (NA 1.1). A 
Chameleon Ultra II (Coherent) laser provided excitation at 
950 nm.

Human brain tissues
De-identified postmortem human brain samples (without any 
linked genetic data) were used in this study. No live humans 
were included, and IRB was not required. Midfrontal dural 
samples were harvested from decedents who underwent au
topsy within 80 h of death and whose next of kin consented to 
the use of tissues in research. Medical records were reviewed at 
the time of autopsy, and for each decedent, the presence and 
severity of AD neuropathologic change (ADNC) (Montine et al., 
2012; Hyman et al., 2012), (co)morbidities, and cause of death 
were determined by a licensed and board-certified anatomic 
pathologist with expertise in neuropathology and vascular pa
thology. A total of 15 dura specimens were obtained from 7 men 
and 8 women whose age at death ranged from 41 to 84 years 
(mean, 64.3 years; Table S2). The tissue archive included five 
brain specimens from persons who were <60 years old at the 
time of death and 10 brain specimens from persons who were 
over 60 years old at the time of death. While specimens 
originated from persons with or without ADNC, those with 
other detectable neuropathology and/or history of other 
neurological disease during life were excluded from the study. 
Bridging veins were identified in variable numbers at the 
frontal parasagittal vertex of postmortem human brains. On 
gross (Fig. 2 A) and microscopic (Fig. 2 B) examination, they 
were observed as large-caliber vessels subjacent to the dural 
membrane that had relatively large lumens and thin walls and 
penetrated the dura. The bridging veins were covered by a 
perivascular sheath. Representative images depicting the 
anatomy and sampling region are shown in Fig. 2 A. Standard 
postmortem fixation (i.e., 7–12 days in formalin) was applied, 
and specimens were paraffin-embedded and then sectioned 
at 6-μm thickness. Serial sections were deparaffinized 
and rehydrated through a series of xylenes and ethanol 
washes and then stained with H&E or processed for 
immunohistochemistry.

Immunohistochemistry for human tissue
Deparaffinized rehydrated sections were placed in citrate buffer 
(10 mM, pH 8.0) and heated at 900 W for 10 min, and then 
washed in PBS for antigen retrieval. Slides were incubated with 
a mixture of 5% donkey serum (Sigma-Aldrich) and 0.2% Triton 
X-100 for 1 h at room temperature before incubation overnight at 
4°C with primary antibodies. Subsequently, slides were rinsed 
again in PBS. Single-label immunohistochemistry was devel
oped using species-specific biotin-conjugated secondary anti
body (1:1,000, Vector Laboratories, Burlingame, CA) for 1 h, 
followed by avidin-biotin peroxidase (Vector Laboratories) for 
1h. Sections were then incubated with diaminobenzidine chro
mogen solution (Thermo Fisher Scientific), and cresyl violet was 
used as a counterstain to visualize cell nuclei. Chromogen- 
labeled sections were rinsed, mounted, dehydrated, and cover
slipped with DPX mounting medium (Electron Microscopy 
Services). To better visualize the location of Aβ deposits within 
veins, double-label immunofluorescence experiments were 
also performed. For immunofluorescence, deparaffinized, re
hydrated sections were incubated overnight with anti-βA17-24 

antibody (4G8). Subsequently, slides were rinsed and then in
cubated for 1 h at room temperature with a cocktail of 
fluorescent-labeled donkey anti-mouse secondary antibody (1: 
500, Alexa Fluor 488; Invitrogen/Molecular Probes), CY3- 
conjugated mouse anti-ACTA2 antibody, and 4′,6-diamidino-2- 
phenylindole (DAPI, Invitrogen). For immunohistochemistry 
experiments, omission of primary antibody and sections from 
skin, pancreas, and non-diseased brain were used as negative 
controls, whereas middle frontal cortical sections originating 
from individuals with high ADNC were used as positive controls. 
All sections and controls were immunolabeled as a single batch. 
Labeled sections were coverslipped with mounting medium. 
Immunoperoxidase-labeled sections were visualized using 
an upright brightfield microscope (Olympus BX51; Olympus 
America, Inc.), and immunofluorescence-labeled sections were 
visualized using epifluorescence (Nikon Eclipse 90i; Nikon 
Instruments Inc.) and confocal (Olympus FV3000; Olympus 
America, Inc.) microscopes.

Photoacoustic imaging
Following induction with 4% isoflurane in medical air, mice 
were maintained under 1% isoflurane anesthesia throughout the 
craniotomy procedure. A longitudinal incision was made to ex
pose the skull, and a 3 × 3 mm2 cranial window was created to 
allow imaging of the cortical vasculature. After surgery, the mice 
were sutured and placed in a clean cage to recover. On the same 
day, mice were anesthetized using a Ketamine/Xylazine cocktail 
(ketamine: 100 mg/kg; xylazine: 10 mg/kg) and positioned on 
the animal stage for photoacoustic imaging. The imaging pa
rameters were set as follows: raster scanning mode; laser repe
tition rate: 6 kHz; laser pulse energy: 100 nJ; field of view: 2 mm × 
2 mm; step size: 0.8 μm in the X direction and 10 μm in the Y 
direction. Then, mice were exposed to a gas mixture containing 
10% CO2 in medical air for 10 min, which was followed by a 
second imaging session. Throughout the imaging process, the 
body temperature was maintained at ∼37°C. Blood oxygen 
saturation and flow speed were quantified using established 
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spectral and correlation-based analyses, as described in our 
previous publication (Cao et al., 2017).

Image analysis
Images were processed using FIJI (v.2.14.0/1.54 f) and analyzed 
using CellProfiler (v.4.2.6) or FIJI. For all duras, the pineal gland 
and third ventricle choroid plexus were digitally removed using 
FIJI due to autofluorescence. DPP4 was used to guide manual 
tracing and measurement of intensity within ACE point regions 
using FIJI to measure the intensity of CD206, LYVE1, and ACTA2. 
Two-photon measures of bridging vein diameter within and 
beyond the ACE point (identified by the presence of DPP4- 
positive cells above the bridging vein) were performed using 
line profiles in FIJI. Line profiles of amyloid and DPP4 in bridging 
veins were performed using FIJI. They were aligned to the region 
where the DPP4 signal dropped to >1500 grey levels, which was 
approximately the background level. This was classified as the 
terminal of the ACE point. To define the area of dural amyloi
dosis, DPP4-positive bridging vein regions were digitally re
moved using FIJI. CellProfiler was then used to analyze images 
by thresholding the total dura area, then thresholding Aβ- 
positive regions to determine the total area of amyloid positiv
ity. Intracisternal tracer coverage was processed similarly, 
identifying the tracer-positive area as a proportion of the total 
dural area.

ELISA for Aβ species
Mouse duras were harvested as described above, omitting fix
atives and fixation steps. Duras were then placed in PBS with 2- 
mm ceramic beads and mechanically homogenized using a bead 
beater (Bead Mill 4 mini Homogenizer, Thermo Fisher Scientific, 
60 s, setting 5). Tubes were spun at 21,000 g for 10 min. The 
supernatant (PBS-soluble fraction) was collected and frozen, and 
the pellet was resuspended in lysis buffer (2 % (wt/vol) SDS and 
1 % (vol/vol) Triton-X100 in PBS). The tissue was homogenized 
using the bead beater, as above, and spun at 21,000 g for 10 min. 
The supernatant (SDS-soluble fraction) was collected and fro
zen, the beads were removed, and the pellet was resuspended in 
formic acid. The tube was agitated using a vortex and kept at 
room temperature for 10 min before being spun at 21,000 g for 
10 min. The supernatant was collected (formic acid soluble) and 
neutralized by the addition of four volumes of neutralization 
buffer (1 M Tris-base, 0.5 M sodium hydrogen phosphate, and 
0.05 % sodium azide). Concentrations of Aβ1-40 and Aβ1-42 were 
then analyzed using commercially available ELISA kits (KHB3481 
[Aβ1-40] and KHB3442 [Aβ1-42], Thermo Fisher Scientific). Absor
bance readings (450 nm) were measured using a Synergy H1 
(BioTek) plate reader running Gen5 software (v.3.1.1, BioTek). 
Concentration values were interpolated from an eight-point 
standard curve (1–0.015 ng ml−1 by twofold serial dilution) using 
linear regression on GraphPad Prism (v.10.4.1).

Analysis and statistics
Group sizes were not determined using power calculations but, 
rather, based on similar experiments published by our group. All 
data are presented as mean ± SEM, including individual values. 
N is representative of the number of animals used, and each 

point reflects data from an animal. All images shown are rep
resentative of at least two independent replications of the orig
inal experiment. Data were assumed to be normally distributed, 
but this was not formally tested. All other data were plotted and 
analyzed using GraphPad Prism (v.10.4.1). For comparisons in
volving two groups, an unpaired two-tailed Student’s t test was 
performed. For comparisons involving one factor, a one-way 
ANOVA with Tukey’s post hoc test was used. When comparing 
two factors, two-way ANOVA with Sidak’s post hoc test 
was used.

Online supplemental material
Fig. S1 shows the aggregation state and spatial distribution of 
amyloid in the dura, as well as its association with sex and 
macrophages. Fig. S2 shows changes to the bridging vein and 
ACE point structure in 5XFAD mice. Fig. S3 shows changes to the 
bridging veins vessel walls in human specimens. Table S1 lists 
antibodies and stains. Table S2 lists human subjects.

Data availability
Data will be made available upon request to the corresponding 
authors. All relevant code is available in the public domain re
pository at: https://gitlab-public.circ.rochester.edu/araghuna/ 
bulk-flow-is-not-an-artifact_raghunandan_et_al_2021.git/.
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Figure S1. Aggregation state of Aβ in the dura mater. (A) Representative images of 10-mo-old 5XFAD duras stained with the aggregated amyloid dye 
methoxy-X04 (MX04), the oligothiophene AmyTracker520 that binds less aggregated amyloid species, and the pan-Aβ antibody D54D2. A dura containing a 
fragment of leptomeninges with the middle cerebral artery (MCA) attached is used as a positive control to show positive MX04 staining. Scale = 2 mm, inset = 
200 μm. (B) Concentrations of differentially soluble species of Aβ1-40 and Aβ1-42 in the dura in 6-mo-old 5XFAD mice. Two-way ANOVA with Tukey’s post hoc 
test, mean ± SEM. Note the log y axis. N = 5 littermate controls, 7 5XFAD mice. ***P < 0.001. (C) Representative images of cleared hemisected skulls stained for 
the vascular marker PODXL, ACE point marker GLUT1, and pan-Aβ antibody D54D2. Circled areas reflect regions of amyloidosis. Scale = 2 mm. (D) Schematic 
depicting the relative degree of amyloidosis in ACE points in different regions of the dura mater. (E) Quantification of the intensity of Aβ staining in individual 
bridging veins in 2- to 9-mo-old mice. Veins are classified as either Aβ negative (black) or Aβ positive (red). N = 4–8 mice per time point, with 41–86 ACE points 
quantified per time point. RRV, rostral rhinal vein. (F) Quantification of the intensity of Aβ staining in bridging veins draining into the rostral rhinal confluence of 
sinuses, compared with other bridging veins draining into the superior sagittal sinus. Two-tailed paired t test. N = 8. *P < 0.05. (G) Representative images of 
amyloid deposition around the transverse sinus, highlighting regions of dural amyloidosis. Scale = 2 mm, inset = 200 μm. (H) Quantification of dural amyloidosis 
area between 1 and 10 mo in 5XFAD mice. Two-way ANOVA with Tukey’s post hoc test, mean ± SEM. P values are given for the comparison between 1- and 2- 
mo-old 5XFAD and other time points. N = 1–22 mice per genotype per time point. ns, P > 0.05, nonsignificant; ***P < 0.001. (I) Representative images of a 
spectrum of amyloidosis severity in 4-mo-old 5XFAD mice. Arrowheads depict amyloid-positive bridging veins. Scale = 2 mm, inset = 200 μm. (J) Representative 
images of dura mater from 4-mo-old male and female 5XFAD mice. Scale = 2 mm, inset = 200 μm. (K) Quantification of bridging vein amyloidosis in male and 
female 5XFAD mice. Multiple unpaired t tests with Holm-Sidak’s adjustment for multiple comparisons, mean ± SEM. N = 4–14. ns, P > 0.05, nonsignificant; **P < 
0.01. (L) Representative images of macrophage markers LYVE-1, CD206, and MHC-II around bridging veins in 5XFAD mice. Scale = 200 μm, inset = 20 μm. 
(M) MHC-II intensity in bridging veins in 5XFAD mice and littermate controls. Two-tailed unpaired Student’s t test, mean ± SEM. N = 13 littermate controls and 
7 5XFAD. ns, P > 0.05, nonsignificant. (N) LYVE-1 intensity in bridging veins in 5XFAD mice and littermate controls. Two-tailed unpaired Student’s t test, mean ± 
SEM. N = 3 5XFAD, N = 7 littermate controls. ***P < 0.001.
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Figure S2. Altered vascular structure in bridging veins in 5XFAD mice. (A) Representative maximal z-projections of 5XFAD::Dpp4-CreERT2::LSL-tdTomato 
mice injected (IV) with 70-kDa dextran. Scale = 200 μm. (B) Quantification of the diameter of bridging veins within and after the terminal of the ACE point in 
5XFAD mice and littermate controls. Two-tailed unpaired Student’s t tests, mean ± SEM. N = 7 5XFAD, N = 6 littermate controls. ns, P > 0.05, nonsignificant; 
**P < 0.01. (C) Representative images of ACE point termini and schematic representations in 5XFAD::Dpp4-CreERT2::LSL-tdTomato, and littermate controls. 
Scale = 20 μm. (D) Quantification of the terminal diameter of ACE points in 5XFAD::Dpp4-CreERT2::LSL-tdTomato mice and littermate controls. Two-tailed 
unpaired Student’s t test, mean ± SEM. N = 6 5XFAD, N = 4 littermate controls. ns, P > 0.05, nonsignificant. (E) Representative images of ACTA2-positive venous 
smooth muscle coverage of bridging veins in 5XFAD mice and littermate controls. Scale = 200 μm. (F) Quantification of ACTA2 intensity in bridging veins from 
littermate controls and 5XFAD mice. Two-tailed unpaired Student’s t test, mean ± SEM. N = 6 5XFAD, N = 7 littermate controls. **P < 0.01. (G) Quantification of 
ACTA2 intensity within Aβ-positive and -negative regions of the bridging vein in 5XFAD mice. Two-tailed paired t test, N = 6. ns, P >0.05, nonsignificant.
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Provided online are Table S1 and Table S2. Table S1 lists antibodies and stains. Table S2 lists human subjects.

Figure S3. Bridging vein wall degeneration in AD. (A) Representative images of amyloidosis in a bridging vein as it passes through an ACE point. Scale = 200 
μm, inset = 20 μm. (B) Representative images of a staghorn-shaped bridging vein with advanced amyloidosis from a patient with AD. Scale = 200 μm. 
(C) Representative images of H&E and the vascular smooth muscle cell (vSMC) staining for ACTA2 showing bridging vein wall degeneration in AD. Scale = 20 
μm. (D) Quantification of the area of ACTA2 labeling in bridging veins from young, old, and AD patients. N = 5. One-way ANOVA with Tukey’s post hoc test, mean 
±SEM. ns, P > 0.05, nonsignificant; ** P < 0.01.
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