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Cerebral amyloid angiopathy (CAA) is a common disease in older adults that contributes 

to dementia1–3. In CAA, amyloid beta (Aβ) is deposited along either capillaries (Type 1) 

or vessel walls (Type 2)4, with the underlying pathophysiology incompletely understood5. 

Here, we developed novel imaging and analysis tools based on regularized Optimal Mass 

Transport (rOMT) theory6,7 to characterize cerebrospinal fluid (CSF) flow dynamics and 

glymphatic transport in a transgenic CAA type 1 rat model. We discovered that in CAA, 
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CSF move more rapidly along the peri-arterial spaces that serve as influx routes to 

the glymphatic system. The observation of high-speed CSF flow currents in CAA was 

unexpected given the build-up of microvascular Aβ. However, the velocity flux vector 

analysis revealed that the CSF currents in CAA was partly diverted away from the brain, 

resulting in overall decreased glymphatic transport. Imaging at the neck showed that 

drainage to the deep cervical lymph nodes occurred along the carotid arteries and was 

time-delayed in CAA implying that upstream connections to the meningeal lymphatics were 

altered. Based on our findings we propose that in CAA, glymphatic transport as well as 

lymphatic drainage are compromised and that both systems represent therapeutic targets for 

treatment of CAA-related cognitive decline and dementia.

The discovery of the glymphatic system and meningeal lymphatics has led to new 

hypotheses of waste clearance processes for sustaining cognitive health throughout the 

given lifespan and for establishing central nervous system (CNS) immune surveillance8,9. 

Glymphatic and lymphatic system function decreases with aging10,11 as well as with 

Alzheimer’s disease (AD)12,13, cerebral small vessel disease7, and Parkinson’s disease14. 

Remarkably, glymphatic system function and drainage to the cervical lymph nodes have not 

yet been explored in CAA. CAA belongs to the class of amyloidal cerebral small vessel 

diseases that includes sporadic and familial forms15,16. Clinically, CAA is a leading cause 

of brain hemorrhage and is strongly associated with vascular cognitive impairment and 

dementia15,17. The underlying pathophysiology of CAA remains incompletely understood. 

One hypothesis poses that waste, including Aβ, drains from the brain along the walls of 

arteries; and this pathway, also known as intramural arterial drainage (IPAD)18,19, become 

compromised with aging thereby causing CAA. The IPAD hypothesis is in direct opposition 

to the current glymphatic system model where waste drainage20 occurs along small cerebral 

veins that merge into larger neck veins before entering the lymphatic system21.

To address the knowledge gap of glymphatic system function implicated with CAA, we 

analyzed CSF flow dynamics in relation to glymphatic transport, as well as drainage to 

the cervical lymph nodes in both healthy and CAA brains by combining dynamic contrast 

enhanced MRI (DCE-MRI), and computational fluid dynamics (CFD) based on regularized 

rOMT6,7. Specifically, we used the CAA type 1 transgenic rat (rTg-DI) line, which 

expresses human Swedish/Dutch/Iowa vasculotropic mutant amyloid-beta precursor protein 

(AβPP), and cause Aβ deposition along the capillaries. The progressive accumulation of 

CAA pathology in rTg-DI rats is robust and well-documented22–24. In 12 month (M) old 

rTg-DI rats 50–70% of capillaries in the cortex, hippocampus and thalamus are covered 

with fibrillar Aβ and associated with a strong neuroinflammatory response (Extended Data 

Figs. 1 and 2)22,24. We utilized intrathecal gadoteric acid (Gd-DOTA) with DCE-MRI for 

measurement of CSF flow and glymphatic transport in separate cohorts of 3M, 6M and 

12M old heterozygous rTg-DI rats and wild-type (WT) littermate controls. The DCE-MRI 

data was processed by our novel computational analytical framework based on rOMT theory 

(Supplementary Methods and Supplementary Information Figs. 1–4)6,7. The rOMT model 

incorporates advection (bulk-flow) and diffusion terms to calculate solute and fluid transport 

within the brain7. Specifically, the rOMT framework derives trajectories of fluid and solute 

movement – known as ‘pathlines’ - over a finite tracer circulation time7 (Supplementary 

Information Figs. 2a–c). By combining the rOMT analysis with quantitative morphometry, 
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speed maps of solute and fluid transport in the CSF and tissue compartment (glymphatic 

system) can be separately computed (Supplementary Information Figs. 2d–f). The speed 

maps capture two scalar measurements of the transport: (1) volume flux (v-flux) = volume 

of the pathlines representing the total solute transport over a ~2h time-frame, and (2) speed 
= mean solute speed within the pathline network. For example, the v-flux of the tissue 

compartment represents the volume of glymphatic transport, and the tissue speed map 

visualizes solute speed within the glymphatic system. In addition, rOMT derives the velocity 
flux vectors of the solute streams, and the velocity flux vector magnitude indicates the 

distance a given particle has travelled, while the velocity phase shows direction. The rOMT 

analysis also provides information about the transport modes (i.e., diffusion vs. advection) 

via the computation of the Péclet number along the pathlines. The Péclet (Pe) number is a 

standard scalar dimensionless quantity describing the ratio of the rate of advection versus 

that of diffusion. We also derived Pe maps (Supplementary Information Fig. 2b) which at 

the local level show the relative tendency of advection or diffusion-dominated motion of the 

solute.

We first characterized solute speed within the CSF compartment and glymphatic system 

across WT and rTg-DI rats. Notably, the CSF compartment as defined in this study includes 

the large perivascular spaces (PVS) along the pial surface arteries, but not PVS of the brain 

parenchyma. Population-averaged CSF speed maps of the 12M cohorts of WT (N=8) and 

rTg-DI (N=10) rats are shown in Figs. 1a–d. Compared to WT rats, solute speed in the 

rTg-DI rats was more rapid throughout the CSF compartment, in particular along the PVS 

of the circle of Willis and middle cerebral arteries, which serves as major influx routes to 

the glymphatic system (Fig. 1b). Corresponding statistical parametric maps (color coded for 

p-values) documented higher solute speed in rTg-DI rats throughout the CSF compartment 

in comparison to WT rats (Fig. 1e, f). We also implemented morphometric analysis by 

acquiring anatomical brain scans of each rat (Extended data Fig. 3) and analysis of the mean 

solute speed of the CSF compartment between groups was controlled for with CSF volume 

as a covariance factor. In the WT cohorts, the mean CSF solute speed was unchanged across 

ages (Fig. 1g). However, in rTg-DI rats the mean CSF solute speed increased significantly 

by ~30% from 6M to 12M (p-value < 0.0001, Fig. 1g), and CSF solute speed of 12M rTg-DI 

rats was ~20% higher compared to 12M WT rats (p-value = 0.003, Fig. 1g). The brain-wide 

glymphatic mean solute speed between groups revealed no changes at any age (Fig. 1h). 

However, the corresponding voxel-wide statistical parametric mapping analysis revealed 

multiple focal areas scattered throughout the forebrain with significantly higher speed in WT 

compared to rTg-DI rats (Figs. 1i, j). Extended data Fig. 4 shows the regional distribution of 

glymphatic speed differences across the two strains in the 12M cohorts in more anatomical 

detail.

Analysis of glymphatic v-flux across groups was performed with tissue compartment 

volume as a covariate factor. In WT rats, the mean glymphatic v-flux significantly increased 

by ~15% from 3M to the 12M (p-value =0.037, Fig. 1k). Further, a ~20% decrease of the 

mean glymphatic v-flux was documented in 12M rTg-DI rats compared to age-matched WT 

rats (p-value =0.017, Fig. 1k). Regional analysis showed that in the hippocampus where 

CAA pathology is extensive in rTg-DI rats22,24, glymphatic v-flux was decreased compared 
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to 12M WT (Fig. 1l). On the other hand, in the cerebellum where CAA pathology is 

absent, glymphatic v-flux was similar between the WT and rTg-DI groups at any age (Fig. 

1m). Analysis of v-flux within the CSF compartment revealed no changes between the two 

groups at any age (p-value > 0.05). Several studies have shown that increased cardiovascular 

pulsatility drives CSF flow and glymphatic transport25,26 and we observed a significant 

decline in heart rate with age for both groups (Extended Data Fig. 5). Furthermore, a slight 

~10% decrease in the mean heart rate was observed for 12M rTg-DI rats compared to 12M 

WT (Extended Data Fig. 5).

To further understand the relationship between high-speed CSF flow and reduced 

glymphatic transport in rTg-DI rats, we implemented velocity flux vectors analysis. Figs. 

2a and 2b show the spatial distribution of velocity flux vectors (color coded for magnitude) 

from a 12M WT rat overlaid on the corresponding CSF mask. From this data in normal 

brain, we made the following observations: 1) velocity flux vectors originate in the basal 

cistern and point towards the tissue bed (Fig. 2a); 2) the velocity flux vectors have lower 

magnitude (blue arrows) within the tissue bed; 3) at the level of the circle of Willis (Fig. 

2b, white box), the velocity flux vectors are configured in bilateral symmetry about the 

midline; 4) in the olfactory fossa (Fig. 2a, black box) high magnitude streams (red arrows) 

with direction towards the olfactory bulb were noted. The corresponding vector data from a 

12M rTg-DI rats are shown in Figs. 2c, d and revealed a remarkably different pattern. First, 

a dense cluster of high magnitude vectors (red arrows) with direction towards the olfactory 

fossa was noted (Fig. 2c). Second, very few low-magnitude arrows were present within the 

tissue bed. Third, at the circle of Willis, (Fig. 2d, white box) the high-speed streams were 

partly directed away from the brain. From these data, we concluded that in 12M rTg-DI rats 

the high-speed, redirected CSF streams were linked to the reduction of glymphatic transport.

The high magnitude velocity flux vectors along the skull base exhibited a clear directional 

trend implying advective transport. To test this assumption, we calculated the Péclet 

numbers of the WT and rTg-DI cohorts. In the WT rat, the CSF-rich areas were 

characterized by advective transport (higher Pe numbers) while pathlines in the tissue were 

associated by lower Pe numbers, thus implying diffusive transport (Figs. 2e, f). In the rTg-DI 

rat, advective solute transport was noted throughout the CSF compartment, as well as in the 

cerebellum, and olfactory fossa (Fig. 2g, h). The statistical analysis of the Pe data revealed 

that the mean CSF Péclet number of rTg-DI rats increased by ~34% from 6M to 12M, 

p-value < 0.0001 (Fig. 2i). Further, the mean CSF Péclet of 12M rTg-DI rats was ~33% 

higher compared to 12M WT rats (Fig. 2i). There were no differences in the mean tissue 

Péclet number across age or strains (Fig. 2j).

The advective, redirected CSF flow at the skull base and glymphatic v-flux reduction 

observed in CAA is likely associated with the buildup of microvascular Aβ and perivascular 

neuroinflammation. Alternatively, glymphatic v-flux reduction may also be associated with 

altered AQP4 water channel expression on the glial end-feet. Indeed, studies have shown 

that the peri-vascular AQP4 expression pattern is altered in several neurodegenerative 

disease states including aging10, cerebral small vessel disease7 and AD27. In WT rats, the 

peri-vascular AQP4 expression pattern in the ventral hippocampus was unchanged from 3M 

to 12M (Extended Data Figs. 6a–c). In contrast, in rTg-DI rats the AQP4 peri-vascular 
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expression weakened at 6M and 12M compared to 3M (Extended Data Fig. 6d–f). We 

quantified the peri-vascular AQP4 expression of the groups using the polarization index 

method7. There were no differences between strains at 3M (Extended Data Fig. 6g), 

however, at 6M and 12M statistically significant decreases in the AQP4 polarization index 

were documented in rTg-DI compared to WT rats (Extended Data Figs. 6h, i).

To explore waste clearance in CAA, we developed another DCE-MRI approach to 

dynamically map drainage pathways from the CNS to the cervical lymph nodes. For this 

purpose, we used a 2-cm radiofrequency (RF) surface coil positioned above the neck of 

the anesthetized rat in supine position (Fig. 3a). With the RF coil in this position the 

neck vasculature and cervical lymph nodes are within the field of view (Figs. 3b). Second, 

we used the Gd-based tracer GadoSpin-P (molecular weight 200 kDa) that enters more 

slowly into the glymphatic system compared to the smaller molecular weight tracers28, but 

provides ideal conditions for visualizing the major drainage streams on the neck to the 

dcLN. Anatomically, the cervical lymph nodes were easily identifiable on the post-contrast 

T1-weighted MRIs (Figs. 3c, d). The superficial cervical lymph nodes included the laterally 

positioned parotid lymph nodes and 2–3 submandibular lymph nodes (Figs. 3c, d). The 

deep cervical lymph nodes (dcLNs) were most often positioned immediately lateral to the 

common carotid artery bifurcation (Figs. 3c). A representative image of a dcLN from a 

normal, ~3M Sprague Dawley (SD) rat is shown in Fig. 3d. The corresponding drainage 

maps (represented by the signal intensity time averaged over ~2h normalized to the CSF 

signal) reveal higher signal intensity in the hilum where the efferent lymphatic vessel exits 

the lymph node (Figs. 3e). Representative dynamic time signal curves (TSCs) extracted 

from a right- and left dcLN of a normal rat are shown in Fig. 3f and demonstrate that 

1) tracer uptake steadily increased and peaked at ~70 min from the time of GadoSpin-P 

administration into CSF, and 2) the right and left dcLN appear to drain equally well. 

Extended Data Fig. 7a shows a larger series of TSCs extracted from dcLN of normal 

rats (N=6, number of dcLN = 11), revealing that the signal peaks at ~80 min. The 

corresponding TSCs from the parotid lymph nodes revealed a slower drainage pattern 

compared to the dcLN (Extended Data Fig. 7b). Finally, TSCs from the submandibular 

lymph nodes demonstrated no drainage of GadoSpin-P (Extended Data Fig. 7c). Next, we 

looked at the 3D maps of the entire neck region to identify the main anatomical routes 

of solute drainage to the dcLN in normal rats. Fig. 3g shows a representative 3D signal 

map demonstrating drainage streams along the internal carotid artery (ICA), external carotid 

artery (ECA), and their branches, including the facial artery. The ECA associated streams 

seemed to coalesce with the dcLN (Fig. 3h). Importantly, the streams along the carotid 

arteries appeared ‘distinct’ and were not encircling the vasculature, suggesting that draining 

occurred within well-defined channels. This drainage pattern was robustly expressed across 

all the rats. To explore the directionality of the signal streams in relation to the dcLNs, we 

derived the corresponding velocity flux vectors. Figs. 3i shows high magnitude velocity flux 

vectors along the ECA pointed towards the right dcLN from a normal rat. This directional 

pattern of the vectors along the ECA towards the dcLN was observed in the majority of 

the normal rats (Extended Data Fig. 7d–f). The velocity flux vectors along the ICA and 

efferent lymphatics (when visible) were typically of lower magnitude and the directions 

more random. From these data we concluded that 1) in normal rats, solute drainage from 
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the CNS to the dcLN involved discrete conduits along the neck arteries, and 2) solutes 

from the CNS drained primarily to the dcLN and to a lesser degree to the parotid lymph 

nodes. We then investigated drainage to the cervical lymph nodes in 9–10 M WT (N=4) 

and age-matched rTg-DI (N=4) rats with severe CAA. Anatomical and corresponding signal 

maps of the dcLN showed that the drainage pattern in the WT (Figs. 4a, b) was similar 

to that of the rTg-DI rat (Figs. 4c, d). Further, the signal maps associated with the neck 

arteries demonstrated drainage to the dcLN along the ICA and ECA in both WT (Fig. 4e) 

and rTg-DI (Fig 4f) rats. Notably, the TCS from the dcLN of rTg-DI rats (Fig. 4h) were 

right-shifted compared to those of the WT rats (Fig. 4g) indicating time-delayed drainage 

from CNS to the dcLN in CAA. Indeed, for the left dcLN of rTg-DI rats the time-to-peak 

was delayed by ~25 min when compared to the WT rats (WT (N=4) Left dcLN peak time: 

65.8min ± 5.8 min vs rTg-DI (N=4) dcLN peak time 91.0 ± 7.0 min, mean difference = 25.2 

min, 95% CI = [2.8, 47.6] min, p-value =0.017). A similar time-to-peak delay was observed 

for the right dcLN of the rTg-DI rats: (WT (N=4) Right dcLN peak time: 65.9 min ± 5.8 min 

vs rTg-DI (N=4) dcLN peak time 93.8 ± 5.7 min, mean difference = 28.0 min, 95% CI = 

[8.0, 47.9] min, p-value =0.007). The TSCs extracted from the parotid lymph nodes showed 

that in the rTg-DI rats, GadoSpin-P drainage ‘spilled over’ to the parotid lymph nodes (Fig. 

4j) but not in WT rats (Fig. 4i), possibly implying rerouting of waste drainage pathways 

from the CNS in CAA. Drainage to the submandibular lymph nodes was at noise level for 

both WT and rTg-DI rats (results not shown). We also analyzed the directional pattern of 

the velocity flux vectors associated with the neck arteries and dcLN of the rTg-DI and WT 

rats. Fig. 4k shows the velocity flux vectors along the carotid arteries and dcLN from a WT 

rat demonstrating a similar direction of solute streams along the ECA towards the dcLN 

as observed in the normal, younger SD rats (Extended Data Fig. 7). Streaming along the 

ECA towards the dcLN was also observed in the rTg-DI rat (Fig. 4l). From these data, we 

concluded that compared to WT rats, solute drainage to the dcLN in rTg-DI rats with severe 

CAA type 1 was time-delayed, and with ‘spill-over’ drainage to the parotid lymph nodes.

Discussion

CAA is a common pathology in older adults and often co-occurs with AD29,30. Here, we 

documented that CSF and solute influx along the PVS of the large cerebral arteries, was 

more rapid and strongly advective in rats with severe CAA type 1. Furthermore, in CAA 

a fraction of the CSF flow currents bypassed the brain, resulting in decreased glymphatic 

transport and slower than normal drainage to the cervical lymph nodes. It is plausible that 

the altered CSF flow dynamics in CAA reflects blocked passage via the glymphatic system 

due to microvascular Aβ deposits22. The glymphatic transport reduction observed in CAA 

is in range with that reported in spontaneously hypertensive stroke prone (SHRSP) rats in 

which the brain-wide glymphatic transport was reduced by ~15%7. Intriguingly, although 

SHRSP and CAA rats are both associated with global reductions in glymphatic transport, 

their corresponding CSF flow profiles diverge. In SHRSP rats, CSF flow at the skull base 

was observed to be ‘sluggish’ secondary to PVS remodeling and vascular stiffness31–33 

while it is hyperdynamic in CAA. As the rTg-DI rats do not develop hypertension the 

more rapid CSF flow and reduced glymphatic transport is likely caused by the capillary 

Aβ deposition and extensive neuroinflammation24. Notably, in the rTg-DI transgenic 
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rat model, Aβ is produced in the neurons only, and moves towards the capillaries for 

attempted transport across the blood brain barrier (BBB)34,35. It generally assumed that the 

deposition of Aβ occurs because the familial Dutch and Iowa CAA mutations interfere with 

the low-density lipoprotein receptor-related protein (LRP)/Aβ interactions and cannot be 

transported across the BBB and instead assemble into fibrils34. Other factors to consider in 

interpretation of our data in CAA include choice of anesthesia, body position and circadian 

rhythm which can all influence glymphatic transport36–39. However, anesthesia and supine 

positioning was identical across all groups, and the rats were scanned during their light 

cycle in a counter balanced manner and these factors are unlikely to have influenced the 

differences between groups.

Our study also revealed weakened peri-vascular AQP4 polarization in rTg-DI compared 

to WT rats. AQP4 water channel expression is known to change in neurodegenerative 

states including in aging with neuroinflammation10. In CAA rTg-DI rats, the excessive 

neuroinflammation might have contributed to the reduction in peri-vascular AQP4 

polarization. A recent paper by Wang et al.,40 documented that astrocytic endfoot size 

correlates with cerebral vessel diameter. Hence, in CAA where Aβ deposition and associated 

neuroinflammation influence the capillaries, it could be hypothesized that the endfeet 

change and thereby affect the overall AQP4 expression pattern. However, astrocytic endfeet 

are dynamic structures with active transport targets, including cytoskeletal rearrangements in 

which those factors may also influence the AQP4 relocation process in CAA; thus, studies 

are needed for better understanding of these processes.

Examination of solute drainage to the cervical lymph nodes revealed distinct signal streams 

along the large neck arteries in both WT and rTg-DI rats in agreement with earlier reports 

from normal rats41. The drainage conduits on the anterior surface of the carotid arteries are 

likely authentic lymphatics connecting to afferent lymphatics that drain to the dcLN, similar 

to what has been reported along the aorta in the mouse42. Future studies will be needed 

to determine the exact anatomy of the conduits in the rat. Discovery of solute drainage 

along the neck arteries was unexpected, given that the glymphatic system model stipulates 

peri-venous drainage merging to the neck veins → lymph21. In humans, the majority of 

the dcLNs are situated near the large neck veins and not arteries43, thus the finding of 

drainage along the neck arteries may be unique to the rat. Indeed, in the rat, the internal 

jugular vein is missing44, and venous drainage occurs via the larger external jugular vein45. 

Our observation of drainage along the neck arteries including the ECA does not directly 

support the IPAD model that waste drains in a ‘retrograde’ manner from the brain along the 

walls of the cortical penetrating arteries including the leptomeningeal arteries18,46. The most 

plausible explanation for solute streams observed along the ECA are upstream connections 

to meningeal lymphatics including those along the middle meningeal artery which branches 

from the ECA47,48. Further, we also speculate that the drainage lag time observed in CAA 

reflects the slower transit of solutes through the glymphatic system due to the build-up of 

Aβ. Alternatively, given the rerouting of CSF towards the olfactory fossa in rTg-DI rats, it is 

also plausible that the time delay implies altered egress pathways. In other words, drainage 

from the olfactory fossa would involve the cribriform plate → nasal cavity and the travel 

distance to the dcLN would therefore be longer than from the skull-base49.
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In summary, our results show that in CAA glymphatic transport as well as lymphatic 

drainage are compromised and therefore both systems represent therapeutic targets for 

treatment of CAA-related cognitive decline and dementia. More investigations of other types 

of CAA including CAA type 2 and mixed dementias are needed to fully understand the 

mechanisms underlying waste disposal in humans.

Methods

Rat strains and housing

Female hemizygous rTg-DI CAA type 1 rat line (Sprague Dawley (SD) background), which 

expresses human Swedish/Dutch/Iowa vasculotropic mutant amyloid-beta precursor protein 

(AβPP) under control of the neuronal Thy1.2 promoter and produces chimeric Dutch/Iowa 

CAA mutant Aβ peptides in brain were bred and maintained at the University of Rhode 

Island (URI). Unless stated otherwise, separate cohorts of the in-house bred rTg-DI female 

rats and non-transgenic female littermates (serving as WT controls) were used at 3-months 

(M), 6M and 12M of age. Sample size the different age cohort are listed in main text of 

the result section. The rats were transported from URI to Yale University at least 4–6 weeks 

prior to scheduled MRI imaging. A separate series of 4-month-old SD female rats were 

purchased from Charles River (Charles River Laboratories International, Inc., NC, USA) for 

the initial characterization of cervical lymph node drainage experiments. Separate groups 

of 9–10M female WT and 9–10M female rTg-DI rats were used for MRI experiments 

of cervical lymph node drainage and sample size and age ranges of the different cohort 

are listed in main text of the result section. All rats were housed in an environment with 

controlled temperature, individually ventilated cages, and humidity, 12/12 h light cycle from 

7:00 A.M to 7:00 P.M and fed standard chow and water ad libitum. All the animal work was 

approved by the local institutional animal care and use committees at URI, Rhode Island, 

USA and Yale University, New Haven, USA.

Anesthesia and surgery for animals before and during MRI scans

All rats underwent anesthesia and experimentation during their light cycle in a counter-

balanced manner across strains. The rats induced with 3% isoflurane delivered into 

an induction chamber in 100% oxygen and then given dexmedetomidine (0.01mg/kg 

i.p.) mixed with glycopyrrolate (0.02 mg/kg i.p.). The rats were allowed to breathe 

spontaneously, and the body temperature was strictly controlled at around 37°C using 

a heating pad. Anesthesia for surgery was maintained with isoflurane (2–2.5%). The 

anesthetized rats were placed in a stereotaxic frame and a small 5-mm copper tube (0.32 

mm o.d., Nippon Tockushukan, MFG. CO., LTD, Tokyo, Japan) attached to a PE 10 

microcatheter was positioned into the CSF compartment via the cisterna magna (CM) and 

secured in place using cyanoacrylate glue. After surgery, the rats were transferred to the 

MRI animal bed equipped with a heating water-bed and breathing nose cone.

MRI acquisitions

All MRI acquisitions were performed on a Bruker 9.4T/16 magnet (Bruker BioSpin, 

Billerica MA, USA) interfaced to an Avance III console controlled by Paravision 6.0 

software. The rats were all imaged in the supine position. Anesthesia during MRI 
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was maintained with a subcutaneous infusion of dexmedetomidine (~0.009 mg/kg/hr) 

supplemented with low-dose, ~1% isoflurane delivered via a nose cone in a 1:1 Air:O2 

mixture36. Heart rate (HR) via oxygen saturation monitoring and body temperature 

were continuously monitored by an MRI-compatible non-invasive monitoring system (SA 

Instruments, Stony Brook, NY, USA). The body temperature was kept within a range of 36.5 

to 37.5°C using a heated waterbed and oxygen saturation was kept ≥ 97% during the MRI 

experiments.

Whole brain MRI

A 30-mm ID planar surface radiofrequency (RF) coil (Bruker BioSpin, Billerica, MA, USA) 

was placed under the head of the rats for RF signal reception and a custom-made volume 

transmit RF coil designed with an internal diameter of 50 mm was used as RF signal 

transmitter. A reference phantom filled with 0.1 mM Gd-DOTA was placed in the field 

of view (FOV) for the signal intensity normalization between the frames. MRI imaging 

included: (1) 3D-Proton density weighted (PDW) images (for anatomical segmentation 

and morphometry); (2) Pre-contrast (baseline) T1-weighted images; and (3) post-contrast 

T1-weighted imaging. A single flip angle spoiled gradient echo (SPGR) sequence was used 

to acquire 3D PDW MRIs: (repetition time (TR) = 50ms, echo time (TE) = 4ms, flip 

angle (FA) = 7°, Average = 1, field of view (FOV) = 30×30×15mm, spatial resolution = 

0.234×0.234×0.234mm, scan time = 6 mins 50s.

Dynamic contrast enhanced whole brain MRI: For measuring the glymphatic 

transport, a set of 3D T1 weighted scans were acquired dynamically before and after 

contrast administration using a single flip angle spoiled gradient echo (SPGR) sequence: 

TR=15ms, TE=4ms, FA=15°, Average = 2, FOV = 32×30×30mm, the spatial resolution= 

0.302×0.300×0.300mm, acquisition time/scan = 5mins). After three baseline T1-weighted 

scans, 30 μL of 1:37 gadoteric acid (Gd-DOTA, DOTAREM, Guerbert LLC, Carol Stream 

IL) diluted in sterile water was infused at a rate of 1.5 μL/min into CSF through the CM 

catheter using an infusion pump for a total of 20 min. Post-contrast T1-weighted scans 

continued for a total 160 min. The effect of cisterna magna infusion of contrast tracers 

only transiently and minimally perturbs the intracranial pressure in rodents and previously 

reviewed in detail by Benveniste et al.,50 and we refer interested readers to this recent 

overview for more information.

DCE-MRI of lymph nodes on the neck: A 2 cm planar surface receive radiofrequency 

(RF) coil (Bruker BioSpin, Billerica, MA, USA) was placed above the neck of the rat 

in supine position (Fig. 3a) with the same volume RF transmit coil (50-mm i.d.) used 

for the whole brain DCE-MRI studies51. With this coil part of the brain, spine and 

cervical lymph nodes were included within the FOV. A set of 3D T1 weighted scans 

were acquired dynamically before and after contrast administration using a single flip angle 

SPGR sequence: TR=15ms, TE=4ms, FA=15°, Average = 1, FOV = 30×30×30mm, Matrix = 

150×150×150 the spatial resolution=0.200×0.200×0.200mm, acquisition time/scan = 5mins 

38s. After five baseline scans, 30 μL of 25mM GadoSpin-P (Miltenyl Biotech GmBH, 

Germany) dissolved in sterile 0.9% NaCl was infused at a rate of 1.5 μL/min for 20min into 
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CSF through the cisterna magna catheter using an infusion pump. Post-contrast T1-weighted 

scans were acquired repetitively for ~180 min.

MRI data analysis

Brain morphometry: The 3D- proton density (PD) weighted images were corrected for 

intensity inhomogeneity caused by use of RF surface coil using the N4 bias field correction 

algorithm52, and then segmented into grey matter (GM), white matter (WM) and CSF brain 

compartments to calculate their respective brain parenchymal (GM+WM) and CSF volumes. 

All the spatial segmentations were performed on SPM12 (http://www.fil.ion.ucl.ac.uk/spm) 

software package platform, using our custom-made tissue probability maps53. The GM, WM 

and CSF tissue probability maps generated by segmentation of individual rat brain were 

thresholded at 0.5, yielding GM, WM, and CSF binary masks in native space. We visually 

checked each mask compared with the corresponding PDW images and then manually 

edited the boundary of the CSF and tissue compartments to correct minor misclassification 

of tissue class mask using PMOD software (PMOD, version 3.908, PMOD Technologies 

LLC, Zürich, Switzerland).

Regional segmentation: Binary masks of regions of interests (ROIs) including the 

hippocampus, thalamus and the cerebellum were created by spatially normalizing ROIs 

included in the publicly available Waxholm rat brain atlas package54 onto our custom-

made CAA-SD template using the following processing steps: 1) Segmentation of the 

high-resolution Waxholm T2-weigted MRI image using our custom made rTg-DI/SD 

brain atlas template; 2) Normalization of the Waxholm brain atlas ROIs onto our custom-

made template, using segmentation parameters derived from the previous step, thereby 

creating representative ROIs in our atlas; 3) Spatial warping of the representative ROIs 

from our custom-made rTg-DI/SD brain atlas into the native space of the individual rats 

using the segmentation parameters derived from rat brain segmentation mentioned in the 

brain morphometry section above. Each ROI was visually checked with PDW images 

and manually corrected for minor errors using PMOD (PMOD, version 3.908, PMOD 

Technologies LLC, Zürich, Switzerland).

Analysis of DCE-MRI data: The DCE-MRI data was corrected for head motion, 

followed by intensity normalization, smoothing, and then voxel-wise percent signal change 

to baseline was calculated using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/) as previously 

described7. The ‘percent signal change from baseline images’ were then used for optimal 

mass transport (rOMT) analysis.

Whole brain DCE-MRI analysis: Detailed descriptions of the mathematical theory and 

numerical algorithms for the rOMT methodology and Lagrangian analysis of the DCE-MRI 

data can be found in Supplementary Methods. Briefly, from each rat’s whole brain DCE-

MRI data series the rOMT analysis produced the following major outputs: 1) whole brain 

binary pathlines (representing the solute and fluid trajectories over ~2h), 2) voxel-wise 

whole brain speed maps (representing the local speed and spatial distribution of the pathline 

networks), 3) voxel-wise whole brain Pe map (representing the local Péclet number of the 

pathlines), and 4) whole brain velocity flux vectors representing the distance and direction of 
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solute transport over ~2h. From the rOMT outputs, the total pathline volume, mean pathline 

speed and mean pathline Péclet number were extracted from the CSF and brain parenchymal 

compartments as well as from the hippocampus, and cerebellum (PMOD, version 3.908, 

PMOD Technologies LLC, Zürich, Switzerland) using the respective masks derived from 

the morphometric analysis. Speed map analysis via SPM analysis: Each 3D-proton density 

(PD) weighted image was corrected for signal intensity inhomogeneity caused by RF 

surface coil using the N4 bias field correction algorithm 82. The bias field corrected 3D-PD 

weighted images were then segmented using our custom-made tissue probability maps36 to 

generate deformation fields. These deformation fields of the individual rat brain were used 

to spatially normalize their corresponding speed maps. The isotropic 0.4 mm full width 

half maximum Gaussian smoothing kernel was then applied on the normalized speed maps. 

The voxel-wise statistical analysis between WT and rTg-DI rats was performed on the 

smoothened speed maps, for each age cohort (3M, 6M, and 12M), using and independent 

two-sample t-test in the framework of general linear modeling with the total intracranial 

volume (TIV) as a covariate. All the spatial segmentation, normalization, and statistical 

analysis were performed on SPM12 (http://www.fil.ion.ucl.ac.uk/spm) software package 

platform.

Neck DCE-MRI analysis: The DCE-MRI data acquired on the neck underwent several 

processing steps using PMOD (PMOD, version 3.908, PMOD Technologies LLC, Zürich, 

Switzerland). Firstly, the time series of post-contrast T1-weighted images were summed 

and used as an anatomical template to identify and manually outline volume of interests 

(VOI) by two anatomical experts (HB and SK). The VOIs included the 1) cervical lymph 

nodes (parotid lymph nodes, submandibular lymph nodes, and the deep cervical lymph 

nodes (dcLN)); 2) large arteries (common carotid artery, internal carotid artery and external 

carotid artery); 3) brain and spine; 4) CSF compartment of spine and brain, and 5) masks 

that included the right or the left dcLN and their corresponding carotid arteries. Second, 

time signal curves (TSC) were imported into PMOD and viewed in cine mode to allow 

for visualization of signal changes in areas of interest including large neck vasculature, 

cervical lymph nodes and other structures in proximity to the dcLN. The cine mode 

viewing of the DCE-MRI data also allowed for evaluation of pulsation artefacts from the 

carotid arteries interfering with signal changes in the dcLN located. DCE-MRI data with 

severe carotid blood flow artefacts overlapping with the dcLN signals were excluded from 

analysis. Thirdly, the CSF VOI was used to normalize the TSC to the signal input of the 

CSF compartment wherein the paramagnetic tracer (GadoSpin-P) is directly delivered as 

a normalization factor and used to calculate the normalized TSC. Fourthly, time signal 

curves (TSC) of each of the cervical lymph nodes were extracted from the normalized 

DCE-MRI. The normalized TSC underwent noise cancellation via a 2-time-step moving 

average analysis using XLSTAT (XLSTAT 2021.1.1, Addinsoft (2021). XLSTAT statistical 

and data analysis solution. New York, USA). The time-to-peak was extracted from the 

smoothed normalized TSC of the dcLN. All processing steps were carried out in MATLAB 

(R2021a) signal analyzer toolbox and functions. Finally, the masks of the right and left 

dcLN including carotid arteries were used for rOMT velocity flux vector analysis to define 

stream directional patterns in relation to the dcLN.
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Immunohistochemistry, imaging, and quantification

Paraffin-fixed rat brain sections were cut in the sagittal plane at 10 μm thickness using 

a microtome (Leica, Buffalo Grove, IL), placed on Colorfrost plus microscope slides 

(Fisher, Pittsburgh, PA) and then rehydrated by immersing in xylene with decreasing 

concentrations of ethanol. Antigen retrieval was performed by incubation with proteinase 

K (0.2 mg/ml) for 5 min at 22° C. The treated tissue sections were then blocked in 

Superblock blocking buffer (cat. #37518, ThermoFisher, Bedford, MA) containing 0.3% 

Triton X-100 at room temperature for 30 min and incubated with individual primary 

antibodies at the following dilutions overnight: rabbit polyclonal antibody to collagen IV to 

detect cerebral blood vessels (1:250, SD2365885, Invitrogen, Carlsbad, CA), goat polyclonal 

antibody to glial fibrillary acidic protein (GFAP, 1:250, ab53554, Abcam, Cambridge, MA) 

to detect astrocytes, goat antibody to ionized calcium-binding adapter molecule 1 (Iba-1, 

1:250, NB100–1028, Novus Biologicals, Centennial, CO) to detect microglia or rabbit 

polyclonal antibody to AQP4 (1:250, Novus Biologicals). Primary antibodies were detected 

with Alexa Fluorescent 594- or 488-conjugated secondary antibodies (1:1000). Deposited 

fibrillar amyloid was detected with Amylo-Glo (TR-300-AG, Biosensis Inc., Thebarton, 

South Australia), as described by the manufacturer. Images of Aβ labeled rat brain sections 

were captured on a KEYENCE BZ-X710 fluorescence microscope (Keyence, Itasca, IL).

Images for aquaporin-4 analysis were captured using an Axio Imager Z.2 multi-channel 

scanning fluorescence microscope equipped with a 20X/0.8 Plan-Apochromat objective 

(Carl Zeiss), a high-resolution ORCA-Fusion Digital CMOS camera (Hamamatsu 

Photonics), sensitive to a broad-spectrum of emission wavelengths, an X-Cite XYLIS broad-

spectrum LED excitation source (Excelitas Technologies). Image tiles were individually 

captured at 0.32 μm/pixel spatial resolution and stitched into whole brain images using the 

ZEN Blue 2.1 image acquisition software (Carl Zeiss). The pseudo-colored stitched images 

were then exported to Photoshop (Adobe, 2020) and overlaid as individual layers to create 

whole brain multi-colored merged composites. For quantitative analysis in Fiji, individual 

ROIs were extracted and exported as TIFF files.

Aquaporin 4 (AQP4) polarization analysis: Quantification of AQP4 polarization was 

done in the ventral hippocampus using ImageJ software (Image J 1.52i) as previously 

described7. Briefly, the AQP4 digitized images were imported into ImageJ, scaled, and 

converted to optical density images. In order to process the samples in an unbiassed manner 

a grid (150 numbered boxes) was overlaid over the ventral hippocampus (each box area = 

228 × 228 pixels). 15 boxes from hippocampal were randomly selected for a total of ~20 

capillaries for WT rats and the same number of vessels in rTg-DI rats. Representative line 

segments (100 μm for capillaries) were used to extract immuno-intensity across the micro-

vessels selected in each grid-box. The polarization index for each vessel was calculated 

from the optical density profiles of the AQP4 immunohistochemistry as the peak optical 

density/average baseline level as described in Koundal et al.,7.

Data availability statement.—Statistical source data files depicting the quantification 

values mentioned in the text or plotted in graphs shown in Figs. 1, 2 and Extended Data 

Figs. 3, 5 and 6 are available in the online version of this paper. The rOMT processed speed 
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maps and Péclet maps datasets generated from WT and rTg-DI and analyzed in the current 

study are available at https://zenodo.org/record/5809664#.Yczwyy2ZNBw.

Code availability: The rOMT code used for analysis of the DCE-MRI data is available 

https://zenodo.org/record/5809635#.YczwqS2ZNBw. Custom codes used for pre-processing 

of the DCE-MRI data sets for glymphatic analysis are available at https://zenodo.org/record/

5809482#.YczwgC2ZNBw

Statistical analysis

Neither a priori nor a post hoc power analysis was conducted to formally determine or 

justify sample size due to the unknown effect size of the impact of evolving CAA pathology 

of the different age cohorts when planning the current study. Sample sizes were chosen 

on the basis of similar experiments previously published7,23,38,55. No randomization was 

performed. Two-way ANOVA models with independent variables including strain (rTg-DI 

vs WT rats), time (age: 3, 6, 12M) and the time x strain interaction were fit to compare 

the mean differences of different outcomes between rTg-DI and WT rats, between different 

time points (e.g., 3 vs 6M, 3 vs 12M, 6 vs 12M) within each strain of rats. No animals from 

the three different age cohorts of the WT and rTg-DI rats were excluded from the analysis. 

Note when comparing the CSF v-flux (or speed) and tissue v-flux (or speed) outcomes, 

the corresponding compartment volume was included as an extra independent variable in 

the ANOVA model. After all the modellings, the least square (marginal) mean difference 

(and 95% CI) of the outcomes was calculated as the effect size estimate, which would be 

informative in the design of a future study in which the sample size needs to be directly 

calculated based on a target statistical power (e.g., 80%) and significance level (e.g., 0.05) 

to detect a prespecified effect size. Comparison of ‘time-to-peak’ of the signal derived from 

the dcLN across WT and rTg-DI rats was performed using a Welch unequal variances 

two sample t-test (two-sided). Comparison of the capillary AQP4 polarization index for 

each age group (e.g., 3 vs 3M, 6 vs 6M) between WT and rTg-DI rats was done using a 

two-tailed Mann-Whitney U test. Experimenters were blinded to the identity of experimental 

groups from the time of euthanasia until the end of data collection and analysis for all 

the independent experiments. All the analyses were performed using IBM SPSS Statistics, 

Version 26. A p-value of less than 0.05 was chosen to indicate statistical significance and no 

adjustment of multiple testing was considered.
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Extended Data

Extended Data Fig. 1. Progressive accumulation of microvascular amyloid and astrocytes in 
rTg-DI rats.
Brain sections from ventral hippocampus from (a) 3months (M), (b) 6M and (c) 12M 

wild-type rats and age-matched rTg-DI rats (d-f). The brain sections were labeled with 

Amylo-Glo to detect fibrillar amyloid (blue), rabbit polyclonal antibody to detect cerebral 

microvessels (red), and goat polyclonal antibody to GFAP to identify astrocytes (green). 

Scale bars = 50 μm. Note that an increased number of perivascular astrocytes is evident in 

rTg-DI rats as early as 3M. This experiment was independently repeated twice with similar 

results.

Chen et al. Page 14

Nat Aging. Author manuscript; available in PMC 2022 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 2. Increased perivascular microglia in rTg-DI rats
Brain sections from ventral hippocampus of (a) 3-month (M), (b) 6M and (c) 12 wild-type 

rats and age-matched rTg-DI rats (d-f). The brain sections were labeled with Amylo-Glo 

to detect fibrillar amyloid (blue), rabbit polyclonal antibody to detect cerebral microvessels 

(red), and goat polyclonal antibody to Iba-1 to identify microglia (green). Scale bars = 50 

μm. Note that increased number of microglia cells are evident in rTg-DI rats as early as 3M. 

This experiment was independently repeated twice with similar results.
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Extended Data Fig. 3. CSF and tissue volume changes across age and strain.
a Graph with quantification of CSF compartment volumes of the 3-month, (M) 6M and 

12M WT (light blue bars) cohort and corresponding rTg-DI rat cohorts (blue bars). Each 

dot above the bar represents the value obtained from one rat. Note: WT n = 9, 10, 8 

at 3,6 and 12 months; rTg-DI n = 9, 9, 10 at 3, 6, and 12 months, respectively from 3 

independent experiments. Data are mean ± SEM. Statistical analysis with two-way ANOVA 

with independent variables including strain (rTg-DI vs WT rats), time (age: 3, 6, 12M) and 

the time × strain interaction were fit to compare the mean differences of different outcomes 

between rTg-DI and WT rats, between different time points within each strain of rats. A 

p-value of less than 0.05 was chosen to indicate statistical significance and no adjustment 

of multiple testing was considered. **p-value = 0.004. b Graph with quantification tissue 

compartment volumes of the 3M 6M and 12M WT (light blue bars) and rTg-DI rat (blue 

bars) cohorts. Each dot above the bar represents the value obtained from one rat. Note: WT n 

= 9, 10, 8 at 3,6 and 12 months; rTg-DI n = 9, 9, 10 at 3, 6, and 12 months, respectively from 

3 independent experiments. Data are mean ± SEM. Statistical analysis same as in b. *p-value 

= 0.038, **p-value = 0.021, ***p-value = 0.015.
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Extended Data Fig. 4. Significantly greater spatial distribution of glymphatic transport observed 
in WT compared to rTg-DI rats.
a Spatially normalized population averaged color coded speed maps of 12-month (M) old 

WT (N=8) and 12M rTg-DI (N=10) rats are shown overlaid onto population averaged 

proton density weighted anatomical MRI brain templates. b For the 12M WT (N=8) and 

12M rTg-DI (N=10) cohorts, statistical parametric maps (color coded for p-values) were 

calculated at p-value < 0.05 and overlaid onto the MRI brain images to display anatomical 

areas with significant more speed in WT rats in comparison to rTg-DI rats or the reverse 

comparison. Note that the p-value map is uncorrected via the false-discovery rate procedure. 

Scale bars = 2mm. Anatomical levels of the axially displayed anatomical templates are given 

by their nearest Bregma distance. L-HypoT = left hypothalamus; Thal = thalamus; vHip 

= ventral hippocampus; GN = geniculate nucleus; R-Ctx = retro-splenial cortex; O-Ctx = 

Occipital cortex. Scale bar = 3 mm.
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Extended Data Fig. 5. Heart rate changes across age and strains.
a Graph with quantification of the mean heart rate recorded of the anesthetized rats during 

MRI imaging from 3-month (M) 6M and 12M WT (light blue bars) and age-matched rTg-DI 

rats (blue bars). Each dot above the bar represents the mean heart rate recorded over the 

2–3 h imaging period from one rat. Data are mean ± SEM. Note: WT n = 9, 10, 8 animals 

examined at 3,6 and 12 M, respectively, as independent experiments; rTg-DI n = 9, 9, 10 

animals examined at 3,6 and 12 M, respectively, as independent experiments. Statistical 

analysis with two-way ANOVA with independent variables including strain (rTg-DI vs 

WT rats), time (age: 3, 6, 12M) and the time × strain interaction were fit to compare the 

mean differences of different outcomes between rTg-DI and WT rats, between different 

time points within each strain of rats. A p-value of less than 0.05 was chosen to indicate 
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statistical significance and no adjustment of multiple testing was considered. *p-value = 

0.030, **p-value = 0.013, ****p-value < 0.0001.

Extended Data Fig. 6. Perivascular AQP4 polarization of capillaries is impaired with evolving 
CAA
Changes in APQ4 localization was evaluated in WT and CAA rats by immunofluorescence. 

a-c: Representative slices at the level of the ventral hippocampus from 3M (a), 6M (b) 
and 12M (c) WT rats showing strong perivascular AQP4 expression and localization across 

all age cohorts. d-f Corresponding brain slices at the level from age-matched rTg-DI rats 

demonstrating that the localization of perivascular AQP4 changes with evolving CAA 

pathology and is down-regulated in relation to the vasculature resulting in higher tissue 

‘background’ AQP4 expression in 6M (e) and 12M (f) rTg-DI rats in comparison to 3M 

rTg-DI rats (D). Scale bar = 500 μ g-i: Graphs of quantification of AQP4 expression in 

perivascular domains surrounding capillaries in WT and rTg-DI rats. At 3M there are no 

differences in perivascular AQP4 expression across the strains (g), however, at 6M and 12M 

the polarization index is decreased in rTg-DI compared to WT inferring more dispersed 
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expression away from the capillary (h, i). Each dot represents the polarization from one 

capillary in the ventral hippocampus, with n=20 capillaries/rat and n=4 for 3M and 6M 

groups and 20capillaries/rat and n=5 for the 12M group from three independent experiments. 

Horizontal bars indicate mean ± SEM.; two-tailed Mann-Whitney U test. *p-value < 0.05, 

****p-value < 0.0001.

Extended Data Fig. 7. Drainage from CNS to cervical lymph nodes in normal SD rats.
a Graphs of time signal changes in individual right-sided (dashed blue lines) and left-sided 

(blue lines) deep cervical lymph nodes (dcLN) derived from independent experiments of 

n=6 normal Sprague Dawley (SD) rats. dcLN data from one rat was excluded to excessive 

vascular motion artefacts. Blue line indicates the mean peak time. b Corresponding 

graphs of time signal changes in individual right-sided (dashed magenta lines) and left-

sided (magenta lines) parotid lymph nodes from the same cohort of normal SD rats. c 
Corresponding graphs of the time signal changes observed in the submandibular cervical 

lymph nodes (average of 2–3 nodes/rat) from the same cohort of normal SD rats. d-f: 
Velocity flux vectors – color coded for magnitude – from three different SD rats overlaid 
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onto anatomical masks of the carotid arteries and dcLN showing the direction of solute 

drainage along the external carotid artery and within the carotid bifurcation towards the 

dcLN (black boxes). Scale bars = 1 mm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: CSF flow speed becomes hyperdynamic with severe CAA
a, b Spatially normalized population-averaged CSF speed maps of the 12M WT cohort 

(N=8) shown in two orthogonal plane views. Black arrow in b points to the olfactory fossa. 

c, d Corresponding CSF speed map of the 12M rTg-DI cohort (N=10) showing fast speed 

trajectories throughout the CSF compartment. Scale bars = 2mm. e, f Statistical parametric 

maps (color coded for p-values) overlaid onto a CSF binary map highlighting areas with 

differences in speed for two conditions: WT > rTg-DI (e) and rTg-DI > WT (f). Scale bars = 

2mm. g Graph with quantification CSF speed of WT (blue bars) and rTg-DI rats (grey bars). 

Each dot above the bar represents values from one rat. Data are mean ± SEM, two-way 

ANOVA with CSF volume as a covariate factor. **p-value = 0.013, ***p = 0.003. ****p < 

0.0001. h Graph with quantification of mean glymphatic solute speed from WT and rTg-DI 
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rats. Data are mean ± SEM, two-way ANOVA with tissue volume as a covariate factor. 

*p-value = 0.044. i, j Statistical parametric maps (color coded for p-values) show tissue 

areas with differences in solute speed for two conditions: WT > rTg-DI (i) and rTg-DI > 

WT (j). k Graph with quantification of glymphatic (tissue) v-flux from WT and rTg-DI rats. 

Data are mean ± SEM, two-way ANOVA with tissue volume as a covariate factor. *p-value 

= 0.037, **p-value = 0.017. l, m Graphs of v-flux from the hippocampus and cerebellum 

of WT and rTg-DI rats. Data are mean ± SEM, two-way ANOVA. Hippocampus v-flux: 

*p-value = 0.045, **p-value = 0.009. Cerebellum v-flux: *p-value = 0.035. Note for g, h & 

k-l: WT n = 9, 10, 8 animals examined at 3,6 and 12 months, respectively, as independent 

experiments; rTg-DI n = 9, 9, 10 animals examined at 3,6 and 12 months, respectively, 

as independent experiments. A p-value of less than 0.05 was chosen to indicate statistical 

significance and no adjustment of multiple testing was considered.
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Fig. 2: CSF flow currents partly divert away from the glymphatic system in CAA type 1
a, b Representative examples of velocity flux vectors (color coded for magnitude) in two 

orthogonal planes from a 12M WT rat. The black box highlights the olfactory fossa. Scale 

bar = 3mm. c, d Corresponding velocity flux vectors from a 12M rTg-DI rat showing 

different magnitude and directional pattern on the skull base. Scale bar = 3mm. White boxes 

in b and d highlight the Circle of Willis area showing that vectors are directed towards 

the olfactory bulb. e, f Representative examples of pathlines endowed with color coded 

Péclet (Pe) values from 12M WT rat. The red and blue colors indicate advection-dominated 

diffusion-dominated regions, respectively. Note the advection-dominated areas dominate the 

CSF compartment. g, h Corresponding pathlines endowed with color coded Pe values from 

a 12M rTg-DI rat with end-stage CAA disease demonstrating strong advective current along 
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the skull base. CM = cisterna magna; A-cistern = ambient cistern. Scale bars = 3mm. i, j, 
Graphs with quantification of CSF and tissue Péclet number of 3-month, (M) 6M and 12M 

WT (light blue bars) and rTg-DI rats (blue bars). Each dot above the bar represents the value 

obtained from one rat. Note: WT n = 9, 10, 8 at 3, 6 and 12 months, respectively; rTg-DI 

n = 9, 9, 10 at 3, 6, and 12 months, respectively from three independent experiments. Data 

are mean ± SEM. Statistical analysis with two-way ANOVA with independent variables 

including strain (rTg-DI vs WT rats), time (age: 3, 6, 12M) and the time x strain interaction 

were fit to compare the mean differences of different outcomes between rTg-DI and WT 

rats, between different time points within each strain of rats. A p-value of less than 0.05 

was chosen to indicate statistical significance and no adjustment of multiple testing was 

considered. ***p-value < 0.001, ****p-value < 0.0001.
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Fig. 3. Dynamic MRI for tracking cervical lymph node drainage from CNS in normal rats
a Illustration of the radiofrequency (RF) surface coil positioned above the neck of the rat. b 
The entire field-of-view captured in the neck region visualized as a 3D maximum intensity 

projection (MIP) image. The submandibular lymph nodes (smLN) and deep cervical lymph 

nodes (dcLN) are outlined (orange) to illustrate their locations in relation to brain, spine, 

and neck vasculature. c 3D MIPs show anatomical landmarks for locating the cervical lymph 

nodes in relation to the vasculature (red). Scale bar = 1mm. ICA=Internal carotid artery; 

ECA=external carotid artery, ParLN=Parotid lymph node. CCA=common carotid artery, 

sm Gland=submandibular gland. d MRI of dcLN from a normal rat acquired at a voxel 

resolution of 0.008 mm3. e Corresponding solute drainage map of the dcLN. Drainage is 

represented by color-coded signal intensity normalized to the CSF signal and time-averaged 
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over ~2hr. Scale bars = 2 mm. f Time signal curves of tracer uptake in the left- and right- 

dcLNs from a normal rat. Blue line indicates the time of peak signal. g Front view of 

a 3D signal map of the entire field-of-view of the neck area from a normal rat. The color-

coded map represents the total signal, time averaged over the ~2hr from the time of CSF 

administration of GadoSpin. The large vessels are displayed as a grey-scale binary mask. 

High signal intensity areas represent GadoSpin predominantly in the CSF compartment. 

Anatomical map showing the location of the right dcLN positioned lateral to the carotid 

arteries. h: Distinct signal (drainage) streams along the neck arteries and dcLN on the right 

side from a normal rat. Streams along the external carotid artery (ECA) and at the CCA 

bifurcation appear to merge with the dcLN. The efferent lymphatic vessel (Eff) is also 

visible. i: Corresponding vector velocity flux vectors (color coded for magnitude) are shown 

overlaid on a mask of the arteries. High magnitude velocity flux vectors along the ECA 

pointing towards the dcLN are noted.
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Fig. 4. Drainage to the cervical lymph nodes is sustained but time-delayed in rTg-DI rats
a Summed post-contrast anatomical MRI images of a deep cervical lymph node (dcLN) 

from a normal 9 month (M) old WT rat. b Corresponding dcLN drainage map represented 

by color-coded signal intensity time-averaged over ~2hrs and normalized to CSF signal 

intensity. Note higher signal intensity in the hilum (Hi) and efferent lymphatic vessel (Ef). 

c, d Corresponding images from a 9M rTg-DI rat showing similar draining pattern to the 

dcLN. a-d Scale bars = 2.0 mm. e, f 3D color-coded solute drainage maps showing discrete 

solute streams along the neck arteries and right dcLN from a 9M WT rat and a 9M rTg-DI 

rat. e, f Scale bars = 2mm. g Time signal curves (TSC) extracted from dcLNs derived from 

independent experiments of n=4 WT rats. Each line represents signal change in an individual 

right- or left-sided dcLNs and the rectangle represents the mean time-to-peak for solute 
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drainage of all the dcLNs. h Corresponding TSC data extracted from dcLNs derived from 

independent experiments of n=4 rTg-DI rats. An independent, two-sided t-test revealed that 

the dcLN time-to-peak of rTg-DI rats was significantly longer than that of WT rats (left 

dcLN: p-value = 0.017; right dcLN: p-value = 0.007). i, j Corresponding TSC extracted from 

parotid lymph nodes from the same WT and rTg-DI rats. Each line represents an individual 

parotid lymph node. k, l Velocity flux vectors – color coded for magnitude – from one of 

the 9M WT and 9M rTg-DI rats overlaid on the corresponding anatomical template showing 

solute drainage along the external carotid artery (ECA) directed towards the dcLN (black 

box) in both rats. Scale bars = 1 mm.
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