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Restoration of cervical lymphatic vessel 
function in aging rescues cerebrospinal  
fluid drainage

Ting Du    1,7, Aditya Raghunandan2,3,7, Humberto Mestre    1,4,7, Virginia Plá    1,5, 
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Daniel Gahn-Martinez    1, Saurav Pattanayak1, Qinwen Huang1, Weiguo Peng1, 
Maiken Nedergaard    1,5  & Douglas H. Kelley    2 

Cervical lymphatic vessels (cLVs) have been shown to drain solutes and 
cerebrospinal fluid (CSF) from the brain. However, their hydrodynamical 
properties have never been evaluated in vivo. Here, we developed 
two-photon optical imaging with particle tracking in vivo of CSF tracers 
(2P-OPTIC) in superficial and deep cLVs of mice, characterizing their flow 
and showing that the major driver is intrinsic pumping by contraction of the 
lymphatic vessel wall. Moreover, contraction frequency and flow velocity 
were reduced in aged mice, which coincided with a reduction in smooth 
muscle actin expression. Slowed flow in aged mice was rescued using topical 
application of prostaglandin F2α, a prostanoid that increases smooth muscle 
contractility, which restored lymphatic function in aged mice and enhanced 
central nervous system clearance. We show that cLVs are important 
regulators of CSF drainage and that restoring their function is an effective 
therapy for improving clearance in aging.

Lymphatic vessels (LVs) return 4–5 l of fluid from interstitial spaces 
back into venous circulation daily1,2. Their failure leads to diseases 
such as lymphedema and contributes to cancer metastasis, autoim-
mune disorders (for example, inflammatory bowel disease), glaucoma, 
obesity and cardiovascular disease. Although the central nervous sys-
tem (CNS) lacks LVs, a network of astrocyte-lined perivascular spaces 
(glymphatic system) facilitates transport to LVs in the surrounding 
meninges3,4 and along exiting cranial and spinal nerves5 to drain fluid 
and solute to venous circulation. cLVs in the rodent neck are responsible 
for draining ~50% of CSF from the brain and into cervical lymph nodes 
(cLNs)6–8, and this drainage pathway plays a role in animal models of 
Alzheimer’s disease9,10, Parkinson’s disease11, stroke12 and traumatic 
brain injury13,14. Transport of CNS antigens to the periphery via cLVs 

also influences multiple sclerosis15 and modulates immune checkpoint 
inhibitors in CNS tumors16 and amyloid-β immunotherapy9 in rodents. 
cLVs also contribute to fluid homeostasis17, suggesting that healthy 
cLVs are crucial for efficient fluid and solute clearance from the brain. 
However, the pumping and fluid transport properties of these vessels 
have not been directly assessed in vivo, and this is important since their 
function declines in aging9,18–20 and coincides with increasing risk of 
age-related CNS diseases7,21,22.

Collecting LVs in the abdomen and extremities drive flow via active 
(intrinsic) and passive (extrinsic) pumping. Active pumping is gener-
ated by rapid, phasic contractions of the smooth muscle cells (SMCs) 
lining the lymphangions, the functional units of LVs, which are sepa-
rated by one-way valves that limit reflux and ensure unidirectional flow. 
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scLV function contributes to disease development9,10, hinders injury 
recovery and blunts responses to immunotherapy, providing an oppor-
tunity for therapeutic intervention.

Results
Quantifying flow in cervical lymph vessels
scLVs and deep cervical lymphatic vessels (dcLVs) together drain fluid 
from the CNS and all remaining extracranial structures in the head and 
neck. To pinpoint transport of CNS-specific solutes, we used an 
approach termed 2P-OPTIC (Fig. 1a). To image cLVs and reduce photon 
scattering, both scLVs and dcLVs were surgically exposed. Superficial 
LVs lie just below the skin and can be seen through the superior cervi-
cal fascia, draining to superior cLNs (Fig. 1b). Because dcLVs sit medial 
to the common carotid artery and the internal jugular vein, visualiza-
tion requires medial retraction of the trachea and medial musculature 

Passive pumping relies on compression by contraction of the surround-
ing skeletal muscle. The respiratory and cardiac cycles may also propel 
lymph23. However, little is known about cLV pumping mechanisms, and 
existing techniques fail to provide spatially resolved flow rates and 
contractility dynamics in vivo7,24–28.

To overcome these limitations, we developed two-photon optical 
imaging with particle tracking in vivo of CSF tracers (2P-OPTIC). This 
approach simultaneously measured flow speeds within a lymphangion, 
cLV contractility and solute transport, all in vivo and at high resolution. 
We show that in superficial cervical lymphatic vessels (scLVs), contrac-
tions are the primary flow driver, and these decline in aging, coinciding 
with a reduction in lymphatic smooth muscle actin (SMA) coverage. 
Furthermore, we demonstrate that the age-dependent decline of scLV 
function can be rescued by prostaglandin F2α (PGF2α), a smooth muscle 
contractile agent29,30. We speculate that age-induced impairment of 
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Fig. 1 | Two-photon optical imaging with particle tracking in vivo of CSF 
tracers (2P-OPTIC). a, 2P-OPTIC consists of an intracisternal injection of 
fluorescent microspheres to label CSF drainage and a subcutaneous cheek 
injection of a 3-kDa dextran to label peripheral lymphatic drainage. b,c, scLVs (b) 
and dcLVs (c) in anesthetized mice were surgically exposed. Scale bar, 1 mm.  
d, Two-photon microscopy was used to image cLVs (Prox1-GFP-positive) and 
valves. e, Particle tracking velocimetry was used to evaluate the flow in the LV 
and track the motion of the LV wall. The white arrows show the velocity of each 
microsphere, which tracks fluid motion (inset). Scale bar, 50 μm. f, The red 
outline represents the vessel wall, tracked to obtain changes to vessel diameter. 
g, Rainbow-colored lines represent superimposed trajectories of tracked 
fluorescent microspheres flowing in the scLV. h, The time-averaged velocity field 
(green arrows) quantifies net transport in the scLV. i, Boxes indicate the local 
time-averaged fluid speed of scLVs, which is slowest near vessel walls and fastest 

near the vessel center. j, Time-averaged velocity profiles measured upstream, 
downstream and at the valve indicate that highest centerline speeds are measured 
at the valve. Average flow speed profiles are plotted as a function of distance from 
the left wall of the scLV. Colored lines in the inset indicate the location of each 
profile of the scLV. Scale bar, 50 μm. k, Reynolds and Womersley numbers for the 
time-averaged flow of the scLV. Data are presented as the mean ± s.e.m.; n = 8 mice. 
l,m, The time-averaged velocity field (l) and local time-averaged downstream 
speed (m) show the net transport in a dcLV. Scale bar, 50 μm. n, Spatial motion 
artifact index, showing high artifact surrounding the trachea and LV/LN 
overlaying the common carotid artery (CCA) and the internal jugular vein (IJV). 
Scale bar, 1 mm. o, Average motion artifact index over time showing a ~3.18 Hz 
source of motion, suggestive of a cardiac origin. p,q, Mean downstream speed (p) 
and particle counts (q) for both scLVs and dcLVs. Two-sided unpaired t-test was 
performed. Data are presented as the mean ± s.e.m.; n = 5–6 mice per group.
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(sternohyoid and omohyoid muscle) and lateral retraction of the lateral 
musculature (sternomastoid and posterior belly of the digastric mus-
cle; Fig. 1c). LVs were labeled by intramuscular cheek injection of FITC–
dextran (3 kDa). Two-photon resonant scanning microscopy was used 
to image each cLV in a single focal plane at 60 frames per second 
(Fig. 1d,e). The dextran labeled the draining lymph and enabled meas-
urement of the vessel diameter (Fig. 1e). To parse out CNS-borne trans-
port from extracranial drainage, we injected 1 μm fluorescent spheres 
into the cisterna magna31. We then used particle tracking velocimetry 
to quantify flow speeds in cLVs. Our methods allowed simultaneous 
measurements of contractility (Fig. 1f), flow speeds (Fig. 1g–i) and the 
cardiac and respiratory cycles (Extended Data Fig. 1 and Supplementary 
Videos 1 and 2). More than 1,000 particles were tracked during each 
10-min experiment (Fig. 1g). Pre-nodal scLVs in 2-month-old mice were 
72.4 ± 5.5 μm in diameter. Particle tracks were distributed nearly uni-
formly, with an increased concentration near valve centers. The 
time-averaged velocity showed net transport of lymph (Fig. 1h–i). Prior 
studies used fluorescence intensity of luminal dextran as a metric of 
LV transport20, but in our data it was a poor predictor of LV flow speed 
and was primarily determined by LV diameter (Extended Data Fig. 2). 
In a typical contraction cycle, fluid flowed rapidly into the lymphang-
ion while the downstream valve remained closed, and the vessel filled—
in some cases inducing the vessel to expand further. With the 
downstream valve closed, there was then retrograde fluid motion that 
closed the upstream valve. Next, contraction of the lymphangion 
expelled fluid downstream to the next lymphangion (Supplementary 
Video 1). The time-averaged flow (Fig. 1i) showed an average velocity 
of 151.7 ± 28.4 μm s−1, fastest near the vessel center and slowest near 
the walls (Fig. 1j), as expected for pressure-driven flows. In experiments 
where valves were visible, the highest speeds occurred at the valves 
(Fig. 1j), consistent with fluid accelerating through a smaller 
cross-section to maintain a constant flow rate. The Reynolds number, 

Re, is the ratio between the inertial and viscous forces, with Re > 1 indi-
cating that inertia dominates and Re < 1 indicating that viscous forces 
dominate. In scLVs, we found Re = 0.0064 ± 0.0008 (Fig. 1k), implying 
that viscous forces dominate. The Womersley number, Wo, is the ratio 
of the viscous timescale to the pulsation time. In scLVs, we found 
Wo = 0.039 ± 0.003, suggesting that transient inertial effects are neg-
ligible (Fig. 1k). To our knowledge, lymphatic flow in scLVs in live rodents 
has not been described previously.

dcLVs had similar flow characteristics compared to scLVs 
(Fig. 1l,m); however, due to their proximity to the carotid artery and 
trachea, their visualization involved marked motion artifacts (Fig. 1n 
and Supplementary Video 2). The frequency of the artifacts was 
~3.18 Hz, which coincides with the cardiac frequency, suggesting that 
cardiac pulsatility was the largest source of motion (Fig. 1o). Nonethe-
less, mean downstream flow speeds in dcLVs were comparable to those 
observed in scLVs (166.2 ± 31.6 μm s−1 versus 151.7 ± 28.4 μm s−1; 
P = 0.7423; Fig. 1p), with all flows being laminar, viscosity-dominated 
flows (Re < 1). The total number of CNS-borne microspheres was also 
similar across the two LV chains (scLVs: 129.6 ± 28.0 particles per minute 
versus dcLVs: 125.2 ± 22.0 particles per minute; P = 0.9069; Fig. 1q), 
suggesting that both scLVs and dcLVs play a role in CSF drainage.

Lymphatic fluid drainage is impaired in aging
Efflux along cervical lymphatics declines in aged mice7,18,20, but whether 
this is due to reduced function within the intracranial compartment 
or among cLVs has not been described. We evaluated the structure and 
function of scLVs using 2P-OPTIC in 2-month-old, 18-month-old and 
22-month-old mice (Fig. 2 and Supplementary Video 3). Reynolds num-
bers in 18-month-old (0.0052 ± 0.0011) and 22-month-old (0.0041 ± 
0.0008, P = 0.2194) mice and Womersley numbers (0.037 ± 0.003 and 
0.033 ± 0.003 respectively, P = 0.3440) were comparable to those in 
young animals, indicating viscous flows and negligible inertial forces. 
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Fig. 2 | Intrinsic pump dysfunction in aging. a, Schematic of the various 
parameters computed to characterize LV pumping and flow properties.  
b, Representative images of the local time-averaged flow speed show that 
the lymph flow is nearly stagnant in aging. Scale bar, 50 μm c, Representative 
temporal variation of the median vessel diameter showed an age-dependent 
decrease in vessel function. Maxima and minima (diastolic and systolic peaks) 
are also indicated. d, Representative temporal variation of downstream velocity 
calculated from particle tracking for the different age groups showed the lymph 
flow speed decreased by aging. In c and d, the dots represent the raw data, and 

the solid lines were obtained by smoothing over a 500-ms window. e, Intrinsic 
rate (frequency of contraction). f,g, Mean downstream speed (f) and ejection  
rate (g) (frequency of curves shown in c) exhibited an age-dependent decrease.  
h, Median vessel diameter showed no change in aging. One-way analysis of 
variance (ANOVA) post hoc Tukey’s test was performed (e–h). Data are presented 
as the mean ± s.e.m.; n = 4–7 mice per group. i, Linear regression of intrinsic rate 
and ejection rate with 95% confidence intervals for all aging groups indicates a 
strong correlation between contraction of cervical lymph vessel and  
lymph efflux.
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LV pumping and flow are characterized in Fig. 2a. Diameter was meas-
ured at 20 locations along the vessel for 10 min while flow was measured 
simultaneously (Fig. 2b,c). There were no differences in spatial median 
scLV diameter across ages, suggesting that scLVs reach adult size at 2 
months of age (Fig. 2h). Despite similar sizes, average downstream 
velocity (Vdownstream; Fig. 2d,f) declined by ~40% at 18 months (90.9 ± 
29.1 μm s−1, P = 0.21 versus 2 months) and was significantly slowed (~63%) 
at 22 months (56.6 ± 5.7 μm s−1, P = 0.02 versus 2 months). scLVs 
expanded and contracted rapidly in young mice (13.2 ± 0.8 contractions 
per minute; Fig. 2e), with each cycle lasting around 4.6 s (Fig. 2c). This 
is consistent with previous studies that measured contraction dynam-
ics in collecting LVs in the legs and flanks of young mice under a keta-
mine–xylazine anesthesia32. The intrinsic rate steeply declined in 
18-month-old mice (50.0%, P = 0.0003) and further declined in 
22-month-old mice (65%, P < 0.0001; Fig. 2e), suggesting an 
age-dependent slowing of the contractility of scLVs.

To evaluate lymphatic function, we quantified the ejection rate, 
defined as the pulsation frequency of the downstream velocity (Fig. 2d), 
for all age groups (Fig. 2g). The ejection rate may not match the intrin-
sic contraction rate but effectively represents the frequency of valves 
opening and closing, useful for evaluating valve function. We observed 
significant declines in the ejection rate from age 2 to 18 months (−27.8%, 
P < 0.0001) and from 18 to 22 months (−29.3%, P = 0.0001; Fig. 2g). 
These declines correlated with impairment of the intrinsic contraction 
rate (coefficient of determination (R2) = 0.8045; Fig. 2i), implying that 
lymphangion contractility drives most of the flow. However, contrary 
to previous in vitro studies using isolated LVs, we did not observe a 
consistent one-to-one relationship between vessel contraction and flow 
oscillation28,33. This suggests that an in vivo lymphangion is influenced 
by upstream and downstream lymphangions, alluding to coordination 
among SMCs. Interestingly, lymphatic flow in scLVs was not dependent 
on heart or respiratory rate (Extended Data Fig. 1). These experiments 
show that aged cLVs have significantly lower contraction frequency, 
which results in reduced transport.

Lymphatic efflux volumes are reduced in aging
We defined the instantaneous volumetric flow rate (Q) as the product of 
the downstream velocity and the cross-sectional area (from the instan-
taneous spatial median diameter, assuming a circular cross-section; 
Fig. 3a). Maximum flow rate in young mice reached 724.2 nl min−1, while 

flow rates drastically decreased in aged mice (18-month: 423.2 nl min−1; 
and 22-month: 180.9 nl min−1). Next, we computed the anterograde 
fraction, defined as the fraction of the time during which fluid flows 
away from the skull, and the retrograde fraction, defined as the frac-
tion of time during which flow is retrograde (Fig. 3b–d). Not surpris-
ingly, 2-month-old mice exhibited the highest anterograde fractions 
(85.9% ± 1.3%), indicating that lymphatic flow in young mice is primarily 
unidirectional, consistent with regulation by valves between lymphang-
ions (Supplementary Video 4). Aged mice exhibited a lower anterograde 
fraction (68.8% ± 1.4% for 18-month-old, P < 0.0001 versus 2-month-old; 
68.6% ± 2.0% for 22-month-old, P < 0.0001 versus 2-month-old; Fig. 3c). 
In aged mice, valves did not fully close (Fig. 3f and Supplementary Video 
4), allowing particles to oscillate back and forth without being trapped 
in the imaged lymphangion (Supplementary Video 4). This suggests 
that aged valves are unable to limit reflux, resulting in the increased 
retrograde fractions. While dysfunctional valves have previously been 
implicated in reduced lymphatic transport in isolated aged mesenteric 
vessels34, our observations document defects in valve function of scLVs 
in vivo and their role in reducing lymphatic drainage.

We quantified impairment according to the average volumetric 
flow rate, defined as the net volume of fluid transported downstream 
per minute (net area under the curves in Fig. 3a). In aged mice, less 
frequent contractions and lower anterograde fractions resulted in sig-
nificantly lower volumes being ejected in 18-month-old (20.8 ± 2.3 nl 
min−1, P < 0.0001) and 22-month-old (16.9 ± 4.9 nl min−1, P < 0.0001) mice 
compared to 2-month-old mice (70.6 ± 5.6 nl min−1; Fig. 3d). That is, an 
aged scLV transported lymph only about a quarter as fast (24.3 μl per day) 
as a young scLV (102 μl per day). We hypothesized that this flow reduc-
tion could also delay the arrival of CNS solutes (for example, signaling 
peptides, antigens and immune cells) to the cLNs. To test this idea, we 
counted the number of 1-μm particles passing through the field of view 
per minute as a measure of the transport rate of objects of similar size 
(Fig. 3e). Particle counts were significantly decreased in 18-month-old 
(44.5 ± 7.5) and 22-month-old (62.4 ± 16.1) mice compared to 2-month-old 
mice (104.8 ± 19.1, 63.9% and 49.4%, respectively; Fig. 3e), indicating that 
CNS-derived lymphatic efflux is severely compromised in aging.

Loss of SMA coverage in aging impairs LV contractility
Aged collecting LVs in other rodents display reduced contractility due 
to the loss of SMCs lining the lymphangions, decreased expression 
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Fig. 3 | Lymphatic efflux volumes are reduced in old age. a, Temporal variation 
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section, and the measured median vessel diameter was used to calculate the 
cross-sectional area. By definition, Q > 0 signifies anterograde flow, and Q < 0 
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c–e, Anterograde fraction (c), average volume flow rate (d) and particle count 
(e) were all decreased by aging. One-way ANOVA post hoc Tukey’s test was 
performed (b–e). Data are presented as the mean ± s.e.m. n = 4–7 mice per group. 
f, Representative images of valves (outlined by dashed lines) in young mice and 
old mice. Functional valves open and close to regulate flow in young mice but fail 
in old mice. Scale bar, 50 μm. n = 4–7 mice per group.
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of contractile proteins in SMCs, and changes in the basement mem-
brane20,21. Because aging is also associated with hyperplasia and dysmor-
phic LVs18, we aimed to determine whether an age-dependent change 
in the structural components of LVs could drive biomechanical dif-
ferences that would explain the observed flow changes in cLVs. We 
performed immunohistochemical staining of scLVs in 2-month-old 
and 18-month-old Prox1-GFP animals (Fig. 4a,b) to identify lymphatic 
endothelial cells (LECs; Fig. 4c), α-smooth muscle actin (α-SMA, Fig. 4d) 
for SMCs and collagen 4a (Col4a; Fig. 4e), a main structural protein of 

the lymphatic basement membrane. There was significant loss of Prox1 
and α-SMA in both the lymphatic valve and the perivalvular regions of 
scLVs in aged mice. LECs (Prox1-positive area) covered around 12% less 
of the lymphatic valve in 18-month-old animals compared to young 
controls (97.2% ± 1.3% versus 85.8% ± 2.9%; P = 0.0075) and 74% less 
of the perivalvular portion of the LV (65.5% ± 3.3% versus 17.1% ± 3.1%, 
P < 0.0001). SMCs (α-SMA-positive area) covered 54% less of the valve 
(72.6% ± 7.1% versus 33.6% ± 5.1%, P = 0.0021) and 35% less of the peri-
valvular region (86.2% ± 3.5% versus 55.9% ± 5.2%, P = 0.0013; Fig. 4f–j). 
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Fig. 4 | Aging causes loss of α-SMA coverage in scLVs. a,b, Representative 
images of collecting scLVs from (a) 2-month-old (a) and (b) 18-month-old (b) 
Prox1-GFP animals stained for α-SMA and Col4a. c, LECs along the LV and within 
the lymphatic valve can be visualized with Prox1-GFP. d, SMCs are α-SMA-
positive. e, Col4a is a marker of the collagen basement membrane. Scale bars, 
100 μm; n = 5 mice per group. f, Regions of interest (ROIs) were divided into 
valvular and perivalvular ROIs. g,h, Quantification of the percentage of area 
covered for Prox1 at the valve (g) and the perivalvular region (h). i–l, Area covered 
for α-SMA (i and j) and Col4a (k and l). m, LECs were quantified as being DAPI+ and 
Prox1+. n,o, Total number of DAPI+ (n) and DAPI+/Prox1+ (o) cells did not decrease 

in 18-month-old animals compared to young animals. p, SMCs were considered 
DAPI+/α-SMA+ and were similarly abundant between young and old mice (q). 
Two-sided unpaired t-test was performed (g–l, n–o and q). Data are presented 
as the mean ± s.e.m.; n = 5 mice per group. r, Orientation of α-SMA and Col4a 
fibers. s, Fiber orientation in degrees for α-SMA+ and Col4a+ fibers in valvular and 
perivalvular ROIs. Orientation was computed as axial (0°) or longitudinal (+90° 
or −90°). t, Coherence of fiber orientation as a percentage for fibers in valvular 
and perivalvular ROIs. Scale bars, 100 μm. Two-way ANOVA with Sidak’s multiple-
comparison test was performed (s and t). Data are presented as the mean ± s.e.m.; 
n = 5 mice per group.
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A similar relationship for SMC coverage was noted in 22-month-old 
animals. α-SMA fluorescence was 37.5% lower in 22-month-old 
mice (97.5 ± 5.6 arb. units) compared to their young counterparts 
(156.1 ± 19.0 arb. units, P = 0.0328; Extended Data Fig. 3a,c), suggest-
ing a debilitating loss in α-SMA and contractile ability. Interestingly, 
aging caused a 1.5-fold greater loss of SMC coverage at valves compared 
to perivalvular regions. Valvular α-SMA is thought to actively control 
valve leaflet movement in other rodent lymphatic chains, and its loss 
could increase reflux and decrease lymphatic efflux, as we observed 
in aged mice35–37.

Quantification of the basement membrane thickness and Col4a 
expression showed no significant difference between 2-month-old and 
either 18-month-old or 22-month-old animals (Fig. 4k,l and Extended 
Data Fig. 3a,b), suggesting that the structural scaffolding of the scLVs 
is retained across aging. We then asked if the decreased expression 
of Prox1 and α-SMA was the result of either global cell loss or rather 
a cell-specific process. LECs are responsible for channeling flow, and 
SMCs drive spontaneous, phasic contractions in LVs. A reduction in 
either of these could decrease contractility. LECs were identified as 
DAPI+/Prox1+ cells, while SMCs were identified as being DAPI+/α-SMA+38. 
Results showed that total cell, LEC and SMC numbers were comparable 
between 2-month-old and 18-month-old animals (total cell, P = 0.3854; 
LEC, P = 0.9485; SMA, P = 0.7626; Fig. 4m–q). We then asked if abnor-
mal orientation of α-SMA and Col4a fibers could contribute to the 
anomalous contractility noted in aged animals (Fig. 4r). However, we 
found that fiber orientation and its coherence for both markers were 
preserved in aging (orientation: P = 0.1539; coherence: P = 0.1466; 
Fig. 4s,t). Together, these results show that reduced coverage of αSMA 
and Prox1, rather than fewer LECs or SMCs, could explain the reduced 
fluid transport seen in aged vessels. This decline in SMA expression 
also matches that seen in the nasopharyngeal lymphatic plexus20 and 
mesenteric lymph vessels in aging21, which might support the notion 
that this is a systemic process rather than a regionally specific event.

To further characterize scLV wall dynamics, we computed the 
average contraction amplitude over the systolic cycle (Extended Data 
Fig. 3d). We observed a 20% reduction in the contraction amplitude 
and a 30% longer contraction phase of 22-month-old vessels, com-
pared to 2-month-old vessels (P < 0.0001; Extended Data Fig. 3d). 
Two-month-old scLVs achieved wall velocities double that of their aged 
counterparts (P < 0.0001; Extended Data Fig. 3e). In summary, our 
measurements suggest that reduced SMA fiber coverage, rather than 
basement membrane changes, coincides with slower and smaller intrin-
sic pulsations, which together with decreased contraction frequency 
(Fig. 2e) result in the lower average volumetric flow rates (Fig. 3d)  
in aging.

PGF2α restores scLV pumping by improving LV contractility
Since intrinsic pulsations are the principal driver of cLV transport, and 
both LEC and SMC numbers are preserved in aged cLVs, we asked if it 
was possible to rescue the function of atrophic SMCs in aged scLVs and 
restore lymphatic drainage. We topically applied PGF2α, a prostanoid 
that induces LV contractions by increasing intracellular Ca2+ concentra-
tions in SMCs30,39,40 (Fig. 5a–d). PGF2α increased the intrinsic pulsation 
rate (Fig. 5f) in young mice (50.7%, P = 0.0216) and even more in old mice 
(152.0%, P = 0.0136), restoring the intrinsic rate to levels seen in young 
animals before treatment (P = 0.487). Similarly, downstream speeds 
were increased in young mice (103.1%, P = 0.0497) and increased even 
more in old mice (3.5-fold, P = 0.0020), surpassing baseline speeds in 
young animals (P = 0.016; Fig. 5g). Notably, PGF2α not only decreased 
the spatial median vessel diameter in 2-month-old (P = 0.0327) and 
22-month-old (P = 0.0329; Fig. 5h) mice, but also increased the contrac-
tion amplitude (Δd; P < 0.0001 versus before; Fig. 5j), suggesting that 
in addition to increasing phasic activity it also enhances tonic activ-
ity. However, there was no change in the ejection rate in 2-month-old 
(P = 0.1220) or 22-month-old (P = 0.8362; Fig. 5i) mice, indicating that 

PGF2α primarily stimulates SMC contractions but has no effect on valve 
dynamics. Reassuringly, topical application of PGF2α did not induce 
changes in the cardiac or respiratory rates (Extended Data Fig. 4). These 
experiments confirmed that PGF2α rescued the intrinsic pumping ability 
of aged vessels by amplifying the contractions and boosting their fre-
quency. These observations further support the idea that age-induced 
cLV dysfunction can be reversed by optimizing SMC function.

To see if applying PGF2α translated to improved cLV transport, we 
calculated volumetric flow rates and anterograde and retrograde frac-
tions after treatment (Fig. 5e). We observed flow was predominantly 
unidirectional (Fig. 5e and Supplementary Videos 5 and 6). The antero-
grade fraction increased by 7.0% in 2-month-old mice (90.8% ± 0.8% 
versus 97.1% ± 0.6%, P = 0.0045) and by 31.7% in 22-month-old mice 
(72.5% ± 2.1% versus 95.5% ± 0.5%, P = 0.0005; Fig. 5l), while the retro-
grade fraction decreased by 64.2% in 2-month-old mice (8.1% ± 1.0% 
versus 2.9% ± 0.6%, P = 0.0061) and by 83.6% in 22-month-old mice 
(27.5% ± 2.1% versus 4.5% ± 0.4%, P = 0.0005; Fig. 5k). Average volumet-
ric flow rates were significantly larger after PGF2α in both 2-month-old 
mice (148.6%, P = 0.0021) and 22-month-old mice (181.4%, P = 0.0215; 
Fig. 5m). PGF2α increased the anterograde fraction even when compared 
with untreated young controls (P = 0.0012 and P = 0.0133, respectively), 
implying that with adequate therapy, the function of aging LVs can be 
restored to youthful levels.

Restoring scLV function rescues CSF/ISF drainage in aged 
animals
Because cLVs drain CSF from the CNS, we asked whether restoring scLV 
function with PGF2α would enhance CSF clearance. After intracisternal 
delivery of fluorescent microspheres, we quantified the number of 
particles detected in the scLVs as a surrogate of solute transport, as 
in Fig. 3e. CSF drainage in 2-month-old mice increased by 35.4% after 
administration of PGF2α (P = 0.0355; Fig. 5n). Surprisingly, in aged mice 
treatment resulted in nearly four times more solute arriving to the cLN 
compared to untreated aged controls (P = 0.0017; Fig. 5n). cLV stimula-
tion alone enhanced CSF drainage in aged mice above young untreated 
levels (P = 0.0208). Moreover, because cLVs transport fluid via bulk 
motion, increased CSF clearance should apply to all macromolecu-
lar solutes immersed in the fluid (for example, proteins and cells). To 
test whether PGF2α could increase the efflux of proteins in the CSF, we 
injected ovalbumin conjugated to Alexa Fluor 647 (OVA-647) into the 
cisterna magna. Because 2P-OPTIC is only able to quantify transport 
along a single cLV, to include all scLVs we used an epifluorescence mac-
roscope to quantify net transport of a protein-sized tracer (45 kDa) from 
the CSF. PGF2α treatment was also extended to 60 min to determine if 
its effect could be sustained for longer durations. CSF clearance was 
inferred from changing fluorescence intensity of the OVA-647 tracer 
after cisterna magna injection (Fig. 6a and Supplementary Video 7). 
PGF2α promoted robust CSF drainage in both young (P < 0.0001) and 
old (P < 0.0001; Fig. 6b,c) mice, and rescued the blunted CSF efflux in 
22-month-old animals back to 2-month-old levels. Ex vivo analysis of the 
cLNs showed a significantly larger accumulation of OVA-647 after PGF2α 
for 90 min in 2-month-old and 22-month-old mice (Extended Data Fig. 5).

Drainage of a protein tracer delivered into the cisterna magna 
can bypass the brain parenchyma, so to further evaluate the role of 
augmenting scLV transport on brain clearance, we labeled interstitial 
fluid (ISF) in the striatum by injecting Direct Blue 53 (DB53, also T-1824 
or Evans Blue; Fig. 6a). DB53 was chosen because it is a small (960.8 Da), 
fluorescent tracer that reliably traces ISF. DB53 is cleared toward blood, 
where it has high affinity to plasma albumin, allowing it to remain in 
circulation for up to 135 min at stable concentrations41–45. Significantly 
less DB53 was retained in the brain after PGF2α (6.3% ± 0.9% versus 
10.1% ± 1.3%; P = 0.0314; Fig. 6d,e). Brain clearance can be quantified 
by assessing DB53 signal in the femoral vein, which was dramatically 
increased after PGF2α compared with control (P < 0.0001; Fig. 6f,g).  
The DB53 signal was significantly higher with PGF2α compared with 
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control at 75 min (8.3 ± 1.3 versus 4.6 ± 0.8; P = 0.0351), 90 min (10.3 ± 1.5 
versus 5.5 ± 0.6; P = 0.0014), 105 min (10.8 ± 1.4 versus 6.6 ± 0.7; 
P = 0.0070) and 120 min (11.45 ± 8.3 versus 6.8 ± 0.7; P = 0.0023; Fig. 6g). 
In summary, restoring scLV function boosts CSF/ISF drainage and 
increases the arrival of CNS-borne proteins to cLNs in both young 
and aged mice. These findings suggest that cervical lymphatics are 
important drivers of CSF clearance and function as critical bottlenecks 
in slowing CSF outflow in old age.

Discussion
In this study, we introduced 2P-OPTIC, a method to quantify cLV flow 
dynamics of CSF solutes. We presented a comparison of hydrodynami-
cal measurements of cLVs in young and aged mice in vivo. We found 
that cLVs are ~70 μm in diameter and support flow speeds on the order 
of 150 μm s−1. The primary driver of these viscosity-dominated flows 
is intrinsic contractions of the lymphangions, which are impaired by 
aging. As seen previously in other lymphatic networks21, we found an 
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Fig. 5 | PGF2α restores lymphatic flow and reverses the effects of aging on CSF 
drainage. a,b, Representative images of time-averaged speed (a) and velocity (b) 
in young mice and 22-month-old mice before (left column) and after (right 
column) PGF2α administration. Scale bar, 50 μm. c,f,j, Vessel diameter variation 
shows that PGF2α stimulates the vessel and promotes intrinsic pulsation for 
young and old groups (c), with a larger increase in intrinsic rate (f) and Δd  (j) 
observed in old mice. d,g,i, Downstream velocity variation indicates that the 
PGF2α-induced stimulation of vessel walls increased efflux (d), with faster mean 
downstream speeds (g) and ejection rate (i). e, Temporal variation of 

instantaneous volume flow rate (Q) before and after administration of PGF2α for 
young and old groups. h, Median vessel diameter indicates that administration of 
PGF2α reduces the size of the vessel. Paired t-test was performed in e–h. Data are 
the mean ± s.e.m., n = 5. k, Retrograde fraction was decreased by PGF2α for young 
and old group. l–n, Anterograde fraction (l), average volume flow rate (m) and 
particle count (n) were all restored by PGF2α in aging. Two-sided paired t-test was 
performed (f–i and k–n). Two-way ANOVA with Sidak’s multiple-comparisons 
test was performed (j). Data are presented as the mean ± s.e.m.; n = 4–5 mice  
per group.
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retention expressed as the percentage area of DB53 fluorescence. Two-sided 
unpaired Student’s t-test was performed. mean ± s.e.m., n = 6–7 mice per group. 
f, Representative imaging of the acquired in vivo femoral vein images after 1 μl 
4% DB53 injection in the striatum. Scale bar, 1 mm. g, Quantification of plasma 
clearance measured at the femoral vein. Two-way ANOVA with Sidak’s multiple-
comparisons test was performed. Data are presented as the mean ± s.e.m.; 
n = 6–7 mice per group.
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associated reduction in SMA20,38 in lymphatic SMCs. Additionally, dys-
functional valves in aging scLVs failed to ensure unidirectional trans-
port, further reducing efficiency of aging cLVs. The use of PGF2α, known 
to induce contractility of SMCs in the general circulation30,46, restored 
pumping of scLVs by increasing intrinsic contractions without chang-
ing cardiac or respiration rates. Rescue of scLV function was evident 
in transport of lymph and in increased tracer accumulation in cLNs.

Unlike cardiovascular networks, lymphatic networks lack a central 
pump, so lymphatic fluid is transported by intrinsic contractions of the 
lymphangions and extrinsic contractions from surrounding skeletal or 
smooth muscle23. In both scLVs and dcLVs, we observed an average Re 
(<0.006) which is ~25% smaller than in rat mesenteric LVs, but typical 
for small LVs (<100 μm)1. Flow speeds during contractions increased 
nearly two orders of magnitude (~1,500 μm s−1, instantaneous Re ~ 0.6), 
also comparable to rat mesenteric LVs47. Flow invariably remained lami-
nar and viscosity-dominated. In scLVs, Wo ~ 0.03, indicating transient 
inertial effects are negligible. In contrast, Wo ~ 0.1 in rat mesenteric 
vessels47, and Wo = 1.4 in the human thoracic duct, where inertial effects 
become important48. Interestingly, Re and Wo have comparable values 
in similarly sized blood vessels, and in brain perivascular spaces49. cLVs 
transported about a third of the flow (~70 nl min−1) of rat mesenteric ves-
sels with a similar diameter (91 μm, ~230 nl min−1)50. Flows oscillated at 
a frequency similar to the intrinsic contraction rate (~0.2 Hz ≈ 12 min−1), 
like collecting LVs in the rat mesentery51, but faster than abdominal LVs 
in mice (6 min−1)40.

Our results show no cardiac or respiratory effects; the dominant 
flow frequency was an order of magnitude smaller than that of either 
(2–3 Hz). That finding is intuitive, since the scLVs sit near the skin and 
are relatively unconstrained by the neck musculature. Extrinsic pump-
ing might matter more in dcLVs, surrounded by neck muscles. However, 
dependence on contractility renders cLVs vulnerable to aging. Aging 
results in morphological (for example, reduced vessel density) and 
functional (for example, reduced transport capacity) alterations in LVs, 
and lymphatic networks including thoracic duct, skin, meningeal and 
mesenteric LVs have shown impairment in aging52. Lower production of 
lymphangiogenic factors and diminished regenerative capacity of LECs 
are major causes. Aging also reduces SMA coverage around vessels and 
valves, and alters basement membranes, increasing permeability and 
decreasing contractility35,51,53–55. Our study shows that cLVs are affected 
by the same changes as those seen in other collecting LVs.

Our study shows that cLVs facilitate CSF drainage and are impor-
tant for the proposed glymphatic–lymphatic system. The glymphatic 
system transports CSF through arterial perivascular spaces into the 
brain’s extracellular space, where it mixes with interstitial fluid and 
metabolic waste, subsequently draining along perivenous spaces56,57. 
Arachnoid cuff exit (ACE) points allow direct exchange of fluids and 
solutes between the subarachnoid space and the dura, enabling efflux 
via meningeal lymphatics58 or cranial and spinal nerves, where it is 
taken up by the nasopharyngeal lymphatic plexus20 and extracranial 
collecting LVs, which drain into cLNs via cLVs7,59–61. Thus, cLVs are piv-
otal for CNS clearance60, as highlighted by the fact that knocking out 
Prox1 (thereby causing mispatterned and leaky LVs) and/or ligating 
cLVs reduced CSF entry into the glymphatic pathway and slowed CSF 
clearance9. Reducing flow downstream (in the lymphatics) limits flow 
upstream (glymphatic) due to conservation of mass. Optically ablating 
meningeal lymphatics had a similar effect9. While we demonstrate that 
aging drastically affects scLVs, aging also affects meningeal LVs, further 
hindering CSF drainage9,18. Aging also reduces CSF production62 and 
outflow from cranial foramina7,18,63. Nonetheless, our study shows that 
restoring scLV function alone is sufficient to rescue these age-induced 
effects, offering a treatment strategy.

Reestablishing CSF clearance has been proposed as therapy for 
Alzheimer’s disease, Parkinson’s disease, ischemic stroke and trau-
matic brain injury64. Meningeal LVs in aged mice can be rescued with 
vascular endothelial growth factor-C (VEGF-C), improving glymphatic 

flow and cognition in old mice9. This interaction is mediated by cLVs 
because their ligation abolished the benefits9. Ablating meningeal LVs 
increases amyloid-β burden and promotes deposition in mouse models 
of Alzheimer’s disease9, while mice that lack meningeal lymphatics 
also retain more tau65, likewise associated with Alzheimer’s disease. 
Aged animals clear an intraparenchymal injection of radio-labeled 
amyloid-β at a 40% slower rate66. Similarly, ligation of cLVs restricted 
lymphatic efflux and exacerbated the aggregation of α-synuclein in 
mouse models of Parkinson’s disease11. In the case of acute ischemic 
stroke, mice with dysfunctional meningeal LVs have increased infarct 
volumes after transient middle cerebral artery occlusion12.

Besides affecting disease, cLVs also modulate therapies. For exam-
ple, meningeal LVs undergo extensive remodeling in mouse models of 
intracranial gliomas and metastatic melanoma, decreasing dendritic 
cell trafficking to cLNs, dampening CD8+ responses, and reducing the 
effect of anti-PD-1/CTLA-4 checkpoint therapy16,67. Restoring LVs with 
VEGF-C improves the response to immune checkpoint inhibitors tar-
geted at CNS tumors and anti-amyloid antibodies used in the treatment 
of Alzheimer’s disease16,67,68. We show that scLVs can rescue ISF and CSF 
drainage in aged mice by topical application of PGF2α (dinoprost), a nat-
urally occurring prostanoid that binds to the PGF2α receptor. An analog 
of PGF2α (carboprost) is used clinically to induce uterine contractions 
and terminate postpartum bleeding69. Carboprost is injected intramus-
cularly70 but could be administered transdermally in the neck, which 
is less invasive than VEGF-C gene therapy or hydrogel-encapsulated 
VEGF-C application to the skull (some of which are in clinical trials; 
NCT03658967)52. Small concentrations of phenylephrine (10 nM) 
applied to dcLVs also enhance CSF drainage20. Both PGF2α and phenyle-
phrine are Gq-protein-coupled receptor ligands, possibly suggesting 
overlapping mechanisms. Sodium nitroprusside (3 μM), a nitric oxide 
donor, also increased tracer uptake in deep cervical lymph nodes 
(dcLNs), suggesting that other modulations are possible20. However, 
clearance of CSF tracers toward the dcLNs increased more with PGF2α 
than with either phenylephrine or nitroprusside (approximately 180% 
versus 51.6% versus 33.9%, respectively) compared to control groups. 
Thus, modulating scLV function can augment CSF drainage without 
access to dcLVs.

2P-OPTIC provides quantitative, real-time, in vivo measurements 
of CSF drainage via cLVs. Prior studies focused on ex vivo explants of LVs 
that were cannulated and pressurized. While those techniques allow 
detailed observation, they remove the LVs from surrounding tissue. 
Prior studies measured lymphatic flows in vivo with ultrasound24,25 
or optical coherence tomography71,72 but were generally not com-
patible with fluorescent reporters (for example, Prox1-GFP). Some 
studies measured cLV kinetics using fluorescence stereomicroscopy 
to evaluate perineural outflow and draining lymphatics7,20,73. While 
those methods allow large imaging volumes and robust tracer quan-
tification (Fig. 6b), they generally equate fluorescence intensity with 
fluid transport, which our study suggests correlates more with LV 
diameter than flow speed. A recent study20 found that higher doses 
of phenylephrine (50 μM–5 mM) cause tonic constriction of dcLVs 
resulting in decreased LV diameter and lower fluorescence intensity of 
an intraluminal tetramethylrhodamine-dextran, while sodium nitro-
prusside (25 μm) relaxed dcLVs, enlarging vessels and increasing fluo-
rescence intensity. Intriguingly, either phenylephrine or nitroprusside 
decreased apparent drainage to dcLNs, suggesting that fluorescence 
intensity in dcLVs might not reliably predict transport. Two-photon 
microscopy overcomes limitations of stereomicroscopy by allowing 
in vivo imaging with high resolution, small depth of focus and detection 
of multiple fluorophores. Previous approaches have used two-photon 
microscopy to track endogenous lymphocytes33,50,74,75, but their interac-
tions with the LV wall limit their ability to track bulk fluid motion33,74,75. 
2P-OPTIC uses a dual tracer approach, labeling cLVs to track contrac-
tions and using microspheres to measure flow. Disadvantages of this 
technique are the need to inject exogenous tracers and surgically 
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expose LVs; however, in the future, the technique will be optimized 
by labeling endogenous components of lymph (that is, expressed 
proteins) and using transdermal two-photon imaging. While 2P-OPTIC 
was developed for cLVs, it can be used in other lymphatic networks.

In conclusion, we developed two-photon optical imaging with 
particle tracking in vivo (2P-OPTIC) and found that cervical lymphatic 
pumping is impaired in aging. Aging reduced the frequency and ampli-
tude of lymphatic contractions, slowing flow. Aged lymphatic valves 
failed to open and close properly, consistent with a loss of SMC cover-
age, explaining the increase in retrograde flow. Because multiple CSF 
outflow pathways converge at cLVs, our results provide evidence that 
improving cLV function can restore CSF drainage in aged animals and 
possibly provide a therapeutic platform for treating neurological 
diseases.

Methods
Animals
Animal experiments were approved by the University Committee on 
Animal Resources of the University of Rochester and followed the 
National Institutes of Health (NIH) Guide for the Care and Use of Labora-
tory Animals and the ARRIVE Guidelines. Male C57BL/6 8-week-old mice 
were obtained from Charles River Laboratories. Eighteen-month-old 
and 22-month-old mice were acquired from the National Institute on 
Aging. Prox1-EGFP+ reporter mice were kindly provided by K. Alitalo 
on the C57BL/6JRj background ( Janvier Labs) were utilized76. Mice 
were housed at an ambient temperature of 70–74 °F and a humidity 
of 30–70%. For different experimental groups, the number of mice 
was based on our experience, types of technical difficulties and previ-
ously published studies. Mice were allocated to different experimental 
groups randomly.

Drugs
Animals were anesthetized with ketamine–xylazine (100/10 mg kg−1, 
intraperitoneally). PGF2α (5 μM in PBS, VWR) was applied directly onto 
the cervical lymph vessel.

Surgical procedure
Anesthetized mice were placed in a stereotaxic frame and a 30-gauge 
needle connected to PE-10 tubing filled with artificial CSF (aCSF) was 
inserted into the cisterna magna as described here77. Then, animals 
were positioned on their backs on a heating pad to maintain body 
temperature. A midline surgical incision was made from the chin to the 
sternum to expose the scLV. To expose dcLVs, the superficial cervical 
fascia was incised and a deep neck dissection along the lateral border 
of the trachea was achieved by separating along the medial border of 
sternocleidomastoid and posterior belly of the digastric muscles to 
expose the common carotid artery and internal jugular vein. dcLVs run 
superficial to both these vascular structures and were confirmed as 
being Prox1-GFP positive. Afterwards, FITC–dextran (3 kDa, 1% solids 
in saline, 20 μl, Invitrogen) was injected in each cheek. Red fluorescent 
polystyrene microspheres (FluoSpheres 1.0 μm, 580/605 nm, 0.25% 
solids in aCSF (Invitrogen) were briefly sonicated and infused at 2 μl 
min−1 for 5 min into the cisterna magna catheter with a syringe pump 
(Harvard Apparatus).

Measurement of vital signs
Heart and respiratory rate were measured using a small-animal physi-
ological monitoring device (Harvard Apparatus), which acquired meas-
urements at 1 kHz and 250 Hz, respectively. The signals were digitized 
and recorded with a DigiData 1550A digitizer and AxoScope software 
(Axon Instruments).

In vivo two-photon laser scanning microscopy
A resonant scanner B scope (Thorlabs) with a Chameleon Ultra II laser 
(Coherent) was used for two-photon imaging. FITC–dextran and red 

microspheres were excited at a wavelength of 820 nm. A water immer-
sion ×20 objective (1.0 NA, Olympus) was used. Images were acquired 
at 60 Hz (ThorImageLS software) simultaneously with physiological 
recordings (3 kHz, ThorSync software).

Image processing
The 16-bit images were obtained from two-photon microscopy using 
two channels (red and green), each with spatial dimensions of 256 × 256 
at least. The green channel captured the FITC–dextran in the lymph 
vessel, while the red channel captured the fluorescent microspheres 
flowing in the lymph vessel. Image registration was the first step in 
imaging processing, necessary to account for movement of the mouse 
in the background. An efficient algorithm in MATLAB78 was used to 
apply rigid translations (no rotation or deformation) that were calcu-
lated to an accuracy of 0.2 pixels. At least ten continuous images from 
the recording that showed the most stability and least movement were 
used as a reference for the rigid translations. Erroneous correlations in 
the translations (where the algorithm failed) were inspected and manu-
ally corrected via linear interpolation. The corrected translations were 
then sequentially applied to the images whose edges are also padded 
with zero-value pixels to ensure spatial homogeneity across all images 
without modifying the image resolution. Particles were then detected 
in each image by applying a minimum intensity threshold. These parti-
cles are typically resolved across 3–4 pixels in the image with an image 
resolution of 1.29 μm per pixel. The motion artifact index was calcu-
lated from time-lapse imaging using an epifluorescence macroscope. 
Dissimilarity between sequential images was computed as the mean 
of the absolute value of the difference of each pixel.

Particle tracking velocimetry
The particles detected in each image were tracked using an automated 
particle tracking velocimetry routine implemented in MATLAB79,80. 
Briefly, the algorithm locates each particle with a sub-pixel accuracy 
and correlates its movement across images to obtain a series of particle 
locations (particle tracks) for the duration of the recording. The particle 
velocities are then calculated by convolution with a Gaussian smooth-
ing and differentiation kernel. Stagnant particles that had adhered to 
the wall of the lymph vessel, and hence no longer follow lymph flow, 
were masked in each image by subtracting a dynamic background 
image. This image was different for each frame and was computed 
by taking the average of 100 frames before and after the given image.

Lymph vessel diameter and contraction frequency
Vessel diameter. Using a custom MATLAB code, the spatial median 
vessel diameter was measured for the same temporal segments used 
for speed measurement. First, the centerline of the imaged vessel was 
identified by an algorithm that applied a spatially varying threshold for 
each image, then identified the edge, using the ‘skeletonize’ function in 
MATLAB. The identified centerline was also verified manually. Twenty 
transverse lines were then interpolated and the changes in the vessel 
diameter were measured with sub-pixel accuracy by identifying loca-
tions along the transverse lines where the pixel intensity dropped to 
20–40% of the maximum value. Then, the median over space and time 
was computed. Any small systematic drift in the median value (due to 
translation of the two-photon imaging plane or movement in and out 
of the imaging plane due to respiration artifacts) was smoothed by 
computing a moving average over a 1-s window.

Intrinsic pulsation rate. The MATLAB function ‘findpeaks’ was used 
to identify the maxima and minima of the smoothed vessel diameter 
measurements obtained above. Contractions of amplitude less than 3% 
of the mean diameter or those separated by less than 2 s were rejected. 
The mean values of maxima and minima were then identified in 4–5 
one-minute time windows, and the average value of the two means was 
assigned as the contraction frequency per minute.
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Computing flow-derived quantities
Mean clearance speed. Five-minute recording segments were manu-
ally selected for analyses to ensure uninterrupted continuous particle 
count in each frame. Mean clearance speeds were obtained by segregat-
ing the imaged domain into bins of size 5 or 10 pixels (depending on 
particle counts), computing the time-averaged flow velocity in each bin, 
and then computing the spatial average. We used at least 30 separate 
measurements in space with each at least 7 measurements in each bin 
to ensure reliable estimates of the mean.

Downstream velocity. We computed the spatially averaged mean 
downstream velocity, Vdownstream, in each frame using the relationship 
Vdownstream = u ⋅ ūavg, where u is the instantaneous particle velocity and 
ūavg is the field of unit vectors computed from the time-averaged flow 
field in the direction of lymphatic fluid efflux from vessel.

Ejection rate. The ejection rate was calculated as pulsation frequency 
(min−1) of the downstream velocity. The ejection rate reported for each 
dataset was the average number of oscillations measured in at least 
three nonoverlapping 1-min intervals.

Instantaneous volumetric flow rate, anterograde fraction, retro-
grade fraction and average volumetric flow rate. The instantaneous 
volumetric flow rate, Q, for each frame was computed as the product 
of the measured downstream velocity Vdownstream and the approximate 
cross-sectional area of the vessel, πD2⁄4, where D is the measured spatial 
median vessel diameter in each frame. A positive value of Q indicates 
lymphatic fluid ejection from the vessel (anterograde flow) and a nega-
tive value indicates retrograde flow. The volumetric flow rate was 
computed for 1-min time windows in the recording. The area under this 
curve was computed in MATLAB to determine volume flow rate-related 
quantities. The total positive area indicates the volume of lymph 
ejected from the vessel, and the negative area (area of curve below zero) 
indicates the volume of lymph that flows into the lymphangion 
upstream of the imaged section. The ejection fraction is calculated as 
the percentage of the flow in the forward direction (the ratio of total 
positive flow volume to the total volume flowing through the lymphang-
ion), and the retrograde fraction is calculated as the percentage of flow 
volume that flows upstream (the ratio of total volume to the total 
volume flowing through the lymphangion). The net volume or average 
volumetric flow rate cleared from the vessel was calculated as the dif-
ference between the total positive and negative flow volumes in a 1-min 
window.

Immunohistochemistry
Mice were transcardially perfused with 4% paraformaldehyde in 0.1 M 
phosphate buffer, pH 7.4, and the cervical lymph vessels were carefully 
dissected under a dissection macroscope and placed over slides coated 
with a solution of gelatin and chromium potassium sulfate dodecahy-
drate. The vessels, while still attached to their respective nodes, were 
incubated in 24-well microtiter plates (Corning) in blocking solution 
of 10% serum-PBS containing 0.1% Triton X-100, 0.05 mg ml−1 Affin-
ipure Fab fragment ( Jackson ImmunoReseach), 0.2% gelatin for 2 h at 
room temperature, followed by three 5-min washes in PBS. The vessels 
were incubated using the mesh well inserts that allowed the entire 
sample (vessels attached to the nodes) to be incubated and washed by 
blocking solution. Incubations with the primary antibodies for SMA 
(1:250 dilution; A5228, Millipore Sigma), collagen IV (1:400 dilution; 
2150-1470, Bio-Rad) and LEC marker LYVE1 (1:400 dilution; 25-0443-
82, Invitrogen) were carried out overnight at 4 °C in PBS containing 
5% normal donkey serum, 0.1% Triton X-100 and 0.2% gelatin under 
agitation. After PBS washing, tissues were incubated with a mixture 
of secondary antibodies Cy3-conjugated donkey anti-rabbit, Cy-2 
conjugated donkey anti-rabbit and Cy5-conjugated donkey anti-mouse 
(1:500 dilution; Jackson ImmunoResearch; 711165152 and 715175151, 

respectively) and DAPI (2.5 μg ml−1; D21490, Invitrogen) in PBS con-
taining 5% normal donkey serum, 0.1% Triton X-100 and 0.2% gelatin 
for 1 h at room temperature. PBS-washed samples were then mounted 
on microscope slides in wells created with adhesive spacers. The LVs 
were unfurled from the respective nodes and were mounted with Pro-
Long Gold Antifade Mount (P36930, Invitrogen). The immunolabeled 
lymph vessels were imaged using confocal microscopy (FV3000RS, 
Olympus). Multichannel z-stacks (×20, 1 μm step size) across the total 
width of the lymph nodes were acquired using the same acquisition 
parameters for all samples. To evaluate protein distribution, the cen-
tral plane of the acquired z-stacks was analyzed using the plot profile 
function of ImageJ (version 1.53c, NIH), drawing a 200-μm-wide line 
perpendicular to the vessel lumen, obtaining the linear distribution 
of fluorescence. Due to the variability of the lymph vessel width, the x 
axis of the obtained graphs was normalized by its own diameter. The 
resulting distributions displayed the raw fluorescence distribution on 
the y axis and width ratio on the x axis, allowing their direct compari-
son. To evaluate differences in protein expression, the area under the 
curve was calculated for all samples and both proteins. Coverage area 
was calculated by using an automated thresholding step and comput-
ing the percentage of pixels within a LV ROI that was manually drawn. 
Prox1-GFP images were used to generate ROIs. The valvular region 
was identified as a Prox1-GFP dense region corresponding to the two 
semilunar leaflets that form the lymphatic valve. The prevalvular and 
postvalvular regions of the LV were defined as the regions immediately 
proximal and distal to the valve within the ×40 magnification image 
(field of view: 318.20 μm × 318.20 μm). These two regions were com-
bined to generate a perivalvular ROI. DAPI+ nuclei were counted using 
CellCounter on Fiji. To quantify LECs, DAPI+ cells that were also Prox1+ 
were considered LECs. LECs were expressed as a percentage of all DAPI+ 
nuclei. SMCs were quantified from DAPI+ channel images where LEC 
nuclei were subtracted. Remaining DAPI+ nuclei that also stained posi-
tive for SMA were considered SMCs and expressed as a percentage of 
DAPI+ nuclei. Fiber orientation was computed using OrientationJ on 
Fiji81. Since orientations ranged from −90° to 90° but functionally have 
a longitudinal orientation, we calculated the absolute value of all nega-
tive orientations and expressed orientation in the range of 0–90°. The 
OrientationJ plugin also calculates coherence of fiber orientation, and 
this was also evaluated for both valvular and perivalvular ROIs. Rep-
resentative videos were generated from confocal high-magnification 
z-stacks (×60, 0.4 μm step size, FV3000RS, Olympus) acquired with 
identical parameters.

Epifluorescence optical microscopy
OVA-647 (0.5% wt/vol, 45 kDa, Invitrogen, 10 μl, 2 μl min−1) was 
injected into the cisterna magna through a 30-gauge needle con-
nected to PE-10 tubing using a syringe pump (Harvard Apparatus). 
cLVs were surgically exposed as before and imaged using a fluores-
cence macroscope (MVX10, Olympus) with a PRIOR Lumen 1600-LED 
light source and an ORCA Flash 4.0 digital camera (Hamamatsu) using 
Metamorph software. The images at ×20 magnification from the 
far-red emission channel (647 nm) were collected at 1-min intervals 
for 60 min following the start of the injection. Exposure time was 
kept constant across all the experimental groups. One microliter of 
PBS with or without 5 μM PGF2α was applied directly onto the cervical 
lymph vessel simultaneously with the injection of OVA-647 into the 
cisterna magna.

Lymph node imaging
One microliter of PBS with or without 5 μM PGF2α was applied directly 
onto the cervical lymph vessel simultaneously with the injection of 
OVA-647 (0.5% wt/vol, 45 kDa, Invitrogen, 10 μl, 2 μl min−1) into the 
cisterna magna for 90 min. Then, the superficial and deep cLNs were 
dissected and put on the microscope slices (Fisherbrand). The lymph 
nodes were placed under the microscope (MVX10 Research Macro 
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Zoom Microscope, Olympus). The images were acquired in the far-red 
emission channel (647 nm).

Clearance assay
A clearance assay was conducted using our published method41. 
Briefly, anesthetized mice were mounted in a stereotaxic apparatus 
and a small burr hole was made (AP +0.6 mm; ML −2.0 mm). A guide 
cannula (26 G, C315G SPC, 4.5 mm below pedestal) and dummy cannula 
(33 G, C315DC/SP, 0.1 mm projection) was placed at DV 3.3 mm. After 
48 h, the dummy cannula was replaced by the inner cannula (33 G, 
C315I/SP, 0.1 mm projection), connected by a PE-10 tubing to a 10 μl 
Hamilton syringe containing 4% (wt/vol) DB53 in sterile aCSF. The left 
femoral vein was exposed via skin resection and was placed under 
a fluorescence macroscope (microscope: MVX10, Olympus; light: 
PRIOR Lumen 1600-LED; camera: Flash 4.0 digital, Hamamatsu). The 
pump infusion (1 μl, 0.2 μl min−1) was triggered simultaneously with 
the imaging over the vein, once every 15 min for 2 h for the intraparen-
chymal delivery. PBS (1 μl) with or without 5 μM PGF2α was applied 
directly onto the bilateral scLVs for the duration of the imaging. At 
the end of the experiment, animals were decapitated, and their brains 
were harvested for postmortem analysis. Quantitative analysis of the 
femoral vein and ex vivo brain imaging data has been described in a 
previous paper41.

Statistics and reproducibility
All statistical analyses were performed using GraphPad Prism 8 and/
or MATLAB. Tests were chosen based on the dataset and are reported 
in the figure legends. The analysis methods include two-way ANOVA 
with Sidak’s multiple-comparisons test, one-way ANOVA with Tuk-
ey’s multiple-comparisons test, and two-sided paired t-test. P < 0.05 
was considered statistically significant. All data are presented as the 
mean ± s.e.m. No statistical methods were used to predetermine sam-
ple sizes but our sample sizes are similar to those reported in previous 
publications17,49,82. Data distribution was assumed to be normal, but 
this was not formally tested. Data collection and analysis were not 
performed blind due to the conditions of the experiments. Animals or 
data points were excluded from the study either if the image registra-
tion algorithm implemented in the study failed due to excessive motion 
artifacts or if the anesthesia paradigm failed.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. All other data supporting the 
findings of this study are available from the corresponding authors 
upon reasonable request.

Code availability
All relevant code is available in the public domain repository at 
https://gitlab-public.circ.rochester.edu/araghuna/bulk-flow-is-not- 
an-artifact_raghunandan_et_al_2021.git/.
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Extended Data Fig. 1 | Cervical Lymphatic efflux is not modulated by cardiac 
and respiration forces. (a–d) Representative vessel contractions (blue curves) 
and downstream velocity (orange) phase-averaged waveforms compared to 

changes in measured cardiac (red curves) and respiration signals (green curves). 
(e–h) Linear regression of intrinsic rate or ejection rate with 95% confidence 
intervals did not reveal any correlation with heart rate or respiration rate.
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Extended Data Fig. 2 | Mean pixel intensity of dextran dye is highly correlated 
with lymphatic vessel (LV) diameter and is a poor predictor of LV transport. 
(a) cLVs were labeled by the dextran (red) injected into the cheek, while 
microsphere particles injected into the CM appear green; (inset) the white arrows 
show the velocity of each particle. Scale bar: 50 μm. (b) Normalized LV diameter 
changes (as a percent of baseline), the mean fluorescence intensity changes 
(as a percent of baseline), and normalized flow speed in cervical lymph vessel 
before and after PGF2α. Normalized flow speed was quantified by calculating 
the magnitude of the mean downstream velocity in each movie frame, then 
dividing those values by the corresponding value for the first frame (8.48 
μm/s). Treatment with PGF2α caused a 22.4% decrease in LV diameter and 41.7% 
decrease in mean pixel intensity, despite having a 146% increase in flow speeds. 

(c) Scatterplot depicting the correlation between computed z-scores of mean 
pixel intensity and, maximum flow speed and LV diameter. Linear regression 
between mean pixel intensity and max flow speed show that mean pixel intensity 
explains around 22% of the variance in flow speed and has a negative slope, 
counterintuitively suggesting that higher dye concentration correlates with 
lower flow speeds (P = 0.0044). Contrastingly, mean pixel intensity explains 68% 
of the variance in LV diameter and the relationship has a positive slope (β = 0.81), 
indicating that mean pixel intensity is highly correlated with LV diameter 
(P < 0.0001). Due to the strong correlation between mean pixel intensity and LV 
diameter, our dataset also suggested that wider LV diameters resulted in slower 
flow speeds (β = −0.69, R2 = 0.33, P = 0.0003).
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Extended Data Fig. 3 | Lymphatic smooth muscle actin loss impairs phasic 
contractions in old age. (a) Representative images of cervical lymph vessels 
after labeling for nuclei (DAPI), collagen IV (Col IV) and smooth muscle actin. 
Orthogonal sections show 3D distribution. Scale bar: 100 μm. (b-c) Collagen 
IV and SMA fluorescence vary transverse to the vessel direction. Vessel width 
was normalized to allow direct comparison between lymph vessels. Thick lines 
represent mean intensity with SEM shown as shadowed area, thin lines being 
individual animals. If more than one lymph vessel was collected per individual, 
average fluorescence was calculated. Color dots are individual animals. Mann-
Whitney (Interanimal, Col IV: Old vs Young, p = 0.3411, U = 6; SMA: Old vs Young, 

p = 0.0328, U = 1). Two-sided unpaired t-test was performed, Bar graphs show 
area under the curve calculated for both proteins, as mean ± SEM; n = 4–5 mice/
group. (d) Representative phase-averaged expansion and contraction of lymph 
vessels for different age groups. Phase-averaging was performed over at least 
10 cycles. (e) Representative normalized vessel wall velocity for different age 
groups, calculated by differentiating the curves in d. By definition, positive 
speeds signify expansion, and negative speeds signify contraction. Two-way 
ANOVA with Sidak’s multiple comparisons test was performed (d-e). Data are 
presented as mean ± SEM; n = 4-5 mice/group.
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Extended Data Fig. 4 | Cardiac and respiration rates are unaffected by PGF2α. (a) Heart rate and (b) Respiration rates before and after PGF2α for young and old mice 
groups. Two-sided paired t-test was performed. Data are presented as mean ± SEM; n = 5 mice/group.
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Extended Data Fig. 5 | PGF2α sustains lymphatic drainage into cervical 
lymph nodes. (a) CSF clearance was evaluated via an intracisternal injection of 
ovalbumin-conjugated to Alexa 647 (OVA- Alexa 647) with or without PGF2α in 
young and old mice. After 90 min sLN and dLN were dissected and taken imaging 
under microscope. (b) Representative images of the ex vivo lymph nodes with 

or without PGF2α administration in young and old mice group. Scale bar = 2 mm. 
Fluorescent mean pixel intensity (MPI) normalized by the area of lymph nodes 
for sLN (c) and dLN (d). one-way ANOVA with post hoc Tukey’s test. Data are 
presented as mean ± SEM; n = 4 mice/group.
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-Skalli O, Ropraz P, Trzeciak A, Benzonana G, Gillessen D, Gabbiani G. A monoclonal antibody against alpha-smooth muscle actin: a 
new probe for smooth muscle differentiation. J Cell Biol. 1986 Dec;103(6 Pt 2):2787-96. doi: 10.1083/jcb.103.6.2787. PMID: 3539945; 
PMCID: PMC2114627. 
-Abd-el-Basset EM, Fedoroff S. Immunolocalization of the alpha isoform of smooth muscle actin in mouse astroglia in cultures. 
Neurosci Lett. 1991 Apr 29;125(2):117-20. doi: 10.1016/0304-3940(91)90005-e. PMID: 1881588. 
 
Collagen IV (BioRad, 2150-1470) 



-Tang Z, Arjunan P, Lee C, Li Y, Kumar A, Hou X, Wang B, Wardega P, Zhang F, Dong L, Zhang Y, Zhang SZ, Ding H, Fariss RN, Becker 
KG, Lennartsson J, Nagai N, Cao Y, Li X. Survival effect of PDGF-CC rescues neurons from apoptosis in both brain and retina by 
regulating GSK3beta phosphorylation. J Exp Med. 2010 Apr 12;207(4):867-80. doi: 10.1084/jem.20091704. Epub 2010 Mar 15. PMID: 
20231377; PMCID: PMC2856029. 
 
Cy3-conjugated donkey anti-rabbit (Jackson ImmunoResearch; catalog 711165152) 
-Klug JR, Engelhardt MD, Cadman CN, Li H, Smith JB, Ayala S, Williams EW, Hoffman H, Jin X. Differential inputs to striatal cholinergic 
and parvalbumin interneurons imply functional distinctions. Elife. 2018 May 1;7:e35657. doi: 10.7554/eLife.35657. PMID: 29714166; 
PMCID: PMC5929909. 
 
Cy5-conjugated donkey anti-mouse (Jackson ImmunoResearch; catalog 715175151) 
-Yamanishi E, Takahashi M, Saga Y, Osumi N. Penetration and differentiation of cephalic neural crest-derived cells in the developing 
mouse telencephalon. Dev Growth Differ. 2012 Dec;54(9):785-800. doi: 10.1111/dgd.12007. Epub 2012 Nov 15. PMID: 23157329.
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Policy information about  cell lines and Sex and Gender in Research 

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See  ICLAC 

Palaeontology and Archaeology

Specimen provenance

Specimen deposition

Dating methods

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms
Policy information about  studies involving animals ;  ARRIVE guidelines   Sex and Gender in Research 

Laboratory animals The University Committee on Animal Resources of the University of Rochester Medical Center (Protocol No. 2011-023) approved all 
the experiments. Male C57BL/6 mice, 8-week-old mice were obtained from Charles River Laboratories (Wilmington, MA, USA). 
Eighteen-month and 22-month-old mice were acquired from the National Institute on Aging (Bethesda, MD, USA).

Wild animals No wild animals were used in this study

Reporting on sex Sex or gender-based analysis is not relevant to the study.

Field-collected samples No field collected samples were used in this study.

Ethics oversight All experiments were approved by the University Committee on Animal Resources (UCAR), University of Rochester Medical Center

Note that full information on the approval of the study protocol must also be provided in the manuscript.



Clinical data
Policy information about  clinical studies 
All manuscripts should comply with the ICMJE guidelines for publication of clinical research CONSORT checklist 

Clinical trial registration N/A

Study protocol N/A

Data collection N/A

Outcomes N/A

Dual use research of concern
Policy information about  dual use research of concern 

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes
Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area

Experiments of concern
Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as  GEO 

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
 

N/A

Files in database submission N/A

Genome browser session  
(e.g.  UCSC 

N/A

Methodology

Replicates N/A

Sequencing depth N/A



Antibodies N/A

Peak calling parameters N/A

Data quality N/A

Software N/A

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation N/A

Instrument N/A

Software N/A

Cell population abundance N/A

Gating strategy N/A

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type N/A

Design specifications N/A

Behavioral performance measures N/A

Acquisition

Imaging type(s) N/A

Field strength N/A

Sequence & imaging parameters N/A

Area of acquisition N/A

Diffusion MRI Used Not used

Preprocessing

Preprocessing software N/A

Normalization N/A

Normalization template N/A

Noise and artifact removal N/A

Volume censoring



Statistical modeling & inference

Model type and settings N/A

Effect(s) tested N/A

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See  Eklund et al. 2016 

N/A

Correction N/A

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis
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