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Abstract

Objective—To assess lymphatic flow adaptations to edema, we evaluated lymph transport

function in rat mesenteric lymphatics under normal and edemagenic conditions in situ.

Methods—Twelve rats were infused with saline (intravenous infusion, 0.2 ml/min/100g body

weight) to induce edema. We intravitally measured mesenteric lymphatic diameter and contraction

frequency, as well as immune cell velocity and density before, during and after infusion.

Results—A 10-fold increase in lymph velocity (0.1–1 mm/s) and a 6-fold increase in flow rate

(0.1–0.6 μL/min), were observed post-infusion, respectively. There were also increases in

contraction frequency and fractional pump flow 1-minute post-infusion. Time-averaged wall shear

stress increased 10 fold post-infusion to nearly 1.5 dynes/cm2. Similarly, maximum shear stress

rose from 5 dynes/cm2 to 40 dynes/cm2.

Conclusions—Lymphatic vessels adapted to edemagenic stress by increasing lymph transport.

Specifically, the increases in lymphatic contraction frequency, lymph velocity, and shear stress

were significant. Lymph pumping increased post-infusion, though changes in lymphatic diameter

were not statistically significant. These results indicate that edemagenic conditions stimulate

lymph transport via increases in lymphatic contraction frequency, lymph velocity and flow. These

changes, consequently, resulted in large increases in wall shear stress, which could then activate

NO pathways and modulate lymphatic transport function.
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Introduction

The lymphatic system transports fluid from the interstitium through a series of valves, nodes

and pre- and post-nodal lymph vessels that empty into the great veins of the thorax at the

juncture of the subclavian and internal jugular veins [9,35,39,50,51]. This system is a key

component in overall body fluid balance, macromolecular homeostasis, lipid absorption, and

immune function. All of these functions rely on the generation and regulation of lymph flow

along the lymphatic network. Normally it is thought that the removal of interstitial fluid via

lymph formation is balanced with the extravasation of fluids from the exchange blood

vessels to maintain a relatively constant interstitial fluid volume [22,25,26,51]. In healthy

individuals, there must also be a coupling between the rate of lymph formation in the lymph

capillaries and the ability of the downstream lymphatic vessels to transport lymph through

the lymphatic network and on into the venous circulation [4,5,24,50]. Edema occurs when

there is an imbalance in any of these processes, i.e. with a pathological increase in interstitial

fluid volume, either with abnormally elevated blood vessel extravasation, with impaired

lymphatic function (either anatomically or functionally deranged), or in situations where

there is a relative distortion of both factors [34,36,37,40,43,44]. Historically, lymphedema

has been an edema that is associated with a primary defect in the lymphatic side of this

balance. Lymphedema has particularly been a problem in developing countries where there

is a high prevalence of lymphatic filariasis, a parasitic worm that infects lymphatic vessels

and impairs lymph flow, with 120 million affected individuals worldwide and 1.2 billion

people with the risk of infection globally [8,49]. Indeed, the World Health Organization

launched its Global Programme to Eliminate Lymphatic Filariasis (GPELF) in 2000 with the

goal to eliminate lymphatic filariasis as a public-health problem by 2020. However,

lymphedema in the United States is most prevalent amongst breast cancer patients; where up

to 22% of women develop lymphedema in their arms within 3 years of nodal dissection

surgery [12,34,37,40,42]. Chronically, in addition to tissue fluid accumulation, there is an

increase in protein concentration, inflammation, recurrent infection, fibrosis and adipose

content which causes pain, swelling and immobility for the individual. Despite widespread

recognition of these serious health problems, there is a poor understanding of the

mechanisms involved and a lack of effective treatments for lymphedema.

Lymph formation occurs in the interstitium; when water, solutes, and plasma proteins escape

from the blood capillaries into the interstitial compartment [22,26,51]. Flow across the

capillary wall is a process of plasma ultrafiltration through a semi-permeable membrane.

The primary driving force for ultrafiltration is capillary blood pressure (Pc), whereas the

oncotic pressure of plasma proteins (πp) opposes filtration [24–26]. Therefore, an increase in

blood pressure would result in an increase in Pc, thereby increasing the flux of fluid entering

the interstitium. Alternatively, a reduction in plasma oncotic pressure would impair re-

absorption back into the vascular space and consequently induce edema in the interstitial

space. Once fluid accumulates in the interstitium, the initial lymphatic vessels must take it

up or lymphedema can develop. While there is some debate on the exact mechanism

regulating the formation of lymph into the initial lymphatics, it is generally believed that the

average prevailing pressure gradient between the interstitial fluid and initial lymphatic

changes periodically to allow lymph to enter the initial lymphatics via the primary valves
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[22,27,41,45]. Additionally, viscous fluid stresses and the expansion and compression of

neighboring tissues aid in the uptake of lymph into the initial lymphatics. In humans,

approximately 4–8 liters of fluid is transported by the lymphatics per day [32,50,51].

Once interstitial fluid enters the lymphatic system, it needs to be transported “uphill”

through the lymphatic network including the nodes towards the return point in the great

veins. Studies have shown that the lymphatic system relies on two general types of pumps to

transport lymph, namely the intrinsic and extrinsic pumps [15–17,50,52,53]. Collecting

lymphangions, in particular, possess smooth muscle cells and many have the ability to

contract intrinsically and actively pump lymph forward [15,17,52,53]. The extrinsic pump

refers to the pumping from contraction/relaxation cycles induced by adjacent structures

acting upon the lymphatic (i.e. pulsating arteries, respiratory activities, GI peristalsis and

skeletal muscle contractions). We propose that edemagenic conditions will stimulate both

lymph pumps to increase lymph transport.

This study seeks to investigate and quantify lymphatic function under normal and

edemagenic conditions in situ, using our previously established high speed imaging system

to measure lymph velocity and flow [1,3,5,13,14]. We conducted these studies in a well-

established in vivo model of lymph transport in the rat mesenteric lymphatics. Edemagenic

stress was induced by the intravenous administration of saline (0.9% NaCl) via the femoral

vein in rats [5]. This infusion induces a reduction in plasma oncotic pressure and slight

increases in blood pressure, thereby increasing the pressure gradient across the capillary wall

and resulting in an increase in fluid volume in the interstitium, resulting in an increase in

lymph formation [5]. This increased fluid volume will increase lymph formation in the

initial lymphatic vessels and thus more fluid will enter the lymphatic network. We

hypothesize that lymphatic vessels will accommodate the increased lymph formation by

increasing lymph transport downstream by stimulating pump function. This will result in

changes in lymph pump contraction frequency, lymph pump stroke volume, lymph velocity

and flow rate.

Materials and Methods

Animals

Twelve male Sprague Dawley rats weighing 200–300 g were used for this study. All animals

were housed in an environmentally controlled vivarium, approved by the American

Association for Accreditation of Laboratory Animal Care, and allowed access to a standard

pellet diet and water. Rats were fasted 15–20 hours before experimentation with water

available ad libitum.

Surgical Preparation

The rats were anesthetized with intramuscular injections of fentanyl-droperidol (0.3 mL/kg)

and diazepam (2.5 mg/kg). Supplemental doses of the anesthetic were provided as

necessary. The right femoral vein was cannulated with PE-50 tubing for intravenous fluid

(saline) administration. The cannula was connected to a syringe with a 23-gauge adapter.

Saline (0.9% NaCl) was prepared and sterile filtered for all experiments. To prevent clotting
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of the cannula, 0.05 ml of heparin was diluted in 1 ml of saline and a small volume (0.1–0.5

ml) was perfused into the femoral vein. Once the cannula was firmly in place, the rat was

transported to the preparation board. To gain access to the mesentery, a midline abdominal

incision was made and a loop of small intestine was exteriorized. The mesentery was draped

over a glass semicircular viewing pedestal (12.5x25 mm), and with the aid of a dissecting

microscope, a muscular collecting lymphatic was centered on the viewing pedestal. The

exposed tissue was constantly suffused with warm albumin physiologic saline solution (in

mM: 145.00 NaCl, 4.7 KCl, 2.0 CaCl2, 1.17 MgSO4, 1.2NaH2PO4, 5.0 dextrose, 2.0 sodium

pyruvate, 0.02 EDTA, 3.0 MOPS, and 10 g/L bovine serum albumin). The solution was pre-

warmed to 37°C and had the pH adjusted to 7.4. This suffusion prevented the lymphatic

vessel and mesentery bed from drying up and further kept the animal’s core and tissue

temperature at 36–38°C for the entire duration of the experiment. In addition to monitoring

body temperature, a pulse oximeter, attached to the rat’s foot, was used to monitor blood

oxygen levels and heart rate. The preparation was then transferred to a Zeiss intravital

microscope for imaging.

Saline Infusion & Image Acquisition

Using an 80mm projective lens and 10x water immersion objective we were able to view the

lymphatic vessels with a depth of field of approximately 14μm. The microscope was

connected to a high resolution, high speed CCD camera (Phantom V5.2 1152x896,Vision

Research Inc.) which captured images at 500 fps. The camera was triggered to capture a

burst of 8 images at 500 fps then wait for 34 ms to take another burst of images [1,3,13,14].

This allowed us to extend the imaging time to capture multiple contraction cycles. To extend

the imaging time even further, the camera’s field of view was reduced as much as possible

to cover only the area occupied by the vessel during all times and to reduce the capture of

unnecessary data. Data were recorded in intervals long enough to acquire at least 2

contractile cycles. Only lymphatics that exhibited spontaneous rhythmic contractile patterns

were selected for this study.

An initial acquisition was taken before any volume infusion at the beginning of the

experiment to serve as a baseline measurement. To make up for insensible water loss that

could affect lymph flow through an in situ experiment of this duration, we administered a

slow constant perfusion of saline at 0.004 ml/min/100g body weight for 10 minutes using a

syringe pump. This flow rate has been estimated to be equal to the normal urine flow and

respiratory water losses in rats [5]. Sequences of images were taken during this slow

infusion (usually 1–2 sets). Once the slow infusion was done we acquired data, which was

then subsequently used as a second control period to which all others were compared; this

acquisition was taken to ensure flow was normal. To induce hyperdynamic conditions, the

infusion rate was increased to 0.2 ml/min/100g body weight for 10 minutes. This produces a

significant hypotonic and hypooncotic fluid volume, which we have shown in the past to

increase lymph pumping within 10 minutes from the start of infusion [5]. Images were

captured both during and after the high infusion, up to 25 minutes post fast infusion. In total,

7–12 sets of images were taken from each animal over the span of the entire experiment.

Upon completion of the experiment, rats were euthanized with pentobarbital (120 mg/kg of

body weight IP).
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Image Processing

Images acquired from the experiments were processed with an in-house program, written in

Matlab (version 2009b, MathWorks Inc. Natick, MA), to obtain values for lymphatic vessel

diameter, lymphocyte velocity and lymphocyte density. Vessel diameter and lymphocyte

velocities were continuously recorded using a correlation-based pattern-tracking algorithm

described previously by Akl et al. [1–3]. This algorithm was a modification to the previously

published work by Dixon et al. [13,14]. Briefly, each set of 4 consecutive images were used

to filter out background noise and create one image with enhanced particles to background

contrast. Immune cells, presumably the majority of which are lymphocytes, in the filtered

images were tracked to measure their velocity. Edge detection was used to measure vessel

diameter, cell density and cell position. Lymphocyte density was calculated to ensure that

we did not induce an inflammatory response. Further analysis involved calculating lymph

pump contraction frequency, fractional pump flow, lymph flow rate, and wall shear stress

from the obtained velocity and diameter measurements, using general methods we used

previously [1–3,14].

Statistical Analysis

Data from the twelve rats were organized into eight time categories; namely, control

(time=0, N=12), slow infusion (time=0–10 minutes, N=11), edemagenic/fast infusion

(time=10–20 minutes, N=12), 1 minute post infusion (time = minute 21 experimental time,

N=4), 3–5 minutes post edemagenic infusion (time=23–25 minutes, N=11), 10–12 minutes

post infusion (time=30–32 minutes experimental time, N=11), 13–19 minutes post

edemagenic infusion (time=33–39 minutes, N=6) and greater than 20 minutes post

edemagenic infusion (time >40 minutes, N=4). The shaded boxes and time axes in the

figures represent these eight categories. All data are expressed as means ± standard error

(SE). A generalized estimating equation (GEE) model, with compound symmetry

covariance structure was used to compare each outcome variable to its respective control set,

with a 95% confidence interval (α=0.05). This type of longitudinal analysis was chosen over

repeated measures ANOVA due to its robustness in handling unequal sample sizes over

time, while maintaining the unique relationships between each repeated measurement per

rat.

Results

Vessel Diameter

Average lymphatic diameter was greatest 13–19 minutes post infusion (d̄=116.7 μm) but this

increase in vessel diameter was not statistically significant. Diastolic diameters (Dd) ranged

from 50–178 μm and systolic diameters (Ds) ranged from 20–169 μm throughout the

experiment. When we normalized the data to the corresponding control diastolic diameter

for each vessel, there was a slight increase in diastolic diameter and decrease in systolic

diameter both during fast infusion and one minute post infusion, but differences remained

statistically insignificant (p-value >0.05) as shown in Figure 1a. There was a modest albeit

non-significant increase in the normalized diastolic (~18%) and systolic (~35%) lymphatic

diameters 13–19 minutes after infusion. However, it should be noted that p-value was lowest

(p-value<0.1) during the last time point (i.e. >20 minutes post-infusion) for average
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diameter, diastolic diameter and systolic diameter suggesting that there could be a slight

increase in vessel diameter at the end of the experiment. The pulse diameter (i.e. difference

between diastolic and systolic diameter) began to increase and reached its maximum at one

minute post infusion, but this increase was statistically insignificant (p-value = 0.453, Figure

1b). It is important to note that the standard deviation at each time point gradually increased

as the mean pulse diameter increased meaning that there was a greater variation in the vessel

diameter response to edemagenic stress, which may explain why statistical significance was

not observed.

Lymphocyte Velocity and Flow Rate

Average lymphocyte velocity was 0.1 mm/s under control conditions and increased steadily

upon administration of the fast saline infusion. Average velocity increased up to 10 times

and sustained velocities greater than 1 mm/s at 20 minutes post-infusion. Average lymph

velocities increased throughout the entire infusion periods and were significantly higher at

all time points following 3 minutes post-infusion (p-value<0.05, Figure 2). Similarly,

changes in average flow rate were statistically significant at one minute post-infusion, 3–5

minutes post infusion, and 13–19 minutes post-infusion reaching a maximum value of 0.6

μL/min (p-value<0.05, Figure 2).

Contraction Frequency and Fractional Pump Flow

There was over a 50% increase in contraction frequency at one-minute post infusion. In fact,

contraction frequency significantly increased both during fast infusion and one minute post-

infusion (p-value<0.05, Figure 3). Ejection fraction was determined from diastolic and

systolic diameters and used to calculate fractional pump flow, which is defined as the

product of ejection fraction and frequency. The data showed a significant increase in

fractional pump flow during fast infusion, one-minute post infusion and 10–12 minutes post-

infusion (Figure 3).

Wall Shear Stress

Average wall shear stress for control was 0.12 dynes/cm2 with a maximum shear stress of 5

dynes/cm2. As the experiment progressed, average wall shear stress increased by an order of

magnitude to nearly 1.5 dynes/cm2. The increases in average wall shear stress were

statistically significant at all time points post-infusion with the exception of the 13–19

minute mark (Figure 4a). Maximum wall shear stress rose to 40 dynes/cm2 during fast saline

infusion; 8X higher than the control maximum value for shear stress. A larger increase (up

to 11X) was observed at one minute post-infusion. Due to the large variation in maximum

shear stress values amongst animals, we normalized the max shear stress with respect to the

control value for max shear stress. There were statistically significant increases in

normalized maximum wall shear stress during fast infusion and one minute post-infusion (p-

value <0.05, Figure 4b). Wall shear stress remained elevated at the end of the experiment.

Lymphocyte Density

To ensure that the saline infusion did not elicit an inflammatory response, we quantified cell

density. Average cell density observed during our experiments was about 150,000 cells/mL.
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Our data shows that cell density decreased 15% from control over the duration of the

experiment, which was expected, as the saline infusion would cause some dilution of the

lymph. However, this decrease in lymphocyte density was not statistically significant (p-

value> 0.05, Figure 5). Given that lymphocyte tracking is crucial to our velocity

measurements, we captured high-speed video when the cells were observed, not

continuously throughout the experiment. It is, therefore, possible that actual time averaged

lymphocyte densities may be somewhat different than our reported values.

Discussion

The most common cause of lymphedema in the western world is the result of surgery and

oncologic therapies. With the growing prevalence of breast and pelvic cancer, there has been

a subsequent rise in secondary lymphedema cases [12,36,38,40,42]. Therefore,

characterizing lymphatic function and its response to an edemagenic stress is crucial to our

understanding of these pathologies. Our knowledge of the mechanisms regulating the

transport of fluid and lymphatic contractility remains fairly rudimentary. In this study we

evaluated lymphatic function and for the first time, measured lymph pump activity

simultaneously with lymph flow, lymph velocity and lymphatic wall shear stress under

normal and edemagenic conditions in the rat mesentery in situ. Our results showed a

significant increase in lymph flow rate, lymph velocity, lymphatic wall shear stress,

lymphatic contraction frequency and fractional pump flow. These results strongly suggest

the mechanosensing nature of lymphatic vessels where lymph pressure and shear stress play

important roles in modulating lymphatic contractility, the lymph pump and thus lymph

transport.

Healthy lymphatic vessels from the rat mesentery were shown to quickly adapt to the

increased fluid volume (i.e. edemagenic stress) induced by the saline infusion. The increase

in lymph flow rate, lymphatic contraction frequency and the fractional pump flow clearly

indicate increased lymphatic contractile activity. These results closely parallel the work by

Benoit et al. who performed a similar experiment but did not measure actual lymph flow rate

or velocity [4,5]. It should be noted that Benoit et al. assessed lymphatic response up to 10

minutes from the start of infusion, which corresponds to our “fast infusion” time point.

Therefore, Benoit et al. focused on evaluating the immediate response whereas; in this study

we evaluated lymphatic function up to 30 minutes post-infusion. The differences between

our findings from the immediate and longer-term responses are discussed in more detail later

on.

As soon as one-minute post-infusion, lymph flow doubled and flow rate eventually reaching

up to six times the control. The change in measured lymph flow is similar in magnitude to

the calculated changes in volume flow in our previous study [4,5]. Flow was predominantly

unidirectional, although oscillations were observed. We normalized maximum velocity and

shear stress to their corresponding average velocity and shear stress to evaluate oscillatory

flow and discovered no significant findings due to the wide range of variation. Similarly

ejection fraction and frequency of contractions increased resulting in a large change in

fractional pump flow. Despite statistically insignificant changes in average vessel diameter,

small changes in diastolic and systolic diameters caused the ejection fraction to increase
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during fast infusion and one-minute post infusion thereby affecting fractional pump flow.

This variable clearly demonstrated the change in lymphatic contractility to accommodate the

increased fluid volume and is similar in direction to what we previously observed [4,5].

Notably, changes in lymph pump frequency and fractional pump flow were significant

during the fast saline infusion (indicative of the acute pump activation) while changes in

lymph velocity and flow rate were increasing throughout the infusion periods and achieves

significance after the fast infusion (indicative of the increasing influence of the hypotonic

fluid volume on interstitial lymph hydrodynamics). Changes in average shear stress

experienced by the lymphatic vessels were quite large reaching up to 10 times the control

values at 20 minutes post-infusion. On the other hand, maximum wall shear stress was

highest during fast infusion and one-minute post-infusion, again indicative of the increased

lymph pump pulse diameter during these time periods.

These results illustrate the immediate changes in frequency, fractional pump flow, and

maximum shear stress during the fast infusion. Altogether, these responses suggest that the

saline infusion affects lymph formation almost instantly, eliciting an increase in lymph flux

at the initial lymphatic vessels. Consequently, the lymphatic vessels begin to contract more

frequently to accommodate the increased lymph volume. The increase in frequency and

relatively unchanged vessel diameter explain the significantly increased maximum wall

shear stress experienced by the vessel at this time point. We believe that this sudden increase

in maximum shear stress activates the release of nitric oxide (NO) from the lymphatic

endothelium. We have previously shown that flow-induced NO plays important roles in the

modulation and regulation of the active lymph pump as well as, increased production of

nitric oxide by the lymphatic endothelium under similar conditions [6,7,15–18,21]. Thus, we

postulate that the release of NO begins during fast infusion when maximum shear stress is

greatest, thereby affecting vessel frequency such that normal shear stress values are restored.

The results from this study support this idea, as we observe the greatest vessel diameter at

the 33–39 minute mark while frequency decreases with time. Vessel pumping increased by

50% at one-minute post-infusion and gradually decreased with time, presumably as a result

from the complex changes in shear and stretch mediated effects. Interestingly, flow rate is

greatest at this time point (33–39 minutes) as well, which correlates to our previous work

and findings from Quick et al. who illustrated the conduit behavior of lymphatic vessels

[29,47,48]. Thus, our results illustrate increased pumping as an immediate response to

edemagenic stress followed by a “conduit-like” response in the long term to accommodate

the increased lymph volume. Assuming we extended the experiment longer, we’d expect to

eventually observe normal lymphatic function as the interstitial volume is returned back to

normal.

While the findings of this study illustrate both immediate and longer-term responses of

lymphatic vessels to edemagenic stress (up to 30 minutes post infusion), there is a need to

elucidate specific mechanisms for the observed lymphatic response. The saline infusion via

the femoral vein causes an increase in lymph formation starting at the interstitial level

thereby eliciting changes in pressure and shear on the initial lymphatics [24–26]. The saline

infusion results in greater lymph formation and an increased flux of fluid into the initial

lymphatic vessels. Consequently, the collecting lymphangions must adapt to transport this

excess lymph fluid. We postulate that increases in pressure and shear stress due to the
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increased fluid volume regulate the immediate increase in lymphatic contractility. As seen

by our data, under basal conditions the lymphatics experience relatively low levels of wall

shear stresses, less than 0.5 dynes/cm2 on average. However, almost immediately upon

administration of the fast saline infusion, the average shear stress significantly increases and

maximum shear stress rises to 20 dynes/cm2. As speculated earlier, we believe that this

increase in shear stress elicits the shear-dependent production of NO, which transitions the

vessel from an actively pumping unit to a conduit for fluid transport [6,7,23,28,46]. Recently

using a similar edemagenic lymphatic in situ model (Bohlen 2011) we have documented that

a similar edemagenic hypotonic volume infusion results in increased production of NO in

these lymphatics, which modulates their contractile and pumping function. Given that vessel

diameter does not significantly change over time, vessel caliber must be regulated via

changes in shear and/or pressure. This supports the idea that lymph vessels appear to have

great sensitivities to changes in their mechanical environment (i.e. shear stress, pressure and

flow rate) and tend to maintain diameters in situ within a reasonably controlled range, while

modulating contraction frequency and pumping efficiency to handle increased fluid volumes

immediately after inducing edemagenic stress. A number of ex vivo studies have shown that

lymphatic contractility is affected by pressure and/or shear [6,7,10,11,14,16,18–

20,30,31,33,52]. We believe that this study further highlights the importance of pressure and

shear-regulated mechanisms in lymphatic pumping in vivo. The lack of significant increases

in vessel diameter is likely due to the highly non-linear character of their pressure-diameter

and pressure-volume curves [11,33,48]. These vessels are typically highly compliant up to a

pressure of approximately 5 cmH2O, where they reach a maximum diameter that remains

constant even at much higher pressures as illustrated by Davis et al. [11]. Presumably, this is

to limit the amount of lymph that is stored in these conduit vessels [29]. Furthermore, a ten-

minute saline infusion elicited a major increase in the shear environment up to 30 minutes

post infusion. Extrapolating to a larger scale or clinical realms of edema, a sustained

elevated level of fluid at the interstitium could take on the order of hours or days to be

transported and removed but further investigation is necessary to assess long-term effects of

larger edema insults.

Differences between the modest diameter responses observed in this study versus those we

have previously seen by Benoit et al. may also be due to the apparent selection of larger

lymphatics in this study (average diastolic diameter ~117 μm) compared to those published

by Benoit et al. (average diastolic diameter ~77 μm) [4,5]. Previous work by Benoit has also

shown that the larger rat mesenteric lymphatics were less sensitive to the effects of

hemodilution (i.e. increased fluid volumes) than the smaller mesenteric lymphatics [4,5].

One limitation of this experimental setup is that we did not measure pressure during our

experiments due to the complexity of the animal setup. Likewise, we did not want to make it

more invasive as that would put the animal at a greater risk of inflammation. Despite this,

we believe that pressure did increase at the interstitial tissue space and this is further

supported by the work published by Benoit et al. and Cox et al. [4,5,10]. Additionally, we

were unable to view and quantify the distance between the initial lymphatics and the

location of the imaged lymphatic vessel. It is possible that there are regional variations in the

lymphatic response to edemagenic stress and this can be investigated in future studies.
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Another limitation is that in calculating wall shear stress, we assumed Poiseuille flow for

simplicity. However we have recently shown that the uncertainty associated with the

Poiseuille assumption is < 4% [32]. Lastly, the frequency presented in this paper is based on

the number of contractions observed during acquisition divided by time, providing an

“average” value for frequency.

In conclusion, we were able to show that healthy lymphatic vessels in the rat mesentery

could sense changes in fluid volume and quickly accommodated to these conditions to

transport the excess fluid. We observed significant increases in the lymph pump contraction

frequency, lymph flow rate, and average lymphatic wall shear stress, while diameter changes

remained relatively modest. These results are highly suggestive that lymphatic vessels are

extremely sensitive to mechanical stimuli, which allows them to regulate their ability to

adapt to altered fluid conditions.
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Figure 1.
Plots of normalized Dd, Ds and pulse diameter. (A) Diastolic (black) and systolic (white)

diameters were normalized to the control diastolic diameter. (B) Normalized pulse diameter

over the entire duration of the experiment. Changes in diameter were not statistically

significant (p-value>0.05).
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Figure 2.
Plots of average lymphocyte velocity and flow rate. Average lymphocyte velocity and flow

rate were measured throughout the experiment up to 50 minutes from the start of the

experiment. Asterisks indicate a statistical increase compared to control values at time=0 (p-

value< 0.05).
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Figure 3.
Plots of normalized contraction frequency and fractional pump flow. Contraction frequency

and fractional pump flow were normalized to control values. Asterisks indicate a statistically

significant increase in each parameter with respect to the control value at time=0 (p-value<

0.05).
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Figure 4.
Plots of average wall shear stress and normalized maximum wall shear stress. (A) Average

wall shear stress calculated assuming Poiseuille flow. (B) Maximum wall shear stress

normalized to control. Asterisks indicate a statistically significant increase in shear stress (p-

value< 0.05). Note that shear stress was immediately affected with the induction of the fast

infusion.
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Figure 5.
Plots of normalized lymphocyte density. No statistically significant change in density was

observed (p-value>0.05). However, a 15% reduction in cells was observed post-infusion

(33–39 minutes) as was expected by the dilution of lymph via the saline infusion.
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