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LIST OF FIGURES

Figure 1 Initial lymphatics are made of endothelial cells wsihecialized overlapping junctions

that allow for easy entry of fluid, proteins and cells into the vessel. These lymphatics lack smooth
muscle and therefore cannot contract. (b) Collecting lymphatics consist of individual contracting
units known as lymphangns, which are lined with smooth muscle and separated by valves. (i)
Confocal reconstruction of an isolated rat lymphatic vessel showing valve leaflets (courtesy of
Dave Zawieja and Anitoliy Gashev). The collecting vessels are under a variety of meldzalsca
hoop sto) €S & X[ @d) satnrde swsa | (| cvap Fhesa forces haveebsen shpvn

to modulate contractile function. For example, an increase in (ii) wall shear stress through
enhanced fluid flow has been shown to cause upragoih of eNOS and subsequent release of
NO, which acts as a vasodilator on the smooth muscle and inhibits vessel contfaBtie.
spheres are water molecules, yellow spheres are lipoproteins, pink are immune cells, orange stars
are NO molecules. (Imagakien from Dixon 2018). ........ccccvveiiiiieiieii e 1

Figure 2 Elephantiasis is a disease resulting from lymphatic filariasis, a parasitic infection of the
collecting lymphatics, which manifests itself with dramatic swelling of the lower langenitals.
Image courtesy of Maggie Steber (Washington POSt).........ccoeeveeie s 2

Figure 3:A dualchannel optical system. Both a fluorescence and halogen light source are used
to illuminate the vessel A long pass filter (580 nm LP) is used to attenuate wavelengths below
580 nm. An excitation bangass filter (475/40nm BP) is used for the fluorescence light source. A
dichroic (550nm LP) effectively splits the wavelengths into¢ivannels; >550nm for the bright

field channel and <550nm for fluorescence. An emission band pass filter (530/40nm) is placed in
front of the fluorescence camera. An adjustable adapter allows focusing of the two cameras
independently. A) Representative bnigfield image from higtspeed video of the vessel. B)
Representative fluorescence image of the same vessel. BORJRN @ally delivered fluorescent

long chain fatty acid analogue, is used as our fluorophore...........cccovvevveeeeeeieiiiiiiiiee. 11

Figure 4:The surgical setip. A) The small intestine is stabilized in a loop via awece clamp

thus exposing the mesentery. The base of the platform is a glass slide which forms the imaging
window.B) A custom designed imaging board that allows us to image the mesentery while bathing

it in a circulating albumin physiological salt solution (APSS). The animal sits on a heated platform,
which maintains the ani mal ' s rewadin® thébmicdogcogee mper a
stage to insure long term fieldf-view stability by limiting slight board movements............ 14

Figure 5:Postacquisition image processinglgorithms. A) Diameter tracing algorithm. Green

boxes (solid line) represent the template windows. Red boxes (dashed line) are the correlation
search windows. The diameter (d) is the distance separating the centers of the two template
windows as they arcated across sequential frames. B) Lymphocyte velocity tracking algorithm.

The green box (solid line) is the template window which is ecoslated with the search
window, yellow box (dashed I ine), ts¢hetimed box
separating two frames. The average velocity of lymphocyteS=stAVK /..AL.....ccccveeveenen. 17
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Figure 6:Fluorescence intensity in the presence of albumiBODIPY fluoresoee intensity
increased by approximately 7 fold when bound to albumin. Once bound, fluorescence is stable
with the increase in albumin concentration. Error bars represent mean standard deviation (SD).

Figure 7:Performance characteristics of the fluorescence camera, the RIX)SA calibration

curve shows the linearity of the PIXIS fluorescence camera and allows it to be used for quantitative
fluorescence. B) Mimum detectable BODIPY concentration at 3dB sigabise ratio (SNR) is

24 ng/mL in 10 mg/mL albumin SOIULION............coooriiii e 22

Figure 8:BODIPY fefluorescence correlatesvell with TG concentrationA) TG concentration

and BODIPY fluorescence in rat lymph. Lymph samples were collected at 30 minute intervals for
4 hours. TG concentration was quantified using a commercially available kit and fluorescence
intensity values weg obtained using a fluorescence plate reader. TG and fluorescence peak at
around 2 hours after the start of intraduodenal lipid infusion. B) BODIPY fluorescence vs. TG
concentration with a linear regression?|Ralue of almost 0.83. n = 7. Error bars esant mean
standard deviation (SD).........ccooiiiii i a e e e e e aaa e 23

Figure 9:Motion compensation algorithm performance metric\) Original vs. stabilized pixel
displacement. The displacemeaf a template window was tracked as it moved in the field of
view using 2D cross correlation. The standard deviation for the original unstabilized video was 9
pixels while that of the stabilized was 0.4 pixels. B) Original vs. stabilized normalized cross
correlation values. The correlation index was tracked over time for a template window fixed in
the field of view. The standard deviation of the normalized correlation index for the original
unstabilized image was 0.28 while that of the stabilized was.0.0..............cccceeeeeeennn. 24

Figure 10: Verification of diameter tracing algorithm.Two different vessels with varying
morphology and sizes are displayed. Black markers indicate marasdumements where the

user drew a line connecting the vessel walls and the distance was measured. Error rate between
manual vs. algorithmic tracings Was 3.3%0.......ccivviiiiiiie e 25

Figure 11:Accuracy of the lymphocyteelocity tracking algorithm.Validation measurements

were carried out by placing 15 um beads on a slide and a motorized stage was programmed to
move at ertain velocities. Within the velocity range previously published the algorithm has close
to a 97% accuracy rate in determining the VeloCity............ccooiiiiiiiieiiiiieeeeeen 26

Figure 12: Correlting lipid uptakewith lymphatic pump function.A, B, C) Diameter tracings
superimposed on velocity profiles for three time points at minutes 12, 28 and 57. C) Estimated
BODIPY sgconcentration plot over a 68 minute period giving us relative lipid cotragans in

the lymphatic vessel. E) Sample fluorescence image used for pixel intensity measurements. F) A
single frame from a brigHield highspeed video segment used to extracting diameter and
(2= (o 1ol 3 A - L - T PP PP PPPPP PP 29

Figure 13:Fourier analysis of representative diameter and velocity tracings) at 12 minutes
(Figure 12). B) at 28 minutegrigure 1B). C) at 57 minutesFgure 1Z). Fundamental
frequencies fodiameter and velocity tracings are different (see numerical labels), indicating that
extrinsic factors might potentially be the dominant mechanism of transport as opposed to
[YMPNALIC CONTTACTION...ciii ittt e e e e e e e e e neeee s 30



Figure 14: Simultaneous higspeed video and fluorescence acquisition provides the ability to
assess the effect of a lipid load on lymphatic pump functiol) Fluorescent image of a rat
mesenteric prenodal collectingmphatic vessel. BODIP¥ iS used as a fluorescent indicator for
triglyceride concentration within the vessel. The red window indicates a typical region in which
fluorescence intensity was quantified following image stabilized to remove motion artifacts.
BODIOPY i£fluorescence intensity in the vessel over time following duodenal infusion of a fat
emulsion along with BODIPY:.@)A single brighfield frame from a video sequence ofdinute
duration taken at 250 fps. The lymphatic vessel wall caridmly seen and is typically surrounded

by adipocytes. The red boxes represent a region of interest around each wall that was tracked
using crosgorrelation. The distance measurement provided diameter tracings which was used
to quantify various functionlaparameters such as contraction frequen@). E) The Pearson
correlation coefficient calculated for each metric as a function of BODiPHu@rescence.
Negative correlations were observed for all four metriesA representative distribution for a
certain metric (average diameter in this case) as a function of BODIPY fluorescence. Three discrete
segments were chose to represent cases where there was no lipid in the vessel, low lipid and high
lipid. n = 8, error bands and bars represent.SD..................oo oot ien e 41

Figure 15Mesenteric lymphatic vessels exhibit a decrease in their phasic response as evident
by a decrease in both contraction frequency and amplitu@g Contraction fequency decreased

as a function of BODIPYs fluorescenceB)Contraction amplitude also decreas&z)Contraction
frequency exhibited a lipid load dependent effect where it decreased from 10. cpm when no lipid
was present to 1.8 cpm with the highest tigbad (P < 0.0001D) Contraction amplitude also
showed a similar dependency on lipid load where it decreased from 10 um under no lipid load to
2 um (P = 0.6013) under the high load. n = 8, error bars represent.SD........................... 43

Figure 16Mesenteric lymphatic vessels exhibit a decrease in their tonic response as evident by
a decrease in both average and end diastolic diametek$ Average diameter decreased as a
function of BODIPY £Lfluorescence.B) End diastolic diameter also decreasdd) Average
diameter exhibited a lipid load dependent effect where it decreased from 82 um when no lipid
was present to 50 um with the highespilil load (P < 0.0001P) End diastolic diameter also
showed a similar dependency on lipid load where it decreased from 86 um under no load to 52
pm (P < 0.0001) under the high load. n = 8, error bars represent SD............................... 44

Figure 17:Rats infused with saline only show little decrease in phasic and tonic response.
Control rats were infused with saline only instead of the lipid emulsion. Contraction frequency

(A), contraction amplitude(B), average diamete(C)and end diastolic diametefD) showed

minimal decrease over time. E) Contraction frequency showed a much higher percentage
decrease in the lipid infused rats than in the controls (86 % vs 16 %, P = 8c0didl)contraction
amplitude (76 % vs 16 %, P = 0.049), average diameter (41 % vs 8 %, P = 0.005) and end diastolic
diameter (43 % vs 9 %, P = 0.006). n = 6, error bars represent SEM.............ccccvverrnneee. 46

Figure 18: Mesenteric duct lymph flow rate and triglyceride concentration increases after lipid
infusion. A) Average flow rate in a rat mesenteric duct as measured using lymph collected from a
cannula. Flow rate increases beginnaigaround 1 hour after the start of duodenal lipid infusion

and plateaus at 3 hour8) Triglyceride concentration increases with time and plateaus at around

2 hours. TG concentration was measured using a TG fluorescence assay. n =7, error bars represent
S 5 PP PRPPOTPPR 47
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Figure 19Flow rate in control rats can be measured successtuliiow rate for the control rats

can be measured due to the fact that there is laigigerent contrast between lymphocytes and

the surrounding lymph. Similar measurements cannot be made however on the lipid infused rats.
Flow rate in control rats (infused with saline) seems to not change upon infusion. n = 5, error bars
L] T STST=T | H ] I SRR 51

Figure 20 TG and viscosity values for lymph in a fasting state TAglyceride concentration for
fasting rat lymphB) Dynamic viscosity of fasting rat lymph. Dasttline represents the viscosity
of purified water at 38 °C as both reported by literature and measured with our technique. N = 7.

Figure 21: Transient changeés TG concentration and viscosity. AYyiglyceride concentration
over a 4hour period. Peak can be seen at around-2 Bours.B) Viscosity over a-hour period.

Peak occurs at around 1 hour and is earlier than the average peak TG concentration. Detted lin
represents the viscosity of water at 38 “C) Maximum and minimum TG values measured
throughout the timecoarse of the experimentD) Maximum and minimum viscosity values
measured throughout the experiment. Error bars represent SD. N.=. 7. 59

Figure 22: Mesenteric duct lymph flow rates. Bymph flow rates for each rat plotted separately
showing the intetvariability between animal€B) Average mesenteric ductoflv rate over a 4
hour period. N = 7, error bars repreSENt SD..........uuuiiiiiiiiiiiiiieiieeceeeeeee e 60

Figure 23: Intewvariability of TG ad viscosity values across animals. ATBylyceride and
viscosity values over albur period for 7 different ratS..........cccccoveiiiiiiiiiii e, 60

Figure 24: Correlation of lymph viscosity and triglyceride concentratiorDyCorrelation plots

of viscosity vs TG for three different segments of the temporal prdf)E)Pearson correlation
coefficient demonstrating positive correlation between the TG content of lymph and viscosity
values especially during the rising phase of the TG profile................c.ccocci, 62

Figure 25: Viscosity with the addition of an antbagulant cocktail upon lymph collection. A)
Viscosity values over a 4 hour peri®&jAverage viscosity values awbe same period for all rats.
C,D) Fasting, minimum and maximum viscosities in the presence oftaagulant. N = 4, error
DArS FEPIESENT SD.....uiiiiiiiiiiiiieee et a e e e e aaaaaaas 63

Figure 26 Human dermal microvascular endothelial neonatal lymphatic cells (HMWEReo0) as
seen under a 20x objective and captured with a 1024 x 1024 pixelilhaoknated CCD. Four
representative images are shown. 20 seconds before the stimulus, then 30, 120@ed@ihds
subsequently after the stimulus. The top and bottom rows are the same images however the
bottom row has been false colored with a 16 color palette-480cells were randomly chosen
within this field of view for quantification. The region of irget was drawn within the nucleus.

Figure 27 Flua4 fluorescence intensity for two representative experiments. There was a large
variability in the amplitude bthe peaks between experiments. The grey area represents when
the sinusoidal shear profile was being applied. N-430error bands represent SD............ 72

Figure 28Intracellular C& dynamics in response to oscillatory shear. Grey signal represents the
oscillatory shear waveform that was applied. A frequency of 0.1 Hz and amplitude of 4 dyn/cm
was used with a DC offset of 2 dyn&nThe stimulus was applied for 1 minute starting at 60

Xii



seconds posacquisition. A) The fluorescence response for 3 representative cells. Cells did not
seem to exhibit a dynamic €aignal. B) The mean response for all experiments combined. C) The
fraction of cells activated within the FOV being analyzed. N = 6, error bands represent . 2&£M.

Figure 29 Quantifying the intracellular Earesponse of lymphatic endbelial cells exposed to

both a ramp and oscillatory shear profile. A) Both ramp and oscillatory shear stimuli were applied
at 30 seconds for a total of 1 minute. With the oscillatory stimulus there seems to be a more
persistent C&response. B) The two Hahe same fluorescence peak both in amplitude and time

of occurrence (P = 0.08). C) Quantifying the difference in fluorescence intensity at the 120 s time
point we can see a significant difference (P = 0.007) in terms of intracelliffacdDaentration
remaining in the oscillatory case compared to the ramp profile. N = 6, error band represents SEM,
EITOr DArS FEPIESENT SDi....oiiiiiiiiiiii e s e e e e s nnr e e e e e e e aan 76

Figure 30: A) The peak fluorescenitee was the same for both ramp and oscillatory conditions.

B) In the oscillatory case, the fluorescence signal was significantly higher at 120 s post stimulation
than the ramp group. This seems mostly due to a higher number of cells that have remained in
their “act..vat.ed Sl a b e, 76

Figure 31 Determining the shear sensitivity of lymphatic endothelial cellsipcabated with

VLDL. A) Both VLDL incubated cells anttals were exposed to a ramp shear stress profile going

from 04 dyn/cntf or 1 mi nut e. B) Fraction of “activat ¢
response in terms of how fast intracellular calcium was cleared there did not appear to be a
difference in the initial shear stress exposure required to elicit a response (C). To further clarify

this the standard deviation was calculated over time and a value of 0.25 was defined as being
responsive. Shear sensitivity was calculated to be around 0.11 dyfécrboth groups (D). N =

6, error bands represent SEM in (A) and (B), and SD in.(C).........cooooieiiiiicinviniininninennee, 7

Figure 32 Quantifying the effect of VLDL pimcubation on peak responsand clearance
dynamics. A) The peak fluorescence in both amplitude and time of occurrence for VLDL incubated
cells was the same as control. B) The fluorescence signal for the VLDL treated group was
significantly higher at 120 s pestimulation comparedd controls. This could likely indicate an
increased CA concentration compared to control. N = 6, error bars represent.SD............ 78

Figure 33: A wornrtell coculture device for studying nematode migration and behavior in a
multicellular microenvironment. (A)A rendering of the aluminum mold used to cast the PDMS
device(B)A rendering of the PDMBased coculture device consisting of seven parallel |a@s.

A topview schematic showing the various regions discussed in this study. Each cell region
occupies approximately 25% of twithewaterintorddrtol ane a
limit media evaporation, flow lanes are included in the device for future-fielated experiments

but were not utilized in the current studyD) LECs and HDFs cultured in the device before and
after a 3hour exposure time to the arm (blue = nucleus, green = Actin). Spreading of the cells
was less pronounced than what would be seen on polystyrene plates due to the surface roughness
of the machine PDMS mold. The presence of the worms in the device did not seem to affect cell
1YL= Lo 1 2 85

Figure 34: Block diagram of the worm tracking and thrashing algorithms.TA¢ procedural
steps involved in the worm tracking algorithm. Initial worm kima in each lane is determined
manually. The program then starts the process of acquiring video and cycles through all the lanes
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by moving to the last known worm location. If the worm is not found, then a linear scanning
process initiates in order to finthe worm. The scanning process alternates the start position,

hence the direction of movement, in order to negate the effect of the microscope stage
movement on worm displacemen(B) The thrashing algorithm takes two consecutive images and
subtracts thento remove both background and all static features. The resulting image represents
degree of worm movement during the time period separating the two frames (~66 ms for a frame

rate of 15 fps). The segment is then thresholded and the mean intensity obtudting image

calculated. The mean intensity is summed for the entire length of an imaging cycle (2 seconds)
and the resulting values are nor.mal.i.zed7 t o obt

Figure 35: Tetramisole reduces both worm speed and thrashiRgpresentative spee(?) and
thrashing(B)over a 3hour experimental period for three worms under different concentrations

of tetramisole (0.0, 1.2 and 2.4 mM) aseasured with our platform. Tetramisole is a known
paralytic agent that affects nematode thrashing. The gray interval representsnzainie gap

when the drug was added and imaging session restarted. Our platform can detect changes in both
worm speed(C)and thrashing(D) after drug administration. While both speed and thrashing
decreased as tetramisole concentration was increased, the thrashing metric was more sensitive
to the changes in tetramisole concentration. N = 9, error bars represent standardtidevi
Sample videos provided in supplemental materials................ccccooo oo 91

Figure 36: L3 B. malayi speed and thrashing, over-lao@r experimental session, remain
constant. (AH) Speed and thrashing plots over &h8ur period under each lane condition. 1)
Absence of cells: no cells (nor collagen coating) present in the lane, 2) LECs vs. no cells: LECs on
one well and collagen coating on the other, 3) HDFs vs. no cells: HDFs welbaed collagen

coating on the other, and 4) HDFs vs. LECs: HDFs on one well and LECs on another. A relatively flat
trend was seen for all cases indicating worms were viable and showed consistent behavior
throughout the experimental timérame. Nr 28, error band represents standard deviatior@3

Figure 37: L3 B. malayi exhibit increased speed and thrashing in the presence offAoalisge
speed(A) and trashingB) of the worms under different conditions: When there are 1) only LECs

in the lane 2) only HDFs in the lane 3) both HDFs and LECs in the lane, and 4) no cells in the lane.
The worms were most active when in the LEC lane. They were also more active when only one of
the cell types was present compared to both being preseihénsame lane. M 28, error bars
represent standard deVIation...............oooiiiiiiii i a e e e e e e e e 94

Figure 38: L3 B. malayi speed and thrashing are independent of physical contact with cells.
Speed of worms and thrashing behavior when in physical contact with (&£&),HDFYB, F)
HDFs + LE@S, Gand combined datdD, H) No statistical differences were observedr 28,
error bars represent standard deVIatiIOm............ocuviiiiiieiiiiiiiie e 94

Figure 39: L3 B. malayi speed and thrashing are correlated in an empty lane, but not when cells
are present. (A)In the empty lanes thrashing correlated with speed (Pearson correlation
coefficient; r = 0.81)(B-D) There was no correlation when there were cells in the lane (r = 0.006,
-0.049 and 0.12 respectively) which covered 25% of the total lane are@aN..................... 95

Figure 40: No difference in percentage of time spent by L3 B. malayi in each lane regi@). (A
Cell (HDF or LEC) and no cell (only collagen coating) areas each cover 25% of the lane, while the

Xiv



empty region is 50% of the area. No statistical differences were observed when accounting for
area differences. N 28, error bars represent standard deviation.................cccccccooeeeeeenn. 96

Figure 41: L3 B. malayi do not show targeted migration towards LECs or HDF3hEA)
persistence ratio calculated over the entire time of the experiment (3 hou&E) The

persistence ratio calculating for a 10 minute roverlapping sliding windowF)A representative
velocity plot for one worm illustrating the randomness in directionalMy. 28, error bars and
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SUMMARY

The lymphatic system hdsndamental physiological roles in maintaining fluid
homeostasis, immune cell trafficking and lipid transpiooim the small intestine to the
venous circulation. Lymphatic vessels are the main functional organ responsible for the
diverse transport roles the system plays. Unlike the bleadculature the lymphatic
system does not have a central pupspich as the hearaind relies on a variety of factors
to move lymph throughlt was long thoght that only external factorssuchas skeletal
muscle contraction andymph formation played a role in the functionalransport
capacity of these vessels. With the advancemédntmagingcapabilities (both hardware
and software) it has become clear in the past two decades or so thainthé factor in
driving lymph transport is the ability of these vessels to intrinsically contract whereby
each vessel isomprisedof a chain of mi n i pumps’ i n series.
these vessels is thus now understaodoe primarily determined by this pumping activity
that has been shown to be regulated by wars mechanical and biochemicales.
Lymphatic vessel dysfunction has baeplicated in a variety of diseases including many
lipid relatedpathologiesand a neglected tropical disease known as lymphatic filariasis.
While it has been possible to study the vessel function in the context of fluid drainage and
immune cell traffickng, the capability to understand the role of lymphatic vessels in lipid
transport has not been available due to the lack of experimental animal models and
acquisition systemgAs part of thighesis,we sought to develop an experimenthimal
model along with hardware and softwardools to investigate the interplay étween
lymphaticsand their lipid content. We report the first functional measurements of how
vessels respond to elevated lipid loads. We further utilized our engineering expertise to
developan experimental platfornallowing us to further understand the parasite known

asB. malayihat migrates to and resides in lymphatic vessels.
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l. Introduction and Literature Survey

1.1Background and Motivation
The lymphatic vasculature exisis nearly dl tissues of the body and plays

essential roles in maintaining fluid balance through fluid and protein clearance of the
interstitium, in immune cell trafficking, and in lipid transport. Lymphatic vessels achieve
these functions through two main types of sgels; initial lymphatics and collecting
lymphatics. Initial lymphatics are blirmhded structures comprised of one endothelial cell
layer with specialized junctional complex&s. Initial lymphatics feed into the larger
collecting lymphatics that have a smooth muscle medllmwing them to contract->.

Collecting lymphatics also contain unidirectional vdididgiding the vessel into segments

T

called lymphangiondgurel).
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(b) Collecting lymphatic
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Figurel: Initial lymphatics are made of endothelial cells with specialized overlapping junctions that allow for easy entry

of fluid, proteins and cells into theessel. These lymphatics lack smooth muscle and therefore cannot contract. (b)
Collecting lymphatics consist of individual contracting units known as lymphangions, which are lined with smooth muscle

and separated by valves. (i) Confocal reconstructi@nasolated rat lymphatic vessel showing valve leaflets (courtesy

2F 51 88 wtsASal FyR !yAdG2fAeé DIFIaKSOuUd ¢KS O2ff G@irAyd OSa:
FEAFT 20 NBHER 61t .0 KiebeNdrcasividBekrishaivn to modulate contractile function. For

example, an increase in (ii) wall shear stress through enhanced fluid flow has been shown to cause upregulation of eNOS

and subsequent release of NO, which acts as a vasodilator on the smooth musdlkikitelvessel contractiohBlue

spheres are water molecules, yellow spheres are lipoproteins, pink are immuneraetig, stars are NO molecules.

(Image taken from Dixon 20H).



The collecting vessel’s contractile
result in a pumping mechanism that provides an active transport system to move lymph
back into circulation against a pressure gradient. Lymph flow is a consequence ovariou
active (intrinsic) and passive (extrinsic) forces. The phasic contraction of lymphangions
accounts for the dominant intrinsic pumping mechanism. Extrinsic factors include the
driving force of lymph formation, influences of cardiac and arterial pulsation
contractions of skeletal muscles in proximity to the lymphatic vessels, central venous
pressure fluctuations, gastrointestinal peristalsis, and respiratiétrevious resarch has
shown that the intrinsic mechanism is regulated through alterations in both intraluminal
pressure'® and wall shear stress, such that increases in wall shear stress imposed through
elevated flow inhibit contractiod! through NO releasé€. Failure of the lymphatic pump

results in pathologies ranging from breast canoslated lymphedema? and

elephantiasis? (Figure2), to intestiral bow! disease (IB).

Figure2: Elephantiasis is a disease resulting from lymphatic filariasis, a parasitic infection of the collecting lymphatics,
which manifests itself with dramatic swelling of the lower limbs or genitals. Image courtesy of Maggie Steber
(Washington Post)
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Previous studies have shown that after a meal, lipids are brdkswn into fatty
acids and transported into intestinal enterocytes where they are esterified into
triglycerides and packaged into hydrophilic lipoproteins called chylomicr@me
formed, the chylomicrons are then taken up by the lacteals of the intestinal villi and
transported through the lymphatic system to the venous circulatio#’. Until recently,
the lymphatics have been treated as a passive system focalection and transpa of
chylomicrons in lymph, without considering their active role in transpbrLymph flow
rates, however, have been shown to affect chylomicron transpioand lymph flow ree
increases after lipid absorptioff. What remainsunclear is the exact relationship and
molecular underpinnings that modulate lymphatic pump function in the context of the
drastic changes in lipid uptake and lymph flow/formation that occur during the normal
dietary functions of theintestine. This information is a vital link in understanding the
significance of the lymphatic system in the context of hpthted diseases and the
implications of lymphatic pump failure on the progression and severity of these

pathologies.

Malformations of mesentery lymphatics result in various clinical patholotfies
mouse model of lymphatic vasculature dysfunction, which resulted in lymphatic leakage
was reported to manifest signs of adult onset obesftythus suggesting compromised
lymphatic lipid transport may be a contributinfactor to the onset of obesity.
Furthermore, proteidlosing enteropathies, for example, are characterized by the
progressive loss of protein from bowel due to elevated lymphatic pressure, lymphatic
congestion and nonulcerative mucosal disease as well fesnmatory and ulcerative
diseases. Primary intestinal lymphangiectasia (PIL) is one important form of piagaig
enteropathy. PIL is a disorder characterized by dilated intestinal lacteals which
presumably cause lymph leakage into the small bowel lum&uantitatively
understanding how normal lymphatic pump behavior responds to lipid load will give
scientists the basis to compare how this changesl possibly even drives the pathology,
in a PIL diseased state and will provide quantitative data toetktent of leakage, and

potentially disease severity. A lefat diet associated with mediurahain triglyceride



supplementation is the cornerstone of PIL medical management. The absence of fat in
the diet prevents chyle engorgement of the intestinal lympbatiessels thereby
preventing their rupture with its ensuing lymph loss. Medishmin triglycerides are
absorbed directly into the portal venous circulation and avoid lacteal overlozdiny

long chain fatty acid (LCFA) fluorescent analogue such as BODEArChe used to
better understand how the contribution of loading the lacteals contributes to the
disease by investigating the active role that the collecting lymphatic vessel playstarc

the extra load Even before PIL symptoms develop, patients have shown delayed
transport of lipid from the intestine, suggesting that lymphatic lipid transport function is
compromised at an early stage of the disedsén adlition, inflammatory bowl diseases

(1 BDs) such as Crohn’ s di sease (CD) , pr e
abnormalities!®. Lymphatic contractile activity was shown to be impaired in an isolated
vessel model of gut inflammation, suggesting that lymphatic function might be
compromised in inflammatory diseases such as EWVhile alleviating the lipid burden on
lymphatics is clinically beneficial in many of these intestinal disorders, the exact
mechanisms of lymphatifailure and the interplay between the lipid absorption process

and lymphatic function is unclear.

In addition to the role of lymphatics in lipid transport, there is another research
area that is in dire need of further investigation. That area is the disease known as
Lymphatic Filariasis (LFLFis the single largest wordide source of secondary
lymphedema?® and is caused by adult parasitic nematodes that target and dwell in the
lymphatic system. An estimated 120 million people in 73 countries are currently infected,
and a further 1.4 billion live in areas where filariasis is endemi©f the 120 million
people harboring the parasites, 90% haMechereria banwofti, while Brugia malayand
Brugia timoriinfections account for the other 1093 All three parasites use mosquitoes
as transmission vectof8. Infection is initiated when the hosteeking mosquito deposits
an infective thirdstage larva (L3) on the skin of the host during the process of obtaining
a blood meal.The infective larvae then penetrate the skin at the site of the bite,

presumably guided by chemoattractanty and migrate to the lymphatic vessels and



lymph nodes of the host where afterB months they mature into adult worms. The
adult worms may reside within the lymphatic system for years before the host shows any
clinical manifestations such as lymphedema, rogele, elephantiasis, chyluria and
compromised immunity*37. Following mating in the lymphatics, the parasites release
live progeny called microfilariae, which circulate in the bloodstream. These microfilariae
can then be ingested by a mosquito during a blood meal, where they undergo

development to form L2 and finally L3 larvae. Hence, the life cycle contihues

In the year 200, the World Health Organization (WHO) launched the Global
Alliance to Eliminate Lymphatic Filariasis (GAELF). The GAELF has been one of the most
rapidly expanding global health programs in the history of public health with the goal of
eliminating LF by @0 through annual mass drug administration (MB&Y-3832 While
killing the adult worms is considered one of the best strategies, the drugs used in MDA
are only effective at killing microfilaria, anchot the adult worms*%45, Thus, breaking
the cycle of transmision has proven to be difficult unless we can repurpose current FDA
approved drugs as macrofilaricideédditionally, these treatment strategies provide no
relief for the estimated 120 million people already infected. As we move from controlling
the disease to eliminating it, amnderstanding of the mechanisms by which firial
parasites target and migrate towards lymphaticand how they behave in the presence
of the lymphatic environment will be crucial in developing treatment strategies targeting
the migration process as well as the lymphatibabiting adult wormsDeveloping a
better understanding of these parasites will further enable the development of strategies
to possibly reverse the damage these parasites have cause in patients that are already

suffering from lymphedema as a consequence of the infection

In the following sections we describe various engineering approaches to elucidate

the role of lymphatics in both lipid and filarial diseases.

1.2Research Goals

The overall research goals of this thesis can be separated into twapyriobjectives:



1.

Elucidating the role of collecting lymphatic vesskl lipid uptake and transport
both in vivoandin vitro.

Developing a better understanding of filarial parasites, primarily their migration
pattern and ways to eliminatéhe adult version in aeffort to limit their lifecycle

and subsequentymphaticvessel damage.

These objectives were further broken down into the following spegiils

1.

Develop anin vivoanimal model along with the required imagirhardware to
acquire bothvessel lipid content and functional metrics describing vessel behavior
(Chapter 2.

Quantify the effect of lipid loaglon lymphatic vessel functiotChapter 3

Measure the posprandial viscosity of lymph following a hifgit meal to clarify

the cortribution of changesn viscosity to shear stres€ljapter 4

Quantify the sensitivity of lymphatic endothelial cells to shear stress in the context
of the microenvironment these cells experience, utthg oscillatory shear stress
andhigh lipid loadghrough intracellular calciursignaling(Chapter 5.

Develop anin vitro platform to mimic the skidymphatic interfae along withan
automated imaging platform to quantify the migratory behavior Bxf malayi

within amulticellular microenvironmentGhapter §.



II. DUAICHANNEIN SITWPTICAL IMAGING &SWWFOR
QUANTIFYING LIPIDTARE AND LYMPHATI®P FUNCTION

2.1.Abstract
Nearly alldietary lipids are transported from the intestine to venous circulation

through the lymphatic system, yet the mechanisms that regulate this process remain
unclear. Elucidating the mechanisms involved in the functional response of lymphatics to
changes in lipidolad would provide valuable insight into recent implications of lymphatic
dysfunction in lipid related diseases. Therefore, we sought to develap situimaging
system to quantify and correlate lymphatic function as it relates to lipid transport. The
imaging platform provides the capability of dedannel imaging of both higépeed
bright-field video and fluorescence simultaneously. Utilizing magjuistion image
processing algorithms, we can quantify correlations between vessel pump function,
lymph flow, and lipid concentration of mesenteric lymphatic vesselsitu All image
analysis is automated with customized LabVIEW virtual instruments: |anal if
measured through Iymphocyte velocity tracking, vessel contraction through
measurements of the vessel wall displacement and lipid uptake through fluorescence
intensity tracking of an orally administered fluorescently labelled fatty acid analogue,
BODPY FL £ This system will prove to be an invaluable tool for scientists studying
intestinal lymphatic function in health and disease, and those investigating strategies for

targeting the lymphatics with orally delivered drugs to avoid first pass metholi

2.2.Introduction
The lymphatic vasculature exists in nearly all tissues of the body and plays

essential roles in maintaining fluid balance through fluid and protein clearance of the
interstitium, in immune cell trafficking, and in lipid transport. lpimatic vessels achieve
these desired functions through two main types of vessels; initial lymphatics and the
collecting lymphatics. Initial lymphatics are bhadded structures comprised of one
endothelial cell layer with specialized junctional comple’xgdnitial lymphatts feed into

the larger collecting lymphatics that have a smooth muscle media, allowing them to be



contractileé*®. They also contain unidiréonal valve$dividing the vessel into segments

call ed |l ymphangi ons. The coll ecting vess
unidirectional valves, result in a pumping mechanism that provideadive transport

system to move lymph back into circulation. It has been shown that this mechanism is
regulated through alterations in both intraluminal presstirand wall shear stress, such

that increases in wall shear stress imposed through elevated flow inhibit contrattion

Dietary lipid uptake and transport after a meal is one of the primary functions of
the lymphatic systert, yet very little is known about the mechanisms through which the
lymphatics fulfill these roles. Previous studies have shown that after a meal, lipids are
broken up into fatty acids and transported into intestl enterocytes where they are
esterified into triglycerides and packaged into hydrophilic lipoproteins called
chylomicrons. Once formed, the chylomicrons are then taken up by the lacteals and
transported through the lymphatic system to the venous cirdol@?°. A mouse model
of lymphatic vasculature dysfunction, which resulted in lymphatic leakage was reported
to manifest signs of adult onset obesitythus suggesting compromised lymphatic lipid
transport may be a contributing factor to the onset of obesity. Until recently, the
lymphatics have been treated as a passiystam for thecollection and transporof
chylomicrons in lymph, without considering their active role in trans{fottymph flow
rates, however, have been shown to affect chylomicron transpoaind lymph flow rate
increases after lipid absorptiéhh What remains less clear is the exact relationship and
molecular underpinnings that modulate lymphatic pump function in the context of the
drastic changes in lipid uptake and lymph flow/formation that occur durirggrtbrmal
dietary functions of the intestine. This information is a vital link in understanding the
significance of the lymphatic system in the context of lgathted diseases and the
implications of lymphatic pump failure on the progression and sevevitythese

pathologies.

Several models have previously been reported in the literature studying lipid
uptake and transport through lymphatics. A tissergineered model recapitulates the

absorptive properties of the intestinal lymphatic interface using b&hco2 cells
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differentiated into enterocytes and lymphatic endothelial cells cultured on opposite sides
of a porous membrarfé, but the model does not allow the study of the active role of the
lymphatic pump. Various animal models have previously been used to investigate
lymphatic development and function including the carffhesheef®®?, rat®>5,
mouse%°” and zebrafisPP>°>. Most commonly, rats have been used to quéntipid
absorptiorf® which involves the collection of systemic blood to quantify lipoprotein
concentrations. Studies over the pastwo decades have mostly
techniqué* for collecting lymph from the mesenteric thoracic duct. Passive collection
through the duct could alter the transport time of chylomicrons since these vessels are
normally working against a pressure gradient thatns longer present during this
preparation. Thus, there is a need for a method for quantifying lipid concentrations that
both has minimal effect on the lymphatic vessel and is able to simultaneously provide

guantifiable lymphatic pump function measurements.

With the advancement in imaging hardware, computational power and image
processing algorithms, it is now possible to use these tools to reliably peifositu
lymphatic pump function measurements of lymph flow rate and contraction with reliable
accurac$%4 In addition, by combining fluorescence imaging of a fluorescent long chain
fatty acid analogu&“7-65 BODIPY FlLeCone can investigate direct correlations between
lymphatic pump function and lipid uptake, and determine the extent to which
lipoproteins modulate lymphatic function and in turn the consequences of lymphatic
dysfunction to lipid transport and homeostasis. We thus developed a highly sensitive
duakchannel optical imaging system capable of acquiring-bfgged brightfield video
and fluoregence images simultaneously, along with preprocessing and gquantitative
processing algorithms to extract relative lipid concentrations, vessel pump function
metrics, and lymph flow rates, providing the capability to quantitatively elucidate the role

of lymphatics in lipid transport.



2.3.Materials and Methods

DualChannel Optical Imaging System
A custombuilt optical setup provides duathannel imaging of both higspeed

bright-field video and fluorescence images simultaneousligyre 3). This is achieved
through optically dividing the microscope light path into two bands, one for fluorescence
(495550nm) and the other for brigHiield (> 560nm). Two light sources are used t
illuminate the vessel. A halogen light source built into the microscope (AxioScope, Carl
Zeiss Microscopy, Thornwood, NY) offers transmission illumination and a mercury arc
lamp (XCite, Lumen Dynamics, Ontario, Canada) provides reflective illuminatioand

pass excitation filter centered at 475/40nm is positioned in the filter cube within the
AxioScope (Zeiss). A 495nm long pass dichroic (Zeiss), also within the cube, allows for
reflected light to pass through while restricting the excitation wavetbngA dual
phototube adapter (Zeiss) allows us to divide the light path between two ports by using a
560nm long pass dichroic (T555LPXR, Chroma, Bellows Falls, VT). A 530/40nm emission
band pass filter (HQ530/40m, Chroma, Bellows Falls, VT) is placed thefdluorescence
camera (PIXIS 1024B, Princeton Instruments, Trenton, NJ). An adjustable 661¢uatC
adapter (Zeiss) provides us with the flexibility of aligning the camera in the plane
perpendicular to the light path in addition to adjusting focusdamngular rotation. A
580nm long pass filter (HQ580Ip, Chroma, Bellows Falls, VT) with an optical density (OD)
of 5 intercepts the halogen light path and only allows wavelengths greater than 580nm
to pass. A 10x water immersion objective (Zeiss) with aerigal aperture (NA) of 0.3 is

used to achieve the required magnification.

A highspeed CMOS video camera (Falcon Dalsa VGA300 HG, Teledyne Dalsa,
Billerica, MA) allows a frame capturing rate of up to 300 fps with a resolution of 640 x 480
and provides imges of individual lymphocytes flowing in the lymph. Thebit2
fluorescence camera utilizes a battkminated CCD that is cooled tJ0 ‘C which
eliminates thermal noise and provides high sensitivity, allowing the detection of small

changes in fluorescerdntensity.
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Figure3: A duatchannel optical system. Both a fluorescence and halogen light source are used to illuminate the
vessel.A long pass filter (580 nm LP) is used to attenuate wavelengths below 580 nm. An excitatigragsfilter
(475/40nm BP) is used for the fluorescence light source. A dichroic (550nm LP) effectively splits the wavelengths into
two channels; >550nm for the brigfield channel and <550nm for fluorescence. An emission band pass filter
(530/40nm) is faced in front of the fluorescence camera. An adjustable adapter allows focusing of the two cameras
independently. A) Representative brigleld image from higkspeed video of the vessel. B) Representative fluorescence
image of the same vessel. BODIRy & orally delivered fluorescent long chain fatty acid analogue, is used as our
fluorophore.

Tissue Phantom Preparation
A 147 pm diameter channel fabricated in polydimethylsiloxéPEMS; SYLGARD

184, Dow Corning, Midland, MI) served as a mock lympha&ssel to quantify the

minimum detectable concentration of BODIPY fel(lGfe Technologies, Grand Island, NY)

with the system and the fluorescence cames!
range of BODIPY (Excitation: 490 nm, Emission: 520 nm)ama/mL bovine albumin

(MP Biomedicals, Auckland, New Zealand) solution. A copper wire running through two

holes in a polystyrene petdish was used as a PDMS mold. A 10:1 (elastomer to base)

PDMS mixture was poured into the mold after removing air bubbled cured overnight

11



at 60 'C. The wire was then pulled out to create a hollow cylindrical channel thus

mimicking a collecting lymphatic vessel in both dimensions and optical clarity.

An Integrated Image Acquisition Platform
Using thirdparty toolkits (RCubed Software, Lawrenceville, NJ and BitFlow,

Woburn, WA) for both cameras, an integrated image acquisition application was written
using LabVIEW (National Instruments, Austin, TX) to streamline the acquisition process
with minimal user input. The inter&e provides a live feed of the high speed video and
fluorescence images throughout the experiment. The user can specify the duration of a
high-speed video segment, the integration time of the fluorescence camera, and the
interval at which to capture for kb cameras. Both video sequences and fluorescence

images are timestamped for later processing.

Highspeed video is captured at 250 fps using a NEwB PCle frame grabber
(Bitflow, Woburn, MA) and is saved as an uncompressed AVI file. The prografowrses
memory buffers which, together with RAID 0 hard disks, and-eor& central processing
unit (CPU) configuration allows direct streaming of Fegleed video frames to the hard
drive without the RAM limitation of the camera or the computer reportedvioaisiyf*.

This allows the user to capture an unlimited duration of hgpeed video that is only
limited by available hard disk space. Fluorescence images are captured at an interval of 5
seconds with an integration time of 100, which provides enough sensitivityagenow

levels of fluorescence while minimizing blur due to motion artifacts. Images are stored as

uncompressed 1®it TIFF files.

Animal Preparation
A male Spragu®awley (SD) rat (Charles River, Wilmington, MA) was chosen to

facilitate comparative stud®of lymphatic contractility to previous studies performed on
the same strain. The animal was housed in an American Association for Accreditation of
Laboratory Animal Care facility. At 9 weeks of age weighing 311 g the rat was fasted the
night before the @periment for 15 hours while water was availalald libitum After

fasting, a solution of 0.5 mL of olive oil (Great Value, Walmart, GA) and 100 pg of BODIPY
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FL @, reconstituted in 20 pL of Dimethyl Sulfoxide (DMSO; Fisher Scientific, Pittsburgh,

PA), wa delivered via gavage.

After waiting 1.5 hours to allow for digestion, the rat was sedated with an
intramuscular (IM) injection of Diazepam (2.5 mg/Kg, Hospira, Lake Forest, IL) and then
anesthetized through an IM injection of a cocktail containing 0.1ZmFentanyl (Sigma
Aldrich, St. Louis, MO) and 6 mL/kg Droperidol (Sigma Aldrich, St. Louis, MO) which has
been previously observed to have minimal effect on lymphatic vessel contractility.
Supplemental IM booster doses at half the initial dose were adstared as needed.

After preparing a surgical area around the abdominal cavity, a 2 cm incision was made at
the midline starting 1 cm below the Xiphoid process. A segment of the small intestine
distal to the duodenum was exteriorized and stabilized in@ge between two acrylic
plates thus exposing the mesentery over an imaging window covered with a glass slide
(Figure4). An albumin physiologicahlt solution (APSS; in mM: 145.0 NaCl, 4.7 KClI, 2.0
Cad, 1.2 MgS®, 1.2 NalHPO4 , 5.0 glucose, 2.0 sodium pyruvate, 0.02 EDTA, 3.0 MOPS,
and 10 g/L BSA) (all reagents from Sigma, St. Louis, MO and BSA from ICP Bio, New
Zealand) with pH adjusted to 7#40.1 at 38C was temperature controlled at 36 to 39

°C and flowed at a rate of 12 mL/min to bathe the mesentery. The APSS bath recapitulates
the oncotic extracellular environment found around the mesentery. The temperature of
the rat was maintained lrough circulating hot water flowing in silicone tubing
underneath the animal within the custom designed imaging board while body
temperature was monitored and recorded with a rectal thermometer (Kent Scientific,
Torrington, Connecticut). A lymphatic vekseas then located and placed over the
imaging window allowing the imaging session to begin. Imaging was performed for a total
of 70 minutes. All animal procedures were performed in accordance with the Georgia
Institute of Technology Internal Animal CameddJse Committee and complied with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. At the

end of the experiment the rat was euthanized.
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Figure4: The surgical setip. A) The small intestine &abilized in a loop via a twpiece clamp thus exposing the
mesentery. The base of the platform is a glass slide which forms the imaging window. B) A custom designed imaging
board that allows us to image the mesentery while bathing it in a circulatingvatbphysiological salt solution (APSS).
¢CKS FyAYLt &aAda 2y | KSFGSR LIXFGF2NYI S6KAOK YIFAY(dlFAya
the microscope stage to insure long term fiefdview stability by limiting slight board movements

PostAcquisition Image Processing
Lipid Intensity

Utilizing the fluorescence images, we defined a region of interest (ROI) in the

middle of the vessel and quantified the mean pixel intensity over time to track the relative

intensity of BODIPY1£TheROI spatially averages the fluorescent pixels in thepbane

and is typically drawn as a square to encompass a maximum area within the vessel. A

crosscorrelation (CC) algorithm was implemented to track the same vessel region in

every frame to compensat®r vessel motion artifacts. Intensity values were averaged

over a 35 second period (7 frames), which allows for sufficient imaging of the physiological

changes in lipid concentration that occur on a much longer timescale, allowing us to

correct for focudluctuations due to motion artifacts.

Motion Compensation

Intestinal peristalsis greatly increases after a rffeathich when coupled with the

r at S

respirati on,ioniartifacts. While mestsresesaichens peffarne a n t

lymphatic pump function measurements on a fasted rat to minimize these effethe
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purposes of this study required the developnt of a multitemporal motion
compensation algorithm that can be used to preprocess the video for subsequent
analysis. Aredbased methods are preferably applied when the images do not have many
prominent details and the distinctive information is providegl graylevels/colors rather

than by local shapes and struct@feAn areabased intensitybased 2D crossorrelation

(CC) image registration method was chosen over othahous as it was the least prone

to changes due to loss of focus. A 100 x 100 pixel template window was drawn on the
initial frame in the video sequence and the CC coefficient was calculated for the
subsequent frames to find the best possible match abogereelation index threshold of

0.1. Such a low correlation is seen when the vessel is significantly out of the plane of focus.
An image with correlation index <0.1 is not processed and instead is left as is. This does
not affect diameter and velocity reaatjs as those two algorithms ignore large frame
shifts due to their inherent use of small CC windows for their processing. Once the best
match was located, the image was offset in thg plane to overlap the original template
window. The variability in agocyte (fat cells) patterns in a given figétview (FOV)
ensures accurate crog®rrelation comparisons even when the image goes temporarily
out of focus due to plane motion. The size of the frame in both the horizontal and
vertical dimensions was kegbnstant by compensating with a black border. The video
sequence was then rotated to align the vessel horizontally in preparation for diameter

and lymphocyte velocity tracking.

Diameter Tracings

For quantifying lymphatic pump metrics an accurate diamétacing algorithm
was developed. In addition to the inherent low contrast, adipocytes accumulate around
lymphatic vessels causing the vessel wall to become obscure and in most cases lose its
sharp edge characteristics, thus common automatic edge detedctigorithms did not
prove to be accurate. This led us to use a 2D ecoslation method based on previously
published technique® (Figure5A). The user manually selects the two vessel walls in the
firstimage of the sequence. The atghm then draws a window around each of the vessel

walls and sets the two windows as reference templates. To track the movement of these

15



windows, the template windows (solid green line) in a frame were correlated to search
windows (dashed red line) in aubsequent frame and the maximum correlation
coefficient calculated indicates the new position of the wall. The template window was
centered on the current location of the vessel wall while the search window was larger
and centered on the same coordinates a subsequent frame. Typically the template
window is 40 x 40 pixels while the search window is 80 x 80 pixels. The dimensions of
these windows can be adjusted dynamically in the program in order to decrease
computational time (by making the windows ste#) or to account for high contraction
amplitudes in highly contractile vessels (by making the search windows larger). The
diameter of the vessel was the distance separating the centers of the two windows and

is tracked in every frame to give the diameteacings over time.

Lymphocyte Velocity Tracking

While various demonstrated flow tracking systems are currently in use, each has
its advantages and disadvantages. Laser speckle for example can measure speed but
cannot differentiate the direction of floff which is problematic given the oscillatory flow
conditions in lymphatic vessels. Scanning laser image correlation (SLIC) might provide the
ability to measure individual lymphocytes and distinguish particles flowing at various
velocities in the field of viewWhile SLIC has been demonstrated in microfluidic channels
and in zebrafish, it has yet to be adapted for use in larger animal models such®s rats
Therefore, a video based particle velocity algorithm was adapted from previou§3i®rk
(Figure5B) to track lymphocytes moving within the lumen of the vessel. The diameter
tracings were usedat set the spatial limit such that the template height was 80% of the
average vessel diameter, the width was 50 pixels and centered at the midline of the
vessel. This provided an adequate area to encompass several lymphocytes within the
template window. Inorder to enhance the difference in correlation indices across the
search area two consecutive frames were subtracted to remove static features in the
vessel. This resulted in an apparent fr ame
expected 4ms radting from an acquisition speed of 250 fps. Lymphocyte velocity was

calculated as:
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QIR

(0.1)

The algorithm was verified using 15 pm polystyrene microspheres (Polysciences,
Warrington, PA) attached to a glass slide. The size of the beads is comparable to
lymphocyte diameters which range froml® pnt®. A custom .NET program was written
to control a Zeiss AxioObserver Z1 motorized stage and move the slide at fixed velocities.
Highspeed video sequences were captured using the same imaging hardnrender
the same magnification (100x) as aur situ experiment and compared to the known

velocity values.
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Figure 5: Postacquisition image processing algorithms\) Diameter tracing algorithm. Green boxes (solid line)
representthe template windows. Red boxes (dashed line) are the correlation search windows. The diameter (d) is the
distance separating the centers of the two template windows as they are located across sequential frames. B)
Lymphocyte velocity tracking algorithifhe green box (solid line) is the template window which is-carsslated with
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two frames. The average velocity of lymphocytesfisiVE k n (i @

Fourier Analysis

An FFT amplitude spectrum was obtained for the diameter and velocity signals.
Although the sampling rate was 250 fps, the resulting diameter and velocity signals are
discontinuous with an inconsistent sampling period since theratgo does not report
back a diameter value when the image is highly out of focus. In addition, if there are too
few lymphocytes to make an accurate velocity reading the velocity tracking algorithm will
return a blank value. Thus before any processingmade, the signals were interpolated

using linear interpolation then low pass filtered (Butterworth with -aft of 5 Hz) to
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remove high frequency measurement noise. The FFT amplitude spectrum was then

obtained. All Fourier analysis was carried out with Medrks MATLAB 2012a.

Quantifying Correlation Between Triglyceride Concentration and BODIPY C16 Fluorescence
in Lymph
Animals

Male Spragudawley (SD) rats weighing 25850 g (Harlan, Indianapolis, IN) were
individually housed in a temperatweontrolled (2L +1C) vivarium on a 18r light, 12hr
dark cycle. Standard chow (EA85 Mouse/Rat Sterilizable Diet, Harlan Laboratories) and
water were providedad libitum (except where noted). All animal procedures were
performed in accordance with the University ©@incinnati Internal Animal Care and Use
Committee and complied with the National Institutes of Health Guide for the Care and

Use of Laboratory Animals.

Lymph fistula surgery and lymph collection

Rats were fasted for 24 hours prior to surgery, but retaifre@ access to water.
Rats were anesthetized with Isoflurane, then the superior mesenteric lymphatic duct was
cannulated with polyvinyl chloride tubing (0.5 mm ID, 0.8 mm OD; Tyco Electronics, Castle
Hill, Australia) according to the method of Bollman léttavith sight modificationg? The
lymph cannula was secured with cyanoacrylate glue (Krazy Glue, Columbus, OH).
Intraduodenal cannulation was performed by inserting a silicone feeding tube (1.02 mm
ID, 2.16 mm OD; VWR International, West Chester, PA) approximately 2 cm beyond the
pylorus inb the duodenum via a fundal incision of the stomach. The tube was secured by
a pursestring ligature in the stomach and sealed by a drop of cyanoacrylate glue to
prevent leakage. The lymph cannula and the intraduodenal feeding tube were
exteriorized throudy the right flank. After surgery, the animals were placed in Bollman
restraint cages and allowed to recover overnight; the animals were kept in a temperature
regulated chamber at 28C to prevent hypothermia and received a continuous
intraduodenal infusiorof 5% glucossaline solution (145 mM NacCl, 4 mM KCI and 0.28
M glucose) at 3 mL/h for-8 hours. Rats then received continuous infusion of saline (0.15

M NaCl) at 3 mL/hr overnight prior to lipid infusion to compensate for fluid and electrolyte
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loss dueto lymphatic drainageAfter overnight recovery, fasting lymph was collected on

ice for 30 min prior to the start of the intraduodenal infusion. Rats received intraduodenal
infusion of 3 mL of Liposyn Il 20% concentration (Hospira) with 100 pg of BQEIEé C
Technologies, Grand Island, NY) reconstituted in 20 pL of Dimethyl Sulfoxide (DMSO;
Fisher Scientific, Pittsburgh, PA). Lymph was collected on ice for 30 min intervals for 4h

min postinfusion. At the end of the lymph collection period rats wetghanized.

Measurement of triglyceride and BODIPY C16 in lymph

Lymphatic triglyceride concentrations were determined using a commercially
available kit (Randox TG, Randox Laboratories Ltd., Crumlin, Northern Ireland, UK). Lymph
samples were shipped on i@ernight from Cincinnati, OH to Atlanta, GA and BODIPY
fluorescence was measured using a multimode fluorescence plate reader (DTX 880,

Bechman Coulter, Indianapolis IN).

Quantitative Descriptors for Lymphatic Pump Function

From the diameter and velocity&cing the following metrics were calculated:

Constriction Wall Velocity (CWW)he velocity of the wall during vessel constriction for

each contractile cycle averaged over the entire length of the video segment:

EDD- ESD
Dt (0.2)

Where EDD is the End Diastolic Diameter, ESD is the End Systolic Diamgtdisahd

constiiction time.

Dilation Wall Velocity (DWVThe velocity of the wall during vessel expansion for each

contractile cycle averaged over the entire length of the video segment.

Volume Flow Rate (VERhe lymphocyte velocit))/(* ) calculated using the algorithm lies

between the spatially averaged veIociM [ and the maximum veIocit;y(/'aX) assuming

Poiseuille flow in a cylindrical tube. Since particles tend to locate themselvesaariter
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of a tube it can be assumed thM is closer toVMaX. Experimentally, a reasonable
V=2y
approximation was found to be 3 62

Under these assumptions a volumetric flow rate is obtained:

* 42
vir=2V 4

(0.3)

Where d s the diameter of the vessel when the lymphocyte velob’lfys measured.

Sroke Volume (SV)Is defined as the total expected volume displaced during a
contraction cycle of a lymphangion assuming an average lymphangion length and proper
valve closure to prevent backflow:

83EDD
SV= Peae— 8 —?

SR

(0.4)

Where EDD is the End Diastolic Diameter, ESD is the End Systolic Diaimétertypical

length of a rat lymphangion arid assumed to be 1 mf%

Ejection FractiofEF) The fraction of endliastolic volume ejected during a single phasic

lymphatic contraction was calculated as:

EDD’- ESD

EF = 5
EDD (0.5)

Where EDD is the End Diastolic Diameter, ESD is the End Systolic Diameter.
Fractional Pump Flow (FPAn index of minute lymph pump fldtcalculated as:

FPF=EF.CF60 (06)

Where EF is the Ejection Fraction and CF is the Contraction Frequency measured in Hz.

Lymphatic Output (LODefined as the lymph flow rate due strictly to phasic contractions:
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LO=SV.CF (0.7)

Average and Max Wall Shear Stress (WBSuming Poiseuille flow’>, WSS can be
approximately calculated by:
ArN”

WSS= a4

2 (08)

Wherep is the dynamic viscosity of lymph and is on average equal to 1.5 centipoi&e (cP)

V’is the lymphocyte velocity anfl is the diameter of the vessé

Effective Lipid Output (ELCRepresenting the effective lipid output per minute and

calculated as:

ELO = Intensity VFF60 (0.9)

Where the intensity is the normalized BODIR¥flGorescence intesity and VFR is the

Volume Flow Rate in pl/hr.

2.4.Results

Optical System Sensitivity to BODIPY
Our characterization experiments confirm the quantum yield of BODIPY exhibits a

7-fold increase when mixed with albumiRigure6). The increase in quantum yield quickly
plateaus at an albumin concentration below that typically measured in lffph
suggesting fluctuations in fluorescence due to changes in albumin concentration are
minimized. This increase in quantum vyield is most often caused by alteration of the
fluorophore deexcitation pathway, essentially increasitige probability of a radiative
event’®, Considering the limitations of this method, we calculate the minimum detectable
concentration of BODNPto be 24 ng/mL at 100 ms integration tinkegure?) with the
primary limiting factor being light leakage from the transmission halogen light source
through the 580 nm LP filter with optical density (OD) of 5. A 100 ms integration time was

used for all the experiments presented in this study.
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Figure6: Fluorescence intensity in the presence of albunB®DIPY fluorescenicegensity increased by approximately
7 fold when bound to albumin. Once bound, fluorescence is stable with the increase in albumin concentration. Error bars
represent mean standard deviation (SD).
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Figure7: Performance charactestics of the fluorescence camera, the PIXAPA calibration curve shows the linearity
of the PIXIS fluorescence camera and allows it to be used for quantitative fluorescence. B) Minimum detectable BODIPY
concentration at 3dB signab-noise ratio (SNR$ 24 ng/mL in 10 mg/mL albumin solution.
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Correlation of BODIPYsEluorescence and Triglyceride Concentration
In order to quantify the extent to which BODIPX 1@ight be indicative of actual

in vivoTriglyceride (TG) concentration we collected lymph fras (n = 7) over a 4 hour
period. Rats were infused with a lipid emulsion along with BODIRYt @as found that
the fluorescence trend correlates well with actual TG concentratiigufe 8) with a

linear regression @Rvalue of approximately 0.83.
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Figure8: BODIPY ffluorescence correlatewell with TG concentrationA) TG concentration and BODfR¥rescence

in rat lymph. Lymph samples were collected at 30 minute intervals for 4 hours. TG concentration was quantified using a
commercially available kit and fluorescence intensity values were obtained using a fluorescence plate reader. TG and
fluorexcence peak at around 2 hours after the start of intraduodenal lipid infusion. B) BODIPY fluorescence vs. TG
concentration with a linear regression?(Ralue of almost 0.83. n = 7. Error bars represent mean standard deviation
(SD).

Image Processing Perfoance
Motion Compensation The motion compensation algorithm significantly

stabilized the higtspeed video captured during intestinal peristalsisggre 9). A
randomly chosen 68econd video segment was used to obtain performance
characteristics. The standard deviation for the displacement of the original unstabilized
video was 9 pixels with a maximum displacement of 45 pixels while that of the stdbiliz
video was 0.4 and 3.5 pixels respectivélig(re9A). The normalized correlation index of

a window that was fixed in the FOV was calculated feritideo segment. The standard
deviation for the displacement of the original unstabilized video was 0.27 with a minimum
correlation index of 0 (the contents of the window completely leave the area), while that
of the stabilized video was 0.05 and 0.63 msjvely Figure 9B). The motion

compensation algorithm developed can be easily applied to any video sequence.
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Figure 9: Motion compensation algorithm performance metric#\) Original vs. stabilized pixel displacement. The
displacement of a template window was tracked as it moved in the field of view using 2D cross correlation. The standard
deviation for the original unstalized video was 9 pixels while that of the stabilized was 0.4 pixels. B) Original vs.
stabilized normalized cross correlation values. The correlation index was tracked over time for a template window fixed
in the field of view. The standard deviation lo¢ thormalized correlation index for the original unstabilized image was
0.28 while that of the stabilized was 0.05.

Diameter TracingsManual measurements were carried out every one second of
video by the user drawing a line connecting the vessel wallgraaburing that distance.
The manual measurements were then compared to the automated trackigsre10).
The average error rate between manual and algorithmic tracings was found to be around
3.3% and is likely a result of user subjectivity on the manual selection of where a vessel
wall startsor ends. Diameter tracings obtained provide the basis for various parameters

used to quantify lymphatic pump functioiféblel).
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Figure10: Verification of diameter tracing algorithm.Two different vessels with varying morphology and sizes are
displayed. Black markers indicate manual measurements where the user drew a line connecting the vessel walls and the
distance wasneasured. Error rate between manual vs. algorithmic tracings was 3.3%.

Tablel: Diameter related quantifiable parameters for characterizing BODIPY uptake and lymphatic pump function.

Time BODIPY AD CF DC EDD ESD CA Cwv DWV

(min)  (Normalized (um) (Hz) (um) (um) (um) (%) (um/s)  (um/s)
a.u.

1 3_01) 144  0.26 11 150 139 7 7 5

3 3.22 138 0.24 13 146 133 8 8 6

4 3.49 137 0.22 19 147 129 12 9 11

6 3.25 141 0.24 13 148 133 10 8 9

8 3.23 133 0.16 17 138 123 10 9 8

10 3.26 148 0.16 11 153 142 7 7 6

12 2.89 148 0.18 8 151 142 5 5 4

28 3.75 153 0.24 5 156 151 2 5 3

41 1.00 144  0.12 7 147 140 4 3 4

43 1.30 142 0.24 4 145 140 3 2 3

46 2.06 144  0.26 6 147 141 4 3 5

53 1.76 143 0.18 13 150 138 7 3 8

57 1.95 128 0.16 10 136 125 7 8 7

60 1.26 157 0.24 3 159 156 2 1 3

AD: Average Diameter, CF: Contraction Frequency, DC: Diameter Change, EDEDiEsitlic
Diameter, ESDEnd-Systolic Diameter, CWV: Constriction Wall Velocity, DWV: Dilation Wall Veloci
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Velocity Tracking The algorithm s a 97% accuracy for measuring particle
velocity in the range of lymphocyte velocities in the mesentery lymphatics reported in
literature’® (Figurell). The motorized stage being used produced some inherently small
jerky movements when moving at low speeds, this accounted for the somewhat jumpier
than expected algorithm accuracy verificatioeadings. Volume Flow Rates (VFR) and
Wall Shear Stress (WSS) can be calculated from lymphocyte velocities as described

previously® assuming Poiseuille flow in a cylindrical tube (

Table2).
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Figure11: Accuracy of the lymphocyteelocity tracking algorithm.Validation measurements were carried out by
placing 15 um beads on a slide anahatorized stage was programmed to move at certain velocities. Within the velocity
range previously published the algorithm has close to a 97% accuracy rate in determining the velocity.
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Table2: Lymphocyte velocity related quantifiable parameters for characterizing BODIPY uptake and lymphatic
pump function

Time BODIPY MLV Max. Min. VFER  Avrg. Max. FPF EF SV LO VFR/ ELO

(min) (Normali (um/s) LV LV (ul/hr) WSS WSS (/min (uL)  (uL/hr LO
zed a.u.) (um/s) (um/s) (dyn/cm (dyn/cm ) )
2 2

1 301 a3 1928 1512 ;7 006 200 214 014 002 2277 110 (g4
3 g9 oa0 2394 -1503 g7 021 221 246 017 003 2470 526 ,.c
4 349 289 2111 -1578 4153 024 184 312 024 0.04 3209 479 5
6 305 377 2404 -1465 q43 032 203 274 019 0.03 2852 7.51 77,4
8 393 392 1933 -1378 43, 035 189 198 021 0.03 17.98 11.03 744
10 3,5 39 1916 -1034 14 032 152 133 014 003 1478 16.69 gg4

12 1845 -846 0.43 1.55 1.19 0.11 0.02 12.87 2548 10.5
2.89 527 219 1
28 2024  -1407 0.40 1.68 0.78 0.05 0.01 8.95 37.61 14.0
3.75 504 224 3

41 100 441 2312 -1275 473 037 196 0.68 0.09 0.02 699 37.25 ,gq
43 130 306 2665 -1736 4195 027 235 093 0.06 0.01 919 20.38 ,7q
46 506 439 2929 -1578 417, 036 257 123 0.08 0.01 12.66 20.57 g5g7
53 176 435 2670 -1557 4179 035 221  1.65 0.15 0.03 1752 14.53 4g¢7
57 195 902 2753 -1866 g3  0.19 266 146 0.15 0.02 1281 7.40 45
60 126 399 2559 -1456 q1g7 0.30 206  0.67 0.05 0.01 804 3484 ;¢

MLV: Measured Lymphocyte Velocity, LV: Lymphocyte Velocity, VFR: Volume Flow Rate, WSS: Wall ¢
Stress, FPF: Fractional Pump Flow, EF: Ejection Fraction, SV: Stroke Volume, LO: Lymphatic Output,
Effective Lipid Output

2.5.Discussion

Alterative Imaging Systems
Miura et al. measured relative changes in ligmhcentration in the mesentery

lymph using graylevel ratios obtained by analyzing video images and were able to
correlate them to an increase in lymphatic contraction frequéhcyVhile some
gualitative conclusions can be made, the sensitivity to changes in lipid concentration falls
into a few discrete gray level values. The system is also limited by the fact that initial small
changes in lipid uptake would not be detectable. However, using aibacknated 12

bit CCD along with BODIPY allows us to quantify changes in lipid concerstaditow as

24 ng/mL. With regards to quantifying lymphatic function, several systems are currently

being used* %2 however our setup provides us with the capability of capturing an
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unlimited duration of higkspeed video allowing us to carry out measurements without
any blind spots if the experimentalist wishes to do so. In addition, our motion
compensation algorithm progies an integral tool for studies in the rat mesentery model,

as unlike other systems, we do not need to fast our animal before an imaging experiment.
This is also important since peristalsis is thought to provide an extrinsic mechanism for
driving lymph w23, thus studies designed that intentionally minimize motion artifact by
limiting peristalsis might actually be underestimating lymph flow rates in the mesentery.
The system presented in this paper is both sensitive and able to provide us with various

guantifiable data Tablel and

Table2) that comprehensively describe lymphatic pump function and lymph flow

in the context of lipid uptake and transport.

Determining Intrinsic vs. Extrinsic Factors
Lymph flow is a consequence of various active (intrinsic) and passive (extrinsic)

forces. The phasic contraction of lymphangions accounts for the dominant intrinsic
pumping mechanism. Extrinsic factors include the driving force of lymph formation,
influences of cardiac and arterial pulsations, contractions of skeletal muscles in proximity
to the lymphatic vessels, central venous pressure fluctuations, gastrointestinsigigis,

and respiratiof. Because of this complexity the velocity peaks due to the actions of
passive lymph pumps often are not synchronized with intrinsic contractilitycof
lymphangions Kigure 12), flow profiles in lymphatic vessel are extremely variable and
bidirectionaf*. By tracking both flow and contraction simultaneously during the
absorptive process, wean quantity the significance of both the extrinsic and intrinsic
pump on lymph flow. One such indicator for describing the dominant pumping is the
Volume Flow Rate to Lymphatic Output ratio (VFR/LO). The VFR is the measured flow in
the vessel obtained tlmugh lymphocyte tracking, while the LO is what is expected due to

the intrinsic contractility of the lymphangion. In fasted rats this average ratio wag%.71
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while for the lipid fed rat shown here the average ratiasn 1.64, indicating a dominance

of extrinsic factors. This is most likely due to lymph formation serving as a dominant
extrinsic factof?, but more studies are warranted to determine the exact mechanism. Our
system does, however, have the ability to distinguish between the expecteddtevdue

to vessel pumping and the actual flow rate, even in the context of lipid absorption and
substantial intestinal peristalsis. In addition, obtaining a frequency spectrum of the
underlying velocity and contraction frequencieBigure 13) clearly shows that the
fundamental frequencies of contraction and flow are independent, with flow having a
higher fundamental frequency than contraction, furthehowing that extrinsic factors

play a major role.
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Figure12: Correlating lipid uptakewith lymphatic pump functionA, B, C) Diameter tracings superimposed on velocity
profiles for three time points at minutes 12, 28 and 57E€)mated BODIPY¢Concentration plot over a 68 minute

period giving us relative lipid concentrations in the lymphatic vessel. E) Sample fluorescence image used for pixel
intensity measurements. F) A single frame from a b+ighd highspeed video segemt used to extracting diameter

and velocity data.
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Figure13: Fourieranalysis of representative diameter and velocity tracings) at 12 minutesKigure12A). B) at 28
minutesFigure 12B). C) at 57 minuted={gure12CQ). Fundamental frequencies for diameter and velocity tracings are
different (see numerical labels), indicating that extrinsic factors might potentially be the dominant mechanism of

transportas opposed to lymphatic contraction.
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Quantifying Intestinal Uptake
We have chosen BODIPY k&(£4-Difluoro-5,7-Dimethyt4-Bora3a,4aDiazas-

Indacene3-Hexadecanoic Acid), a fluorescently labeledcafboon chain fatty acid, to
guantify lipid uptake. BOIPY is an ideal choice due to having a high quantum yield and
solvent photostability. The lymphatic transport characteristics of BODiffYa@ been
previously validated using a -owlture lactealin vitro modef’8® and have o been
previously reported to be taken up into lymphatias vivo after administration via
gavagé**’. Because this fluorescent lipid analogue is a{cingin free fatty acid (LCFA),

it is absorbedby the villi lining the small intestine and packaged along with the
triglycerides present in the olive oil cocktail, to form fluorescent chylomicrons and
correlates well with actual TG concentrations in lymplg@re8). BODIPY is exclusively
taken up by lymphatics and is not detectable in the mesenteric blood circutatol is
metabolized as an 8arbon fatty acid due to the presence of two extra carbons in the
fluorophore®®. Once the chyimicrons enter the mesenteric lymphatic, an increase in
fluorescence intensity is observedrigure 12D). While BODIPY was chosen for this
particular application, any fluorophore in the green fluorescent protein (GFP)

excitation/emission range can be used to quantify uptake by the mesentery lymphatics.

There has been growing interest in targeting lymphatics with orally delivered
drugs or vaccines as suamoute would avoid firspass metabolism by the liver and could
also provide access to mesenteric lymph no#é8€ Fluorescently labeling these delivery
systems would allow invesagprs to not only access lymphatic absorption of the drug,
but would also provide insight into whether or not the delivery has unwanted
consequences on lymphatic function, thus limiting its delivery to the systemic circulation.
It could also provide insiglinto the mechanisms behind the enhancement of lymphatic
uptake seen when drugs are delivered to a subject with elevated system levels of
triglyceride rich lipoproteirf8. Understanding the effects of metabolic differences
between patients on oral drug absorption is essential for developing proper dosing

strategies for these individuals.
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Significance in Studyilljsease
Malformations of mesentery lymphatics result in various clinical patholégies

Proteinlosing enteropathies, for example, are characterized by the progressive loss of
protein from bowel due to elevated lymphatic pressu lymphatic congestion and
nonulcerative mucosal disease as well as inflammatory and ulcerative diseases. Primary
intestinal lymphangiectasia (PIL) is one important form of pretesing enteropathy. PIL

is a disorder characterized by dilated intestifadteals which presumably cause lymph
leakage into the small bowel lumen. Comparing VFR and BODIPY fluorescence in this
diseased state to a healthy state will provide quantitative data to the extent of leakage,
and potentially disease severity. A |dat diet associated with mediurahain triglyceride
supplementation is the cornerstone of PIL medical management. The absence of fat in
the diet prevents chyle engorgement of the intestinal lymphatic vessels thereby
preventing their rupture with its ensuing lyph loss. Mediurrchain triglycerides are
absorbed directly into the portal venous circulation and avoid lacteal overlo#didging

a long chain fluorescent fatty acid analogue such as BOGHan be used to better
understand how the contribution of loading the lacteals contributes to the disease by
investigating the active role that the collecting lymphatic vessel plays to clear the extra
load. Even before PIL symptoms develop, patieatseehshown delayed transport of lipid

from the intestine, suggesting that lymphatic lipid transport function is compromised at

an early stage of the diseaSe

I n addition, i nfl ammatory bowl (GD),sease:
present themselves with several lymphatic abnormalittesymphatic contractile activity
was shown to be impaired in an isolated vessel model of gut inflammation, suggesting
that lymphatic function might be compromised in inflammatory diseases such s CD
While alleviating the lipid burden on lymphatics is clinically beneficial in many of these
intestinal disorders, the exact mechanisms of lymphatic failure and the interplay between
the lipid absorption process dnlymphatic function is unclear. The imaging system
described here has the capability to address many of these issues in a unique fashion. The

parameters obtainable ifablel and
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Table2, along with Fourier analysis and further signal processing anahigis¢
13) will pave the way to understanding various disease states and quantitatively

elucidating how mesentery lymphatic function changes in response to disease.

2.6.Conclusion
In an efort to better understand the role of lymphatics in lipid related diseases

we developed a duathannelin situoptical imaging system capable of quantifying lipid
uptake and various parameters describing lymphatic pump function. We have
demonstrated that he system has high sensitivity to low levels of an orally administered
fluorescent fatty acid analogue and the ability to process the hundreds of thousands of
images that are generated in a given experiment to quantify both flow and vessel
contraction. Themage processing techniques implemented allow all of this to be done
even in the presence of the significant motion artifacts that occur as a consequence of
intestinal peristalsis during fat absorption, providing a comprehensive tool to study lipid

related diseases in the context of lymphatic transport.
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lll. ACUTE LIPID BS®PRE DECREASESMESENTERIC
LYMPHATIC PUMP FURGIIN VIVO

3.1.Abstract
Dietary lipids are transported from the small intestine through collecting

lymphatics that act as pumpgenerating strong contractions to move fluid against
adverse pressure gradients. Recent studies have indicated that chronic pathologic lipid
loads can adversely affect lymphatic function. However, the acute lymphatic pump
response in the mesenteric lymphes to a postprandial lipid meal has gone relatively
unexplored. In this study, we used the rat mesenteric collecting vessel as an in vivo model
along with a novel multimodal intravital microscopy technique to quantify the effect of
lipoproteins on vessghump function. Lipid load was continuously monitored using the
intensity of a fluorescent fattacid analogue, BODIPYs,Gvhich we infused along with a

fat emulsion through a duodenal cannula. The vessel contractile behavior was
simultaneously quantifiedising highspeed brightfield video. We demonstrated for the

first time that collecting lymphatic vessels functionally respond to an acute lipid load by
reducing pump function. High lipid levels decreased contraction frequency by 86 %
compared to a 16 % deease in the saline infused control group (P = 0.019) and
contraction amplitude decreased by 76 % compared to 16 % in the control group (P =
0.049). We also showed a strong tonic response by the vessel as indicated by a reduction
in the end diastolic diaeter of 43 % in the lipid group compared to 9 % in the control
group (P = 0.006). These results provide the first evidence that higkpparsdial lipid has

an immediate negative effect on lymphatic pump function even in the acute setting.

3.2.Introductian
Nearly all dietary lipids enter the venous circulation via the lymphd&fioshich

transport chylomicrons from the villi of the small intestine through the lymphatic vessel
network to the thoracic duct where lymph is emptied into the blood via the left subaiavia
vein 816.91.92 There is a rapid increase in triglyceride content in lymph after a-tlighd
meal ! and how lymphatics respond to functionally handle this increased lipid load

remains unclear. Lymph is drained through the intestinal lymphatics in large part through
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the intrinsic pumping activity of the collecting vessels and-aag valves, which prevén
backflow %70 The collecting lymphatic vessels cdntdymphatic smooth muscle cells

which cause phasic and tonic contractictts The col |l ecting vessel s
with their unidirectional valves, result in a pumping mechanism that provides an active
transport system to move lymph from peripheral tissue into venous circulation. It has

been shown that this pumping mechanism can be modulated by a variety of substances
including nitricoxide (NOY3°4 histamine®, prostaglanding®°®’and hormones8, many

of which @n be mechanically regulated to alter pump function in response to intraluminal

pressure® and wall shear stressh.

The lymphatic vasculature has recently been implicated in a variety of lipid related
pathologies®199.101 Several recent studies have shown strong correlations between
obesity, high levelsf circulating lipoproteins and lymphatic dysfunction. Breduced
obesity in a mouse model showed impaired collecting lymphatic vessel function through
decreased contraction frequency and enlargement of the ves3#s decreased
interdtitial fluid flow, and decreased lymphatic transport to and between local lymph
nodes!®. Similar results have been shown in isolated mesenteric lymphatic vessels taken
from a rat metabolic syndrome model where there was a decrease in contraction
frequency and fractional pump floW. In addition, vessels taken from a mouse model of
type 2 diabetes showed compromised lymphatic barrier function anceasad lymph
leakage %% In humans, lymphatics present with a reduced ability to remove
macromolecules from the interstitial space in obesjects'®®. Obesity has also been
associated with an increased risk in developing fopstrative lymphedema®®1%7 On the
other hand, an increase in lymphatic transport of lipids was observed in gatetic
diabetic obese rats, although this response was likely due to an increase in triglyceride
synthesis as lymph flow remains unaltered in this diabetic még&eMhile lymphatic
dysfunction seems to be dictly correlated with obesity due in part to the chronic
inflammatory environment associated with large adipose tissue b&¥sit remains
unclear whether acute high levels of circulating lipoproteins in lymph could have a direct

effect on lymphatic function as they do in the blood vasculattife Chronic levels of
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increased circulating lipoproteins, such as in hypercholesterolemia in adult’Apade,
resulted in a degeeration of lymphatic vessels that lead to decreased lymphatic drainage
57, On the other hand, an older study conducted in rats, showed that mesenteric
lymphatic vessels, in fact, increased theantractile frequency after being given an
infusion of olive oil into the stomach. However, in a recent clinical study, lymph lipid
and lipoprotein concentrations in peripheral lymphatics were inversely correlated with
lymph flow rate!! but it was not clear whether that was due to decreased lymphatic

pump function or other fact® affecting lymph formation.

While obesity and high levels of lipoproteins are suggested to be a driving force
for lymphatic dysfunction, several recent studies have shed light on a complementary
relationship whereby lymphatic dysfunction can drive obesitd other lipidrelated
pathologies. For example lymphedema, a disease clinically characterized by irreversible
swelling and compromised lymphatic function, was also associated with adipose tissue
expansiont?12and chronic inflammatiord®. In addition, lymphatic vascular defects
promoted by Proxl caused adulbnset obesity due to mesenteric lymph leakatfe
Furthermore, impaired lymphatics were shown to exacerbate the atherosclerotic
pathology using a mouse model of atherosclerosis crossed with different transgenic
mouse strains with lymphat insufficiency through unknown mechanisms affecting
lipoprotein metabolism, increasing the levels of circulating lipid, and causing an increase

in atherogenesis'4,

There has been a growing interest lately in the role that lyats play in the
development and progression of lipid related diseases, and in quantitatively describing
the evidently strong interplay between lipids and lymphatic vessel structural and
functional behavior81%, Although recent studies provide significant evidence that
lymphatic function and the local lipid environment are highly influenced by one another,
it is less clear how the main collecting lymphatics that drain the-figtd lymph of the
intestine functionally respond to the rapid increase in lipid load that occurs in response
to a lipidrich meal. Given the regional heterogeneity of lymphatic puraggrmance!?,

knowledge of the contractile response to lipid exposure in the lymphatic tissue bed that
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encounters the largest potential lipid load will provide a relative framework for
underganding the global lymphatic response to pathological lipid levels. While it is well
established that circulating lipoproteins interact with the vascular endothelium to elicit
endothelium mediated vascular responses that have been attributed to vascaleasd
115116 it is not known if such interactions also occur within the lymphatic endothelium
and whether they cause measurable changes in the pump function of the vessel which
could result in pathagically low lymph transport capacity. Previously, we reported the
development of an intravital imaging system capable of simultaneously tracking
lymphatic pump function and lipid load in vivo in the rat mesentéfyIn this study we
utilized this system to quantifyhe phasic and tonic contractile response of mesenteric
prenodal lymphatics as they transitioned from a state of fasting to a-pastdial lipid

load. We hypothesized that as lipid concentration in the mesenteric vessel increases post
prandially, the vesdewill functionally respond to acute lipid exposure in a manner that is
similar to pathological nomesenteric vessels and exhibit a decrease in intrinsic

lymphatic pump function.

3.3.Methods

Animal Model and Ethical Approval
Male Spragudawley (SD) rataeighing 18280 g (Charles River, Wilmington,

MA) were chosen to facilitate comparative studies of lymphatic contractility to previous
studies performed on the same strain. Both lipid (n = 8) and saline (n = 6) groups were
provided with the same standarchow diet. Rats were fasted for 48 hours before each
experiment while water was available ad libitum. One sugar cube was provided per rat
the day after fasting began. All experiments were carried out under general Isoflurane
anesthesia and animals wererdmuously monitored for signs of distress. Internal body
temperature was maintained at 338 °C using a feedback controlled setup. Following the
experimental procedure rats were sacrificed with a cut in the diaphragm while still under
anesthesia. All anial procedures were performed in accordance with the Georgia
Institute of Technology Internal Animal Care and Use Committee (IACUC) and complied

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
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Surgical Protocol
After shaving a surgical area around the abdominal cavity, a 2 cm incision was

made at the midline starting 1 cm below the Xiphoid process. The stomach was located
and gently moved to the outside of the abdomen to expose the duodenum. A small
incision was themade in the duodenum using a surgical scalpel and a small silicone tube
was inserted into the incision and fixed to the outside of the duodenum using topical
tissue adhesive (GLUture, Abbott, Worcester, MA). The stomach and duodenum were
then placed backito the abdominal cavity. A single surgical suture was used to reduce
the opening of the abdominal incision to around 1 cm. A segment of the small intestine
distal to the duodenum was exteriorized and stabilized in a groove between two acrylic
plates thusexposing the mesentery over an imaging window covered with a glass slide.
An albumin physiological salt solution (APSS; in mM: 145.0 NaCl, 4.7 KCI, 2.0.Z2aCl
MgSQ, 1.2 NaHPO4 , 5.0 glucose, 2.0 sodium pyruvate, 0.02 EDTA, 3.0 MOPS, and 1 g/L
BSA)all reagents from Sigma, St. Louis, MO) with pH adjusted to 7.4 + 0.1 @tv@8s
temperature controlled to 369 ‘C and flowed at a rate of 21 mL/min to bathe the
mesentery. A total of 1 L of APSS was recirculated for each rat throughout the experiment.
The APSS bath recapitulated the oncotic extracellular environment found around the
mesentery. The temperature of the rat was monitored and recorded with a rectal
thermometer (Kent Scientific, Torrington, Connecticut). Internal body temperature was
maintaned at 3738 °C using a feedback control mechanism by continuously monitoring
the rat with a rectal probe and automatically adjusting a circulating water bath which
flowed warmed water through tubing integrated within the custom designed surgical
board. Alymphatic vessel was then located and placed over the imaging window. The
vessel was given 10 minutes to equilibrate under the given conditions then imaging

began.

A lipid solution containing Intralipid0% fat emulsion (30% of total volume,
Sigma), oleiacid (0.89 mg/mL, Sigma), saline (0.9% NaCl, 70% of total volume) and
BODIPY € (40 pg/mL) (Life Technologies, Grand Island, NY) was infused through the

duodenal cannula at a flow rate of 5 mL/hr. The infusion was stopped when the solution
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reached the pe of the small intestine that was being imaged (evident by the intestinal
segment turning white and a noticeable distension). For the saline control group, saline
was infused at the same flow rate as the lipid solution and infusion stopped when the
intestine appeared relatively distended. The color of the intestine remained the same due
to the fact that saline, unlike the lipid emulsion, was clear and not white. Image

acquisition was carried out for an average of 90 minutes for both groups.

In Vivo Imagingnd Processing of Mesenteric Lymphatic Vessel Function
A duatchannel optical imaging system and customized image processing

algorithms were used to acquire both higpeed video and fluorescence intensity to
simultaneously track lymphatic contraction alythph lipid levels as described previously

117 The highkspeed video was captured at a frame rate of 250 fps and the fluorescence
images at 0.2 fps (i.e. 1 frame every 5 s). Following acquisition, videos were digitally
stabilized and vessel diameter tracings were atedi. Mean fluorescence intensity was

also quantified post image stabilization.

Statistics
Eight rats were used for the lipid infused group and six for the saline controls. For

each rat a single vessel was imaged. All data followed a Gaussian distribbh&dPearson

correlation coefficient was used as a correlation index. Awag ANOVA followed by

correction for multiple comparisons using a Tukey test was used for all analysis. When
comparing the percent changes between the saline and lipid groups neultipaired #

tests were run and the HolfBidak method was used to correct for multiple comparisons.

For all tests, statistical significance wa:
‘ns’ for p > 0.05, *“*' *ffdgr g oz @. &5,0.'0%0*".

analyses were performed with Graphpad Prism v6 (GraphPad Software, La Jolla, CA).

3.4.Results

Imaging Vessel Contractile Behavior in Response to Lipid Load
By imaging the fluorescence emission of BODIPM & mesenrgric vesselKigure

14A), we were able to track the lipid uptake dynamics of a vessel after lipid arrival in the

corresponding intestinal segment drained by that vessedjre 14B). Previously, we
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demonstrated that the kinetics of BODIPYs @to lymph closely follows that of
triglyceride (TG), making it a suitable reporter for tracking lymph TG levels ovet'fime
Lipid isfirst detected in the vessel within 15 minutes of appearing in the intestinal
segment. This detection was followed by a rapid rise in lymph lipid level that peaked
between 60 to 80 minutes post arrival of the lipid in the intestinal loop section being
imaged. The higlspeed brightfield video provided a clear view of the mesenteric vessel
walls and was used to quantify diameter changes over tifgufe14C), allowing us to
extract and quantify various parameters of vessel pump function including contraction
frequency Figure 14D), contraction amplitude, average diameter and end diastolic
diameter. Calculating the Pearson correlation coefficient between the relative lipid
concentration over a-minute interval and the respective pump function parameter over
that same time interval suggested thiacreases in lipid load resulted in a decrease in the
contractile activity of the lymphatic vessel (correlations ranged betw€e?7 t0-0.30
(FigureldE)). To analyze this in more detail, we utilized the BODIPY fluorescence intensity
signal and segmented the experimental data into three discrete groups: 1) no lipid, 2) low
lipid and 3) high lipid (Séagurel4F) and calculated vessel pump functional parameters

for each of these loads.
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Figurel4: Simultaneous higkspeed video and fluorescence acquisition provides thigility to assess the effect of a

lipid load on lymphatic pump functionA) Fluorescent image of a rat mesenteric prenodal collecting lymphatic vessel.
BODIPY {@is used as a fluorescent indicator for triglyceride concentration within the vessel. Theraow indicates

a typical region in which fluorescence intensity was quantified following image stabilized to remove motion artifacts.
B)BODIOPY:gfluorescence intensity in the vessel over time following duodenal infusion of a fat emulsion along with
BODIPY f& C)A single brighfield frame from a video sequence ofninute duration taken at 250 fps. The lymphatic
vessel wall can be clearly seen and is typically surrounded by adipocytes. The red boxes represent a region of interest
around each wall tat was tracked using cros®rrelation. The distance measurement provided diameter tracings
which was used to quantify various functional parameters such as contraction freg{iIZnEyThe Pearson correlation
coefficient calculated for each metric asumétion of BODIPY:£fluorescence. Negative correlations were observed

for all four metricsF)A representative distribution for a certain metric (average diameter in this case) as a function of
BODIPY fluorescence. Three discrete segments were chospriEsent cases where there was no lipid in the vessel,
low lipid and high lipid. n = 8, error bands and bars represent SD.
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Contraction Frequency and Amplitude (Phasic Response) Decrease in Response to
Lipid

Utilizing the obtained diameter tracings, we qudied two key parameters
describing the phasic response of the lymphatic vessel; contraction frequency and
contraction amplitude and showed that they both decrease with an increase in lipid load.
Contraction frequency decreased as a function of BODIRéntration Eigurel5A). The
points where contraction frequency is zero represented video segments in which the
vessel did not physically contraetthin the one minute video segment being quantified.
The contraction amplitude exhibited a similar decredsigyrel5B). As described earlier
we further divided the lipid load into 1) no load, 2) low lipid and 3) high lipid. Contraction
frequency was inversely related to lipid load and decreased from an average of 10.2 cpm
when no lipid was present in the vessel to 1.8 cpm with a high lipid load.@®&19, with
several vessels exhibiting no contraction at that load. Even low lipid loads caused a
significant decrease in contraction frequency compared to no lipid (P = 0.0094). There
was no difference between the contraction frequency of vessels padipid uptake
compared to vessels draining from the intestines that were infused with saline (P =
0.7564) Figure15C) Contraction amplitude averageatound 10 pm in saline infused
animals and in lipiinfused animals when the levels of lipid were low, while in vessels
with high lipid loads the contraction amplitude significantly decreaséaldto 2 um (P <
0.0001). Taken together these results sugigereduction in the phasic contractility of rat

mesenteric lymphatics when exposed to high levels of lipid after afigihdmeal.
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Figurel5: Mesenteric lymphatic vessels exhibit a decrease in their phasic response as evigeatdecrease in both
contraction frequency and amplitudeA) Contraction frequency decreased as a function of BODIPftu@rescence.

B) Contraction amplitude also decreased)Contraction frequency exhibited a lipid load dependent effect where it
decreased from 10. cpm when no lipid was present to 1.8 cpm with the highest lipid load (P < ODQ0dijtraction
amplitude also showed a similar dependency on lipid load where it decreased from 10 um under no lipid load to 2 um
(P = 0.6013) under the higbad. n = 8, error bars represent SD.

Average and End Diastolic Response (Tonic Response) also Decrease in Response
to Lipid

In addition to a phasic contractile response, lymphatics are also known to exhibit
a tonic contractile response with different undgng molecular mechanisms regulating
the two 118 To track changes in vessel tone over time, we quantified two parameters that
are most reflective of the tonic response that has been reported in isolated, perfused
lymphatic vessels: average diameter and end diastolic diameter. Both parameters
decrease with an increase in lipid load, suggesting a measurable tonic response of the
vessel to an infusion of lipid. Average diameter decreased as a function of BODIPY
concentraton (Figure 16A). The end diastolic diameter exhibited a similar decrease
(Figurel6B). The average diameter decreased from 82 um to around 50 pum under high
lipid versus no lipid (P < 0.0001), and to a lower extent, 70 um, under a low lipid load (P =
0.0163). There was no gistical difference between no lipid and the saline control group

(P =0.4627). Following a similar trend to the average diameter, the end diastolic diameter
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decreased from 86 um to 73 um under a low lipid load (P = 0.0174) and to an average of
52 pum underhigh lipid (P < 0.0001). There was no difference in average end diastolic

diameter between the no lipid and saline controls (P = 0.3722).
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Figurel6: Mesenteric lymphatic vessels exhibit a decrease in their tonic responsevédent by a decrease in both
average and end diastolic diameter) Average diameter decreased as a function of BODIFfiu@escenceB) End

diastolic diameter also decreasdd)Average diameter exhibited a lipid load dependent effect where it desgedrom

82 um when no lipid was present to 50 um with the highest lipid load (P < 0.0DPEnd diastolic diameter also
showed a similar dependency on lipid load where it decreased from 86 pum under no load to 52 um (P < 0.0001) under
the high load. n 8, error bars represent SD.

Lymphatics Maintain Constant Pump Function throughout Imaging Procedure
Since the rat is maintained under anesthesia and the mesenteric vessels are

exposed to imaging for over two hours, there was some concern that loss ofactigr
activity could occur over time and thus result in the reduction of pump function that was
observed during periods of high lipid. In addition to this concern the mesenteric bed
becomes stretched due to the significant distention of the intestinal aslthe bolus of

food arrives. To account for these effects, we designated a group of control rats which
underwent the same procedure except they were given an equal volume infusion of saline
instead of lipid. The contraction frequency and amplitude shdba®ery modest decrease
over time in the saline control rat§igure17A-B), but comparing the phasic response

metrics at the same interval in timehen we typically see the high lipid load in the lipid

44



infused rats showed that the percentage decrease for both metrics was significantly
higher in the lipid group. Specifically, there was an 86 % decrease in contraction frequency
compared to 16 % in cordls (P = 0.019) and 76 % decrease in contraction amplitude
compared to 16 % in controls (P = 0.04Riggre17E). The average and end diastolic
diameters also showed a slight decrease in the saline control Fagsire 17GD) but
comparing the tonic response metrics at the same interval in tiwvhen we typically see

the high lipid load in the lipid infused rats showed that the percentage decrease for both
metrics was significantly higher in the lipid group. Specifically, there was a 41 % decrease
in average diameter compared to 8 % in contréls=(0.005) and a 43 % decrease in end
diastolic diameter compared to 9 % in controls (P = 0.0Bgu(el7E). All this suggests

that the phasic contretility of the mesenteric lymphatic vessel as well as the tonic

response significantly decreased in the presence of intraluminal lipid.
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Figurel7: Rats infused with saline only show little decrease in phasic and tonic respo@satrol rats were infused

with saline only instead of the lipid emulsion. Contraction freque@gycontraction amplitudgB), average diameter

(C)and end diastolic diametdD)showed minimal decrease over time. E) Contraction frequency showed a riginer h

percentage decrease in the lipid infused rats than in the controls (86 % vs 16 %, P = 0.019), so did contraction amplitude

(76 % vs 16 %, P = 0.049), average diameter (41 % vs 8 %, P = 0.005) and end diastolic diameter (43 % vs 9 %, P = 0.006).
n = § error bars represent SEM.

3.5.Discussion
While lipid uptake by lymphatics has been extensively studied and reported in

literature, most of these studies were carried out by collecting lymph via the mesenteric
lymphatic duct. Since our technique allowsto determine when lipid first appears in the
intestinal region drained by a given lymphatic, we were able to determine the total time
for lipid absorption, packaging of chylomicrons, release into the villi and uptake into the
lacteal 11°, Lipid can first be detected in the mesenteric collecting vessel withia010
minutes and reaches a maximum concentration arouneB6aninutes. The timdérame

previously reported for chylomicrons to first appear in the mesenteric lymphatic duct was
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reported to be at around 122 minutes and to peak around2hours?! (Figure 18).
Previous studies used fluorescence based TG assays instead of quantifying chylomicron
incorporated fluorescent fatty acids. The assays typically utilize the hydrolysis of TG by
lipase to poduce free fatty acids and glycerol which is then measured by an enzymatic
reaction quantified using a fluorescence colorimetric readdtitDespite the fact that TG
assays might possibly be more sensitive and are a more direct measureme@{ tfey
cannot be used for redlme intraluminal TG measurements. We have previously shown
that lymph fluorescence of BODIPY¥ rrelates quite strongly with total lymph T&,

thus giving us a redgime measurement of the lipid content in the vessel and allowiag

to quantify the instantaneous vessel response upon lipid exposure.

Average Mesenteric Duct Lymph Flow Rate Lymph Triglyceride Concentration
100 2000+
=
E 80 __ 1500+
-
E‘,:L 60 3
o £ 1000
1 o
& a0 o
2 " 500
3 i
= 20
D T T T T T 1 U T T T T T 1
0 60 120 180 240 300 o 80 120 180 240 300
Time (min) Time (min)

Figurel8: Mesenteric duct lymph flow rate and triglyceride concentration increases after lipid infusidpAverage

flow rate in a rat mesenteric duct as measured using lymph collected from a cannula. Flow rate increases beginning at
around 1 hour after the start of duodenal lipid infusion and plateaus at 3 h8)iiglyceride concentration increases

with time and plateaus at around 2 hours. TG concentration was measured using a TG fluorescence assay. n = 7, error
bars represent SD.

The vessel responded to the acute exposure to lipid by reducing the phasic
contraction frequency and amplitude and through rethg the overall average vessel
diameter and the end diastolic diameter. The reduction in phasic contractility appears to
agree with similar results reported in mesenteric collecting lymphatic vessels isolated
from a rat metabolic syndrome modéPf and in vivo in obese micé® but is in
disagreement with one in vivo study in which rats infuseth olive oil demonstrated a
significant increase in collecting lymphatic contraction frequefcyThis study was
limited in its quantitative description of vessel luminal lipid content and thus it is difficult

to compare their results with those presented here. It is worth noting tha fatty acid
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content for both Intralipid and olive oil is similaFable 3) except that Intralipid has a
higher level of the polyunsaturated omegdinoleic acid than olive oil whereas olive oil

is richer in the monounsaturated ome@aoleic acid but there is norsing support that
these differences would account for the different lymphatic vessel respéfiselrhe
decrease in phasic contractility presented in our study however could be attributable to
a variety of factors including oxidative stress due to lipoprotein dida through
induced nitric oxide (iNOS) mediated Rf®or histamine®® both of which are released by
activated lymph resident immune cells that double in density after a lipid rieal
However, these factors would not explain the strong tonic response we observed in the
lymphatics in response to high lipid, as both NO and histamine are known to increase the
diastolic diameter. Lymphatic vessel tone is usually defined as being the percent
difference between the passive diameter of the vessel undér-fige conditions at a
given pressure and the end diastolic diameter with the presences &f &a¢he same
pressure®, While we arainable to directly quantify vessel tone in this manner in vivo, as
we have no control over the pressure or the#Gancentration, we interpret a reduction

in the end diastolic diameter as indicative of a tonic response. A variety of factors have
been previously shown to cause vessel constriction in lymphatics, these include elevated
downstream pressure®, increased local vessel pressufé inhibition of VEGFR 7°,
arachidonic acid metabolites which can be secreted by lymphatic ve'$éels well as

certain concentrations of histaminé>.

Table3: Fatty acid components of olive oil and the commercial lipid emulsion, Intraligtdity acid content is similar
in both with Intralipid having more linoleic acid as opposed to aiehich has a higher percentage of oleic acid.

Intralipid Olive Oil
Oleic acid (C18:1) 19-30% 55-83%
Linoleic acid (C18:2) 44-62% 3.5-21%
Palmitic acid (C16:0) 7-14% 7.5-20%
Stearic acid (C18:0) 1.4-5.5% 0.5-5%
Linolenic acid (C18:3) 4-11% 0-1.5%

Quantifying the acute functional response of mesenteric lymphatic vessels during

lipid absorption of a high fat meal is crucial in understanding numerous clinical
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pathologies where lipids have been implicatén malformations and dysfunctional
lymphatic vessel®. For example, in some protelasing enteropathies such as primary
intestinal lymphangiectasia (PIL), the blind ended initial lymphatics in the intestinal villi
are signiftantly dilated and cause lymph leakage into the intestinal lumen. A standard
procedure in managing the disease is to prescribe aftawdiet supplemented with
medium (MCT) and short chain triglycerides (SCT) which minimizes the lipid load of the
lymphatics since they primarily absorb long chain triglycerides (ECThe absence of

high lipid load prevents the rupture of lacteals and hence reduced lymph leakage. Using
a long chain fluoresce fatty acid analogue such as BODIR¥c@&n be used to better
understand how downstream impairment of collecting lymphatic vessel lipid clearance
might contribute to the observed overloading of the lacteals. Even before PIL symptoms
develop, patients hav shown delayed transport of lipid from the intestine, suggesting
that lymphatic lipid transport function is compromised at an early stage of the dig&ase

In addition, lymphatic phasic contraction was shown to be hindered is@ated vessel
model of gut inflammation, suggesting that lymphatic function might be compromised in
infl ammatory bowel di s'&Whiealeviatingdhe lipa burder o h n’
on lymphatics is clinically beneficial in many of these intestinal disorders, the exact
mechanisms of lymphat failure and the interplay between the lipid absorption process
and lymphatic function in these disease states is still unclear. The results presented here
suggest that high concentrations of lipid can directly reduce lymphatic pump function,
which wouldlikely exacerbate the condition in a disease physiology where there is already

substantial inflammation.

Obesity is one of the few established factors that predisposes patients to
developing secondary lymphedentd’ 199 Additionally, several recent studies have
demonstrated impaired function of the lympties in obesity92103.107.103] CTs constitute
around 90 % of the fat content in a typical Western diet so if lipid content is adversely
affecting lymphatic pump function, it ikely to increase the chances of lymphedema
since patients who have a reduced lymphatic functional capacity at baseline are at higher

risk for developing lymphedem&3, It has also been shown that reducing the amount of
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LCT in diets of lymphedema patients and replacing them with MCT reduced peripheral
edemat?s, This eéma reduction could be due to reduced formation of lymph, and hence
less leakage in the affected limb, or to the fact that lower lipid content in lymph possibly

restores lymphatic vessels to their normal functional capacity.

While our in vivo animal modealong with the developed imaging tools provide a
good platform to study the effect of lipids on lymphatic pump response, there were
several limitations that might limit our understanding of the physiological posndial
response that we might typicallyes. The procedure is highly invasive, requires

anesthetic, and alters the vessel’s mechan
these effects by including control rats that underwent all of the same surgical and
mechanical perturbations, but receivedbolus of saline in the intestine rather than lipid.

In addition to this, while we would have liked to measure flow rates in the vessel utilizing
our previously published approadd!!’ we were only able to accomplish this in the
control rats Figurel9). These measurements were not possible inlipi infused rats

due to the low contrast between lymphocytes and the surrounding lymph. This low
contrast was most likely due to the dramatic increase in chylomicron concentration which
acted as light scattering agents (note, lymph turns milky whiteradthigh fat meal}?”.

Since we cannot measure lymphatic flow in the local vessel, it makes it difficult to
ascertain whether alterations in fluid shear stress during lipid absorption might be
partially responsible for the pump function responstowever, this seems unlikely, as
there are no reports of shear stress in lymphatics decreasing the contractile frequency
and causing a reduction in the end diastolic diameter. Typically, elevated fluid shear

reduces contraction frequency and dilates thesgel’:9°128
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Figurel9: Flow rate in control rats can be measured successfuliiow rate for the control rats can be measured due
to the fact that there is large inherent contrast between lymphocytes and the surrounding lymph. Similar

measurements cannot be made howevertbe lipid infused rats. Flow rate in control rats (infused with saline) seems
to not change upon infusion. n = 5, error bars represent SD.

3.6.Conclusion
In conclusion, we report here for the first time the kinetics of lipid uptake from

the intestine tothe mesenteric collecting lymphatic vessel immediately draining the
region in the small intestine where the lipid is being absorbed. We go on to show using a
novel multimodal intravital microscopy approach, that in the context of a lipid meal, high
lipid loads within a lymphatic vessel alter lymphatic function by reducing phasic
contractions and causing an overall tonic constriction in the vessel. In addition, the
developed experimental model will allow future researchers to further investigate the
detailed mechanisms underlying lipid uptake and transport in both healthy and disease

states and can be easily adaptable to other small animal models.
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IV. POSPRANDIAL VISCOSIFYYMPIHOLLOWING A HIGAT
MEAL

4.1.Abstract
Lipid content of mesenteric lymphcreases several folds during lipid absorption

after a highfat meal. It has long been suggested that this also translates into a substantial
increase in lymph viscosity and hence an increase in shear stress that the mesenteric
vessel is exposed to. Heree sought b measure lymph viscosity in a rat for both the
fasting state and the timelependent changes following a higdt meal. Viscosity
measurements were conducted using a microrheology technique utilizing the Brownian
motion of fluorescent carboxgte-modified polystyrene particles embedded in lymph
samples collected from rats at 15 minute intervals for 4 hours. The mean fasting lymph
viscosity was found to be @€Pand 0.82 cP when an antbagulant was added to the
samples After a higkhfat mealthe viscosity ranged from 0.70 to 0.78 cP peaking at 1 hour
and 0.82 to 1.04 cP in the presence of an-aoagulant The average lymph triglyceride
(TG) concentration ranged from 107 mg/dL at the start of lymph collection to 709 mg/dL
at 4 hours with a pak mean of 1098 mg/dL occurring at 2 hours. While TG and viscosity
are positively correlated, other unknown factors present in lymph also appear to have an
effect on lymph viscosity, reflecting the dynamic and variable nature of lymph
composition. The veosity of lymph during postprandial lipid absorption and its
relationship to lymph TG have been reported for the first time, and suggest that changes
in lymph viscosity have small but importanteffect on the fluid sheer stress imposed on

the lymphatic vesel during lipid absorption.

4.2.Introduction
Lymphatic networks are found in almost all vascularized tissues, excluding the

bone marrow and the nervous systei?130 and function to maintain fluid homeostasis
within the interstitium of these organg?”13! provide a conduit for immune cell
trafficking, and transport dietary lipids from the intestinal tract to venous circul&tfn
Collecting lymphatic vessels transport lymph through coordinated contractions of

individual vessel segments known as lymphangibisThese contractions constitute
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what is known as the intrinsic lymphatic pump. Lymph flow within these vessels
continuously exposes the lymphatic endothelium to wall shear stress ({&/38)ich has

been shown to play a primary role in vessel development and function. Low WSS levels
are required for both the formatiorf structurally sound lymphatic vessef& 13 and
maintenance of lymphatic endothelial cell ident#f. WSS also actively modulates the
pumping response of the vessel, and hence transport, through the differential release of
vasoactive substances, such as nitric oxide (RG¥°. This response seems to vary with

the physiological region of the vessels whereby the thoracic duct has been shown to be
the most sensitive to WSS, drastically reducing its pumping when exposed to flow and
thus lowering its resistance to flow and behavin@amssive conduit. Mesenteric vessels,

on the other hand, are less sensitive to WSS, maintaining their function as a pump even
in the presence of fluid flow!% The influence of WSS and its effects on the lymphatic

vasculature is an emerging field of study.

Lymph viscosity, along with flow rate and vessel diameter, is an important
contributing factor to WSS. One of the most dramatic changes in lymph content occurs in
the mesenteric lymphatic vessels which transport absorbed lipids from the small intestine
to the mesenteric lymphatic duct. These changes are especially dramatic after-tahigh
meal when lipid concentration dramatically increases compared to the fasting state.
Ingested lipids are broken down by digestive enzymes and absorbed into the epithelial
cells (enterocytes) lining the inner lumen of the small intestine. Within the enterocytes,
the triglycerides are combined with cholesterol and phospholipids, and then packaged
into lipoproteins called chylomicrons. The chylomicrons are then absorbed Ieo t
lymphatics through the lacteals, lymphatic capillaries located within the villi of the small
intestine 816-19.140 \While trere are currently both methods to measure the changes in
lymph flow rates and vessel diameté?''” and to impose arbitrary lymphatic flow
waveformsin vitro 143, it has been very difficult to estimate the contribution of viscosity
changes to WSS resulting from the increase in lymphatic lipid concentration. Most studies
estimating WSS in lymphatics refer to a 1917 study to provide an estimate for lymph

viscosity, where @&ton-Opitz et al. measured the viscosity of dog lymph after feeding a
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high-fat meal’®. They accomplished this by collecting lymph from the thoracic duct and
measuring the time required for the passage of lymph through a capillary tube at a given
pressure. Unfortunately, this method cannot be used with small lymph volumes,
preventing measurements in smaller animal models, regional measurements from
various lymph formation sources, and temporal measurements over short drainage
intervals. More recentlyBouta et al., reportedn vivolymph viscosity in the collecting
lymphatic draining the hindimb by calculating the diffusion coefficient of fluorescently
labeled albumin following in vivo muhoton fluorescence recovery after
photobleaching (MHFRAI and then utilizing StokeSinstein equation to estimate the

viscosity!42:143

The main hindrance in measuring lymph viscosity has been the relatively small
sample volumes collected through the various lymph collection techsidtfe Thege
small volumes make it difficult to obtain complex fluid properties through conventional
rheology measurements which typically require sample volumes larger than a millimeter
145 Moreover, conventional rheometers provide an average measurement of the bulk
response, and do not alloworf local measurements in inhomogeneous systeltfs
Complex fluids, such as lymph, demonstrate behavior intermediate between solids
(completely elastic) and fluids (completelysadus), and accurate methods are thus
required to quantify the phenomena associated with their viscoelastiéityAs a result
of miniaturization, improvements in imaging technology asaimputing power, a new
category of rheology, microrheology, has emerged. Microrheology probes the material
response on micrometer length scales and typically requires less than 10 pL of $&8mple
with the ability to even probe intracellular rheological prapes 4°. Here we utilize a
passive microrheology technique which uses the Brownian motion of embedded
florescence particles to accurately measure the viscosities of rat lymph during a fasting
state as well as the transient changes occurring ovethaur period following a higiat

meal.Measurements were carried out for lymph containing and lacking@dgulant.
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4.3.Methods and Materials

Lymph Collection
Male, Spragudawley rats (weighing gpoximately 300g) (Harlan Laboratories,

Indianapolis, IN) were housed individually and maintained in a temperature and humidity
controlled facility, on a 1 light/dark cycle. Animals had free access to water and
standard chow (Harlan Teklad 7012 Mousa/FSterilizable Diet, Harlan Laboratories,
Indianapolis, IN) prior to all procedures. All animal procedures were approved by the

University of Cincinnati Institutional Animal Care and Use Committee.

Prior to placement of lymph cannulas, the animals wastdd overnight with free
access to water. Undésofluraneanesthesia, a midline incision was made and a cannula
(polyvinyl chloride tubing, 0.5 mm inner diameter, 0.8 mm outer diameter, Tyco
Electronics, Castle Hill, Australia) was placed in the magsenteric lymphatic duct as
described by Bollmaf'. The lymphatic cannula was secured with cyanoacrylate glue
(Krazy Glue, Columbus, OH). A silicone feeding tube (1.02 mm inner diameter, 2.16 mm
outer diameter, VWR International, West Chester, PA) was introdut¢edhe stomach
and advanced slightly beyond the pylorus into the duodenum. The feeding tube was
secured with a pursstring ligature in the stomach. Both the lymph cannula and the
duodenal feeding tube were exteriorized through the right flank; the abeomwas then
closed in two layers. After surgery, the animals were placed in Bollman restraint cages
and allowed to recover overnight (18 h). The animals were kept in a temperature
regulated chamber (24°C) to prevent hypothermia. To compensate for #ndi
electrolyte loss due to lymphatic drainage, a 5 % glugadme solution was infused into
the duodenum at 3 mL/h for-8 h, followed by an overnight infusion of saline only at 3

mL/h.

Following overnight recovery, fasting lymph was collected for tidr po a 3 mL
duodenal bolus of lipid (2.2 mL Liposyn Il and 0.8 mL saline). Thirty minutes following the
bolus, a 0.9% saline infusion was provided at 3 mL/h for the remainder of the study
period. Lymph samples were continuously collected on ice eéMeminutes for 4 hours.

The anticoagulant containing samples were treated in the same manner except upon
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collection a cocktail of 10% by volume of an gmbiteolytic cocktail (0.25 M EDTA, 0.80

mg/mL aprotinin and 80 U/mheparin)was added to each coliéon tube.

Triglyceride and Viscosity Measurements
Lymphatic triglyceride concentrations were determined using a commercially

available kit (Randox TG, Randox Laboratories Ltd., Crumlin, Northern Ireland, UK). Lymph
samples were shipped on ice overnighirh Cincinnati, OH to Atlanta, GA for viscosity
measurements. Fluorescent carboxylatmodified polystyrene (PS) FluoSpheres®
(Molecular Probes,Inc.) with 1.0 um diameters and 3 % polydispersity were used,;
Pluronics A27 (E@oPGoEQoe,, MW ~ 12,600 g/mol) from Sigma Chemicals was used
without further purification for surface modification of the PS patrticles to prevent-non
specific interactions between the lymph and the tracer particles Samples were
prepared by combining 1.5 uL of tracer particle suspension with 50 uL of lymph and gently
mixing the samples by repeated tiag and dispensing of the pipette. The samples were
then loaded into ~100 pm thick sample chambers, which were created by placing parafilm
spacers between a microscope slide and cover slip, and sealed with vacuum grease to
prevent evaporation. The samplesere placed on the Peltiezontrolled thermal
microscope stage (PE1Q@2, Linkam Scientific Instruments Ltd.) that was used for
effective temperature control of the sample during measurements; the sample
temperature was carefully monitored using a theroomiple (HH11B, Omega) that was

attached to the sample chamber.

Viscosity information of the samples was obtained by performing statistical
analysis of mobility of colloidal tracer particles via particle tracking video microscopy
(PTVM)®L, The Brownian motion of fluorescent
monitored at 38°C @t internal body temperature) via an optical microscope (Leica DM
IRB) with a 63x objective, and movies were captured using a CCD camera (Cohu 4920,
Poway, CA,; 30 frame/s and 640 x 480 pixel resolution). Subsequently the recorded movies
were analyzed withsoftware developed using Interactive Data Language (ITT Visual
Information Solutions, Boulder, CO). Because Brownian motion leads to small particle

displacements on these timescales and is highly sensitive to external vibrational noise, all
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experiments wee performed on a vibratiofisolated optical table. After obtaining video

images, we utilized a standard brightnessighted centroid method to identify the

particle trajectories. The method uses four major steps: restoring the image, locating
possiblepait cl e centers, refining particle positi
linking particle positions into trajectorie¥®. A control sample with wetlocumented

viscosity (DI water at 38°C) was used to confirm the accuracy of our protocol.

Through the Einsia-Stokes relation it is possible to relate the mean squared
di spl acement of the particles, that occurs
the following expression:

msp= 3% 4
3G Q@ 1)
where MSD is the mean squared displacement, thesdimensionality, ki s Bol t z man’
constant, T is the temper atausrtte radius ofdkhel vi n
particle. Therefore, a linear relationship can be proposed using equation (1) with the slope
being:

MSD _ d Gk, ¢T

slope= =
t 3@ )

Sl ving for the viscosity, n:

o d&, O
3 GBlope 3)
Statistical Analysis
Statistical di fferences wer e dtest. er mi n €

Significance was defined as p < 0.05. One value for TG concentration (rat 7, t = 105 min)
wastreatedags n outl i er after using an | terative
sudden jumps in TG concentration are due to measurement error. Correlation levels were

determined using the Pearson correlation coefficicdample size was n = 7 for samples
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without an anticoagulant and n = 4 for those witAll statistical analyses and plots were

carried out in GraphPad Prism v6.

4.4.Results
Fasting Lymph
Lymph collected before the start of the duodenal lipid infusion provided typical

baseline values forfasted state. The fasting triglyceride (TG) concentrations ranged from
31 mg/dL to 170 mg/dL with a mean of 108 mg/#lig@re20A). The fasting viscag
ranged from 0.67 cP to 0.72 cP with a mean of 0.70Fofue 20B). Fasting viscosity

values were very close to that of distilled water at 38 °C.
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Figure20: TG and viscosity values for lymph in a fasting state TAiglyceride concentration for fasting rat lymgs)
Dynamic viscosity of fasting rat lymph. Dotted line represents the viscosity of purified water at 38dt0 eepbrted
by literature and measured with our technique. N = 7.

Transient Changes in Viscosity, Triglyceride Concentration and Lymph Flow
In order to determine the transient changes in viscosity following a-fagmeal,

triglyceride concentration andymph flow rate samples were collected at 15 minute
intervals for up to 4 hours following the start of duodenal lipid infusion. The average
lymph triglyceride concentration ranged from 107 mg/dL at the start of lymph collection
to 709 mg/dL at 4 hours witla peak mean of 1098 mg/dL occurring at 2 hours. TG
concentration increased relatively steeply up to 2 hours and then started a gradual
decline Figure21A, O. The average lymph viscosity ranged from 0.70 cP at the start of
lymph collection to 0.71 cP at 4 hours with a peak mean of 0.78 cP occurring at 1 hour.
Viscosity values followed a similar trend to triglyceride concentration where they

increasedsteeply up to 1 hour and then began a gradual declihgure21B, D). Neither

58



TG concentration nor viscosity reached baseline fasting values whkikhour data

collection interval. The mesenteric duct lymph flow rate varied with different f&tufe

22A). The typical trend showed an initial ctease in flow rate from 39 pyL/min to 13.6

pL/min after 30 minutes from the start of lymph collection and then began a gradual

increase to a peak of 63 pL/min at around 180 minutes. Flow rate did not return to

baseline value within the-Aour data collecon period Figure22B).

A Lymph Triglyceride Concentration
2000+
1500+
-
=
£ 10004
e
500+
D T T T T L T 1
0 60 120 180 240 300
Time (min)
Min/Max Triglyceride Concentration
3000+
2500+ i
%‘ 2000 ih
£ 1500-
port Aak
© 1000- Aa
500
ol foeymet Mgy .
& +
& s ¥
Q’b

w

Viscosity (cP)

Viscosity (cP)

0.90+
0.85
0.80+
0.75-

0.703

0.65+

0.60

Lymph Viscosity

1.00+

0.904

0.80+

0.704

120 180 240 300

Time (min)

Min/Max Viscosity

*EEE

0.60

Figure21: Transient changes in TG concentration and viscosityTAJlyceride concentration over ahbur period.
Peak can be seen at around 2%ours.B) Viscosity over a-hour period. Peak occurs at around 1 hour and is earlier
than the average peak TG concentration. Dotted line represents the viscosity of wad8r °a@.C) Maximum and
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values measured throughout the experiment. Error bars represent SD. N = 7.
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Figure22: Mesenteric dut lymph flow rates. A)Lymph flow rates for each rat plotted separately showing the inter
variability between animald3) Average mesenteric duct flow rate over @dur period. N = 7, error bars represent SD.

Inter-Animal Variability
There was largater-animal variability for both measured TG concentrations and

viscosities. With one rat (rat 7) experiencing peak triglyceride concentration of 1961
mg/dL which is almost double that of the smallest peak (rat 5) which was 979 mg/dL
(Figure23A). The same can be said about viscosity values with one rat showing a peak of
0.88 cP (rat 7) compared to the smallest peak (rat 4) which measured 0.Figafe23B).

While in most cases there was a clear peak for both metrics, this peak was not consistent

between rats and generally ranged fronr215 hours @pending on the animal.
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Figure23: Inter-variability of TG ad viscosity values across animals. Af)lyceride and viscosity values overaotr
period for 7 different rats.

Correlation between Triglyceride Concentration ¥istosity
Viscosity correlated positively with triglyceride concentration with a Pearson

correlation coefficient of r = 0.38(gure 24A). The fastingviscosity and triglyceride
concentrations showed lower correlation with r = 0. Biglure24B). Dividing the readings

into a rising segment (60 min) and falling segment (&40 min) the values during the
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rising segment seemed to be more correlated (r = OHiure 240 than the falling
segment (r = 0.2%igure24D). Breaking down the data into individual rats showed a large
variability anong correlation values, with rat 4 showing a correlation coefficient as high
as 0.90 while rat 2 showed a negative correlation coefficierHOdE5 Figure24E). In
Figure24F correlation coefficients were broken down further for the rising segment (0
60 min) and falling segment (&0 min). The data suggests that during the rising
segment lipid concentration was more highly correlated with viscosity than during the

falling sgment.
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Figure24: Correlation of lymph viscosity and triglyceride concentration:Dd Correlation plots of viscosity vs TG for
three different segments of the temporal profile,FPearson correlation coefficient demonstratinggitive correlation
between the TG content of lymph and viscosity values especially during the rising phase of the TG profile.
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Viscosity Values are Highdponthe Addition of an AmiCoagulant Cocktalil
Lymph has been shown to contain small amounts of atzipg factors which tend to

promote coagulation upon collectiofi®2 So wesought to quantify the changes in viscosity that
might result from a modified procedure. We found tha one of the rats the viscosity peak was
as high as 1.32 cPigure25A) while the average lymph viscosity peaked at around 1.0&igRre

25B) compared to 0.78 cP when no coagulant was presettie samples. The mean fasting and

maximum viscosities were 0.83 cP and 1.14 cP respecthigiyré25Cand D
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Figure25: Viscosity with the addition of an artcoagulant cocktail upon lymph collection. Ajiscosity values over a
4 hour period.B) Average viscosity values over the same period for all @) Fasting, minimum and maximum
viscosities in the presence oftacoagulant. N = 4, error bars represent SD.

4.5.Discussion
Measurements of blood viscosity are prevalent in various health and disease

conditions 153156 put there exist very limited measurements carried out on lymph. In
1917, BurtorOpitz et al. mesured the viscosity of lymph from dogs which had been given
a moderate amount of fatty meat four hours prior to measurements. Lymph was collected

from the thoracic duct and -3 mL of lymph was used for each measurement. They
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showed that fasting lymph, whicthey measured 6 hours after the meal, was 1.5x
(approx. 1 cP) the viscosity of distilled water at 37°C (approx. 0.69 cP) while peak viscosity
during lipid absorption was around 2x (1.38 cP) that of distilled watdte method they
utilized durirg their study involved a conventional Ostwald viscometer in which lymph is
directly flowed in a glass capillary under a given pressure and the flow rate is calculated.
The kinetic viscosity can be backed out from the resulting measurenightRecently,
Bouta et al. were able to devise a method based on nplitton fluorescence after
photobleaching (MAHFRAP) to measure lymph viscosity in a lymphatic vessel afferent to
the popliteal lymph node in a mouse arthritic joit€. Thein vivo viscosity they reported

was 1.8 cP which they noted was 1.8x the viscosity of distilled water, which would be
correct for water at 20 °C. However, it was unclear at what temperature their calibration
was carried out. Nevertheless, MHRAP may prove useful technique for measuring in
vivo viscosity when we have optical access to the vessel of interest. The limiting factor of
their technique is the reliability of measuring the diffusion coefficient using FRAP. With
the utilization of various rat anial models for research into lymphatic biomechanics
54,158,159%ve decided in this study to measure both lymph viscosity in a fasting state and
the changes in viscosity attributed to lipid absorption over-laodr period following a

high-fat meal.

Conventional methods for measuring viscosity, including various forms of
rheometers, typically require large sample sizes and do not lend themselves for time
course measurements of lymph samples from small animals. While lymph collection
methods for small rodents have been used extensively for the past several dé¢atfés
it is only recently that techniques capable of investigating the rheological properties at
very small scales, known as microrheology, Hs@me available. The availability of new
microrheology techniques coupled with the ability to collect mesenteric lymph has made
it possible to measure viscosities in a time dependent fashion and be able to correlate
them with lipid concentrations. Techramical innovations in light scattering and video
microscopy, as well as theoretical advances have greatly expanded the power of

microrheology. Current techniques can be divided into two main categories: active
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methods that involve probe manipulation and gsve methods that rely on thermal
fluctuations to induce motion of the probes. In this study we used a passive method.
Instead of using an external excitation to move the probe particles, the intrinsic Brownian

motion of the particles was used®'as described in Methods.

The correlation between lymph viscosity and TG concentration varied significantly
between rats from being negatively correlated (r-&:15) to being highly positively
correlated (r = 0.9). In addit there was a general trend where correlation was higher
during the rise in TG concentration-§0 min) versus the decline. These results are not
surprising considering that lymph is a complex fluid composed of various constituents
including immune cellgroteins and chylomicrons. The apparent viscosity of lymph is
thus due to multiple factors. The TG concentrations calculated do not reflect the number
or size of chylomicrons present in the sample. It has been previously shown that sizes of
these particls range from 441,000 nmt¢%163and that during active lipid absorption their
size rather than their number increases in response to increased TG cotfent
Lymphocyte densithas also been shown to increase in response to lipid absorption by
as much double the fasting valués The fasting viscosity values showed almost no
correlation between TG content and viscosity possibly due to the small differences in TG

concentration (~150 mg/dL).

Whether the change# viscosity have a considerable effect on shear mediated
responses requires that we investigated the variations in shear stress typically
experienced by mesenteric collecting lymphatic vessel. Flow rate after lipid infusion
measured in the mesenteric dugicreased from 13.6 pl/min to 63 pl/min (almost a 5x
change) over a-fiour period (Fig. 3B). This corresponds to an increase in WSS from 0.64
dynes/cntin a fasting staté®to around 3.2 dynes/cf Thus the shear stsses, assuming
Poiseuille flow, experienced purely because of viscosity changes are almost negligible (a
1.1x change when comparing min to max viscosity). And in more extreme cases such as
in edema, we consider a recent study by Rhabar et al. in whishware infused with
saline via an intravenous infusion in order to induce edema. Average WSS in the

mesentery lymphatic vessel increased from 0.12 dynedimmearly 1.5 dynes/ci(a
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10x change) and the maximum WSS rose from 5 dynésfard0 dynes/cm (an 8x
change) during the 25 minute post infusion observati$iisMoreover, and in referring
to BurtonOpitz study, in recent lymphatic literature a value of 1.5 cHdeting lymph
has been continuously used to estimate WSS in lymphatic vé4g@3’ Here we found
that the fasting lymph viscosity was approximat&ld cP which isrery close tavhat is
currently being used, thus showing that current literaturdimates of WSS a lymphatic

vessel is exposed to, arelatively accurate

4.6.Conclusion
In summary, the viscosity values presented in this study, for both fasting lymph

and the changes seen pegtandially after a higiiat meal, will allow researchers taore
accurately elucidate the biomechanics involved in shear mediated lymphatic vessel

response.
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V. INTRACELLULARGCDAM DYNAMICS IN IPHRATIC
ENDOTHELIAL CHINSER OSCILLATORY IARID LOADS

5.1. Abstract
Mesenteric lymphatic vessels are respomsifor the absorption and transport of

chylomicrons from the intestine to venous circulation. These vessels are exposed to
oscillatory shear stress as well as high lipid loads. We have previously shown that pre
nodal collecting lymphatic vessels respondatdiigh lipid load through a reduction in
pumping activity and overall vessel diameter. Many vasoactive substances that are
believed to be involved in vessel regulation, such as nitric oxide, utilize intracelldfar Ca
as a secondary messenger. Here employedintracellular Catmeasurementsusing a
fluorescencendicator, Flue4 AM, as a redime readout to assess the response of human
lymphatic endothelial cells to both oscillatory shear stress and exposure to high lipids, in
the form ofvery low densy lipoproteins (VLDLWe found thathese cells have a longer
response duration when exposed to oscillatory shear stress compared to a ramp profile
having the same peak magnitude. We also found that lymphatic endothelial cells exposed
to VLDL for 24 houtsave a prolonged Caresponse compared to controls. These results
show that lymphatic endothelial cells can sense the type of shear they are exposed to in
addition to the fact that VLDL activates calcium mechsaensitive pathways that are yet

to be detemined.

5.2. Introduction
The contractile activity of collectingrhphatic vesselfias been shown to be

regulated biochemicall§*28 and mechanically3? through both intraluminal pressur&
and wdl shear stres'1?8 Unlike the blood vascature, lymph flow in lymphatic vessels
is oscillatory in naturé® due to the contractility of individual lymphatic segmentalled
lymphangiors, and their separation with unidirectional valvé¥. Several studies have
implicated the lymphatic endothelium to be the main player in regulating pumping
activity due toits direct exposure to mechanical forces, mainly shear strasd lymph

content, such as vasoactive substancéymphatic endothelial cells, similar to blood
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endothelial cdb, increase their endothelial nitric oxide synthase (eNOS) expression in
response to sheaP*'%” This translates to nitric oxide (NO) release which acts on
lymphatic muscle cells surrounding the endothelium to regulate contractility though
alterations in both contraction ampiide, contraction frequency and vessel diameter
82,139 Intracellular calcium is an important secondary messenger involved in a variety of
celtlevel responses® Most notably, intracellular calcium leads to activation of eNOS
and the subsequent release of N€3170 Thusimaging intracellular calcium provides a
reaktime indicator d how endothelial cells resportd astimulus While the response to

a step shear stregsrofile has been recently quantifietl?, it is not clear how lymphatic
endothelial cells respond to an oscitlay shear profileexperiencedin viva We have
recently shown that isolated rat mesenteric lymphatic vessels synchronize their
contractile frequency with that of theoscillatory frequency of theshear waveform
imposed on themKornuta et al. 2015paper n review. We have also recently shown
that pre-nodal collecting mesenteric lymphatic vessakduce their contraction
amplitude, frequency and both average and end diastolic diameter when exposed to high
lipid loadsin the form of chylomicrongKassis eal. 2015, papein review. In this study

we sought to quantify the calcium response of lymphatic endothelial cells to two
important environments they are exposed to in the mesentery, mainly oscillatory shear
stress and high lipid loadgVhile there are avariety of C&' indicators in usewe chose

one with a high fluorescence signal in order to detasy small oscillations in free €a

that might be dynamically changing. FdAM has both a high fluorescence signal when
bound to free C& and low photobtaching compared to other dyég*174 While it is
difficult to use a norratiometric indicator to quantifyabsolute intracellular calcium
concentrations, our main goal in this study was to elucidate the sgiatigporal dynamics

of the signal. Heregnwe reportthe intracellular C# responsedynamicsof lymphatic
endothelial cells to a ramp and sinusoidal shear profile peaking at 4 dynéd both

the shear sensitivity and response of these cells when exposed very low density

lipoproteins(VLDL) which is clogesize and lipid content to chylomicrons.
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5.3. Methods and Materials

Lymphatic Endothelial Cell Culture
Human dermal microvascular endothelial neonatal lymphatic cells (HMVEC

dLyNeo, Lonza, New York) were cultured in T25 polystyrene flasks at a sbemusity of

5,000 cells/cri Flasks were coated for 1 hr at room temperature with a collagen solution
containing type | rat tail collagen (BD Biosciences, San Jose, CA) at a concentration of 50
pg/mL in 0.1% acetic acid (Sigma). The cells were grown irREBipplemented with the

EGM2 BulletKit (both from Lonza). Cells in the flasks were grown to passage 6 and
trypsinized at 6680% confluency preceding seeding in the flow chambers. Cells used for

all experiments were at passage 7 within the flow chambers.

How Chamber Seip and Flugl Dye Loading
In order to impose flow, cells were seeded in a polystyrene based flow chamber

measuring 3.8 mm in width and 0.4 mm in heighiSjide VI 0.4 ibiTreat, IBIDI, Munich,
Germany). The flow chambers were coated with #ame collagen solution as above for

1 hr. Cells were then seeded at a density of 20,000 celfsarm given 48 hours to reach
full confluency. Experiments were carried out 48 hours sesiding. EBM culture
media was replenished at 24 hours. For theeaf the VLDL treated group, cells were
incubated for 24 hours with 10 mg/mL TG content (in EBNMrom human plasma (Lee
Biosolutions, St. Louis, MO). Immediately before the start of an experiment, cells within
the flow chambers were rinsed 2x with pwearmed serurdfree DMEMF12 (Life
Technologies, Grand Island, NY). DMEMN with HEPES was used frgiability at room
temperatureand CQ levels In addition, due to autofluorescence of phenol red in the
green channel the media ches was phenol red freAll usesof DMEMF12 in this study
was serum free. To image intracellular calcium dynamics;4#Wb (Life Technologies)
with a final concentration of 10 uM in DMERNL2 as a buffer was incubated with the cells
for 30 minutes at 37 °C. Cells were then hed with 2x with DMEMF12 at room
temperature and then incubated in the same media for 20 minutes at room temperature

to allow complete deesterification of the AM esters.
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Oscillatory and Ramp Flow’Odleasurements
A custombuilt LabVIEW virtual instrumérwas created to control a 1edller

Ismatec REGLO Digital M&2 peristaltic pump (IDEX Health and Science, Glattbrugg,
Switzerland) using RE32 commands sent at a sampling period of 200 ms to the pump in
an approach similar to that previously publish&d The program has the capability of
imposing any arbitrary flow waveform. For this study & Bz sinusoidal waveform with

a peakamplitude of 4 dyn/cni and DC offset of 2 dyn/chwas used for the oscillatory
study. For the ramp study, an upward ramp going from 0 to 4 dyAiwes used. Both
stimuli lasted for 1 minute. Imaging was carried out using a Zeiss Axioobserver inverted
microscope (&rl Zeiss Microimaging, Jena, Germany) with a 20x objective. A back
illuminated CCD camera (PIXIS 1024B, Princeton Instruments, Trenton, MJ) was used to
acquire fluorescent images with 500 ms integration time and at 1 sec intervals. A mercury
lamp source st at 20 % intensity (Kite, Lumen Dynamics, Ontario, Canada) was used to
continuously excite the Flué dye. Fluorescence intensity was quantified using ImageJ by
drawing a small region of interest (ROI) inside the nucleus of each cell. For each field of
view 4045 cells were randomly chosen for quantificatidiigure26). An ROl over an area
clear of cells was used to correct for background fluorescence for each image individually.
The output metric used (F/F0) represents the fluorescence signal, F, divided by the
average fluorescence for all images preceding the stimuQs Images were saved and
analyzed as 16 bit TIFFs. All image acquisition was carried out inNaoigert’. All C&*
experiments were carried out within a temperature controllemcubator at 27 °C. Flub
showed very high leakage rates out of lymphatic endothelial cells at 37 °C making it
extremely difficult to run these studies at physiological temperatures. For the oscillatory
studies 60 seconds of baseline was obtained, dtiwas applied for another 60 seconds
and then imaging stopped 180 seconds later for a total of 5 minutes. For the lipid studies

only 30 seconds of baseline was obtained.
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Figure26: Human dermal microvascular endothelial neonhdyanphatic cells (HMVEGLyNeo) as seen under a 20x
objective and captured with a 10241024 pixel backluminated CCD. Four representative images are shown. 20
seconds before the stimulus, then 30, 120 and 210 seconds subsequently after the stiheutop. and bottom rows
are the ame images however the bottomwachas been false colored with a 16 color palette48Gells were randomly
chosen within this field of view for quantification. The region of interest was drawn within the nucleus.

Statistic
Six independent experiments were carried out for each group. For each

experiment 4645 randomly chosen cells within the field of view were quantified to give
an average for that experiment. All results are reported as mean * standard deviation
unless otlerwise noted. Student-tests were used to compare both the peak time
between each of the two groups and the 120 s pst#tulation. Statistical significance
was defined as having P 0.05. All statistical analyses was carried out using Prims 6
(GraphPad &tware Inc, La Jolla, CA).

5.4. Results

Intracellular C&# Signaling Under Oscillatory Shear Stress
We quantified intracellular Casignaling in response to an oscillatory shear stress

stimulus with a DC offset of 2 dyn/émand a pealamplitudeof 4 dyncn?. The stimulus

was applied for 1 minute starting at 60 seconds pmsage acquisition. There was

relatively high variability in the amplitude of the response between experimétigsire

27AandBr epresent two differAent hexpemrmikmeaevatss aw

third in amplitudeof that in ‘B . ifitlal@eesponse time for the cells was consistent

71



between experiments rgd was evident from the rise in the average fluorescence as well
as a sudden increasetime standard deviatiomeasured across the cell population within

the field of view
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Figure 27: Flue4 fluorescence intensity for twrepresentative experiments. There was a large variability in the

amplitude of the peaks between experiments. The grey area represents when the sinusoidal shear profile was being
applied. N = 44@5, error band representD.

In order to determine whetherttere was a dynamic oscillatory®signal in response to

the oscillatory shear stress we looked at the fluorescence signal of individual cells. Three
different examples are shown iRigure 28A. There was a large difference in peak
intensity, time to reach the peak and recovery rate between cells within the same
experiment. The signal did not follow the sinusoidal input but seemed to initially respond

to the input shearwithout any dynamic changes. Using the mean of all experiments
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combined the response to the sinusoidatimulusbegan at 6 seconds pastimulation

and peaked at around 38 seconds pesitmulation(Figure28B). Instead of just relying on
average fluorescence intensity we quantified the fraction of cells that were activated.
Although cells begin activating immediately after the stinsuiuis only after 40 seconds
that all the cell population within the FOV becomes activateéidyre28C). The activated
cells remain in their activatestate but the average fluorescence intensity (as seen from

B) starts decreasing after the 38 second peak.
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Figure 28: Intracellular C& dynamics in response to oscillatory shear. Grey signal represents the oscillatory shear
waveform that was applied. A frequency of 0.1 Hz and amplitude of 4 dymwamused with a DC offset of 2 dynfcm

The stimulus was applied for 1 minute starting & $econds posdcquisition. A) The fluorescence response for 3
representative cells. Cells did not seem to exhibit a dynandics@@aal. B) The mean response for all experiments
combined C) The fraction of cells activated within the FOV being anali{ze@, error bandrepresent SEM.
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Oscillatory vs. Ramp Shear Stress Exposure
While the response of lymphatic endothelial cells to a step shear exposure has

been quantified previously’* we wanted to test the hypothesis that these cells are
capable of sensing the type of shear profiles theyexposed to. We chose a ramp profile
from 0-4 dyn/cn? to compare to our sinusoidal stimulus applied earlier. We found that
the intracellular C# peaked at the same time for both exposurdsiglre 294) but
interestingly therecovery rate was significantly lower for the oscillatory stimulus.
Quantifying the fraction of activated cells allowed us to distinguish between average
intensity andthe number of cells that are involved in the respongég(re 29B). The
response until up to the 115 second tirpeint appeared to be mainly due taifirescence
intensity indicating a stronger response, but after the 115 second-poiat more cells
remained activated in the oscillatory conditio/e chose a timgpoint at 150 seconds
(120 seconds posttimulus) when the signal seemed to stabilize andigified the
fluorescence intensity remaining in the &lWe found that the cells exposed to the
oscillatory shear exhibited both a longer response #r&lcalcium signal did not return
to baselinewithin the time-frame of our experiment compared to themp case(P =
0.007) but in both the peak arrived at the same tin(® = 0.08JFigure30). To further
support this point we quantified the area undboth curves and found that the area for

the oscillatory case was almost 1.7x higher than the ramp case (ratio = 411/245).
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Figure 29: Quantifying the intracellular Caresponse of lymphatic endothelial cells exposed to botamap and
oscillatory shear profile. A) Both ramp and oscillatory shear stimuli were applied at 30 seconds for a total of 1 minute.
With the oscillatory stimulus there seems todmore persistenC&*response. B) The two had the same fluorescence
peak bah in amplitude and time of occurrence (P = 0.08). C) Quantifying the difference in fluorescence intensity at the
120 s timepoint we can see a significant difference (P = 0.007) in terms of intracellétamo@eentration remaining in

the oscillatory cas compared to the ramp profile. N = 6, error band represents SEM, error bars represent SD.
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Shear Sensitivity of VLDL ConditioGetls
I n order to test whether exposure to | ir

shear we incubated lymphatic endothelial cells with VLDL at 10 mgyiglyceride
concentration (typical elevated levels occurring in a rat mesenteric lymph aftegh fat
meal) for 24 hours. To find out what shear strdssel activated the mechano
transduction pathway we used a ramp profile going from 0 to 4 dyAfver a 1 minute
period and quantified flugl fluorescence for both control and VLDL treated dbods
(Figure31A). There appeared to be a prolonged response mostly due to higher average
intensity per cell before the 120 second mark and due thigher number of cells
remaining in their FiguedlB).\Leokingdibre doselytateheaf t er
time-frame when we start seeing ancrease in fluorescencé&igure31C) there was no
difference between both conditions. We calculated the moving standard deviation and
defined a standal deviation of 0.25 as indicating a response. With this we were able to
determine that for both conditions a shear stress value of 0.11 dyA/efitited a

response(Figure31D).
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Figure 31: Determining the shear sensitivity of lymphatic endothelial cellsrgbated with VLDL. A) Both VLDL
incubated cells and controls were exposed to a ramp shear stress profile going4iym/@n¥for 1 minute B) Fraction

2T Wi Ol A \Whilditisere Yas @ Biffeferitiab response in terms of how fast intracellular calcium was cleared there
did not appear to be a differeein the initial shear stress exposueguired to elicit a respa@e (§. To further clarify

this the standard deviation was calculated over time and a value of 0.25 was defined as being responsive. Shear
sensitivity was calculated to be around 0.11 dyr#éon both groups (R N = 6, error bands represent SEM inaf#g

(B), and SD in)C
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The fluorescence peak and time of occurrence for the VLDL treated group was the same
for that of the control (P = 0.259Figure32A). The VLDL treated group however has a
longer response and slower clearance rate as evident by the fact that the area under the
curve for the VLDL group was 1.57x greater than the control (ratio = 386/246). At 120 s
post-stimulation there was a significadifference in the remaining intracellular calcium

signal(P = 0.0093)Figure32B).
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Figure 32: Quantifying the effect of/LDL prencubation on peak response and clearance dynamics. A) The peak
fluorescence in both amplitude and time of occurrence for VLDL incubated cells was the same as control. B) The

fluorescence signal for the VLDL treated group was significantly lighe0 s posstimulation compared to controls.
This could likely indicate an increased*@ancentration compared to control. N = 6, error bars represent SD.

5.5. Discussioand Conclusion
Our preliminary findings presented here demonstrate that lymphandothelial

cells (LECs) respond to the local environment that they are exposed to in mesenteric
lymphatic vessels. LECs appear to have the capacity to sense the type of shear stress
profile they are exposed to even when both the average and peak matpstwere the

same in both the ramp and oscillatory flow cases. This is not very surprising considering
oscillatory flow induced higher intracellular calcium flickers than other types of flow
profiles in osteoblast$’® and blood vascular dslwere shown to be able to sense the
direction of flow and align according!y’ but in our study the net direction and average
magnitude were always the same but the instantaneous magnitude dynamically changed
While we initially hypothesized that the €aignal would follow the shear profile this did

not turn out to be the case. It seemed that when a given cell was exposed to shear it
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switch on
cells exposed to oscillatory flow seemed to have a stronger intracellufr sigmal
indicating a more pronounced response that lasted longer than cells exposed to a ramp

profile.

Recent work by Jafarnejad et al. 20f5demonstrated the intracellular calcium
response due to a ep shear profile and showed that the peak occurred on the order of
1.5 minutes while with our cells the peak typically occurred within 40 seconds and the
calcium signal started decreasing while the shear stimulus was still occurring. One main
difference caild be attributable to the cell line used. Whereby the origin of both our cells
and the line Jafarnejad used were dermal lymphatics we obtained our line from Lonza
while the other study used cells from PromoCell. In addition, the other study usee2Fura
measurements which are ratiometric in nature permitting more reliable calcium
concentration calculations and less prone to erroneous readings due to photobleaching.
Fluo4 photobleaches to around half of its initial fluorescence intensity within 5 minutes
when exposed to high light intensity (lower bleaching rate than)&® . Due to the
sensitivity of the backluminated camera we used, the decrease in the fluorescence

signal is not due to photobleaching but actual decrease f@ading.

While we showed interesting preliminary results on the temporal dynamics of
intracellular calcium in response to both different shear profiles and incubation with
VLDL, work is still in progress to clarify the molecular basis for these comparisons
including the extent to which both local cell calcium stores and extracellular calcium influx
play a role. Although eNOS has been shown to be shear medi&&8it is difficult to
conclude at this point that the intracellular calcium increase upon shear stimulation is due
to the eNOS pathway. Further work quawgiifg mMRNA expression pesimulation might

be required to determine if eNOS isfact upregulated in the case of VLDL incubation.
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M. AN INTEGRATED INROTMAGING PLATFORDR
CHARACTERIZING RAIARARASITE BEHRWOTHIN A
MULTICELLULAR MICROBONMENT

6.1.Abstract
Lymphatic Filariasis, a Neglected Tropical Disease, is caused by -likecad

parasitic worms, including. malayi,which migrate to the human lymphatic system
following transmission. The parasites reside in collecting lymphatic vessels and lymph
nodes for years, often resulting in lymphedema, elephantiasis or hydrocele. The
mechanisms driving worm migration and retemt within the lymphatics are currently
unknown. We have developed an integratéa vitro imaging platform capable of
guantifying B. malayi migration and behavior in a multicellular microenvironment
relevant to the initial site of worm injection by incomaiing the worm in a
Polydimethylsiloxane (PDMS) microchannel in the presence of human dermal lymphatic
endothelial cells (LECs) and human dermal fibroblasts (HDFs). The platform utilizes a
motorized controllable microscope with @@nd temperature regulabn to allow for

worm tracking experiments with high resolution over large length and time scales. Using
post-acquisition algorithms, we quantified four parameters: 1) speed, 2) thrashing
intensity, 3) percentage of time spent in a given cell region amkristence ratio. We
demonstrated the utility of our system by quantifying these parameters fdB.L@alayi

in the presence of LECs and HDFs. Speed and thrashing increased in the presence of both
cell types and were altered within minutes upon expostwethe anthelmintic drug,
tetramisole. The worms displayed no targeted migration towards either cell type for the
time course of this study (3 hours). When cells were not present in the chamber, worm
thrashing correlated directly with worm speed. Howewis correlation was lost in the
presence of cells. The described platform provides the ability to further dBudgalayi

migration and behavior.
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6.2.Introduction
Lymphatic Filariasis (LF) is the single largest weidé source of secondary

lymphedema?® and is caused by adult parasitic nematodes that target and dwell in the
lymphatic syeem. An estimated 120 million people in 73 countries are currently infected,
and a further 1.4 billion live in areas where filariasis is endemi©f the 120 million
people harboring the parasites, 90% haMechereria bancroftiwhile Brugia malayand
Brugia timoriinfections account for the other 1092 All three parasites use mosquitoes

as transmission vector8. Infection is initiated when the hosteeking mosquito deposits

an infective thirdstage larva (L3) on the skin of the host during the process of obtaining
a blood meal. The infective larvae then penetrate the skin at the site of the bite,
presumably guide by chemoattractant$®, and migrate to the lymphatic vessels and
lymph nodes of the host where after®2 montrs they mature into adult worms. The
adult worms may reside within the lymphatic system for years before the host shows any
clinical manifestations such as lymphedema, hydrocele, elephantiasis, chyluria and
compromised immunity?*3’. Following mating in the lymphatics, the parasitesaske

live progeny called microfilariae, which circulate in the bloodstream. These microfilariae
can then be ingested by a mosquito during a blood meal, where they undergo

development to form L2 and finally L3 larvae. Hence, the life cycle contihues

In the year 2000, the World Health Organization (WHO) launched the Global
Alliance to Eliminate Lyniatic Filariasis (GAELF). The GAELF has been one of the most
rapidly expanding global health programs in the history of public health with the goal of
eliminating LF by 2020 through annual mass drug administration (32332 While
killing the adult worms is considered one of the best strategies, the drugs used in MDA
are only effective at killing microfilaria, and not the adult worf¥°. Thus, breaking the
cycle of transmission has proven to be difficult. Additionally, these treatment strategies
provide no relief for the estimated 120 million people already infected. As we rfnore
controlling the disease to eliminating it, an understanding of the mechanisms by which L3

filarial parasites target and migrate towards lymphatics and how they behave in the
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presence of the lymphatic environment will be crucial in developing treatraategies

targeting the migration process as well as the lymphati@abiting adult worms.

In vitro experiments sugged®. malayiinduce local lymphatic remodeling via-up
regulation of matrix metalloproteases (MMP$j and actively secrete proteins to
modulate immune funtion and evade detectiod®. Experiments with LB. pahangi,
nonhuman filarial parasites, suggest sera isolated from mammals preferentially spur
chemotaxis possibly guiding worm penetration into the host at the bite sife
Additionally, experiments with intradermalinjectedB. pahangexhibit differential gene
expression compared to intraperitoneal injectié®. These experiments suggest filarial
parasites actively sense and respond to the local cellular microenvironment. Nematodes
respond to a variety of different stimulih€motaxis mediated by movement toward or
away from chemical gradients, plays an important role in fomad matefinding, and
other aspects of nematode interactions. In very few cases have attractive substances
been isolated and identifieéf2 There is currently no high throughpint vitro imaging
platform that allows researchers to quantify the complex interactions between these
parasites and their multicellular host environment. Understanding how filarial worms
interact withthe multicellular microenvironment may reveal how they target and migrate
towards the lymphatic system, and why they reside in it. This will provide invaluable
insight for the antiparasitic drug community and aid in the development of drugs that
target the migration process and adult worms which will greatly aid in MDA elimination
efforts. Additionally, it could lead to insight as to how worms utilize the unique

environment of the lymphatic to enhance drug resistance and immune evasion.

Assays have been deloped in recent years that quantify worm migration,
development, behavior and viabilit§*1%. Existing worm trackers either use the centroid
position1929#1¥ g f t he wor m or a ‘ ‘s k®Be®PFRto’ of
track its location. Centrotbased trackers define worm position as the geometric center
of the segmented worm in each video frame. They can follow multiple worms at low
magnification or, with the aid of a motorizedyxsiage and feedback control, they can

follow single worms over multiple hout8’1%8 The throughput of such trackers can be
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increased by operating several setups in paraltél Centroidbased trackers provide
limited information about the details aform behavior such as thrashing. Skeletmased
trackers, by contrast, generally operate at high magnification and derive a skeleton of
each worm from segmented images. These skeletons provide extensive information
about behavior. Existing assays relyratorized xy motorized stages, read only single
wells at a time, are lovthroughput, and do not offer quantitative regional based tracking.
While many of these systems have extensive uses, there is no current integrated platform
that is capable of quantfing migration and regional cedroximity based behavior of

multiple worms in a multicellular microenvironment at high magnification.

Here, we describe a scalable platform that can track multiple worms in parallel,
and extract key parameters describing migration and regional based behavior using a
novel coculture system which exposes a singleéBL3nalayworm to both lymphatic and
dermal layer cell types. The application can process multiple worms simultaneously
without user intervention, allowing for lontgrm experiments in a G@nd temperature
controlled environment. This system can be used to assay large parasites such as filarial
parasites and study their targeted migration towards a variety of desired cell types. Our
system is scalable for a variety of muitell devices providing the ability to alter the worm
environment for highthroughput drug screeningln its current Zlaneconfiguration, we
characterized the behavior and tracked the migration patterns oBL3nalayiin the
presence of cell types specific to the human interstitium by quantifying four key
parameters; 1) speed, 2) thrashing, 3) percentage of time spent il aegéon, and 4)
persistence ratio. Furthermore, we validat
by quantifying the effect of the common anthelmintic drug levamisole (in the form of

tetramisole)?°42%50n L3B. malayi

6.3.Methods

Brugia malayi Culture
Freshly isolated LB. malayparasites wee obtained from the National Institutes

of Health Filarial Research Reagent Resource (PR3} the University ofGeorgia

(Athens, GA). Worms were rinsed in 5 successive washings with Endothelial Basal Medium
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(EBM) (Lonza, New York) supplemented with 20% FBS (Atlanta Biologicals Lawrenceville,
GA), 1% Glutamax, 1% PeniciitneptomycinrAmphotericin (Gibco, New YQrk25

mg/mL cyclieAMP and 1 mg/mL hydrocortisone acetate (both from Sigma, St. Louis, MO).
The worms were then maintained in 10 mL of EBM at 37 °C in a b#d0@ator for at

least 18 hours prior to experimentation.

Cell Culture
Lymphatic endothelial clsl (LECs) were obtained through isolation from human

neonatal foreskins via immunomagnetic separation using the LEC marker podoplanin as
described previousl§?”. The LECs were expanded in T75 flasks that had been previously
coated for 1 h with a collagen solution containing type | rat tail collagen (BD Biosciences,
San Jose, CA) at a concentration of 50 pg/mL in 0.1% acetic acid (Sigma)sTwereell
grown in EBM (Lonza, New York) supplemented with 20% FBS (Atlanta Biologicals), 1%
Glutamax, 1% Pencill&treptomycirAmphotericin (Gibco), 25 mg/mL cyeAdIP, and 1

mg/mL hydrocortisone acetate (both from Sigma). LECs were split@@%®B0confluace

and were used in experiments either at passage 8 or 9. Human dermal fibroblasts (HDFSs)
were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Lonza) supplemented with
10% FBS and 1% PenciflilneptomyacirAmphotericin. HDFs were split at -80%

confluence and were used in experiments at passage 14.

Decision Chamber
The mold for the decision chamber was designed in Autodesk Inventor 2013 and

milled in 6061 aluminumHKigure 33A). To construct a device, poly(dimethylsiloxane)
(PDMS) with a 10:1 ratio of base to curing agent (Sylgard 184, Dow Corning) was poured
in the mold, degassed for 20 minutes using a vacuunmttea, and then cured at 60 °C

for a minimum of 8 hours. The mold featured seven equidistant linear lanes, which
allowed for the culture of two different cell types in each lane. Each cell region (referred

to as wel |’ t hr ough ou stgp wisidh allowee fdr additiondd a 2 O
fluid retention in the region during the cell seeding process but did not significantly
i mpede worm movement . Il n addition, only th

a collagen coating. Regions outside of thel\\RDMS surface) did not allow cell adhesion
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and thus prohibited cell migration. The device dimensions were chosen to provide the

worm, which is placed in the center, with equal access to the cell types being evaluated

in tandem Figure33B and Q. The dimensions of each lane were 30 x 3 mm. Each cell

region occupied 22.5 mfi(25% of the total lane area). Full schematics and CAD files of

the mold are avdable upon request.

(A)
(€)
Experimental Conditions
1 2 3 4
111
ill

Humidifier (water)

LECs (+ collagen)
HDFs (+ collagen)
Collagen only

LEC vs. HDF

LEC vs. No Cells

HDF vs. No Cells

S BN N

Empty

(B)

Cl

Pre-Experiment

Post-Experiment

HDFs

LECs

Figure 33: A worm-cell coculture device for studying nematode migration and behavior in a multicellular
microenvironment. (A)A rendering of the aluminum mold used to cast the PDMS dé®jéerendering of the PDMS
based coculture device consisting of seven parallel |&G¥s top-view schematic showing the various regions discussed

Ay GGKA& addzRed 91 OK OSft ¢

NEIA2y 200dzLIA Sa

I LditNGateriny | G S &

order to limit media evaporation, flow lanes are included in the device for future@iaed experiments but were not
utilized in the current studyD) LECs and HDFs cultured in the device before and aftéioar3xposure time to the
worm (blue = nucleus, green = Actin). Spreading of the cells was less pronounced than what would be seen on polystyrene
plates due to the surface roughness of the machine PDMS mold. The presence of the worms in the device did not seem

to affect cell viabity.

User Interface

A graphical user interface (GUI) was created in LabVIEW 2013 (National

Instruments, Austin, TX). The GUI allows the user to select the number of lanes to track,

the duration to track each worm for during an imaging cycle and the tota¢®xent

time. After setting the initial parameters, user interaction was no longer required. The
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developed LabVIEW virtual instrument was also used to interface the microscope control

dynamic link library (dll) with the rest of the imaging program.

Microscope Control
The Zeiss MTB2004 64 bit SDK along with Visual Studio 2010 (Microsoft, Redmond,

WA) were used to create a C# dynamic link library (dll) allowing full control of a Zeiss
AxioObserver Z1 inverted microscope (Carl Zeiss, Jena, Germany) aloagneitbrized
x-y stage. The dll was accessed using a LabVIEW virtual instrument. The developed library
allowed for full control of all microscope features including; filkdreel, objectives, light
intensity, incubation temperature and G@vels, and ¥-z position.
Image Acquisition

Video frames required for centroid location and p@styuisition analysis were
captured with a Guppy Pro CCD camera (Allied Vision Technologies, Newburyport, MA) at
15 frames/second (fps) with a resolution of 640 x 480 piXdis.program ran on a Lenovo
Intel dualcore CPU with 4 Gb of RAM (Lenovo, Morrisville, NC) running Windows 7 64 bit.
For the set of experiments carried out in this study a 2.5x microscope objective was used
with a 0.5x @mount camera adapter giving a tdt@ffective magnification of 12.5x

(accounting for the 10x microscope phototube).

Tracking Algorithm
Video was acquired at 15 fps. Frames were stored as individoidlc® mpressed

TIFFs. Each two consecutive frames were subtracted to obtain a differerage i
representing motiofbased segmentation of the worm. The resulting image was then
binarized using a clustering based thresholding approach using the included blocksets in
the Vision Development Module 2013 (National Instruments). Small particles wene t
filtered out and a binary image convex hull function was applied. The centroid location of
the resulting segment was then calculated and taken as being a close approximation to
the worm centroid. The motorized stage was then moved in theptane to dgn the
calculated centroid with the static center of the camera field of view (FOV) thus moving
the worm to the center of the FOV. This process is repeated every two seconds, while

video of the worm is acquired, and theyxposition of the stage (represéng the worm
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location) is stored along with the corresponding tisiamp. The program then moves
the stage to the next lane in which the center isjoietermined and repeats until all the
lanes have been covered. When the program returns to a previaosdged lane, it
moves to the last known location of the worm. If the worm was not found, it begins a
scanning process from either the top or bottom of the lane until the worm is found. The
scanning process alternates the direction of scanning to negateeffext of stage
movement on worm displacement. Video is only stored when the worm is in the FOV.
Figure 34A provides a block diagram representing psetmmle for the worm tracking

implementation. Full code is available upon request.

lia) (B)

Record for T seconds

Loop n times

Indicate
worm
location

Move stage
tofirst lane

Calculate
centroid of
worm

Move stage
to last
known

Scan lane
(alternating
direction)

Mave stage
to next lane

Figure 34: Block diagram of the worm tracking and thrashing algorithms. (Ahe procedural steps invely in the

worm tracking algorithm. Initial worm location in each lane is determined manually. The program then starts the process
of acquiring video and cycles through all the lanes by moving to the last known worm location. If the worm is not found,
then a linear scanning process initiates in order to find the worm. The scanning process alternates the start position,
hence the direction of movement, in order to negate the effect of the microscope stage movement on worm
displacement.(B) The thrashing algéthm takes two consecutive images and subtracts them to remove both
background and all static features. The resulting image represents degree of worm movement during the time period
separating the two frames (~66 ms for a frame rate of 15 fps). The segeben thresholded and the mean intensity

of the resulting image calculated. The mean intensity is summed for the entire length of an imaging cycle (2 seconds)

YR GKS NBadzZ GAy3a g ftdzSa FNBE y2N¥YltAl SR G2 20dlFAy GKS

ExperimentaProcedure

The PDMS decision chamber was rinsed with 70% ethanol followed by deionized
water and left in the oven at 60 °C to dry for 30 minutes. The chamber was then UV
treated in a UV cleaner for 30 minutes to increase surface hydrophilicity. The cefiseg
of the lanes were treated with 50 ug/mL of Type | Rat Collagen (BD biosciences) in sterile
0.1% acetic acid for 1 hour at room temperature. Either human dermal fibroblasts or
lymphatic endothelial cells were seeded in the well at a density of 20 &IG%veell in 100

pL of EBM, and allowed to adhere for 30 minutes at 37 °C. Regional selection for cell
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seeding was randomized to remove any bias inherent to the chambers that might
preferentially direct worm taxis. The chamber was then centrally floodeld BBM and
cultured for 2 hours at 37 °C. Thirty minutes prior to an experiment, the EBM was replaced
with fresh EBM. Single worms were then introduced into the center regions via pipette.
Worms were individually centered in the field of view and locativas recorded within

the user interface software. After all worms had been centered and located, the tracking
system was initiated and worms were tracked for 3 hours. A halogen light source was
used to illuminate the worm being imaged. The worm was onlyosgg to the light
source when being tracked and was in complete darkness during all other time of the
experiment (hence better mimickinig vivolight conditions). We used the device with
four experimental conditions using two cell types as showRigure33C Tetramisole
experiments followed the same procedure, except tetramisole (Sigma) was added to a

lane to yield concentrations of 1.2 mM or 2.4 mM.

PostAcquisition Analysis
Tracking the centroid and recording video for each worm within the device

allowed us to extract various metrics describing worm motility both in the context of the
entire |l ane as wdgILIS $aeRalcslates doiedch section efgtieo n s .
device, to compare worm speed in different environments, and over the entire tracking
period. Thrashing measurements were carried out by subtracting two subsequent frames
with an interval of 66 ms apart to obtain a difference imadee flesulting image was then
binarized using a metric based thresholding approach. The mean intensity of the entire
image was then calculated and summed for a complete cycle (30 frames total) to obtain

t h #thrashing index  me Figure34B). (n addition to the two motility metrics, the
‘percentage of timespeht i n any gi ven r epeisistancewadics waasl c u |
calculated by subtractintipe final location of the worm at the end of the experiment from

the location at the start and dividing by the total displacement of the worm during the
entire 3hour experiment. To determine the extent that the persistence ratio might
change over time, th persistence ratio was also calculated over a 10 minute- non

overlapping sliding window. Algorithms for determining the speed, time spent and
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persistence ratio were written in MATLAB 2013 while LabVIEW 2013 was using for the

trashing metric.

Statistical Aalysis
AKruskaWal | i s nonparametric test followed I

comparisons was used for statistical analysis offaecentage of time spernh each cell
region. All other statistical tests were performed with a emay ANOVA ftowed by a
Tukey test to correct for multiple comparisons. All statistical analyses were performed in
GraphPad Prism 6. I 0.05 was considered statistically significant. Graphical P value
designation was as follows: {0.05) = *, (Fb 0.01) = **, (Pb 0.001) = *** and (Fb
0.0001) = ****_All data is presented as mean + standard deviation. Sample number is

indicated in each figure caption where applicable.

6.4.Results

A scalable PDMSased coculture choice chamber
The choice chamber allowed for-calture of two cell types along with the

malayithus creating a multicellular microenvironment for the worm. The aluminum mold
used for the casts allows for repeated manufacturing of devices for a large humber of
experiments Eigure 33A). Microgrooves resulting from machining the mold had the
advantage of providing a relatively rough surface, thus increasingofrjdib potentially
facilitate worm movement. Made of PDMS, the chamber was both biocompatible and
optically clear allowing for both transmission and reflective imaging using an inverted
microscope. The linear parallel lane configuration is also scalaleltade more lanes

per device if needed. The humidifying chamber, filled with sterile water or PBS, limited
evaporation of the mediaRigure33B). Cells remained intact at the conclusion of the
experiment with minimal signs of cytoskeletal remodeling as can be seen by the green

actin stain of a representative image of the LECs anfésHigure33D).

An automated imaging platform for quantifying speed, thrashing and migratory
behavior
We developed ain vitroimaging platform that \as used to study the migration

behavior of nematodes in a multicellular microenvironment. The tracking algorithm
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provided the capability of imaging multiple worms under high magnification by imaging
one worm at a time and then moving on to the next. If therm was lost, then a search
process was initiated to find the worm. A tvéecond video sequence was recorded along
with the location of the worm during each cyclaqure34A). The system was built around

a fully controllable environment in terms of both atmospheric .Cl@vels and
temperature, which made it ideal for lorigrm experiments requiring prolonged
monitoring and quantification. With our cwnt 7-lane configuration and -2econd
imaging window for each worm it took approximately 120 seconds for a full cycle (in
which 7 worms were tracked and imaged) with the main time spent on the search
algorithm to find the worm if it had left the FOV of tHast known location. To
demonstrate the sensitivity of the two metrics for detecting changes in worm behavior,
we exposed LB. malayito tetramisole, a known anthelminthic, and showed that both
speed and thrashing intensity decreased as a function of tetramisole concentration
(Figure35). At a concentration of 1.2 mM there was a 33% reduction in worm speed and
a 37% reduction in thrashing. These values were increased to 70% for speed and 72% for
thrashing when the concentration was increased to 2.4 mM. This change in speed was

obsewed within 10 minutes of treatment with the tetramisole.
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(A) Speed Over Time (B) Thrashing Over Time
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Figure35: Tetramisole reduces both worm speed and thrashiRgpresentative spegd) and thrashingB)over a 3

hour experimental period for three worms under differeahaentrations of tetramisole (0.0, 1.2 and 2.4 mM) as
measured with our platform. Tetramisole is a known paralytic agent that affects nematode thrashing. The gray interval
represents a 1dninute gap when the drug was added and imaging session restartegl&@ftorm can detect changes

in both worm speedC)and thrashing(D) after drug administration. While both speed and thrashing decreased as
tetramisole concentration was increased, the thrashing metric was more sensitive to the changes in tetramisole
corcentration. N = 9, error bars represent standard deviation. Sample videos provided in supplemental materials.

L3 B. malayi motility is altered in the presence of cells
The location data along with the video sequences allowed us to extract both the

speed and thrashing intensity for each worm over time demonstrating that th8.L3
malayi maintained relatively constant motility throughout the experiment with a speed
of around 1015 um/s Figure 36). Worm speed was highest in the presence of LECs
followed by HDFs (15 pm/s and 12 pm/s respectively). No difference in spestbund
when both cell types were present versus no cells atRtiure 37A). Thrashing was
highest in the presence of LECs followed by HDFs amdwhen the two cell types were

both present Figure37B). While the overall presence of cells within the device enhanced
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worm motility, there was no ifference in speed or thrashing when the worm was in
physical contact with the cells, i.e. when the worm was in a given cell refgiguré38).

In addition, we found that in the case of a completely empty lane (no cells or collagen)
the thrashing intensity correlated with speed to a high degree (Pearson correlation
coefficient of 0.81) but the two metrics were no longer correlated when celleewe

present (Pearson correlation coefficients of 0.006 for HDFs + {H®H) for LECs alone

and 0.12 for HDFs alonigure39).
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Thrashing in Absence of Cells
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Figure36: L3 B. malayi speed and thrashing, over @n8ur experimental session, remain constant.-t8 Speed and

thrashing plots over a-Bour period under each lane condition. 1) Absence of cells: no cells (nor collagen coating) present

in the lane, 2) LECs vs. no cells: LECs on one well and collagen coating on the other, 3) HDFs vs. no cells: HDFs on one
well and collagen coating on the other, and 4) HDFs vs. LECs: HDFs on one well and LECs on another. A relatively flat
trend was seendr all cases indicating worms were viable and showed consistent behavior throughout the experimental
time-frame. Nr 28, error band represents standard deviation.
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Figure37: L3 B. malayi exhibit increased speed and thrashing in the presence of Aglisage spee@)and trashing

(B) of the worms under different conditions: When there are 1) only LECs in the lane 2) only HDFs in the lane 3) both
HDFs and LECs in the lane, dnhdo cells in the lane. The worms were most active when in the LEC lane. They were also
more active when only one of the cell types was present compared to both being present in the same B8eerhor

bars represent standard deviation.
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No statistcal differences were observed /N8, error bars represent standard deviation.
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(A) Empty Lanes (B) HDF vs. LEC Lanes
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Figure39: L3B. malayi speed and thrashing are correlated in an empty lane, but not when cells are presenn (A)
the empty lanes thrashing coreged with speed (Pearson correlation coefficient; r = 0.8)) There was no

correlation when there were cells in the lane (r = 0.00®49 and 0.12 respectively) which covered 25% of the total
lane area. N- 28.

L3 B. malayi do not show targetengration towards LECs or HDFs
In order to determine whether LB. malayihad a preference towards a certain

cell type we quantified the percentage of time spent in each cellular region of the device.

There was no preference towards a certain cell typthasvorms spent equal time in all

regions regardless of the culture conditiofsgure40). To quantify the presence of any

targeted migration we caldated the persistence ratio and found that the worms had

very | ow persistence regardless of the <cul
migration, while rather active, was fairly randoriqure41A-E). This lack of targeted

mi gration is further i1l lustrated by a trac

back and forth as the worm continuously migrates up and down the laigei(e41).
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(A) LEC vs. No Cells Lanes (B) HDF vs. No Cells Lanes
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Figure40: No difference in percentage of time spent by L3 B. malayi in each lane regieb) @ell (HDF or LEC) and
no cell (only collagen coating) areas each cover 25% of the lane, while the empty region is 50% of the area. No statistical
differences were observed when accounting for area difference®8\ error bars represent standard dewvnti
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Figure4l: L3 B. malayi do not show targeted migration towards LECs or HDFsTH{@)persistence ratio calculated
over the entire time of the experiment (3 hou(8E) The persistence ratio calculating for a 10 minute-ogearlapping
sliding window.(F) A representative velocity plot for one worm illustrating the randomness in directiordlity28,
error bars and bands represent standard deviation.

6.5.Discussion
We demonstrated a platform for monitoring losigrm nematode migration

related behavior in a complex multicellular microenvironment that is potentially scalable
for high throughput drug screening. The image acquisition system is flexible and
surpasses maother published systems in acquisition capab#fi§ The platform can be

used with any nematode, includir@ eleganswhich are the most widely used model for
studying nematode migration and behavior, since both tracking and anadysis
independent of worm size and shape. Video is captured using a 640 x 480 pixel resolution
camera but is capable of using any NI Vision compatible camera. Experiments were
performed at a frame rate of 15 fps while the system is configurable to run &p$0
without any reduction in resolution. The graphical user interface (GUI) is easy to use and
requires minimal user intervention. The s is scalable to include any given number of
lanes with the only limitation given by the minimum required dimensiohthe lanes in
order to encompass the given worm si ze
between successive imaging cycles. From our experiments with the current device

dimensions, the addition of each lane adds an average of 17 seconds of inleddithe
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algorithm has an additional lane to scan and image. While the software is only compatible
with current Zeiss manufactured microscopes, due to the fact that we utilized the Zeiss
microscope SDK, it does provide us with full control of every gdahteomicroscope. Due

to the modular design of the control VIs, we can easily add full control of the fluorescent
filter wheel, objective, focus, illumination and de@dmera ports for experiments
requiring more complex image acquisition workflows. The Bblsed choice chamber
provides a cheap and robust platform for nematode behavioral assays in which their
interaction with various cellular environments would be of interest. Although the worms
are capable of moving on the surface of the PDMS a three dimeal matrix
environment would better recapitulate the migratory environment the worm must
traverse to reach the lymphat#®2'L This setup would provide the benefit of creating a
more defined concentration gradient of any potential chewattractants released by
cells, howeverit is uncertain whether L3 Bnalayihave the capability of moving through

such an environment.

We demonstrated that LB. malayiexhibited an increase in motility, as defined
by speed and thrashing, when cells are cultured with the worm. The worms sederbed
most motile when LECs were present, followed by HDFs and then followed by the two cell
types together. Caulture with specific cell types has been previously shown to enhance
worm survival. Falcone et al. showed that by using Jurkat and HDFglas ¢eds, LB.
malayisurvival was dramatically increased and allowed L3s to mature intio hitso 2*2,
Thus, the increased motility seen with our system could be resulting from the production
of an (or several) important micronutrient or metabolite by the mammalian cells that is
enabling incrased worm motility. Given the limited information available regardig
malayi sensory receptors we cannot at this time provide any further details regarding
what molecules could be responsible for the modified behavior. What is interesting
however, is tlat we have demonstrated that LB.malayiar e capabl e of
multicellular environment, within minutes after exposure to cells, which suggests a
cellular cue could play a role in determining their migration patterns and preference to

reside in lymphatics. In addition to this rapid response in motility to cells, we
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demonstrated that tetramisole, a paralytic agent commonly used to reduce nematode
motility, reducedB. malaymotility within minutes of adding the drug to the worms. Thus

the kineticsof action of tetramisole oB. malayiis comparable taC. eleganswhich at

similar drug concentrations usually show decreased motility within 15 mintifed4
Thrashing is a common metric to quantify the effect of a drug in parasite studies and we
have demonstrated thithat our system can detect immediate changes in both thrashing
and speed under a given drug. Therefore, the system can thus be used as a rapid drug
screen forB. malayj while at the same time culturing the worms in a multicellular
environment. AdditionHly, there has been renewed interest in developing new methods

of in vitro culture for filariasis nematodes that can support the support the entire life cycle

of the worm. Traditional approaches have required worms to be cultured for weeks at a
time to determine the culture supplements that result in the lowest worm death. Given
that both cells and drugs produced a measureable (yet subtle) difference in worm
behavior that could be immediately quantified, this system provides an ideal platform for
pre-screenng dozens of different culture conditions for optimizing ianvitro parasitic

host environment including the presence of cell derived chemokines such as CXCL12

which was previously shown to enhance the growth of L4 fil&fiae

For the purpose of this study, we chose three widely used metrics to quantify
behavior: speed, thrashing, and persistence ratio. In addition to these metrics, we
determined thepercentage of time sperdt each cell type as a way of assegsihether
L3B. malayhad a certain preference for being in physical proximity to a given cell type.
Our results indicated that LB. malaydid not have a preference towards a given cell type
nor did they modify their motility (defined by both speed and thrashing) when in physical
contact with LECs or HDFs. Interestingly, when cells are not present an increase in worm
thrashing directly trangtes into an increase in worm speed, as suggested by the two
par ameter s’ hi gh degree of correlation. Th
present, suggests that not only are the worms increasing their speed, but also that
thrashing (as wéave determined it) no longer is the driving mechanism determining

worm migration. At the very least, the analysis capabilities of our platform provide the
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ability to discriminate between very subtle changes in behavior that otherwise would not
be apparen with traditional approaches. We then attempted to determine whetlier
malayiexhibited directional guidance to lymphatic endothelial cells and found that they
had no preference towards either cell type tested (LECs and HDFs). While chemotaxis
through agradient of CCL21 released by lymphatic endothelial cells has been shown to
promote dendritic cell migration to lymphatic vesséf8:216217 there are no known
chemotactic moleculeeceptor pairs identified for filarial parasites, much less ones that
involve a lymphatic chemokine. Such cleaxis of the larvae to serum, as shown
previously, would support the hypothesis that chemotaxis can drive targeted migration
30218219 However using our platform, chemotaxis does not seem to be the main
contributor to migration towards lymphatics. This phenomenon could be dueedddht

that stable chemokine gradients are not formed in our device due to the high diffusion
coefficient of relevant chemokines in cell culture media. Other factors inirthevo
environment not captured in the current iteration of the device might playarge
contribution to migration including the contents of lymph, the presence of immune cells,
and interstitial flow (which is always directed towards the nearest draining lymphatic and
has been implicated in lymphattargeting for other cell typed220.223 |n addition,
worm movement within the dermis might be random until the worm encounters a point
of entry into the lymphatics (i.e. collecting lymphatic vessels) which are large enough to

encompass the worm and fragile enough to be penetragaen their thin walls.

6.6.Conclusion
The described platform provides a tool for parasitologists to explore mechanisms

that drive L3 filarial worms to target lymphatic vessels, to screen for the efficacy of
potential new drug compounds, and to engindarvitro environments that provide a
more viable host for longerm worm culture. While in its current form our study provides
valuable insight by quantifying IBB malaybehavior both in the presence and absence of
dermal specific cells, tha vitroplatform needs to be further expanded to better capture
key biophysical and biochemical aspects that are essential to the host environment

including flow and concentration gradients. vivoflow conditions can be replicated by
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flowing media through the chante with the appropriate wall shear stress values. A
stable diffusion gradient will be somewhat challenging without the incorporation of a 3D
matrix but one possibility would be depositing an immobilized 2D gradient on the surface
of PDMS??to test a given chemokine in question. While MDA has proven successful to
an extent, the mairdimiting factor, second to nogompliance??, is that the drugs used

do not kill adult worms. Hence, it is crucial that as we move from control to elimination
that we find new strategies to isfupt the transmission cycle. This shift requires
understanding L3B. malayimigration and the effects of drugs in an environment that
mimicsin vivoconditions with the goal of creating an environment close enough to the
human host to ultimately cultur&/uchereria bancroftithe primary filarial species that is

responsible for 90% of infections.
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V1. CONCLUSION

In this scholarly workwe presented several novel engineering tools to study
lymphatic pump function in the context of lipid uptake and for elucidating the behavior
of the lymphatic specific filarial parasite knownBismalayi Specificallywe developed
an in situ imaging pl#&orm capable of simultaneous brightfield higipeed video
acquisition and fluorescence imagirilgsing custorbuilt image processing algorithms,
the system allowed us to quantify the response of a rat mesenteric lymphatic vessel pump
function to a postprandial load. Utilizing the system we showed that contraction
frequency and amplitude as well as average and end diastolic diameters decrease with an
increase in lipid loadn order to clarify the contribution of viscosity to the pgstandial
changes aftera highfat meal we utilized a micraheology approach to quantify the
viscosity of lymphTo further elucidate the response of the lymphatic endothelium to the
stimuli seen in the mesenteric vessels, mainly oscillatory shear and high lipid load, we
utilized intracellular C# as a reatime output metric to quantify the response of
lymphatic endothelial cells to these local stimidivitro. The aimal model, imaging
system andymph characterization techniques developed pave the way for future studies
exploring the role of mesenteric lymphatics in lipid absorption and transport, intestinal
immune cell trafficking and in drug delivery targeting the lymphatics to avoid first pass

metabolism.

With respect to our filariasis related work we developedimarvitro platform to
guantify the migratory patterns d8. malayand showed that within the limitations of the
platform these parasites do natentionallymigrate towards lymphatiendothelial cells

but once there they have a certain preference as indicated by their increased motility.
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7.1. Contributions
This work can be summarized as having the following overall contributions:

1 Animaging platform capable of acquiring both higieed video and fluorescence
imagessimultaneously

1 Animage processing algorithm suitable for stabilizing high speed videnghe
mesenterywith large motion artifactslue to gut motility and respiration

1 A set of image processing algorithms to quarlyfyphatic contraction, flow rates
and lipid load.

1 A rat animal model for the study of collecting vessel lymphatic lipid uptake.

1 Establishinghe use of BODIPYe@s a reatime fluorescent lipid indicator.

1 The insight that mesenteric lymphatic vesselduee their contraction frequency,
amplitude and both average and end diastolic diameters once exposed to high
lipid loads.

1 Postprandial lymph viscosity valuesiring absorption of highfat meal

1 The first evidence that intracellular €an lymphatic endothelial cells varies with
the type of shear stress waveform the cells exposed to and first evidence that
mechaneregulation carried out by these cells is affected in the presence of VLDL.

1 Anin vitroplatform for coculture of filarial paasites with two other cell types.

1 An automated worm tracking platform for long term tracking.

1 Image processing algorithms for quantifying worm displacement and thrashing
behavior.

1 A lowcost imaging setip for highthroughput screening of macritdiricidal

compounds on adult parasites.
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7.2. Future Work
The major contribution of this thesis has been to provide a comprehensive toolset

to study the role of lymphatics in lipid transport. While many new insights have been
gained through the various studies gented in this work, many more questions remain.
The imaging system developed paves the way for numerous studies investigating a range
of questions ranging from characterizing the biomechanics of mesenteric collecting
vessels to quantifying the uptake oanous lipid based drug delivery vehicles targeting
lymphatics. As a first step howeveve see this system being adapted and scaled down

to accommodate mouse animal models. This will open up a range of possibilities by using
genetically modified mouse meds to better understand the molecular mechanisms
governing lymphatic pump function especially in the context of lipid absorption. On the
software side, the amountf data collected from such experiments is very large and
processing it is not currentlyery efficient. All the image processing algorith need to

be adapted for largescale parallel processing utilizing high performance computing
clusters. This should minimize arsiy/time fromseveral dagfor each animal to as low

as a couple of minutedVhile we showed that collecting lymphatic vessels exhibited a
decrease in pumping in response to a high lipid load, there remains many unknowns on
the exact mechanisms regulating this. Further work needs to be carried out to clarify the
exact mechanisms inlweed. We suggest taking am vitro approach by investigating the

role of lymphatic endothelial cells in mecharegulation, by measuring the various
effects that mechanical and lipid stimuli have on these cells especially on their signaling

pathways and rare importantly on their vasoactive substance release.

In addition to the above, there remains much work to be done to understand the
behavior of filarial parasites. This includes developing more physiologically relevant i
vitro platforms that both mimic the lymphatic environment and provide reale
measuring capabilities. Depending on the complexity of glatiorms they can provide
further insight into both the lymphatic pathophysiology that these parasites cause as well

asdeveloping ways to safely eliminate them within the human host.
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APPENDIX¢ MATLAB CODE

% This script conditions the velocity data for further

analysis. The signal

% is cleaned and smoothed.

% X is the time axis in seconds

% y is the velocity value in mm/sec

% Output is the background subtracted and smoothed signal
% Last updated 08/05/13 by Timothy Kassis

function [yyy] = ProcessVelocity(x,y)

%% Condition the waveform

% Remove values below or above a threshold
indices = find(abs(y)>3000);

y(indices) = NaN;

% Create a mask of where there are values for later use
ymsk = ones(length(y),1);

indices2 = find(isnan(y));

indices3 = find(~isnan(y));

ymsk(indices2) = NaN;

ymsk(indices3) = 1;

% Smooth the signal and apply mask
if  all(isnan(y));

yy = zeros(length(y),1);

yyy = zeros(length(y),1);
else
yy = smooth(x,y,76, 'rloess' );
yyy = yy.*ymsk;
end

%% Output results and plots
[xx,ind] = sort(x);

subplot(2,1,1)

plot(xx,y(ind), 'b." xx,yy(ind), T -")

legend( 'Original Data' , 'Smoothed Data Using
"rloess" , 'Location’ , 'NW")

xlabel( 'Time (sec)' )

ylabel(  'Velocity (um/s)' )

subplot(2,1,2)

plot(xx,yyy(ind), To-")

legend( 'Masked' , 'Location’ , 'NW")

xlabel(  'Time (sec)' )

ylabel(  'Velocity (um/s)' )
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% This function conditions the lipid data for further analysis.
% t is the time axis in seconds

% y is the intensity value (assuming taken every 5 seconds)
% Output is an array representing intensity values in minute
increments

% Last updated 09/12/14 by Timothy Kassis

function [ysmooth] = ProcessLipid(t,y)
%% Condition the waveform
ynew = ones((round(length(y)/12)),1).*NaN;
tnew = transpose(0:60:((length(ynew)*60) -1));
% Take highest 6 images in each rolling minute
=2
for i=0:12:length(y) -12
if  i==
suby =y(1:12);
sortedsuby = sort(suby, '‘descend’ );
maxvalues = sortedsuby(1:6);
ysample = nanmean(maxvalues);
ynew(1,1) = ysample;
else
suby = y(i:i+12);
sortedsuby = sort(suby, 'descend’ );
maxvalues = sortedsuby(1:6);
ysample = nanmean(maxvalues);
ynew(j,1) = ysample;

end
=+
end

ysmooth = smooth(ynew,7, ‘rlowess’ );

%% Output results and plots
[tt,ind] = sort(t);
[ttnew,ind2] = sort(thew);

plo t(tt,y(ind), 'b* | ttnew,ysmooth(ind2), 'k -', ‘Linewidth'
legend( 'Raw' , 'Filtered Smoothed with

"rlowess™ , 'Location’ , 'NW")

xlabel( 'Time (sec)' )

ylabel( 'Fluorescence Intensity (AFU)' )

' 2)

% This script conditions the diameter data for further
analysis. The signal

% is cleaned and smoothed.

% Last updated 11/07/14 by Timothy Kassis
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function yy = ProcessDiameter(t,y)
% Remove zero values

indices = y==0;

y(indices) = NaN;

% Remove values below or above a threshold
ymean = nanmean(y);

indices2 = y>(ymean+50) | y<(ymean - 50);
y(indices2) = NaN;

% Smooth the signal
yy = smooth(t,y,100, ‘rflowess' );
yy(1) = yy(2); % Replace the first value to avoid a NaN

% Output plots
[tt,ind] = sort(t);

plot(tt,y(ind), b, ttyy(ind), 't -', 'LineWidth' ,2)
title( ' Diameter Tracing' , 'FontSize' ,16);

legend( 'Original Data' , 'Smoothed Data Using

"rlowess™ , 'Location’ , 'NW")

xlabel( 'Time (sec)' , 'FontSize' ,14)

ylabel( 'Diameter (um)' , 'FontSize' ,14)

function [maxtab, mintab]=peakdet(v, delta, x)
%PEAKDET Detect peaks in a vector
% [MAXTAB, MINTAB] = PEAKDET(V, DELTA) finds the local

% maxima and minima ("peaks") in the vector V.
% MAXTAB and MINTAB consists of two columns. Column 1
% contains indices in V, and column 2 the found values.

%

% With [MAXTAB, MINTAB] = PEAKDET(V, DELTA, X) the
indices

% in MAXTAB and MINTAB are replaced with the
corresponding

% X - values.

%

% A point is considered a maximum peak if it has the
maximal

% value, and was preceded (to the left) by a value lower
by
% DELTA.

% Eli Billauer, 3.4.05 (Explicitly not copyrighted).
% This function is released to the public domain; Any use is
allowed.

maxtab = [];
mintab = [];
v =v(); % Just in case this wasn't a pro per vector
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if  nargin<3
x = (1:length(v))';
else
X =Xx();
if  length(v)~= length(x)
error( 'Input vectors v and x must have same length'
end
end

if  (length(delta(:)))>1
error( 'Input argument DELTA must be a scalar' );
end

if delta< =0

error( 'Input argument DELTA must be positive' )i
end
mn = Inf; mx = - Inf;

mnpos = NaN; mxpos = NaN;
lookformax = 1;

for i=1l:length(v)

this = v(i);
if  this > mx, mx = this; mxpos = x(i); end
if  this <mn, mn = this; mnpos = x(i); end

if  lookformax
if this<mx -delta
maxtab = [maxtab ; mxpos mx];
mn = this; mnpos = x(i);
lookformax = 0O;
end
else
if this > mn+delta
mintab = [mintab ; mnpos mn];
mx = this; mxpos = x(i);
lookformax = 1;
end
end
end

% This function calculates contraction related data from the
diameter

% tracing and returns the following:

% 1- AD: Average diameter

% 2- CF: Average contraction frequency

% 3- CA: Average contraction amplitude

% 4- CAp: Average contraction amplitude percentage
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% 5- MCA: Maximum contraction amplitude

% 6- MCAp: Maximum contraction amplitude percentage
% 7- EDD: End diastolic diameter

% 8- ESD: End systolic diameter

% 9- CWV: Average constriction wall velocity
% 10- DWV: Average di lation wall velocity
% 11- LV: Average lymphocyte velocity

% 12- MaxLV: Maximum lymphocyte velocity
% 13- MinLV: Minimum lymphocyte velocity

% 14- VFR: Average volumetric flow rate

% 15- MVFR: Maximum volumetric flow rate
% 16- WSS: Average wall shear stre SS
% 17- MWSS: Maximum wall shear stress

% 18- FPF: Fractional pump flow

% 19- EF: Ejection fraction

% 20- SV: Stroke volume

% 21- LO: Lymphatic output

% 22- VFRLO: VFR to LO ratio

% By Timothy Kassis last updated 08/05/13

function out = CalPar(t,d,v)
out = zeros(1,22);

% Peak detection
[maxtabout, mintabout]=peakdet(d,2,t);

% Set threshold for peaks
maxmindiff = sortrows([maxtabout; mintabout])
tempdiff = diff(maxmindiff)

for i = 1:length(tempdiff)
if  tempdiff(i) > 10

maxtab(i) = maxtabou t(i);
mintab(i) = mintabout(i);

else

maxtab(i) = [];

mintab(i) = [J;

end

end

% Calculate parameters

AD = nanmean(d); % Average diameter
CF = length(maxtab)./max(t); % Average contraction frequency
maxminlist = sortrows([maxtab; mintabl]);

temp = diff(maxminlist);

CA = mean(abs(temp));

CA = CA(2); % Average contraction amplitude

CAp = (CA/AD)*100; % Average contraction amplitude percentage
MCA = max(abs(temp));

MCA = MCA(2); % Maximum contraction amplitude
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MCAp = (MCA/AD)*1 00; % Maximum contraction amplitude percentage

EDD = max(maxminlist); % End diastolic diameter

ESD = min(maxminlist); % End systolic diameter

wallvel = temp(:,2)./temp(:,1);

syscount = sum(wallvel<0); % Number of systolic contractions
diascount = sum(wallvel>0); % Number of diastolic
contractions

CWV = sum((wallvel<0).*wallvel)./syscount; % Average wall
velocity during systole

DWV = sum((wallvel>0).*wallvel)./diascount; % Average wall
velocity during diastole

LV = nanmean(v); % Average lymphocyte velocity

MaxLV = max(v); % Maximum lymphocyte velocity

MinLV = min(v); % Minimum lymphocyte velocity

FR = ((pi * v .* (d.”2))/6) * 0.000036; % Flow rate

VFR = nanmean(FR); % Average volumetric flow rate

MVFR = max(((pi * v . * (d.~2))/6) * 0.000036); % Maximum
volumetric flow rate

WSS = nanmean((4*1.5*v)./(d/2)); % Wall shear stress

MWSS = max((4*1.5*v)./(d/2)); % Maximum wall shear stress
EF = (EDD(1,2)"2 - ESD(1,2)"2)/EDD(1,2)"2; % Ejection fraction
FPF = EF*CF*60; % Fractional pump flow

SV = pi*((EDD(1,2)/2)"2 - (ESD(1,2)/2)72)*1000; % Stroke
volume

LO = SV*CF; % Lymphatic output
VFRLO = VFR/LO; % VFR to LO ratio

% Store parameters
out(1,1) = AD;
out(1,2) = CF;
out(1,3) = CA;
out(1,4) = CAp;
out(1,5) = MCA;
out(1,6) = MCAp;
out(1,7) = EDD(1,2);
out(1,8) = ESD(1,2);
out(1,9) = abs(CWV);
out(1,10) = DWV;
out(1,11) = LV;
out(1,12) = MaxLV,
out(1,13) = MinLV;
out(1,14) = VFR;
out(1,15) = MVFR;
out(1,16) = WSS;
out(1,17) = MWSS;
out(1,18) = FPF;
out(1,19) = EF;
out(1,20) = SV,
out(1,21) = LO;
out(1,22) = VFRLO;
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%% Plot
[tt,ind] = sort(t);

% Diameter tracing and peaks

subplot(3,1,1)

plot(tt,d(ind), ‘b -', 'Linewidth' , 2);
hold on;

plot(mintab(:,1), mintab(:,2), 'g* );
plot(maxtab(:,1), maxtab(;,2), ™);
titte(  'Diameter Tracing' );

ylabel( 'Diameter (um)' )

hold off ;

% Lymphocyte velocity
subplot(3,1,2)

plot(tt,v(ind), T -', 'Linewidth' , 2)
title(  'Lymphocyte Velocity' )i
ylabel(  'Velocity (um/s)' )

% Flow rate
subplot(3,1,3)

plot(tt,FR(ind), 'g - ', 'Linewidth' , 2)
titte(  'Volume Flow Rate' );

xlabel( 'Time (sec)' )

ylabel( 'Flow Rate (ul/hr)’ )

% This function calculates contraction related data from the

diameter

% tracing and returns the following:

% 1- AD: Average diameter

% 2- CF: Contraction frequency

% 3- CA: Average contraction amplitude

% 4- CAp: Average contraction amplitude percentage

% 5- MCA: Maximum contraction amplitude

% 6- MCAp: Maximum contraction amplitude percentage

% 7- EDD: End diastolic diameter

% 8- ESD: End systolic diameter

% 9- CWV: Average constriction wall velocity
% 10- DWV: Average dilation wall velocity

% By Timothy Kassis last updated 11/07/14
function Diameter_Out = CalDiameter(t,d)
Diameter_Out = zeros(1,10);

% Peak detection
[maxtab, mintab]=peakdet(d,4,t);

% Calculate parameters
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AD = nanmean(d); % Average diameter

CF = length(mintab)./max(t); % Average contraction frequency
maxminlist = sortrows([maxtab; mintab]);

temp = diff(maxminlist);

CA = mean(abs(temp));

CA = CA(2); % Average contraction amplitude

CAp = (CA/AD)*100; % Average contraction amplitude percentage
MCA = max(abs(temp));

MCA = MCA(2); % Maximum contraction amplitude

MCAp = (MCA/AD)*100; % Maximum contraction amplitude percentage
EDD = mean(maxtab); % Average EDD

ESD = mean(mintab); % Average ESD

wallvel = temp(:,2)./temp(:,1);

syscount = sum(wallvel<0); % Number of systolic contractions
diascount = sum(wallvel>0); % Number of diastolic
contractions

CWV = sum((wallvel<0).*wallvel)./syscount; % Average wall
velocity during systole

DWV = sum((wallvel>0).*wallvel)./diascount; % Average wall

velocity during diastole

% Store parameters
Diameter_Out(1,1) = AD;
Diameter_Out(1,2) = CF;
Diameter_Out(1,3) = CA;
Diameter_Out(1,4) = CAp;
Diameter_Out(1,5) = MCA,;
Diameter_Out(1,6) = MCAp;
Diameter_Out(1,7) = EDD(1,2);
Diameter_Out(1,8) = ESD(1,2);
Diameter_Out(1,9) = abs(CWV);
Diameter_Out(1,10) = DWV;

%% Plot
[tt,ind] = sort(t);

% Diameter tracing and peaks

subplot(3,1,1)

plot(tt,d(ind), ‘b -', ‘'Linewidth' , 2);
hold on;

plot(mintab(:,1), mintab(:,2), g )
plot(maxtab(:,1), maxtab(;,2), ™);
titte(  'Diameter Tracing' );

ylabel( 'Diameter (um)' )

hold off ;

% Analyze all diameter data for a particular experiment
% By Timothy Kassis, last updated 11/07/14
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myvars = who( 'Var* );
Results = cell(length(myvars),11);

Results{1,1} = ‘TimePoint' ;
Results{1,2} = 'AD' ;
Results{1,3} = 'CF' ;
Results{1,4} = 'CA' ;
Results{1,5} = 'CAp' ;
Results{1,6} = 'MCA' ;
Results{1,7} = 'MCAp' ;
Results{1,8} = 'EDD' ;
Results{1,9} = 'ESD' ;
Results{1,10} = 'CWV';
Results{1,11} = 'DWV' ;

u = ones(length(Time),length(myvars)).*NaN;

fprintf( 'Processing diameter data \n');

for i= 1l:length(myvars)
fprintf( 'Processing video %d of %d \'n' i,length(myvars));
u(:,i) = ProcessDiameter(Time,eva I[(myvars{i,1}));

end

%%
for j=1:length(myvars)
fprintf( 'Calculating parameters for video %d of
%d n' ,j,length(myvars));
try %# Attempt to perform computation
out = CalDiameter(Time,u(:,j));
catch %# Catch the exception
continue
end

Results{j+1,1} = myvars{j,1};
Results{j+1,2} = out(1,1);
Results{j+1,3} = out(1,2);
Results{j+1,4} = out(1,3);
Results{j+1,5} = out(1,4);
Results{j+1,6} = out(1,5);
Results{j+1,7} = out(1,6);
Results{j+1,8} = out(1,7);
Results{j+1,9} = out(1,8);
Results{j+1,10} = out(1,9);
Results{j+1,11} = out(1,10);
end

% Analyze all diameter data for a particular experiment
% By Timothy Kassis, last updated 11/07/14

myvars = who( 'Var® );
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Results = cell(length(myvars),11);

Results{1,1} = ‘TimePoint' ;
Results{1,2} = 'AD' ;
Results{1,3} = 'CF' ;
Results{1,4} = 'CA' ;
Results{1,5} = 'CAp' ;
Results{1,6} = 'MCA' ;
Results{1,7} = 'MCAp' ;
Results{1,8} = 'EDD' ;
Results{1,9} = 'ESD' ;
Results{1,10} = 'CWV';
Results{1,11} = 'DWV';

u = ones(length(Time),length(myvars)).*NaN;

fprintf( 'Processing diameter data \n');

for i= 1l:length(myvars)
fprintf( 'Processing video %d of %d \'n' i,length(myvars));
u(:,i) = ProcessDiameter(Time,eva I[(myvars{i,1}));

end

%%
for j= 1l:length(myvars)
fprintf( 'Calculating parameters for video %d of
%d n' ,j,length(myvars));
try %# Attempt to perform computation
out = CalDiameter(Time,u(:,j));
catch %# Catch the exception
continue
end

Results{j+1,1} = myvars{j,1};
Results{j+1,2} = out(1,1);
Results{j+1,3} = out(1,2);
Results{j+1,4} = out(1,3);
Results{j+1,5} = out(1,4);
Results{j+1,6} = out(1,5);
Results{j+1,7} = out(1,6);
Results{j+1,8} = out(1,7);
Results{j+1,9} = out(1,8);
Results{j+1,10} = out(1,9);
Results{j+1,11} = out(1,10);
end

% This script conditions the velocity data for further

analysis. The signal

% is cleaned and smoothed.

% X is the time axis in seconds

% vV is the velocity value in mm/sec

% Output is the background subtracted and smoothed signal
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% Last updated 01/17/15 by Timothy Kassis

function [yyy] = ProcessVelocity2(x,y)

%% Condition the waveform

% Remove values below or above a threshold
indices = find(abs(y)>3000);

y(indices) = NaN;

% Create a mask of where there are values for later use
ymsk = ones(length(y),1);

indices2 = find(isnan(y));

indices3 = find(~isnan(y));

ymsk(indices2) = NaN;

ymsk(indices3) = 1;

% Smooth the sig nal and apply mask
if  all(iisnan(y));

yy = zeros(length(y),1);

yyy = zeros(length(y),1);
else
yy = smooth(x,y,76, 'rloess' );
yyy = yy.*ymsk;
end

%% Output results and plots
[xx,ind] = sort(x);

subplot(2,1,1)

plot(xx,y(ind), b xxyy(ind), T -")
legend( 'Original Data' , 'Smoothed Data Using
"rloess" , 'Location’ , 'NW")

xlabel(  'Time (sec)' )

ylabel(  'Velocity (um/s)' )

subplot(2,1,2)

plot(xx,yyy(ind), T-")

legend( 'Masked' , 'Location’ , 'NW")

xlabel(  'Time (sec)' )

ylabel(  'Velocity (um/s)' )

function out = CalVel(t,d,v)
out = zeros(1,3);

LV = nanmean(v); % Average lymphocyte velocity

FR = ((pi * v .* (d.”2))/6) * 0.000036; % Flow rate
VFR = nanmean(FR); % Average volumetric flow rate

WSS = nanmean((4*1.5*v)/(d/2)); % Wall shear stress
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out(1 ,1)=LV;
out(1,2) = VFR;
out(1,3) = WSS;

[tt,ind] = sort(t);

% Lymphocyte velocity
subplot(3,1,2)

plot(tt,v(ind), 't -', 'Linewidth' , 2)
titte(  'Lymphocyte Velocity' );
ylabel(  'Velocity (um/s)' )

% Flow rate
subplot(3,1,3)

plot(tt,FR(ind), 'g - ', 'Linewidth' , 2)
title(  'Volume Flow Rate' );

xlabel(  'Time (sec)' )

ylabel( 'Flow Rate (ul/hr)’ )

end

% Analyze all diameter data for a particular experiment
% By Timothy Kassis, last updated 11/07/14

myvars = who( 'Var* );
Results = cell(length(myvars),2);

Results{1,1} = ‘TimePoint'
Results{1,2} = ‘Velocity'

u = ones(length(Time),length(myvars)).*NaN;

fprintf( 'Processing velocity data \n');

for i=1:length(myvars)
fprintf( 'Processing video %d of %d \'n' i,length(myvars));
u(:,i) = ProcessVelocity 2(Time,eval(myvars{i,1}));

end

%%

for j=1:length(myvars)
fprintf( 'Calculating parameters for video %d of
%d n' ,j,length(myvars));
Results{j+1,1} = myvars{j,1};
Results{j+1,2} = nanmean(u(:,j));
end

% Analyze all motion data for a particular experiment
% By Timothy Kassis, last updated 11/29/14
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myvars = who( 'Var* );
Results = cell(length(myvars),3);

Results{1,1} = ‘TimePoint' ;
Results{1,2} = 'Freq'
Results{1,3} = '‘Amp' ;

u = ones(length(Time),length(myvars)).*NaN;

fprintf( 'Processing motion data \n');
for i= 1l:length(myvars)
fprintf( 'Processing video %d of %d \'n' i,length(myvars));

u(:,i) = ProcessMotion(Time,eval(myvars{i,1}));
end

%%
for j=1:length(myvars)

fprintf( 'Calculating parameters for video %d of
%d n' ,j,length(myvars));

try %7# Attempt to perform computation
out = CalMotion(Time,u(:,)));
catch %# Catch the exception
continue
end

Results{j+1,1} = myvars{j,1};

Results{j+1,2} = out(1,1);

Results{j+1,3} = out(1,2);
end

% Analyze all motion data for a particular experiment using the
% MeasurePeristalsisFFT function
% By Timothy Kassis, last updated 01/06/15

myvars = who( 'Var® );
Results = cell(length(myvars),8);

Results{1,1} = ‘TimePoint'
Results{1,2} = 'Power' ;
Results{1,3} = 1
Results{1,4} = ‘Al
Results{1,5} = 'P1"
Results{1,6} = 'F2'
Results{1,7} = '‘A2'
Results{1,8} = 'P2'

%%
for j= 1l:length(myvars)
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fprintf( '‘Calculating parameters for video %d of
%d n' ,j,length(myvars));

try %# Attempt to perform computation

[P, F1, AL, P1, F2, A2, P2] =
MeasurePeristalsisFFT(eval(myvars{j,1}),250);

catch %# Catch the exception
continue

end

Results{j+1,1} = myva rs{j,1};

Results{j+1,2} = P;

Results{j+1,3} = F1;
Results{j+1,4} = A1,
Results{j+1,5} = P1,;
Results{j+1,6} = F2;
Results{j+1,7} = A2;
Results{j+1,8} = P2;

end

% This function calculates motion related data from the
diameter
% By Timothy Kassis last updated 11/29/14

function Motion_Out = CalMotion(t,d)
Motion_Out = zeros(1,2);

% Peak detection
[maxtab, mintab]=peakdet(d,4,t);

% Calculate parameters

Freq = length(mintab)./max(t); % Average contraction frequency
maxminlist = sortrows([maxtab; mintab]);

temp = diff(maxminlist);

Amp = mean(abs(temp));

Amp = Amp(2); % Average contraction amplitude

% Store parameters
Motion_Out(1,1) = Freq;
Motion_Out(1,2) = Amp;

%% Plot

[tt,ind] = sort(t);

% Moation traci ng and peaks

subplot(3,1,1)

plot(tt,d(ind), ‘b -, ‘'Linewidth' , 2);
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hold on;

plot(mintab(:,1), mintab(:,2), 'g* );
plot(maxtab(:,1), maxtab(:,2), ™),
title(  'Motion Tracing' );

ylabel( 'Displacement (Pixel)' )

hold off ;

% Script to measure intestinal peristalsis

% Function accepts input signal 'y' and sampling frequency 'Fs'
% By Timothy Kassis, last updated 01/06/15

function [P, F1, Al, P1, F2, A2, P2] =
MeasurePeristalsisFFT(y,Fs)

%% Plot input signal

% y = VarName85;

% Fs = 250;

t = (O:length(y) - 1)/Fs;

figure(1)

plot(t,y)

xlabel(  'Time (s)' )

ylabel( 'Amplitude’ )

%% Subtract the mean to concentrate on motion fluctuations.
Compute and plot the periodogram.

ynorm=y - mean(y);

[pxx,f] = periodogram(ynorm,[],[],Fs);

figure(2)

plot(f,pxx);

set(gca, 'xlim'" ,[02]) % Set maximum frequency plotted between
0-2Hz

xlabel( 'Frequency (Hz)' )
ylabel( 'Magnitude’ )

%% Determine the highest two frequency magnitudes (presumably
peristalsis and breathing)

[pk,amp] = findpeaks(pxx, ‘NPeaks' ,2, 'SortStr' , 'descend’ );
hold on

plot(famp),pk, ‘or' )

hold off

flamp(1))

flamp(2))

F1 = f(amp(1));
F2 = f(amp(2));

Al = amp(1);

A2 = amp(2);

%% Calculate signal power

pwrTot = bandpower(ynorm,Fs,[0 (Fs/2 - 1D
Harmonic={ 'F2' ;'F1' ; 'Full Signal h
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Fregs = [famp(2)) flamp(1)) 0l
Power = zeros([3 1]);

for k=12

Power(k) = bandpower(ynorm,Fs,Freqs(k)+[ - 0.001 0.05));
end
Power(3) = bandpower(ynorm,Fs,[0 (Fs/2 -1D)D;

Percent = Power/pwrTot*100;

inDB = pow2db(Power);

T = table(Freqs,Power,Percent,inDB, 'RowNames' ,Harmonic) % Put
data in table

P =inDB(3);
P1 =inDB(2);
P2 =inDB(1);

% This script conditions the motion data for further analysis.
The signal

% is cleaned and smoothed. Using only the x values for this
% Last updated 11/29/14 by Timothy Kassis

function yy = ProcessMotion(t,y)
% Remove zero values

indices = y==0;

y(indices) = NaN;

% Remove values below or above a threshold

ymean = nanmean(y);

indices2 = y>(ymean+100) | y<(ymean - 100);
y(indices2) = NaN;

% Smooth the signal
yy = smooth(t,y,100, rflowess’ );
yy(1) = yy(2); % Replace the first value to avoid a NaN

% Output plots
[tt,ind] = sort(t);

plot(tt,y(ind), ‘bt ttyy(ind), r -', 'LineWidth' ,2)
titte(  'X Displacement Tracing' , 'FontSize'  ,16);
legend( 'Original Data' , 'Smoothed Data Using

"rlowess™ , 'Location’ , 'NW")

xlabel(  'Time (sec)' , 'FontSize' ,14)

ylabel( 'Displacement (pixels)' , 'FontSize' ,14)
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