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Abstract
Objective—To develop the techniques needed for the specific gene/protein targeting transfection
experiments in isolated lymphatic vessels, we completed two major tasks: 1) optimize the
experimental conditions to maintain the viability of isolated rat lymphatic vessels in culture for
sufficiently long periods of time to permit knockdown or overexpression of selected proteins/
genes; 2) develop effective transfection protocols for lymphatic muscle and endothelial cells in
intact lymphatic vessels without nonspecific impairment of lymphatic contractile function due to
the transfection protocol itself.

Methods—Experimental protocols were developed for the maintenance of isolated lymphatic
vessels under non-pressurized and pressurized conditions for 3-12 days in culture and for
adenoviral gene transfection of the lymphatic muscle and endothelial cells.

Results—The data demonstrate the effectiveness of the newly developed experimental protocols
for the maintenance of isolated rat mesenteric lymphatic vessels and thoracic duct in culture up to
3-12 days without significant impairment of the parameters of their pumping and effective
adenoviral/GFP transfection of lymphatic endothelial and muscle cells in isolated rat mesenteric
lymphatic vessels.

Conclusions—These experimental techniques will extend the set of the modern experimental
tools available to researchers investigating the physiology of lymphatic function.
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INTRODUCTION
It is an accepted paradigm of modern lymphology that all major functions of the lymphatic
system, namely the maintenance of fluid and macromolecular homeostasis, lipid uptake
from gut, and immune cell trafficking, require an effective transport of lymph (containing

*Corresponding Author: Department of Systems Biology and Translational Medicine, College of Medicine, Cardiovascular Research
Institute Division of Lymphatic Biology, Texas A&M Health Science Center, 702 SW H.K. Dodgen Loop, Temple, TX 76504 USA,
Phone: 1-254-742-7147; Fax: 1-254-742-7145; gashev@tamu.edu .

NIH Public Access
Author Manuscript
Microcirculation. Author manuscript; available in PMC 2011 February 21.

Published in final edited form as:
Microcirculation. 2009 October ; 16(7): 615–628. doi:10.1080/10739680903120778.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fluid, macromolecules and cells). These processes cannot be maintained without the normal
contractility of the muscular collecting lymphatic vessels (2,15,20,33,39,40). Lymphatic
muscle cells regulate lymph flow by influencing both the resistance to lymph flow and the
generation of lymph propulsion. Lymphatic vessel resistance is determined largely by the
level of lymphatic muscle tone, whereas the force of lymph propulsion critically depends on
the strength and frequency of the rapid phasic contractions of lymphatic muscle cells (see
recent reviews in (15,20,31)). Both of these tonic and phasic components of lymphatic
muscle contractility are regulated by multiple mechanisms, thereby constantly adjusting
lymphatic pumping ability to the moment-by-moment combinations of extrinsic and
intrinsic influences (15,20,31). To date, only a few publications (reviewed in (31)) provide
sparse and incomplete information on molecular regulatory mechanisms of tonic and phasic
lymphatic contractions.

To further investigate these mechanisms over the past several years we have invested
significant effort in developing methodologies to study the regulatory mechanisms of tonic
and phasic lymphatic contractions. Because lymphatic muscle cells possess a mixture of
smooth and striated contractile protein isoforms different from any other muscle-containing
tissues (30), it is not easy to perform the same types of studies which have previously been
conducted on other tissue types. In addition, the potential of genetically-modified mouse
models, which are widely used in modern biological studies, is critically diminished for
studies on regulatory mechanisms of the lymphatic muscle contractility because: 1) the
literature (28,29,32,37) and our own unpublished data suggest that murine vessels are not
highly or consistently contractile, 2) spontaneous contractions have only been demonstrated
in the DDY strain (28,29,32,37), which is not typically used for transgenic crosses, 3)
genetically-modified mouse models suffer from the problem that genes other than the
targeted one may contribute to compensatory phenotypic alterations (7,8,11,21,27,42,43).
Recently, a new method was described to image intrinsic lymph pumping in mice (26) to:
“(1) assess lymphatic function in transgenic mouse models to better understand the role that
specific gene expression has on lymphatic function; and (2) investigate pharmacologic
agents that stimulate the formation of functional lymphatics as well as stimulate the
contractile apparatus of existing lymphatics” (41). Unfortunately, careful review of those
studies raises several serious questions and concerns about their conclusions. These data and
the accompanying online video clips (26) were time compressed 3-5 fold above real time for
“demonstration purposes” and would be more accurately interpreted as the slow tonic
contractions of mouse lymphatic vessels. Additionally, the possibility of over-distension of
mouse lymphatic vessels by abnormal volume expansion could not be excluded in that
study. Moreover, it is well known that near infra-red fluorophores including Indocyanine
Green (ICG) ICG can distribute freely in the body (13) and have particularly high rates of
cellular uptake and laser-induced photooxidation (1). This seems likely to be important
given the high sensitivity of lymphatic muscle cells to biologically active substances, in
particular to free radicals/oxidative agents (45,46) that can be produced during
photooxidation. While the laser irradiation in studies by Abels et al. (1) was more intense
than that in the work by Kwon and Sevick-Muraca (26), no pharmacological tests were done
to evaluate or exclude this potential influence of ICG on their ability to recapitulate normal
functioning lymphatic vessels. We conclude that this work (26) did not provide strong
support for the principle of using the mouse models to study phasic lymphatic contractility.
Because of all currently available data described above, the potential power and specificity
of using lymphatic preparations from genetically modified mice for studies of the regulation
of lymphatic function has been unattainable despite the expenditure of significant time and
effort.

Therefore, in an effort to attain alternatives to genetically-modified mouse lymphatic
models, we began to develop techniques in which protein/gene function is altered over the
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course of up to 2 weeks in lymphatic muscle and/or endothelium using isolated rat
lymphatic vessels. Rat vessels are particularly suited for gene transfection since the muscle
layer is only 1-2 cell layers thick. To develop these techniques, we focused on two major
tasks: 1) Optimize the experimental conditions to maintain the viability of isolated “normal”
rat lymphatic vessels in culture for sufficiently long periods of time to permit effective
knockdown or overexpression of selected proteins/genes. 2) Develop effective transfection
protocols for lymphatic muscle cells in intact lymphatic vessels without nonspecific
impairment of lymphatic contractile function due to the transfection protocol per se. In the
present manuscript we describe the details of experimental techniques that meet these goals
and which now are available for use in studies on molecular mechanisms of regulation of
lymph transport.

METHODS
Animals and Surgery

Mesenteric lymphatic vessels and thoracic ducts were isolated from male Sprague-Dawley
rats (weighing between 300 and 400 g). The animal facilities used for these studies were
accredited by the Association for the Assessment and Accreditation of Laboratory Animal
Care and adhered to the regulations, policies and principles detailed in the Public Health
Service Policy for the Humane Care and Use of Laboratory Animals (PHS Policy, 1996) and
the United States Department of Agriculture’s Animal Welfare Regulations (Animal
Welfare Act, AWA, 9CFR, 1985, 1992). All animal procedures performed for this study
were reviewed and approved by our Institutional Animal Care and Use Committee.

To isolate the thoracic duct, rats were euthanized with pentobarbital (120 mg/kg body
weight IP). The animal was positioned on its back, the ventral chest wall was opened by
lateral incision and the sternum and approximately half of the ribs were excised. The inferior
vena cava was ligated and cut close to the diaphragm. The lungs and heart were pulled to the
left side of the animal so as to expose the thoracic duct between the aorta and vertebral
column. The thoracic duct was then carefully cleared of all surrounding tissue using a
dissecting microscope. Extreme caution was used to prevent direct contact with the thoracic
duct at all times, thereby reducing the likelihood of damage. The segment of interest was
kept moist for the period of dissection using standard Dulbecco’s phosphate-buffered saline
(DPBS) (Invitrogen Corp., Cat. # 14040-133). Sections of thoracic duct 1-2 cm long were
dissected and used for these experiments.

To isolate mesenteric lymphatic vessels, the rat was anesthetized with a solution containing
a combination of Fentanyl/Droperidol (0.3ml/kg IM) and Diazepam (2.5mg/kg IM). A 4-cm
long midline abdominal incision was made through the skin, underlying fascia and muscle
layers. A small loop of intestine, 6-7 cm in length was exteriorized through the incision. A
section of the mesentery containing lymphatic vessels was positioned in a dissection
chamber within the field of view of a dissecting microscope and continuously suffused with
DPBS. Suitable mesenteric lymphatic vessels were identified and cleared of all surrounding
tissue. Sections of mesenteric lymphatic vessels 1-1.5 cm in length were carefully dissected
and used for experiments. After isolating mesenteric lymphatic vessels, the rat was
euthanized with pentobarbital (120 mg/kg body weight IP). Throughout the experiments we
measured the diameters of the thoracic duct and mesenteric lymphatic vessel segments used
for these studies. At a transmural pressure of 3 cm H2O, the outer diastolic diameters of
thoracic duct segments were ~500-600 μm; the outer diastolic diameters for mesenteric
lymphatic vessel segments at a transmural pressure of 5 cm H2O were ~130-160 μm.
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Isolated Lymphatic Vessel Procedures for Functional Tests
Once the lymphatic segment was exteriorized, it was used for one of three protocols: 1)
acute functional tests, 2) controlled-pressure, isolated vessel culture experiments, or 3)
transfection experiments followed by subsequent functional tests. For all functional tests, the
lymphatic segment was transferred to an isolated vessel chamber (a modified Living
Systems Instrumentation single vessel chamber, model CH/1, with homemade multi-channel
temperature controller system), filled with room temperature Dulbecco’s modified Eagle
medium: nutrient mixture F12 (D-MEM/F12) (Invitrogen, cat.# 11039). The isolated
lymphatic vessel was cannulated and tied onto glass pipettes. The inflow and outflow
pipettes were connected to independently adjustable pressure reservoirs filled with D-MEM/
F12. Great care was taken to ensure that there were no air bubbles in the tubing or the
pipettes. Once the vessel was cannulated, a slight positive transmural pressure (2-3 cm H2O)
was applied to detect leaks and to ensure that the vessel was undamaged and untwisted. The
vessel was set to its approximate in situ length and positioned just above the glass coverslip
comprising the chamber bottom. The chamber was transferred to the stage of a microscope.
The vessel was set to an equilibration transmural pressure of 3 cm H2O and warmed to 38°
C over 15-20 minutes. Once tone or spontaneous contractions developed, the vessel was
allowed to equilibrate at 3 cm H2O for another 30 minutes. A video camera, hi-resolution
monitor and DVD/HDD recorder were used to observe and record activity of the lymphatic
segments continuously in all experiments.

For every experiment requiring functional tests, we evaluated the pressure-induced
contractile responses of the lymphatic segments. Segments of mesenteric lymphatic vessels
were exposed to a range of transmural pressures: 1, 3, 5 and 7 cm H2O for 5 minutes at each
pressure; thoracic duct segments were exposed to pressures of 1, 2, 3 and 5 cm H2O. We
chose these sets of transmural pressures because isolated rat mesenteric lymphatic vessels
and thoracic duct display maximal active pumping at 5 cm H2O and 3 cm H2O, respectively
(14,16,18,20). At the end of each experiment, the passive (relaxed) diameter was measured
at each level of transmural pressure after the vessel was exposed to a nominally calcium-
free, EDTA (3.0 mM)-supplemented physiological salt solution (PSS) (in mM: 145.0 NaCl,
4.7 KCl, 1.2 MgSO4, 1.2 NaH2PO4, 5.0 dextrose, 2.0 sodium pyruvate, and 3.0 MOPS) for
15 minutes.

Data Analysis and Statistics for Isolated Vessel Experiments
Lymphatic diameters were tracked from the DVD records of experiments using “Vessel
Track” software developed previously (9,10). We used cardiac pump analogies to define
systole and diastole in reference to the lymphatic contractile cycle (3,16,23,46) and the end-
diastolic and end-systolic points in the diameter tracings were recorded for each 5-minute
interval for each set of pressures. To normalize changes in diameter from vessel to vessel,
diastolic and systolic diameters were normalized to the passive lymphatic diameter in Ca-
free PSS at the corresponding transmural pressure. The anatomy and basal contraction
frequencies of lymphatic vessels in many species (rats, dogs, guinea pigs, humans etc.) are
quite variable from vessel to vessel, even when similar vessels from age, weight and sex
matched animals are studied (4,22,44). The normalization of lymphatic diameters minimizes
animal-to-animal variability in basal lymphatic parameters and allows for a more sensitive
investigation of the controlled parameters by minimizing the effect of random variation in
vessel size between animals (17,20). From the lymphatic end-diastolic and end-systolic
diameters, the following lymph pump parameters were calculated: lymphatic tone index (the
difference between the passive lymphatic diameter in Ca-free PSS and end-diastolic
diameter expressed as a percentage of the passive lymphatic diameter in Ca-free PSS),
contraction amplitude (the difference between the normalized diastolic and systolic
diameters), contraction frequency (number of contractions per minute), ejection fraction (the
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fraction of end-diastolic volume ejected during a single phasic lymphatic contraction) and
fractional pump flow (an index of minute lymph pump flow, calculated as the ejection
fraction times the contraction frequency).

Statistical differences were determined by two-way ANOVA, regression analysis and
Student’s t-test (JMP software version 5.0.1.2. for Windows), as appropriate, and considered
significant at P ≤ 0.05. In the Results section, the numbers of lymphatic vessels used in the
reported data are shown separately for each group of experiments, where n depicts the
number of lymphatic segments used for each experimental protocol.

Culture of isolated lymphatic vessels
Culture of lymphatic vessels under non-pressurized conditions—Following
dissection, isolated segments of rat thoracic duct and mesenteric lymphatic vessels,
sufficiently clean to perform subsequent functional tests after vessel culture, were gently
rinsed ablumenally in sterile DPBS. This procedure was performed in standard 35-mm
plastic Petri dishes filled with DPBS under a dissecting microscope to diminish possible
vessel contamination. After this procedure, all subsequent manipulations were performed
using sterile instruments, dishes, and solutions under a laminar flow hood. After two rinses
in new Petri dishes, each lymphatic segment assigned for organ culture was transferred to
another sterile 35-mm Petri dish filled with pre-warmed (38°C) D-MEM/F12 (Invitrogen
Corp., cat.# 11039) supplemented with antibiotic mixture (Invitrogen, cat.# 15140) to
achieve a concentration of 100 units of Penicillin/100 g of Streptomycin per ml of D-
MEM/F12 (hereafter referred to as D-MEM/F12/a/b). Each lymphatic segment was placed
(unpressurized) in a separate Petri dish and gently pressed to the bottom of the dish by
lightly touching the edges with forceps to keep the segment in a nearly straight position on
the dish bottom. Afterwards the Petri dishes were transferred into a cell culture incubator
with 10% CO2 at 37°C and maintained for 3 to 16 days. During culture, all segments were
checked daily and dishes with visible signs of contamination were discarded. The culture
media was not changed. After the vessel culture period was complete, the lymphatic vessels
were used for functional tests.

Culture of lymphatic vessels under pressurized conditions and the
development of a model simulating chronically high lymph pressure—In
separate protocols, isolated lymphatic segments were maintained in organ culture (up to 12
days) under conditions of controlled intralymphatic pressure. Rat mesenteric lymphatic
vessel segments were isolated, cannulated and maintained in an isolated vessel chamber
similar to that which used routinely for functional tests (19,20). The chamber, which was
sterilized by overnight exposure to 100% alcohol, was filled with pre-warmed sterile (38°C)
D-MEM/F12/a/b. The isolated lymphatic segment was cannulated and tied onto two alcohol-
sterilized glass pipettes in the same manner as described above for acute functional tests.
The chamber was transferred to the stage of a microscope. In one set of experiments,
pressurized vessel segments were maintained for 3-4 days at an intraluminal pressure of 3
cm H2O (with a single case of daily observation for 12 days). In a second set of experiments,
vessel segments were maintained overnight at an intraluminal pressure of 3 cm H2O to
confirm the preservation of normal contractility, and then maintained for 3-4 days at an
intraluminal pressure of 10 cm H2O. In those experiments, elevated intralymphatic pressure
was used to simulate conditions that occur in different diseases of the lymphatic system
involving partial or complete insufficiency of regional lymphatic drainage (5,12,34-36,38).
Because pressurized, cultured lymphatic vessels were maintained outside of a laminar flow
hood in a standard isolated vessel chamber attached to a microscope specifically designed
for functional tests, we were able to perform functional tests (described above) at any time
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point during the culture conditions. We performed such tests at least two times daily
throughout the protocol.

The following preventive measures reduced the likelihood of contamination in pressurized
lymphatic vessel culture: 1. We used an internal culture room without windows, with
diminished air flow in the room and with the room door closed whenever possible. 2.
Everything in contact with the vessel was alcohol-sterilized (instruments, sutures, vessel
chamber, glass pipettes and glass reservoirs). 3. Plastic tubing, stopcocks and connectors
were replaced after use in every experiment. 4. The upper cover of the vessel chamber was
closed during culture. 5. The input and output reservoirs were covered with parafilm to
prevent contamination by airborne particles. 6. To eliminate the need to recannulate the
vessel when air bubbles formed inside the pipettes or tubing, we continuously heated the D-
MEM/F12/a/b solution in the input pressure line to 38°C. 7. A slow-speed (0.15 ml/min)
peristaltic pump was used to constantly replenish D-MEM/F12/a/b at 38°C through the
isolated vessel chamber and each opened bottle of freshly prepared D-MEM/F12/a/b was
used within a 24-hour period with any remaining solution discarded.

Transfections of isolated rat mesenteric lymphatic vessels: development of protocol using
a GFP reporter gene

To develop protocols that would effectively transfect lymphatic muscle cells in intact
vessels without impairment of lymphatic contractile function, we used recombinant
adenoviral vectors to express a fluorescent reporter signal, green fluorescent protein (GFP).
Transfected vessels were imaged confocally to determine the intensity of the signal in cells
of the lymphatic wall. The segments were observed at 40-50× magnification using a Leica
AOBS SP2 Confocal-Multiphoton Microscope System and confocal images were acquired
at 0.3 um intervals via 489 nm of peak excitation wavelength and 508 nm peak emission
wavelength in order to completely image the entire lymphatic vessel. The image stacks were
reconstructed using different 3D perspectives to produce the projections using the Leica
confocal software. After preliminary tests to optimize the adenoviral GFP (AdGFP)
transfections, we were able to transfect more than 90% of lymphatic muscle cells. A subset
of the AdGFP-transfected vessels was checked functionally as described above in Isolated
Lymphatic Vessel Procedures for Functional Tests: Experimental Techniques and Protocols.

Experimental protocol for adenoviral transfection of isolated mesenteric
lymphatic vessels by AdGFP constructs—The GFP gene was cloned into the
pShuttleCMV plasmid and used to generate a recombinant adenovirus (AdGFP) under the
control of the cytomegalovirus immediate-early promoter, using the AdEasy system (25), as
previously described (6). Purified virus was used to transfect lymphatic muscle cells in
whole isolated lymphatic vessels as described below. In total we performed more than 50
transfections and are providing here a summary of the optimal experimental protocol. Our
criteria for successful transfection included finding 85-90% GFP-positive muscle cells in
lymphatic wall; 12 out of the last 14 transfected lymphatic vessels met these criteria.

We performed adenoviral GFP (AdGFP) transfections in the smallest possible volumes as
practical. We slightly modified for these purposes the standard 0.65 ml plastic tubes (VWR
Cat. # 53550-100). Their caps were separated; three holes were penetrated through them:
one hole allowed insertion of a small diameter plastic tube ~10 cm length (VWR
#63010-007), two other holes helped to relieve pressure inside tube after closure, therefore
preventing the prolapse of the lymphatic wall inside the micropipette. Plastic tubing from
the inner cap side was connected with ~1 cm length glass micropipette with a tip diameter of
~ 100-120 m (made from capillary glass tubes; Drummon Scientific #9-000-3000); the
other end of the tubing was connected to a 1 ml syringe. After the plastic tubing and pipette
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were filled by D-MEM/F12/a/b and positioned in a large plastic Petri dish, the lymphatic
segments were cannulated at the upstream end onto the micropipette and the cannulated end
of the vessel was secured by 6-0 suture with the output end remaining open. This method of
handling the lymphatic segment allowed us to replace solutions inside the vessel.

The solution containing the AdGFP construct was prepared by the following method.
Immediately before loading the isolated vessels for transfection, the adenoviral constructs
were mixed with antennapedia leader peptide CT (ALP-CT) (Anaspec, Inc., catalog #
61376) by mixing equal volumes of ALP-CT stock solution to non-diluted adenoviral
construct stock solution (1*1013 viral particles/ml) for 30 minutes at room temperature.
Antennapedia leader peptide is known to increase viral transfection efficiency in intact
vessels (24). In our experience, supplementation of viral particles with this peptide increased
AdGFP efficiency of lymphatic muscle cells from ~10-15% to ~85-90%. After pretreatment
of AdGFP constructs by ALP-CT, we diluted this mixture by D-MEM/F12/a/b to produce a
final titer of viral particles ranging between 1.1 and 1.5*1010 viral particles/ml.

After the vessel segment was cannulated and secured at its upstream end with suture to the
glass micropipette (110-130 m diameter of the tip), the vessel lumen was flushed with ~0.2
ml of D-MEM/F12/a/b using a 1 ml syringe. For denudation of the endothelium, an air bolus
was inserted into the vessel lumen to replace all the fluid inside of the vessel with air (the
syringe was disconnected from the opened input tubing and ~0.05 ml of air was sucked into
it). The air bolus was maintained inside the vessel for 10-12 sec, and then the vessel was
immediately flushed with ~0.2 ml D-MEM/F12/a/b from the syringe to allow complete
replacement of air with fluid. Whether or not endothelial denudation was performed in
different vessels, the D-MEM/F12/a/b solution inside of the lymphatic vessel was replaced
by ALP-CT / AdGFP -solution from another 1 ml syringe and the vessel was tied at its
output end after it was filled with the virus suspension. The syringe was disconnected from
the plastic tubing, leaving the input end of the vessel open. The 0.65 l plastic tube was
filled by D-MEM/F12/a/b (with or without virus at 1.1*1010 viral particles/ml – see
Results), and then the vessel, pipette and plastic cap were rapidly transferred from the Petri
dish and inserted into the plastic tube. Care was taken to avoid puncturing the vessel or
bending it at the pipette tip. Next, the plastic tube, containing the cannulated vessel, was
positioned into a tube rack so that the open end of the plastic tubing, filled with fluid, was
placed ~5 cm above the pipette tip to allow the vessel to be pressurized at all times during
the subsequent culture. The tube rack was placed into a cell culture incubator (10% CO2,
37°C) for the required number of hours for transfection with subsequent confocal imaging
and functional tests as described above. The vessels were checked daily. Any vessels with
visible signs of contamination were discarded.

RESULTS
Cultured non-pressurized lymphatic vessels

Fig. 1 summarizes the results of experiments with culture of non-pressurized isolated
segments of rat thoracic duct. At day 0 (the control group), these vessels demonstrated
typical contractile responses that have been well-characterized in the recent literature
(19,20) with optimal lymphatic pumping obtained at 2-3 cm H2O intraluminal pressure.
Vessel culture through day 9 did not significantly change any of the measured/calculated
parameters of lymphatic contractility: lymphatic tone index, contraction amplitude
(amplitude of phasic contractions), contraction frequency and fractional pump flow. At
culture days 7-9 we observed only a small but insignificant trend of reductions in
contraction frequency and pump flow, together with a slight increase in lymphatic tone. In
the group of vessels cultured for 14-16 days (data not shown), we observed a significant
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decline of lymphatic phasic contraction amplitude in the thoracic duct segments yet without
a complete cessation of spontaneous phasic contractions.

Fig. 2 summarizes the results of similar experiments with culture of non-pressurized rat
isolated segments of the mesenteric lymphatic vessels. At day 0 (the control group) these
vessels demonstrated the features of their contractile responses similar to those described
recently (16), with optimal lymphatic pumping near 5 cm H2O intraluminal pressure. Vessel
culture conditions up to 9 days did not significantly affect the contraction amplitude,
contraction frequency or fractional pump flow in cultured, unpressurized mesenteric
lymphatic segments. However, after 7-9 days of culture, lymphatic tone in these segments
was significantly decreased – on average by 34.5% at intraluminal pressures from 1-5 cm
H2O, and by 25.2% at 7 cm H2O. In the group of mesenteric lymphatic vessels cultured for
14-16 days (data not shown) we also observed significant inhibition of phasic contraction
amplitude yet without a complete cessation of spontaneous phasic contractions.

Cultured pressurized lymphatic vessels
Figs. 3-6 summarize the results of experiments with culture of isolated rat mesenteric
lymphatic vessels under pressurized conditions. In each figure the data were analyzed in two
groups – vessels maintained at 3 cmH2O for the entire time in culture (panel A) and vessels
initially incubated overnight at 3 cmH2O (to verify normal contractile function) and then
subsequently maintained at 10 cmH2O (panel B).

None of the parameters of lymphatic function - lymphatic tone index, lymphatic phasic
contraction amplitude, contraction frequency and fractional pump flow, were significantly
changed during 3 days of culture at a pressure of 3 cm H2O. The contractile activity of these
vessels initially was in the normal range (compared to previous acute studies of function
(16,17,19)) and was not significantly different from that of vessels tested at day 0 of culture
at an intraluminal pressure of 3 cm H2O (the control group). In contrast, over the first two
days of culture at 10 cm H2O, lymphatic tone was dramatically increased (Fig. 3B)
compared to tone at day 0 before exposure to the high pressure conditions. For example,
during the first two days of culture at high intraluminal pressure, the vessels demonstrated
2.2- and 2.4-fold increases in tone at an intraluminal test pressure of 1 cm H2O at days 1 and
2, respectively. During these first two days similar trends were observed for the other levels
of intraluminal pressure. However, lymphatic tone declined toward normal levels after 3
days in culture at 10 cm H2O (Fig. 3).

Fig. 4 shows the phasic contraction amplitude for the same vessel groups pressurized and
cultured for 3 days at 3 or 10 cm H2O. Contraction amplitude was significantly diminished
in lymphatic vessels cultured at 10 cm H2O (Fig. 4B). For instance, at a test pressure of 1 cm
H2O we observed 75% and 67% decreases in contraction amplitude for high-pressure days 1
and 2, respectively, compared to their amplitude before culture at high pressure. However,
by day 3 of culture at 10 cm H2O, we observed a slight trend toward the restoration of
normal contraction amplitude. High-pressure culture, opposite to culture at 3 cm H2O,
produced a rise in contraction frequency, as shown in Figure 5. The maximal increases in
contraction frequency were observed after days 1 and 2 under high-pressure, whereas at day
3 of high pressure this positive chronotropic effect virtually disappeared (Fig. 5B). As a
result of the counterbalancing effect of reduced amplitude but increased frequency after
chronic exposure to high pressure, fractional pump flow did not dramatically decline in
overall function up to day 3 of culture at 10 cm H2O (Fig. 6B). However, there was a
consistent, albeit not significant, trend toward the decompensation of lymphatic pumping
over time under high-pressure culture conditions.
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Adenoviral transfection of cultured isolated mesenteric lymphatic vessels by AdGFP
constructs

Figure 7 shows images of AdGFP-treated isolated rat mesenteric lymphatic vessels,
illustrating successful transfection of both major types of cells in the lymphatic wall -
endothelial and muscle cells - separately as well as together, depending on variations in the
experimental procedure. After several tests, we found that for optimal AdGFP transfection,
the incubation time was ~66-74 hours. By varying the concentration of viral particles inside
and outside the cultured vessels and by using denuded or non-denuded vessels, we could
achieve combined or separate GFP expression in lymphatic endothelial and/or muscle cells.
For fairly selective transfection of lymphatic endothelial cells in isolated rat mesenteric
lymphatic vessels, it was sufficient to inject DMEMF12a/b containing 1.1*1010 viral
particles/ml only into the lumen of a non-denuded vessel (Fig. 7A). To transfect only
lymphatic muscle cells in endothelium-denuded vessels, a concentration of 1.5*1010 viral
particles/ml only in the lumen of a denuded vessel was generally sufficient (Fig. 7B),
whereas transfection of both lymphatic endothelial and muscle cells required at least
1.1*1010 viral particles/ml-containing solution outside of the vessel together with 1.5*1010

viral particles/ml-containing solution into the lumen of the vessel (Fig. 7 C).

We also performed functional tests on AdGFP-transfected vessels (n=4), prior to confocal
detection of the GFP signal in lymphatic muscle cells. Figure 8 presents an example of the
normal phasic contraction pattern that was observed at three different pressures and the
corresponding GFP expression in the muscle layer of the same vessel transfected with
AdGFP ablumenally. The parameters of contractile activity of these vessels were similar to
recent descriptions of acute function (16).

DISCUSSION
In this study we performed for the first time the maintenance of non-pressurized and
pressurized rat isolated lymphatic vessels in tissue culture conditions for periods of 3-12
days with preservation of normal function, and with the option of continuously monitoring
their contractility at different intralymphatic pressures. The vessels could be maintained for
up to 10-12 days without substantial impairment of regular spontaneous contractions.
Finally, we also report for the first time effective gene transfection of lymphatic endothelial
and muscle cells in isolated, cultured intact lymphatic vessels.

During the present studies we were able for the first time to develop experimental protocols
to perform non-pressurized isolated lymphatic vessel culture for up to 9 days without
substantial compromise of the normal contractile patterns. Such conditions may be
applicable to subsequent transfection experiments to overexpress or knockdown genes
involved in the regulation of lymphatic contractility. We believe that daily changes of the
outside solution may be used to further improve the technique to effectively maintain the
contractile function of the lymphatic vessels cultured for longer periods of time. However, to
avoid the potential influence of moderate changes in lymphatic tone on phasic contractile
activity of transfected lymphatic segments, we performed subsequent transfections on
pressurized lymphatic segments (as described in Methods). We concluded that culture and
transfection protocols of isolated lymphatic segments should utilize a constantly open,
pressurized vessel lumen.

We also developed experimental techniques to culture pressurized rat isolated lymphatic
vessels, with the option of continuously monitoring their contractility at different
intralymphatic pressures. We found that after one day at a constantly elevated intralymphatic
pressure, a profound restructuring of the contractile pattern in lymphatic muscle cells was
underway. While the mechanisms involved in such regulatory reactions of lymphatic vessels
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will be the subject of a separate research project, we have already demonstrated the
feasibility of this approach to develop an experimental model of the high lymph pressure
conditions that characterize several lymphatic pathologies. In addition, the ability to
continuously monitor lymphatic diameter and contractile function during organ culture of
isolated lymphatic vessels offers the opportunity to simulate different disorders of lymphatic
transport that are characterized by increases in intralymphatic pressure. Such an
experimental model would be helpful to probe mechanisms of pathogenesis in these diseases
and to develop the potential preventive measures and treatment for several kinds of
lymphedema.

Finally we performed for the first time gene transfection of lymphatic muscle and
endothelial cells in isolated whole vessel lymphatic segments without significantly altering
function via the transfection procedure per se. Future improvements of our transfection
approach will likely provide powerful tools to lymphologists to precisely target genes
involved in the regulation of lymphatic contractility and provide an alternative to the use of
genetically modified mouse models to investigate the mechanisms of lymphatic contractile
function.
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Figure 1.
The parameters of lymphatic contractile activity in isolated segments of the rat thoracic duct
after culture under non-pressurized conditions.
Day 0 – parameters of lymphatic contractile activity in control group of non-cultured
lymphatic segments (n=6); Days 3-6 - parameters of lymphatic contractile activity in group
of lymphatic segments cultured for 3-6 days (n=7); Days 7-9 – similar parameters for
segments cultured for 7-9 days (n=8). *Indicates significant differences (P ≤ 0.05) within
each group between parameters at an initial level of transmural pressure of 1 cm H2O versus
all other levels of transmural pressure during the acute functional tests.
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Figure 2.
The parameters of lymphatic contractile activity in isolated segments of the rat mesenteric
lymphatic vessels after culture under non-pressurized conditions.
Day 0 – parameters of lymphatic contractile activity in control group of non-cultured
lymphatic segments (n=5); Days 7-9 - parameters of lymphatic contractile activity in group
of lymphatic segments cultured for 7-9 days (n=10). *Indicates significant differences (P ≤
0.05) within each group between parameters at initial level of transmural pressure of 1 cm
H2O and at all other levels of transmural pressure during the acute functional tests; ◇
Indicates significant differences (P ≤ 0.05) between lymphatic tone index values in Day 0
and Days 7-9 groups.
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Figure 3.
Lymphatic tone in isolated segments of the rat mesenteric lymphatic vessels cultured at
normal (A - 3 cm H2O; n=5) or high (B - 10 cm H2O; n=4) intraluminal pressures.
*Indicates significant differences (P ≤ 0.05) within each group (A and B) between lymphatic
tone index at day 0 of culture (control group) and at all other days of culture; shown separate
for each level of transmural pressure during the acute functional tests; ◇ Indicates
significant differences (P ≤ 0.05) between lymphatic tone index values in groups A and B
for each given pressure/day pair.
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Figure 4.
Contraction amplitude in isolated segments of the rat mesenteric lymphatic vessels cultured
at normal (A - 3 cm H2O; n=5) or high (B - 10 cm H2O; n=4) intraluminal pressures.
*Indicates significant differences (P ≤ 0.05) within each group (A and B) between
contraction amplitude at day 0 of culture (control group) and at all other days of culture;
shown separate for each level of transmural pressure during the acute functional tests; ◇
Indicates significant differences (P ≤ 0.05) between contraction amplitude values in groups
A and B for each given pressure/day pair.
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Figure 5.
Contraction frequency in isolated segments of the rat mesenteric lymphatic vessels cultured
at normal (A - 3 cm H2O; n=5) or high (B - 10 cm H2O; n=4) intraluminal pressures.
*Indicates significant differences (P ≤ 0.05) within each group (A and B) between
contraction frequency at day 0 of culture (control group) and at all other days of culture;
shown separate for each level of transmural pressure during the acute functional tests; ◇
Indicates significant differences (P ≤ 0.05) between contraction frequency values in groups
A and B for each given pressure/day pair.
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Figure 6.
Fractional pump flow in isolated segments of the rat mesenteric lymphatic vessels cultured
at normal (A - 3 cm H2O; n=5) or high (B - 10 cm H2O; n=4) intraluminal pressures.
*Indicates significant differences (P ≤ 0.05) within each group (A and B) between fractional
pump flow at day 0 of culture (control group) and at all other days of culture; shown
separate for each level of transmural pressure during the acute functional tests; ◇ Indicates
significant differences (P ≤ 0.05) between fractional pump flow values in groups A and B
for each given pressure/day pair.
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Figure 7.
Examples of effective adenoviral/GFP transfection of lymphatic endothelial and muscle
cells in isolated rat mesenteric lymphatic vessels. Vessel diameters are ~ 120-140 μm.
Average 2-D projections of the stacks of confocal images, taken at steps of 0.5 μm through
the vessels pressurized at 5 cm H2O in the standard isolated vessel chamber.
a. Transfection of mostly lymphatic endothelial cells was performed using solution
containing 1.1*1010 viral particles/ml which was injected only inside of non-denuded vessel;
b. Transfection of only lymphatic muscle cells in endothelium-denuded vessels using a
concentration of 1.5*1010 viral particles/ml only intraluminally; c. Transfection of both
lymphatic endothelial and muscle cells required a solution outside the vessel containing
1.1*1010 viral particles/ml together with an intraluminal solution containing 1.5*1010 viral
particles/ml.
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Figure 8.
An example of the normal phasic contraction patterns at three different pressures was
observed prior to demonstration of GFP expression by lymphatic muscle cells in the same
isolated rat mesenteric lymphatic vessel. Average 2-D projections of the stacks of confocal
images, taken at steps of 0.5 μm through the vessel while pressurized at 5 cm H2O.
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