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Abstract
Objective—To evaluate the age-related changes in pumping of mesenteric lymphatic vessels
(MLV) in male 9-mo and 24-mo old Fisher-344 rats.

Methods—Lymphatic diameters, contraction amplitude, contraction frequency and fractional
pump flow were determined in isolated MLV before and after L-NAME application.

Results—The data demonstrate a severe weakening of the lymphatic pump in aged MLV
including diminished lymphatic contraction amplitude, contraction frequency and as a result, -
lymphatic pump activity. The data also suggest that the imposed flow gradient-generated shear-
dependent relaxation does not exist in aged rat MLV, and the sensitivity of both adult and aged
MLV to such shear cannot be eliminated by nitric oxide synthases blockade.

Conclusions—These data provide new evidence of lymphatic regional heterogeneity for both
adult and aged MLV. In MLV, a constant interplay between the tonic and phasic components of
the myogenic response and the shear-dependent release of nitric oxide predominantly determines
the level of contractile activity; the existence of another shear-dependent but NO-independent
regulatory mechanism is likely present. Aging remarkably weakens MLV contractility, which
would predispose this lymphatic network to lower total lymph flow in resting conditions and limit
the ability it’s to respond to an edemagenic challenge in the elderly.
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INTRODUCTION
Spontaneous contractions of muscle cells in the walls of lymphatic vessels are necessary to
maintain effective lymph flow whereas proper functioning of lymphatic endothelial cells is
vital to regulate lymphatic contractility (16). The functional status of lymphatic muscle and
endothelial cells is an important factor that supports fluid and macromolecule exchange and
immune cell trafficking through the body and is also crucial to the transport of lipids
adsorbed in small intestine. The basic self-regulatory mechanisms controlling lymph flow in
lymphatic vessels is realized through the sensitivity of their muscle cells to levels of stretch
and of their endothelial cells to levels of the shear stress (see recent reviews in (15,16,20)).
While the understanding of the regulatory mechanisms controlling lymphatic muscle
contraction is far from complete, recent studies have demonstrated important functional
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roles of nitric oxide in coordinating the lymphatic contractile cycle (4,22) and in fine tuning
lymphatic contractions to different levels of basal luminal flow (17,18,25).

Knowledge of how aging influences the regulatory mechanisms of lymphatic contractility is
limited. There are only a few reports demonstrating the measurements of reduced lymph
flow in aged animals in vivo (6,7,24). In particular, it was reported (7) that aging
significantly decreased lymph flow from the main mesenteric lymph duct in rats by ~60%
between ages of 3 and 22 mo. Recently, we performed the first detailed evaluation of aging-
induced alterations in lymphatic contractility in isolated rat thoracic duct (TD) (21). We
found that aging severely alters contractility of the TD through weakening of lymphatic
contractions and complete depletion of their shear/nitric oxide (NO)-dependent regulation.
Our detailed functional tests of aged TD clearly demonstrated (21) that it is too simplistic to
attribute the diminished contractility only to the sclerosis of aged TD (34) and/or to atrophy
of muscle cells in its wall (33,34). We found that aging severely alters NO-dependent
regulation of TD contractions with signs of depleted eNOS (endothelial nitric oxide
synthase) function and permanent aging-associated shear-independent NO release in the
duct linked to potential iNOS (inducible nitric oxide synthase) activation (21). Non-specific
nitric oxide synthase (NOS) blockade restored levels of tone and contraction frequency in
aged TD to nearly the levels observed in adult vessels whereas minute productivity in aged
TD after removal of the shear-independent NO production was only slightly lower than in
non-aged group. Our findings provided the first evidence of complicated functional
consequences of aging in lymphatic vessels and a pivotal role of functional disturbances in
aged lymphatic endothelium for the aging-induced alterations of lymphatic contractility
(21).

While these studies (21) demonstrate the necessity of considering the “aging factor” during
investigations of lymphatic functions, we have also confirmed the heterogeneity of
lymphatic contractile function in different tissue beds (17). These latter data suggest that
complexity of the lymphatic system may also lead to the differential aging of various
regional lymphatic networks. In this study, we investigated the aging-associated changes in
stretch-/shear-/NO-dependent regulation of contractile activity of isolated rat mesenteric
lymphatic vessels (MLV). These vessels are an integral component of a lymphatic bed
responsible for 90% of the daily lymph formation (2) and are vital for water/lipid adsorption
and immunity; and thus, the aging-associated alterations in MLV contractility may
dramatically affect systemic lymphatic function.

METHODS
Animals and Surgery

For the current studies, we chose Fischer-344 (F-344) rats, a commonly used rat strain in
aging-related research (30,36) (animals obtained from aged rat colony maintained by NIH
National Institute of Aging), from age groups representing adulthood and senility (9- and
24-months old males). MLV were isolated from the animals following animal procedures
that were reviewed and approved by our Institutional Animal Care and Use Committee.

To isolate MLV, rats were 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 standard
Dulbecco’s phosphate-buffered saline (DPBS) (Invitrogen Corp., Cat. # 14040-133).
Suitable mesenteric lymphatic vessels were identified and cleared of all surrounding tissue.
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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). When pressurized to a transmural pressure
of 5 cm H2O, the outer diastolic diameters of the MLV segments ranged from 102 to 118
µm in 9-mo rats and 118 to 130 µm in 24-mo rats.

Isolated Lymphatic Vessel Procedures for Functional Tests
Once exteriorized, the isolated MLV segments were transferred to an isolated vessel
chamber (modified Living Systems Instrumentation single vessel chamber model CH/1)
filled with pre-warmed 38°C albumin-physiological salt solution (APSS) (in mM: 145.0
NaCl, 4.7 KCl, 2.0 CaCl2, 1.2 MgSO4, 1.2 NaH2PO4, 5.0 Dextrose, 2.0 Sodium Pyruvate,
0.02 EDTA, 3.0 MOPS, and 10g/l bovine serum albumin) pH adjusted to 7.36 at 38°C. The
isolated MLV segments were cannulated and tied onto two carefully matched glass pipettes
(100–110 µm). Great care was used to prepare and select pairs of resistance-matched
pipettes for these experiments as described in our previous studies (17,22). For each
experiment we chose pairs of pipettes with matching diameters and tip lengths, and tested
them to ensure that the difference between their measured electrical resistances did not
exceed 10% (26). The inflow and outflow pipettes were connected to independently
adjustable pressure reservoirs filled with APSS. Care was taken to ensure that there were no
air bubbles in the tubing or the pipettes. Once the vessels were cannulated, a slight positive
transmural pressure 3 cm H2O was applied to detect leaks and to ensure that the vessels
were undamaged and untwisted. The vessels were set to their 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 vessels were set to an equilibration transmural
pressure of 3 cm H2O at 38°C for 15–20 minutes. Once tone and spontaneous contractions
were observed, the vessels were allowed to equilibrate at 3 cm H2O for another 30 minutes
prior to beginning the experiment. During all experiments, MLV segments were constantly
superfused with pre-warmed 38°C APSS, and the isolated vessel chamber was constantly
warmed to maintain a temperature of 38±0.1°C in the APSS surrounding the vessel. A CCD
video camera, monitor, Windows-operated computer supplied by National Instruments data
acquisition card NI PCI-1410 and DVD/HDD recorder were used to observe and record the
lymphatic segments and to track their diameter continuously in all experiments.

At the beginning of every experiment, we evaluated the pressure-induced contractile
responses of MLV segments obtained from 9-mo and 24-mo old animals. The MLV
segments were exposed to a range of transmural pressures: 1, 3, 5 and 7 cm H2O for 5
minutes at each pressure. We chose this set of transmural pressures because we have shown
that the isolated MLV displays maximal active pumping at 5 cm H2O (17–19). Since we
have previously shown that imposed-flow inhibits the active mesenteric lymph pump (17–
19), we constantly monitored the levels of input and output pressure to prevent imposed
flow during this period. Thus, flow and shear were only generated by phasic contractions of
the MLV during this experimental period.

To determine the imposed flow-induced responses of MLV, vessel segments were exposed
to sets of imposed flow gradients, which were generated using techniques already employed
(17–19). Because MLV are very sensitive to changes in transmural pressure, it is important
to maintain a constant net transmural pressure at any given imposed flow gradient. As
described before, this was accomplished by raising the pressure on the inflow end of the
isolated vessel segment and lowering the pressure on the outflow end of the isolated vessel
segment by identical amounts so as to create an axial intraluminal pressure gradient of 1, 3
and 5 cm H2O in MLV segment without altering the effective transmural pressure in the
vessel (14,17–19). These imposed flow pressure gradients have been recently verified to be
consistent with those that exist in situ in rat MLV (5).
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After completion of the transmural pressure and imposed flow ranges in APSS (control), the
APSS in chamber was replaced with pre-warmed 38°C APSS containing the nitric oxide
synthases (NOS) inhibitor L-NAME (Sigma N 5751) at 100 µM (1,8,28,31,35,37,38). The
effectiveness of NOS blockade in rat lymphatic vessels induced by application of L-NAME
at this concentration has been numerously demonstrated by us in previous reports (4,16,20–
22). The above transmural pressure and imposed flow ranges were repeated in the presence
of L-NAME in all vessels.

Data Analysis and Statistics for Isolated Vessel Experiments
Lymphatic diameters were tracked continuously during experiments using “Vessel Track”
software developed previously (9,11). We used cardiac pump analogies to define systole and
diastole in reference to the lymphatic contractile cycle (3,17,23,39), and the end-diastolic
and end-systolic points in the diameter tracings were recorded for each 5-minute interval for
each transmural pressure: 1, 3, 5 and 7 cm H2O. To minimize animal-to-animal variability in
vessels sizes from vessel to vessel (which exist even with similar vessels within each age
group of weight and sex (males) matched animals), diastolic and systolic diameters were
normalized to the passive lymphatic diameter in Ca-free PSS at the corresponding
transmural pressures. 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 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 paired
Student’s t-test (JMP software version 9.0.0. 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 for each age group.
Only one vessel segment was used from one animal.

RESULTS
Effects of aging on pressure/stretch-dependent and phasic contractions-generated shear-
dependent regulation of contractility of the mesenteric lymphatic vessels

In this study, we performed for the first time a detailed evaluation of the parameters of the
active lymph pump in MLV isolated from 9- and 24-mo old Fischer-344 rats. In the first part
of this study we compared the pressure/stretch-induced changes in contractility of isolated
segments of MLV obtained from 9-mo (n=17) and 24-mo (n=17) old F-344 rats.
Additionally, we used NOS blockade by 100 µM L-NAME to evaluate the importance of
phasic contraction-generated, shear-dependent NO release by MLV in modulating these
contractile responses in vessels obtained from both age groups. Figure 1 demonstrates the
results of these studies.

In the 9-mo group, we observed that the lymphatic tone was diminished 32% during the
increases in transmural pressure from 1 to 7 cm H2O, and the contraction amplitude changed
in a bell-shaped fashion being highest at a transmural pressure of 3 cm H2O with decline at
higher pressures. An increase in vessel stretch induced a positive chronotropic effect leading
to a 96% increase in contraction frequency of MLV segments as the transmural pressure was
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raised from 1 to 7 cm H2O. Cumulatively, maximum lymphatic pumping was observed at 3
cm H2O. In general, MLV segments obtained from 9-mo (adult) animals demonstrated a
classic inotropic response to increases in wall stretch as previously described for these (17–
19) and other lymphatic vessels (13,27,32).

Recent studies performed in vivo (4) demonstrated the presence of phasic NO release in rat
mesenteric lymphatic vessels. While such phasic contraction-generated shear-dependent
release of NO was predicted and pharmacologically confirmed in isolated TD experiments
(22), their role in the regulation of isolated MLV contractions has never been evaluated. In
our present experiments utilizing MLV segments obtained from 9-mo rats, we found that
NOS blockade induced remarkable increases in lymphatic tone in MLV quite similar to the
observations made in isolated TD segments (22). After L-NAME administration, lymphatic
tone increased significantly at all levels of transmural pressure (157% and 83% compared to
control at 1 cm H2O and 7 cm H2O, respectively) (Figure 1 A). At the same time, treatment
of isolated MLV segments with L-NAME did not alter contraction amplitude (Figure 1 B)
but did increase contraction frequency (Figure 1 C). After L-NAME application, contraction
frequency was significantly higher at pressures 1, 3 and 5 cm H2O (99, 57 and 57%,
respectively). As a result of the observed changes in vessel chronotropy, their minute
productivity (indicated by FPF) was significantly greater after L-NAME application at
transmural pressures of 1, 3 and 5 cm H2O (52, 63 and 74%, respectively) (Figure 1 D).

In the 24-mo group, segments of MLV under control conditions also demonstrated stretch-
dependency of their contractile behavior. Directions of changes in lymphatic contractile
parameters in the aged group were similar to those observed in the adult group including
decreased lymphatic tone, bell-shaped changes in contraction amplitude, and positive
chronotropy during increases in transmural pressure from 1 to 7 cm H2O with maximums of
lymphatic pumping observed between 3 and 5 cm H2O. However, when comparing
lymphatic contractions between 9-mo and 24-old MLV, we noted consistent evidence of
aging-associated contractile decay. While lymphatic tone was unchanged (Figure 1 A), both
the amplitude and frequency of lymphatic contractions were significantly reduced in aged
MLV. Aging-associated alterations in lymphatic contractility resulted in a 28% –54%
lowering of the contraction amplitude in aged MLV compared to adult at different levels of
transmural pressure (Figure 1 B). The negative chronotropic effects of aging on MLV
contractility varied from 81% depletion at 1 cm H2O to 53% depletion at 7 cm H2O
compared to adult MLV (Figure 1 C). Because of the aging-associated changes in MLV
contractility described above, the minute productivity of aged vessels was significantly
depleted 6.6-, 3.4-, 2.7- and 3.2-fold at the transmural pressures of 1, 3, 5 and 7 cm H2O,
compared to corresponding levels of transmural pressure in adult MLV respectively (Figure
1 D).

The results of the experiments utilizing L-NAME application in aged MLV segments
demonstrated additional differences between adult and aged groups during the increases in
transmural pressure. Surprisingly, we found that NOS blockade was unable to increase
lymphatic tone in the aged group. No differences in tone were observed between control and
L-NAME treatment conditions in 24-mo MLV while 9-mo MLV displayed significantly
higher tone following L-NAME treatment compared to control conditions and to conditions
after L-NAME treatment in 24-mo MLV (Figure 1 A).

Contraction amplitude was increased in aged vessels after NOS blockade with a significant
100% increase observed at 1 cm H2O transmural pressure. With further elevations of
transmural pressure, this post-L-NAME positive inotropy progressively declined to
insignificant levels (33% increase at 3 cm H2O transmural pressure to 9% increase at 7 cm
H2O transmural pressure). Interestingly, L-NAME application in aged MLV restored the
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contraction amplitude to the values in adult control vessels at all levels of transmural
pressure except 7 cm H2O at which the contraction amplitude in aged L-NAME-treated
MLV was significantly lower than in adult non-treated vessels (Figure 1 B). Frequency of
lymphatic contractions in aged vessels was only slightly increased after L-NAME
administration compared to control conditions at all levels of transmural pressure and these
differences did not reach statistical significance (Figure 1 C).

As a result of the above post-L-NAME changes, the minute productivity of aged MLV was
partially restored during NOS blockade. FPF of L-NAME-treated, aged MLV segments at 1
cm H2O was significantly increased (3.4 fold) compared to aged MLV under control
conditions but was still significantly less (48%) than FPF in adult MLV during the control
conditions (Figure 1 D). L-NAME treatment tended to increase FPF in aged MLV at all
other levels of transmural pressure, but this trend increase became less dramatic and non-
significant statistically at higher levels of transmural pressure (81% at pressure 3 cm H2O,
24% at pressure 5 cm H2O and 47% at 7 cm H2O). FPF in L-NAME-treated aged MLV was
always significantly lower than FPF in adult vessels during the control part of the tests at
these pressure levels.

Table 1 presents the raw data of active lymph pump parameters in MLV segments obtained
in experiments to determine the effects of aging on pressure/stretch-dependent regulation of
contractility in these vessels. All illustrative calculations of the percentage of change of
contractile parameters between adult and aged MLV described in text section above are
based on the data presented in this table.

Effects of aging on imposed flow gradient-generated shear-dependent regulation of
contractility in mesenteric lymphatic vessels

In the second part of this study we compared the imposed flow gradient-generated shear-
dependent changes in contractility of isolated segments of MLV obtained from 9-mo (n=14)
and 24-mo (n=14) old F-344 rats. In addition, we used NOS blockade by L-NAME (100
µM) to evaluate the importance of NO release by MLV in mediating these contractile
responses in vessels obtained from both age groups. Figure 2 demonstrates the results of
these studies.

In the 9-mo group, we observed that during the increases in imposed flow gradient from 0 to
5 cm H2O, the lymphatic tone, contraction amplitude, and frequency diminished 19%, 18%,
and 25%, respectively, over this range of imposed flow gradients. Because of the observed
changes, lymphatic pumping (indexed by FPF) declined (30%) in the presence of the highest
selected imposed flow gradient of 5 cm H2O (compared to 0 cm H2O of imposed flow
gradient). In general, MLV segments from the 9-mo (adult) animals under control conditions
demonstrated the same type of the well-described (16–19) contractile responses to increases
in steady wall shear stress, induced by raise of the imposed flow gradient applied to vessels.

In our current study on isolated MLV segments obtained from 9-mo rats, we found that NOS
blockade induced a remarkable increase in lymphatic tone in MLV quite similar to the
results observed in MLV segments obtained from SD rats (18). After L-NAME
administration in adult MLV, lymphatic tone significantly increased 64–73% at the different
levels of imposed flow gradient compared to control (no L-NAME treatment) conditions
(Figure 2 A). Interestingly, after L-NAME treatment of 9-mo old MLV, we still observed an
18% decrease in lymphatic tone at 5 cm H2O imposed flow gradient compared to no
imposed flow gradient.

The L-NAME treatment of isolated adult MLV segments has no effect on the contraction
amplitude (Figure 2 B). We coincidentally noticed that after NOS inhibition, the pattern of
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the imposed flow gradient-generated shear-induced weakening of the lymphatic pump was
similar to that observed in absence of such treatment. After L-NAME treatment during the
increases in imposed flow gradient from 0 to 5 cm H2O, the contraction amplitude
diminished 16%. We also found that NOS blockade significantly increased contraction
frequency in the 9-mo MLV segments 63–88% at the various levels of imposed flow
gradient compared to control (no L-NAME treatment) conditions. Interestingly, after L-
NAME treatment of 9-mo old MLV, we still observed a 14% decrease in contraction
frequency at 5 cm H2O imposed flow gradient compared to no imposed flow gradient
(Figure 2 C). Because of the observed changes in the 9-mo MLV contractile characteristics
after L-NAME application, the minute productivity of these vessels (indexed by FPF) was
significantly greater (57–80%) at all levels of imposed flow gradient (Figure 2 D). NOS
blockade was not able to eliminate the 25% reduction in lymphatic pumping (FPF) induced
by the highest selected imposed flow gradient of 5 cm H2O (compared to the absence of the
imposed flow gradient) (Figure 2 D).

In the 24-mo old segments of MLV under control conditions, we found that during the
increases in imposed flow gradient from 0 to 5 cm H2O, the lymphatic tone, contraction
amplitude, and contraction frequency diminished 19%, 40%, and 36%, respectively.
Because of these observed changes, lymphatic pumping declined 30% in the presence of the
highest selected imposed flow gradient of 5 cm H2O (compared to no imposed flow
gradient). In general, MLV segments from the 24-mo (aged) animals under control
conditions demonstrated contractile responses similar in magnitude and polarity to the
changes observed in 9-mo group under control conditions during the same increases in
imposed flow gradients.

Following L-NAME application, we found differences between adult and aged MLV
segments in response to increasing imposed flow gradients. In these experiments as well as
in the pressure/stretch-related experiments described earlier, we discovered that NOS
blockade was unable to increase significantly lymphatic tone in the aged group (Figure 2 A).
Over the range of imposed flow gradients (from 0 to 5 cm H2O), lymphatic tone decreased
19% in the aged L-NAME-treated MLV. Contraction amplitude of aged vessels after NOS
blockade was increased slightly but non-significantly. At 5 cm H2O of imposed flow
gradient, contraction amplitude in aged post-L-NAME MLV was still 22% lower than that
measured under no imposed flow gradient (Figure 2 B). Compared to no imposed flow
conditions, the frequency of lymphatic contractions in aged MLV was insignificantly
decreased; however, this subtle evidence of imposed flow gradient-dependency of the
contraction frequency in aged MLV was eliminated after NOS blockade (Figure 2 C).
Finally, aged MLV minute productivity only tended to increase in the absence of NO at all
levels of imposed flow gradients; however, FPF in L-NAME-treated aged MLV was always
significantly lower than FPF in adult vessels during the control part of the tests at these
levels of the imposed flow gradients (Figure 2 D).

Table 2 presents the raw data of active lymph pump parameters in MLV segments obtained
in experiments to determine the effects of aging on the imposed flow gradient-generated
shear-dependent regulation of contractility in these vessels. All illustrative calculations of
the percentage of change of contractile parameters between adult and aged MLV described
in text section above are based on the data presented in this table.

DISCUSSION
In this study, we completed the first comprehensive evaluation of aging-associated
alterations in the contractile responses of mesenteric lymphatic vessels. Our new data allow
us to make several important conclusions that widen our basic knowledge of the regulatory
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mechanisms of mesenteric lymph flow in adulthood and senility, demonstrating therefore
the complex nature of lymphatic system. Our previous studies have demonstrated regional
heterogeneity in the contractile behavior of lymphatic vessels (17,19,29). Our current studies
provided the first evidence of regionally different influence of aging on different lymphatic
networks. To illustrate such conclusions, we will compare later in the discussion our current
data with published data (21) obtained from experiments utilizing isolated rat thoracic duct
segments obtained from similar groups of adult (9-mo old) and aged (24-mo old) F-344 rats
and treated with similar experimental conditions.

Sensitivity of mesenteric lymphatic vessels to wall stretch, phasic
contractions-generated and steady flow-generated wall shear stress in
adulthood

We performed a series of tests to determine the contractile responses of MLV isolated from
9-mo old (adult) animals to increases in wall stretch generated by different levels of
transmural pressure. These tests provided adult control data for comparison to data obtained
with aged MLV, and expanded our knowledge on the basic contractile characteristics of the
adult mesenteric lymphatic vessels highlighting their important differences with the
lymphatic contractions in the thoracic duct. In the first set of the experiments, we blocked
the NOS in conditions without steady flow through the vessel segment, induced by the
imposed flow. In this set of experiments, the endothelial cells in the MLV therefore only
experienced shear stress due to the flow generated by the spontaneous phasic contractions of
the lymphatic muscle cells. No exogenous pressure gradient favorable to flow was present in
the lymphatic specimen. This contractions-generated “active” flow in MLV is responsible
for phasic fluctuations in wall shear stress (12) and leads to the appearance of spikes of NO
release by the lymphatic endothelium that are synchronous with lymphatic contractions (4).
By analyzing the physiological importance of such phasic contractions-generated shear-
dependent regulation in thoracic duct (22), we previously made following important
conclusions. This large lymphatic duct, with lower resistance to flow, does not need strong,
long-distance lymph active pumping and presumably because this, and due to the low
variability in lymph flow patterns during the different periods of day, the thoracic duct has a
somewhat simple shear-dependent regulatory mechanism to support an energy-sufficient
contractile pattern solely through NO-dependent self regulation.

In the current study of adult mesenteric lymphatic vessels, we found that opposite to thoracic
duct the NOS blockade by L-NAME cannot induce negative inotropy. The amplitude of
lymphatic contractions remained the same after NOS blockade in adult MLV even though
their contraction frequency increased over all selected levels of transmural pressure under
such conditions (Figure 1, B & C). As a result, the minute productivity of the adult MLV
increased after NOS blockade (Figure 1 D). It seems unlikely that, in natural in situ
conditions, the NO molecules will serve a role to limit the productivity of the active lymph
pump, and thus, the increase in FPF in isolated adult mesenteric vessels after L-NAME
administration looks somewhat artificial. On the other hand, the fact that NOS blockade
induced a significant increase in MLV tone and frequency (therefore limiting diastolic time
and diastolic filling) allows us to expect by default that the contraction amplitude in the
absence of NO should go down as it does in TD at the same conditions (22). Therefore, our
data supports the assumption that the phasic shear-dependent regulation of MLV contraction
interplays with additional important mechanism(s) to control the lymphatic contractile cycle
in these vessels seems to be more complex compared to TD.

Our current data and data previously published by us and others allow us to conclude that
there is a complex interplay between the influences of phasic and tonic components of the
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stretch-dependent myogenic responses and the influences of phasic contractions-generated
NO release in MLV. In the mesenteric lymphatic network, the lymph formation and lymph
flow may increase very fast with digestion. During such periods, the intralymphatic pressure
may rise dramatically fast resulting in the development of myogenic constriction (10), the
tonic component of which, i.e. prolonged vessel constriction, by itself may lead to a local
increase in vessel resistance to flow. The latter is unnecessary for lymphatic vessels during
periods of high lymph formation. Stronger phasic contractions during the myogenic
response (“compensatory increase in amplitude” (10)) will support stronger fluid propulsion,
higher fluctuations in wall shear, and therefore higher phasic release of NO. The latter of
which will enhance the diastolic relaxation effect through easing the lymphangion filling
and diminishing subsequently local resistance to flow. In other words, after pressure
elevation, the positive phasic inotropy during the development of the myogenic phasic
response would counter balance by the release of additional NO. In the rat thoracic duct
where there is lower total resistance to flow, lesser necessity for strong active pumping, and
generally smaller tone-induced changes in lymphatic diameter relative to maximal diameter,
the tonic and phasic components of the myogenic response may play a less functional role.
Conversely, the data indicates a dominant functional importance for nitric oxide release in
the control of the contractility in this largest lymphatic vessel of the body (15,17,20,22).

In our experiments with L-NAME, we artificially misbalanced the cascade of contractile
regulatory reactions by eliminating the phasic contraction-generated shear-dependent NO
release. At the same time, we did not eliminate the phasic contraction-generated shear itself
so the potential existence of an additional as of yet unidentified shear-dependent, but NO-
independent, mechanism for the regulation of lymphatic contractile strength in the MLV
cannot be excluded. Further support of this idea can be seen in results of our experiments
with NOS blockade in MLV during periods of increased imposed flow. Opposite to adult
thoracic duct, L-NAME cannot completely abolish the influences of the imposed flow
gradient on the MLV contractile pump (Figure 2 and Table 2), which are similar to effects of
LNMMA observed by us earlier in these lymphatic vessels (18).

In conclusion, our present findings in adult MLV under control and L-NAME-treated
conditions provide new support for the complexity and regional variability in the
mechanisms controlling lymph flow in the body, which still requires additional
investigations.

Aging of the mesenteric lymphatic pump
When comparing the contractile activity of adult and aged MLV, we found that aging
significantly diminishes their contraction amplitude (negative inotropic effect) (Figure 1 B),
and contraction frequency (negative chronotropic effect) (Figure 1 C). Due to these aging-
associated alterations in contractility, the minute productivity of aged MLV decreased 6.6-
fold at lower levels of transmural pressure and ~3-fold at moderate and high levels of wall
stretch in old vessels (Figure 1 D). Overall, we conclude that aging induces weakening of
the mesenteric lymph pump potentially by altering both pacemaking and contractile
mechanisms; the specific causes of such events still need to be discovered. We believe that
the weakened aged MLV may not provide enough contractile force to facilitate the transport
of newly formed, nutrient rich lymph from the gut thus elongating the duration of natural
digestion-related events in whole body. Additionally, the aging-induced weakening of the
mesenteric lymph pump may lead to a delay in the clearance of excessive fluid as well as
potentially hazardous substances and foreign particles from the aged gut and mesentery.
This negative impact of aging on the fluid/macromolecule balance in the gut occurs
constantly in the elderly including the periods of functional rest when levels of lymph
formation and lymphatic filling are relatively low. During such periods, aged MLV are
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experiencing lower levels of wall stretch, a point at which the aging-associated depletion of
their pumping is most remarkable (Figure 1 D).

While analyzing the contractile behavior of aged MLV during transmural pressure
elevations, we noted a greater negative chronotropic effect of aging in these vessels
compared to the aged TD (21). As a result, the aging-associated depletion of MLV minute
productivity at lower levels of transmural pressure is relatively greater than that observed in
aged TD. Fractional pump flow in aged TD segments was 1.9- and 1.9-fold down compared
to their adult (9-month-old) counterparts at 1- and 3-cm H2O transmural pressures,
respectively (21). In our current investigation of aged MLV segments, FPF was 6.6- and 3.4-
fold down at the same levels of transmural pressure, respectively (Table 1). The causes and
functional importance of these differences in the ability of these two aged lymphatic vessels
to work against increases in preloads (diastolic intraluminal pressure) are yet to be
evaluated.

Experiments with the treatment of aged MLV by L-NAME in the absence of imposed flow
demonstrated that NOS blockade influenced contraction amplitude in aged MLV rather than
in did not affect inotropy in adult vessels (Figure 1 B, data presented in Table 1). The
contraction amplitude is lower in aged MLV (Figure 1 B) so the phasic contractions-
generated shear-dependent release of NO in aged MLV presumably is also weaker than in
adult MLV (smaller fluctuations in wall shear due to the weaker contractions). The fact that
L-NAME application in the weakened aged vessels has a greater effect on inotropy than in
adult vessels may indicate the existence of additional aging-associated shear-independent
NO release in aged MLV. Future direct measurements of NO concentrations in aged MLV
in situ will help provide clear understanding of these changes.

In conclusion, we found additional confirmation of earlier conclusions that mesenteric
lymphatic vessels have a greater pumping component to their contractile activity compared
to the thoracic duct where the relaxatory changes in its tone play a much greater functional
role. In mesenteric lymphatic vessels, a constant interplay between the tonic and phasic
components of the myogenic response and the shear-dependent release of the nitric oxide
determines the level of contractile activity while the existence of another shear-dependent
but NO-independent regulatory mechanism is likely present. Aging remarkably weakens
MLV contractility; latter would predispose this lymphatic network to lower values of total
lymph flow in resting conditions and would limit the ability of these vessels to respond to an
edemagenic challenge in the elderly.
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Figure 1. Aging-associated alterations in the contractile response of isolated segments of rat
mesenteric lymphatic vessels to increases in transmural pressure
A, B, C and D: 9-mo control and 24-mo control – segments isolated from 9 and 24 months
old rats, respectively; 9-mo L-NAME and 24-mo L-NAME – L-NAME (100 µM)
administration to the segments from 9 and 24 months old rats. Significant differences (P ≤
0.05) between active lymph pump parameters indicated by * - 9-mo control versus 9-mo L-
NAME conditions; by ◊-9-mo control versus 24-mo control, and 9-mo L-NAME versus 24-
mo L-NAME.
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Figure 2. Aging-associated alterations in the contractile response of isolated segments of rat
mesenteric lymphatic vessels to increases in imposed flow gradient
A, B, C and D: 9-mo control and 24-mo control – segments isolated from 9 and 24 months
old rats, respectively; 9-mo L-NAME and 24-mo L-NAME – L-NAME (100 µM)
administration to the segments from 9 and 24 months old rats. Significant differences (P ≤
0.05) between active lymph pump parameters indicated by * - 9-mo control versus 9-mo L-
NAME conditions; by ◊ - 9-mo control versus 24-mo control, and 9-mo L-NAME versus
24-mo L-NAME.
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