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Abstract
Objectives—We previously showed that acute alcohol intoxication (AAI) reduces lymphatic
myogenic constriction in response to step increases in luminal pressure. Because of the known role
of Ca2+ in smooth muscle contractile responses, we investigated how alcohol impacts cyclic Ca2+

and whether changes in RhoA/ROCK mediated Ca2+ sensitivity underlie the alcohol-induced
reduction of myogenic responsiveness.

Methods—AAI was produced by intragastric administration of 30% alcohol in rats. Mesenteric
lymphatics were cannulated and loaded with Fura-2 AM to [Ca2+]i for 30 min after AAI. Active
GTP-bound RhoA levels were determined by ELISA. To determine ROCK's ability to restore
myogenic responsiveness following AAI, isolated lymphatics were transfected with constitutively
active ca-ROCK protein.

Results—Lymphatics from alcohol-treated rats displayed significantly larger Ca2+ transients.
Also, step increases in luminal pressure caused a gradual rise in the basal [Ca2+]i between
transients that was greater in lymphatics submitted to AAI, compared to vehicle control. RhoA-
GTP was significantly reduced in lymphatics from the AAI group, compared to vehicle control.
Transfection with ca-ROCK protein restored the myogenic response of lymphatic vessels isolated
from AAI animals.

Conclusions—The data strongly suggest that the alcohol-induced inhibition of mesenteric
lymphatic myogenic constriction is mediated by reduced RhoA/ROCK-mediated Ca2+ sensitivity.
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INTRODUCTION
The microcirculation and lymphatics of the gut maintain the tightly controlled environment
required for optimal gastrointestinal (GI) function and health. Secondary to the gut barrier
formed by enterocytes, the portal circulation, liver, lymph nodes and mesenteric lymphatics
regulate the entry of toxins, toxicants, and pathogens into the central circulation. Systemic
inflammation caused by traumatic injury or chronic disease can compromise blood flow to
the gut, leading to increased gut permeability that correlates with extent of the injury [1, 2,
3]. Mesenteric lymphatics serve as conduits for both antigens and lymphocytes to the
mesenteric lymph nodes [4], which form the border between mucosal immunity and the
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remainder of immune system [5]. Mesenteric lymphatics also serve as the primary route for
non-bacterial, tissue injury GI-derived factors, which can contribute to progression to
multiple organ injury and dysfunction [6, 7]. Considering the multifunctional role of
lymphatics of the gut, understanding how insults from disease or injury impact lymphatic
function is key for advancing our knowledge of immunity in the digestive tract.

Our previous work has shown that acute alcohol intoxication (AAI) in rats modifies the
contractile cycle of isolated mesenteric collecting lymphatic vessels. This is characterized by
reduced contraction frequency, a larger stroke volume, and a significant loss of myogenic
constriction in response to step increases in luminal pressure. Combined, these modifications
appear to enhance the ability of lymphatics to transport lymph during the alcohol-intoxicated
state [8]. Both clinical and pre-clinical studies have demonstrated that alcohol significantly
increases lymph flow [9, 10]. AAI is associated with a high risk and incidence of traumatic
injuries, complicating management and worsening patient outcomes [11]. We speculate that
increased lymphatic flow in alcohol-intoxicated trauma victims could lead to an
overwhelming amount of inflammatory, potentially toxic factors and/or pathogens entering
the systemic circulation following traumatic injury or infection; enhancing the risk for tissue
injury, including liver, lung, and brain [6, 7]. Thus, understanding the contractile regulatory
mechanisms disrupted by alcohol intoxication is of clinical relevance.

Lymphatic pumping is mediated by the smooth muscle layer present on collecting
lymphatics. Contraction of smooth muscle is dependent upon [Ca2+]i, and the force
generated is dependent on the sensitivity of the contractile elements to Ca2+ [12]. Smooth
muscle [Ca2+]i is in turn determined by membrane potential and binding of extracellular
stimuli such as hormones and neurotransmitters to their specific receptors, which in turn
determine the influx and efflux of Ca2+ across the sarcolemma, sarcoplasmic reticulum
membrane, and membranes of other internal stores. Binding of Ca2+ to calmodulin leads to
activation of the myosin light chain kinase (MLCK), leading to phosphorylation of
regulatory myosin light chains (MLC) and actin-myosin-mediated contraction. Signaling
events that regulate myosin light chain phosphatase (MLCP) can also modulate Ca2+

sensitivity; defined as the overall responsiveness of the molecular contractile mechanism, to
a given [Ca2+]i [13, 14, 15]. The small GTPase RhoA and its downstream effector Rho-
kinase (ROCK) increase Ca2+ sensitivity by ROCK-mediated phosphorylation of the MLCP
regulatory/targeting subunit, MYPT-1. MLCP activity is stimulated when phosphorylated by
either ROCK or PKC and inhibited by the kinase CPI-17 [16, 17].

We, and others, have shown that rapid, transient increases in [Ca2+]i precede each phasic
contraction in isolated lymphatics [18, 19, 20]. In addition, we have shown that step
increases in luminal pressure cause a gradual rise in the basal [Ca2+]i between transients,
which may contribute to myogenic contraction [18]. In the current study, we investigated
whether the aforementioned alcohol intoxication-induced modulation of the lymphatic
contractile cycle is associated with changes in cyclic mobilization of Ca2+. In addition, we
also examined whether alcohol intoxication may affect the RhoA/ROCK pathway, which
may act as part of the Ca2+-sensitizing mechanism to enhance lymphatic vessel tone [21].

METHODS
Animals

All procedures were approved by the Institutional Animal Care and Use Committee at the
Louisiana State University Health Sciences Center and were performed in accordance with
the guidelines of the NIH Guide for the Care and Use of Laboratory Animals (8th edition,
2011). Male Sprague-Dawley rats (270-350 g body wt) were housed in a controlled
temperature (22 °C) and controlled illumination (12:12 h light dark cycle) environment.
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After arrival, the rats were submitted to a one-week acclimation period and were provided
standard rat chow (2018 Teklad Global 18% Protein Rodent Diet, Harlan) and water ad
libitum.

Gastric catheter placement and alcohol administration protocol
AAI was produced as previously described [8, 22]. Briefly, rats were anesthetized with
ketamine and xylazine (90 and 9 mg/kg, respectively). A sterile catheter was aseptically
placed into the antrum of the stomach, routed subcutaneously through a trocar, and
exteriorized at the nape of the neck. After cannula placement, animals were returned to
individual cages and allowed 48 hours to recover from surgery, with food and water
provided ad libitum.

Following a two day recovery period, conscious and unrestrained animals received an
intragastric bolus of 30% ethyl alcohol (2.5 g/kg) via the gastric catheter. Intragastric
administration of alcohol at this dose typically produces a blood alcohol level of 200-300
mg/dl within 30 min. of administration [8]. A time-matched control group received
isovolumic administration of vehicle (water).

Collecting lymphatic isolation and pressure step protocol
The responsiveness of lymphatic vessels to step changes in pressure was studied as
previously described [8]. Briefly, 30 min. after alcohol or vehicle (water) was administered,
the rats were anesthetized with ketamine and xylazine (90 and 9 mg/kg, respectively and the
small intestine and mesentery were exteriorized and excised, and placed in ice-cold albumin
physiological salt solution (APSS). Rats were immediately euthanized after removal of the
mesentery by overdose with ketamine/xylazine. In each experiment, a section of mesentery
was pinned in a dissection chamber containing ice-cold APSS, and a collecting lymphatic
vessel was carefully dissected from surrounding adipose and connective tissue with the aid
of a stereomicroscope. The isolated lymphatic was transferred to an isolated vessel chamber
(Living Systems Instrumentation, Burlington VT) and was mounted onto two resistance-
matched glass micropipettes. Isolated lymphatic vessels with only one valve were used to
ensure optimal pressure control in the entire segment [23]. The overall time from removal of
mesentery and lymphatic isolation and cannulation was 30-40 min. The chamber was
transferred to an inverted microscope (Nikon Eclipse TE2000U with Plan Fluor 10×/0.3
objective, DIC L/N1, ∞/0.17, WD 16) and connected to a heating unit (Living Systems) at
37 °C. Rapid time-lapse image sets were acquired using the image acquisition software
(Nikon Elements AR software). The pressure protocol for myogenic response was
previously described by us [8].

Ratiometric measurement of [Ca2+]i
Intraluminal pressure was initially set at 2 cm H2O during 45-60 min for equilibration and
development of spontaneous lymphatic contractions. After this period, the isolated
lymphatic smooth muscle was loaded with a Ca2+-sensing dye Fura 2-acetoxymethyl ester
(AM) (Molecular Probes, Eugene, OR). The bath was exchanged to an APSS solution
containing Fura-2 AM (2 μM) and pluronic acid (0.2 % wt/vol) for 30 minutes at 37 °C.
Fura-2 AM was applied to the abluminal side of the vessel to restrict loading to the smooth
muscle layer [24, 25]. After 30 minutes the bath was changed back to APSS solution without
Fura-2 AM. Following an additional 20 min. equilibration period, ratiometric Fura-2
measurements were collected in isolated lymphatics by illuminating at alternating
wavelengths of 340 and 380 nm via a dichroic mirror (400 nm; Chroma Technology Corp.
400DCLP) for durations of 50 ms each. The epifluorescent light was collected through a
wide band emission filter (510 nm, 80 nm band width; Chroma Technology Corp.
D510/80m) and acquired by a Photometrics HQ2 camera. We collected 2 minutes of data at
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which included 30 s at a baseline intraluminal pressure of 2 cm H2O, a 60 s step increase to
4, 6, 8, 10 or 12 cm H2O, and 30 s after a return to 2 cm H2O.

A region of interest (ROI) that included the entire lymphatic vessel and surrounding area
was selected to analyze the average [Ca2+]i, so that the vessel was fully tracked during
relaxation and contraction. An increase in the 340/380 ratio indicates an increase in [Ca2+]i
[18].

RhoA G-LISA luminescence assay
The active GTP-bound pool of RhoA was measured using the RhoA G-LISA™
luminescence assay (Cytoskeleton, Inc., Denver, CO) according to the manufacturer's
instructions in lymphatics isolated from a separate group of animals treated with alcohol or
vehicle (water) for 30 min. From each rat, 3 to 4 mesenteric lymphatic branches were
isolated and immediately placed in 90 μl of ice-cold tissue lysis buffer. The mixtures were
sonicated and centrifuged, and protein concentrations were measured using Precision Red
reagent (Cytoskeleton, Inc.) at 600 nm of absorbance reading to equilibrate samples. The
amount of active GTP-bound RhoA in the equilibrated samples was then determined by
ELISA. For both the protein assay and ELISA, data was collected on a Tecan Infinite M200
plate reader (Tecan, Switzerland).

Protein Transfection
Lymphatics were transfected with constitutively active ca-ROCK protein (Millipore) as
previously described for isolated venules [26], with some modifications. The ca-ROCK
protein was mixed with TransIT-LT1 polyamine transfection reagent (Mirus, Madison, WI).
While the lymphatic was held at a luminal pressure of 2 cm H2O, the transfection mixed was
added to the isolated lymphatic bath at a final concentration of 2 μg/ml for ca-ROCK and 10
μl/ml for TransIT-LT1. This concentration was selected after a preliminary study showing
that it could effectively increase lymphatic tone (data not shown). The transfection mix was
added to the abluminal side of the vessels to minimize access to the inner, endothelial layer.
The addition of TransIT-LT1 alone at a final concentration of 10 μl/ml served as a
transfection control. Before transfection, a pressure protocol was applied for myogenic tonic
measurement. The protocol was repeated 10 min and 30 min after transfection with ca-
ROCK in mesenteric lymphatics isolated from rats treated with either vehicle (water) or
alcohol.

Statistical Data Analysis
For [Ca2+]i measurement data, representative tracings of the 340/380 ratio over time are
shown. Basal [Ca2+]i is represented by the 340/380 ratio during diastole (F0). Magnitudes of
Ca2+ transients were calculated as the difference between the peak minus the preceding
basal 340/380 ratio (Fpeak - F0). Also, the change in basal [Ca2+]i following pressure steps is
represented as (F̄/F̄0) where F̄ represents the average basal 340/380 ratio (between
transients) after the step increase in pressure and F̄0 is the average basal 340/380 ratio prior
to the pressure step. Summarized data are presented as mean ± SE and the N indicated.
Student t-tests or two-way ANOVA followed by Bonferroni t-tests were used where
appropriate. Statistical significance was accepted at P<0.05.

RESULTS
Impact of alcohol intoxication on calcium transients during step pressure increase

A representative set of tracings of the 340/380 ratio, indicative of cytosolic [Ca2+] over time
from an isolated mesenteric collecting lymphatic is shown in Fig. 1. The isolated lymphatic
was initially perfused at a baseline luminal pressure of 2 cm H2O and then subjected to step
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increases to 4, 6, 8, 10 and 12 cm H2O, each followed by a step return to baseline. In
response to upward pressure step increases, the frequency of Ca2+ transients increased, and
their magnitude remained stable (Fig. 1A). In addition, immediately after step increases in
pressure to 6, 8, 10, and 12 cm H2O, the basal [Ca2+]i between transients rose gradually over
time. When the pressure was stepped back down to 2 cm H2O, the frequency of transients
decreased (and in some cases briefly ceased), and the basal [Ca2+]i between transients
gradually decreased. A representative set of tracings of the 340/380 ratio over time of a
mesenteric lymphatic isolated from an AAI rat is shown in Fig. 1B.

A summary of the frequency of Ca2+ transients in vehicle-treated and AAI rats is shown in
Fig. 2. The frequency of Ca2+ transients increased similarly in lymphatic vessels of both
experimental groups when pressure step elevations were imposed. Within each group, the
mean peak 340/380 ratio did not change with pressure steps. However, at all of the luminal
pressures studied, the mean peak 340/380 ratio was significantly higher in lymphatics
isolated from AAI rats than vehicle-treated rats (Fig. 3A). In addition, the mean magnitude
of the Ca2+ transients (Fpeak - F0), was significantly higher in the AAI group vs. vehicle
control after upward pressure steps to 8, 10, and 12 cm H2O (Fig. 3B). The time to peak was
not significantly different between the two groups (1015 ± 99 ms for vehicle control and 969
± 68 ms for AAI, P=0.71). The mean times to half decay were also not significant between
the two groups (582 ± 6 ms for vehicle control and 644 ± 6 ms for AAI, P=0.46).

Mean change in basal [Ca2+] between transients in response to step increases in pressure
Lymphatics isolated from both experimental groups showed a rise in the basal 340/380 ratio
after each pressure step increase. However, in contrast to our prediction, this rise was
significantly greater in lymphatics obtained from AAI rats than in vehicle controls at upward
pressure steps to 10 and 12 cm H2O (Fig. 3C).

Impact of alcohol intoxication on calcium sensitivity of lymphatic contractile mechanisms
Ca2+ sensitization in lymphatics is partly mediated by RhoA/ROCK [21]. RhoA is a switch
protein that when bound to GTP, activates its downstream mediator ROCK. RhoA-GTP was
significantly reduced in lymphatics from the AAI rats compared with vehicle controls (Fig.
4). We tested the hypothesis that increasing ROCK activity would rescue the alcohol-
induced suppression in lymphatic myogenic constriction (Fig. 5). An example tracing of a
lymphatic diameter isolated from an alcohol-treated rat is shown in Fig. 5A. The left panel is
the response to a step increase in intraluminal pressure from 2 to 10 cm H2O, before this
alcohol treated lymphatic vessel was transfected with constitutively active ca-ROCK
protein. The right panel shows the same lymphatic vessel's response to the same pressure
step protocol after transfection with ca-ROCK protein for 30 min. Fig. 5B shows the average
lymphatic myogenic constriction, represented by the normalized decrease in lymphatic end
diastolic diameter, from rats that received intragastric water (vehicle control) prior to
isolation, and from AAI rats before and after ca-ROCK transfection. Our results show that
constitutively active ca-ROCK protein significantly enhanced lymphatic myogenic
constriction of lymphatics from AAI rats, restoring the mean constriction to a level similar
to that observed in lymphatics from vehicle-treated controls after the initial stretching of the
vessel caused by the upward pressure step. Transfection of isolated lymphatics from vehicle-
treated control rats with ca-ROCK did not significantly change the myogenic response. We
also tested whether the transfection reagent used to deliver ca-ROCK, TransIT-LT1, affected
myogenic constriction. TransIT-LT1 alone did not impact the changes in normalized end
diastolic diameter following an upward pressure step from 2 to 10 cm H2O on both groups,
vehicle control and AAI.
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DISCUSSION
We examined Ca2+ transient dynamics and a potential Ca2+ sensitizing mechanism in
lymphatic vessels isolated from alcohol-intoxicated rats. Our results provide evidence that
AAI modifies lymphatic contractions by altering both cyclic Ca2+ release and Ca2+

sensitivity. We observed that upward steps in luminal pressure caused a gradual increase in
the “basal” [Ca2+]i between transients that were greater in lymphatics from alcohol-
intoxicated rats than vehicle controls. Thus, the alcohol-induced loss of lymphatic myogenic
constriction in response to pressure [8] cannot be explained by a decrease in [Ca+2]i. Rather,
our results suggest that alcohol-induced inhibition of lymphatic myogenic constriction might
be due to inhibition of a Ca2+-sensitizing mechanism. RhoAGTP (active RhoA) was
significantly reduced in lymphatics from the AAI group compared with vehicle controls, and
experimental addition of ca-ROCK essentially rescued the loss of lymphatic myogenic
constriction produced by alcohol. Combined, our data suggest that the alcohol-induced
reduction of lymphatic myogenic constriction is due to inhibition of a RhoA/ROCK-
mediated Ca2+-sensitizing mechanism.

Findings from these studies are in agreement with our previous work showing that each
isolated lymphatic phasic contraction is preceded by a transient rise in [Ca2+]i, highlighting
the central role of Ca2+ in the pacemaking mechanism. In addition, the frequency of Ca2+

transients is sensitive to changes in luminal pressure [18]. Modulation of Ca2+ release from
intracellular stores has been suggested to be involved in the pressure-induced activation of
lymphatic contraction [27]. The pacemaking in lymphatic vessels is not generated by a
single current but relies on complex interactions between multiple ion currents [28].
Evidence suggests that cyclic depolarization arises in mesenteric lymphatic smooth muscle
through spontaneous or agonist-induced release of Ca2+ from IP3-sensitive Ca2+ stores,
which activates Ca2+-activated chloride channels (ClCa) [29]. Lymphatic vessels isolated
from alcohol-intoxicated animals showed an increase in the magnitude of Ca2+ transients,
which could potentially underlie the trend for elevated contraction amplitude observed in
our studies [8]. We also determined the time to peak and time to half decay and found these
were not altered by alcohol. It should be noted that the time to peak was much higher, and
the half time for decay slightly higher than typical times observed in single cells [30, 31].
This is most likely because we determined the 340/380 ratio in a relatively large area, so that
the speed at which the calcium transient was transmitted along the length of the vessel
strongly influenced these parameters. The mechanism for the alcohol-induced increase in
Ca2+ transient magnitude might be due to enhanced release of Ca2 from internal stores, or
sarcolemmal entry as well as to changes in sarcoplasmic reticulum reuptake [32]. In
addition, alcohol could also directly impact the oscillating mechanism responsible for
transient Ca2+ release. Another possibility is that the resulting decrease in RhoA/ROCK-
mediated tonic contractility might produce a feedback response to enhance cyclic release of
Ca2+. These questions represent a future area of investigation.

In the current study, the contraction frequency was not significantly different between
alcohol and control. We previously showed that lymphatic vessels from AAI rats present a
decreased contraction frequency compared to controls [8]. The lack of a significant
difference in this study compared to our previous work may be due to modifications in our
experimental protocol such as the Fura-2 loading, which in addition to the exposure to the
dye itself also increased the time from mesentery excision to measurement performance by
about one hour. In addition, image acquisition for this protocol involved exposure to a more
intense excitation light source in the UV range that could negatively impact contractions. To
minimize negative effects we collected image sets over relatively short periods of time, and
used the shortest exposure time available with our equipment.
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The myogenic response in vessels reflects an improved excitation-contraction coupling,
resulting from membrane depolarization and increased Ca2+ conductance [33]. We
previously showed that acute alcohol intoxication causes a significant loss of lymphatic
myogenic constriction in response to upward luminal pressure steps [8]. We also recently
demonstrated in isolated mesenteric lymphatic vessels that the upward steps in luminal
pressure elicit a gradual rise in basal [Ca2+]i after increased luminal pressure [18]. Based on
these findings we expected that the alcohol-induced loss of stretch-induced lymphatic
myogenic constriction would be due to decreased [Ca2+]i. However, we observed the
opposite. Alcohol intoxication increased the magnitude of phasic Ca2+ mobilizations in
lymphatic smooth muscle, and the gradual rise in basal [Ca2+]i persisted, suggesting that
alcohol-induced inhibition of lymphatic myogenic constriction is not due to an impaired
Ca2+ release or entry into the cytoplasm. These findings led us to investigate if a Ca2+

sensitizing mechanism was affected.

Ca2+ sensitivity could be modulated, resulting in increased force generated at any given
[Ca2+]i. In small arteries, studies have shown that myogenic response is suppressed by
inhibition of either PKC or ROCK [34, 35, 36, 37, 38]. Thus, both ROCK- and/or PKC-
dependent mechanisms of Ca2+ sensitization contribute to the arterial myogenic response.
Additional reports in the literature also suggest that the ROCK pathway may be involved in
maintaining lymphatic vessel pump activity and tone [21]. In addition, indirect evidence
suggests that the Ca2+-sensitizing CPI-17 may also improve lymphatic tone [39]. The results
from this study suggest that RhoA/ROCK signaling contributes to Ca2+-sensitivity in
mesenteric collecting lymphatics. Furthermore, our results suggest that alcohol reduces
myogenic constriction in lymphatic vessels due to reduction of RhoA/ROCK-mediated Ca2+

sensitivity, in spite of an increase in [Ca2+]i.

While our data suggest that a certain basal ROCK activity is required for lymphatic
myogenic constriction, we did not test whether luminal pressure causes RhoA or ROCK
activation. The RhoA G-LISA assay requires relatively large amounts of protein to detect
changes in RhoA-GTP. Thus, a methodological drawback was that we required several long
vessels to perform the assay, and could not measure RhoA-GTP in single, pressurized
lymphatic vessels. This also presented the limitation that endothelial vs. smooth muscle
RhoA could not be differentiated. Our functional studies with ca-ROCK also did not answer
the question as to whether luminal pressure increases can activate the RhoA/ROCK
pathway, because ca-ROCK lacks a regulatory domain and cannot be controlled by
intracellular signals like endogenous ROCK. This may explain in part why ca-ROCK did
not enhance myogenic responsiveness of lymphatics from vehicle-treated rats, which
presumably have intact RhoA-ROCK signaling. It may also be possible that substrates may
preferentially bind to endogenous activated ROCK, which would explain why ca-ROCK did
not enhance myogenic constriction in lymphatics from vehicle-treated rats. New strategies
will need to be developed to address this question, and may include transfection with full-
length, wild-type ROCK, using pharmacological strategies to inhibit ROCK, or developing
more sensitive methods to study ROCK activity, enabling detection in individual lymphatic
vessels.

Another potential limitation is that we cannot exclude the possibility that some loading of
the endothelium with either Fura-2 or ca-ROCK may have occurred. To minimize this
possibility, we applied both Fura-2 AM and the ca-ROCK transfection mix only to the
exterior, abluminal side of the isolated lymphatic vessels to restrict access to the
endothelium [24, 25]. Also, although our experiments did not involve imposed flow, there is
the possibility that alcohol may impact endothelial signaling to cause relaxation [40, 41].
Future experiments focusing on potential roles of the endothelium, including those in which
the endothelium is removed will help resolve this issue.
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Taken together the results from our studies and reports in the literature indicate that acute
alcohol intoxication uncouples the close association between phasic and tonic contraction in
lymphatics. This is reflected in the increased magnitude of phasic Ca2+ mobilization and
attenuated lymphatic myogenic constriction mediated by impaired Ca2+-sensitizing
mechanisms. Future studies, aimed at examining how alcohol affects the stretch-induced
increases in cytosolic Ca2+ concentrations and on myosin light chain phosphatase (MLCP)
activity will be very important to developing a detailed understanding of the complex
mechanisms underlying alcohol's effects on lymphatic function.
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LIST OF ABBREVIATIONS

Ca2+ Calcium

[Ca2+]i Cytosolic calcium

RhoA Ras homolog gene family, member A

ROCK Rho-kinase

GTP Guanosine triphosphate

Ca-ROCK Constitutively active ROCK protein

GI Gastrointestinal

MLC Myosin light chains

MLCK Myosin light chain kinase

MLCP Myosin light chain phosphatase

MYPT1 myosin phosphatase target subunit 1

CPI-17 C-kinase potentiated Protein phosphatase-1 Inhibitor

PKC Protein kinase C

APSS Albumin physiological salt solution

Fura-2 AM Fura 2 acetoxymethyl ester (AM)

ROI Region of interest

IP3 Inositol trisphosphate

ClCa Calcium activated chloride channel

CF Contraction frequency
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PERSPECTIVE

The lymphatics of the gastrointestinal tract have a high rate of lymph formation,
accounting for two-thirds of the lymph formed in the body, and also serve as the primary
route for gut-derived tissue injury factors that contribute to progression of tissue
dysfunction and multiple organ injury. Alcohol intoxication increases lymph flow in the
gut, which can potentially increase transport of toxins or injury factors to remote areas of
the body, complicating injuries and worsening outcomes for trauma victims. The current
study shows that the changes in the lymphatic contraction pattern caused by alcohol are
due in part to the combination of altered cyclic release of Ca2+ from internal stores and
reduced sensitivity of contractile proteins due to inhibition of RhoA.
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Figure 1.
Representative tracing of the 340/380 ratio, indicative of [Ca2+]i vs. time in isolated
mesenteric collecting lymphatics, from the vehicle control (A) and alcohol-intoxication (B)
groups at luminal pressure of 2, 4, 6, 8, 10 and 12 cm H2O.
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Figure 2.
The change in the frequency of Ca2+ transients, which matches changes in contraction
frequency (CF), was not significantly different from acute alcohol intoxicated rats at each
pressure studied. For vehicle, N=5 rats; for alcohol N=6 rats studied.

Souza-Smith et al. Page 13

Microcirculation. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Acute alcohol intoxication increases the magnitude of Ca2+ transients and the basal [Ca2+]i
between transients in response to step elevations in luminal pressure in mesenteric lymphatic
vessels. A. Mean peak of Ca2+ transients, B. Magnitude of Ca2+ transients (Fpeak – F0), and
C. Basal [Ca2+]i between transients at different luminal pressures, of isolated mesenteric
lymphatics from control and acute alcohol intoxicated rats. *P<0.05, vehicle (N=5 rats) vs.
alcohol (N=6 rats).
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Figure 4.
Acute alcohol intoxication significantly reduces RhoA-GTP levels in mesenteric lymphatic
vessels. *P<0.05, N=3 rats for both the vehicle and alcohol groups.
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Figure 5.
Transfection of lymphatics with constitutively active ca-ROCK protein restores myogenic
constriction in response to pressure. A. Diameter over time for a single, isolated, rat
collecting lymphatic from an alcohol-treated rat, before and after transfection with 2 μg/ml
ca-ROCK protein. Applied luminal pressures are shown on the top. B. Mean lymphatic
myogenic constriction, expressed as the change in normalized end diastolic diameter (EDD)
immediately following the upward pressure step from 2 to 10 cm H2O in lymphatic vessels.
The lymphatics were isolated from rats treated with either vehicle (water) or alcohol. The
change in normalized EDD was assessed before and after treatment with either 2 μg/ml ca-
ROCK diluted in TransIT-LT1 (added at 10 μl/ml; N=4 each for the vehicle and alcohol
groups) or TransIT-LT1 alone (10 μl/ml; N=3 for the vehicle and alcohol groups). *P<0.05,
Alcohol vs. Alcohol + ca-ROCK.
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