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ABSTRACT

The aim of the study was to evaluate
nicotine-induced microlymphatic responses
in rat mesentery in vivo with time-resolved
transmission microscopy. Male Fisher rats
weighing 150-200g were used in all
experiments. The experiments revealed that
changes of lymphatic function under direct
nicotine impact (continuous topical applica-
tion of nicotine in the concentration ranges
of 0.001 mM, 10 mM and 100 mM for 15
minutes) were dose- and time-dependent.

A nicotine dose of 10mM caused an immediate
short-term constriction of 100% of
lymphangions. At the highest concentration
of nicotine (100 mM), similar constriction as
well as inhibition of lymph flow, local stable
constriction of lymph microvessels, stasis in
blood microvessels, and disturbances of
respiration were observed. Application of
chronic nicotine (0.23 ml from a 10 mM
solution) injection for 14 days via a mini-
osmotic pump did not substantially change
the function of lymphatic and blood micro-
vessels. Our data show for the first time that
the acute effect of nicotine is accompanied by
significant changes in microlymphatic
Junction. We conclude that the observed
effects are due to the direct action of nicotine
on lymphatics. The mechanism by which
nicotine induces this response remains to be
investigated further.

Permission granted for single print for individual use.

Keywords: nicotine, lymph microvessels,
lymphangions, lymphatic contractility,
microcirculation, endothelium, rat mesentery,
time-resolved microscopy

Nicotine, an important component of
cigarette smoke, has been shown to be
indirectly responsible for damage to many
tissues in both humans and animals (1-4).
Exposure to cigarette smoking increases the
nicotine level in the blood to a maximum in
less than 10 seconds (5-8). Therefore, the
immediate responses of living tissues to the
action of nicotine would appear to be
important for development of these acute
changes. It is also known that nicotine affects
different types of blood macro- and
microvessels (e.g., arteries, veins, arterioles,
venules, etc.), but the observed effects are
controversial and sometimes conflicting.
Studies in human and animal vessels
conducted in vitro and in vivo have revealed
that nicotine induces an endothelium-
dependent or independent dilatation of the
microvessels (9-16). These effects have been
attributed to the activation of acetylcholine
receptors and/or B,-adrenergic receptors
leading to nitric oxide production (9,16).
Other studies have reported that nicotine
induces the constriction of blood vessels
(17-20), and these effects may be due to
oxidative stress and acceleration of free
radical reactions (21). The effects of nicotine
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in human skin vasculature have been shown
to enhance norepinephrine-induced vaso-
constriction and inhibition of endothelium-
dependent vasodilator responses (22).
Dynamics of nicotine effects on blood vessels
(constriction as well as dilation) are dose-
and time-dependent (23,24). In addition to
the vascular effects, a rise in blood flow
velocity in the microvessels of the brain of
warm-blooded animals and frog web have
also been reported (25,26). An increase in
leukocyte rolling and adhesion in cerebral
mouse microcirculation in vivo as well as
impaired blood rheology in human (e.g.,
decrease of RBCs deformability) by nicotine
show to be dose-dependent (27-29).

Many investigators have postulated that
nicotine affects the vascular network through
production of NO and oxygen radicals
(9,17,22, 24-27,30-35). However, some studies
show that nicotine does not modulate relaxa-
tion induced by nitroglycerine and sodium
nitroprusside, a donor for NO production
(22,33). Additionally, the mechanisms by
which nicotine induces dysfunction of blood
vessels could be mediated by damaged
endothelial cells and dysfunction particularly
due to apoptosis (36-39). Nicotine also alters
the responses to vasoactive substances,
causes impairment of vasodilatory action of
acetylcholine and ATP, brings about
enhancement of the vasoconstrictor effect of
noradrenaline, induces the loss of sensitivity
to bradykinin, and inhibits the histamine
(21,33-35).

In general, in recent years, the
pathological effects of nicotine on the blood
microcirculation have been reported in
detail, but disturbances in the lymphatic
system caused by nicotine remain obscure.
Therefore, because there is a close functional
relationship between the blood and lymph
vasculatures and active participation of the
lymphatic system in different pathologic
conditions, we hypothesized that the
lymphatic system could be involved and play
an important role in understanding the
mechanisms of nicotine induced toxicity.
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To our knowledge, effects of nicotine on
the lymphatic system are poorly understood.
However, the fact that airway edema occurs
with smoking (40) raises the possibility that
damage to the lymphatic drainage system
might be involved. From the available
literature only a single study of lymphatic
vessels of smokers was found (41), where
lymphatic responsiveness (constriction
responses) in human cigarette smokers was
altered by eicosanoid production (41).

Earlier, we demonstrated the advantages
of rat mesentery as an animal model for real
time in vivo monitoring of acute lymphatic
microvessel replay (changes in diameter,
phasic contractions, valve activity, lymph
flow) in response to the direct action of
different vasoactive drugs (sodium
nitroprusside, N-Nitro-L-arginine, DMSO,
and etc.) (42-44). In particular, sodium
nitroprusside led to significant dilatation
and inhibition of valve activity; N-Nitro-L-
arginine caused stimulation of phasic-
contractile activity and significantly increased
lymph flow. We showed that staphylococcal
toxin significantly changed lymphatic micro-
vessel function and lymph flow including
the production of stasis and constriction of
small lymphatics leading to obstruction.

The rat mesentery model of venous
insufficiency, lymphedema and pathologic
stress (immobilization plus sound) allows
study of the dynamics of microcirculation
disturbances in the development of these
abnormalities in greater detail, including
the latent stage of lymphedema (43-46). The
aim of the current study was to identify the
nicotine induced response in microlymphatics
of rat mesentery in vivo as evaluated with
transmission digital microscopy.

MATERIALS AND METHODS
Animal Model
Rat mesentery was selected as the animal

model based on our own prior experience
(42-48) and evidence from other laboratories
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Fig. 1. Schematics of transmission image microscopy in vivo for the study of lymph and blood microcirculation of
rat mesentery

that demonstrated its potential advantages as in Ringer’s solution with 1% albumin (37°C,
an intravital model for monitoring lymphatic pH 7.4) during the experiment.
parameters using Transmission Digital
Microscopy (TDM) (49-51). Imaging System

Male Fisher rats weighing 150-200g were
used in all experiments (23 lymph micro- The microlymphatics of the intestinal
vessels total), in accordance with UAMS mesentery of anesthetized rats were studied
protocol #2318, approved by Institutional in vivo by TDM (Fig. 1). Images were
Animal Care and Use Committee. All rats recorded with black-and-white CCD camera
were housed in an environmentally controlled (Cohu 2122, Cohu, Inc., San Diego, CA) with
vivarium with a 12:12-hour light-to-dark 12 fps, which was sufficient for studying
cycle. Rats were allowed free access to main parameters of microlymphatic function
standard diet and water. Before an (see below). Scion Image software (Scion
experiment, rats were anesthetized by Corp., Frederick, MD) systems performed the
administration of Nembutal (50 mg/kg body scanning, processing, capturing, measuring,
weight, intramuscularly), and then a and editing of images, as well as analysis of
laparotomy was performed. The rat was the moving and static object images. As
placed on a heated underlay (37.7°C) of a mentioned before (48), this is a relatively
customized microscope stage with an optical simple schematic that allows imaging the
window of an upright Nikon microscope. whole lymphangion, neighboring blood
The mesentery and intestine were maintained microvessels, and main mesenteric micro-
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structures (lymphatic walls, leaflets of valve,
and flowing single cells and etc.), as well as
allowing monitoring of the dynamics
(microvessel wall and valve leaflets motion,
cell traffic in flow, etc.) with good resolution,
in vivo, in real time without any contrast
agent in the colorless lymphatic. By TDM,
the dynamic of the following quantitative
parameters of lymph microvessel function
were measured: diameter (pm); proportion
of lymphatics with phasic contractions (%);
amplitude of phasic contraction (%; the
percentage difference between maximum
and minimum diameters during contraction:
A = (D,ux — Dpin) X 100%/D,,,,,); rate per
minute of these contractions; proportion of
lymphatics with working valves; rate per
minute of valve opening; proportion of
microvessels with lymph flow. To analyze the
heterogeneity of lymphatic wall reactivity we
measured diameter and its changes during
contraction in at least 3 different locations of
non-valvular part of each lymphangion.

Nicotine Administration

The acute effect of nicotine was studied
by direct topical application in the concen-
trations 0.001 mM, 10 mM, and 100 mM
solution during 15 min (12 lymphangions).
Total volume of nicotine solution for each
experiment was ~2ml. We determined
microvessel function parameters prior to
nicotine administration (intact state), and
after nicotine administration for 3 min with
continuous monitoring. Subsequent experi-
ments were conducted at time intervals of
5, 10, and 15 min.

Chronic nicotine intoxication was
induced in 4 rats via Alza mini-osmotic
pumps (Alza Corporation, Palo Alto,
California) from a stock 10 mM Nicotine
solution at a nicotine delivery rate of 0.5 pl/h
for 14 days. The total volume delivered was
0.23 ml with a standard deviation of 0.23 pl.
When we were assured that the rat was fully
anesthetized, the fur on the back area of the
neck was shaved, the skin was pretreated
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with 70% ethanol and betadine and a small
incision was made. The pump was implanted
in a prepared subcutaneous “pocket.” Then
sutures were placed close to the wound and
the animals were transferred to their cage.
Animals were housed in the Division of
Animal Care facility at the University of
Arkansas for Medical Sciences and monitored
daily. The skin suture was removed on the
seventh day after surgery. After 14 days, rats
underwent laparotomy and the function of
mesenteric small lymph microvessels was
analyzed.

To verify results of acute effects of
nicotine and avoid the influence of side
effects (such as the incision on microcircu-
lation and operative stress), we compared the
data from test groups with the control group
(15 min topical application with Ringer’s
solution only; 4 lymphatics) at the same time
points. Results of chronic experiments were
compared with control groups where a mini-
osmotic pump with physiological solution
under the same conditions was used (3 rats).

The results were represented as mean +
standard error of the mean (+SE), Student’s
t test was employed for independent samples
to determine the statistical significance. A
p value of < 0.05 was considered as
statistically significant.

RESULTS

Topical application of Ringer solution
during 15 min showed only small variable
changes of diameters (dilatation as well as
constriction; 7-10 pm on average; Fig. 2A).
More than 50% of lymphangions had
vasomotions in the range ~2-3 %.
Spontaneous phasic activity was recorded in
half of investigated lymphatics. As we
demonstrated earlier (43), this activity is
characterized as single contraction cycles
(systole of lymphangion, 2.7+0.1s in average)
with relaxation periods between them (pause
or diastole of lymphangion, 3.8+0.7s in
average). For 15 minutes, the phasic
contractions did not start in inactive
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Fig. 2. The time-resolved monitoring of lymphangion diameter. A - Control group, 15 min topical application
of Ringer solution; B-E - Test groups, 15 min topical application of different concentrations of nicotine solution:
B - application of 0.001 mM nicotine solution, C and D - application of 10 mM nicotine solution and E - application
of 100 mM nicotine solution. On all graphs small letter ‘i’ represents initial state before nicotine application. Data
represented as mean + SEM.
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Fig. 3. The dynamic of lymphangion contractile activity during 15 min action of nicotine (10 mM solution): wide
columns — amplitude of spontaneous (white) and nicotine-induced (gray) phasic contractions; narrow black column
— immediate contractile response of lymphangion to start of nicotine application. Data represented as mean + SEM

lymphatics. Valve activity was observed in
20-30% of lymphatics. All lymphangions were
characterized by lymph flow and remained
unaltered. Imaging of moving cells in the
lymph flow allowed us to measure absolute
cell velocities and the direction of their
motion during typical lymph flow oscillations
by video recording (frame-by-frame method).
Mean cell velocity was ~200-300 pm/sec
(43,47,48).

The topical application of nicotine
solution at a concentration of 0.001 mM on
lymphangions (initial mean diameter 125+5
pm) did not change microlymphatic function
significantly (Fig. 2B). However, significant
constriction of microlymphatics (initial mean
diameter 127+12 pm) on nicotine impact was
observed at a dose of 10 mM. In particular,
we observed the rapid response of 100%
lymph microvessels. The effect started within
3-5 sec of application (67% of cases) or after
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~3 min of nicotine action (33% of cases)
(Figs. 2C,D). The duration of effect was 12-40
sec. The mean lymphatic diameter decreased
from 127.3+11.6 pm to 84.4+12.3 pm
(p<0.05). The degree of constriction (34+7%)
was more than ~2 times the amplitude of
spontaneous phasic contractions in the intact
state of lymphangions prior to nicotine
application (13+2.5%) (Fig. 3). Constricted
lymphangions had markedly erratic diameter
changes (Fig. 4). In contrast, the lymphangion
wall during spontaneous phasic contraction
moved relatively uniformly (Fig. 5).

After nicotine-induced constriction, the
phasic activity was restored in some cases
(in lymphatics which had spontaneous phasic
activity before nicotine action) as well as
sometimes it started in lymphangions without
spontaneous phasic contractions. The nicotine-
stimulated phasic activity was different from
spontaneous activity. It was characterized by
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Fig. 4. The response of lymph microvessels at topical application to 10 mM nicotine solution: A - initial state of
investigated lymphangions, B - immediate constriction of same region of lymphangion at the 15 sec after nicotine
action (marked unequal diameter at the maximum constriction) and C - the relaxation at the 30 sec.

Fig. 5. Transmission images of intact lymphangion (during topical application of Ringer solution) region during
spontaneous phasic contraction: A - maximum relaxation in diastole (D,,,,) and B - maximum constriction in
systole (D,,;,,), the lumen of lymphangion is constricted relatively uniformly.

asynchronous motion of the vessel wall and valve activity, and diameter) did not change
in some cases by groups of 5-6 contractions markedly from initial ones. Visual changes
together without a period of diastole. in blood microcirculation were absent for

At the 5, 10, and 15 min of nicotine the observation period.
effect, the pathologic characteristics of phasic Upon application of the highest
activity progressed with significant decrease concentration of nicotine (100 mM) (initial
in amplitude: from 13+2.5% in the initial mean diameter of lymphangions, 93+6 pm),
state to 3.4+0.7% at 15 min (p<0.05) the marked immediate constriction in all
(Table 1). Other recorded parameters of cases appeared as described above. The effect
microlymphatic functions (lymph flow, in 100% of lymphatics started within 3-5 sec
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TABLE 1

Parameters of Phasic Activity of Lymph Microvessels During
Topical Application of 10 mM Nicotine Solution

Time of Proportion of Amplitude Rate of phasic
nicotine effect, lymphatics with phasic of phasic contraction,
min contractions, % contraction, % min-1
initial state 83 13.2+25 64+ 1.6
5 100 9.0 +2.6 81+25
10 67 6.3 +1.1* 93+22
15 50 3.4 +0.7% 7.0 £ 2.6
* = significant differences from initial state, p<0.05
and continued 20-40 sec (Fig. 2E). Degree of DISCUSSION

constriction was 28+8%. During the first
minute, in parallel with constriction, stasis
in blood microvessels and disturbances of
respiration were documented.

Observations at 5, 10, and 15 min showed
that phasic activity is absent at this dose of
nicotine. It was noted that lymphangions of
this group did not have spontaneous phasic
activity before nicotine application.
Additionally, there was a slowing of lymph
flow and local stable constriction of lymph
microvessels. Individual sensitivity to nicotine
action was observed with disturbances of
respiration which progressed, remained
unchanged, or decreased. Disturbances of
microcirculation usually continued during
15 min of observation (the slowing of lymph
flow, local stable constriction of lymph
microvessels, and stasis in some blood
microvessels). In one case, respiratory
standstill and the total stasis in blood and
lymph microvessels after 5 min of nicotine
application led to death of the rat.

Chronic nicotine intoxication in rats did
not alter the function of lymphatic and blood
microvessels and values did not differ notably
from the control group.
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The current study provides the first
experimental evidence of potential active
participation of lymphatic microvessels in
the mechanism of nicotine effects in vivo.
The data from our study indicate that
nicotine stimulates a significant response of
small microlymphatics, and its effects are
dose and time dependent. We observed (1)
unchanged lymphangion function at the
lower nicotine dose, (2) significant immediate
short-time constriction and pathologic phasic
activity of lymph microvessels with a nicotine
dose of 10 mM and (3) extended
microlymphatic disturbances (short-time
constriction, slowing of lymph flow and local
stable constriction of lymph microvessels)
in combination with blood microcirculation
and respiration disturbances at the higher
nicotine concentration (100 mM).

In the control group with Ringer’s
solution, the disturbances produced by
nicotine action (immediate constriction,
pathologic phasic activity, etc.) were absent.
Additionally, our experiments showed that
significant microlymphatic dysfunction
appeared with a smaller dose of nicotine

Reproduction not permitted without permission of Journal LYMPHOLOGY



189

than in the blood microvessels. Lymph
microvessels may be more sensitive to
nicotine, but this issue needs to be studied
in detail in the future.

The immediate nicotine effect on
lymphatics could reflect direct action on
components of the microvessel wall and/or
on free flowing cells inside the lymphangion.
By analogy with blood vessels, the effect on
lymphatics could induce specific nicotine-
induced endothelial cell dysfunction and/or
injury of smooth muscle cells of lymphatic
wall (16,21,30-32,36-39). One might expect
that the pathologic changes in lymphatic
contraction are the result of a direct effect on
the pacemaker of the lymphangion because
there is some indication of disruption of the
heart pacemaker function with nicotine (52).
The possible mechanisms of the observed
effects include also disturbances in eicosanoid
production, which was a finding in lymph
macrovessels wall of smokers (41). The
marked variations in the degree of constriction
along the lymphangion could be due to the
uneven distribution of microlymphatic cell
wall receptors which are sensitive to nicotine.

It was noted that the use of nicotine
solution at the concentration of 10 mM
during chronic intoxication was ineffective.
The same observation has been obtained for
peripheral rat blood vessels showing signifi-
cant acute effect and absence of response at
the chronic dose (11). This finding may be
the result of adaptation of the microcirculation
to the action of nicotine. The more intricate
details (e.g., interaction of moving and static
cell properties related to blood and lymph
flow; interstitial edema; and tissue perfusion)
and long-term studies (e.g., long-term
intermittent inhalations of nicotine) need to
be explored further to understand possible
microcirculatory disturbances during chronic
nicotine intoxication. The pathologic effects
induced by nicotine may be amplified in some
instances. For example, it has been
demonstrated that nicotine decreases RBC
deformability in essential hypertension and
inhibits the efficacy of antihypertensive
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treatment on RBC deformability (28).
Therefore, a significant decrease of threshold
for microvessel reactivity due to action of
nicotine in disease conditions with
microvascular disturbances (e.g., cardio-
vascular disorders, sickle-cell diseases,
diabetes, lymphedema) is likely to occur.

The mechanisms underlying cellular and
subcellular disturbances of endothelial and
smooth muscle microlymphatic cells as well
as lymph and blood flow in vivo due to direct
action of nicotine remain to be investigated
further, including the effect of nicotine on
NO-synthase pathways, oxidative stress, and
cellular apoptosis. In this direction, the focus
of our future studies will be on in vivo single
cell responses to nicotine and the application
of selective inhibitors of cell receptors based
on the developed optical techniques. We have
recently demonstrated that TDM provides
high resolution (up to 350-400 nm) and high
speed (with short exposure time up to 0.1m
sec) real time imaging of rat mesentery at the
single cell level in vivo without any contrast
agent including images of lymph and blood
flow (e.g., moving single RBCs, leukocytes,
platelets, cell aggregation, cell shapes and
sizes) and interstitial structures (e.g., fat cells,
fibroblasts, fibers) (47,48). These
improvements should allow us to obtain more
detailed information on the impact of
nicotine. A limitation of TDM technique is
low absorption sensitivity, which does not
allow imaging of intracellular structures.

As shown in our recent data, the promising
direction for the detailed study of cell
migration (in vivo flow cytometry) and fixed
cells can be pursued by the application of the
combination of TDM and photothermal
imaging (53,54).

Thus, we conclude that nicotine induces
marked changes of small lymphatic function
via an acute direct impact in vivo. The
observed microlymphatic disturbances due to
the action of nicotine may be an important
mechanism of complex immediate reaction to
cigarette smoking. The acute lymphatic
damage from nicotine could be more crucial
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in some disease conditions or during
treatment regiments, where nicotine may
contribute to vascular abnormalities and
tissue edema.
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