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ABSTRACT

The effects of intravenous infusion of solu-
tions of varied colloid osmotic pressure on
mesenteric lymph pressure were measured by a
glass micropipette. The lymph pressure was 4.0
+ 1.6 em H,O between the second and third
valve of rat mesenteric lymphatic vessels with
diameter of 101 + 25um (mean + SD). Intra-
venous infusion of 1 ml/100g body weight
(B.W.) of isotonic saline, 5% glucose solution,
and 20% glucose solution increased the lymph
pressure by 1.6 + 0.5 cm H,O, 1.5 = 0.3 em
H,O and 2.0 + 1.0 em H,0O, respectively. Infu-
sion of 2 ml/100g B.W. of the same solutions
increased the lymph pressure by 3.3 + 1.3 cm
H,0, 3.3 + 1.6 cm H,O and 3.7 + 0.8 cm
H,0, respectively. Infusion of hydroxyethyl
starch solution, with colloid osmotic pressure of
25 mmHg, minimally altered the lymph
pressure. One ml/100g B.W. infusion of low
molecular weight dextran solution, with colloid
osmotic pressure of 162 mmHg, decreased the
lymph pressure by 1.3 = 0.9 cm H,O, and 2
ml/100g B.W. infusion of this solution decreased
the lymph pressure by 2.0 + 1.0 cm H,O. The
different effects on lymph pressure derive from
the differences in colloid osmotic pressure of these
solutions in conformity with the Starling

hypothesis.

According to Starling’s hypothesis fluid
transport across capillaries is governed by
the algebraic sum of effective hydrostatic and
colloid osmotic pressures. The filtrated fluid
returns to blood in two ways: via blood
capillaries and via lymphatic capillaries (1).
Although it is important to determine
lymph pressure to understand better the
movement of filtrated fluids through
capillaries, little definitive information has
been available until now because of difficulty
in obtaining accurate measurements.

In this study, lymph pressure in rat
mesenteric lymphatic vessels and the effect of
intravenous infusion of solutions with
various colloid osmotic pressures were dir-
ectly measured by a glass micropipette.

MATERIALS AND METHODS

Experimental Preparation

Male Wister rats weighing 94g (SD=7,
N=81) were anesthetized by intramuscular
injection of sodium pentobarbital at a dose
of 5 mg per 100g of body weight (B.W.). The
femoral vein, femoral artery and jugular vein
were cannulated to infuse solutions, to
monitor systemic blood pressure and central
venous pressure, respectively. The rat was
placed on a microscope stage in a lateral
position and was warmed with a warm bath
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built into the microscope stage to maintain a
rectal temperature of 37°C. About 7-10 cm
of intestine was gently exteriorized through a
midline incision in the lower abdomen and
was placed on a transparent plastic block
and unfolded. A warm (37°C) mammalian
Ringer’s solution composed of 146 mM
NaCl, 4 mM KCIl and 2 mM CaCl,, and
adjusted to pH 7.4 with NaHCO;, was irri-
gated by an infusion pump over the
unfolded intestine to keep the exteriorized
intestine under physiological conditions.

We used a Nikon triocular light
microscope (magnification: object lens x10,
TV relay lens x1), attached to a TV camera
connected to a video tape recorder, to
observe the lymph circulation on a TV
screen and to record the data. The time was
indicated on the screen. The final magnifica-
tion on the TV screen was 400 times. The
diameter and automatic contraction rate of
the lymphatic vessels were calculated from
reproduced video-pictures.

To study the effects of intravenous infu-
sion of solutions on lymph pressure in
mesenteric lymphatic vessels, the rats were
divided into 11 groups, namely: a control
group given no infusion; 1 ml or 2 ml per
100g B.W. isotonic saline infusion group; 5%
glucose solution infusion group; 20% glucose
solution infusion group; hydroxyethyl starch
solution infusion group; and low molecular
weight dextran solution infusion group. Each
rat was given only a single intravenous infu-
sion with one kind of solution. The solu-
tions were injected manually at a rate of 1
ml/15 seconds. All solutions employed were
commercial products for parenteral use in
humans. For the hydroxyethyl starch solu-
tion, 6-HES (Morishita Pharmaceutical Co.,
Ltd., Osaka, Japan) was used which con-
tained 6g hydroxyethyl starch (MW 60,000)
in 100 ml of isotonic saline, and the colloid
osmotic pressure was 25 mmHg. For the low
molecular weight dextran solution,
Rheomacrodex (Green Cross Co., Ltd.,
Osaka, Japan) was used which contained 10g
dextran (MW 25,000) in 100 ml of 5%
glucose solution, and the colloid osmotic
pressure was 162 mmHg.

Lymph pressure was measured for two
minutes before infusion and for 20 minutes
after infusion at about 20 second intervals,

and averaged lymph pressure for every two
minutes was calculated. Results were
expressed as mean + SD. Paired and
unpaired “‘t”’ tests were used to evaluate the
statistical significance of observed changes
within the groups and the statistical
significance of differences between the
groups, respectively. If the P value was less
than 0.05, then the changes and differences
were regarded as statistically significant.

Procedure and Principle of Measuring Lymph

Pressure

With aid of a manipulator under a
microscope, a selected lymphatic vessel was
punctured by glass micropipette and filled
with 1 M NaCl solution, generally between
the second and third valve. The other end
of the glass micropipette was connected by a
tube to a reservoir that contained 1M NaCl
solution. The height of the reservoir was
recorded together with electric resistance of
the glass micropipette, as measured by a
micropipette resistance meter (Nihonkohden
S-4882 Nihonkohden Co., Ltd., Tokyo,
Japan).

The electric resistance of a glass
micropipette depends on the concentration
of electrolyte within it. When the pressure in
the micropipette is higher than the pressure
in the lymphatic vessel, the IM NaCl solu-
tion in the micropipette keeps flowing out
into the lymphatic vessel. Therefore, the
electrical resistance of the micropipette is
stable, since the lymph cannot enter into the
micropipette. On the other hand, when the
pressure in the micropipette becomes lower
than in the lymphatic vessel, the lymph in
the lymphatic vessel begins to enter the
micropipette, and the micropipette then con-
tains both lymph and IM NaCl. As a result,
electrical resistance of the micropipette
increases greatly and immediately (2-4).
When an acute change of electrical
resistance in the micropipette is observed,
the height of the solution level in the reser-
voir above the tip of the micropipette is
defined as lymph pressure. The accurate
static response of our measuring device is
shown in Fig. 1.

The tip of the glass micropipette was 16
+ 3.5um (N=81) in diameter. Since the rat
mesenteric lymphatic vessels contracted
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Fig. 1: The linear relationship between test pressure
and measured pressure for our device.

rhythmically, lymphatic vessels that con-
tracted at a slower rate were selected, and
lymph pressure was measured during a sta-
tionary phase.

RESULTS

1) Lymph pressure in rat mesenteric lym-
phatic vessels

The lymphatic vessels, in which lymph
pressure was measured, were 101 + 25 um in
diameter. The lymph pressure was 4.0 + 1.6
cm H,0O, as shown in Fig. 2. The lymph
pressure in the control group that received
no infusion was stable, as shown in Fig. 3.
2) The effects of intravenous infusion of
solutions on lymph pressure in rat
mesenteric lymphatic vessels (Fig. 4)

The rate of infusion was 14.3 + 2.4
seconds (N=25) in the 1 ml/100g B.W. infu-
sion groups and 29.6 + 7.9 seconds (N =25)
in the 2 ml/100g B.W. infusion groups.
These rates of infusion minimally affected
blood pressure and central venous pressure.

a) Isotonic saline: One ml/100g B.W. infu-
sion of isotonic saline increased ‘the lymph
pressure by 1.6 + 0.5 cm H,0O (N=5) and 2
ml/100g B.W. infusion increased the
pressure by 3.3 = 1.3 cm H,0O (N=5). The
difference in increase of lymph pressure be-
tween these two infusions was significant.
The increase of lymph pressure that resulted
from infusion of 2 ml/100g B.W. was max-
imal at two to four minutes and was still
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Fig. 2: Distribution of average lymph pressure in rat
mesenteric lymphatic vessels. The results are based
upon observations made over two minutes for each of
81 rats. Lymph pressure is 4.0 = 1.6 cm H,O (mean
+ SD).

significant after 20 minutes. However, the
increase that followed infusion of 1 ml/100g
B.W. was no longer significant after 14
minutes.

b) 5% glucose and 20% glucose solution:
One ml/100g B.W. infusion of 5% glucose
and 20% glucose solution increased the
lymph pressure by 1.5 + 0.3 cm H,O (N=5)
and by 2.0 + 1.0 cm H,O (N=5), respec-
tively. Infusion of 2 ml/100g B.W. increased
the pressure by 3.3 + 1.6 cm H,O (N=5) for
5% glucose and by 3.7 = 0.8 cm H,O
(N=5) for 20% glucose. The difference in
increase of lymph pressure between 1
ml/100g B.W. infusion and 2 ml/100g B.W.
infusion of these two solutions was signifi-
cant. There was, however, no significant dif-
ference in the increase of lymph pressure
that followed 2 ml/100g B.W. infusions of
isotonic saline, 5% glucose solution or 20%
glucose solution. However, 1 ml/100g B.W.
infusion of 20% glucose solution increased
the lymph pressure significantly more than
that of 5% glucose solution.
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Table 1.
Change in Diameter of Lymphatic Vessels after Infusion

1 ml/100gB.W. iv group

NaCl 5% Glucose 20% Glucose HES LMWD
a b a b a b a c a d
85 88 100 100 50 50 100 100 88 88
130 130 125 125 95 113 75 78 63 63
140 150 103 100 105 125 75 75 88 88
100 100 125 125 163 163 148 130 83 88
2 mi/100gB.W. iv group
NaCl 5% Glucose 20% Glucose HES LMWD
a b a b a b a c a d
138 150 88 113 75 75 63 65 135 120
95 100 70 113 100 115 53 63 43 50
100 105 150 150 120 120 85 78 75 75
88 88 143 145 113 125 108 105 100 88

a: Diameter in um before infusion

b: Diameter in um at the maximum lymph pressure after infusion

c: Diameter in um at 10 minutes after infusion

d: Diameter in um at the minimum lymph pressure after infusion

NaCl, HES, and LMWD represent isotonic saline, hydroxyethyl starch solution and low molecular weight dextran

solution, respectively.

The difference between pre- and post-infusion diameter of lymphatic vessels is statistically insignificant under

each set of infusion by paired t test.

c) Hydroxyethyl starch solution: Infusion of
this solution barely altered the lymph
pressure. Two ml/100g B.W. infusion
decreased the lymph pressure significantly for
the first four minutes.

d) Low molecular weight dextran solution:
One ml/100g B.W. infusion of dextran solu-
tion decreased the lymph pressure by 1.3 *
0.9 cm H,0O (N=5), and 2 ml/100g B.W.
infusion decreased the pressure by 2.0 + 1.0
cm H,O (N=5). The decrease of lymph
pressure after 2 ml/100g B.W. infusion was
greater than that after 1 ml/100g B.W. infu-
sion, but the difference was not statistically
significant. The decrease of lymph pressure
was maximal after four minutes and per-
sisted for 20 minutes.

3) The effect of intravenous infusion of solu-
tions on the diameter and intrinsic contrac-
tion rate of rat mesenteric lymphatic vessels.

No significant change was found in the
diameter of the lymphatic vessels, as shown
in Table 1. The contraction rate of rat
mesenteric lymphatic vessels was 4.8 + 5.8

(N'=50) during the two minutes immediately
before infusion, and no significant change
was found after infusion.

4) The relationship between the changes of
lymph pressure, blood pressure and central
venous pressure following infusion of solu-
tions.

There was no relationship between
changes in lymph pressure, blood pressure
and central venous pressure, as shown in
Fig. 5. The change of blood pressure was
transient. When blood pressure returned to
the preinfusion level, the change in lymph
pressure was still observed.

DISCUSSION

Pressure recordings of lymphatic vessels
have been obtained from wings of the bat
(5,6), and in mesenteries of the cat and rat
(7). Since it has been reported that lymph
pressure rises upon passage through each
valve (7), we measured lymph pressure
mainly between the second and third valve.
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Thoracic duct lymph is believed to be influ-
enced by anesthesia (8), laparotomy (9), and
the status of water and food intake of the
animals (10). These factors may affect rat
mesenteric lymph pressure, but our
measurements of lymph pressure corre-
sponded well to that reported by Zweifach
and Prather (7).

Thoracic duct lymph is derived largely
from the abdominal viscera, especially in an
anesthetized animal (11), and is increased
following infusion of isotonic saline (12,13).
This increase of thoracic duct lymph is
thought to arise from an increase of intes-
tinal lymph (14). Our results show, however,
that an infusion of isotonic saline increases
mesenteric lymph pressure without a signifi-
cant change in the diameter of the lym-
phatic vessels. Despite lack of lymphatic dila-
tion, the increase in lymph pressure follow-
ing infusion is likely brought about by the
increase of lymph flow that originates in a
shift of fluid from capillary to interstitial
space. Indeed, the increase of lymph pressure
occurs almost immediately after the infusion
of isotonic saline. In conformity with this
viewpoint, Sekizuka reports that a solution

of 20% fluorescein sodium (MW 360),
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injected into a rat femoral artery, appears
about 60 seconds later in the mesenteric
lymphatic vessels (15).

The increase in lymph pressure that
followed 2 ml/100g B.W. infusion of isotonic
saline reached a peak in two to four
minutes, and lasted for 20 minutes. A
similar increase of lymph flow in the
thoracic duct after the infusion of isotonic
saline was observed by Yamada et al (16).
One ml/100g B.W. infusion of 20% glucose
solution raised lymph pressure more than
one ml/100g B.W. infusion of 5% glucose
solution. Nakagawa also reported that 50%
glucose solution increased the flow of
thoracic duct lymph more than 5% glucose
solution (17). Taken together these results
strongly support the assumption that the
change in lymph pressure that followed
intravenous infusion of solutions derived
from changes in lymph flow.

Because the colloid osmotic pressure of
isotonic saline, 5% glucose solution and 20%
glucose solution is zero, these solutions,
upon infusion into a vessel, must pass
through capillaries into the interstitial space
to increase lymph pressure. The presence of
hyperosmotic glucose solution in the inter-
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Fig. 3: Time course of variations in lymph pressure over 22 minutes in the control
group given no infusion of solutions. The upper panel shows change of lymph
pressure (AP). The results are means + SD for five rats. The changes in

lymph pressure are not statistically significant.
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Fig. 4: Effects of intravenous infusion of isotonic
saline, 5% glucose, 20% glucose, hydroxyethyl starch
(HES), and low molecular weight dextran (LMWD)
solution on Iymph pressure. One or two ml/100 g
body weight of these solutions is injected at time 0.
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Fig. 5: Representative tracing showing the effects of
intravenous infusion of isotonic saline, 5% glucose,
20% glucose, hydroxyethyl starch (HES), and low
molecular weight dextran (LMWD) solution on blood
pressure (BP), lymph pressure (LP), and central venous
pressure (CVP). Two ml/100 g body weight of each
solution is injected at the point indicated by an arrow

(time O).
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stitial space that results from the infusion of
20% glucose solution, causes a fluid shift
from the intracellular space to the inter-
stitium. This phenomenon probably
accounts for the fact that 1 ml/100g B.W.
infusion of 20% glucose solution increased
lymph pressure more than that of 5%
glucose solution.

In contrast, infusion of hydroxyethyl
starch solution caused little or no change in
lymph pressure. Infusion of Tayrod’s solu-
tion that contained dextran (MW
60,000-90,000), with colloid osmotic pressure
of 20 mmHg, did not affect thoracic duct
lymph (18). Because these two solutions have
a colloid osmotic pressure nearly equal to
that of rat plasma (20 mmHg), these solu-
tions after vascular infusion remained within
the vessel and, consequently, minimally
affected the lymph pressure.

Infusion of 25% serum albumin into cat
jugular vein decreases intestinal lymph flow
and mesenteric lymph pressure (19). Intra-
venous infusion of low molecular weight
dextran solution with hyper-colloid osmotic
pressure causes a fluid shift from interstitial
space into blood (20). This shift probably
explains why our infusion of low molecular
weight dextran solution, with colloid
osmotic pressure of 162 mmHg, decreased
lymph pressure. Even 1 ml/100g B.W. infu-
sion of the dextran solution was capable of
reducing lymph pressure to almost zero;
therefore, the difference in the decrease of
lymph pressure between 2 ml/100g B.W.
infusion and 1 ml/100g B.W. infusion of this
solution was not significant.

An elevation of pressure in the jugular
vein was reported to raise lymph pressure in
abdominal great collecting trunks (21), but
no correlation was found between central
venous pressure and mesenteric lymph
pressure in our study. The elevation of cen-
tral venous pressure apparently -was not
transmitted to peripheral mesenteric lym-
phatic vessels.

The rate of rhythmic contraction of rat
mesenteric lymphatic vessels in our results
was lower than that reported by Fujii et al
(22), and Tanra (23). This inconsistency may
be attributed to: 1) our dosage of anesthetic
agent was larger; 2) the less vigorously con-
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tracting lymphatic vessels were deliberately
selected to measure lymph pressure; 3) our
Ringer’s solution used for irrigation of the
exteriorized intestine did not contain 1%
gelatin, which reportedly preserved vascular
responsiveness (24).

Increase of lymph production or lymph
pressure has been suggested to raise the con-
traction rate of lymphatic vessels (25-27).
Although our results did not demonstrate
this effect, contractility of lymphatic vessels
may have been suppressed by “deeper”
anesthesia, as mentioned by Hall (28).

The diameter of the lymphatic vessels
was not affected by the changes in lymph
pressure that followed intravenous infusion
of solutions. Presumably, the changes of
tissue pressure that occurred concomitantly
with the changes in lymph pressure (29,30)
counteracted an enlargement in diameter of
lymphatic vessels.

In summary, our study has demon-
strated that intraluminal pressure within rat
mesenteric lymphatics is 4.0 + 1.6 cm H,O
and that the response of lymph pressure to
intravenous infusion of solutions with
various colloid osmotic pressure conforms to
Starling’s hypothesis.

ACKNOWLEDGEMENT

The authors wish to express their deep
gratitude to Professor Issei Seyama, Chair-
man of the Department of Physiology,
Hiroshima University School of Medicine,
for his helpful suggestions and review of this
manuscript.

REFERENCES

1. Nisimaru, Y: The basis of angiology. A con-
cept of body fluid circulation. Hiroshima J.
M. Sci. Med. 24 (1975), 1.

2. Wiederhielm, CA: Servo micropipet pressure
recording technic. Methods in Med. Res. 11
(1966), 199.

3. Intaglietta, M: Pressure measurements in the
microcirculation with active and passive
transducers. Microvasc. Res. 5 (1973), 317.

4. Fox, JR, CA Wiederhielm: Characteristics of
the servo-controlled micropipet pressure
system. Microvasc. Res. 5 (1973), 324.

5. Wiederhielm, CA, BV Weston:

Microvascular, lymphatic, and tissue pressures

Permission granted for single print for individual use.
Reproduction not permitted without permission of Journal LYMPHOLOGY.



116

10.

1

12.

13.

14.
15.

16.

17.

18.

19.

20.

in the unanesthetized mammal. Am. ].
Physiol. 225 (1973), 992.

Nicoll, PA, RD Hogan: Pressures associated
with lymphatic capillary contraction.
Microvasc. Res. 15 (1978), 257.

Zweifach, BW, JW Prather: Micromanipula-
tion of pressure in terminal lymphatics in the

mesentery. Am. ]. Physiol. 228 (1975), 1326.

. Yamada, S, Y Isogai, T Morimoto, et al:

Effects of anesthetics on the thoracic duct
lymph with special reference to the regional
lymph. J. Kyoto Pref. Univ. Med. 92 (1983),
373.

Watkins, AL, MN Fulton: The effect of fluids
given intraperitoneally, intravenously and by
mouth on the volume of thoracic duct lymph
in dogs. Am. J. Physiol. 122 (1938), 281.
Reinhardt, WO, B Bloom: Voluntarily
ingested sodium chloride as a lymphagogue in
the rat. Proc. Soc. Exp. Biol. Med. 72 (1949),
551.

Morris, B: The hepatic and intestinal con-
tributions to the thoracic duct lymph. Q. J.
Exp. Physiol. 41 (1956), 318.

Reinhardt, WO: Partition between lymph
and urine of intravenously administered fluid.
Am. J. Physiol. 169 (1952), 198.

Brace, RA, GG Power: Thoracic duct lymph
flow and protein flux dynamics: response to
intravascular saline. Am. J. Physiol. 240
(1981), R282.

Hatta, H: Lymphatics and lymph flow (II). J.
Hiroshima Med. Assoc. 13 (1960), 567.
Sekizuka, E, T Ohsio, H Nagata, et al: The
mechanism of transport of low molecular
weight substances to collecting lymphatics in
mesentery. Jpn. J. of Lymphol. 7 (1984), 65.
Yamada, S, T Morimoto, H Nose, et al:
Responses of the vascular-interstitial-lymph
system to saline loading in the rat. Jpn. J.
Physiol. 34 (1984), 575.

Nakagawa, T: Effect of injection of 5% and
50% glucose solution into the carotid vein on
the thoracic duct lymph flow and lymphocyte
output in adrenalectomized and sham-
operated rats. J. Sec. Dep. Anatomy, Kyoto
Univ. School of Med. 10 (1967), 1.

Leonard, JI, PH Abbrecht: Dynamics of
plasma-interstitial fluid distribution following
intravenous infusions in dogs. Circ. Res. 33
(1973), 735.

Hargens, AR, BW Zweifach: Transport be-
tween blood and peripheral lymph in
intestine. Microvasc. Res. 11 (1976), 89.

Hint, H: Pharmacology of dextran and the
physiological background of its clinical use.
Med. Postgraduates 6 (1968), 189.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Szabo, G, Z Magyar: Effect of increased
systemic venous pressure on lymph pressure
and flow. Am. J. Physiol. 212 (1967), 1469.
Fujii, K, M Morio, S Baez: Effect of
temperature and pH on the rate of mesentery
lymphatic contraction in the rat. Proc. X
International Congr. Angiology (1976), 613.
Tanra, AH: Studies on the contraction of rat
mesentery lymphatic vessels. 1. Effect of local
temperature and pH on the rat mesentery
lymphatic vessels. Hiroshima ]. Anesthesia 16
(1980), 139.

Zweifach, BW: The microcirculation in the in-
testinal mesentery. Microvasc. Res. 5 (1973),
363.

Smith, RO: Lymphatic contractility. A possi-
ble intrinsic mechanism of lymphatic vessels
for the transport of lymph. ]. Exp. Med. 90
(1944), 497.

Hall, JG, B Morris, G Woolley: Intrinsic
rhythmic propulsion of lymph in the
unanesthetized sheep. J. Physiol. 180 (1965),
336.

Mislin, H: New trends in lymphology. Active
contractility of the lymphangion and coor-
dination of lymphangion chains. Experientia
32 (1976), 821.

Hall, JG: Current concepts. The flow of
lymph. New Engl. ]J. Med. 281 (1969), 720.
Wallentin, I: Importance of tissue pressure for
the fluid equilibrium between the vascular
and interstitial compartments in the small in-
testine. Acta Physiol. Scand. 68 (1966), 304.
Chen, HI, H] Granger, AE Taylor: Interac-
tion of capillary, interstitial, and lymphatic
forces in the canine hindpaw. Circ. Res. 39

(1976), 245.

Dr. Masamitu Shinozaki, M.D.

Department of Anesthesiology

Hiroshima University School of
Medicine

Kasumi 1-2-3, Minami-ku

Hiroshima 734, Japan

Permission granted for single print for individual use.
Reproduction not permitted without permission of Journal LYMPHOLOGY.





