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In spite of the numerous investigations di- 
rected to stcdy lymph propulsion, wide discrep- 
ancy exists about the mechanisms of action of 
drugs altering thoracic duct lymph flow (1-3). 
During our previous studies on the transport of 
calcium by the lymph we observed that between 
the onset of a hypocalcemic challenge produced 
by ethylenediaminotetracetate infusion and the 
return of serum calcium to normal levels, 
thoracic duct lymph flow (TDLF) was markedly 
increased (4). Further experiments determined 
that the rise in serum calcium that followed 
hypocalcemia was responsible for the increase in 
TDLF. The purpose of this investigation was 
that of analyzing and quantifying such a re- 
sponse. 

Methods and Materials. Experiments were 
performed in adult mongrel dogs of both sexes 
divided in groups of five animals each. They 
were fed achow containing all essential nutrients 
in their adequate proportions and tap water ad 
lib. One group of these animals was 
parathyroidectomized three days prior to the ex- 
periment. The success of the ablation was as- 
sessed by the fall in total serum calcium. Whole 
milk was administered ad lib postoteratively to 
the parathyroidectomized animals to prevent 
tetany. The amount of milk consumed varied 
from animal-to-animal but it was helpful in slow- 
ing down the general deterioration observed in 
parathyroidectomized dogs. 

On the morning of the experiments, dogs were 
anesthetized with intravenous pentobarbital in 
successive doses to the point of apnea. This level 
of anesthesia was maintained throughout the ex- 
periment by additional pentobarbital doses in 
order to avoid changes in respiratory rate, depth 
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and rhythm, which can alter TDLF. Animals 
were intubated with a cuffed endotracheal tube 
connected to a positive pressure ventilator 
(Bird). Respiratory rate was regulated to pro- 
duce a panting-type of respiration (45/min at 15 
cm of water of maximum inspiratory pressure). 
The right femoral artery and vein were dissected 
at the groin and catheterized with a polyethylene 
catheter advanced to the abdominal aorta and the 
inferior vena cava levels, respectively. Pressures 
were recorded using transducers and a mul- 
tichannel apparatus. 

The thoracic duct was exposed over the left 
side of the neck, ligated at its entrance into the 
jugular vein and catheterized with a 
'polyethylene catheter. Lymph was allowed to 
flow by gravity into a fraction collector. Lymph 
flow was expressed as ml of lymph/kg body 
wdmin. After a period of stabilization during 
which blood pressure and lymph flow were 
found to be constant, a bolus dose of a 10% 
solution of calcium gluconate in water was in- 
jected and calculated to provide 0.5 mg of ionic 
calcium/kg body wt. The same amount of cal- 
cium was reinjected when lymphatic flow and 
aortic blood pressure (A3P) returned to a new 
steady baseline. In two additional groups of in- 
tact and parathyroidectomized animals, a solu- 
tion of 0.9% sodium chloride in water was in- 
jected in volumes equal to those calculated for 
calcium gluconate, according to their weight. In 
these animals sham operations were performed 
during which the parathyroid glands were ex- 
posed but not removed. Serum and lymph cal- 
cium were measured using atomic absorption 
spectrophotometry . 

Results. The injection of 0.9% sodium 
chloride in water in intact or parathyroidec- 
tomized dogs did not alter TDLF or ABP. 
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Figure 1 depicts our results in intact dogs. In 
this group of animals serum calcium rose from 
9.5 t 0.2 mg/100 to 12.3 t 0.1 mg/100 (2 SD). 
This was accompanied by a rise in lymph cal- 
cium from 6.2 k 0.4 mg/100 to 9.3 t 0.2 
mg/100 ( 2  SD). TDLF augmented from a 
baseline level of 0.018 ml/kg body wt/min to a 
peak of 0.053 ml/kg body wt/min. At this time 
serum calcium was 12.3 mg/100. Thereafter as 
serum calcium reached further hypercalcemic 
levels TDLF showed a tendency to decrease. 
Mean control ABP in this group of animals was 
122 mm of mercury. This pressure increased an 
average of 4.3 mm Hg immediately after each 
injection of calcium. Inferior vena cava pres- 
sures did not change in any of the groups 
throughout the experiments. 

In the parathyroidectomized group the injec- 
tion of calcium raised the total serum calcium 
from a mean control level of 7.1 t 0.5 mg/100 to 
a level of 10.7 k 0.5 mg/100. This was followed 
by a rise in TDLF from 0.019 to 0.065 ml of 
lymph/kg body wt/min. Lymph calcium was 
elevated from 5.7 t 1 to 9.5 t 0.5 mg/100 
(+- SD). Mean control ABP in these animals was 
120 mm of mercury which was raised an average 
of 12 mm Hg after each calcium injection. 

Discussion. These experiments demonstrate 
that increases in serum calcium levels are ac- 
companied by an augmentation of TDLF and 
ABP in intact and parathyroidectomized dogs. 
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FIG. 1 .  Changes in aortic blood pressure, thoracic duct 
lymph flow, serum and lymph calcium in a group of five 
intact dogs receiving intravenous calcium in increments of 
0.5 mg of Ca2+/kg body wt. Points represent the mean of five 
experiments -+- standard deviation. 

Although lymph production is a relatively 
well understood phenomenon, the passage of 
this fluid into the end capillary lymphatic is still a 
subject of debate. Accordingly, valve trapping 
of lymph, low interstitial fluid pressure and di- 
rect passage through the capillary walls have all 
been utilized as possible exglanations (6). Once 
into the end capillary lymphatic, lymph is prob- 
ably propelled by a combination of extrinsic 
(skeletal muscle contractions and changes in 
pressure of body cavities) or intrinsic forces (ac- 
tivity of the smooth muscle present in the lym- 
phatic vessel wall). The relative value of each of 
these factors is still a matter of controversy. 
However, clarification of these points is an 
overdue necessity because lymph return to the 
venous circulation has bee? considered an im- 
portant factor in the survival from septic and 
hemorrhagic shock (7). Furthermore, the fact 
that a dose related response can be elicited by a 
calcium injection provides a useful tool to stutly 
the pharmacodynamics of agents altering lym- 
phatic flow. 

In our experimental design, several factors 
could have been responsible for the rise in 
TDLF. The most obvious one, an increase in 
ABP, could perhaps be the most significant and 
could have increased lymph flow by raising the 
head of arterial pressure entering the capillary 
beds; thus, augmenting the filtration rate in that 
area. 

Calcium has been demonstrated to be an im- 
portant mediator in the response of the adrenal 
medulla to acetycholine (8) and to produce a 
vigorous release of catecholamines from the ad- 
renals. Fujii (9) demonstrated that lymph flow 
increases , parallel elevations in blood pressure 
produced by vasopressors. He also observed after 
the injection of a vasopressor, lymph flow re- 
mained higher and longetthan the arterial blood 
pressure. Corroborating his work, Baisset (1) 
showed that sympatheticomimetic drugs in- 
crease TDLF. It is therefore possible that in our 
experiments calcium may have produced a pri- 
mary increase in ABP which would have in- 
creased TDLF by augmenting the filtration rate 
across the capillary bed. 

It has been postulated that TDLF may be 
propelled by three types of skeletal muscle 
pumps; peripheral, abdominal or thoracic (1 0). 
Our observed rise in TDLF could have also been 
the result of changes in skeletal muscle activity 
because calcium has been demonstrated to alter 
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FIG. 2. Changes in aortic blood pressure, thoracic duct lymph flow, serum and lymph calcium in a group of five. 
parathyroidectomized dogs receiving intravenous calcium in increments 3f 0.5 mg of Ca"/kg body wt. Points 
represent the mean of five experiments 2 standard deviation. 

the contractibility of the skeletal muscle system 
(1 1). Such contractions are known to alter lymph 
flow by externally compressing a vessel in which 
the flow of lymph is governed by a unidirectional 
valve system. In spite of the heavy doses of 
nembutal utilized, some of our parathyroidec- 
tomized dogs exhibited fibrillatory muscle activ- 
ity in their tongues demonstrating the ability of 
the skeletal muscle system to contract. In an 
unpublished group of experiments, tubocurarine 
chloride and succinylcholine chloride were un- 
able to prevent the action of calcium on both 
TDLF_md ABP. 

Finally, calcium may have acted directly on 
the smooth muscle present in the lymphatic and 
arterial wall, causing them to contract, and thus 
producing parallel increases in ABP and TDLF. 
Some investigators have insisted that the con- 
traction of the lymphatic channel is the most 
important factor in lymph propulsion (2). Cor- 
roborating these theories Hall demonstrated that 
lymph flow occurs against gravity in animals 
that, like the bat, rest upside down (5). Contrac- 
tions of the regional lymphatics of the human 
abdomen have been observed and described by 
Kinmouth ( 12). These contractions have not 
been documented yet. Attempts to physically 
record them in isolated perfused lymphatic 
channels either by kimography or by time-lapse 
photography have met with failure in our hands. 

We did not attempt in these experiments to 

establish a correlation between the onset of the 
ABP elevation and the rise in TDLF. We mea- 
sured ABP at its immediate source, the aortic 
lumen but it is our impression that TDLF is a 
final common pathway from multiple lymph 
sources and we do not know if the lymph flow 
recorded at thoracic duct levels reflect the ex- 
actly true onset of the phenomenon as it occurs in 
the end capillary lymphatic. Thus, the possibil- 
ity of a time delay factor has hampered our 
ability to correlate both ABP and TDLF. In other 
series of unpublished experiments we have at- 
tempted but failed to block the rise in ABP utiliz- 
ing alpha and beta sympathetic blockers alone or 
in combination with reserpine and adrenalec- 
tomy. In this group, calcium still produced a rise 
in TDLF and ABP. 

TDLF changes were similar in both intact and 
parathyroidectomized dogs. It is therefore pos- 
sible that the action of calcium is not mediated by 
a response of the parathyroid glands. In the 
parathyroidectomized group, calcium produced a 
greater response in ABP, a phenomenon we can- 
not explain. 

Conclusions. These experiments demonstrate 
that rises in serum calcium produce in intact and 
parathyroidectomized dogs an augmentation of 
lymph flow from an average of 0 .O 18 ml/kg body 
wt/min to 0.06 d k g  body wt/min. A rise in 
ABP, more marked in the parathyroidectomized 
groups, accompanied the TDLF augmentation. 
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The associated rise in ABP may be sufficient to 
produce this effect by increasing the precapillary 
pressure. Other possible reasons for this effect 
could be an increase in skeletal muscle activity, 
or the contraction of the smooth muscle pres- 
ent in the lymphatic vessel wall. 
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