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EDITORIAL

THE INTRINSIC LYMPH PUMP: PROGRESS AND PROBLEMS’

In the following essay, I briefly discuss
some of the data generated in the last
two years that is pertinent to the issue of
the "lymph pump” and relate some of the
major obstacles and problems associated
with studies on lymphatic contractile ac-
tivity. For a more comprehensive review
of this subject, interested readers are
referred to a monograph published in
1985 entitled Experimental Biology of the
Lymphatic Circulation (1).

It seems to me that there are more
investigators interested in the lymphatic
circulatory system now than there were 10
years ago when I stumbled into this field.
At that time, apart from one group in
Belfast and one in Japan there appeared
to be little interest in the mechanisms
regulating lymphatic vessel contractions.
One of the early problems I encountered
was in convincing the Medical Research
Council (MRC) of Canada to make a
distinction between the terms lymphatic
and lymphoid. Because the MRC re-
served the right to have grants reviewed
by the panel it judged most appropriate,
and the terms lymphoid and lymphatic
were synonymous in their view, my grant
was reviewed by an "immunology panel.”
Needless to say, the grant did not get
favorable reception from this group which
was not surprising since the proposal had
nothing to do with the lymphocyte. This

situation has now improved but clearly,
confusion still exists in some sectors of
the biomedical community. As an exam-
ple, a few months back, I was asked to
present some of our work to one of the
clinical departments at the University of
Toronto. I spent 45 minutes discussing
issues in lymphatic physiology that I
thought were important and attempted to
put the concept of an intrinsic lymph
pump into a perspective that might make
sense to a clinical audience. At the end of
my talk, the Chairman of the department
thanked me for my presentation but then
asked a revealing question. Since (he
claimed) all liquid that leaks from the
terminal vascular bed was resorbed at the
venular end of the microcirculation, he
was unclear as to what liquid (Iymph) I
was talking about. He found it difficult to
accept that one could actually put a cath-
eter in a lymphatic vessel and collect vol-
umes of liquid. At this point, I knew that
I had failed to impress the audience of
the importance of the lymphatic circula-
tion (in fact perhaps, even of the exis-
tence of lymph!) and as a consequence,
the concept of an intrinsic lymph pump
would not make much sense.

Within physiological circles of course,
the situation is quite different. The study
of lymph and lymphatics if not fashion-
able, is still a respectable undertaking.

*Although lymphatic contraction has long been advocated as a prime mechanism for propelling lymph fluid
forward, mounting evidence in recent years has firmly established the correctness of this physiologic concept
(see p. 135). Along with burgeoning interest, however, remains the not to be underestimated difficulty and
limitations of acquiring and recording lymph dynamic data and finally accurately interpreting and reporting
the results obtained. In the above Editonal, these issues are addressed by one of lymphology’s foremost

investigators (Ed.).
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We are starting to see symposia at major
meetings that include the intrinsic lymph
pump as one of the discussion topics.
However, I have found that the idea of a
contracting lymphatic vessel playing a role
in the movement of liquid and protein
from the tissue spaces back to the blood-
stream, is often met with hostility, parti-
cularly in North America. To be fair, it is
no doubt true that our knowledge in this
area is primitive and it is difficult to fit
the concept of a flexible lymph pump into
some physiological perspective. Nonethe-
less, the intrinsic lymph pump is an at-
tractive concept. Increases in transmural
pressures both in in vitro and in vivo
preparations enhance lymphatic pumping
activity (reviewed in 2) and it seems pos-
sible that the lymphatics increase or de-
crease contractile activity depending on
the needs of the local tissues or perhaps
the needs of the organism as a whole. It
has been suggested that this pumping
mechanism is also responsible for literally
sucking tissue fluid into the initial lym-
phatics and therefore contributes not only
to the propulsion of fluid within the ves-
sels but also plays an important role in
lymph formation itself (3).
Unfortunately, we cannot relate lym-
phatic pumping with events in the tissue
spaces with the possible exception of the
bat wing model where some progress
along these lines has been made. For the
most part, we are restricted to studies of
the lymphatic vessel itself and can only
speculate as to the implications at the
interstitial level. Until techniques are de-
veloped to address this issue experimen-
tally, this shortcoming will remain a seri-
ous obstacle to understanding the role of
the lymph pump in fluid and protein reg-
ulation. Apart from this severe limitation,
several other objections to the lymph
pump concept have been raised. These
can be most clearly demonstrated in the
questions that followed a Lymphology
symposium in Japan as part of the Micro-
circulation Congress of 1987. I direct any
interested readers to the December 1987
issue of Lymphology (20:4, 235-238,271)
for a synopsis of the spirited post-sympo-
sium discussion. I will address the most
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salient features here briefly.

At the outset, we need to define the
term "intrinsic lymph pump." The term
lymph pump has been loosely applied to
all the forces that are responsible for
moving liquid and protein from the tissue
spaces into the initial lymphatics as well
as those forces that are responsible for
the propulsion of lymph once the liquid is
inside these vessels. In the former case
this could include osmotic gradients as
has been proposed by Casley-Smith (4) or
hydrostatic forces. The latter could in-
clude extrinsic compression forces or re-
sult from the contractions of the initial
lymphatics (reviewed in 3). As the osmot-
ic theory of lymph formation seems to
have little support, the hydrostatic theory
remains the most plausible. The question
of which is the dominant force, i.e., the
contracting lymphatic vessels (intrinsic
lymph pump) or extrinsic forces acting on
the lymphatics to cause compression/re-
laxation cycles, is still debated.

One frequent comment is that lym-
phatics in some species do not contract.
This assertion, of course, may very well
be true. However, the evidence for this
contention seems to be based more on
casual observation than on systematic
experimentation. I have noticed non-con-
tracting lymphatic vessels in a variety of
circumstances. In fact, our early attempts
to study contractile behavior in sheep and
bovine lymphatics often resulted in fail-
ure. It wasn’t until we refined our tech-
niques after considerable effort, that we
were able to study consistently the me-
chanical behavior of these lymphatic ves-
sels. The key issue is that it is very easy
to damage lymphatics; one must be ex-
ceedingly careful in preparation since
handling of the ducts or changes in the
local environment (such as temperature)
can inhibit contractions. The lymphatic
vessels often have to equilibrate for many
hours after surgical and/or isolation pro-
cedures before intrinsic activity returns. In
addition, many studies utilize anesthetics
and these are known to have deleterious
effects on lymphatic motion (5-7). For
example, at concentrations above 10*M
(levels likely to be achieved in anesthe-

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



118

sia), pentobarbitone or halothane charac-
teristically abolish spontaneous contrac-
tions of bovine mesenteric lymphatics (7).
To establish definitely whether a lymphat-
ic in a given tissue is capable of contrac-
tion requires considerable experimental
effort.

Whether a lymphatic vessel contracts
or not has also been presumed to depend
on its content of smooth muscle cells. In
the larger vessels used for studying the
mechanical properties of the lymphatics,
it is clear that they contain multiple layers
of smooth muscle cells and so the concept
of contractile activity has been somewhat
easier to accept. However, lack of smooth
muscle in the walls of initial lymphatics
has been invoked to suggest that they are
incapable of exhibiting this type of activi-
ty. It is interesting, however, to note how
the image of the endothelial cell has
changed over the last several years. At
one point, endothelia were considered to
be passive lining cells but now are
thought capable of dynamic interactions
with blood elements and humoral factors
(8). The notion that endothelial cells may
contract is certainly not new. Endothelial
cells are known to contain contractile ele-
ments and investigators who study the
inflammatory response proposed many
years ago that endothelial cells, especially
in post-capillary venules, contract in re-
sponse to certain inflammatory mediators
and in the process, increased the perme-
ability of the terminal vascular bed (9).

Initial lymphatics appear to be rela-
tively simple endothelial tubes which lack
the basal lamina characteristic of their
blood vascular counterparts (10). As one
might expect, the study of initial lymphat-
ics poses experimental difficulties and
only with the bat wing model have investi-
gators been able to study this issue. In the
bat, direct evidence is available that initial
lymphatics are capable of contracting and
measurements of micropressures in the
initial lymphatics and surrounding intersti-
tium suggest that this activity plays an
important role in drawing liquid into the
vessels (11). Unfortunately, the anatomy
of these lymphatic vessels has not been
extensively studied and therefore, it is not

certain that they are completely devoid of
smooth muscle cells. In any event, the
question of whether initial lymphatics in
other species are capable of contracting is
an important area for further research.
Data from lymphatic vessels isolated in
vitro or in vivo illustrate that pumping
activity can be initiated by applying a
transmural pressure to initial lymphatics
(12) and to collecting ducts (13,14). As
transmural pressures are raised, pumping
increases up to a peak pressure, after
which flow declines. Lymphatic function
curves obtained in this manner suggest
that the lymph pump is capable of adapt-
ing its activity to changes in interstitial
fluid volume or is responding to a pres-
sure load in such a way as to maintain
lymph flow at a given level. However,
work from Drake and his associates ap-
pears to challenge this concept. These
investigators have monitored lymph flow
rates from a variety of organs and studied
the effects of raising the outflow pressure
which results in a reduction in flow rates
(15-19). The findings have led this group
to propose a model of lymph flow that
essentially ignores the concept of the in-
trinsic lymph pump. In their analysis, a
constant driving pressure pushes lymph
against a given resistance. A requirement
for this model, however, is that the rela-
tionship between the fall in lymph flow
and the outflow pressure must be linear.
While Drake et al claim the results fulfill
this requirement, others have been unable
to generate similar data. The Belfast
group, for example, has demonstrated
that lymph flow rates decreased non-lin-
early as outflow pressures were raised in
both afferent and efferent popliteal ves-
sels in sheep (20). Measurements of lym-
phatic pressure revealed increases in con-
traction frequency (at the expense of
stroke volume) as outflow pressures in-
creased. Calculations of lymphatic power
production were consistent with a lymph
pump attempting to overcome the eleva-
tions in outflow pressures up to a maxi-
mum level, after which the level of power
declined presumably as the pump failed.
As it is easier in relative terms, to dem-
onstrate a lack of pumping activity than it
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is to show active contractions, it seems
likely that the experiments from the Bel-
fast group reflect the role of the lymphat-
ic vessel in contributing to lymph propul-
sion, at least in the tissue bed they were
studying. Whether this phenomenon is
true of other tissues has yet to be deter-
mined.

In this regard, an intrinsic lymph
pump may not be necessary in all tissues.
Other mechanisms may be equally or
more important. For example, in the bow-
el, experimental evidence suggests that
lacteal pressures correlate with intestinal
motility and that in some species, contrac-
tions of the mucosal villi exert a milking
action that forces lymph into the submu-
cosal lymphatics (21,22). In this case, the
smooth muscle in the villi appears to pro-
vide a major part of the propulsive force
at least until the lymph enters the larger
collecting ducts. In other tissues as well,
extrinsic compression forces may contrib-
ute significantly to the movement of lig-
uid and protein from the tissue spaces
into the initial lymphatic vessels and pos-
sibly in some cases, aid in the propulsion
of lymph along the collecting ducts
(2324).

If the regulation of lymph propulsion
was exclusively by extrinsic compression
forces, the removal of liquid and protein
from the tissue spaces would be predomi-
nantly if not purely a passive process.
One of the attractive features of the in-
trinsic lymph pump hypothesis is that the
pump is flexible with the ability to adjust
its activity depending on levels of intersti-
tial hydration. The regulation of pumping
appears to be largely myogenic but in
addition, lymphatics are innervated (25)
and respond to a wide variety of humoral
factors (2) suggesting that the host is able
to exert finer control over lymph propul-
sion in some situations. Indeed, evidence
from in vivo experiments in sheep, sug-
gests that the modulation of lymphatic
pumping can be independent of changes
in filtration. Lymphatic vessels can be
isolated in vivo from lymph input with
their blood and nerve supplies left intact
(14,26,27). The input to the duct is pro-
vided from a reservoir, and by arranging
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the heights of reservoir and the outflow
catheters appropriately, a transmural
pressure can be applied to the prepared
lymphatics. This pressure effect in turn
stimulates lymphatic pumping activity
which can be monitored in the anesthe-
tized or non-anesthetized animal. McHale
and colleagues (26) have demonstrated
that a fright stimulus to sheep can alter
pumping in this preparation and further
that the administration of intravenous
noradrenalin stimulates pumping while
isoprenaline depresses flow (26).

Using a similar model, we have ob-
served that a bleed of 25% of total blood
volume resulted in increased fluid pro-
pulsion over a 6 hour period (27). Pump-
ing activity increased up to 6-fold above
control levels. In another study, we ob-
served that intravenous endotoxin sup-
pressed pumping activity (14). Because
this model system distinguished between
lymph formation and lymph pumping, we
concluded that these effects did not relate
to changes in vascular parameters or fil-
tration. These results suggested that
lymph vessels in vivo responded not only
to myogenic stimulation, but also could
be modulated by host-derived neurohu-
moral or other factors. The host’s ability
to modulate the lymph pump opens many
new possibilities in the regulation of in-
terstitial hydration in physiological and
pathophysiological states. For example, it
will be of interest to determine whether
the host is capable of mobilizing intersti-
tial protein through stimulation of lym-
phatic pumping following hemorrhage?
Does the depression of pumping that oc-
curs with endotoxin contribute to edema
formation? Whatever the answers to these
questions turn out to be, it would appear
that further investigation of the role and
significance of the intrinsic lymph pump is
warranted and may well provide interest-
ing new insights into some unanswered
physiological problems.

Since the publication of the mono-
graph, Experimental Biology of the Lym-
phatic Circulation in 1985, progress has
been made in understanding the regula-
tion of lymphatic pumping by neurohu-
moral factors and extending these studies
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to the smaller lymphatics and lymphatics
from other tissues and species. Much of
the information on the lymph pump has
come from studies on bovine vessels in
vitro and more recently on in vitro and in
vivo preparations in sheep. Mesenteric
vessels are the most commonly used be-
cause of relatively easy access and suit-
able size.

Investigators in Belfast have been
among the most active in studying the
mechanisms regulating lymphatic pump-
ing using predominantly the bovine mes-
enteric preparation. Largely through the
efforts of this group, we know that lym-
phatic vessels are innervated by noradre-
nergic nerves and recently they have ex-
panded their studies of the electrophysio-
logical consequences of a-adrenergic
stimulation (28,29), demonstrated the
phenomenon of rapid desensitization of
lymphatic adrenoceptors of exogenous
noradrenaline or field stimulation (30)
and studied the effects of K* channel
blockers on electrical activity of these
vessels (31). In addition, McGeown and
associates (32) have studied the effects of
sympathetic stimulation on lymph flow in
the anesthetized sheep. They demonstra-
ted that the stimulation of the lumbar
sympathetic chain enhanced flow rates
and increased lymphatic contraction fre-
quency suggesting that the intrinsic lymph
pump had been directly affected. In terms
of humoral regulation, to complement
earlier studies using the ring preparation,
we have used the isolated bovine mesen-
teric system to investigate the effects of
chemical mediators on pumping activity.
Prostaglandin E,, a thromboxane ana-
logue (compound U46619), and the cyto-
kines Interleukin-1a and B, were all capa-
ble of inhibiting pumping (33,34) and
their entry into lymph may have some
impact on the ability of the lymphatic
vessels to drain the interstitium during
inflammatory responses.

The potential heterogeneity of lym-
phatics is a problem that will have to be
addressed. Blood vessels from different
parts of the body respond differently to
some agonists and inhibitors and it is
likely that the same is true of lymphatics.

There are now several studies using hu-
man lymphatics which tend to support the
earlier work on bovine vessels. Thus, seg-
ments of human lymphatics from the
groin (35) and from unspecified tissue
sources (36,37) have been isolated and
their contractile properties studied in vi-
tro. As is the case with bovine vessels,
some inflammatory mediators and nor-
adrenaline and especially prostaglandins
and leukotrienes, induce phasic and tonic
changes in these lymphatics. The fact that
human lymphatics seem capable of syn-
thesizing various arachidonic acid prod-
ucts (38,39) supports our original hypoth-
esis that arachidonate metabolism within
the vessel wall plays a role in modulating
spontaneous and agonist-induced contrac-
tions. In addition, studies along these
lines have also been carried out on rat
mesenteric lymphatics (40) and on the
initial lymphatics of the bat wing (41).
Many of the classical inflammatory medi-
ators effect the rat preparation, but only
bradykinin appears to exert an effect on
the initial lymphatics of the bat. The lat-
ter studies are significant in that they
probably are the first to examine humoral
control of the initial lymphatics and it is
hoped that this work will continue in the
future.

The initial lymphatics respond to in-
creases in transmural pressure by increas-
ing their contractile activity much like the
larger collecting ducts (12). However,
infusion of saline into the interstitium of
the bat wing produces no transmural
pressure changes in the initial lymphatics
but the lymphatics still respond to the
infusion by increasing contractile activity
similar to that which occurs following
intraluminal injection (42). The authors
suggest that this response is due to radial-
ly directed tension applied to the lym-
phatic wall by anchoring filaments which
tend to pull the lymphatics open as inter-
stitial volume increases. One potentially
serious limitation of the bat model is that
it is necessary to induce edema in order
to locate the initial lymphatics before the
experiment can be performed. Whether
results from these experiments can be
applied to the non-edematous state is not
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known.

In summary, our understanding of the
regulation and significance of the intrinsic
lymph pump is still in a rudimentary
state. Progress has been made and more
investigators appear to be interested in
lymphatics now that it has been substan-
tiated (in some systems at least) that
these vessels are not simply passive con-
duits, but have the ability to participate
actively in fluid and protein homeostasis.
Although there are those who remain
skeptical about the idea of an intrinsic
lymph pump, it is my admittedly biased
view, that in most tissues and organs and
in most species, lymphatic vessels play an
active role in controlling extravascular
liquid and protein. I find it hard to accept
that anything as important as the regula-
tion of tissue fluid could be left totally to
passive, non-adaptive, haphazard forces. It
is hoped that some of the more contro-
versial issues related to the intrinsic
lymph pump will be resolved by develop-
ing the capability to manipulate the lym-
phatic vessel in vivo and study the conse-
quences at the interstitial level.
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