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Blood is thicker than lymph

Mark L. Kahn

Department of Medicine and University of Pennsylvania Cardiovascular Institute, University of Pennsylvania, Philadelphia, Pennsylvania, USA.

Growth of blood and lymphatic vessels is essential in the developing embryo
and in the pathogenesis of human diseases such as cancer, but the signaling
pathways that regulate vessel growth and function are not yet well character-
ized. In this issue of the JCI, studies by Fritz-Six et al. and Ichikawa-Shindo
et al. demonstrate that loss of signaling by the adrenomedullin peptide
results in embryonic edema and death (see the related articles beginning
on pages 40 and 29, respectively). Remarkably, this phenotype is attributed
to defects in lymphatic vessels by one group and to defects in blood vessels
by the other. In addition to defining what I believe to be a novel angiogenic
signaling pathway, these studies demonstrate the intricate molecular, genet-
ic, and physiologic relationships between blood and lymphatic vessels that
must be considered by investigators of vascular biology.

Blood and lymphatic vessels:
embryonic connections

Mammals have 2 distinct vascular systems: a
blood vascular network essential for the deliv-
ery of oxygen and nutrients, and a lymphatic
vascular network that returns extracellular
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calcitonin gene-related peptide; RAMP, receptor activ-
ity-modifying protein.
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fluid and proteins to the blood circulation
and coordinates the immune response.
These vascular systems form sequentially
during embryonic life. The blood vascular
system develops first, coordinately with
development of the heart and blood to feed
the growing embryo. The lymphatic vascular
system develops in midgestation as the blood
cardiovascular system matures and hemody-
namic forces rise (1). Mouse genetic studies
have confirmed Florence Sabin’s century-old
hypothesis that lymphatic vessels arise from
venous endothelial cells that exit the car-
dinal vein and coalesce to form the lymph

sacs, the first lymphatic vascular structures
(2, 3). Angiogenic sprouting from the primi-
tive lymph sacs ultimately gives rise to a new
vascular network of lymphatic vessels. Blood
and lymphatic vessels are often considered
as distinct systems with little overlapping
function or regulation, but studies of geneti-
cally modified mice, and even the origin of
human diseases such as Kaposi sarcoma (4,
5), have begun to reveal the strong molecular
and physiologic relationships between these
vascular entities. In this issue of the JCI, 2
studies of adrenomedullin (AM) signaling
identify a developmental link between the
blood and lymphatic vascular systems (6, 7).

AM: a pleiotropic regulator of
vascular function

AM is a 52-aa peptide, first isolated from a
human pheochromocytoma, that is a mem-
ber of the family of calcitonin gene-related
peptides (CGRPs), which is composed of
calcitonin, AM, CGRP1 and CHRP2, and
amylin. At the time of its discovery AM
was noted to be a potent vasodilator (8),
and it has subsequently been linked to the
regulation of numerous vascular responses,
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Loss of AM signaling

Development of edema due to loss of AM signaling. As reported by Fritz-Six et al. (6) and Ichikawa-Shindo et al. (7) in this issue of the JCI, the
massive edema observed in midgestation mouse embryos lacking AM signaling is caused by a combination of fluid and protein leakage from
blood vessels due to altered vascular permeability (top panels) and reduced lymphatic uptake of extravasated fluid and protein due to reduced
lymphatic vessel growth (bottom panels). In both blood and lymphatic vessels, AM signaling is mediated by Calcrl-Ramp2 receptor complexes
expressed on endothelial cells. Arrows indicate the movement of fluid in response to hydrostatic pressure (an outward force in blood capillaries)
and osmotic pressure (an inward force in blood capillaries).

including blood pressure, salt and water
intake, and angiogenesis (reviewed in ref. 9).
AM circulates in the blood, and its levels are
elevated in many settings of cardiovascular
stress, including hypertension, renal failure,
congestive heart failure, pregnancy, and sep-
tic shock. These findings have raised interest
in AM as a potential therapeutic target, but
its biological role remains poorly defined.
The biology of AM is also complex at the
molecular level. AM and other calcitonin
family peptides are amidated at their C ter-
minus and form a ring structure through
disulfide bonds, features essential for their
biological activity (10). The peptides are
ligands for G protein-coupled receptors
(GPCRs), but ligand-receptor interactions,
and perhaps other aspects of receptor signal-
ing, are strictly regulated by receptor activ-
ity-modifying proteins (RAMPs), single pass
transmembrane proteins that associate with
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GPCRs (11). RAMPs modulate the ligand
binding of the calcitonin receptor-like recep-
tor (CALCRL) such that RAMP1-CALCRL
functions primarily as a CGRP receptor and
RAMP2/3-CALCRL functions primarily as
an AM receptor (11). The net effect of this
tortuous path from ligand to signal is the
potential for tremendous combinatorial
diversity: the biological role of AM may be
influenced by expression of the AM peptide;
by expression of “competing” CGRPs; by
expression of specific RAMP proteins; and
by expression of CALCRL. Thus the role
of AM in any given tissue or physiologic
response is not easily predicted.

Dissecting AM function:

genetic studies

To understand the biological role of AM,
2 groups have been pursuing genetic stud-
ies in mice, the most recent of which are
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described in this issue of the JCI (6, 7). Pre-
vious research by these groups has shown
that AM-deficient mice die in midgestation
with vascular defects, but the precise nature
of these defects has been unclear. Caron et
al. reported severe edema as well as thinner
arterial walls and cardiac defects in AM-
deficient embryos (12), while Shindo et al.
reported diffuse hemorrhage associated
with structural defects in blood vessels and
only occasional edema (13). Whether these
lethal phenotypes arise due to heart failure,
vascular leak and hemorrhage, or primary
lymphatic vessel defects has been uncer-
tain. Here these investigators present new
findings addressing the role of AM and
its receptors RAMP2 and CALCRL (6, 7).
Remarkably, although these 2 groups now
report highly concordant phenotypes, they
reach different conclusions regarding the
mechanism by which they arise.
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Fritz-Six et al. (6) report that deletion of
AM, Calcrl, or Ramp2 results in massive
cutaneous edema and midgestation lethal-
ity in mice. This group describes a defect
in lymphatic vascular development in these
animals characterized by retarded growth
of the deeper lymphatics in the neck region
(the jugular lymph sacs), a site where the
first lymphatic vessels arise from venous
endothelial precursors. Ultrastructural
analysis of lymphatic vessels in Ramp2~/
embryos demonstrates intact tight junc-
tions but thin and occasionally dead
endothelial cells. Significantly, the authors
demonstrate that AM-Ramp2/Calcrl
signaling drives lymphatic endothelial
proliferation in vitro, identifying AM as
what they believe to be a novel lymphan-
giogenic growth factor. These findings in
cultured endothelial cells are supported by
the development of a similar phenotype in
mice in which the Calcrl receptor has been
deleted in endothelial cells (and to some
extent in hematopoietic cells) by a Tie2-
Cre transgene. These authors therefore
attribute the edema and death of embryos
lacking AM, Ramp?2, or Calcrl to defects in
lymphatic vessel growth.

Ichikawa-Shindo et al. (7) use nearly iden-
tical genetic experiments to reach different
conclusions regarding the role of AM sig-
naling. They describe generalized edema
and midgestation death, as well as occa-
sional hemorrhage, in Ramp2-deficient ani-
mals. They detect Ramp2 expression in the
endothelial cells of developing blood vessels
and histologic defects in Ramp2~~ blood
vessels, including reduced arterial smooth
muscle cell coverage and thinned, detached
endothelial cells. Gene expression analysis
reveals reduced levels of endothelial adhe-
sive genes in the absence of Ramp2, while
in vitro studies suggest that increased AM
signaling reduces endothelial permeability
by tightening intercellular junctions. These
findings are supported by elegant studies
of Ramp2"/~ mice demonstrating changes in
blood pressure, blood vessel angiogenesis,
and vascular permeability. The authors
conclude that AM serves critical roles in
blood vessels, including regulation of vas-
cular stability and permeability, and that
embryos lacking AM signaling die due to
leaky and unstable blood vessels.

Blood and lymphatic roles for AM: a

genetic test of the Starling principle?
That 2 groups could study the same mice
and reach such different conclusions
regarding the biological role of AM sig-
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naling (6, 7) provides instructive insight
into the study of vascular biology. Impor-
tantly, there are fundamental points of
agreement between the studies: embryos
lacking AM, Ramp2, or Calcrl develop
severe edema and die in midgestation;
deficient vessels exhibit ultrastructural
vascular defects; and AM signaling regu-
lates endothelial responses ex vivo. These
findings, and the studies by Fritz-Six et al.
of conditionally deleted Calcrl embryos
(6), support the conclusion that AM sig-
naling through Ramp2/Calcrl receptors is
required in endothelial cells of the devel-
oping embryo (Figure 1). What, then,
is the critical role of this pathway in the
developing vasculature — lymphatic vessel
growth or blood vessel stabilization? Not
surprisingly, these roles are not mutually
exclusive and even overlap physiological-
ly. More surprising is that the questions
posed by these studies harken back to
physiologic studies performed over a cen-
tury ago by E.H. Starling to understand
the origin of lymph (14).

The 2 most striking phenotypes in
embryos lacking AM signaling are mas-
sive edema and midgestation death.
Edema results from the accumulation
of extracellular fluid due to either excess
leakage from the blood or failure of lym-
phatic vessels to return fluid from the
interstitium. Starling proposed in 1896
that fluid exchange between the blood and
the tissues is balanced by differences in
hydrostatic pressure (favoring movement
from the blood to the tissues) and osmotic
pressure (favoring movement from the tis-
sues to the blood) and predicted that the
amount of fluid that must be returned by
lymphatics to prevent edema is normally
minimal because a near equilibrium exists
between these forces (14). While specifics
of the Starling principle have since been
modified (15), the net effect is a very low
rate of fluid filtration from the blood and
a correspondingly low level of lymph flow
(only 120 ml/h in an adult). Starling’s prin-
ciple suggests that loss of lymphatic func-
tion alone would not result in the rapid
development of massive edema and death,
and more recent genetic studies in mice
support this conclusion. Loss of VEGF-C,
an essential lymphatic endothelial growth
factor, results in a more severe lymphatic
defect than that seen in mice lacking AM
signaling but permits longer embryonic
survival with the same or less edema (16).
Thus loss of AM signaling must affect the
blood vasculature to increase the move-
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ment of fluid from the blood to the tissues
in addition to disrupting lymphatic devel-
opment. Human cases of fetal hydrops
(a condition defined by generalized soft
tissue edema) most frequently arise as
a result of congestive heart failure and
increased capillary hydrostatic pressure
(17). While this mechanism has not been
excluded in embryos lacking AM signal-
ing (in fact, cardiac defects are a notable
feature of embryos lacking this pathway;
refs. 12, 18), the endothelial permeability
and vascular integrity defects described by
Ichikawa-Shindo et al. (7) provide a direct
explanation for increased fluid movement
from the blood as well as for the hemor-
rhage observed. Combined with the lym-
phatic defects demonstrated by Fritz-Six
et al. (6), these findings suggest that loss
of AM signaling is an ideal recipe for
edema (Figure 1).

AM signaling: lessons and future
directions

The studies of AM signaling reported in
this issue of the JCI (6, 7) identify a sig-
naling pathway required for regulation of
both blood and lymphatic vessel develop-
ment and highlight many of the challenges
faced by investigators of vascular biology.
The blood and lymphatic vascular systems
may only be physically connected where the
thoracic duct empties into the subclavian
vein, but they are genetically, molecularly,
and physiologically connected at many
other levels. Loss of shared endothelial
signaling pathways involving AM, angio-
poietin (19), and ephrin B2 (20) produce
phenotypes in both systems. Dissecting the
roles of signaling pathways in blood and
lymphatic vessels therefore requires molec-
ular and genetic tools specific to each sys-
tem. Molecular markers of the lymphatic
vasculature have been available for only
a decade (21, 22), and lymphatic-specific
genetic tools are still being developed. In
addition, the vasculature of both networks
is highly heterogeneous, and disorders of
some regions, such as the microcircula-
tion, may result in dramatic physiologic
perturbations that are not accompanied by
easily detectable histologic abnormalities.
The well-developed physiologic tools used
daily for clinical evaluation of cardiovascu-
lar disorders, such as intravascular hemo-
dynamic measurements, are not yet appli-
cable to developing model organisms such
as the mouse or fish. Finally, although it
is tempting to predict that vascular roles
defined in the developing embryo are
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conserved in mature animals and human
disease states, clear demonstration of the
validity of such predictions is often lack-
ing and requires complex genetic and
physiologic approaches. The studies in this
issue of the JCI identify AM signaling as a
key regulator of blood and lymphatic ves-
sel function, but whether Starling would
be disappointed or gratified to learn of the
persistent significance of his experiments
in our molecular and genetic age is not
clear. Clear definition of the vascular roles
of AM signaling will parallel progress in
addressing these broad issues in vascular
biology, leaving plenty of future work for
these and other investigators.
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Anticonvulsant effects of leptin in epilepsy
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Secreted from adipose tissue at levels proportional to fat stores, the hormone
leptin is a critical regulator of the hypothalamic machinery that controls feed-
ing and energy metabolism. Despite the critical role of leptin in the mainte-
nance of energy homeostasis, no leptin-based therapeutic approaches have
emerged to combat metabolic disorders such as obesity or diabetes. In this
issue of the JCI, Xu et al. report a robust influence of leptin, beyond its role in
metabolism, on hippocampal neuronal processes implicated in the etiology
of epileptic seizures, learning, and memory (see the related article beginning
on page 272). They show, in two rodent seizure models, that leptin adminis-
tered directly to the brain or nasal epithelium suppresses seizures via direct
effects on glutamate neurotransmission in the hippocampus. These observa-
tions suggest that leptin may have therapeutic potential in the treatment of
epilepsy and strengthen the notion that peripheral metabolic hormones such
as leptin play important roles in the regulation of higher brain functions.
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Over the last century, it has been hypothe-
sized and then experimentally proven thata
humoral signal from the periphery, specifi-
cally from adipose tissue, plays a role in the
regulation of feeding and energy metabo-
lism (1-5). The identity of this hormone,
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named leptin, was elegantly revealed by
Friedman and colleagues in 1994 (6), and
thus began a new era in the use of molecu-
lar biology in the quest to identify a cure
for metabolic disorders, most notably obe-
sity. This discovery revolutionized the field
and attracted increasing numbers of cre-
ative researchers with sophisticated tools
in an effort to determine the mechanisms
of action of leptin in the hypothalamus
and its role in the regulation of feeding
and adiposity (reviewed in ref. 7). To date,
despite the great wealth of knowledge that
has been gained and the discovery of new
hormones, no leptin-based medical remedy
has emerged for the treatment of obesity.
While new avenues of research in this area
are being pursued by many, the study by
Xu et al. reported in this issue of the JCI (8)
reveals that the leptin signaling pathway
has important functions that go beyond
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