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Quantitative, high-resolution localization of
synaptic molecules by

freeze-fracture replica labeling

Ryuichi Shigemoto
(Professor, Institute of Science and Technology, Austria)

Visualizing molecular localization at high resolution
contributes to understanding their functions and roles in
physiological and pathological conditions.  Sodium
dodecyl sulfate-digested freeze-fracture replica labeling
(SDS-FRL) was invented by Fujimoto in 1995 to visualize
the two-dimensional distribution of integral membrane
proteins and lipids in cellular membranes.  Labelling
with gold particles visualizes the two-dimensional
distribution of transmembrane proteins and their tightly
associated proteins at the electron microscopic level.
During treatment with SDS, unfixed proteins and
intracellular organelle are dissolved, and integral
membrane proteins stabilized beneath the replica are
denatured by SDS and exposed on exoplasmic and
protoplasmic surfaces of lipid monolayers supported by
carbon and platinum deposition.  This situation makes
the antigen-antibody reaction condition similar to that in
immunoblot, providing high availability of suitable
antibodies for SDS-FRL.  The exposure of these antigens
on the replica also facilitates the accessibility of antibodies
and, therefore, provides higher labeling efficiency than
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those obtained with conventional immunolabeling
electron microscopy methods using plastic embedded
materials.  We modified Fujimoto's original procedure
to make SDS-FRL readily applicable for complex tissues,
like brain tissue, and successfully used it for quantitative
analysis of ionotropic glutamate receptors and calcium
channels in neurons.  The labeling efficiencies for α-
amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
(AMPA)-type glutamate receptor at postsynaptic sites
and P/Q-type calcium channels at presynaptic sites have
been estimated to be close to 100% relative to the number
of functional channels.  The quantitative analysis of
AMPA and NMDA (N-methyl D-aspartate) receptors
has revealed relationships of the number of these channels
and synaptic size in different types of synapses, and that
of the Cav2.1 subunit of P/Q-type calcium channels lead
to a proposal of "perimeter coupling model" in the
presynaptic active zone in the calyx of Held, explaining
developmental changes of release probability and
tightness of excitation-release coupling.  Changes in the
number of AMPA receptors and P/Q-type channels have
also been revealed by the quantitative analysis before
and after the induction of synaptic plasticity in vivo.  SDS-
FRL, however, also has limitations, one of which is
difficulty in identification of cellular profiles, in particular
in complex tissues, like brain tissues.  This is because the
fracture occurs randomly, and structural information can
only be obtained from the surface of the fractured faces.
Because electron tomography can provide complimentary
information revealing a three-dimensional structure with
high resolution, we tried to couple the replica labeling
with electron tomography to obtain further insight into
the molecular localization.
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Flow-activated proximal tubule function
underlies glomerulotubular balance

Tong Wang
(Professor, Department of Cellular and Molecular
Physiology, Yale University School of Medicine,

New Haven, CT, USA)

Kidney proximal tubules are responsible for reabsorption
of about 60% of filtered salt and water, and the fractional
reabsorption is relatively constant, despite variations in
(glomerular filtration rate) GFR.  This perfusion
absorption balance in the proximal tubule has been named
glomerulotubular balance (GTB).  However, there has
been a long-standing debate as to why the GTB
convincingly demonstrated by Schnermann et al. in vivo
could not also be demonstrated in vitro in single perfused
rabbit tubules by Burg and Orloff.  We have studied the
mechanism of axial flow induced changes in Na+ and
HCO3

- absorption by microperfusion of mouse proximal
tubules in vitro under low and high flow rates.  From
these studies we have demonstrated that flow-modulated
Na+/H+ exchanger (NHE3) activity is the basis for flow-
dependent proximal tubule Na+ reabsorption.  This
perfusion absorption balance is independent of neuronal
and systemic hormonal regulation, and requires the intact
actin cytoskeleton to transmit the signal of altered axial
flow sensed by brush-border microvilli.  We have
developed a theory and an equation that enable us to
calculate the changes of torque on the brush-border
microvilli by flow, and demonstrated that flow-induced
changes in Na+ and HCO3

- absorption are torque
dependent (bending moment at the apical membrane due
to fluid flow).  Our experimental data proved the
hypothesis that brush-border microvilli serve as the
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mechanosensors of axial flow along the proximal tubule.
By using our theory calculation, we have solved a long-
standing mystery as to why the glomerulotubular balance
demonstrated in vivo more than four decades ago did not
appear to be present in single perfused rabbit proximal
tubules.  Our mathematical model and experimental data
indicated that luminal flow also affects peritubular
transporters, as the flow has only minor changes on cell
volume.  In the studies of mouse proximal tubule cells,
we have shown that fluid shear stress stimulates NHE3
and H-ATPase trafficking to the apical and Na/K-ATPase
to the basolateral membrane surfaces, and that the actin
cytoskeleton reorganization contributes to the perfusion
absorption balance and flow stimulates NHE3 and Na/
K-ATPase trafficking.  This observation is consistent
with the mathematical model that shows both apical and
basolateral transporters are regulated by flow.  To
understand the regulatory mechanisms of the GTB, we
have investigated three major signaling transduction
pathways: angiotensin II, dopamine, and calcium signals.
We have demonstrated that the AT1 receptor is important
to maximize the NHE3 activity activated by flow;
however, it is not critical for the flow stimulated HCO3-
transport, which still exists when the inhibitors are present
or when the AT1a receptor is knocked out.  Dopamine,
that stimulated NHE3 endocytosis via PKA (protein
kinase A)-dependent mechanism, has no effect on
baseline fluxes, but abrogates the flow-stimulated Na+

and HCO3
- absorption.  We calculated the changes of

torque and changes of transport activity by flow and
showed that blocking dopamine receptors significantly
increased the tubule sensitivity to torque indicating that
the tubule sensitivity of torque is dependent upon
transporter availability on the membrane surface.  In
addition, we have provided evidence implicating IP3
receptor-mediated intracellular Ca2

+ signaling as a critical
step in the transduction of microvillous drag to modulate
Na+ and HCO3

- transport.  Future direction of this project
will focus on studying the new roles of GTB under
pathophysiological conditions.
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Regulation of ENaC trafficking in the kidney

Lawrence G. Palmer
(Professor, Department of Physiology and Biophysics,

Weill-Cornell Medical College, New York, USA)

The epithelial Na channel (ENaC) forms a pathway for
Na+ reabsorption in the distal nephron, and regulation of
these channels is essential for salt homeostasis.
Aldosterone is the major hormone responsible for
increasing ENaC activity in response to reduced dietary
Na intake; this regulation involves, in part, altered
trafficking of the ENaC subunits.  In the rat kidney, these
subunits reach the plasma membrane in both immature
and fully processed forms; the latter is defined by either
EndoH-insensitive glycosylation or proteolytic cleavage.
Animals adapted to a low-salt diet have increased ENaC
surface expression that is specific for the mature forms
of the subunit proteins and is similar (~3.5-fold) for α,
β, and γENaC.  Endoplasmic reticulum membranes
isolated using an antibody against calnexin expressed
immature γENaC.  The content decreased with Na
depletion.  Golgi membranes, isolated with an antibody
against the cis-Golgi protein GM130, expressed both
immature and processed γENaC; Na depletion increased
the content of processed γENaC in this fraction by 3.8-
fold.  Recycling endosomes isolated using an antibody
against Rab11 contained both immature and processed
γENaC; the content of the processed subunit increased
with Na depletion.  The amount of γENaC in the late
endocytic compartments were indirectly using urinary
exosomes.  All of the γENaC in these exosomes was in
the fully cleaved form, and its content increased by 4.5-
fold with Na depletion.  These results imply that
stimulation of ENaC surface expression results at least
in part from increased rates of formation of fully processed
subunits in the Golgi and subsequent trafficking to the
apical membrane.  The molecular mechanisms underlying
this stimulation remain unknown.
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Semaphorin-plexin signaling pathway in
lymphatic vascular patterning

Masanori Hirashima
(Associate Professor, Division of Vascular Biology,

Kobe University Graduate School of Medicine)

The vertebrate circulatory system is composed of closely-
related blood and lymphatic vessels whose network
patterns have an impact on the integrated microvascular
function.  It has been shown that lymphatic vascular
patterning is regulated by blood vessels during
development since lymphatic endothelial cells (LECs)
migrate adjacent to arteries and eventually form a random
network.  However, molecular mechanisms of lymphatic
vascular patterning have not fully been understood.  The
class 3 semaphorins (Sema3s) represent a family of
secreted factors implicated as repulsive regulators of
angiogenesis.  In this study, we show that an artery-
derived ligand Sema3G and endothelial cell receptor
PlexinD1 serve as repulsive guidance cues from arteries
to LECs.  In the mouse embryonic back skin, genetic
inactivation of Sema3G or PlexinD1 results in abnormal
artery-lymph alignment and reduced lymphatic vascular
branching.  Conditional ablation in mice demonstrates
that PlexinD1 is primarily required in LECs.  In vitro
analysis show that Sema3G does not bind directly to
PlexinD1 but  to  neuropi l in-2  (Nrp2) .   Co-
immunoprecipitation analysis identifies the receptor
complex of Nrp2 and PlexinD1, and Sema3G indeed
induces the cell collapse in a Nrp2/PlexinD1-dependent
manner.  Our findings shed light on a molecular
mechanism by which LECs are distributed away from
arteries and form a branching network during lymphatic
vascular development.
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TGF-β regulates blood- and lymph-
angiogenesis and promotes tumor metastasis

Fumiko Ito
(Associate Professor, Laboratory of Cardiovascular

Medicine, Tokyo University of Pharmacy and
Life Sciences)

Transforming growth factor (TGF)-β signaling is
involved in the normal vascular development and
maintenance via its type I and type II receptors.  Our
previous studies have demonstrated key insights into the
role of TGF-β and its downstream Smad proteins in
embryonic angiogenesis and the maintenance of blood
vessel integrity.  Contrary to the well-documented action
of TGF-β signaling in angiogenesis in embryos, it is not
clear how TGF-β signaling affects vascular formation
in postnatal mice because of the embryonic lethality in
most genetically modified mice lacking TGF-β receptors
or Smads.  To address this issue, TGF-β type II receptor
(TβRII) conditional knockout (CKO) mice; TβRIIF/F,
were crossed with Pdgfb-icreER and Prox1-CreERT2
mice in which Cre recombinase is induced in blood
(BECs) and lymphatic vascular endothelial cells (LECs)
by tamoxifen, respectively.  This allows us to analyze
the role of TGF-β signaling in the blood and lymphatic
vasculature using tumor model mice.

Using these mice, we investigated the importance
of TGF-β signaling on tumor blood and lymph
angiogenesis.  When Lewis lung carcinoma cells were
subcutaneously injected into TβRIIF/F; Pdgfb-icreER
(TβRIIBEC-CKO), TβRII; Prox1-CreERT2 (Tβ
RIILEC-CKO) mice after administration of tamoxifen,
both tumor angiogenesis and lymphangiogenesis were
enhanced in CKO mice compared to the control mice.  In
addition, lung metastasis was decreased when B16
melanoma cells were injected into a foot pad in both
CKO mice.  Blood vessels in the tumor but not in the
normal tissue of TβRIIBEC-CKO mice were very leaky,
indicating poor blood circulation in tumors.  Furthermore,
deletion of TGF-β signaling in lymphatic endothelial
cells resulted in reduced drainage and edema.  These
results indicated that TGF-β signaling inhibits tumor
angiogenesis and lymphangiogenesis in adults.
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Roles of TGF-β family signals during the
formation and maintenance of vascular

systems

Tetsuro Watabe
(Professor, Section of Biochemistry, Department of
Bio-matrix, Graduate School of Medical and Dental

Sciences, Tokyo Medical and Dental University)

Members of bone morphogenetic protein (BMP) family
have been implicated in the formation of blood vessels.
While members of BMP-2/4 and osteogenic protein-1
groups signal via activin receptor-like kinases (ALK)-2,
-3, -6BMP-9/10 signal via ALK-1.  Of note, due to the
abundance of circulating BMP-9 proteins in peripheral
blood, its physiological significance is intriguing.  We
have previously reported that BMP-9/ALK-1 signals
enhance the proliferation of blood vascular endothelial
cells. However, the roles of BMP-9/ALK-1 signals in
lymphatic vessel formation remain largely unknown.
Here we examined the effects of BMP-9/ALK-1 signals
on lymphangiogenesis both in vitro and in vivo.  BMP-9
significantly inhibited the proliferation of human dermal
lymphatic endothelial cells (HDLECs) in vitro.  BMP-9
increased the subpopulation of HDLECs which
underwent apoptosis, in accordance with decreased
expression of anti-apoptotic BCLXL and mitogenic C-
MYC.  Importantly, we found that BMP-9 decreased the
expression of Prox1, a transcription factor critical for the
differentiation and maintenance of lymphatic endothelial
cells.  Furthermore, in order to study the in vivo functions
of BMP-9, we used BxPC3 human pancreatic cancer
xenograft model.  We observed the decreased formation
of lymphatic vessels in tumors derived from BxPC3 cells
lentivirally transduced with BMP-9 as compared with
that from control BxPC3 cells.  These results suggest
that BMP-9 inhibits lymphangiogenesis both in vitro and
in vivo.
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The collecting lymphatic vasculature:
regulation and roles in pathophysiology

Gwendalyn J. Randolph
(Professor, Department of Pathology and Immunology,

Washington University School of Medicine)

Studies in mice recently revealed that infection-induced
tissue damage in the mesentery causes hyperpermeable,
leaky lymphatic collecting vessels and consequent
persistent alterations in tolerance and immunity normally
programmed by mesenteric lymph nodes.  To address
whether analogous changes might occur in human IBD,
we established a multistep, 3D-imaging approach to
characterize mesenteric tissue from Crohn's disease
resections or non-IBD subjects.  In Crohn's disease
specimens, lymphocyte-rich aggregates were observed
to markedly constrict the contractile collecting lymphatic
vessels that drain to and from lymph nodes.  These were
associated with a striking intimal hypertrophy of adjacent
veins.  In other literature, collecting vessel constriction
has been experimentally shown to promote leaky
collecting vessels and venous collapse.  Thus, the imaging
data in Crohn's disease tissue are consistent with the
possibility that lymph and venous outflow from the
intestinal wall may be sufficiently altered in Crohn's
disease to promote leaky collecting vessels that might, in
turn, prevent the normal lymph node-mediated regulation
of immunity.  We, thus, turned to basic science studies to
better understand how collecting vessel permeability is
regulated.  Data will be presented that implicates IRF4+
CCR7+ dendritic cells in control of collecting vessel
permeability.


