
MINI REVIEW
published: 13 October 2021

doi: 10.3389/fmed.2021.765356

Frontiers in Medicine | www.frontiersin.org 1 October 2021 | Volume 8 | Article 765356

Edited by:

Sandra Merscher,

University of Miami, United States

Reviewed by:

Ken William Dunn,

Indiana University Bloomington,

United States

Dorin-Bogdan Borza,

Meharry Medical College,

United States

*Correspondence:

János Peti-Peterdi

petipete@usc.edu

Specialty section:

This article was submitted to

Nephrology,

a section of the journal

Frontiers in Medicine

Received: 26 August 2021

Accepted: 17 September 2021

Published: 13 October 2021

Citation:

Gyarmati G, Jacob CO and

Peti-Peterdi J (2021) New Endothelial

Mechanisms in Glomerular

(Patho)biology and Proteinuria

Development Captured by Intravital

Multiphoton Imaging.

Front. Med. 8:765356.

doi: 10.3389/fmed.2021.765356

New Endothelial Mechanisms in
Glomerular (Patho)biology and
Proteinuria Development Captured
by Intravital Multiphoton Imaging

Georgina Gyarmati 1, Chaim O. Jacob 2 and János Peti-Peterdi 1*

1Departments of Physiology and Neuroscience, and Medicine, Zilkha Neurogenetic Institute, University of Southern

California, Los Angeles, CA, United States, 2Division of Rheumatology and Immunology, Department of Medicine, University

of Southern California, Los Angeles, CA, United States

In the past two decades, intravital imaging using multiphoton microscopy has provided

numerous new visual and mechanistic insights into glomerular biology and disease

processes including the function of glomerular endothelial cells (GEnC), podocytes,

and the development of proteinuria. Although glomerular endothelial injury is known

to precede podocyte damage in several renal diseases, the primary role of GEnCs

in proteinuria development received much less attention compared to the vast field

of podocyte pathobiology. Consequently, our knowledge of GEnC mechanisms in

glomerular diseases is still emerging. This review highlights new visual clues on molecular

and cellular mechanisms of GEnCs and their crosstalk with podocytes and immune

cells that were acquired recently by the application of multiphoton imaging of the intact

glomerular microenvironment in various proteinuric disease models. New mechanisms of

glomerular tissue remodeling and regeneration are discussed based on results of tracking

the fate and function of individual GEnCs using serial intravital multiphoton imaging over

several days and weeks. The three main topics of this review include (i) the role of

endothelial injury and microthrombi in podocyte detachment and albumin leakage via

hemodynamic and mechanical forces, (ii) the alterations of the endothelial surface layer

(glycocalyx) and its interactions with circulating immune cells in lupus nephritis, and (iii)

the structural and functional remodeling and regeneration of GEnCs in hypertension,

diabetes, and other experimental injury conditions. By the comprehensive visual portrayal

of GEnCs and the many other contributing glomerular cell types, this review emphasizes

the complexity of pathogenic mechanisms that result in proteinuria development.
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INTRODUCTION

Proteinuria is a key clinical marker of kidney dysfunction, and it is commonly due to the disruption
of the glomerular filtration barrier (GFB). In the healthy kidney, several traditional and newly
recognized layers of the GFB help to prevent the filtration of plasma macromolecules. These
include the endothelial surface layer (glycocalyx) and fenestrations, the glomerular basement
membrane (GBM) and the podocyte foot processes including their slit diaphragm (1, 2).
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Research in the past 20 years centered mainly on the podocyte
and led to major advances in understanding the numerous
pathogenic molecular mechanisms in the slit diaphragm
largely thanks to advances in mouse and human genetics
(3). However, intercellular communications in the glomerulus
including the role of glomerular endothelial cells (GEnCs)
in proteinuria development received much less attention.
Although GEnC injury is a known early event preceding
podocyte pathomechanisms in several glomerular pathologies
(4, 5), the primary roles and contributions of GEnCs and
their crosstalk to podocytes in proteinuria development are
less understood.

Intravital imaging using multiphoton microscopy (MPM) has
become a revolutionary new research approach in the field that in
the past 20 years contributed significantly to our understanding
of glomerular and tubular mechanisms of proteinuria (6–9).
It should be noted that the earliest kidney MPM studies were
technically limited to imaging the most superficial glomeruli
in mostly non-physiological models using specific strains (e.g.,
Munich-Wistar-Fromter rat) or experimental manipulations to
generate superficial glomeruli in mice (9–13). A few studies
discussed in this review used these earlier approaches (14–16),
therefore those results on GFB function should be interpreted
with caution. However, recent major improvements in laser
and microscopy technologies have made it possible to routinely
image deep cortical glomeruli in the intact mouse kidney
(17). Most of the new knowledge and topics reviewed here
were derived from using these recent state-of-the-art MPM
imaging approaches in intact adult mouse kidneys up to 8-
months of age (Figures 1, 2) (18–22). Importantly, MPM has
been able to directly visualize (patho)physiological processes
of the entire glomerulus, the many elements of the GFB
simultaneously as parts of the whole functional unit rather than
just focusing on a single cell type (12, 14). This integrative
and holistic pathophysiology approach has successfully identified
multiple levels of cell-to-cell interactions between individual
cells and cell types of the GFB. Intravital imaging was able to
shed light on the consequences of manipulating a single GFB
layer on overall glomerular structure and function including
albumin leakage (10, 12, 14, 15, 18, 20, 21). This review
highlights important functions and roles of GEnCs in the
development of glomerular injury and proteinuria based on
recent in vivo MPM studies in both physiological and disease
models (Figure 1). In addition, the targeting of newly discovered
pathophysiological mechanisms for potential new regenerative
therapeutic developments for proteinuric kidney diseases is
also explored.

ENDOTHELIAL INJURY, MICROTHROMBI,
HEMODYNAMIC, AND MECHANICAL
FACTORS IN ALBUMIN LEAKAGE

GEnCs play key roles in the physiological function and
maintenance of the healthy GFB and in the development
of glomerular pathologies. The unique morphological

and functional features of GEnCs include their flat and
fenestrated profile that enables the normally enormous rate
of glomerular plasma ultrafiltration (23), and the presence
of a dense and negatively charged endothelial surface
layer (glycocalyx) that constitutes a newly recognized layer
of the GFB (2, 24). Rich in proteoglycans and secreted
glycosaminoglycans (e.g., heparan sulfate and hyaluronic
acid), the GEnC glycocalyx has important roles in several
processes including restricting albumin passage through
the GFB, binding chemokines and growth factors, and
immune cell adhesion (2, 24, 25). Intravital MPM imaging
approaches have successfully visualized these GEnC structures
and functions in the intact living kidney including the bulk
fluid flow in fenestrated capillaries (11, 26) and the presence
and alterations in GEnC glycocalyx in various disease models
(15, 19–21).

Regardless of the type of GEnC injury, capillary occlusion and
reduced plasma flow (based on internal vascular obstruction)
were the common pathological and hemodynamic features
of the glomerular capillaries observed by MPM imaging.
In the rat puromycin (PAN)-induced focal segmental
glomerulosclerosis (FSGS) model this was due to shedding
of individual GEnCs (likely the result of direct GEnC
cytotoxicity) and the instantaneous formation of localized
microthrombi in the affected capillary area (14). Similarly,
laser-induced mild injury of single GEnCs immediately led
to localized microthrombi formation that reduced capillary
segment perfusion, blocked red blood cell passage but allowed
diminished plasma flow (12). Temporary or permanent
adhesion of circulating immune cell types triggered similar
hemodynamic alterations (21, 27). Importantly, capillary
segment obstruction and altered local plasma flow in all
injury models triggered the development of albumin leakage
through the GFB and proteinuria (12, 14, 21). As described
in these earlier reports and exemplified in Figure 2A

(also in Supplementary Video 1 at https://figshare.com/s/
0ca6f8d0dae48415ca01), robust albumin leakage into the
Bowman’s space can develop within 1min of thrombotic
occlusion of a few glomerular capillary segments. On one hand,
the rapidly increasing GFB albumin permeability was causatively
linked to mechanical factors in the capillary segments that
localized pre-occlusion, such as increased capillary pressure,
fluid filtration and shear stress of podocyte foot processes, and
increased podocyte mechanical strain that ultimately led to
podocyte detachment (Figure 2A) (14). On the other hand,
the increased GFB albumin permeability in capillary segments
that localized after the occlusion can be explained by reduced
GBM compression [according to the gel compression model
(28)] and/or the reduced capillary blood flow causing locally
reduced filtration, which in turn can diminish the electrical
field (streaming potential) that normally helps to restrict
albumin passage according to the electrokinetic model (29, 30).
Regardless of the multiple mechanistic alternatives listed above,
the primary event was always GEnC injury underscoring
the major importance of the glomerular endothelium in
proteinuria development.
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FIGURE 1 | Illustrations of the reviewed three main glomerular endothelial mechanisms (shown in the top, center, and bottom rows). Corresponding representative

images of the experimental models (on the left) that were applied to study the pathological mechanisms (schematics on the right). The top panels illustrate the

endothelial injury-induced formation of microthrombi and hemodynamic and mechanical GFB alterations leading to podocyte damage, and mice with

podocyte-specific expression of the calcium reporter GCaMP5 (green)/tdTomato (red). The center panels show the endothelial surface layer (glycocalyx)-mediated

glomerular homing of immune cells, and the labeling of the glomerular endothelial glycocalyx with FITC-WGA and immune cells with anti-CD44-Alexa Fluor 488

antibodies (green) and the circulating albumin with Alexa Fluor 594 (red). The bottom panels demonstrate clonal remodeling and functional regeneration of the

glomerular endothelium by local endothelial precursor cells, and the genetic Cdh5-Confetti mouse model with multicolor fluorescent reporter (CFP/GFP/YFP/RFP,

a.k.a. Confetti) expression in GEnCs.

ENDOTHELIAL SURFACE LAYER
(GLYCOCALYX) CONTROLS
GLOMERULAR HOMING OF IMMUNE
CELLS AND PROTEINURIA

The glomerular endothelial surface layer (glycocalyx) is a newly
recognized layer of the GFB and functions as amajor determinant
of GFB macromolecule permeability (2, 24). In addition, it
is essential in immune cell adhesion (25). According to the
existing paradigm, the negatively charged glycocalyx covering

the GEnC fenestrations acts as a barrier against albumin
filtration, and therefore treatment with glycocalyx degrading

enzymes induces albumin passage across the endothelium

(15, 31). On the other hand, components of the glycocalyx
(e.g., heparan sulfate and hyaluronic acid) play well-known

anchoring roles in immune cell homing, and therefore trigger

local inflammation that increases albumin permeability (25).

The key to understanding the ultimate role of the glomerular

glycocalyx may be in the balance between these pro and
anti-proteinuric functions.
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FIGURE 2 | Representative intravital MPM images of glomerular endothelial injury models and schematics of their underlying pathogenic mechanisms. (A)

Laser-induced injury of GEnCs [injury site indicated by an asterisk (*)] triggered microthrombi formation in several glomerular capillary segments [dark, excluding the

plasma marker Albumin-Alexa Fluor 594 (red), indicated by arrows] and robust albumin leakage into the Bowman’s space (arrowheads). Note the normal flow of red

blood cells (dark, plasma excluding) in glomerular (G) capillaries before GEnC laser injury (left panel), and the blockade of red blood cell passage due to microthrombi

with only reduced plasma flow (intense red) in glomerular capillaries after laser injury (middle panel). The “after” image of the same glomerulus was acquired 1min

following the “before” image; the entire video sequence starting at the end of laser injury is shown in Supplementary Video 1 available at https://figshare.com/s/

0ca6f8d0dae48415ca01. Schematic illustration of the mechanisms involved in the development of GEnC injury-induced albumin leakage and proteinuria development

(right panel). (B) Representative in vivo MPM images of the NZM.2328 BAFF transgenic mouse model of lupus nephritis (LN). Endogenous circulating CD44+ immune

cells were labeled with iv injected anti-CD44-Alexa Fluor 488 antibodies (green) and the circulating plasma albumin with Alexa Fluor 594 (red) (left panel). Note the

leakage of plasma albumin into the Bowman’s space (arrowheads) based on the light red color of the Bowman’s space in contrast to the dark (albumin-free)

Bowman’s space shown in panel A above. Alternatively, the GEnC glycocalyx was labeled by iv injected FITC-WGA (green, arrowheads) (middle panel). Schematic

illustration of the mechanisms involved in glomerular immune cell homing and proteinuria development in LN (right panel). (C) Representative tile scan image of the

entire superficial cortical area of an 8-months old NZM.2328 mouse kidney injected with Albumin-Alexa Fluor 680 iv (shown in grayscale) illustrating the complexity of

LN pathologies. These include glomerular albumin leakage (arrowheads, based on the light gray color of the Bowman’s space), high albumin-containing tubule

segments (intense white), and several focal fibrotic interstitial areas (lack of glomerular or tubular structures). Bars are 50µm in (A,B) and 100µm in (C).

Our recent intravital MPM imaging study visually captured
the essential role of the GEnC glycocalyx in the pathogenesis of
lupus nephritis (21). Unexpectedly,MPM imaging found a robust
accumulation rather than loss of the GEnC glycocalyx, and a high
level of glomerulus-specific homing of CD44+-IL17+ activated
memory T cells in two different proteinuric LN mouse models
(Figures 2B,C) (21). This glycocalyx accumulation involved
its hyaluronic acid component and appeared to be specific

to LN, since other inflammatory conditions such as diabetes
were associated with diminished glycocalyx as described before
(16, 21). Glomerular immune cell homing, local inflammation,
glomerular albumin leakage, and albuminuria observed in these
LN mouse models were mediated via the binding of CD44
(expressed on the surface of activated memory T cells) to its
ligand hyaluronic acid present in excess in the GEnC glycocalyx
(21). Importantly, treatment with different glycocalyx degrading
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enzymes reduced glycocalyx thickness back to normal levels
(rather than completely eliminating it), disrupted immune
cell homing, improved clinical LN including albuminuria and
animal survival (21). One important conclusion from these
studies was that GEnC glycocalyx thickness is not in linear
relationship with proteinuria development, and too much of a
generally protective mechanism (glycocalyx) can be pathogenic.
In other words, the role of GEnC glycocalyx in proteinuria
development is complex and involves both protective and
pathogenic mechanisms. The other important outcome of this
study was the efficient therapeutic targeting of the excess GEnC
glycocalyx by hyaluronidase that may be further developed
for LN.

ENDOTHELIAL REPAIR AND VASCULAR
REGENERATION IMPROVE ALBUMIN
LEAKAGE

Improving our understanding of the dynamics and mechanisms
of GEnC turnover and repair after injury at the single-
cell level in the intact living kidney over time is critically
important for the development of mechanism-based regenerative
therapeutic approaches for glomerular kidney diseases. The
research technique of serial intravital MPM imaging of the same
glomeruli in the same mouse kidney over several days and
weeks has been developed and used earlier in combination with
cell function and genetic cell fate tracking tools to examine
glomerular tissue remodeling by podocytes (10) and cells of the
renin lineage (22). This same approach was recently applied
to GEnCs with single-cell resolution to shed light on the
dynamic and functional endothelial remodeling mechanisms
and vascular regeneration in healthy glomeruli and in disease
models. Compared to the slow turnover observed in other
organs and vascular beds, the rapid, and clonal expansion
of single GEnC precursors were quantitatively visualized in
response to hypertensive, diabetic, and laser-induced GEnC
injuries (20). Interestingly, GEnC progenitor cells were locally
residing at the glomerular vascular pole, mostly in the terminal
afferent and/or efferent arteriole segments rather than derived
from a circulating progenitor pool. Functionally, the newly and
clonally remodeled (regenerated) glomerular capillary segments
featured a lower amount of GEnC glycocalyx and a lower
level of GFB albumin permeability compared to non-clonal
segments. These morphological and functional features were
consistent with functionally regenerated capillaries and/or with
a less differentiated state of GEnCs. Activating and enhancing
the function of this newly identified GEnC progenitor cell
population may facilitate glomerular vascular regeneration in
future therapeutic development.

DISCUSSION

The recent intravital MPM imaging studies reviewed here shed
new light on the many important roles and contributions
of GEnCs to glomerular pathobiology and proteinuria
development. The numerous technical advances applied
in these investigations were instrumental to successfully
label and directly and quantitatively visualize using MPM
imaging the glomerular endothelium at the single-cell level,
their subcellular features and functions including glycocalyx
output, immune cell interactions, fenestrations, ultrafiltration,
and albumin permeability in the intact living kidney. The
simultaneous imaging of the structure and function of all
GFB layers provided visual evidence for the important and
primary roles of the glomerular endothelium in several
mechanisms of proteinuria development in addition to the
well-known roles played by the GBM and podocytes. In
addition, the many contributing factors that MPM imaging
studies revealed, including microthrombi, locally altered
hemodynamics and mechanical strain, glycocalyx, immune cell
homing, and endothelial remodeling altogether emphasizes
the complexity of pathogenic mechanisms that result in
proteinuria. Finally, the newly identified GEnC molecular
and cellular mechanisms are promising therapeutic targets for
glomerular diseases.
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