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ABSTRACT
Multiphoton excitation fluorescence microscopy is a powerful noninvasive imaging
technique for the deep optical sectioning of living tissues. Its application in several
intact tissues is a significant advance in our understanding of organ function,
including renal pathophysiological mechanisms. The glomerulus, the filtering unit in
the kidney, is one good example of a relatively inaccessible and complex structure,
with cell types that are otherwise difficult to study at high resolution in their native
environment. In this article, we address the application, advantages, and limitations of this imaging technology for the study of the glomerular filtration barrier
and the controversy it recently generated regarding the glomerular filtration of
macromolecules. More advanced and accurate multiphoton determinations of the
glomerular sieving coefficient that are presented here dismiss previous claims on
the filtration of nephrotic levels of albumin. The sieving coefficient of 70-kD
dextran was found to be around 0.001. Using a model of focal segmental glomerulosclerosis, increased filtration barrier permeability is restricted only to areas of
podocyte damage, consistent with the generally accepted role of podocytes and
the glomerular origin of albuminuria. Time-lapse imaging provides new details and
important in vivo confirmation of the dynamics of podocyte movement, shedding,
replacement, and the role of the parietal epithelial cells and Bowman’s capsule in
the pathology of glomerulosclerosis.
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The advanced confocal imaging technique of two- or three-photon, collectively called multiphoton, excitation fluorescence microscopy was established1
and first applied to the kidney several
years ago.2,3 The basic principles and advantages of the technology, and examples
of multiphoton studies in kidney research,
have been reviewed previously.2– 8 In this
special article, we focus on the application
of multiphoton imaging for the study of
the glomerular filtration barrier (GFB).
Here we briefly discuss select, recent findings in juxtaglomerular physiology that
are relevant to the function of the GFB
that were obtained using the multiphoton
imagingapproach.Thenweaddressthecontroversy regarding the multiphoton determination of glomerular sieving coeffiJ Am Soc Nephrol 21: 1835–1841, 2010

cient (GSC) for macromolecules. New
data will be presented using more advanced and accurate multiphoton techniques, suggesting that conventional fluorescence imaging applications have
serious limitations for the measurement
of GSC and providing evidence that the
amount of filtered macromolecules in
the Bowman’s space is extremely low.
Also, time-lapse images and supplementary video material provide new
details and important in vivo confirmation of podocyte functions in their intact environment during health and
disease. These include the dynamics of
podocyte migration, shedding, replacement, and the role of the parietal
epithelial cells and Bowman’s capsule
in the puromycin aminonucleoside

(PAN) model of focal segmental glomerulosclerosis (FSGS).

MULTIPHOTON IMAGING SHOWS
NEW DETAILS OF
JUXTAGLOMERULAR FUNCTION

One of the main research interests of our
laboratory has been the function of the
juxtaglomerular apparatus (JGA), the
mechanisms of basic physiologic processes by which cells of the macula densa
in the distal nephron control GFR, renal
blood flow, and the renin–angiotensin
system.9 Confocal and multiphoton imaging helped to identify new details of the
macula densa–mediated, tubular salt/
flow–induced afferent arteriole vasoconstriction (tubuloglomerular feedback [TGF]) 2,7,8,10,11 and allowed the
direct visualization of renin release from
the JGA.8,12,13
One interesting feature of TGF, which
may have great implications for the function of the GFB, is the cell-to-cell calcium
signaling that propagates as a calcium
wave in the JGA and beyond. Increased
salt content or tubular fluid flow at the
macula densa triggers elevations in
[Ca2⫹] in the adjacent mesangial and
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vascular smooth muscle cells, which propagate not only to the afferent arteriole causing vasoconstriction but simultaneously
toward all cells of the glomerulus including
the most distant podocytes.11 Although the
issue of active podocyte contraction is
controversial,14 elevations in podocyte
[Ca2⫹] and simultaneous reductions in
glomerular capillary diameter during
TGF2,11 that exist even in nonperfused
glomeruli11 are consistent with their
contractile function in vivo. Also well established is the importance of podocyte
cell membrane calcium channels (TRPC6
for example) in maintaining normal
[Ca2⫹] dynamics, which produce new
pathology, particularly glomerulosclerosis, when dysfunctional.15
Propagation of the TGF calcium wave
to glomerular podocytes and their involvement in the control of GFR suggests
that podocytes may be functionally part
of the JGA. Because of the bidirectional
propagation of the TGF calcium wave,
podocyte [Ca2⫹] elevations and contractions coincide with afferent arteriole
contraction. The timing of this synchronized podocyte contraction is especially
interesting because it occurs when intraglomerular capillary pressure is at its
lowest. Together with the function of the
newly discovered subpodocyte space (SPS)
and the oscillatory feature of glomerular
function, as detailed below, this raises the
possibility that a temporary filter backwash mechanism exists in the GFB that
contributes to the maintenance of a clean
glomerular filter. Clearly, the location of
the major filtration barrier, glomerular
basement membrane versus the slit diaphragm, and the reasons why the filtration barrier does not clog are still highly
debated issues.16 –21 Multiphoton imaging can directly visualize the GFB16 and
the cellular structures of the intact glomerulus in high spatial and temporal resolution in vivo and will undoubtedly help
to clarify these issues.
The SPS, proposed to be a new layer of
the GFB, was discovered and characterized recently by Neal et al.22 The SPS is a
labyrinthine fluid space between the underside of podocyte cell body and the
foot processes. Subsequent multiphoton
imaging studies in the intact glomerulus
1836

confirm the findings of these initial morphometric measurements and show that
the SPS constitutes a highly significant
restriction to flow.23 The small connectors between the SPS and the Bowman’s
space, so-called exit pores,22 may have
important functional implications in
physiologic (filter backwash, podocyteto-endothelium crosstalk), as well as
pathologic processes (glomerulosclerosis) and needs further study.
Quantitative multiphoton imaging
techniques can directly visualize major
physiologic functions on the single
nephron level, for example, the classic,
oscillatory nature of single nephron
GFR (SNGFR) and tubular fluid flow.6
Real-time imaging and measurement
of these and other glomerular and tubular functions have been published
earlier and are included in supplementary video material.6,8 For example, regular periods of glomerular contraction–
relaxation are observed, resulting in
oscillations of filtration (SNGFR) and tubular flow rate. This is measured by
changes in fluorescence intensity of the
filtered plasma marker 70-kD dextranrhodamine B in Bowman’s space and
tubular fluid, as well as by changes in
tubular diameter. 6,8 The oscillations
clearly show two components: faster
(frequency of 0.12 Hz and cycle time
about 10 seconds) and slower (frequency of 0.023 Hz and cycle time
about 45 seconds) elements that are
consequences of the afferent arteriole
myogenic and TGF mechanisms, respectively.24,25
In addition, real-time multiphoton
imaging of the intact kidney in vivo confirms the existence of a bulk fluid flow in
the JGA interstitium.26 Using bolus injections of the extracellular fluid marker
Lucifer yellow, the rapid ultrafiltration of
plasma through fenestrated endothelium
in the terminal, renin-expressing segment of the afferent arteriole has been
visualized directly.26 This significant and
dynamic fluid flow from the preglomerular vascular lumen to the renal cortical interstitium may be an important
source of interstitial macromolecules, in
addition to luminal uptake and transcytosis in tubules.26 –28
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CONTROVERSY REGARDING
GLOMERULAR SIEVING OF
MACROMOLECULES:
LIMITATIONS OF THE
FLUORESCENCE APPROACH

A few years ago, pioneers in the renal intravital applications of multiphoton imaging
made an interesting observation that at the
time was a potentially paradigm-shifting
discovery regarding the function of the
GFB. They observed mass glomerular filtration (high levels of fluorescence in the
Bowman’s space) of fluorophore-conjugated albumin and 70-kD dextran in normal kidneys (with their glomerular sieving coefficient [GSC] in the range of 0.02
to 0.04) and its rapid endocytosis in the
proximal tubule.27 Based on these multiphoton studies, the authors formulated
a hypothesis that the GFB normally leaks
albumin at nephrotic levels, and this filtered albumin load is avidly bound and
retrieved by cells along the proximal tubule.
This new concept on the tubular origin of proteinuria challenged the old paradigm that proteinuria is of glomerular
origin.15–21,29 The same authors followed
up on their initial observation by applying the multiphoton imaging approach
in the diabetic kidney and found basically the same high level of glomerular
filtration but failed reabsorption of albumin in the proximal tubule, giving rise to
diabetic albuminuria.28 Because the value of
albumin GSC measured by multiphoton
microscopy was 50 times greater than
previously measured by micropuncture29 or calculated30 (GSC in the 0.0006
range), these multiphoton studies generated heated debate in top renal journals.31–36
Importantly, two recent independent
studies applying the same multiphoton
imaging approach to measure the GSC of
albumin and 70-kD dextran dismiss previous claims on the filtration of nephrotic
levels of albumin by finding that the GSC
of albumin and 70-kD dextran were much
lower, ⬃0.002.35,36 Several technical limitations were identified that were likely responsible for the higher GSC values found
by Russo et al.,27 which concerned both
poor animal conditions such as hypotherJ Am Soc Nephrol 21: 1835–1841, 2010
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mia, dehydration, low BP, and low GFR, as
well as imaging-related factors.
Based on earlier work,37 Tanner35 identified the high laser outputs (high levels of
illumination) and the use of external, instead of internal, photodetectors that were
responsible for the collection of significant
out-of-focus fluorescence (noise and not
albumin) in the Bowman’s space in the
earlier studies. Other imaging-related factors that led to the flawed GSC measurements by Russo et al.27 include the requirement of higher imaging depth resolution
(at least 12-bit as opposed to 8-bit), the significant light scattering by the living kidney

tissue, and physiologic heterogeneities in
GFB function.36
Here we present new multiphoton
data (Figure 1) to substantiate our claim
that conventional applications of multiphoton microscopy or fluorescence imaging approaches, in general, have serious technical limitations to measuring
certain renal functional parameters like
GSC. Accurate determination of GSC of
albumin or 70-kD dextran in vivo requires highly precise measurement of
true fluorophore concentrations (fluorescence intensity) in relatively inaccessible compartments such as the glomeru-

Figure 1. Limitations of the multiphoton fluorescence imaging approach when measuring glomerular sieving of macromolecules. (A) In vivo multiphoton image of an intact
glomerulus (G) from a Munich-Wistar-Fromter rat. The intravascular space (plasma) is
labeled red using 70-kD dextran-rhodamine B. Red blood cells appear in high density as
unlabeled, dark objects in the capillary lumen. A minor, invisible fraction of 70-kD dextran
is filtered into the Bowman’s space (BS), and it becomes highly concentrated (fluorescence) in the tubular lumen of the cortical collecting duct (CCD). Note the relatively low
level of red fluorescence in the glomerular capillary lumen. However, when only red
blood cell-free, clear plasma flows in a capillary loop (B, arrowhead, the same glomerulus
is shown as in A using the same imaging settings), the plasma fluorescence increases
significantly. The flow of red blood cells was obstructed by a small blood clot (arrow),
which was formed temporarily in response to briefly focusing the multiphoton laser beam
on the luminal surface of one endothelial cell upstream in the glomerular capillary.
(C) Illustration of the highly light absorbing and scattering effect of red blood cells
streaming in the capillary lumen in high density that results in low efficiency of fluorophore excitation (Ex) and detection of emitted fluorescence (Em). In contrast, the excitation and fluorescence detection are highly efficient in clear solutions (red blood
cell-free capillary). (D) Recording of low levels of rhodamine B-fluorescence in the
Bowman’s space (BS). The level of fluorescence intensity is not steady state; normally, it
shows regular oscillations.
J Am Soc Nephrol 21: 1835–1841, 2010
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lar capillary. The kidney’s anatomic
(dense capillary network, convoluted tubules, fibrous renal capsule) and functional features (high organ blood flow,
20% of cardiac output) make renal tissue
especially light absorbing and scattering
compared with other organs.8 Because
20% of plasma is filtered from the glomerular capillaries, the local hematocrit
(red blood cell density) is extremely high.
In contrast to fluorescence imaging in
clear solutions, in glomerular capillaries,
the high density of fast moving red blood
cells, their significant light absorption
caused by hemoglobin content, and scattering caused by high velocity, irregular
shape, and deformability result in low efficiency of both fluorophore excitation
and detection of emitted fluorescence.38
This issue is a well-established and important limiting factor for fluorescence
imaging applications in several vascular
beds, and perhaps the only possible way
to prevent it is blood replacement, which
yields superior image quality for in vivo
multiphoton applications.38
Figure 1, A through C, shows the high
light scattering effect of red blood cells in
glomerular capillaries in vivo. After taking a single-scan multiphoton image of
the intact kidney in Munich-WistarFromter rats as described earlier (Figure
1A),6,8 the flow of red blood cells was intentionally obstructed in one glomerular
capillary loop by a small blood clot,
which was formed by briefly focusing the
multiphoton excitation laser beam on
the luminal surface of one endothelial
cell. This artificially formed thrombus
caused no changes in capillary diameter
and resulted in only partial capillary occlusion as judged by intact rather than
stagnant plasma flow and occasional passage of a few red blood cells in the blood
vessel, and it completely dissolved in a
few seconds. Figure 1B shows that, when
only red blood cell-free clear plasma
flows in the same capillary, imaging with
the same settings as in Figure 1A results
in significantly increased fluorescence
intensity of the plasma marker (70-kD
dextran). Fluorescence intensity in these
studies was measured in regions of interest where plasma fluorescence was the
brightest and always at the outer margins
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of the capillary lumen where blood cell
density is the lowest. Similar results are obtained when, without any intervention, the
occasional leukocyte sticking and rolling in
glomerular capillaries causes the same phenomenon—instantaneous increase in
plasma fluorescence (visible in Supplementary Video Material 2). The application of this maneuver results in a three- to
fourfold increase in plasma fluorescence;
consequently, a much lower GSC is obtained for 70-kD dextran (0.001 ⫾ 0.0004)
compared with the control conditions of
intact whole blood flow in the capillaries
(0.004 ⫾ 0.0004, n ⫽ 11, P ⬍ 0.05, using
paired t test). Mean arterial BP was monitored throughout imaging and was normal
(95 ⫾ 5 mmHg). Thus, accurately performed multiphoton determinations of
GSC of albumin and 70-kD dextran provide essentially the same values as established previously by micropuncture.29
Another odd finding of the previous
measurements by Russo et al.27 was the
steady-state level of fluorescence in the
Bowman’s space. As described before6,36
and detailed above, and shown in Figure
1D, the physiologic mechanisms of afferent arteriole myogenic tone and TGF cause
oscillations in SNGFR consisting of two
components, and therefore, the Bowman’s
space fluorescence is normally nonlinear.
The failure to detect these characteristic oscillations in Bowman’s space fluorescence
by these investigators suggests they en-

countered and measured a high level of
nonspecific or background fluorescence.

IMAGING OF PODOCYTE
DYNAMICS

We attempted to provide additional
multiphoton evidence for the glomerular
origin of proteinuria by imaging the
morphologic and functional consequences of localized podocyte damage
using the experimental model of FSGS.
We aimed to find localized elevations in
GFB permeability, restricted to areas of
podocyte damage, which would argue
against the homogenous, nephrotic levels of albumin filtration in glomeruli.27
Munich-Wistar-Fromter rats were given
100 mg/kg body weight PAN intraperitoneally, as described before, and imaged 4
days after treatment.39 Animal preparation and fluorophore administration
were performed as described earlier,6 except that Lucifer yellow, a 0.4-kD freely
filterable, but cell membrane impermeable, small molecule was infused continuously into the carotid artery (10 l/min
of 12.5 mg/ml stock solution) to label the
primary filtrate in the Bowman’s space.
We found the vascular endothelium and
mesangial cells endocytosed Lucifer yellow intensely and consequently were labeled as opposed to normal podocytes and
parietal cells that did not show any signs of

dye uptake and remained dark and unlabeled during several hours of imaging (Figure 2, A through C). It should be noted that
the lack of Lucifer yellow and 70-kD dextran endocytosis in podocytes seems to be
molecule specific, because previous studies
established the endocytosis of albumin and
immunoglobulins by these cells.21,40
This feature of labeling of the cellular
components of GFB gave us a tool to
track podocytes in real time based on
their lack of labeling. In addition to the
images in Figure 2, A through C, a representative video (Supplementary Material
1) shows the movement of one to two
podocytes in one thin optical section in a
normal untreated glomerulus, whereas
most of the other podocytes appear stationary. The few moving podocytes may
represent the damaged, activated podocytes that are highly motile as described
in a recent review by Mundel and Reiser.41
There are several signs that the dark,
moving cells cannot be other cell types,
for example, a leukocyte. We found that
circulating leukocytes are intensely labeled green (visible in supplementary
videos) because of their endocytosis of
Lucifer yellow, and they are visible as
green streaks occasionally passing
through the capillary loops. Also, a leukocyte, when sticking and rolling in capillaries, usually blocks the flow of red
blood cells; therefore, only plasma can

Figure 2. Multiphoton images of glomeruli in vivo in (A) control or (B) PAN-treated Munich-Wistar-Fromter rat and (C) control C57BL6
mouse kidneys. The intravascular space (plasma) marker 70-kD dextran-rhodamine B (red) was given in bolus, and Lucifer yellow, a
0.4-kD easily filterable, but cell membrane impermeable, small molecule (green) was infused continuously into the carotid artery to label
the primary filtrate in the Bowman’s space (BS) green. The vascular endothelium (E) and mesangial cells (M) are intensely labeled
green-yellow because they readily endocytose Lucifer yellow as opposed to podocytes (arrowhead, enlarged in inset in A) and parietal
cells (arrow) that normally do not and therefore remain unlabeled (dark, negative image). (B) Numerous pseudocysts under the
podocytes (asterisk) are clearly visible after PAN treatment.
1838
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Figure 3. Podocyte pseudocysts that form as a result of PAN treatment are enlargements
of the subpodocyte space. (A) In vivo multiphoton image of an intact glomerulus from a
PAN-treated Munich-Wistar-Fromter rat. The intravascular space (plasma) is labeled red
using 70-kD dextran-rhodamine. (B) Lucifer yellow was injected into the carotid artery in
bolus, and the time-lapse of its fluorescence (green) was recorded in the Bowman’s space
(BS) and inside pseudocysts (arrowhead) as shown in A. Lucifer yellow appeared and
cleared from the BS quickly, whereas the filling and emptying in pseudocysts were slightly
slower and delayed.

pass through the local narrowing in capillary lumen. However, there is a constant, free flow of red blood cells in the
capillary loop that is covered by the moving podocyte, which also appears to be
located outside the capillary lumen. Positive identification of podocytes and parietal cells using genetic approaches may
provide benefit in future applications.
Importantly, Figure 2C shows that all
three cell types of the GFB can be visualized not only in Munich-Wistar-Fromter
rats but also in the commonly used
C57BL6 mouse.

Numerous pseudocysts in podocytes
were found after PAN treatment (Figure
2B), consistent with previous reports.42,43
Using bolus injections of tracer molecules
into the carotid artery as described before,23 the filling and emptying of pseudocysts were studied in time-lapse images
(Figure 3). The injected tracer Lucifer yellow appears and clears from Bowman’s
space very quickly, whereas the filling and
emptying in pseudocysts is slightly slower
and delayed, similar to what we found earlier in the subpodocyte space.23 These results suggest the podocyte pseudocysts that

Figure 4. Increased GFB permeability is restricted to areas of podocyte damage. (A) In
vivo multiphoton image of a glomerulus from a PAN-treated Munich-Wistar-Fromter rat.
The intravascular space (plasma) is labeled red using 70-kD dextran-rhodamine. (B) Cell
nuclei are labeled weakly using Hoechst33342 and a green filter. The time-lapse of
rhodamine B fluorescence was recorded in the Bowman’s space (BS) as shown in A in two
regions of interest: around a damaged, shedding podocyte (arrowhead, ROI1) and
around an intact capillary loop (ROI2). GFB permeability to 70-kD dextran was 5- to
10-fold higher around a damaged podocyte. Focal thrombus formation is visible in the
capillary loop directly underneath the shedding podocyte.
J Am Soc Nephrol 21: 1835–1841, 2010
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form as a result of PAN treatment may represent enlargements of the subpodocyte
space.
Because the PAN-induced FSGS is a
well-established model of proteinuria,
alterations in GFB permeability were assessed by multiphoton measurement of
the fluorescence intensity of the plasma
marker, 70-kD dextran-rhodamine B, in
the Bowman’s space. Similarly to the
control kidney (Figure 1), a very low level
of fluorescence is found in most areas of
the Bowman’s space (Figure 4, A and B).
However, the permeability of the GFB to
70-kD dextran is 5- to 10-fold higher
around a damaged, shedding podocyte.
A movie of the same preparation is available as Supplementary Material 2, and
the leaking plasma marker (high red fluorescence intensity) around the damaged podocyte is clearly visible in contrast to the other, intact capillary loop
regions where the Bowman’s space is
dark. These findings suggest the increased GFB permeability is restricted
to areas of podocyte damage, consistent with the old paradigm on the glomerular origin of proteinuria and the
key role of podocytes.15–21,29,39,41 Interestingly, podocyte shedding is always followed immediately by focal thrombus
formation in the capillary loop directly
underneath the shedding podocyte,
which can be explained by the abrupt
structural changes of the glomerular
basement membrane as a consequence of
the damaged podocyte and slit diaphragm as described earlier.44
Time-lapse imaging provides details
of the dynamics of the shedding and replacement of podocytes in vivo in PANtreated Munich-Wistar-Fromter rats.
Figure 5 shows this rather rapid and uniform process. It should be noted that all
shedding podocytes exhibit the exact
same features and apparently undergo
the same process and phases with the
same time course as the following. The
first sign is always the disappearance of
the pseudocyst, followed by the podocyte
becoming membrane permeable and
consequently highly fluorescence in
contrast to the normal, dark podocytes. A small, highly green, autofluorescent punctate region is formed within 2
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Figure 5. Time-lapse imaging of the shedding and replacement of podocytes in vivo in
PAN-treated Munich-Wistar-Fromter rats. The intravascular space (plasma) marker 70-kD
dextran-rhodamine B (red) was given in bolus, whereas Lucifer yellow was continuously
infused into the carotid artery to label the Bowman’s space and visualize podocytes by
their lack of labeling (dark cells). Time-series images show the detachment of a pseudocyst-containing podocyte (arrowhead) off of the glomerular capillary wall, its leaving the
glomerulus by breaking through the parietal Bowman’s capsule, and quick replacement
by another newly recruited cell (arrow). After the disappearance of the pseudocyst, the
amorphous, detaching podocyte becomes membrane-permeable and highly fluorescence (visible at 500 seconds). After this point, the remaining process is very fast,
including complete podocyte detachment and its crossing through the parietal Bowman’s capsule within 10 seconds and the appearance of an elongated, stellate-shaped
cell (arrow) from the parietal area of the Bowman’s capsule within another 10 seconds.
Within another 50 seconds, this new cell appears to replace the old, detached podocyte.

minutes inside the cell, which gradually
became larger. Approximately 6 to 7
minutes after the initial signs, the entire
podocyte appears highly green fluorescence and amorphous. After this point,
the remaining process is very fast and includes complete podocyte detachment,
and in this particular case (shown in Figure 5), its crossing through the parietal
Bowman’s capsule within 10 seconds.
This was, however, a unique finding, because most podocytes simply disappear
and end up in the tubular fluid. An elongated, stellate-shaped cell appears quickly
from the parietal area of the Bowman’s
capsule within 10 seconds, which seems to
replace the old, detached podocyte within
another 50 seconds. A movie of the same
preparation is available as Supplementary
Material 3. The appearance of the shedding
podocyte, the above listed morphologic
features, and the rapidity of the process
may be consistent with cell necrosis.
The surprising finding that shedding
1840

podocytes can break through the parietal
Bowman’s capsule supports the recent findings of the high permeability and damaged
intercellular junctions of parietal cells in glomerular diseases associated with proteinuria.45,46 Also,multiphotonimagingisableto
visualize another interesting function of parietal cells acting as renal progenitor cells that
can quickly replace podocytes.47 Future applications of this imaging approach have
greatpromiseandwillcertainlyidentifyother
details of these dynamic processes of podocytes,parietalcells,andtheotherconstituents
of the GFB.

CONCLUSION

Multiphoton excitation fluorescence
microscopy is an extremely powerful
imaging technique for studying the intact kidney with submicrometer resolution. However, fluorescence applications
have serious technical limitations for the
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measurement of certain functional renal
parameters such as GSC, which require accurate measurement of fluorophore concentrations (fluorescence intensity) in very
small, relatively inaccessible compartments. Nevertheless, more advanced and
unconventional uses of the technology
find extremely low amounts of filtered
macromolecules in the Bowman’s space
(GSC of 70-kD dextran in the 0.001
range), dismissing previous claims on
their mass filtration in the glomerulus.
New visual information on intact podocytes, parietal cells, and other elements of
the filtration barrier obtained by multiphoton imaging can help to solve the
many controversies in glomerular function.
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