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Podocytes are critical in the maintenance of a healthy 
glomerular filter; however, they have been difficult to study in 
the intact kidney because of technical limitations. Here we  
report the development of serial multiphoton microscopy 
(MPM) of the same glomeruli over several days to visualize the 
motility of podocytes and parietal epithelial cells (PECs) in vivo. 
In podocin-GFP mice, podocytes formed sporadic multicellular 
clusters after unilateral ureteral ligation and migrated into 
the parietal Bowman’s capsule. The tracking of single cells 
in podocin-confetti mice featuring cell-specific expression of 
CFP, GFP, YFP or RFP revealed the simultaneous migration of 
multiple podocytes. In phosphoenolpyruvate carboxykinase 
(PEPCK)-GFP mice, serial MPM found PEC-to-podocyte 
migration and nanotubule connections. Our data support a 
highly dynamic rather than a static nature of the glomerular 
environment and cellular composition. Future application of 
this new approach should advance our understanding of the 
mechanisms of glomerular injury and regeneration.

Podocytes are critical elements of the glomerular filtration barrier 
(GFB), which is a complex vascular unit in the glomerular capillaries  
that performs plasma ultrafiltration1. Podocytes are highly differenti-
ated cells that form long primary and secondary extensions that wrap 
around the outside of the capillary loops. Between their interdigitating 
foot processes, the slit diaphragm is formed, which is a key component 
of the GFB2. Recent genetic and cell biological studies have high-
lighted the importance of podocytes in the development of glomerular 
diseases3–11. Still, a barrier to understanding the mechanistic details of 
glomerular pathology is the technical limitation in studying the GFB 
in its native environment. Because of the lack of in vivo data, there 
are still substantial gaps in our understanding of podocyte dynamics  
and motility and their link to albuminuria and glomerulosclerosis.  
However, these insights are needed for the development of new  
treatment strategies.

Because of the dynamic and complex structure of the GFB, the 
application of high-resolution imaging tools may provide in vivo 

technology for podocyte research. MPM is an innovative, minimally 
invasive optical sectioning technique that allows the imaging of the 
mouse kidney12, including glomeruli, in vivo13–15. Mouse genetic tools 
permit cell-specific expression of multicolor fluorescent proteins16,17, 
including in podocytes for imaging applications18–22. In addition, 
genetic tagging and lineage tracing are powerful tools to study cell 
fate in vivo. We therefore aimed to develop a new visual approach to 
directly visualize and track the two glomerular epithelial cell types, 
podocytes and PECs, in vivo in the intact mouse kidney using serial 
MPM over time.

The motility of podocytes and PECs and their role in renal patholo-
gies and nephron regeneration remain under debate. According to the 
classic view, podocytes are terminally differentiated cells and cannot 
repair themselves by means of cell division23,24. However, podocytes 
can proliferate in a limited number of conditions25. The new research 
field of renal stem cells has also recently challenged the stationary 
podocyte concept in reports that podocytes can be replaced by PECs, 
which migrate along the Bowman’s capsule26 and express progenitor 
cell markers27. Visual techniques to track podocytes and PECs in vivo 
may aid research on these topics and the future development of new 
progenitor or stem cell–based therapeutic approaches to renal injury. 
To test the utility of our new MPM imaging approach, we used two 
disease models: unilateral ureteral ligation (UUO) and Adriamycin 
nephropathy. UUO is a widely used animal model for studying pro-
gressive renal disease and tubulointerstitial fibrosis28. UUO pathology 
features injury of PECs and damage of the tubuloglomerular junction, 
leading to the formation of atubular glomeruli29. The rapid remodel-
ing of the Bowman’s capsule that is observed after UUO29 suggests 
that this model may be ideally suited to image PEC and podocyte 
motility in kidney injury. Adriamycin nephropathy is a model that 
resembles human focal segmental glomerulosclerosis30.

RESULTS
Characterization of podocin-GFP mice
We previously visualized podocytes on the basis of their typical posi-
tion and shape by a negative labeling technique in wild-type animals 
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(mice and rats) using systemic injections of Lucifer yellow, which 
is a freely filterable dye14 (Supplementary Fig. 1a). However, this 
approach precluded tracking podocytes during damage, migration 
or replacement. Therefore we generated a podocin-GFP (pod-GFP) 
mouse model in which podocytes express membrane-targeted GFP, 
whereas all other cells express the RFP Tomato (Supplementary 
Fig. 1b). GFP fluorescence outlined a single cell layer and was most 
intense close around the capillary loops as compared to the cell body 
because of the membrane-rich foot process region (Supplementary 
Fig. 1b). GFP-expressing podocytes colocalized with cells identified 
by the negative labeling technique, confirming the validity of our 
previous technique (Supplementary Fig. 1c and Supplementary 
Movie 1). Co-staining for GFP and synaptopodin, a podocyte dif-
ferentiation marker, confirmed podocyte-specific expression of GFP 
(Supplementary Fig. 1d–f).

MPM imaging of podocyte migration
Compared to the lack of labeling in control wild-type mice (Fig. 1a), 
we observed podocyte-specific GFP expression in pod-GFP mice in 
a low-power MPM image of a kidney 3 weeks after UUO (Fig. 1b). 
Starting 1–2 weeks after UUO, MPM imaging visualized podocytes 
that formed sporadic multicellular clusters on the glomerular tuft 
(Fig. 1c), with short projections developing toward the Bowman’s 
space and into the remainder of the proximal tubule fragment 
(Fig. 1d). We occasionally found detached single podocytes further 
downstream in the lumen of proximal tubules in a few filtering neph-
rons, indicating podocyte shedding from these projections (Fig. 1e). 

However, the most common morphological change in the UUO model 
was the appearance of podocytes in the parietal layer of the Bowman’s 
capsule. In most glomeruli, podocyte projections propagated to the 
PEC layer after contact between podocytes and PECs was established. 
These contact points developed either through continuous transi-
tion at the vascular pole (Fig. 1f) or by forming bridges across the 
Bowman’s space close to the urinary pole (Supplementary Fig. 2a 
and Supplementary Movie 2) or anywhere around the glomerular 
tuft (Fig. 1g). The podocyte projections appeared to grow further 
along the PEC layer toward the remodeled (sealed) glomerulotubular 
junction and, in some glomeruli, to the proximal tubule fragment 
(Supplementary Fig. 2a–c). Three to four weeks after UUO, we 
found a continuous layer of GFP-expressing (GFP+) cells along the 
parietal Bowman’s capsule, and numerous cell bridges of podocyte 
origin formed between the visceral and parietal cell layers (Fig. 1g). 
Statistical analysis (Fig. 1h) showed that <5 weeks after UUO, the 
percentage of glomeruli in which >50% of the parietal layer was 
 covered by GFP+ cells was 19 ± 4% (a total of n = 895 glomeruli ana-
lyzed from n = 43 mice; mean ± s.e.m.) compared to 3 ± 2% in age-
matched control mice (n = 239 glomeruli from n = 19 mice, P < 0.05). 
The percentage of glomeruli with >50% parietal GFP+ cell coverage 
increased continuously with time after UUO (Fig. 1i) (R = 0.846,  
n = 48 mice, P < 0.05). We also observed the rare phenomenon of 
GFP+ cell projections along the parietal layer of Bowman’s capsule 
in control healthy (non-UUO) kidneys (Supplementary Fig. 2b). 
Notably, we never observed solitary or isolated clusters of GFP+ 
cells in the parietal layer. These cells always had continuous physical 

Figure 1 MPM imaging in vivo reveals signs of 
podocyte migration in the intact kidney in the 
model of UUO in pod-GFP mice. (a) In a wild-
type mouse kidney, the glomerular podocytes 
appear as dark, unlabeled cells around 
capillaries (arrows). Plasma is labeled red with 
Alexa 594–albumin. Lucifer yellow (yellow) was 
injected intravenously to label the filtration 
(Bowman’s) space. Scale bar, 20 µm (shown in 
a, applies to a and c–g). (b) Low-power image 
of glomeruli after UUO showing restriction of 
GFP fluorescence to podocytes in pod-GFP 
mice. Scale bar, 20 µm. (c,d) Early podocyte 
changes that appear after UUO include the 
development of podocyte cell clusters (c) and 
their projections protruding (arrow) into the 
lumen of the proximal tubule (d). (e) Detached, 
individual podocytes can be seen in the lumen 
of the proximal tubule. (f,g) GFP+ cells in the 
parietal layer appear to develop by visceral 
podocytes migrating to the parietal layer  
through the vascular pole transition (f) or 
directly over the Bowman’s space (g).  
Thin connections appear to bridge the  
parietal and visceral layers of the Bowman’s 
capsule (arrows). Continuous GFP+ cell  
coverage in the parietal layer develops  
later, at more than 3–4 weeks after UUO.  
(h) Percentage of glomeruli in which >50%  
of the parietal layer is covered by GFP+ cells  
in age-matched control mice (n = 19)  
and mice at 2–5 weeks after UUO (n = 43).  
*P < 0.05 using Student’s t test.  
Data are shown as the mean ± s.e.m.  
Ctrl, control. The vertical dot plot shows  
the percentage values for each mouse. (i) Linear fit of the data points (black, pod-GFP (n = 48 mice); red, ipod-GFP (n = 5 mice)) showing the 
percentage of glomeruli with >50% parietal GFP+ cell coverage. The scatter dot plot shows the percentage values for each mouse.
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 connections to the glomerular tuft, suggesting that they originated 
from propagating visceral podocytes. Immunolabeling of GFP and 
the podocyte marker podocin at 9 weeks after UUO revealed expres-
sion of podocin in GFP+ cells in the PEC layer, further suggesting the 
migration of podocytes in this model (Supplementary Fig. 2d–f).

To confirm that GFP+ cells in the parietal layer developed by migra-
tion of visceral podocytes rather than podocin gene activation in PECs 
(and hence, Cre-mediated GFP expression), we repeated the experi-
ment with tamoxifen-inducible pod-GFP (ipod-GFP) mice. There was 
no GFP expression outside the visceral podocyte layer in ipod-GFP 
mice after tamoxifen induction (Figs. 1i and 2a). However, at 2–4 weeks  
after UUO, ipod-GFP mice developed the same glomerular phenotype 
as described above for the constitutive pod-GFP model, including 

podocyte clustering (Fig. 2a), the development of visceral-to-parietal 
podocyte projections (bridging) and podocyte migration to the pari-
etal layer (Fig. 2b,c). Statistical analysis (Fig. 1i) showed that simi-
larly to the constitutive pod-GFP model, the percentage of glomeruli 
with >50% parietal GFP+ cell coverage in ipod-GFP mice increased 
continuously with aging after UUO (R = 0.972, n = 296 glomeruli 
analyzed from n = 5 mice, P < 0.05), although the phenomenon had 
apparently different dynamics in the two models.

In addition, to study the effects of a different injury, we treated  
pod-GFP mice with a single high dose of Adriamycin. Similarly to the 
UUO model, within 4 d, Adriamycin treatment induced the develop-
ment of sporadic podocyte clusters (Fig. 2d and Supplementary 
Movie 3) and the appearance of GFP+ cells in the parietal layer close 
to the vascular pole transition and in continuum with visceral podo-
cyte clusters (Fig. 2e). Histological analysis (Fig. 2f ) revealed a sig-
nificantly higher percentage of glomeruli with podocyte clusters 4 d 
after Adriamycin treatment (7 ± 2% from a total of n = 1,241 glomeruli 
analyzed from n = 4 mice) compared to 0 ± 0% in age-matched control 
mice (n = 1,460 glomeruli in n = 4 mice, P < 0.05). We measured albu-
minuria in the same groups and confirmed that glomerular damage 
developed after Adriamycin treatment (Supplementary Fig. 3).

Serial in vivo MPM imaging of the same glomerulus
To better understand the dynamics of podocyte migration, we devel-
oped serial MPM imaging of the same glomerulus over time in the 
intact pod-GFP mouse kidney in vivo taken once every 24 h. We 
identified glomeruli on the basis of a laser-induced mark placed close 

Figure 2 Confirmation of the presence of 
podocyte clustering and migration in ipod-GFP 
mice and in Adriamycin nephropathy.  
(a–c) Podocyte clustering and migration in  
ipod-GFP mice after UUO. (d–f) Podocyte 
clustering in the model of Adriamycin 
nephropathy in pod-GFP mice. In ipod-GFP 
mice, podocyte clustering was observed  
<2 weeks after UUO (a, arrow). At >4 weeks 
after UUO, podocyte projections to the parietal 
Bowman’s capsule developed at the urinary  
pole invading the glomerulotubular junction  
(b, arrow), at the vascular pole transition  
(c, arrowheads) or anywhere in between the 
poles (c, arrow), giving rise to parietal  
GFP+ cells. Plasma was labeled red with Alexa 
594–albumin. MPM imaging of the intact  
pod-GFP mouse kidney after Adriamycin 
treatment revealed the presence of podocyte 
clusters around capillaries (d, arrowhead) and the 
development of GFP+ cell coverage in the parietal 
layer, which was continuous with the podocyte 
clusters through the vascular pole transition  
(e, arrow). Scale bars, 20 µm (the bars in a and e 
are identical and apply to a–e). (f) Summary of the histological analysis showing the percentage of glomeruli with podocyte clusters in age-matched control 
mice and mice at 4 d after Adriamycin (ADR) treatment (n = 4 per group). *P < 0.05 using Student’s t test. Data are shown as the mean ± s.e.m.
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Figure 3 Serial in vivo MPM imaging of the same glomerulus in pod-GFP  
mice after UUO over time taken once every 24 h. (a,b) Podocytes from 
a hypercellular area at the urinary pole of a collapsed, nonfiltering 
glomerulus (a, arrow) appear to migrate away from the capillary tuft to 
form a projection into the remainder of the proximal tubule (b, arrow; 24 h 
later). (c,d) Demonstration of the increased size (growth) of the GFP+ cell 
projections in the parietal layer (d, arrows) 24 h after the previous imaging 
session (c). Plasma is labeled red with Alexa 594–albumin. Scale bar,  
20 µm (shown in a, applies to a–d).
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to the glomerulus. We performed z sectioning at each time point and 
then compared the z stacks.

Serial MPM imaging was instrumental in depicting the dynamics 
and the substantial changes in the morphology of podocyte projec-
tions, which often occurred within 24 h of the previous imaging ses-
sion. We found evidence for the migration of podocytes away from 
the multicellular clusters, for example, around the urinary pole into 
the remainder of the proximal tubule (Fig. 3a,b and Supplementary 
Movie 4). In addition, the growth of GFP+ cell projections in the pari-
etal layer was evident by the increasing length and width of the projec-
tions (Fig. 3c,d and Supplementary Movie 5). In the few nephrons 
that retained residual glomerular filtration, we observed shedding of 
podocytes into the proximal tubule (Supplementary Fig. 4).

Tracking single podocytes in podocin-confetti mice
By using podocin-confetti (pod-confetti) mice with podocyte-specific 
expression of membrane-targeted CFP, nuclear GFP, cytosolic YFP 
or cytosolic RFP (confetti construct17) and in vivo MPM imaging,  

we were able to identify and track individual podocytes over time 
on the basis of their specific color (Fig. 4a and Supplementary  
Movie 6). As with pod-GFP and ipod-GFP mice, UUO induced the 
bridging of podocytes over the Bowman’s space to the parietal layer in 
pod-confetti mice (Fig. 4b). Adjacent projections in the parietal layer 
were often labeled by a different color, suggesting that multiple vis-
ceral podocytes migrate to the parietal Bowman’s capsule. Statistical 
analysis of confetti-positive projections (Fig. 4c) showed that the 
majority of the projections either had a visible, monochromatic 
bridge between the visceral and parietal layers or the parietal confetti- 
positive cell matched the color of the closest visceral podocyte  
(81% in isolated projections and 73% in multiple projections).

In addition, serial MPM imaging of the same glomerulus in the UUO 
kidney of a pod-confetti mouse (Fig. 4d,e and Supplementary Movie 7)  
provided visual evidence for the appearance of new visceral podo-
cytes within 24 h. In addition, MPM imaging of pod-confetti mice 
allowed the visualization of the interdigitating podocyte foot processes  
(Fig. 4f), as has been described in other genetic approaches18,19.

MPM imaging of PEC migration
To further elucidate the dynamic interaction between podocytes 
and PECs, we used in vivo serial MPM of PEPCK-GFP mice, which 
express GFP in proximal tubule segments controlled by the PEPCK 
promoter31. MPM imaging of PEPCK-GFP mouse kidneys in vivo 
revealed strong GFP expression in some, but not all, PECs in addi-
tion to in proximal tubule cells but not the glomerular tuft (Fig. 5a). 
Immunofluorescence colocalization experiments confirmed GFP 
expression in some PECs (Supplementary Fig. 5). We occasionally 
observed a GFP-expressing PEC at the vascular pole of the glomerulus 
(Fig. 5b,c), which formed projections that propagated into both the 
visceral and parietal layers (Supplementary Movie 8).

Figure 4 Identification and tracking of single podocytes in the multicolor 
pod-confetti mouse model using in vivo MPM imaging. (a) Podocytes are 
labeled in one of four colors using membrane-targeted CFP, nuclear GFP, 
cytosolic YFP or cytosolic RFP. Labeled dextran (plasma dye) is shown  
in grayscale. Scale bar, 20 µm (shown in a, applies to a, b, d and e).  
(b) A CFP-labeled (blue) visceral podocyte is shown bridging over the 
Bowman’s space to the parietal layer and in direct contact with other 
parietal cells of the same color (blue arrow). Other adjacent parietal 
confetti-positive cells are labeled with RFP (red arrow) or GFP (green 
arrow). (c) Analysis of the confetti-positive cell projections between the 
visceral and parietal layers shown for both single, isolated projections and 
multiple projections in which parietal confetti-positive cells had direct 
contact with other projections (n = 167 single projections and n = 217 
multiple projections from 112 glomeruli in 4 mice). (d,e) Serial MPM 
imaging of the same glomerulus showing the appearance of a nuclear GFP-
labeled podocyte around a glomerular capillary (e) compared to  
24 h earlier (d). Arrows indicate the same glomerular tuft region. 
Projection images of eight different confocal z planes are shown in both d 
and e. (f) Cell morphology of podocytes, including the interdigitating foot processes between two adjacent CFP- and YFP-labeled podocytes, visualized 
in detail (using a fixed and frozen tissue section). Scale bar, 2 µm.
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Figure 5 MPM imaging of PEC migration in vivo in the PEPCK-GFP mouse 
model after UUO. (a) Cell-specific GFP expression in the proximal tubule 
and in some, but not all, PECs. All other cells are labeled with Tomato. 
Scale bar, 20 µm (shown in a, applies to a–d). (b,c) Serial MPM imaging 
of the same glomerulus showing a GFP-expressing PEC at the vascular 
pole of the glomerulus that forms projections propagating into both the 
visceral and parietal layers. The length of the green projections increased 
between the time points 0 h (b) and 48 h (c). (d) Four green nanotubules 
(arrows) are visualized in the intact glomerulus, which appear to connect 
the PEC layer with the glomerular tuft.
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Notably, the strong GFP expression helped visualize the presence of 
extremely thin nanotubules connecting PECs with the glomerular tuft 
after UUO (Fig. 5d). The width of these cell-to-cell connectors was 
uniform (<350 nm), and they bridged long distances between PECs 
and podocytes (>25 µm) across the entire Bowman’s space. We also 
observed nanotubule connections between PECs (data not shown). 
The presence of PEC-to-podocyte nanotubules was common in the 
UUO model, with an average of one to four such nanotubules per 
glomerulus. Time-lapse MPM imaging revealed (Supplementary 
Movie 9) that the nanotubules were steady over time regardless of 
variations in hemodynamics, suggesting that these structures are 
indeed nanotubules rather than long primary cilia. In addition, entire 
cell bodies appeared occasionally along the length of the nanotubules 
(Supplementary Fig. 2c), suggesting that nanotubules may partici-
pate in podocyte migration.

DISCUSSION
Here we report the development of a new direct visual approach to 
track migrating podocytes and PECs over time in vivo in the same 
glomerulus of the intact kidney using serial MPM. This is an impor-
tant technical advance in nephrology research to study the dynamics 
and interactions of different glomerular cell types in the intact glomer-
ular environment. The tracking of cell migration and alterations in 
glomerular morphology may be combined with quantitative MPM 
imaging of key glomerular functions, as we reported recently32–34.  
The highly complex and dynamic portrayal of the structure and  
function of the same glomerulus during the course of a disease is 
one of the greatest values and advantages of this new MPM imag-
ing technique. Accordingly, its first applications resulted in several 
new biological and anatomical discoveries. Serial MPM imaging 
provided visual evidence for podocyte motility and migration to the 
parietal Bowman’s capsule in the intact mouse kidney in vivo, which 
were very robust after UUO. MPM imaging allowed us to visualize 
the development of multicellular podocyte clusters after UUO and 
Adriamycin treatment, as well as the highly dynamic nature of the 
migration of the same podocytes and PECs over several days after 
UUO. Moreover, a new anatomical discovery reported here is the 
visualization of nanotubules connecting the visceral (podocytes) and 
parietal (PECs) epithelial layers, which may participate in cell-to-cell 
communication and cell migration. The combination of serial MPM 
with mouse models, which allows the identification and tracking of 
single podocytes over time, will be very useful in future work to study 
mechanisms of glomerular disease and repair.

The feasibility of performing in vivo MPM imaging of the glomerulus 
in the intact mouse kidney has been demonstrated previously13–15,34,  
but this is the first study, to our knowledge, that used serial MPM 
in vivo to track the fate of podocytes and PECs over time that were 
individually marked using fluorescent lineage tags. Serial MPM com-
plements the powerful classical genetic cell lineage tracing tools35 and 
can be combined with functional studies, for example, measurement 
of the glomerular permeability of macromolecules, as was recently 
demonstrated by our lab32,33. Serial MPM is a substantial new addi-
tion to the existing arsenal of tools to study podocytes and other 
glomerular cells14,18,34.

MPM imaging provided important visual clues into podocyte 
migration that are consistent with the importance of podocyte motility  
and the intact actin cytoskeleton in GFB function, as has been estab-
lished by a number of recent studies3–11. We observed signs of podo-
cyte clustering, migration or both in not only the robust UUO model 
but also Adriamycin nephropathy, and even the control kidneys 

(although rarely), suggesting that these are general phenomena that 
are not restricted to UUO and may also be involved in the mainte-
nance of the intact GFB. Serial MPM imaging over several days was 
instrumental in visualizing the robust dynamics of podocyte and PEC 
migration and remodeling. It should also be noted that protrusion 
and migration of these cluster cells into the proximal tubule occur in 
the absence of filtration, whereas podocyte detachment and shedding 
occur in the presence of mechanical forces. On the basis of the present 
findings, podocyte migration contributes to the pathological remod-
eling of the glomerulotubular junction and the Bowman’s capsule 
after UUO29. Our data are consistent with the previously described 
presence of podocytes in the parietal Bowman’s capsule in certain 
pathologies36,37 and, rarely, the healthy kidney38.

With longer periods of UUO, we observed a complete GFP+ cell 
lining of the parietal Bowman’s capsule and a progressive increase 
in the percentage of glomeruli with parietal GFP+ cell coverage.  
These findings suggest that podocyte clustering and migration are 
ongoing phenomena, at least in UUO. Although mice with inducible 
Cre-mediated GFP expression (ipod-GFP mice) showed the same 
general phenotype as the constitutive pod-GFP model, further con-
firming podocyte migration, the parietal GFP+ cell coverage devel-
oped faster in pod-GFP as compared to iPod-GFP mice. This effect 
was likely due to either imperfect Cre induction17 in ipod-GFP mice 
or PEC-to-podocyte transformation in the constitutive pod-GFP 
mice. Also, in pod-confetti mice with constitutive Cre expression, it is 
possible that a change in podocyte color (‘flipping’) occurs even after 
the initial Cre recombination39. Therefore, the future use of inducible 
Cre models is required for cell lineage tracing experiments, whereas 
constitutive Cre reporter models may be used for short-term serial 
MPM imaging of cell migration.

We also found propagation of PECs in the PEPCK-GFP mouse 
model. We noticed Cre activity in some, but not all, PECs, as well as 
in the cells of the proximal tubule. Consistent with recent reports on 
the replacement of podocytes by PECs26,27, serial MPM imaging was 
able to visualize PEC propagation into both the visceral and parietal 
layers at the vascular pole of the glomerulus.

The visualization of nanotubules interconnecting PECs and podo-
cytes is an exciting anatomical discovery that was made possible by 
new highly fluorescent mouse models and the application of MPM  
in vivo. The (patho)physiological relevance of these physical con-
nectors between PECs and podocytes that bridge over long distances 
within the Bowman’s space has not yet been established. Nanotubules 
may provide an alternative to the vascular pole migration hypothesis 
that has been put forward by recent reports26,27 and may constitute a 
guiding structure for cell migration directly over the Bowman’s space 
or could be a unique form of cell-to-cell communication. Nanotubules 
have been reported to allow the unidirectional transfer of specific 
molecules and organelles between cells40.

In conclusion, serial MPM imaging of the intact kidney in vivo 
using newly developed fluorescent lineage–tagged mouse mod-
els is a new tool to study the development of kidney disease. This 
imaging approach solves a critical technical barrier in podocyte 
research and allows the dynamic portrayal of the fate and function of  
various glomerular cell types in vivo. The results of the first appli-
cations of this technique may help change current paradigms in 
 glomerular biology and support an emerging new concept, which 
emphasizes the dynamic rather than static nature of podocytes, PECs 
and the entire glomerular environment. Serial MPM imaging has tre-
mendous potential and utility in the future development and testing 
of new regenerative therapeutic approaches.
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METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Animals. Both male and female C57BL/6J mice at the age of 4–12 weeks were 
used randomly. Four new fluorescent reporter mouse models were generated. 
(i) Pod-GFP, by crossing mice expressing Cre recombinase under the control of 
the podocin promoter21 and animals with a TomatofloxSTOP-eGFP sequence in 
the ROSA 26 locus (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo)16. 
This results in expression of Tomato in all cells except podocytes, which 
express GFP. To study the effects of different backgrounds, the mice were used 
in a C57BL/6 background or a FVB background, or the F1 generation crossed 
between these backgrounds was used. (ii) ipod-GFP, by crossing mice express-
ing tamoxifen-inducible improved Cre recombinase under the control of the 
podocin promoter (podocin-iCreERT2 mice22, kind gift from F.R. Danesh, 
Baylor College of Medicine) and animals with the TomatofloxSTOP-eGFP con-
struct mentioned above. (iii) PEPCK-GFP, by crossing mice expressing Cre 
recombinase under the control of the phosphoenolpyruvate-carboxykinase 
promoter (PEPCK-Cre, kind gift from V. Haase, Vanderbilt University)31 
and animals with the TomatofloxSTOP-eGFP construct mentioned above.  
(iv) Pod-confetti, by crossing mice expressing the R26R-confetti construct17 
and podocin-Cre mice21, resulting in the expression of membrane-targeted 
CFP, nuclear GFP, cytosolic YFP or cytosolic RFP in podocytes. All animals  
were purchased from the Jackson Laboratory (Bar Harbor, ME) unless 
otherwise noted. All animal protocols were approved by the Institutional 
Animal Care and Use Committee at the University of Southern California 
or by local government authorities in Germany (Landesamt für Natur, 
Umwelt und Verbraucherschutz Nordrhein-Westfalen) under the license  
8.87-50.10.31.08.049.

Tamoxifen induction. 4-week-old mice received tamoxifen chow  
(40 mg per kg body weight; Harlan Laboratories, Indianapolis, IN) for 2 weeks, 
which was followed by a 2-week washout period before additional procedures 
were performed.

UUO. Between 3 and 8 weeks of age, the animals were anesthetized with 
isoflurane, and after a midline laparotomy, the left ureter was exposed and 
ligated three times. Successful ligation was confirmed by the hydronephrotic 
distension of the kidney at the time of imaging.

Adriamycin nephropathy. Pod-GFP animals received a single dose of 25 mg 
per kg body weight Adriamycin (doxorubicin) by retro-orbital injection; the 
animals were then imaged and sacrificed, and their tissues were collected  
4–6 d later. Successful induction of albuminuria was confirmed by measuring 
the urinary albumin-to-creatinine ratio (Exocell, Philadelphia, PA) between 
days 0 and 6 after Adriamycin treatment.

Multiphoton imaging. The animals were anesthetized with a combination 
of ketamine (100 mg per kg body weight) and xylazine (10 mg per kg body 
weight). A tracheal tube was inserted to facilitate breathing, and the right 
carotid artery and/or jugular vein was cannulated for dye infusion. 70-kDa 
Texas Red dextran or Alexa 594 bovine serum albumin was injected to label 
the vasculature. In some experiments, Lucifer yellow (Invitrogen) was injected 
as an intravenous bolus to visualize glomerular filtration. The left kidney was 
exteriorized through a flank incision, and the animal placed on the micro-
scope stage as described previously34. Body temperature was maintained with a 
homeothermic blanket system (Harvard Apparatus). The images were acquired 
using a Leica TCS SP5 multiphoton confocal fluorescence imaging system 
with a 63× Leica glycerine-immersion objective (numerical aperture (NA) 
1.3) powered by a Chameleon Ultra-II MP laser at 860 nm (Coherent) and a 
DMI 6000 inverted microscope’s external nondescanned detectors. Short-pass 
filters (680 nm for blue and red and 700 nm for green and yellow), dichroic 
mirrors (cut off at 515 nm for green and yellow and at 560 nm for blue and 

red) and bandpass filters were specific for detecting CFP, GFP, YFP and RFP 
emission (473, 514, 545 and 585 nm, respectively) (Chroma). The images of 
ipod-GFP animals were acquired using the external detectors of an inverted 
Zeiss LSM710 NLO multiphoton confocal fluorescence microscope powered 
by a Chameleon Ultra-II MP laser at 860 nm and a 40× Zeiss water-immersion 
objective (NA 1.2).

Serial survival imaging of the same glomerulus. After anesthesia, the left 
kidney was exteriorized by a small cut in the left flank below the kidney to 
avoid sutures right above the kidney afterwards. To avoid invasive vascular 
access surgeries, the dyes were administered by retro-orbital injections. The 
animal was transferred to the microscope stage, and the exteriorized kidney 
was placed into a kidney cup. An area of the kidney that was suitable for 
imaging was identified, and the position of the kidney was noted for identical 
placement on the following days. After acquiring z stacks of the glomerulus, a 
small distant area in the field of view was marked by shortly focusing the laser 
beam on this area with high power. This maneuver generated an easy-to-find 
highly fluorescent spot (reference point) that remained there for 3–5 d. The 
position of the mark relative to the glomerulus of interest was documented. 
After imaging, the kidney was placed back into the retroperitoneum, and the 
flank cut was closed with two layers of sutures. This procedure was repeated 
24 and 48 h later by removing the sutures and exteriorizing the kidney again. 
With this technique, we were able to subsequently find approximately 70% 
of the glomeruli that were marked in the first imaging session. Z stacks of 
marked glomeruli were acquired with imaging settings identical to those used 
the day before.

The potential toxicity of laser excitation and fluorescence to the cells was 
minimized by using a low laser power and high scan speeds to keep total laser 
exposure as minimal as possible. The usual image acquisition consisted of only 
one z stack per glomerulus (<1 min) per 24 h, which resulted in no apparent 
cell injury. Serial imaging once every 24 h for up to 72 h after the first imaging 
session and the associated multiple, dorsal abdominal surgeries did not cause 
visible tissue adhesions or renal fibrosis.

Z-stack analysis. Z stacks from different time points were aligned using 
StereoMovie Maker (http://stereo.jpn.org) to visualize changes over time in a 
side-by-side fashion (Supplementary Movies 4, 5, 7 and 8).

Immunohistochemistry. Animals were perfused with ice-cold PBS into the left 
ventricle followed by ice-cold 4% paraformaldehyde for 2 min each. Antigen 
retrieval was performed on paraffin sections with a heating step for 8 min at  
95 °C in a citrate buffer using a pressure cooker. The sections were incubated 
with primary antibodies to the following proteins overnight (1:100 dilu-
tion unless stated otherwise): synaptopodin (mouse, clone G1D4, Progen, 
Heidelberg, Germany), podocin (1:250, rabbit, P0372, Sigma-Aldrich,  
St. Louis, MO), claudin-1 (1:250, rabbit, SAB4200462, Sigma), villin (mouse, 
clone 1D2C3, Immunotech, Chicago, IL), GFP (chicken, GFP-1020, Aves, 
Tigard, OR) and GFP (rabbit, A11122, Invitrogen) followed by incubation 
with the secondary antibodies conjugated with Alexa 488 or 594 (Invitrogen). 
Confocal fluorescence microscopy was performed using the same Leica TCS 
SP5 microscope as described above.

Statistical analyses. Data are expressed as the mean ± s.e.m. and were 
analyzed in a nonblinded fashion using Student’s t test or linear regression  
(R value), as indicated. P < 0.05 was considered significant. For the statistical 
analyses of visceral to parietal projections in confetti-UUO mice, multiple 
projections were defined as projections in which parietal confetti-positive 
cells had direct contact with other projections (n = 167 isolated projections 
and n = 217 multiple projections from a total of n = 112 glomeruli analyzed  
from 4 mice).

http://stereo.jpn.org
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