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[1]. Extension of parenchyma is further based on a specific 
spatiotemporal program conducted by numerous stem/
progenitor cell niches each containing cells of the metanephric 
mesenchyme and epithelial cells [2, 3]. The occurrence of 
epithelial stem/progenitor cells is special, since they are 
concentrated during anlage of a kidney in the ureteric bud, 
while during subsequent radial growth of parenchyma they 
are recognized in the tip of a bud-derived collecting duct (CD) 
ampulla [4, 5]. In contrast, mesenchymal stem/progenitor 
cells are grouped around the tip of an ampulla so that they are 
always exposed to the basal aspect of epithelial cells [6]. Thus, 
the peculiar arrangement of both epithelial and mesenchymal 

Introduction

Spatial growth of a mammalian kidney depends on a 
cell biological process called branching morphogenesis. 
It starts with the organ anlage and ends after induction of 
the last nephron, when a kidney has reached its final size 
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Abstract: Reciprocal exchange of morphogenetic proteins between epithelial and mesenchymal cells in a stem/progenitor cell 
niche results in formation of a nephron. To maintain diffusion of morphogenetic proteins, it is assumed that a close contact 
exists between involved cells. However, recent publications underline that both types of stem/progenitor cells are separated by 
a striking interface. To explore this microarchitecture in detail, neonatal rabbit kidneys were fixed in traditional glutaraldehyde 
(GA) solution for transmission electron microscopy. For contrast enhancing specimens were fixed in GA solution including 
cupromeronic blue, ruthenium red or tannic acid. To record same perspectives, embedded blocks of parenchyma were cut 
in exactly orientated vertical and transverse planes to lining collecting ducts. Electron microscopy of specimens fixed by 
traditional GA solution illustrates a spatial separation of stem/progenitor cells and an unobstrusively looking interface. In 
contrast, advanced fixation of specimens in GA solution including cupromeronic blue, ruthenium red and tannic acid unmasks 
earlier not visible extracellular matrix. In addition, projections of mesenchymal cells covered by matrix cross the interface to 
contact epithelial cells. Surprisingly, the end of a mesenchymal cell projection does not dangle but is enclosed in a fitting sleeve 
and connected via tunneling nanotubes with the plasma membrane of an epithelial cell. Regarding this complex ensemble 
the question is to what extent illustrated cell-cell connections and extracellular matrix are involved in communication and 
transmission of morphogenetic proteins during induction of a nephron.
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stem/progenitor cells constitutes the niche that stays during 
kidney development as an ensemble and in an always close 
spatial relationship with the inner side of the organ capsule [7].

Induction of a Nephron

Formation of a nephron will start, when the dichotomous 
arborisation of an ureteric bud respectively the tip of a CD 
ampulla is fulfilled [8]. Yet epithelial and mesenchymal 
stem/progenitor cells stand in the correct position for a 
reciprocal exchange of a series of morphogenetic proteins 
such as glial-derived neurotrophic factor, hepatocyte growth 
factor, epidermal growth factor (EGF) receptor ligands 
(EGF, HBEGF, tumor growth factor [TGF] α), WNT family 
members, bone morphogenetic proteins, TGFβ, fibroblast 
growth factors, and leukemia inhibitory factor [9, 10]. 
As a result first separation and then condensation of few 
elected mesenchymal cells takes place forming in turn a 
renal vesicle as the first visible sign of a nephron anlage. 
Although numerous literature is available about involved 
morphogenetic proteins, surprisingly little attention was paid 
to closely associated questions such as their secretion and 
diffusion course to related receptors within the original niche 
environment [10].

Structural Framework of the Niche  

In the last years it was demonstrated that the renal stem/
progenitor cell niche is not an incidental conglomerate but 
accommodates cells within a structured extracellular matrix 
[11-13]. Although strongly involved in the transmission of 
morphogenetic proteins, epithelial cells do not stand naked 
but are covered at their basal aspect by a noticable basal 
lamina [14]. In close spatial relation microfibers consisting 
of collagen type I, II, III, and IV arise [7, 15]. Further on, 
Soybean agglutinin-labeled microfibers originate at the basal 
lamina to pass through the group of mesenchymal cells up to 
the organ capsule [16]. Thus, the occurrence of microfibers 
elucidates that cells within the renal stem/progenitor cell 
niche are domiciled within an unexpected wire netting. More 
over, the fastening of the renal stem/progenitor cell niche by 
diverse microfibers at the organ capsule explains its constant 
presence in the cortex corticis throughout organ expansion 
during development [7].  

Interface between Epithelial and Mesenchy­
mal Cells  

As well previous investigations as here presented images 
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Fig. 1. (A-E) Vertical (B-D) and transversal (E) views to the renal stem/progenitor cell niche. A paraffin section of fetal human (B) and a 
semithin section of neonatal rabbit kidney (C) demonstrate an ureteric bud derived collecting duct (CD) ampulla (A) enclosing epithelial cells. 
Mesenchymal cells are separated by a gap (asterisks). A niche is covered by an organ capsule (C), while at the lateral sides a renal vesicle and a 
forming S-shaped body are recognized. (D) Schematic illustration shows vertical sections 1 to 4 of the niche. (E) In a semithin section the different 
planes exhibit that epithelial cells are separated from mesenchymal cells by a gap (asterisks). Human kidney (gestational age between week 16 and 
18) was obtained from the stock of preparations used for the Course of Microscopic Anatomy for medical students at the University of Regensburg, 
Germany.
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of human (Fig. 1B) and rabbit (Fig. 1C) niches taken by 
optical microscopy demonstrate in a vertical perspective 
that epithelial and mesenchymal stem/progenitor cells do 
not touch but stand at a distance between 1 to 2 mm [17, 18]. 
Previously, it was argued that the illustrated gap reflects an 
artifact caused by poor preparation. However, cryosections, 
paraffine and resin embedded embryonic parenchyma 
of carefully fixed specimens reveal that the gap between 
both types of stem/progenitor cells is constant. Further on, 
vertically orientated blocks of parenchyma (Fig. 1D) can be 
turned at a right angle so that a transversal view on different 
planes of neighboring niches becomes possible (Fig. 1E). 
For example, when section planes 1, 2, 3, or 4 (Fig. 1D) are 
compared, epithelial cells within a CD ampulla are seen that 
are separated from surrounding mesenchymal cells by a 
constant and clearly visible gap (Fig. 1E).  

Masked Extracellular Matrix Is Causing the 
Interface  

There must be a reason for the spatial separation of epi
thelial and mesenchymal stem/progenitor cells. When 
an artifact is excluded, the gap between epithelial and 
mesenchymal cells within the renal niche must be caused 
either by interstitial fluid and/or by masked extracellular 
matrix. To find a morphological correlate, analysis by 

transmission electron microscopy seemed to be the 
adequate technique. However, specimens fixed in traditional 
glutaraldehyde (GA) solution did not provide new evidence. 
For that reason alternative fixation was performed by GA 
solution including either 0.1% cupromeronic blue, 0.5% 
ruthenium red or 1% tannic acid [19].

As a first step transversal sections of the renal stem/pro
genitor cell niche were screened in the electron microscope 
under low enlargement (Fig. 2). It can be seen that epithelial 
cells are enclosed in the tip of a CD ampulla but in each of 
analyzed cases they are separated from mesenchymal cells. 
The gap in-between looks bright and unobstrusive, when 
fixation of specimens is performed by traditional GA solution 
(Fig. 2B), GA solution including cupromeronic blue (Fig. 
2C) or ruthenium red (Fig. 2D). Surprisingly, when fixation 
is performed in GA solution including tannic acid (Fig. 2E), 
beside the gap a band of labeled extracellular matrix at the 
basal aspect of epithelial cells is visible.

Electron microscopy under middle enlargement illustrates 
that the body of mesenchymal cell has almost the same 
distance to the basal lamina of an opposite epithelial cell 
(Fig. 3). This result is a clear hint that the gap earlier seen in 
optical microscopy must be based on a structured interface. 
However, specimens fixed in traditional GA solution exhibit 
that a mesenchymal cell body is separated from epithelial cells 
by an interface that looks bright and unobtrusive (Fig. 3B). 

Fig. 2. (A-E) Transversal view to the stem/progenitor cell niche of neonatal rabbit kidney by transmission electron microscopy. Specimens were 
fixed in traditional glutaraldehyde (GA) solution (B) or GA solution including cupromeronic blue (CMB) (C), ruthenium red (RR) (D), or tannic 
acid (TA) (E). Epithelial cells enclosed in a collecting duct ampulla (A) are separated from mesenchymal cells by a gap (asterisks). (E) Fixation in 
GA solution including TA elucidates that in the gap special extracellular matrix is contained.
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Further epithelial cells at the tip of a CD ampulla are covered 
by a basal lamina consisting of a lamina rara, lamina densa, 
and lamina fibroreticularis. Occasionally, tiny microfibers 
originate at the lamina fibroreticularis and span through the 
interface to touch mesenchymal cells.

Surprisingly, projections of mesenchymal cells do not 
dangle in the interface but cross it to contact the basal la
mina at the opposite epithelial cell. Specimens fixed in GA 
solution including cupromeronic blue (Fig. 3C) create the 
same impression of the interface as seen before (Fig. 3B). 
However, within the basal lamina of epithelial cells and on the 
surface of contacting mesenchymal cell projections numerous 

braces of proteoglycans become visible as a punctuate 
pattern. Moreover, specimens fixed in GA solution including 
ruthenium red (Fig. 3D) or tannic acid (Fig. 3E) show an 
intense label covering the basal lamina of epithelial cells and 
to a high degree contacting projections of mesenchymal cells. 
Label by tannic acid further shows that a network of small 
dark spots is widely distributed in the interface. Thus, electron 
microscopy clearly demonstrates that textural extracellular 
matrix labeled by ruthenium red (Fig. 3D) and tannic acid 
(Fig. 3E) covers epithelial and mesenchymal cells including 
projections. This construction acts as a corset spacer and 
leads in turn to the illustrated interface.
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Fig. 3. (A-E) Analysis of the interface within the stem/progenitor cell niche of neonatal rabbit kidney by transmission electron microscopy. 
Specimens were fixed by traditional glutaraldehyde (GA) solution (B) and GA solution including cupromeronic blue (CMB) (C), ruthenium red 
(RR) (D), or tannic acid (TA) (E). It can be seen that the distance between mesenchymal and epithelial cells is constant so that both are separated 
by a striking interface (asterisks). Further projections (P) of mesenchymal cells cross the interface to contact the basal lamina of epithelial cells 
enclosed within a collecting duct (CD) ampulla. (B) Fixation by GA solution informs that the interface (asterisk) looks bright. (C) Fixation by 
GA solution including CMB points out that crossing cell projections and the basal lamina of epithelial cells are covered by a punctuate pattern of 
proteoglycans (arrowhead). (D) Fixation by GA solution including RR unveils a band of extracellular matrix covering the basal lamina of epithelial 
cells. Cell projections of mesenchymal cells are partially wrapped by this dense label. (E) Fixation by GA solution including TA shows intense label 
on the basal lamina of epithelial cells. Mesenchymal cell projections are covered by TA label. The basal lamina at the tip of a CD ampulla consists of 
a lamina rara (L.r.), lamina densa (L.d.) and lamina fibroreticularis (L.f.). The basal plasma membrane of an enclosed epithelial cell is marked by a 
cross (+).
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Finally, since all of the morphological details are well 
preserved and label is not smearing, recorded micrographs 
reflect the natural situation and cannot be described as an 
artifact.     

Mesenchymal Cell Projections Make Contacts

Of special interest is, whether the endings of mesenchymal 
cell projections establish a functional connection between the 
two types of stem/progenitor cells [20]. High magnification of 
samples fixed in traditional GA solution demonstrates that the 

end of a mesenchymal cell projection is touching the lamina 
fibroreticularis at the tip of a CD ampulla (Fig. 4B, F). At the 
contact site the plasma membrane appears to be compacted 
providing the impression that only a short lasting connection 
exists (Fig. 4B). In contrast, fixation in GA solution including 
cupromeronic blue shows numerous braces of proteoglycans 
that originate at the basal lamina of epithelial cells to form a 
sleeve around the surface of a contacting mesenchymal cell 
projections (Fig. 4C, G). This unexpected construction points 
out that the contact between a mesenchymal cell projection 
and an epithelial cell is not random but constant. Further on, 

Fig. 4. (A-I) Analysis of mesenchymal cell projections contacting epithelial cells within the stem/progenitor cell niche of neonatal rabbit kidney 
by transmission electron microscopy. Mes, mesenchymal cell; E, epithelial cell. Specimens were fixed by traditional glutaraldehyde (GA) solution (B, 
F) and GA solution including cupromeronic blue (CMB) (C, G), ruthenium red (RR) (D, H), or tannic acid (TA) (E, I). (B-E) A mesenchymal 
cell projection (P) is crossing the interface (asterisks) to contact the basal lamina of epithelial cells. (B) Fixation in GA solution shows that the end 
of a projection has a tender contact on the basal lamina via microfibers. (C) Fixation in GA solution including CMB informs that a cell projection 
is mounted by proteoglycan braces (arrowhead). (D) Fixation in GA solution including RR elucidates that a projection is covered by a sleeve of 
filigree extracellular matrix. (E) Fixation in GA solution including TA demonstrates that a projection is fastened by a labeled sleeve. (D, E) In the 
center of a projection (marked area) tunneling nanotubes (arrows) are present connecting mesenchymal with epithelial cells. Traditional fixation 
does not (F), but improved fixation elucidates in a transversal perspective that a mesenchymal cell projection does not dangle but is enclosed by 
extracellular matrix (G-I). The basal lamina at the tip of a collecting duct ampulla consists of a lamina rara (L.r.), lamina densa (L.d.) and lamina 
fibroreticularis (L.f.). The basal plasma membrane of enclosed epithelial cell is marked by a cross (+).
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fixation of specimens by GA solution including ruthenium 
red (Fig. 4D, H) or tannic acid (Fig. 4E, I) illustrates earlier 
non visible structures. In both series can be seen that the 
basal lamina of epithelial cells within the tip of a CD ampulla 
is covered by a striking band of textural extracellular matrix. 
In contrast to traditional fixation (Fig. 4B), substructures such 
as the lamina rara, lamina densa and lamina fibroreticularis 
are yet barely visible. However, the end of a mesenchymal cell 
projection is surrounded by illustrated extracellular matrix 

forming a special sleeve. Label by ruthenium red (Fig. 4D) 
and tannic acid (Fig. 4E) further illustrates that tunneling 
nanotubes are present to create a functional connection 
between mesenchymal and epithelial stem/progenitor cells.

Plug-in Connections between Mesenchymal 
and Epithelial Cells

Thus, there is no longer any doubt that the end of a 
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Fig. 5. (A-M) Analysis of the contact between the end of a mesenchymal cell projection and an epithelial cell within the stem/progenitor cell niche 
of neonatal rabbit kidney by transmission electron microscopy (B-I) and schematic illustration ( J-M). Mes, mesenchymal cell; E, epithelial cell; 
P, projection. Specimens were fixed by traditional glutaraldehyde (GA) solution (B, F) and GA solution including cupromeronic blue (CMB) (C, 
G), ruthenium red (RR) (D, H), or tannic acid (TA) (E, I). In a vertical perspective it is recognized that the end of a mesenchymal cell projection 
is crossing the interface (asterisk) to have a special contact on the basal lamina of epithelial cells. The distance between the end of a projection 
and the plasma membrane of an epithelial cell is in average 167 nm. (B) Fixation in GA solution shows that the end of a projection has a contact 
on the basal lamina via tiny microfibers. (C) Fixation in GA solution including CMB illustrates that a cell projection is mounted in a cylinder 
of proteoglycan braces (arrowhead). (D) Fixation in GA solution including RR shows that a projection is integrated in a sleeve of extracellular 
matrix. (E) Fixation in GA solution including TA depicts that a projection is enveloped in labeled extracellular matrix. (F-I, J-M) In the center of 
a projection tunneling nanotubes (arrows) are seen connecting mesenchymal with epithelial cells. The basal lamina at the tip of a collecting duct 
ampulla consists of a lamina rara (L.r.), lamina densa (L.d.) and lamina fibroreticularis (L.f.). The basal plasma membrane of enclosed epithelial cell 
is marked by a cross (+).
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mesenchymal cell projection first contacts the lamina fibro
reticularis and forms then a special junction in the lamina 
densa and rara of epithelial cells via tunneling nanotubes. 
Very high enlargement in the electron microscope further 
elucidates that the contact site has a special construction. 
Interestingly, in all of analyzed samples the distance between 
the end of a mesenchymal cell projection and the plasma 
membrane of an epithelial cell is constant and in average 
167 nm (Fig. 5). As observed after traditional fixation by GA 
solution, the end of a mesenchymal cell projection is mounted 
on a cone-shaped pedestal consisting of fuzzy extracellular 
matrix (Fig. 5B). Fixation of specimens by GA solution 
including cupromeronic blue demonstrates that the end of a 
mesenchymal cell projection is held in position by numerous 
braces of proteoglycans forming a cylindrical sleeve (Fig. 5C). 
Fixation of specimens in GA solution including ruthenium 
red (Fig. 5D) or tannic acid (Fig. 5E) illuminates that the 
contact zone is concealed by an unexpected amount of micro-
structured extracellular matrix. Finally, tunneling nanotubes 
are recognized that originate at the end of a mesenchymal 
cell projection, cross the basal lamina to connect the basal 
plasma membrane of an epithelial cell (Fig. 5F-I). Thus, the 
data exhibit that illustrated contacts are not incidental, but 
resemble functional plug-in connections as it is explained 
in schematic illustrations (Fig. 5J-M). To the best of our 
knowledge, comparable structures have not been previously 
displayed.

Cell to Cell Communication via Tunneling 
Nanotubes

To move presented morphological data to a cell bio
logical understanding, one can assume that at the end of 
a mesenchymal cell projection integrin α8β1 is localized, 
which contacts nephronectin as receptor on the basal lamina 
of epithelial cells [21-23]. Further kinesin KIF26B might be 
present in mesenchymal cell projections possibly involved in 
regulating the attraction of epithelial stem/progenitor cells [24, 
25]. However, presently performed immunohistochemistry 
in our laboratory with related antibodies did not show clear 
evidence so that this hypothesis cannot yet be confirmed.

Moreover, it was shown that tunneling nanotubes are 
generally involved in the intercellular transfer of organelles, 
membrane compounds and cytoplasmic molecules [26, 27]. 
However, the actual situation is that tunneling nanotubes were 
not earlier described for the embryonic and adult kidney, but 

were solely investigated on renal cell cultures [28, 29]. For that 
reason general data about occurrence, course, construction 
and function of tunneling nanotubes in the embryonic 
kidney including the niche are lacking. Another problem is 
that specific antibodies for tunneling nanotubes are up to 
date not available so that appropriate tracer and transport 
experiments on living renal niches cannot yet be performed. 
Thus, the challenge for the future is to label organelles or 
molecules to register their transport between mesenchymal 
and epithelial stem/progenitor cells via tunneling nanotubes.

Up to Date Unknown Transmission of Morpho­
genetic Proteins

Only speculations can be made about the functions of 
here illustrated tunneling nanotubes within the renal stem/
progenitor cell niche (Figs. 4D, E, 5). It is generally accepted 
that morphogenetic proteins are transmitted for nephron 
induction between epithelial and mesenchymal stem/
progenitor cells via diffusion [9, 30]. However, regarding 
the here presented results the open question is, whether 
transmission of morphogenetic proteins takes place 
exclusively by diffusion or whether also illustrated tunneling 
nanotubes and cell-cell connections are involved. Such a 
consideration was up to date neglected. But evidence for such 
a principle was elaborated decades ago on embryonic mouse 
kidney and transfilter tubule induction experiments so that 
it gains new significance by here presented data [31, 32]. 
Finally, could it be that mesenchymal cells secrete for example 
morphogenetic proteins via projections and illustrated cell-
cell connections, while epithelial cells do it by diffusion (Fig. 
5). At present it seems also probable that epithelial cells 
secrete related morphogenetic proteins via illustrated cell-cell 
connections.    

Future Perspectives and Possible Clinical 
Implications

It is said since long time that isolated stem/progenitor cells 
are survival and performance artists. However, the present 
data signal at least for the renal niche that these capabilities 
are not exclusively contributed to a single cell but must 
also depend on illustrated extracellular matrix and cell-
cell connections (Figs. 3-5). In turn, the combination of a 
special microarchitecture, textural extracellular matrix and 
cell-cell connections does not illustrate lonely fighters but 
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an unexpected functional ensemble within the renal stem/
progenitor cell niche. 

Of special interest is the question, why contained stem/
progenitor cells are no eremites as frequently interpreted 
but form sophisticated cell-cell connections via tunneling 
nanotubes so that an earlier not known epithelial-
mesenchymal communication is established. Regarding 
further this ensemble, it becomes probable that essential 
tasks such as maintenance of stemness, induction of the 
nephron and control of proliferation/differentiation during 
condensation of the renal vesicle are regulated here not 
simply by diffusion of molecules but by sophisticated cell-cell 
communication. This aspect may be of particular interest for 
regenerative medicine, since at a special point of the neonatal 
development formation of nephrons is terminated. In parallel 
morphological signs of the niche are lost. As a consequence, 
the process of down-regulation of those niche functions is 
of outmost importance to learn about and to turn it back for 
restoration of diseased parenchyma.

Further on, cell sociality and adapted environment is 
gaining more and more in importance, when implantation of 
isolated stem/progenitor cells is performed for the repair of 
diseased renal parenchyma [33, 34]. However, the situation is 
that a real breakthrough in this kind of therapy was up to date 
not achieved. One of the major obstacles is that the survival 
of implanted cells is limited [35]. Thus, learning from nature 
will help to solve this problem for example by co-implanting 
stem/progenitor cells with decellularized extracellular matrix 
derived from niche material [36, 37]. Regarding newly 
detected extracellular matrix within the renal stem/progenitor 
cell niche, it justifies to presume that up to date unrecognized 
cell biological capabilities are contained. The combination 
with extracellular matrix may help to survive and may 
stimulate cell competence and its secretome for regeneration 
of diseased renal parenchyma [38].
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