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Abstract

While substantial information is available on organ anlage
and the primary formation of nephrons, molecular mecha-
nisms acting during the late development of the human kid-
ney have received an astonishing lack of attention. In healthy
newborn babies, nephrogenesis takes place unnoticed until
birth. Upon delivery, morphogenetic activity in the nephro-
genic zone decreases, and the stem cell niches aligned be-
yond the organ capsule vanish by an unknown signal. How-
ever, this signal also plays a key role in preterm and low birth
weight babies. Although they are born in a phase of active
nephrogenesis, pathological findings illustrate that they
evolve to a high incidence oligonephropathy and prematu-
rity of renal parenchyma. Different extra- and intrauterine
influences seem to be responsible, but independent from
chemical nature, all of them culminate in the nephrogenic
zone. One assumes that the marred development is caused
either by an overshoot of metabolites, misleading signaling
of morphogens, unbalanced synthesis of extracellular matrix
or restricted contact between mesenchymal and epithelial

stem cells. Even more surprising is that there is only a few
vague morphological information of the nephrogenic zone
in the human fetal kidney available and ultrastructural data
is severely lacking. On this account, the first coordinates
were determined by optical microscopy and morphometry.
Without claiming to be complete, generated results made it
possible to create schematic illustrations true to scale for ori-
entation. It will help graduating students, young pediatri-
cians, pathologists, and scientists working in the field of bio-
medicine to interpret professionally the nephrogenic zone
and contained niches. © 2017 S. Karger AG, Basel

The treatment of renal failure has changed little during
the last decades. Dialysis and transplantation are still the
sole therapeutic options for patients suffering from end
stage renal disease. Lack of a cure is frequently attributed
to alow intrinsic capacity of the kidney for self-repair [1].
Nevertheless, clinical experiences in past years demon-
strate that some regeneration is possible [2]. Because of
which, substantial efforts are being made to stimulate re-
generation with the help of implanted stem cells [3-6]. To
provide an effective source and an optimal course of re-
generation, different kinds of stem cells were tested and
various implantation techniques tried [7, 8]. Although
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some approaches looked promising, survival of implant-
ed stem cells in the inflammatory environment of a dis-
eased kidney is still unexpectedly limited to a few days [9].

To optimize survival, experiments are being per-
formed on seeding stem cells before an implantation, for
example, on organ-specific extracellular matrix [10-13].
Other than an implantation of isolated stem cells, re-
search is following up with a biomedical activation of qui-
escent stem cells occurring in adult renal parenchyma
[14-17]. An alternative approach is to investigate reacti-
vation of earlier stem cell niches represented during en-
tire organ development of the original source of renal pa-
renchyma [18, 19].

To date, there is uncertainty about the molecular
mechanism that keeps the stem cells dormant during kid-
ney disease. However, a basic hint for the mechanism re-
stricting stem cell activity can be perceived in developing
kidneys of preterm and low birth weight babies [20]. Al-
though they are delivered in a phase of active nephrogen-
esis, between 8 and 24% of them evolve oligonephropathy
that can carry long-term consequences, such as chronic
kidney disease and cardiovascular risks in adulthood [21-
23]. In these kidneys, up to 18% morphologically abnor-
mal glomeruli are detected that exhibit a dilated Bow-
man’s space and a shrunken glomerular tuft. Also, mor-
phological alterations occur in the organ capsule, and an
atypical accumulation of stem cells is registered in the
interstitium in the nephrogenic zone [24, 25].

Prolongation of nephrogenesis after delivery is a con-
sequent therapeutic approach for affected preterm and
low birth weight babies [26, 27]. However, before this
therapeutic process can lead to success, a series of ques-
tions need to be answered. For example, whether the pro-
cess of early delivery, harming metabolites in interstitial
fluid or a too early switch off process declining morpho-
genetic activity in stem cell niches are causing impair-
ment of nephrogenesis has yet to be explored [28-30].
The real problem is that necessary data dealing with the
nephrogenic zone and contained stem cell niches of the
human fetal kidney are not available. Thus, it is now time
to start with a sound analysis of structural, cellular, bio-
logical, and physiological details to learn about parenchy-
ma formation during the late phase of gestation. Fre-
quently, it is argued that a wealth of information can be
taken over from experiments conducted earlier with
transgenic animals [31]. However, most of that data per-
tains to the organ anlage and initial nephron formation,
while substantial structural features and morphogenetic
actions in the nephrogenic zone during the last phase of
gestation were not a part of earlier biomedical interest.
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Fig. 1. Schema shows different sites of stem cell niches during hu-
man kidney development. a Anlage of the kidney takes place by
interaction between the invading ureteric bud and surrounding
mesenchyme. First branches of the ureteric bud undergo transfor-
mation into the pelvis and calyceal system [40, 41]. b There is an
average of 8 papillae, while into each an average of 44 ducts of
Bellini open. These connect in the cortex elongating collecting
duct (CD) tubules that form branches. After the 13th-15th branch-
ing in the deep cortex, an elongating CD tubule produces specially
arranged CD ampullae, which induce the formation of arcades.
c In contrast, the outer cortex branches of a CD tubule elongate
towards the capsule (C) to produce laterally situated CD ampullae.
Black - active niche sites; circled - inactive niche sites.

Eccentric Position of the Nephrogenic Zone

From the organ anlage until birth, development of a
mammalian kidney proceeds by an apposition of new
parenchyma from the medulla, to the inner, mid, and
finally the outer cortex (Fig. 1). This basic developmen-
tal process depends on the one hand on epithelial stem
cells integrated in the invading ureteric bud. Initiated by
branching morphogenesis, it shows a radial and, at the
same time, fan-like extension [32-36]. On the other
hand, intact development of nephrons principally pre-
supposes successive interactions between branches of
the ureteric bud and facing mesenchymal stem cells [37,
38].

The tissue arrangement between the invading ureteric
bud and surrounding mesenchyme represents a primary
but central niche during organ anlage (Fig. 1a). Regarding
the initial development of a human kidney, the first
branches of the ureteric bud undergo transformation into
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the pelvis and calyceal systems [39-41]. In contrast to
most laboratory animal species, one has to further con-
sider that a human kidney has an average of 8 papillae and
in each papilla, there are on average 44 ducts of Bellini
open. During the initial development of the cortex, they
transmit into the collecting duct (CD) tubules, which
elongate towards the capsule to form further branches.
Since each of those branches ends blindly and exhibits a
dilated form, it was termed CD ampulla [41, 42].

Normally, the tip of a CD ampulla and facing mesen-
chymal cells indicate the site of cell communication,
where first the induction and then the initial formation of
an individual nephron take place [43, 44]. However, after
the 13th-15th branching has occurred, the start of inner
cortex formation is not only at the tip of a CD ampulla
but also along the elongating CD tubules (Fig. 1b). As a
result, several nephrons can get induced simultaneously,
reflecting in turn multiple niche sites [40, 41]. During this
phase of development, juxtamedullary nephrons includ-
ing arcades arise. After maturation, each of them exhibits
a special morphological pattern as well as a distinct phys-
iological function in the inner cortex of the adult kidney
[45-47].

When the formation of arcades is closed, the terminal
branches of the 15th generation further elongate as a CD
tubule to develop a succession of CD ampullae in the mid
and outer cortex. The tip of each strictly points towards
the capsule. It is often considered that their shape is not
different from those that develop during the earlier phase
of branches in the inner cortex. During the formation of
the mid and outer cortex, they are less ballooned, more
pointed and sometimes triangular [40, 41]. During ongo-
ing radial extension of parenchyma and at the end of ges-
tation, each branch of a CD tubule continues to elongate
towards the organ capsule leaving the CD ampullae to
induce nephrons on each tip in a more or less geometric
pattern [44] (Fig. 1c). According to previously published
literature, these branches are clearly lateral (monopodial)
branches and have been termed the open divided system
[40]. Finally, at the 38th week of gestation, the bifid
branching of the CD tubule including formation of CD
ampullae is ended by an unknown molecular mechanism
[40].

View by Optical Microscopy
The nephrogenic zone of a fetal human kidney extends

as a narrow band along the entire inner side of the organ
capsule. To prevent damage during isolation, one should

Nephrogenic Zone in Human Fetal
Kidney

best hold a fetal kidney only on its hilum and should not
touch the capsule with fine forceps. To illustrate the neph-
rogenic zone, a human kidney of gestational age between
weeks 16 and 18 was selected from the stock of prepara-
tions used for the Course of Microscopic Anatomy for
Medical Students at the University of Regensburg. Ac-
cording to routine methods, specimens were fixed in
paraformaldehyde solution and embedded in paraffin
wax. Then sections of 5 um thickness were made and
stained by hematoxylin-eosin solution for analysis by op-
tical microscopy. Images were taken with a digital camera
and processed with CoreDRAW X7 (Corel Corporation,
Munich, Germany). To obtain information about mor-
phological coordinates, readings were performed with
the same program.

Histological sections cut incidentally for microscopic
analysis do not help to obtain comparable views of the
nephrogenic zone for evaluation. To obtain targeted but
comparable perspectives, selected blocks of parenchyma
must be orientated before embedding and during histo-
logical cutting. Best views are possible when the section
plane lies parallel to the lumen of CD tubules and exact-
ly perpendicular to the organ capsule (Fig. 2). When this
kind of orientation is applied, the nephrogenic zone in-
cluding the aligned stem cell niches are observed in a
vertical view. It lies in the inner side of the organ capsule
and spans a width of 60-100 pm depending on the spe-
cies [48-50]. Obviously due to metabolic peculiarities,
the nephrogenic zone exhibits a slightly pronounced col-
oration in sections stained by hematoxylin-eosin solu-
tion. For this reason, it is also called the “blue strip” [25,
27].

Prominent structures of the nephrogenic zone are the
endings of CD tubules. Depending on section planes, one
can see branching sites connected with ureteric bud-de-
rived CD ampullae (Fig. 2). Their tips are facing meta-
nephric mesenchyme. Superimposed on both structures
is the organ capsule. When nephrogenesis is active, the
initial formation of nephrons in the form of aggregated
cells in mesenchyme (pretubular aggregate), polarized re-
nal vesicles or comma-shaped bodies are visible at the up-
per lateral aspect of CD ampullae. Overall, the contained
components represent the cell biological setting to main-
tain stemness, branching morphogenesis, induction, and
initial formation of individual nephrons. In this context,
one must consider that all of the different tasks are mas-
tered by a set of morphogens and nephron progenitor
cells [51, 52].

In the late fetal phase of kidney development, only bi-
fid branches of a CD tubule determine the radial exten-
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Fig. 2. Optical microscopy shows the nephrogenic zone (NZ) in
the outer cortex of a human fetal kidney. The histological section
lies perpendicular to the organ capsule (C) and parallel to the lu-
men of collecting duct tubules (CD). Beyond the capsule branches
are seen, which exhibit a neck (X) and a CD ampulla (A). Nephro-
genic mesenchymal stem cells appear between the tip of a CD am-
pulla and the inner side of the capsule. At the upper lateral aspect
of a CD ampulla, pretubular aggregates or renal vesicles indicate
active nephrogenesis. At its lower lateral aspect, S-shaped bodies
(S) show the initial development of a glomerulus and tubulogen-
esis. mG, maturing glomerulus.
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Fig. 3. Optical microscopy depicts in the nephrogenic zone (NZ)
of a fetal human kidney a stem cell niche. By branching of the col-
lecting duct (CD) tubule a CD ampulla (A) arise. Epithelial stem
cells contained in the tip of a CD ampulla face 2 layers of mesen-
chymal stem cells (MES). In the center of the niche, an interface
(small asterisks) separates epithelial and mesenchymal stem cell
bodies. S, shaped body.
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sion of parenchyma in the outer cortex (Fig. 1c) [40]. As
seen in a related micrograph, a branch points towards the
capsule to form a CD ampulla at its end (Fig. 3). The epi-
thelial stem cells contained here exhibit a simple cuboidal
shape. In the optical microscope, one can see that the tip
of a CD ampulla does not touch the neighboring mesen-
chymal stem cells, but is separated by a striking interface
as was observed in neonatal rabbit kidney [53]. On sec-
tions oriented along the axis of lining CD tubules, one can
also see that only 2 layers of mesenchymal stem cells oc-
cur between the tip of a CD ampulla and the inner side of
capsule. Most important in this special perspective: the
formation of a so-called cap mesenchyme is not visible.
Occasionally, a multilayered cap mesenchyme becomes
visible, when sections are analyzed that lie oblique to the
axis of related CD tubules. Finally, the interface between
the mesenchymal stem cell layer (GDNF*/Six2*/CIT-
ED1¥) juxtaposed to the tip of a CD ampulla containing
epithelial stem cells defines the center of an individual
stem cell niche enabling induction and initial formation
of an individual nephron [51, 52, 54-56].

Metric Parameters

To obtain the first information about metric data of
the human nephrogenic zone (Fig. 2, 3), the diameter of
a CD tubule near the branching site, distance between the
tips of CD ampullae, length of a CD ampulla, and its di-
ameter were determined (Table 1; Fig. 4). Moreover, the
distance between the tip of a CD ampulla and the inner
side of the organ capsule (Fig. 4), the thickness of the mes-
enchymal cell layers (Fig. 4), and the distance between the
branching site of a CD ampulla and the capsule (Fig. 4)
were determined. Finally, the distance between the lat-
eral aspects of CD ampullae (Fig. 4) was stated.

Without any claim of completeness and as a prelimi-
nary result, Table 1 shows the coordinates of the nephro-
genic zone recorded by morphometry. For example, it
was detected that the diameter of a CD tubule is between
20 and 42 pm (mean 28 um, n = 10). The distance between
the tip of a CD ampulla to the next is between 107 and 211
pm (mean 131 um, n = 10). When the CD tubule shows
branching, the limb lines into a CD ampulla. Its length is
between 78 and 116 um (mean 81 um, n = 10), while its
diameter is between 47 and 86 pm (mean 68 um, n = 10).
Between the tip of a CD ampulla and the inner side of the
organ capsule, a distance ranging between 16 and 41 um
(mean 32 um, n = 10) was found. The thickness of the
recognized mesenchymal cell layers localized between the
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Table 1. Monitoring sites to determine coordinates of the nephrogenic zone and contained stem cell niches in a human fetal kidney

Monitoring sites Minimum Maximum Mean, Number of
value, ym  value,pm  pm measures
1 Diameter of CD tubule 20 42 28 10
2 Distance between CD ampulla tips 107 211 131 10
3 Length of CD ampulla 78 116 81 10
4 Diameter of CD ampulla 47 86 68 10
5 Distance between the tip of CD ampulla and inner side of organ capsule 16 41 32 10
6 Thickness of mesenchymal cell layers 12 29 22 10
7  Distance between the branching site of CD ampulla and inner side of capsule 49 129 83 10
8 Distance between lateral aspects of CD ampullae 34 106 78 10

inner side of the capsule and the tip of a CD ampulla is
between 12 and 29 um (mean 22 pm, n = 10). The distance
between the branching site of a CD ampulla and the inner
side of the capsule is between 49 and 129 ym (mean 83
um, n = 10). Lateral aspects of neighboring CD ampullae
show a distance between 34 and 106 pm (mean 78 pm, n =
10).

Constant and Variable Patterns

Optical microscopy (Fig. 2, 3) as well as data given in
Table 1 revealed that in the nephrogenic zone of fetal kid-
ney relatively constant but also rather variable parameters
occur. First, stem cell niches consisting of the tip of a CD
ampulla and juxtaposed mesenchymal stem cells are not
randomly distributed but are constantly and closely ar-
ranged in the capsule. The distance between the tip of a
CD ampulla and the inner side of the organ capsule is on
average 32 um (Fig. 4; Table 1). Surprisingly, only 2 layers
of mesenchymal stem cells occur between the tip of a CD
ampulla and the inner side of the organ capsule. Both
mesenchymal cell layers have a mean thickness of 22 um
(Fig. 4; Table 1). The distance between the branching site
of a CD ampulla and the inner side of the capsule is on
average 83 um (Fig. 4; Table 1). Moreover, a CD ampulla
has 81 pm length on average (Fig. 4; Table 1) and a diam-
eter of 68 um (Fig. 4; Table 1).

Not only constant parameters were recorded, but the
data also exhibit that the distance from a CD ampulla tip
to the next varies, and this can be between 107 and 211
resulting in a mean of 131 pum (Fig. 4; Table 1). The space

Nephrogenic Zone in Human Fetal
Kidney
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Fig. 4. Schematic illustration informs about monitoring sites to
determine coordinates of the nephrogenic zone (NZ) in a human
fetal kidney: Diameter of CD tubule near the branching site (1),
distance between CD ampulla (A) tips (2), length (3), and diameter
of a CD ampulla (4). In addition, the distance between the tip of a
CD ampulla and the inner side of the organ capsule (C; 5), thick-
ness of the mesenchymal cell (MES) layers (6), distance between
the branching site of a CD ampulla and the capsule (7) and the
distance between lateral aspects of CD ampullae (8) were deter-
mined.

between lateral aspects of a CD ampulla to the next is be-
tween 34 and 106, resulting in an average of 78 um (Fig. 4;
Table 1).

Model True to Scale
The recordings shown in Table 1 made it possible to

process them and to create a scaled schema of the human
renal stem cell niche for the first time (Fig. 5a). In this at-
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Fig. 5. Processing of a stem cell niche in scale of the human fetal
kidney according to data shown in Table 1. a, b Frontal view to a
niche is on the right, while its lateral aspect is demonstrated on the
left side. a Spatial orientation of a collecting duct (CD) tubule, CD
ampulla (A), nephrogenic mesenchyme (MES), and the organ cap-
sule (C) is shown on graph. b In a next step, illustration made on
graph is transformed to a pseudo 3D illustration. ¢ Schema shows
in higher magnification a niche in scale. Beyond the capsule, the
tip of a CD ampulla and mesenchymal stem cells are visible that
are separated by an interface (asterisk).
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tempt, only compounds needed for nephron induction
such as the end of a CD tubule including its branching
site, position of a CD ampulla, both layers of nephrogen-
ic mesenchyme cells, and the covering capsule were visu-
alized (Fig. 5b, ¢). Later and for an extended version, ag-
gregation sites of mesenchyme, exact position of mesen-
chymal to epithelial transition, polarized renal vesicles,
and S-shaped bodies may be supplemented. In a further
version, it becomes possible to add forming vessels at the
branching CD tubule and sprouting endothelial cells at
the lateral aspect of a CD ampulla and on the lower cleft
of S-shaped bodies, where the glomerular tuft arises. Lat-
er, when exact immunohistochemical and ultrastructural
data are available, the position of cell layers within the
capsule and distribution of neighboring interstitial cells
can be included. Moreover, when data from pathological
findings of preterm and low birth weight babies that died
due to different reasons are completed, patterns become
visible, which help to determine the destructive structur-
al processes. Finally, introduced and envisaged data make
it possible to produce a realistic model, true to scale for
example, by a 3D printer.

Layout between Niche and Capsule

For a long time, it was assumed that niches integrated
in the nephrogenic zone operate randomly and in an un-
structured area. However, the preliminary data signals
constant and variable patterns (Table 1). Viewing the
niches within the nephrogenic zone with an optical mi-
croscope shows a constant spatial proximity to the inner
side of the capsule (Fig. 2, 3; Table 1). In contrast, the lat-
eral distance of niches varies greatly (Table 1). The actual
problem is that there is no ultrastructural data available
for the human fetal kidney. However, for neonatal rabbit
kidneys, it was shown that the area between the organ
capsule, mesenchyme, and the tip of a CD ampulla exhib-
its a surprisingly constant layout.

Transmission electron microscopy showed flat fibro-
blasts and collagen fiber bundles not labeled by tannic
acid at the outer side of the organ capsule in zone 1 [57].
In zone 2, collagen fiber bundles appear that are inten-
sively labeled by tannic acid. In zone 3, cells with numer-
ous interdigitating protrusions occur. Astonishingly and
rarely noticed, at this site intra- and extracellular tunnels
are formed, which seem to provide the niche area with
nutrition and respiratory gas. A basal lamina covers part
of the cells that occur here so that they correspond to
smooth muscle cells. In zone 4, only 2 layers of mesenchy-
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mal stem cells are present. Due to their close vicinity to
the tip of a CD ampulla, the inner mesenchymal cell layer
corresponds to GDNF*/Six2*/CITED1"* cells [51, 52]. It
is particularly important that these cells send out projec-
tions to establish functional contacts with neighboring
epithelial cells via tunneling nanotubes [58]. Indicated as
zone 5, a striking interface separates the mesenchymal
from epithelial stem cell bodies in the center of a niche.

Mechanical Fastening of Niches

What is remarkable is that during kidney growth, in-
cluding radial extension of parenchyma, the nephrogenic
zone and contained niches are in close contact with the
organ capsule (Fig. 1c, 2, 3). For the human kidney, there
is no information available, but in the neonatal rabbit kid-
ney it is due to microfibers linking each of the niches with
the capsule [57]. They originate on the basal lamina cov-
ering the epithelial stem cells at the tip of a CD ampulla.
Microfibers positively labeled by anti-collagen types I, II,
III, and IV or Soybean agglutinin span through both lay-
ers of mesenchymal stem cells to end on the inner side of
the capsule. Thus, occurrence of microfibers within the
renal niche depicts that epithelial and mesenchymal stem
cells do not meet by accident but are part of a meshed
mechanical mount.

Fine Positioning of Stem Cells

Encountering of cells within an individual niche ap-
pears to be adjusted by the secreted bone morphogenet-
ic protein antagonist Cerberus homologl, Ret proto on-
cogene, and ETS translocation variant4 [59, 60]. The
molecular motion triggers the tip of a CD ampulla in
precise position to the nearest cells of mesenchyme. The
actual time lapse imaging shows that the mesenchymal
cells are motile and they attach and detach from the CD
ampulla tip across time [61]. While approaching, these
cells must acquire competence so that they can respond
to morphogens. So far it is known, the special operation
is under the control of protocadherin (cadherin family
memberl4: FAT4/dachsous cadherin relatedl: Dchsl)
signaling [62]. As a result, epithelial stem cells in the tip
of a CD ampulla meet GDNF*/Six2*/CITED1" mesen-
chymal cells [51, 52]. At the same time, a reciprocal ex-
change of morphogens within the niche takes place [37,
38]. When the signaling for the process of induction is
successful, a few mesenchymal cells separate, aggregate,

Nephrogenic Zone in Human Fetal
Kidney

and perform a mesenchyme-to-epithelial transition
(MET) to develop into a renal vesicle at the lateral aspect
of the related CD ampulla [63]. For remaining and not
induced mesenchymal cells, the transcription factor
Zebl controls the balance between further proliferation,
migration, and apoptosis [64]. Thus, repeated branch-
ing of a CD tubule, approximation of a CD ampulla tip
to competent mesenchymal cells, and finally timely in-
duction superimposes new nephrons beyond the cap-
sule [42].

Challenge for Young Scientists

Numerous micrographs and free hand design illustra-
tions are available of different animal species dealing with
branching of the ureteric bud, surrounding mesenchyme
and initial nephron formation. In contrast, surprisingly
few and mostly incomplete illustrations exist, which show
the nephrogenic zone and contained stem cell niches in
human fetal kidney. It is also surprising that relevant in-
vestigations made by scanning or transmission electron
microscopy do not exist. However, for teaching medical
or graduate students in microscopic anatomy and when
holding training courses for young pediatricians, pathol-
ogists, pharmacologists, and scientists working in the bio-
medical research field, solid knowledge in microanatomy
and ultrastructure of the nephrogenic zone in human fe-
tal kidney is indispensable.

To introduce the complex area in a first attempt,
prominent niche sites during human kidney develop-
ment were schematically illustrated (Fig. 1). During the
organ anlage, one can define the primary niche as a cen-
tered juxtaposition of the invading ureteric bud and sur-
rounding mesenchyme (Fig. 1a). When anlage of the pre-
sumptive medulla is finished, the development of paren-
chyma starts in the inner cortex, showing ureteric bud
derived branches along elongating CD tubules including
focal points, which represent special but less considered
niche sites for the development of arcades (Fig. 1b) [40,
41, 45-47]. Then, at the end of gestation, according to the
position of CD ampullae, all of the active niches are
aligned within the nephrogenic zone in close quarters
with the organ capsule (Fig. 1c, 2, 3). A look at the illus-
trations presented here demonstrates that the number of
stem cells in the primary niche during organ anlage
(Fig. 1a) and inner cortex formation (Fig. 1b) is unexpect-
edly small when compared to countless niches in the
nephrogenic zone during the late phase of gestation
(Fig. lc, 2). The increased number of stem cell niches,
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their unique spatial distribution beyond the capsule, and
their distinct but terminated tasks at birth raise valid
questions that need to be answered.

Call for Future Investigations

Regarding the nephrogenic zone and aligned stem cell
niches (Fig. 2, 3), one question that remains unanswered
is whether morphogenetic activity of a single niche is con-
trolled by a site-specific but intrinsic mechanism or
whether a master system supervises all the niches in par-
allel. It seems that morphogenetic switching off of all the
niches simultaneously shortly before birth speaks for the
control by an effective master system. Furthermore, there
might be differences in morphogenetic signaling, when
kidney anlage is being established (Fig. 1a), development
of medulla takes place, and arcades arise in the inner cor-
tex (Fig. 1b). A further switching over of the developmen-
tal program results in the development of a new kind of
CD ampullae, stimulating in turn the induction of a new
nephron type in the mid and then in the outer cortex un-
til birth (Fig. 1c) [40, 41].

Moreover, it has been known for years that morpho-
genetic interactions between epithelial stem cells in the
tip of a CD ampulla and juxtaposed nephrogenic mesen-
chymal (GDNF*/Six2*/CITED1") cells lead to induction
and initial formation of a nephron [37, 38, 51, 52]. It is
obvious that the micrographs and morphometric data
shown here are still sparse, that further parameters must
be considered and the stock of measurements must be
expanded (Table 1). Nevertheless, some striking insights
were made possible. For example, to date it is hardly per-
ceived that during the late phase of parenchyma forma-
tion, induction of nephrons occurs in close vicinity, in a
structured pattern and in a special microenvironment of
extracellular matrix on the inner side of the organ cap-
sule (Table 1; Fig. 2, 3) [53, 57, 58]. Besides an intact
morphogenetic activity, the site, amount, and arrange-
ment of competent cells within niches must also be care-
fully analyzed when causes of impaired nephrogenesis in
preterm and low birth weight babies are under debate
[20, 23].

Although not for current routine diagnosis, an elabo-
ration of whether the previously mentioned morphologi-
cal parameters are different in preterm or low birth weight
babies that died of various causes is necessary for detailed
pathologic research in the near future [27, 50]. Reading
those case-specific coordinates according to the schema
introduced here (Table 1; Fig. 5b, ¢), in combination with
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modern computer-assisted techniques such as laser scan-
ning immunohistochemistry or optical projection to-
mography could help to more precisely separate an inac-
tive from active status of the nephrogenic zone and inte-
grated niches [65-67].

Finally, knowledge about microanatomy of the neph-
rogenic zone is a prerequisite, when local drug delivery
prolonging nephrogenesis in preterm infants is in the fo-
cus of an innovative therapeutic approach [30]. Although
it is not often taken into consideration, one must bear in
mind that the nephrogenic zone has an incomplete vas-
cular supply that makes controlled drug delivery difficult
[68]. Consequently, it is necessary to first find a suitable
path for drug application via infusion or local stem cell
implantation. In this connection, it is obligatory to ob-
serve not only the necessary morphogenetic impulses, but
also to have a close look at the local microenvironment
and the morphogen actions, in which a stem or progeni-
tor cell, respectively a niche, is biologically active [69, 70].
While it is obvious that the creation of the schema intro-
duced here cannot answer the questions raised, it gives
the first detailed information about the complex micro-
anatomy of the nephrogenic zone and contained stem cell
niches. For these reasons, the present work is an invita-
tion, especially for young people, to re-investigate the
nephrogenic zone and to complete the temporary data
presented here with comprehensive knowledge and ade-
quate techniques as it has recently been requested [71].
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