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Abstract

The mature renal papilla is characterized by medullary collecting ducts,
Henle’s loops, vasa recta and the interstitium. Cortical and medullary
stromal cells are essential for the regulation of urine concentration and
other specialized kidney functions. Mechanisms that direct the renal papilla
development are not clearly understood. In recent years, the renal papilla has
been identified as a niche for renal stem/progenitor cells in the adult mouse.
Studies on experimental animals evidenced a probably common interstitial
progenitor for the medullary and cortical stromal cells, characterized by
the Foxdl1+/PAX2- phenotype. Moreover, Hox10 and Hox11 expression
is required for differentiation and patterning of the multiple subtypes of
developing medullary interstitial cells. Given the scarcity of morphological
and molecular studies on the human renal papilla, this work aimed to evidence
morphological changes during human gestation, both in the architecture
of the medullary interstitium and in cell types differentiating between the
collecting tubules and the Henle’s loops. Future immunohistochemical
studies are needed to better identify different interstitial cell types giving rise
to the mature interstitium of the renal papilla.
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Introduction

The urine concentration ability of the kidney is a
peculiar function of the renal interstitium and, in
particular, of cortical and medullary stromal cells.
During mammalian kidney development, a self-
renewing progenitor population characterized
by the expression of Foxdl has been identified
in the nephrogenic interstitium, giving rise to
the medullary interstitial cells [1]. According
to these data, Foxdl expression in nephrogenic
interstitium-derived cells might represent a
developmental boundary between the non-
nephron and the nephron lineage, the latter being
characterized by expression of PAX2. In recent
years, a major role in the development of the
kidney has been attributed to the renin-angiotensin
system, particularly in the development of
medullary interstitial cells [2]. Angiotensin II and
angiotensinogen are expressed in the renal stromal
cells and act on the AT1 and AT2 receptors
located on the ureteric bud tip cells, favouring
branching morphogenesis [3]. In contrast, in vitro
studies showed that Angiotensin II acting via the
AT2 receptor has antiproliferative activity in
medullary interstitial cells, down-modulating
proliferation and differentiation of the medullary
interstitial compartment [4]. Moreover, inhibition
of the renin-angiotensin system in experimental
animals resulted in severe renal abnormalities,
including atrophy of the renal medulla, leading
to impairment of urine concentration ability
[5]. During nephrogenesis, Foxdl+ interstitial
progenitors in the renal stroma are subdivided
into two distinct populations: the cortical and
the renal stromal progenitors [6]. The former are
characterized by the expression of Foxdl and
retinoic acid receptors alpha and Beta-2. On the
contrary, cells undergoing the medullary stromal
fate lose the expression of Foxdl and acquire the
expression of fibroblast growth factor 7 (FGF7)
[7], the transcription factor Podl [8] and bone
morphogenic protein 4 (BMP4) [9]. Medullary
stromal progenitors eventually differentiate into
mature medullary interstitial cells [10]. Hox
genes have been shown to play a critical role in
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the development and patterning of the different
renal stromal compartments: Hox10 and Hox11
expression is required for the differentiation of
medullary stromal cells and for their integration
with collecting tubules and Henle’s loops of
the developing kidney [11]. Given the scarcity
of studies on the various developmental steps
of the human renal medulla, this work aimed to
analyse the morphological changes occurring in
the renal medulla during gestation, particularly
any changes occurring in the architecture of
the medullary interstitium and in cell types
differentiating between the collecting tubules and
the descending and ascending limbs of Henle’s
loops.

Materials and methods

Kidneys from 16 human fetuses/newborns,
ranging from 9™ up to 39" week of gestation,
were sampled and histologically studied. All the
fetuses/newborns included in this study had no
congenital malformations. The newborns were
admitted to the Neonatal Intensive Care Unit of
the AOU and University of Cagliari, and died due
to different causes. Kidneys samples were fixed
in 10% buffered formalin, routinely processed,
and paraffin-embedded. A 3 um-thick section was
obtained from each paraffin block; after dewaxing
and rehydration, the sections were stained with
hematoxylin-eosin. All procedures performed
in this study are in accordance with the ethical
standards of the institutional and national research
committee and with the 1964 Helsinki declaration
and its later amendments.

Results
9 weeks

In the fetal kidney at 9 weeks of gestation,
the renal papilla was not well developed. At this
gestational age, the branching collecting ducts
were characterized by an immature pseudo-
stratified epithelium surrounded by a thin basal
membrane. The ureteric bud-derived collecting
ducts were separated by the developing glomeruli
by a loose undifferentiated mesenchyme. Undif-
ferentiated mesenchymal cells showed an onion-
like arrangement around the collecting ducts,
and appeared at strict contact with the mesenchy-
mal cells surrounding the neighboring glomeruli
(Fig. 1).
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Figure 1. 9 weeks: undifferentiated mesenchymal cells showed an onion-like arrangement around the collecting ducts, and
appeared in strict contact with the mesenchymal cells surrounding the neighboring glomeruli.

CD: collecting duct.

12 weeks

At 12 weeks, the developing medulla was char-
acterized by the maturation of the epithelial cells
of collecting ducts. The ureteric bud-derived epi-
thelium first showed the typical large basal vacu-
oles, pushing the roundish nuclei towards the ductal
lumen. The mesenchyme intermingled among the
ductal structures of the developing papilla was
formed by a high number of stromal cells showing
different shape and size. At this gestational age, we
first noticed the appearance of tubular structures
with a dark epithelium in the medulla, putatively
representing descending tubules originating from
developing glomeruli (Fig. 2).

17 weeks
At 17 weeks, a marked decrease in the width of

the interstitium was observed (Fig. 3). A further
maturation of collecting ducts was observed: ure-

Renal papilla during development

teric bud-derived epithelial cells showed a clear
cytoplasm, characterized by the presence of vacu-
oles both at basal and apical position. At this
gestational age, we frequently observed tubular
structures characterized by the absence of clear
vacuoles, probably representing the descending and/
or the ascending limbs of the developing Henle’s
loops (Fig. 3).

21 weeks

A progressive decrease in the interstitial space
was evident at 21 weeks of gestation (Fig. 4). The
regression of interstitial cells was demonstrated by
the finding of apoptotic globules in the interstitium.
At this gestational age, the fetal medulla was
characterized by a dramatic increase in small tu-
bules, putatively representing the descendent and
the ascendant limbs of Henle’s loop. The prolifera-
tion of Henle’s loops was confirmed by the occur-
rence of mitotic figures in these structures (Fig. 4).
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Figure 2. 12 weeks: mesenchymal cells intermingled among the ductal structures of the developing papilla (encircled by a
black line) show different shape and size.

CD: collecting duct.

Figure 3. 17 weeks: maturation of tubular structures and decrease in the width of the interstitium.
CD: collecting duct.
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Figure 4. 21 weeks: evidence of progressive decrease in the interstitial space demonstrated by the presence of apoptotic

globules in the interstitium (encircled by a black line).
CD: collecting duct.

25 weeks

The developing renal medulla at 25 weeks of
gestation was characterized by the predominance
of tubular structures on the interstitial cells. At this
gestational age, collecting ducts appeared inter-
mingled with the limbs of Henle’s loops. At this
age, it was not possible to clearly distinguish the
descending from the ascending limbs of Henle’s
loops (Fig. 5).

28 weeks

At 28 weeks of gestation, the interstitium of the
developing medulla was restricted to elongated,
isolated cells separating one tubular structure
from the next. At this age, the complexity of the
tubular structures localized in the medulla was
higher if compared to previous gestational ages.
The descending limbs of the Henle’s loops were
characterized by cuboidal or flat cells, with a scant

Renal papilla during development

cytoplasm surrounding a large lumen. The ascending
limbs of the Henle’s loops was characterized by a
prismatic epithelium with an eosinophilic cytoplasm
surrounding a narrow lumen (Fig. 6).

36 weeks

At 36 weeks of gestation, the components of the
Henle’s loops appeared as the major component
of the renal medulla (Fig. 7). At this gestational
age, isolated collecting ducts were surrounded by
descending and ascending limbs of the Henle’s
loops. Interstitial cells were characterized by an
elongated nucleus with compact chromatin and
showed a tendency to surround the Henle’s loops
(Fig. 7).

39 weeks
At the end of gestation (39 weeks), we ob-

served a marked increase in the vascularity of the
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Figure 5. 25 weeks: decrease in interstitial cells and increase in tubular structures.
CD: collecting duct.

Figure 6. 28 weeks: the interstitium was restricted to elongated isolated cells. The tubular structures show a major complexity
if compared to previous gestational ages. It is possible to distinguish ascending and descending limbs of Henle’s loops.

CD: collecting duct; a: ascending limb of Henle’s loop; d: descending limb of the Henle’s loop.
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Figure 7. 36 weeks: scattered interstitial cells of renal papilla characterized by an elongated nucleus with compact
chromatin surrounding Henle’s loops (arrows).

CD: collecting duct; a: ascending limb of Henle’s loop; d: descending limb of the Henle’s loop.

developing medulla. Scattered collecting ducts
with a clear cytoplasm and large lumen were ob-
served surrounded by descending and ascending
limbs of the Henle’s loops. In the interstitial
spaces, we also found a huge number of vascular
structures containing blood red cells presumably
because the kidney requires a higher blood supply
for its correct functioning after birth (Fig. 8).

Discussion

The mature renal papilla consists of the medul-
lary collecting ducts, Henle’s loops, vasa recta and
the interstitium. These components are essential
for the regulation of urine concentration and other
specialized kidney functions. Mechanisms that di-
rect development of the human renal medulla are
not clearly understood. Metanephric mesenchyme-
derived medullary stromal cells are required not
only for regulation of urine concentration but also
for renal morphogenesis, thanks to their ability to

Renal papilla during development

generate important signals required for branching
morphogenesis of the ureteric bud-derived tubular
structures [12].

In recent years, the renal papilla has been
identified as a niche for renal stem/progenitor
cells in the adult mouse, showing a plastic
phenotype of cells co-expressing mesenchymal
and epithelial proteins, as well as neuronal
markers [13]. In this study, the complexity of
the interstitial cells is particularly evident in
the early gestational ages and contrasts with the
apparent relative monomorphism of these cells
at the end of gestation. Furthermore, during
the first weeks (weeks 9 and 12 of gestation) a
significant difference in the morphology of the
various interstitial cells emerged from this study:
at histology, these stromal progenitors of the
renal papilla appeared as large cells with oval,
elongated, flattened or roundish-globular nuclei
(see Fig. 1 and Fig. 2). On the contrary, at the end
of gestation, the few remaining interstitial cells
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Figure 8. 39 weeks: the end of gestation showed a marked decrease of interstitial cells and a huge number of vascular
structures (arrows).

CD: collecting duct; a: ascending limb of Henle’s loop; d: descending limb of the Henle’s loop.

showed an elongated oval shape (Fig. 8). The ducts appeared intermingled with structures of
different morphology of interstitial cells in the Henle’s loops at 25 weeks of gestation. At this
metanephric mesenchyme at gestational weeks 9 time point, it was not yet possible to clearly dis-
and 12 may be due to a lack of differentiation. tinguish the descending and the ascending limbs
Therefore, these cells represent stem/progenitor of Henle’s loops. At 28 weeks the complexity of
interstitial cells that eventually differentiate into the tubular structures localized in the medulla
mature medullary interstitial cells [10]. With was higher than in previous gestational ages: the
increasing gestational age, we observed a marked collecting tubules were fewer and the descending
decrease in the width of the interstitium due to a and the ascending limbs of Henle’s loops were
decrease of the stem/progenitor cell pool and to clearly identifiable. At 28, 36 and 39 weeks of
the increase of differentiated interstitial cells. gestation, the components of the Henle’s loops

Another peculiarity of the development of appeared as the major component of the renal
the human renal papilla is the progressive matu- medulla. All these data taken together show
ration of the multiple tubular structures of the a previously unreported dynamic picture of
medulla. At 9 and 12 weeks of gestation, we ob- renal papilla development, characterized by the
served the prevalence of the collecting ducts in following events: i) the ascending branching of
the developing papilla. The descending ducts the ureteric bud; ii) the descending elongation of
originating from developing glomeruli appeared the limbs of Henle’s loops; iii) the differentiation
at 17 weeks of gestation, while at 21 weeks we of the stromal medullary progenitors [14]. The
observed the increase of small tubules putatively marked changes in the interstitial cells of the
representing the limbs of Henle’s loop. Collecting developing renal papilla here reported suggest a
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major role for the medullary interstitium in the
regulation of the interplay between the ureteric
bud and the Henle’s loops.

In conclusion, this study focused on morpho-
logical changes during human renal papilla devel-
opment, both in the architecture of the medullary
interstitium and in the cell types differentiating
between the collecting tubules and Henle’s loops.
Moreover, these data clearly indicate that stromal/
interstitial cells represent a major component of
the papilla in the early developing human kidney.
Future immunohistochemical studies are needed
to test different markers, including PAX2 and
Foxd1, that allow to identify different interstitial
cell types giving rise to the mature interstitium of
the renal papilla.
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