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Abstract

Background:The cellularmechanisms involved in the development of proximal tubules

are not only associated with morphogenesis in fetal life, but also with restoration of

damaged tubules in adulthood. Knowledge aboutmorphological features of cell differ-

entiation and proliferation along the developing tubule is insufficient, which hinders

identification of the cellular origin.

Objectives: This study aimed to investigate ultrastructures of the proximal tubule at

different stages of nephrogenesis.

Methods: Electron microscopy was used and guided by computer-assisted tubular

tracing to identify the cellular structures.

Results:Renal vesicles and S-shaped bodies revealedmore proliferative features, such

as densely-packed fusiform-shaped cells with numerous protein-producing organelles

than membrane specializations typical for mature tubules. At the capillary-loop stage

the proximal tubules demonstrated all characteristics of the mature tubules, but not

as developed, including shorter but densely packed microvilli, fewer lateral processes

with cell-cell contacts, lower basal membrane infoldings, and lower mitochondrial

volume density. However, they exhibited an elaborated endocytic system above the

nucleus, indicating a membrane transport is being established. Abundant free- and

endoplasmic reticulum-adhered ribosomes and Golgi complexes reflected active pro-

tein synthesis for cell growth and proliferation. Interestingly, electron dense cells were

occasionally intermixed with electron lucent cells characterized by various organelles

in less cytosol and a larger nucleus with abundant euchromatin, which is a feature of

active proliferation.

Conclusions: These ultrastructures indicate that themorphogenesis of the developing

proximal tubule corresponds to the gradually established physiological activities. The

two different cellular electron densities may suggest distinctive differentiation of the

cells along the tubule.
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1 INTRODUCTION

The cellular mechanisms involved in the development of proximal

tubules (PTs) are not only associated with morphogenesis but also

with the restoration of damaged tubules in adulthood (Little & Kairath,

2017). The cellular origin for the regeneration is naturally linked

to the PT cells at the different stages of differentiation during

nephrogenesis.

Nephrogenesis is initiated by reciprocal signal induction between

the ureteric bud (UB) tip and the metanephric mesenchyme. The lat-

ter then undergoes a so-called mesenchymal-to-epithelial transition,

forming a renal vesicle (RV) composed of polarised epithelial cells

(Pietilä & Vainio, 2014). The RV differentiates sequentially into a

comma- and S-shaped bodies (SSB) with successive appearance of a

lower (vascular) and anupper cleft. The SSBconsists of two structurally

different portions, a Bowman’s capsule and a tubule anlages (Dørup,

1990). The tubule anlage includes histologically the upper (distal), mid-

dle and lower (proximal) limb, which will later become the distal con-

voluted tubule, Henle’s loop and proximal convoluted tubule, respec-

tively. The differentiation and transformation of RV and SSB require

a series of precise proximal-distal gene patterning beginning as early

as at the RV stage (Massa et al., 2013). During kidney development,

plasma filtration does not start until capillary endothelial cells have

invaded the vascular cleft of the SSB and the capillary loops have been

formed (J. Zhang et al., 2017). At the same time, tubular reabsorption

of the glomerular ultrafiltrate begins.

The PT derived from the proximal portion of RV and SSB undergoes

quick growth and differentiation to become the longest mature seg-

mentof the renal tubule (Georgas et al., 2009). ThePT is responsible for

constitutive absorption of the glomerular ultrafiltrate, including water,

electrolytes, small molecule proteins, amino acid, glucose and so forth,

via a variety of transporters (Pohl et al., 2015; Sun et al., 2017). The

transport is achieved with the assistance of membrane specialisations

and an endocytic system in the cytoplasm. The membrane specialisa-

tions include a brush border consisting of densely packed microvilli on

the luminal surface, lateral interdigitations and basalmembrane infold-

ings. The endocytic system consists of coated pits and vesicles at the

root of the microvilli, endosomes, apical dense tubules, and lysosomes

(Eshbach&Weisz, 2017). The transportation is energy-driven, depend-

ing much on oxygen. The cells are therefore vulnerable to injuries like

hypoxia, ischemia and nephrotoxins (Chevalier, 2016). Nevertheless,

PT cells reveal a remarkable capacity to quickly restore or repair them-

selves following tubule damage (Shrestha et al., 2017). Genetically,

there is a link between the kidney restoration after injury and kid-

ney development (Fanni et al., 2015). However, information about cell

structures and the biological activities during nephrogenesis is lacking,

especially in mice.

The aim of the studywas to extend our knowledge of the ultrastruc-

ture of the developing PT guided by computer-assisted tubular tracing.

This may hopefully provide knowledge about the cellar proliferation

during PT growth and restoration from tubular injuries in adulthood.

2 MATERIALS AND METHODS

2.1 Animals

Kidneys from embryonic (E) 17.5-day Kunmingmicewere studied. Ani-

mals were raised under standard specific-pathogen-free conditions.

The animal experiments were performed in accordance with the code

of Ethics of the World Medical Association (Declaration of Helsinki)

and were approved by theMedical Ethics Committee of ChinaMedical

University (Shenyang, China).

2.2 Renal tissue preparation and serial epoxy
sectioning

The kidneys from three E17.5 mice were removed and fixed in 4%

paraformaldehyde in 0.01M phosphate-buffered saline (pH 7.4), post-

fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer.

The tissue blocks were dehydrated through graded concentrations of

ethanol and acetol and then embedded in Epon 812 (TAAB, Aldermas-

ton; P. Zhang et al., 2019). Finally, a total of 700 2.5-μm-thick serial

epoxy sections were obtained for tubular tracing using a microtome

(Reichert).

2.3 Image acquirement and alignment

Images of the epoxy sections were obtained with a microscope (Nikon

90i) equipped with a Nikon DS digital camera. For each section, four

partly overlapping digital images were recorded and combined into

one 24-bit colour image using analySIS (version 3.2, Soft Imaging

System).

All images were aligned by a custom-made computer pro-

gram running on Linux (openSUSE 11.2, www.opensuse.org) as

previously described in detail (Chang et al., 2015). The final

image size was 2700 × 2000 pixels with an isotropic pixel size of

0.93 μm.

2.4 Digital tracing and three-dimensional
representation

The developing nephron was traced using custom-made software on

the Linux system as previously described in detail (J. Zhang et al.,

2017). Tubular path distances were derived from the tracing data

as previously described (Zhai et al., 2006). The tracing started at

the urinary pole of the renal corpuscle at the capillary loop stage

and ended at the transition between the cuboidal PT epithelium

and the squamous epithelium of the descending thin limb of Henle’s

loop.

http://www.opensuse.org
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F IGURE 1 Light and electronmicrographs derived from the same serial section from an E17.5mouse kidney. (a) The light micrograph contains
various nephrogenic structures, including renal vesicle (RV) connecting to a ureteric bud (UB) tip (T), an S-shaped body (SSB), and traced tubules at
the capillary loop stage. The numbers in red and green correspond to the spatially traced tubules in Figure 1d. (b) The electronmicrograph showing
the SSB in Figure 1a. According to the tubular tracing, the upper end of the tubule anlage connects to the UB tip (T) shown as a red dotted line.
(c) The electronmicrograph showing the traced tubules adjacent to one of the traced nephron glomeruli, corresponding to a smaller region in
Figure 1a. The blue arrows point to two electron-lucent cells located 25.4% and 31.0% along the PT lengths determined by 3-D tracing seen in
Figure 1d. (d) 3-D representations of two traced nephrons at the capillary loop stage. The nephron is composed of a renal corpuscle (grey sphere),
a proximal convoluted segment continuing into the descending limb (red line) and the ascending limb continuous with the distal convoluted tubule
(green line). Bars: 100 μm (a), 10 μm (b, c)

2.5 Electron microscopy and measurement of
volume density of mitochondrion

Based on the three-dimensional (3-D) tracing, epoxy sections contain-

ing thenephrogenic zone, cortex andmedullawere selected. These sec-

tions were re-embedded in Epon 812 and cut into 50-nm-thick ultra-

thin sections for ultrastructural analysis. Electron micrographs were

obtained using an electron microscope (Hitachi, H-7650 and JM-1400

flash) at magnifications from×1000 to×25,000.

Three electron micrographs of each PT cross-section were taken

randomly at a well-defined length from the glomerulus for measuring

the thickness of the basement membrane (×15,000) and the height

of the microvilli (×8000). The volume densities of mitochondria were

determined using point-counting (Baddeley & Jensen, 2004; Howard&

Reed, 2005) in Photoshop CS6:

VV =
∑

Pi
/∑

Pc, (1)

where∑ Pi is the sum of points hitting onmitochondria and∑ Pc is the

sum of points hitting on the reference space (cytoplasm).

3 RESULTS

Nephrons at different developing stages were located in inverse

sequence to nephrogenesis throughout the cortex of E17.5 kidneys

(Figure 1). Newly formed nephrons, RVs and SSBswere located around
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F IGURE 2 Electronmicrographs showing an RV connecting to a UB tip. RV, renal vesicle; Tip, ureteric bud tip; Mi, mitochondria; rER, rough
endoplasmic reticulum; Pri, polyribosome; Ri, ribosome; E, endosome; Gol, Golgi complex; CP, coated pit; CV, coated vesicle; Mvb, multivesicular
body. (a) An RV connecting to a Tip shown at lowermagnification in inlet. (b) The region corresponding to the white frame ‘b’ in Figure 2a, showing
the apical part of a cell from the proximal end of the RV. There are scatteredMi, rER and Gol in the cytoplasm. Small vesicles are seen budding from
Gol. The lateral membranes of neighbouring cells are close and form a junctional complex (black arrows) at the luminal top. Beneath the junctional
complexes, the lateral membranes are separated by a narrow intercellular space (double black arrow). (c) The region corresponding to the white
frame ‘c’ in Figure 2a, showing the apical part of a cell from the distal end of the RV. There are abundant Pri, interspersed withMi, RER andMvb.
Black arrows indicate the junctional complex. (d) Image at highmagnification corresponding to the white frame ‘d’ in Figure 2a, showing the
invaginated CP and CV at the free surface of the cell, as well as junctional complexes sealing the apical intercellular space (black arrows). (e) The
region corresponding to the white frame ‘e’ in Figure 2a, showing the straight and narrow intercellular space. At some point, the two opposing
plasmamembranes are fused into an electron-densemembrane (black arrow), or form bead-like contacts (black arrow heads). (f) The region
corresponding to the white frame ‘f’ in Figure 2a, showing a part of the two neighbouring cells. The boundary of the two cells is blurred compared
to those in Figure 2b (arrows) and Figure 2e (arrowheads). Bars: 5 μm (a) and 0.5 μm (b–f)

the transition of the nephrogenic zone and superficial cortex, together

with the terminal tips of UB (Figures 1a,b). According to the tubular

tracing, relatively mature tubules and glomeruli were identified in the

middle to the juxta-medullary cortex (Figures 1c,d). In general, the cells

in theRVandSSBdidnot showmembrane specialisations and cytoplas-

mic features typical for any of the mature tubule segments until the

capillary loop stage, where the PT demonstrated ultrastructural fea-

tures similar to those of mature PT.

3.1 RV and SSB

According to the proximal-distal gene patterning (Little et al., 2010),

the distal and proximal portion of the RV will differentiate in different

directions. The distal end of the RV connected to the tip ampulla of the

UB at the nephrogenic zone beneath the renal capsule, while the proxi-

mal end of the RV, whichwill differentiate into the glomerulus, was far-

thest from the UB tip.

The cells and their nuclei in the distal and proximal ends were

highly irregular in shape, and the middle part of the RV consisted

of a layer of densely packed fusiform cells with fusiformed nuclei

(Figure 2a).

These cells encircled a very narrow lumen, and a few short and blunt

cytoplasmic processes were located at the luminal surface of the cells

(Figure 2b). The lateral intercellular spacewas narrow and straight and

was sealed at the luminal top by well-developed junctional complexes

composed of zonula occludens and zonula adherens (Figures 2b–d). At
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F IGURE 3 Electronmicrographs showing an SSB.Mv, microvilli; Ri, ribosomes;Mi, mitochondrion; Gol, Golgi complex; Pri, polyribosome; rER,
rough endoplasmic reticulum; BB, basal body; Ci, cilium. (a) An SSB composed of a Bowman’s capsule anlage (lower left) and a renal tubule anlage
(dashed line).White asterisk: distal limb. (b) Apical part of the epithelial cells in the renal tubule anlage. The apical part of the neighbouring cell
membranes forms junctional complex (black arrows). Cytoplasm is filled with abundant Pri, Gol, rER andMi. (c) The lateral region of two
neighbouring cells. Intercellular space is narrow and straight (double black arrows) with focal fusion of lateral opposingmembranes (black
arrowhead). (d) The basal-lateral part of the epithelial cells in the renal tubule anlage. A relatively broad intercellular space with a few bulky
cellular processes is seen (black asterisks). (e) The apical surface of the epithelial cells. A few tinymicrovilli protrude into the lumen. A cilium can
occasionally be seen arising from the basal body. Junctional complex between two adjacent cells (black arrows). Bars: 5 μm (a) and 0.5 μm (b–e)

times, the two opposing plasma membranes were seen to form bead-

like contacts or to fuse into an electron-dense membrane (Figure 2e).

Occasionally, a blurredboundarywas seenbetweenneighbouring cells,

especially at the main body of the RV (Figure 2f). The basal membrane

was flush against a thin basal lamina, without plasmamembrane infold-

ings. Inside the cells, the apical endocytic system, such as apical dense

tubules or coated pits and vesicles were often seen, while endosomes

were rarely seen (Figure 2d). However, polyribosomes were exten-

sively present throughout the cytoplasm, interspersed with mitochon-

dria and rough endoplasmic reticulum (rER). Golgi complexes were

often seen close to the nucleus; however, theywere notwell developed

(Figure 2b).

The newly formed SSB consisted of two anlages, a Bowman’s cap-

sule and tubular anlages arising from the capsule anlage and connect-

ing with the terminal UB tip (Figure 3a). The Bowman’s capsule anlage

consisted of two layers of epithelia with an almost invisible lumen in

between, an outer layer of flattened cells and an inner layer of low

columnar cells (Figure 3a). The tubule anlage consisted of a simple layer

of densely packed fusiform cells, and the lumenwas almost invisible. In

addition, between the twoanlages, the capillary loopswerenot formed.

We further examined the cells constituting the tubular anlage. The cell

membrane surfaces and cytoplasmic organelles of the cells were sim-

ilar to those in the main body of the RV (Figures 3b–e). Occasionally,

a blurred boundary was seen between the neighbouring cells. Some-

times, the two opposing plasma membranes fused into an electron-

densemembrane (Figure 3c). The basementmembrane had a thin basal

lamina. Compared to the RV, the SSB was equipped with fewmicrovilli

and occasionally a cilium on the luminal surface of the cells in the prox-

imal limb (Figure 3e). No lateral membrane processes and basal mem-

brane infoldings were found.

3.2 at the capillary loop stage

The 3-D tubular tracing revealed that the PT from the capillary loop

stagenephrons took a similar path tomaturePTbutweremuch shorter
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F IGURE 4 Electronmicrographs showing the initial part of a proximal tubule (PT) at the capillary loop stage. Mi, mitochondrion; rER, rough
endoplasmic reticulum; Pri, polyribosome; Ri, ribosome; E, endosome; Ly, lysosome; Gol, Golgi complex; CP, coated pit; CV, coated vesicle; Mvb,
multivesicular body; PMI, plasmamembrane infolding. (a) A tubular cross-section at 19.1% of the whole length of the PT from the glomerulus. (b)
The cell is characterised by densely packedmicrovilli, a developed endocytotic apparatus including coated pits, coated vesicles, endosomes and
lysosomes at the apical cytoplasm, and short plasmamembrane infoldings at the basal cytoplasm. Intercellular space (double black arrow), dense
apical tubules (black ellipse), junctional complex (black arrow). (c) Intercellular space of adjacent tubular epithelial cells. The lateral processes
contain rod-likemitochondria interdigitating with lateral processes of the neighbouring cell. Cell contacts (black arrow). (d) The basal part of the
epithelial cell. The plasmamembrane infoldings are tiny and short. Hemidesmosomes (black arrowheads). Bars: 5 μm (a) and 0.5 μm (b–d)

(Figure 1d). The PT cells were examined at well-defined distances from

their own glomeruli. The ultrastructure of cell membrane specialisa-

tions, endocytic system and cellular organelles did not vary much from

the initial part to the end (from 6.1% to 95% of the total PT length; Fig-

ures 1c,d, 4 and 5).

Apical surface. The average height of the densely packed microvilli

(1.39 μm) was nearly half of that seen in adult kidneys (2.76 μm; Zhai

et al., 2003), and the microvilli height did not change much from the

proximal to the distal part of the PT (Figures 4a–d).

Lateral surface. The lateral cytoplasmic membranes of adjacent

cells were parallel and separated by a narrow and straight intercellu-

lar space. Junctional complexes including electron-dense zonula occlu-

dens and zonula adherens were observed at each apical intercellular

space. Desmosomes were often present in the centre of the intercel-

lular space. The lateral processes varied in size and shape from a local

bump to a finger-like invagination, mainly located in the mid to lower

part of the intercellular space (Figures 4a–d).

Basal surface. The basement membrane was 52–87 nm thick.

Hemidesmosomes were occasionally observed between the basal sur-

face of the epithelial cells and the basal membrane. Small and short

invaginations, that is, plasma membrane infoldings, occupied the basal

part of the cytoplasm togetherwith rod-likemitochondria,while higher

invaginations were rarely seen (Figures 4b,d and 5b,c).

Endocytic system. The immature PT contained a relatively well

developed endocytic system including coated pits and vesicles at the

base of the microvilli, apical dense tubules and endosomes distributed

in the area above the nuclei. The lysosomes varied considerably in

size and inclusion. The number of electron-dense lysosomes decreased

from the proximal to the distal PT. Many multivesicular bodies were

found in the distal part of the PT.

Mitochondria. Mostmitochondria seemed to be randomly oriented.

Long rod-shaped or oval mitochondria were found nearby or inside the

basolateral processes. In addition, ring-, U- and dumbbell-shapedmito-

chondria were present (Figures 4c and 5b). The volume density of the
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F IGURE 5 Electronmicrographs showing the late part of the PT at the capillary loop stage. CP, coated pit; CV, coated vesicles; Mi,
mitochondrion; Ly, lysosome; rER, rough endoplasmic reticulum; Gol, Golgi complex;Mvb, multivesicular body; E, endosomes. (a) A tubular
cross-section at 73.3% of the whole length of the PT from the glomerulus. (b) The endosome including dense apical tubules (black ellipse), coated
pits, coated vesicles, and endosomes at the apical part, as well as organelles in themain body of the cell, including dumbbell-shapedmitochondria
(inlet), rER and Golgi complex parallel to the rod-shapedmitochondria, electron-dense lysosomes. (c) The lateral-basal part of the epithelial cell.
The basolateral interdigitations are further developed, compared to the early part of the epithelial cells shown in Figure 4b . Fewer and smaller
plasmamembrane infoldings than in Figure 4b. In addition, cell contacts (black arrow) and hemidesmosome (black arrowhead) are observed along
the basolateral membrane. Intercellular space (double black arrow). Bars: 5 μm (a) and 0.5 μm (b–c)

mitochondria was 10.7%–16.8% (compared to an average volume den-

sity of 44% in an adult kidney).

Free ribosomes and rER. Free- and rER-adhered ribosomes were

abundant throughout the cytoplasm, interspersed with mitochon-

dria. Thin, line-shaped rER, similar to those in RV and SSB, was

often seen parallel to the lateral boundary of the cells. Espe-

cially in the late PT, 2069 μm and 2573 μm distant from their

glomeruli (69.0% and 76.2% of the whole length of the PT), the

rER was thinner and longer (Figure 5) than in the initial PT

(Figure 4).

3.3 Electron lucent (light) cells along capillary
loop stage nephron

At the capillary loop stage, electron-lucent (light) cells were often

found in the second quarter (25%–31% of the total PT length). These

‘light’ cells were randomly interspersed with the majority of the PT

cells that was relatively electron-dense (dark). The ’light’ cells had less

cytosol and a larger and round nucleus with abundant euchromatin

(Figures 6a–d). In addition, the ‘light’ cells contained fewer mitochon-

dria, rER, Golgi complexes, lysosomes and ribosomes than the neigh-

bouring dark cells. Furthermore, the membrane specialisations of the

‘light’ cells were poorly developed, compared to the neighbouring dark

cells, that is, the microvilli were sparse, lateral processes were shorter

and fewer and the basal membrane infoldings were short or absent

(Figures 6b–f).

4 DISCUSSION

The cellular origin of PT regeneration is debated but is believed to be

related to the cellular proliferation and differentiation along the PT

during nephrogenesis.

The PT is genetically derived from the middle portion of the RV and

the lower limb of the tubule anlage of SSB. In the present study, this
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F IGURE 6 Electronmicrographs showing electron-lucent (light) cells neighbouring with electron-dense (dark) cells along PT at the capillary
loop stage. N, nucleus; Mi, mitochondrion; Ri, ribosome; rER, rough endoplasmic reticulum; Ly, lysosome. (a) The ‘light’ cells (arrows) at lower
magnification along the PTs. (b) One ‘light’ cell and a part of a ‘dark’ cell (lower) at 31.1% of the whole length of the PT, distant from glomerulus. (c)
The ‘light’ cell corresponding to Figure 6b has a larger and round nucleus with abundant euchromatin, fewer organelles includingmitochondria,
ribosomes, rER, and lysosomes, and less basal membrane infoldings, in addition to less cytosol substance, compared to the ‘dark’ cell. Themicrovilli
are shorter andmore loosely packed in the ‘light’ cell. (d) The other ‘light’ cell and a part of a ‘dark’ cell (upper) at 25.4% of the whole length of the
PT, distant from the glomerulus. The endocytic system including dense apical tubules (black ellipse), coated pits, coated vesicles and endosomes at
apical cytoplasm are scattered in the apical cytoplasm of the ‘light’ cell. The intercellular space (double black arrows) is straight and narrow. (e) The
apical-lateral part of a ‘light’ and a ‘dark’ cell. Coated pits, coated vesicles, junctional complexes (black arrow) and a few zonula adherens (black
arrowheads) along the intercellular space (double black arrows). (f) Basal lateral part a ‘light’ and a ‘dark’ cell with a few interdigitating processes
withmitochondria. Bars: 20 μm (a), 2 μm (b, c) and 0.5 μm (d–f)
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was reflected by the microstructural features of the epithelial cells in

the RV and SSB, such as densely packed fusiform cells with abundant

polyribosomes and rER and numerousGolgi complexes throughout the

cytoplasm. The developing PT quickly proliferated–probably by amito-

sis in the RV and SSB. This is also supported by the observation that

the apparatus for the mitotic division was sparse and that the dividing

nuclei were rarely seen in RV and SSB. In contrast to proliferation, the

features for cell differentiation in the RV and SSBwere not that promi-

nent. However, the genetically patterned domains of both RV and SSB

revealed specific characteristics, reflecting distinct differentiation in

different cell groups. First, the distal and proximal ends of the RVwere

both composed of densely packed cuboidal cells with highly irregular-

shaped nuclei. The distal end of the RV connected to the UB tip (P.

Zhang et al., 2019), while the proximal end proceeded into a Bowman’s

capsule anlage of the SSB. The newly formed SSB had a collapsed cap-

sule and tubule lumen indicating that a real filtration had not yet been

established. This is also supported by the lack of histological and ultra-

structural features for absorptive function along the tubule anlage of

the SSB.

Nomatter how packed the epithelial cells were, the junctional com-

plexes were never absent andwerewell developed, which is a hallmark

of polarised epithelium.

As the capillary loops develop, the tubule anlage of the SSB quickly

grows and differentiates, thereby forming the different segments of

the renal tubule with filtering function at the capillary loop stage.

In the present study, we showed that the cells at all examined PT

points exhibited characteristics similar to those of mature PT, includ-

ing membrane specialisations and localisation of the endocytic sys-

tem above the nuclei. However, the volume density of the mitochon-

dria was much lower than that of adult kidneys (Zhai et al., 2006). The

observed polymorphic mitochondria might imply that the cells were

mito-biogenetically or mito-dynamically active (Baker et al., 2019).

Furthermore, the PT cells at the capillary loop stage also exhibited

morphological features related to protein synthesis and endocytosis,

meaning that the PT is equipped with organelles for proliferation and

differentiation as well as for absorption of the ultrafiltrate.

The fact that the PT can restore after acute damage, has aroused

interest in the cellular basis for tubular regeneration (Yoshida &

Honma, 2014). Some studies have shown an overlap in gene expres-

sion in the signalling pathways for kidney development and the

instant response to renal injury (Duffield & Humphreys, 2011; Little &

Kairath, 2017). Furthermore, studies have reported that the number of

CD24-positive, CD133-positive and vimentin-positive cells scattered

throughout thePT innormal humankidneys increases after acute tubu-

lar injury (Lindgren et al., 2011). CD24-positive cells contain less cyto-

plasm and fewermitochondria and have no brush border in contrast to

the adjacent ’normal’ PT cells (Smeets et al., 2013). The ‘light’ cells we

found in the present study had features similar to the above described

CD24-positive cells. These ‘light’ cells were intermixed with the neigh-

bouring electron-dense cells that form the majority of the PT cells at

the capillary loop stage. The source of the regenerative cells may be

aroused quiescent progenitor cells (Angelotti et al., 2012) or dediffer-

entiated survivingmature tubular cells (Lombardi et al., 2016). In order

to clarifywhether the ‘light’ cells found in the present study are related

to the progenitor cells or the dedifferentiated cells, further investiga-

tion is needed.

In summary, the present study provided a detailed description

of the ultrastructure of the cells at RV, SSB and capillary loop

stage PT. The structural features reflected different biological activ-

ities at different nephrogenic stages, for example, cell prolifera-

tion dominantly in the earlier stages and differentiation in the later

stages. In addition, the present study described a population of ‘light’

cells, which had structural features similar to the potential stem

cells (CD24-positive cells), suggesting a candidate cell for tubule

regeneration.
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