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The basic functional unit in a kidney is the nephron, which is a long and
morphologically segmented tubule. The nephron begins with a cluster of
capillaries called glomerulus through which the blood is filtered into the
Bowman’s space. The filtrate flows through the nephron segments. During
this flow, electrolytes and solutes are reabsorbed by channels and transport
systems into the capillaries wrapped around the nephron. Many questions
related to renal function focus on identifying the sites of expression of
these systems. In this study, we mapped whole kidney sections by confocal
microscopic imaging of fluorescent phalloidin, which binds to actin fila-
ments. In tile scans (composed of hundreds of images) of these sections,
the cortex and the medullary regions (outer and inner stripes of the outer
medulla, and inner medulla) could be easily identified by their cytoskeletal
patterns. At a higher resolution, we identified distinct features of the actin
cytoskeleton in the apical, basal, and lateral borders of the cells. These fea-
tures could be used to identify segments of a nephron (the proximal tubule,
thin and thick segments of Henle’s loop, and distal tubule), the collecting
duct system, the papillary ducts in the papilla, and the urothelium that
covers the pelvis. To verify our findings, we used additional markers,
including aquaporin isoforms, cytokeratin 8-18, and WGA lectin. This
study highlights the power of high-resolution confocal microscopy for
identifying specific cell types using the simple probe of F-actin-binding
phalloidin.

Introduction

The kidney is a complex organ that filters the blood
plasma continuously to maintain water and electrolyte
homeostasis and acid—base balance. In humans, about
a liter of blood flows through the kidney every minute
[1]. The basic functional unit in the kidney is the
nephron, which is a long and morphologically seg-
mented tubule [2,3]. In the human kidney, the average
number of nephrons has been estimated to be in the
range of a million, and in the mouse kidney about
20 000 [4-6]. The nephron begins with the Bowman’s
capsule, which circumscribes a cluster of capillaries
called glomerulus (Fig. 1). The glomerular filtrate

Abbreviations

flows through the proximal tubule (PT), the loop of
Henle, and the distal tubule (DT) segments of the
nephron [7]. At the end of the nephron, the collecting
ducts (CD) merge into the papillary ducts that form
the papilla. The mouse kidney is unilobar with a single
papilla. The human kidney is multilobar with a range
of 4-18 papillae[4].

Most of the electrolytes and solutes in the filtrate
are reabsorbed into the peritubular capillaries wrapped
around the nephron. The reabsorption of the solutes
and ions is dependent on the function of a wide vari-
ety of channels and transporters localized on the

AKI, acute kidney injury; AQP, aquaporin; CD, collecting duct; DCT, distal convoluted tubule; DT, distal tubule; IC, intracytoplasmic; JGA,

juxtaglomerular apparatus; PT, proximal tubule.
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Fig. 1. A diagram of the nephron and the localization of its
segments in the cortex and the medullary regions. CD, collecting
duct; DCT, distal convoluted tubule; PCT, proximal convoluted
tubule; PST, proximal straight tubule and TAL, thick ascending
limb. This figure is based on the nomenclature of kidney structures
[3].

luminal membrane of the epithelial cells that form the
nephron tubules [8]. The coordinated action of the
channels and transport systems in the nephron results
in the fine-tuning of the plasma composition that is
essential for the normal functioning of the body [9].
The expression and function of these systems are regu-
lated by a complex array of hormones, including the
renin—angiotensin—aldosterone system and vasopressin
[10-13]. Many questions about the kidney function
concentrate on understanding the sites of expression
and the mechanism of regulation of the renal transport
systems [14—17]. Methods that have been used to iden-
tify the segments of the nephron where each channel
and transporter are located include fluctuation analy-
sis, patch-clamp techniques, immunohistochemistry,
and western blots (WB) [18-22].

F-actin cytoskeletal map of renal epithelia

Our laboratory has been working on mapping the
sites of localization of epithelial sodium channels and
cystic fibrosis transmembrane conductance regulator
in various epithelial tissues [23-27]. We wanted to use
similar techniques to map the localization of these
channels in kidney sections but quickly faced the
problem of the morphological complexity of the
nephron segments and their identification. In our
studies on the skin, the respiratory tract, and the
male and female reproductive tract epithelia, we visu-
alized cell borders using fluorescent phalloidin that
binds specifically to actin filaments [28] to verify the
structural integrity of tissue sections [24,26]. We
hypothesized that by using a similar approach, we
might be able to distinguish between different
nephron segments.

In eukaryotic cells, there are three major types of
cytoskeletal structures, microfilaments, intermediate fil-
aments, and microtubules [29]. In epithelial cells, inter-
mediate filaments form a dense cytoplasmic network
that is connected to the sites of cell-cell adhesion
points. Microtubules are also located within the cyto-
plasm and are involved in the movement of vesicles
and organelles. In contrast to these, microfilaments
composed of actin filaments lie underneath the mem-
brane providing structural support [30-32]. Actin fila-
ments form the backbone of microvilli that cover the
surface of PTs, secondary foot processes in glomerular
podocytes, and stereocilia that are found in specific
epithelial cell types [27,33,34]. Actin is a most highly
conserved protein with six isoforms in mammals
[35,36]. Four isoforms are expressed mainly in muscle
cells, and two (B-actin and vy-cyto-actin) are expressed
ubiquitously as abundant cytoplasmic proteins that
form the actin cytoskeleton [30,36].

A first step in the diagnosis of renal diseases is the
measurement of specific metabolites in serum, such as
creatinine, the levels of which may be affected by the
malfunction of the kidney tubules [37]. Alterations in
the levels of such biomarkers generally reflect struc-
tural damage to kidney tubules. For example, an early
manifestation of acute kidney injury (AKI) is the dis-
ruption of the actin cytoskeleton, especially the micro-
villi in the PT [38,39].

In the present study, we report that different tubular
segments of the kidney can be identified by the simple
patterns of the actin cytoskeleton using a fluorescent
marker. We verified the criteria we established by addi-
tional markers, including aquaporin (AQP) isoforms,
cytokeratin 8-18, CD34 and WGA lectin. Overall, our
findings allowed us to construct an identification table
for various nephron segments based on the actin
cytoskeleton features.
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Results

Initially, we generated whole-section images of
mouse kidney by staining with fluorescent-labeled
phalloidin. The cross-sectional images from different
parts of the kidney showed clear regional differences
in the distribution of the actin cytoskeleton. In
Fig. 2, we present a cross-sectional image from
about the middle of a mouse kidney to show the
differences between the cortex and the medullary
regions. The schematic map in Fig. 2B presents a
key for the identification of the locations of the cor-
tex, inner and outer stripe of the outer medulla, and

Medulla
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inner medulla based on their distinct actin cytoskele-
ton patterns.

In the sections below, we present the distinct charac-
teristics of the actin cytoskeleton for each region of
the kidney.

Cortex

In mammals, the nephron has two parts: the renal
corpuscle and the renal tubule. The renal corpuscle
consists of the glomerulus and the Bowman’s capsule.
In the cortex, the glomeruli could be identified easily

Cross-sectional
location

Fig. 2. A whole mouse kidney section as
visualized by actin filament fluorescence. (A)
This cross-sectional image was constructed
by stitching 900 (30 x 30) partially
overlapping confocal microscopy images
taken in a single session of about 4 h. The
kidney section (15 um thick) was reacted
with fluorescent phalloidin as described in
Materials and methods section. The top
right image shows the location of the
section relative to the whole mouse kidney.
The glomeruli can be easily identified as
intensely stained small light-green beads in
the cortex. The transitional region between

- Cortex the cortex and the medulla is characterized
- Glomerulus by intensely stained long stretches of

R — tubules around the region of Fhe arcuate
blood vessels. (B) A schematic map of the

0S . Outer stripe section marking the kidney regions that can

IS - Inner stripe be d|st|ngu|shed.by the actin .stammg .
patterns shown in A. The regions marked in

IM - Inner medulla

the cortex include the glomeruli, and the
regions in the medulla include the outer and
inner stripes and the inner medulla (see the
legend on the right side).
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as beads of intensely stained actin filaments (Fig. 2).
Note that the medulla is devoid of glomeruli.

At higher magnification, we identified three distinct
types of tubular epithelia based on the actin fluores-
cence (F) (Fig. 3):

* A thick wavy line at the apical border and a thin line
on the basal border,

* A thin line on both the apical and basal borders,
and

* A thin line on the apical, basal, and lateral borders.

As described below, we could associate each one of
these distinct cytoskeletal profiles with a specific renal
tubule segment (Table 1).

Glomerulus and Bowman'’s capsule

A Bowman’s capsule envelopes each glomerulus. The
parietal epithelial cells that cover the inner surface of
the Bowman’s capsule showed a thick line of actin at
the luminal border and a thin line at the basal border
(Fig. 4). The luminal surfaces of the parietal cells are
covered with microvilli [40]. Thus, the thick line of

Fig. 3. A magnified view of the actin cytoskeleton patterns in the
mouse kidney cortex. This image of a portion of the kidney cortex
was constructed by tile-scanning 25 (5 x 5) confocal microscopy
images. Five glomeruli appear as intensely stained beads of actin
filaments in two rows (three in the top row and two in the bottom
row). A majority of the tubule segments seen in this area have
thick apical and thin basal actin filament bundles. There are also
some tubules with a thin lining of actin filament bundles on both
apical and basal membranes. Markings: G, glomerulus; PT,
proximal tubule; DT, distal tubule; and CD, collecting duct.

F-actin cytoskeletal map of renal epithelia

actin fluorescence must be due to the actin bundles of
the microvilli of the parietal cells.

The Bowman’s capsule has two poles. At the vascu-
lar pole, the afferent arterioles enter the glomerulus.
The blood that is filtered exits via the efferent arteri-
oles that are juxtaposed to the afferent arterioles. We
could visualize these arterioles with their brightly
stained borders, as these arterioles have an actin fila-
ment-rich smooth muscle lining [41] (their locations
are marked as ‘A’ in Fig. 5C).

Proximal tubules

The filtrate that flows into the Bowman’s space drains
into the opening of the PT (Fig. 4). This site is called
the urinary pole. Relative to the vascular pole, the uri-
nary pole is on the opposite side of the Bowman’s cap-
sule.

To identify the PTs, we used anti-AQP-1 that is
specifically expressed in PTs [22]. Immunofluorescence
of AQP-1 was observed on both luminal and basal
borders of the PTs but neither in DTs nor in CDs
(Fig. 4C,D).

In Fig. 4, it can be seen that the actin fluorescence
of the PT luminal border appears as a continuation of
the thick actin fluorescence of the Bowman’s capsule.
The apical surface of the PTs is covered with microvilli
that make up the so-called brush border membranes.
In mouse PT sections, we measured the height of the
microvilli as 2.55 £ 0.28 um.

Each microvillus has a backbone of an actin
bundle that is composed of 19 actin filaments [42].
To examine the actin content, we isolated brush bor-
der membranes as described in Materials and meth-
ods. Densitometric quantitation of the WB of the
total kidney homogenate and subcellular fractions
using anti-B-actin antibodies showed that the brush
border membrane fraction has ~ 2.7 times more
actin relative to the whole mouse kidney homoge-
nate (Fig. 6).

Based on these results, we identified the tubules that
have a thick apical actin fluorescence as PTs. To con-
firm the reliability of the fluorescence, we reacted a
mouse kidney section with a different phalloidin conju-
gated with DyLight 554. This phalloidin with red fluo-
rescence yielded immunofluorescence (IF) images
similar to that of the previous results (Fig. 7).

Distal tubules (DT)

The second type of actin cytoskeleton pattern in the
cortex appeared as a thin line on both the apical and
basal borders (Fig. 8). We identified these as DT
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Table 1. Actin cytoskeleton patterns and morphometric parameters of the epithelial cells of the nephron segments, papillary ducts, and the

urothelium.
Actin cytoskeleton

Epithelia Region Markers Cell height (um)? Microvilli Apical Basal Lateral IC
Proximal tubule Cortex AQP-1 98 + 1.7 + + +
Distal convoluted tubule Cortex WGA Lectin 6.7+ 1.9 + + +
Collecting duct Cortex AQP-2/CK8-18 59+ 1.9 + + +

Outer medulla AQP-2/CK8-18 41 +1.2

Inner medulla AQP-2/CK8-18 34 +13
Thin limbs® Inner and outer medulla AQP-1 1.1+03 + +
Thick ascending tubule Outer medulla 7.3+1.4 + + +
Papillary duct® Papilla 86+ 1.2 + +
Urothelium (top layer) CYTK8-18 175 £ 3.5 + +

a Cell height: mean + standard deviation; ° In thin limbs, the cell height was measured in regions without visible nuclei; © In the papillary

ducts, the cell height was measured at the broadest site of the cell.

segments because of their locations and additional fea-
tures noted below. Aguirre et al.[43] had shown that in
kidney sections, WGA lectin binds most strongly to
the apical border DTs. Based on these results, we
employed fluorescent WGA lectin as a marker for
DTs. Indeed, the tubules we identified as DT showed
intense fluorescence on the apical border (Fig. §8). In
PTs neighboring the DT, much weaker lectin

fluorescence was observed in vesicles close to the

lumen (Fig. 8).

Juxtaglomerular apparatus

As shown in Fig. 1, a small segment of the distal
straight tubule is juxtaposed to the Bowman’s capsule
at the vascular pole. Such a typical DT section

F-Actin DAPI

F-Actin /AQP™1. DAPI

1180

Glomerulus

# Fig. 4. Actin cytoskeleton patterns in the
glomeruli, Bowman'’s capsule, and PTs. (A)
A merged image of DAPI-stained nuclei and
phalloidin fluorescence of actin filaments.
(B) Schematic diagram of A. The color of
the DAPI was switched from blue to
magenta to enhance contrast. The intensely
stained glomerulus (Fig. 3) is surrounded by
Bowman's capsule. At the renal pole, the
Bowman's capsule opens into the PT. The
luminal side of both the Bowman's capsule
and the PT has thick bundles of actin
filaments. These filaments run along the
brush border membranes. CD: collecting
duct. DCT: distal convoluted tubule. (C)
Immunofluorescence of AQP-1 in PTs. (D)
Merged image of phalloidin and AQP-1 and
DAPI IF. PTs are characterized by intense
fluorescence of thick actin filaments on the
luminal border. Note that the round smaller
tubule in the center of the image shows no
AQP-1 IF. This tubule has the
characteristics of a DT.
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Fig. 5. A magnified view of the vascular pole of a glomerulus and a macula densa region. (A) Phalloidin fluorescence of actin filaments. (B)
Merged image of DAPI and phalloidin fluorescence. (C) Schematic diagram of A. The afferent and efferent arterioles at the vascular pole
appear brightly stained due to their smooth muscle lining (marked with an ‘A" in the schematic diagram). The luminal side of the PT is lined
with a brush border membrane rich in actin filaments. Consequently, the luminal border of the PTs shows intense phalloidin fluorescence.
In contrast, the DT located at the vascular pole has only a thin bundle of actin filaments lining the luminal side. (D, E, and F) Macula densa
region of a nephron. (D) Phalloidin fluorescence of actin filaments. (E) Merged image of DAPI and phalloidin fluorescence. (F) Schematic
diagram of D. Note that the cells in the macula densa are densely packed and have prominent round nuclei.

appears in Fig. 5 in between the two arterioles
marked with ‘A’ (Fig. 5C). Note that both the apical
and the basal borders of this tubule have a thin line
of actin cytoskeleton distinctly different from those of
the PTs (Fig. 5). This is the site of the juxtaglomeru-
lar apparatus (JGA) that is responsible for renin
secretion. The JGA is composed of three types of
epithelial cells:

* Macula densa: A segment of the distal straight
tubule (thick ascending tubule) wherein the cells
bulge into the lumen near the vascular pole of the
glomerulus as shown in Fig. 5F. Macula densa cells
have large round nuclei and are densely packed (pur-
ple colored nuclei in Fig. 5F).

* Extraglomerular mesangial cells and granular cells:
These cells have elongated nuclei and are located
between the macula densa and the Bowman’s capsule
(blue colored nuclei in Fig. 5F). We could not

distinguish between these two types of cells based on
their actin cytoskeleton.

The region we have identified displays all the fea-
tures of the JGA (Fig. 5).

After the JGA, the distal straight tubule is followed
by the distal convoluted tubule (DCT) that continues
to have a thin actin cytoskeleton on both the apical
and basal borders as shown in Fig. 8. An additional
characteristic of the DCT is very thin intracytoplasmic
(IC) stripes of actin filaments (Fig. 8).

Collecting ducts in the cortex

In addition to the PT and DT epithelia, there is a
third type of tubule epithelia found in the cortical
region with actin filaments on both the apical and
basal borders, and also on the lateral border between
cells (Fig. 9A,D,QG).
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Fig. 6. Quantitation of actin in brush border membrane (BBM)
fraction by WB analysis. Kidney brush border membrane fraction
was prepared as described in Materials and methods. Three lanes
of the gel were loaded with 20 pg of total protein from total kidney
homogenate, final supernatant, and the BBM fraction, respectively.
After electrophoresis, the proteins were transferred to a
nitrocellulose membrane and then reacted with anti-B-actin as
described in Materials and methods. The major actin band was
~ 42 kDa in all samples. Densitometric analysis of the WB of four
independent experiments showed that in the BBM fraction,
average actin intensity was 2.65 (SEM: 0.31) times higher than
that in the whole kidney homogenate.

Previous studies showed that the principal cells in
the CDs specifically express AQP-2 [44,45]. Based on
these findings, we reacted the kidney sections with
anti-AQP-2 and saw that specifically these tubules with
actin filaments on the lateral borders also express
AQP-2 (Fig. 9B,E). Thus, we identified these tubules
as the CDs in the cortex (Table 1).

In the CD epithelia, some cells were not stained by
anti-AQP-2 antibodies (Fig. 9). The distribution of
actin filaments in these two types of epithelial cells
appeared different. The cells that were not stained by
anti-AQP-2 antibodies are the intercalating cells. The
distribution of actin filaments on the apical border of
intercalating cells appeared relatively thicker com-
pared to that of the principal cells (Fig. 9F). The
intermediate filament proteins, keratin-8 and keratin
18, are strongly expressed in CD epithelia [46]. The
reaction of anti-cytokeratin 8-18 antibodies with our

Kumaran and Hanukoglu

sections showed the strongest fluorescence in the
tubules that we identified as the CDs in the cortex
(Fig. 9H).

Medulla

The overall pattern of the actin cytoskeletal architec-
ture and the morphological features of the epithelia in
the medulla are very different from those of the cortex
(Fig. 2). We found three distinct patterns of actin
cytoskeletal structure in the epithelial cells of the
medullary region (Figs 10 and 11).

* Thin elongated epithelial cells with actin cytoskeleton
on both the apical and basal borders that may
appear as a single thread,

e Thin and patchy apical, and thin and continuous
basal actin filaments, and

e Thin actin filaments on the apical, basal, and lateral
borders.

As detailed below, we associated these three patterns
of epithelia with (a) thin limb of Henle’s loop, (b)
thick ascending limb of Henle (distal straight tubule),
and (c¢) CDs, respectively. As can be seen in the
nephron diagram (Fig. 1), thin and thick limbs, and
CDs are located in parallel. Thus, in a cross section of
the kidney in the region of the outer medulla, all three
of these tubules were visible (Fig. 11). In the inner
medulla, only the thin limbs and the CDs were seen
(Fig. 10).

Both the outer and the inner medulla (Fig. 2), and
papilla have an outer covering of a single-layered
epithelium (Fig. 10) [47].

The thin limb of Henle's loop

In the nephron structure, the PT transforms into the
thin limb at the border between the outer and inner
stripes of the outer medulla (Fig. 1). The thin limbs
were distinguished from the thick limbs by their very
short cell height as compared to the thick ascending
limbs (1.1 vs. 7.3 um; Table 1). In a general view of
the outer and inner medulla, these differences were
easily visualized (Fig. 10).

In addition to the structural differences, the thin
limbs were also characterized by their expression of
AQP-1 (Fig. 12D-F). A subset of the thin limbs
showed intense IF of cytokeratins 8 and 18, while the
rest of the thin limbs showed weak IF (Fig. 12G-I). In
addition, the CD34 IF showed that the ascending and
descending vasa recta in the medulla are present in
spaces where there is no visible actin fluorescence
(Fig. 13).
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F-Actin DAPI

Fig. 7. Control staining of a cortical region with DyLight 554 phalloidin. (A) DAPI staining of the cell nuclei, (B) actin filament staining, (C)
merged image of A and B. The two tubules with an intense luminal border staining are PTs (at the lower half of the image).

Thick ascending limbs of Henle’s loop

The name thick ascending limb reflects the fact that
the epithelial cells of this segment are tall (Table 1),
resulting in thick tubules (Fig. 10). A major distin-
guishing feature of the cells of the thick ascending
limbs is that their apical border shows only a patchy
lining of actin filaments (Table 1, Fig. 10).

As seen in Figs 10 and 11, the cells of the thick
ascending limb and DT epithelia include a fine IC net-
work of actin filaments. The PT sections are devoid of
such filaments (Fig 7).

Collecting ducts in the medulla

As described above for the CDs in the cortex, the CD
segments in the medulla were also identified by their
anti-AQP-2 and keratin 8-18 IF (Fig. 12). These tubules
were also made up of principal and intercalating cells

with only the principal cells staining for anti-AQP-2
antibodies. The apical lining of the actin filaments of
the intercalating cells appears slightly thicker than the
apical actin filament lining of the principal cells.

Identification of the nephron segments by actin
cytoskeleton patterns

To summarize the results described above, in Fig. 14
we present examples of actin cytoskeleton fluorescence
for five distinct tubular epithelia: (a) PT, (b) thin limb
of Henle’s loop, (c) thick ascending limb of Henle’s
loop, (d) DCT, and (e) CD. On the right side of
Fig. 14, we indicated the type of filaments present on
the apical, basal, and lateral borders of the tubule seg-
ment. This figure together with the information in
Table 1, summarizing cell characteristics, can be used
to identify renal tubule segments.

WGA Lectin F-Actin WGA Lectin DAPI

Fig. 8. Identification of a DT in a cortical region by its actin cytoskeleton pattern and WGA lectin fluorescence. (A) Phalloidin fluorescence of
actin filaments. (B) WGA lectin fluorescence. (C) Merged image of DAPI, actin, and lectin fluorescence.
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10 m AQP-2 F-Actin DAPI

AQP-2 F-Actin DAPI

e CK-8-18 F-Actin DAPI

Fig. 9. Identification of the connecting tubules and the CDs in the cortex using anti-AQP-2 and anti-cytokeratin-8-18. (A, D, and G) Actin
filament fluorescence. (B and E) Anti-AQP-2 IF. (H) Anti-CK-8-18 IF. (C, F, and I) Merged image of the first two images with DAPI. The top
row includes images from a region with a connecting tubule adjacent to a glomerulus. The middle row includes images from a region with a
CD. The images in all rows include PTs with strong apical border actin (green) fluorescence.

The renal papilla

The renal nephrons terminate at the CDs that merge,
forming larger tubules called papillary ducts (also
known as ducts of Bellini) [48]. These ducts form the
papilla that is the final route for urine that drains into
the pelvic space and from there into the ureter. To visu-
alize the papilla, we took a section from a midsection of

a mouse kidney. Phalloidin fluorescence of this section,
including papilla, showed a tubular organization that is
distinctly different from that of other renal regions.
Actin cytoskeletons in the papillary ducts showed a uni-
form pattern with filaments at the apical, basal, and lat-
eral borders (Fig. 15B). The surface of the papilla is
covered by a single-layered epithelium (Fig. 15).
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Fig. 10. The transition zone between the outer and inner medullary
regions. Both the outer and inner medulla contain tubules that form
the descending thin limb and the ascending thick limb of Henle's
loop and the CDs. The thin tubules can be easily distinguished from
the thick ascending limbs as the cell height in the thin tubules is
very short (~ 1 um), and the cell height in the thick tubules is much
longer (~7 um) (Table 1). Outer medulla is characterized by the
presence of thick ascending limbs. A single-layered epithelial
covering is visible at the right edge of this section.

A striking feature of the section is an intensely
stained band of actin bundles that form a sac-like
structure around the papilla (Fig. 15D). The nuclei of
the cells that make up this sac have an elongated
structure (Fig. 15C). This is probably the smooth mus-
cle lining of the ureteropelvic border.

Urothelium

The papillary ducts drain into the renal pelvis. The
pelvis is lined by a specific type of multilayered epithe-
lium named urothelium (Fig. 16). Compared to the
tubular epithelial cells, the apical layer of the urothe-
lium has the biggest cells with a mean cell height of

F-actin cytoskeletal map of renal epithelia

Outer stripe

Inner stripe

Fig. 11. Distinctive morphology of the outer medullary zones
visualized by actin filaments. This image shows the transition zone
between the outer stripe and the inner stripe of the outer medulla
(see Figs. 1 and 2). The outer stripe is characterized by elongated
tubules with a thick bundle of apical actin filaments. In contrast,
the tubules in the inner stripe are round with a thin patchy lining of
actin filaments. The medullary rays passing through the inner stripe
are characterized by the thin and elongated shape of the tubules
and the cell nuclei.

17.5 £ 3.5 um (Table 1). Some of the cells of the
urothelium are binucleated, and a few other cells
appear in different stages of nuclear separation as pre-
viously described [49].

The superficial layer of the urothelium (also known
as umbrella cells) has actin filaments on all cell bor-
ders. The intensity of the actin filament fluorescence
on the basal and lateral borders is higher than that on
the apical border. A unique feature of the urothelium
actin cytoskeleton is the appearance of an intense actin
fluorescence on the apical end of the lateral border.
This bright spot may be indicative of the tight junc-
tions at this point (Fig. 16).

The superficial cell lining of the inner medulla and
the urothelia showed intense IF of the anti-cytokeratin
8-18 antibodies, distinguishing it from the rest of the
renal cellular architecture (Fig. 16).
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by

AQP-2 [F-Actin| DAPI

CK-8-18

Fig. 12. Identification of the CDs and thin limbs in the medulla. (A, D, and G) Actin filament and DAPI fluorescence. (B, E, and H) Anti-AQP-
2, anti-AQP-1, and anti-CK-8-18 IF, respectively. (C, F, and I) Merged image of the first two images. Note that the CDs have a thin lining of
actin filaments at apical, basal, and intercellular borders. Thin bundles of actin filaments line both the apical and basal membranes of the
thin limbs. The single-layered epithelial lining covering the inner medullary region is also clearly distinguishable in D. In the medulla, CK-8-18

is present in the CDs and in some thin loop segments.

Discussion

In this study, for the first time, we generated a map of
the actin cytoskeleton architecture in sections of a
whole mouse kidney by high-resolution confocal
microscopy of phalloidin fluorescence. In these maps,
the cortex, the outer and inner stripes of the outer

medulla, and the inner medulla could be demarcated
just by the appearance of the actin filaments (Fig. 2).
By a higher resolution structural analysis of these
maps, we could distinguish and identify all the major
nephron components and segments, including the glo-
meruli, Bowman’s capsule, PTs, thin and thick limbs
of Henle’s loop, DCTs, and CDs and papillary ducts.
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F-Actin CD34 DAPI

Fig. 13. Visualization of endothelial cells in the blood vascular system of the inner medulla using anti-CD34 antibodies. (A) Actin

fluorescence. (B) CD34 IF. (C) Merged image of A and B with DAPI.

The structural features we used to identify the nephron
segments included the following: (a) the luminal and
basal thickness of actin filaments; (b) localization of
tubules and cells relative to glomeruli; (c) shapes of
the nuclei; and (d) IC actin filaments. Figure 14 pre-
sents examples of the epithelial cells of the nephron
segments and their actin cytoskeleton patterns. Table 1
summarizes the cellular morphology in these segments.
The nephron segments could be identified using the
features noted. For further verification of the struc-
tural identifications, we also used IF of AQP-1 and
AQP-2 isoforms, keratin 8-18, WGA lectin, and CD34
[43,44,46,50,51].

Some features of the actin cytoskeleton we observed
by phalloidin fluorescence, especially in the glomerulus
and the brush border membrane, have been previously
reported [52-55]. However, none of these studies
reported comprehensive criteria for the identification
of major nephron segments. Some studies identified
nephron tubular segments using agglutinin and multi-
ple immunohistochemical stainings in renal sections
[56,57]. The approach we described here is much sim-
pler, provides much higher resolution, and does not
include the background histochemical staining of a
whole section.

Structure and functional significance of the actin
cytoskeleton

In epithelial cells, the apical membrane is supported
by a membrane skeleton that is composed of a net-
work of actin filaments cross-linked by spectrins and
other actin-binding proteins [30,58]. As can be seen in
our summary figure (Fig. 14), all the epithelial cells of
the nephron segments have both an apical and a basal
actin cytoskeleton. There are clear differences between

the apical and basal actin cytoskeletons of these seg-
ments (Fig. 14).

The thick and fuzzy luminal surface fluorescence in
the PTs reflects the undular surface of the brush bor-
der that is composed of densely packed microvilli (Figs
4 and 14). The microvilli in the rat kidney proximal
convoluted tubule are uniform in size, and their length
has been measured as 2.7 um [33]. In our images of
the mouse PT, the average height of the microvilli
appears as ~ 2.6 um. The core of each microvillus is
estimated to include 19 actin filaments arranged in a
hexagonal structure wherein the filaments are cross-
linked by fimbrin and villin [42]. These microvilli
greatly increase the membrane surface area of the PT
to facilitate the processes of absorption of electrolytes
and solutes [3].

Another essential function of the microvilli is act-
ing as sensors for the axial flow of glomerular filtrate
in the lumen of the PT. The hydrostatic pressure in
the afferent arteriole is about twofold higher than the
pressure in the efferent arteriole [59]. This difference
contributes to the intraluminal hydrostatic pressure
that pushes the flow glomerular filtrate through the
PT. It has been shown that an increase in the rate of
perfusion rate via mouse PT increases the inner diam-
eter of the tubule as microvilli bend [59]. The actin
bundle backbone of the microvillus is also linked to
the membrane by myosinlA: calmodulin linkers
[30,42].

The actin cytoskeleton that lines along the plasma
membrane has been shown to have essential roles in
epithelial cell function including the processes of endo-
cytosis and exocytosis, and direct and indirect (via
actin-binding proteins) interactions with membrane-
bound transporters, channels, and AQP isoforms
[30,60].
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Actin cytoskeleton

Apical

Distal tubule Thick ascending limb Thin loop of Henle Proximal tubule

Collecting duct

The actin cytoskeleton of the epithelial cells of the
thick ascending limbs and the DCTs differ from other
tubules by the presence of what appears as IC actin fil-
aments (Figs 10 and 14). The cells in the thick ascend-
ing limb and DT epithelia have amplified basolateral
membranes with interdigitated processes that are filled
with mitochondria [2,61]. In a tubule cross section,
these processes are aligned with the appearance of a
palisade embedded in the basolateral membrane [61].
Thus, what appears as IC actin filaments represents

Basal Lateral

Fig. 14. Examples of the epithelial cell
types in the kidney. The left panel shows
examples of the epithelial section from the
following tubules: (1) PT, (2) thin limb of
Henle, (3) thick ascending limb of the
Henle, (4) DCT, and (5) CD. The schematic
diagrams in the midpanel and the lines in
the right-most panel show the features of
the actin filaments on the apical, basal, and
lateral borders of the epithelial cells. See
Table 1 for morphometric data about all five
types of cells.

the actin filaments that line the basolateral membrane
of the interdigitated processes.

The most distinct actin cytoskeleton difference
between the CD epithelia and the preceding segments
of the nephron is the consistent appearance of actin fil-
aments along the lateral borders of the epithelia at
cell—cell interaction sites (Figs 9 and 14). Compared to
the PT, the DT and the CDs represent a tight epithe-
lium with low ion permeability [7,62]. While in the PT,
a significant percentage of the fluid absorption
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F-Actin DAPI

Fig. 15. Distribution of actin filaments in the papillary region. (A) This image shows only the phalloidin fluorescence that marks the actin
filaments. The fluorescence color was switched from green to red to enhance contrast. Thin actin filaments clearly demarcate the borders
of the cells in the papillary ducts. The red strip of actin bundles surrounding the papilla is a smooth muscle lining. (B) This magnified image
shows merged actin and DAPI staining of nuclei in one papillary duct. To enhance the contrast, the DAPI color was changed to green, and
phalloidin color to red. Thin bundles of actin filaments line the apical, basal, and lateral intercellular borders of the cells of papillary ducts.
The nuclei appear round and smooth. (C and D) Magnified view of the smooth muscle lining. Note the elongated shape of the nuclei in C

and the dense localization of the actin filaments in the merged image (D) showing both the DAPI and actin fluorescence.

proceeds via paracellular pathways, in the CDs,
because of the tight junctions between cells, the para-
cellular route is virtually blocked [62]. On the cytoplas-
mic side, the molecules that form the intercellular
linkage are anchored directly or indirectly to actin fila-
ments via actin-binding proteins [30,63]. Thus, the
actin filaments we observe specifically on the lateral
side of CD epithelia most likely represent the actin
cytoskeleton to which the focal adhesion is anchored
beneath the tight junction.

In summary, in this study, we have generated a map
of the actin cytoskeleton of a whole mouse kidney,
and we have documented distinct differences in the
actin cytoskeleton patterns of renal nephron epithelia
along the entire nephron from the glomerulus to the
CDs. The features of the cytoskeletal differences we
documented are consistent with the current knowledge
of the structure and function of nephron tubule seg-
ments. The simple approach we employed here using
phalloidin fluorescence of actin filaments can be used
in identifying and classifying epithelia in other mam-
malian tissues as well to identify various cell types in
them.

Renal diseases and the transition from AKI to
chronic kidney disease are generally followed by serum
biomarkers such as creatinine [37]. To understand the
pathophysiology of these diseases, many animal mod-
els have been developed [64,65]. The approach pre-
sented in this study could be wuseful for the
identification of the structural damages in kidney
tubules in various renal diseases and animal models.

Materials and methods

Tissue preparation and cryosectioning

All tissues were obtained from adult male ICR mice weigh-
ing between 40 and 60 g (aged 6-12 weeks). The animals
were housed at 25 °C with a 12-h dark/light cycle. All ani-
mals had ad-libitum access to standard food and water. The
study protocol was approved by the Institutional Animal
Ethics Committee  of  Ariel  University  (permit
32 12733_b019), according to the Ministry of Health guide-
lines.

The kidneys for cryosectioning were obtained from mice
after perfusion. The mice were anesthetized with an
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Fluorescent labels, antibodies, and
immunofluorescence

After cryosectioning, the tissue sections were placed in 4%
paraformaldehyde in PBS for 20 min. The fixative was suc-
tioned out, and sections were washed with PBS twice for
S min. The tissue sections were then permeabilized with
0.1% v/v Tween-20 (Sigma-Aldrich, St. Louis, MO, USA)
in PBS for 10 min and washed again with PBS for 5 min.
All tissue sections were then blocked with 2% w/v BSA in
PBS (incubation buffer) for 20 min. All the experiments
were performed at room temperature and under dim light.

The fluorescent labels and antibodies we used are listed in
Table 1. For actin filament staining, the sections were incu-
bated with 1 : 20 dilution of phalloidin in incubation buffer
for 60 min. After the incubation, the sections were washed
three times with PBS, 5 min each. For the WGA lectin reac-
tion, the lectin was added together with phalloidin.

Marker antibodies were added to the sections at a
dilution indicated in Table 2 and incubated in incubation
buffer for 60 min. The sections were then washed in PBS
six times for 5 min each. Immediately after washing, the
tissue sections were incubated with Alexa Fluor 555 sec-
ondary antibody (1 :500) in
60 min, and then washed with PBS six times 5 min each.
This was followed by actin filament staining as described
above.

incubation buffer for

Table 2. Fluorescent labels and antibodies used in the experiments.

Fluorescent Host, company, and Application—
Fig. 16. Cellular morphology and localization of actin filaments in labels/antibodies Catalog No. dilution
the pelylc region. (A) Actin filaments and DAPI ﬂuorgscencg in the Phalloidin, CFA88A Biotium F1 - 20
urothelial cells and smooth muscles. The urothelium is multilayered )
d columnar at the pelvis. Actin filaments line the borders of gonjugate
an VIS. _ _ DyLight 554 Phalloidin Cell Signaling F-1: 20
these cells. (B) Cytokeratin-8-18 IF in the urothelial cells and the
) dul ) o) M di ¢ B with in i Technology, #13054
mnde:DrAnPel]tJI ary region. (C) Merged image of B with actin filament Anti-p-actin Rabbit polyclonal, WB-
an uorescence. Abcam, #AB227387 112000
Anti-AQP-1 Rabbit, Abcam, IF-1: 100
intraperitoneal injection of 100 mgkg™' ketamine and #AB15080
5 mg-kg ™! xylazine. Cardiac perfusion was performed using Anti-AQP-2 Rabbit, Alomone IF-1:100
PBS, pH 7.4, followed by 4% paraformaldehyde w/v (BDH ‘ Labs, #AQP-002
Limited, Poole, UK) dissolved in PBS. The kidneys were Anti-CD34 R;ng,éggam, IF-1: 100
removed, cut into 2- to 4-mm blocks, and left in 4% ) . : )
. . . Anti-cytokeratin 8-18 Guinea pig, Abcam IF-1: 50
paraformaldehyde in PBS overnight at 4 °C. The tissues 4AB194130
were then transferred into BQOA) sucross: w/v dissolved in Alexa Fluor 555 1gG Goat anti-rabbit, Life IF-1 : 500
PBS at 4 °C for 2-3 days until all the tissue blocks settled H+ L Technologies,
at the bottom of the tube. #A21428
The tissues were then embedded in a cryomedium OCT Alexa Fluor 555 IgG Goat anti-guinea pig, IF-1: 200
compound (Tissue-Tek, Sakura, the Netherlands) and fro- Abcam, #AB150186
zen at —20 °C. A Slee MEV Floor Standing ECO Cryostat Peroxidase conjugate Goat anti-rabbit, WB-
(SLEE Medical GmbH, Mainz, Germany) was used for I9G (H + L) Jackson 1:1000
cryosectioning at a chamber temperature of —25 °C and ;T;SL;:%ResearCh'
object temperature of —20 °C. The tissue sections (15— . o
. . .. WGA lectin CF558 Biotium, #29076-1 F-1: 300
30 um thick) were collected in PBS containing 0.1% conjugate
sodium azide in a 24-well plate.
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The nuclei were stained with DAPI (4'6-diamidino-2-
phenylindole) at a 1 : 100 dilution in incubation buffer for
2 min as the last step of the process. The samples were then
washed with PBS for 5 min at least two times and then
mounted onto X-tra adhesive slides (Leica Biosystems,
Peterborough, UK) using the anti-fade reagent n-propyl
gallate (Sigma-Aldrich) 0.5% (w/v) in 100 mm phosphate-
buffered (pH 7.2) glycerol (90%).

All experiments were performed at least three times with
independent samples.

Confocal microscopy

Fluorescent-labeled kidney sections were visualized using
an LSM 700 confocal microscope (Carl Zeiss, Germany).
All images were collected at 405 nm excitation for DAPI,
488 nm excitation for CF488A, and 555 nm excitation for
Alexa Fluor 555. Fluorescent and bright-field illumination
modes were also used during the image acquisition process.
Tile-scan images were collected using 15-pm-thick sections
and LCI Plan-Apochromat 25x/0.8 oil objective lens, with
25-50% overlap. The number of tiles was set depending on
the surface area to be scanned. During the process of tile
scanning, the stage is moved automatically based on the
scanning speed. Tile-scan images were stitched using Carl
Zeiss (Jena, Germany) zeN 2012 software at a correlation
threshold of 0.40. The images were viewed by IMAGEJ soft-
ware (https://imagej.nih.gov/ij/) and optimized for bright-
ness and contrast.

Morphometric measurements

The lengths of the epithelial cells and the microvilli were
measured using IMAGEJ. We measured cell height only for
tubules that appeared to be cut at a right angle to the
tubule axis. We confirmed our visual evaluation by 3D z-
stack images of the tubular sections. For each tubule seg-
ment, five images from independent experiments were ana-
lyzed. Fifteen measurements were taken from each tubule
segment. The lengths of the microvilli were measured in five
different images with ten measurements from each. For the
papillary ducts, measurements were taken on 25 cells from
five different tubules. The lengths of the luminal cells of the
urothelia were measured in 14 cells. The results are pre-
sented as mean =+ standard deviation.

Isolation of brush border membranes

Proximal tubule brush border membranes were isolated as
described [66]. Two entire mouse kidneys from two differ-
ent animals were extracted, cut into pieces, and trans-
ferred into two Eppendorf tubes filled with 0.8 mL freshly
prepared homogenization buffer (300 mm D-mannitol,
S mm EGTA, 12 mm Tris, and 0.5 mm PMSF, adjusted to
pH 7.1 at 4 °C). The kidneys were then homogenized

F-actin cytoskeletal map of renal epithelia

using DI 18 Basic (IKA, Staufen, Germany) for 2 min.
The homogenate was immediately mixed with ice-cold
1.12 mL Millipore water containing 12 mm MgCl, and left
on ice for 15 min. The mix was centrifuged at 1500 g at
4 °C. The supernatant was decanted into a new Ultra
Microtube (Thermo Scientific, Waltham, MA, USA) and
centrifuged at 25000 g wusing a F50L-24x1.5 rotor
(Thermo Scientific) in a Sorvall wX + Ultra Series Cen-
trifuge (Thermo Scientific) set at 4 °C for 30 min. The
pellet was resuspended in Tris buffer (50 mm Tris, 0.5 mm
PMSF, and 1 mm EGTA, pH 7.4 at 4 °C), and the mem-
branes were collected by centrifugation at 25 000 g for
30 min. The pellet was again resuspended in 1 mL ice-
cold Tris buffer. Samples were collected at each step and
stored at —80 °C immediately.

Western blot analysis

The protein concentration was determined by Bio-Rad Pro-
tein Assay (Bio-Rad, Hercules, CA, USA) based on the
Bradford method using BSA as standard. The protein sam-
ples were dissolved in sample buffer (50 mm Tris/HCl, pH
6.8, 2% SDS, 0.2% bromophenol blue, 10% glycerol, and
5% B-mercaptoethanol). The samples were incubated at
98 °C for 5 min and then separated by electrophoresis on an
8.5% SDS/PAGE gel, and transferred onto a nitrocellulose
membrane (Bio-Rad). The membrane was incubated with
the blocking solution (1% fat milk) for 90 min at room tem-
perature. The membrane was then incubated with the anti-B-
actin antibody (Table 2) with a 1:2000 dilution in the
blocking solution for 12-14 h at 4 °C with gentle shaking.
After incubation, the membrane was washed six times with
PBST (0.1% Tween-20 in PBS, 10 min each). After washing,
the membrane was incubated with HRP-conjugated goat
anti-mouse I1gG (1 : 2000) in blocking solution for 90 min at
room temperature with gentle shaking. The membrane was
washed six times with PBST for 10 min each. The peroxi-
dase-labeled membrane was developed using luminol as
described (Enuka et al. [23]).

Acknowledgements

This research was partially supported by funds from
the Ariel University.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

GKK carried out the experiments. Both GKK and IH
participated in data collection and analysis and manu-
script writing.

The FEBS Journal 287 (2020) 1176-1194 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1191

Federation of European Biochemical Societies


https://imagej.nih.gov/ij/

F-actin cytoskeletal map of renal epithelia

References

1

10

11

12

13

14

15

16

17

1192

Lote CJ (2012) Principles of Renal Physiology.
Springer, New York, NY.

Kriz W & Kaissling B (2008) Structural organization of
the mammalian kidney. In Seldin and Giebisch’s The
Kidney (Alpern RJ & Herbert SC, eds), pp. 479-563.
Academic Press, Burlington.

Kriz W & Bankir L (1988) A standard nomenclature
for structures of the kidney. The Renal Commission of
the International Union of Physiological Sciences
(TUPS). Kidney Int 33, 1-7.

Cullen-McEwen L, Sutherland MR & Black M1J (2016)
The Human Kidney: Parallels in Structure, Spatial
Development, and Timing of Nephrogenesis. In Kidney
Development, Disease, Repair and Regeneration (Little
MH, ed), pp. 27-40. Academic Press, Amsterdam.
Zhuo JL & Li XC (2013) Proximal nephron. Compr
Physiol 3, 1079-1123.

Bertram JF, Douglas-Denton RN, Diouf B, Hughson
MD & Hoy WE (2011) Human nephron number:
implications for health and disease. Pediatr Nephrol 26,
1529-1533.

Staruschenko A (2012) Regulation of transport in the
connecting tubule and cortical collecting duct. Compr
Physiol 2, 1541-1584.

Palmer LG (2011) Renal ion channels. In
Comprehensive Physiology (Pollock D, ed), pp.
715-738. John Wiley & Sons Inc, Hoboken, NJ.
Hoenig MP & Zeidel ML (2014) Homeostasis, the
milieu interieur, and the wisdom of the nephron. Clin J
Am Soc Nephrol 9, 1272-1281.

Fyhrquist F & Saijjonmaa O (2008) Renin-angiotensin
system revisited. J Intern Med 264, 224-236.

Bourque CW (2008) Central mechanisms of
osmosensation and systemic osmoregulation. Nat Rev
Neurosci 9, 519-531.

Forrester SJ, Booz GW, Sigmund CD, Coffman TM,
Kawai T, Rizzo V, Scalia R & Eguchi S (2018)
Angiotensin II signal transduction: an update on
mechanisms of physiology and pathophysiology.
Physiol Rev 98, 1627-1738.

Nishiyama A & Kobori H (2018) Independent
regulation of renin—angiotensin—aldosterone system in
the kidney. Clin Exp Nephrol 22, 1231-1239.

Danziger J & Zeidel ML (2015) Osmotic homeostasis.
Clin J Am Soc Nephrol 10, 852-62.

Palmer BF (2015) Regulation of potassium
homeostasis. Clin J Am Soc Nephrol 10, 1050—-1060.
Blaine J, Chonchol M & Levi M (2015) Renal control
of calcium, phosphate, and magnesium homeostasis.
Clin J Am Soc Nephrol 10, 1257-1272.

Qian Q (2018) Salt, water and nephron: mechanisms of
action and link to hypertension and chronic kidney
disease. Nephrology 23 (Suppl 4), 44-49.

18

19

20

21

22

23

24

25

26

27

28

29

30

Kumaran and Hanukoglu

Ecelbarger CA, Terris J, Frindt G, Echevarria M,
Marples D, Nielsen S & Knepper MA (1995)
Aquaporin-3 water channel localization and regulation
in rat kidney. Am J Physiol Physiol 269, F663-F672.
Renard S, Voilley N, Bassilana F, Lazdunski M &
Barbry P (1995) Localization and regulation by steroids
of the o, B and vy subunits of the amiloride-sensitive
Na+ channel in colon, lung and kidney. Pfliigers Arch
Eur J Physiol 430, 299-307.

Hoenderop JGJ, Hartog A, Stuiver M, Doucet A,
Willems PHGM & Bindels RJM (2000) Localization of
the epithelial Ca2+ channel in rabbit kidney and
intestine. J Am Soc Nephrol 11, 1171-1178.

Nijenhuis T, Hoenderop JGJ, Van Der Kemp AWCM
& Bindels RIM (2003) Localization and regulation of
the epithelial Ca2+ channel TRPV6 in the kidney. J
Am Soc Nephrol 14, 2731-2740.

Goel M, Sinkins WG, Zuo C-D, Estacion M &
Schilling WP (2006) Identification and localization of
TRPC channels in the rat kidney. 4m J Physiol Ren
Physiol 290, 1241-1252.

Enuka Y, Hanukoglu I, Edelheit O, Vaknine H &
Hanukoglu A (2012) Epithelial sodium channels
(ENaC) are uniformly distributed on motile cilia in the
oviduct and the respiratory airways. Histochem Cell
Biol 137, 339-353.

Hanukoglu I, Boggula VR, Vaknine H, Sharma S,
Kleyman T & Hanukoglu A (2017) Expression of
epithelial sodium channel (ENaC) and CFTR in the
human epidermis and epidermal appendages. Histochem
Cell Biol 147, 733-748.

Boggula VR, Hanukoglu I, Sagiv R, Enuka Y &
Hanukoglu A (2018) Expression of the epithelial
sodium channel (ENaC) in the endometrium —
Implications for fertility in a patient with
pseudohypoaldosteronism. J Steroid Biochem Mol Biol
183, 137-141.

Sharma S, Hanukoglu A & Hanukoglu I (2018)
Localization of epithelial sodium channel (ENaC) and
CFTR in the germinal epithelium of the testis, Sertoli
cells, and spermatozoa. J Mol Histol 49, 195-208.
Sharma S & Hanukoglu I (2019) Mapping the sites of
localization of epithelial sodium channel (ENaC) and
CFTR in segments of the mammalian epididymis. J
Mol Histol 50, 141-154.

Wulf E, Deboben A, Bautz FA, Faulstich H & Wieland
T (1979) Fluorescent phallotoxin, a tool for the
visualization of cellular actin. Proc Natl Acad Sci USA
76, 4498-4502.

Fuchs E & Cleveland DW (1998) A structural
scaffolding of intermediate filaments in health and
disease. Science 279, 514-519.

Doctor RB (2006) The actin cytoskeleton in the apical
domain of epithelial cells. Adv Mol Cell Biol 37, 25-47.

The FEBS Journal 287 (2020) 1176-1194 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



Kumaran and Hanukoglu

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

The FEBS Journal 287 (2020) 1176-1194 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Chugh P & Paluch EK (2018) The actin cortex at a
glance. J Cell Sci 131, jcs186254.

Kapus A & Janmey P (2013) Plasma membrane—
cortical cytoskeleton interactions: a cell biology
approach with biophysical considerations. Comipr
Physiol 3, 1231-1281.

Rice WL, Van Hoek AN, Paunescu TG, Huynh C,
Goetze B, Singh B, Scipioni L, Stern LA & Brown D
(2013) High resolution helium ion scanning microscopy
of the rat kidney. PLoS ONE 8, ¢57051.

Schell C & Huber TB (2017) The evolving complexity
of the podocyte cytoskeleton. J Am Soc Nephrol 28,
3166-3174.

Hanukoglu I, Tanese N & Fuchs E (1983)
Complementary DNA sequence of a human
cytoplasmic actin. Interspecies divergence of 3’ non-
coding regions. J Mol Biol 163, 673-678.

Perrin BJ & Ervasti JM (2010) The actin gene family:
function follows isoform. Cytoskeleton 67, 630—

634.

Zhang WR & Parikh CR (2019) Biomarkers of acute
and chronic kidney disease. Annu Rev Physiol 81, 309—
333.

Bonventre JV & Yang L (2011) Cellular
pathophysiology of ischemic acute kidney injury. J Clin
Invest 121, 4210-4221.

Sharfuddin AA & Molitoris BA (2011) Pathophysiology
of ischemic acute kidney injury. Nat Rev Nephrol 7,
189-200.

Shankland SJ, Anders H-J & Romagnani P (2013)
Glomerular parietal epithelial cells in kidney
physiology, pathology, and repair. Curr Opin Nephrol
Hypertens 22, 302-309.

Stolz DB & Sims-Lucas S (2015) Unwrapping the
origins and roles of the renal endothelium. Pediatr
Nephrol 30, 865-872.

Brown JW & McKnight CJ (2010) Molecular model of
the microvillar cytoskeleton and organization of the
brush border. PLoS ONE 5, €9406.

Aguirre JI, Han JS, Itagaki S & Doi K (1993) Lectin
histochemical study on the kidney of normal and
streptozotocin-induced diabetic hamsters. Histol
Histopathol 8, 273-278.

Nielsen S, DiGiovanni SR, Christensen EI, Knepper
MA & Harris HW (1993) Cellular and subcellular
immunolocalization of vasopressin-regulated water
channel in rat kidney. Proc Natl Acad Sci USA 90,
11663-11667.

Takata K, Matsuzaki T, Tajika Y, Ablimit A &
Hasegawa T (2008) Localization and trafficking of
aquaporin 2 in the kidney. Histochem Cell Biol 130,
197-209.

Djudjaj S, Papasotiriou M, Biilow RD, Wagnerova A,
Lindenmeyer MT, Cohen CD, Strnad P, Goumenos
DS, Floege J & Boor P (2016) Keratins are novel

Federation of European Biochemical Societies

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

F-actin cytoskeletal map of renal epithelia

markers of renal epithelial cell injury. Kidney Int 89,
792-808.

Souza NP, Hard GC, Arnold LL, Foster KW,
Pennington KL & Cohen SM (2018) Epithelium lining
rat renal papilla: nomenclature and association with
Chronic Progressive Nephropathy (CPN). Toxicol
Pathol 46, 266-272.

Fenton RA & Practorius J (2011) Molecular physiology
of the medullary collecting duct. Compr Physiol 1,
1031-1056.

Wang J, Batourina E, Schneider K, Souza S, Swayne T,
Liu C, George CD, Tate T, Dan H, Wiessner G et al.
(2018) Polyploid superficial cells that maintain the
urothelial barrier are produced via incomplete
cytokinesis and endoreplication. Cell Rep 25, 464—
477.e4.

Nielsen S, Smith BL, Christensen EI, Knepper MA &
Agre P (1993) CHIP28 water channels are localized in
constitutively water-permeable segments of the nephron.
J Cell Biol 120, 371-383.

Pusztaszeri MP, Seelentag W & Bosman FT (2006)
Immunohistochemical expression of endothelial markers
CD31, CD34, von Willebrand Factor, and Fli-1 in
normal human tissues. J Histochem Cytochem 54, 385—
395.

Andrews PM & Bates SB (1984) Filamentous actin
bundles in the kidney. Anat Rec 210, 1-9.

Goto K & Ishikawa H (1998) Differential distribution
of actin and cytokeratin in isolated full-length rabbit
renal tubules. Cell Struct Funct 23, 73-84.

Ichimura K, Kurihara H & Sakai T (2009) Beta-
cytoplasmic actin localization in vertebrate glomerular
podocytes. Arch Histol Cytol 72, 165-174.

Mbassa G, Elger M & Kriz W (1988) The
ultrastructural organization of the basement membrane
of Bowman’s capsule in the rat renal corpuscle. Cell
Tissue Res 253, 151-163.

Ivanyi B & Olsen TS (1991) Immunohistochemical
identification of tubular segments in percutaneous renal
biopsies. Histochemistry 95, 351-356.

Bauchet AL, Masson R, Guffroy M & Slaoui M (2011)
Immunohistochemical identification of kidney nephron
segments in the dog, rat, mouse, and Cynomolgus
monkey. Toxicol Pathol 39, 1115-1128.

Thomas GH (2001) Spectrin: the ghost in the machine.
BioEssays 23, 152-160.

Raghavan V & Weisz OA (2016) Discerning the role of
mechanosensors in regulating proximal tubule function.
Am J Physiol Renal Physiol 310, F1-FS5.

Sasaki S, Yui N & Noda Y (2014) Actin directly
interacts with different membrane channel proteins and
influences channel activities: AQP2 as a model. Biochim
Biophys Acta 1838, 514-520.

McCormick JA & Ellison DH (2015) Distal convoluted
tubule. Compr Physiol 5, 45-98.

1193



F-actin cytoskeletal map of renal epithelia

62 Denker BM & Sabath E (2011) The biology of
epithelial cell tight junctions in the kidney. J Am Soc
Nephrol 22, 622-625.

63 Takeichi M (2014) Dynamic contacts: rearranging
adherens junctions to drive epithelial remodelling. Nat
Rev Mol Cell Biol 15, 397-410.

64 Ortiz A, Sanchez-Nino MD, Izquierdo MC, Martin-
Cleary C, Garcia-Bermejo L, Moreno JA, Ruiz-Ortega
M, Draibe J, Cruzado JM, Garcia-Gonzalez MA et al.

Kumaran and Hanukoglu

(2015) Translational value of animal models of kidney
failure. Eur J Pharmacol 759, 205-220.

65 Takaori K & Yanagita M (2016) Insights into the
mechanisms of the acute kidney injury-to-chronic
kidney disease continuum. Nephron 134, 172—

176.

66 Biber J, Stieger B, Stange G & Murer H (2007)
Isolation of renal proximal tubular brush-border
membranes. Nat Protoc 2, 1356-1359.

1194 The FEBS Journal 287 (2020) 1176-1194 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



	Outline placeholder
	febs15088-aff-0001
	febs15088-fig-0001
	febs15088-fig-0002
	febs15088-fig-0003
	febs15088-tbl-0001
	febs15088-fig-0004
	febs15088-fig-0005
	febs15088-fig-0006
	febs15088-fig-0007
	febs15088-fig-0008
	febs15088-fig-0009
	febs15088-fig-0010
	febs15088-fig-0011
	febs15088-fig-0012
	febs15088-fig-0013
	febs15088-fig-0014
	febs15088-fig-0015
	febs15088-fig-0016
	febs15088-tbl-0002
	febs15088-bib-0001
	febs15088-bib-0002
	febs15088-bib-0003
	febs15088-bib-0004
	febs15088-bib-0005
	febs15088-bib-0006
	febs15088-bib-0007
	febs15088-bib-0008
	febs15088-bib-0009
	febs15088-bib-0010
	febs15088-bib-0011
	febs15088-bib-0012
	febs15088-bib-0013
	febs15088-bib-0014
	febs15088-bib-0015
	febs15088-bib-0016
	febs15088-bib-0017
	febs15088-bib-0018
	febs15088-bib-0019
	febs15088-bib-0020
	febs15088-bib-0021
	febs15088-bib-0022
	febs15088-bib-0023
	febs15088-bib-0024
	febs15088-bib-0025
	febs15088-bib-0026
	febs15088-bib-0027
	febs15088-bib-0028
	febs15088-bib-0029
	febs15088-bib-0030
	febs15088-bib-0031
	febs15088-bib-0032
	febs15088-bib-0033
	febs15088-bib-0034
	febs15088-bib-0035
	febs15088-bib-0036
	febs15088-bib-0037
	febs15088-bib-0038
	febs15088-bib-0039
	febs15088-bib-0040
	febs15088-bib-0041
	febs15088-bib-0042
	febs15088-bib-0043
	febs15088-bib-0044
	febs15088-bib-0045
	febs15088-bib-0046
	febs15088-bib-0047
	febs15088-bib-0048
	febs15088-bib-0049
	febs15088-bib-0050
	febs15088-bib-0051
	febs15088-bib-0052
	febs15088-bib-0053
	febs15088-bib-0054
	febs15088-bib-0055
	febs15088-bib-0056
	febs15088-bib-0057
	febs15088-bib-0058
	febs15088-bib-0059
	febs15088-bib-0060
	febs15088-bib-0061
	febs15088-bib-0062
	febs15088-bib-0063
	febs15088-bib-0064
	febs15088-bib-0065
	febs15088-bib-0066


