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Background: Several renal disorders affect the glomerular podocytes. Compensatory structural
and functional changes have been observed in animals that have undergone unilateral renal
ablation. These changes occur as a pliant response to quench the increased functional demand
to maintain homeostasis of fluid and solutes. Nestin is an intermediate filament protein present
in the glomerular podocytes of the adult kidney and is linked with the maintenance of its foot
process structure. Structural changes in the podocytes ultimately restructure the filtration barrier.
Very few studies related to the ultrastructural and histopathologic changes of the podocytes are
documented. The present study aimed to assess the histopathologic changes at the ultrastructural
level in the adapted kidney at different time intervals following unilateral renal ablation in adult
rats and its relation with nestin.
Methods: Forty-eight rats were divided into four groups (n=12 in each group). The animals of
Group A were control naïve rats, while the group B, group C and group D animals underwent
left unilateral nephrectomy and the remaining right kidney was removed on days 10, 20 and
30, respectively. Each group included four sham-operated rats, which were sacrificed at the
same time as the naïve rats. Each nephrectomized sample was weighed and its sections were
subjected to hematoxylin and eosin examination, transmission electron microscopic study as
well as immunostaining using the intermediate filament protein nestin.
Results: No difference was found between the kidney sections from the control group and the
sham-operated groups. A significant increase in the weight of the right kidneys was noted in
groups B, C and D (P<0.001). The ultrastructural adaptive changes seen in the glomeruli of
group B were subsequently reduced in groups C and D. This finding corresponded to a similar
pattern of nestin expression in the podocytes, which showed significant increase in group B
followed by reduced expression in groups C and D. Histopathologic and transmission electron
microscopic evaluation of group B showed signs of kidney injury. On the other hand, group C
animals showed markedly reduced renal adaptive changes and similar changes were also noted
in group D.
Conclusion: Correlation between nestin expression and the ultrastructural changes confirms
that nestin has a role in increasing the mechanical stability of the podocytes in order to enhance
their morphologic changes in response to the tensile glomerular capillary wall. However, further
studies investigating more remote ultrastructural changes and their relation with nestin expression are needed to confirm this relationship.
Keywords: glomerular proliferation, podocytes, basement membrane, subpodocytic space,
TEM, nestin, nephrectomy, compensatory
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Introduction
Unilateral nephrectomy is a major surgery indicated for kidney donation1 or conditions that lead to poorly functioning
or nonfunctioning kidney as renal cell or urothelial cancer.2
After unilateral nephrectomy, the remaining kidney undergoes structural and functional changes as a pliant response
to quench the increased functional demand to maintain the
homeostasis of fluid and solutes in the body.3,4 The compensatory renal hypertrophy causes an increase in weight and/
or volume of the remaining kidney of the adult animals.5–8
The nephrogenesis in rats and mice is accomplished during
their neonatal period, while in humans, it occurs prenatally,
and therefore, the renal growth that occurs does not include
new nephron formation.9,10 The nature of this compensatory growth was found to be rather hypertrophic than
hyperplastic.11
According to the studies by Fong et al, the adaptive
enlargement of the renal tubules and glomeruli that occurs
in response to the decreased renal mass during the postnatal
and prenatal phases varies from the adaptation that follows
when there is a reduction in the renal tissue in adulthood.12
This alteration occurs faster with a better result in younger
animals compared to adults.13–15
After unilateral nephrectomy, the major instant functional
adaptation is a gradual increase in the mean glomerular filtration rate.16,17 This increase is initiated due to the variations in
renal hemodynamics, such as an increased renal blood flow
coupled with decreased afferent arteriole resistance caused by
renal cortical vasodilatation.16,18–20 An increase in fractional
excretion of water and solutes following compensatory
adaptations in tubules is due to a reduction in the fractional
reabsorption of sodium and water, increased potassium secretion or enhanced flow of tubular fluid.21–24 Adaptive changes
in glomeruli and tubules in response to nephron deficiency
can increase the risk of hypertension and renal disease in
the long run.12
Many biochemical parameters were found to be activated
during compensatory renal hypertrophic responses, such as
angiotensin II, p-aminohippurate, nitric oxide, growth factors and proto-oncogenes.4,12,25,26 At the histopathologic level,
kidney weight was used as the main most prominent indicator
of the compensatory hypertrophy.3,8
The compensatory growth can affect the glomeruli,
proximal and distal convoluted tubules and also the cortical collecting ducts,7,27–30 with reports specifying that this
growth occurs primarily in the cortex, especially confined
to the proximal convoluted tubules.11 The growth pattern
resembles that of the natural growth of kidney during the
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postnatal period where hypertrophy of the proximal tubules
is more than that of distal tubules.12
Glomerular podocytes are highly differentiated cells
with a complex cytoarchitecture that lines the outer aspect
of the glomerular basement membrane. Various human and
experimental renal diseases affect the glomerular podocytes
that form the final filtration barrier, leading to proteinuria.31–33 Molecular changes of the slit diaphragm following
any pathologic alterations in the podocytes will eventually
result in restructuring of the arrangement in the foot process
with the fusion of filtration slits and apical shift of the slit
diaphragm.34–36
Nestin, an intermediate filament protein primarily identified in neural stem cells, is transiently expressed in the
glomerular podocytes of the adult kidney that are linked with
the maintenance of the foot process structure.37,38
Although the functional changes in the remaining k idney
are thoroughly studied in researches,39 very few studies
related to the ultrastructural and histopathologic changes of
the podocytes are documented.40,41
The present study aimed to assess the histopathologic
changes at the ultrastructural level in the adapted kidney at
different time intervals following unilateral renal ablation in
adult rats and its relation with nestin.

Materials and methods
Experimental animals and grouping
Forty-eight female Sprague Dawley rats (200–250 g) were
divided into four groups (n=12 in each group). The animals
were housed at the animal care facility of Mansoura Experimental Research Center at the School of Medicine Mansoura
University. All protocols were followed as per the guidelines
for the Care and Use of Laboratory Animals; the study was
approved by Mansoura Faculty of Medicine-Institutional
Research Board (MFM-IRB). The animals of Group A were
control naïve rats. While rats of Group B, Group C and Group
D underwent left unilateral nephrectomy and the remaining
right kidney was removed on days 10, 20 and 30, respectively.
Each group included four randomly selected rats used as
sham-operated animals, which were sacrificed at the same
time as the naïve rats.

Surgical procedure and sampling
The animals were anesthetized using Nembutal (60 mg/kg
body weight intraperitoneal), following which midline incision on the abdomen was carried out extending from the
xiphoid process to the infraumbilical region. The muscles
were then retracted and the contents of the abdomen were
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explored till the kidneys were exposed. The blood supply
of the left kidney was identified, isolated and ligated 1 cm
distal from the renal hilum. The renal vessels along with the
ureter are incised close to the hilar ligature, leaving a small
part of the tissue to rule out any possibility of sliding of tied
structures. After that, the kidney was dissected out from the
retroperitoneal space and transferred to a small beaker of
saline for further dissection. The sham animals were manipulated, but the renal vessels and the ureter were not ligated.
After the above-mentioned procedures were carried out, the
contents of the abdomen in all animals were gently returned
to their anatomical positions. The abdominal muscles and
the skin were sutured in layers with sterile 3-0 chromic gut
sutures and 3-0 Ethilon monofilament nylon suture and cutting needle. The sutured area was cleaned with Iodophor
solution and was let to dry before dressing up the wound
with sterile gauze and tape.
Further to this, the animals were gently positioned in
a warm recovery cage on its right side with free access to
food and water ad libitum. Following their recovery, the
animals were transferred to their usual cages until the next
sampling time.
All the animals were sacrificed by injecting a lethal dose
of Nembutal intravenously, which was followed by removal
of their right kidneys quickly at the end of 10, 20 and 30 days,
respectively. Each nephrectomized specimen was weighed
before decapsulation, which was further blot dried and
weighed before being cut into strips.
Using a dissection microscope, the specimens were sliced
into 25 pieces with 1 mm thickness that ran perpendicular
to the long axis of the kidney passing from the cortex to the
medulla. The slices were maintained in fresh fixative for an
additional 3 hours at room temperature and rinsed with 0.1 M
phosphate buffer of pH 7.2 many times before storing them
overnight at a temperature of 4°C.
The above specimens were further fixed in phosphatebuffered 1% osmium tetroxide, dehydrated with acetone
and embedded in Araldite. From these primary samples,
three blocks were randomly picked from each animal,
sectioned at 0.5/mm with a Reichert OmU 2 ultramicrotome and stained with methylene blue for further morphometric analysis.
For transmission electron microscopy, the prepared slices
of kidney were further sectioned into small pieces and fixed
in 2.5% buffered glutaraldehyde with 0.1 M cacodylate
buffer at pH 7.4 and 4°C for 3 hours. The fixed pieces were
then washed in 0.1 M cacodylate buffer, and 1% osmium
tetroxide was used for postfixation for 1 hour. Ethanol gradient series was used for dehydration, and the specimens were
International Journal of Nephrology and Renovascular Disease 2017:10
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embedded in Epon. Ultramicrotome was used to prepare
ultrathin sections (60–90 nm). The specimens were observed
using a Jeol field emission scanning electron microscope
JSM-6390LV. The thickness of the basement membrane was
measured.
For immune staining, rabbit N5413 anti-nestin antibody
against rat polyclonal antibody was used (Sigma-Aldrich
Co., St Louis, MO, USA). The tissues that were embedded in
paraffin were sliced into 5 μm thickness and deparaffinized
with xylene and increasing grade of ethanol. The specimens
were incubated with primary antibodies (or equal amounts of
irrelevant IgG), counterstained with hematoxylin, stabilized
with mounting medium and examined as detailed in the
accompanying reagent kit.
Slides and electron microscopy (EM) images were
digitized and saved as TIFFs. The results obtained from the
images were evaluated on Intel® Core I3® built computer
using Video Test Morphology® software (Saint-Petersburg,
Russia) with a particular built-in routine for calibrated
distance measurement and immune staining quantification
(Figure 1A, B).
Morphometric evaluation comprising the 15 fields containing Bowman’s space area on individual slides obtained
from the kidney sections was done on hematoxylin and
eosin-stained paraffin sections using Image J software
(version 1.42; National Institutes of Health, Bethesda, MD,
USA) analysis system at ×400 magnification. The areas of
the Bowman’s space were measured to assess microanatomical alteration, if any, to the renal corpuscle of the kidneys
(Figure 2A, B).

Statistical analysis
The obtained values were charted, coded, evaluated and the
statistical calculations were carried out using Instat-3 computer program(Graph Pad Software Inc. v2. 04, San Diego,
CA, USA).
All values were presented as mean ± standard deviation
(SD), and significance was calculated at p<0.05. One way
analysis of variance (ANOVA) followed by Tukey-Kramer
multiple comparisons test for statistical comparison between
parametric data and linear regression analysis for the best
fitting line of all the standard points.

Results
The kidney sections obtained from the control group and
the sham-operated groups were identical, and so, all the
sham-operated groups were considered as control. The
kidney weight showed significant progressive increase from
the 10 days group (B) to the 30 days group (D) (Figure 3).
submit your manuscript | www.dovepress.com
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B
187 nm
142 nm
143 nm
197 nm
159 nm
151 nm
155 nm
169 nm

50 mm
500 nm

Figure 1 Measurement of the basement membrane thickness and immune staining quantification.
Notes: (A) Measurement of the basement membrane thickness. (B) Immune staining quantification.

A

B

50 µm

50 µm

Figure 2 Image software measurement of the Bowman’s space of hematoxylin and eosin-stained renal sections. (A) Renal cortex showing renal glomeruli with Bowman’s
space and proximal tubules. (B) The Bowman’s space areas were identified and measured by ImageJ program.

Compared to body weight, the percentage of the kidney
weight also showed a significant increase in the 10 days group
(B), 20 days group (C) and 30 days group (D), compared to
the control group (A) (Figures 4 and 5 and Table 1).
Hematoxylin and eosin-stained section of the kidney
of animals belonging to the 10 days group (B) showed a
decrease in the glomerular area with an expansion in Bowman’s space, when compared to the control group (A). These
changes decreased gradually from the 20 days group (C) to
the 30 days group (D). Although the morphometric analysis
of the microanatomical alteration of Bowman’s space area
showed nonsignificant increase in its surface area, it was
larger in the 10 days group (B) and gradually decreased in
the 20 days group (C) and the 30 days group (D) (Figures 6
and 7 and Table 1).
Kidney specimens stained with anti-nestin antibody in the
control group (A) revealed positive normal diffuse nestinstained cells, compared to the weaker expression of the 10
days group (B). Kidneys of the 20 days group (C) showed
a significant increase in nestin-positive cells, which was
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 arkedly reduced in the 30 days group (D) but still more posim
tive than the control. Immune staining quantification of the
slides showed significant decrease in the antibody expression
of the 10 days group (B) compared to the controls (A). The
20 days group (C) showed the highest expression which was
significant compared to groups A and B, while the antibody
expression decreased significantly in the 30 days group (D)
compared to groups B and C (Figures 8 and 9 and Table 1).
Statistical analysis related to the thickness of the basement membrane of all four groups showed significant
increase in the thickness of the membrane in the animals of
10 days group (B) compared to the control group (Figures 1,
10 and 11).
Ultrathin sectioning using transmission electron microscopy showed that the animals in the control group had a
normal arrangement of the renal corpuscle with renal glomeruli. The single-layered visceral epithelial cells (podocytes)
appeared with major, minor cytoplasmic processes and
footplates reaching the basement membrane, and were separated by the filtration slits. They showed large cell bodies
International Journal of Nephrology and Renovascular Disease 2017:10

Dovepress

Unilateral nephrectomy in adult rats

Control group

10 days group

20 days group

30 days group

Mean

1.16

1.31

1.53

1.70

±SD

0.02

0.06

0.05

0.06

<0.001*

<0.001*

<0.001*

<0.001*

<0.001*

P-value

<0.001*

P1
P2
P3

<0.001*

KW

P≤0.001

2
P1, P2, P3

1.8
P1, P2

1.6

P1

Mean ± SD (g)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
Control group

10 days group

20 days group

30 days group

Figure 3 KW of the four groups. Test used was ANOVA followed by post hoc Tukey. *Significant.
Abbreviations: ANOVA, analysis of variance; KW, kidney weight; SD, standard deviation; P, probability; P1, significance versus control group; P2, significance versus 10
days group P3, significance versus 20 days group.

(perikarya) protruding into the Bowman’s space. The proximal convoluted tubule cell appeared lying on the basement
membrane. The cell had rounded euchromatic nucleus, basal
arrangement of elongated mitochondria, lysosomes and also
microvilli at the luminal border (Figure 12A–C).
EM examination of the 10 days group (B) showed disruption of the Bowman’s basement membrane with widening
of the subpodocytic space. Podocytes showed disrupted
minor processes, irregular nuclei, prominent mitochondria
International Journal of Nephrology and Renovascular Disease 2017:10

and numerous lysosomes. The proximal convoluted tubules
appeared with disrupted basement membrane. The lining
cells had basal disarrangement of elongated mitochondria,
but with microvilli at the luminal border that was still intact
(Figure 13A–C).
EM examination of the 20 days group (C) showed podocytes with disrupted irregular nucleus and minor processes.
Condensation of the glomerular basement membrane with
widened subpodocytic space was also seen. Some red blood
submit your manuscript | www.dovepress.com
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Control group

10 days group

20 days group

30 days group

Mean

343.00

362.75

345.50

326.42

±SD

13.66

142.62

12.03

11.64

0.003*

0.96

0.016*

0.01*

<0.001*

P-value

<0.001*

P1
P2

0.005*

P3

BW
400

P≤0.001

P1
P2

350

P1, P2, P3

Mean ± SD (g)

300
250
200
150
100
50
0
Control group

10 days group

20 days group

30 days group

Figure 4 BW of the four groups. Test used was ANOVA followed by post hoc Tukey. *Significant.
Abbreviations: ANOVA, analysis of variance; BW, body weight; SD, standard deviation; P, probability; P1, significance versus control group; P2, significance versus 10 days
group P3, significance versus 20 days group.

cells were seen in the glomerular capillaries. The cell lining
of the proximal convoluted tubules showed thickened basement membrane. The cell has enlarged open face nucleus
with irregular mitochondria, lysosomes and microvilli at the
luminal border. The cytoplasm showed multiple vacuoles
(Figure 14A–D).
EM examination of the 30 days group (D) showed podocytes with irregular nucleus and minor processes. Thickened
glomerular basement membrane with widened subpodocytic
66
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space was also noted. The proximal convoluted tubule lining the cells was lying on thickened basement membrane.
The cell had irregular enlarged nuclei with an irregular
arrangement of mitochondria and lysosomes; numerous vacuoles and loss of microvilli were also noticed (Figure 15A–C).

Discussion
The increasing demand for renal transplantation as well
as for nephrectomy necessitates the need to follow-up the
International Journal of Nephrology and Renovascular Disease 2017:10
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Control group

10 days group

0.338

0.361

Mean

20 days group

30 days group

0.445

P-value

0.521
<0.001*

±SD

0.018

0.018

P1

0.051

P2

0.019

0.025

<0.001*

<0.001*

<0.001*

<0.001*
<0.001*

P3

KW

P=<0.001

2
P1, P2, P3

1.8
P1, P2

1.6

Mean ± SD (g)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
Control group

10 days group

20 days group

30 days group

Figure 5 KW/body weight % of the four groups. Test used was ANOVA followed by post hoc Tukey. *Significant.
Abbreviations: ANOVA, analysis of variance; KW, kidney weight; SD, standard deviation; P, probability; P1, significance versus control group; P2, significance versus 10
days group P3, significance versus 20 days group.

Table 1 Comparative table of all groups regarding kidney weight, Bowman’s space area, nestin expression and basement membrane
thickness as found in EM
Experimental groups

Control group

10 days group

20 days group

30 days group

Kidney weight (g)
Bowman’s space area (μm2)
Nestin expression (μm)
Basement membrane
thickness as found in EM (nm)

1.16±0.02
18,282.33±6,094.11
23,198,170±7,732,723
0.162±0.04

1.31±0.06
23,838.5±7,653.8*
10,828,490±3,609,496
0.25±0.054*

1.53±0.05
23,571.75±7,857.25*
42,169,080±14,056,360*
0.186±0.085

1.70±0.06*
21,931.4±2,500.94
25,430,000±8,476,667*
0.197±0.059

Abbreviation: EM, electron microscopy.
Notes: Data presented as mean ± SD. *Significant.
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Control group

10 days group

20 days group

30 days group

Mean

18,282.33

23,838.5

23,571.75

21,931.4

±SD

6,094.11

7,653.8

7,857.25

2,500.94

P-value

0.2

HX

P=0.2

Bowman's space area (µm2), mean ± SD

35,000
30,000
25,000
20,000
15,000
10,000
5,000
0
Control group

10 days group

20 days group

30 days group

Figure 6 Morphometric analysis of the microanatomical alteration of Bowman’s space area in the hematoxylin and eosin-stained sections. Test used was ANOVA followed
by post hoc Tukey.
Abbreviations: ANOVA, analysis of variance; HX, hematoxylin; SD, standard deviation; P, probability.

A

B

50 µm

50 µm
C

D

50 µm

50 µm

Figure 7 Hematoxylin and eosin-stained section of the kidney showing reduction in glomerular area and expansion of Bowman’s space (blue arrows) in group (B) as
compared with the control group (A). These changes decreased gradually from group (C) to group (D).
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Control group

10 days group

20 days group

30 days group

Mean

23,198,170

10,828,490

42,169,080

25,430,000

±SD

7,732,723

3,609,496

14,056,360

8,476,667

<0.001*

0.9

<0.001*

0.006*

P-value

<0.001*

0.02*

P1
P2
P3

0.001*

Nestin
60,000,000

P≤0.001
P1,P2

50,000,000

Mean ± SD (µm)

40,000,000
P2, P3
30,000,000

20,000,000
P1
10,000,000

0
Control group

10 days group

20 days group

30 days group

Figure 8 Anti-nestin antibody expression of the four groups. Test used was ANOVA followed by post hoc Tukey. *Significant.
Abbreviation: ANOVA, analysis of variance; SD, standard deviation; P, probability; P1, significance versus control group; P2, significance versus 10 days group; P3,
significance versus 20 days group.

remaining kidney, particularly at the micropathologic level,
in order to find a method to overcome the consequent possible
pathologic changes.42,43
A 53% reduction in the glomerular filtration rate has been
observed immediately after unilateral nephrectomy.44 The
remaining kidney is, therefore, challenged to face prolonged
hyperfiltration.45 Hemodynamics and structural changes
contribute to increased renal blood flow and decreased renal
vascular resistance.20,46 These changes were suggested to

International Journal of Nephrology and Renovascular Disease 2017:10

be mediated by nitric oxide and they continue for 1 week.
Thereafter, the increased renal blood flow is corrected by
the structural changes in the form of renal hypertrophy.19
Hypertrophy of the kidney is accompanied by hyperplasia
of the cell lining the renal tubules, particularly the proximal
convoluted ones with increase in the sizes of the renal
corpuscles.47
We found in our study a significant progressive increase in
kidney weight as well as in the percentage of the kidney to the
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A

B

Control

10 d

50 µm
C

50 µm
D

20 d

30 d

50 µm

50 µm

Figure 9 Kidney specimens stained with anti-nestin antibody from a normal healthy control group reveals positive normal diffuse nestin-stained cells (A) compared to the
weaker expression of the 10 days (d) nephrectomized rats (B). Kidneys of 20 days nephrectomized rats reveal a marked significant increase in nestin-positive cells (C). It is
markedly reduced in the 30 days group (D), but still more positive than the controls.

Control group

10 days group

Mean

0.162

0.25

0.186

0.197

±SD

0.04

0.054

0.085

0.059

0.017*

0.9

0.76

0.15

0.3

20 days group

30 days group

P-value

0.02*

P1
P2
P3

0.99

EM

P=0.02

0.35
P1
0.3

Mean ± SD

0.25
0.2
0.15
0.1
0.05
0
Control group

10 days group

20 days group

30 days group

Figure 10 Basement membrane thickness of the four groups as measured by EM. Test used was ANOVA followed by post hoc Tukey. *Significant.
Abbreviations: ANOVA, analysis of variance; SD, standard deviation; P, probability; P1, significance versus control group; P2, significance versus 10 days group; P3,
significance versus 20 days group.
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A

B

C

D

Control

20 d

10 d

30 d

Figure 11 The thickness of the basement membrane of the four groups (A, B, C, and D) showed significant increase in 10 days group (B) compared to the control group
(A), and non significantly increased in groups C and D.

A

B
A

C

Pod

Pod

2 µm

500 µm

2 µm

Figure 12 An electron micrograph of ultrathin section of the renal cortex of the control rat. (A) Shows the renal corpuscle with renal glomeruli (G). Podocytes (Pod) appear
with major (arrows) and minor processes (arrow head). (B) Shows the glomerulus having normal basement membrane (arrows), and podocytes showing major process
(curved arrows), minor processes (arrow heads) and footplates (star) appear in the subpodocytic space (S). (C) Shows the proximal convoluted tubule lining cell lying on
the basement membrane (arrow). The cell has rounded euchromatic nucleus (N), basal elongated mitochondria (M), lysosomes (L) and microvilli at the luminal border (star).

body weight in the three nephrectomized groups and it reached
its peak in the 30 days group (D). This increase in weight is an
indicator of both hyperplasia and hypertrophy of the remaining kidney, which has been reported in similar studies.10,39,48
Some authors have reported that the increase in kidney
weight is age related.10,46 It is more noticeable in fetuses and
youngsters than in adults, as the process of nephrogenesis is
still not completed and, therefore, the existence of a nephrogenic zone would allow the development of new cells.
However, the increased number of nephrons, which seems
to be beneficial, could possibly increase the vulnerability to
International Journal of Nephrology and Renovascular Disease 2017:10

renal failure, kidney disease or even a tumor because of its
accompanying altered growth pattern.49
The initial increase in Bowman’s space area of group
B indicates active growth, which gradually decreased with
time in the other groups. Morphometric analysis of the
microanatomical alteration of the Bowman’s space area is
an adequate indicator of the change in total Bowman’s and
total glomerular areas.50 Expansion of Bowman’s space is
usually reflected by a reduction in the glomerular volume
and could be an indicator of glomerular hyperfiltration.50–54
The space within the capillaries is increased, while the
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Figure 13 The 10 days group (group B). (A) An electron micrograph of ultrathin section of the renal glomerulus of group B rats (10 days group) showing disrupted
basement membrane (arrow) with wide subpodocytic space (S). Podocytes (Pod) appear with disrupted minor processes (arrow head) and irregular nucleus (N) and
numerous lysosomes (L). (B) Showing the proximal convoluted tubule lining cell lying on disrupted basement membrane (arrows). The cell has basal disarrangement of
elongated mitochondria (M),but with the microvilli still intact at the luminal border (stars). (C) Proximal convuluted tubule lining cell (B) with prominant mitochodria (M)
and lysosomes (L).

A

C

B

D

Figure 14 The 20 days group (group C). (A) Showing podocyte with disrupted irregular nucleus (N) and minor processes (arrow head). Thickened basement membrane
(arrow) and widened subpodocytic space (S) are also seen. (B) An electron micrograph of the ultrathin section of the renal cortex of the 20 days group rat showing podocyte
with disrupted irregular nucleus (N) and minor processes (arrow head). Thickened basement membrane (arrow) and widened subpodocytic space (S) are also seen. RBCs
are seen in congested glomerular capillaries (C). (C) An electron micrograph of the ultrathin section of the renal cortex of the 20 days group rat showing podocyte with
disrupted irregular nucleus (N) and minor processes (arrow head). Thickened basement membrane (arrow) and widened subpodocytic space (S) are also seen. (D) Showing
the proximal convoluted tubule lining cell lying on thickened basement membrane (arrow). The cell has enlarged open face nucleus (N), irregular mitochondria (M) and
microvilli at the luminal border (star).
Abbreviation: RBCs, red blood cells.
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Figure 15 The 30 days group. (A) Showing the proximal convoluted tubule lining cell lying on thickened basement membrane (arrow). The cell has irregular enlarged nucleus
(N) and irregular arrangement of mitochondria (M), lysosomes (L) and numerous vacuoles (star). Loss of microvilli is noticed. (B) Showing the proximal convoluted tubule
lining cell lying on thickened basement membrane (arrow). The cell has irregular enlarged nucleus (N) and irregular arrangement of mitochondria (M), lysosomes (L) and
numerous vacuoles (star). Loss of microvilli is noticed. (C) An electron micrograph of ultrathin section of the renal cortex of the 30 days group rat showing podocyte with
irregular nucleus (N) and minor processes (arrow head). Thickened basement membrane (arrow) and widened subpodocytic space (S) are also seen.

g lomerular area is decreased; this might be due to the possible
noncorrelation between the glomerular area and the glomerular cell proliferation.55
The low expression level of nestin is normal in adult
cells, as its expression is downregulated when the cells are
in nonstressed conditions,54,56 while its increased expression
indicates cellular stress, which results in cellular proliferation
and angiogenesis.57 Accordingly, decreased nestin expression
indicates improvement of cellular stress. Our results showed
increased expression of nestin in group C, which might be
an indicator of cellular proliferation and angiogenesis, and
decreased expression in group D, which might be a sign for
improvement.
Glomerular basement membrane thickness is an important indicator of renal pathologic condition54 and is known
to increase in rats until their death.58,59 These age-dependent
changes are essentially due to gradual thickening of lamina
densa and also due to increase in thickness with time after
nephrectomy.60,61 In this study, statistical analysis related to
the thickness of the basement membrane showed significant
increase in the animals of group B compared to the control
group and a nonsignificant increase in the other groups. The
increase in thickness of the basement membrane in group B
can be attributed to the initial focal segmental glomerulosclerosis in the remaining kidney after renal ablation.62 This
International Journal of Nephrology and Renovascular Disease 2017:10

seems to be caused by the increased cellular stress at this
time, as it was accompanied by the most apparent pathologic
changes in the podocytes.
Previous research reported that increase in membrane
thickness is not necessarily associated with glomerular
sclerosis or any other pathologic condition.58 Sometimes
it occurs in spite of the improvement of the accompanying physiologic parameters.63 However, long-term studies
showed that the increase in basement membrane thickness
in nephrectomized rats is not accelerated after the sixth
week, but paradoxically is reduced with aging. This can be
explained by the fact that glomerular hypertrophy may lead
to stretching of the glomerular capillary wall, and thereby
thinning of the basement membrane.59
The podocytes gain a special importance as they line the
basement membrane of the glomerulus, which, therefore,
forms the final filtration barrier against proteinuria.64 They are
the key regulator of the basement membrane in both physiologic and pathologic conditions.65 Injury of these cells leads
to cascade of changes in the molecular architecture of the slit
diaphragm due to reorganization of the foot processes.34,35,64
In this study, podocytes of the three nephrectomized rat
groups showed disrupted minor processes, irregular nuclei,
prominent mitochondria and numerous lysosomes, with disruption of Bowman’s basement membrane and widening of
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the subpodocytic space. These data are in accordance with
the findings of Van der Hauwaert et al, wherein the proximal
tubular epithelial cells were found to have a major role in renal
physiology and were among the cell types that were most
sensitive to ischemia and nephrotoxicity.66 Proximal convoluted tubules of the 10 days group appeared with disrupted
basement membrane. The lining cells had basal disarrangement of elongated mitochondria, but with the microvilli still
intact at the luminal border. These irregular arrangements of
the mitochondria and the changes in the endocytic vacuoles
and lysosomes may signify that atrophy of the proximal convoluted tubule could possibly be in its early stages and might
be associated with damaged tubular transport processes.67
The adaptive enlargement of the remaining kidney is
associated with enlargement of the proximal tubule to resume
the glomerular filtration rate.68 This hypertrophy was proved
to be radial in the form of thickening of the wall without any
increase in the number of cells.30
Some authors reported a rapidly changing pattern of gene
expression within the first 24 hours in the hypertrophy of
the kidney, which was assessed by measuring the messenger
RNA with subsequent increase in the RNA/DNA ratio.69–71
However, other studies found no increase in the synthesis
of DNA and/or expression of any immediate early genes.72
Many authors claimed that compensatory hypertrophy
was found to be accompanied by an increase in many tissue
markers such as epidermal growth factors, putative renotropic
factors, heat shock protein 70, phospholipase D, androgens
and insulin-like growth factor.69,73–77 Long-term studies (>20
years) showed that the function of the remnant kidney in
nephrectomized patients continued normally without deterioration in spite of prolonged hyperfiltration.78,79 Moreover,
hypertrophy of the remnant kidney and additional improvements concerning the renal function also suggest that these
progressions are adaptive and may be useful.45
Studies indicate that long-term complications after unilateral nephrectomy of the rat and the neonatal pup lead to
hypertension in adults. Proteinuria and progressive loss of
renal function leading to chronic renal failure occur mainly
with old age.49,80,81 In contrast, long-term observations in
humans showed no obvious adverse effects,82 though the
possibility of occurrence of chronic renal disease after
nephrectomy is still evident.43
The correlation of these findings clearly indicates that
the early changes in the kidney are signs of cellular stress.
The structural changes detected in the remaining kidney
following unilateral nephrectomy are much more complex
than might be thought.
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Conclusion
The association between ultrastructural changes and the expression of nestin confirms that this protein has a role in increasing
the mechanical stability of the podocytes in order to facilitate
any morphologic changes occurring in response to the tensile
glomerular capillary wall. However, further studies investigating more remote ultrastructural changes and their relation with
nestin expression are needed to confirm this relationship.
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