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Abstract

Polycystic kidney disease is a common inherited disorder, characterized by formation of multiple fluid-
filled cysts in kidney culminating into progressive renal failure. Abnormal proliferation of tubular epithelial
cells consequent to genetic mutations associated with PKD1 gene together with disruption in calcium (Ca®*);
homeostasis is the hallmark of cystic epithelium. In this regard we sought to exploit microscopy as a tool to
assess the ultra-structural alterations both at surface and organelle level. Cystogenesis was induced in mouse
metanephroi, (embryonic day, E13.5) using 8-bromocyclic 3’5’-cyclic adenosine monophosphate (8-Br-
CAMP). Phase contrast microscopy exhibited numerous dilated tubules in metanephroi which continued to
enlarge for five days in culture. The effects of 8-Br-cAMP on renal tubular epithelium/cyst epithelium were
assessed by histopathological and electron microscopic analysis. Transmission electron microscopy revealed
ultra-structural changes like increased vacuolation, swollen and deformed mitochondria, chromatin
condensation and disrupted cell membrane in tubular epithelial cells of 8-Br-cAMP treated metanephroi as
compared to control. Exposure to Ca>* channel blockers, nifedipine and gadolinium, further augmented 8-Br-
CAMP induced tubular dilations as assessed by histopathological and ultra-structural examinations. Calcium
channel brokers augment cAMP induced cystogenesis, possibly through mitochondrial alterations.
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1. Introduction

The etiology of human congenital renal
diseases is best understood through exploring the
molecular  mechanisms  underlying  various
developmental processes  during  kidney
morphogenesis. Kidney development ensues when
the metanephric mesenchyme at the caudal portion
of the nephrogenic cord induces the nearby
Wolffian duct to produce ureteric bud [1, 2].
Development proceeds as a result of reciprocal
epithelial-mesenchymal signaling between the
ureteric bud and metanephric mesenchyme [3, 4].
Any aberration during mesenchymal-epithelial
trans-differentiation (MET) would result in the
abnormal renal tissue development. Such
aberrations are commonly seen in many renal
disorders including polycystic kidney disease
(PKD) [5, 6].

PKD is a chronically progressive genetic
disorder affecting approximately one in every
400-1000 live births [7]. The disease is
characterized by the growth of numerous renal
tubule-derived fluid-filled cysts, which enlarge
over a period of time often leading to renal failure
[8-11]. Disruption in the functions of PKD gene
product have been implicated in cyst formation
owing to the inability of tubular epithelial cells to
sense mechanical cues that otherwise normally
regulate tissue morphogenesis [12-14]. The
precise mechanism of cystogenesis, though, still
remains largely enigmatic but the role of Ca®*
homeostasis has been imperative [15, 16].
Numerous reports, in this regards, have also
suggested a correlation between altered Ca*
homeostasis [17] and cAMP [11, 16, 18, 19].
Molecular studies have also suggested that the
CAMP pathway(s) promotes both fluid secretion
and cell proliferation in PKD renal epithelia.
Under the conditions of disrupted (Ca®);
homeostasis, CAMP mediated pathways are some
of the suggestive mechanisms for cyst generation
in monolayer culture of renal epithelial cells.

In renal epithelia, the switch in cCAMP from
an antimitogen to a mitogenic stimulus has been
shown to be directly correlated with (Ca*)i levels.
Previous studies using Ca?* channel blockers in
M-1 cortical collecting duct cells, human kidney
cortex (HKC) cells have shown that abnormal

Ca®* levels cause a switch to the cCAMP growth
stimulated phenotype [18]. Most of these studies
are focused on the signaling molecules to ascertain
the suggestive mechanisms of cystogensis. The
reports, however, seems to be lacking on
discerning the tissue architectural alterations that
may occur in response to suggestive molecules for
cystogensis. Hence, we sought to carry out the
present study by employing 3-dimensional (3D)
metanephric organ culture because the organ
culture system permits controlled study of the
pathophysiology of cyst formation without
vascularization, glomerular filtration, or tubular
urine  formation. The  tubular  dilations
(cystogenesis) in the metanephric organ culture
were microscopically analyzed consequent to 8-
Br-cAMP treatment in the presence or absence of
calcium channel blockers to identify ultra-
structural changes at membrane and organelle
level. These observations, hence, besides being
novel may also provide the basis for therapeutic
intervention enroute cystogenesis.

2. Materials and Methods

2.1 Chemicals

All the chemicals used were of molecular
grade and obtained from standard commercial
suppliers. Dulbecco’s modified eagle medium
(DMEM)/ F-12, sodium bicarbonate, penicillin-
streptomycin, phosphate buffered saline, HEPES,
glutamine, fetal bovine serum (FBS), 8-Br-cAMP,
prostaglandin E; (PGE;), insulin, transferrin,
selenium,  thyroxin, nifedipine, gadolinium
hydrochloride were obtained from Sigma
chemical company, Saint Louis, (Missouri) U.S.A.
For histology and transmission electron
microscopy chemicals of analytical grade were
used.

2.2 Animals

The experimental protocol for the use of
animals was approved by the Ethical Committee
of Panjab University, Chandigarh, India.
Experiments on animals were performed in
accordance with the guidelines for the use of
laboratory animals approved by the Indian Council
of Medical Research, New Delhi, India.
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2.3 Establishment of metanephric organ culture

Male and female balb/C mice, weighing 20-
30 grams were used for this study. Animals were
procured from the Central Animal House of
Panjab University, Chandigarh. Males and females
were housed separately and were fed with
standard pellet diet and water, ad libitum. Timed
pregnancies were carried out by crossing male and
female mice and the presence of vaginal plugs was
used as an indicator for the successful crossing.
Negation of any false pregnancy was conceded by
monitoring the vaginal smears for estrous cycle
arrest in diestrous stage. On embryonic day 13.5
the embryos were dissected out to isolate the
metanephroi. These metanephroi were placed on
cell culture inserts (BD Pharmingen) and defined
culture medium (L-glutamine 2 mM, HEPES 10
mM, insulin 5 pg\ml, thyroxin 32 pg\ml, selenium
2.8 nM, transferrin 5 pg\ml, PGE; 25 ng\ml,
penicillin 250 U/ml, and streptomycin 250 pg/ml)
was used for their growth.

2.4 Treatment regimen

Twenty four hour after the establishment of
metanephric  organ culture (day 0), the
metanephroi were treated with 8-Br-cAMP (100
UM) (dayl). The generation of cysts were
analyzed on the following day (day 2) and
continued to microscopically analyze the culture
for a period of five days. The effects of different
doses of nifedipine and gadolinium (5 uM and 15
MM) were studied on these cystic metanephroi
starting at day 1. Metanephroi were also treated
with dimethyl sulphoxide (DMSO) as vehicle
control for 8-Br-cAMP and nifedipine. The
progression of the cyst in the embryonic kidneys
following drug treatments was monitored
periodically by phase contrast microscopy and
their effects on the renal tubular epithelium/cyst
epithelium were assessed by histopathological and
electron microscopic analysis.

2.5 Histology of cultured metanephroi
Metanephroi were harvested at 5 day for
morphometric analysis. Metanephroi were fixed in
formalin followed by dehydration in graded
ethanol series. Samples were then embedded in
molten paraffin wax and the serial sections of 5 p
thickness using microtome were cut. Sections

were deparaffinized in Xxylene, rehydrated in
graded alcohol and stained with haematoxylin and
eosin (H & E). After staining the sections were
examined under light microscope (Radical, India)
for histopathological analysis.

2.6 Transmission electron microscopy of
cultured metanephroi

For transmission electron  microscopy,
metanephroi were fixed in Karnowsky fixative
(2.5% glutaraldehyde and 2% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4) overnight.
Post-fixation was done in cold 1% aqueous
osmium tetraoxide for 1 hour. After rinsing with
phosphate buffer, the specimens were dehydrated
in graded ethanol. Metanephroi were processed for
embedding using CY 212 Araldite. Ultrathin
sections were sliced, stained with uranyl acetate
and lead citrate and examined using Morgagni
268D, FEI Company, The Netherlands,
transmission electron microscope (AIIMS, New
Delhi, India).

3. Results

The present study was carried out to evaluate
surface and organelle level architectural changes
in  metanephric organ cultures (E13.5-E18.5)
following exposure to 8-Br-cAMP in the absence
or presence of Ca® channel blockers. No
discernable changes in the gross morphology of
the metanephroi were observed under defined
culture conditions in the presence or absence of
different treatments (Fig. 1a-g). The renal explants
continued to grow in size and continued the
ureteric bud branching and tubule formation over
5 days (Fig. 1a). During all these 5 days, the
untreated metanephroi remained healthy showing
smooth margins (Fig. 1a) which were affected
drastically as seen by diffused margins following
cAMP and Ca®* channel blockers exposure (Fig. 1
c-0).

Histological analysis of control metanephroi
revealed in vitro nephrogenesis as represented by
presence of distinct vesicular structures (Fig. 2a)
developing into comma and S-shaped bodies
eventually destined to become glomeruli (Fig. 3a).
Histological examination confirmed presence of
few developed glomeruli as well.
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(a) Control

(b) DMSO

(c) 8-Br-cAMP (100pM)

(d) Nifedipine (SuM)

(e) Nifedipine (15uM)

() Gadolinium (SpuM)

() Gadolinium (15pM)

Figure 1. Phase contrast micrographs of control and treated metanephroi (4X) (a) Untreated embryonic kidneys
increased in their size along with ureteric bud branching and tubule formation, (b) vehicle treated metanephroi (c) 8-
Br-cAMP treatment of embryonic kidneys. Arrow indicates cyst-like structure; small dilations were seen after 24 hour
of treatment and continued to enlarge in culture. (d,e) Nifedipine treatment (5 uM and 15 puM respectively) in presence
of 8-Br-cAMP enhanced tubular dilations and cyst like structures as compared to 8-Br-cAMP treatment alone (f,g)
Gadolinium treatment (5 UM and 15 uM respectively) in presence of 8-Br-cAMP enhanced tubular dilations and cyst
like structures as compared to 8-Br-cAMP treatment alone (4X).
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Figure 2. Histological micrographs of control and treated metanephroi (20X) (a) normal tubular architecture of
untreated metanephroi (b) cyst-like expansions of tubule lumens in 8-Br-cAMP treated metanephroi (c,d) Nifedipine
treatment in presence of 8-Br-cAMP increased cyst like structures (e,f) Increased tubular dilations in gadolinium
treated metanephroi in presence of 8-Br-cAMP (20X).
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(a) 8-Br-cAMP

(b) Nifedipine

(c) Gadolinium

Figure 3. Light micrographs of cyst-like expansions of tubule lumens (10X, 40X, 100X) Histology showing cystic
dilations in cortical and medullary region of metanephroi and thickening of the epithelial lining (arrowheads) of cystic
tubules respectively (a) 8-Br-cAMP (b) Nifedipine (c) Gadolinium (10X, 40X, 100X)

The exposure of metanephroi to 8-Br-cAMP
treatment is known to produce cystic dilations
which were also observed in the present study
(Fig. 1c) in comparison to control metanephroi
(Fig. 1a,b). These dilations along with membrane
distension and puffiness continued to enlarge over
a period of 5 days in the presence of 8-Br-cAMP
resulting in expansion into cyst-like structures
throughout the  metanephroi  (Fig.  1c).
Representative histology sections of control and 8-

Br-cAMP treated metanephric kidneys confirmed
the presence of cyst like tubular dilations (Fig. 2a
and b; 3a). Light microscopy of 8-Br-cAMP
treated  metanephroi  depicted  developing
glomeruli (Fig. 3a). These CAMP triggered tubular
dilations were accentuated when the calcium entry
to these Br-cAMP organ cultures was inhibited.
As shown in Fig. 3c, Ca®" channel blockers
specifically gadolinium treatment led to increase
in microcystic dilations in comparison to 8-Br-
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CAMP treatment (Fig 3a). Phase contrast
microscopy revealed increase in both micro and
few macro level fluidic cystic dilations (Fig.
1d,e,f,g). Histological analysis of gadolinium
treated metanephroi revealed cysts structures
ranging from large sacs to fusiform dilations (Fig.
3c, 10X). A similar effect, albeit less pronounced,
was also observed when another blocker,
nifedipine was used (Fig. 3b, 10X). Cells lining
the cysts like dilations showed thickened
epithelium around all the macrocysts (arrowheads)

3200X 6300X

following treatments with Ca®* channel blockers
(Fig. 3b,c, 100X). The swelling of the tubular
epithelia progressed to obliterate the lumen
confirming the enhanced cystic phenotype in Ca?*
channel blockers treated metanephroi (Fig.
2c,def) and reduction in the number of
developing and mature glomeruli (Fig. 3b,c).
Cystic tubules exhibited a thickened cell wall of
flattened epithelial cells as compared to control
metanephroi  which showed normal tubular
epithelial cells (Fig. 3b,c, 40X, 100X).

(a) Control

(b) 8-Br-cAMP

(c) Nifedipne

(d) Gadolinium

Figure 4. Transmission electron micrographs of control and treated metanephroi (a) normal tubular epithelial cell
(3200X), well defied nuclear envelop, normal mitochondria, golgi apparatus (G) and endoplasmic reticulum (ER) in
untreated metanephroi (6300X, 8000X), (b) vacuolation (V, 3200X), chromatin condensation (CC, 6300X), chromatin
margination (CM), swollen mitochondria (SM, 8000X) in 8-Br-cAMP treated metanephroi (c) increased vacuolation
(3200X), swollen mitochondria, chromatin margination (6300X), dilated endoplsmic reticulum and Golgi bodies,
disrupted nuclear membrane (MD, 8000X) in nifedipine treatment (d) gadolinium treated increased vacuolation
(3200X), swollen mitochondria, dilated endoplasmic reticulum and chromatin margination (6300X, 8000X) in

metanephroi.
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Ultrastructural  analysis  supported  the
observations made on light microscopic
examinations. At cellular level, transmission
electron microscopic observations demonstrated
aberrations in the structural organization of cell
organelle together with marked degenerative
changes in few of tubular epithelial cells following
8-Br-cAMP treatment. Multiple foci of swollen
and deformed mitochondria and increased
vacuolation were also seen. The tubular epithelial
cells within cystic metanephroi also demonstrated
chromatin  condensation, margination, apical
blebbing, dilated endoplasmic reticulum and golgi
apparatus (Fig. 4b), as compared to control (Fig.
4a).

Further, the effects of nifedipine and
gadolinium (5 uM and 15 uM each) were studied
on cystogenesis at ultrastructural level in
metanephric  culture.  Electron  microscopic
observations in metanephroi treated with Ca*
channel blockers in the presence of 8-Br-cAMP
exacerbated the effects even at organelle level,
viz. marked vacuolation in the cytoplasm,
chromatin condensation and margination, dilated
endoplasmic reticulum and golgi apparatus as
compared to 8-Br-cAMP treatment alone.
Alterations  like  mitochondrial ~ swelling,
disorientation and shortening of cristae, disruption
of nuclear membrane were more pronounced (Fig.
4c,d), revealing increased cystogenesis in
nifedipine and gadolinium treated metanephroi.

4. Discussion

By the use of three-dimensional metanephric
organ culture, this study provides a comprehensive
ultrastructural analysis of tubular dilations and
cystic epithelium. Phase contrast microscopic
analysis revealed numerous cysts like structures
within 24 hour of the administration of 8-Br-
CAMP which continued to grow in size over a
period of 5 days in culture. These tubular dilations
seemed to represent the effects of cAMP on fluid
secretion, which facilitated the filling up of the
fluid in partially differentiated tubular epithelial
cells during embryonic development.
Accumulation of fluid within dilated tubules
represented a cystic morphology in mouse strain
C57/BL/6 following 8-Br-cAMP treatment [20].

Increase in the number and volume of microcysts
in monolayer cultures of Madin-Darby Canine
Kidney Cell (MDCK) and Human Kidney Cortex
(HKC) cells following 8-Br-cAMP treatment has
also been shown [21, 22]. Renal cAMP levels are
elevated in PKD [16]. The stimulatory effect of
cAMP on proliferation of cystic epithelial cells
derived from human ADPKD Kkidneys by
activating B-RaAMEK/ERK pathway has been
deciphered [23]. In contrast, CAMP inhibits cell
proliferation in normal human kidney cells and
mouse cortical collecting duct cells by inactivating
Ras/B-Raf/MEK/ERK  pathway [19, 22-25].
Histopathological analysis further validated the
presence of numerous tubular fusiform cysts of
different sizes distributed both in the cortical and
medullary  region of 8-Br-cAMP treated
metanephroi. These observations draw support
from the fact that the cortical epithelial cysts in
renal cystic diseases [26, 27], and in ADPKD [28-
30], demonstrated thickening of epithelial lining,
increased vacuolation and narrowing of the lumen
due to enlargement of cyst and at ultrastructural
level, alterations affecting nucleus, increased
cytoplasmic vacuolation, mitochondrial swelling,
cristae degeneration, apical blebbing, dilation of
organelle [31], were observed. It has also
suggested that loss of cristae and indistinct inner
mitochondrial membrane were probably due to the
cristolysis [28].

In the present study we observed a pattern
whereby it seems that Ca** channel blockers
(nifedipine, L-Type and gadolinium, nonspecific)
further augment the 8-Br-cAMP dependent cystic
tubular dilations. The reduced number of
developing glomeruli and fewer mature nephrons
confirmed the role of Ca®* signaling in
nephrogenesis [32]. Further, electron micrographs
of metanephroi treated with Ca** channel blockers
in  presence of  8-Br-cAMP,  revealed
dysmorphogenesis of cell membrane and
organelles; and thus, it seems that Ca®* channel
blockers stunted or hampered the standard pace of
kidney development and augmented the cystic
phenotype formation.

The accentuation of the 8-Br-cAMP effect on
mitochondria by Ca®* channel blockers, suggests
that the cystogenesis may probably get additional
trigger following leakage of pro-apoptotic signals
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from the mitochondria. Increased apoptosis in
PKD may provide a mechanism for the removal of
normal parenchyma tissue and cAMP dependent
proliferation of cystic epithelia [33-35]. This
might be the reason for considerable increase in
microcysts, as observed following treatment of 8-
Br-cAMP treated metanephroi with Ca®* channel
blockers. Moreover, the possibility of a “switch
mechanism” [18], on the generation of
metanephric cysts can certainly not be ruled out.
Observations of the present study whereas lend a
support to the switching phenomena, may also
provide an additional target to study the
cystogenesis. Ca?* handling by mitochondria is a
key feature in cell survival [36-38], and
mitochondrial alterations observed after Ca?*
channel blockers treatment may point towards
perturbed Ca®* signaling. It, however, warrants an
additional study to delineate the mechanisms that
brought in the mitochondrial alterations following
different treatments to metanephroi. Blocking Ca**
supposedly provides loss of polycystin function
that, result in dysregulation of Ca®*" signaling,
controls renal epithelial cell growth and promotes
normal tubular morphogenesis and function [16,
39]. Such observations may thus help in
deciphering the potential functions that
polycystins play in renal tissue pathophysiology.
In conclusion, the present observations as
discerned using electron microscopic examination
in cultured embryonic kidneys provide us new
insight in  understanding  cystogenesis at
ultrastructural level. Targeting cellular organelles,
primarily mitochondria, would pave the way to
study human nephrogenesis and pathologies
associated with developmental defects.
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