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Abstract

Bcl-2 and Bax play an important role in apoptosis regulation, as well as in cell adhesion and migration during kidney
morphogenesis, which is structurally and functionally related to mitochondria. In order to elucidate the role of Bcl-2 and Bax
during kidney development, it is essential to establish the exact location of their expression in the kidney. The present study
localized their expression during kidney development. Kidneys from embryonic (E) 16-, 17-, 18-day-old mouse fetuses, and
postnatal (P) 1-, 3-, 5-, 7-, 14-, 21-day-old pups were embedded in Epon. Semi-thin serial sections from two E17 kidneys
underwent computer assisted 3D tubule tracing. The tracing was combined with a newly developed immunohistochemical
technique, which enables immunohistochemistry on glutaraldehyde fixated plastic embedded sections. Thereby, the
microstructure could be described in detail, and the immunochemistry can be performed using exactly the same sections.
The study showed that Bcl-2 and Bax were strongly expressed in mature proximal convoluted tubules at all time points, less
strongly expressed in proximal straight tubules, and only weakly in immature proximal tubules and distal tubules. No
expression was detected in ureteric bud and other earlier developing structures, such as comma bodies, S shaped bodies,
glomeruli, etc. Tubules expressing Bcl-2 only were occasionally observed. The present study showed that, during kidney
development, Bcl-2 and Bax are expressed differently in the proximal and distal tubules, although these two tubule
segments are almost equally equipped with mitochondria. The functional significance of the different expression of Bcl-2
and Bax in proximal and distal tubules is unknown. However, the findings of the present study suggest that the
mitochondrial function differs between mature proximal tubules and in the rest of the tubules. The function of Bcl-2 and
Bax during tubulogenesis still needs to be investigated.
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Introduction

The mechanisms involved in regulation of apoptosis have been

studied extensively during the last decades. The caspase protein

family has been reported to have a central role in apoptosis. The

activation of the caspase proteins is regulated by a variety of

factors including the B-cell lymphoma 2 (Bcl-2) protein family [1].

The anti-apoptosis protein Bcl-2 and the pro-apoptosis protein

Bax are well known members of the Bcl-2 family, acting as

opposed apoptosis regulators. Bcl-2 is associated with the outer

mitochondrial membrane of viable cells and prevents Bax from

perforating the outer mitochondrial membrane, causing cyto-

chrome c to leak out [2–5]. When cytochrome c enters the

cytoplasm, it binds to apoptotic protease-activating factor 1 (Apaf-

1) leading to activation of caspase 9 and subsequently apoptosis

[6,7].

However, recently it has become evident that the function of the

members of the Bcl-2 family is not limited to the regulation of

apoptosis, but that they also play a role in the regulation of

mitochondrial fusion and fission, and thereby in morphogenesis

[8–10].

The kidney is a critical organ for filtering the plasma and is

constitutively reabsorbing selected parts of the glomerular filtrate,

which is an energy consuming process, located especially to the

proximal and distal tubules. Therefore, the epithelial cells in these

two tubule segments are rich in mitochondria. Kidney develop-

ment is a complex process including basic morphogenesis of the

collecting duct system and nephrons, involving interactions

between the epithelium of ureteric buds and the metanephric

mesenchyme [11,12]. These processes are rigorously controlled in

order to ensure that events happen at the right time and in the

right sequence in order to build and maintain the various cell

populations present in the different structures [13–16]. Thus,

excessive or insufficient apoptosis during kidney development may

cause anormogenesis [17,18]. The expression of the Bcl-2 and

caspase family members has been investigated in vivo and in vitro in

order to explore their apoptotic and non-apoptotic function during

kidney morphogenesis [19–20]. Furthermore, it has been suggest-

ed that members of the Bcl-2 and caspase families also are

involved in cell adhesion, migration, differentiation, survival, and

proliferation by interaction with other factors during kidney

development [21–23]. However, the analysis of the apoptotic or
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non apoptotic roles of Bcl-2 and Bax during kidney development

requires knowledge about the precise localization of their

expression, which has not been available in previous studies in

mice.

When inspecting the cells in e.g. a developing proximal tubule,

the cells in one region may appear almost mature, arranged in one

layer, and with a complete brush border, whereas the cells in the

adjacent segment of the same tubule appears small and premature,

and are arranged in cellular clusters. The cells in these clusters lack

recognizable morphological features and their surface markers also

make it difficult to classify them. This represents a gradient of

maturation along the tubules in one direction, displaying different

stages of cellular differentiation and development. Normally, such

cell clusters can only be inspected out of their spatial morpholog-

ical context, and their final destiny as e.g. proximal tubule cells will

therefore be unknown. However, if the spatial morphological

contex is known e.g. by tracing the tubules from a set of serial

sections, we can connect and relate highly developed and less

developed segments of the same tubule in space. Thereby, it is

possible to bring the cell clusters into spatial context with the more

developed part of the tubules.

Therefore, the aim of the present study was to perform

computer assisted 3D tracing of the morphology of the developing

kidney tubules combined with immunohistochemistry in order to

localize the expression of Bcl-2 and Bax in developing kidneys in

mice.

Materials and Methods

Animals
Kidneys from 9 prenatal and 18 postnatal Kunming mice were

studied. The mice were maintained on standard specific-pathogen-

free conditions. The day when the cervical mucus plug was

observed was designated as embryonic day 0 (E0) and the day at

birth was designated as postnatal day 0 (P0). Prenatal kidneys were

obtained from E16, E17, and E18 fetuses, whereas postnatal

kidneys were obtained from P1, P3, P5, P7, P14, and P21 pups.

Three mice were obtained from separate litters for each time

point. The animal experiments were performed in accordance

with the code of Ethics of the World Medical Association

(Declaration of Helsinki) and were approved by the Medical

Ethics Committee of China Medical University.

Antibodies
Rabbit polyclonal antibody against Bcl-2, mouse monoclonal

antibody against Bax, FITC-labeled donkey antibody against

rabbit, and TRITC-labeled donkey antibody against mouse were

purchased from Abcam (Cambridge, CA).

Preparation of renal tissues
The fetal kidneys were removed a few minutes after injection of

pentobarbital sodium (50 mg/kg body weight) into the peritoneal

cavity of the pregnant mice. The pup kidneys were preserved by

perfusion fixation through the heart with a solution of 4%

paraformaldehyde and 1% glutaraldehyde in 0.06 M sodium

cacodylate buffer, pH 7.4. Subsequently, tissue blocks were cut

perpendicular to the longitudinal axis of the kidneys and post-fixed

for 1 h in 1% OsO4 in 0.1 M sodium cacodylate buffer. The tissue

blocks were then dehydrated in ethanol and acetone and

embedded in Epon 812 (TAAB, Aldermaston, Berks, UK). Then,

approximately 700 2.5-mm-thick serial sections were obtained

parallel to the axis through cortex to papilla from two of the three

E17 mice and stained with toluidine blue. The E17 kidneys were

selected for serial sectioning and subsequent computer assisted

renal tubule tracing as the nephrons from the E17 kidneys

represent all developing stages. Thus, it is possible to avoid the

very time consuming and laborious image handling and 3D

tracing of kidneys to all time points.

Image recording and aligning for 3D tubule tracing
All toluidine blue stained sections from the two serial sectioned

E17 kidneys were digitized using a microscope (Olympus AX70,

Tokyo, Japan) equipped with a motorized stage and a digital

camera (Olympus DP50, Tokyo, Japan) attached to a standard

PC. For each section four partly overlapping digital images were

recorded and combined into one 24-bit color image using

analySIS (version 3.2, Soft Imaging System, Münster, Germany).

The final image size was 270062000 pixels resulting in an

isotropic pixel size of 0.93 mm. The digitized images from the two

E17 mice were aligned into two image stacks using a custom-made

computer program running under Linux (openSUSE 11.2, www.

opensuse.org). The image aligning program automatically rotates

and translates two consecutive images in order to minimize the

difference between them. The function that seeks to minimize the

difference between the two images uses a gradient-based method.

However, there is a chance for this method to be trapped in a local

minimum as the tubular structure of the kidney exhibit a large

degree of translation symmetry. In order to avoid this, 30 different

sets of initial conditions were selected using a Monte Carlo method

for each image pair and the resulting image transformation values

providing the best fit was chosen for the aligning. Subsequently,

the transformation values were high pass filtered in order to avoid

slow drift of the image stack before being used for the final image

transformations [24,25].

Digital tracing of the renal tubules
The spatial course of the renal tubules was traced with a

custom-made computer program running on the Linux-based PC

as previously described in detail [25]. In brief: The aligned image

stack was interactively viewed on a computer screen and the x-, y-,

and z-coordinates along the courses of the renal tubules were

demarcated with a computer mouse and recorded in a data file

(Figure 1A). Subsequently, this data was analyzed and visualized in

order to investigate the spatial relationship between the traced

tubules.

Immunohistochemistry
Selected sections from the two E17 kidneys used for 3D tracing

were re-embedded and two 1-mm-thick consecutive sections were

obtained from each of the 2.5-mm-thick sections. One-mm-thick

semi-thin sections were obtained from all the other kidneys at all

time points. The sections were pretreated with Maxwell solution

(20 pellets of KOH in 10 ml absolute methanol and 5 ml

propylene oxides) in order to remove the epoxy material and

were then heated in a microwave oven in order to retrieve the

antigen as previously described in detail [26].

For localization of Bcl-2 and Bax with light microscopy the

sections were incubated with either rabbit anti-Bcl-2 IgG (1:200)

or mouse anti-Bax IgG (5 mg/ml), followed by incubation with

peroxidase-conjugated secondary anti-rabbit and anti-mouse

antibodies respectively (1:200). The peroxidase was visualized

with diaminobenzidine (DAB). Thereafter, the sections were

counterstained with haematoxylin for less than 2 minutes, washed

in running water, dehydrated in graded ethanol, soaked in xylene,

and mounted with Eukitt. The sections were examined with a light

microscope (Nikon 80iBF-F-P, Tokyo, Japan) equipped with a

Nikon DS digital camera.

Expression of BCL-2 and BAX in Developing Kidney
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For co-localization of Bcl-2 and Bax with confocal microscopy

the sections were incubated with a mixture of rabbit anti-Bcl-2

(1:200) and anti-Bax (5 mg/ml), followed by incubation with

secondary anti-rabbit-FITC IgG (1:600) and anti-mouse-TRITC

IgG (1:300). After the sections were washed in PBS, they were

mounted with glycerol. The sections were examined with a

confocal microscope (Nikon CI plus, Tokyo, Japan).

For all immunohistochemical studies, control sections were

incubated in PBS buffer instead of the primary antibodies.

Results

3D morphology of the developing kidney
The computer assisted 3D nephron tracing made it possible to

define and localize the various structures of the E17 kidneys. In the

E17 kidneys, the renal structures at all developing stages were

observed. In all, 46 tubules were traced in the two E17 kidneys,

including 19 ureteric buds and 25 mature (juxtamedullary

nephrons) and immature nephrons.

Various sections of the terminal ureteric buds were observed in

the superficial cortex. Condensed stroma cells, renal vesicles, and

comma-shaped bodies were observed around the tip of the ureteric

buds. S-shaped bodies as well as developing corpuscles and

developing tubules were located in the mid-cortex to the juxta-

medullary cortex. The proximal straight tubules and their

corresponding distal straight tubules from the maturing corpuscles

were found to extend into or from the middle area (original

medulla) of the kidney in bundles surrounded by a few developing

vessels and collecting ducts. The spatial course of the proximal

tubules in the juxta-medullary cortex resembled that of the adult

mature proximal tubules (Figure 1).

The renal structures at other developing time points were

identified by comparing them with the traced tubules from the

E17 kidneys and from adult kidneys [25].

Localization of Bcl-2 and Bax
The mature proximal tubule cells showed a strong positive

reaction for both Bcl-2 (Figure 2A–F) and Bax (Figure 2G–L) at all

time points. The strongest expression was found in the mature

proximal convoluted tubules in the juxta-medullary cortex

(Figure 1). Less strong expression was found in the proximal

straight tubules in both the medullary rays (at P7) and the medulla.

Only weak expression was found in immature proximal tubules

and in distal tubules. In contrast, no expression of Bcl-2 and Bax

was detected in ureteric buds and other early developing

structures, such as comma bodies, S shaped bodies, glomeruli,

etc. at any time point. Thus, with development of the kidney, the

area with strong expression of both Bcl-2 and Bax gradually

expand from the juxta-medullary cortex to the mid-cortex, and

eventually to the entire cortex, corresponding to the area of

maturation of the proximal tubules in the cortex.

Collocalization of Bcl-2 and Bax
The investigation of the sections double labeled for both Bcl-2

and Bax showed that most of the tubules that expressed Bax also

expressed Bcl-2 except for some tubules that expressed Bcl-2 only

(Figure 3).

Discussion

It has recently been established that Bcl-2 and Bax not only play

a role in apoptosis, but are also involved in kidney morphogenesis

Figure 1. Histological image and 3D reconstructions of one of the E17 kidneys. A) Image of one of the serial sections from one of the E17
kidneys. The red and green figures represent the tubules, which have been traced and are presently being traced, respectively. The expression of Bcl-
2 (upper) and Bax (lower) derived from the same section is localized to proximal tubules as determined by the tracings. B) Two 3D reconstructions of
proximal convoluted tubules and descending limbs. The two nephrons are numbered 1 and 2 in A.
doi:10.1371/journal.pone.0032771.g001

Expression of BCL-2 and BAX in Developing Kidney
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and mitochondrial morphogenesis. In order to elucidate which

role Bcl-2 and Bax play during kidney development, it is essential

to establish the exact location of their expression in the kidney.

However, it is difficult to identify the different tubule segments at

the different stages in the developing kidney from antigens

expressed by the epithelial cells without the morphological context.

Therefore, we employed computer assisted tubular tracing so that

the renal morphology could be combined with immunohisto-

chemical identification of Bcl-2 and Bax. For tubule tracing, the

kidneys were fixed with glutaraldehyde and osmium tetroxide, and

embedded in plastic in order to preserve the kidney morphology.

However, it is well known that such tissue preparation procedures

weaken the tissue antigenicity, as aldehyde fixatives cross-link with

the tissue antigens and as the epoxy resin mask the antigens [27].

Therefore, we applied a newly developed technique, which

enables immunohistochemistry on glutaraldehyde fixated plastic

embedded sections by etching the epoxy material and retrieving

the antigens [26]. In this way we could perform immunohisto-

chemistry using exactly the same sections as used for the

establishing the morphology through the tubule tracing. Thus,

this technique allowed us an unprecedented ability to pinpoint the

spatial location of the expression of Bcl-2 and Bax in developing

kidneys.

By selecting the E17 kidneys for the computer assisted 3D

tracings we ensured that all of the different stages of the developing

nephrons could be observed. The 3D reconstructions of the E17

kidneys could then be used as a guide for identifying all the

different tubules in the developing kidneys at the other time points.

Figure 2. Expression of Bcl-2 (A–F) and Bax (G–L) in developing mouse kidneys. Strong expression of Bcl-2 and Bax are localized to mature
proximal tubule cells at all time points, and the area of the expression was mainly in the cortical labyrinth, gradually expanding from the juxta-
medullary cortex to the middle and superficial cortex, corresponding to the maturation of the proximal tubules in the cortical labyrinth. The proximal
tubules in the medullary rays and medulla were weakly expressing Bcl-2 and Bax at the later stages of kidney development.
doi:10.1371/journal.pone.0032771.g002
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The results showed that the expression of Bcl-2 and Bax was

most pronounced in the convoluted part of the mature proximal

tubules, whereas the expression of Bcl-2 and Bax was less

pronounced in the straight tubules running in medullary rays

and in the medulla. Only weak expression was found in immature

proximal tubules and in distal tubules. No expression was detected

in ureteric buds and other early developing structures, such as

comma bodies, S shaped bodies, glomeruli, etc.

It has previously been established that Bcl-2 and Bax are

involved in the regulation of apoptosis [2–5], as well as in

mitochondrial fusion and fission [8–10]. Since the amount of

mitochondria is similar in proximal and distal tubules, the

difference in expression of Bcl-2 and Bax might be attributable

to functional differences between proximal and distal tubule

mitochondria. This view is supported by a recent study, which

revealed functional differences between mitochondria from

proximal and distal tubule cells (thick ascending limbs) [28].

These differences were mainly observed in mitochondrial

membrane potential, the expression ratio of ATPase and its

inhibitor, the product of reactive oxygen species, and glutathione

levels. Furthermore, mitochondrial glycolysis differs between

proximal and distal tubule cells, and between proximal convoluted

and straight tubule cells. This is supported by the findings of a

series of in vitro studies, which show that the glycolysis in the S3

segment of the proximal tubule is less pronounced than in the

distal tubules [29,30]. All these functional differences between

proximal and distal tubule mitochondria may explain why the

proximal tubule is more vulnerable to ischemic, hypoxic, and toxic

injury in adulthood than the distal tubule [13,31–34]. Thus,

damage to the distal tubule is only observed after severe renal

ischemia reperfusion injury [35]. It has previously been suggested

that Bcl-2 and Bax plays a pivotal role in inducing mitochondria-

mediated apoptosis in glomerular diseases and ischemic and toxic

kidney injury [36]. Therefore, it is interesting that we found that

Bcl-2 and Bax were mainly co-expressed in mature proximal

convoluted tubules. If such an ischemia initiates an apoptotic

response and if the tissue damage continues after the circulation

has been reestablished, then it might be possible to reduce tissue

Figure 3. Co-localization of Bcl-2 and Bax using double labeled immunofluorescence in the developing kidneys. Green stained tubules
represent Bcl-2, red stained tubules represent Bax, while yellow stained tubules represent co-expression of Bcl-2 and Bax. Tubules that are expressing
Bcl-2 only are occasionally seen.
doi:10.1371/journal.pone.0032771.g003
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damage by interacting with the Bcl-2 and Bax apoptosis regulating

activity. However, at present it is too early to suggest the existence

of such a treatment of acute renal failure. Thus, our findings

warrant further investigation of in vitro and in vivo models to

investigate such potential treatments.

Furthermore, our findings agree with an observed enhanced

expression of Bcl-2 and Bax in regenerating proximal tubule cells

[37].

Apoptosis is believed to depend on a relatively high level of Bax

compared to Bcl-2. Consequently, co-expression of Bcl-2 and Bax

is not necessarily a marker for apoptosis itself since Bcl-2 and Bax

may counteract each other.

Previous studies has shown that Bcl-2 deficiency results in

kidney maldevelopment [38,39], which illustrates that the Bcl-2

family members are important for the morphological development

of the kidney. The present study has for the first time mapped the

spatial location of Bcl-2 and Bax expression during kidney

development, which is the first step in understanding the role of

these proteins during kidney development.

In conclusion: The tracing of tubules using serial sections

combined with immunohistochemistry of the same sections has

enabled us – for the first time – to localize the expression of Bcl-2

and Bax in the different renal structures of the developing kidney.

We found a strong co-expression of Bcl-2 and Bax in mature

proximal convoluted tubules, which is the tubule segment that is

the most vulnerable to ischemia, whereas the expression of Bcl-2

and Bax in straight tubules was less pronounced. Only weak

expression Bcl-2 and Bax was found in immature proximal and

distal tubules. No expression of Bcl-2 and Bax was detected in

ureteric buds and other earlier developing structures, such as

comma bodies, S shaped bodies, glomeruli, etc. The functional

significance of the different expression of Bcl-2 and Bax in

proximal and distal tubules is unknown. However, the findings of

the present study suggest that the mitochondrial function differs

between mature proximal tubules and in the rest of the tubules.

The function of Bcl-2 and Bax during tubulogenesis still needs to

be investigated.
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